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a b s t r a c t

Cardiomyocyte contraction and relaxation are important parameters of cardiac function altered in many
heart pathologies. Biosensing of these parameters represents an important tool in drug development and
disease modeling. Human embryonic stem cells and especially patient specific induced pluripotent stem
cell-derived cardiomyocytes are well established as cardiac disease model.. Here, a live stem cell derived
embryoid body (EB) based cardiac cell syncytium served as a biorecognition element coupled to the
microcantilever probe from atomic force microscope thus providing reliable micromechanical cellular
biosensor suitable for whole-day testing.

The biosensor was optimized regarding the type of cantilever, temperature and exchange of media; in
combination with standardized protocol, it allowed testing of compounds and conditions affecting the bio-
mechanical properties of EB. The studied effectors included calcium , drugs modulating the catecholami-
nergic fight-or-flight stress response such as the beta-adrenergic blocker metoprolol and the beta-adrenergic
agonist isoproterenol. Arrhythmogenic effects were studied using caffeine. Furthermore, with EBs originating
from patient's stem cells, this biosensor can help to characterize heart diseases such as dystrophies.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Cell based biosensor (CBB) devices represent a novel tool to un-
derstand and treat various human diseases including heart diseases
which are leading cause of death in developed countries (Pilkerton
et al., 2015). Most of them have hidden cause at the cellular and
genetic levels (Aistrup et al., 2009; Stienen, 2015) not easily acces-
sible for diagnostics, as heart biopsy is invasive procedure with sig-
nificant risk (Holzmann et al., 2008; Imamura et al., 2015). Since the
discovery of pluripotent stem cells (PSCs), such as human embryonic
stem cells (hESC) (Thomson et al., 1998) and especially disease spe-
cific induced pluripotent stem cells (hiPSC) (Takahashi et al., 2007)
and their differentiation into cardiomyocytes (Mummery et al.,
2002), these cell types represent an important cellular model in drug
and disease screening (reviewed in Acimovic et al., 2014).
asaryk University, Kamenice

).
.

The electrophysiological phenotype of individual cardiac cells is
often studied providing information representing pacemaker or
messenger function. Despite most of studies use single cells, the
CMs syncytium seems to be a critical parameter in biosensor as-
sembly as unstable signals are obtained in case of individual or
small cluster of cells (Kaneko et al., 2007, 2014). These methods
follow mostly action potential, cell to cell conductivity or electrical
cell-substrate impedance (Giaever and Keese, 1984). Recently,
xCELLigence RTCA Cardio multiwell sensor combined with pri-
mary neonatal rat cells was used to monitor the effect of antiar-
rhythmic drugs on cell growth and contractions (Guo et al., 2011).
However, the electrophysiological data cannot be fully separated
from the mechanical triggers and consequences (Kelly et al., 2006)
rendering the method not suitable for large group of diseases af-
fecting electro-mechanical coupling. Thus CM contraction and
relaxation biosensing represents an indispensable step for the in
vitro disease modeling. Indirect methods of contraction mea-
surement, such as optical ones based on optical fiber deformation
(Fearn et al., 1993) and image analysis (Neagoe et al., 2003) have
limited potential especially in case of in vitro differentiated CMs,
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which do not fully match the shape of the isolated CMs and often
require dissociation of the syncytium and analyzing the individual
cells in microposts (Rodriguez et al., 2014). Furthermore, the
combination of optical analysis and the direct methods measuring
contraction force on artificially assembled structures are sig-
nificantly impacted by stiffness of the substrate, such as the twitch
power in the case of dissociated cells plated on substrate with
varying stiffness (Rodriguez et al., 2011). Further the increasing cell
number negatively impacted the force-length relationship mea-
sured directly on neonatal cardiac cells self-assembled on fibrin
fibers (Sondergaard et al., 2012), again rendering the syncytium
analysis at least difficult. Thus it seems that the most promising
structure for studying the contraction properties of human cardiac
syncytium might be uniformly sized clusters of differentiated CMs
in the form of PSCs-derived embryoid bodies (Pesl et al., 2014).
Therefore we opted for a direct approach to assess the EBs’ cardiac
syncytium mechanical properties in real time and under the al-
ternating biophysical and biochemical conditions using atomic
force microscopy (AFM).

AFM is a three-dimensional high resolution topographic tech-
nique. It is suitable for biological applications in native conditions
(Vahabi et al., 2013) with the ability to measure bending of the
cantilever probe with extremely high precision (Sundararajan and
Bhushan, 2002). It allows AFM to be used as a mechanical nano-
sensor (Wang et al., 2015), or as a micromechanical transducer for
the construction of biosensors (Lavrik et al., 2004). Furthermore,
modified AFM tip biosensor has been used in numerous studies,
including the analysis of Alzheimer's disease process (Hane et al.,
2014), as mechanical sensor in the study of cell penetration by
nanoneedles (Obataya et al., 2005), in cell-based biosensing of
drug effects (Wang et al., 2009) and in study of growth factor ef-
fects on epidermal cells (Zhang et al., 2014).

In this study, our previously developed uniformly sized EBs
containing human induced pluripotent stem cell-derived cardio-
myocytes (hiPSC-CMs) (Pesl et al., 2014) are integrated into the
AFM force sensing platform to perform a high fidelity contraction
pattern as a unique CBB for the measurement of absolute values of
contractile forces together with frequency of the beat rate in
complex conditions and cellular models. Development and opti-
mization of the whole measurement setup is described with
Fig. 1. Scheme of the biosensor setup used for biomechanical characterization of cardio
follows: 1 – Embryonic body (EB, cluster of living cells) in plastic Petri dish, (3 cm in di
block, 4 – AFM laser source (a) (left) and photodetector of laser (b), position, 5 – plastic
driving the flow direction and rate (rotation direction is shown by an arrow), 7 – medic
constant temperature of 37.070.1 °C). The little insets on the left (A, B and C) show the
cantilever. Image (R) in the top-right corner shows real image of EB cluster with canti
175 mm.
proposed application for characterization of cell clusters of cardiac
cells and testing effects of model drugs.
2. Materials and methods

2.1. Preparation of hiPSC and hESC cardiomyocyte clusters

Measurements were performed using the hESC lines CCTL14
and CCTL12, characterized previously (Dvorak et al., 2005; Inter-
national Stem Cell Initiative et al., 2007; Krutá et al., 2013). The
hiPSC line cl1 was obtained from Dr. Majlinda Lako, Institute of
Genetic Medicine, Newcastle University and the iPSC lines
MDMD2Se were derived in our laboratory from human skin
biopsies (Krutá et al. 2014). The hESCs and iPSC lines were pro-
pagated on mitotically inactivated mouse embryonic fibroblasts
(Dvorak et al., 2005). Regular round shape of embryoid bodies was
achieved by forced aggregation in silicone mold preformed mi-
crowells (1.5% agarose, VWR) (Dahlmann et al., 2013), their dif-
ferentiation and maturation was achieved using our previously
described method (Pesl et al., 2014). For statin samples, PSC were
cultivated with pravastatin (20 mM, Sigma) for 4 days prior to EB
formation.

2.2. Clusters seeding and measurement set-up

Beating EBs cultured for 28 days after initiation of differentia-
tion were selected for round shape and adequate size and seeded
onto adherent 30 mm Petri dishes (TPP Technoplastic Products,
Trasadingen, Switzerland). The cultivation media was replaced by
Tyrod solution (135 mM NaCl, 10 mM HEPES, 5.4 mM KCl, 0.9 mM
MgCl2, pH 7.4) and suplemented with 10 mM glucose and CaCl2 (in
desired concentration) and the EBs were maintained at 37 °C in a
standard CO2 incubator. Before experiment, a dish equipped with
media exchange tubes was placed on the motorized stage of an
inverted microscope (Olympus IX-81S1F-3, Tokyo, Japan) and the
AFM recording head (BioAFM NanoWizard 3, JPK, Berlin, Germany)
was finally placed on top of the sample. The AFM set-up was
modified in order to provide real-time biomechanical character-
ization of CMs cell clusters (Fig. 1).
myocyte clusters. Most important parts are schematically shown and are labeled as
ameter), 2 – AFM cantilever, equipped with a sharp tip, 3 – glass cantilever holder
(PP) tubing, i.d. 0.2 mm (an arrow shows the flow direction), 6 – peristaltic pump,
al syringe (total volume of 1.0 ml) for drug injection, 8 – Petri dish heater (to keep
subsequent stages of the EB contractile movement as this is measured by the AFM
lever on its surface (captured by optical microscope). The size of the EB cluster is
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The cantilever glass holder placed on the AFM head (scanning
by probe, range in X-Y-Z was 100–100–15 mm) was equipped with
soft cantilever and the contact part of the head was submersed in
the 30 mm Petri dish containing one or more EBs at the bottom of
non-treated plastic. The Petri dish heater (JPK, Berlin, Germany)
was used to either keep the temperature constant at 37 °C or at
29–37 °C for temperature dependency studies. Scanning probe
microscope (SPM) Control Software v.4 (JPK) was used for instru-
ment control and data acquisition at 1 kHz rate. For further details,
see part 1.1 of Supplementary Material (SM).

2.3. Recording of mechanocardiograms

The mechanocardiogram (MCG) curve shows the interaction
force between the AFM tip and the surface of the beating cells
cluster recorded in a real time. The force between the AFM probe
and the studied surface was kept constant as defined by the set
point (SP) value, carried out by the feedback loop. Intensity of
feedback is given by integral and proportional gain parameters
(IGain/PGain). The various AFM cantilever probes used are de-
scribed in the supplementary materia (SM) part 2.3.

In order to determine the effect of the set point value on the
measured force (MCG curves), the cantilever (Hydra-6R, AppNano,
Mountain View, CA, USA) was left to land onto the beating CM cell
cluster stabilized for 15 min at 37 °C. The MCGs were recorded in
10 min intervals using SP set to 0, 1, 3, 6, 9, 12, 15 and 18 nN (whole
measuring range of the biosensor setup given by stiffness and
sensitivity), where the SP¼0 value means operation in the so
called passive mode, i.e. it does not follow the cell movement (zero
interaction force) and only the living beating cell cluster is leveling
the cantilever, similar as in the literature (Liu et al., 2012).

The effect of temperature stability on MCG recording and be-
havior of CM clusters at different temperatures are provided in SM
parts 2.4 and 2.5, respectively. The protocol for studying effect of
different concentration of calcium is given in the SM part 2.6.

2.4. Surface homogeneity of the biomechanical properties

EB is a spherical cluster (300 mm in diameter) consisting of
approximately 2000 cells; fluorescent images of EB are provided in
Fig. S1. In order to map the homogeneity of the beating force on
the surface of the CMs cluster, nine points of the surface of the cell
cluster were screened (scheme included in Fig. 3). The uncoated
silicon nitride cantilever Hydra-6R-200N (AppNano), character-
ized by spring constant of 0.025 N/m and sensitivity 10.1 nm/V
was used. Motorized stage of the AFM microscope was used to
move the AFM probe between the positions, when the Z-driving
piezo was in the retracted state and the probe was 50 mm above
the cell surface. When in place, AFM cantilever was landed onto
the beating cell cluster of cardiomyocytes (EB), preheated and
stabilized. The MCG curve was recorded for 10 min in each posi-
tion with constant set point value of 6 nN. 5 min recordings of
MCG curves were evaluated for the force and beat rate
comparison.

2.5. Evaluation of signal traces

Time-series data saved from the Nanowizard AFM were pre-
processed and analyzed by in-house developed algorithm using
MATLAB 2015a (ver. 8.5, The MathWorks Inc., Natick, USA). After
resampling (noise and dataset size reduction), the local maximum
and its corresponding local minimum for each contraction were
identified and processed to obtain the force of each individual
contraction (R-S amplitude) and beat rate of EB. The Mann-
Whitney's U-test was used to evaluate two group comparisons.
2.6. Statistical evaluation of data

Quantitative data are presented as the mean7the standard
error of the mean from 3 to 6 experiments (indicated as N in the
appropriate graph). The normality of data distribution was eval-
uated by the Shapiro-Wilk method thus proving the data nor-
mality at the 0.05 level. One way Student's t-test was used to test
statistical difference of the measured data sets at the level 0.05
(maps of force on the cell cluster) when they were compared to
the mean value. One way ANOVA method implementing the
Bonferroni test was employed to compare statistical significance of
measured signals (force/beat rate) at different concentrations of
calcium, significance was compared either at different levels
(po0.05, po0.01, po0.005) or was calculated as value. Microcal
Origin 7.0 software (Microcal, Northampton, MA, USA was used for
statistical processing of the data.
3. Results and discussion

3.1. Cardiomyocyte cluster biosensor construction

The multicellular biosensor device was constructed by im-
plementing the embryoid body inside the AFM measurement
chamber as shown in Fig. 1. The major difference compared to
previously reported approach (Liu et al., 2012) was the use of the
embryoid body as multicellular syncytium rather than individual
cardiomyocytes. EBs were characterized by immunofluorescence
using anti α-actinin antibody and DAPI staining (Fig. S1A), pro-
viding distribution of cardiomyocytes within the syncytium. After
dissociating the beating EB into individual cells, the obtained
DAPI/α-actinin and DAPI/cardiac troponin T fluorescence patterns
(Fig. 1SB) were as expected for mature cardiomyocytes.

The use of the cluster of CMs seems to be a significant ad-
vantage regarding robustness of the resulting system. Typically,
the CMs-based biosensing experiments were running successfully
for up to 8 h. A fresh sterile mediumwas exchanged when needed,
however, the experiments were otherwise carried out in non-
sterile conditions inside the acoustic isolation chamber containing
the microscopes. The AFM cantilever contacting surface of the cell
cluster was kept fixed in the horizontal plane and the contraction
force was monitored in real time by the vertical bending of the
cantilever. Other parameters such as beating frequency and ki-
netics of the responses were precisely determined by the data
post-processing.

The effect of various set point values on the AFM biosensor
with the CMs-based EB was tested. The force and "heart" beat rate
(BR) of the EB were recorded (Fig. 2A) while the set point value
was gradually increased from 1 nN up to 18 nN (Fig. 2B). The BR
values did not differ significantly within the tested range de-
monstrating robustness of the biosensor set-up and also suggest-
ing that the force application does not lead to BR changes due to
the activation of mechano-sensitive ion channels normally present
in cardiomyocytes. Interestingly, the initial significant and steep
increase in contraction force between the set point 0 and 5 nN was
observed. The explanation for the initial ramp below 5 nN is de-
monstrated by the curves of force measured with 3 different va-
lues of set point (0, 6 and 10 nN) shown in Fig. 2A.

The curve measured with SP¼0 nN (passive mode) is missing
the feedback loop resulting from the EB relaxation rendering the
data incomplete. Application of 6 nN of SP force to the cantilever
resulted in recording complete dataset of force needed to com-
pensate the EB cluster movement. Thus, the active mode was
preferred to the passive one (Liu et al., 2012), possibly due to the
limited mechanical integrity of dissociated CMs on the non elastic
surface. Further increase in SP force to 10 nN led to subsequent



Fig. 2. A Comparison of real time curves recorded during the passive (set point
value 0 nN) and active mode, with two different values of set point. B Effect of set
point value on force (r-S amp) and beat rate of EB. Average of median values is
shown in the graph, error bars are equal to standard deviation of values, N¼2.
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insignificant increase in contraction force; however this, based on
the curve shape (Fig. 2(A)), can be explained by mechanical sti-
mulation of the cells in the cluster and activation of mechano-
sensitive ion channels (e.g. Lin et al., 2007) rather than by inability
to record full contraction with SP¼6 nN as in case of the passive
mode (0 nN).

Therefore, the optimal value of set point for experiments was
set at 6 nN, this is also close to the average values of EBs con-
traction forces. Such set point force allows for the measurement of
95% of maximum contraction force (4.6 nN vs. 4.85 nN, when SP
was 6 and 18 nN, respectively), with no effect on BR therefore
minimizing the effect of the mechanical stimulation. On the other
hand, further increase in SP force, stimulating the mechano-sen-
sitive ion channels and/or adherens junctions present in the syn-
cytium, enables the EB containing biosensor to be useful for
modeling and/or drug screening in case of hypertension and
stretch related hypertrophy (Yamazaki et al., 1998) or cardiac in-
jury related tension changes between myocyte and fibroblast
(Thompson et al., 2011).

3.2. Biomechanical properties are homogenous on the EB surface

The effect of localization of the AFM probe on the surface of the
cell cluster was tested; the measuring position ideally should not
significantly influence the resulting biomechanical parameters.
Nine points homogenously located on the EB surface were chosen
(Fig. 3) and the contraction force and BR were determined. Fur-
thermore, to evaluate potential influence of the EB phenotype,
these experiments were repeated for three different types of EBs
including normal control EBs generated under hypoxic conditions
(Hypoxia), disease model EBs with pathologicaly affected
6 7 8 9

p < 0.05

1 2 3 4 5 6 7 8 9

Statin
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of beating force (A) and beat rate (B) recorded in different positions on cell cluster
ll cluster. Map of positions on EB surface is shown in the upper part of both graphs.,
firmed by Shapiro Wilk test at 0.05 level. All the data sets were found not to be
graph.
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excitation-contraction coupling (CPVT) (Meli et al., 2011 and un-
published data), and EBs derived from the cells treated with sta-
tins (Jelinkova et al., unpublished).

Consistent values of the contraction force and beating fre-
quency were found by screening of a single EB across the nine
detection points and even the EB-to-EB values covered quite nar-
row interval (Fig. 3; the detailed statistical values are included as
Table S1 in SM). However, the contraction force variability on
peripheral detection points implicates some positional effect and
possibly the effect of biomagnetic fields produced by the EB's
electric activity and stresses the importance to choose the detec-
tion point with highest response for further analysis. The highest
reproducibility was observed for the normal (Hypoxia) EBs. The
minor effect of the exact positioning of the microcantilever probe
at biosurface seems to be the most important advantage of the
cluster of (several hundredths) cells compared to experiments
carried out on individual cardiomyocytes. Single cells either se-
parately adhering to the surface or as part of the two-dimensional
layer are typically much more affected by the contacting canti-
lever, and if present, the sharp tip might damage the cell mem-
brane. In the case of cell cluster, damage of few surface-located
cells contacting the probe is not very significant. From the practical
point of view, this is quite significant advantage of the cluster of
cells serving as the biorecognition element.

3.3. Effect of temperature on the cardiomyocytes-based biosensor

Temperature affects the beat rate as well as arrhytmogenic
cardiomyocyte potential (Chen et al., 2003). Furthermore, tem-
perature affects also stability of the cantilever and its coupling
with EB in the biosensor set-up. Contrary to the desired effect of
temperature on the cardiomyocyte function (biorecognition pro-
cess), its effect on the stability of the transducer system should be
eliminated by choosing suitable components and optimal
conditions.

To characterize the effect of cantilever type and its temperature
instability independent of the EB activity, live but non beating EB
coupled with variety of AFM probes were evaluated between 30
and 37 °C; details are discussed in SM and shown in Fig. S2. The
instability usually results from the bimetallic effect combined with
adsorption events on the hydrophobic surface of the coating metal
layer (Samori, 2009). Thus, the uncoated silicon nitride cantilever
(HYDRA-6R, pyramidal tip) provided most stable force reading and
higher reflection of laser beam comparing to the tip-less version
(HYDRA TL). Gold-coated SNL-10 probe exhibited the highest
variability in the force signal, suggesting limited usefulness of
metal coated probes. The cantilever equipped with colloid nano-
sphere (bio650) provided reasonable temperature stability but
high signal noise, probably due to hydration of the colloidal probe,
again limiting its use for mechanical transduction. Generally, the
work in liquids of elevated temperatures (e.g. physiological) causes
instability of the AFM laser signal reflected to the detector (Amano
and Takahashi, 2013). Here, the use of non-coated probes elimi-
nated most complications and allowed stable measurements over
long time periods.

At the cellular level, temperature modulates contraction force
and BR of CMs clusters; this effect can serve as an example of
physiological conditions affecting heart function, conveniently
studied using the developed EB-based biosensor. Data were col-
lected for the contraction force (median of the r-S amplitude) and
BR in the range from 26 to 37 °C (Fig. S3).

The temperature dependence showed slightly increasing values
of the relative force with rising temperature, with plateau at 34
and 35 °C (88% of maximal force) and absolute maxima (quite
fluctuating beating force) at the maximal temperature point. This
indicates that the beating EBs are highly sensitive to temperature
variation, suggesting that the constant temperature is a major
factor for reliable use of the biosensor as well as it provides a great
tool for arrhytmogenic drug effect detection under non standard
temperature, resembling hypothermia or fever, in agreement with
previously described temperature dependency in murine neonatal
ventricle slices and hESC co-culture models (Pillekamp et al.,
2007).

3.4. Effect of extracellular calcium level on contraction force and beat
rate

Calcium is a principal mediator of the cardiac excitation-con-
traction coupling initiating the contraction. We then explored the
effect of increased extracellular calcium concentration on EB using
this biosensor set-up. The cardiac physiological concentration of
Ca2þ range from 0.1 to 5 mM (Meli et al., 2011) while 1.8 mM is
common for patch clamp and other cardiomyocyte in vitro studies
(Bébarová, 2012). Real time force traces (Fig. 4A) recorded with
0.2, 1.0, 1.8, 3.6 and 5.4 mM extracellular Ca2þ present not only
ability of the biosensor to determine the absolute contraction force
(Fig. 3B) and BR (Fig. 3C) data, but also to detect and quantify ir-
regular contractions and arrhythmias evident from traces in
Fig. 4A. Such application of the biosensor enables both to detect
and characterize the arrhythmias on the cellular level as well as to
determine the arrhytmogenic effect of tested drugs or conditions.

Data obtained by evaluation of these curves were relativized as
the absolute value for every EB sample is slightly different and
therefore difficult for absolute comparison. The contraction force
increased with the Ca2þ concentration (Fig. 4B), in agreement
with well-known fact that the force of contraction is proportional
to the calcium uptake in atrial and ventricular cardiomyocytes
(Winegrad, 1961, Hellam and Podolsky, 1969; Katz and Lorell,
2000).

Simultaneously, BR decreased with increasing concentration of
extracellular calcium (Fig. 4C). This also corresponds to the pre-
viously published non reciprocal relationship between force and
BR (Burridge et al., 2014; Liu et al., 2012). Interestingly, the BR data
presented higher variability for low (0.2 mM) as well as high
(3.6 mM) levels of calcium, confirming dependence of coupling of
excitation and contraction on calcium (Winegrad, 1961). Winegrad
presented periodical drops in BR at 2.5 and 3.75 mM Ca2þ , almost
perfectly matching our data showing uncoupling at 3.6 mM cal-
cium (Fig. 4C). This demonstrates that the EB based biosensor can
be used to study both the excitation-contraction coupling as well
as to screen drugs targeted for such effects. Moreover, ar-
rhytmogenic effect of higher calcium concentrations (3.6 and
5.4 mM) can be observed in CMG curves (Fig. 4A).

3.5. Beta-adrenergic receptors’ stimulation/inhibition followed by
the biosensor

The cardiomyocytes-based biosensor is not presented as purely
analytical tool for measuring concentrations; its principal task is
quantification of biochemical activity of the tested drugs affecting
biomechanics of the cardiac syncytium. To demonstrate such ap-
plication, baseline signal for different EBs was initially standar-
dized in Tyrod buffer; afterwards, the tested compound was in-
jected to the working chamber; the experiments included the
beta-adrenergic receptor antagonist metoprolol (Beta, final con-
centration 70 mM), the beta-adrenergic agonist isoproterenol
(1 mM) and the calcium discharger caffeine (1 mM) triggering
arrhythmia (Fig. 5).

The basal physiological values of the contractile movement
were characterized by R-S amplitude corresponding to force of
22.0 nN and beat rate of 67.4 per minute (bpm). In agreement with
published data on beta adrenergic antagonizing activity of



Fig. 4. Effect of calcium concentration on the beating force (r-S amp) and beating rate (BR) characterized by AFM microscope. Real time curves recorded in the presence of
calcium concentrations indicated in the graph A. Corresponding dependencies of force (B) and beat rate (C) on the concentration of calcium. The main bars of data show
middle quartile of measured data with line as median and quartiles represented by whiskers (graphs B and C). The main bars showmiddle quartile of the measured data with
line as median and quartiles represented by whiskers (graphs B and C), N¼6. Statistical significance of the data was tested by the ANOVA one way method, when the means
were compared using the Bonferroni test for their significance at different levels – * po0.05,** po0.01,*** po0.005, the level of significance is indicated numerically in the
graph C.

Tyrod

Beta

Iso

Caffeine

10 s

10 nN

Fig. 5. Real traces of force of the beating EB measured by the AFM microscope as a
response to the presence of various drugs in the measuring chamber, as indicated
close to the curves.
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metoprolol (Blinova et al., 2014), its addition decreased the aver-
age force down to 18.8 nN accompanied by reduction of beat rate
to 53.7 bpm. On the other hand, isoproterenol (Pillekamp et al.,
2012), in agreement with published data on its adrenergic sti-
mulatory activity, induced an increase of the beat force value to
23.4 nN and beat rate to 78.8 bpm (Fig. 5).

Finally, the addition of caffeine well illustrates the ability of the
biosensor to visualize very fast processes like arrhythmias. From
the mathematical point of view, it is difficult to describe the ar-
rhythmic, so called stop-and-go effect. The beating force was
rather constant during the active intervals. However, the average
frequency provides rather low value (58.9 bpm), it is very high
(85.0 bpm) during the active period. The high deviation value
stems from the irregular biological movement and not from low
measurement reproducibility.

The presented data on beta adrenergic stimulation and in-
hibition demonstrated that the β-adrenergic signaling was mature
in both hESC- and hiPSC-CMs syncytium, rendering the biosensor
useful for both studying the mechanism of beta adrenergic sti-
mulation and beta adrenergic modulatory drug screening as well
as dissecting the mechanism of induced arrhythmias.
4. Conclusions

The cardiomyocytes-based embryoid body as a biorecognition
element was coupled to the microcantilever probe from atomic
force microscope providing micromechanical cellular biosensor.
Beating force and rate of the EB contractions was transduced by
AFM cantilever thus providing a robust biosensor platform sui-
table for whole-day testing. The cellular biosensor was optimized
regarding the type of cantilever, thermostating, exchange of media
and addition of tested compounds. The resulting reliable biosys-
tem in combination with standardized protocol allowed for com-
plex testing of compounds and conditions affecting the bio-
mechanical properties of the embryoid body. The studied effector
molecules included calcium ions, drugs as beta-blocker metoprolol
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and stimulant isoprotenol, arrhythmic effects were initiated by
caffeine. Furthermore, when embryoid bodies containing cardio-
myocytes derived from patient's own cells via reprogrammed
pluripotent stem cells are employed, the resulting biosensor can
be conveniently used as the in vitro model for detailed bio-
mechanical characterization of heart diseases such as dystrophies,
including screening of novel drugs in near physiological
conditions.
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