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The human induced pluripotent stem cells (hiPSCs) derived cardiomyocytes (CMs) (hiPSC-CMs) retain the same
genetic information as the donor, and they have been shown to faithfully recapitulate the disease phenotypes of
various genetic cardiac diseases.
The hiPSC-CMs can be utilized in multiple types of studies and in most cases, the functionality of hiPSC-CMs is
of interest. For the functional analyses, the hiPSC-CMs need to be manipulated after differentiation, e.g. enriched
or dissociated into single-cell stage. For the functional assessments to be reliable and reproducible, the cell
culture environment should support the cells in an optimal manner.
The aim of the present study was to evaluate the effect of various differentiation methods, as well as coating
materials used for the dissociated cells on the functionality of the differentiated hiPSC-CMs.
The different protocols not only had different differentiation efficiencies, but they also yielded functionally
different hiPSC-CMs. Additionally, the coating material had a major effect on the functionality of the hiPSC-CMs.
The results of the present study emphasize that the cardiac differentiation method and the coating material
have a major effect on hiPS-CMs’ characteristics. Thus, when different hiPSC lines and results obtained in
different labs are compared, extra care should be taken to check the conditions when results are compared.

1. Introduction
Human pluripotent stem cell (hPSC) -derived cardiomyocytes (CMs)
provide an unlimited source of CMs and, therefore, a valuable humanbased tool for basic research and drug development (Sharma et al.,
2018). The main advantage of induced pluripotent stem cell (hiPSC)derived CMs (hiPSC-CMs) is that they retain the same genetic informa
tion as the donor thus enable the patient- or disease-specific phenotype
and drug response studies (Karakikes et al., 2015). HiPSC-CMs exhibit
the major cardiac structural proteins (Kujala et al., 2012; Ojala et al.,
2016), ion channels (Zhao et al., 2018), calcium (Ca2+) cycling

components (Itzhaki et al., 2011), and adrenergic receptors (Foldes
et al., 2014). In addition, they have been shown to faithfully recapitulate
many genetic cardiac diseases such as long QT -syndrome, catechol
aminergic polymorphic ventricular tachycardia (CPVT), and hypertro
phic cardiomyopathy (Jung et al., 2012; Kiviaho et al., 2015; Kujala
et al., 2012; Ojala et al., 2016; Spencer et al., 2014).
Functional CMs have been obtained from hPSCs by using multiple
differentiation protocols (Han et al., 2014; Kadari et al., 2015; Kehat
et al., 2001; Liang et al., 2016; Mummery et al., 2003; Navarrete et al.,
2013; Zhang et al., 2009). During recent years, the differentiation pro
tocols have become more efficient, utilizing the same signaling routes
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Fig. 1. Differentiation protocols used in the first stage of the study. Three growth factor/SM-based differentiation methods, Monolayer 1 (Lian et al., 2013),
Monolayer 2 (Kadari et al., 2015) and Monolayer 3 (Gibco) were assessed and compared to the EB-based differentiation method (modified from (Karakikes et al.,
2014; Lian et al., 2013).

which are active during embryonal development. These methods utilize
for example Activin A and bone morphogenetic protein (BMP)-4 or
sequential treatment of small molecules (SMs) inhibiting Gsk3 and Wntsignalling (Kadari et al., 2015; Karakikes et al., 2014; Laflamme et al.,
2007; Lian et al., 2013).
Interline variability is a well-known phenomenon in cardiac differ
entiation (Burridge et al., 2007; Osafune et al., 2008; Pekkanen-Mattila
et al., 2009) and it has been suggested to be caused by genetic and
epigenetic differences between hPSC lines (Kim et al., 2010; Osafune
et al., 2008). In addition, the quality and the culture methods of un
differentiated hPSCs also have an effect (Burridge et al., 2011; Ojala
et al., 2012). Differentiation methods aiming to overcome the interline
variability have been developed (Burridge et al., 2011). However, it has
also been suggested that the differentiation protocols and SM/growth
factor concentrations should be optimized for each iPSC line separately
for efficient differentiation (Kattman et al., 2011).
The main aim of the present study was to evaluate the effect of
various differentiation methods on the functional characteristics of
hiPSC-CMs. The study has two parts: in the first part of the study, the
efficiencies of three growth factor/SM-based differentiation methods
and the embryoid body (EB)-based differentiation method optimized in
our laboratory were assessed. The differentiation efficiency was deter
mined by quantifying TroponinT (TnT)-expressing cells using flow
cytometry and comparing the corresponding TNNT2 gene expression
levels. In the second part of the study, the functional characterization of
CMs was performed and for which two most efficient methods from the
first part of this study were chosen (monolayer differentiation with SMs
(Kadari et al., 2015) and modified EB method with Activin A and BMP-4
(Karakikes et al., 2014), and compared to CMs derived with murine

visceral endoderm-like (END-2) co-culture method, the primarily used
differentiation method in our laboratory (Kiviaho et al., 2015; Mum
mery et al., 2003; Ojala et al., 2012; Pekkanen-Mattila et al., 2010, 2009;
Penttinen et al., 2015). For evaluating the effect of the coating material,
the differentiated cells were dissociated into single cells and plated on
two different surfaces, on gelatin or Geltrex. Functional measurements
and analysis of data were performed blindly to avoid bias. To our
knowledge, this is the first report evaluating the functionality of hiPSCCMs produced with three differentiation protocols and dissociated on
two different coatings. According to our results, differentiation protocols
and the coating materials produce hiPSC-CMs with varying functional
characteristics suggesting that hiPSC-CMs derived with different
methods cannot be directly compared to each other.
2. Materials and methods
2.1. Culture of the hiPSC lines
The research conducted with the hiPSCs was approved by the Ethics
Committee of Pirkanmaa Hospital District (Aalto-Setälä R08070). A
written informed consent was obtained from all the donors. The hiPSC
lines UTA.04602.WT (Ojala et al., 2016) and UTA.05404.CPVT (Kujala
et al., 2012; Penttinen et al., 2015) were used in the first part of this
study and UTA.04602.WT in the second part of this study. The hiPSC
lines have been derived and cultured on mouse embryonic fibroblast
(MEF) feeder cell layers (26000 cells/cm2, CellSystems Biotechnologie
Vertrieb GmbH, Nordrhein-Westfalen, Germany, ASF-1224) in human
pluripotent stem cell (hPSC) culture medium consisting of KnockoutTMDMEM (KO-DMEM) (Gibco, Thermo Fisher Scientific, Waltham,
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Massachusetts, USA, 10829018) supplemented with 20% KnockoutTM
serum replacement (KO-SR) (Gibco,
Thermo Fisher Scientific, 10828028), 1% non-essential amino acids
(NEAA) (Lonza Group Ltd, Basel, Switzerland, 11140035), 2 mM Glu
taMaxTM (Gibco, Thermo Fisher Scientific, 35050061), 50 U/ml Peni
cillin/Streptomycin (Lonza Group Ltd, DE17-602E), 0.1 mM 2Mercaptoethanol (Gibco, Thermo Fisher Scientific, 31350–010) and 4
ng/ml basic fibroblast growth factor (bFGF)(PeproTech, Stockholm,
Sweden, 100-18B). Prior the differentiation, hiPSCs were transferred to
Geltrex LDEV-free hESC-qualified reduced growth factor basement
membrane matrix (GeltrexTM, Gibco, Thermo Fisher Scientific,
A1413302) in mTeSR1 (STEMCELL Technologies, Cambridge, UK,
85870) medium. The mTeSR1 medium was changed three times a week
and hiPSCs were passaged to fresh Geltrex matrix in every 5–7 days
using versene (Gibco, Thermo Fisher Scientific, 15040–033) enzyme.
HiPSCs were cultured in feeder cell-free conditions at least for three and
not more than eight passages.

96 h, IWP-4 was removed from the media and medium was replaced
with RPMI/B27 + insulin on day 11. After that, medium was refreshed
three times a week.
The cardiac differentiation with END-2 cells was performed as
described earlier (Mummery et al., 2003; Pekkanen-Mattila et al., 2009).
To initiate cardiac differentiation, hPSCs were co-cultured in 12-well
culture plates with Mitomycin C (Tocris Bioscience, 3258/10) treated
END-2 cells (50000 cells/cm2), which were a kind gift from Professor
Mummery (Humbrecht Institute, Utrecht, The Netherlands). Cell col
onies cultured were detached with a cell scraper (Sarstedt, Numbrecht,
Germany, 83.1832) or pipette tip. Approximately 30 colony pieces per
well were transferred onto END-2 cells in stem cell culture medium
described above without ko-SR or bFGF and supplemented with 3 mg/
ml ascorbic acid. Medium was changed after 5, 8 and 12 days of
culturing. After 15 days of culturing, 10% KO-SR was included and
ascorbic acid was excluded from the culture medium. Subsequently, the
medium was changed three times per week.

2.2. Differentiation of cardiomyocytes

2.3. Evaluation of cardiac differentiation

The overview of the differentiation methods is presented in Fig. 1. All
monolayer differentiations were performed on 12-well plates (NuncTM,
Thermo Fisher Scientific, 150628). Monolayer 1 method was modified
from (Lian et al., 2013). Differentiation was initiated when wells were
100% confluent in Roswell Park Memorial Institute 1640 (RPMI 1640)
medium with L-glutamine or GlutaMAXTM (RPMI, Gibco, Thermo Fisher
Scientific, 61870044) supplemented with B-27 supplement minus in
sulin (B27-insulin, Gibco, Thermo Fisher Scientific, A1895601) and 8
µm CHIR-99021 (tebu-bio ApS, 10–1279) (Day 0). RPMI/B27-insulin
was changed to wells 24 h after initiation of differentiation (Day 1).
On day three, half of the old media from each differentiation well was
collected, mixed with fresh RPMI/B27-insulin medium and supple
mented with 5 µm IWP-4 (Tocris Bioscience, Bristol, UK, 5214/10).
RPMI/B27-insulin medium was changed to cells on day 5 and 7. On day
10 medium was switched to RPMI supplemented with B27 containing
insulin (B27, Gibco, Thermo Fisher Scientific, 17504044) and changed
three times a week.
Monolayer 2 method was modified from (Kadari et al., 2015). Dif
ferentiation was initiated at 80–90% confluency by adding RPMI/B27 +
insulin supplemented with 25 ng/ml BMP4 (R&D Systems, 314-BP-010),
5 µm CHIR-99021 and 50 µg/ml L-ascorbic acid 2-phosphate sesqui
magnesium salt hydrate (ascorbic acid, Sigma-Aldrich, Saint Louis,
Missouri, USA, A8960) (Day 0). Exactly 24 h after initiation of differ
entiation, RPMI/B27 + insulin supplemented with 5 µm CHIR-99021
and 50 µg/ml ascorbic acid was changed. After 24 h of the previous
medium change, medium was switched to RPMI/B27-insulin medium.
On days 3, 5 and 7 RPMI/B27-insulin medium supplemented with 10 µM
IWR1 (Sigma-Aldrich, I0161) was changed. After that RPMI/B27-insulin
was changed three times a week. Medium was switched to RMPI/B27 +
insulin when the beating areas appeared.
Monolayer 3 method used the Gibco’s PSC Cardiomyocyte Differ
entiation Kit (Gibco, Thermo Fisher Scientific, A2921201) according to
the manufacturer’s instructions. At first, the optimal confluency for both
cell lines were evaluated by testing various confluences between 30 and
90%. For UTA.04602.WT, the optimal confluency was 70% and for
UTA.05405.CPVT, it was 50% (data not shown).
The EB method was based on the protocols by Karakikes et al.
(2014). The hiPSCs treated with versene, resuspended to mTeSR1 me
dium supplemented with 5 µM blebbistatin (Sigma-Aldrich, B0560) and
plated on ultra-low attachment 6-well plates (Corning, 3471) (Day 0).
On the next day, medium was changed to RPMI/B27-insulin supple
mented with 5 µg/ml ascorbic acid, 10 ng/ml BMP4 and 25 ng/ml
Activin A (Peprotech, 120-14E) (Day 1). On day 3, the medium was
changed to differentiation medium RPMI/B27-insulin supplemented
with 5 µg/ml ascorbic acid for 30 h. On the final step, medium was
changed to RPMI/B27-insulin supplemented with 2.5 µM IWP-4. After

2.3.1. Flow cytometry analysis
The amount of TnT positive cells was analyzed on day 16–19 with
flow cytometry. All the cells from the cell culture well-plate well were
dissociated into single cell stage by accutase (Merck Millipore, Bur
lington, Massachusetts, USA, SCR005) for 10 min at + 37 ◦ C. The cells
were collected to warm EB medium consisting of KO-DMEM supple
mented with 20% fetal bovine serum (FBS)(Biosera Nuaille, France, FB1001), 1% NEAA, 2 mM GlutaMAXTM and 50 U/ml Penicillin/Strepto
mycin. Accutase treatment was repeated, the cell suspension was filtered
through 40 µm cell strainer (BD Biosciences, San Jose, CA, USA,
BD352340) and divided to 5 ml PS tubes (BD Falcon, 14-959-1A)
200000–300000 cells/sample. Cells were fixed with 4% para
formaldehyde (Sigma-Aldrich, 158127) for 10 min at room temperature
and centrifuged 1900 rpm for 2 min. Cell samples were washed twice
with Perm/Wash buffer (BD Biosciences, 554723) and incubated for 40
min with PE mouse anti-cardiac TnT antibody (BD Biosciences, 564767)
at room temperature. The samples were washed twice with Perm/Wash
buffer and resuspended to the same buffer. Samples were analyzed with
Accuri C6 flow cytometer (BD Biosciences).
2.3.2. Real-time qRT-PCR analysis
The expression of TnT-gene (TNNT2) was assessed by quantitative
reverse transcriptase polymerase chain reaction (qRT-PCR). After 17
days of differentiation, total RNA was extracted (total RNA-kit, Norgen
Bioteck Corp., Thorold, ON, Canada, 48300) according to the manu
facturer’s instructions. Two replicate samples (all the cells from one well
in each) from each differentiation batch were used. The RT and specific
target pre-amplification was performed by using Fluidigm RT and preamplification -kit (Fluidigm Corp., San Francisco, USA, 100-6301).
Real-Time qPCR was performed with Biomark HD system (Fluidigm
Corp.) according to the manufacturer’s instructions. The TaqMan assays
(Thermo Fischer Scientific) used were TnT (TNNT2) Hs00165960 m1.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Hs02758991 g1
and TATA-box binding Protein (TBP) Hs99999910_m1 were used as
endogenous controls. All samples were analyzed in duplicate and the
fold changes were calculated by the 2 − ΔΔCT method (Livak and
Schmittgen, 2001) and Monolayer 1 sample was used as the calibrator.
2.3.3. Characterization of hiPSC-derived cardiomyocytes
The structural and functional characterization of hiPSC-CM using
three different differentiation protocols and two different coating were
done using the hiPSC line (UTA.04602.WT).
2.3.4. hiPS-CM dissociation and re-plating on two different coating
materials
Prior to the dissociation of hiPS-CMs into single cells, the beating
3
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Fig. 2. Percentage of Troponin T (TnT) -positive cells in the differentiated cell population (A) and corresponding relative gene expression levels of Troponin T
(TNNT2) (B). * P < 0.05, Kruskal-Wallis Test with Bonferroni correction.

Voltage-gated ionic currents were also recorded at 36 ± 1◦ C. The Ca2+
current (ICa) was recorded using holding potential (HP) of − 40 mV and
test potentials from − 50 mV to 90 mV with step size of 10 mV. In
addition, 2 mM 4-aminopyridine (Sigma-Aldrich, A78403) and 1 µM E4031(Sigma-Aldrich, M5060) were used to block transient outward
potassium current (Ito) and rapidly activating delayed rectifier potas
sium current (IKr) respectively. For voltage dependence of inactivation,
currents were determined at 10 mV preceded by a conditional step
ranging from − 50 mV to 10 mV. Steady-state inactivation curves were
fitted by using a Boltzmann equation: I/Imax = A/{1.0 + exp[(V1/2 − V)/
k]}, in which V1/2 was half-maximum inactivation potential and k was
the slope factor. Furthermore, Time constants of inactivation if ICa at 10
mV were determined by fitting a biexponential curve using the equation:
A = Af × exp(− t/τf) + As × exp(− t/τs), where τf and τs are the time
constants of the fast and slow inactivating components respectively. The
IKr was measured as 1 µM E-4031 sensitive current in the presence of 5
µM nimodipine (Sigma-Aldrich, N149) to block ICa. The HP of − 40 mV,
step protocol from − 20 mV to 20 mV of 3 s with step size of 20 mV was
used. Recorded currents were analyzed by using Clampfit software
(Molecular Devices).

areas from the differentiation wells were dissected manually by scalpel
or beating EBs were picked by pipette tip under the microscope. The
beating hiPS-CMs were then dissociated by Collagenase A (Roche Di
agnostics, Basel, Switzerland, 10103586001) (Mummery et al., 2003)
and resuspended in the EB medium. The hiPS-CMs were replated on
glass coverslips coated either with 150 μL Geltrex diluted 1:100 in koDMEM at 37 ◦ C for 1 h, or with 150 μL 0.1% solution of Type A
porcine gelatin (Sigma-Aldrich, G1890) dissolved in phosphate buffered
saline for an hour in room temperature. Excess coating was aspirated
just prior to the cell plating.
2.3.5. Immunocytochemistry
Dissociated CMs were fixed with 4% paraformaldehyde and stained
with primary antibodies for cardiac alpha actinin (1:1500, SigmaAldrich, A7811) and connexin 43 (1:1000, Sigma-Aldrich, C6219).
Alexa fluor 488- and 568-conjugated anti-rabbit and anti-mouse anti
bodies (1:800, Thermo Fisher Scientific, A21206 and A10037 respec
tively) were used as secondary antibodies. Images were obtained with
Olympus IX51 phase contrast microscope.
2.3.6. Electrophysiology
Perforated patch using Amphotericin B (Sigma-Aldrich, A4888) was
used to record action potentials (APs) from spontaneously beating
hiPSC-CMs in gap-free mode. Current-clamp recordings were digitally
sampled at 20 kHz and filtered at 2 kHz using a low pass Bessel filter on
the recording amplifier (all from Molecular devices, San Jose, California,
USA). The extracellular solution consisted of (in mM) 143 NaCl, 4.8 KCl,
10 HEPES, 5 D-glucose, 1.8 CaCl2, 1.2 MgCl2 (pH adjusted to 7.4 with
NaOH) (all from Sigma-Aldrich, S5886, P5405, H3375, G7021, C3306,
63068, 415,413 respectively). The solution was preheated to 36 ± 1 ◦ C
prior exposing to hiPSC-CMs. The patch electrodes had tip resistance of
2.5–3.5 MΩ with intracellular solution containing (in mM): 132 KMeSO4
(MP Biomedicals, Santa Ana, California, USA, 215481), 4 EGTA (SigmaAldrich, E3889), 20 KCl, 1 MgCl2 and 1 CaCl2 (pH adjusted to 7.2 with
KOH (Sigma-Aldrich, 417661)). Recorded APs were analyzed by using
custom-made software in OriginLab (OriginLab 2018b, Northampton,
USA).
Same extracellular and intracellular solutions were used in voltageclamp technique with addition of specific ion channels blockers.

2.3.7. Ca2+ imaging
To study the Ca2+ handling properties of hiPSC-CMs, cells were
loaded with 4 μM Fluo-4 AM (Thermo Fisher Scientific, F14201) for 30
min in extracellular solution. The spontaneously beating CMs were
imaged with an inverted IX70 microscope using UApo/340 x20 air
objective (Olympus Corporation, Tokyo, Japan) and ANDOR iXon 885
CCD camera (Andor Technology, Belfast, Northern Ireland) synchro
nized with a Polychrome V light source by a real time DPS control unit.
TILLvisION or Live Acquisition software (TILL Photonics, Munich, Ger
many) were used for recording. The Ca2+ imaging was also recorded at
36 ± 1◦ C.
To analyze the Ca2+ imaging data, region of interest was selected in
single cell, and background noise was subtracted to obtain the Ca2+
transient (CaT) traces. Subsequently, the CaT parameters and decay time
constants were analyzed using Clampfit software (Molecular Devices).
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Fig. 3. Representative images of immunocytochemical staining of hiPSC-CMs by cardiac alpha actinin (red), Connexin 43 (green) and dapi (blue). END-2 differ
entiated hiPSC-CMs dissociated on Geltrex (END2-Gx), END-2 differentiated hiPSC-CMs dissociated on gelatin (END2-Gn), EB differentiated hiPSC-CMs dissociated
on Geltrex (EB-Gx), EB differentiated hiPSC-CMs dissociated on gelatin (EB-Gn), Monolayer 1 differentiated hiPSC-CMs dissociated on Geltrex (SM-Gx), Monolayer 1
differentiated hiPSC-CMs dissociated on gelatin (SM-Gn). All differentiation methods produced the hiPSC-CMs with flat immature morphology with limited Cx43
expression. Regardless the differentiation method, the cells were similarly stained and the morphology was similar also when plated either on Geltrex (Gx) or on
gelatin (Gn). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.4. Statistical analysis

3. Results

For the flow cytometry and qRT-PCR analysis, Kruskal-Wallis Test
with Bonferroni correction was used. For the functionality measure
ments, the statistical comparison between the groups was assessed by
One-way ANOVA followed by Tukey test. P < 0.05 was considered
statistically significant.

3.1. Cardiac differentiation efficiency
In the first part of the study, the cardiac differentiation efficiencies of
Monolayer methods 1–3 and EB-method (Fig. 1) were evaluated using
two hiPSC lines (UTA.04602.WT and UTA.05404.CPVT). The analyses
5
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diastolic potential (MDP), AP amplitude (APA), maximal upstroke ve
locity (dV/dtmax), and AP duration (APD) at 50% and 90% of repolari
zation (APD50 and APD90) were determined. The hiPSC-CMs were
classified based on the morphology of AP and APD90/APD50 ratio;
ventricular-like hiPSC-CMs had APA > 90 mV and APD90/APD50 ratio
≤ 1.4 and atrial-like hiPSC-CMs had APD90/APD50 > 1.5. All the dif
ferentiation protocols yielded predominantly ventricular-like hiPSCCMs (Fig. 4A). Next, ventricular-like hiPSC-CMs were further catego
rized based on the presence and absence of a notch in AP (Fig. 4B). EB
differentiation methods produced a relatively higher percentage of
ventricular-like hiPSC-CMs with a notch (Fig. 4C). The AP parameters in
comparisons were only from the ventricular-like hiPSC-CMs (Table 1),
and representative figures of AP recorded from each group are shown in
Fig. 4D. The SM-Gx had the longest APD90 (397.8 ± 43.0; n = 10) and
EB-Gx had the shortest APD90 (245 ± 23.1; n = 17) (P < 0.05, One-way
ANOVA, Tukey post hoc, Table 1). In addition, both EB-Gx and EB-Gn
had significantly higher dV/dtmax than END2-Gn and SM-Gn (P <
0.05, One-way ANOVA, post hoc Tukey test) (Table 1). However, no
significant differences were observed in BPM, APA, and MDP among
groups (Table 1). Furthermore, END2-Gx and SM-Gn had phase-2 early
after depolarization (EAD) in one AP recording separately, whereas SMGx had EADs in three separate AP recordings (Supplementary Fig. 1).
The shape of current–voltage relationships of ICa was similar in all
groups except for END2-Gx (Fig. 5A). The ICa current density of END2Gx at − 20 mV was significantly higher not only from END2-Gn, but
also from all other groups (*** P < 0.001, One-way ANOVA, Tukey post
hoc test) (Fig. 5A, Supplementary Table 1). This showed that the coating
material could influence the ionic current although the differentiation
method was the same. Furthermore, ICa current density of END2-Gx at
− 10 mV was significantly higher than that of EB-Gn (*P < 0.05, Oneway ANOVA, Tukey post hoc test, Supplementary Table 1). The decay
time constants (τf and τs) of ICa at 10 mV, were not significantly different
between groups (Supplementary Table 2). Moreover, the END2-Gx had
the most depolarized shift in the inactivation curve (V1/2 = − 24.9 ± 2.1
and k = 5.5 ± 0.5, n = 8), while EB-Gn had the most negative shift in the
inactivation curve (V1/2 = − 29.4 ± 1.2 and k = 6.4 ± 0.4, n = 5)
(Fig. 5B, Supplementary Table 2). However, the half-inactivation volt
ages and slope factors were not significantly different among the groups
(Supplementary Table 2).
Furthermore, our results demonstrated that the peak IKr current
densities and the tail IKr current densities were not significantly different
at any potential among groups (Fig. 5C, D, Supplementary Table 3).

Table 1
Action potential characteristics of ventricular-like hiPSC-CMs. Beat per minute
(BPM), maximum diastolic potential (MDP), action potential amplitude (APA),
upstroke velocity (dV/dtmax), and AP duration (APD) at 50% and 90% of repo
larization (APD50 and APD90). Number in parenthesis represent the number of
cells used. Data are represented as mean ± S.E.M. * P < 0.05, ** P < 0.01, *** P
< 0.001. One-way ANOVA, Tukey post hoc test.
Methods

BPM

APD50(ms)

APD90(ms)

APA
(mV)

MDP
(mV)

dV/
dtmax
(V/S)

END2-Gx
(n =
23)
END2-Gn
(n =
27)
EB-Gx (n
= 17)
EB-Gn (n
= 15)
SM-Gx
(n =
10)
SM-Gn
(n =
10)

54.2
± 4.0

283.9 ±
21.6

335.1 ±
23.3

123.0
± 0.8

− 74.6
± 0.8

38.0 ±
5.7

53.2
± 3.0

256.6 ±
22.3

314.5 ±
25.2

117.4
± 1.7

− 74.4
± 0.9

32.4 ±
5.8

54.8
± 4.7
43.9
± 4.2
47.8
± 7.6

195.6 ±
20.2
204.5 ±
21.1
314.1 ±
33.6

245.9 ±
23.1
257.5 ±
23.1
397.8 ±
43.0

118.6
± 2.1
116.9
± 3.0
118.6
± 2.9

− 73.3
± 1.2
− 72.6
± 1.6
− 73.0
± 1.7

62.0 ±
6.4
65.7 ±
8.9
43.5 ±
11.3

39.2
± 5.7

282.5 ±
30.6

374.0 ±
41.6

114.1
± 1.1

− 72.7
± 0.9

26.5 ±
9.1

ns

* EB-Gx Vs
SM-Gx

* EB-Gx vs
SM-Gx
* EB-Gn Vs
SM-Gx

ns

ns

**
END2Gn vs
EB-Gx
*
END2Gn vs
EB-Gn
*EB-Gx
Vs SMGn
*EB-Gn
Vs SMGn

were made 16–19 days after initiating the differentiation. Differentia
tion was repeated at least two times with both hiPSC lines. According to
the flow cytometry results, the EB method produced cardiomyocytes
most effectively, however, the difference was not statistically significant
(Fig. 2A). The TNNT2 gene expression level studies supported the re
sults. The expression level of TNNT2 was significantly higher with EB
method than Monolayer 2 and 3 -methods (Fig. 2B).

3.3. Comparison of Ca2+ handling properties

3.2. Comparison of electrophysiological characteristics

Intracellular Ca2+ dynamics from all six groups were analyzed
blindly. Fig. 4E shows the representative CaT traces and Table 2 sum
marizes the various Ca2+ transient’s parameters. END2-Gx had signifi
cantly longer CaT90 and half-width than all other groups except EB-Gn
(*** P < 0.001, One-way ANOVA, Tukey post hoc test) (Table 2).
Furthermore, τf and τs were similar in all groups (ns, One-way ANOVA,
Tukey post hoc test) (Table 2).

Based on the results from the efficiency study, EB and Monolayer 1
methods were chosen for the second part of the study in addition to the
END-2 differentiation method. To evaluate the effect of coating material,
hiPSC-CM were dissociated on either Geltrex- or gelatin-coated cover
slips. We hypothesized that in addition to the possible effect on the
electrophysiological properties of the CMs, coatings could also influence
the morphology of the cells enabling the easier performance of patchclamp on the softer Geltrex matrix. According to the immunocyto
chemical stainings, all three methods produced CMs positively stained
with cardiac-specific alpha-actinin and connexin 43 (Fig. 3). Further
more, no differences in the morphology of hiPSC-CMs plated either on
gelatin or Geltrex were observed and there was no difference in per
forming patch-clamp on these two surfaces. However, regardless of the
coating material, the total number of patched cells was lower with
Monolayer 1-differentiation than other differentiation methods. On the
contrary, the success rate of electrophysiological and intracellular Ca2+
recordings from the END-2 differentiated hiPSC-CMs was the best
among three differentiation methods although the differentiation effi
ciency was the lowest (Table 1).
Recorded APs were analyzed and beat per minute (BPM), maximum

4. Discussion
Our laboratory has been using END-2 co-culture in differentiating
CMs from hPSCs since 2005 and the CMs have proven to exhibit a fairly
mature electrophysiological phenotype (Kiviaho et al., 2015; Kujala
et al., 2012; Ojala et al., 2016; Pekkanen-Mattila et al., 2010; Penttinen
et al., 2015). However, the method produces CMs with low efficiency
with 4.65% TnT positive cells of the whole cell population (data now
shown). The aim of the present study was to evaluate the effect of dif
ferentiation method and the coating material used for the dissociated
cells on the functional characteristics of the differentiated hiPSC-CMs.
Our results suggest that differentiation methods as well as coating ma
terial influence the AP properties, ion channels, and intracellular Ca2+
6
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Fig. 4. Electrophysiological characteristics of hiPSC-CMs. A) Percentage representation of ventricular-like and atrial-like hiPSC-CMs. B) Representative figure of
notch in action potential (Inset: magnification of notch in action potential). C) Percentage representation of notch in ventricular-like hiPSC-CMs. D) Representation of
action potentials recorded from spontaneously beating hiPSC-CMs. E) Representation of Ca2+ transients recorded from spontaneously beating hiPSC-CMs. END2-Gx
(END-2 differentiated hiPSC-CMs dissociated on Geltrex), END2-Gn (END-2 differentiated hiPSC-CMs dissociated on gelatin), EB-Gx (EB differentiated hiPSC-CMs
dissociated on Geltrex), EB-Gn (EB differentiated hiPSC-CMs dissociated on gelatin), SM-Gx (Monolayer 1 differentiated hiPSC-CMs dissociated on Geltrex), SMGn (Monolayer 1 differentiated hiPSC-CMs dissociated on gelatin).

handling of hiPSC-CMs.
In the first part of the study, we compared the efficiency of three
different monolayer methods and one EB method, optimized in our
laboratory. Monolayer 1 method was based on the modulation of Wnt
signalling and has been shown to produce CMs from multiple cell lines
leading to 80–95% TnT-positive cell population (Lian et al., 2012). The
monolayer 2 method was based on modulation of Wnt and BMP sig
nalling (Kadari et al., 2015) has yielded up to 95% pure population of
CMs (Kadari et al., 2015). The Monolayer 3 was a commercial PSC
Cardiomyocyte Differentiation Kit from Gibco. According to the manu
facturer, the method has been shown to produce effectively CMs without
interline variability (www.thermofisher.com). The EB method was a
combination of the methods by Karakikes and Lian and their co-workers
(Karakikes et al., 2014; Lian et al., 2013). HiPSCs were first differenti
ated towards cardiac mesoderm by the addition of BMP4 and activin A
growth factors (Karakikes et al., 2014) and further cardiac differentia
tion was induced by inhibition of the Wnt/β-catenin pathway with small
molecule IWP-4 (Lian et al., 2013).
In our hands, the EB method produced 60% TnT-positive cells, while
with Monolayer 1–3 methods, the amounts of TnT-positive cells were
around 20–30%. Based on these results, we decided to compare Mono
layer 1 and EB methods to the END-2 co-culture method in the second

part of the study.
According to the results, differentiation methods and coating mate
rial influenced the APD of hiPSC-CMs. The AP shape and APD are gov
erned by the fine-tuning of inward and outward currents. The longer
APD in monolayer 1 and END-2 differentiated hiPSC-CMs and cells
dissociated on Geltrex are at least partially explained by their relatively
higher ICa current densities and smaller IKr current densities. This was
seen especially in END-2 differentiated hiPSC-CMs dissociated on Gel
trex. However, there are other potential components determining the
APD, such as late sodium current (Coppini et al., 2013), Ito (Johnson
et al., 2018), and slowly activating delayed rectifier potassium current
(IKs) (Shimizu and Antzelevitch, 1998), which were not recorded in the
present study.
The dV/dtmax of AP is a one of the promising markers of maturation
status of hiPSC-CMs (Guo and Pu, 2020; Machiraju and Greenway,
2019). The hiPSC-CMs obtained from EB method irrespective of coating
material had relatively higher dV/dtmax compared to other hiPSC-CMs.
Therefore, our results suggest that EB differentiation method yields
more mature hiPSC-CMs regardless of the coating material. Further
more, EB differentiated hiPSC-CMs had a higher percentage of AP with a
notch and shorter APD. The AP with notch expresses higher Ito current
densities, which cause the faster repolarization resulting in shorter APD
7
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Fig. 5. Voltage-gated ionic currents recorded from hiPSC-CMs. (A) Current-Voltage (I-V) curves of Ca2+ current densities (For detail, see Supplementary Table 1), (B)
Inactivation curves for Ca2+ current; I/Imax was determined by normalized with peak current. (For details, see Supplementary Table 2), (C) I-V curves of peak current
densities of rapidly activating delayed rectifier potassium current densities (For details, see Supplementary Table 3), (D) I-V curves of tail current densities of rapid
rectifier potassium current densities (For details, see Supplementary Table 3). Value in parenthesis represent the number of cells used. Data are presented as mean ±
SEM. END2-Gx (END-2 differentiated hiPSC-CMs dissociated on Geltrex), END2-Gn (END-2 differentiated hiPSC-CMs dissociated on gelatin), EB-Gx (EB differentiated
hiPSC-CMs dissociated on Geltrex), EB-Gn (EB differentiated hiPSC-CMs dissociated on gelatin), SM-Gx (Monolayer 1 differentiated hiPSC-CMs dissociated on
Geltrex), SM-Gn (Monolayer 1 differentiated hiPSC-CMs dissociated on gelatin).
Table 2
Characteristics of Ca2+ transients recorded from hiPSC-CMs. Beat per minute (BPM), Ca2+ transient duration at 90% repolarization (CaT90). τf and τs are the time
constants of the fast and slow components respectively. Number in parenthesis represent the number of cells used. Data are presented as mean ± S.E.M. * P < 0.05, ** P
< 0.01, *** P < 0.001 assessed by One-way ANOVA with Tukey post hoc test. END2-Gx (END-2 differentiated hiPSC-CMs dissociated on Geltrex), END2-Gn (END-2
differentiated hiPSC-CMs dissociated on gelatin), EB-Gx (EB differentiated hiPSC-CMs dissociated on Geltrex), EB-Gn (EB differentiated hiPSC-CMs dissociated on
gelatin), SM-Gx (Monolayer 1 differentiated hiPSC-CMs dissociated on Geltrex), SM-Gn (Monolayer 1 differentiated hiPSC-CMs dissociated on gelatin).
END2-Gx (n = 38)
END2-Gn (n = 38)
EB-Gx (n = 35)
EB-Gn (n = 24)
SM-Gx (n = 24)
SM-Gn (n = 16)
Statistical Significance

BPM

CaT90 (ms)

Half-width

Decay τf

Decay τs

26.4 ± 0.3
61.3 ± 3.8
37.9 ± 1.5
34.1 ± 0.8
48.2 ± 4.0
48.3 ± 4.1
***END2-GxVsEND2Gn
*END2-GxVs EB-Gx
***END2-Gx Vs SM-Gx
***END2-Gn Vs SM-Gn***END2-Gn Vs EB-Gx
***END2-Gn Vs EB-Gn
*END2-Gn Vs SM-Gx
*END2-Gn Vs SM-Gn
*EB-Gn Vs SM-Gx

1583.3 ± 63.8
903.6 ± 77.4
979.1 ± 30.2
1371.2 ± 42.5
982.1 ± 83.0
934.1 ± 96.8
***END2-Gx vs END2-Gn
***END2-Gx vs EB-Gx
***END2-Gx vs SM-Gx
***END2-Gx vs SM- Gn
***END2-Gn vs EB-Gn
**EB-Gx vs EB-Gn
**EB-Gn vs SM-Gx
**EB-Gn vs SM-Gn

676.4 ± 23.1
400.87 ± 46.1
433.9 ± 16.1
642.6 ± 33.3
420.7 ± 37.7
424.6 ± 58.6
***END2-Gx vs END2-Gn
***END2-Gx vs EB-Gx
***END2-Gx vs SM- Gx
***END2-Gx vs SM- Gn
***END2-Gn vs EB-Gn
**EB-Gx vs EB-Gn
**EB-Gn vs SM-Gx
**EB-Gn vs SM-Gn

276.1
281.3
174.1
218.7
243.2
175.1
ns

88.2 ±
94.8 ±
72.5 ±
89.7 ±
71.0 ±
58.1 ±
ns

(Johnson et al., 2018). The ion heterogeneity exists in the ventricular
wall, where epicardiac myocytes exhibit prominent notch in AP (John
son et al., 2018). Thus, based on this fact, our results indicate that EB
differentiation protocol yielded in a higher number of epicardiac

± 49.0 (38)
± 33.7 (38)
± 13.3 (29)
± 22.0 (19)
± 30.5 (23)
± 19.7 (15)

10.1 (38)
9.4 (38)
8.9 (29)
9.5 (19)
9.2 (23)
12.4 (15)

myocytes. In our experiments, three hiPSC-CM subgroups (Monolayer 1
differentiated hiPSC-CMs on either coating or END-2 on Geltrex)
exhibited phase-2 EAD with relatively longer APD. The generation of
phase-2 EAD is associated with the longer APD mainly because of
8
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reactivation of Ca2+ channels (Qu et al., 2013).
We used two coating materials (thin gelatin and thicker Geltrex) in a
dip coating-manner, which produce a thin layer of the coating material
on top of the glass coverslips. Gelatin is a widely used coating substrate
in cell culturing and is formed when collagen molecule is denatured
(Olsen et al., 2003). Geltrex is a commercial basement membrane extract
purified from murine Engelbreth-Holm-Swarm tumor (Gibco, Thermo
Fisher Scientific) and mimics the extracellular matrix (ECM). The ECM
not only provide structural support for cells but also contain important
signalling molecules and it has a crucial role in the differentiation of
hiPSC-CMs (Guo and Pu, 2020; Machiraju and Greenway, 2019). Feaster
and co-workers demonstrated that hiPSC-CMs cultured on ECM
mimicking Matrigel mattress displayed rod-shaped morphology, longer
sarcomeres, higher expression of cTnT, and increased dV/dtmax, which
indicated a more mature state (Feaster et al., 2015). The study with the
Matrigel-coated polydimethylsiloxane (PDMS), fibronectin-coated
PDMS, and Matrigel- and fibronectin-coated glass substrates, demon
strated that Matrigel coated PDMS as substrate produces more mature
CMs with higher dV/dtmax, depolarized MDP, increased inward rectifier
potassium current current densities, and presence of cardiac troponin I
(Herron et al., 2016). Taken together, these results suggested that the
coating substrate influenced the functional properties and maturation of
CMs. According to our results based on cardiac specific protein expres
sion and the electrophysiological characterization, the Geltrex coating,
even though representing a thicker material, was not beneficial to
hiPSC-CM maturation. This might be because it still produced a rela
tively thin coating of the material used in the present study. The more
gel-like substrate could have a stronger effect on the maturation; how
ever, this is left for future studies.
Patch-clamp is a laborious and technically challenging method that
requires hiPSC-CMs to be dissociated into single cells and plated on twodimensional surface. The viability and functionality of hiPSC-CMs are
crucial to obtain the electrophysiological signal. In addition, the cell
structure has an impact on patching the cells. If the cells are more threedimensional in shape, sealing of the glass capillary to the cell surface is
easier. We hypothesized that the softer coating material (Geltrex) would
support the cell structure, make them more three-dimensional, and
therefore the success rate of patching (successful connection of pipette
and cell membrane, and uninterrupted recording of action potential or
ionic currents) would be higher. However, our results did not support
this hypothesis, and the coating material did not affect the success rate
of patching the CMs.
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tion, Project administration, Conceptualization. Mari Pekkanen-Mat
tila: Conceptualization, Methodology, Investigation, Supervision,
Writing - original draft, Project administration.

9

C. Prajapati et al.

Stem Cell Research 51 (2021) 102176
Navarrete, E.G., Liang, P., Lan, F., Sanchez-Freire, V., Simmons, C., Gong, T., Sharma, A.,
Burridge, P.W., Patlolla, B., Lee, A.S., Wu, H., Beygui, R.E., Wu, S.M., Robbins, R.C.,
Bers, D.M., Wu, J.C., 2013. Screening drug-induced arrhythmia events using human
induced pluripotent stem cell-derived cardiomyocytes and low-impedance
microelectrode arrays. Circulation. https://doi.org/10.1161/
CIRCULATIONAHA.112.000570.
Ojala, M., Prajapati, C., Pölönen, R.-P., Rajala, K., Pekkanen-Mattila, M., Rasku, J.,
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