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What are stem cells?



Reprogramming factors



iPS reprogramming has…

… no ethical issue compared to hES cells!



Human iPS cell derivation, differentiation
and applications

Adapted from Bellin et al., 2012



Differentiation of hiPSC in cardiomyocytes

conditions and assumptions:

ü Differentiation of specific populations of CMs
(ventricular vs atrial vs nodal)

ü Purified cardiac population

ü Obtain mature (adult) hiPSC-CMs



Current methods for cardiac differentiation of 
hPSC

3D

2D

2D



Monolayer-based cardiac differentiation protocol

Figure 1. Human induced pluripotent stem cell (hiPSC) differentiation results in functional cardiac myocytes. (A) Timeline of the cardiomyocyte
differentiation protocol procedure. (B) Immunocytochemistry of hiPSC cardiomyocytes (hiPSC-CM) after 30 days of differentiation. Ventricular-like
hiPSC-CM had organized contractile proteins, including myosin light chain 2v (mlc2v, green) and cardiac troponin T (cTnT, red). Nuclear staining
(DAPI, cyan [Thermo Fisher Scienti!c, Waltham, MA]) is only shown in the merged image (third column). The last column shows stained voltage-
gated Na! channel (Nav)1.5 channels (blue). (C) Typical action potential recorded from spontaneously beating hiPSC-CM. CHIR99021, LC Labo-
ratories (Woburn, MA); D, day; mTeSR1, Stemcell Technologies (Vancouver, BC); RPMI, Thermo Fisher Scienti!c; TryPLE, Thermo Fisher Scienti!c;
Wnt-C59, Abcam (Cambridge, UK).

Moreau et al. 271
Characterization of Nav Channels in hiPSC-CM

Adapted from Moreau et al., 2017
Sleiman et al., 2020





Purified beating syncytium from hPSC-CMs 
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SUMMARY

Heart disease remains a major cause of death
despite advances in medical technology. Heart-
regenerative therapy that uses pluripotent stem cells
(PSCs) is a potentially promising strategy for patients
with heart disease, but the inability to generate highly
purified cardiomyocytes in sufficient quantities has
been a barrier to realizing this potential. Here, we
report a nongenetic method for mass-producing
cardiomyocytes frommouse and human PSC deriva-
tives that is based on the marked biochemical differ-
ences in glucose and lactate metabolism between
cardiomyocytes and noncardiomyocytes, including
undifferentiated cells. We cultured PSC derivatives
with glucose-depleted culture medium containing
abundant lactate and found that only cardiomyo-
cytes survived. Using this approach, we obtained
cardiomyocytes of up to 99% purity that did not
form tumors after transplantation. We believe that
our technological method broadens the range of
potential applications for purified PSC-derived cardi-
omyocytes and could facilitate progress toward
PSC-based cardiac regenerative therapy.

INTRODUCTION

Heart disease is a common and deadly disease, and heart-
regenerative therapy is a promising therapeutic strategy for
some patients (Passier et al., 2008). Pluripotent stem cells
(PSCs) including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) are potential sources for produc-
tion of therapeutic cardiomyocytes (Burridge et al., 2012; Taka-
hashi et al., 2007; Thomson et al., 1998). A typical human left

ventricle contains roughly 6 3 109 cardiomyocytes; thus, nearly
1 3 109 de novo cardiomyocytes would be required per patient
for this type of repair (Hattori and Fukuda, 2012). However, PSC-
based approaches carry a high risk of tumor formation due to
contamination of residual PSCs in the therapeutic cell prepara-
tions. Therefore, obtaining highly purified cardiomyocytes will
be key for achieving therapeutic success in applying these cells.
Procedures involving density-gradient centrifugation (La-

flamme et al., 2007; Xu et al., 2006), genetic modification
(Fijnvandraat et al., 2003; Gassanov et al., 2004; Hidaka et al.,
2003; Klug et al., 1996), and nongenetic methods that use a
mitochondrial dye (Hattori et al., 2010) or antibodies to specific
cell-surface markers (Dubois et al., 2011; Uosaki et al., 2011)
have been established for cardiomyocyte enrichment. However,
none of thesemethods are ideal for the therapeutic application of
PSC-derived cardiomyocytes because of drawbacks including
insufficient purity, genotoxicity, and the use of fluorescence-
activated cell sorting (FACS) and/or antibodies.
Glucose is the main source of energy and anabolic precursors

in various mammalian cells. It is converted by glycolysis into
pyruvate and/or lactate via glucose-6-phosphate (G6P; a source
of nucleotides) and 3-phosphoglycerate (a source of some
amino acids) for generation of two ATP molecules without the
need for oxygen. Pyruvate is further utilized in the mitochondrial
tricarboxylic acid (TCA) cycle for production of 36 ATPmolecules
via oxidative phosphorylation (OXPHOS). Cardiomyocytes
efficiently produce energy from several substrates including
glucose, fatty acids, and lactate viaOXPHOS. Interestingly, there
are marked changes between energy substrate utilization by
cardiomyocytes before and after birth. The fetal heart has
a higher capacity for lactate uptake than the adult heart (Fisher
et al., 1981) and uses lactate as a major energy source (Neely
and Morgan, 1974; Werner and Sicard, 1987) by exploiting
the lactate-rich environment created by the placenta (Burd
et al., 1975).
In this study, we took advantage of the unique metabolic

properties of cardiomyocytes to develop an efficient and
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Glucose-Depleted and Lactate-Enriched Culture
Conditions Can Purify Cardiomyocytes from Mouse
and Human PSC Derivatives
To test our hypothesis, we exposed neonatal rat cardiomyo-
cytes, mouse ESCs, primary peripheral lymphatic cells, primary
fetal neurons, primary mouse embryonic fibroblasts (MEFs),
C2C12 cells (myoblasts and myotubes), hepatocytes (HepG2),
and renal cells (HEK293) to glucose-depleted conditions with
and without various concentrations of lactate. Every type of
cell died within 96 hr in the glucose-depleted conditions, and
as expected, supplementation with lactate only prolonged the
survival of cardiomyocytes (Figures 2A, 2B, 2C and S2). We

named this special culture condition for the growth of cardio-
myocytes the ‘‘lactate method.’’
We next applied the lactate method to purifying human

PSC-derived cardiomyocytes. First, we optimized the time
course of the method for human ESC (hESC)-derived cardio-
myocytes. Using time-lapse imaging, we observed that 7 days’
exposure of hESC- and human iPSC (hiPSC)-derived attached
embryoid bodies (EBs) to glucose-free conditions supplemented
with 4 mM lactate selectively enriched for beating cells (Movie
S1). Second, we confirmed that days 7–8 of culture were the
best time points for harvesting the cells, as shown in Figure 3A.
To optimize the lactate concentration, we measured the viability

Figure 2. Cell Viabilities of Various Cells under Glucose-Depleted and Lactate-Supplemented Conditions
(A) Cultured neonatal rat cardiomyocytes and mouse ESCs were exposed to glucose-depleted media supplemented with lactate, and their viabilities were

assessed with the LIVE/DEAD kit, which indicates viable cells with green fluorescence and dead cells with nuclear red fluorescence.

(B) Time course of viability in neonatal rat cardiomyocytes (red), mouse ESCs (blue), and MEFs (green) under glucose-free conditions with and without lactate

(n = 6). Solid lines indicate the glucose-free and lactate-supplemented condition, and dashed lines indicate the glucose-free without lactate condition. All data

were obtained from independent experiments.

(C) Noncardiomyocytes including C2C12, skeletal myotubes, and primary cultured neurons were exposed to glucose-free conditions with and without lactate,

and their viabilities were assessed with the LIVE/DEAD kit. The time courses of viability were plotted in the line graphs (right) (all cells; n = 4). Red lines indicate the

glucose-free and lactate-supplemented condition, and black lines indicate the glucose-free without lactate condition. The inset in primary neurons represents

immunocytochemical staining with an antibody to bIII-tubulin (red) and with DAPI (blue).

Scale bars represent 100 mm (A and C). Data are shown as mean ± SD. See also Figure S2.
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How mature are hPSC-derived CMs in the dish?



Comparison of action potentials 

hiPSC-CMs exhibit spontaneous automaticity!





Integration of HF hiPSC-CM in host cardiac tissue

Integrated hiPSC-CMs with rat CMs  



Integration of HF hiPSC-CM in host cardiac tissue

Integrated hiPSC-CMs with rat CMs



How to improve the maturity of

hiPSC-derived cardiomyocytes?



Stem cell maturation

Robertson et al., Stem cells, 2013



Developmental progression of cardiac myocytes



Stem cell maturation
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Function of Human iPSC-Derived Cardiomyocytes
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d We developed a defined maturation medium for hiPSC-CMs

d The media improve electrophysiological and mechanical
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d The media improve the fidelity of disease modeling
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In Brief
Physiological immaturity of iPSC-derived

cardiomyocytes limits their fidelity as

disease models. Feyen et al. developed a

low glucose, high oxidative substrate

media that increase maturation of

ventricular-like hiPSC-CMs in 2D and 3D

cultures relative to standard protocols.

Improved characteristics include a low

resting Vm, rapid depolarization, and

increased Ca2+ dependence and force

generation.
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densely packed around the nucleus. Sarcomere-arrayed mito-
chondria correlate with maturation in vivo (Piquereau and Ven-
tura-Clapier, 2018).

MM Activates Metabolic and Cardiac Physiology Gene
Expression
The phenotyping data above showed that MM can direct meta-
bolic as well as structural and physiological maturation of hiPSC-
CMs. RNA sequencing (RNA-seq) was performed to gain insight
into the underlying molecular basis for the changes. Compared
with baseline (day 21) conditions, 3 weeks of subsequent expo-
sure to MM and RPMI/B27 (day 41) caused the significant differ-
ential expression of 1,308 and 368 genes, respectively (|log2 fold
change| > log2(2), q < 0.05; Figure 2A; Figures S3A–S3C). There
were 862 genes differentially expressed between RPMI/B27 and
MM conditions at day 41. Gene Ontology (GO) analysis of the
MM differentially upregulated genes was informative, mapping
to mitochondrial metabolism (Figure 2B). Individual gene
changes (Figure 2C) reflected increased FAO observed by the

Seahorse analysis (Figures 1B and 1C) and further supported
by upregulation of genes involved in cristae formation and stabil-
ity (Figure S3C) as well as regulators of mitochondrial Ca2+ up-
take (Figure S3D). Accordingly, GO analysis of the upregulated
transcriptional regulators in MM mapped to energy metabolism
and lipid homeostasis (Figures S3F and S3G). Interestingly, mul-
tiple Ca2+ cycling/SR, sarcomeric, and ion channel genes were
differentially expressed (Figures 2D–2F). These gene expression
changes indicated that supplementation with oxidative sub-
strates might affect CM electrophysiology, Ca2+ cycling, and
contractility.

MM Improves Electrophysiological Characteristics
The RNA-seq data (Figure 2F) showed the prominent upregula-
tion of KCNJ2, which encodes the pore-forming subunit of the
channel that conducts the K+ current IK1 that sets the CM dia-
stolic membrane potential. The characteristically negligible IK1
in hiPSC-CMs contributes to aspects of electrophysiological
immaturity, including relatively depolarized diastolic potentials

Figure 1. Influence of MM on Metabolism of iPSC-CMs
(A) Schematic overview of the study. Twenty days after the start of differentiation, hiPSC-CMswere separated into maturation media (MM) or standard RPMI/B27

conditions.

(B) Optical AP recordings (VF2.1.Cl dye) revealed functional sodium (Na+) channels in MM CMs, with cessation of beating occurring at IC50 ~3.88 mM. Repre-

sentative optical voltage recording of control (ctr) and 11 mM TTX-treated MM and RPMI/B27 cells.

(C) Real-time oxygen consumption rate (OCR) measurements of hiPSC-CMs cultured in RPMI/B27 or MM by Seahorse extracellular flux analyzer. Cells were

treated with the ATP synthase inhibitor oligomycin, the respiratory uncoupler FCCP, and the respiratory chain blockers rotenone and antimycin A. MM exhibited

greater respiration rate under basal conditions and after mitochondrial uncoupling (n = 3 batches).

(D) Real-time ECAR measurements of hiPSC-CMs cultured in RPMI/B27 or MM by Seahorse extracellular flux analyzer. Cells were treated with glucose, ATP

synthase inhibitor oligomycin, and glucose analog 2-DG. Maturation conditions induced the glycolytic capacity of cells (n = 3 batches).

(E) Flow cytometry analysis of Tom20 expression in RPMI/27- and MM-cultured hiPSC-CMs revealed higher mitochondrial content in maturation culture (n = 4

batches).

(F) Representative mitochondria (Tom20) immunostaining in hiPSC-CMs cultured in RPMI/B27 and MM. Pronounced differences were observed in Tom20

distribution between the two culture conditions. Scale bars represent 20 mm.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.005, and ***p < 0.0005.
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Fatty acids improve the hPSC-CMs



Monolayer

Biocompatible polyethylene glycol (PEG) hydrogel arrays 
imitating the myocardial ECM and allowing formation of 
engineered cardiac tissue constructs.

Kim et al.,  PNAS 2010



Monolayer

Kim et al.,  PNAS 2010
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Engineered heart tissues

Mannhardt et al., Stem Cell Report 2016

feasibility to generate human constructs and some basic
characterization (Schaaf et al., 2011; Tulloch et al., 2011;
Kensah et al., 2013; Nunes et al., 2013; Thavandiran
et al., 2013). However, neither we nor others have yet
shown that EHTs from hiPSC-CM are indeed suitable for
the proposed purpose, i.e., whether they faithfully replicate
effects on indicator compounds affecting rate, force, and
contraction kinetics. This is particularly important for
inotropes, since modulators of inotropy are a mainstay of
cardiac drug development and new concepts are urgently
needed (Francis et al., 2014). The present study therefore
set out to answer the following questions. (1) Do drugs
known to interfere with pacemaking mechanisms in the
sinoatrial node (SAN) affect the spontaneous beating rate
of hiPSC-EHTs? (2) Do positive and negative inotropic
drugs affect contraction force of hiPSC-EHTs in a manner
similar to that of human heart muscle strips? (3) Do drugs
with known and supposedly specific effects on individual
ion currents affect contractile function? (4) Is prolongation
of relaxation time a surrogate for prolongation of repolari-
zation and proarrhythmic risk?

RESULTS

Differentiation Results and Baseline Characterization
of hiPSC-EHTs
Formation of embryoid bodies (EBs) in spinner flasks re-
sulted in homogeneous EBs of 54 ± 1 mm(n = 198) diameter.
The average differentiation efficiency was 87% ± 9% (n =
20) with an input/output ratio of 1:1.2 ± 0.8 (hiPSC/
hiPSC-CM). Human EHTs started to beat spontaneously
and regularly 10–14 days after casting and continued
for several weeks (25- and 74-day-old EHT are shown in
Movies S1 and S2). Baseline contractility parameters
under auxotonic conditions (20- to 25-day-old EHTs from
seven different cardiomyocyte batches; n = 75/7) were
61 ± 2 bpm (frequency), 0.152 ± 0.006 mN (force),
0.120 ± 0.002 s (T1, contraction time), 0.163 ± 0.003 s
(T2, relaxation time), 1.51 ± 0.07 mN/s (maximal contrac-
tion velocity), and 1.11 ± 0.06 mN/s (maximal relaxation
velocity). Average peaks of spontaneously beating and
electrically paced EHTs (n = 50) are shown in Figure 1. Dur-
ing cardiac differentiation, expression of the pluripotency

Figure 1. Cardiac Differentiation Protocol
Spontaneous beating started at days 9–11 of differentiation. Beating cells were dissociated, subjected to fluorescence-activated
cell sorting analysis (cTNT), and used for EHT generation (d14; see also Movies S4 and S5). EHTs started coherent beating at days
10–14 after casting and enabled for functional analysis (see also Movie S1; scale bar, 1 mm). Average contraction peaks of spontaneously
beating (black) and electrically paced EHTs (red; 1.5 Hz; 20–35 days after casting) in modified Tyrode’s solution with 1.8 mM
calcium are shown (n = 50 EHTs from seven independent experiments per group; depicted are mean ± SEM). Scale bars, 200 mm. See also
Figure S1.
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gene OCT-4 declined, expression of mesoderm genes
(MESP, VEGFR2) increased transiently, and expression of
cardiac genes increased progressively (Figure S1A). Differ-
entiated cardiomyocytes were mainly MLC2a+/MLC2v!

and developed to an MLC2a!/MLC2v+ cardiomyocyte
population in the EHT format (Figures S1B and S1C). The
non-cardiomyocyte fraction at the end of differentiation
was investigated by gene-expression analysis. Besides
cardiac genes, the most prominently expressed genes
were those typical for (myo)fibroblast-like cells, while
genes for other cell types were expressed below 1% of car-
diac gene expression level (Figure S1D).
Still pictures of live EHTs taken with the video camera of

the EHT setup (Figure 2A and Movie S1) demonstrated
macroscopically distinguishable muscle bundles in EHTs.
Histological analysis of 30- to 35-day-old EHTs revealed
structural anisotropy with cellular alignment in parallel
to the force lines spanning along the longitudinal axis
of the tissue (Figure 2B) and appearing as round, dystro-
phin-positive CM in cross sections (Figure 2C). CM in
EHTs were characterized by regular sarcomeric organiza-
tion of a-actinin and a high degree of MLC2v-positive
CM (Figures 2D and 2E), whereas CM cultured in 2D
showed poor sarcomeric organization and less cellular

alignment (Figure 2F). Caveolin-3 immunofluorescence
provided initial evidence for immature t-tubule formation
by demonstrating punctual but irregular staining pattern
and areas with poorly organized caveolin-3-positive
structures as an indicator for developing caveolae (Fig-
ure 2G). This irregular staining pattern was also apparent
in EHTs stained with an antibody against junctophilin-2
(Figure 2H). Transmission electron microscopy (TEM)
confirmed orientation and alignment of sarcomeric struc-
tures with regular Z lines, and inconsistent I- and A-band
formation (Figure 2I). Average sarcomere length was 1.6 ±
0.1 mm (n = 20 sarcomeres); mitochondria were frequent
and exhibited mainly immature cristae-subtype with
sparse cristae formation. Tubular structures ("60–80 nm
diameter) were detected in close proximity to Z lines.
Gene expression of ion channels and cardiac markers
indicated overall similar expression in EHT and 2D (Fig-
ures S2A and S2B). Microarray analysis (Table S1; NCBI
GEO accession number GEO: GSE80390) of differentiated
cardiomyocytes, EHT, and 2D CM samples revealed 5,687
significantly expressed genes (false-discovery rate [FDR]
<5%, Table S1). Probes below 0.1% FDR (n = 277) were
further investigated using clustering (Figure S2C) and
functional enrichment approaches (Table S2). Several

Figure 2. Histological Evaluation of
hiPSC-EHTs
(A) Representative still view of a living EHT.
(B) Longitudinal section stained with H&E.
(C) Cross section stained for dystrophin.
(D) Longitudinal section stained for MLC2v.
(E) Whole-mount immunofluorescence
confocal microscopic section of EHT stained
with DRAQ5 (nuclei, blue) and a-actinin
(green).
(F) Confocal analysis of hiPSC-CM cultured
in 2D for 30 days stained with DRAQ5 (blue)
and antibodies against cardiac MLC2v (red)
and a-actinin (green).
(G and H) Whole-mount immunofluo-
rescence confocal microscopic section of
30- to 35-day-old EHTs stained with DRAQ5
(blue) and antibodies against a-actinin
(red; G) and caveolin-3 (green; G) or phal-
loidin (red; H) and an antibody against
junctophilin-2 (green; H).
(I) Transmission electron microscopy of
35-day-old EHT. Arrows indicate structures
resembling t tubules.
See also Figure S2.
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after the pacing pause revealed a PRP of +17% (n = 11; Fig-
ure 4F). The selective inhibitor of the slowly activating
delayed rectifier current IKs, HMR-1556, was tested in the
presence of b-adrenergic activation and IKr inhibition,
a protocol that revealed maximal contribution of IKS to
repolarization in human ventricular myocardium (Jost
et al., 2005). HMR-1556 slightly reduced the isoprenaline-
stimulated spontaneous beating rate, but failed to affect
relaxation time or force, whereas E-4031 increased relaxa-
tion time by +82% in an isoprenaline-sensitive manner
(n = 4/1; Figure S4).
Pharmacological Force Regulation

We analyzed the effect of positive and negative cyclic AMP
(cAMP)-dependent and -independent inotropic modula-
tors (calcium, ouabain, Bay K-8644, EMD-57033, isoprena-
line, rolipram, ryanodine, and verapamil) under rate
control (1–2 Hz). Average contraction peaks are depicted
in Figure 5 (complete CRCs are shown in Figure S5). These
peaks demonstrate canonical inotropic changes for all
compounds tested, associated with characteristic changes
in contraction kinetics. Ca2+, ouabain, and verapamil
modulated force without a change in contraction kinetics,
while the increase in force development in the presence of
the cAMP-dependent drugs isoprenaline and rolipram was
accompanied by the typical hastening of relaxation (posi-
tive lusitropic effect). Conversely, the Ca2+ channel agonist

Bay K-8644 and the myofilament Ca2+ sensitizer EMD-
57033 markedly prolonged relaxation (negative lusitropic
effect). Ryanodine displayed typical biphasic responses,
with negative inotropic effects at low (0.3 mM) and positive
inotropic effects at high (10 mM) concentrations and a
pronounced increase in contraction time (T1), as shown
for myocardium tissue (Sutko and Willerson, 1980).
Modulators of the Cardiac Ion Channels

Antagonists and agonists of ion channels were analyzed in
spontaneously beating EHTs (Figures 6 and S6). Delayed
inactivation of the fast sodium current INa by ATX-II or acti-
vation of the L-type calcium current ICa,L by Bay K-8644
prolonged relaxation time T2 as did E-4031, a selective in-
hibitor of the repolarizing, rapidly activating delayed recti-
fier current IKr. ATX-II had the most pronounced effect
(556% ± 31% of baseline; see also Movie S3), Bay K-8644
mainly inhibited early relaxation, and E-4031 induced
typical after-contractions. Conversely, NS-1643, an agonist
of IKr, concentration-dependently reduced T2, which was
accompanied by increased spontaneous beating frequency
and an increase in contractile force. At high concentrations
(0.1 mM) EHTs demonstrated an irregular beating pattern,
indicated by high scatter for all contractility parameters
(Figures 6D and S6G). TTX slowed the spontaneous beating
rate as seen before (Figure 3D), but did not have a major ef-
fect on force or contraction kinetics (Figure S6D). The ICa,L

Figure 5. Regulation of Contractile Function of hiPSC-EHTs by Inotropic Drugs
Average contraction peaks before (black) and after (red) the respective inotropic drug intervention.
(A–H) Positive inotropic drugs (A–F) were tested at submaximal (0.5–0.6 mM), and negative inotropic drugs (G and H) at high (1.8 mM; H)
and submaximal (0.5 mM; G) calcium concentrations. Depicted is the electrically stimulated (1.5–2 Hz) mean relative force in percentage
of baseline maximum ± SEM in modified Tyrode’s solution; replicates are indicated as EHTs/number of independent experiments.
(A) calcium (5 mM; n = 8/2). (B) ouabain (100 nM; n = 6/2). (C) Bay K-8644 (300 nM; n = 4/1). (D) EMD-57033 (10 mM; n = 4/1).
(E) isoprenaline (100 nM; n = 4/1). (F) rolipram (10 mM) + isoprenaline (100 nM, red) versus isoprenaline (100 nM, black; n = 11/2).
(G) ryanodine (0.3 mM, red; 10 mM, blue; n = 6/2). (H) verapamil (1 mM; n = 18/2).
See also Figure S5.
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Advanced maturation of human cardiac tissue 
grown from pluripotent stem cells
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Diogo Teles1,3,4, Masayuki Yazawa2 & Gordana Vunjak-Novakovic1,5*

Cardiac tissues generated from human induced pluripotent stem 
cells (iPSCs) can serve as platforms for patient-specific studies of 
physiology and disease1–6. However, the predictive power of these 
models is presently limited by the immature state of the cells1, 2, 5, 
6. Here we show that this fundamental limitation can be overcome 
if cardiac tissues are formed from early-stage iPSC-derived 
cardiomyocytes soon after the initiation of spontaneous contractions 
and are subjected to physical conditioning with increasing intensity 
over time. After only four weeks of culture, for all iPSC lines 
studied, such tissues displayed adult-like gene expression profiles, 
remarkably organized ultrastructure, physiological sarcomere 
length (2.2 µm) and density of mitochondria (30%), the presence of 
transverse tubules, oxidative metabolism, a positive force–frequency 
relationship and functional calcium handling. Electromechanical 
properties developed more slowly and did not achieve the stage of 
maturity seen in adult human myocardium. Tissue maturity was 
necessary for achieving physiological responses to isoproterenol and 
recapitulating pathological hypertrophy, supporting the utility of 
this tissue model for studies of cardiac development and disease.

Even the best available methods have limited ability to emulate 
the physiology of adult myocardium1–12; excitation–contraction 
coupling (requiring transverse tubules (T-tubules)), positive force–
frequency relationship (requiring mature calcium handling) and effi-
cient energy conversion (requiring oxidative metabolism) are notably  
absent2, 3, 5, 6, 8–10. Adult ventricular myocytes are uniquely organized 
for beating function, having densely packed sarcomeres, mitochondria, 
transverse tubules and sarcoplasmic or endoplasmic reticulum (SR/ER).  
Their mitochondria are positioned adjacent to sarcomeres and  
calcium pumps to enhance ATP diffusion; the sarcoplasmic reticulum 
provides fast delivery of stored calcium ions to contractile proteins; and 
the T-tubules synchronize heartbeats by concentrating L-type calcium 
channels, which are positioned close to the ryanodine receptors that 
release calcium ions from the SR/ER13. This highly specialized machin-
ery for excitation–contraction coupling is not present in the fetal heart, 
but emerges after birth14 with the switch from glycolytic to oxidative 
metabolism that supports the energy demands of the postnatal heart15.

Human iPSC-derived cardiomyocytes (hiPS-CMs) can be matured 
by long-term culture and electrical, hydrodynamic and mechanical 
stimulation8, 9, 12, 16–18. Recent studies have indicated that this in vitro 
maturation may not follow the in vivo developmental paradigm; high 
stimulation frequencies benefit maturation in vitro9, whereas the 
native heart beats more slowly following birth5, 14. We investigated 
the reasons why current strategies fail to develop the characteristics 
of adult myocardium. Because the responsiveness of hiPS-CMs to 
physical stimuli declines as differentiation progresses, we suggested 
that electromechanical conditioning should be initiated early, during 
the period of high cell plasticity. As the heart matures in response to 
energy demands, we further hypothesized that increasing the intensity 
of induced contractions would enhance the development of mature 
ultrastructure and function.

To test these hypotheses, we studied the maturation of human cardiac 
tissues grown from early-stage hiPS-CMs (day 12, immediately follow-
ing the first spontaneous contractions) or late-stage hiPS-CMs (day 28, 
matured in culture). Cardiac tissues were assembled in a modular tissue 
platform that enabled individual control of the culture environment 
and physical signalling. hiPS-CMs (derived from three donors) and 
supporting fibroblasts were incorporated into fibrin hydrogel stretched 
between two flexible pillars (designed to provide mechanical forces 
similar to those in native myocardium) and subjected to electrical stim-
ulation to induce auxotonic contractions. Three conditioning regimes 
were applied: (i) control (no stimulation); (ii) constant (three weeks at 
2 Hz); and (iii) intensity training (two weeks at a frequency increasing 
from 2 Hz to 6 Hz by 0.33 Hz per day, followed by one week at 2 Hz. 
The resulting tissues were 6 mm long and 1.8 mm in diameter, and 
were evaluated in real time (for contractile and conductive behaviour 
and calcium handling) and by end-point assays (for gene expression, 
proteins and ultrastructure), using human fetal cardiac tissues (FCTs) 
and adult human heart ventricles as benchmarks (Fig.!1a, Extended 
Data Fig.!1a–e). Intensity-trained tissues grown from early-stage 
hiPS-CMs (hereafter early-stage intensity-trained) exhibited compact 
and well-differentiated cardiac muscle (Extended Data Fig.!1f–p) and 
marked changes in the expression of genes associated with adult-like 
conduction (increased ITPR3, KCNH2, decreased HCN4), maturation 
(increased NPPB, MAPK1, PRKACA), ultrastructure (increased MYH7, 
GJA1, TNNI3, AKAP6, GJA5, JPH2), energetics (increased AKAP1, 
TFAM, PPARGC1A) and calcium handling (increased CAV3, BIN1, 
ATP2A2, RYR2, ITPR3). The other early-stage-derived tissues, all late-
stage-derived tissues and FCTs displayed immature cardiac phenotypes 
(Fig.!1b, Extended Data Fig.!2a, b).

Seeding with early-stage hiPS-CMs was critical for the response of 
the mature tissues to physical signals. Only the early-stage intensity- 
trained tissues displayed orderly signal propagation and anisotropic  
gap junctions. Among all tested groups, early-stage intensity-trained 
tissues had electrophysiological properties that were comparable to 
Biowires9, including the shape of the action potential with its char-
acteristic notch, the resting membrane potential of !70.0 ± 2.7 mV, 
the IK1 current (peak inward density of –9.9 ± 3.8 pA pF!1 and 
peak outward density of 0.30 ± 0.12 pA pF!1) and the conduction 
velocity (25.0 ± 0.9 cm s!1) (Fig.!1c, d, Extended Data Figs.!2, 3a–f, 
Supplementary Videos!1, 2).

Early-stage intensity-trained tissues also exhibited a positive force–
frequency relationship (FFR), a hallmark of maturation not seen in 
other in vitro myocardial tissue models5, 6. The generated forces mark-
edly exceeded those in all other tested groups and FCT (Fig.!1f), but 
remained below those in adult myocardium19 (44 mN mm!2). Directly 
measured forces and contraction amplitudes increased approximately 
twofold over the range of stimulation frequencies (1–6 Hz) during 
the maturation of early-stage intensity-trained tissues, indicating the 
maturation of contractile behaviour. These tissues acquired regular 
contraction profiles, in contrast to late-stage intensity-trained tissues 
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Extended Data Fig. 1 | Experimental design and overall appearance of 
cardiac tissues. a, Schematic of the pillars (purple) placed via interlocking 
mating components between the bioreactor wells (grey) and pillar lid 
(yellow) with tissues (pink) formed around the pillars, and electrodes 
(black) placed perpendicular to the cardiac tissues. A glass slide (blue) 
is epoxied to the bottom of the bioreactor to enable image acquisition. 
b,!A schematic of the assembled bioreactor. c, Photographs of the cardiac 
tissues cultured within the bioreactor. d, The tissue pillar. e, Increase in 
the electrical stimulation frequency throughout the intensity training 
regime. f–h, Photographs of the tissues attached to pillars at the end 

of four-week cultivation: side view (f, g), bottom view (h). Scale bars, 
500 µm. i,!j,!Immunofluorescence in serial sections of the early-stage 
intensity-trained tissue. The dotted yellow and red lines in g, i, j!indicate 
corresponding pillar placement within!the tissue. Scale bars, 500 µm. 
k–p,!Immunofluorescence in serial sections of the early-stage intensity-
trained tissue in i. WGA, green; !-actinin, pink; nuclei, blue. Scale bars, 
i–l, 500 µm; m, 100 µm; n, 20 µm; o, p, 50 µm. Images were selected to 
include landmark features that facilitate localization and comparisons. 
Similar results were obtained from three independent experiments.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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(Extended Data Figs.!3g–i, 4a–d, Supplementary Videos!1, 2). The sur-
rogate measurements of force from calcium recordings in early-stage 
intensity-trained tissues (Extended Data Fig.!3j, k), were consistent with 
the direct force measurements.

Cell populations were dominated by cardiomyocytes, and the 
MLC2v+:MLC2a+ ratio, an indicator of cardiomyocyte maturity, 
depended on the stimulation regime and developmental stage of 

hiPS-CMs. The increasing contractile demands induced the adult-like 
cardiac morphology that is necessary for high force generation in ear-
ly-stage intensity-trained tissues. The cell size increased (an indicator 
of physiological hypertrophy8) and both cells and nuclei were elon-
gated (an indicator of maturation8). The sarcomere length reached 
2.2 µm, a similar value to that of adult human ventricular myocytes8. 
The contractile capacity, fraction of cells containing sarcomeres and 

Fig. 1 | Intensity training of cardiac tissues derived from early-stage 
hiPS-CMs enhances maturation. a, Experimental design: early-stage 
or late-stage hiPS-CMs and supporting fibroblasts were encapsulated 
in fibrin hydrogel to form tissues stretched between two elastic pillars 
and made to contract by electrical stimulation. Gradual increase in 
frequency of stimulation to supra-physiological levels (intensity regime) 
was compared to stimulation at constant frequency (constant regime), 
unstimulated controls and human adult and fetal heart ventricles. b, Gene 
expression data for six groups of cardiac tissues, and adult and fetal heart 
ventricles. c, Action potential for the early-stage intensity-trained  
group. d, IK1 current–voltage (I–V) curves (mean ± s.d.). e, Early-stage  

intensity-trained tissues from all three iPSC lines (C2A, WTC11, 
IMR90), but not the other groups, developed a positive force–frequency 
relationship after four weeks of culture. Line above graph indicates 
P < 0.05 for the 2–6 Hz group versus other training regimes using two-
way ANOVA followed by Tukey’s honest significant difference (HSD) 
test. f, Cell area over time. Line above graph indicates P < 0.05 versus 
other timepoints using two-way ANOVA followed by Tukey’s HSD test; 
*P < 0.05 versus control group using one-way ANOVA followed by Tukey’s 
HSD test. Data in e and f are mean ± 95% confidence interval (CI). Sample 
sizes are shown in Supplementary Information, ‘Main figure data sample 
sizes’.
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Extended Data Fig. 4 | Enhanced maturation and synchronicity of 
cardiac tissues in response to training regime as a function of time. 
a–c, Representative contraction profiles of FCT (a), early-stage (b) and 
late-stage cardiac tissues (c) over time (C2A cell line). d, Frequency 
of contractions in cardiac tissues over four weeks of culture. n = 35 
biologically independent samples over 16 independent experiments; 
mean ± 95% CI, *P < 0.05 compared to control group by two-way 
ANOVA with Tukey’s HSD test. Early-stage intensity-trained tissue 
shows significant differences versus other training regimes by two-
way ANOVA with Tukey’s HSD test. e, Characterization of cardiac cell 
population within cardiac tissues (C2A line) after four weeks of culture by 
fluorescence-activated cell sorting (FACS) analysis. f, g, Characterization 
of cells isolated from early-stage intensity-trained cardiac tissues (C2A 

line) by FACS analysis after four weeks of culture: cardiac cells (f;!cTnT), 
and supporting fibroblast cells and endothelial cells (g; vimentin 
and von Willebrand Factor(vWF), respectively). h–j, Representative 
immunofluorescence of whole tissues showing the enhanced cardiac 
ultrastructure (!-actinin, green; cTnT, red; nuclei, blue) in early-stage 
cardiac tissues from the C2A line (h), WTC11 cell line (i), and IMR90 
cell line (j) after four weeks of culture. Scale bars, 5 µm; experiment 
repeated independently 14 times with similar results. k, Representative 
immunofluorescence showing the cell population in a histological section 
from early-stage cardiac tissue (C2A line) after four weeks of culture. cTnT, 
green; vimentin, red; nuclei, blue. Scale bar, 50 µm; experiment repeated 
independently two times with similar results.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Fig. 3 | Electrophysiological characterization of 
human engineered cardiomyocytes. a, Representative traces of action 
potentials in early-stage control (n = 9), late-stage intensity-trained 
(n = 9) and early-stage intensity-trained (n = 14) groups. n is the number 
of biologically independent samples obtained during two independent 
experiments. b, Representative traces of IK1 current for the early-stage 
intensity-trained group using voltage-clamp mode. c–f, Electrophysiology 
data after four weeks of culture showing the resting membrane potential 
(c), peak amplitude (d), duration of action potential (e) and upstroke 
velocity (f) obtained in two independent experiments, resulting in 

biologically independent data from early-stage control (n = 9), late-stage 
intensity-trained (n = 9) and early-stage intensity-trained (n = 14) groups. 
**P < 0.01, *P < 0.05 using one-way ANOVA Bartlett’s test with multiple 
comparison. n.s., not significant. g–i, Representative continuous organ 
bath force recordings under electrical pacing from 1–6 Hz from three 
biologically independent early-stage intensity trained tissues (C2A cells) 
from one experiment. j, k, Representative continuous recordings from 
an early-stage intensity-trained tissue (C2A cells) under electrical pacing 
from 1–6 Hz of calcium (j) and surrogate force (k) as determined by tissue 
displacement, normalized to 1 Hz.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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A B S T R A C T   

Angiotensin II (Ang II) presents a critical mediator in various pathological conditions such as non-genetic car-
diomyopathy. Osmotic pump infusion in rodents is a commonly used approach to model cardiomyopathy 
associated with Ang II. However, profound differences in electrophysiology and pharmacokinetics between ro-
dent and human cardiomyocytes may limit predictability of animal-based experiments. This study investigates 
the application of an Organ-on-a-chip (OOC) system in modeling Ang II-induced progressive cardiomyopathy. 
The disease model is constructed to recapitulate myocardial response to Ang II in a temporal manner. The long- 
term tissue cultivation and non-invasive functional readouts enable monitoring of both acute and chronic cardiac 
responses to Ang II stimulation. Along with mapping of cytokine secretion and proteomic profiles, this model 
presents an opportunity to quantitatively measure the dynamic pathological changes that could not be otherwise 
identified in animals. Further, we present this model as a testbed to evaluate compounds that target Ang II- 
induced cardiac remodeling. Through assessing the effects of losartan, relaxin, and saracatinib, the drug 
screening data implicated multifaceted cardioprotective effects of relaxin in restoring contractile function and 
reducing fibrotic remodeling. Overall, this study provides a controllable platform where cardiac activities can be 
explicitly observed and tested over the pathological process. The facile and high-content screening can facilitate 
the evaluation of potential drug candidates in the pre-clinical stage.   

1. Introd t on

The high incidence of non-genetic cardiomyopathy motivates the 
development of diseased heart-on-a-chip models from otherwise healthy 
iPSC derived cardiomyocytes. Angiotensin II (Ang II), the main peptide 
of the renin–angiotensin system (RAS) system, is believed to induce 
progressive deterioration of organ function. Its upregulation is impli-
cated in various pathological conditions such as cardiac hypertrophy 
and fibrosis, offering an important mediator for the disease model 
development [1,2]. 

A baseline level of Ang II is essential for rapid developmental growth 

of the left ventricle [3]. However, elevated Ang II provokes signaling 
perturbations in both cardiomyocytes(CM) and fibroblasts (FB), result-
ing in a progressive decline in cardiac contractile function over time. 
Ang II can induce fibrosis indirectly by activating proin ammatory 
mediators such as cytokines, chemokines, adhesion molecules [ ], as 
well as directly by regulating extracellular matrix synthesis and degra-
dation [ ], increasing ventricular wall stiffness and leading to the 
impaired diastolic function [1]. 

Infusion in rodent models via an osmotic pump is commonly used to 
study cardiomyopathy associated with Ang II [ , ]. However, labora-
tory animals are not always an accurate guide to how a disease develops 

* Corresponding author at  Institute of Biomedical Engineering, University of Toronto, Toronto, Ontario M S 3G , Canada. 
E mail address  m.radisic utoronto.ca (M. Radisic).  

Contents lists available at ScienceDirect 

Journal of Molecular and Cellular Cardiology 

journal homepage: www.elsevier.com/locate/yjmcc 

https doi.org 1 .1 1 j.yjmcc.2 21. . 12 
Received 3 March 2 21  Received in revised form 22 June 2 21  Accepted 2  June 2 21   

-RXUQDO RI 0ROHFXODU DQG &HOOXODU &DUGLRORJ\ ��� ������ ��²���

���

Fi . . ompound ef cacy screening based on functional assessment and cytokine release. . Schematic sho ing frame ork of ef cacy evaluation in the Bio ire 
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the forms of decreased active force and diastolic dysfunction ith pro- 
longed Ang  treatment. 

n iotensin II t eatment attenuates elect ical e cita ilit  and 
modi es a ! t ansient o e  time 

We characterized the electrical e citability properties of the cardiac 
tissues by stimulating them at increasing electrical fre uencies. E cita-
tion threshold E  indicates the minimum voltage cm re uired to 
stimulate the synchronized beating of the cardiac tissue. a imum 
capture rate  indicates the highest fre uency the tissue could 
contract in response to increasing stimulation pulse. he Ang -treated 
group sho ed higher E  and reduced  over time, suggesting a 

eakened ability to respond to stimulation, hich can be linked to 
deterioration in electrical coupling ig. A and B . As can be observed 
from the cardiac traces, Ang  treatment triggered the occurrence of 
arrhythmic behavior during spontaneous beating ig. . n addition, 
the ability to respond synchronously to high pacing fre uencies  z 
and  z  as signi cantly reduced in the Ang -treated group, hich 
resulted in arrhythmic and beating pattern of typical pulsus alternans 

ig.  and Supplemental ig.  and D . 
We further e amined the calcium handling at early eek  and late 

eek  time points over the course of Ang  treatment. odi cation in 

calcium transients ere observed at both time points post treatment 
compared to the controls. Speci cally, Ang -treated tissues presented 
an increase in calcium transient amplitude at eek . his is in line ith 
the documented in vivo modi cation in cytosolic calcium amplitude 
follo ing Ang  induction, reportedly independent from sympathetic 
activity . o ever, at the late time point of eek , abbreviated 
calcium transients ere observed in the Ang -treated tissues, accom-
panied by irregular calcium peaks ig. – . oreover, Ang  pro-
longed the decay rate of a ! in the cardiac tissues ig. , re ecting 
impaired sarcoplasmic reticular a ! handling. his parallels end-stage 
heart failure and chronic cardiomyopathy, here dyssynchronous cal-
cium transient and slo ed decay are often observed . 

Bio i e disease model ca tu es o essi e e t o ic and otic 
emodelin  induced  n iotensin II 

n response to Ang , the cardiac tissues ere observed to undergo 
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myocardial brosis. he Ang -treated Bio ire tissues presented a 
gradual reduction in cross-section diameter due to broblast driven 
tissue compaction over the - eek treatment ig. A and Supplemental 
ig. . n spite of the diminished tissue dimension, cardiac cell surface 

area as observed to be e panded hen e amined at the endpoint. 

Fig. 1. E perimental setup and contractile force recording over the course of Ang  treatment. A. imeline of Ang  treatment and functional assessment in the 
Bio ire platform. B. epresentative bright eld images of control and Ang -treated tissues at eek-  endpoint. scale bar "  !m  and the corresponding time 
course of blue channel images sho ing ire de ection in the rela ed state. Wire bending due to passive tension is illustrated by the red bars. . epresentative force 
traces of control and Ang -treated tissues over  eeks of cultivation. All traces ere recorded under  z stimulation. he red tick marks indicate pacing fre uency. 

–F. elative changes in active force D , passive tension E  and the ratio of active force to passive tension  over time, recorded by tracking ire de ection of the 
same tissue. mean # SD, n $ ,  indicates  ! .  bet een each time point and day  by one ay repeated measures A A.  indicates  ! .  bet een Ang - 
treated and control groups ithin the same time point by student t test . Statistics for one- ay repeated measures A A over time ithin each group ere sho n in 
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E  an  et al                                                                                                                                                                                                                                  

-RXUQDO RI 0ROHFXODU DQG &HOOXODU &DUGLRORJ\ ��� ������ ��²���

��

the forms of decreased active force and diastolic dysfunction ith pro- 
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Augmentation of nuclear size as also observed in the Ang -treated 
group ig. B– . he tissues ere stained for !-actinin to assess the 
sarcomere length and structure at subcellular level ig. E . isorga-
nized myo brillar units in enlarged cardiomyocytes ere observed in 
the Ang -treated tissues ig. . o ever, this as not accompanied 
by a signi cant change in sarcomere length ig. . hese results ere 
consistent ith previous ndings in Ang -induced myocardial infarc-
tion, hich indicated that myocyte enlargement is caused by replication 
of sarcomeres in series ithout change in sarcomere length , . 
revious studies suggested that Ang  primarily induces hypertrophy in 

mature cardiomyocytes, but hyperplasia in immature cardiomyocytes 
. We therefore stained the Bio ire tissues for cardiac troponin  and 

proliferation marker-Ki  Supplemental ig. . he result sho ed no 
substantial increase in proliferating cells after Ang  stimulation. he 
data are in line ith the results reported in adult myocardium, vali-
dating the level of maturation of our tissue model for the purpose of Ang 

 model development . 
yo broblast yo B  activation is one of the key hallmarks of 

interstitial brosis and often occurs during Ang -induced cardiac 
remodeling , . Staining for yo Bs marker !-smooth muscle actin 
!-S A  as performed to assess myo B composition. odestly 

increased yo Bs coverage fraction as observed in Ang -treated 
tissues at eek . he tissues sho ed a three-fold increase in myo B 
composition at eek  ith prolonged treatment, suggesting accelerated 

brotic remodeling as an important aspect of chronic effects of Ang  
ig.  and . o further verify hether the tissue remodeling arises 

from myo B activation or over proliferation of resident broblasts, e 
performed proteomic analysis on three established broblast markers 
speci cally collagen triple  heli  repeat containing   , 
periostin S  , and vimentin   in different e peri-
mental groups. ollectively, e have not observed statistically signi -
cant difference in the e pressions of total broblast population in the 
Ang -treated tissues compared to the control. Supplemental ig. . n 
con unction ith !-S A and Ki  staining and uanti cation, e can 
conclude that the tissue remodeling is driven by Ang -stimulated 
myo broblast activation and independent of total broblast numbers. 

An increase in collagen content measured by second harmonic gen-
eration S  as observed in the Ang -treated tissues as observed at 

eek . With prolonged treatment at eek , an augmented difference 
bet een the control and treated groups as observed ig. A and B . 

Abnormal deposition of e tracellular collagen involved in brosis 
often leads to pathological modi cations of tissue stiffness . As 
assessed by atomic force microscopy A  ig.  and , there as a 

ve-fold increase in tissue stiffness in the Ang -treated tissues 
compared to the control group ig. E and . his result is in agree-
ment ith the reported myocardial stiffness constant observed in 
endpoint left ventricular hypertrophic hearts . 

urthermore, e mapped the key enzymes and cytokines that 
directly impact E  homeostasis and remodeling. he matri  metal-
loproteinases s  and tissue inhibitor of metalloproteinases s  
are essential mediators in E  turnover, and are linked to cardiac 

brosis and diastolic dysfunction . We assessed the secretion of 

Fig. 2. ontractile force transient dynamics improves ith time in controls and orsens in the Ang -treated tissues. A. Schematic of key kinetic components from 
force traces. B. ypical force transients in control and Ang -treated tissues over the time course. – . ontraction slope , rela ation slope , peak duration E , 
time to peak , and time from peak  of control and the Ang -treated groups over the treatment process. mean ! S , n " , t o- ay A A . 
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s and s from the culture media over the course of treatment. 
he Ang -treated group e hibited elevated secretion of , , 

, and  ig. –J  hich is consistent ith a faster matri  
remodeling and more gel compaction ig. A . ncrease in concentra-
tions of these markers ere observed ith prolonged treatment of  

eeks compared to the controls. ransforming gro th factor-!  - 
! , hich plays a pivotal role in the development of brosis and heart 
failure, sho ed sustained secretion over time and a signi cantly higher 
concentration at eek  endpoint in the Ang -treated group compared 
to the control ig. K . 

o e amine the molecular factors underlying the pathological pro-
cess in a more global systematic manner, e ne t performed shotgun 
proteomic analysis on control and Ang -treated tissues ig. . We 
identi ed and uanti ed  proteins in these studies. nterestingly, 
focusing our attention on the signi cant changes  ! .  in e pres-
sion bet een these t o groups, e observed  proteins that ere 
signi cantly different bet een the control and Ang -treated tissues 

ig.  and Supplemental ata ile 1 and 2 . everal brosis-related 
proteins sho ed a trend of increased e pression in the Ang  group. 

hese included micro bril-associated protein  A , an E  pro-
tein associated ith differentiated myo broblasts , latent - 
!-binding protein-  B - , a pro- brotic factor associated ith -! 
activation , and cyclin-dependent kinase  K , ith proposed 
roles in cardiac hypertrophy and brosis . n addition, e observed 
a consistent decrease in cardiac troponin and myosin heavy chain iso-
forms, indicating sarcomeric impairments . ig.  o generate a 

more comprehensive pro le of factors underlying the pathological 
remodeling, e compared proteins associated ith ene ntology 
Biological ath ays relevant to cardiac biology and pathology 
e pressed in both groups. roteins ith general terms involving cardiac 
organization and development, calcium cycling, e citation-contraction 
coupling, and mitochondrial function ere identi ed. upplemental 
ig. . 

ilot to icit  stud  for drug screening of losartan  rela in  and 
saracatini  

osartan, as selected as a standard A B for compound screening. 
Based on a previous gene set enrichment study, rc roto-oncogene 
tyrosine-protein kinase as identi ed among a list of affected Ang - 
do nstream kinases hich specially overlapped in human and Bio-

ire disease tissues . rc kinase as reported to affect pulmonary 
and kidney brosis, as ell as cardiac arrhythmia . ts direct effect 
on cardiac brosis has not been reported. A speci c inhibitor to this 
kinase, saracatinib, as thus selected as the second compound for 
assessment. Additionally, rela in, an endogenous peptide hormone in 
the insulin family, as selected due to the increasing evidence on its 
inhibitory action on Ang  and bene cial effects in brotic conditions 

. revious studies ith rodent models sho ed rela in therapy 
through osmotic mini-pump infusion can potentially ameliorate brotic 
cardiomyopathy . Whether the anti- brotic ef cacy of these com-
pounds can be captured follo ing Ang  induction in a human based 

i . . Ang -treated tissues e hibit orsened electrical e citability and altered calcium transient compared to the controls.  and . E citation hreshold E  A  
and a imum apture ate  B  measurements ith control and Ang -treated tissues in response to electrical stimulation. mean ! , n " , t o- ay 
A A . . epresentative contraction traces of control and Ang -treated tissues stimulated at –  z at treatment endpoint. he red tick marks indicate pac-
ing fre uency.  and . ypical images of Bio ires loaded ith a a # dye luo-  in control  and Ang -treated groups E .  and . a # transients in control 

 and Ang -treated tissues  during spontaneous beating and  z electrical stimulation at eek and eek  time points. he red tick marks indicate pacing 
fre uency.  and I. uanti cation of calcium peak amplitude  and tau decay  in control and Ang -treated groups at early and late points. mean ! , n " , 
t o- ay A A . or interpretation of the references to colour in this gure legend, the reader is referred to the eb version of this article.  
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on cardiac brosis has not been reported. A speci c inhibitor to this 
kinase, saracatinib, as thus selected as the second compound for 
assessment. Additionally, rela in, an endogenous peptide hormone in 
the insulin family, as selected due to the increasing evidence on its 
inhibitory action on Ang  and bene cial effects in brotic conditions 

. revious studies ith rodent models sho ed rela in therapy 
through osmotic mini-pump infusion can potentially ameliorate brotic 
cardiomyopathy . Whether the anti- brotic ef cacy of these com-
pounds can be captured follo ing Ang  induction in a human based 

i . . Ang -treated tissues e hibit orsened electrical e citability and altered calcium transient compared to the controls.  and . E citation hreshold E  A  
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treatment ig   hese results suggest that differential in ammatory 
responses are activated by Ang  stimulation and compound treatments, 

hich can be linked to the alterations in contractile force and electrical 
e citability  

A  as performed to evaluate drug ef cacy in alleviating tissue 
stiffness Fi . I and  ela in treatment reduced tissue stiffness to a 
signi cantly lo er level compared to the Ang  alone, indicated by a 

 reduction in Young’s modulus  o ever, the effectiveness of sar-
acatinib and losartan on reducing tissue stiffness as statistically 
insigni cant  

c eening of anti otic effects and ma ing of molecula  ma e s 
t oug  oteomic o ling 

econd harmonic generation imaging results revealed a signi cant 
reduction in collagen deposition ith rela in and saracatinib treatments 

ig  A and B  A modest reduction at an insigni cant level as sho n 
ith losartan treatment  he treated tissues ere subse uently stained 

for !- A to assess myo B activation ig   and  onsistent ith 
the collagen content data, greater reduction in myo B fraction as 
observed in rela in and saracatinib treatment groups, compared to los-
artan  aken together, losartan sho ed inferior ef cacy in alleviating 

brosis  irect drug effects on hypertrophic remodeling ere assessed 
by cell surface area and nuclear size measurements follo ing W A and 

A  staining upplemental ig   nterestingly, saracatinib as the 
only compound that elicited signi cant effect in reducing cell size  

o decipher the mechanisms and molecular modulators underlying 
the drug response, e performed a parallel proteomic analysis on all 
drug co-treatment conditions  roteomic analysis of all treated and 
control tissues resulted in the identi cation of  proteins Supple
mental ata File 1  he results revealed the general trends of protein 
change caused by Ang  treatment compared to control  ere most 
ablated hen tissues ere simultaneously co-treated ith rela in, 
compared to co-treatments ith losartan and saracatinib ig  E  his 

as further e empli ed hen observing the number and overlap of 
signi cantly altered proteins resulting from co-treatment of different 

Fi . . Ang  treatment induces progressive brotic remodeling  . epresentative secondary harmonic generation images of control and Ang -treated tissues 
measured at eek  and eek  of treatment  cale bar ! !m  . uanti cation of collagen area ratio from A  mean " , n # , t o- ay A A  . 
chematic of tissue stiffness measurement by atomic force microscope  . epresentative bright eld image sho ing the process of A  probe indentation  . 
epresentative indentation curves in control and Ang -treated groups  F. Young’s modulus of control and Ang  treated tissues at the treatment endpoint mean "
, n # , tudent’s t test  – . he release of  ,  ,  ,  J  and "  K  in control and Ang -treated groups over time  mean "
, n !  t o- ay A A   olcano plot indicating signi cantly altered proteins resulting from Ang  treatment compared to the control group  egative log- 

transformed -values t o-tailed tudent’s t-test  associated ith identi ed proteins plotted against the difference in the means of log  transformed normalized ra  
values for individual proteins  igni cantly altered proteins  !  ere highlighted in red  . Euclidian distance-based hierarchical clustering of mean average 
z-score values of altered proteins relevant to brotic remodeling in control and Ang -treated groups  or interpretation of the references to colour in this gure 
legend, the reader is referred to the eb version of this article  
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ARTICLE

Self-assembling human heart organoids for the
modeling of cardiac development and congenital
heart disease
Yonatan R. Lewis-Israeli 1,2, Aaron H. Wasserman 1,2, Mitchell A. Gabalski1,2, Brett D. Volmert1,2,
Yixuan Ming 3, Kristen A. Ball 1,2, Weiyang Yang 4,5, Jinyun Zou3, Guangming Ni3, Natalia Pajares6,
Xanthippi Chatzistavrou6, Wen Li 4,5, Chao Zhou 3 & Aitor Aguirre 1,2!

Congenital heart defects constitute the most common human birth defect, however under-

standing of how these disorders originate is limited by our ability to model the human heart

accurately in vitro. Here we report a method to generate developmentally relevant human

heart organoids by self-assembly using human pluripotent stem cells. Our procedure is fully

de!ned, ef!cient, reproducible, and compatible with high-content approaches. Organoids are

generated through a three-step Wnt signaling modulation strategy using chemical inhibitors

and growth factors. Heart organoids are comparable to age-matched human fetal cardiac

tissues at the transcriptomic, structural, and cellular level. They develop sophisticated internal

chambers with well-organized multi-lineage cardiac cell types, recapitulate heart !eld for-

mation and atrioventricular speci!cation, develop a complex vasculature, and exhibit robust

functional activity. We also show that our organoid platform can recreate complex metabolic

disorders associated with congenital heart defects, as demonstrated by an in vitro model of

pregestational diabetes-induced congenital heart defects.
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Heart organoid formation in 3D culture

activation step22 on differentiation days 7–9. To determine if this
second activation would prime our hHOs to increase complexity
and better recapitulate heart development, we tested the effects of
a second CHIR99021 exposure on day 7 and continued culturing
the hHOs to day 15 for !xation and imaging (Fig. 1a). Conditions
for the second Wnt activation with CHIR99021 were determined
by testing developing hHOs at varying concentrations (2, 4, 6,

and 8 µM), and exposure durations (1, 2, 12, 24, and 48 h). The
ef!ciency of epicardial cell and cardiomyocyte formation was
evaluated using confocal imaging and quanti!cation for well-
established epicardial (WT1, TJP1) and cardiomyocyte (TNNT2)
markers at day 15 (Fig. 1g, h; Supplementary Fig. 2a–c). We
found that the treatment robustly promoted the formation of
proepicardium and epicardial cells (Fig. 1g; Supplementary
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Heart organoids and cardiac cell lineage 
composition
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Fig. 3 hHO cardiac cell lineage composition. a–e Immuno!uorescence images of various cell lineages composing the hHOs. a, Cardiac "broblast markers
THY1 (green) and VIMENTIN (white) present throughout the hHOs, TNNT2 (red), DAPI (blue); scale bar: 500 µm, inset: 50 µm. b Endocardial marker
NFATC1 (green) highly expressed within chambers of TNNT2 + tissue (red); scale bar: 500 µm, inset: 50 µm. c–e Endothelial marker PECAM1 (green)
showing a de"ned network of vessels throughout the organoid and adjacent to TNNT2 + tissue (red), DAPI (blue); showing a single confocal plane (c), a
maximum intensity projection to visualize the vascular network throughout the organoid (d), and a high magni"cation 3D reconstruction showing tubular
endothelial structures (e); red dotted circle in (d) indicates area of high vascular branching. Scale bar: c, d: 500 µm, e 50 µm. f Pie chart of average cell
composition in hHOs, calculated as the percentage of cells with respective cell marker over all cells by nuclei counting using ImageJ. g Sketch of hHO
surface (top) and cross-section (bottom) showing the organization of cell types and features of the hHOs. Source data are provided as a Source Data "le.
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Heart field development and cardiomyocyte 
specification in human heart organoids

rapid calcium indicator GCaMP6f43,44, and imaged !uorescence
variation over time as a result of calcium entry and exit from the
cells. hHOs presented strong regular calcium waves typical of
cardiac muscle and in agreement with our electrophysiology data
(Fig. 6e, Supplementary Movie 11).

Modeling pregestational diabetes induced CHD. As proof-of-
concept on the utility of our system, we used our hHO model to
study the effects of pregestational diabetes (PGD) on cardiac devel-
opment. Diabetes affects a large sector of the female population in
reproductive age and comes associated with signi"cant epidemiolo-
gical evidence linking it to CHD during the "rst trimester of preg-
nancy (up to 12-fold risk increase, 12% vs. 1% risk for healthy
females), but little understanding of the underlying mechanisms
exists, especially in humans. To model this condition, we modi"ed
hHO culture conditions to re!ect reported physiological levels of
glucose and insulin in normal mothers (3.5mM glucose, 170 pM

insulin, normoglycemic hHOs or NHOs)45, and reported diabetic
conditions for females with type I and type II pregestational diabetes
(11.1mM glucose and 1.14 nM insulin, pregestational diabetes hHOs
or PGDHOs)45,46. NHOs and PGDHOs showed signi"cant mor-
phological differences as early as day 4 of differentiation. NHOs were
slower to grow and exhibited patterning and elongation between days
4 and 8, while PGDHOs remained spherical throughout the two-
week period (Fig. 7a; Supplementary Fig. 8a). PGDHOs were also
signi"cantly larger after 1 week of differentiation (Fig. 7b), suggesting
macrosomia, a common outcome of newborns born to diabetic
mothers47. Electrophysiological analysis showed irregular frequency
of action potentials in PGDHOs suggesting arrhythmic events
(Fig. 7c and Supplementary Fig. 8b, c). Metabolic assays for glycolysis
and oxygen consumption revealed decreased oxygen consumption
rate in PGDHOs and increased glycolysis when compared to cells
dissociated from NHOs (Fig. 7d, e, Supplementary Fig. 8d). TEM
imaging revealed PGDHOs had a reduced number of mitochondria
surrounding sarcomeres and a signi"cantly higher number of lipid
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Heart organoids recapitulate functional and 
structural features of the developing heart



Heart organoids recapitulate hallmarks of 
pregestational diabetes-induced congenital heart 

disease

tissue on top of or beside myocardial tissue as physiologically
expected (Fig. 7h). These impairments in structural/developmental
organization and lipid metabolism in PGDHOs are consistent with
expected phenotypes found in PGD-induced CHD. Taken together,
our data suggest signi!cant molecular and metabolic perturbations
between NHOs and PGDHOs consistent with previous studies on
PGD suggesting increased oxidative stress, cardiomyopathy, and
altered lipid pro!les48–50, constituting a signi!cant step forward
towards modeling metabolic disorders in human organoids.

Discussion
In recent years, hPSC-derived cardiomyocytes have become cri-
tically useful tools to model aspects of heart development12,26,51,
human genetic cardiac disease52–55, therapeutic screening14,56,
and cardiotoxicity testing57–60. Nonetheless, the complex struc-
tural morphology and multitude of tissue types present in the
human heart impose severe limitations to current in vitro models.
Previous attempts at generating 3D human cardiac tissues typi-
cally included cardiomyocytes and only one or two other cardiac
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Rationale: The lack of measurable single-cell contractility of human-induced pluripotent stem cell–derived cardiac 
myocytes (hiPSC-CMs) currently limits the utility of hiPSC-CMs for evaluating contractile performance for both 
basic research and drug discovery.

Objective: To develop a culture method that rapidly generates contracting single hiPSC-CMs and allows 
quantification of cell shortening with standard equipment used for studying adult CMs.

Methods and Results: Single hiPSC-CMs were cultured for 5 to 7 days on a 0.4- to 0.8-mm thick mattress of 
undiluted Matrigel (mattress hiPSC-CMs) and compared with hiPSC-CMs maintained on a control substrate 
(<0.1-mm thick 1:60 diluted Matrigel, control hiPSC-CMs). Compared with control hiPSC-CMs, mattress hiPSC-
CMs had more rod-shape morphology and significantly increased sarcomere length. Contractile parameters of 
mattress hiPSC-CMs measured with video-based edge detection were comparable with those of freshly isolated 
adult rabbit ventricular CMs. Morphological and contractile properties of mattress hiPSC-CMs were consistent 
across cryopreserved hiPSC-CMs generated independently at another institution. Unlike control hiPSC-CMs, 
mattress hiPSC-CMs display robust contractile responses to positive inotropic agents, such as myofilament 
calcium sensitizers. Mattress hiPSC-CMs exhibit molecular changes that include increased expression of the 
maturation marker cardiac troponin I and significantly increased action potential upstroke velocity because of a 
2-fold increase in sodium current (INa).

Conclusions: The Matrigel mattress method enables the rapid generation of robustly contracting hiPSC-CMs 
and enhances maturation. This new method allows quantification of contractile performance at the single-
cell level, which should be valuable to disease modeling, drug discovery, and preclinical cardiotoxicity testing.   
 (Circ Res. 2015;117:995-1000. DOI: 10.1161/CIRCRESAHA.115.307580.)
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Matrigel Mattress 
A Method for the Generation of Single Contracting Human-Induced 

Pluripotent Stem Cell–Derived Cardiomyocytes

Tromondae K. Feaster, Adrian G. Cadar, Lili Wang, Charles H. Williams, Young Wook Chun,  
Jonathan E. Hempel, Nathaniel Bloodworth, W. David Merryman, Chee Chew Lim,  

Joseph C. Wu, Björn C. Knollmann, Charles C. Hong

Given species differences in cardiac myocyte (CM) physi-
ology, human-induced pluripotent stem cell–derived CMs 

(hiPSC-CMs) are gaining recognition for their potential in hu-
man heart disease modeling, preclinical cardiotoxicity evalua-
tion, and drug discovery.1 Realization of this potential depends 
on the ability to assess excitation–contraction (E–C) coupling, 
including contractile properties of individual hiPSC-CMs. 
To date, most functional evaluations of isolated hiPSC-CMs 

In This Issue, see p 979 
Editorial, see p 982

have focused on electrophysiology2 and calcium (Ca) han-
dling3 measurements, whereas contractile properties have 
not been routinely evaluated because of limited cell short-
ening of hiPSC-CMs cultured under standard conditions. In 
principle, a variety of biophysical techniques, such as atomic 
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force microscopy, traction force microcopy, and micropost 
deflection, are available to assess mechanical properties of 
isolated hiPSC-CMs; however, because these do not ad-
dress the issue of limited cell shortening, they have not been 
widely adopted.4–7 Alternatively, engineered heart tissues 
can be used to assess contractile properties of hiPSC-CMs or 
mixtures of hiPSC-CMs and support cells8–10; however, com-
pared with hiPSC-CMs, engineered heart tissues are difficult 
and expensive to generate and do not allow simultaneous as-
sessment of contractility and Ca handling at the single-cell 
level. Here, we report a simple and rapid method that gener-
ates rod-shaped hiPSC-CMs with aligned myofilaments that 
exhibit features of physiological and molecular maturation 
and robust cell shortening with each cardiac cycle, thereby 
enabling straightforward contractility assessment and hence 
E–C coupling analysis.

Methods
An expanded Methods section is provided in the Online Data 
Supplement.

Preparation of Matrigel Mattress Substrates
Matrigel mattress platforms were prepared the same day of CM 
dissociation and seeding. Briefly, mattresses were arrayed on a 
glass coverslip (Corning) or Delta TPG Dish (Fisher Scientific). 
Application of 1-!L lines of completely thawed, ice cold, undiluted 
growth factor-reduced Matrigel (8–12 mg/mL; Corning) was arrayed 
in parallel. Matrigel was evenly pipetted at an angle of 45° (Figure 
1B) with a P2 pipette and corresponding 10-µL tip. The mattresses 
were allowed to incubate for 8 to 10 minutes at room temperature 
at which point 200 !L of RPMI 1640 medium, 2% B-27 supple-
ment (Invitrogen), and 1% Pen-Strep (Life Technologies), with the 
addition of 40 000 CMs, were immediately added, halting mattress 
polymerization. Each mattress had a width of "0.85 mm and was 
|23-mm long. The thickness of each mattress was 0.4 to 0.8 mm.

Results
HiPSC-CMs are routinely cultured on substrates such as 
gelatin or Matrigel, a commercially available extracellu-
lar matrix preparation11 (Figure 1A). However, under these 
standard culturing conditions, hiPSC-CMs typically display 
variable morphology without a dominant axis of myofibril 
alignment, which are different from freshly isolated mature 
adult CMs. As a result, individual hiPSC-CMs cultured un-
der traditional methods exhibit limited cellular shortening 
(Online Movie I). We hypothesized that hiPSC-CMs may be 
induced to shorten if maintained on a culture substrate with 
suitable biophysical and biochemical properties.12 Of a vari-
ety of culture substrates tested,13 we discovered that culturing 

Nonstandard Abbreviations and Acronyms

CM cardiac myocyte
E–C excitation–contraction
hiPSC human-induced pluripotent stem cell

Figure 1. Overview of Matrigel mattress 
method. A, Schematic of cardiac 
induction and Matrigel mattress method 
plating protocol. B, Matrigel mattress 
method work !ow. C, Matrigel mattresses 
plated on Delta TPG Dish (Fisher 
Scienti"c), white arrows indicate the 
edge of each mattress, and blue dye was 
included to visualize mattress. D, human-
induced pluripotent stem cell–derived 
cardio myocytes (hiPSC-CMs) plated on 
control (left) and mattress (right). Scale 
bar, 50 #m. White arrows indicate the 
edge of mattress platform. RT indicates 
room temperature. CHIR indicates 
CHIR99021.
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Online Figure I. Matrigel mattress sarcomere architecture. hiPSC-CMs display organized 
sarcomere architecture which is aligned along the longitudinal axis of the cell. A and B control 
hiPSC-CM. C and D Mattress hiPSC-CM. Scale bar 10 µm. 63X. 
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Online Figure IV. Electrophysiological Characterization of CMs. Representative action 
potential recordings of indicated CMs (non-paced). Dotted line indicates 0 mV. 
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single hiPSC-CMs on undiluted Matrigel with a thickness of 
at least 0.4 mm, which we term Matrigel mattress, promoted 
myofibril alignment (Online Figure I), a rod-like cell shape 
(Online Figure II and Online time-lapse Movie), and robust 
hiPSC-CM shortening (Online Movie II). In this method, 
hiPSC-CMs are first generated by small-molecule–based 
cardiac differentiation2,14 and maintained on standard cardiac 
induction substrate. Then on days 30 to 35 of cardiac dif-
ferentiation, single hiPSC-CMs are dissociated, replated on 
Matrigel mattress and cultured for an additional 5 to 7 days 
before analysis (Figure 1A and 1B). Of hiPSC-CMs cultured 
in the standard manner (eg, Matrigel, 1:60 dilution),11 only 
a small fraction (3.3±0.5%) of cells exhibited visible cell 
contractions. In contrast, essentially all (91.0±5.0%) hiPSC-
CMs maintained on Matrigel mattress, henceforth referred 
as mattress hiPSC-CMs, exhibited visible cellular contrac-
tions (P<0.0001; Figure 2C, bottom). Mattress hiPSC-CMs 
reached peak contractility after 3 days on the mattress, and 
these properties remained stable for !14 days at which point 
the Matrigel loses its integrity. When quantitated with video-
based edge detection, spontaneously contracting mattress 
hiPSC-CMs exhibited "9.0±1.5% cell shortening compared 
with 0.4±0.2% for control hiPSC-CMs (P<0.0001; Online 
Table I). Cell shortening of this magnitude has previously 
been reported only for late-stage hiPSC-CMs after 80 to 120 
days in culture.15

We next compared mattress hiPSC-CMs to acutely iso-
lated rabbit and mouse CMs. Strikingly, mattress hiPSC 
displayed comparable cell shortening (Figure 2D and 2E) 
despite an overall shorter resting cell length. Contractile 
kinetics (ie, time to peak and time to baseline) of mattress 
hiPSC-CMs were more similar to those of rabbit CMs, 
which are thought to be a closer model of human CMs than 
mouse CMs.16 These contractile properties were replicated 
across multiple independently generated hiPSC-CM lines, 
including postrecovery from cryopreservation (Online 
Table I). Cell shortening of mattress hiPSC-CMs was as-
sociated with acquisition of morphological features17 com-
parable with that of freshly isolated adult CMs, including 
cell elongation, decreased circularity (Figure 2A and 2B), 
and increased sarcomere length relative to control hiPSC-
CMs (Figure 2B; Online Figure I). The position on the mat-
tress (ie, center versus edge) had no significant effect on the 
hiPSC-CM shape. The contraction force produced by indi-
vidual hiPSC-CMs on mattress can be calculated from the 
cell length, cell shortening, and the elastic modulus of the 
Matrigel mattress (5.8 kPa; Online Figure IIIE). Mattress 
hiPSC-CMs exhibit an average contraction force of 0.3±0.1 
mN per mm2 cross-sectional area. The calculated force val-
ues based on our cell shortening measurements were close-
ly correlated with values measured independently in the 

A

B

D

E

C

Figure 2. Matrigel mattress morphometry and 
contractility. A, Immuno!uorescence staining 
of cardiac myocyte (CM) structural marker #-
actinin (green) and nucleus (blue, DAPI) for control 
human-induced pluripotent stem cell–derived 
CMs (hiPSC-CMs; left), mattress hiPSC-CMs 
(middle), and rabbit CMs (right). Scale bar, 20 $m; 
magni"cation, #63. B, Cell morphometry measuring 
circularity index (left) and sarcomere length (right) 
for indicated CMs; error bars, SD (n=9–48 cells 
per group). C, Representative control and mattress 
hiPSC-CM Ca transients (top) and contraction 
traces (bottom), spontaneously contracting. 
D,$Representative contraction traces for indicated 
CMs (0.2 Hz). E, Contractility assessment 
measuring resting cell length (left), cell shortening 
(middle), and cell shortening kinetics (right); error 
bars, SD (n=6–20 cells per group). **** P<0.0001 vs 
hiPSC-CMs. *P<0.05 vs mouse CMs. n.s. indicates 
not signi"cant.
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Online Figure VI. Molecular characterization. A, Heat map from cardiac gene expression 
screen, control and mattress hiPSC-CMs, measured by real-time qPCR. Black represents low 
expression, and yellow represents high expression. B, Western blot confirmation for indicated 
proteins (n = 2 independent biological replicates). C, Summary bar graphs of relative ssTnI and 
cTnI expression. 
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Heart regeneration

3 conditions to reach:

ü Derivation of CMs from hPSCs
ü In vitro engineering and maturation of cardiac tissues
ü Controllable cell delivery in the heart



Bioengineered approaches to myocardial 
regeneration





hiPSC-CM transplantation and survival of hosts



Improved EF after transplantation of hiPSC-CMs 



Improved heart function following hiPSC-CM 
transplantation



Attenuated cardiac remodeling following hiPSC-
CMs transplantation


