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Single cardiomyocytes contain myofibrils that harbor the sarcomere-
based contractile machinery of the myocardium. Cardiomyocytes
differentiated from human pluripotent stem cells (hPSC-CMs) have
potential as an in vitro model of heart activity. However, their fetal-
like misalignment of myofibrils limits their usefulness for modeling
contractile activity. We analyzed the effects of cell shape and sub-
strate stiffness on the shortening and movement of labeled sarco-
meres and the translation of sarcomere activity to mechanical output
(contractility) in live engineered hPSC-CMs. Single hPSC-CMs were
cultured on polyacrylamide substrates of physiological stiffness
(10 kPa), and Matrigel micropatterns were used to generate physio-
logical shapes (2,000-μm2 rectangles with length:width aspect ratios
of 5:1–7:1) and a mature alignment of myofibrils. Translation of
sarcomere shortening to mechanical output was highest in 7:1
hPSC-CMs. Increased substrate stiffness and applied overstretch
induced myofibril defects in 7:1 hPSC-CMs and decreased mechan-
ical output. Inhibitors of nonmuscle myosin activity repressed the
assembly of myofibrils, showing that subcellular tension drives
the improved contractile activity in these engineered hPSC-CMs.
Other factors associated with improved contractility were axially
directed calcium flow, systematic mitochondrial distribution, more
mature electrophysiology, and evidence of transverse-tubule for-
mation. These findings support the potential of these engineered
hPSC-CMs as powerful models for studying myocardial contractil-
ity at the cellular level.

contractility | sarcomeres | cardiomyocyte | stem cell | single cell

Myocardial contractility is essential for heart function. Dis-
ruption of the contractile activity of heart muscle cells,

cardiomyocytes (CMs), can lead to heart disease, and altering
CM contractility is a common approach to treating a failing heart
(1). Single CMs contain all of the machinery involved in myo-
cardial contractility (2), which consists of sarcomeres in series
that shorten along myofibrils as a result of myosin activity (3).
Sarcomeric myosins convert the chemical energy of ATP into
mechanical energy (4) upon binding to actin thin filaments and
promote sarcomere shortening. Each sarcomere occupies the space
between Z lines (5), and collective shortening of sarcomeres
translates to mechanical output in the CM contractile cycle.
CMs differentiated from human pluripotent stem cells (hPSC-

CMs) have potential for studying heart disease (6). Specifically,
hPSC-CMs can model myocardial physiology in vitro (7). hPSC-
CMs may be better in vitro models of contractility than neonatal
or mature murine primary CMs, because they can be maintained
in culture longer (2) and because the sarcomeric contractile ma-
chinery differs between human and murine CMs (8, 9). However,
hPSC-CMs derived from current differentiation protocols present
myofibril alignment resembling that of fetal CMs, limiting their
ability to replicate the contractility of primary adult CMs (6).

Microfabrication techniques can engineer hPSC-CMs to develop
systems in which cell properties and function match physiological
properties (10, 11). Engineered multicellular cultures of hPSC-
CMs can model cardiac contractility (10, 11) but are limited by cell-
to-cell variations in myocyte type (atrial, ventricular, and nodal),
cell size, shape, and myofibril alignment, which can lead to in-
accurate measurements of contractile output (12).
To create a mature alignment of myofibrils, we cultured single

hPSC-CMs on polyacrylamide substrates of physiological stiff-
ness (10 kPa) (13) with rectangular 2,000-μm2 Matrigel micro-
patterns and aspect ratios (length to width) of 3:1–7:1. Matrigel
is an extracellular matrix mixture (14), and CMs assume the shape
of micropatterns of extracellular proteins printed on surfaces
(11, 15, 16). A rectangular shape of hPSC-CMs with a physio-
logical aspect ratio of 7:1 and area of 2,000 μm2 engineers a
physiological organization of sarcomeres (11), with myofibrils
aligned along the main cell axis, as in primary adult murine CMs
(17). Culturing primary neonatal murine CMs on substrates with
a physiological stiffness (∼10 kPa) leads to mature myofibril
organization and cell function (13, 18).

Significance

Human cardiomyocytes differentiated from pluripotent stem
cells (hPSC-CMs) have potential as in vitro models of cardiac
health and disease but differ from mature cardiomyocytes. In
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In this study, we analyzed the contractile mechanical output of
single engineered rectangular hPSC-CMs (11) on 10-kPa hydrogels
as a function of sarcomere shortening and myofibril organization.
Our goals were (i) to determine whether sarcomere activity affects
contractility as a function of cell shape and substrate stiffness, and
(ii) to understand how these cues regulate contractility. We calcu-
lated the mechanical output of beating hPSC-CMs and simulta-
neously imaged fluorescently labeled actin to quantify myofibril
organization and sarcomere dynamics. We then tested the effects of
substrate stiffness and subcellular tension on the mechanical output
and myofibril organization of engineered hPSC-CMs. We also
assayed calcium flow, mitochondrial organization, electrophysiol-
ogy, and the presence of transverse-tubule (t-tubule) structures.

Results
Increased Myofibril Alignment Improves Sarcomere Activity and
Mechanical Output. To induce a mature alignment of myofibrils in
single hPSC-CMs on 10-kPa polyacrylamide substrates (SI Appendix,
Fig. S1 and SI Materials and Methods), we cultured hPSC-CMs on
rectangular 2,000-μm2 Matrigel micropatterns with aspect ratios of
3:1–7:1. Single hPSC-CMs attached to the micropatterns and as-
sumed their shapes (Fig. 1A, SI Appendix, Fig. S2, and Movies S1
and S2). Unpatterned hPSC-CMs and hPSC-CMs on square pat-
terns (1:1) with a constant area of 2,000 μm2 were also cultured (Fig.
1). To reveal sarcomeres along myofibrils (Fig. 1B and SI Appendix,
Fig. S3), we labeled F-actin with Lifeact (19). Increasing the aspect
ratio of patterns progressively increased myofibril alignment
(Fig. 1B). In these engineered hPSC-CMs, sarcomeres laterally
registered with sarcomeres in neighboring myofibrils, inducing
intersarcomeric alignment of Z lines perpendicular to the di-
rection of myofibril alignment (SI Appendix, Fig. S2), as in pat-
terned neonatal murine CMs (20, 21) and hPSC-CMs patterned
on glass (11). However, in unpatterned and square hPSC-CMs,
myofibrils had random directionality.
The sum of hPSC-CM contractile force magnitudes (ΣjFcj) (Figs.

1C and 2A), work, and power (SI Appendix, Fig. S4) increased with
cell aspect ratio. Unpatterned contractile cells had random shapes,
and their ΣjFcj increased with adhesion area (SI Appendix, Fig.
S5A). Unpatterned ∼2,000-μm2 hPSC-CMs had the same ΣjFcj as
1:1 hPSC-CMs. Unpatterned >2,000-μm2 hPSC-CMs generated
ΣjFcj similar to 3:1 engineered hPSC-CMs. Aspect ratio did not
affect the mean cell-shortening velocity (SI Appendix, Fig. S5B).
Because power scales with velocity, differences in the power output
of these cells mainly reflected differences in ΣjFcj. In engineered
hPSC-CMs, power varied exponentially with ΣjFcj, independent of
aspect ratio (SI Appendix, Fig. S5C). Calculation of the maximal
velocity of microbead displacement during cell contraction (VC)
and cell relaxation (VR) showed that VC and VR increased with the
cell aspect ratio (SI Appendix, Fig. S5D), possibly due to differences
in cell contractility. Evidently, improved sarcomere activity drives
the greater mechanical output of engineered hPSC-CMs.
Next, we determined whether the effects of cell shape on me-

chanical output are independent of different dynamics and orga-
nization of sarcomeres and myofibrils. In primary adult CMs,
sarcomeres are ∼2.2 μm apart between Z lines when relaxed (6),
contract along the CM major axis, and register with one another
across parallel myofibrils (22). Fixed cells contained α-actinin
colocalized with periodic dark bands along Lifeact-labeled myofibrils,
validating those regions as bona fide Z lines (SI Appendix, Fig. S3).
To simultaneously measure the mechanical output and dynamics

of sarcomeres, we acquired videos of engineered hPSC-CMs with
Lifeact-labeled (19) myofibrils contracting under electrical field
stimulation at 1 Hz (Fig. 2B and Movies S3 and S4). Labeling did
not alter ΣjFcj (SI Appendix, Fig. S6A). Sarcomere shortening was
calculated as the difference between sarcomere length when hPSC-
CMs were contracted and relaxed (Fig. 2B and SI Appendix, Fig.
S7). Interestingly, ΣjFcj per μm of shortening increased with cell

Fig. 1. Matrigel micropatterns on traction-sensitive polyacrylamide hydro-
gel devices constrain hPSC-CMs to controllable shapes and engineer their
mechanical output. Each row of images shows the same cell. Dimensions are
similar for all images. Cells were cultured on micropatterns to induce aspect
ratios of 1:1–7:1 and areas of 2,000 μm2. (A) Cells imaged with bright-field
microscopy. (B) Lifeact-labeled actin in myofibrils in live hPSC-CMs. (C) Heat
maps of maximal substrate traction during cell contraction are estimated
with traction force microscopy. (Scale bar, 20 μm.)

Fig. 2. Myofibril alignment leads to higher contractile forces in single hPSC-CMs.
(A) ΣjFcj of engineered hPSC-CMs increases with cell aspect ratio. (B) Sarcomere
length during contraction and relaxation calculated in Lifeact-labeled cells from
intensity profile of line scans (dotted line with green arrow) along myofibrils.
(Scale bar, 20 μm.) (C) Sarcomere shortening leads to higher ΣjFcj in 7:1 cells
than in cells with other aspect ratios. (D) The ratio of myofibril movement
along the major axis of the cell (u) to myofibril movement along the minor axis
of the cell (v) increases as aspect ratio increases. (E) Alignment index of
hPSC-CMs with different aspect ratios. Alignment of myofibrils increases with
the aspect ratio of hPSC-CMs. ANOVA P value < 0.001 (A, D, and E). *P < 0.01 by
unpaired Wilcoxon–Mann–Whitney rank-sum test and by Bonferroni’s all pairs
comparison test; n.s., not significant. Each point indicates one cell. In A, D, and
E, lines denote the mean.
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aspect ratio (Fig. 2C), whereas sarcomere shortening remained
constant with aspect ratio (SI Appendix, Fig. S6B). Thus, we
asked whether myofibril and sarcomere alignment increased with
aspect ratio to more efficiently translate sarcomere shortening to
mechanical output.
Using particle-tracking velocimetry, we quantified myofibril

movement in 7:1 engineered hPSC-CMs along the cell major (x)
and minor axes (y) (SI Appendix, Fig. S8) by tracking actin
movement between the relaxed and contracted states. We then
calculated the displacement ratio [u(x)/v(y)] of myofibrils for
single hPSC-CMs with different aspect ratios (Fig. 2D). Overall
movement of myofibrils along the major axis was greatest in 7:1
hPSC-CMs. Increased myofibril motion [u(x)] and increased
myofibril alignment induced sarcomere shortening to maximize
the axial contractile output of engineered hPSC-CMs. High
myofibril alignment along the major axis is a hallmark of CM
maturity (6), and the myofibril alignment index (AI) also in-
creased with the aspect ratio (Fig. 2E).

Cell Shape and Substrate Stiffness Coordinate the Contractile Machinery
by a Tuned Tension Mechanism. Along with cell shape, substrate stiff-
ness affects the cytoskeleton (23) and mechanical phenotypes of cells
(24, 25) and may regulate the mechanical output of engineered
hPSC-CMs. Generally, tension along the cell membrane increases
with the aspect ratio of adherent cells (26). Intracellular tension also
increases with substrate stiffness (27, 28), and the contractility of
primary neonatal murine CMs varies with substrate stiffness (18, 29).
We used multiple approaches to test the idea that tension

varies with shape and substrate stiffness and regulates changes in
the contractile output of our engineered hPSC-CMs. To test the
effect of substrate stiffness, we made different hydrogels with the
stiffness of embryonic myocardium (6 kPa), healthy myocardium
(10 kPa), and ischemic or fibrotic myocardium (35 kPa) (13).
When cultured on 35-kPa hydrogels, engineered hPSC-CMs
generated 90% less ΣjFcj than on 6- and 10-kPa hydrogels (Fig.
3A). On 35-kPa hydrogels, 7:1 hPSC-CMs generated higher ΣjFcj
than 5:1 hPSC-CMs; however, on 6-kPa hydrogels, ΣjFcj did not
differ between 7:1 and 5:1 hPSC-CMs (Fig. 3A). Mechanical
output was highest on hydrogels with the stiffness of healthy
myocardium (6 and 10 kPa). However, intracellular tension also
decreases with decreasing substrate stiffness (27), and fewer
engineered hPSC-CMs on 6-kPa hydrogels retained their myo-
fibril organization over the contractile cycle but instead exhibited
myofibril buckling during relaxation (SI Appendix, Fig. S9 and
Movies S5–S8). Cells with laterally registered sarcomeres had
less myofibril buckling (Movie S9). We next tested whether de-
creased ΣjFcj on 35-kPa hydrogels also correlated with myofibril
disorganization. Myofibrils exhibited discontinuities and were
disrupted in ∼25% of cells on 35-kPa hydrogels (Fig. 3B and SI
Appendix, Fig. S10) but not on 6- or 10-kPa substrates.
To test the hypothesis that tension increased above a threshold

by stiffer substrates leads to myofibril rupture and decreased
mechanical output, we stretched engineered hPSC-CMs with a
glass rod to shear the hydrogel proximal to a cell and measured
the contractile power output vs. stretch (SI Appendix, Fig. S11).
Cell power increased for stretches of 5–10% cellular strain but
myofibrils ruptured at 14% strain (Fig. 3C). Above 14% strain,
cells stopped beating or power output decreased. In healthy
myocardium, physiological strains up to 10% increase mechani-
cal output (17); primary CMs also only increase output over a
limited range of tension (30), above which sarcomere activity also
decreases (31). Thus, we asked whether contractility is necessary to
drive myofibril rupture in our overloaded cells. Consistent with
prior reports (11), myofibrils did not rupture when engineered
hPSC-CMs were cultured on glass, where sarcomeres twitched but
cells did not shorten with beating (SI Appendix, Fig. S12 and Movie
S10). To further test the idea that mechanical output decreases on
35 kPa because higher intracellular tension decreases sarcomere

and myofibril activity, we increased contractile activity by in-
creasing the extracellular calcium concentration (SI Appendix, Fig.
S13A) (32). The fraction of hPSC-CMs with disrupted myofibrils
(SI Appendix, Fig. S13B andMovies S11 and S12) increased to 50%
(SI Appendix, Fig. S13D).
To determine whether intracellular tension is needed to main-

tain myofibril alignment, we incubated patterned hPSC-CMs in
EDTA to chelate calcium and reduce integrin-mediated cell-sub-
strate adhesion (33, 34) and disrupt myofibril tension (35) and the
intracellular balance of forces. Beating stopped upon EDTA ad-
dition, whereas buckling, disruption, and loosening of myofibrils
and loss of sarcomere periodic organization increased with in-
cubation (SI Appendix, Fig. S14). hPSC-CMs with high myofibril
density and sarcomere registration (SI Appendix, Fig. S15) resisted
myofibril damage and detachment from the substrate for >1 h.
To determine whether myofibrils realign as adhesion and in-

tracellular tension recover, we induced myofibril defects with
short-term EDTA incubation and added fresh medium. Myofi-
bril alignment recovered in just 4 h (SI Appendix, Fig. S16). We
repeated this experiment but added small molecules to the new
medium to abrogate intracellular tension. We inhibited cytoskele-
ton polymerization (nocodazole for microtubules and cytochalasin
D for F-actin) or intracellular tension (blebbistatin to block non-
muscle myosin II binding to actin, ML-7 to inhibit nonmuscle my-
osin light-chain kinase, or BDM to inhibit ATPase of nonmuscle
myosin). In the presence of nocodazole, myofibrils realigned after

Fig. 3. Substrate stiffness and substrate stretching affect the myofibril in-
tegrity and mechanical output of engineered hPSC-CMs. (A) hPSC-CMs (7:1)
produced higher ΣjFcj than 5:1 cells on 10- and 35-kPa substrates. *P < 0.01
by unpaired Wilcoxon–Mann–Whitney rank-sum test; n > 9. Each dot in-
dicates one cell. Lines indicate the mean. (B) Myofibrils (green arrows) were
disrupted in Lifeact-labeled (red) hPSC-CMs cultured on 35-kPa substrates.
Blue = nucleus. (Scale bar, 10 μm.) (C) (Left) Single Lifeact-labeled 7:1 cell
under stretch. Myofibrils were disrupted (green arrow), and mechanical
force was reduced, at a stretch of 14% of the cell’s unstretched length. (Scale
bar, 20 μm.) (Right) Power generated by single cells increased and then
decreased over this range of stretch. n, number of stretched cells analyzed.
Each symbol is a single cell.
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EDTA treatment (SI Appendix, Fig. S17A). Cytochalasin D in-
creased myofibril defects (SI Appendix, Fig. S17B), as did bleb-
bistatin, ML-7, and BDM (SI Appendix, Fig. S18). Cells without
EDTA-induced myofibril defects shortened when incubated with
ML-7 or BDM for 4 h but their myofibril organization changed
little (SI Appendix, Fig. S19). Thus, tuned intracellular tension
mediated by actomyosin activity is necessary for myofibril align-
ment. A 7:1 aspect ratio and substrate stiffness of 10 kPa develop
the required tension for hPSC-CMs to establish mature myofibrils
and contractile function.
We next examined expression of titin, which regulates tension

along myofibrils (36, 37), and troponin I (TnI) and troponin T
(TnT), which regulate sarcomere contraction (38, 39). We com-
pared expression of TnI, TnT, and titin isoforms (N2A and N2B)
in unpatterned hPSC-CMs on 10-kPa hydrogels vs. patterned on
glass and 10- and 35-kPa hydrogels (SI Appendix, Fig. S20). Titin
expression did not change in cells patterned on 10 and 35 kPa but
differed significantly on patterned and unpatterned hydrogels and
patterned hydrogels and glass. N2A expression was highest on
unpatterned hydrogels and patterned glass; N2B expression was
higher on glass than on unpatterned hydrogels. TnT expression
was highest on glass but similar in patterned and unpatterned
hydrogels, whereas TnI expression was significantly higher on
patterned hydrogels than on glass or unpatterned hydrogels. These
results support the notion that substrate stiffness and cell shape
act cooperatively to regulate the function of hPSC-CMs via
mechanisms known to tune sarcomere tension and contractility.

Improved Mechanical Activity of Sarcomeres Enhances Other Maturity
Metrics. Engineered hPSC-CMs have more physiological myofi-
bril alignment, sarcomere lateral registry, cell shape, and direction
of contractile movement than unpatterned hPSC-CMs (Figs. 1–3).
However, calcium signaling, mitochondrial organization, electro-
physiology, gene expression, and t-tubule formation also define
the maturity of primary CMs (6, 10). Intracellular calcium regu-
lates cardiac contractility and flows along the major axis of beating
primary adult CMs to trigger contractility (40). We saw that cal-
cium flow propagates anisotropically along the major axis in
engineered hPSC-CMs but isotropically in unpatterned cells (Fig.
4A). Mitochondria were systematically distributed in engineered
hPSC-CMs, with higher concentrations around the perinuclear
space and cell extremities, but were sparse and randomly distrib-
uted in unpatterned hPSC-CMs (Fig. 4B and SI Appendix, Fig.
S21) (6). In primary CMs, mitochondria are homogeneously dis-
tributed and occupy up to 60% of the cell volume (41).
To analyze electrophysiology, we made patch-clamp recordings

from single cells (Fig. 4C). The maturity and type (ventricular,
atrial, or nodal) of primary CMs are reflected in the temporal
profile of action potentials during contractions. We evaluated
hPSC-CMs with a ventricular profile, a cell fate of interest for
modeling cardiac activity (42). The engineered cells had lower
resting membrane potential, higher action potential amplitude, and
higher maximum upstroke velocity than unpatterned cells (Fig. 4C)
and were thus more similar to ventricular CMs.
Next, we used single-cell quantitative (q)RT-PCR to quantify the

relative expression of cardiac maturation genes encoding ion chan-
nels, transcription factors, and sarcomere proteins. These genes were
expressed at similar levels in engineered and unpatterned single
hPSC-CMs (Fig. 4D). Thus, the greater maturity of engineered
hPSC-CMs was not associated with changes in the expression ofFig. 4. hPSC-CMs on 7:1 patterns have phenotypes similar to those of mature

CMs. (A) Labeled calcium (green) flowed along the major axis of 7:1 cells but
flowed isotropically in unpatterned cells. Intensity (I) plotted with arbitrary units
(a.u.). (Scale bars, 20 μm.) (B) Mitochondria were labeled (green) in cells
expressing Lifeact (red). The distribution of mitochondria in 7:1 hPSC-CMs dif-
fered from that in unpatterned cells. [Scale bars, 20 μm (Top) and 50 μm
(Bottom).] Blue, nuclei. (C) (Left) Patch-clamp recordings of variations in mem-
brane action potential over time during single-cell contractions. (Right) Action
potential amplitude, resting membrane potential, and maximum upstroke ve-
locity of seven unpatterned cells and seven 7:1 cells. Means and SDs are shown.

(D) Single-cell gene expression assayed by qRT-PCR. Centerlines indicate
medians; box limits indicate 25th and 75th percentiles; whiskers encompass 1.5
times the interquartile range. (E) Cells labeled with di-8-ANEPPS (see SI Appendix,
SI Materials and Methods). (Left) hPSC-CM (7:1). (Scale bar, 25 μm.) (Center)
Unpatterned hPSC-CM on a 10-kPa hydrogel shown in both Top and Bottom.
(Scale bars, 50 μm.) (Right) Isolated adult mouse ventricular CM. (Scale bar, 25 μm.)
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these genes. Primary adult CMs have t-tubules—deep invaginations
of the sarcolemma (43) that organize periodically like Z lines
and have only been seen in hPSC-CMs in engineered micro-
tissues (32). Engineered single hPSC-CMs had t-tubule–like
structures distributed along the cell membrane (Fig. 4E), sug-
gesting that improved sarcomere and myofibril maturity are
coupled to other maturity markers.

Discussion
This study shows that physiological shape and substrate stiffness
increase the translation of sarcomere shortening to mechanical
output in hPSC-CMs by setting the necessary intracellular ten-
sion that regulates contractility and establishes and maintains
myofibril alignment. Sarcomere activity and myofibril alignment
were highest in engineered 7:1 hPSC-CMs, which resembled
mature CMs in their electrophysiology, direction of calcium flow,
organization of mitochondria, and presence of t-tubules. Greater
cell maturity seemed to correlate with improved mechanical
activity of sarcomeres. Our findings suggest that engineered
hPSC-CMs are a biologically suitable model for studying the
contractility of human CMs.
Our engineered hPSC-CMs had ΣjFcj similar to that of primary

adult CMs (micronewton range) (44) when the extracellular con-
centration of calcium was increased (SI Appendix, Fig. S13A).
Otherwise, ΣjFcj of 7:1 hPSC-CMs was similar to maximal values
reported in other studies of single hPSC-CMs (0.1–500 nN) (45,
46), possibly reflecting the use of different force-measuring tech-
niques and improved myofibril alignment. Sarcomere length varies
with cell aspect ratio in murine neonatal CMs micropatterned on
glass (16, 20). However, we observed physiological sarcomere
lengths around 2 μm and detected no difference in sarcomere
length for aspect ratios from 3:1 to 7:1. This may be due to sar-
comeric differences of human and murine CMs (8, 9).
Overall, cell function improved with physiological shape on

substrates with physiological stiffness (10 kPa). The stiffness of
primary adult murine CMs is 10–40 kPa (47), which matches the
stiffness of our hydrogels. In contrast, engineered cells on 6- and
35-kPa substrates had defects in myofibril organization through
overtension and myofibril rupture (35 kPa) or undertension and
myofibril buckling (6 kPa) (48). Previous studies found that
10-kPa substrates yield useful cultures of immature primary neo-
natal murine CMs with physiological shape (21, 23). Increasing
substrate stiffness without controlling cell shape increases the force
output of neonatal murine CMs (25) and unpatterned hPSC-CMs
(24). We found that variations in stiffness affect the mechanical
output of engineered hPSC-CMs by changing myofibril function.
Thus, hPSC-CMs grown without shape constraints may adapt to
increased substrate stiffness and the resultant increase in in-
tracellular tension by varying their shape and myofibril organi-
zation to balance intracellular forces (35).
Our observations support the idea that physiological substrate

stiffness and cell shape tune the distribution of intracellular
tension necessary for physiological sarcomere activity and me-
chanical output of hPSC-CMs. Tension is tuned by myofibril
alignment and distribution and strength of cell adhesion, which
are set by cell shape and substrate stiffness. Tension is also tuned
by modified expression and activity of contractile and structural
genes downstream of myofibril organization and cell adhesion.
The assembly of actin filaments into contractile stress fibers

follows a mechanism common among adherent cell types (49),
and actin stress fiber alignment is also seen in other cell types
patterned into rectangular shapes (26, 50, 51). Nonmuscle actin
stress fibers have several homologies with their myofibril iso-
forms in contractility, organization, and composition (49, 52, 53).
Nonmuscle actin fibers also develop as bipolar linear structures
with periodically distributed clusters of α-actinin and myosin
(54–56). In developing myocytes, premyofibrils, a muscle-specific
type of actin stress fiber, interact with the cell membrane (57–59)

and evolve into myofibrils. A rectangular shape prealigns the cell
membrane along what will be the major contractile axis. In our
engineered hPSC-CMs, mature myofibrils were highly concen-
trated near the cell membrane and tension was required to es-
tablish and maintain myofibril alignment and organization.
Intracellular tension was downstream of myofibril distribution
and density, actomyosin activity, and cell-adhesion strength (SI
Appendix, Figs. S14–S19).
Cell adhesions in the extremities of engineered hPSC-CMs anchor

myofibrils to the substrate and regulate the tension necessary for
contractile function. For adherent cells in general, a rectangular cell
shape strengthens substrate adhesions at the extremities (60, 61).
Intracellular tension increases with the aspect ratio of cells and is
necessary for strong adhesions in cell extremities (26). Substrate
stiffness regulates the strength, activity, and stability of cell adhesions
to the substrate, and their strength is reflected in the development of
intracellular tension to maintain equilibrium of forces (62–64). Our
findings are consistent with these observations and with evidence
that sarcomere activity in cardiac muscle is regulated by intracellular
tension of CMs (30, 31, 65).
The recovery of myofibril alignment after loss of intracellular

tension and contractility upon calcium chelation shows a role for
shape- and substrate-induced tension in driving myofibrillogenesis
and enhanced maturity. The inhibition of tension with small-mol-
ecule inhibitors of the actin cytoskeleton and contractility further
support the idea that these mechanisms of tension generation are
essential for myofibril maturation (SI Appendix, Figs. S17–S19).
The intracellular tension and contractility of primary CMs also
depend on these intra- and extrasarcomeric cytoskeletal structures
(1, 31, 36, 39). The expression levels of titin isoforms (N2A and
N2B) and TnI and TnT differed in cultures of 7:1 hPSC-CMs on
polyacrylamide vs. glass (SI Appendix, Fig. S20) and in patterned vs.
unpatterned cells. Thus, cells may actively regulate sarcomere
proteins to tune tension on these different substrates. Interestingly,
the up-regulation of troponins is a marker of heart failure (66). The
differential expression of TnT relative to TnI in heart disease (67)
supports the idea that differences in their expression are related to
CM function. Further study is needed to understand how stiffness
and shape regulate the expression of sarcomere proteins.
We expected force to scale with cellular cross-sectional area, and

the number of sarcomeres in parallel and velocity to scale with the
number of sarcomeres in series. However, we found that contrac-
tion velocities are similar across the different cellular aspect ratio.
Thus, power scales only with force, which may be due to the con-
stant cell spread area (2,000 μm2) and imaging at one focal plane. In
addition, the alignment and organization of myofibrils are different
between hPSC-CMs with different aspect ratios, which affects the
translation of sarcomere shortening to force between these cells.
Future work should explore variations in cell volume with aspect
ratio and spread area, as well as quantification of sarcomeres in
patterned hPSC-CMs. Studies of varied volumes and edge shapes
will also enable us to test whether increased membrane tension
provides the structural cues (68) needed for t-tubule formation (69).
Our findings, along with the developed methods and plat-

forms, will facilitate studies to understand the biomechanics of
engineered hPSC-CMs and their use as models of human heart
physiology to elucidate CM function and test hypotheses about
the causes of heart diseases.

Materials and Methods
Weengineered hPSC-CMs on 2,000-μm2 rectangularMatrigel patterns with aspect
ratios (length:width) of 3:1, 5:1, and 7:1 on 10-kPa polyacrylamide substrates
(unless noted otherwise). For myofibril imaging and simultaneous quantification
of mechanical output, sarcomere activity, and myofibril alignment, cells were
transfectedwith a virus that harbors an RFP-Lifeact expression system. Phenotypes
were analyzed with ImageJ (NIH) and MATLAB (MathWorks)-based algorithms
from videos of hPSC-CMs contracting under electrical field stimulation at 1 Hz. Full
materials and methods are available in SI Appendix, SI Materials and Methods.
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