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A B S T R A C T

Cardiovascular disease is often associated with cardiac remodeling, including cardiac fibrosis, which may lead to
increased stiffness of the heart wall. This stiffness in turn may cause subsequent failure of cardiac myocytes,
however the response of these cells to increased substrate stiffness is largely unknown. To investigate the
contractile response of human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) to increased substrate
stiffness, we generated a stable transgenic human pluripotent stem cell line expressing a fusion protein of α-
Actinin and fluorescent mRubyII in a previously characterized NKX2.5-GFP reporter line. Cardiomyocytes dif-
ferentiated from this line were subjected to a substrate with stiffness ranging from 4 kPa to 101 kPa, while
contraction of sarcomeres and bead displacement in the substrate were measured for each single cardiomyocyte.
We found that sarcomere dynamics in hPSC-CMs on polyacrylamide gels of increasing stiffness are not affected
above physiological levels (21 kPa), but that contractile force increases up to a stiffness of 90 kPa, at which cell
shortening, deducted from bead displacement, is significantly reduced compared to physiological stiffness. We
therefore hypothesize that this discrepancy may be the cause of intracellular stress that leads to hypertrophy and
consequent heart failure in vivo.

1. Introduction

Disease of the heart often leads to remodeling of the heart wall,
which can eventually lead to heart failure [1]. Cardiac remodeling is an
adaptive response to heart function impairment. It is influenced by a
variety of factors, including genetic predisposition, loss of viable car-
diac tissue, volume- and pressure overload and myocarditis, among
others. The most common features of cardiac remodeling are increased
cardiomyocyte size, fibroblast proliferation and increased deposition of
extracellular matrix (ECM) proteins. Together, these changes lead to
increased cardiac wall stiffness, which is associated with (diastolic)
heart failure [2–4]. Regardless of the underlying cause, cardiomyocytes
increase their contraction force in response to increased stiffness, which

may ultimately lead to adverse cardiac hypertrophy and cell death
[5,6]. It is therefore important to determine how the cardiomyocyte
adapts to an increase in stiffness and at which value the cell is not
further able to contract, as this environment is a major stress trigger for
adverse hypertrophy and cell death.

Sarcomeres are the smallest contractile units of cardiomyocytes.
Sarcomeric organization, length and movement are key elements in the
adaptability of cardiomyocyte contraction to increased stiffness.
However, it is not clear how sarcomere length and movement are af-
fected with increasing substrate stiffness in order to maintain cardio-
myocyte contraction. Here, we generated a clonal transgenic α-Actinin-
mRubyII fusion reporter using CRISPR-Cas9-mediated genome editing in
a previously described cardiomyocyte fluorescent (NKX2.5-eGFP)
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human pluripotent stem cell (hPSC) reporter line [7]. The resulting
Double Reporter of mRubyII-ACTN2 and GFP-NKX2.5 (DRRAGN) line
allows real-time monitoring of z-disk distance and contractile move-
ment in live cardiomyocytes as substrate stiffness increases. Using the
DRRAGN reporter line we assessed the adaptive response of contraction
force of single hPSC-derived cardiomyocytes (hPSC-CMs) to increased
substrate stiffness and measured sarcomere length and movement
within the same cells. We found that different aspects of sarcomere
dynamics of hPSC-CMs are differentially affected by increased substrate
stiffness.

2. Methods

2.1. Plasmid design and construction

The Cas9 plasmid (Addgene #62988) carrying CAS9 and the gRNA
sequences was generated as described by Ran et al [8]. Briefly, gRNA-
coding Fwd DNA oligonucleotide 5’-CACCGTTCTCTTCCGCACTCT
ACG-3′ and Rev. DNA oligonucleotide 5’-AAACCGTAGAGTGCGGAAG
AGAAC-3′ were ordered as single strand complementary DNA oligo-
nucleotides (Sigma-Aldrich) and subsequently phosphorylated and an-
nealed using T4 PNK (ThermoFisher) in a thermocycler running the
parameters set by the protocol from Ran et al., that creates sticky ends
on the dsDNA fragment for seamless insertion into the plasmid. The
annealed double stranded gRNA DNA oligo was then incorporated in
the Cas9 plasmid by simultaneous cutting of the plasmid with restric-
tion enzyme BbsI (ThermoFisher) and T7 (ThermoFisher) ligation of the
oligo at the cut site. The Cas9 gRNA plasmid was then transformed and
expanded in DH5a (ThermoFisher) bacteria and subsequently isolated
and sent for Sanger sequencing (Eurofins Genomics) and stored for
transfection.

The homology-directed repair template plasmid consisted of a
pENTR1A backbone carrying the mRubyII sequence flanked by two
homology arms of the target genomic locus of ACTN2, which would
mediate homology-directed repair-based insertion of the mRubyII se-
quence into the host genome. The mRubyII sequence was amplified by
hifi PCR (Phusion polymerase, ThermoFisher) using In-Fusion primers
(mRubyII Fwd and Rev., see Suppl table 1) and plasmid mRubyII-N1
(Addgene #54614) as template. Homology arm sequences were am-
plified by hifi PCR of isolated human genomic DNA of HUVECs using In-
Fusion primers (5′ flanking sequence Fwd and Rev. for the upstream
homology arm, and 3′ flanking sequence Fed and Rev. for the down-
stream flanking sequence, see Suppl table 1). Using primers designed
for In-Fusion cloning created overlapping termini after hifi PCR be-
tween each DNA fragment and the plasmid backbone at the insertion
site that is required for In-Fusion based assembly of the HDR plasmid,
as described in the Takara Clontech In-Fusion cloning manual. Care was
taken to mutate the PAM sequence in the plasmid to prevent Cas9 from
cutting the template plasmid during transfection (see Fig. 1C). To
generate the targeting vector, amplified fragments were assembled by
In-Fusion cloning (Takara CL 639648) according to the manufacturer's
directions.

2.2. Stem cell maintenance

Human embryonic stem cells (hESCs, female) carrying a GFP re-
porter for NKX2.5 [7] were maintained on irradiated mouse embryonic
fibroblasts (MEF feeder cells) in hESC medium (DMEM/F12-based
medium containing 20% knockout serum replacement (ThermoFisher)
and 10 ng/mL basic fibroblast growth factor (bFGF) (Miltenyi Bio-
tech)). Passaging of hESCs on MEFs was done by dissociation using 1×
TripLE Select (ThermoFisher), subsequent inactivation by dilution in
hESC medium, collection of the cells by centrifugation at 240 ×g for
three minutes, resuspension of the pellet in 1 mL hESC medium, manual
counting using Trypan blue (ThermoFisher) and finally seeding as
single cells on freshly prepared plates with MEF cells on 0.1% gelatin.

2.3. Transfection

HPSCs were maintained in hESC medium (see above) and were
seeded at a density of 50 K cells per cm2 on MEF cells one day before
transfection. hPSCs were simultaneously transfected with 4 μg Cas9
plasmid and 2 μg of HDR plasmid using Lipofectamine 2000
(ThermoFisher) according to manufacturer's instructions. Transfected
cells were selected by puromycin exposure for 72 h, followed by re-
covery culture on MEFs in hESC medium for seven days and passaged
once to fresh feeder cells before single cell clonal expansion was in-
itiated by flow cytometry-mediated single cell deposition onto MEF
feeder cells in 96-well plates. Single cell colonies were manually iden-
tified and passaged to 48 well format on feeder cells. Insertion of the
mRubyII sequence into one or both ACTN2 alleles was validated by hifi
PCR and subsequent gel electrophoresis. Two passages after single cell
sorting and clonal expansion, the cells were transferred to vitronectin-
coated plates without feeder cells and grown in Essential 8 medium
(ThermoFisher).

2.4. Stem cell differentiation

Differentiation to cardiomyocytes was done as described previously
[9]. Briefly, hPSCs were seeded at a density of 25 K cells per cm2 on
Matrigel-coated 6-well plates in Essential 8 medium (ThermoFisher)
(described in [10]) on day −1. At day 0, mesodermal differentiation
was initiated by addition of Wnt activator CHIR99021 (1.5 μmol/L,
Axon Medchem 1386), Activin-A (20 ng/mL, Miltenyi 130–115-010)
and BMP4 (20 ng/mL, R&D systems 314-BP/CF) in BPEL medium. At
day 3, Wnt was inactivated by adding XAV939 (5 μmol/L, R&D Systems
3748) in BPEL. In addition, Matrigel (1:200) was added to promote
adhesion of cells. Cell cultures were refreshed on Day 7 and 10 with
BPEL after the start of differentiation until differentiation was com-
pleted (day 13).

2.5. Cell line validation

Proper insertion of the mRubyII sequence at the ACTN2 locus was
validated by Sanger sequencing (Eurofins Genomics) of Phusion hifi
PCR (Thermofisher) products covering the insert within the HDR tem-
plate and at the site of insertion in the genome of the targeted cells.
Primers used for sequencing can be found in supplementary table 2.
Human pluripotent stem cell identity was assessed by expression of
TRA-1-60 (Miltenyi Biotech GmbH) quantified by MACSQuant VYB
flow cytometer (Miltenyi Biotech GmbH). Potential off-target locations
were identified using the Off-Spotter web tool of Jefferson.

2.6. Acrylamide gel fabrication

Coverslips of 15 mm diameter were micro-patterned with 1% ge-
latin lines (20 um width) using a PDMS stamp. Polyacrylamide (PAA)
gels with varying degrees of stiffness were produced by mixing 40%
acrylamide, HEPES (200 mM, pH 8.5), ammonium persulphate (10%)
and H2O (volume depending on Bis solution volume). This mixture was
vortexed and spun down to remove air. Subsequently, TEMED and a 2%
Bis solution at incrementing dilutions were added: 0.02%, 0.08%,
0.15%, 0.24%, 0.50% and 0.66%, and completed with 1 μL
FluoSpheres, (Invitrogen, Ø 0.2 μm polystyrene beads loaded with dark
red fluorophore Ex/Em = 660/680 nm). Precisely 9.2 μL of the poly-
acrylamide mixture was added at the center of a silane coated coverslip
of 25 mm diameter to control thickness, then topped with micro-pat-
terned coverslip before the acrylamide polymerized. Patterning cover-
slips were removed after 18 min of polymerization. Coverslips with
patterned gels were UV sterilized before use. To measure gel stiffness, 5
circles of 1.5 mm thick PAA gels per stiffness with a diameter of 25 mm
were compressed linearly in a wet state by a rheometer (Anton-Paar
Physica MCR 301), which measured gap distance (remaining thickness
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of the gel, in mm) and the normal force (N) required to compress the gel
to this thickness. We then used these readouts to approximate the
Young's modulus of the gel using the following formula:

=YM dF A
dL L

/
/ 0

where YM = Young's Modulus, dF = the increase in normal force from
baseline to current compression, A = area of the plunger (=25 mm),
dL/Lo = fraction of compression, with dL the gap distance at current
compression compared to baseline L0.

2.7. Cell culture on gels

HPSC-CMs were incubated in maturation medium [9] with a T3
hormone concentration of 5 μmol/L for three days starting at day 13 of
the differentiation, followed by dissociation with 1× TripLE (Ther-
moFisher) and replating on the patterned coverslips at a density of 60 K
cells per cm2 on day 16. Cells were then allowed to recover for 4 days in
maturation medium until start of image acquisition at day 20.

2.8. Data collection and analysis

HPSC-CMs seeded on gelatin patterns were maintained at 37 °C in
5% CO2 during image analysis. Cardiomyocytes were paced at 1 Hz.
Image acquisition was done at 70 frames per second for both bead

displacement recording and α-Actinin tracking on a Nikon Eclipse
TE2000-U fluorescence microscope fitted with a Nikon CFI Super Fluor
40× oil immersion objective (MRF01400) and a mercury light as ex-
citation source. Alpha-Actinin-mRubyII was visualized at 60× magni-
fication (using a 1.5× enhancer on the microscope) with filters at ex-
citation 542/20 nm and emission 560LP; the fluorescent beads at 40×
magnification using filters at excitation 620/60 and emission 700/
75 nm. Transmitted light was captured at 40× magnification. The GFP
signal was used to confirm individual cell identity as cells of the
working myocardium, excluding cells of the nodal lineage during
analysis. All data was collected from hPSC-CMs derived from one het-
erozygous (3F4) and one homozygous (3A1) clone (4 kPa: 58 and 44;
21 kPa: 43 and 44; 32 kPa: 33 and 48; 59 kPa: 49 and 46; 90 kPa: 43
and 45; 101 kPa: 27 and 44 cells for the heterozygous and homozygous
clone, respectively) of at least 3 independent differentiations (n = 5 for
4 kPa group, n = 3 for other stiffnesses). Data was pooled and averaged
across all cells of the same experimental group.

Bead displacement in the PAA gel was quantified using the Mosaic
Particle Tracker plugin on ImageJ. The travel distances of all beads
were calculated using the raw x and y coordinates of each particle in
each frame. We exclusively analyzed moving beads that were located
directly under the attached cardiomyocyte, using a tracing of the cell
outline prepared manually for each cell on the transmitted light image.
This outline was also used to determine cell area for normalization.
Exerted stress (from here on referred to as force for ease of reading) of

Fig. 1. The designed and validated targeting of the α-Actinin locus. A) The in-silico sequence of the α-Actinin locus before and after targeting. B) Agarose gel
demonstrating mono-allelic and bi-allelic targeted α-Actinin loci. C) Sanger sequencing validation of the insert. Note the G- > T mutation in the targeted genome
that corresponds with the PAM sequence inactivation in the construct.
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the cell onto the substrate was calculated using the known substrate
stiffness and the sum of travel distances of the beads, using a previously
described Eq. [11], and normalized to cell area using the cell outline
trace for fair comparison:

=

+ −

F
v v

E bu2
(1 )(2 )x m

In which v = Poisson's ratio (= 0.457 for PAA [12]), b = bead
diameter, u is displacement and Em = Young's modulus, which is de-
pendent on the stiffness of the gel. This equation assumes the beads are
located at the surface of the gel for simplicity, which we took into ac-
count by focussing on the beads directly underneath the cell on the
surface of the gel, using the 40× objective. The unit of measure for
contraction force in this paper is μN/mm2, whereas stiffness of the
substrate is defined in kPa. These units of measure are interchangeable,
but in order to facilitate comparison to literature we chose to report
both forces in different units. For reference: 1 kPa = 1000 μN/mm2.

To assess cell contraction distance (shortening), bead movement on
the short edges of the cell was quantified. We identified these beads
from the total bead population under the cell by selecting the 5% of
beads showing greatest movement in the collected data.

Sarcomere kinetics were analyzed by custom made LabView-based
software quantifying z-line movement using the fluorescent α-Actinin
signal of the reporter cells (LabView, Vision and Motion, National
Instruments Austin, Texas, USA). In short, eight individual Z-line pro-
files were recorded (for 8 to 10 contraction-relaxation cycles) per
myofibril in the hPSC-CM (Suppl Fig. 8A). The profiles were analyzed
by fast Fourier transformation which gave a central peak which was
fitted (Levenberg-Marquardt algorithm) with a gaussian profile. The
peak of the gaussian was taken for the computation of the amplitude at
each point during the contraction relaxation amplitude (Suppl Fig. 8B).
Contraction relaxation profiles were then computed plotting the am-
plitude (calibrated for μm/pixel) with the known time interval during
recording. Beginning and end of contraction and relaxation were de-
termined using this plotted contraction-relaxation profile based on
changes in slope, after which the software calculated time and distance
parameters of contraction and relaxation.

2.9. Statistics

Results are displayed as mean ± standard error of the mean
(s.e.m.) unless stated otherwise. Statistical analyses were performed on
IBM SPSS Statistics 25, comparing means of groups using one-way
ANOVA and Bonferroni post-Hoc test.

3. Results

3.1. Characterization of the DRRAGN α-Actinin/NKX2.5 double reporter
line

Incorporation of the DNA fragment (Suppl Fig. 1) encoding mRubyII
at the genomic locus of ACTN2 was facilitated by transfection of two
vectors: A Cas9-gRNA plasmid and HDR template plasmid (Supply
Fig. 2). The gRNA mediated DNA cleavage was directed 17 base pairs
upstream of the stop codon at the end of the last exon of the ACTN2
gene where the mRubyII sequence was inserted in frame via homology-
directed repair. Of 192 single cells deposited by FACS after transfection
and antibiotic selection, 82 colonies could be identified (survival of
43%), of which 22 clones were successfully targeted clones identified
by PCR and subsequent gel electrophoresis. Fifteen of these were mono-
allelic and 7 were bi-allelic (Fig. 1B). Sanger sequencing of these clones
validated the insertion of the mRubyII sequence according to the in silico
design (Fig. 1A + C). Of the 22 clones, three clones demonstrated a
genetic alteration, of which one was a frame-shift mutation knocking
out mRubyII; the other two were silent mutations (see suppl. Table 3).
At this point, two sequence-validated mono-allelic (clone numbers 3A1

and 3A6) and two bi-allelic clones (numbers 4D2 and 3F4) were se-
lected for further analysis. Off-target screening of these four clones
revealed no mutations in the top 4 most likely targeted sites as pre-
dicted by the Off-Spotter web tool (Suppl Fig. 3). Targeted clonal lines
revealed a high percentage (> 97%) of stem cell marker TRA-1-60 as
shown by flow cytometry (Suppl Fig. 4).

3.2. Targeted hPSC cells differentiate efficiently to cardiomyocytes in vitro

Upon differentiation, the DRRAGN hPSC line to cardiomyocytes
showed a clear and organized striated pattern of fluorescent α-Actinin
along the long axis of the cell upon differentiation to cardiomyocytes, of
which the homozygous clone expressed a higher average mRubyII
signal intensity than the heterozygous clone as detected by flow cyto-
metry (Fig. 2C). Fig. 2A shows the fluorescent signal of the α-Actinin
under identical microscopic acquisition settings for both a mono-allelic
(3A1) and a bi-allelic (3F4) clone, demonstrating that both genotypic
variants were readily detectable. Compared to the parental cell line, all
but mono-allelic clone 3A6 of the double reporter cell line differ-
entiated into comparable percentages of cardiomyocytes [parental line
65.3 ± 3.2%; mono-allelic clones 3A1: 59.5 ± 4.0% & 3A6:
36.6 ± 4.5%; bi-allelic clones 4D2 63.5 ± 3.1% & 3F4
63.3 ± 2.7%], indicated by the NKX2.5-GFP+ populations (Suppl
Fig. 5+6). Interestingly, a subset of NKX2.5+/ACTN2+ (cardiomyo-
cytes), NKX2.5+/ACTN2−, NKX2.5−/ACTN2+ and NKX2.5−/ACTN2−

populations could be identified in differentiated DRRAGN cultures
following analysis by flow cytometry, which suggested cell populations
were heterogeneous (Fig. 2B). Bi-allelic and mono-allelic clones showed
similar population distributions except for 3A6, which had significantly
(p < .001) fewer NKX2.5-GFP+/ACTN2-mRUBY+ cardiomyocytes,
indicating less efficient cardiomyocyte differentiation.

3.3. Defined stiffness exposure of hPSC-CMs on gelatin patterned
acrylamide gels

Several studies have reported physiological human adult cardiac
wall stiffness to range from 24 kPa to 30 kPa, while patients suffering
from congestive cardiomyopathy were reported to have cardiac wall
stiffness over 100 kPa [13–15]. To model for heart wall stiffening, we
increased the stiffness of the cardiomyocyte substrate using poly-
acrylamide gels with a stiffness ranging from 4 to 101 kPa (Fig. 3) and
measured sarcomere shortening and contraction force. In order to de-
crease the cell-to-cell variability we aligned hPCS-CMs on 20 μm wide
gelatin lines that were patterned on these acrylamide gels by micro-
contact printing (Fig. 3A). Adjustment of the PAA crosslinker con-
centration resulted in a near-linear increase of gel stiffness as measured
by rheometry (Fig. 3B). The presence of evenly aligned gelatin patterns
was verified microscopically for gels with all stiffnesses (Fig. 3C), on
which hPSC-CMs were seeded. Single cardiomyocytes attached to the
gelatin pattern were analyzed by real-time imaging of fluorescent beads
in the acrylamide substrate and α-Actinin-mRubyII in the cell (Fig. 3D).
We confirmed that the fusion of the mRubyII to the α-Actinin did not
alter the contraction force of these cells in comparison to the cardio-
myocytes from the parental stem cell line, using the substrate stiffness
previously published for these cardiomyocytes (5.8 kPa) (Suppl. Fig. 7)
[9].

3.4. hPSC-CMs increase their applied contraction force in response to
increased substrate stiffness

HPSC-CMs displayed significantly increased contraction force as
substrate stiffness increased up to 90 kPa (p < .01), above which the
contraction force did not further increase (Fig. 4A). By tracking bead
displacement on the contractile edges of the cardiomyocytes, we found
that cell shortening was significantly higher at 4 kPa when compared to
all the other stiffnesses (p < .001), indicating a significant change in
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cell response to its substrate between 4 kPa and the physiological-like
21 kPa stiffness. We observe a trend of decrease of cell shortening from
21 kPa and 90 kPa, whereas cell shortening significantly decreased at
101 kPa compared to the physiological-like 21 kPa stiffness (p < .05,
Fig. 4B), indicating that this is the level of stiffness at which cell
shortening is significantly restrained by the substrate. Neither the time
of contraction nor relaxation changed significantly between the dif-
ferent stiffnesses (Fig. 4C), except the time of relaxation at 4 kPa, which
was significantly lower than the time at 21 kPa (424 ± 19 vs
520 ± 29 ms, p < .05). However, the speed of contraction and re-
laxation decreased significantly from 4 kPa to 21 kPa and to the higher
stiffnesses. Both speed of contraction and relaxation gradually de-
creased from 21 kPa and higher stiffnesses, with a significant change at
101 kPa (Fig. 4D).

3.5. Sarcomeric shortening does not change at supraphysiological substrate
stiffnesses

Sarcomeric movement was measured on the same cardiomyocytes
as in bead displacement measurement in Fig. 4 (Suppl video 1). Sub-
strate stiffness appeared not to affect sarcomeric organization of car-
diomyocytes (Fig. 5A), except for the lowest stiffness of 4 kPa, on which
the cardiomyocytes retained a more elliptic morphology compared to
other stiffnesses. The sarcomere length (spacing between two z-disks) of
1.54 ± 0.014 μm at maximum contraction did not significantly change
with the increase in substrate stiffness except between 4 kPa and 32 kPa
(p < .05), and sarcomere length at full relaxation remained constant
around 1.73 ± 0.015 μm (Fig. 5B), except at 4 kPa, where sarcomere

length was on average 1.85 ± 0.02 μm (p < .001). The shortening of
the sarcomere (measured in z-disk displacement) significantly de-
creased from 0.34 ± 0.014 μm at 4 kPa to 0.21 ± 0.01 μm at the
physiological-like 21 kPa (p < .001) and remained constant with
further increase in substrate stiffness (Fig. 5C), indicating that the
sarcomere shortening does not adapt to increase in substrate stiffness
beyond physiological-like stiffnesses. Even though the duration of both
sarcomere contraction (210 ± 1.1 ms) and relaxation (300 ± 1.8 ms)
did not change with the increase in substrate stiffness (Fig. 5D), both
sarcomere contraction and relaxation speed significantly decreased
from 4 kPa up to 32 kPa (p < .001) and remained constant with the
further increase in substrate stiffness (Fig. 5E), which reiterates the
sarcomere maximum adjustment up to a substrate stiffness between 21
and 32 kPa. No differences in sarcomeric dynamics were observed be-
tween the mono-allelic and bi-allelic clone (Suppl. Fig. 9).

3.6. Adaptation of sarcomere contraction diverges from cell contraction at
higher substrate stiffnesses

We measured both contraction force and sarcomere shortening in
the same cells in order to assess the correlation of these two parameters
with the increase in substrate stiffness. Interestingly, both sarcomere
shortening and bead displacement during contraction significantly de-
creased from a very soft substrate to a more physiological substrate.
However, at higher stiffnesses the bead displacement significantly de-
creased while sarcomere shortening and elongation were maintained
(Fig. 6A, statistics in 4B & 5C), implying a decoupling between the
sarcomere shortening and actual cell shortening capacity. Furthermore,

Fig. 2. DRRAGN hESC differentiate to cardiac cells, and specifically to cardiomyocytes, in a similar fashion to the parent line. A) Photomicrograph of a single
cardiomyocyte expressing mono-allelic or bi-allelic fluorescent α-actinin after differentiation from the reporter cell line using identical acquisition settings. B)
Populations of cells derived from monolayer differentiations (n ≥ 3) of parent line (dN3), mono-allelic reporters (3A1 and 3A6) and bi-allelic reporters (3F4 and
4D2), with NKX2.5+/ACTN2+ population representing cardiomyocytes. C) Fluorescent signal intensity differs significantly (p < .001) between the homozygote
clone 3F4 (N = 14) to heterozygote clone 3A1 (N = 8) as detected by flow cytometry. Significance: * = p < .05, ** = p < .01, *** = p < .001, ns = not
significant.
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we observed that although sarcomere shortening was maintained
through higher stiffnesses, the contraction force applied by the cell
reached its limit around the 90 kPa substrate stiffness (Fig. 6B), in-
dicating that the maximum force that the sarcomeres of these cells can
generate is around 160 ± 14 μN/mm2. This is corroborated by the fact
that at a higher substrate stiffness (101 kPa) both the bead displace-
ment (cell shortening) is significantly smaller and the contraction force
reaches a plateau (Fig. 6C). Finally, we observed that time to contract
and relax of hPSC-CMs based on bead displacement is more than 2-fold
higher than the time required for combined sarcomeric contraction and
relaxation. This observed difference was maintained with the increase
in substrate stiffness (Fig. 6D). This discrepancy suggests that transfer of
sarcomeric to cellular movement may be delayed by a stretch or relative
movement of the adhesion complexes at the adhesion points of the cell
to the gel.

4. Discussion

In this study we generated an α-Actinin/NKX2.5 double reporter
line (DRRAGN), which allowed live imaging of sarcomeric organization
and dynamics specifically in cardiomyocytes of the working myo-
cardium, differentiated from hPSCs, and enabled evaluation of both
sarcomere shortening and contraction force in the same hPSC-CMs at
increasing levels of substrate stiffness. We found that force generation

increased up to 90 kPa but cardiomyocyte shortening gradually de-
creased. Moreover, sarcomere shortening decreased up to physiological
substrate stiffness (21 kPa), but remained constant thereafter. By as-
sessing both of these parameters in each cell we could show that sar-
comere shortening did not correlate with cell shortening, and conse-
quently with contraction force output, at stiffness higher than 90 kPa.

Increased myocardial wall stiffness through cardiac remodeling is a
response to impaired heart function and may ultimately lead to end-
stage heart failure. The use of a hPSC sarcomeric reporter line allows for
the assessment of contraction force and sarcomere function within the
same single hPSC-CM, in response to increased substrate stiffness.
Stable endogenous expression of fluorescently tagged α-Actinin has the
advantage over previously reported lentiviral transduced constructs of
uniform expression of α-Actinin-mRubyII across all single cardiomyo-
cytes in culture [16,17]. Moreover, due to the double nature of our
reporter for NKX2.5 and α-Actinin, the DRRAGN line can also be used
to study early stages of differentiation towards cardiac cells, as well as
in the identification or separation of cardiac subpopulations. For ex-
ample, sinoatrial pacemaker or nodal cells of the heart, which have
been reported to lack expression of NKX2.5, leaving them single posi-
tive for α-Actinin-mRubyII expression [18].

Analysis of contraction force of single aligned cardiomyocytes cul-
tured on a substrate with different stiffnesses showed their capacity to
adapt to the increase in stiffness by increasing contractile force output

Fig. 3. The manufacturing of substrates with defined stiffness and single cardiomyocyte attachment. A) Schematic representation of micro-contact printing gelatin
line patterns on PAA gels. B) Increased crosslinker in the PAA mixture provides gels with increasing Young's Modulus (stiffness). C) Photomicrographic re-
presentations of gelatin lines on acrylamide gels ranging from 4 kPa to 101 kPa in Young's Modulus. Scale bars represent 20 μm. D) A single cardiomyocyte attached
to a gelatin line, imaged in transmitted light microscopy (left), the underlying fluorescent beads in the PAA gel (middle), and the corresponding α-Actinin signal of
the cell (right). Scale bars represent 10 μm.
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up to 90 kPa, which is in agreement with previous descriptions using
human induced pluripotent stem cell- (hiPSC-), hESC- and rat-derived
cardiomyocytes by Hazeltine et al [19]. Interestingly, we showed for the
first time that single hPSC-CMs are able to maximally generate a force
of 160 ± 14 μN/mm2, as this value was maintained on substrates from
90 kPa to 101 kPa stiffness. However, hPSC-CMs generate less force
than their maximum capacity when maximum force is not required
(lower substrate load reduced the required and thus generated force by
the cardiomyocytes). This means that hPSC-CMs reach their maximum
contraction force capacity at substrate stiffness of 90 kPa. These results
are in accordance with diseases such as congestive cardiomyopathy
where cardiac wall stiffness is well above 100 kPa [2], leading to heart
failure and ultimately cardiac death as the heart becomes unable to
cope with the increasing load (contraction resistance) generated by the
high stiffness of its walls.

The force applied on the 4 kPa stiff gels was significantly lower than
other substrate stiffnesses, while bead movement was significantly
larger, meaning that the cell applies a relatively low force for maximal
shortening. The most pronounced adaptation of hPSC-CMs occurred
between 4 kPa and physiological-like 21–30 kPa, as both bead dis-
placement (cell shortening) and sarcomere shortening, as well as cor-
responding speeds, significantly decreased over this range. This effect is
a response to the increase in load applied by the substrate to the cell. As

described by Engler et al. 2008, at lower stiffness the cardiomyocytes
do not produce maximal force output due to the low opposing load of
the substrate, while at physiological stiffness, the opposing load of the
substrate is optimal for the cardiomyocyte to generate maximum con-
tractile work [20]. Our results show that the increase in substrate
stiffness from 4 kPa to 21–32 kPa induces a sarcomeric adjustment to
both decreased contraction and elongation (increased sarcomere length
at full contraction and decrease sarcomere length at full relaxation),
which is translated to a decreased sarcomere shortening during con-
traction and consequently a decreased cell shortening distance. Inter-
estingly, at higher stiffnesses this sarcomere length adjustment does not
occur but the cell shortening distance continues to decrease, which
suggests that at higher stiffnesses the cell is spending more energy to
generate more force as the opposing load of the substrate restrains the
cell from shortening maximally, in similarity to the increase in en-
ergetic cost of contraction in patients with hypertrophied hearts [21]. In
vivo, this increase in stiffness beyond the healthy physiological range
has the consequence of higher energy spending during isometric systole
phase in order to increase intraventricular pressure and transition to the
ejection phase, which at very high wall stiffnesses likely translates to
lower ventricle compression capability and lower stroke volume
(Fig. 7). Such cardiac energy inefficiency has been described in patients
with systolic dysfunction and associated with development and

Fig. 4. Quantification of the manipulation of the PAA substrate by the cardiomyocytes (pooled data from heterozygous and homozygous clone). A) Average applied
force on the acrylamide gel by the cardiomyocyte per substrate stiffness, normalized to cell surface area B) Average length of bead travel trajectory in the PAA gel
upon contraction of the cardiomyocyte. C) Average time of substrate shrinkage and elongation due to cardiomyocyte contraction and relaxation, respectively. D) The
average speed of contraction and relaxation as a function of bead travel time and displacement. Data presented in mean ± s.e.m. Significance: * = p < .05,
** = p < .01, *** = p < .001, ns = not significant. (n = 104, 99, 96, 102, 94 and 98 cells for groups 4 kPa, 21 kPa, 32 kPa, 59 kPa, 90 kPa and 101 kPa,
respectively).
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progression of diastolic heart failure [22,23].
Furthermore, different studies have shown that cardiomyocytes are

able to “sense” their surroundings and to respond to biomechanical cues
[5,24]. Our results show that at substrate stiffness higher than 90 kPa,
cardiomyocytes shorten significantly less while sarcomere shortening is
maintained. These observations suggest that the force generated by the
sarcomere contraction is applied to, and partially absorbed by,

stretching of internal cytoskeletal filaments that connect the sarcomeres
to the focal adhesions and desmosomes (Fig. 7). In vivo restraint of
cardiomyocyte shortening by such increased wall stiffness has the effect
of decreasing stroke volume, leading to a decreased cardiac output. One
of the possible responses of cardiomyocytes to counter this restrain is to
build more contractile sarcomere myofilaments in order to overcome
the opposing load imposed by the high wall stiffness, which by

Fig. 5. Sarcomeric dynamics in relation to substrate stiffness (pooled data from heterozygous and homozygous clone). A) Representative pictures of single cardi-
omyocytes attached to gelatin on all different PAA stiffness. B) The absolute maximum and minimum length of the space between two z-disks (a sarcomere) at full
relaxation and full contraction, respectively. C) The absolute shortening and elongation of the space between two z-disks during contraction and relaxation, re-
spectively. D) Travel time of the z-disk (α-actinin line) during contraction and relaxation of the sarcomere. E) The travel speed of the z-disk line during contraction
and relaxation. Data presented in mean ± s.e.m. Significance: * = p < .05, ** = p < .01, *** = p < .001, ns = not significant. (n = 102, 87, 81, 95, 87 and 71
cells for groups 4 kPa, 21 kPa, 32 kPa, 59 kPa, 90 kPa and 101 kPa, respectively).
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definition further increases the wall stiffness [25]. Such a self-propa-
gating cycle has been shown to be the major biomechanical stress in the
development and progression of cardiac diseases such as dilated and
hypertrophic cardiomyopathies and heart failure [5,26,27]. Our in vitro
model for adaptation of sarcomere dynamics with variable substrate
stiffness provides a first basis to model this aspect of heart failure. We
establish a variable substrate stiffness with a clear readout on the sar-
comere dynamics that can be further coupled with coculture of CMs
with fibroblasts, sarcomere mutations and analysis on metabolic de-
rangements and on calcium handling in order to investigate heart
failure in a more comprehensive manner.

5. Conclusion

We generated a stable transgenic hPSC reporter line that expresses
fluorescent α-Actinin-mRubyII upon differentiation to cardiomyocytes,
which enabled us to mimic and model “cardiac wall stiffening” in vitro.
With this model we showed that increasing substrate stiffness affected
cardiomyocyte contractile behavior of both sarcomere shortening and
force generation. We conclude that the maximal sarcomere length
adaptation to increased stiffness is reached in the physiological range of
21–32 kPa, while the contraction force generated keeps rising until
reaching its maximum at 90 kPa. Finally, the discrepancy between
sarcomere shortening and the magnitude of cell shortening at stiffnesses
higher than 90 kPa suggests a “tipping” point at which stress-induced
mechanisms are activated in cardiomyocytes. Here, we show an in vitro

model which enables studying the underlying mechanisms of cardiac
remodeling and heart failure at the cardiomyocyte level.
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Fig. 6. Correlations between sarcomere dynamics data and substrate displacement quantification. A) In contrast to sarcomere shortening (in red), bead displacement
continues to drop with increasing stiffness. B) Increase of force generated by the cardiomyocytes at higher stiffness is not explained by changes in sarcomere
shortening (in red). C) As maximum force of the cardiomyocyte is reached at 90 kPa, cell shortening is significantly reduced upon further increase in stiffness of
substrate. D) Both sarcomere (in red) and bead contraction and relaxation time are unaffected by substrate stiffness. Note that cell contraction in general takes longer
than sarcomere contraction. Data presented in mean ± s.e.m. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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