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Abstract

Cardiomyocytes from human pluripotent stem cells (hPSC-CM) have many potential ap-
plications in disease modelling and drug target discovery but their phenotypic similari-
ty to early fetal stages of cardiac development limits their applicability. In this study we
compared contraction stresses of hPSC-CM to 2nd trimester human fetal derived cardio-
myocytes (hFetal-CM) by imaging displacement of fluorescent beads by single contracting
hPSC-CM, aligned by microcontact-printing on polyacrylamide gels. hPSC-CM showed
distinctly lower contraction stress than cardiomyocytes isolated from hFetal-CM. To im-
prove maturation of hPSC-CM in vitro we made use of commercial media optimized for
cardiomyocyte maturation, which promoted significantly higher contraction stress in hP-
SC-compared with hFetal-CM. Accordingly, other features of cardiomyocyte maturation
were observed, most strikingly increased upstroke velocities and action potential ampli-
tudes, lower resting membrane potentials, improved sarcomeric organization and altera-
tions in cardiac-specific gene expression. Performing contraction force and electrophysi-
ology measurements on individual cardiomyocytes revealed strong correlations between
an increase in contraction force and a rise of the upstroke velocity and action potential
amplitude and with a decrease in the resting membrane potential.

We showed that under standard differentiation conditions hPSC-CM display lower contrac-
tile force than primary hFetal-CM and identified conditions under which a commercially
available culture medium could induce molecular, morphological and functional matura-
tion of hPSC-CM in vitro. These results are an important contribution for full implementa-
tion of hPSC-CM in cardiac disease modelling and drug discovery.
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Introduction

The efficiency of cardiomyocyte differentiation of human pluripotent stem cells (hPSC) has
greatly improved in recent years[1], with many reports describing more than 60% cardio-
myocytes in differentiated cultures. For most laboratories, generating hPSC-derived cardio-
myocytes (hPSC-CM) is no longer a major hurdle, providing opportunities for disease mod-
elling, drug toxicity screening and identifying drug sensitivities of certain genotypes[2,3].
However, hPSC-CM are immature compared with human adult cardiomyocytes and ex-
press typical fetal cardiac genes [4], have immature electrophysiological properties such
as low resting membrane potential and slow upstroke velocities[5], use glucose as major
energy source as opposed to the fatty acids used by adult cardiomyocytes[6], have under-
developed, (partially) disarrayed sarcomeres, heterogeneous shapes and are smaller in size
[7,8]. Several studies have reported that the contraction stress of hPSC-CM using hydro-
gel-based technologies in two (2D) and three dimensions (3D) varied from 0.22+0.70mN/
mm? to 11.8+4.5mN/mm? [9-12]. Furthermore, it has also been shown that contraction stress
is dependent on substrate stiffness [13], emphasizing the necessity of using similar sub-
strate stiffness for comparison of contraction stress values between different conditions.

Optimal implementation of hPSC-CM in human cardiac disease modelling and drug toxici-
ty screening, would benefit from greater maturation of hPSC-CM. Therefore, it is important
to understand which physiological parameters impact features of maturation. Candidate
parameters that have been examined to date include long-term culture to mimic develop-
mental gestation [14], substrate stiffness [15], cell patterning and alignment as occurs in the
normal heart [16,17], electrical and mechanical stimulation [18], mechanical loading [19],
interaction with other cell-types [20], and interference with signalling pathways thought to
be of importance in heart development The outcomes of these studies have been variable:
in assessing the effects of long-term culture, hPSC-CM were reported to withdraw from the
cell-cycle and show ultrastructural maturation in 35 days [21] and increased conduction ve-
locities in 2 months[22] but no improvements in contraction force were observed up to 2 or
3 months in culture [9,13] Following hPSC-CM for even longer, up to 4 months, both mor-
phological and functional maturation were reported for both human embryonic stem cell
(hESC) and human induced pluripotent stem cell (hiPS)-derived cardiomyocytes [14]. In
assessing the role of substrate stiffness, neonatal rat ventricular myocytes (NRVM) cultured
on a glass substrate (Young’s Modulus =50 GPa), which is six orders of magnitude stiffer
than heart tissue [23], showed decreased length to width ratios and increased stress fibre
content compared to NRVM on substrates with Young’s Modulus of 10kPa [15,23]. Both
stiffness and cell shape have regulatory roles in cytoskeletal architecture and extra cellular
matrix (ECM) coupling [24]. In turn, the cytoskeletal architecture is known to regulate gene
expression [25], impulse propagation [26], excitability [27] and contraction [16,28], demon-
strating the regulatory role of cell shape on cardiac function. In vivo, adult ventricular cardi-
omyocytes are elongated and aligned along one axis with length/width ratios of 7:1 [17,24].
Accordingly, restraining cell shape to a more elongated phenotype reminiscent of that of
adult cardiomyocytes improves cardiomyocyte structure and function [16,29]. Thyroid hor-
mones also have an important influence on cardiac structure, electrophysiological functions
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and cardiac contractility in development in vivo[30], by directly regulating key structural
and regulatory genes such as a-MHC and 3-MHC, SERCA2, PLN, and various ion channels
[31]. Moreover, triiodothyronine (T3) has been described as promoting electrophysiological
and calcium handling maturation in mouse embryonic stem cell derived cardiomyocytes
[32] and contraction maturation hiPS-CM [33].

Alterations in cardiomyocyte transcriptional, biochemical and functional cues, manifested
by changes in electrophysiology, calcium handling, bioenergetics and contraction force, are
inherent to progression from fetal to an adult state [8]. Consequently, in vitro cardiomyo-
cyte maturation state can be assessed by analyses of these features. Nevertheless, the rela-
tionship and interdependence of these different parameters are poorly understood. Here,
we found that hPSC-CM generate lower contraction stress than second trimester (16 week)
human fetal cardiomyocytes (hFetal-CM) at the same substrate stiffness. Furthermore, by
making use of different maturation media we were able to demonstrate that hPSC-CM dis-
played improved sarcomeric structure organization, stronger contraction stress, improved
electrophysiological parameters and changes in gene expression compatible with a more
developmentally advanced stage. Additionally, we assessed the relation between electro-
physiology and contraction force during cardiomyocyte maturation by analysing these pa-
rameters on the same cardiomyocyte.

Materials and Methods

hESC and hiPS cell maintenance and differentiation to cardiomyocytes

Both hESC and hiPS lines were cultured on irradiated mouse embryonic fibroblasts (MEFs).
Differentiation to cardiomyocytes was as described previously [34]. Briefly, spin embry-
oid bodies (spinEB) were formed by centrifugation of cells into aggregates in a 96-well
format (Greiner) with BSA polyvinylalcohol essential lipids medium (BPEL) [35] together
with 35ng/ml bone morphogenetic protein 4 (BMP4) (R&D), 30ng/ml Activin A (Miltenyi),
30ng/ml vascular endothelial cell growth factor (VEGF) (Miltenyi), 40ng/ml stem cell factor
(SCF) (Miltenyi), 1.5uM CHIR99021 (Axon Medchem). The medium was refreshed on day 3
(Supplementary Figure 1). SpinEBs started beating between day 7 and 10 of differentiation.

Culturing and plating of hPSC derived cardiomyocytes

Two commercially available media, Cardiomyocyte medium (CA) and Maturation medi-
um (MM) (available as Pluricyte Medium from Pluriomics BV), were used in a stepwise
manner to mature hPSC-CM in vitro. CA and MM (containing T3 hormone) are serum-free,
defined, nutrient-rich media that were pre-optimized for viability in culture and morpho-
logical maturation of hPSC-CMs. Differentiated cardiomyocytes were dissociated at day 10
with 1x TryplE select (Gibco) for 10 min and plated as single cells in BPEL on 0.1% gelatin
(Sigma)-coated 6-well plates in order to change from a spinEB to a monolayer culture for-
mat. This step is crucial for proper cell attachment to the gelatin lines later on. On day 13,
the medium was changed to BPEL or CA (Supplementary Figure 1). On day 20, one well
of each condition was dissociated as described above and seeded on the polyacrylamide gel
patterned with 1% gelatin lines, in the respective medium. The medium was refreshed the
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next day and contraction and electrophysiological characteristics measured three days after
plating. In the remaining culture wells the medium was changed to BPEL, CA and MM on
day 20 as described in Supplementary Figure 1. The cells were cultured in the respective
media for ten more days. As before, on day 30 the cells were dissociated with 10x Tryple
select (Gibco) and seeded on the polyacrylamide gel patterned with 1% gelatin lines, in the
respective medium. The cells were refreshed next day and contraction and electrophysio-
logical characteristics measured three days after plating.

Human Fetal cardiomyocyte isolation and culture

Human fetal hearts were collected after elective abortion following individual informed
consent, after approval by the Medical Ethical Committee of Leiden University Medical
Center. The investigation conforms to the principles outlined in the Declaration of Helsin-
ki. The fetal heart was examined for any apparent anomalies before single cell isolation.
The hearts were cut into small pieces and subsequently dissociated in collagenase A (Ro-
che) Calcium-free Tyrode’s buffer. To minimize the amount of fibroblasts, the cells were
pre-plated on a 10cm dish for 45 min. The remaining cells were plated directly on the poly-
acrylamide gel patterned with 1% gelatin lines and kept at 37°C, 5%CO2. The medium was
refreshed next day and measurements were made three days after plating.

Patterned Polyacrylamide gel fabrication

Patterned polyacrylamide gels were prepared as previously described [36]. Briefly, a poly-
dimethylsiloxane (PDMS) stamp was incubated with 1% gelatin (Sigma) for 1h. The stamp
was used to pcontact-print a pattern of 20um wide gelatin lines with 20um spacing onto
15mm coverslips. The polyacrylamide solution was prepared with a final concentration of
0.1% bis-acrylamide (Bio-Rad), 5% acrylamide (Bio-Rad) and 10mM HEPES pH 8.5 in dis-
tilled water, followed by centrifugation for 1 min at 10.000RPM for degassing. 0.006% (m/v)
of ammonium persulphate (Sigma-Aldrich) and a 1:1000 dilution of 0.2-um fluorescent
beads (Ex/Em: 660/680nm - Molecular Probes) were added to the solution and briefly Vor-
texed. The gel polymerization was initiated with TEMED (Bio-Rad) and 9.2ul of the final
solution was added to a 25mm coverslip treated with plus Bind-Silane solution (GE Health-
care). The pcontact-printed 15mm coverslip was placed on top of the drop with the gelatin
lines facing the gel. After 20 min of polymerization, the 15mm coverslip was removed and a
25mm coverslip was mounted onto a well of a glass bottomed 6-well plate (Mattek), replac-
ing the initial glass. The polymerized gel has a Young’s modulus of 5.8 kPa [37].

Contraction force measurements

The contraction force measurements were performed as previously described [13]. Brief-
ly, using a Leica AF-6000LX microscope with controlled temperature and CO2, 40x image
series of brightfield and fluorescent beads were taken at 5 frames per second of aligned
single self-pacing cardiomyocytes. Single frames from maximal relaxation and contraction
of the brightfield and fluorescent image series were analyzed by the LIBTRC software pack-
age (kindly provided by Dr. Micah Dembo), creating a mask of the cell outline from the
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brightfield image and a vector map from the difference between the relaxed and contracted
fluorescent images. The vector map and the cell mask were used to calculate the total force
that the cell applies on the substrate at its maximum peak of contraction. The contraction
stress generated by the cardiomyocyte was calculated by dividing the total force by the cell
surface area.

Electrophysiology

After contraction force measurements, the position of each cell was noted by its quadrant
localization and by 10x and 40x brightfield images. Subsequently, the coverslips were trans-
ferred to the patch clamp electrophysiology set up. Measurements were performed with
the amphothericin-perforated patch-clamp technique using the Axopatch 200B patch clamp
amplifier (Molecular Devices Axon Instruments, U.S.A.) at 5 kHz in the fast current clamp
mode.

Gene expression analysis

Cardiomyocytes derived from the HES3-NKX2-5-eGFP line [34] were cultured in the differ-
ent test media (Supplementary figure 1) and purified by sorting on day 20 and 30 of differ-
entiation. RNA from day 20 and 30 cells was isolated using the RNeasy-MicroKit (Qiagen)
and Nucleo Spin RNA XS (Macherey-Nagel), respectively, and reverse transcribed to cDNA
using the Iscript cONA (BioRad). Gene expression analysis was performed by q-PCR using
IQ SYBR Green (BioRad). The samples were normalized to the house keeping gene human
Acidic Ribosomal Protein (RPLP).

Immunocytochemistry and sarcomere structure evaluation

After contraction measurements, the cells were fixed on the lines with 4% paraformalde-
hyde. For identification of sarcomeres and cell boundaries the samples were incubated
with the primary antibodies mouse anti a-actinin (Sigma-Aldrich A7811) and rabbit anti
pan-cadherin (Sigma-Aldrich C3678) followed by the secondary antibodies donkey anti
mouse IgG Cy3 (Jackson ImmunoResearch Europe 715-165-150) and donkey anti rabbit
IgG A488 (Santa Cruz Biotechnology sc-15368). The sarcomeric structure of individual car-
diomyocytes was determined by grading the organization of a-actinin into four different
classes of individual aligned cells at 40x using the AF-6000 Leica microscope [38]. Sarcom-
ere profiles were constructed with the function Plot Profile of Image]. Software developed
in house (LabVIEW, National Instruments Corporation, Austin, U.S.A.) was used to analyze
the average spacing distance by the method of power spectral analysis applied to the profile
data from Image]J (um/pixel).

Statistical analysis

Differences between the different groups were assessed by Student’s t-test for compari-
son of two groups or one-way ANOVA followed by Bonferroni post-test for comparison
of three or more groups. The differences in cell structure classification were assessed using
Chi2 test. Significance was attributed to comparisons with values of P <0.05%; P <0.01**; P
<0.001***. All error bars represent SEM.

50



Results

Contraction stresses of hRESC-CM and hiPS-CM are comparable

hESC-CM and hiPS-CM (hPSC-CM) were routinely differentiated and maintained in BPEL
medium then dissociated on day 10 and plated on 0.1% gelatin (Supplementary Figure 1).
To analyze cardiomyocyte function in physiologically relevant substrate dimensions and
stiffness specifically, hPSC-CM were dissociated on differentiation day 20 and seeded on
20pm wide 1% gelatin lines that were pcontact-printed on polyacrylamide gel (Figure 1A).
Three days after seeding, measurements of contraction force by spontaneously beating car-
diomyocytes were performed by imaging displacement of fluorescent beads embedded in
the gels (Figure 1B). From the contraction cycle, frames corresponding to maximal contrac-
tion and relaxation of single cardiomyocytes were compared and analyzed using LIBTRC
traction force microscopy software, creating a vector heat-map with the total force pro-
duced by each cell at the peak of contraction (Figure 1C). To compensate for variation in
contraction force (nN) induced by differences in cell size, total force was normalized to cell
surface area (um?) and designated as contraction stress (mN/mm?). First, we determined
contraction stresses of hESC-CM and hiPS-CM under standard differentiation culture con-
ditions (BPEL) on day 23. The contraction stress generated by hESC-CM and hiPS-CM were
comparable (0.29+0.01 mN/mm? and 0.26+0.01 mN/mm?, respectively; P=0.17) (Figure 2A).
In accordance, cardiomyocyte morphology and sarcomeric organization were similar on
micropatterned lines, demonstrated by expression and localization of sarcomeric protein
a-actinin (Figure 2B). In accordance with contraction stress, hESC-CM and hiPS-CM have
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Figure 1- Schematic overview of measuring traction stress. A. A bottomless 6-well plate with the
25mm coverslips carrying the polyacrylamide gel with patterned gelatin (darker gray lines) and
red quadrant grid. B. Merge of the bright field image of a single cardiomyocyte with the fluo-
rescent image of the fluorescent beads embedded in the gel, representing the image acquisition
during measurements. Scale bar 10um. C. Heat map generated by the LIBTRC software repre-
sentative of the traction stress applied by the cell on the substrate (1Pa=10-3mN/mm?2).
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similar cell surface area (hESC-CM 1050 + 55.01um2 versus hiPS-CM 1244 + 49.92 um?2
P=0.055) (supplementary Figure 3)

hPSC-CMs generate less contraction stress than hFetal-CM

Since previous studies have reported that hPSC-CM resemble hFetal-CM based on gene
expression [4], electrophysiology [5] and morphology [39] we assessed the degree of con-
traction maturity in relation to fetal developmental stage by comparing hPSC-CM to car-
diomyocytes from second trimester human embryos. As reported previously, contraction
stress generated by a single cardiomyocyte is intrinsically dependent on the stiffness of the
substrate [13]. Therefore contraction stresses of all cardiomyocytes were determined on the
same substrate. hFetal-CM isolated from hearts of 14 (N=1), 17 (N=2) and 19 (N=1) weeks
of gestation fetuses were seeded onto 1% gelatin lines microcontact-printed on polyacryla-
mide gels and cultured for three days before contraction force measurements. Cardiomy-
ocyte populations from all four human fetal hearts generated similar contraction stresses
(14 weeks 0.42+0.04 mN/mm?; 17 weeks 0.42+0.03 mN/mm?; 19 weeks 0.39+0.02 mN/mm?
P=0.78) (Figure 2A), indicating unchanged contraction stress levels of cardiomyocytes over
this gestational period. However, in hESC-CM and hiPS-CM, contraction stresses were sig-
nificantly lower than hFetal-CM (Figure 2A and 4B). Correspondingly, a-actinin staining
demonstrated greater sarcomeric organization (Figure 2B) in hFetal-CM than in hPSC-CMs.
The cell surface areas of hFetal-CM were similar (1216 + 44.60um?) to the hPSC-CM popula-
tion (P=0.055) (Supplementary Figure 3).

Contraction Stress (mNImmz)

hiPS-CM hFetal-CM

Figure 2- Comparison of contraction stresses between hPSC-CM and 2nd trimester hFetal-CM. A.
Mean contraction stress generated by hESC-CM (n=45), hiPS-CM (n=45) and 14 week hFetal-CM
(1 heart; n=16), 17 week hFetal-CM (average of 2 hearts; n=50) and 19 week hFetal-CM (1 heart;
n=50). ns = non-significant; *P<0.05; **P<0.01; ***P<0.001. B. Representative images of a-actinin
staining of hESC-CM, hiPS-CM and hFetal-CM. Scale bar 10 um.
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Improvement of hPSC-CM function in vitro

In order to improve contractile force in hPSC-CM, we introduced a step-wise change in
culture conditions of the cardiomyocytes. We first changed the culture format from ag-
gregates to monolayer on day 10. Three days after plating, the medium was changed to
CA. After incubation of hESC-CM and hiPS-CM in CA for ten days (from day 13 to 23
- Supplementary Figure 1) contraction stress increased by 51% and 66%, respectively,
compared to cardiomyocytes maintained in standard differentiation medium BPEL (hESC-
CM in CA 0.43+0.03mN/mm? P<0.0001 and hiPS-CM in CA 0.43+0.02mN/mm? P<0.0001)
(Figure 3A). Interestingly, the contraction stress generated by hPSC-CM maintained in CA
reached similar levels to that in second trimester hFetal-CM (P= 0.6417) (Figure 3A), indi-
cating progressive contractile maturation. Furthermore, the hPSC-CM population almost
doubled in surface area in CA (hESC-CM in CA 2067+169.2um? P<0.0001 and hiPS-CM in
CA 1866+98.85um? P<0.0001) (Supplementary Figure 3). Since contraction stresses of both
hESC-CM and hiPS-CM populations in CA were similar, further functional analyses were
performed on hESC-CM only. Since we used the hESC-NKX2-5-eGFP cardiac reporter line
[34] we could sort single cardiomyocytes based on GFP expression.
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Figure 3- Functional improvement of hPSC-CM in vitro. A. Mean contraction stress at day 23 gener-
ated by hESC-CM in BPEL (n=45) and CA (n=41) and hiPS-CM in BPEL (n=45) and CA (n=43) and in
hFetal-CM combined (mean of 4 hearts between week 14 and 19; n=116). B. Representative examples of
spontaneous AP of hESC-CM in the two different media. C. Electrophysiological comparison between
hESC-CM in BPEL (n=18) and in CA (n=24), with APA, APD50 and APD90, RMP, Vmax, and beating
frequency. D. Percentage of stable hESC-CM in CA when compared to BPEL. ns = non-significant;
*P<0.01; ***P<0.001.
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In addition to contraction stress, electrophysiological analysis is an important functional
readout for assessing maturity of cardiomyocytes [5]. Electrophysiological measurements
were performed by patch-clamp on single hESC-CM previously maintained in control
(BPEL) or in CA media. In order to compare changes in electrophysiological parameters
with changes in contraction force, both assays were performed on the same cell. Contrac-
tion force was first determined in 15 to 20 cardiomyocytes per coverslip in control (BPEL)
and CA, followed by electrophysiological measurements in Tyrode’s solution. Action po-
tential duration (APD) was significantly prolonged at 50% (APD50) and 90% (APD90) re-
polarization in CA, in both spontaneously beating and paced cardiomyocytes at all tested
frequencies (1, 2, 3 Hz). Furthermore action potential amplitude (APA) was increased in
spontaneously beating and 2Hz-paced cardiomyocytes, indicating more mature action po-
tential (AP) shapes (Figure 3B and 3C; Supplementary Table 1). Nevertheless, no differ-
ences on the upstroke velocity (Vmax) or resting membrane potential (RMP), important
parameters reflecting cardiomyocyte maturity, were observed (Figure 3C; Supplementary
Table 1). Besides the differences in contraction stress and electrophysiological measure-
ments of hESC-CM cultured in BPEL or CA, there was also a clear difference in the “stabil-
ity” of cardiomyocytes. Switching medium from that used for contraction force measure-
ments to Tyrode’s solution used for electrophysiology frequently resulted in a contractile
arrest without measurable action potentials during patch-clamp. From hESC-CM cultured
in BPEL only 25% (21 of 84) had measurable APs, while from the same population cultured
in CA 65.9% (29 of 44) of the hESC-CM had measurable APs (Figure 3D), suggesting in-
creased single cell stability in vitro.

To investigate a possible relationship between functional changes in contraction stress and
electrophysiology and changes in gene expression, RNA from GFP/Nkx2.5 sorted hESC-
CM cultured in BPEL and CA was isolated and quantified by q-PCR. Expression of car-
diac genes showed no differences between groups (Figure 4A). To determine the level of
morphological maturation, sarcomeric organization was analyzed. Sarcomeres in aligned
hPSC-CM were immunostained for a-actinin and the sarcomere pattern in each cell was
graded into four different classes [38]: Class I cells display a random or patterned dotted
staining; Class II cells display parallel bands in less than 70% of the cell; Class III display
parallel band patterned staining in more than 70% and less than 90% of the cell; Class IV
display high sarcomeric organization with parallel bands in more than 90% of the cell (Sup-
plementary figure 2). Both hESC-CM and hiPS-CM in CA displayed significant increases
in sarcomeric organization relative to BPEL with a shift from class I to II (Figure 4B and C).
Moreover, both cardiomyocyte populations displayed increased sarcomere length in CA
compared to BPEL (hESC-CM - BPEL 1.66+0.01um, CA 1.83+0.02um, P<0.0001 and hiPS-
CM - BPEL 1.68+0.02pum, CA 1.86+0.01um, P<0.0001) (Figure 4D). Additionally, and in ac-
cordance with contraction stress, both sarcomeric organization and sarcomere length in CA
were comparable to that of hFetal-CM (1.82+0.01um, P=0.3976) (Figure 4B, C and D).

Increase in hPSC-CM maturity in vitro

Next, we investigated whether a further increase in cardiomyocyte maturation could be
achieved by introducing another step of culture in a T3 thyroid hormone based matura-
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Figure 4- Characterization of gene expression and sarcomeric organization of hPSC-CM. A. Relative
gene expression of cardiac genes by for hESC-CM in CA at day 23 compared to expression levels of
these genes in hESC-CM in BPEL (dotted line). Expression levels were normalized to RPLP expression.
B. Classification of sarcomeric organization of hFetal-CM (n=76) and hESC-CM and hiPS-CM in BPEL
(n=77 and n=75, respectively) and CA (n=74 for both). C. Representative images of a-actinin staining
(red) and nuclei (blue) of hESC-CM, hiPS-CM in BPEL and in CA, and of hFetal-CM. Scale bar 10 um.
D. Median, maximum and minimum sarcomere lengths of hESC-CM and hiPS-CM in BPEL (n=53 and
n=58, respectively) and in CA (n=68 and n=65, respectively), and hFetal-CM (n=70). ns = non-signifi-
cant; *P<0.05; **P<0.01; ***P<0.001.

tion medium (MM) for 10 additional days (Supplementary Figure 1). Recent studies have
shown that T3 thyroid hormone has the potential to stimulate different characteristics of
cardiomyocyte maturation [33]. Both hESC-CMs and hiPS-CMs cultured in MM showed
an increase of 140% and 170% in contraction stress, respectively, compared to CMs cul-
tured in BPEL or a 43% and 41% increase compared to CMs in CA media on day 33 (hESC-
CM - BPEL 0.21+0.07mN/mm?, CA 0.36+0.02mN/mm? MM 0.52+0.04mN/mm? P<0.0001)
and (hiPS-CM - BPEL 0.18+0.02mN/mm? CA 0.36+0.02mN/mm?, MM 0.51+0.04mN/mm?
P<0.0001) (Figure 5A). Moreover, hPSC-CMs in MM displayed a higher contraction stress
than hFetal-CM population (hESC-CM vs hFetal-CM P=0.0018; hiPS-CM vs hFetal-CM
P=0.0084) (Figure 5A), indicating that hPSC-CM can be stimulated to mature further in their
contractile output in vitro, beyond the force level of 2nd trimester human fetal cardiomy-
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ocytes. Furthermore, culturing hESC-CM in MM did not increase their cell surface area in
comparison with hESC-CMs in CA (hESC-CM in CA 1378+71.95pum? and hESC-CM in MM
1483+90.38um2 P=0.36), while culturing hiPS-CM in MM increased their cell surface area
in comparison with hiPS-CM in CA (hiPS-CM in CA 1445+74.39um?2 and hiPS-CM in MM
2169+110.2um2 P<0.0001) (Supplementary Figure 4). We next examined the electrophysi-
ological maturation state of hESC-CMs in MM by patch-clamp recordings at day 33. The
Vmax was significantly increased in hESC-CM in MM in spontaneously beating cells and
cells paced at 2 and 3Hz, whereas hESC-CMs in MM had a lower RMP at all frequencies,
indicating electrophysiological maturation. In terms of AP shape, there was an increase
in APA at all tested frequencies, together with an increase in ADP50 and ADP90 (Figure
5B and 5C; Supplementary table 2). Furthermore, the number of stable cardiomyocytes
capable of generating measurable APs upon medium switch following contraction force
measurements increased in MM. Cardiomyocyte stability increased from 29.6% (21 of 71)
in BPEL to 60.5% (23 of 38) in CA and to 85.3% (29 of 34) in MM (Figure 5D).
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In order to shed light on possible molecular mechanisms underlying these functional
changes we analyzed gene expression on NKX2-5-eGFP sorted hESC-CM. In agreement
with functional maturation, a clear increase in expression of genes encoding sarcomeric
proteins such as ACTN2, MYBPC3, MYH6, MYH7, TNNI3 was observed whereas expres-
sion of TNNII1 and of genes encoding calcium handling proteins like SERCA2, RYR2 and
CACNAIC in MM cultured cells was unaltered (Figure 6A). Contractile maturation is
therefore accompanied by upregulation of genes that are important for cardiac contrac-
tility, suggesting a causal relationship. Similarly, electrophysiological maturation is likely
the result of increased expression of sodium and potassium channel encoding genes such
as SCN5A, KCNH2, KCND3, KCNJ12 and KCNQI1, with a decrease in HCN4 (Figure 6A).
Additionally, increased PGCla expression suggested improvements in bioenergetics, since
this gene has been previously shown to regulate mitochondrial biogenesis in these cells
[38].

Correspondingly, hPSC-CM in MM displayed improved sarcomeric organization compared
with cardiomyocytes in BPEL, although not significantly better than hPSC-CM maintained
in CA (Figure 6B and C). Moreover, hPSC-CM in MM showed increased sarcomere length
relative to hPSC-CM in BPEL and CA (hESC-CM - BPEL 1.44+0.05um, CA 1.64+0.02pm,
MM 1.85+0.02um P<0.0001) and (hiPS-CM - BPEL 1.60+0.02pum, CA 1.79+0.02um, MM
1.98+0.02pum P<0.0001) (Figure 6D). Of note, hiPS-CM in MM exhibited better sarcomeric
organization and larger sarcomere length than hFetal-CM, indicating a higher level of struc-
tural maturation (Figure 6B, C and D)

Cardiomyocyte maturation can be assessed from the direct relationship between contrac-
tion force and electrophysiological parameters

Increased contractile force and electrophysiological parameters are important independent
indicators of cardiomyocyte maturation. However, little is known about the relationship
between the two during cardiomyocyte maturation process. Using the micropatterned pol-
yacrylamide platform we were able to measure contraction force and carry out patch clamp
electrophysiology in the same cells. On day 23, contraction force increase was directly pro-
portional to the increase in APA, APD50 and APD90 (Figure 7A). However, contraction
force did not appear to be correlated with Vmax or RMP at this stage (Figure 7A). Interest-
ingly, at day 33 the increase of contraction force was strongly correlated with Vmax, RMP
and APA but not with APD50 and APD90 (Figure 7B), indicating that during cardiomyo-
cyte maturation, the different electrophysiological parameters are independently related to
contraction force.

Discussion

In this study we have shown that cardiomyocytes derived from both hESC and hiPS have
comparable contraction stress, but these are lower than those of second trimester hFe-
tal-CM. By adjusting cardiomyocyte culture conditions in a step-wise manner, we were able
to increase the contraction stress of single hPSC-CM to values higher than hFetal-CM, indi-
cating cardiomyocyte maturation. Corroborating these findings, we also observed changes
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in several electrophysiological parameters, sarcomeric organization and gene expression,
all of which indicated cardiomyocyte maturation in culture. Interestingly, we observed a
strong correlation between electrophysiological and contractile maturation measured in
single cells, suggesting involvement of a common pathway for phenotypic and functional

cardiomyocyte maturation.

Despite improvement in differentiation methods of hPSC-CM, their relative immaturity
limits their possible application in disease modelling, drug discovery, safety pharmacology
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and regenerative medicine. In order to overcome this hurdle, it is crucial to compare the
phenotype and function of hPSC-CM with that of cardiomyocytes from the human heart.
Previously, we have shown that hESC-CM and 16 week hFetal-CM were comparable at the
electrophysiological level, whereas hESC-CM displayed less defined sarcomeric structures
[5]. Others have compared transcriptional levels of cardiac genes of hESC-CM to those of
33-35 weeks fetal heart. However, no direct comparison of contraction stress between hP-
SC-CM and human primary cardiomyocytes has been made before. So far the contraction
stress of 44+11.7mN/mm? measured in adult human papillary muscle strips have been used
as a comparison reference value for tissue engineered cardiac patches [12,40]. However,
even though 3D engineered tissues have a closer resemblance to the human heart, differ-
ences such as cellular composition, ratio of cardiomyocytes versus non-cardiomyocytes,
cardiomyocyte orientation, extracellular components and variation in methodology for
calculating contractile stress amplitudes [12], cause a considerable variation in the levels
of contraction stress output. Although a continuous effort to mimic the human heart in all
its complexity is crucial, development of simplified 2D platforms is necessary to comple-
ment 3D models, allowing assessment of molecular, phenotypic and functional changes of
individual cells without interference from external factors. Our results showed similar con-
traction stress between hESC-CM and hiPS-CM (0.29+0.01mN/mm? and 0.26+0.01mN/mm?,
respectively), in agreement with previous reports [13]. These results are comparable to the
0.22+0.07mN/mm? reported for hRESC-CM under similar substrate conditions [9]. Moreover,
hPSC-CM showed lower contraction stress and sarcomeric organization than 14-19 week
hFetal-CM, indicating an earlier maturation stage of these cardiomyocytes under standard
culture conditions. Although it has been reported that expression of contractile and remod-
elling proteins progressed from the first to second trimester [41], not much is known on
the functional progression of hFetal-CM during development. Here we have shown that
contraction stresses of hFetal-CM are similar from gestation week 14 until 19.

In order to promote hPSC-CM maturation in vitro we made use of a commercial defined,
nutrient-rich maturation media containing T3 hormone in combination with a more physi-
ologically relevant substrate stiffness and micropatterned adhesive surfaces to standardize
the cell shape [16,29]. Cardiomyocyte maturation was determined based on various molec-
ular, phenotypic and functional parameters using combinations of different technologies.

We divided our approach in two steps by analysing hPSC-CM maturation progression at
day 23, cultured for 10 days in CA, and at day 33, cultured for an additional 13 days in
MM. At day 23, both hESC-CM and hiPS-CM cultured in CA increased their contraction
stress by 51% and 66%, respectively, and remarkably achieved a level comparable to that of
hFetal-CM. Although this progression in contractility was accompanied by a prolongation
of the AP and increased APA amplitude to levels similar to those in human adult ventricu-
lar muscle [42], the values for Vmax and RMP, two important parameters of electrophys-
iological maturation, did not change. Nevertheless, sarcomeric organization and cell size
increased, and there was a modest increase in the expression of genes encoding contractile
sarcomeric proteins and ion channels. In agreement with these findings, a recent study
by Feinberg and colleagues described that improvement in sarcomere organization led to
increased APD, calcium transient kinetics and contraction stress [43], which is consistent
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with functional maturation. Observed changes in sarcomeric organization and cell size are
compatible with the physiological cardiac hypertrophy during development. However, it
is worth noting that human adult ventricular myocytes have been reported to have surface
areas of 12315+2103um? in culture [44], which is approximately 6 fold higher than the aver-
age hPSC-CM under these culture conditions.

In the following step we prolonged hPSC-CM culture in a T3-based MM, achieving further
cardiomyocyte maturation. hESC-CM and hiPS-CM in MM displayed a higher level of sar-
comeric organization and increased their contraction stress by 140% and 170% respectively
when compared to CMs cultured in BPEL and by 43% and 41% in comparison to CMs in
CA. These results are in accordance with previously reported findings that T3 hormone
increased contractile maturation in hiPS-CM [33]. Interestingly, both hESC-CM and hiPS-
CM in MM generated significantly higher contraction stress than hFetal-CM. In agreement
with increased contractility, gene expression analysis revealed increased expression of
genes encoding contractile sarcomeric proteins such as ACTN2, MYBPC3, MYH6, MYH7
and TNNI3, which have all been described to have lower expression in hESC-CM than in
human adult heart [45]. In particular the B-myosin heavy chain (MYH?) and troponin I
type 3 (TNNI3) are major isoforms in the adult heart[46],[47] and their increase in expres-
sion has been previously linked to cardiomyocyte maturation [8]. Although the a-myosin
heavy chain (MYHS6) isoform is not the dominant MHC isoform in the adult human heart,
its expression in adult human cardiomyocytes is higher than in hESC-CM [45]. Therefore,
the nearly 30-fold upregulation of a-myosin heavy chain expression in hESC-CM in MM, is
likely associated with cardiomyocyte maturation.

Progression in maturation was not only found in contraction but was also observed elec-
trophysiologically. hESC-CM cultured in MM on polyacrylamide gels displayed overall
improvements in electrophysiological maturation with a significant increase in the Vmax,
APA, APD50, APD90 and a decrease in RMP at all tested frequencies. Although the AP
amplitude, APD50 and APD90 of hESC-CM on MM reached levels similar to human adult
ventricular myocytes [42], the levels of Vmax and RMP were still relatively low in compar-
ison with the adult situation. Therefore, additional maturation steps are still required to
reach levels in adult cardiomyocytes. Maintaining cardiomyocyte cultures for a prolonged
time in MM may be sufficient to accomplish such goal, since a recent study described Vmax
of 188.7+12.6V/s and RMP of -68.2+2.1mV in hESC-CM by culturing for <120 days [14].

In accordance with the functional improvements, hESC-CMs maintained in MM showed
increased expression of distinct cardiac ion channel genes. In particular, KCNJ12 encoding
the primary subunit of the inwardly rectifying potassium channel that contributes to IK1,
the current responsible for lowering the RMP, was increased. Furthermore, the RMP itself
influences the availability of the other ion channels in the membrane. Increased expression
of the SCNSA gene encoding the alpha-subunit of the sodium channel conducting INa,
together with a lower RMP, are responsible for the increase in the Vmax. Increased ex-
pression of KCND3, encoding a potassium voltage-gated channel conducting the transient
outward potassium current (Itol), promotes a more mature AP shape [48]. The KCNH2 and
KCNQI1 genes encode the alpha-subunits of potassium channels responsible for the rapid
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and slow delayed rectifier potassium currents (Ikr and IKs, respectively), therefore an in-
crease in their expression advocates a faster repolarization of the cell membrane which can
be linked to shorter AP duration. However, the APD50 and APD90 were prolonged in the
hESC-CMs in MM, which may be explained by the increase in the availability of the L-type
voltage-dependent calcium channel (where CACNAI1C encodes the a-subunit), which is
responsible for the inward flow of calcium and consequent membrane depolarization [49].
The net result is in agreement with electrophysiological maturation, since it has been shown
previously that the expression of genes encoding ion channels is low in hESC-CM when
compared to that in adult heart [4]. Furthermore, the funny current (If) channel HCN4,
which delineates the cardiac conduction system and is important for pacemaking activity
[50], is also expressed in early immature cardiomyocytes during embryonic development
but not expressed in adult atrial or ventricular cardiomyocytes. Therefore, HCN4 downreg-
ulation in MM is also consistent with phenotypic maturation of cardiomyocytes of working
myocardium. Furthermore, increased expression of genes responsible for calcium handling
and metabolism was also observed, suggesting functional maturation of the calcium ki-
netics and metabolism. In summary, hESC-CM in MM displayed increased expression of
genes responsible for contraction, calcium handling, electrophysiology and metabolism,
all indicating a more advanced stage of cardiomyocyte maturation. These effects can at
least partially be attributed to T3, since this has been described as directly inducing MYHS6,
SERCA2, KCND3 and PGCla expression[31,51]. Each of these genes has a critical role in
each functional component characteristic of cardiomyocytes, and their upregulation may
influence the overall maturation. Furthermore, single cell stability increased significantly in
MM compared to BPEL and CA; this could also be attributed to overall cardiomyocyte mat-
uration. In accordance with the contractility, electrophysiological and gene expression mat-
uration, the sarcomeric organization of hPSC-CM in MM improved significantly in compar-
ison to hPSC-CM in BPEL. Corroborating this observation hPSC-CM, displayed a stepwise
increase in sarcomere length from BPEL to CA and to MM, reaching lengths similar to those
observed in 3D tissue patches [12]. Interestingly, at this stage hiPSC-CM displayed better
sarcomeric organization, with highly organized sarcomeres filling more than 90% of the
cell, and greater sarcomere lengths than hESC-CM. This difference is perhaps attributable
to inherent differences between the cells lines. Additionally, hiPSC-CM show significantly
increased sarcomeric organization in comparison to the hFetal-CM, demonstrating a more
mature structure. Furthermore, an automated cell classification was developed, which vali-
dated the manual classification. This software is now available for further cell classification
analysis.

Altogether, these improvements in cardiomyocyte contractility, electrophysiology, sarcom-
ere organization and gene expression are indicative of an overall increase in the hPSC-CM
maturation stage. These parameters together can be considered adequate reporters of mat-
uration. Interestingly, this 2D platform allowed the measurement of contraction forces and
electrophysiology of individual cells in different maturation stages, enabling us to deter-
mine the relationship between these two key characteristics during cardiomyocyte matura-
tion. We observed that the increase in contraction force is only correlated with the increase
in APD50, APD90 and APA on day 23, while on day 33 there was also a correlation between
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Vmax, APA and RMP. Since CA does not induce progression in hESC-CM Vmax and RMP,
there is no correlation between these parameters and the CA induced increase in contrac-
tion force. In MM, however, the biochemical cue from T3 promoted improvement in Vmax
and RMP together with an improvement in contraction force. One possible explanation
for these observations could be that changes in the electrophysiological parameters to a
mature phenotype occur in a process-dependent fashion with parameters such as Vmax,
APA and RMP as late-stage alterations. Alternatively, the lack of significant correlation of
these electrophysiological parameters and contractility at day 23 in CA medium may sug-
gest independent mechanisms of maturation at this stage. The presence of T3 in the late
stage of maturation (MM) may directly affect regulation of genes encoding for sarcomeric
and ion channels, suggesting a possible common pathway responsible for the synchronous
progression of both electrophysiological parameters and contraction force. In this regard,
it is of interest to note that T3 has been shown to increase the inward rectifying potassium
Ik1 currents in guinea pig ventricular myocytes [52], which has a prominent effect on RMP
(and Vmax), but also on shortening of APDs. These results indicate that different electro-
physiological parameters correlate with the contractile force machinery in a distinct manner
during maturation, which may be dependent on the stage or mechanism of maturation.

Conclusions

This is the first study directly comparing contraction stress generation between single hP-
SC-CM and single hFetal-CM on substrates with the same stiffness, establishing the con-
tractile maturation level of hPSC-CM relative to a human fetal stage. Additionally, here we
showed increased hPSC-CM maturation in vitro, with increased contractile force, electro-
physiological maturation, improved sarcomeric organization and increased expression of
cardiac specific genes. During this progression in maturation we established a correlation
between contraction and electrophysiology. This improvement in cardiomyocyte pheno-
type is important for advancing applications of hPSC-CM in cardiac disease modelling,
drug discovery and development and regenerative medicine.
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Supplementary figures
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Supplementary Figure 1- Experimental schematic time line. Spin EB differentiation from day 0 to day 10 in a 96 well
format. At day dissociation of Spin Ebs and plating on a 6 well plate with 30 Spin Ebs per well. Medium change three
days later and culture as monlayer until time of dissociation. At day 20 one well of BPEL and CA were dissociated
and plated on the gelatin lines for 3 days before measurements. The medium of remaining wells were changed and
cultured for ten more days. At day 30 one well of BPEL, CA and MM were dissociated and plated on the
gelatine lines three days before measurements.
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Supplementary Figure 2- Classification for sarcomeric structure based on a-actinin staining. Top right panel- Exam-
ple of class I cells displaying a random or patterned dotted staining. Top left panel- Example of class II cells displaying
parallel band patterned staining in less than 70% of the cell. Bottom left panel- Example of class III cells displaying
parallel band patterned staining in between 70% and 90% of the cell. Bottom right panel- Example of class IV cells
displaying high sarcomeric organization with parallel band patterned staining in more than 90% of the cell.
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Supplementary Figure 3- Cell size comparison between hESC-CM, hiPS-CM in different media and hFetal-CM.
hESC-CM (n=45) and hiPS-CM (n=45) have comparable size. Both hESC-CM (n=41) and hiPS-CM (n=43) increase
their size in CA medium. Both hESC-CM and hiPS-CM in BPEL have comparable size to hFetal-CM (n=116).

Supplementary Figure 4- Cell size comparison between hPSC-CM in different media. hRESC-CM and hiPS-CM in-
crease their size in CA and in MM in comparison to BPEL. hESC-CM does not increase their size in MM relative to CA,
while hiPS-CM in MM display a significant increase in cell size in comparison to hiPs-CM in CA.
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Table 1- Differences in electrophysiological parameters at day 23 at different frequency pacing.

Spontaneous
BPEL CA
Vmax (V/s) 8.51+0.92 9.50+0.70
RMP (mV) -61.47+1.20 -63.47+0.98
Amplitude (mV) 84.99+2.23 93.16+2.00**
APD50 (ms) 107.69+12.89 188.98+13.94***
APD90 (ms) 159.88+13.81 233.75+15.92**
n 18 24
1Hz
BPEL CA
Vmax (V/s) 18.95+1.98 17.63+2.11
RMP (mV) -62.92+1.42 -65.27+1.19
Amplitude (mV) 90.27+3.37 97.48+1.89
APD50 (ms) 97.70+12.94 222.64+40.53**
APD90 (ms) 145.00+£26.26 249.82+30.05*
n 11 10
2Hz
BPEL CA
Vmax (V/s) 19.2242.29 18.94+2.37
RMP (mV) -63.34£1.04 -66.13+1.22
Amplitude (mV) 90.32+2.52 96.89+2.31*
APD50 (ms) 101.5619.66 143.02+11.56**
APD90 (ms) 133.8549.42 179.22+11.04**
n 17 17
3Hz
BPEL CA
Vmax (V/s) 22.4243.26 20.25+2.51
RMP (mV) -63.61+1.24 -66.55+1.21
Amplitude (mV) 90.92+2.81 97.97+2.33
APD50 (ms) 123.58+23.24 140.85+11.56**
APD90 (ms) 125.3916.68 178.04+15.57**
n 18 15
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Table 2- Differences in electrophysiological parameters at day 33 at different frequency pacing.

Spontaneous
BPEL CA MM
Vmax (V/s) 7.02+0.85 12.66+1.54 22.1443.54%** +
RMP (mV) -55.49+1.35 -60.51+1.72 -64.74+1.30%**
Amplitude (mV) 79.70£2.42 87.95+2.39 101.5441.94*** +1+
APD50 (ms) 119.15+10.59 134.09+11.01 175.46+13.71**
APD90 (ms) 185.14410.38 182.51+13.52 248.38+21.68*
n 17 18 26
1Hz
BPEL CA MM
Vmax (V/s) 14.6+2.36 18.77£3.61 21.7447.45
RMP (mV) -55.17+1.88 -67.0440.58*** -69.88+1.85%**
Amplitude (mV) 84.62+3.07 93.81+1.60 107.59£2.29%** +
APD50 (ms) 102.02+16.56 123.30+£18.01 222.08+37.00*
APD90 (ms) 161.50+21.73 178.24+24.41 347.68147.44%* 11
n 8 5 4
2Hz
BPEL CA MM
Vmax (V/s) 13.21+1.72 19.09+2.05 35.5746.33*** 1
RMP (mV) -57.40+1.80 -64.28+1.08* -67.52+1.45%**
Amplitude (mV) 85.21+02.54 94.66+1.64* 106.88%1.67*** 11
APD50 (ms) 109.58+9.37 136.47+11.68 166.98+12.29**
APD90 (ms) 156.461+13.93 191.87+16.37 211.30+14.50*
n 16 11 14
3Hz
BPEL CA MM
Vmax (V/s) 11.90+1.26 23.0815.23 39.47+7.13%**
RMP (mV) -57.01+1.44 -62.01+2.05 -64.40+1.67**
Amplitude (mV) 83.80+2.44 91.64+2.83 102.1242.76%** +
APD50 (ms) 94.88+6.78 110.40+7.70 128.19+8.00**
APD90 (ms) 138.53+6.65 146.52+10.80 172.75+9.66
n 18 16 15
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