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Abstract

Unexpected adverse effects on the cardiovascular system remain a major challenge in the development of novel active
pharmaceutical ingredients (API). To overcome the current limitations of animal-based in vitro and in vivo test systems,
stem cell derived human cardiomyocyte clusters (hCMC) offer the opportunity for highly predictable pre-clinical testing. The
three-dimensional structure of hCMC appears more representative of tissue milieu than traditional monolayer cell culture.
However, there is a lack of long-term, real time monitoring systems for tissue-like cardiac material. To address this issue, we
have developed a microcavity array (MCA)-based label-free monitoring system that eliminates the need for critical hCMC
adhesion and outgrowth steps. In contrast, feasible field potential derived action potential recording is possible
immediately after positioning within the microcavity. Moreover, this approach allows extended observation of adverse
effects on hCMC. For the first time, we describe herein the monitoring of hCMC over 35 days while preserving the hCMC
structure and electrophysiological characteristics. Furthermore, we demonstrated the sensitive detection and quantification
of adverse API effects using E4031, doxorubicin, and noradrenaline directly on unaltered 3D cultures. The MCA system
provides multi-parameter analysis capabilities incorporating field potential recording, impedance spectroscopy, and optical
read-outs on individual clusters giving a comprehensive insight into induced cellular alterations within a complex cardiac

culture over days or even weeks.
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Introduction

Enormous efforts and investments are made throughout the
process of API development to identify adverse effects and
minimize the risks for patients. The pharmaceutical industry has
an urgent need for assays that are applicable at an early stage in
the process of API development which, at the same time, provide
highly predictive and detailed information for the human i vivo
situation [1]. This is particularly relevant for the assessment of
arrhythmia caused by new chemical entities. Current guidelines
from regulatory authorities including the European Medicines
Agency (EMA 2005, ICH) and the US Food and Drug
Administration (FDA 2005, S7B) recommend extensive cardio-
toxicity testing prior to clinical trials.

The majority of drug-induced adverse events in humans involve
a delay in repolarization of the cardiac action potential and
therefore, an action potential duration (APD) prolongation. This is
correlated with the prolongation of the clinical relevant QT
interval indicating delayed ventricular repolarization and is
routinely used as a biomarker of life-threatening ventricular
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arrhythmia e.g. Torsades de Pointes (T'dP). Testing strategies
generally include basic hERG assays from single cardiac cells, such
as rabbit purkinje fiber cells, through to complex i vivo models.
Although hERG assays are relatively quick and inexpensive, the
repolarization event can be affected by a multitude of ion channels
and thus the simple hERG assays only provide limited information
[2]. Furthermore, specific cardiotoxicity caused by e.g. cancer
drugs especially in the context of chronic treatment is getting into
focus of drug safety research [3]. While primary cardiomyocyte
cells derived from animals have the advantage of allowing the
concerted action of many ion channels involved in the action
potential as well as structural analysis, interspecies differences in
ion channel composition and signal cascades can hinder pre-
dictivity when extrapolating from non-human experimental
models to the clinical setting [1,4].

Therefore, the tremendous progress in the field of stem cell
biology has opened the access to a limitless source of non-
transformed human cells and allows the i vitro generation of
highly purified human cardiomyocytes [5-7]. This advances
in vitro assays a step closer to an improved safety assessment of
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novel API and the replacement of partially insufficient animal
trials [1,4]. Extensive molecular, structural, and functional studies
of stem cell-derived cardiomyocytes show concordance with the
cardiac phenotype and similarity to their human ex vivo counter-
parts [5,8-11].

Since the three-dimensional structure plays a crucial role both
during cardiomyocyte differentiation and in the pharmacologically
induced responses of matured cardiomyocytes [12-14], the
demand for suitable analytic methods for hCMC is increased.
Monitoring and analysis of the whole functionality of cardiomy-
ocytes and hCMC can be performed by manual patch clamp
technique, but is limited in throughput, parallelization and is not
suitable for long-term monitoring of whole hCMC over days or
weeks. Microelectrode array (MEA)-based field potential recording
enables a less laborious method that can be easily parallelized and
upscaled [1,15-17]. In addition, by using the same MEA platform,
cytotoxic processes as well as alterations in cell-cell contacts can be
monitored in a non-invasive and label-free manner by impedance
spectroscopy [18-20]. This technique matches the demands on
bioelectronic hCMC monitoring since it permits the quantitation
of cellular alterations in complex tissues and cultures [21,22].
Unfortunately, the commonly used planar MEA require plating
and outgrowth of the precursor cluster (EB) [17] or the
differentiated hCMC [16]. Although, in the latter case the benefit
of hCMC-based short-term safety testing could be impressively
demonstrated, the stable attachment is related to the high
percentage of non-cardiomyocyte cells within the used clusters
(~ 75%). This raises concerns to the standardization and the
reliability and sensitivity to test compounds since these parameters
are considerable dependent on the cluster/cell composition. In this
study we could demonstrate if highly purified hCMC are used the
attachment on planar MEA is problematic.

To overcome this limitation, here we present a unique MCA-
based system that greatly facilitates bioelectronic monitoring of
three-dimensional cardiomyocyte cultures. In combination with
embryonic stem cell-derived hCMC, which provide a 3D model
with higher degree of cell to cell coupling than a cell monolayer,
this is an interesting system for studies of multicellular events, such
as for wave propagation or complex tachycardia. In this study of
the multi-parametric analysis of hCMC functionality and
cytotoxicity, we provide a comprehensive and attractive platform
for safety testing of APIL.

Materials and Methods

Human Cardiomyocyte Differentiation and Cultivation

Differentiation of human embryonic stem cells (hES) (cell line
SA002, Cellartis AB, www.cellartis.com) to hCMC was performed
as previously described [8]. For the majority of experiments, the
hCMC were transferred to the Universitit Leipzig. There, the
hCMC were dissected and individually transferred to a round
bottomed 96-well plate (Art.471-810, Schubert Laborfachhandel,
Germany) and maintained in DMEM supplemented with 10%
fetal bovine serum, 1 mM GlutaMAX, 1% nonessential amino
acids, and 0.2% penicillin-streptomycin (all by Invitrogen,
Germany) on a self-developed gyratory shaker in an incubator at
37°C, 5% COgq and 95% humidity. The hCMC were used for
experiments within two weeks. All work with the hES-derived
hCMC was performed in accordance with the Robert-Koch-
Institut (RKI, Berlin) and the ethical committee of the Universitat
Leipzig.
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Field Potential Measurements

For the field potential recording of hCMC, self-developed MCA
were used [18]. Additionally, electrode and circuit pathways were
optimized for bioelectronic analysis [21] and a suction hole was
incorporated by backside etching technology (ZMN, TU Ilmenau,
Germany). For monitoring, all MEA/MCA systems were placed in
a heatable MEA1060 amplifier system (Multi Channel Systems,
Germany). For the majority of the experiments, the hCMC were
placed into the cavities by pipette. For demonstrating the
automated positioning, a self-developed hydrodynamic positioning
system was used. For the hCMC attachment experiments,
microelectrode arrays (MEA) (Multi Channel System, Germany)
were used as previously described [16]. For the monolayer
experiments, 50 hCMC were dissociated by incubation and gently
shaking in 0.25% trypsin/EDTA (Invitrogen, Germany) for 20
minutes followed by mechanical dissociation and reseeding on
MEA  with platinum electrodes (Ayanda, Swiss). From all
electrodes where electrical activity was observed, field potential
streams were recorded with a sampling rate of 4 kHz by MC-Rack
v3.7 software (Multi Channel Systems, Germany). Data was
analyzed and processed offline using a self-developed software
FiPA v2 programmed with MATLAB (Mathworks, USA) to detect
action potentials (manual threshold setting) and determine field
potential-derived action potential duration (fAPD). For all
analyses, 100 detected spikes were averaged and for statistical
analysis the determined fAPD was corrected according to
Fridericia (fAPD¢). For MCA-based long-term measurements,
fAPD was determined as return to baseline with a threshold of
three times s.d. of the baseline and the fAPD of all four electrodes
per cavity were averaged. For short-term analysis where the
position of the hCMC does not change within the cavity, the
electrode with the most distinct field potential shape was selected.

Electrochemical Impedance Spectroscopy (EIS)

After field potential measurement the MCA and hCMC were
transferred to a self-developed impedance measurement system
comprising a 60 channel multiplexer board and a high precision
impedance analyzer (ISX-3, ScioSpec GmbH, Germany). The
impedance spectra were recorded and analyzed as previously
described [20,21]. Briefly, impedance spectra were recorded by
applying an alternating voltage of 100 mV in a frequency range
from 5 kHz to 5 MHz with equidistant spacing in a logarithmic
scale (51 points). The self-developed software IMAT v2.2.5 was
used for instrument controlling and data acquisition. The self-
developed software IDAT v3.6.5 was used for offline data analysis,
including calculation of the relative impedance (|Z|wimh cluster —
|Z|without cluster)/ |Z|without cluster X 1000/0) and determination of
the relative impedance maximum. From each cavity that
comprises four electrodes, six spectra were acquired (each
electrode against each other). Then, the relative impedance
maxima of all six spectra were averaged for minimizing
disturbance caused by positioning shifts and variations as well as
hCMC contraction. To allow comparison and statistical analysis,
time traces of the relative impedance maxima were normalized to
time point 0 h (start of the experiment).

Immunocytochemistry

For immunocytochemical staining, hCMC were fixed after the
experiments with 4% formaldehyde for one hour, transferred to
PBS (Invitrogen, Germany) containing 25% sucrose (Merck, USA)
stored for at least 24 hours at 4°C and cryodissected with a Leica
CM3050S microtome (20 um sections). Sections were permeabi-
lized and blocked with 3% BSA and 0.1% Triton-PBS for 45
minutes at room temperature (all from Sigma Aldrich). After-
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wards, the sections were incubated with anti-MLC-2a, anti-MLC-
2v (1:100, Synaptic Systems, Germany), anti-a-actinin, anti-o-
MHC (1:100, Sigma Aldrich) for two hours followed by incubation
with DyLight-488 or DyLight-549 conjugated anti-rabbit or anti-
mouse secondary antibodies for 90 minutes (Dianova, Germany).
Then, the sections were carefully washed in PBS three times and
nuclei were stained by incubation with DAPI (1 pg/ml) for one
minute at room temperature in the dark, followed by washing,
drying and covering with Kaiser’s glycerol gelatine (Merck, USA).
Images were taken using a Nikon Clplus confocal microscope
(TE2000).

Cardiac Troponin Release Analysis

For cardiac troponin release experiments, hCMC were excised
from culture and re-plated into individual wells of a 96-well plate.
The culture medium was replaced by doxorubicin-containing
medium, which was then sampled after 48 hours and measured for
cardiac specific troponin content using an automated Immuno-
chemiluminescence instrument (Elecsys 2010, Roche) and the
Elecsys TroponinT STAT assay reagent (Roche) according to the
manufacturer’s recommendations.

Statistics

All statistical analyses were done using Graphpad Prism 5. In
general, results are presented as means * s.e.m. unless described
differently. All ECsy, and ICs, values were determined by
nonlinear regression fit for agonists/antagonists (three parameters)
and Clg; indicates the range within the 95% confidence interval.
One group comparisons were analyzed by one-way ANOVA and
Dunnett post hoc test, multiple group comparisons were analyzed
by two-way ANOVA and Bonferroni post hoc test. Differences
between two means with p<0.05 were considered as statistically
significant (¥), p<0.01 very significant (**) and p<<0.001 extremely
significant (¥+¥).

Results

Characterization of MCA-based hCMC Monitoring System

The MCA was developed and optimized for instant and feasible
bioelectronic monitoring of human stem cell-derived hCMC
(Figure 1A). The silicone-based chip comprises 15 cavities with
200-400 pm size in square (50 um steps). A gold electrode is
located on each cavity wall and a suction hole was incorporated at
the cavity bottom giving the possibility for an automated
hydrodynamic positioning of the hCMC (Movie S1). This unique
three-dimensional analytic structure allows the detection of the
action potential by field potential measurement. More strikingly,
the optimized electrode size and shape in combination with the
gravity-based contacting of the hCMC to the electrode results in
the field potential-derived detection of the action potential
duration (fAPD) on all four electrodes per cavity (Figure 1B). In
contrast to planar MEA, where fAPD detection is strictly
dependent on the adhesion quality of the cells, the MCA does
not require cell adhesion to the electrode. Furthermore, adhesion
of the cluster is prohibited by a repellent silicon nitride passivation
layer, making retrieval of the hCMC as well as long-term
measurements possible without alteration of the cluster structure
and shape (Movie S2). Before experiments with hCMC were
performed, they were characterized by immunocytochemical
stainings. The analysis of the cardiomyocyte markers a-actinin,
o-MHC and subtype marker MLC-2v (ventricular) and MLC-2a
(atrial) revealed a high percentage of cardiomyocytes within the
clusters (Figure 1C). To investigate the potential presence of non-
cardiomyocytes, stainings for the pluripotency marker Oct4, the
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fibroblast marker CD90, and for other mesodermal origin the
marker vimentin were performed (Figure SI1). Beside some
negligible non-cardiomyocyte cells, characterized by the vimentin
staining, the analysis confirmed the high enrichment of cardio-
myocytes within the hCMC and is in line with previous
characterization of this type of hCMC [8,9]. For demonstration
of high reproducible size and electrophysiological characteristics,
we analyzed six independent differentiation experiments each with
36 hCMCs (Figure 1D). The hCMCs revealed a highly
reproducible diameter with an average of 400.2+25.5 pm and
an intra-experiment s.d. of 50.9%2.5 um in average. Moreover,
93.4%2.6% of the hCMCs were contractile and showed a highly
reproducible contraction rate of 100.1%£22.5 bpm in average and
an intra-experiment s.d. 38.7 4+6.9 bpm.

MCA Technology Provides High Signal Quality Enabling
Feasible Long-term Monitoring of hCMC

With the intention to use the established hCMC based
bioelectronic monitoring system for long-term experiments, we
analyzed the size and morphological stability of the hCMC over
35 days (Figure S2). Both microscopic images as well as the hCMC
size analysis showed no significant alterations. To demonstrate the
superior signal quality and long-term stability of MCA-based field
potential recording on hCMC, this novel technology was
compared to the commonly used techniques of dissociated and
reseeded cardiomyocytes on planar MEA and hCMC attached to
planar MEA. Firstly, the cardiomyocyte contraction rates mea-
sured in the three systems were analyzed (Figure 2A and Table
S1). In total, the MCA group (3D) contained ten hCMC and the
3D on planar MEA 17 hCMC. For the monolayer group, 50
hCMC were enzymatically dissociated and reseeded on the planar
MEA. While contraction rates could be detected from all ten
hCMC in the MCA from day 0 until day 32 (nine hCMC on day
35), only four of the 17 hCMC could be attached to the planar
MEA. These four hCMC could be monitored from day 1 until day
11 (two hCMC until day 14). Afterwards, they detached from the
MEA. In the case of the monolayer group, it was only possible to
record contractions after four days of cultivation on the MEA and
only one MEA could be monitored up to day 28. Moreover, the
stability of the contraction rate over the monitored days was
analyzed. While the four attached hCMC (3D on planar) showed
high contraction rate stability with 103.8% at day 14 when
compared to day 1 (100%) and a low variance with 4.6% (s.d.) in
average, the monolayer system showed a rapid decrease of
contraction rate down to 55.6% at day 16 and 45.0% on day 29
when compared to day 4/6. In addition, the variance increased to
more than 15% (s. d.) between day 6 and 19. Notably, the MCA-
based 3D system showed extremely stable contraction rates until
day 35 with 100.8% (in comparison relative to day 0) and an
averaged variance of 9.0% (s.d.). Moreover, the statistical analysis
revealed that these deviations are not significant.

Beside contraction rate analysis, the fAPD determination is
another important parameter for cardiotoxicity testing. Therefore,
the ability to detect fAPD was analyzed in all three systems
(Figure 2B). While for the 3D on planar MEA system fAPD could
be determined between day 2 and 9, in the monolayer system it
could be determined from day 6 to 25. More strikingly, in the
MCA-based 3D system, fAPD could be determined in all
contractile hCMC over the completely monitoring period of 35
days. For demonstrating the long-term stability of the fAPD, five
hCMC were analyzed over the whole monitoring time range
showing high stability and low variances with 106.1% at day 35
when compared to day 0 (100%). Moreover, the statistical analysis
revealed that these deviations are not significant. To illustrate
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Figure 1. Optimized microcavity array for field potential analysis of highly purified cardiomyocyte clusters. (A) Bonded silicone-based
microcavity array and SEM image of a cavity (400 um size) with an integrated suction hole for automated positioning. (B) Microcavity array
technology enables an instant and detailed field potential recording on four electrodes per cluster without any adhesion requirement of the
cardiomyocyte cluster to the electrodes. (C) The hCMC consist of highly enriched cardiomyocytes with atrial (MLC-2a) and to a smaller amount of
ventricular cardiomyocyte characteristics (MLC-2v), (bar =100 um, zoom: bar =20 um). (D) Size and electrophysiological characteristics of six

independent differentiation experiments each with 36 hCMC (mean = s.d.).

doi:10.1371/journal.pone.0068971.g001

alterations in field potential profile quality over time, example
electrodes from each system are shown in Figure 2C. The most
suitable time for fAPD experiments for the monolayer system was
between day 10 and 15, while for the 3D on planar system this was
between day 6 and 13. As indicated above, the MCA-based
measurements on hCMC showed an extremely distinct field
potential shape over the whole monitoring time range of 35 days.

MCA-based Electrophysiological Analysis of hCMC Shows

High Sensitivity to Compound Effects

After confirmation of the quality and feasibility of the MCA-
based field potential analysis, hCMC: sensitivity to chronotropic
compounds and compounds with adverse effects on the APD were
investigated. The hCMOC were monitored before and after
application of noradrenaline (Figure 3A and Table S2). The
recorded field potential before and after the application of 100 uM
noradrenaline revealed a considerable increase in contraction
frequency. A concentration response curve obtained by the
commonly used mode of accumulative application indicated an
ECs( value of 0.28 uM (Clg5:0.075 pM —1.0 uM). A comparative
experiment, however, where the different concentrations were
applied to a discrete set of hCMC resulted in an EC5q value of
8.8 uM (Clg5:1.8 uM —43 pM). In a next step, the capability of the
MCA-based 3D system to detect APD prolongation by field
potential monitoring was evaluated (Figure 3B and Table S2).
E4031 is known to induce QT-prolongation and TdP by APD
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prolongation. Furthermore, as previous animal studies revealed
comparable results to human studies (EC( values in the range of
1-20 nM) this is a suitable reference compound for characterizing
novel test systems [23]. While E4031 concentrations in the
nanomolar range had no considerable influence on the contraction
rate, concentrations in the micromolar range caused higher
variances, arrhythmias and loss of contraction after 30 minutes of
incubation. The prolongation of the fAPD shown for 1 nM E4031
revealed considerable prolongation after 15-30 minutes with a
maximum after 45 minutes. The concentration response analysis
revealed an IC5q value of 150 nM (Cly5:82 nM —270 nM) for the
frequency and an EC5 value of 7.2 nM (Clg5:1.3 nM —40 nM) for
the frequency corrected APD prolongation. This value is in line
with a previous study on ES-derived human cardiomyocytes [16].

Multi-parametric Label-free Analysis of Adverse Effects
Reveals Comprehensive Information on Induced
Cardiotoxicity

The capability of direct and repeated measurement of hCMC in
the MCA enables long-term monitoring of compounds with regard
to their potential cardiotoxic effects together with multiplexing of
several label-free and non-invasive analysis methods. In this
context, field potential monitoring in combination with impedance
spectroscopy analysis was performed. Moreover, hCMC morphol-
ogy was analyzed by light microscopy. The performance and
advantages of the multi-parametric analysis were demonstrated by
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monitoring the adverse effects of doxorubicin over 48 hours. range of 0.01-10 uM. At 100 uM, a decrease to 76%=12% was
Effects on the contraction rate were observed by analyzing the observed. In contrast, after three hours and up to 48 hours a
field potential (Figure 4A and Table S3). When compared to the concentration and time dependent decrease could be observed,
time point prior to doxorubicin application, no considerable even at the lowest concentration of 0.01 pM. In particular, at
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beating after 24 hours. Significant doxorubicin-mediated effects
were also observed on the fAPD within the first hour of application
(1 mM, 33.5%4.5% increase relative to pre-exposure values). The
concentration response analysis revealed an EC;, value of
16.7 uM (Clgs5:5.4 uM —52.0 uM). Additional information on
cell-cell contact integrity, as well as cell and cytoskeleton
degradation within the 3D-cultures was obtained through imped-
ance spectroscopy [18,24,25] analysis (Fig 4B and Table S4). After
one hour of incubation with doxorubicin, no obvious alterations
could be observed. After three hours, at least for 100 uM
doxorubicin, the relative impedance decreased significantly down
to 61%9%. After 48 hours, a significant decrease down to 53+9%
could also be detected at 10 uM doxorubicin. The ICj5y values,
determined from concentration response curves, were >5 mM for
one hour, 150 uM (Clgy5:71 pM 310 uM) for three hours, 81 uM
(Clg5:47 uM —142 uM) for 24 hours, and 16 uM (Clgs5:6 M —
42 uM) for 48 hours.

Changes in the individual cross section area of each hCMC at
each time point were evaluated from light microscopy images
(Figure 4C and Table S5). Only the highest concentration of
doxorubicin revealed a significant alteration (increases to 115%£7%
and 146X=11% after 24 and 48 hours respectively, compared to
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pre-exposure values). Based on the acquired images, the increased
diameter could be correlated with a loosening of the cell-cell
contacts and structure resulting in an increased extracellular space
and degradation of the hCMC.

Taken together, the results of all three label-free analysis
methods demonstrated that doxorubicin exposure led to a fAPD-
prolongation within the first hour and considerably influenced the
contraction rate within three hours. Degeneration of cells and cell-
cell contacts were time- and concentration-dependent, and were
already observed after three hours at high concentrations
(=100 uM). Finally, at the highest concentration (100 uM) the
cellular degeneration leads to a structural alteration in the whole
hCMC with loosened structures and increased cluster size.

To correlate the observed degenerative processes with subcel-
lular changes in the cytoskeleton, we performed immunocyto-
chemical stainings (Figure 4D) of the exposed hCMC after the
final time point of the experiments (48 hours). The analysis of the
ventricular and especially the atrial marker MLC-2 revealed
stratified structures that are part of the contractile fibers within
cardiomyocytes in the control hCMC and in hCMC incubated
with up to 0.1 uM doxorubicin. At concentrations of 1 uM and
higher, no stratified structures were observed, which is in line with
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Figure 4. Label-free real-time multi-parametric monitoring enables high content analysis. (A) The contraction rate was analyzed for 48
hours (n =4 hCMCQ). The effect on the APD was determined for one hour after doxorubicin application and revealed a concentration dependent
response with an ECs, value of 17 uM (n =3 hCMCQ), (B) The impedance analysis revealed a concentration- and time-dependent decrease where 1Cs,
values could be determined for each time point (n =5 hCMC). (C) The microscopic analysis of the hCMC size (cross section area) showed an increase
only for 100 uM after 24 hours and 48 hours (n =5). (D) After the experiment, the clusters were suitable for further molecular biological analysis. The
immunocytochemical staining indicated typical stratification of contractile elements (arrows) in the control and 0.1 uM treated sample. These
stratified elements were not observed in samples treated with 1 uM doxorubicin (bar =50 um). For comparison with established in vivo
cardiomyocyte damage markers, a c-troponin assay was performed on the culture media.

doi:10.1371/journal.pone.0068971.g004
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the complete loss of contractility of all clusters in this concentration
range. In addition, the stainings showed more dense and
aggregated areas of MLC-2 that correlated with the degeneration
of the cells at concentrations higher than 1 uM doxorubicin. To be
able to relate these results to established i vivo findings, the
translational safety biomarker for drug induced toxicity [26],
cardiac specific troponin, was measured in the cell culture medium
after 48 hours exposure to doxorubicin (Table S6). Cardiac
troponin release was concentration dependent (Figure 4D), and
showed a significant increase of c-troponin release at 10 uM
doxorubicin and higher with an EC;y value of 4.5 uM
(Clgs:1.1 pM —17.5 uM) that correlates with the performed
impedance spectroscopy analysis.

Discussion

Facing the great opportunity that stem cell derived hCMC
offers for the safety assessment of cardiotoxic adverse effects of
novel API, there is an urgent demand for analytical methods of
these three-dimensional cultures that can be easily upscaled and
multiplexed. Moreover, long term monitoring of whole hCMC
over days or weeks is desired especially in the context of chronic
toxicity testing. Therefore, three-dimensional cultures consisting of
highly enriched cardiomyocytes as demonstrated by the immuno-
cytochemical staining are a prerequisite. While o-MHC and o-
actinin are common markers for cardiomyocytes, MLC-2a and
MLC-2v are specific markers for cardiac subtypes. Moreover,
these markers plays a crucial role during maturation of cardio-
myocytes making it difficult for definite cardiac subtype identifi-
cation. Actual studies revealed that MLC-2v positive cells
represents more matured ventricular cardiomyocytes while
MLC-2a only positive cells could represent unmatured cardiomy-
ocytes and therefore, a range of potential cardiomyocyte subtypes
including ventricular as well as atrial cardiomyocytes [27-29].

To overcome the limitations for label-free field potential
monitoring of hCMC on planar MEA, we developed a unique
MCA. The major advantage of the MCA-based system is that for
optimum signal quality, adhesion of the hCMC to the electrodes is
not needed and therefore, greatly simplifies the practical aspects of
the system. Several studies of planar MEA systems have
demonstrated the importance of the development of an optimum
cell adhesion on the electrodes over several days to obtain a good
signal quality, especially for the detection and determination of the
fAPD [15,30]. In contrast, we were able to demonstrate for the
first time, that by using the MCA, the gravity-based contact
between electrode and hCMC is sufficient to obtain a pronounced
field potential. More strikingly, the fAPD could be feasibly
determined. This allows an easy and fast processing as well as
measurement of hCMC. Furthermore, the repeated measurements
of individual hCMC over days or even weeks can be performed
without the need of any disruption, digestion, or plating typically
causing deformation of the 3D structure that developed during
differentiation. The integrity of cluster structure/shape was
demonstrated by experiments over eight hours of continuous
measurements as well as discrete measurements over 35 days.
During this time, hCMC showed superior stability and micro-
scopic characterization never revealed degeneration within the
hCMC. This is in line with previous studies [8,9]. The
comparative analysis of long-term stability in monolayer cultures
on MEA (monolayer), attached hCMC on MEA (3D on planar)
and hCMC on the MCA-based system (3D) revealed superior
advantages with regard to contractile clusters/layers, contraction
rate variances, and detection of fAPD. Only with the MCA-based
system, we could demonstrate, for the first time, the stable long-
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term (35 days) tracing of the fAPD in individual hCMC. In the
context of automation for industrial application, the manual
preparation of the hCMC at the beginning is a limiting step.
However, the ongoing development of stem cell culturing in 3D as
well as the differentiation to hCMC under well-defined automat-
able conditions are promising for the industrial application of our
system [7,31]. Although the well-established hES-derived hCMC
show superior functional characteristics over more than 35 days,
the MCA based measurement system is not restricted to hES-
derived hCMC. Induced pluripotent stem cells (hiPS) offers a great
opportunity for the generation of hCMC: and therefore, the MCA
based system are highly suitable for the functional investigation of
hiPS-derived hCMC. Moreover, patient derived hiPS allows the
establishment of specific hCMC pathology models that could be
used for sophisticated screening systems [32].

Using the MCA in combination with the hCMC, we were able
to demonstrate the feasibility of our system to detect and quantify
short-term effects of frequency modulating compounds and APD
prolonging compounds. For the chronotropic acting noradrena-
line, we demonstrated accumulative as well as discrete ECs
determination with a considerable higher value in the discrete
measurement, but both in the range of formerly reported ECs,
values of 1.7 uM [33]. Although, accumulative experiments are
widely used because of lower experimental variances, lower
material consumption and time, for most targets there is little
known about, for example desensitizing and/or receptor internal-
ization. We show in the present study, that comparable Clgs
ranges were achieved in both experimental settings using the
MCA-based system. Thus, parallel measurements on individual
hCMC and discrete analysis of compound effects are now more
easily achievable, avoiding the confounding factors possibly
introduced by an accumulative experimental set-up.

The fAPD-prolongation analysis of E4031 revealed an ECsq
value that is in line with former described studies on hCMC [16].
Since E4031 is a hERG channel blocker, the determined ECsq
value is comparable with reported values obtained by hERG
channel assays [23]. Moreover, at higher concentrations we could
observe adverse effects on the contraction rate and overall
contractility. This can be caused by nonspecific action on different
channels [16].

Especially for long-term experiments that increase experimental
time and efforts, we demonstrated the advantages of mult-
parametric label-free monitoring of individual hCMC. For this
purpose, the effects of doxorubicin were analyzed by field potential
recording, impedance spectroscopy, and microscopic imaging.
Within | hour after doxorubicin application, we could detect a
fAPD-prolongation (ECs5, =18 uM). Since doxorubicin acts over
an Ik, independent mechanism, it is not a classical reference
compound for QT prolongation and TdP [34]. Only in the recent
literature there are indications of the arrhythmic adverse effects of
doxorubicin [35]. This shows the high predictive power of our
MCA-based system in combination with hCMC. Moreover, the
long-term effects related to structural cardiotoxicity could be
sensitively monitored by alterations of the contraction rate. Here,
we observed a significant decrease of the contraction rate already
at 0.1 uM doxorubicin after 48 days. Furthermore, our system is
much more sensitive than actual published hES derived cardio-
myocyte monitoring systems that, thus far, never revealed an effect
of doxorubicin on contractility at concentrations of 100 uM and
higher [36]. In combination with a concentration- and time-
dependent decrease of the relative impedance, the degradation of
the cytoskeleton was confirmed with immunocytochemical stain-
ing’s. The sensitivity of the multi-parametric analysis was further
investigated by measuring release of the clinically established
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biomarker cardiac troponin. The determined ECj5( value (4.5 uM)
is in line with previous studies [37]. The comparable results
obtained by the bioelectronic multi-parametric analysis illustrate
the direct relevance to human health and provide connectivity to
in vivo results. More strikingly, we could detect significant effects of
doxorubicin in the concentration range of 0.1 uM —20 uM
doxorubicin that represents in vivo relevant concentrations and
that are lower than already described C,,,., values of 10-35 uM of
doxorubicin [36,38]. Using the MCA technology, the electrophys-
iological properties of the cardiomyocytes can be assayed in
combination with measurements of cell viability. Hence, general
cytotoxicity can be distinguished from specific cardiotoxicity.

Conclusions

Taken together, the MCA-based multi-parametric non-invasive
and label-free bioelectronic and optical monitoring of individual
hCMC provides a superior tool for the reliable long-term
monitoring of hCMC: and detailed analysis of adverse cardiotoxic
effects especially in the context of long-term chronic and repeated
dose toxicity testing of potential API. Especially in the context of
accumulative effects over days and weeks as shown for doxorubicin
[35] there is a need of novel highly predictable i vitro test systems.
The demonstrated hES-derived hCMC in combination with the
MCA-based measurement system can be easily upscaled to e.g.
standard 96-well plates leading to a high-content analysis platform
and would push stem cell derived hCMC forward to reliable long-
term i vitro cardiotoxicity testing. Moreover, the developed system
is not limited to the use of hES-derived hCMC but presents a
suitable technique for the characterization and investigation of

hiPS-derived hCMC.
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