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Abstract Manifestations of cardiovascular diseases (CVDs) in a patient or a population differ based on inherent biological
makeup, lifestyle, and exposure to environmental risk factors. These variables mean that therapeutic interventions
may not provide the same benefit to every patient. In the context of CVDs, human-induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs) offer an opportunity to model CVDs in a patient-specific manner. From a
pharmacological perspective, iPSC-CM models can serve as go/no-go tests to evaluate drug safety. To develop
personalized therapies for early diagnosis and treatment, human-relevant disease models are essential. Hence, to
implement and leverage the utility of iPSC-CMs for large-scale treatment or drug discovery, it is critical to (i) care-
fully evaluate the relevant limitations of iPSC-CM differentiations, (ii) establish quality standards for defining the
state of cell maturity, and (iii) employ techniques that allow scalability and throughput with minimal batch-to-batch
variability. In this review, we briefly describe progress made with iPSC-CMs in disease modelling and pharmacologi-
cal testing, as well as current iPSC-CM maturation techniques. Finally, we discuss current platforms for large-scale
manufacturing of iPSC-CMs that will enable high-throughput drug screening applications.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Keywords Induced pluripotent stem cells • Cardiomyocytes • Disease modelling • Drug screening • Multicellular
crosstalk • 3D platforms

....................................................................................................................................................................................................

1. Introduction

Cardiovascular risks are used as a global indicator of population health
and associated morbidity and mortality.1,2 Within a country and subpop-
ulation, cardiovascular risks vary depending on the performance of
healthcare systems, accessibility, and socioeconomic status. Advances in
treatments for preventing cardiovascular diseases (CVDs) have been ac-
complished primarily through pharmacological or surgical intervention.
However, identification of long-term determinants of CVDs is difficult
due to the lack of next-generation diagnostics.3 When subjects are
assigned to larger studies, individuals who share the same disease are
generally expected or presumed to respond similarly to treatments

despite differences in pre-existing conditions, age, and disease-onset tim-
ing, amongst other factors.4 This ‘one size fits all’ approach can mask indi-
vidual differences in disease manifestation and response to therapies.

The advent of precision medicine aims to approach care by providing
early diagnosis and prevention though a combination of ‘pan-omics’ data
and collection of in-depth clinical histories.3 The landmark discovery of hu-
man-induced pluripotent stem cells (iPSCs)5,6 offers a scalable source of
cells for cell-based therapy, drug screening, and characterization of cardiac
diseases. Somatic cells can be reprogrammed to iPSCs via viral integration
of transgenes into the host genome or remain as non-integrative expres-
sion vectors without propagation of the viral genome or proteins.
Integration vectors such as retrovirus are known to have higher iPSC
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generation efficiencies compared to non-integrating adenovirus or Sendai
virus. Development of modified viral methods such as the use of ‘self-cleav-
age’ peptide sequences or excisable vector system carrying the four reprog-
ramming factors (OCT4, SOX2, c-MYC, and KLF4) can minimize the risk
of transgene silencing while maintaining low viral copy number.
Alternatively, vector-free methods have also been used for reprogramming,
such as synthetic messenger RNA, episomal plasmids, minicircle DNA
encoding pluripotency factors, or direct protein delivery.7 However, de-
spite the low risk of genetic or epigenetic modification, the reprogramming
efficiency in these methods are low compared to viral methods. Recent
studies have revealed that clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 (CRISPR-associated protein 9) gene editing tool
can also be used to reprogram somatic cells into iPSCs.8 Currently, the
methods to generate patient-specific iPSC lines are both time intensive and
expensive. Therefore, an approach to develop a timely personalized clinical
treatment may require the need to shorten the time for generating iPSCs.

The iPSC-derived cardiomyocyte (iPSC-CM) technology replaces the
need to obtain patient samples through invasive procedures. The versatility
of iPSC-CMs offers tremendous promise for high-throughput screening of
new therapies and for testing efficacy and predicting toxicity on an individ-
ual or a population level based on ethnicity, genetic variations, exposure to
different environmental factors, and other variables.9 iPSC-based research
for modelling cardiac diseases has gained significant momentum, particu-
larly in patients with inherited cardiac disorders related to mutations in
genes coding for cardiac ion channels, cytoskeletal proteins, nuclear pro-
teins, mitochondrial proteins, or lysosomal proteins.10 The use of CRISPR/
Cas9 genome editing to generate isogenic lines is key for demonstrating
the association between mutation load and pathogenic phenotype assess-
ment. The transformative scientific discoveries of iPSCs and CRISPR/Cas9
technology have proven to be ultimately impactful in disease modelling and
understanding several mutation-linked cardiac disease mechanisms.
Cardiomyocytes (CMs) generated from mutated or corrected lines there-
fore provide an unprecedented opportunity to study patient- and disease-
specific variants in a highly controlled environment.11,12 Successful model-
ling of these diseases are dependent on clear phenotypic and functional
characteristics. Human iPSC-CMs exhibit immature and more neonatal
characteristics, which is a major limitation.13 To extend the utility of iPSC-
CMs for drug screening, it is essential to not only produce large numbers
of cells using bioprocessing technologies but also to closely mimic features
of adult cardiomyocytes. Although a wide variety of strategies have been
developed to address cellular maturity, there is no consensus on how mat-
uration is quantified. In this review, we highlight the translational benefits of
using iPSC-CMs in drug testing and discuss the need for cardiomyocyte
maturation in two distinct contexts: (i) advanced maturation using complex
three-dimensional (3D) models and (ii) an integrated approach that can be
coupled with iPSC-CM manufacturing capabilities for standardizing cell
quality in high-throughput screening assays. We also compare the current
efficiencies in cardiomyocyte differentiation and yield by comparing two-
dimensional (2D) and 3D culture platforms, paving the way for reproduc-
ible and cost-effective solutions for iPSC-CM production.

2. Extending disease modelling and
cardiotoxicity testing from
bench-to-bedside

The reproducible differentiation of iPSC- or embryonic stem cell (ESC)-
derived CMs now allows investigators to recapitulate numerous genetic

and metabolic cardiovascular disorders. To date, iPSC-CMs from
patients suffering from disorders such as dilated cardiomyopathy, hyper-
trophic cardiomyopathy, long QT syndrome (LQTS), Brugada syn-
drome, arrhythmogenic right ventricular dysplasia, catecholaminergic
polymorphic ventricular tachycardia, and several others have been de-
scribed.12 Using genome editing techniques such as CRISPR/Cas9, muta-
tions that contribute to these disorders have been identified through the
generation of iPSC lines with the introduction or deletion of the muta-
tion in control iPSCs (Figure 1A)14–16 In addition to inherited cardiomy-
opathies, iPSC-CM models have been utilized to study non-inherited
disorders.17 Changes in glucose concentration, addition of key inflamma-
tory cytokines, and neurohormonal stimulation have been used in iPSC-
CMs to mimic hallmarks of diseases such as diabetes,18 ischaemia–reper-
fusion injury,19 and acute myocardial infarction.20 Although these disor-
ders are not classically inherited, they are still influenced by patient
genetics.

Concurrent with disease modelling, the use of human iPSC-CMs to im-
prove cardiac safety prediction is key for early drug development and
post-marketing surveillance. In clinical drug development and safety evalua-
tions, adverse cardiac events have been a major cause for preclinical safety
closures.21 iPSC-CMs are an excellent platform to predict adverse effects
such as the risk of QT prolongation or the involvement of cardiac ion
channels in evaluating cellular arrhythmias. iPSC-CMs have been success-
fully integrated with high-throughput platforms such as microelectrode
arrays (MEA) to evaluate drug-induced side-effects.22 One study examined
the effects of sotalol, a human ether-a-go-go-related gene (hERG) blocker,
on iPSC-CMs derived from 92 healthy donors.23 The study was able to
stratify the patient population into high-sensitivity vs. low-sensitivity sub-
jects, concluding that high-sensitivity subjects were significantly more
prone to QT prolongation than low-sensitivity subjects. The
Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative by the US
Food and Drug Administration (FDA) has also facilitated the reproducible
assessment of proarrhythmic risk across multiple test sites with the use of
high-throughput MEA and iPSC-CMs.22,24,25 For example, a recent study
with MEA-based evaluation of 28 blinded drugs across 10 laboratories on
2 commercially available human cardiomyocyte lines allowed for statistical
modelling with 87% predictivity in low, intermediate, and high proarrhyth-
mic risk categories with minimal inter-line variability.26

Another area where iPSC-CMs have made a significant impact is in
identifying cardiotoxicity in patients treated with oncology drugs.
Between 2012 and 2017, 55 out of 58 new cancer drugs were approved
through an expedited timeline.27 Expedited drug approvals reduce clini-
cal and preclinical testing times. Although such processes ensure timely
access to new drugs for patients suffering from life-threatening diseases,
it also increases the risk of long-term side-effects. Traditional chemo-
therapeutic drugs do not selectively exploit tissue-specific differences
between a tumorous and healthy tissue, which can result in significant
collateral damage to non-cancerous tissue. Recently, investigators have
shown that a ‘cardiac safety index’ based on iPSC-CMs can be used for
prediction of drug-induced cardiotoxicities among cancer patient popu-
lations.28–30 One study demonstrated that iPSC-CMs derived from
breast cancer patients who developed cardiac dysfunction consistently
exhibited altered cellular function in response to doxorubicin treatment
in vitro.28 In the future, studies that are performed at a large-scale involv-
ing iPSC-CMs from diverse patient backgrounds may enable the devel-
opment and selection of safer drugs for clinical use (Figure 1B). One of
the important challenges in using iPSC-CMs from large number of
patients is the lack of standardized quality and defined maturation end-
points to ensure reproducibility. Therefore, it is important to delineate
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..the quality standards for non-clinical pharmacology studies and cardiac
disease models that require higher physiological complexity.31

3. Defining cardiomyocyte maturity
in the context of use

During human heart development, CMs mature in the human body until
approximately 6 years of age.32 The onset of maturation occurs in the
early post-natal phase, when CMs exit from the cell cycle and undergo
physiological hypertrophy with increased cell volume and workload.
iPSC-CMs derived in vitro over 9–12 days of differentiation are immature,
where the cells beat spontaneously and express structural and functional
proteins to a lesser degree than in adult CMs. At a gene expression level,
iPSC-CMs resemble human embryonic heart cardiomyocytes in the sec-
ond trimester of development.33 Substantial progress in maturation

strategies to mirror in vivo cardiac maturation has been made using bio-
chemical and biophysical methods, which is summarized in Table 1.
Although a wide variety of strategies have been developed to address
iPSC-CM maturity, how the maturation criteria are quantified is still quite
variable and context dependent. To mimic cardiac tissue-like features
both structural and functional maturation is necessary, whereas for high-
throughput screening assays functional maturation with expression of
mature sarcomere and ion channel proteins is highly desired.

3.1 IPSC-CM maturation for precision
disease modelling
3.1.1 Building multicellular interactome
Cardiomyocytes are surrounded by non-cardiac cell types such as endo-
thelial cells (ECs), cardiac fibroblasts, smooth muscle cells, neurons, and
immune cells.50 In an adult heart, cardiomyocytes occupy �75–80% of
the heart volume, but only account for a third of the total cell number.50

Figure 1 The role of iPSC-derived cardiomyocytes in basic biology and clinical translation. (A) Patient-derived iPSC-CMs with disease causing muta-
tions can be modified with genome editing tools to understand the mechanism that leads to a diseased phenotype. (B) In clinical research, testing newly
discovered or pre-existing drug effects on iPSC-CMs from a diverse patient population can bridge preclinical testing and clinical trials.

22 D. Thomas et al.
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Molecular interactions with other predominant cell types such as car-
diac fibroblasts (CFs), vascular smooth muscle cells (vSMCs), and ECs
are essential in the maturation of CMs from the neonatal to the adult
stage. During development, fibroblast signalling is essential for cardio-
myocyte proliferation and electrical coupling through gap junctions.51

Since fibroblasts are a mechanoresponsive cell type, they transform
into myofibroblast phenotype that is characterized by high smooth
muscle actin (SMA) expression. Co-culturing iPSC-CMs and fibro-
blasts in a ratio of 4:1 in a 3D cardiac spheroid system prevents the
differentiation of fibroblasts into myofibroblasts and improves cardio-
myocyte contractility.52

ECs are also known to influence CM maturation during develop-
ment and support CM metabolism and contractility, as well as provide
protection against injury.53,54 The incorporation of ECs and endothe-
lial progenitor cells in 3D constructs has been shown to improve vas-
cular network formation and impart structural and functional
maturation of CMs.55,56 In a disease modelling context, it is becoming
increasingly clear that non-myocytes have an important role in main-
taining functional homeostasis in CMs. A recent study demonstrated
that functional deficits in iPSC-ECs derived from patients with LMNA
mutation can contribute towards cardiolaminopathy. Downstream
effects of the mutation that led to low expression of KLF2 protein
was found to be a cause of this functional deficit in iPSC-ECs.
Treatment with a clinically approved drug, lovastatin, not only in-
creased the expression of KLF2 in iPSC-ECs but also improved iPSC-
CM function in a coculture system.57 The crosstalk between non-
myocytes and iPSC-CMs can therefore provide meaningful insights
into cardiovascular pathologies and help develop targeted therapies.

Significant progress has been made towards the derivation of vas-
cular iPSC-ECs, iPSC-CFs, and iPSC-vSMCs. All three of these cell
types originate from the mesodermal cells following the activation of
the WNT pathway. Thereafter, the divergence in cell fate is dictated
by growth factors and signalling molecules. Bone morphogenetic pro-
tein 4 (BMP4) and Activin A gives rise to cardiogenic and hemogenic
mesoderm, from which definitive iPSC-ECs are derived in the pres-
ence of vascular endothelial growth factor and fibroblast growth fac-
tor (FGF).58 iPSC-vSMCs are obtained by exposure to activin A and
platelet-derived growth factor subunit B via a mesodermal intermedi-
ate expressing T-box transcription factor T.60,59 Derivation of quies-
cent and functional iPSC-CFs have been demonstrated through
generation of epicardial cells and second heart field progenitors with
the help of retinoic acid (RA) followed by FGF-2 stimulation.61,62

Building integrated cell or tissue models will not only help understand-
ing CM maturation in the context of intercellular crosstalk, but also
address many questions related to cell-specific responses in disease
states.63 Currently, it is unclear how cardiac tissue specificity can be
achieved in iPSC-derived ECs, vSMCs, and CFs, but mapping pheno-
typic differences through systematic molecular profiling of human car-
diac tissues at various stages of development may help unravel tissue-
specific cell type signatures. To elucidate line-specific differences in
multiple cell types, cardiac microtissues can be generated in a single
differentiation track comprising of CFs and ECs. Cardiac microtissues
comprised of defined EC and CF populations have been shown to im-
prove cardiomyocyte maturation and recapitulate arrhythmogenic
cardiomyopathy.42,64 Another approach to combine different cardiac
cell types is to mimic in vivo cardiogenesis using iPSCs or ESCs in
form of embryoid organoids or gastruloids.65 Recently, using
mouse ESCs and FGF signalling, a primordial 3D heart-like struc-
ture was developed with defined atrium, ventricle, pacemaker

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.

T
ab

le
1

C
o
n
ti

n
u
e
d

M
a
tu

ra
ti

o
n

m
e
th

o
d

A
p

p
ro

a
c
h

M
a
tu

ra
ti

o
n

d
u

ra
ti

o
n

M
a
tu

re
C

M
fe

a
tu

re
s

R
e
f.

U
p-

re
gu

la
tio

n:
M

LC
2,

N
PP

A
,C

A
C

N
A

1C
,S

ER
C

A
2

St
re

tc
hi

ng
fu

rt
he

r
in

cr
ea

se
d

fin
di

ng
s,

pa
rt

ic
ul

ar
ly

cy
cl

ic

M
et

ab
ol

ic
/b

io
ch

em
ic

al
/p

hy
si

ca
l

M
ed

ia

þ
tr

iio
do

th
yr

on
in

e,
de

xa
m

et
ha

so
ne

,(
T

D
I)

in
a

m
ic

ro
tis

su
e

fo
rm

at

7
da

ys
Im

pr
ov

ed
ce

llu
la

r
al

ig
nm

en
t

In
cr

ea
se

d
sa

rc
om

er
e

le
ng

th

In
cr

ea
se

d
M

Y
H

7,
A

T
P2

A
2,

SL
C

8A
1,

PL
N

,P
PA

R
G

,A
D

R
B1

,

C
H

R
M

2,
p-

A
K

T

D
ec

re
as

ed
M

Y
H

6,
T

N
N

I1

In
cr

ea
se

d
co

nt
ra

ct
ile

fo
rc

e

In
cr

ea
se

d
tim

e
to

pe
ak

In
cr

ea
se

d
re

la
xa

tio
n

tim
e

[1
0
9
]

M
et

ab
ol

ic
/b

io
ch

em
ic

al
M

ed
ia

an
d

cu
ltu

re
en

vi
ro

nm
en

t
us

in
g

EH
T

fo
rm

at

3–
5

w
ee

ks
In

cr
ea

se
d

fa
tt

y
ac

id
ox

id
at

io
n

In
cr

ea
se

d
te

tr
od

ot
ox

in
se

ns
iti

vi
ty

En
ha

nc
ed

ae
ro

bi
c

re
sp

ir
at

io
n

Sa
rc

om
er

e-
ar

ra
ye

d
m

ito
ch

on
dr

ia

Im
pr

ov
ed

ca
lc

iu
m

ha
nd

lin
g

H
ig

he
r

I K
1

de
ns

ity

M
or

e
ne

ga
tiv

e
di

as
to

lic
m

em
br

an
e

po
te

nt
ia

l

[9
7
]

24 D. Thomas et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..cells, SMCs, and ECs.66 Similarly, self-organizing ‘cardioids’ have been
generated using human iPSCs that constitute cells of the myocar-
dium, epicardium, and endocardium, mimicking early heart chamber
development.67 Such platforms will not only provide an arsenal of
in vitro platforms to study cellular effects at an organ-level, but will
also provide insights into structural abnormalities of the heart formed
during early development.

3.1.2 Extracellular matrix reinforcement
Extracellular matrix (ECM) in the heart provides structural stability and
elasticity to permit contraction and transmission of impulses for normal
heart function. Cardiomyocytes transduce mechanical force through lo-
calized interaction with the ECM mediated by integrins linked to cyto-
skeletal actin proteins. Greater cell-ECM association translates to
enhanced reinforcement and higher contraction forces.68,69 The neona-
tal heart ECM is mainly composed of laminin and fibronectin secreted by
SMCs and ECs. Fibronectin is localized around newly formed blood ves-
sels surrounding the myocytes.70,71 The neonatal heart typically has a
high type I to type III collagen ratio, making it less compliant but more ef-
ficient at handling an increased workload.72 During adult maturation, the
tissue compliance increases with more type III collagen compared to
type I, developing into a thick, aligned fibrillar network throughout the
myocardial tissue. Therefore, to emulate functional maturity in iPSC-
CMs, long-term elasticity with higher mechanical integrity is considered
essential.73 Several studies have demonstrated that culturing iPSC-
CMs or ESC-CMs on ECM substrates in the form of spontaneously con-
tracting engineered heart tissues (EHTs) can enhance cardiac maturation
and better recapitulate a disease phenotype (Figure 2). For example, a re-
cent study showed that isolated LQTS iPSC-CMs in monolayers were
more arrhythmogenic due to lack of high cell–cell interactions. In con-
trast, arrhythmias were observed in LQTS iPSC-CMs in EHTs only when
they were challenged with a QT prolongation agent.74

Three-dimensional EHTs mimic intricate architecture in the native
myocardium by promoting anisotropic cellular alignment and synergistic
electromechanical interactions. A brief overview of maturation
approaches and characteristics of mature cardiac tissue achieved in a 3D
tissue-like format is summarized in Figure 3. ECM surrounding the myo-
cytes and non-myocytes provide a remodelling niche to reorganize,
form cell-cell junctions, and transduce traction forces required for car-
diac coupling. A higher cardiac maturation is attributed to positive force-
frequency relationship (FFR) that translates to mature excitation-con-
traction coupling.75 In adult cardiac tissues, the contractile forces reach
50 mN/mm2, whereas the forces generated on EHTs range from 0.05–
23 mN/mm2.76–82 In addition to increased force of contraction, ECM-
guided artificial loading also promotes higher cellular organization, rear-
rangement of mitochondria along the sarcomeres and expression ma-
ture isoforms of contractile protein.83 Physiologically relevant platforms
would comply with the Frank-Starling mechanism, wherein during early
systolic auxotonic phase cardiac force exceeds the pre-load, followed by
an isometric phase where cardiac force equals to the load. This can be
achieved by tuning the stiffness of scaffolds that are used to assemble
EHTs to mimic healthy or pathological mechanical loading.84,85

Auxotonic contractions can also be achieved through electrical stimula-
tion; early-stage iPSC-CMs and subtypes subjected to stepwise pacing of
EHTs from 2 Hz to 6 Hz not only exhibit a positive FFR, but also lead to
mature calcium kinetics and higher conduction velocities.35,86 Although
it is important to match electromechanical properties of the cardiac tis-
sue, it is also crucial to understand the effect of the biochemical

composition of the matrix the cells interact with.36 From a mechanical
standpoint, fibrin imparts higher tensile and compressive tissue-like stiff-
ness, but collagen provides higher contractile elasticity. Therefore, there
is great advantage in fine-tuning the ECM to obtain optimal mechanical
strength and thereby enhance contractile forces as a means of achieving
biomechanical maturation.37 A recent study employed a systematic ap-
proach varying collagen, fibrin, and cell density to obtain an optimized
composition of ECM components with fibrin of 8 mg/mL, collagen of
0.8 mg/mL, and a seeding density of 15� 106cells/mL. This composition
yielded the highest force production by iPSC-CMs among the tested
groups.38 Therefore, matching the composition of the adult cardiac tis-
sue using the most abundant ECM such as collagen or decellularized tis-
sue matrices may be more suitable instead of fibrin, which is a blood
component.87 However, it must be noted that ECMs are not inert in
nature, and the precise role of the non-abundant components that
make-up the cardiac extracellular environment also needs further inves-
tigation.68,88 Recently, it was shown that a secreted large proteoglycan,
agrin, can promote proliferation and maturation of iPSC-CMs and pro-
vide a potent stimulus for cardiac regeneration in vivo.89 Despite the ben-
efit of intercellular interactions as well as mechanical and electrical
stimulation, such sophisticated maturation methodologies are diffi-
cult to incorporate in scalable manufacturing processes. Hence, in-
corporation of simpler strategies such as the use of metabolic
substrates or soluble prosurvival signalling molecules would prove to
be effective in enhancing CM maturity for various high-throughput as-
say platforms.

3.2 IPSC-CM maturation strategies for
large-scale bioprocesses: a metabolic
approach
In recent years, several studies have focused on modifying the metabolic
substrates and composition post-differentiation to induce maturation
hallmarks such as higher oxidative metabolism, improved contractility,
and rate-dependent action potential kinetics. For example, T-tubules,
which are a contiguous network of tubules and membranes that play a
key role in excitation–contraction coupling, have been shown to form in
iPSC-CMs with the use of metabolic supplements that contain tri-iodo-
thyronine (T3)

39 and dexamethasone (Dex) during differentiation days
16–30. T3 is a thyroid hormone that plays a key role in postnatal heart de-
velopment.90 In addition to gene regulation of T-tubule proteins, T3 can
also activate PI3 kinase (PI3K), which increases protein synthesis and cell
proliferation.49 Recently, it was shown that T3- and Dex-treated cells
showed functional networks of T-tubules with adult CM-like function.91

During cardiomyocyte maturation, mitochondria occupy up to 40% of
the cell volume and are tightly packed along the myofibrils.92 As the cell
matures, the oxidative capacity of the mitochondria increases, allowing
the cell to switch from glycolysis to fatty acid oxidation. This metabolic
flexibility to utilize different energy substrates is a unique adaptation of
the heart. During development, there is high availability of long-chain
free fatty acids (FA) and oxygen to support mitochondrial ATP
demands.93 To induce iPSC-CMs into a more mature phenotype, several
metabolic supplementation strategies have been implemented. In human
neonates, the serum FA concentration is �300mM,94 whereas the com-
monly used iPSC-CM culture medium contains less than 10mM FAs.
Therefore, supplementing the cell culture media with the most abundant
FAs (e.g. palmitic, linoleic, and oleic acids) found in newborn serum can
improve iPSC-CM maturation.95,96 Most recently, maturation media
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formulation containing L-lactate, Taurine, L-carnitine, and creatine mono-
hydrate was shown to improve electrophysiological, mechanical, and
structural parameters of iPSC-CMs in both 2D and 3D platforms.97,98 In

a 3D environment, iPSC-CMs are shown to harbour abundant mito-
chondria that improve oxidative phosphorylation capacity and energet-
ics. A higher respiratory capacity and metabolic switch may be

Figure 2 Addressing the need for cardiac tissue-like maturation in iPSC-CMs. High-throughput assays that allow for rapid drug screening and toxicity
evaluation does not require adult-like CM maturation. Multicellular 3D models and advanced multi-organ-on-a-chip (MOC) based approaches can be fur-
ther utilized for validation studies and modelling diseases that affect multiple cell types through systemic feedback.

26 D. Thomas et al.



..

..

..

..

.
responsible for higher mechanical loading and further maturation.99 A
combination of these approaches can be incorporated into large-scale
bioprocesses to induce CM maturation, which offers a more uniform

quality of iPSC-CMs for high-throughput screening assays. A pre-requi-
site for generating high-quality iPSC-CMs is to develop differentiation
protocols that induce efficient cardiac mesoderm induction to yield pure

Figure 3 Maturation methods and features in engineered cardiac tissue mimics. (Left) Several stimuli and modifications such as controlled electrical
pacing, metabolic supplementation, mechanical loading and addition of non-myocytes to tissue engineered constructs have shown to promote (Right)
mature cardiac tissue-like features both in morphology and function.
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cardiomyocytes. Fully defined, xeno-free approaches can then be imple-
mented and adopted for large-scale bioprocesses.

4.1 In vitro iPSC-CM differentiation on a
scale of time and dimension
To date, significant progress and refinement in differentiation protocols
and platforms have been made to obtain specific cardiac subtypes on a
small scale.100 Therefore, it is important to explore the feasibility of gen-
erating large-scale, high-quality, patient-specific iPSC-CMs to accelerate
drug development and testing efforts (Figure 4). Some of the key
advancements in differentiation purity and efficiencies between 2D and
3D culture platforms are discussed below and compared in Table 2.

4.1.1 2D cardiomyocyte differentiation
Although the development trajectories for the derivation of cardiac sub-
types are known,113 several key optimizations are being explored to de-
rive pure cardiomyocytes using simple, cost-effective, and xeno-free
methods. A small molecule-based approach allows higher reproducibility
and ease in scalability due to lower cost and higher stability compared to
recombinant proteins.112 Small molecules such as CHIR or BIO are cur-
rently used for biphasic differentiation, with initial mesendoderm induc-
tion followed by down-regulation of WNT pathway using inhibitors
(IWR1-endo or C59) for cardiac lineage specification.111 One of the key
developments to this protocol is the identification of critical components
in the cell media that promote cardiomyocyte differentiation. Using a re-
ductionist approach, the essential components were identified as proges-
terone, putrescine, and selenite.114,115 Despite the refinements in
differentiation protocols, the scale of culture remains limited on 2D plat-
forms for high cardiomyocyte yields.

Unlike most other somatic cells cultured in vitro, iPSC-CMs do not
maintain their proliferative capacity once formed. Within a week after
successful differentiation, iPSC-CMs exit the cell cycle and enter a post-
mitotic state. Therefore, for a higher iPSC-CM yield, the primary ap-
proach has been to induce differentiation in higher number of iPSCs
grown on larger surface areas. The highest cardiomyocyte yield on 2D
platform was obtained using multilayer flasks and achieved �700 million
cardiomyocytes (4-layer) with almost 100% efficiency and �2.8 billion
cardiomyocytes (10-layer) with up to 87% differentiation efficiency
(Figure 4A).116 Recently, it has been shown that through multiple passag-
ing in standard tissue culture plates, iPSC-CMs can be expanded during
their early proliferative phase by the reintroduction of CHIR. Although
the precise molecular mechanism is still largely unknown, this method
can help generate iPSC-CMs by �100-fold.117,118 One of the major
drawbacks of 2D culture platforms is that they do not allow uniform dis-
tribution of the small molecules that promote differentiation and growth.
Another drawback is that it is harder to precisely monitor the culture en-
vironment of 2D platforms, because of the lack of real-time sensors for
maintenance of optimal growth and differentiation. Therefore, 3D cul-
ture platforms integrated with bioreactor systems are considered desir-
able alternatives to achieving dynamic monitoring control for large-scale
production of iPSC-CMs.

4.1.2 3D cardiomyocyte differentiation
One of the key advantages of 3D aggregate-based differentiation is its
versatility in translation from the lab setting to commercial scale by com-
bining it with dynamic suspension culture systems. At present, directed
cardiac differentiation using 3D cell aggregates in a suspension culture
has been demonstrated at scales ranging from 100 mL to 1 L capacities

(Figure 4B), with differentiation efficiencies ranging from 80% to 99%
(cTnTþ).110,119–121 The overall throughput of these processes is �0.2–
0.9 � 109 CMs/L. A more recent protocol showed a higher throughput
of �1 � 109 CMs/L by controlling cell aggregation, preculture timing,
and exact CHIR dosing.114 A preculture time of 2 days in iPSC mainte-
nance media followed by induction at 7.5mM CHIR was found to be im-
portant in efficient cardiac differentiation.122 On a commercial scale,
using a non-directed differentiation approach comparing wave and
stirred tank bioreactors revealed a higher CM lineage commitment on
wave platform with a larger throughput of 1.5 � 109 CMs/L compared
to 0.2� 109 CMs/L on a stirred bioreactor platform.123

In parallel with the development of 3D iPSC aggregates, the use of
microcarriers for iPSC growth, expansion, and differentiation has been
explored to exploit the higher surface area-to-volume ratio.
Microcarriers are uniform-sized spheres coated with cell adhesion ma-
trix to allow iPSC attachment and growth on the surface of the spheres.
In comparison to 3D aggregates, an advantage of the microcarriers is
that the diffusion limitation of small molecules is minimal due to cells
attaching only on the outer surface. Typical microcarriers are made of
polystyrene coated with vitronectin for human iPSC expansion in cul-
ture.105 It is worthwhile to note that the overall CM yield depends on
substantial pre-expansion of iPSCs on microcarriers. Microcarrier tech-
nology has recently been made more scalable by the development of
bead-to-bead transfer technology, which allows for a prolonged expan-
sion period of up to 15 days and 241-fold increase in iPSC yield.124 Initial
efforts to derive CMs using microcarriers in static or dynamic conditions
showed that intermittent agitation yielded improved CM differentiation
efficiency (�66%) compared to a static platform (�47%). It is suggested
that the higher shear stress in continuous agitation results in inhibition of
transforming growth factor-b (TGF-b) pathway, which negatively affects
CM differentiation.125 Further microcarrier culture optimization in spin-
ner flasks with 10 days of CM differentiation supplemented with ascorbic
acid and 5 days of lactate-based purification with intermittent agitation
regime in spinner flask produced a high yield of 1.38 � 109 CMs/L and
83% cTnTþ cells.126 Overall, the easy adoption of cardiac differentiation
protocols has enabled mass production capabilities with improved effi-
ciency and yield. However, CMs obtained in such large-scale platforms
are primarily the ventricular subtype. Hence, an important goal is to opti-
mize derivation of other cardiac subtypes such as atrial and nodal cells
on a large-scale differentiation platform based on current protocols de-
veloped in 2D culture systems.108

5. Towards obtaining diversity in
myocyte composition for disease
modelling

For precise disease modelling, it is important to understand the patho-
physiology in all cardiac subtypes including ventricular, atrial and pace-
maker cells. Differentiation of iPSCs into cardiomyocytes are achieved
through modulation of Wnt and BMP pathways. The modulation of
these pathways with exogenous molecules are highly time and concen-
tration dependent. One of the main challenges is to achieve tunability
during the differentiation to obtain a more precise iPSC-CM subtype
with high purity. Currently, this can only be achieved by selectively isolat-
ing progenitors that result in enrichment of specific CM subtype.
Progenitors that express NKX2.5þ/TBX5þ that predominantly gives rise
to ventricular CMs. Early studies have noted that RA is plays a central
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role in formation of atrial CM that uniquely express ion channels such as
KCNJ3, KCNA5, and GJA5.128,127,129 During iPSC-CM differentiation,
addition of RA on days 3 and 5 result in reduction of ventricular cardio-
myocyte population and increase in atrial cell specificity that display both

electrophysiological and gene expression patterns found in atrial cardio-
myocytes in vivo.34 During WNT inhibition separate precursor popula-
tions arise from the mesoderm that selectively express CYP26A1 or
RALDH2. CYP26A1 gives rise to CD235aþ ventricular progenitors and

Figure 4 Scalable technologies for manufacturing iPSC-CMs on a large scale. (A) 2D single-layer and multilayer cultureware for iPSC-CM differentiation
offers limited control over culture conditions and is suitable for small scale production and testing applications. (B) 3D suspension cultures for iPSC ex-
pansion and iPSC-CM differentiation provides larger surface-area-to-volume ratio and overall higher yield for preclinical large-scale drug screening assays.
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.
RA signalling within RALDH2þ cells promote atrial cardiogenesis.
Sinoatrial node (SAN) cardiomyocytes also known as the pacemaker
cells arise from TBX18þ/NKX2.5- second heart field progenitors
through inhibition of FGF and TGF-b pathway.130 SHOX2 a specific
SAN transcription factor is shown to down-regulate NKX2.5 expression
resulting in the enrichment of SAN cells.40,131 The current protocol
yields �35% TNNT2þ/NKX2.5- cells which can be further sorted using
flow cytometry for higher enrichment. These advances have laid a strong
foundation to obtain ‘on-demand’ chamber specific cell types from infi-
nite source of iPSCs. However, there is a need for standardization of
scalable differentiation methodologies and compartmentalized cell as-
sembly for constructing tissue models for holistic understanding of or-
gan-level cardiac response.

6. Conclusion and future
perspectives

Significant progress has been made in the development of iPSC-CMs as a
tool for modelling CVDs and drug screening. For a deeper understanding
of cardiovascular risks on a population level, continued efforts towards
generation and characterization of iPSC-CMs with robust quality control
endpoints needs to be implemented. Cell sources obtained on scalable
differentiation platforms, protocols with reduced heterogeneity, and in-
corporation of nutrient-based maturation strategies in a single unit pro-
cess will resolve and refine the predictive power of high-throughput
assays for cardiac risk assessment. For complex disease modelling,
monolayer cardiomyocytes may be inadequate due to a lack of microen-
vironmental signalling such as biochemical and biophysical interactions
with non-myocytes and ECM. Development of parallel technologies
such as 3D bioprinting and microphysiological system has the capability
to structurally define tissue-like features and complexity which are hard
to reproduce in vitro. Bidirectional scalability of these technologies is cru-
cial for large scale drug testing and tissue regenerative applications.
Furthermore, to capture human pharmacodynamics and pharmacokinet-
ics in-a-dish, multi-organ-on-chip platforms can be used to create a more
realistic simulation of tissue physiology. These scaled-down devices capa-
ble of measuring electromechanical activity also mimic the circulation of
metabolites and biochemical signal gradients through an interconnected
network of channels that allow fluid flow.41,43,44 However, these tech-
nologies will not be ready for clinical use without harmonized efforts to-
wards banking patient iPSCs and derivation of specific cardiovascular cell
types with minimal batch variability. Such an advancement with well-de-
fined endpoints using simple or complex cardiac models will lay the cor-
nerstones for population-based studies in the form of a clinical-trial-in-a-
dish, which could become a requirement for new drug investigation or
first-in-human clinical studies. In summary, scalable iPSC-CM derivation
methodologies coupled with high-throughput phenotypic and disease-
specific assays can pave the way for personalized treatment and develop-
ment of pharmacogenetic tools for patient stratification in the clinic.
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