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ARTICLE INFO ABSTRACT

Keywords: Human heart tissues grown as three-dimensional spheroids and consisting of different cardiac cell types derived
Eflgmeered heart tissues from pluripotent stem cells (hiPSCs) recapitulate aspects of human physiology better than standard two-
hiPSCs dimensional models in vitro. They typically consist of less than 5000 cells and are used to measure contraction
Cardiomyocytes

kinetics although not contraction force. By contrast, engineered heart tissues (EHTs) formed around two flexible
pillars, can measure contraction force but conventional EHTs often require between 0.5 and 2 million cells. This
makes large-scale screening of many EHTs costly. Our goals here were (i) to create a physiologically relevant
model that required fewer cells than standard EHTs making them less expensive, and (ii) to ensure that this
miniaturized model retained correct functionality. We demonstrated that fully functional EHTs could be
generated from physiologically relevant combinations of hiPSC-derived cardiomyocytes (70%), cardiac fibro-
blasts (15%) and cardiac endothelial cells (15%), using as few as 1.6 x 10* cells. Our results showed that these
EHTs were viable and functional up to 14 days after formation. The EHTs could be electrically paced in the
frequency range between 0.6 and 3 Hz, with the optimum between 0.6 and 2 Hz. This was consistent across three
downscaled EHT sizes tested. These findings suggest that miniaturized EHTs could represent a cost-effective
microphysiological system for disease modelling and examining drug responses particularly in secondary
screens for drug discovery.

Microphysiological system
Cardiac contraction

1. Introduction

Cardiovascular diseases, including heart failure, are the leading
cause of death worldwide according to the World Health Organization
(WHO). Many of these diseases, such as myocardial infarction and cor-
onary heart disease, affect multiple cell types in the heart [1]. In
studying the pathogenesis of cardiac disease, it may be important to
consider crosstalk between these cell types as part of the underlying
disease mechanism. Genetic mouse models have typically been used to
investigate diseases affecting single or multiple cell types by introducing
mutations in specific cardiac lineages. Primary heart cells can also be
used to study cardiac diseases. However, these cells are difficult to ac-
cess and have limited availability and lifespan. To develop renewable

and easy access models to study the pathogenesis of cardiac disease,
human induced pluripotent stem cells (hiPSCs) are becoming a favoured
option. hiPSCs can not only differentiate toward different cardiac cell
types but can also be derived from patients with specific genetic diseases
[2].

We and others have shown previously that it is possible to derive
cardiomyocytes (CMs), cardiac endothelial cells (ECs), and cardiac fi-
broblasts (CFs) efficiently from hiPSC and that these can be combined to
form three-dimensional (3D) cardiac tissues in vitro [3-5]. In 3D
spheroids containing these three cell types, the hiPSC-CMs mature and
contraction kinetics can be measured but the effects of mechanical load
or contraction force cannot be measured. Engineered Heart Tissues
(EHTSs) offer an alternative in which force can be measured [6]. EHTs are
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formed by allowing suspensions of cardiac cells in extracellular matrix
solutions to self-organize around elastomeric pillars. The pillars act as
anchoring points for 3D tissue formation and thus recapitulate the me-
chanical load [3]. Tracking pillar deflection upon tissue contraction
makes this model particularly suitable for measuring changes in beat
rate, contraction force, passive tension and maximum capture rate [4,6,
7]. In addition, EHTs have been described as showing improved reli-
ability in drug testing and suitability for long-term drug exposure as they
are more stable than scaffold-free tissues [8,9]. Multiple strategies have
been described to generate EHTs of different sizes using different
numbers of cells as input [10-12]. In general, though, they often include
large numbers of cells, typically 0.5-2 x 10° per EHT [4,5,13]. There
would be significant cost benefits in reducing these numbers and the
corresponding cell culture volume. One of the few studies describing
scale reduction was by Chen and colleagues, who were able to generate
EHTs from only ~500 cells [14,15]. However, these studies used
neonatal rat cardiomyocytes (CMs). These are less difficult to culture
and more mature than hiPSC-CMs, but they do not allow modelling
human genetic diseases or capture human genetic backgrounds which
may affect the phenotype. In addition, the experiments were terminated
on day 7, so that any decrease in cell viability over longer periods would
not have been detected. We postulated that there would be value in
developing entirely hiPSC-based EHTs in these miniaturized formats and
monitoring their functionality and viability over longer time spans.

Here, we describe this process. We used our previous EHT platform
based on the Heart-Dyno system where cardiac cells self-assemble
around flexible pillars as a starting point to miniaturize EHTs [7,16].
We investigated the effect of anisometric downscaling on the function-
ality of EHTs made of hiPSC-CMs (70%), hiPSC-cardiac ECs (15%) and
hiPSC-CFs (15%), a combination we have shown previously to promote
hiPSC-CM maturation in 3D spheroids. We were able to generate viable
and functional miniaturized EHTs with total cell numbers of approxi-
mately 4.7 x 104, 3.1x10%and 1.6 x 10*in 3-, 2-, and 1 pL volumes.
Focus features were integrated on top of the micropillars to enable ac-
curate measurement of contractile parameters reflected in pillar
displacement. Comparisons of three downscaled EHT sizes demon-
strated that downscaling is possible, reducing cell input requirements
without loss of functionality.

2. Materials and methods
2.1. hiPSC culture and differentiation

hiPSCs were seeded on recombinant human vitronectin-coated plates
and cultured in E8 medium [17]. The cells were dissociated using 1x
TrypLE Select and passaged twice weekly using Revitacell (1:200) (all
Thermo Fisher Scientific).

Differentiation to hiPSC-CMs was as described previously [2,18].
Briefly, 4 x 10* hiPSCs per cm? were seeded on growth factor-reduced
Matrigel- (75 mg/ml, Corning) coated plates in E8 medium supple-
mented with Revitacell (1:200), on day —1. Cardiac mesoderm was
induced on day 0 by changing from E8 medium to BPEL supplemented
with 20 ng/ml BMP4 (R&D Systems), 20 ng/ml human Activin A (Mil-
tenyi Biotec) and 1.5 mM GSK3 inhibitor CHIR99021 (Axon Medchem).
On day 3, medium was replaced by BPEL supplemented with 5 pM Wnt
inhibitor XAV939 (Tocris). On day 6, medium was replaced by BPEL
only. Medium was refreshed every 2-3 days. On day 17, hiPSC-CMs were
dissociated with a mixture of enzyme T (10%) with buffer X (90%; both
Miltenyi), the percentage of Troponin T positive cells was determined by
FACS with ¢TNT antibody (clone REA400-VioBlue; 1:50; Miltenyi Bio-
tec) and cells were cryopreserved ~3 x 10° cells per vial in KnockOut™
Serum Replacement (KO-SR) (Thermo Fisher Scientific) with 10%
DMSO (0.3 ml/vial; Sigma-Aldrich).

hiPSC-cardiac EC differentiation was also done as described previ-
ously [2,19]. Briefly, 1.2 x 10* hiPSCs per cm? were seeded on growth
factor-reduced Matrigel-(75 mg/ml) coated plates in E8 medium
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supplemented with Revitacell (1:200), on day —1. On day O, cardiac
mesoderm was induced by replacing E8 medium with BPEL supple-
mented with 20 ng/ml BMP4, 20 ng/ml human Activin A and 1.5 mM
GSK3 inhibitor CHIR99021. On day 3, medium was replaced by BPEL
supplemented with 50 ng/mL VEGF (R&D Systems) and 5 pM Wnt in-
hibitor XAV939. On day 6, isolation of CD34 positive cells was per-
formed using the human cord blood-CD34-positive selection kit II
(StemCell Technologies) following manufacturer’s instructions. Isolated
cells were seeded 20 x 10° cells per em? on fibronectin (1:200;
Sigma-Aldrich) coated plates and cultured in BPEL supplemented with
50 ng/mL VEGF. Medium was refreshed every 2-3 days. On day 9, cells
were dissociated with 1 x TrypLE Select, the percentage of CD31 positive
cells was determined by FACS with PECAM-1 antibody (clone
WM59-APC; 1:100; eBioscience) and cells were cryopreserved (20 cm?
per vial) in CryoStor CS10 medium (0.5 ml/vial; Stem Cell
Technologies).

hiPSCs-CF differentiation was done as described previously [2].
Briefly, 2 x 10* hiPSCs per cm? were seeded on growth factor-reduced
Matrigel-(75 mg/ml) coated plates in E8 medium supplemented with
Revitacell (1:200), on day —1. On day 0, cardiac mesoderm was induced
by replacing E8 medium with BPEL supplemented with 20 ng/ml BMP4,
20 ng/ml human Activin A (Miltenyi Biotec) and 1.5 mM GSK3 inhibitor
CHIR99021. On day 3, medium was replaced by BPEL supplemented
with 30 ng/ml BMP4, 1 uM Retinoic acid (Sigma-Aldrich) and 5 pM Wnt
inhibitor XAV939. On day 6, medium was replaced by BPEL supple-
mented with 30 ng/ml BMP4 and 1 pM Retinoic acid. On day 9, cells
were dissociated using 1x TrypLE Select and 15 x 10 cells per cm? were
seeded on plates coated with fibronectin (1:200) in BPEL medium sup-
plemented with 10 pM of TGF-p inhibitor SB431642 (Tocris). On day 12,
hiPSC-epicardial cells (hiPSC-EPIs) were confluent and cryopreserved
(20 cm? per vial) in CryoStor CS10 medium (0.5 ml/vial) or 20 x 10°
hiPSC-EPIs per cm? were seeded on vitronectin-coated plates (0.5
pg/cmz) in BPEL supplemented with 10 ng/ml FGF2 (R&D Systems). On
day 13 and every 2-3 days, medium was refreshed with BPEL supple-
mented with 10 ng/ml FGF2. On day 19, medium was changed to
Fibroblast Growth Medium 3 (FGM3; PromoCell). FGM3 medium was
refreshed every 2-3 days. hiPSC-CFs were passaged when confluent and
cryopreserved after three passages (10-30 cm? per vial) in CryoStor
CS10 medium (0.5 ml/vial).

2.2. EHT platform

The EHT platforms were fabricated as described previously [16].
Briefly, using a design inspired by the Heart-Dyno system, we an
isometrically downscaled the EHTs to fit 3, 2 and 1 pL volumes within
elliptical microwells [7]. EHT platforms were made by moulding poly-
dimethylsiloxane (PDMS) into the etched cavities in silicon wafer.
Rectangular focus features were patterned at the bottom of the silicon
mould and transferred to the top of the PDMS micropillars after
moulding (Fig. S3A). The micropillars were characterized utilizing the
FemtoTools nanoindentation system (FT-NMT03). An EHT platform was
placed on the bottom of each single well of a 96-well plate and sterilized
with 70% ethanol for 10 min, washed three times with PBS without
calcium and magnesium (Thermo Fisher Scientific) for 5 min, and air
dried while exposed to UV light for 20 min.

2.3. EHT formation

On day —7, hiPSC-CFs were thawed (~2 x 10° per 10 cm?) and
cultured in FGM3 medium. On day —4, hiPSC-CMs were thawed on
growth factor-reduced Matrigel (75 mg/ml, Corning) coated plates (~3
x 100 per 4 cm?) and cultured in BPEL. On day —2, hiPSC-ECs were
thawed (~4 x 10° per 10 cm?) on fibronectin-(1:200) coated plates and
cultured in BPEL supplemented with 50 ng/mL VEGF. The cells were
ready to use on day 0, when the cells had recovered from thaw, hiPSC-
CMs had started spontaneous contraction and hiPSC-CFs were reaching
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confluence (Figs. SIA-D) [2]. The cells were dissociated as described
earlier and combined in a controlled ratio of 70% hiPSC-CMs, 15%
hiPSC-ECs and 15% hiPSC-CFs and centrifuged at 450g. The cells were
mixed with formation medium (39%) and with pre-mixed acid solubi-
lized collagen I (41%, 3.3 mg/mL), 6% NaOH, 5% DMEM (10x), 9%
Matrigel (10 mg/mL) following the protocol by Mills et al. [7]. The final
cell-ECM mix consists of approximately 1.57 x 10* cells/uL and was
added in the correct volume to the corresponding EHT well: 3, 2 or 1 pL.
Formation medium supplemented with 50 ng/pL VEGF and 5 ng/pL
FGF2 was added for the first 72 h [7]. On day 3, the medium was
changed to BPEL supplemented with 50 ng/pL VEGF and 5 ng/pL FGF2.
Medium was refreshed every 48 h and 1 h before performing assays.

2.4. Immunofluorescence analysis

For whole mount immunofluorescence staining, EHTs were taken out
of the wells and transferred to a V-bottom 96-well plate. After a PBS
wash, the EHTs were fixed for 1 h in 4% paraformaldehyde on a shaker,
washed 3 times for 10 min with PBS+ (Thermo Fisher Scientific) con-
taining 4% FCS and stored at 4 °C until processing. Permeabilization was
done with PBS + containing 0.3% Triton X-100 (Sigma-Aldrich), for 30
min on a shaker. Next, blocking was done for 3 h with PBS + containing
10% FCS, 2% BSA and 0.1% Tween. Primary antibodies Cardiac
Troponin T (1:1500; Abcam) and human CD31 (1:200; R&D Systems)
were added and incubated overnight at 4 °C on a shaker. EHTs were
washed 3 times with PBS + containing 4% FCS for 20 min on a shaker.
Secondary antibodies were added and incubated overnight in the dark,
at 4 °C and on a shaker. EHTs were washed 3 times for 20 min with PBS
+ containing 4% FCS in the dark and on a shaker. Next, they were
stained with DAPI (1:500) for 10 min at room temperature in the dark on
a shaker, then transferred to a glass coverslip and placed in the middle of
a 250 pm thick iSpacer® double-sided sticker (Sunjinlab). Excess liquid
was removed with a tip of tissue paper prior to incubating the EHTs in a
drop of CytoVista™ Tissue Clearing Reagent (Thermo Fisher Scientific)
for 10 min in the dark. Next, the Clearing agent was removed and EHTs
were mounted in the middle of the sticker between two coverslips in
Prolong glass antifade mountant (Invitrogen) according to manufac-
turer’s protocol. Images were acquired using a Leica SP8 microscope
connected to an Andor Dragon-fly 500 spinning disc confocal system
(Andor Technology) using immersion oil, a 20x/oil magnification
objective and Z stack acquisition.

2.5. Cell viability analysis

Nuclear live/dead staining (Thermo Fisher Scientific) was done by
adding 4 drops of dye per mL medium. Additionally, 20 pM para-
nitroblebbistatin (Ceyman chemical) was added to stop contraction.
After 1 h incubation, images were acquired with a Leica SP8 microscope
connected to an Andor Dragon-fly 500 spinning disc confocal system
(Andor Technology) using a 10x magnification objective and Z stack
acquisition. Quantification was performed using the Spots tool of Imaris
Microscopy Image Analysis Software (Oxford Instruments). Overview
scans and videos of stained contractile EHTs were acquired using an
EVOS M7000 microscope (Thermo Fisher Scientific) with a 4x
magnification.

2.6. Contraction analysis

Recordings of 100 frames per second were taken with a Nikon Eclipse
Ti optical microscope connected to a Thorlabs USB 3.0 digital camera,
while focusing on the top of the micropillars. EHTs were kept in a
custom-built environmental chamber at 37 °C and 5% CO; during
recording of the videos. For each timepoint, a video of 10 s was recor-
ded. Electrical pacing was performed with custom-made platinum
electrodes. Sequential biphasic rectangular pulses with 10 ms pulse
duration and +20 V peak amplitude were applied to the EHTs. 30 s
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adjustment time was applied between different frequencies before
recording. Medium was refreshed 1 h in advance of taking recordings.
Movement of the pillars was tracked and analysed by pixel intensity
change with MUSCLEMOTION software [6]. Contraction force was
calculated based on the pillar displacement and effective stiffness of the
pillars at the point of force application. The stiffness of micropillars
measured using the FemtoTools nanoindentation system (FT-NMT03)
was found to be ~10 N/m in the middle of the pillar height [16]. Pillar
displacement was quantified using custom-made software:
ForceTracker.

2.7. Statistics

Detailed statistics and statistical significance are indicated in each
figure legend. Data are expressed and plotted as the Mean + SEM. Sig-
nificance was attributed to comparisons with values of P < 0.05*; P <
0.01**; P < 0.001***, Statistical analysis was performed using RStudio
online version 2023.03.0 + 386 (R version 4.2.3).

3. Results
3.1. hiPSC-derived CMs, ECs and CFs form miniaturized EHTs

To assess whether downscaling of EHT size affected functionality, we
seeded hiPSC-CMs, -ECs, and -CFs together in an extracellular matrix
(ECM) mix of collagen I and Matrigel in microwell volumes of 1, 2 and 3
pL (Fig. 1A, B, C and S1A, B, C, D). The EHT formation timeline is shown
schematically in Fig. 1D. Within the first few hours, the cell-ECM
mixture compacted around the two flexible PDMS micropillars,
providing structural support for 3D tissue formation (Fig. 2A). Sponta-
neous, synchronous contraction of the tissues in the longitudinal direc-
tion started within 72 h (Fig. S1E). Tissue dimensions (length x width x
thickness) were measured and corresponded to the associated EHT
platform size. Average dimensions for EHT size 1 (1 pL) were 1130 x
485 x 139 pm, size 2 (2 pL) 1410 x 629 x 185 pm, and size 3 (3 pL) 1548
X 657 x 192 pm (Fig. 2B). The distribution of cells throughout the EHT
was monitored by immunofluorescent staining for cell type specific
markers (cardiac troponin T, CTNT, for hiPSC-CMs; cluster of differen-
tiation 31, CD31, for hiPSC-ECs and vimentin for hiPSC-CFs) (Fig. 2C
and S1F). The results demonstrated successful tissue formation with 1.6
x 10% 3.1 x 10% and 4.7 x 10* cells per EHT i.e. sizes 1, 2 and 3,
respectively.

3.2. Miniaturized EHTs are viable and functional

Cell viability was then assessed in EHTs (Fig. 3A, S2A, B). The per-
centage of live cells in size 1 and 2 EHTs significantly increased from day
4 to day 14 (Fig. 3B). In size 3 EHTs, the percentage of live cells was
unchanged when comparing day 4 and day 14. In addition, the total
number of live cells increased relative to baseline in all three EHT sizes,
while the number of dead cells did not change (Figs. S2C and D). Dead
cells were distributed throughout the EHTs but no necrotic clusters were
evident anywhere in the EHT.

Regardless of the size, EHTs showed spontaneous rhythmic
contraction. Representative qualitative analysis of spontaneous
contraction is shown in Fig. 3C. In general, contraction was observed
between day 4 and 14, but sporadically EHTs were quiescent, which was
more frequent at later timepoints (Fig. 3D and S3A, B). The mean
spontaneous contraction rate of the three EHT sizes decreased from 0.4
Hz to 0.1 Hz between day 4 and 14 (Fig. 3D and S3C). On all days, except
day 12, there were no differences in spontaneous contraction rate be-
tween the three EHT sizes (Fig. S3D). No differences were detected in the
spontaneous contraction amplitude of EHTs size 1 between day 4 and 14
(Fig. 3E I). The contraction amplitude of EHTs size 2 reached its
maximum on day 6, but significantly decreased after day 10 (Fig. 2E II).
Similarly, the contraction amplitude of EHTs size 3 increased from day 4
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Fig. 1. Formation of miniaturized Engineered Heart Tissues (EHTs) using hiPSC-derived CMs, ECs, and CFs.
(A) EHT formation consisting of hiPSC-derived ECs, CMs and CFs mixed with ECM before addition on the EHT platform. (B) EHTs are downscaled on platforms with
volumes of 3, 2 and 1 pL and contain 4.7 x 10%, 3.1 x 10* and 1.6 x 10* cells, respectively. (C) Downstream assays to asses viability and functionality of the EHTs.

(D) Timeline thawing of cells, EHT formation and assays.

to day 8, with the maximum between day 6 and day 8 before decreasing
(Fig. 3EIII). The contraction duration of EHTs size 1 (Fig. 3F I) and size 2
(Fig. 3F II) increased from day 4 to day 10. The contraction duration in
size 3 EHTs increased from day 4 to day 14 (Fig. 3F III).

3.3. Miniaturized EHTs respond to electrical pacing

The tissues were subjected to electric field stimulation every 48 h
during the experiment, starting from day 4 until day 14 after formation.
EHTs of all sizes could be electrically stimulated (Figs. S4A, B, C). To
make sure we could evaluate the responses of all EHTs, we used a broad
pacing range between 0.6 and 3 Hz. Frequencies below 0.6 Hz gave no
contraction response since spontaneous beating was at or above this
rate. The results were therefore not included. The pacing frequency was
increased from 0.6 to 3 Hz in steps of 0.2 Hz. Subsequently, the
contraction amplitude (a.u.) for all three sizes was measured at a series
of pacing frequencies. Although all EHT sizes could be electrically
stimulated, certain frequencies were not captured when pacing rates
were much lower or higher than spontaneous contraction rate of the
EHTs (Figs. S4A, B, C). The overall capture rate was >85% when EHTs
were electrically paced between frequencies of 0.6 and 2 Hz (Fig. 4A).

Next, the contraction amplitude of the three EHT sizes was compared
every 48 h from day 4 to day 14 under electrical pacing between 0.6 and
3 Hz. On day 8, significant differences in contraction amplitude between
EHT sizes were detected when paced between 0.6 and 2 Hz (Fig. 4B).
The differences in contraction amplitude between the EHT sizes were
most striking on day 8. Overall, contraction amplitude was most
disparate between the smallest (EHTs size 1) and largest (EHTs size 3)
tissues, with the lowest and highest contraction amplitudes, respec-
tively. No significant differences in contraction amplitudes between the
EHTs sizes was found on day 14.
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3.4. Contraction kinetics of EHTs paced at 1Hz are similar to spontaneous
contracting EHTs

Representative qualitative analysis of EHTs electrically paced at 1 Hz
is shown in Fig. 5A. Much like the spontaneous contraction amplitudes
(Fig. 3E), no significant differences in contraction amplitude over time
were detected in size 1 EHTs electrically paced at 1 Hz (Fig. 5B I). A
decrease in contraction amplitude was found in size 2 EHTs from day 6
to day 14 (Fig. 5B II). Lastly, contraction amplitude increased from day 4
to day 6 and decreased from day 6 to day 14 in size 3 EHTs (Fig. 5B III).
These findings suggest that electrical pacing at physiologically relevant
frequencies, such as 1 Hz, shows similar fluctuations in contraction
amplitude over time as seen in spontaneously contracting EHTs with a
lower contraction rate. It should be noted that, subjected to 1 Hz pacing,
the highest contraction amplitude in size 2 EHTs was reached on day 6,
and for size 3 EHTs, it was between day 6 and 8 (Fig. 5B). This was again
similar to that in spontaneously contracting EHTs and also with elec-
trical pacing at other physiological frequencies (Fig. 3F and S5A).
Furthermore, contraction duration was stable over time for all three
EHTs sizes with 1 Hz pacing (Fig. 5C) and other physiologically relevant
pacing frequencies (Fig. S5B). Representative qualitative analysis of
EHTs that were paced at 0.8, 1.2 and 1.4 Hz support these findings
(Fig. S5C).

3.5. Force is relative to EHT size on day 6 and 8, while normalized force
per cardiomyocyte is constant

In addition to the contraction amplitude, the forces generated by
EHTs of the three different sizes were measured based on pillar
displacement. Contractile forces of spontaneously contracting EHTSs
were similar for all three sizes on days 4, 10 and 14 although for size 3
the mean force was never below that of size 1. On days 6, 8 and 12, this
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Fig. 2. EHTs downscaling can be achieved by decresing cell number and culture volume.

(A) Phase contrast images of EHTs size I) 1, II) 2 and III) 3 self-assembly: 1 and 2 h, 3, 6 and 14 days after seeding the cell-ECM mixture on the 1, 2 and 3 pL EHT
platforms. Scale bar: 200 pm. (B) Dimensions of the three EHT sizes in micrometer (um). (C) Representative immunofluorescent images of EHTs stained for Cardiac
Troponin T (cTNT) (green), CD31 (red), nuclei with Dapi (blue) and a merged image. Scale bar: 100 pm. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

was statistically significant with lower forces for smaller EHTs and
higher forces for the larger EHTSs, respectively (Fig. 6A). The contractile
force did not change over time for size 1 EHTs but did decrease after day
6 for size 2 and 3 EHTs (Fig. S6).

Contractile forces of EHTs subjected to electrical pacing were then
analysed. Specifically, we investigated whether there were differences in
forces between the different EHT sizes when they were contracting at the
same frequency. As with the spontaneously contracting EHTs, the mean
force of the large EHTSs was always above that of the smaller EHTs and in
some cases this difference was significant, but we sometimes noted large
fluctuations in values within one EHT size or between sizes. This was
particularly evident on day 8 (Fig. 6B) at all pacing stimulations be-
tween 0.6 and 2.4 Hz and on day 6, with significant differences in
contraction force between sizes 1 and 3 in a pacing range of 0.6 and 2.8
Hz. In addition, the highest active force of ~300 pN was reached on day
6 and 8 in size 3 EHTs. On days 4 (early) and 14 (late), contractile forces
in general did not differ between EHT sizes at pacing rates between 0.6
and 3 Hz. The contractile force of size 1 EHTs was below the detection
limit on day 14.

Fluctuations in force observed within one EHT, evidenced as larger
statistical spread in some data points, might be due to the differences in
z-direction position of the tissues on the pillars which we are presently
unable to control.

The effective stiffness of the micropillars remained constant in all
three miniaturized EHT platforms, due to anisometric scaling of the
platform as described earlier i.e. the diameter of the wells was decreased
and the width/thickness of the pillars proportionally reduced [16]. The
contractile force normalized for the number of cardiomyocytes per EHT
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is shown in Fig. 6C. Interestingly, we found that on day 6, 8 and 14, there
were no differences in contractile force between the EHT sizes when
normalized for the number of cardiomyocytes per EHT (Fig. 6C) and on
day 10 and 12, differences were only sporadic, and again possibly due to
z-direction position. We did note that cells in size 1 EHTs delivered
significantly more energy in the form of contractile force on day 4, when
paced between 0.6 and 1 Hz, at 1.8 Hz and 2.4 Hz, compared to size 2
and 3 EHTs (Fig. 6C). In addition, on day 10 and 12, there was inci-
dentally a significant increase in contractile force per cell in size 1 EHTSs
when paced at higher frequencies. On day 14, the normalized contractile
force of size 1 EHTs was below the detection limit.

4. Discussion

3D cardiac tissues in vitro exhibit many features of native human
myocardium, albeit at early postnatal- or juvenile stages of develop-
ment. We have previously addressed this issue in depth by creating
cardiac microtissues from hiPSC that contain hiPSC-CMs (70%), hiPSC-
CFs (15%) and hiPSC-ECs (15%) [2]. All three cell types contributed to
maturation in different ways: firstly, hiPSC-ECs produce Endothelin-1,
which binds to its receptor on hiPSC-CMs and via the adenylate
cyclase pathway, increases intracellular cAMP; secondly, NO is pro-
duced by hiPSC-ECs, which activates cGMP in cardiac fibroblasts. Since
cardiac fibroblasts form gap junctions with hiPSC-CMs, ¢cGMP can
transfer into the hiPSC-CMs and also contribute to increasing intracel-
lular cAMP. Thus, the three cell types contribute in different ways to
inducing features of hiPSC-CM maturation in these 3D microtissues,
such as higher action potentials, lower resting membrane potentials,
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Fig. 3. Improved cell viability and spontaneous contraction in EHTs between day 4 and day 14.

(A) Representative image of nuclear stained cells: live (blue) and dead (green) during live imaging. (B) Percentage live cells on day 4 and day 14 in EHTs size 1, 2 and
3. EHT size 2: N > 3; EHTs size 1 and 3: N = 2-3; *p < 0.05; **p < 0.01; ***p < 0.001. Data is shown as mean + SEM. N indicates EHTs from 2 to 4 independent
batches per group and 6-12 technical repeats. Unpaired t-test is shown. (C) Representative qualitative analysis of spontaneous contraction of EHTs size 1, 2, and 3 on
day 6. (D) Spontaneous contraction frequency (Hz) of EHTs size 1, 2 and 3 between day 4 and 14. Percentage of spontaneous contracting EHTs is shown above the x-
axis. (E) Spontaneous contraction amplitude of EHTs size 1, 2 and 3 between day 4 and 14. (F) Spontaneous contraction duration of EHTs size 1, 2 and 3 between day
4 and 14. Data of C-F: N = 4; *p < 0.05; **p < 0.01; ***p < 0.001. Data is shown as mean + SEM. N indicates EHTs from 4 independent batches per group. One-way
Anova with Tukey post hoc test is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

greater sarcomere organization and the presence of t-tubules, essential
for proper calcium handling postnatally. EHTs have also been reported
to show improved maturation and, probably as a result, greater reli-
ability in drug testing [8,9]. This prompted us previously to generate
EHTs consisting of hiPSC-CMs (80%) and hiPSC-CFs (20%) but without
hiPSC-ECs [16]. In the study presented here, we used 70% CMs, 15% CFs
and included 15% ECs to recapitulate microtissue conditions [20,21].
The overall goal was to develop a miniaturized EHTs platform that
still can function as a useful model. Three different sizes of EHTs were
tested, where size 1 is the smallest feasible EHTs size to pipette. The cell
numbers were reduced pro rata between the different sizes. One idea
behind downscaling is that nutrient and oxygen penetration to all cells
in the EHT may improve, avoiding effects on contractility and force.
Nutrients and oxygen penetrate the compact muscle strands in the EHTs
by diffusion only by 100-200 pm [22,23]. To retain full cell viability in
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larger EHT, diffusion distance is rate limiting. Larger EHTs would
therefore ideally have vasculature incorporated. Several strategies have
already been described for this: (i) adding vascular cells to the cardiac
tissue allowing perfusion via endothelialized channels and (ii) an arti-
ficial vessel was constructed between the pillars allowing perfusion of
the EHTs for up to 3 weeks [24-26].

Instead of using vascular cells or perfusion, miniaturizing EHTs was
sufficient to retain cell viability. The EHTs generated were between 192
pm and 139 pm in thickness. Size 3 was thus close to the maximum
diffusion thickness of 200 pm; however, all 3 sizes are between 100 and
200 pm indicating that all are within the maximum limit for diffusion. In
addition, contractility parameters decreased with decreasing EHT size,
indicating that difference are mainly due to the decrease in total cell
number pro rata since any decrease in tissue thickness would actually
enhance nutrient and oxygen availability by diffusion.
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the x-axis. (B) Contraction amplitude of spontaneous contracting EHTs and when electrically paced between 0.6 and 3 Hz of EHT size 1, 2 and 3 on day 4, 6, 8, 10, 12

and 14. N = 4; *p < 0.05; **p < 0.01;
Tukey post hoc test is shown.

To compare the functionality of the three downscaled EHT platforms
with microwell volumes of 3, 2 and 1 pL, a total of 4.7 x 104 3.1 x 10*
and 1.6 x 10* cells per EHT, respectively. All cells were derived iso-
genically from the same hiPSC-derived cardiac mesoderm, paving the
way for replacing one or more of the cardiac cell types with mutant
variants for disease modelling. As mentioned earlier, Chen and col-
leagues generated a miniaturized EHT platform based entirely on
neonatal CMs. Here, however, hiPSC-CMs combined with cardiac stro-
mal cells were used for similar reasons but with the additional oppor-
tunities in the future for cardiac disease modelling as they can capture
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***p < 0.001. Data is shown as mean + SEM. N indicates EHTs from 4 independent batches per group. One-way Anova with

disease phenotypes and defective cellular signaling [14,15,27]. Even
though less mature than neonatal heart cells, hiPSC-CMs offer advan-
tages of unlimited supply and human genetic background [28].

Cells were thawed from frozen stock and mixed with ECM consisting
of Collagen 1 and Matrigel, as described previously for standard EHTs
[7]. This mimics to some extent connective tissue in the heart. The cells
self-aggregated around the two elastomeric micropillars and were able
to create a well-defined and beating network of cardiomyocytes in all
three miniaturized EHTs, as in previous studies using larger EHTs [5,7,
12]. Anchoring of the EHTs on the micropillars mimics the afterload in
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Tukey post hoc test is shown.

the native heart and promotes unidirectional contraction, which typi-
cally started within 72 h. Biomechanical load is known to enhance tissue
maturation and construction of physiologically relevant models [29,30].
Consistent with our previous findings, we observed homogeneous cell
distribution throughout the EHTs [16].

The viability of cells in the downscaled EHTs was demonstrated by
staining for live and dead cells within the tissues. During imaging,
contraction was stopped using para-nitroblebbistatin, a non-phototoxic
and photostable myosin inhibitor, as an alternative to blebbistatin
[31]. The relative cell viability was assessed on day 4 and 14 and showed
a significant increase in the EHTs over time. This contrasts with an
earlier study which showed declining cell viability after 7 days of EHT
culture [15]. Additionally, the absolute cell number of live cells
increased, while the number of dead cells remained unchanged, indi-
cating cell proliferation within the tissues (Figs. S2C and D). This might
be the proliferation of hiPSC-FBs, since we would not expect prolifera-
tion of hiPSC-CMs in light of our previous study on tri-cell type cardiac
microtissues [20]. In addition, no necrotic clusters were observed in the
EHTs; it is likely that nutrients and oxygen supplied by the medium can
adequately reach all parts of the tissue.

Spontaneous beating of EHTs was detected from day 4 to day 14. The
decline in contraction amplitude observed after day 10 was not attrib-
utable to cell death, as the cell viability remained constant. Further-
more, the results showed the appearance of more quiescent EHTs over
time indicating decreased functionality. Therefore day 14 might be the
maximum time that the miniaturized EHTs can actually be used in as-
says. Nevertheless, these results are comparable with other studies,
where only 30% of the tissues contracted spontaneously or contraction
rate decreased over time, in some cases to quiescence by day 10 [32,33].
In addition, the contraction duration of the spontaneous tissue we
observed was between 500 and 1500 ms, which is comparable to other
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EHT studies [10,11]. Notably, the EHTs remained responsive to external
electrical stimulation, although contraction amplitude did decrease.
Reduced functionality was first evident after 10 days so this might
represent the true time limit for any assays using the model.

We successfully electrically stimulated EHTs of all sizes within a
physiologically relevant range. Electrical pacing was performed during
the measurements on day 4, 6, 8, 10, 12 and 14, one well at a time and
for less than 1 min at each frequency. The methodology was limited by
the need to manually reposition the electrodes for each technical repeat.
Incorporating electrodes into the EHT platform would facilitate auto-
mation and enable more reproducible and long-term stimulation of the
tissues. We demonstrated that electrical pacing between 0.6 and 2 Hz
was followed by more than 85% of the EHTs. The capture rate decreased
rapidly to below 50% for pacing stimulation higher than 2.6 Hz. The
maximum capture rate between 2 and 3 Hz was similar in all three
downscaled EHTs and as shown by others although, some studies re-
ported higher capture rates when continuous electrical pacing was used
to “train” the EHTs [4,10,34,35]. The highest mean contraction ampli-
tude was reached on day 6 when pacing at a physiologically relevant
frequency of 1 Hz. However, fluctuations in contractility were observed
within the first few days of pacing. This might be due to the pillar design:
the pillars are straight and therefore the EHTs tend to “crawl” upwards
to the top of the pillars. In some experiments, the EHTs even “jumped
off” the pillars completely. This difference in z-direction position results
in differences in mechanical load that affects the force generated.
Overall, the optimal timeframe for conducting assays based on
contraction amplitude was indicated as being between day 6 and 8 for
EHTs of size 2 and 3, as they exhibited the widest range of contraction.

EHTs are particularly suited to measuring changes in contraction
force, as the deflection and stiffness of the micropillars can be used to
calculate the applied force. While moderate afterload is known to
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Fig. 6. Contractile force and normalized contractile force per cell in downscaled EHTs.

(A) Spontaneous contraction force of EHTs size 1, 2 and 3 between day 4 and 14. (B) Contraction force of spontaneous contracting and electrically paced EHTSs
between 0.6 and 3 Hz of EHTs size 1, 2 and 3 on day 4, 6, 8, 10, 12 and 14. (C) Contraction force normalized for total cell number per EHT of spontaneous contracting
EHTs and when electrically paced between 0.6 and 3 Hz of EHTs size 1, 2 and 3 on day 4, 6, 8, 10, 12 and 14. N = 4; *p < 0.05; **p < 0.01; ***p < 0.001. Data is
shown as mean + SEM. N indicates EHTs from 4 independent batches per group. One-way Anova with Tukey post hoc test is shown.

promote cardiomyocyte maturation, excessive increases may be detri-
mental and lead to pathological changes [36]. The most significant
disparities in contractile force (recorded for spontaneous beating and
electric pacing, respectively) were observed on day 8, with force
demonstrating a positive correlation with tissue size. This followed ex-
pectations, since the number of contractile cells is higher in the larger
EHTs. After day 8, contractile force gradually decreased in all EHTs and
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fell below the detection limit for size 1 EHTs by day 14. Others reported
that maximum active force of EHTs is typically between 150 and 500 pN,
which is comparable to force measured in our EHTs even though we
used significantly fewer cells per EHT [4,5,7,13,37].We recommend day
8 as the optimal time for conducting assays related to contraction force
in our platform. Furthermore, on day 8, assessments can be made for
both spontaneous contraction and electrical pacing frequencies ranging
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Fig. 6. (continued).

from 0.6 to 2.4 Hz. One limitation of this short optimal time window is
that our model would then be most suitable only for acute drug re-
sponses. For example, inotropic or toxic drugs, that often have an acute
response.

Upon normalization for cell number, we observed a higher contrac-
tile force in size 1 EHTs compared to size 2 and 3 at specific pacing
frequencies on day 4. In line with previous reports, the difference in
contractile force is likely attributable to a higher load per cell in size 1
EHTs compared to larger EHTs with more cells [36,38]. Although dif-
ferences in contraction kinetics were observed between the different
sizes of EHTs on day 6 and day 8, the normalized force of contraction
remained similar on these days, confirming day 8 as the optimal time for
conducting assays.

The reliability of these data is impacted by the possible variation in
position of EHTs on the micropillars. Ideally, the position should be
defined and identical across all samples. Here, we measured the starting
position of the EHT on the z-axis of the micropillars was in the middle
but during contraction the EHTs tended to move up the micropillars and
eventually “jump” off, which resulted in variability over time and loss of
datapoints. Success rates in different experiments were between 0% (i.e.
all EHTs moved off the pillars) and 90% (i.e. very few were lost) and the
highest average success rate was found for size 2 EHTs. In ongoing
research, we are developing an EHT platform which allows precise
positioning of EHTs on the z-axis by “waisting” at the mid-point [39].

The spontaneous beating of the EHTs here was comparable to our
previous 3D microtissue model also based on 3 cell-types [20]. In these
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microtissues, the relatively low beat rate was paralleled by increased
cardiomyocyte maturation markers. Since we did not measure the
maturation markers as such in our EHTs, we cannot attribute reduced
spontaneous beating to increased maturation. However, since we were
able to stimulate the EHTs to more physiologically relevant beating
frequencies, we demonstrate fully functional tissues. We do note, how-
ever, that some studies using only hiPSC-CM to form EHTs show more
physiologically relevant spontaneous beating rates [4,5,13].

In sum, previous studies reported EHTs typically requiring 0.5-2
million cells [3,7,10,11]. Our study is distinct in using just 16,000 cells
in the smallest format and all cells are derived from hiPSC. A limitation
of size 1 EHTs is that manual seeding of the platform is more difficult
compared to the larger EHTs, and can result in damage of the microwell
or pillars. For manual seeding, our preference is for size 2 or 3 EHTs. In
addition, the latter exhibited a larger range of contractile parameters
compared to size 1 EHTs. For example, a higher contraction amplitude
range might be required to detect minor changes in inotropy in response
to drugs or disease. Robotics could in the future make production for the
preferred size at scale feasible. In addition, future experiments are
needed to test contraction kinetics after day 14 to validate downscaled
EHTs for the use of chronic drug testing. As is, our downscaled EHT
model provides a physiologically relevant and cost-effective alternative
to conventional EHTs.
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