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ARTICLE INFO ABSTRACT

Keywords: Human pluripotent stem cell derived cardiomyocytes are a promising cell source for research and clinical ap-
Induced pluripotent stem cell derived human plications like investigation of cardiomyopathies and therefore, identification and testing of novel therapeutics
cardiomyocytes as well as for cell based therapy approaches. However, actually it’s a challenge to generate matured adult
xgﬁ&iﬁ?emc bioelectronic maturation cardiomyocyte-like phenotype in a reasonable time. Moreover, there is a lack of applicable non-invasive label-

free monitoring techniques providing quantitative parameters for analysing the culture stability and maturation
status. In this context, we established an efficient protocol based on a combined differentiation of hiPSC in 2D
cultures followed by a forced reaggregation step that leads to highly enriched (> 90% cardiomyocytes) cardi-
omyocyte clusters. Interestingly, 3D cultures revealed an accelerated maturation as well as phenotype switch
from atrial to ventricular cardiomyocytes. More strikingly using combined impedimetric and electro-
physiological monitoring the high functionality and long-term stability of 3D cardiomyocyte cultures, especially
in comparison to 2D cultures could be demonstrated. Additionally, chronotropic as well as QT-prolongation
causing reference compounds were used for validating the cardio specific and sensitive reaction over the
monitored time range of more than 100 days. Thus, the approach of multiparametric bioelectronic monitoring
offers capabilities for the long-term quantitative analysis of hiPS derived cardiomyocyte culture functionality
and long-term stability. Moreover, the same multiparametric bioelectronic platform can be used in combination
with validated long-term stable cardiomyocyte cultures for the quantitative detection of compound induced
effects. This could pave the way for more predictive in vitro chronic/repeated dose cardiotoxicity testing assays.

Accelerated cardiac maturation
3D cultures

1. Introduction

Based on the tremendous progress in stem cell research, human
stem cell derived cardiomyocytes offer a great opportunity for clinical
applications e.g. cell based therapies (Burridge et al., 2012) but also
support in vitro research like pathology models (Robertson et al., 2013),
and novel drug development, especially drug safety testing (Kattman
et al.,, 2011; Lian et al., 2010). This could prevent withdrawal of ap-
proved therapeutics due to unexpected negative side effects on the
human heart (Braam et al., 2010; Khan et al., 2013; Redfern et al.,
2003; Robertson et al., 2013). For traditional preclinical in vitro drug
studies, genetic-modified non-cardiac or non-human cardiac cells are
used in short-term acute toxicity tests or involve the use of animals. All

these models have critical drawbacks like its high artificial character
and/or the critical extrapolation of animal cells derived data to humans
(Lu et al., 2001; Olson et al., 2000; Yang et al., 2014). Thus, especially
human induced pluripotent stem cell (hiPSC) derived cardiomyocytes
provide a promising cell source.

Depending on the application, there are several demands on stem
cell derived cardiomyocytes. First, differentiation to cardiomyocyte
cultures should lead to a high enrichment of cardiomyocytes without
unwanted cell types like fibroblasts and cell types of endodermal or
ectodermal origin. The state of the art for differentiation is the time-
dependent modulation of the Wnt signalling pathway by growth factors
or small molecules on 2D cultures (Burridge et al., 2014; Paige et al.,
2010) but up to now the yield of cardiomyocytes still varied depending

* Correspondence to: Centre for Biotechnology and Biomedicine, Universitédt Leipzig, Division of Molecular Biological-Biochemical Processing Technology,

Deutscher Platz 5, 04103 Leipzig, Germany.
E-mail address: andrea.robitzki@bbz.uni-leipzig.de (A.A. Robitzki).

https://doi.org/10.1016/j.bios.2018.10.061

Received 30 June 2018; Received in revised form 18 October 2018; Accepted 27 October 2018

Available online 29 October 2018

0956-5663/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2018.10.061
https://doi.org/10.1016/j.bios.2018.10.061
mailto:andrea.robitzki@bbz.uni-leipzig.de
https://doi.org/10.1016/j.bios.2018.10.061
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2018.10.061&domain=pdf

S. Fleischer et al.

on hPSC-line and protocol (Burridge et al., 2012; Laflamme et al., 2007;
Lian et al., 2013).

Second, maturation is the biggest actual challenge for hPSC derived
cardiomyocytes. Despite using state of the art differentiation protocols,
the majority of functional cardiomyocytes represents a more foetal like
phenotype with distinct differences to adult cardiomyocytes for im-
portant structural characteristics (Yang et al., 2014) and moreover, ion
channels and signal pathways like for the calcium homeostasis (Keung
et al., 2014; Yang et al., 2014).

Third, long-term stability of hiPSC derived cardiomyocyte cultures
is a critical point, especially for in vitro studies of drug-induced chronic
and repeated dose cardiotoxicity (Khan et al., 2013). While most car-
diac cultures are already widely used for short-term in vitro experiments
within hours or single days (Braam et al., 2010; Maddah et al., 2015;
Redfern et al., 2003) there is a lack of long-term hiPSC derived cardi-
omyocyte models that provide the high demands for feasibility, stability
and reproducibility of electrophysiological activity as well as sensitive
response to drugs over weeks or month. In this context, there is also a
great demand for label-free non-invasive monitoring techniques that
provide robust and quantitative parameter for analysis of the differ-
entiation and maturation process and ideally of cellular alterations in
cardiotoxicity and drug testing assays. While simple planar microelec-
trodes are available for a long time and widely used for the bioelec-
tronic analysis of monolayer cardiomyocyte cultures on top of the
electrodes (Aravanis et al., 2001; Krinke et al., 2009; Takasuna et al.,
2017), the sensitive and robust bioelectronic monitoring of 3D cultures
is still demanding. Therefore, special 3D measurement chambers (Kloss
et al., 2008; Zhang et al., 2018) were developed. Furthermore, modified
and vertical electrode arrays were developed to improve the situation
(Frank et al., 2018; Shi et al., 2018, 2017). In this context, we want to
use electrophysiological recording and impedance spectroscopy in
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combination with microelectrode arrays (2D) and microcavity arrays
(3D) for quantitative long-term monitoring of 2D and 3D cardiomyo-
cyte cultures.

2. Methods and materials
2.1. hiPSC culturing and human cardiomyocyte differentiation

Human induced pluripotent stem cells IMR90C01 (Fig. S1) were
cultured as previously described (Ludwig et al., 2006) (detailed in-
formation in Supplemental material). Differentiation was performed as
previously described (Lian et al., 2013). Briefly, differentiation was
initiated at 80-95% confluency by adding basal medium (RPMI 1640,
2% B-27 without insulin,1% GlutaMAX™, (all from Life Technologies,
Germany)) with 1 uM CHIR98014 (Santa Cruz Biotechnology, Ger-
many) for 24 h. Afterwards, medium was changed every second day
without CHIR98014. On day 3, 1 uM IWP-4 was added (Miltenyi Biotec,
Germany). Two days later, medium was changed without adding IWP-4
for two days. For long-term culturing, cells were maintained in low-
serum medium (DMEM/F-12 1:1, 2mM GlutaMAX™, 1% NEAA, 0.2%
Pen/Strep (all from Life Technologies, Germany), 2% FCS (Lonza,
BioWhittaker, Germany), 50 pg/mL ascorbic acid (Carl Roth, Germany),
0.1 mM B-mercaptoethanol (Sigma-Aldrich, Germany) with medium
exchange every second day.

2.2. Cell reaggregation

2D cultures were dissociated with 0.25% trypsin-EDTA (Life
Technologies, Germany) and 0.5mg/mL DNase I (AppliChem,
Germany) for 30 min at 37 °C followed by mechanical separation. After
centrifugation at 500 x g for 5min, single cells were resuspended in
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low-serum medium with 10 uM ROCK-inhibitor Y-27632 (Santa Cruz
Biotechnology, Germany) and seeded in 96-well plates with V-bottom
(Thermo Fisher Scientific, Nunc, Germany) with 50,000 cells in 200 pl
per well. Afterwards, plates were centrifuged at 1000 x g and 4 °C for
10 min. Next day, medium was changed to remove ROCK-inhibitor.
After three more days, generated clusters were transferred to U-bot-
tomed 96-well plates (Greiner Bio One, Germany) for long-term cul-
turing. Every three to four days, low-serum medium was exchanged.

2.3. Electrochemical impedance spectroscopy

Impedance spectra were recorded as previously described (Jahnke
et al., 2013). Therefore, 2D culture (day 21) were dissociated as de-
scribed for reaggregation and seeded on planar microelectrode arrays.
Impedance spectra were recorded using a self-developed 60 channel
multiplexer in combination with a high precision impedance analyser
(ISX-3, Sciospec Scientific Instruments, Germany). For analysis, the
relative impedance (|Z|sample — |Z|blank)/IZIblank X 100% was calcu-
lated and the relative impedance maximum were extracted and traced
over time. To minimize variations from each cluster six impedance
spectra were recorded (each electrode against each other) and spectra
maxima were averaged.

2.4. Field potential recording

Field potentials were recorded using the MEA/MCA as described for
impedance spectroscopy. MEA/MCA was placed in a heated (37 °C)
MEA1060BC amplifier system (Multichannel Systems, Germany).
Recording was performed at a sampling rate of 4 kHz for 15 min (long-
term measurements) or one hour (drug testing). For action potential
detection (contraction rate analysis) and action potential duration
(APD) determination a self-developed Matlab software was used

>

= day
3 ] 42 D
S [ 49
B o 63
% |77 0 |
° H 91 0 -
& W 105 -y
T W 119 o |
B
£ 125 3
8 %* ¥k Yk Fedkk 2D >
c m—”’i —
§ 100 3D s
Q 75
£ 50
(0]
z 25 -
© (o) I
L 42 49 63 77 91 105 119 2
time / d =5
C
@
% 030 g 175 o B
o8 =8 -—
50 0.25 ©3515.0 -
Qv Qv >
n X Q x o &
3020 9 ~125 T
(8] (0]
[&]
0.1

0
35 63 91119
time /d

5
35 63 91119
time/d

626

Biosensors and Bioelectronics 126 (2019) 624-631

(Jahnke et al., 2013). The QT interval related APD was corrected ac-
cording to Bazett's formula. Cluster treatment with (-)-isoproterenol
hydrochloride (Sigma-Aldrich, Germany) and E4031 (Santa Cruz Bio-
technology, Germany) was performed as an accumulative experiment
by adding next higher concentration every hour.

2.5. Statistics

Statistic data analysis was done using GraphPad Prism version 5
(GraphPad Software, USA). Data represented as mean = SEM, unless
otherwise indicated. Nonlinear regression fit for agonists/antagonists
(three parameters) were used for ECs, value determination. One group
analysis were performed by 1D ANOVA and Dunnett post hoc test,
multiple group comparisons were done by 2D ANOVA and Bonferroni
post hoc test, and between two means t-test (two-tailed) was used.
Statistically differences between two means with p < 0.05 were re-
garded as statistically significant (*), p < 0.01 very significant (**),
and p < 0.001 extremely significant (***).

3. Results and discussion

3.1. Combined 2D differentiation and forced reaggregation leads to highly
enriched long-term stable human cardiomyocyte clusters

To obtain an advanced reproducible 3D cardiomyocyte culture
model we combined Wnt signalling pathway modulator based differ-
entiation of 2D hiPSC cultures (IMR90CO1 cell line) with a 3D culturing
system (Fig. 1A). The initially differentiated 2D cultures were dis-
sociated on day 21 and single cells were reaggregated to generate
uniform spheric clusters. For comparison of cardiac differentiation and
cardiac maturation, 2D and 3D cardiomyocyte cultures were long-term
cultured for further 98 days (Fig. 1A). For the long-term bioelectronic

Fig. 2.Impedance spectroscopy
prove cellular resistance changes of
2D and. 3D over time. (A) At in-
dicated time points comparative ana-
lysis of relative impedance of on mi-
croelectrode array reseeded 2D as well
as 3D culture using microcavity array
(normalised to day 35, dashed line) as
well (B) between each other were per-
formed (n =3 independent experi-
ments, a(2D) = 3 9w7en microelec-
trode array/ a(3D) = 30 cluster). (C)
Cell amount of 2D and 3D culture were
analysed by counting single cells. For
2D amount was show as cells per cm?
and for 3D culture as cells per singu-
larised cluster. Data shown from in-
dependent experiments with n(2D) = 3
(a =3 wells) and n(3D =10 (a = 30
cluster). (D) Representative pictures
are shown from 2D and 3D cultures (2D
scale bar 200pm; 3D scale bar
400 pm).
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monitoring of both 2D and 3D cultures, specific optimized array types
were used (Fig. 1B). In detail, microelectrode arrays with six electrodes
(100 um diameter) per well were used for 2D cardiomyocyte cultures
and microcavity arrays (Fig. S2) for 3D cardiomyocyte cultures.

First, flow cytometric analysis was performed to determine cardiac
marker troponin T (cTnT) positive cells as well as the proliferation rate
(Fig. 1C). During the first weeks of differentiation, the amount of ¢TnT *
cells constantly increased up to 31%. First spontaneous beating areas
were reproducibly detected between day 9 and 15 (Movie S1). Quan-
titative analysis of late cardiomyocyte 2D cultures showed no sig-
nificant changes of cTnT* cells beyond day 21. Therefore, we dis-
sociated 2D cultures and reaggregated them to cardiomyocyte clusters
at day 21. The mechanical reaggregation led to highly enriched cardi-
omyocyte clusters with up to 91% c¢TnT ™ cells at day 35 with no sig-
nificant changes over the analysed time range of 84 days. Although the
reason for this cardiomyocyte enrichment is still unclear, there is a prior
study that describes a comparable effect (Nguyen et al., 2014). In this
study the authors claim that a higher density of the cardiomyocytes
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leads to the enrichment during the forced aggregation step. It is known
that during cardiomyocyte differentiation the proliferation rate de-
creases from progenitor cells to early and further more to matured
cardiomyocytes (Robertson et al., 2013; Zhang et al., 2009). Therefore,
we investigated the amount of proliferating cells in 2D and 3D cultures.
During initiation of differentiation, until day 7, a high amount of pro-
liferating cells (> 60%) was detectable. At later time points, the
amount of proliferating cells decreased drastically in average down to
12.4% (day 21) and at least to < 5% (day 119) with no significant
differences between 2D and 3D cultures. More interestingly, the amount
of proliferating ¢cTnT* cells was up to fivefold higher in 3D culture.
Clusters exhibited not only a highly enriched cardiomyocyte culture;
they revealed already 4 days after reaggregation a highly reproducible
spheroid shape (Fig. S3A,B) with a diameter of 445.7 + 5.1 um at day
35 that kept stable up to day 119 of culturing (Fig. S3C). Using im-
pedance spectroscopy and cell number analysis we investigated for
changes like proliferation and cell death as well as changes in culture/
tissue density that can be detected by an increase or even decrease of

Fig. 3. 3D cultures showing ad-
vanced expressions of cardiac-spe-
cific markers. 2D and 3D cultures
were harvested at same indicated time
points (day 35, 63, and 119).
Representative immunocytochemical
analysis of (A) filament protein a-ac-
tinin (green) and (B) MLC-2a (green)/
MLC-2v (red). Nuclei were stained by
DAPI (blue). (scale bar 200 pm; mag-
nification 20 pm). (C) Sarcomere length
analysis of 2D and 3D culture model.
Using sarcomeric a-actinin staining,
sarcomere lengths were determined
(red line) as shown for day 119.
Statistical analysis of changes in dis-
tance between Z-lines in both culture
models were analysed to each other as
well over time from three independent
experiments with each 30 replicates.
(scale bar 10 pm). (For interpretation
of the references to color in this figure
legend, the reader is referred to the
web version of this article).
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relative impedance, respectively (Jahnke et al., 2013).

Supplementary material related to this article can be found online at
doi:10.1016/j.bios.2018.10.061.

In correlation with the cluster cell number analysis (Fig. 2C) the
relative impedance showed no significant changes over the whole
measurement period (Fig. 2A). Moreover, clusters were characterised
by synchronous contractions over the whole cluster until day 119
(Movie S2). In contrast, normalised relative impedance of 2D cultures
declined significantly after 63 days (Fig. 2A). This decrease was also
significantly different to 3D (Fig. 2B). Cell amount analysis and mi-
croscopic documentations (Movie S3) confirmed that 2D cell layers
became instable as cell number decreased over time (Fig. 2C,D). Taken
together, our new protocol allowed an efficient and reproducible gen-
eration of highly enriched and long-term stable human cardiomyocyte
3D cultures, which could be tracked and quantified using microcavity
array based impedimetric monitoring.

Supplementary material related to this article can be found online at
doi:10.1016/j.bios.2018.10.061.

3.2. 3D culturing leads to an accelerated maturation and cardiac subtype
switch

To investigate cardiac maturation, the expression and localization of
cardiac specific proteins was analysed by immunocytochemical staining
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for a-actinin (Fig. 3) and cardiac troponin T (Fig. S5). At day 7 first
observations of myofilament protein troponin T revealed expression in
2D cultures in small areas (Fig. S5). Over time a-actinin as well as
troponin T expression increased but many cells of the 2D culture still
lacked the expression of these cardiac structure proteins (Fig. 3).
Comparing 2D and 3D cardiac cultures, the amount of positive cells
correlated with the flow cytometric analysis of troponin T (see Fig. 1).
Notable there was an abundant expression of both proteins in the whole
cluster in comparison to 2D cultures (Fig. 3 and S4). Thus, the high
expression and homogeneous distribution of myofilament proteins
highlighted the enrichment of cardiomyocytes in the clusters. Analysis
of vimentin, an intermediate filament that occurs in non-cardiac cells of
mesenchymal origin (Jahnke et al., 2013; Thavandiran et al., 2013;
Zhang et al., 2012a) revealed areas in 2D cultures with high expression
(Fig. S6). In contrast, 3D culture exhibited only a residual non-cardiac
cells most likely smooth muscle cells but almost no fibroblasts (Fig. S6).
The maturation process of cardiac tissue is not only marked by struc-
tural protein expression but also by the abundant distinct expression of
gap junctions (Lundy et al., 2013; Mihic et al., 2014; Rao et al., 2013;
Zhang et al., 2012b). Immunochemical staining of connexin43, the
most dominant gap junction in human heart, and cytochrome C oxi-
dase, a mitochondria marker, proved that at all times 3D culture ex-
hibited a higher and well distributed expression of both marker proteins
(Fig. S4). Next, we analysed immunocytochemical co-staining of the
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Fig. 4. Electrophysiological characterisation of 2D vs. 3D long-term culturing. (A) Signal quality from representative 2D and 3D field potential derived action
potential recordings at early (day 35) and late time points (day 119). (B) Yield of detectable field potential recordings on day 35 (n = 4 independent differentiations).
Long-term contraction rate analysis (C) between 2D and 3D as well as (D) over time (normalised to day 35, dashed line). (E) Standard deviation of contraction rate
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628


https://doi.org/10.1016/j.bios.2018.10.061
https://doi.org/10.1016/j.bios.2018.10.061

S. Fleischer et al.

myosin light chain 2 atrial (MLC-2a, green) and ventricular isoform
(MLC-2v, red) (Fig. 3). It is known, that the expression pattern of MLC-
2a and -2v in cardiomyocytes refer to atrial or ventricular subtypes in
matured cardiomyocytes. At early maturation stages both subtypes are
MLC-2a positive and MLC-2v negative with a switch from MLC-2a to
MLC-2v for the ventricular subtype during cardiac development and
maturation (Tiburcy et al., 2011; Zhang et al., 2012b). At early time
points (until day 35) in 2D cultures, only small amounts of MLC-2a
were detectable and no MLC-2v could be observed (Fig. 3). However,
late 2D cultures showed more distinct MLC-2a positive structures and
very low expression of locally isolated MLC-2v. For 3D cultures, a
switch in protein expression from similar MLC-2a/-2v ratios at the
beginning toward a more pronounced MLC-2v expression was found
during culturing. Thus, cardiac subtype marker analysis revealed an
atrial subtype cardiomyocyte character for 2D cultures while in 3D
cultures nearly all cardiomyocytes switched towards exclusive and
abundant expression of ventricular subtype after 63 days. The amount
and organization of striated pattern of sarcomers as well as their length
extension are markers of cardiac maturation (Lundy et al., 2013; Zhang
et al., 2013). Therefore, we analysed structure proteins a-actinin and
cardiac troponin T by immunostaining. In contrast to 2D cultures, 3D
cultures showed more characteristic, discrete and well-organised sar-
comeric structures. Hence, the sarcomere length was analysed based on
the a-actinin staining (Fig. 3C). Already 14 days after reaggregation, in
clusters significant longer sarcomeres than in 2D cultures were mea-
sured. Interestingly, in 2D cultures the sarcomere length increased up to
day 119 of culturing, reaching comparable length to 3D cultures.
However, 3D cluster maturation was much faster reaching sarcomere
length up to 2.0 um already at day 63 of culture revealing an ac-
celerated maturation of cardiomyocytes in 3D cultures with a time
advance of at least 2 month.

3.3. Gene expression analysis reveals a more adult like cardiomyocyte
phenotype for human 3D cardiac cultures

For a more detailed analysis of cardiac maturation relevant markers,

A
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2D and 3D culture gene expression was analysed by qRT-PCR (Fig. S7
and Table S1). This included the cardiac structure proteins cardiac
troponin T type 2 (TNNT2), myosin light chain 2 ventricular (MLC-2v),
and myomesin 2 (MYOM2) (Kamakura et al., 2013; Yang et al., 2014).
Furthermore, genes encoding for proteins e.g. involved in ion transport
and homeostasis (Blazeski et al., 2012; Bosman et al., 2013; Rao et al.,
2013; Robertson et al., 2013; Yang et al., 2014), the ryanodine receptor
2 (RYR2), Ca(2 +)-ATPase (ATP2A2), phospholamban (PLN), calse-
questrin 2 (CASQ2), and caveolin 3 (CAV3) were analysed. For grading
the relative mRNA expression levels, reference samples obtained from
foetal and adult human heart samples were additionally analysed
(Fig. 5). The relative expression of all specific cardiac markers increased
up to day 21. From day 21 on, gene expression for MLC-2v, CASQ2,
CAV3, and MYOM2 was further upregulated in monolayer cultures but
could not reach same levels compared to 3D culture. In late 2D culture,
gene expression level of TNNT2 as well as RYR2, ATP2A2, and PLN
maintained stable. For the same markers in 3D cultures, gene expres-
sion raised over time especially for MYOM2, ATP2A2, CASQ2, and
CAV3. In comparison to the human heart reference samples, in 2D
cultures the structure protein related gene expression levels of TNNT2
and MLC-2v were extremely low and never reached levels of neither
foetal nor adult heart (both > tenfold higher). Although, in 3D cul-
tures the expression levels of TNNT2 and MLC-2v did not reached the
gene expression level of foetal and adult samples (both > twofold
higher), they were significantly higher than 2D (up to eightfold). More
strikingly, for MYOM2 as well as RYR2, ATP2A2, PLN, and CAV3 gene
expression in 3D cultures reached expression levels of the human heart
reference samples, while in 2D cultures gene expression was much
lower. Additional, qRT-PCR revealed a correlative expression tendency
from foetal to adult human heart samples under the thesis that 3D
cultures are more matured than 2D cultures for all tested genes as well
as comparable expression levels of the 3D cultures to the human heart
reference samples. Thus, gene expression analysis confirms results from
immunocytochemical stainings that 3D cultures represent a more ma-
tured cardiomyocyte phenotype.

Fig. 5. Long-term characterisation of
chronotropic effect of P-adrenergic
agonist isoproterenol on tissue-like
cardiomyocyte clusters at early (day
g 35), late (day 63), and very late (day

- 119d 119) time point. (A) Demonstrating

. - 35d active substance influence on contrac-
- tion rate representative field potential
recordings after application of in-

creasing isoproterenol concentrations

at day 63. (B) Active drug concentra-

tion response curves from one re-

Control
200+
B
oA X 180
[0
m§ 160
-200 2
E.g 140
oM 8 120
€
i 2004 8 100‘ ‘ ‘ ‘
-~ -11 -10 -9 -8
(0]
o)) 04 4
o)
2
-200; C
20
10 M = 15
2004 =
2 10
O
0- v : w 5
0
-200+ 35 63 119
time/d
0 2 4 6
time/s

629

concentration of isoproterenol / 10* x M

presentative experiment (day 35 and
119). Statistical analysis of the (C) ECso
values and (D) maximal changes of
contraction rate. (n = 3 independent

7 6 5 -4 -3

D . . experiments).
S 180
O]
(V]
T = 160
G0
x @©
% 5 140
E5
(&)
5 120
35 63 119
time/d



S. Fleischer et al.

3.4. Human 3D cardiomyocyte cultures show advanced electrophysiological
characteristics

Essential for long-term in vitro experiments in the field of chronic
safety assessment, pathological model studies, and drug development is
a high yield of functional, stable and reproducible electrophysiological
active cultures. To analyse the electrophysiology we used microelec-
trode arrays for 2D and microcavity array for 3D cardiomyocyte cul-
tures (See Fig. 1B) for recording the extracellular field potential of the
attached cells and clusters (Jahnke et al., 2013). With regard to signal
strength and quality at early time points, for 2D cultures only very small
amplitudes could be detected (Fig. 4A). While amplitudes increased
over time, it was often not possible to accurately detect the action
potential duration (repolarisation signal), which is important for the
action potential duration (APD) analysis. In contrast, high quality sig-
nals from 3D cultures allowed feasible determination of the APD
(Fig. 4A). Furthermore, the yield of individual wells (2D culture) with
electrophysiological activity was only 67% (Fig. 4B). In contrast, 99%
of all cardiomyocyte clusters showed synchronized contractility over
the whole cluster (Movie S4) and revealed electrophysiological activity.
Next, we analysed the long-term electrophysiological stability. 3D
cultures showed a stable contraction rate between 58.5 and 65.8 beats
per minute (bpm) over 84 days of monitoring (Fig. 4C). In contrast,
starting with 96.3 bpm at day 35, contraction rate of 2D cultures was
significantly increased afterwards (up to 136.4 bpm; Fig. 4A). Nor-
malising data to day 35, statistical analysis exhibit no significant
change in the contraction rate for 3D over time (Fig. 4D). In contrast,
for 2D cultures contraction rate increased significantly. To analyse the
variability of contraction rate within each differentiation standard de-
viation of the contraction rate from each independent experiment
(derived from replicate statistics) was analysed (Fig. 4E). 2D cultures
revealed a significant higher standard deviation than 3D cultures up to
105 days of culture. Interestingly, variability of the contraction rate for
2D cultures declined during culturing but was still twofold higher than
for 3D cultures up to day 119. Moreover, we analysed the variance of
contraction rate for each individual unit (well/cluster) within 15 min of
recording for each experiment (Fig. 4F). The individual contraction rate
variances of 2D cultures were significant seven- to twelvefold higher in
comparison to 3D cultures. Altogether, culturing hiPS cell derived
cardiomyocytes in a 3D model led to a stable contracting cell popula-
tion whereas the 2D cultivation led to increased and more fluctuating
contraction rates over time. This unique property from new developed
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3D culturing system provides a new cardiomyocytes model for long-
term pharmaceutical screenings.

Supplementary material related to this article can be found online at
doi:10.1016/j.bios.2018.10.061.

3.5. 3D cardiac cultures show high sensitivity towards contraction rate and
action potential duration affecting reference compounds

To demonstrate the sensitivity of our 3D cultures with regard to
beta-adrenergic signalling pathway (chronotropic effects), the well-
known beta-adrenergic agonist isoproterenol was accumulatively ap-
plied (Fig. 5). As negative control acetaminophen (from 10~° to 102
M), a pain reliever with no known influence on contraction, was used
(Fig. S8). Treatment with acetaminophen resulted in no significant
contraction rate alterations. Application of (-adrenergic agonist sig-
nificantly induced a contraction rate increase at 100 nM at day 35 and
already at 10 nM at day 119 (Fig. 5B). Nevertheless, determined ECsq
for each time point did not changed significantly (day 35:
11.13 = 4.2nM, day 63: 5.87 + 1.7nM, day 119: 14.99 + 1.5nM)
(Fig. 6C). Interestingly, a higher contraction rate change at later time
points was observed (Fig. 5D) which could be caused by a more ma-
tured B-adrenergic signal pathway. Maximal change of contraction rate
significantly increased from day 35 to day 119 (140.6 + 9.9% to
171.4 = 1.5%). As done for isoproterenol, we analysed the reference
compound E4031 that blocks the HERG channel thereby inducing an
increase of the action potential duration (APD), which is correlated to
QT-prolongation and therefore, arrhythmias (Fig. 6) (Khan et al., 2013;
Ponte et al., 2010; Yamazaki et al., 2012). First, we proved that the
responsible target, the voltage-gated potassium channel (HERG), is
present by gqRT-PCR (Fig. 6A). The statistical analysis revealed that
between day 35 and 63 or 119 gene expression increased about 30%
(53%). In comparison to human heart reference samples, 3D cultures
were more similar to foetal sample at day 35 but later to adult heart
samples. Analysing the recorded field potential after E4031 application,
the effect on the action potential duration could be detected (Fig. 6B).
Increasing the E4031 concentration led to a significant prolonged ac-
tion potential duration at day 35 (10nM) up to day 119 (1 nM)
(Fig. 6C). Statistical analysis of three independent experiments proved
that the ECso changed over time. On day 35 we could determine an
ECso of 19.58 + 5.3nM. Already four weeks later the ECso value sig-
nificantly decreased down to 1.56 = 0.3nM and kept stable up to
culturing day 119 (1.59 + 0.3 nM; Fig. 6D). Although the sensitivity to

Fig. 6. Long-term characterisation of
E4031 effect on the action potential

duration (APD). (A) qPCR analysis of
10 0nM potassium voltage-gated channel gene
<Z( % 20 [0 human heart 0.1nM (HERG) expression over time. Human
I @ 3D culture —1nM foetal heart [F] and adult heart [A]
1S o 1.5 — 10 nM samples were used as gene expression
g g — 100 nM references. Quantification was done by
T O 1.0 . . . normalising to housekeeping gene
o % 1) o ITs) hGAPDH and human foetal heart
0.5 FE A 35 63 91 119 S 8 g 20 pv samplo)s, , ]gll: 3 indepénd:ltldexperi—
—_— z ments). epresentative field poten-
time / d time /'s tial derived action potential recordings
C D E after application of increasing con-
centrations of E4031 at day 35. (C)
< 140 el 25 sk 140 Representative conc.entration response
= 130 - 119d [0) - curves of one experiment (n = 6 clus-
8 . 7 -35d = 20 % S 120 ters, day 35 and 119). Statistical ana-
< 120 — - 15 58 100 lysis of determined (D) ECs, values and
_g 110 (_‘)“ 10 ;<L 80 (E) maximal changes of APD interval.

© 100 o w 5 é kel (n = 3 independent experiments).
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E4031 increased, the maximal change of the action potential duration
remained stable over time (Fig. 6E).

4. Conclusion

Taken together, we demonstrated that the Wnt signalling pathway
modulation based differentiation of hiPSC cultures to cardiomyocytes
reveals certain differences between 2D and 3D cardiomyocyte clusters.
There are several biological effects like a highly enrichment of cardio-
myocytes in 3D cultures and furthermore, a phenotype switch from
atrial to ventricular cardiomyocytes without further purification or
selection. Moreover, 3D cultures showed an accelerated maturation
with a time gain of more than 60 days when compared to 2D cultures.
Furthermore, using planar microelectrode arrays for 2D cultures and
microcavity arrays for 3D cultures allowed the long-term bioelectronic
monitoring and comparison. Using these techniques a reproducible
superior long-term stability of the 3D cultures for 100 days could be
quantitatively proved. Moreover, impedimetric and electro-
physiological monitoring could be used to analyse sensitive reactions to
chronotropic and QT-prolonging reference compounds. This is an im-
portant step forward for using such bioelectronic monitoring systems
for hiPSC derived cardiomyocytes. More strikingly, these techniques
and shown applications could pave the way to establish them as re-
ference methods for quality control of stem cells and thereof derived
specific cell types as well as for in vitro applications like pathology
model development for research and drug development as well as safety
assessment or in vivo applications like cell-based therapies.
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