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Abstract: Human-engineered heart constructs (hEHC), comprising cardiac organoids and engineered heart 
tissues, have become essential for replicating pathological and physiological mechanisms associated with 
cardiac development and diseases. The ongoing advancements in fabrication and culture techniques for 
these constructs have rendered them increasingly vital for cardiotoxicity prediction and drug efficacy 
evaluations. There is an escalating demand for standardized methodologies encompassing uniform 
fabrication, accurate disease modeling, and multidimensional phenotype assessments to facilitate a 
comprehensive understanding of these constructs. This review systematically examines hEHC, highlighting 
recent advancements in their cellular composition and functional characteristics, while stressing the 
necessity for thorough evaluations of significant heart disease phenotype, particularly in arrhythmia. Here, 
we propose a novel modular classification of cardiac model development based on specific modeling 
parameters and categorize existing research on in vitro functional assessment into various quantitative 
metrics. This classification framework provides researchers with innovative insights and strategies for 
personalized model design and evaluation.

Keywords: tissue engineering; human-engineered heart construct; disease modeling; drug development; 
arrhythmia

1. Introduction

The heart is the first functional organ in the human embryo, garnering extensive interest in its 
development during embryogenesis and lifelong electrophysiological-mechanical coupling despite heart 
disease or aging. Various animal models have been utilized to explore the mysteries behind heart 
development and related diseases [1]. Still, these models pose challenges in elucidating mechanisms due to 
notable disparities in ion channels, membrane potential, and cardiac contraction frequency between animals 
and humans [2]. Additionally, primary adult human cardiomyocytes and engineered cells designed with 
specific ion channels for pharmacological testing inadequately represent the holistic efficacy of cardiac 
medications, primarily due to lacking intricate three-dimensional (3D) structures and functional 
characteristics of the myocardium [3, 4]. The advent of human pluripotent stem cells (hPSC), including 
embryonic stem cells (hESC) and induced pluripotent stem cells (hiPSC), offers immense potential for 
advancing in vitro drug screening [5], developmental research, and regenerative medicine. Leveraging 
patient-derived hiPSC with specific genotypes and gene editing techniques facilitates the development of 
personalized human disease models to understand individual genotypes better and evaluate functional 
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recovery. These in vitro models can address the intrinsic limitations of animal models, such as ethical 
concerns [6] and interspecies variability [7], and contribute to a better understanding of cardiac development 
and disease, ultimately tackling cardiovascular disease, the leading cause of global mortality [8].

The continuous enhancement of differentiation protocols for directing hPSCs into various types of 
human cardiac cells, such as cardiomyocytes(CM) [9,10], cardiac fibroblasts (FB) [11,12], and endothelial 
cells (ED) [13,14], has significantly advanced the development of in vitro human cardiac models. With the 
availability of human cardiac cells, the primary focus of human heart engineering has transitioned to 
fabricating cardiac tissue. Currently, two dominant in vitro heart models effectively replicate the heart’s 
cellular composition and physiological function: self-assembled cardiac spheroids and directionally 
assembled cardiac tissue. These models are collectively referred to as human-engineered heart constructs 
(hEHC) [15,16]. hEHC was selected as an overarching term over alternatives like cardiac organoid, cardiac 
microtissues, engineered heart tissue, or cardiopatches, as both self-assembled and directionally assembled 
approaches strive to utilize engineering technologies to orchestrate cardiac cells in forming synergistically 
tissue that partially mimics the heart’s structure and function.

The self-assembled hEHC shows increased structural heterogeneity under various stimuli and provides 
significant advantages in delineating early cardiogenesis and the multicellular interactions associated with 
congenital heart disease. Zhen Ma et al. pioneered the generation of 3D hEHC featuring a central CM core 
and outer FB perimeter and predominantly comprising cell-free microchambers [17,18]. Drakhlis et al. 
advanced hEHC complexity by embedding hPSC-derived embryoid bodies in Matrigel to form a myocardium 
including cavities, as well as an inner core expressing anterior foregut endoderm markers SOX2, and an outer 
layer expressing posterior foregut endoderm markers like HNF4α and PDX1 [19]. In contrast, the 
multicellular hEHC fabricated mainly through the directed assembly of cardiac cells, aimed to replicate 
certain electromechanical properties of adult myocardium in vitro. Selecting the most pertinent hEHC system—
encompassing manufacturing strategies, genetic/non-genetic modeling factors, and functional assessment 
parameters—is paramount for cardiac-related investigations. Hence, this review elaborates on the 
evolutionary trajectory of hEHC over the past two decades, aiming to consolidate methodologies to 
effectively enhance the complexity and maturity of hEHC. Additionally, the representative application of 
hEHC in modeling arrhythmia, a prevalent phenotype associated with heart disease and drug-induced 
cardiotoxicity was highlighted, to ultimately advocate for a modular, multidimensional approach to 
constructing hEHC-based cardiac disease models.

2. Striving for Excellence: For More Mature and Complex hEHC

The heart is a highly sophisticated organ that continuously pumps blood to deliver oxygen and 
nutrients via the circulatory system. This complexity poses challenges for in vitro models attempting to 
replicate the intricate architecture and electromechanical coupling of the myocardium. In 1960, Harary’s 
team discovered that rat heart cells could self-aggregate to form beating fiber-like heart tissue in vitro [20]. 
This self-assembly property led to the initial cultivation of rat heart cells capable of producing defined, 
beating masses known as “mini-hearts” in the 1970s [21]. Concurrently, embryonic chick heart cells were 
cultured on an oriented substrate to form aligned muscle cell cores enveloped by an outer sheath of FB-like 
cells, also called cardiac muscle strands or bundles [22], thus laying the groundwork for heart tissue 
engineering. By the 1990s, Thomas’s group developed a 3D collagen-based heart muscle model system 
[23], formally establishing the notion of engineered heart tissue in 2000 [24]. Undeniably, CM are the 
protagonists in executing the heart’s function, comprising approximately 70% of the myocardial volume 
but only 20–30% of the total cellular composition [25,26]. The remaining 70% consists of interstitial cells 
such as FB, ED, epicardial cells (EP), and immune cells, which play indispensable roles in maintaining 
myocardial structure and functionality [27,28].

The initial impetus for introducing additional cells into hEHC was to improve their angiogenic 
capabilities in defective myocardial areas. In 2007, Oren et al. pioneered vascularized hEHC by introducing 
hESC-derived cardiomyocytes (hESC-CM), endothelial cells (hESC-ED), and embryonic FB into the poly L-
lactic acid/polylactic glycolic acid scaffolds [29]. The integration of hESC-EC significantly enhanced 
vascularization and CM proliferation, while FB bolstered both the ED survival and proliferation capacity 
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within hEHC [29]. In parallel, adding ED and FB not only augmented the passive mechanical force of the 
hEHC but also enhanced its capacity to generate myocardium and microvessels post-implantation in rodent 
hearts [30]. In 2013, Donghui et al. first investigated the impact of these additional cells on hEHC’s 
electromechanical characteristics, revealing that higher purities of CM (SIRPA+ cells >90%) increased 
conduction velocities (up to 25.1 cm/s), although individual CM contractile force decrease [31]. To optimize 
hEHC design, Nimalan et al. developed hEHC (including directly assembled microwire and self-assembling 
aggregates) of varying ratios of CM-to-FB (100%, 75%, 50%, and 25% of NKX2.5-GFP+ CM, with the 
remainder comprising CD90+ FBs) and discovered that a 75% CM ratio resulted in more stable architecture 
and improved sarcomere alignment. They noted that the absence of FB and FB-mediated tissue remodeling 
led to structural instability in hEHC, while an excess FB triggered fibrosis and spatial heterogeneity [32]. 
Additionally, hEHC subjected to uniaxial mechanical stresses exhibited mature myocardium gene expression 
and a conduction velocity comparable to that of a healthy human heart, contrasting with self-assembling 
hEHC [32] (Table 1).

To assess the influence of diverse interstitial cell types on remodeling and cellular dynamics within 
hEHC, Meredith et al. constructed hEHC incorporating four interstitial cell populations. They found that the 
interstitial cells with optimal extracellular matrix (ECM) remodeling capabilities, such as dermal FB, 
significantly enhance CM maturation and alignment in hEHC [33]. Tiburcy et al. developed a serum-free 
method for hEHC construction [34, 35], confirming that a CM to FB ratio of 0.7: 0.3 could maximize 
contractile forces. They further highlighted that adding TGF- β1 during the early consolidation phases of 
hEHC substantially improves functional outcomes via FB-mediated ECM remodeling. Introducing hESC-
derived epicardial cells (hESC-EP) to hEHC also promoted structural compaction and functional maturation 
[36], attributed to their embryonic FB-like characteristics and elevated fibronectin synthesis [36]. Notably, 
epicardial-derived FB can serve as a reservoir for cyclic guanosine monophosphate (GMP), boosting cyclic 
adenosine monophosphate (AMP) levels in CM via connexin 43-mediated gap junctions, thereby promoting 
CM maturation in tri-cellular hEHC [37, 38]. ED within hEHC secrete specialized ECM components, like 
laminin-521, bolstering hEHC contractility through paracrine PDGFRβ signaling [39] (Table 1). The 
quantifiable presence of defined non-cardiomyocytes(non-CM), particularly EP and FB, beneficial for 
advancing the hEHC structural and functional maturation [37, 38, 40, 41]. Beyond integrating non-CM into 
hEHC to enhance overall maturation, there exist more straightforward strategies targeting CM to finally 
manifest the traits of adult myocardium in hEHC. Extending culturing time from one to three weeks [42], or 
utilizing the fatty-acid-enriched media [43], can effectively boost CM connectivity and mitochondrial 
function, achieving peak contractility of 30 mN/mm2, which is comparable to the 25 – 44 mN/mm2 range 
observed in adult human myocardium [42]. Moreover, electrical stimulation [44,45] or mechanical stretching 
[46,47] can directly “train” the CM in hEHC to further mature. Noteworthy is the progressive increase of the 
electrical stimulation frequency from 2 Hz to 6 Hz, which enables CM to exhibit physiologic sarcomere 
length (2.2 μm) and large, well-organized T-tubules [44]. Nonetheless, achieving adult-level CM maturation 
in hEHC presents considerable challenges [48], particularly the efforts to enhance the conduction velocity of 
electrical signaling to align with the 46.4 cm/s found in adult myocardium [49]. Additionally, contemporary 
hEHC lacks the intricate complexity inherent to the native heart, including the endocardial, epicardial, 
immune, and nervous systems [50]. Thus, a deeper understanding of the interactions between CM and non-
CM, along with their modulation, will be pivotal in developing hEHC with enhanced CM maturity and a 
cellular composition and organizational structure closer to the adult heart.
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Table 1.　Characterization of representative hEHC.

Year

2007 
[29]

2009 
[30]

2013 
[31]

2013 
[32]

2016 
[33]

2017 
[35]

2017 
[42]

Assem‐
bly 

method

Self-
assemble

Self-
assemble

Directly 
assemble

Directly 
assemble

Directly 
assemble

Directly 
assemble

Directly 
assemble

Shape

Shapeless

Patch

Patch

Wire

Wire

Ring

Patch

Size

Unde‐
fined

Unde‐
fined

7 × 7 
mm2

6 × 1 
mm2

17 × 3 
mm2

Inner 
diam‐
eter 
500 
μm 

Outer 
diam‐
eter 1 
μm

40 × 
40 mm2

Cell type 
and 

Percentage

hPSC-CM: 
hPSC-EC: 

EmF = 
1∶1∶1

hPSC-CM: 
HUVEC: 
NHDF = 

2∶2∶1

48–65% 
hPSC-CM

hPSC-CM: 
hPSC-

CF = 3∶1

hPSC-CM: 
HDF = 1∶1

hPSC-CM: 
HFF = 7∶3

hPSC-CM: 
hPSC-

CF = 8∶2

Extracellular 
Matrix

Pure Matrigel

Without exog‐
enous matrix

2 mg/mL Fi‐
brin and 10% 

Matrigel

3.7 mg/mL 
Collagen I

6 mg/mL Col‐
lagen I

0.8 mg/mL 
Collagen I

2 mg/mL 
Fibrin and 

10% Matrigel

Culture 
Days

14 days

8 days

14 days

7 days

14 days

14 days

21 days

Structural 
Characteristics

a) The presence of 
typical sarcomeric 
pattern, T-tubules, 

sarcoplasmic reticu‐
lum, desmosomes, 
and gap junctions.

a) Formation of hu‐
man CD31-positive 
endothelial cell net‐

works.

a) Reaching optimal 
sarcomere length 

measured in adult hu‐
man cardiomyocytes, 

2.09 ± 0.02 μm.

a) Increased length 
and alignment of the 
myofibrils and sarco‐

meres;
b) Presence of Z 

disks and H zones.

a) Organized striated 
α actinin with 1.8 
μm sarcomere 

lengths;
b) Improvement in 
tissue compaction 
and homogeneity.

a) Sarcomere size: 
1.93 μm;

b) CM aspect ra‐
tio: 7.6;

c) Sarcomere organi‐
zation with clearly 

distinguishable Z-, I-, 
A-, H-, and M-bands.

a) Organized 
sarcomeres with H-
zones, I-bands, M-
bands, and Z-discs; 

b) T-tubule-like 
structures adjacent to 

Z-discs;
c) Abundant 

mitochondria with 
well-developed 

cristae.

Functional 
Characteristics

a) Spontaneous syn‐
chronous contrac‐

tions;
b) Synchronous Ca2+ 

transients;
c) Positive and nega‐
tive chronotropic re‐

sponses.

a) Electrical pacing 
frequency: 3 Hz;

b) Passive mechan‐
ics: 7.9 ± 3.1 mN/

mm2.

a) Maximum con‐
duction velocities: 

25.1 cm/s;
b) Maximum con‐
tractile force,3.0 ± 
1.1 mN and 11.8 ± 

4.5 mN/mm2;
c) Positive inotropy 
with isoproterenol 

administration: 1.7 ± 
0.3-fold force in‐

crease.

a) Electrophysiologi‐
cal maturation: Exci‐
tation threshold: 2 V/

CM;
b) Maximum cap‐

ture rate: 6 Hz;
c) Conduction veloc‐

ity: 47 cm/s.

a) Peak contractile 
force: 0.1 mN/mm2;
b) Maximum cap‐

ture rate: 2 Hz.

a) Peak contractile 
force: 6.2 ± 

0.8 mN/mm2;
b) Maximum cap‐

ture rate: 3 Hz;
c) Norepinephrine-

induced heart failure.

a) Active forces of 
contraction: 17.5 ± 
1.1 mN and 17.0 ± 

0.8 mN/mm2;
b) Conduction 

velocity: 28.9 ± 1.8 
cm/s;

c) Action potential 
duration at 80% 

repolarization: 471 ± 
31 ms.

Application

Drug test

Transplanta‐
tion

Drug test

Disease 
modeling

None

Disease 
modeling

Transplantati
on

Abbreviation

EmF: human 
embryonic fi‐

broblasts

HUVEC: hu‐
man umbili‐

cal vein endo‐
thelial cells;
NHDF: neo‐
natal human 
dermal fibro‐

blasts

hPSC-CF: 
hPSC de‐

rived cardiac 
fibroblasts

HDF: human 
dermal fibro‐

blasts

HFF: human 
foreskin fi‐
broblasts
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Table 1.　Continued.

Year

2018 
[44]

2019 
[45]

2019 
[36]

2020 
[37]

2023 
[39]

Assem‐
bly 

method

Directly 
assemble

Directly 
assemble

Directly 
assemble

Self-
assemble

Directly 
assemble

Shape

Wire

Wire

Wire

Sphere

Wire

Size

6 × 2 
mm2

3.5×0.5 
mm2

5×2 
mm2

0.4 mm 
diamete

r

1.6×0.6 
mm2

Cell type 
and 

Percentage

hPSC-CM: 
HDF = 3∶1

hPSC-CM: 
HACF=

10∶1

hPSC-CM: 
hPSC-

EP=10∶1

hPSC-CM: 
hPSC-FB: 
hPSC-EC=

14∶3∶3

hPSC-CM: 
hPSC-EC: 

HFCF=
3∶1∶1

Extracellular 
Matrix

12 mg/mL 
Fibrinogen

3.0mg/mL 
Collagen I 
and 15% 
Matrigel

1.25 mg/mL 
Collagen I 
and 11% 
Geltrex

Without 
exogenous 

matrix

2.6 mg/mL 
collagen I and 
9% Matrigel

Culture 
Days

28 days

21days

14 days

21 days

14 days

Structural 
Characteristics

a) Sarcomere length: 
2.2 μm;

b) Orderly registers 
of sarcomeres with I/
A-bands, M-lines, Z-
lines, desmosomes, 
intercalated discs; c) 

High density of 
mitochondria 

positioned adjacent 
to the contractile 

machinery; d) 
Robust t-tubules 
were co-localized 

with calcium 
handling proteins.

a) Uniform 
longitudinal 
alignment of 
sarcomeric.

a) Aligned 
sarcomeric 

organization with 1.7 
μm sarcomere length;

b) Increased 
expression of 
connexin 43.

a) Presence of 
caveolae, elongated 

and enlarged 
mitochondria with 
complex cristae;
b) Organized 

sarcomeres with 
regular Z-lines, I-

bands, H-zones, M-
lines, and T-tubule-

like structures

a) Increased 
organizational 
compaction; b) 

Increased ratios of 
MYH7/6 and MYL2/

MYL7.

Functional 
Characteristics

a) Resting 
membrane potential: 

-70 ± 
2.7 mV; b) 

Conduction velocity: 
25 ± 0.9 cm/s; c) 

Average contractile 
force: 3 mN/mm2; d) 
Switch to oxidative 

metabolism.

a) Conduction 
velocity: 5.7±0.9 cm/
s in atrial tissue and 

31.8±7.9 cm/s in 
ventricular tissue; b) 
Minimum diastolic 
potential: –70 mV; 

c) Upstroke 
velocities of action 
potential: 110 mV/

ms;
d) Differential 

response of atrial 
and ventricular 
tissue to drugs.

a) Peak contractile 
force: 0.03 mN;

b) More rapid Ca2+-
release and Ca2+-

decay.

a) More negative 
resting membrane 

potentials and 
increased action 

potentials 
amplitudes; b) 

Higher contraction 
velocities; c) Greater 

amplitude of 
caffeine-induced 
Ca2+ transients; d) 

Higher 
mitochondrial 
respiration and 

decreased 
dependence on 

glycolysis

a) Contractile force: 
250–500 μN 

correlates with 30–
60 mN/mm2;

b) Endothelin-1 
induced diastolic 

dysfunction.

Application

Disease 
modeling

Disease 
modeling

Transplantati
on

Disease 
modeling

Disease 
modeling

Abbreviation

HACF: 
Human adult 

cardiac 
fibroblasts

hPSC-EP: 
hPSC 

derived 
epicardial 

cells

HFCF: 
Human fetal 

cardiac 
fibroblasts
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3. Spin Silk from Cocoons: Arrhythmia in hEHC-Based Cardiac Disease Modeling

Cardiac arrhythmia is an irregular heart rate caused by various diseases such as myocardial infarction, 
diabetic cardiomyopathy, and congenital heart disease, potentially leading to heart failure [51]. Additionally, 
drug toxicity and conditions such as myocarditis can also cause life-threatening ventricular arrhythmias [52,53]. 
These conditions are all characterized by disorganized electromechanical coupling from fibrotic scar, 
particularly in the ventricular myocardium, which may result in sudden death in severe cases. Due to their 
significant risk and unpredictability, the diagnosis and pathogenesis of arrhythmias have consistently been 
research hotspots [54, 55]. Early afterdepolarization (EAD) is crucial in the onset of Long-QT syndrome 
(LQTS) and can lead to life-threatening Torsade de Pointes (TdP) arrhythmia. When assessing the effects of 
pharmacological agents or gene mutations related to LQTS on the EAD frequency, hEHC showed similar 
action potential characteristics and reverse use-dependence to adult left ventricular myocardium, unlike 
guinea pigs or rabbit models [56]. Nonetheless, the diminished coupling of CM in hEHC, due to relatively 
lower cellular density, alongside increased calcium influx from the immature hPSC-CM, predisposes them to 
a higher susceptibility to arrhythmic triggers than LV [56,57]. This susceptibility difference was also found 
between atrial CM-derived hEHC and ventricular CM-derived hEHC, where only atrial-hEHC showed 
spontaneous single or multiple spiral-wave reentrant loops. These electrophysiological reentrants can be 
rescued to normal rhythm by anti-arrhythmic drugs [58]. Notably, Masahide et al. first visualized the 
occurrence of reentrants characterized by featuring a meandering spiral wave center, exemplifying 
polymorphic ventricular tachycardia in hEHC. They proved that the accentuation of the 3D heterogeneity 
mediated by non-CM within hEHC is a prerequisite for the manifestation of TdP-like arrhythmias [59] 
(Table 2).

Arrhythmogenic cardiomyopathy patient-derived hiPSC-FB carrying the PKP2 mutation, but not the 
corresponding hiPSC-CM, significantly impaired the capacity of hEHC to capture high-frequency stimuli, 
thereby promoting an arrhythmic phenotype [37]. Furthermore, hEHC fabricated from LQTS patient-
derived hPSC-CM (LQTS-CM) or FB (LQTS-FB) exhibited a prolonged action potential duration compared 
to normal hEHC, but both were shorter than that in hEHC fabricated using both LQTS-CMs and LQTS-FBs, 
indicating that the synergistic interaction between disease-type FB and CM contributes to a more realistic 
representation of LQTS characteristics [60]. The electrical coupling between FB and CM plays a vital role in 
cardiac excitability and arrhythmogenesis in animal models [61, 62], which undoubtedly provides solid 
theoretical insights to the further clarification of the non-CM composition of hEHC, particularly the highly 
heterogeneous FB and their interactions with CM during disease progression. The reticular structures 
formed by EC in self-assembled hEHC generated anisotropic stress gradients, resulting in the formation of 
multiple chambers within hEHC. Utilizing a micro-physiological system that simultaneously evaluates 
oxygen consumption, extracellular field potentials, and contraction of these multicellular hEHC, 
Mohammad et al. found that mitochondrial calcium oscillations triggered by MCU genetic deletions can 
induce arrhythmias [63] (Table 2). Additionally, optogenetic-based chronic intermittent tachypacing [64] 
and cryoinjury [65] also can serve as reproducible non-genetic arrhythmic triggers. When weakened the goal 
of mimicking tissue-level arrhythmias such as reentry, the self-assembled, micro hEHC (approximately 400 
μm diameter) exhibits greater batch stability for large-scale fabrication and assessment of action potential 
properties via optical mapping in response to various drugs [66], but of course, this miniaturization 
compromises CM maturation and electromechanical coupling heterogeneity across spatial dimensions, as 
illustrated by Kenneth et al. using a dual-camera to characterize the varying calcium signals on the upper 
and lower surfaces of directionally assembled arrhythmic hEHC [67]. The choice between prioritizing the 
number of assessment subjects using self-assembled hEHC versus the quality of assessment outcomes using 
directionally assembled hEHC to predict potential arrhythmic risk from genetic or non-genetic factors is like 
two sides of the same coin.
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Table 2.　Characterization of representative hEHC-based arrhythmia models.

Year

2017 
[59]

2020 
[37]

2021 
[66]

2023 
[63]

2024 
[60]

2018 
[56]

Assem‐
bly 

Method

Self-
assemble

Self-
assemble

Self-
assemble

Self-
assemble

Self-
assemble

Directly 
assemble

Shape

Patch

Sphere

Sphere

Sphere

Sphere

Wire

Size

6 × 6 
mm

300 
μm 

diam‐
eter

300 
μm 

diam‐
eter

500 
μm 

diam‐
eter

1.2 
mm 
diam‐
eter

1 mm 
× 200 
μm

Cell type 
and

 Percentage

hPSC-CM:
hPSC-

mesenchym
al 

cells = 1∶1

hPSC-CM:
hPSC-

cardiac FB:
hPSC-EC = 

14∶3∶3

hPSC-CM:
hCF = 19∶1

hPSC-CM:
rat cardiac 
EC = 2∶1

hPSC-CM:
hPSC-

cardiac FB:
HUVEC =

 2∶1∶1

Undefined 
purity of 

hPSC-CM

Extracellu‐
lar Matrix

Without ex‐
ogenous ma‐

trix

Without ex‐
ogenous ma‐

trix

Without ex‐
ogenous ma‐

trix

Matrigel

2 mg/mL de‐
cellularized 

porcine heart 
extracellular 
matrix hy‐

drogels

5 mg/mL bo‐
vine fibrino‐
gen and 10% 

Matrigel

hEHC
 Construction 

Strategy

Dissociated 
cells were recul‐

tured on 
temperature-

responsive cul‐
ture dishes to 
self-assemble 

hEHC.

Dissociated 
cells were 

seeded on V-
bottom 96-well 
microplates and 
centrifuged to 
self-assemble 

hEHC.

Dissociated 
cells were 

added to the mi‐
crowells with 
hemispherical 
bottoms to self-

assemble 
hEHC.

Dissociated 
cells were 

mixed in Matri‐
gel and injected 
to PDMS mi‐
crowells for 

self-assembling 
hEHC.

Dissociated 
cells were en‐
capsulated in 

hydrogel to self-
assemble 

hEHC.

Dissociated 
cells were 

mixed with hy‐
drogels and pi‐
petted into a 12 

× 3 × 4 mm 
casting mold to 

directly as‐
semble hEHC.

Culture 
Days

3–21 
days

21 days

6–8 days

25 days

21 days

25–100 
days

Triggers of 
Arrhythmia

100 nM E-
4031 for 10 
min with or 

without 1 Hz 
pacing.

The hPSC-
FB from pa‐
tient carry‐

ing the c.201
3delC het‐
erozygous 
mutation of 
the PKP2.

a) 2 μM 
E4031 for 20 
min;b) 100 
μM ranola‐
zine for 20 

min;c) 1000 
nM pollutant 
bisphenol A 
for 20 min.

a) 10 μM 
KB-R7943 
for 25 min;

b) Mitochon‐
drial calcium 

uniporter 
knocked out 

in hPSC-
CM;c) 10 

μM mitoxan‐
trone for 70 

min.

The hPSC-
CM and FB 
from LQTS 
patient carry‐

ing the 
1264G>A, 
A422T mu‐
tation of the 

KCNH2.

1 µM E-
4031 for 15 
min with 1 
Hz pacing

Arrhythmia 
Characteristics

a) Tachyarrhyth‐
mia: re-entry 

with a meander‐
ing pattern of the 
spiral wave cen‐

ter; 
b) FPD prolonga‐

tion;

a) Reduce pacing 
capture percent‐
age from 90% (1 
Hz pacing), 80% 
(2 Hz pacing), 
60% (3 Hz pac‐

ing) to 85%, 
20%, 3%.

a) Increased 
APD80 from ~

275 ms to ~650 
ms; b) Increased 

APD80 from ~
250 ms to ~500 
ms; c) Increased 
APDMxR from ~
280 ms to ~220 

ms;

a) Decreased 
relative contrac‐
tility, decreased 
relative potential 

amplitude, de‐
creased oxygen 

oscillation ampli‐
tude;

a) LQTS-CM or 
LQTS-FB led to 
a FPD prolonga‐
tion of hEHC 

from ~450 ms to 
~550 ms.

a) Prolonged 
APD90 from ~

236 ms to ~517 
ms;b) Triggered 
early after depo‐

larizations in 
50% of cases.

Disease 
Modeling

TdP 
arrhythmias

Arrhythmo‐
genic 

cardiomy‐
opathy

Drug car‐
diotoxicity

Mitochon‐
drial car‐

diomyopa‐
thy and 
drug car‐

diotoxicity

Long QT 
Syndrome

TdP ar‐
rhythmias

Abbreviations

TdP: Torsade 
de Pointes;

FPD: field po‐
tential duration.

hCF: Primary 
normal adult 

human cardiac 
fibroblasts; 

APD80: action 
potential dura‐
tion to 80%; 

APDMxR: APD 
to the maxi‐

mum repolar‐
ization rate.

PDMS: 
Polydimethylsi‐

loxane

HUVEC: hu‐
man umbilical 
vein endothe‐

lial cells; 
LQTS:Long 

QT Syndrome; 
FPD: field po‐
tential duration.

APD90: action 
potential dura‐
tion to 90%;
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4. Where to Go Next: Accurate Modeling and Prediction

To develop an effective in vitro cardiac model for adaptation research and practical large-scale 
applications, four essential features need to be considered: (1) Using human-derived cellular components that 
are consistently sourced and produced under strict quality control; (2) Incorporating a 3D structure 

Table 2.　Continued.

Year

2019 
[57]

2020 
[64]

2020 
[58]

2021 
[67]

Assem‐
bly 

Method

Directly 
assemble

Directly 
assemble

Directly 
assemble

Directly 
assemble

Shape

Ring

Wire

Ring

Wire

Size

Inner 
diam‐
eter 
2.8 
mm 
outer 
diam‐
eter 
4.8 
mm

6 × 
1.3 
mm

Inner 
diam‐
eter 
159 
μm 

outer 
diam‐
eter 
376 
μm

2.0 × 
0.5 × 
0.4 
mm

Cell type 
and

 Percentage

> 85% 
cTNT + 

hPSC-CM

> 90% 
cTNT+ 

hPSC-CM

> 90% 
cTnT+MLC
2v- hPSC-
atrial CM

hiPSC-
CM：

Hcf = 3∶1

Extracellu‐
lar Matrix

10 mg/mL 
decellular‐

ized porcine 
heart tissue 
extracellular 
matrix hy‐

drogels and 
20% chitosan

100 µg/mL 
Fibrinogen 
and 10% 
Matrigel

0.8 mg/mL 
Bovine Col‐
lagen Type I 

and 10% 
Matrigel

5 mg/mL fi‐
brinogen and 
10% Matri‐

gel

hEHC
 Construction 

Strategy

Dissociated 
cells were com‐
bined with hy‐
drogels and pi‐
petted into cir‐
cular casting 
molds to di‐

rectly assemble 
hEHC.

Dissociated 
cells were 

mixed with hy‐
drogels and pi‐
petted into a 12 

× 3 × 4 mm 
casting mold to 

directly as‐
semble hEHC. 
The hEHC was 
transduced with 

lentivirus ex‐
pressing CHR2.

Dissociated 
cells were 

mixed with col‐
lagen and pipet‐
ted into circular 

molds to di‐
rectly assemble 

hEHC. The 
hEHC was 

transferred onto 
passive silicon 
stretchers to 

contract.

Dissociated 
cells were 

mixed with hy‐
drogels and pi‐

petted into a mi‐
crowell with 
two PDMS 

rods for directly 
assemble 

hEHC.

Culture 
Days

30 days

28 days

unde‐
fined

12 days

Triggers of 
Arrhythmia

a) The hPSC-
CM from 
LQTS pa‐
tient carry‐
ing A614V 
missense 

mutation of 
the KCNH2;

b) The 
hPSC-CM 

from 
CPVT2 pa‐
tient carry‐
ing D307H 
mutation of 
the CASQ2 
treated with 
10 μM iso‐

proterenol or 
2 Hz pacing;
c) 100 µM li‐
docaine for 
15 min with 
1 Hz pacing

After 3 
weeks of 

pacing at 3 
Hz for 15 s 
followed by 
15 s of no 

pacing to in‐
crease sus‐
ceptibility, 
20 Hz burst 
pacing was 

applied.

hPSC-atrial 
CM

0.8 nM 
MBCD for 5 

days.

Arrhythmia 
Characteristics

a) Prolonged 
APD90 from ~

200 ms to ~500 
ms;b) Increased 

percentage of cal‐
cium transient ab‐
normalities from 
2.7% to 19%;c) 
Decreased con‐
duction velocity 
from ~ 6 cm/s to 

~3 cm/s.

a) Increased inci‐
dence of tachy‐

cardia from 13% 
to 64%;b) De‐
creased APD90 

from ~160 ms to 
~144 ms;c) In‐

creased upstroke 
velocity from 43 

V/s to 58 V/s.

a) Re-entrant ar‐
rhythmias: a 

single circular re-
entry wave; a 

single or multiple 
spiral-wave reen‐
trant loops.b) In‐
creased activa‐

tion time from ~
180 ms to ~280 

ms.

a) Increased aver‐
age wave front 
per frame from 
0.2 to 1;b) De‐

creased conduc‐
tion velocity 

from18 cm/s to 
0.6 cm/s;c) De‐
creased cycle 

length from 1000 
ms to 500 ms;d) 
Decreased total 
length traveled 
by wavefront 
from 100% to 

20%.

Disease 
Modeling

Long QT 
Syndrome 
and CPVT

Tachycar‐
dia

Atrial fi‐
brillation

Drug car‐
diotoxicity

Abbreviations

CPVT2: Cat‐
echolaminergic 
polymorphic 
ventricular 

tachycardia re‐
sults from 

CASQ2 muta‐
tion;

CHR2: chan‐
nelrhodopsin-2;

PDMS: 
Polydimethylsi‐

loxane;
MBCD: 

methyl-beta cy‐
clodextrin.
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resembling adult myocardium, which contains various cell types suitable for investigating cell interaction; 
(3) Including multiple measurable parameters related to clinical cardiac functionality; (4) Allowing 
integration with automated, high-throughput, and standardized testing. When developing hEHC-based 
arrhythmia models, prioritizing the enhancement of CM maturity and hEHC complexity is crucial. Adult CM 
do not exhibit spontaneous excitation and have dyad structures that swiftly react to membrane potential 
changes, thereby facilitating excitation-contraction coupling, indicating the higher presence of regulatory 
proteins in matured CM that maintain their stable resting membrane potential and support high levels of 
calcium homeostasis [68]. Consequently, advancing hEHC maturation minimizes false positives in the drug 
toxicity assessment [43] and diminishes the occurrence of irregular arrhythmia phenotypes in disease models 
[69]. Furthermore, the ion channel isoforms present in fetal-like CM mask the arrhythmic phenotype 
associated with mutations in adult myocardium isoforms, such as the SCN5A gene, which encodes the α
-subunit of the cardiac sodium channel Nav1.5, mutations in its adult exon 6 can trigger severe tachycardia 
and conduction disorders [70]. The multicellular composition that reflects the hEHC complexity also 
necessitates the consideration of multi-system interactions. For instance, integrating atria-like, 
atrioventricular canal-like, and ventricles-like hEHC can effectively replicate the heart’s unidirectional 
conduction and “fast-slow-fast” activation pattern, inclusive of the associated atrioventricular conduction 
block [71]. Furthermore, the emergent concept of electroimmunology [51] underscores the essential role of 
immune cells in modulating myocardial electrophysiology in both physiological and pathological conditions. 
Macrophages, for example, can expedite CM repolarization through connexin-43 coupling, thereby 
enhancing electrical conduction within the atrioventricular node [72]. Additionally, exploring the influence of 
vagal and sympathetic nerve interactions on cardiac electrophysiologic signals [73,74] based on multicellular 
and multi-system hEHC represents a promising and intriguing area of research. In light of the intricate system 
delineated above, additional priority is to dissect the disease into interconnected genetic and non-genetic 
factors for acute simulations (Figure 1), as heart diseases can stem from genetic and non-genetic interactions. 
Genetic factors can include mutations in functional genes and changes in non-coding regions. For 
cardiomyopathy, gene mutations in the cellular cytoskeleton, metabolism, and ion channels can lead to 
structural and functional abnormalities.

Multiple pathogenic factors, such as atherosclerosis, hyperglycemia, infections, and genetic alterations, 
prompt myocardial fibrosis via cardiac FB. The resultant dense fibrotic scar, lacking the electrophysiological 
characteristics akin to those of oriented myocardium, obstructs the consistent electrical signal propagation, 
causing localized conduction block or reentry. Concurrently, the FB at the margins of the fibrotic scar can 

Figure 1.　Myocardium arrhythmias induced by fibrotic scarring are common events in various heart diseases.
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connect CM via synaptic or gap junctions, resulting in CM asynchronous activation, thereby heightening the 
susceptibility to arrhythmias. This arrhythmia phenotype can be replicated in hPSC-derived-hEHC. To 
benchmark the pathogenic factors causing arrhythmia, both unifactorial and multifactorial modeling 
approaches in hEHC, including drug cardiotoxicity, elevated glucose/lipid cultures, virus/bacterial infections, 
aging factor, and genetic modifications related to ion channel, mitochondrial, cytoskeleton, reveal varying 
degrees of electrophysiological abnormalities, including conduction blocks and reentry circuits, which, in 
turn, provides a valuable humanized platform for studying arrhythmogenesis and potential therapeutic targets.

Somatic cell reprogramming and gene editing techniques allow for generating cell lines with specific 
genotypes as patients, thereby further providing cardiac cells with targeted gene alterations. Meanwhile, non-
genetic factors contributing to cardiac anomalies can include ischemia, metabolite induction, nutrient 
shortages, drugs, infections, and inflammation (Figure 1). hEHC-based heart disease models can integrate 
non-genetic factors through various culture conditions. A combined approach of genetic and non-genetic 
factors enables the development of multifactorial heart disease models, simulating significant secondary hit 
theories. In cases of drug withdrawal due to toxic effects exacerbating the arrhythmia phenotype, early 
detection of potential toxicity before preclinical trials can improve drug development efficiency and reduce 
cardiac-related mortality risk. Relying only on morphology, contraction amplitude, and molecular biology 
assessments may not be sufficient for detecting arrhythmic patterns in hEHC-based heart disease models. 
Therefore, emphasis should be placed on quantitatively correlating and forecasting electrical conduction 
characteristics of hEHC and related arrhythmia risk (Figure 2).

Overall, the advancement of in vitro human cardiac models should focus on functional attributes 
dominated by various cardiac cells, especially advanced adult myocardium-level functions, rather than solely 
on CM fate determinations. Quantitatively understanding and forecasting electrical conduction properties 
alongside the arrhythmia risk in hEHC can be a significant focal point in the field of cardiac modeling.

The drug development process can be categorized into three primary periods: drug candidate discovery, 
preclinical drug development utilizing diverse models, and clinical trials involving varied patient 
demographics. Physiological or pathological models derived from hEHC can mitigate the limitations of cell 
models in functional characteristics observed at the myocardial level, while also tackling the species-specific 
differences between animals and humans. This hEHC approach facilitates the efficient screening of 
compound libraries and the identification of potential cardiotoxicity.

Figure 2.　Accelerated preclinical drug development through multidimensional efficacy evaluation of compounds for 
arrhythmia risk reduction in hEHC.
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