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SUMMARY
Current platforms for studying the mechanical properties of human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) as single

cells do not measure forces directly, require numerous assumptions, and cannot study cell mechanics at different loading conditions.We

present a method for directly measuring the active and passive forces generated by single-cell hPSC-CMs at different stretch levels. Uti-

lizing this technique, single hPSC-CMs exhibited positive length-tension relationship and appropriate inotropic, klinotropic, and lusi-

tropic changes in response to pharmacological treatments (isoproterenol and verapamil). The unique potential of the approach for

drug testing and disease modeling was exemplified by doxorubicin and omecamtiv mecarbil drug studies revealing their known actions

to suppress (doxorubicin) or augment (omecamtiv mecarbil at low dose) cardiomyocyte contractility, respectively. Finally, mechanistic

insights were gained regarding the cellular effects of these drugs as doxorubicin treatment led to cellular mechanical alternans and high

doses of omecamtiv mecarbil suppressed contractility and worsened the cellular diastolic properties.
INTRODUCTION

The ability to generate human pluripotent stem cell-

derived cardiomyocytes (hPSC-CMs) opened new avenues

for cardiac disease modeling (Itzhaki et al., 2011; Sun

et al., 2012), drug testing (vanMeer et al., 2019), and regen-

erative medicine (Liu et al., 2018; Protze et al., 2017) appli-

cations. To achieve these goals, several phenotyping assays

were developed, optimized, and utilized to assess the elec-

trophysiological, calcium handling, and mechanical prop-

erties of hPSC-CMs at the cellular and tissue levels (Ribeiro

et al., 2015; Tiburcy et al., 2017).

To evaluate the cardiomyocyte’s contractile properties

at the single-cell level and specifically of hPSC-CMs, opti-

cal edge detection algorithms were initially used, esti-

mating contractile forces by tracking cardiomyocytes’

shortening (Feaster et al., 2015; Kijlstra et al., 2015).

More sophisticated methods using micropost arrays

(Rodriguez et al., 2014) and traction force microscopy

(Ribeiro et al., 2017) track the movement of fiducial

markers created by the tension generated on the substrate

as a result of cell contraction. Atomic force microscopy

was also utilized (Sun et al., 2012), but is limited to mea-

surements from a small cell surface area.

Although providing information regarding hPSC-CMs’

mechanics in health and disease, the aforementioned tech-

niques possess inherent limitations: (1) they do not mea-

sure forces directly but rather indirectly using numerous as-

sumptions; (2) they are limitedwith regard to assessment of

the diastolic (passive) properties of the cells; and impor-
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tantly (3) they do not allow to study cell mechanics at pre-

set and different loading conditions.

We developed a method that can overcome these limita-

tions by directly measuring the forces generated from sin-

gle-cell hPSC-CMs. To this end, we modified a technique

first used (Le Guennec et al., 1990) for quantifying forces

of primary rodent cardiomyocytes. This technique involves

the attachment of an intact rodent cardiomyocyte at its

distal ends to carbon fibers (Sugiura et al., 2006). Usually,

it combines a stiff fiber (carbon fiber or glass rod) as a length

controller, allowing stretching of the cell, and a flexible

fiber that bends when the myocyte contracts. Forces are

estimated by tracking the deflection of the flexible carbon

fiber. Here, we took this strategy a step forward by establish-

ing a new approach that allows to study both the passive

and active mechanical properties of single-cell hPSC-CM

at different stretch (preload) levels. Following validation

of the new approach, we explored its potential role in

drug testing and for studying different pathologies.
RESULTS

To measure forces generated by isolated hPSC-CMs two

challenges had to be tackled: (1) the relative immature

morphology of hPSC-CMs and (2) the inability to attach

and manipulate single hPSC-CMs that are adhered to the

surface. To address the former challenge, we used an

embryoid body (EB) cardiomyocyte differentiation proto-

col, involving manipulation of the BMP, activin-nodal,
orts j Vol. 15 j 587–596 j September 8, 2020 j ª 2020 The Authors. 587
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Figure 1. Morphological Maturation and Single-Cell Force Measurements of hPSC-CMs
(A) Bright-field microscopic images of single hPSC-CM after treatment with RPMI-B27 medium (left panel) or with the TID protocol (right).
Scale bar, 15 mm.

(legend continued on next page)
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and Wnt signaling pathways, to derive ventricular cells

from human embryonic stem cells (hESCs) (Figure S1)

(Lee et al., 2017).

To achieve further cell maturation, we treated the hPSC-

derived ventricular cells with three hormonal factors: tri-

iodo-L-threonine, dexamethasone, and insulin-like growth

factor-1 (TID protocol), suggested to promote cardiomyo-

cytematuration (Birket et al., 2015). This led to robust struc-

tural maturation of the hPSC-CMs (Figures 1A–1D), mani-

fested by a significant increase in the cell’s major axis

length (80.7 ± 3.7 versus 42.4 ± 1.5 mm, p < 0.0001), surface

area (1,491± 67 versus 444± 19 mm2, p < 0.001), and volume

(9,649± 659 versus 2,929± 154 mm3, p < 0.0001) (Figure 1C).

In addition, the TID-treated cells were characterized by a

more elongated shape (lower circularity index: 0.49 ± 0.02

versus 0.55 ± 0.02, p < 0.01; Figures 1B and S1C–S1E), by

the development of T-tubules (positive staining for juncto-

philin-2, Figure 1C) and by more organized sarcomeres

(advanced striated pattern, Figure 1D).

Measuring forces from single cells was previously done

only in primary rodent cardiomyocytes that were already

in suspension. In contrast, hPSC-CMs are cultured on a

plastic Petri dish or glass coverslip andmaintained through

integrin-mediated adhesions. To overcome this challenge,

dispersed hPSC-CMs were cultured on a collagen-coated

substrate for 7 days, where they developed vigorous con-

tractions along their long axis. Cells were then partially de-

tached from the substrate using collagenase and attached,

at their distal edges, to two optical/carbon fibers coated

with a biological adhesivematerial. Cells weremanipulated

to fully detach from the surface using slight lateral move-

ments (Figures 1E and S2A; Video S1). Following this

procedure, hPSC-CMs remained intact with preserved

morphology (Figures 1E–1G) and contractility for >1 h.

Active and passive forces were measured directly from

the attached hPSC-CMs during isometric contraction using

a highly sensitive optical force transducer (OFT) (Figures
(B) Summary of the changes induced by the TID protocol in the ce
(n = 107, 107, 44, and 150, respectively, from 3 or 4 independe
(n = 103, 103, 32, and 165, respectively, from 3 or 4 independen
(C) Immunostaining of junctophilin-2 (JPH2), a T-tubule marker, in R
JPH2 pattern in TID-treated cell. Scale bar, 4 mm.
(D) Co-immunostaining of an hPSC-CM for a-actinin (red), MLC-2V (g
(E–G) Bright-field microscopy images of plated single-cell hPSC-CM (E
carbon fibers (F); and following stretching (G).
(H) Representative force measurements using OFT recordings (uppe
(bottom).
(I–L) Length-tension relationships of single-cell hPSC-CM. (I) Seque
controller. Each image shows 10% stretch increments. Scale bar, 8 mm.
The red boxes show high-magnifications of the traces obtained at 0%
lationships between the total (K) (green), passive (K) (orange), and
levels (n = 11 from 3 independent experiments).
1H, top panel, 1I and 1J; Video S2), or indirectly by using

flexible carbon fibers and tracking their motion during

isotonic contraction (Figure 1H, bottom panel). After an

initial learning curve (where the carbon fibers were easier

to manipulate), we noted that the efficiency (successful

attachment >90% of cells) time required (<1 min) for cell

attachment, and throughput of the measurements were

similar between the twomethods. Similarly, measurements

using both systems were highly stable over a relatively long

period of time (�15 min, Figures S2B and S2C). Finally,

while both methods displayed adequate signal-to-noise ra-

tio (SNR) values, the optical edge detection approach was

characterized by a higher SNR than the OFT method (Fig-

ures S2D and S2E).

To evaluate for length-tension relationships (LTR),

hPSC-CMs were sequentially stretched to up to 20%–

40% of their initial length using a piezoelectric length

controller (Figure 1I) and field stimulated (1 Hz) to

induce contraction. The resulting active forces ranged be-

tween 30 and 250 nN (Figure 1J). To determine the

corresponding tensions, measurements were normalized

to the cells’ cross-sectional area. All hPSC-CM batches

studied exhibited a positive LTR (Frank-Starling law) ac-

cording to both the OFT and edge detection methods,

with both active and passive forces increasing with cell

stretching (Figures 1J–1L, S3A–D). The mean active ten-

sion measured at baseline cell length was 0.51 ±

0.06 mN/mm2, with tensions gradually increasing

following stretch, reaching 1.24 ± 0.08 mN/mm2 at 40%

stretch (Figure 1L). We also measured the passive (resting)

tension of the hPSC-CMs (Figure 1K), which also

increased with stretch up to 0.58 ± 0.07 mN/mm2 (at

40% stretch).

We also evaluated the effect of the TID maturation proto-

col on the mechanical properties of the treated cells and

noted that it resulted in marked enhancement of their

contractile properties (Figure S1F). Consequentially, TID
lls’ major axis length, surface area, volume, and circularity index
nt experiments) as compared with control RPMI-B27 treatment
t experiments). ****p < 0.0001 (unpaired t test).
PMI-B27- and TID-treated cells showing (arrowheads) the striated

reen), and DAPI (blue). Scale bar, 10 mm.
); after detachment, lifting and attachment to the coated optical/

r panel) and traces obtained using an edge detection algorithm

ntial stretching of single-hPSC-CM using the piezoelectric length
(J) Continuous force measurements (OFT) at different stretch levels.
, 20%, and 40% stretch levels. (K and L) Plots describing the re-
active (L) tensions generated as function of the different stretch
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treatment was used in all further studies. Finally, we demon-

strated that the length-tension curves observed in the hESC-

CMs could also be reproduced in cardiomyocytes derived

from a human induced pluripotent stem cell (hiPSC) line

(Itzhaki et al., 2011) that were obtained and studied using

the same differentiation, TID maturation, and force mea-

surement experimental protocols (Figure S3E).

We next evaluated the ability to detect drug-induced

contractility changes by testing the effects of the b-agonist

isoproterenol (Figures 2A–2D). The OFT method was used

to assess the contractility of hPSC-CMs at three stretch levels

(0%, 10%, and 20%). Isoproterenol significantly (p < 0.001)

increased the force of contraction (FOC) by 38% ± 7%,

27% ± 7%, and 25% ± 8% at these respective stretch levels

(Figures 2A and 2B). Isoproterenol also had a positive klino-

tropic effect, increasing the maximal contraction velocity

by 0.43 ± 0.10, 0.58 ± 0.11, and 0.60 ± 0.120 mN/s at 0%,

10%, and 20% stretch levels, respectively (p < 0.001, Fig-

ure 2C); as well as a positive lusitropic effect, increasing

maximal relaxation velocities by 0.35 ± 0.11, 0.40 ± 0.14,

and 0.47 ± 0.12 mN/s (p < 0.001, Figure 2D).

To evaluate a drug that negatively affects contractility, we

tested the calcium channel blocker verapamil (500 nM, Fig-

ures 1E–1H). Verapamil significantly (p < 0.0001) decreased

FOCby33%± 7%, 30%± 6%, and31%± 5%relative tobase-

line values at 0%, 10%, and 20% stretch levels, respectively

(Figures 2K–2L). Verapamil also had a negative klinotropic

effect, decreasing the respective maximal contraction veloc-

ities by 0.24 ± 0.11, 0.26 ± 0.12, and 0.30 ± 0.11 mN/s (p <

0.001, Figure 2M); as well as a negative lusitropic effect,

decreasing maximal relaxation velocities by 0.16 ± 0.06,

0.20 ± 0.06, and 0.25 ± 0.06 mN/s (p < 0.001, Figure 2N).

To evaluate the role of the new approach in studying clin-

ically relevant pathologies, we exposed the hPSC-CMs to

the cardiotoxic chemotherapeutic agent, doxorubicin

(Dox) (3mM). Dox-treated hPSC-CMs displayed disrupted

sarcomeres with reduced myofibrillar content when

stained for a-actinin andMLC-2V (Figure 3A). Importantly,

the cells also exhibited reduced active tensions and

impaired klinotropic properties, compared with vehicle-

treated cells. This was evident at all stretch levels (p <

0.01, Figures 3B and 3C) with the Dox-treated cells also

showing a more flattened LTR curve (Figures 3B and 3C).

Interestingly, 42% of Dox-treated hESC-CMs (in contrast

to 8% of vehicle-treated cells, p < 0.05) displayed mechan-

ical alternans (Figures 3D and 3E; Video S3), which became

even more abnormal at higher pacing frequencies (Fig-

ure 3D). Similar results were also obtained in hiPSC-CMs,

in which mechanical alternans was observed in 62% of

the cells analyzed (n = 16, Figure S4A), in contrast to 7%

in the vehicle control group (n = 12, p < 0.05). To further

investigate the mechanisms underlying mechanical alter-

nans, we expressed the fluorescent calcium indicator,
590 Stem Cell Reports j Vol. 15 j 587–596 j September 8, 2020
GCAMP6f (Shinnawi et al., 2015) in the cells to evaluate

their calcium-handling properties. Dox-treated hESC-CMs

showed significant intracellular calcium transient abnor-

malities (Figures S4B and S4C), a phenomenon that may

be responsible for the observed mechanical alternans.

We next evaluated the impact of omecamtiv mecarbil

(OM), a positive inotropic agent currently in phase 3 clinical

trial for heart failure treatment (Cleland et al., 2011). OM af-

fects acto-myosin interactions by increasing the propensity

of the strong bound state and therefore can augment

contractility (Woody et al., 2018). We evaluated the me-

chanical properties of single-cell hPSC-CMs using the opti-

cal edge detection method (Figure 4A) at baseline and after

OM treatment. Application of 0.1 mM OM significantly

increased active force by�11% (p < 0.001) withminimal ef-

fects on contraction and relaxation velocities (Figures 4C

and 4D). Surprisingly, application of higher OM doses (1

and 10 mM), which may still be relevant clinically, signifi-

cantly suppressed contractility. Consequentially, 1 mM OM

decreased both cell shortening (by �30%, p < 0.05) and

maximal contraction and relaxation velocities (Figures 4A

and 4B). In contrast, OM displayed a dose-response effect

in prolonging contraction and relaxation times (Figures 4E

and 4F), a finding consistent with its known effects.

We also assessed the passive tensions generated in the

OM-treated (10 mM) hPSC-CMs using the protocol defined

in Figures S4D and S4E, and noted significant increases in

resting tension values (Figure 4G). This diastolic abnormal-

ity became even more prominent at higher stretch levels.

To elucidate the mechanisms underlying the latter finding,

treated and non-treated cells were immunostained for a-ac-

tinin, enabling assessment of sarcomere length. We found

that high OM doses (10 mM) decreases sarcomere length

(Figures S4F and S4G, p < 0.0001) in accordance with the

hypothesis that OM increases intracellular tension (Ribeiro

et al., 2017).
DISCUSSION

The advent of hPSC technologies provided exciting new

tools for cardiac research. One of the shortcomings in

this field, however, is the lack of methodology to study

the active and passive mechanical properties of hPSC-

CMs at the single-cell level. To address this important un-

met need, we combined hPSC differentiation and matura-

tion protocols to derive morphological mature ventricular

cells, with a unique single-cell mechanical analysis meth-

odology. Using this approach, wewere able to directlymea-

sure the active and passive tensions of single-cell hPSC-

CMs at different loading conditions.

Both techniques used in the current study to evaluate

the mechanical properties of hPSC-CMs (the carbon fiber



Figure 2. Pharmacological Effects on the Single-Cell Contractile Properties of hPSC-CMs
(A) Representative force traces, measured at 0%, 10%, and 20% stretch level, before (green) and after (red) isoproterenol (100 nM)
treatment.
(B–D) Summary of isoproterenol effects on force amplitude (relative change) (B), maximal contraction velocity (C), and maximal
relaxation velocity (D) at the different stretch levels (n = 21 cells from 4 independent experiments).
(E) Representative force traces before (black) and after (blue) verapamil (500 nM) treatment.
(F–H) Summary of verapamil effects on force amplitude (relative changes) (F) and maximal contraction (G) and relaxation (H) velocities
(n = 17 from 4 independent experiments). Note the typical positive and negative inotropic, klinotropic, and lusinotropic responses
induced by isoproterenol and verapamil, respectively.
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Figure 3. Doxorubicin Effects on the Mechanical Properties of hPSC-CMs
(A) Representative immunofluorescence staining of the vehicle- (top panel) and Dox-treated (bottom) hPSC-CMs for sarcomeric a-actinin
(red), MLC-2V (green), and DAPI (blue). Scale bar, 10 mm. Note the resulting sarcomeric destruction and disarray.
(B and C) Plots presenting the length-tension relationship (B) and the maximal contraction velocities (C) of vehicle-treated hPSC-CMs
(blue, n = 15 from 4 independent experiments) and Dox-treated hPSC-CMs (orange, n = 14 from 4 experiments). Differences between Dox
and vehicle groups were analyzed by two-way ANOVA and the Holm-Sidak multiple comparison test. *p < 0.05, **p < 0.01.
(D) Representative force measurements from vehicle control and Dox-treated groups. Notice the mechanical alternans in the Dox-treated
hPSC-CMs, especially at faster pacing rates.
(E) Percentage of cells with mechanical alternans, which was significantly higher (p < 0.05, chi-square test) in the Dox-treated cells (n = 11
and n = 8 for the vehicle- and Dox-treated cells, respectively, from three independent experiments).
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Figure 4. Omecamtiv Mecarbil Effects on the Active and Passive Mechanical Properties of Single-Cell hPSC-CMs
(A) Typical normalized mechanical tracings obtained from the omecamtiv mecarbil (OM)-treated hPSC-CMs using the optical edge
detection module.
(B–F) Plots summarizing changes in the following mechanical parameters: normalized shortening amplitude (B), contraction velocity (C),
relaxation velocity (D), contraction time (E), and relaxation time (F) following application of 0.1, 1, 10 mM of OM. n = 20 cells in each group
from 5 independent experiments.
(G) Evaluation of the passive tensions measured in OM-treated (1 mM; green; n = 10 from 4 independent experiments) hPSC-CMs as
compared with the vehicle control group (black, n = 13 from 4 experiments). Differences between the groups for each OM concentration
were analyzed by one-way ANOVA and the Holm-Sidak multiple comparison test. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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edge detection and the OFT) were found to be highly

reliable and reproducible, enabling continuous and

stable measurements with high SNR, detecting changes

as small as 10 nN. In addition to detecting changes in

the FOC (ionotropic changes) of hPSC-CMs, the new

approach also allowed to evaluate alterations in the

rate of contraction and relaxation (klinotropic and lusi-

tropic effects, respectively). Most importantly, however,

is the ability tomanipulate cell length, allowing to charac-

terize the mechanical properties of the cells at different

stretch (preload) levels. Our results reveal a positive LTR

(consistent with the Frank-Starling law) in both hESC-

CMs and hiPSC-CMs, manifested by an increase in both

the active and passive tensions following stretch, a phe-

nomenon that was not validated before in single-cell

hPSC-CMs.

To derive cells with the appropriate morphological

properties for force measurements (elongated, "brick-

shaped," ventricular cells with anisotropic sarcomeric

alignment) we used a previously described hormonal-

based maturation protocol, combining thyroid hormone

(T3), IGF-1, and dexamethasone (Birket et al., 2015).

This protocol was shown to enhance maturation of

hPSC-CMs at the electrophysiological, electrical-contrac-

tion coupling, bioenergetics, and ultrastructural levels

(Birket et al., 2015; Parikh et al., 2017). In the current

study a similar protocol led, in addition to the observed ul-

trastructural maturation (reduced circularity index

coupled with an increase in the cells’ dimensions, sarco-

meric organization, and T-tubule formation), to augmen-

tation of the cellular contractile properties as manifested

by a left upward shift in the LTR curve in the TID-treated

hPSC-CMs.

Several forms of inherited and acquired cardiac disease

can alter the passive mechanical properties of the myocar-

dium, leading to heart failure with preserved ejection frac-

tion. The passive myocardial stiffness is determined by two

components: the extracellular matrix (ECM) and the cardi-

omyocytes. Thus, diastolic abnormalities may stem from

either abnormal ECM depositions or fibrosis (Franssen

and Gonzalez Miqueo, 2016) or from alterations in the

inherent cardiomyocytes’ properties. The latter can result

from altered expression of Titin isoforms or changes in Ti-

tin’s phosphorylation and oxidative states (Franssen and

Gonzalez Miqueo, 2016); changes in acto-myosin interac-

tions and regulation (King et al., 2011); or alterations in

post-translational modification of microtubules (Chen

et al., 2018).

Experimental approaches evaluating the passive me-

chanical properties primarily focus at the tissue level:

studying the intact heart, ex-vivo-explanted tissue models,

or engineered tissues derived from hPSC-CMs. This pre-

vents assessment of the relative contributions of ECM
594 Stem Cell Reports j Vol. 15 j 587–596 j September 8, 2020
changes versus alterations in the cardiomyocyte’s mechan-

ical properties. Bymeasuring passive tensions in hPSC ven-

tricular cells at different stretch levels, we can now isolate

the relative contribution of alterations in the cardiomyo-

cyte’s passive mechanical properties. Using this approach,

we identified increased cellular stiffness in hPSC-CMs as a

result of alterations of acto-myosin interactions induced

by high-concentration OM treatment. Interestingly, hints

for similar OM effects on the cardiac passive mechanical

properties were already found in a rat model (Nagy et al.,

2015).

We next highlighted the unique potential of this new

approach for drug studies and for modeling of clinically

relevant pathologies by exposing the cells to the anti-can-

cer agent Dox, to adrenergic stimulation (isoproterenol),

to a calcium channel blocker (verapamil), and to esca-

lating doses of the positive inotropic agent OM. Our

results recapitulated the known clinical effects of these in-

terventions in suppressing (Dox, verapamil) or augment-

ing (OM at low dose and isoproterenol) cardiomyocyte

contractility. Importantly, novel insights were gained, as

Dox treatment also led to cellular mechanical alternans

and high doses of OM, rather than improving the me-

chanical properties of the cells, suppressed the amplitude

and kinetics of the active forces produced by the cells and

worsened the cellular diastolic properties. The latter

finding, warrants further investigations, as OM is current

being evaluated in advanced clinical studies.

The cellular mechanical alternans identified in our study

in both hESC-CMs and hiPSC-CMs after Dox treatment

was accompanied by (and probably stems from) abnormal

calcium-handling dynamics. These calcium abnormalities

can be attributed to redox modification of the SR (Teren-

tyev et al., 2008) or to APD modulation (Fernandez-Chas

et al., 2018) as a result of Dox treatment. Importantly, the

irregular calcium transients identified may also lead to

the increased arrhythmogenicity and enhanced cytotox-

icity, associated clinically with Dox cardiotoxicity.

The new approach for direct force measurements of

hPSC-CMs could be coupled, in the future, with additional

assays, such as single-cell imaging of excitation-contrac-

tion coupling and single-cell gene expression analysis to

provide further mechanistic insights into various physio-

logical/pathophysiological phenomena. Moreover, this

approach can be implemented to investigate mechanistic

effects of drugs and pathological conditions that cannot

be unveiled in tissue preparations (Robison et al., 2016)

and unloaded cardiomyocytes (Yasuda et al., 2005). Conse-

quentially, the describedmethod and the results of the cur-

rent study may have important implications for the fields

of cardiac physiology, mechano- and cellular biology, and

to the emerging fields of cardio-oncology and heart failure

treatments.



EXPERIMENTAL PROCEDURES

Supplemental expanded Experimental Procedures section is avail-

able online.
hESC Propagation, Cardiomyocyte Differentiation,

and Maturation
Studies were performed using the HES3-NKX2-5GFP/W hESC line

(gift from Prof. Elefanty) and a previously established hiPSC line

(Itzhaki et al., 2011), derived according to the approval of the

IRB (Helsinki) committee of RambamMedical Center.. The growth

factor, EB-based differentiation process to derive ventricular cardi-

omyocytes was described elsewhere (Lee et al., 2017). At day 22,

beating EBs were dissociated into single cells and seeded on

collagen-coated substrate at a density of 15,000–18,000 cells/

cm2. To promotematuration, cells were culturedwith TIDmedium

containing: RPMI medium supplemented with 2% B27 with insu-

lin (Gibco), 3,30,5-triiodo-L-thyronine sodium salt, LONG R3 IGF-I

human, dexamethasone and 1% penicillin/streptomycin.
Single-Cell Force Measurements
The single-cell force measurement system was built on an

Olympus IX51 epifluorescence microscope and consists of twomi-

cro-manipulators (MyoStretcher System, IonOptix) connected to

anOFT (OptiForce, IonOptix) and a piezoelectric length controller.

The 10 mm diameter carbon/optical fibers were coated with a bio-

logical adhesive material (MyoTak, IonOptix). Cells were stretched

to different initial lengths and field stimulated at 1 Hz. If not

mentioned otherwise, all force measurement studies were con-

ducted on TID-treated cells.
Cell Attachment Procedure
To be selected for force measurement, the single hPSC-CM had to

display elongated shape and anisotropic contraction along its long

axis. Following enzymatic (type 2 collagenase) dissociation, the

hPSC-CM attachment procedure to the fibers consisted of three

major steps: (1) attaching the coated fibers to the cell at its two

distal edges; (2) separating the cell to fully detach from the sub-

strate through the use of slight lateral movements by pulling the

attached cell to one side; and (3) lifting the fully attached hPSC-

CM for further inspection (Figure S2A; Video S1).
Pharmacological Studies
The effects of isoproterenol (100 nM) and verapamil (500 nM)were

evaluated by measuring the contraction forces generated by a sin-

gle hPSC-CM before and after drug treatment. For Dox studies,

hPSC-CM were treated with Dox-containing medium (3 mM) for

24 h. The vehicle group was treated with 0.3% DMSO medium.

For OM experiments, baseline recordings were followed by incuba-

tion of the cells with escalating drug concentrations (0.1, 1, and

10 mM).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2020.07.006.
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