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Abstract Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) in mono-
layers interact mechanically via cell–cell and cell–substrate adhesion. Spatiotemporal features of
contraction were analysed in hiPSC-CM monolayers (1) attached to glass or plastic (Young’s
modulus (E) >1 GPa), (2) detached (substrate-free) and (3) attached to a flexible collagen hydro-
gel (E = 22 kPa). The effects of isoprenaline on contraction were compared between rigid and
flexible substrates. To clarify the underlyingmechanisms, further gene expression and computational
studies were performed. HiPSC-CM monolayers exhibited multiphasic contractile profiles on rigid
surfaces in contrast to hydrogels, substrate-free cultures or single cells where only simple twitch-like
time-courses were observed. Isoprenaline did not change the contraction profile on either surface,
but its lusitropic and chronotropic effects were greater in hydrogel compared with glass. There
was no significant difference between stiff and flexible substrates in regard to expression of the
stress-activated genes NPPA and NPPB. A computational model of cell clusters demonstrated
similar complex contractile interactions on stiff substrates as a consequence of cell-to-cell functional
heterogeneity. Rigid biomaterial surfaces give rise to unphysiological, multiphasic contractions in
hiPSC-CMmonolayers. Flexible substrates are necessary for normal twitch-like contractility kinetics
and interpretation of inotropic interventions.

(Received 10 August 2021; accepted after revision 3 November 2021; first published online 11 November 2021)
Corresponding author Godfrey L. Smith: Institute of Cardiovascular and Medical Sciences, Sir James Black Building,
University of Glasgow, Glasgow G12 8QQ, UK. Email: Godfrey.Smith@glasgow.ac.uk

Abstract figure legend Spatio-temporal contractility analysis of human induced pluripotent stem cell-derived cardio-
myocyte (hiPSC-CM) monolayers seeded on conventional rigid surfaces (glass or plastic) showed variable multiphasic
contraction events across the monolayer despite identical action potentials. These multiphasic patterns are not present
in single cells, in detachedmonolayers or in monolayers seeded on soft substrates such as a hydrogel, where only physio-
logical ‘twitch’-like transients are observed. A computational model of cell clusters supports the biological findings that
partial adhesion of cell clusters to a rigid surface causesmultiphasic contractile behaviour. Experimental data showed that
hiPSC-CM monolayers on rigid substrates have significantly increased contractile duration and a decreased lusotropic
drug response when compared to responses on a flexible substrate. Despite the unphysiological nature of the contra-
ctile events on rigid surfaces, there is no indication that the multiphasic patterns are associated with significantly higher
activation of the stress-activated signalling pathways.

Key points
� Spatiotemporal contractility analysis of human induced pluripotent stem cell-derived cardio-
myocyte (hiPSC-CM) monolayers seeded on conventional, rigid surfaces (glass or plastic)
revealed the presence of multiphasic contraction patterns across the monolayer with a high
variability, despite action potentials recorded in the same areas being identical.

� These multiphasic patterns are not present in single cells, in detached monolayers or in mono-
layers seeded on soft substrates such as a hydrogel, where only ‘twitch’-like transients are observed.

� HiPSC-CM monolayers that display a high percentage of regions with multiphasic contraction
have significantly increased contractile duration and a decreased lusotropic drug response.

� There is no indication that the multiphasic contraction patterns are associated with significant
activation of the stress-activated NPPA or NPPB signalling pathways.

� A computational model of cell clusters supports the biological findings that the rigid surface and
the differential cell–substrate adhesion underly multiphasic contractile behaviour of hiPSC-CMs.

Introduction

The cyclic pump function of the heart is driven by
an electrical signal that originates from the sino-
atrial (SA-) node and runs through the cardiac
conductive system to reach the ventricular myocardium
(Dobrzynski et al. 2013). Activation of voltage-sensitive

channels on the membranes of cardiomyocytes (CMs),
including voltage-sensitive L-type calcium channels,
leads to excitation–contraction coupling, entailing
the calcium-dependent activation of sarcomeres and
cellular contraction (Bers, 2002). Cell contraction
force is generated via cell–cell adhesions and cellular
anchor-points to the extracellular matrix (ECM) proteins,
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including collagen type-1 (Col-1) and fibronectin (FN)
(Pandey et al. 2018). One of the major determinants
of the passive stiffness of the myocardium is the ECM
and it contributes to the resistive force during the active
shortening phase of the cardiac cycle (Granzier & Irving,
1995). Another component is titin, which anchors the
myosin filaments to the Z-disc within cardiac sarcomeres
and accounts for 70% of the ventricular passive response
(LeWinter & Granzier, 2010).

Myocardial stiffness changes during developmental
stages and in disease. Human neonatal myocardium has
a Young’s modulus of around 10 kPa and this increases
over time to approximately 50 kPa for a healthy adult
heart (Travers et al. 2016; Ramadan et al. 2017; Ward
& Iskratsch, 2020). Cardiac fibrosis, present in some
cardiac disease states, increases this stiffness even further
to approximately 100 kPa (Travers et al. 2016; Ramadan
et al. 2017; Ward & Iskratsch, 2020). Stiffening of the
myocardium is mainly caused by deposition of more or
different types of ECM protein by myofibroblasts, and
the resulting alterations in myocardial stiffness affect the
functionality/contractility of cardiomyocytes in vivo (Li
et al. 2014). Like other cell types, cardiomyocytes bind
to their surrounding ECM and to neighbouring cells
through cell adhesion complexes in the cell membrane
(Samarel, 2005; Geiger et al. 2009; Pandey et al. 2018;
Santoro et al. 2019;Ward& Iskratsch, 2020). Both cell–cell
and cell–ECM adhesions sense mechanical changes in
the cellular environment and lead to functional changes
within the cell via activation of overlapping intracellular
pathways (del Rio et al. 2009; Yonemura et al. 2010;
Iskratsch et al. 2014; Wickline et al. 2016; Pandey et al.
2018; Izu et al. 2019; Monemian Esfahani et al. 2019;
Saucerman et al. 2019). Studies investigating the effects of
substrate stiffness on the contractility of cardiomyocytes
have found changes in sarcomere organization (Jacot et al.
2008; Rodriguez et al. 2011; Heras-Bautista et al. 2014;
Ribeiro et al. 2015, 2020), myofibril formation and/or
organization (Engler et al. 2008; Feaster et al. 2015; Ribeiro
et al. 2015), calcium handling (Jacot et al. 2008; Rodriguez
et al. 2011; Boothe et al. 2016; van Deel et al. 2017) and
force generation (Rodriguez et al. 2011; Ribeiro et al.
2015, 2020). However, these studies were mostly done
with single cells, and therefore omitted the additional role
of cell–cell coupling and intercellular force transmission,
which could be important for contractile dynamics across
themonolayer (Yonemura et al. 2010;Monemian Esfahani
et al. 2019).

Human induced pluripotent stem cell-derived cardio-
myocytes (hiPSC-CMs) are used in laboratories for basic
and commercial research including cardiotoxicity studies
and regenerative medicine (Blinova et al. 2018; van Meer
et al. 2019). HiPSC-CMs are usually grown in amonolayer
format on standard tissue culture plastic (TCP) or glass
substrates, which have a Young’s modulus greater than

1 GPa (Travers et al. 2016), 3–4 orders of magnitude stiffer
than the native myocardium. To ensure cell adherence
to the underlying structure, the plastic or glass surface
is coated with a thin layer of ECM components such
as fibronectin (Blinova et al. 2018). These coatings do
not alter the overall stiffness of the cell–surface interface,
which thus remains inappropriately high for the normal
function of the hiPSC-CMs and can result in the loss of
hiPSC-CM contractility (Heras-Bautista et al. 2014). Non-
etheless, 2D cultures on glass or plastic substrates are still
the preferred platform for toxicology assays, because they
are the most practical and cost-effective (Guth et al. 2019;
Ribeiro et al. 2019).
While other studies have looked at the relation between

substrate stiffness and cardiac differentiation, contraction
force or calcium handling, no other study has looked
into the effect of substrate rigidity on the contraction
time-course of hiPSC-CMmonolayers. The present study
investigates the contraction time-courses of hiPSC-CM
monolayers on routinely used stiff plastic or glass
substrates and compared these with the time-courses
of hiPSC-CMs seeded on substrates with stiffness
characteristics more typical of the native myocardium.
These experiments were done using a novel method to
analyse contractility in a spatiotemporal manner and
were paralleled by a bioassay for cardiac mechanical
stress. In silicomodelling was used to test the mechanistic
hypothesis generated to explain the effect of substrate
stiffness on muscle contraction.

Materials and methods

Preparation of silicone stencils

Stencils were used to create monolayers with a diameter
of 3 mm. Stencils were made using silicone (Sylgard-184)
and bespoke moulds. The lumen diameter was 1, 2 or
3 mm, and the outer diameter was either 4 mm (thin
stencils) or 6 mm (thick stencils). Prior to cell culture,
stencils were sterilized using 70% EtOH followed by
ultraviolet light for 20 min.

HiPSC-CM culture

Two different commercially available hiPSC-CMs were
used: ICell2 (Cellular Dynamics International (CDI),
Cat# R1218, purity >95% cardiomyocytes) and Cor.4U
(NCardia, purity 89% cardiomyocytes (Huo et al. 2017)).
Cells were seeded on glass, TCP or hydrogel substrates
that were coated with FN (10 μg/ml, bovine, Gibco,
Cat# 33010018) in either an entire well of a 96-well
plate or inside a stencil placed in the well. The seeding
density advised by the manufacturers differs between
ICell2 and Cor.4U hiPSC-CMs, but this also depended
on the experimental needs. Exact cell densities can be
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Table 1. An overview of the number of plated and viable cells for various cell-seeding densities and stencil sizes

Plated cells Cell type

Cor.4U (NCardia) ICell2 (CDI)

Stencil size Area (mm2) Number of plated cells per well Number of plated cells per well

1× 2× 4× 1× 2× 4×

Full well 31.2 30,000 60,000 120,000 50,000 100,000 200,000
3 mm 7.1 6803 13,605 27,211 11,338 22,675 45,350
2 mm 3.1 3023 6047 12,094 5039 10,078 20,156
1 mm 0.8 756 1512 3023 1260 2520 5040

Viable cells Cell type

Cor.4U (NCardia) ICell2 (CDI)

Stencil size Area (mm2) Number of viable cells per well Number of viable cells per well

1× 2× 4× 1× 2× 4×

Full well 31.2 15,900 (53%) NA NA 26,500 (53%) NA NA
3 mm 7.1 3878 (57%) 5306 (39%) 7347 (27%) 6463 (57%) 8843 (39%) 12,245 (27%)
2 mm 3.1 1451 (48%) 5986 (44%) 3024 (25%) 2419 (48%) 4434 (44%) 5039 (25%)

The cell densities used depended on the stencil size and the commercially available hiPSC-CMs cell line. Cell-seeding densities were
calculated according to themanufacturers protocol andwith the normal cell density ‘1×’ being 100,000 cells/cm2 for Cor.4U (NCardia)
and 150,000 cells/cm2 for ICell2 (CDI). The number of plated cells was based on the stencil size and cell-seeding density. The number
of viable cells was based on the percentages of viable cells as presented in Figure 3E. This study was only done with Cor.4U hiPSC-CMs
(NCardia). For ICell2 hiPSC-CMs (FCDI) it was assumed that the percentage of viable cells would be similar, and thus the same
percentages were used to calculate the number of viable cells.

found in Table 1; in this paper, ‘1×’ cell density denotes
the normal surface cell density per cm2 as advised by
the manufacturer of the hiPSC-CMs, namely 1.5 × 105
cells/cm2 for ICell2 and 1 × 105 cells/cm2 for Cor.4U
hiPSC-CMs. Twice and four times the normal surface cell
density are denoted by ‘2×’and ‘4×’, respectively. An over-
view of cell seeding using stencils is shown in Fig. 3A.
HiPSC-CMsweremaintained in a controlled environment
with 5% CO2 and at 37°C. Stencils were removed 2 days
after plating, and themediumwas changed every 2–3 days.
HiPSC-CM maintenance medium was provided by the
hiPSC-CMmanufacturer.

Voltage recordings

HiPSC-CMs were incubated in serum-free medium
(BMCC: CaCl2 1.49 mM, MgSO4∗7H2O 0.81 mM, KCl
4.4 mM, NaHCO3 36 mM, NaCl 77.59 mM, Na2HO4P
0.91mM,Na2SeO3-5H2O 0.0001mM, KNO3 0.0008mM,
d-glucose 25 mM, sodium pyruvate 1 mM) for at least
1 h and subsequently loaded with FluoVolt Dye (1:1000,
Invitrogen, Cat# F10488) and Powerload Concentrate
(1:100, Invitrogen, Cat# F10488) for 20 min at 37°C.
Action potentials (APs) were recorded on the CellOPTIQ
system (Hortigon-Vinagre et al. 2016) using a 40×

objective, 470 nm LED, photomultiplier tube (PMT) and
a sensor with an acquisition rate of 10 kHz. Plates were
placed in an on-stage incubator during the experiment,
maintaining 5% CO2 and 37°C. APs were analysed using
CellOPTIQ software, which computed the time-averaged
APs (n > 3) and calculated the beating frequency,
depolarization time (TRise) and AP duration at 90% of the
amplitude (APD90) (Fig. 1A).

Intracellular Ca2+ recordings

HiPSC-CMs (ICell2, CDI) were incubated in serum-free
medium (BMCC) for at least 1 h. Subsequently, cells
were loaded with 1 μM Cal520-AM (AAT Bioquest,
Cat# 21130) and 0.02% Pluronic acid-F127 (Biotium,
Cat# 59000) for 20 min at 37°C. Calcium transients were
recorded on the CellOPTIQ system (Hortigon-Vinagre
et al. 2016), similar to that of voltage recordings as
described in the paragraph above. In brief, a 40×
objective, 470 LED, PMT was used, and cells were kept in
a controlled environment with 5% CO2 and 37°C during
recordings. Calcium transients were analysed using the
CellOPTIQ software, where the spontaneous beating
frequency, TRise, CaT50 and CaT90 were calculated as
explained in Fig. 1B.

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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Contractility recordings

Bright-field video recordings were made using a
high-speed camera (Hamamatsu ORCA-flash 4.0 V2
digital CMOS camera C11440-22CU) (100 fps, 600 ×
600 pixels) and a 4×, 10× or 40× objective (Olympus,
air objectives). Video frames were analysed using the
open-source MUSCLEMOTION (MM) contractility
algorithm published by Sala et al. (2018), which measures
movement as a function of pixel intensity and has
been verified against a number of other measures of
mechanical function. Using the MM algorithm, contra-
ctility traces were time-averaged (n > 3) and analysed for
the beating frequency, contractile amplitude, contraction
time (TContraction) and relaxation time (TRelaxation),
and the contractility duration at 50% of the peak
(CD50) was measured (Fig. 1C). MM can be used in
a range of illumination conditions without affecting the
temporal parameters. However, the contractile amplitude
is correlated with the pixel intensity/illumination
levels, which makes comparisons between different
groups/substrates difficult to interpret and they are
therefore not included.

Additionally, video frames were subdivided into grid
squares, and the MM algorithm was applied on each
grid square, to spatially compare hiPSC-CM contractility
variations. Additional measurements were derived from
the spatiotemporal analysis: the number of peaks within
one contraction and the start time (TStart), measured as
the time to 50% of the amplitude during the contraction
phase. Dispersion (spread) of TStart and CD50 values
was estimated as the difference between 10th and 90th
percentiles (IP90), to exclude outliers (Fig. 7H).

Assessing morphology and functionality of hiPSC-CM
monolayers

On day 2 after stencil removal (day 4 after cell seeding),
hiPSC-CMs were assessed for contractility and voltage as
described above. Subsequently, cells were fixed with 4%
paraformaldehyde and stained for F-actin (Rhodamine

Phalloidin, 1:50, Invitrogen, Cat# R415) and DNA (DAPI,
1:1000, ThermoFisher Scientific, Cat# 62247). The full
area of a 96-well plate was imaged using EVOS-2FL auto
with a 10× objective, and individual images stitched
together automatically by the EVOS software. Stitched
images were analysed using CellProfiler software (v3.0.0).

Cell-sheet detachment studies

HiPSC-CMs were cultured for 4 days prior to the start
of the experiment. On day -4, 3 mm stencils were
placed onto fibronectin-coated thermosensitive PIPAAm
dishes (Nunc Dishes with UpCell Surface, Thermo-
Fisher Scientific, Cat# 174903) and Cor.4U hiPSC-CMs
(NCardia) were seeded inside the stencils in a 2× cell
density (2× 105 cells/cm2). The stencil was removed after
2 days (day -2) and cultured for two more days. On day 0,
cells were cooled to 25°C for 1 h under culture conditions
with 5% CO2 and allowed to detach from the surface of
the dish. Then, cell sheets were lifted off the dish using a
pipette. If the sheet was stuck to the plate, it was carefully
detached by pipetting medium underneath the cell sheet.
After detaching, hiPSC-CM sheets were transferred to a
new fibronectin-coated standard TCP dish and incubated
without medium for 10 min, followed by addition of
maintenance medium. Recordings for contractility were
made on day 0 at 37°C, at 25°C and 2–3 h after detaching,
and on days 1, 3, 5 and 7.Here, a 10× objective was used to
maximize the field of view. Grid-square analysis was done
with 30 × 30 grid squares, each of approximately 40 ×
40 μm. Additionally, voltage recordings (40× objective)
were made on day 7.

Preparation of recombinant collagen-like peptide
hydrogel

Photo cross-linkable recombinant human collagen-like
peptide (RCP), was kindly provided by FujiFilm
Manufacturing Europe B.V. (Tilburg, The Netherlands)
and was used to make hydrogels with a Young’s modulus

Figure 1. Explanation of physiology parameters for (A) electrophysiology, (B) calcium, and (C)
contraction
TRise = time from 10 to 90% of amplitude. APD90 = action potential duration at 90% of the amplitude. CaT50 =
calcium transient duration at 50% of the amplitude. CaT90 = calcium transient duration at 90% of the amplitude.
TContraction = contraction time. TRelaxation = relaxation time. Ampl. = amplitude. CD50 = contraction duration at
50% of the amplitude.

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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(E) of approximately 22 kPa (unpublished observation,
FujiFilm Manufacturing Europe B.V.) (Tytgat et al.
2019). First, RCP was dissolved in PBS+Mg/+Ca (10%
w/v) and incubated at 37°C for 1 h. Lithium-phenyl
(2,4,6-trimethylbenzoyl) phosphinate (LAP, TOCRIS,
Cat# 6146) was used as a cross-linker and dissolved in
PBS–/– (2.5% w/w) and subsequently incubated at 37°C
and protected from light for at least 20 min until fully
dissolved. RCP, LAP and FN were mixed thoroughly
in a ratio of 1000:26:50, respectively, and added to
a mould (6 mm Ø × ∼300 μm thick), followed by
cross-linking using a 365 nm LED at 10 mW/cm2 for
5 min in the absence of oxygen. After cross-linking,
hydrogels were incubated overnight in 100 μg/ml FN
(bovine, Gibco, Cat# 33010018) in PBS+Mg/+Ca at 4°C.
Prior to cell-seeding, gels were soaked in culture medium
for 1 h.

RCP hydrogel experiments – cell-seeding and
functionality assessment

On day -2, hydrogels were placed on glass dishes (MatTek,
Cat# P35G-1.5-14-C), and 3 mm stencils were placed on
top of the hydrogels. Fibronectin-coated glass substrates
were used as a control. ICell2 hiPSC-CMs (CDI) were
seeded in 2× cell density inside the stencils. Stencils were
removed on day 0 and maintenance medium was added.
Contractility recordings were made on days 0 (2–3 h
after stencil removal), 1, 3, 5 and 7 using a 4× objective.
Additionally, voltage recordings were made on day 7.

β-adrenergic stimulation of hiPSC-CMs

On day -2, hiPSC-CMs (CDI) were seeded in the 2×
cell density on hydrogels (6 mm Ø × ∼300 μm thick)
inside the 3 mm stencils and 2 days later (day 0) the
stencils were removed. On day 5, cells were stimulated
with isoprenaline (ISO, Sigma-Aldrich, Cat# I5627), a
β-adrenoreceptor agonist that has a positive inotropic
effect in cardiac cells. First, baseline contractility was
recorded, after which either ISO (300 nM) or a vehicle
(culture medium) was added. After 5 min of incubation,
contractility recordings at either a spontaneous rate or a
fixed rate of 1 Hz were made. Here, hiPSC-CMs seeded on
glass substrates (MatTek) served as a control substrate.

RNA isolation and qRT-PCR

Expression of natriuretic peptide A (NPPA) and
natriuretic peptide B (NPPB) mRNA was studied
as described previously (Pohjolainen et al. 2020).
Endothelin-1 (ET-1) upregulates the expression of NPPA
and NPPB in hiPSC-CMs and was therefore used as a
positive control (Pohjolainen et al. 2020). Cells were lysed

in 400 μL of Trizol reagent (Invitrogen, Carlsbad, CA,
USA) and stored at -80°C. Total RNA was isolated using
the Phase Lock Gel Heavy tubes (Quantabio, Beverly,
MA, USA) according to the manufacturer’s instructions
and RNA concentration and quality were analysed using
a NanoDrop 1000 (Thermo Fisher Scientific, Waltham,
MA, USA) spectrophotometer. cDNA was synthesized
from 50–250 ng of total RNA in 10 μL reactions with
a Transcriptor First Strand cDNA Synthesis Kit (Roche,
Basel, Switzerland) according to the manufacturer’s
protocol using random hexamer primers and an MJ Mini
Personal thermal cycler (Bio-Rad). The cDNAwas diluted
1:9 in PCR-gradeH2O, of which 4.5μLwas used for qPCR
analysis. Commercial TaqMan Gene Expression Assays
for NPPA (Hs00383230_g1), NPPB (Hs01057466_g1),
ACTB (4333762F) and eukaryotic 18S rRNA (4352930E),
all from Thermo Fisher Scientific, were used with
LightCycler 480 ProbesMaster reagent (Roche) according
to the manufacturer’s instructions. Analysis was
performed on a LightCycler 480 Real-Time PCR System
(Roche). Two technical replicates were used for each
reaction, and the average of technical replicates was used
in the analysis. To confirm absence of PCR contamination,
no-template controls were used. The ��Ct method was
used to analyse the relative gene expression. First, the
quantification cycle (Cq) values of NPPA and NPPB were
normalized to the average of the Cq values of reference
genes ACTB and 18S rRNA of the same sample, after
which the obtained �Cq values were normalized to the
�Cq values of the control sample.

Mathematical model

A mathematical model was formulated to help interpret
and explain the spatiotemporal features of contraction
measured in the experiments. As a mathematical model
of our experiments with contraction on a substrate, we
consider a 1D chain of contractile units connected in
serial. The units represent cells and sit on a horizontal
frictionless surface representing the substrate. The two
ends of the chain are connected to the surface by linear
elastic springs. Illustrations of this setup are shown in
Fig. 2C and Fig. 13A. To vary the stiffness of the substrate
in this model we consider different values of the linear
string constants.
The following scheme proposed by Timmermann et al.

(2019) is used to connect the contractile units and the end
springs into a chain:

dLi
dt

=
(
2
dL̂i
dt

− dL̂i−1

dt
− dL̂i+1

dt

)
/2,

∀i ∈ {2, 3, . . . ,N − 1} ,
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dL1
dt

=
(
dL̂1
dt

− dL̂2
dt

)
/2,

dLN
dt

=
(
dL̂N
dt

− dL̂N−1

dt

)
/2,

where Li is the length of the contractile unit i at a given
timestep, with L1 and LN being the elastic springs at the
left and right end, and N is the total number of units
(including the springs). The hats ˆ denote quantities at
the preceding timestep and are computed using the myo-
filament contraction model of Rice et al. (2008),

dL̂i
dt

= p+ (
Li − Li,0

) × viscosity
mass

,where p =
t∫

0

Fdt

where impulse p is the integral of the total force F acting
on a unit over a time interval. Forces are scaled with the
peak twitch force of a rat sarcomere of 101.8 kPa (Daniels
et al. 1984).

For the contracting units i = 2. N-1, the total force is a
sum of active and passive forces, F= Fa + Fp, as illustrated
in Fig. 2C. The passive force has contributions from the
titin in the sarcomere and collagen in the extra cellular
matrix, see the paper of Rice et al. (2008). A linear elastic
force has been added to those considered in Rice et al.
to ensure that each cell can return to its original length
after active contraction and represents passive forces in the
whole cell unaccounted for by Rice et al.; for example, iso-
volumetric forces (Fig. 2B). This modification is justified

by the fact that the model of Rice et al. is a myofilament
model that we adopt as a model of the whole cell and is
critical for reproducing the recorded motion of the myo-
cyte contraction. The active force is taken to be identical
to that specified in the Rice model (Rice et al. 2008)
and is dependent on the calcium concentration. As input
calcium profiles we use curves fitted to the recorded
calcium concentration in the experimental work, as seen
in Fig. 2A. The maximum and minimum concentrations
used are taken from the Shannon et al. (2004) model of a
rabbit ventricular myocyte, as also used in the Rice model.
For the linear elastic springs i = 1 and i = N, the total

force is given by Hooke’s law, F = FS, with

FS = k
(
Li − Li,0

)
,

where Li is the current length of the spring, and Li,0
is the initial length of the spring. The value k is the
stiffness of the spring, or the spring constant. This value
is a unit-normalized force per μm−1. As mentioned, the
forces in the Rice model (Rice et al. 2008) are normalized
relative to the peak twitch force of a rat sarcomere of
101.8 kPa (Daniels et al. 1984), thus k = 1 represents
a stiffness of 101.8 kPa. Although it is understood that
stiffness of the stiff plastics or glass would have a stiffness
in the order of GPa, k = 1 was found to be sufficient
to have little movement in the springs, as desired. A
more complete discussion and derivation of the model
equations is provided by Mortensen (Mortensen, 2021).
The model was tested for variations in the number

of contractile units (N = 3, N = 5 or N = 10)

Figure 2. Mathematical model specifics
A, calcium trace from hiPSC-CMs (Cal520
signal) (continuous line) vs. the calcium
profile used in the mathematical modelling
(broken line). [Correction made on 20
January 2022, after first online publication:
‘Cal590’ has been corrected to ‘Cal520’ in
the preceding sentence.] B, the motion
trace from a single contracting unit in the
uncoupled system (dotted line) from the
model from Rice et al. (2008) compared
with the motion traces from a single
contracting unit, coupled between two
springs with k = 0, from the model directly
from Timmerman et al. (2019) (solid blue
line). C, a schematic of the force
components in the contractile units, based
on Fig. 1D from Rice et al (2008). [Colour
figure can be viewed at
wileyonlinelibrary.com]
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and for the cell-to-cell variation of intracellular calcium
([Ca2+]i) (Cerignoli et al. 2012) on the contractile profiles.
The variations in [Ca2+]i tested were 0% (identical),
95–100% (minimal), 75–105% (low), 50–115% (medium)
and 25–125% (high), where the maximum calcium level
was randomly sampled from a uniform distribution and
randomly assigned to each contractile unit.

Statistical analysis

For each experiment, data was collected from three
individual platings (biological replicates) that included
multiple wells per group (technical replicates). When
using the 40× objective, recordings were made from
random locations within each well. The n-numbers of
each experiment (nExperiment) and the total number of
samples or wells (nSamples) are stated in the figure legend.
For statistical analysis, Graphpad Prism v8.0.2 was used
and statistical significance was tested using either a nested

t test or a nested one-way ANOVA with a Dunnett’s post
hoc test, unless indicated otherwise. The results are pre-
sented as means ± standard deviation (SD) together with
the raw data points.

Results

Small monolayer morphology dependent on stencil
size and cell-seeding density

Small monolayers of millimetre-scale (1, 2 and 3mm) and
a variety of cell-seeding densities (1×, 2× and 4× the
normal cell density)were assessed prior to themain part of
this study, of which example images are shown in Fig. 3B.
Two and 3 mm stencils seeded with 2× or 4× the cell
densities showed similar cell coverage as the control group
(Figs. 3C–3E). From these data it was decided to continue
with the 3 mmmonolayers.

Figure 3. Assessment of the morphology of small cardiac patches
A, method of creating 2D cardiac sheets using silicone stencils. (1) Place the stencils of various sizes (1, 2 or 3 mm)
inside the well and seed hiPSC-CMs in the stencil in desired cell density (normal (1×), double (2×) or quadruple
(4×) density). (2) Culture the hiPSC-CM for two days. (3) Remove the stencil, add 200 μL maintenance medium
to every well and culture the patches for two more days. Assessment is done on day 4 after seeding. (4) A well
of a 96-well plate (TCP) was seeded with the normal cell density and was used as control (Ctrl). B, F-actin (green)
and DAPI (blue) staining for hiPSC-CM micro-patches with different sizes and cell densities. Scale bar represents
1 mm. C, CellProfiler data showing the relative patch size compared with the theoretical value (TV). D, CellProfiler
data showing the area coverage by hiPSC-CM calculated by dividing the cell area by the patch area. E, CellProfiler
data showing the remaining percentage of nuclei, which was calculated as the number of cells counted divided
by the number of cells seeded. Results from Cor.4U (NCardia) hiPSC-CM only. Statistical analysis was done using a
nested one-way ANOVA using a Dunnet’s post hoc test and groups were tested against Ctrl. nPlating = 3; nRecordings
= 6 to 10 per plate. Absolute values of the P values for all comparisons (significant and non-significant) are listed
in the online Statistical Supplement. [Colour figure can be viewed at wileyonlinelibrary.com]
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Electrophysiology and contractility parameters do not
significantly differ between hiPSC-CM cell lines

Next, the electrophysiology and contractility of both
the Cor.4U and ICell2 hiPSC-CMs were assessed and
compared for all three cell-seeding densities. All cell
densities showed the same spontaneous beating frequency,
electrophysiology and contractility (Figs. 4A and 4B,
respectively). As there were no major morphological or
physiological differences between the 2× and 4× cell
densities, double cell density was used in all subsequent
experiments. In addition, differences were observed
between the two hiPSC-CM cell lines in spontaneous
beating frequency (Fig. 4Aa), APD90 (Fig. 4Ac), TContraction
(Fig. 4Ba) and TRelaxation (Fig. 4Bb).

Significant variation in contractility and negligible
variation in voltage across a monolayer

Figure 5 shows typical contractility and voltage signals
from hiPSC-CMs seeded as a monolayer on TCP.
Fluorescence signals (voltage) and video images (contra-
ctility) were recorded in sequence from three discrete
regions of approximately 300 × 300 μm, as shown in
Fig. 5A. Segments of these recordings are shown in
Fig. 5B. The voltage traces from each location shown
in Figs. 5Ba–5Bc illustrate comparable profiles with a
very similar shape and duration across the monolayer.
In contrast, the contractility traces in the three locations

are different, showing complex time-courses with single
or multiple peaks, which return every contraction cycle
and are constant beat to beat (Figs. 5Bd–5Bf). This is
highlighted in the overlaid plots of Figs. 5C and 5D. These
data suggest that the complex contractile profile is not
a consequence of non-uniform electrical coupling, but
rather is mechanical in origin.

Spatiotemporal analysis of contractile behaviour of
hiPSC-CM reveals variations of movement in adjacent
fields of view

The complex contractile behaviour is also visible from
video recordings (see Supplementary videos S1 and S2).
There are areas in the video frame where the hiPSC-CMs
seem to contract twice (centre) next to areas where the
cells seem to contract only once (left and right sides).
To shed light on this contractile behaviour, the video
frame was divided into 3 × 3 grid squares, each of
100 × 100 μm, as shown in diagram Fig. 5E. The MM
algorithm was then applied to each grid square, resulting
in nine different but simultaneous contractility traces. In
Fig. 5F, all nine traces generated by theMM algorithm are
displayed together, showing the synchronicity at the start
of the contractile phase, followed by contractile profiles
that differed in shape. In Fig. 5G, all nine traces are placed
in correspondence to their position in the 3 × 3 grid.
The simple, ‘twitch-like’ transients occurred adjacent to

Figure 4. Differences in electrophysiology and contractility between cell-seeding densities and
commercial hiPSC-CM cell lines
A, electrophysiology of hiPSC-CMs showing spontaneous beating frequency (Aa) TRise (Ab) and APD90 (Ac) for both
NCardia (black) and ICell2 (grey) hiPSC-CM cell lines. B, contractile behaviour of hiPSC-CMs shown as contraction
time (Ba), relaxation time (Bb) and CD50 (Bc) for both Cor.4U (dark grey bars) and ICell2 (light grey bars) hiPSC-CM
cell lines. n = 5–19 (ICell2) and 9–30 (Cor.4U), N = 3 experiments for both cell lines. Cell densities were compared
with Ctrl for each cell type using mixed effect two-way ANOVA with Dunnett’s post hoc test (statistical significance
indicated with ˆ). Differences between NCardia and ICell2 were tested between a two-way ANOVA with Sidak’s
post hoc test (statistical significance indicated with ∗). Recordings were made on day 2 after stencil removal.
Absolute values of the P values for all comparisons (significant and non-significant) are listed in the online Statistical
Supplement.
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complex transients withmultiple peaks. This is also visible
in Fig. 5H, which shows a heatmap for the number of
peaks (a). Likewise, heatmaps for the start time (TStart)
(b), and the contraction duration at 50% of the amplitude
(CD50) (c) are shown (Fig. 5H). These heatmaps also show
that areas with relatively high values for TStart or CD50
are located adjacent to areas with relatively low values,
emphasizing the local variation in contractility. Lastly, the
average contractility transient is shown in Fig. 5I, which
displays a complex profile that is constant from beat to
beat, similar to that seen in Fig. 5B. These data suggest

that the contractile behaviour of hiPSC-CM monolayers
seeded on rigid substrates exhibit complex contractile
patterns that vary locally (over a range of ∼ 100 μm).

Cell-seeding density does not affect the contractile
complexity

Increasing or decreasing the cell-seeding density did
not affect the complexity as shown in Fig. 6. Like
the standard (2× cell density), the average contractility
traces of the 1× and 4× cell-seeding densities showed a

Figure 5. Significant variation in contractility and negligible variation in voltage across a hiPSC-CM
monolayer seeded on tissue culture plastic
A, example of three different locations within the 2D micro-patch indicated with blue, red and green squares. Each
location is approximately 300 × 300 μm. The white dashed line indicates the outer line of the patch. B, action
potentials (AP, top row, panels a–c) and contractility traces (CT, bottom row, panels d–f) recorded on three different
locations within one well (blue, green and red inserts in panel A). APs and CTs with the same colour are recorded
on the same location. C, overlay of the three APs. D, overlay of the three CTs. E, a 300 × 300 μm field of view,
similar to one of the locations in panel A, was subdivided into 3 × 3 grid squares of 100 × 100 μm each. The MM
algorithm was applied to every grid square. F, all traces from each grid square (nine in total) were overlapped. G, all
traces from each grid square were placed in their corresponding location shown in panel E. H, heatmaps indicating
(a) the number of peaks, (b) the start time (TStart) and (c) the contractile duration at 50% of the amplitude (CD50)
(scalebars are 0–5 peaks, 0–40 ms and 0–600 ms, respectively). I, the contractility trace taken from the whole area
(300 × 300 μm). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 6. Cell density does not modulate the complex contractile behaviour on fixed substrates
HiPSC-CMs seeded in 1× (A), 2× (B) or 4× (C) the cell density suggested by the manufacturer. For each cell
density, example traces are shown from three distinct regions of the same micro-patch. These include (1) the
average contractile trace recorded from the whole area (top left panel), (2) a heatmap showing the location of
grid squares with either 1 (blue) or >1 peak (light green) (top right), (3) the traces with 1 peak (bottom left) and
(4) the traces with >1 peak (bottom left). Recordings are from Cor.4U hiPSC-CMs (NCardia) on day 2 after stencil
removal. [Colour figure can be viewed at wileyonlinelibrary.com]
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complex time-course and were similar to the ones seen
in Fig. 5. Spatial analysis revealed similar complex contra-
ctile behaviour at all three cell-seeding densities, with both
single-peaked and multiple-peaked transients in every
region. These data indicate that cell-seeding density does
not modulate the complex contractile behaviour on fixed
substrates.

Spatiotemporal contractility analysis across the entire
hiPSC-CM monolayer

To further investigate the spatial distribution of the
complex contractile behaviour within the entire mono-
layer of hiPSC-CMs, the entire hiPSC-CM monolayer
of 3 mm in diameter was recorded and video frames
were subdivided into 30 × 30 grid squares, each 100 ×
100 μm as shown in Fig. 7A. The MM algorithm was
then applied to each grid square, resulting in 900 traces
which could be categorized as having either 1, 2 or >2
peaks. In Fig. 7B, example traces with either 1, 2 or >2
peaks are shown. In Fig. 7C, all 900 traces of this example
are plotted, and Figs. 7D, 7E and 7F show all traces with
either 1, 2 or >2 peaks, respectively. Heatmaps like the
ones shown in Fig. 7G give an overview of the spatial
distribution of the number of peaks, amplitude, CD50 and
TStart. Figure 7H shows an example of the distribution of
either TStart or CD50 values with the 10th–90th percentile
range (IP90) annotated, which represents the variability of
the measure. This spatial analysis of the complete 3 mm

area of themonolayer was used to characterize the contra-
ctile behaviour under a series of conditions.

The contractile behaviour of hiPSC-CMs before and
after detachment from rigid substrates

We tested the hypothesis that the origin of the contra-
ctile behaviour is the differential attachment to the
underlying substrate by detaching the CMs from the
rigid substrate. Figure 8A shows an overview of the
experimental procedure. In brief, cells are cultured on
the thermosensitive dish, detached from the dish at room
temperature, transferred to a new dish on day 0 and
allowed to reattach to TCP for a week. The results of this
experiment are shown in Figs. 8B–8G.
Figure 8B shows the spontaneous beating frequency

throughout the procedure. At day 0, the spontaneous
rate was reduced to approximately 50% of control on
lowering the temperature to 25°C. On detachment,
many samples became quiescent while others returned a
normal beating frequency. By day 1 at 37°C, spontaneous
activity had returned in the majority of the samples
and the rate reduced gradually over the 7 days in
culture. The relationship between detachment and the
complexity of the contractile event is shown in Fig. 8C–G.
Figure 8C indicates that on average 54 ± 15% of the
grid squares displayed single-peaked transients under
controlled conditions at the start of the experiment.
The percentage of single peaks increased towards the

Figure 7. Spatiotemporal analysis of the entire hiPSC-CM monolayer
A, video frames were subdivided into 30 × 30 grid squares. Each grid square (∼100 × 100 μm) was analysed
using the MM algorithm (33), resulting in 900 individual data points. B, various contractile profiles are seen at
different locations within one monolayer as represented by the coloured traces (panels A and B). We observed
transients containing one peak (Ba and Bb), two peaks (Bc and Bd) and more than two peaks (Be and Bf). C,
all traces obtained from one video. D, all traces obtained from one video with one peak. E, all traces obtained
from one video with two peaks. F, all traces obtained from one video with more than two peaks. G, values for
various measurements are plotted in a heatmap. (a) The number of peaks (scalebar 1–3 peaks), (b) the contraction
duration at 50% of the amplitude (CD50) (scalebar 0–1200 ms), and (c) the start times (TStart) (scalebar 0–600 ms).
H, an example of the distribution of 900 data points following spatiotemporal analysis. From this distribution, the
10th–90th percentile difference (IP90) was calculated as illustrated to obtain a more realistic average within one
group and thus allowing us to compare different groups. [Colour figure can be viewed at wileyonlinelibrary.com]
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maximum (% 1-peak: 86 ± 15% after transfer) and
correspondingly the percentage of transients with more
complex contractile behaviour dropped (%>1-peak: 14±
15% after transfer). This profile was maintained for 24 h,
but over the subsequent 2 days, the percentage of grid

squares showing single peaks declined back towards the
control value (% 1-peak: 53 ± 24% on day 3) and was
maintained until day 7 (% 1-peak: 45 ± 10%), while
the grid squares displaying more complex behaviour
increased correspondingly.

Figure 8. Contractile behaviour of hiPSC-CMs before detachment, right after detachment and during
reattachment
A, animation explaining the experimental procedure of cell culture on a thermosensitive dish (C), cooling the plate
down to 25°C, allowing the cell sheet to detach while maintaining cell–cell adhesions (D), transferring the cell sheet
to a new culture dish (T) and allowing the cells to reattach to the new culture dish (R). B, spontaneous beating
frequency of hiPSC-CMs. C, the contractile complexity, expressed as the average percentage of grid squares with
either single- (black dots) or multiple-peaked (white dots) transients. D, the IP90 for CD50, describing the variation
in contractile behaviour. E, the CD50 taken from the whole area video recording. F, the IP90 for the TStart, describing
the level of synchronized contraction within the cell sheet. G, the average percentage of grid squares containing
beating cells, indicating the size of the cell area. φ = quiescent patches were excluded from analysis at those time
points. Time points were statistically tested against D0 37°C using a nested one-way ANOVA with Dunnett’s post
hoc test. H, voltage recordings of reattached (D7) monolayers (Cor.4U (NCardia)) compared with data presented in
Fig. 4A as these were from comparable experimental groups. Recordings were made on days 2 (TCP) and 7 after
stencil removal. (a) Spontaneous beating frequency. (b) TRise. (c) APD90. Groups were compared using a nested,
two-sided t test. nExperiments = 3, nSamples = 16. A P value <0.05 is considered significant. ∗= P < 0.05, ∗∗= P
< 0.01, ∗∗∗= P < 0.001. Absolute values of the P values for all comparisons (significant and non-significant) are
listed in the online Statistical Supplement. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 8D shows the variability in contractile duration,
expressed as IP90, before, during and after detachment
from the rigid substrate. Before detachment, mean IP90
for CD50 was 150 ms and this approximately doubled on
lowering the temperature, which is most likely caused by
the lower temperature reducing the conduction velocity
across the 2D culture (Dietrichs et al. 2020). Within the
first day after detachment, mean IP90 for CD50 decreased
significantly to 95± 27ms (P value= 0.036) but increased
again to 130 ± 29 ms on day 7 (Fig. 8D). The change
in mean CD50 across the 2D monolayer is shown in
Fig. 8E; the change in absolute value parallels the change
in variability as shown in Fig. 8D, with the CD50 values
returning to control values by day 7. An indication of the
synchronicity of contraction is given by the IP90 of TStart
values (Fig. 8F). There is no change in synchronicity of the
activation of the patch on cooling and detaching, but from
day 1 to day 7 the IP90 values were significantly lower than
the control (IP90 = 38± 4ms on day 0, 21± 6ms on day 3
(P≤ 0.0001), 20± 5ms on day 7 (P≤ 0.0001)). Thismight
be explained by the reduced cell area as shown in Fig. 8G.
After complete detachment, themonolayer lost its original
shape as it dramatically reduced in diameter and became
more 3D-like, suggesting improved cell–cell connection
and thus the propagation of the electrical signal. Hence,
the significant changes in IP90 for TStart are most likely
caused by the smaller and more 3D-like structure, rather
than the rigid substrate.
The electrophysiology of the reattached monolayer

was measured on day 7 and showed comparable beating
frequency and TRise to the control values from Fig. 4A,
which is shown in Figs. 8Ha and 8Hb. However, the
APD90 was significantly increased in reattached mono-
layers compared with control: 449 ± 37 ms vs. 354 ±
37 ms for reattached and TCP, respectively (P = 0.016)
(Fig. 8Hc).
Taken together, these data show that the complex

multiphasic contractile behaviour of hiPSC-CMs is
almost completely eliminated once the monolayer is
detached from the TCP substrate, but reappears during
reattachment. Additionally, variability in CD50 and the
CD50 values taken from the entire monolayer, but not the
variability in contraction start time (TStart), are affected
by substrate rigidity as well. These findings suggest that
the attachment to the rigid TCP affect the contractile
behaviour of hiPSC-CMs.

The contractile behaviour of hiPSC-CMs seeded on
soft substrates

Another approach to investigate the effect of rigid sub-
strates on the contractile behaviour is to seed hiPSC-CMs
on a flexible substrate, such as a hydrogel. In this
study, fibronectin-coated collagen hydrogels derived from
recombinant collagen peptide (FujiFilm Manufacturing

Europe B.V, (Tytgat et al. 2019)) with a Young’s modulus
(G’) of approximately 20 kPa were compared with
fibronectin-coated glass substrates. Figure 9A shows the
experimental overview; 3 mm diameter stencils were used
to prepare a 3 mm circular patch of hiPSC-CMs onto a
6 mm diameter disc of hydrogel (0.3–0.4 mm thick). The
stencil was removed after 2 days, and the cells assessed on
days 0, 1, 3, 5 and 7.
The spontaneous beating frequency, voltage recordings

(day 7) and calcium recordings (day 7) of hiPSC-CMs
seeded on either a hydrogel or glass are shown in Fig. 9B,
Fig. 9H and Fig. 9I, respectively, and were similar in both
groups, indicating that the patches were of comparable
viability on both formats.
In Fig. 9C, the average percentage of grid squares with

single-peaked transients is shown. This data indicates that
cells attached to the collagen gel retain a high percentage
of single-peaked grid squares, while the cells on glass
progressively developed a significant percentage of grid
squares with two or more peaks in each contractile event
(% 1-peak on day 7 = hydrogel: 90 ± 4%, control: 62 ±
8%, P <0.0001).
No significant differences were observed in the range

of contractile duration values, but the average contraction
duration (CD50) was significantly shorter in cells seeded
on the hydrogel on day 0 (CD50 on hydrogel: 246± 27ms,
glass: 291 ± 25 ms, P = 0.006), day 3 (CD50 on hydrogel:
285 ± 50 ms, glass: 366 ± 41 ms, P = 0.002), day 5 (CD50
on hydrogel: 285± 42ms, glass: 366± 41ms, P< 0.0001)
and day 7 (CD50 on hydrogel: 230 ± 9 ms, glass: 298 ±
17 ms, P < 0.0001) (Figs. 9D and 9E, respectively). No
significant differences were observed in cell synchronicity
(Fig. 9F) or the number of grid squares with contractile
events (Fig. 9G).
Separate measurements of intracellular Ca2+ indicate

similar calcium transients between rigid and flexible sub-
strates as shown in Fig. 9I. No significant difference
between glass and hydrogel was observed for any
of the parameters. The only change noted was an
approximately 10% increase in CaT50 and CaT90 of the
calcium transient on flexible substrate (Figs. 9Ib and
9Ic).
These data replicate the findings seen before and

shown during the detachment/reattachment studies,
which observed multiphasic time-courses with relatively
variable and long CD50 values when attached to TCP.
In contrast, these data also indicate that a softer sub-
strate almost eliminates the multiphasic time-courses
and reduces the CD50 values significantly. Interestingly,
the variability in CD50 and TStart were not significantly
different between both groups, indicating that these
variables might not be influenced by substrate stiffness,
but rather by geometry or cell–ECM adhesions. However,
this is speculation. Taken together these data show that
the contractile events on a flexible substrate do not exhibit
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the complexity that develops when cells are attached to a
fixed substrate such as glass or plastic.

The contractile time-course of single hiPSC-CMs

The origin of the complex behaviour might be differential
attachment of the monolayer to the underlying substrate
and not the behaviour of individual cells. Evidence for
this is provided by the MM records from isolated single
hiPSC-CMs on both glass and flexible substrates. As
shown in Figs. 10A and 10B, individual isolated cells on
glass have single-peaked contractions as expected from
the standard EC-coupling model. This is also observed in
isolated cells seeded on the flexible substrate (Figs. 10C
and 10D). Thus, complex contractile behaviour only arises
in a mechanically linked sheet of cells on glass or plastic
substrates.

Single cells on were beating faster on average compared
with the glass substrate (beating frequency: glass 0.69 ±
0.14 beats/s, hydrogel 0.89 ± 0.32 beats/s, P = 0.038)

as shown in Fig. 10E. Nonetheless, both the contraction
time and relaxation time were not significantly different
between both groups (Figs. 10F and 10G). Further, single
cells seeded on a hydrogel had a significantly shorter CD50
compared with glass (CD50: hydrogel 271 ± 150 ms; glass
351 ± 98 ms, P = 0.038) (Fig. 10H), which was also
observed in hiPSC-CMmonolayers seeded on the hydro-
gel (Fig. 9E). However, it has to be noted that a shorter
CD50 could also be caused by the faster spontaneous
beating rate. Thus, the substrate stiffness affects the
contraction duration in both hiPSC-CMsmonolayers and
single isolated cells.

Effect of isoprenaline on the contractile complexity of
hiPSC-CMs

To investigate whether a flexible substrate alters the
actions of inotropic drugs, we incubated cells with the
β-agonist isoprenaline (ISO) (300 nM) and the contractile

Figure 9. Investigation of the
contractile behaviour of micro-patches
seeded on recombinant collagen-like
peptide (RCP) hydrogels
A, animation describing the methodology
of the hiPSC-CM cell-seeding procedure on
the hydrogel. A glass substrate served as a
control. Created with BioRender.com (B) the
average beating frequency of hiPSC-CMs.
C, the average percentage of grid squares
with a single-peaked transient. D, the IP90
of CD50 describing the variation in
contractile behaviour. E, the CD50 taken
from the whole area video recording. F, the
IP90 of TStart, describing the synchronicity of
the contractions. G, the percentage of grid
squares per recording containing beating
cells and thus analysable, indicating the size
of the cell area. ICell2 (CDI) hiPSC-CMs
were used for these experiments. H, data
obtained from voltage recordings made on
day 7 after stencil removal. I, data obtained
from calcium recordings on day 7 after
stencil removal. G = glass. H = hydrogel.
nExperiments = 3, with 2–6 samples per
experiment per time point for each
experimental group. Groups were compared
with the control value at the same time
point using a two-way ANOVA with Sidak’s
post hoc test (B–G) or a nested, two-sided t
test (H and I), to test statistical significance.
A P value < 0.05 was considered significant
and is indicated with ∗. Absolute values of
the P values for all comparisons (significant
and non-significant) are listed in the online
Statistical Supplement. [Colour figure can
be viewed at wileyonlinelibrary.com]
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Figure 10. Single cells only show single-peaked contraction profiles
Single cell cultures of iPSC-CMs (ICell2 (CDI)) seeded on either glass (A and B) or hydrogel (C and D) substrates.
The nine contractility traces with normalized amplitude (A and C) correspond to the bright-field images of single
cells (B and D). E, the spontaneous beating frequency; F, the contraction time; G, the relaxation time; and H, the
CD50 of cells seeded on either glass or hydrogel. Recordings taken on day 4 or 5 after stencil removal. Scale bar
indicates 50 μm. Statistical analysis was done using a nested unpaired t test. A P value < 0.05 is indicated with
∗. Nglass = 82; Nhydrogel = 48; Nexperiments = 3. Absolute values of the P values for all comparisons (significant and
non-significant) are listed in the online Statistical Supplement.
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responses were compared with responses on a rigid sub-
strate (glass).

As shown in Fig. 11A, the addition of isoprenaline
caused a marked increase in spontaneous beating
frequency in both hydrogel and glass substrates. In the
steady state (5 min), the change in spontaneous frequency
of contractions on hydrogel was significantly higher than
that observed on glass (� Freq = 0.6 ± 0.1 Hz vs. 0.8 ±
0.1 Hz, P < 0.0001). For spatial analysis, the contractile
parameters were measured while stimulating the cells

at a fixed rate of 1 Hz (10% higher than the maximum
spontaneous rate observed in isoprenaline) to avoid the
complicating influence of variable spontaneous rates on
other contraction parameters.
Figure 11B shows the recordings of the 900 (30 × 30)

contractile events of a typical patch seeded on glass before
and after the addition of ISO. Traces were grouped into
single- or multiple-peaked events from which it is evident
that a significant number of grid squares contained
complex contractile events, the fraction of grid squares

Figure 11. The effect of isoprenaline on the time-course complexity of hiPSC-CM seeded on different
substrate stiffnesses
HiPSC-CMs (ICell2 (CDI)) were seeded on either a glass substrate or a hydrogel and incubated with either iso-
prenaline (ISO, 300 nM) or vehicle (culture medium) for 5 min, where after contractility recordings were made. A,
the spontaneous beating frequency of hiPSC-CMs. B and C, contractility traces (900) from the spatial analysis of
one representative glass control sample (B) and hydrogel (C) at baseline and after ISO incubation. Classification
of the traces is based on the number of peaks (1 vs. >1). D and E, the distribution of grid squares containing
1-peaked (dark blue) or multiple-peaked transients (light green) at baseline and after ISO incubation for the glass
control (D) and hydrogel substrate (E). F, the change in the percentage of grid squares containing multiple-peaked
transients compared with the baseline.G, the change in average CD50 values as compared with the baseline. H, the
change in amplitude as percentage of the baseline values. All recordings were made on day 5 after stencil removal.
I, relative gene expression for stress-activated genes NPPA and NPPB. Endothelin-1 (ET-1) treatment served as a
positive control. nExperiments = 3, nSamples = 5 to 8 per group. Groups were compared with any other group using
a nested one-way ANOVA with Sidak’s post hoc test (A, F, G and H) or a one-way ANOVA with Tukey’s post hoc
test (I). A P value < 0.05 was considered significant and is indicated with ∗. ∗ = P < 0.05, ∗∗ = P < 0.01, ∗∗∗ = P <

0.001, ∗∗∗∗ = P < 0.0001. Absolute values of the P values for all comparisons (significant and non-significant) are
listed in the online Statistical Supplement. [Colour figure can be viewed at wileyonlinelibrary.com]
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with complex contractions was relatively unchanged by
the addition of ISO. For the equivalent traces from the
2D culture on a hydrogel, which is shown in Fig. 11C,
notably far fewer areas had complex contraction traces.
The spatial distribution of the complex contractile events
before and after ISO are shown in Figs. 11D and 11E and
indicate that the position and number of grid squares with
>1 peak was approximately the same before and after ISO
for both substrates. Figure 11F summarizes the change
in the percentage of grid squares with complex contra-
ctile events. No significant difference was observed on the
addition of ISO and hydrogel cultures showed essentially
no change in the negligible number of grid squares that
demonstrate complex contractile events.
Figure 11G indicates that the contraction duration at a

fixed stimulation rate (1 Hz) was decreased on addition of
ISO in both glass and hydrogel substrates. The extent of
the decrease in contraction duration is significantly larger
and more consistent on the hydrogel surface (�CD50 =
hydrogel+ ISO: -253± 19ms, glass+ ISO: -199± 53ms,
P = 0.037). The change in the amplitude of the contra-
ctile event was also quantified in this set of measurements.
As shown in Fig. 11H, addition of ISO resulted in no
significant changes in the amplitude of the contractile
events for either glass or hydrogel.
In summary, the complexity of the contractility of 2D

cultures is unaffected by β-adrenergic stimulation on both
substrate types. ISO causes no net inotropic change in
2D cultures of hiPSC-CMs but dramatically shortened the
time-course of contraction; an effect that was significantly
greater in monolayers of iPSC-CMs on the flexible
substrate.

Relationship between substrate stiffness and
stress-activated pathways

External mechanical stresses could enhance
stress-activated pathways, including upregulation of
genes encoding the well-known hypertrophy markers
NPPA and NPPB (Välimäki et al. 2017; Eschenhagen &
Carrier, 2019; Saucerman et al. 2019; Goetze et al. 2020;
Pohjolainen et al. 2020). Gene expression profiling of
hiPSC-CMs seeded on either hydrogel or glass for NPPA
and NPPB showed no statistically significant differences
between each group, but both were significantly lower
when compared with cells subjected to a hypertrophic
stimulus provided by endothelin-1 (ET-1) (fold change vs.
glass:NPPA: hydrogel 1.10± 0.42, P= 0.796, ET-1 2.57±
0.28, P < 0.0001; NPPB: hydrogel 0.85 ± 0.44, P = 0.932,
ET-1 5.25 ± 1.82, P < 0.0001) (Fig. 11I). This indicates
that stiff culture substrates do not significantly activate
these mechanical stress responses within hiPSC-CMs
through the NPPA and NPPB pathway.

Computational model to investigate the biological
findings

To investigate the observations that the rigid surface
is the source of the complex contractile behaviour, a
computational model was developed based on previously
published descriptions of sarcomere-based contraction
models of cardiomyocytes (Rice et al. 2008; Timmermann
et al. 2019).
The computational model of a 1D arrangement of

cells was first investigated over a range of conditions; in
particular, a different number of cells in the linear array
(N = 3, N = 5 and N = 10) and different degrees of
cell-to-cell variation in [Ca2+]i, as illustrated in Fig. 12.
More than five units result in multiphasic motion that
is incompatible with our biological results (Fig. 12).
Our hypothesis is that the heterogeneity of the contra-
ctile activity in each contractile unit (cell) is the origin
of the complex contractile behaviour on stiff matrices.
There may be multiple reasons for the variation, but
one identified heterogeneity is the cell-to-cell variation
in the amplitude of the intracellular calcium transient
(Cerignoli et al. 2012). Various degrees of heterogeneity
of peak [Ca2+]i were investigated and a moderate level
that corresponded with the experimental observations
(50–115% of 1.5 μM) was used (Fig. 12, red boxes).
Figure 13A shows the diagram of the model for

the arrangement of the cells on the stiff (Fig. 13Aa)
and soft (Fig. 13Ab) substrates. Here, five contractile
units, or cells, are attached to a substrate through a
spring constant, k, that represents the difference in
stiffness for soft (k = 0.01) and stiff (k = 1) substrates.
The same distribution of [Ca2+]i (medium, 50–115%
of 1.5 μM) was applied to both models to keep all
factors identical except for the spring constant (Figs. 13Ba
and 13Bb). Here, the cells on the soft substrate (k =
0.01) practically all shortened during the increase in
[Ca2+]i (Fig. 13Bd). However, the cells on the rigid
substrate (k = 1) showed a distinct pattern of both
shortening and elongation (Fig. 13Bc). As shown in
Fig. 13Be, this resulted in a similar complex motion that
we observed in our hiPSC-CM cultures seeded on fixed
substrates, including multiple-phasic contraction profiles
and delayed transients. In contrast, the transients resulting
from the model for the soft substrate only showed
twitch-like motion without delay (Fig. 13Bf). Simulating
the same model with other randomized distributions
of [Ca2+]i, had similar outcomes, which can be seen
in Figs. 13Ca and 13Cb for stiff and soft substrates,
respectively. The data obtained using this model support
the hypothesis that the complex motion signal arises
from cell-to-cell interactions within small groups of
cells that are not individually attached to a stiff matrix.
Flexible matrices with a stiffness comparable to a cell
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allows shortening of the sarcomere within the groups
of cells and prevents significant cell-to-cell variation in
contraction.

Discussion and conclusions

In recent years, it has become clearer that the mechanical
properties of the ECM and the functionality of CMs
are strongly related and that the flexibility of the
myocardial ECM is key for healthy cardiac physio-
logy (Li et al. 2014; Saucerman et al. 2019; Ward &
Iskratsch, 2020). Yet cardiac cells, including hiPSC-CMs,

are traditionally seeded on rigid surfaces, like glass or
TCP (Blinova et al. 2018; van Meer et al. 2019). In
this study, we showed that spatial analysis of hiPSC-CM
movement exhibited a complex multiphasic contractile
transient when cultured on rigid substrates and that
this complex behaviour was absent in detached mono-
layers or when cells were cultured on a flexible sub-
strate and a more physiological ‘twitch-like’ contraction
dominates. As a consequence of the flexible substrate,
the lusitropic and chronotropic effects of ISO were
enhanced andmore consistent than those seen on the rigid
substrate.

Figure 12. The effect of variation in
intracellular calcium and number of
contractile units on the computed
motion by the model presented
A, average motion from 15 sets of
simulations with N = 3, 5 and 10 contractile
units, with k = 0.01 and randomly assigned
maximum calcium concentrations within
the ranges: (a) a minimal range of
95–100%, (b) a low level of variation,
75–105%, (c) a medium level of variation,
50–115% and (d) the highest level of
variation, 25–125%. The red box indicates
the set seen in the main body of the text;
specifically, the case with N = 5 and a
medium level of variation of the maximum
calcium. The average of the 15 sets of
averages is plotted with the thick black line
and are plotted in B. C, average motion
from 15 sets of simulations with N = 3, 5
and 10 contractile units, with k = 1 and
randomly assigned maximum calcium
concentrations within the ranges: (a) a
minimal range of 95–100%, (b) a low level
of variation, 75–105%, (c) a medium level
of variation, 50–115% and (d) the highest
level of variation, 25–125%. The red box
indicates the set seen in the main body of
the text; specifically, the case with N = 5
and a medium level of variation of the
maximum calcium. The average of the 15
sets of averages is plotted with the thick
black line and is plotted in D. [Colour figure
can be viewed at wileyonlinelibrary.com]
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The origin of complex contraction time-courses on
rigid substrates

The multiple-peaked contraction profiles analysed using
the MM algorithm represented marked phasic changes in
the movement of areas of the monolayer with respect to
the fixed surface during the contraction (Figs. 5 and 7 and
Supplementary videos S1 and S2). This indicates marked
heterogeneity of cell-to-cell motion across areas of the
monolayer in the contractile phase. This heterogeneity
occurs despite homogeneous AP signals across the same
area of monolayer. The uniformity of APs indicates
uniform Ca2+ fluxes; in particular, influx via the L-type
Ca2+ channel and efflux, predominantly through the
Na+/Ca2+ exchanger (NCX). As verified by separate
intracellular Ca2+ measurements (Fig. 9I) there was no
marked difference in Ca2+ signalling between the two
substrates. Radically different Ca2+ buffering may have
occurred in regions experiencing different movement
characteristics, which may alter the local free Ca2+
transients (Cerignoli et al. 2012). However, this is not

thought to be significant under these conditions as there
was no evidence for significant differences in the Ca2+
transients or AP recordings. It may be that the micro-
scopic gradients of intracellular Ca2+ vary over tens of
milliseconds in regions of the 2D culture experiencing
dramatic motion changes. Unfortunately, rapid spatial
analysis of Ca2+ signals uncontaminated by movement
artefacts is technically very difficult to achieve under these
conditions. Nevertheless, the overall similarities of the
AP and Ca2+ transients would indicate that the average
cellular Ca2+ transients on rigid and flexible substrates did
not differ significantly.
In the contractile phase induced by the

near-synchronous APs, the complex movement events
appear to arise from differential adhesion between the
substrate and the monolayer. In elegant studies of intra-
cellular forces andmovement in cell pairs, Maruthamuthu
et al. (2011) showed that uniform forces were experienced
between cell–cell and cell–substrate interfaces, resulting
in differential movements across these two types of inter-
face depending on their relative stiffness (Maruthamuthu

Figure 13. Computational model
showing the complex contractile
behaviour as seen in biological samples
A, diagrams showing the model for the cell
arrangement on the stiff (a) and soft (b)
substrates. The stiff substrate is represented
by a spring at each end with value of the
spring constant equal to k = 1 and soft
substrate is represented by a pair of springs
at each end with value of the effective
spring constant equal to k = 0.01. B, graphs
showing the output per unit (cell) for
intracellular calcium (μM) (a and b), cell
length (μm) (c and d) and the displacement
of the ends of a cell from their initial
positions (motion) (μm) (e and f) of
hiPSC-CMs seeded on stiff (a, c, e) and soft
(b, d, f) substrates. Colour schemes of panel
(B) correspond to the diagram in panel (A).
The black line in panels Be and Bf
represents the average position (Av. Pos) of
all the positions (1–6) combined. C, the
averaged model output per run for five
different runs of the same model, but
different randomized calcium distribution
for each cell. Note that run 2 in both panels
Ca and Cb correspond to the average
position of panels Be and Bf, respectively.
Pos denotes position. L denotes cell length
or unit length. [Colour figure can be viewed
at wileyonlinelibrary.com]
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et al. 2011). If this model of cell mechanics equally applied
to the CM monolayer it would predict dramatically
different cell-to-cell movements depending on the
underlying adhesion due to the very different local
stiffness characteristics. In contrast, the integration
of cell-to-matrix forces produced by an underlying
flexible substrate would in theory prevent dramatic
spatial gradients and potentially explain the absence
of heterogeneous movement on the collagen substrate
reported in this study.

Contraction time-course changes on flexible
substrates

This study established that hiPSC-CMs could be cultured
stably on the surface of the RCP hydrogel for several days.
The contractility and electrophysiological measurements
showed no detrimental effects of these culture conditions
for over a week. Our study showed that the level of
synchronicity across the monolayer was similar on both
stiff and flexible substrates (Fig. 9F). However, the contra-
ctile duration was shorter in hiPSC-CM monolayers
seeded on the flexible substrate (Fig. 9E) and was close to
thatmeasured from single isolated hiPSC-CMs (Fig. 10H).
This is in line with other studies that showed that
contraction and relaxation velocity were impaired by
matrix stiffening, including on glass, in isolated adult rat
CMs (vanDeel et al. 2017). Interestingly, this was reversed
when cells were transferred from stiff (100 kPa) to soft
(15 kPa) substrates, indicating that the cellular adaptations
to mechanical changes are not permanent. Additionally,
Sewanan et al. (2019) found that hiPSC-CMs seeded on
3D decellularized ECM from stiffer hypertrophic myo-
cardium resulted in longer relaxation time compared with
ECM from healthy hearts (Sewanan et al. 2019). One
potential cause for the difference in mechanical behaviour
between the two substrates may be the degree of adhesion.
The current study was unable to measure the degree of
adhesion across the two substrate types, but as the model
showed, the difference in adhesion was not required to
explain the difference in contractile behaviour. Therefore,
it is unlikely that the level of cellular adhesion is a
significant factor in the differential contractile responses.

Several studies have examined the contractile events of
single cells cultured on flexible substrates and associated
the change over timewith changes in sarcomere alignment
and other aspects of cell culture that reflected cell
maturation (Engler et al. 2008; Jacot et al. 2008; Ribeiro
et al. 2015, 2020). None of these studies reported the
complex phases of contraction as reported here and,
similarly, these phases were not present in recordings of
single isolated hiPSC-CMs (Figs. 10A–10D). It is unlikely
that maturation rather than mechanical factors provides
an explanation for the more physiological time-course of

monolayers seen on the flexible substrate in this study,
because these changes can occur acutely (within 1 day) by
simply detaching the monolayer from the underlying sub-
strate (Fig. 8). Furthermore, there were no major changes
in electrophysiology (APD) and contraction time-course
(CD50) over time on flexible substrates, supporting the
lack of an ongoing maturation process. Interestingly,
reattached monolayers did display a relatively long APD90
(∼450 ms), compared with those on a rigid substrate,
especially considering their relatively fast spontaneous
beating frequency of almost 2 Hz (Fig. 8Hc). The reason
for this is unclear and might be related to the more
3D-like structure and associated electrical syncytium that
develops after detachment (Lemoine et al. 2017; Lemme
et al. 2018).
In addition to this, gene expression profiles for themain

stress-activated hypertrophy markers NPPA and NPPB
indicated that cells on either substrate experienced
comparable stress levels (Fig. 11I). Therefore, it is
unlikely that the multiphasic contractile profiles cause
upregulation of stress-activated pathways nor that
activation of the NPPA and NPPB pathways result in
heterogeneous contractile profiles within the mono-
layer. However, NPPA and NPPB expression could
be affected by different culture conditions, such as
lower cell-seeding densities, changing the outcome.
Moreover, NPPA and NPPB represent a small section
of stress-activated pathways. Screening of other genes
involved in stress-activated pathways, such as myosin
heavy chain (MYH), connexin 43 (GJA1) and skeletal
α-actin (ACTA1), could provide more insight. However,
NPPA and NPPB share large parts of their upstream
pathways with these factors and that is sufficient for this
study (Saucerman et al. 2019; Pohjolainen et al. 2020).

In silico model

The hypothesis that the unphysiological complex contra-
ctile behaviour is caused by the interaction of cells
with the rigid matrix was tested with a mathematical
model. In 1D arrays of up to five cells, the model shows
that differences in peak calcium between cells generate
different contractile forces at the level of the sarcomere.
This results in sarcomere and cell shortening in cells
with high [Ca2+]i, while adjacent cells with lower [Ca2+]i
are stretched, increasing both sarcomere- and cell length.
Due to the dome-shaped relationship of the sarcomere
length–tension curve, as the cells shorten, these forces
cannot bemaintained and result in spontaneous stretching
as the forces in adjacent cells become greater. These inter-
actions occur during the phase of high calcium within
one contraction and generate multiphasic changes in cell
length within each cluster. This behaviour contrasts with
that of a flexible substrate where the overall array of
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cells shortens uniformly because the underlying substrate
shortens in parallel (Fig. 13). This difference in behaviour
does not critically depend on the extensive differences in
cell-to-cell calcium, but more complex behaviour arises
when the cell array size consists of more than five cells
(Fig. 12). Thus, the in silico modelling supports the view
that the multiphasic contractile behaviour arises from the
cell-to-cell interactions of small clusters of hiPSC-CM
differentially attached to the underlying stiff matrix and
that the matrix stiffnesses approximating that of the cells
are required for more physiological contraction profiles.

Responses of hiPSC-CMs to ISO on rigid and flexible
substrates

In an initial effort to examine the consequences of the
flexible substrate on the response of hiPSC-CMs on an
inotropic intervention, the features of the contractile
signal were examined before and after 300 nM iso-
prenaline. As shown in Fig. 11, the complexity of the
contractile event across the monolayer was not altered
by the addition of isoprenaline despite the increase in
spontaneous frequency. Stimulation at a fixed rate allowed
the comparison of the contractile time-course before and
after isoprenaline and demonstrated the absence of an
inotropic effect but the presence of a clear lusitropic
action of the drug. Also, the addition of ISO decreased
the duration of contraction because of the increased rate
of relaxation. Similar results of the addition of ISO have
been observed in previous studies using hiPSC-CMs
and hESC-CMs in media with normal extracellular Ca2+
(Pillekamp et al. 2012; Chen et al. 2015; Lewandowski
et al. 2018). The underlying mechanism is thought to
be the summed effects of β-adrenoreceptor-mediated
phosphorylation of L-type Ca2+ channel, contractile
protein troponin-I and the SR uptake regulatory protein
phospholamban. The combined result of these processes
in iPSC-CMs is a limited inotropic action due to reduced
contribution of the sarcoplasmic reticulum in the response
due to immature status of the SR (Liu et al. 2007; Pillekamp
et al. 2012; Chen et al. 2015). The response of the mono-
layer on flexible substrates was like that on rigid ones with
an increase in spontaneous frequency, neutral inotropic
change and shorter contractile duration. Interestingly,
the relative increase in both the spontaneous frequency
and the decreased CD50 at a fixed rate were greater on
the flexible substrates than compared with the rigid
substrate. The mechanism underlying these relatively
larger chronotropic and lusitropic actions on a flexible
substrate is unclear. One possibility is that the greater
chronotropic and lusitropic actions are an outcome of the
less complex events during the contractile phase on the
flexible substrates, which allows more rapid mechanical
events on the monolayer, but altered sensitivity to ISO

or altered intracellular pathways may also contribute.
Further work is required to fully understand the
consequences of the flexible substrate on the inotropic
action of drugs on the more physiological, flexible
substrates.

Overall conclusion and future implications

In summary, in silico modelling supports experimental
data indicating that the multiphasic contraction profiles
arise from the attachment of hiPSC-CM groups on stiff
matrices such as glass and TCP. The overall effects
of the mechanically flexible substrate on hiPSC-CMs
were (1) the simpler and more physiological contra-
ctile events than those seen on a fixed substrate, (2) a
shorter overall duration of contraction, and (3) enhanced
chronotropic and lusitropic effects on the addition of
ISO. This work highlights the importance of choosing
the appropriate matrices for hiPSC-CM culture. These
findings are important for both basic research and cardio-
toxicity studies that use hiPSC-CMs as a stable reliable
model of human myocardium.

References

Bers DM (2002). Cardiac excitation-contraction coupling.
Nature 415, 198–205.

Blinova K, Dang Q, Millard D, Smith G, Pierson J, Guo L,
Brock M, Lu HR, Kraushaar U, Zeng H, Shi H, Zhang
X, Sawada K, Osada T, Kanda Y, Sekino Y, Pang L,
Feaster TK, Kettenhofen R, Stockbridge N, Strauss DG
& Gintant G (2018). International multisite study of
human-induced pluripotent stem cell-derived cardio-
myocytes for drug proarrhythmic potential assessment.
Cell Rep 24, 3582–3592.

Boothe SD, Myers JD, Pok S, Sun J, Xi Y, Nieto RM, Cheng
J & Jacot JG (2016). The effect of substrate stiffness on
cardiomyocyte action potentials. Cell Biochem Biophys 74,
527–535.

Cerignoli F, Charlot D, Whittaker R, Ingermanson R,
Gehalot P, Savchenko A, Gallacher DJ, Towart R, Price
JH, McDonough PM & Mercola M (2012). High throughput
measurement of Ca2+ dynamics for drug risk assessment in
human stem cell-derived cardiomyocytes by kinetic image
cytometry. J Pharmacol Toxicol Methods 66, 246–256.

Chen G, Li S, Karakikes I, Ren L, Chow MZ, Chopra A,
Keung W, Yan B, Chan CW, Costa KD, Kong CW,
Hajjar RJ, Chen CS & Li RA (2015). Phospholamban as a
crucial determinant of the inotropic response of human
pluripotent stem cell-derived ventricular cardiomyocytes
and engineered 3-dimensional tissue constructs. Circ
Arrhythm Electrophysiol 8, 193–202.

Daniels M, Noble MI, ter Keurs HE & Wohlfart B (1984).
Velocity of sarcomere shortening in rat cardiac muscle:
relationship to force, sarcomere length, calcium and time. J
Physiol 355, 367–381.

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society



J Physiol 600.3 Multiphasic contractile behaviour of hiPSC-CMs on conventional surfaces 505

del Rio A, Perez-Jimenez R, Liu R, Roca-Cusachs P, Fernandez
JM & Sheetz MP (2009). Stretching single talin rod
molecules activates vinculin binding. Science 323, 638–641.

Dietrichs ES, McGlynn K, Allan A, Connolly A, Bishop M,
Burton F, Kettlewell S, Myles R, Tveita T & Smith GL
(2020). Moderate but not severe hypothermia causes
pro-arrhythmic changes in cardiac electrophysiology.
Cardiovascular Research 116, 2081–2090.

Dobrzynski H, Anderson RH, Atkinson A, Borbas Z, D’Souza
A, Fraser JF, Inada S, Logantha SJ, Monfredi O, Morris
GM, Moorman AF, Nikolaidou T, Schneider H, Szuts V,
Temple IP, Yanni J & Boyett MR (2013). Structure, function
and clinical relevance of the cardiac conduction system,
including the atrioventricular ring and outflow tract tissues.
Pharmacol Ther 139, 260–288.

Engler AJ, Carag-Krieger C, Johnson CP, Raab M, Tang HY,
Speicher DW, Sanger JW, Sanger JM & Discher DE (2008).
Embryonic cardiomyocytes beat best on a matrix with
heart-like elasticity: scar-like rigidity inhibits beating. J Cell
Sci 121, 3794–3802.

Eschenhagen T & Carrier L (2019). Cardiomyopathy
phenotypes in human-induced pluripotent stem
cell-derived cardiomyocytes-a systematic review. Pflugers
Arch 471, 755–768.

Feaster TK, Cadar AG, Wang L, Williams CH, Chun YW,
Hempel JE, Bloodworth N, Merryman WD, Lim CC,
Wu JC, Knollmann BC & Hong CC (2015). Matrigel
mattress: a method for the generation of single contra-
cting human-induced pluripotent stem cell-derived cardio-
myocytes. Circ Res 117, 995–1000.

Geiger B, Spatz JP & Bershadsky AD (2009). Environmental
sensing through focal adhesions. Nat Rev Mol Cell Biol 10,
21–33.

Goetze JP, Bruneau BG, Ramos HR, Ogawa T, de Bold MK
& de Bold AJ (2020). Cardiac natriuretic peptides. Nat Rev
Cardiol 17, 698–717.

Granzier HL & Irving TC (1995). Passive tension in cardiac
muscle: contribution of collagen, titin, microtubules, and
intermediate filaments. Biophys J 68, 1027–1044.

Guth BD, Engwall M, Eldridge S, Foley CM, Guo L, Gintant
G, Koerner J, Parish ST, Pierson JB, Ribeiro AJS, Zabka
T, Chaudhary KW, Kanda Y & Berridge B (2019).
Considerations for an in vitro, cell-based testing platform
for detection of adverse drug-induced inotropic effects in
early drug development. part 1: general considerations for
development of novel testing platforms. Front Pharmacol
10, 884.

Heras-Bautista CO, Katsen-Globa A, Schloerer NE, Dieluweit
S, Abd El Aziz OM, Peinkofer G, Attia WA, Khalil M,
Brockmeier K, Hescheler J & Pfannkuche K (2014). The
influence of physiological matrix conditions on permanent
culture of induced pluripotent stem cell-derived cardio-
myocytes. Biomaterials 35, 7374–7385.

Hortigon-Vinagre MP, Zamora V, Burton FL, Green J, Gintant
GA & Smith GL (2016). The use of ratiometric fluorescence
measurements of the voltage sensitive dye Di-4-ANEPPS
to examine action potential characteristics and drug effects
on human induced pluripotent stem cell-derived cardio-
myocytes. Toxicol Sci 154, 320–331.

Huo J, Kamalakar A, Yang X, Word B, Stockbridge N,
Lyn-Cook B & Pang L (2017). Evaluation of batch variations
in induced pluripotent stem cell-derived human cardio-
myocytes from 2 major suppliers. Toxicol Sci 156, 25–38.

Iskratsch T, Wolfenson H & Sheetz MP (2014). Appreciating
force and shape-the rise of mechanotransduction in cell
biology. Nat Rev Mol Cell Biol 15, 825–833. England.

Izu LT, Kohl P, Boyden PA, Miura M, Banyasz
T, Chiamvimonvat N, Trayanova N, Bers DM
& Chen-Izu Y (2019). Mechano-electric and
mechano-chemo-transduction in cardiomyocytes. J Physiol
598, 1285–1305.

Jacot JG, McCulloch AD & Omens JH (2008). Substrate
stiffness affects the functional maturation of neonatal rat
ventricular myocytes. Biophys J 95, 3479–3487.

Lemme M, Ulmer BM, Lemoine MD, Zech ATL, Flenner F,
Ravens U, Reichenspurner H, Rol-Garcia M, Smith G,
Hansen A, Christ T & Eschenhagen T (2018). Atrial-like
engineered heart tissue: an in vitro model of the human
atrium. Stem Cell Reports 11, 1378–1390.

Lemoine MD, Mannhardt I, Breckwoldt K, Prondzynski M,
Flenner F, Ulmer B, Hirt MN, Neuber C, Horvath A, Kloth
B, Reichenspurner H, Willems S, Hansen A, Eschenhagen
T & Christ T (2017). Human iPSC-derived cardiomyocytes
cultured in 3D engineered heart tissue show physiological
upstroke velocity and sodium current density. Sci Rep 7,
5464.

Lewandowski J, Rozwadowska N, Kolanowski TJ, Malcher
A, Zimna A, Rugowska A, Fiedorowicz K, Labedz W,
Kubaszewski L, Chojnacka K, Bednarek-Rajewska K,
Majewski P & Kurpisz M (2018). The impact of in vitro
cell culture duration on the maturation of human cardio-
myocytes derived from induced pluripotent stem cells of
myogenic origin. Cell Transplant 27, 1047–1067.

LeWinter MM & Granzier H (2010). Cardiac titin: a
multifunctional giant. Circulation 121, 2137–2145.

Li AH, Liu PP, Villarreal FJ & Garcia RA (2014). Dynamic
changes in myocardial matrix and relevance to disease:
translational perspectives. Circ Res 114, 916–927.

Liu J, Fu JD, Siu CW & Li RA (2007). Functional sarcoplasmic
reticulum for calcium handling of human embryonic stem
cell-derived cardiomyocytes: insights for driven maturation.
Stem Cells 25, 3038–3044.

Maruthamuthu V, Sabass B, Schwarz US & Gardel ML (2011).
Cell-ECM traction force modulates endogenous tension at
cell-cell contacts. Proc Natl Acad Sci U S A 108, 4708–4713.

Monemian Esfahani A, Rosenbohm J, Reddy K, Jin X,
Bouzid T, Riehl B, Kim E, Lim JY & Yang R (2019).
Tissue regeneration from mechanical stretching of cell-cell
adhesion. Tissue Eng Part C Methods 25, 631–640.

Mortensen P (2021).Mathematical modelling of the electrical
and mechanical properties of cardiac cells coupled with
non-muscle cells. University of Glasgow.

Pandey P, Hawkes W, Hu J, Megone WV, Gautrot J,
Anilkumar N, Zhang M, Hirvonen L, Cox S, Ehler E,
Hone J, Sheetz M & Iskratsch T (2018). Cardiomyocytes
sense matrix rigidity through a combination of muscle and
non-muscle myosin contractions. Dev Cell 44, 326–336.
e323.

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society



506 E. Huethorst and others J Physiol 600.3

Pillekamp F, Haustein M, Khalil M, Emmelheinz M, Nazzal
R, Adelmann R, Nguemo F, Rubenchyk O, Pfannkuche
K, Matzkies M, Reppel M, Bloch W, Brockmeier K
& Hescheler J (2012). Contractile properties of early
human embryonic stem cell-derived cardiomyocytes:
beta-adrenergic stimulation induces positive chronotropy
and lusitropy but not inotropy. Stem Cells Dev 21,
2111–2121.

Pohjolainen L, Easton J, Solanki R, Ruskoaho H &
Talman V (2020). Pharmacological protein kinase c
modulators reveal a pro-hypertrophic role for novel
protein kinase c isoforms in human induced pluripotent
stem cell-derived cardiomyocytes. Front Pharmacol 11,
553852.

Ramadan S, Paul N & Naguib HE (2017). Standardized static
and dynamic evaluation of myocardial tissue properties.
Biomed Mater 12, 025013.

Ribeiro AJ, Ang YS, Fu JD, Rivas RN, Mohamed TM, Higgs
GC, Srivastava D & Pruitt BL (2015). Contractility of single
cardiomyocytes differentiated from pluripotent stem cells
depends on physiological shape and substrate stiffness. Proc
Natl Acad Sci U S A 112, 12705–12710.

Ribeiro AJS, Guth BD, Engwall M, Eldridge S, Foley CM,
Guo L, Gintant G, Koerner J, Parish ST, Pierson JB,
Brock M, Chaudhary KW, Kanda Y & Berridge B (2019).
Considerations for an in vitro, cell-based testing platform
for detection of drug-induced inotropic effects in early drug
development. part 2: designing and fabricating micro-
systems for assaying cardiac contractility with physio-
logical relevance using human iPSC-cardiomyocytes. Front
Pharmacol 10, 934.

Ribeiro MC, Slaats RH, Schwach V, Rivera-Arbelaez JM,
Tertoolen LGJ, van Meer BJ, Molenaar R, Mummery CL,
Claessens M & Passier R (2020). A cardiomyocyte show
of force: A fluorescent alpha-actinin reporter line sheds
light on human cardiomyocyte contractility versus substrate
stiffness. J Mol Cell Cardiol 141, 54–64.

Rice JJ, Wang F, Bers DM & de Tombe PP (2008).
Approximate model of cooperative activation and cross-
bridge cycling in cardiac muscle using ordinary differential
equations. Biophys J 95, 2368–2390.

Rodriguez Anthony G, Han Sangyoon J, Regnier M &
Sniadecki Nathan J (2011). Substrate stiffness increases
twitch power of neonatal cardiomyocytes in correlation
with changes in myofibril structure and intracellular
calcium. Biophysical Journal 101, 2455–2464.

Sala L, van Meer BJ, Tertoolen LGJ, Bakkers J, Bellin M, Davis
RP, Denning C, Dieben MAE, Eschenhagen T, Giacomelli
E, Grandela C, Hansen A, Holman ER, Jongbloed MRM,
Kamel SM, Koopman CD, Lachaud Q, Mannhardt I, Mol
MPH, Mosqueira D, Orlova VV, Passier R, Ribeiro MC,
Saleem U, Smith GL, Burton FL & Mummery CL (2018).
MUSCLEMOTION: a versatile open software tool to
quantify cardiomyocyte and cardiac muscle contraction
in vitro and in vivo. Circ Res 122, e5–e16.

Samarel AM (2005). Costameres, focal adhesions, and cardio-
myocyte mechanotransduction. Am J Physiol Heart Circ
Physiol 289, H2291–H2301.

Santoro R, Perrucci GL, Gowran A & Pompilio G (2019).
Unchain my heart: integrins at the basis of iPSC
cardiomyocyte differentiation. Stem Cells Int 2019,
8203950.

Saucerman JJ, Tan PM, Buchholz KS, McCulloch AD &
Omens JH (2019). Mechanical regulation of gene expression
in cardiac myocytes and fibroblasts. Nat Rev Cardiol 16,
361–378.

Sewanan LR, Schwan J, Kluger J, Park J, Jacoby DL, Qyang Y
& Campbell SG (2019). Extracellular matrix from hyper-
trophic myocardium provokes impaired twitch dynamics
in healthy cardiomyocytes. JACC Basic Transl Sci 4, 495–
505.

Shannon TR, Wang F, Puglisi J, Weber C & Bers DM (2004).
A mathematical treatment of integrated Ca dynamics within
the ventricular myocyte. Biophys J 87, 3351–3371.

Timmermann V, Edwards AG, Wall ST, Sundnes J &
McCulloch AD (2019). Arrhythmogenic current generation
by myofilament-triggered ca(2+) release and sarcomere
heterogeneity. Biophys J 117, 2471–2485.

Travers JG, Kamal FA, Robbins J, Yutzey KE & Blaxall BC
(2016). Cardiac fibrosis: the fibroblast awakens. Circ Res
118, 1021–1040.

Tytgat L, Markovic M, Qazi TH, Vagenende M, Bray F,
Martins JC, Rolando C, Thienpont H, Ottevaere H,
Ovsianikov A, Dubruel P & Van Vlierberghe S (2019).
Photo-crosslinkable recombinant collagen mimics for
tissue engineering applications. J Mater Chem B 7, 3100–
3108.

van Deel ED, Najafi A, Fontoura D, Valent E, Goebel M,
Kardux K, Falcao-Pires I & van der Velden J (2017). In vitro
model to study the effects of matrix stiffening on Ca(2+)
handling and myofilament function in isolated adult rat
cardiomyocytes. J Physiol 595, 4597–4610.

van Meer BJ, Krotenberg A, Sala L, Davis RP, Eschenhagen
T, Denning C, Tertoolen LGJ & Mummery CL (2019).
Simultaneous measurement of excitation-contraction
coupling parameters identifies mechanisms underlying
contractile responses of hiPSC-derived cardiomyocytes.
Nat Commun 10, 4325.

Välimäki MJ, Tölli MA, Kinnunen SM, Aro J, Serpi R,
Pohjolainen L, Talman V, Poso A & Ruskoaho HJ (2017).
Discovery of small molecules targeting the synergy of
cardiac transcription factors GATA4 and NKX2-5. J Med
Chem 60, 7781–7798.

Ward M & Iskratsch T (2020). Mix and (mis-)match - The
mechanosensing machinery in the changing environment
of the developing, healthy adult and diseased heart. Biochim
Biophys Acta Mol Cell Res 1867, 118436.

Wickline ED, Dale IW, Merkel CD, Heier JA, Stolz DB &
Kwiatkowski AV (2016). alphaT-catenin is a constitutive
actin-binding alpha-catenin that directly couples the
Cadherin.Catenin complex to actin filaments. J Biol Chem
291, 15687–15699.

Yonemura S, Wada Y, Watanabe T, Nagafuchi A & Shibata
M (2010). α-Catenin as a tension transducer that induces
adherens junction development. Nature Cell Biology 12,
533–542.

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society



J Physiol 600.3 Multiphasic contractile behaviour of hiPSC-CMs on conventional surfaces 507

Additional information

Data availability statement

The raw and processed data required to reproduce these findings
can be shared upon reasonable request.

Competing interests

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Funding

This work was supported by the British Heart Foundation
(BHF grant number FS/16/55/32731), the UK Engineering
and Physical Sciences Research Council (EPSRC grant
numbers EP/N014642/1, EP/S030875/1, EP/T017899/1), the
Academy of Finland (grants 321564 and 328909), Sigrid Jusélius
Foundation and the Finnish Foundation for Cardiovascular
Research.

Author contributions

E.H.: Conceptualization, Investigation, Writing-Original
draft, Visualization, Formal analysis. P.M.: Methodology,
Software, Data curation, Writing-Original draft. H.G.:
Methodology, Writing-Review and Editing. R.S.: Methodology,
Writing-Review and Editing. L.P.: Investigation. V.T.: validation,
conceptualization. H.R.: conceptualization. F.B.: Software,
Conceptualization, Data curation, Writing-Review and
editing. N.G.: Writing-Review and editing, Supervision. G.S.:
Conceptualization, Writing-Original draft preparation, Super-

vision, Project administration. All authors have read and
approved the final version of this manuscript and agree to be
accountable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved. All persons designated
as authors qualify for authorship, and all those who qualify for
authorship are listed.

Acknowledgements

The authors would like to thank FujiFilmManufacturing Europe
B.V. for providing the RCP-MA for the hydrogels, with a special
thanks to Dr Bas Kluijtmans and Dr Suzan van Dongen for their
support.

The authors would like to thankDr XieHe formanufacturing
the stencils used in these studies, Dr Ana Da Silva Costa for her
advice on hiPSC-CM culture and Aileen Rankin and Annika
Korvenpää for their technical assistance.

Keywords

cardiac physiology, mathematical model, pharmaceutical assay,
recombinant collagen polymer, substrate rigidity

Supporting information

Additional supporting information can be found online in the
Supporting Information section at the end of the HTML view of
the article. Supporting information files available:

Peer Review History
Statistical Summary Document
Supplemental Video 1
Supplemental Video 2

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society


