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1 COMMENTARY 

1.1 Introduction: Cardiomyocyte contraction and relaxation for inherited 

cardiomyopathies 

Cardiomyocyte (CM) contraction and relaxation are functional parameters that are 

fundamentally altered in most cardiac pathologies. The phenotypic characteristics of these 

myocardial diseases range from entirely asymptomatic forms to symptomatic heart failure and 

death resulting from malignant tachycardias (Martinez et al. 2021), with the underlying cause 

often residing at the cellular and genetic levels (Aistrup et al. 2009; Stienen 2015). 

Understanding the genetic-phenotypic associations of hereditary cardiac diseases enables more 

effective risk stratification (Stroeks et al. 2025), which improves clinical surveillance and risk 

management for both the patient and family members at risk of preventable cardiovascular 

morbidity and mortality (Carrick et al. 2024). Particularly in the era of precision medicine, this 

understanding provides the first opportunities for targeted therapy—for example, regarding a 

patient's ability to metabolize propafenone (Smíšek et al. 2025) or using Recursive Piecewise 

Data Assimilation (RPDA) to quantify alterations in ion channels, demonstrating the potential 

of this method as a drug toxicity counter-screen (Wells et al. 2025).  

Since 1998, human cellular models became widespread, initially derived from human 

embryonic stem cells (hESC) (Thomson et al. 1998) and in the next decade in patient-specific 

induced pluripotent stem cells (hiPSC) (Takahashi and Yamanaka 2006), collectively called 

human pluripotent stem cells (hPSC). The cardiomyocytes differentiation methods quickly 

developed in co-culture, monolayers or clusters (three dimensional embryoid bodies, EBs) 

(reviewed in (Acimovic et al. 2014)). Resulting progenitor and maturing cells are important in 

drug screening and disease modeling(reviewed in (Svobodova et al. 2021)). The analysis of 

cardiomyocytes contractility phenotype represents an initial phase for further mechanical 

studies relevant for drug development and disease modeling (Martin Pesl et al. 2023; Caluori 

et al. 2019). Beating force and contraction frequency of the CMs contractions can be recorded 

by micromechanical transducers, a platform for cell-based biosensors (CBB). Strategies 

involving CBBs represent a powerful tool to understand and specifically treat human heart 

diseases.  
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We have constructed a sensitive setup that involves human pluripotent stem cell-derived 

cardiomyocytes (hPSC-CMs), combined with an atomic force microscopy (AFM) force 

sensing platform, to measure biomechanical properties (absolute values of contractile forces 

together with the beat rate) in complex conditions and cellular models (Pesl et al. 2013) and 

continuously develop this setup for clinically relevant purposes. 

1.2 Aims  

The habilitation thesis is a commentary on a set of publications containing analysis of 

cardiomyocytes by atomic force microscopy, where the applicant is the first author, 

corresponding author or co-author. The works are organized into 6 chapters according to aims.  

1.2.1 Describe the force and frequency of contractions of a cluster of cardiomyocytes 

differentiated from stem cells. 

1.2.2 To measure absolute contractile force values along with contraction frequency 

in cellular models. 

1.2.3 To extend analysis beyond mechanics and include other related modalities 

1.2.4 To apply technology in genetic models 

1.2.5 To apply technology in pharmacological analysis 

1.2.6 To apply technology in specific area of arrhythmology – conductive 

arrhythmias 

1.3 Key words 

Human pluripotent stem cells; cardiomyocytes; excitation-contraction coupling; atomic force 

microscopy; drug testing; three-dimensional heart models; inherited heart diseases.  

1.4 Methods  

The three basic methods utilized across the research works are briefly summarized in Table 1. 

This methodological framework consists of Atomic Force Microscopy (AFM) for recording 

mechanocardiograms, Microelectrode Arrays (MEA) for electrophysiological recordings, and 

Calcium Imaging for the direct monitoring of intracellular calcium transients. 
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METHOD WHAT IT 

MEASURES 

KEY ADVANTAGES 

AFM 

(MECHANOCARDIOGRAMS) 

Contractile force, beat 

rate, relaxation time 

High sensitivity (200 pN), 

real-time mechanical 

readout 

   

MEA 

(ELECTROPHYSIOLOGY) 

Field potentials, beat 

frequency, arrhythmia 

risk 

Correlates electrical 

excitation with mechanical 

output 

   

CALCIUM IMAGING Intracellular Ca²⁺ 

transients (timing & 

amplitude) 

Direct insight into 

excitation–contraction 

coupling 

Tab.: 1. Overview of utilized methods 

1.4.1 Atomic force microscopy  

AFM-based biosensor noninvasively characterizes the contractile mechanics of clusters of 

human pluripotent stem cell–derived cardiomyocytes. Uncoated silicon-nitride cantilevers 

were mounted in a fluidic chamber at physiological conditions (~37 °C, buffered culture 

medium). Setup record continuous real-time mechanical force-time curves—termed 

mechanocardiograms (MCGs). These capture beat-to-beat contraction force, beat rate, and 

relaxation dynamics. This setup has excellent sensitivity, with a detection limit down to ~200 

pN and ~20 nm vertical displacement, providing robust, low-computational readouts  

To optimize signal accuracy across the entire syncytium, cantilever parameters such as 

feedback gain and spring constant (optimized around 6 nN) were fine-tuned (Pribyl, Pesl et al. 

2019), and it was demonstrated that uncoated (non-coated) cantilevers provide enhanced 

thermal stability for prolonged measurements lasting hours to days 

. This method also enables pharmacological testing—for instance, measuring inotropic 

responses to isoproterenol, aminophylline, salbutamol, or β-blockers—thereby translating 

mechanical changes into quantifiable indicators of drug effect (Kabanov et al. 2024, Klimovic 

et al. 2022). 

1.4.2 Microelectrode array 

To complement the mechanical insight, the AFM platform was integrated with microelectrode 

arrays (MEAs)—exactly aligning beating clusters of cardiomyocytes cultured atop MEA chips 



 pg. 11 

with simultaneous cantilever probing. In this dual-modal electromechanical system, 

extracellular field potentials (FPs)—including beat frequency, waveform morphology, and 

arrhythmic events—were captured via MEA electrodes, while the AFM cantilever recorded 

mechanical outputs from the same biological structure.  

This configuration enabled precise correlation between electrical excitation (FP signals) and 

mechanical contraction, offering a richer, multidimensional phenotype readout. Optical–

mechanical synchronization involved inverted optical microscopy enabling simultaneous 

visualization and data alignment for the two modalities.  

1.4.3 Calcium Imaging  

The third methodological pillar is the combination of AFM with optical calcium imaging, 

enabling direct monitoring of intracellular calcium dynamics alongside mechanical 

contraction. In their conference abstract, Pešl et al. reported the first simultaneous recordings 

of mechanocardiograms (via AFM) and local calcium wave dynamics (likely using fluorescent 

Ca²⁺-sensitive dyes) in cardiomyocyte clusters—delivering rich data on excitation-contraction 

coupling within embryoid bodies (EBs) (Odstrcilik et al. 2015) 

Signal processing employed ensemble empirical mode decomposition (EEMD), which they 

found optimally balanced signal-to-noise ratio and minimized distortion. They validated the 

system by applying caffeine—a known modulator of calcium handling—and observed the 

expected physiological effects: ~5.5 % increase in calcium transient duration and ~14.5 % 

increase in contraction amplitude. This AFM-Ca²⁺ integration thus empowers real-time 

correlation between Ca²⁺ spike timing, amplitude, and mechanical force generation. (Cmiel 

2017).  

1.5 Obtained Results 

Atomic Force Microscopy (AFM) is novel high-fidelity nanomechanical transducer 

with a sensitivity down to ~200 pN, using non-coated silicon nitride cantilevers with a 5–6 nN 

setpoint provides the thermal stability necessary for continuous, non-invasive recordings of 

cardiac activity lasting up to 8 hours 
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The platform achieved the first-ever synchronous recording of extracellular field 

potentials (via MEA) and mechanical force (via AFM) in 3D cardiac models. This integration 

allowed for the quantification of the electro-mechanical delay (EMD), providing a novel and 

critical parameter for assessing excitation-contraction coupling in vitro. 

By utilizing patient-specific hiPSCs and CRISPR/Cas9-edited lines, the human 

Duchenne Muscular Dystrophy (DMD) phenotype was described. Key findings included a 

distinctive signature of hypocontractility, bradycardia, increased heart rate variability, and 

impaired calcium handling marked by diastolic calcium leaks 

Research on aminophylline identified two parallel arrhythmogenic actions: a 

"deterministic" concentration-dependent chronotropic effect (sinus tachycardia) and a 

"stochastic" concentration-independent occurrence of rhythm irregularities (resembling atrial 

fibrillation). The study of the salbutamol-aminophylline combination revealed that salbutamol 

acts as an anti-arrhythmic agent by mitigating aminophylline-induced irregularities. This effect 

was mechanistically linked to the activation of nitric oxide synthase (NOS) via β2-adrenergic 

receptors. 

The development of a dual 3D cardiac syncytium connected by a functional cellular 

bridge allowed for the detailed study of conduction disturbances. By utilizing lateral AFM 

deflection measurements, the biosensor detected the loss of synchrony and signal spreading 

defects characteristic of fibrillation-like behaviour. 

 

 

 

 

 

Following will be shortened description of each of 7 papers (p1, p2a, p2b, p3, p4, p5, p6), 

citations and literature is compiled in the end of work as single citation body. Figures and tables 

shall be numbered by appropriate chapter as Fig.: 1.1.  
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2 Biosensing of cardiomyocyte contraction and relaxation (p1) 

Cell-based biosensor (CBB) stands for device combining cell of interest, in this case CMs with 

measurement equipment comprehending and managing various phenotypes of human diseases, 

notably heart diseases, which stand as a primary cause of mortality in developed nations 

(Pilkerton et al., 2015). Many of these diseases harbor underlying causes at cellular and genetic 

levels (Aistrup et al., 2009; Stienen, 2015), not readily accessible for diagnostics due to the 

invasiveness and risk associated with heart biopsy (Holzmann et al., 2008; Imamura et al., 

2015). Since the emergence of pluripotent stem cells (PSCs), particularly human embryonic 

stem cells (hESC) (Thomson et al., 1998), and disease-specific induced pluripotent stem cells 

(hiPSC) (Takahashi et al., 2007), along with their differentiation into cardiomyocytes 

(Mummery et al., 2002), these cell types have become crucial models for drug and disease 

screening (reviewed in Acimovic et al., 2014, Svobodova et al. 2021). 

The electrophysiological phenotype of individual cardiac cells is extensively studied, offering 

insights into pacemaker or messenger functions. However, the syncytium of cardiac myocytes 

(CMs) emerges as a critical parameter in biosensor assembly, with unstable signals observed 

in individual or small clusters of cells (Kaneko et al., 2007, 2014). Various methods, 

predominantly focusing on action potential, cell-to-cell conductivity, or electrical cell-substrate 

impedance, have been employed (Giaever and Keese, 1984). Recently, xCELLigence RTCA 

Cardio multiwell sensor combined with primary neonatal rat cells has shown promise in 

monitoring the effects of antiarrhythmic drugs (Guo et al., 2011). Nonetheless, the interplay 

between electrophysiological data and mechanical triggers remains challenging, particularly 

for diseases affecting electro-mechanical coupling. Therefore, biosensing of CM contraction 

and relaxation emerges as a crucial step in in vitro disease modeling. 

Indirect methods of contraction measurement, such as optical ones based on optical fiber 

deformation and image analysis, have limitations, especially with in vitro differentiated CMs. 

Furthermore, the combination of optical analysis with direct methods measuring contraction 

force on artificially assembled structures is significantly influenced by substrate stiffness. The 

most promising structure for studying the contraction properties of human cardiac syncytium 

appears to be uniformly sized clusters of differentiated CMs in the form of PSCs-derived 

embryoid bodies. Consequently, a direct approach using atomic force microscopy (AFM) to 

assess the EBs' cardiac syncytium mechanical properties in real-time under alternating 



 pg. 14 

biophysical and biochemical conditions is opted for. AFM, a three-dimensional high-resolution 

topographic technique, offers suitability for biological applications in native conditions with 

the ability to measure cantilever probe bending with extremely high precision. It serves as a 

mechanical nanosensor or micromechanical transducer for biosensor construction. Modified 

AFM tip biosensors have found applications in various studies, including Alzheimer's disease 

analysis, cell penetration studies, drug effect sensing, and growth factor studies. 

In this study, uniformly sized EBs containing hiPSC-derived cardiomyocytes are integrated 

into an AFM force sensing platform to establish a high-fidelity contraction pattern as a unique 

CBB for measuring absolute values of contractile forces along with beat rate in complex 

conditions and cellular models. The development and optimization of the entire measurement 

setup are described, with proposed applications for characterizing cardiac cell clusters and 

testing the effects of model drugs. Key results of the work include:  

a) Long-term stability (up to 8 hours) was achieved using non-coated silicon nitride 

cantilevers and a preferred 6 nN set point, which allowed for the measurement of 95% of 

maximum contraction force while minimizing mechanical stimulation of the cells.  

b) Homogeneity: Biomechanical properties, including contraction force and beat rate, were 

found to be homogeneous across the surface of the EB, which offers a significant advantage in 

robustness over single-cell based sensors 

c) Calcium Sensitivity: The biosensor demonstrated that contraction force increased 

proportionally with extracellular calcium concentrations (0.2–5.4 mM), while the beat rate 

simultaneously decreased. 

d) Pharmacological Validation: The system accurately quantified the effects of cardiac drugs: 

the beta-blocker metoprolol decreased both force and rate, while the beta-agonist isoproterenol 

induced an increase in both parameters. 

e) Arrhythmia Detection: The platform successfully visualized and quantified fast arrhythmic 

processes, such as the "stop-and-go" effect triggered by caffeine. 
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2.1 Introduction 

Cell based biosensor (CBB) devices represent a novel tool to understand 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 accessible for diagnostics, as heart biopsy 

is invasive procedure with significant 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 specific 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). 
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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 assembly 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 primary neonatal rat cells was used to monitor the effect of 

antiarrhythmic 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 

affecting electro-mechanical coupling. Thus CM contraction and relaxation biosensing 

represents an indispensable step for the in vitro disease modeling. Indirect methods of 

contraction measurement, 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, 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 significantly 

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 measured 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 alternating biophysical and biochemical conditions using 

atomic force microscopy (AFM). 

AFM is a three-dimensional high resolution topographic technique. It is suitable for biological 

applications in native conditions (Vahabi et al., 2013) with the ability to measure bending of 
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the cantilever probe with extremely high precision (Sundararajan and Bhushan, 2002). It allows 

AFM to be used as a mechanical nanosensor (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 effects on epidermal cells (Zhang et al., 2014). 

In this study, our previously developed uniformly sized EBs containing human induced 

pluripotent stem cell-derived cardiomyocytes (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 optimization of the 

whole measurement setup is described with proposed application for characterization of cell 

clusters of cardiac cells and testing effects of model drugs. 

2.2 Materials and methods 

2.2.1  Preparation of hiPSC and hESC cardiomyocyte clusters 

Measurements were performed using the hESC lines CCTL14 and CCTL12, characterized 

previously (Dvorak et al., 2005; International 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 

propagated 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 microwells (1.5% agarose, VWR) (Dahlmann et al., 2013), their 

differentiation 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. 
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2.2.2 Clusters seeding and measurement set-up  

Beating EBs cultured for 28 days after initiation of differentiation 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 Tyrode 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 characterization of CMs cell clusters (Fig. 3.1). 

 

 

Fig. 3.1. Scheme of the biosensor setup used for biomechanical characterization of 

cardiomyocyte clusters. Most important parts are schematically shown and are labeled as 

follows: 1 – Embryonic body (EB, cluster of living cells) in plastic Petri dish, (3 cm in 

diameter), 2 – AFM cantilever, equipped with a sharp tip, 3 – glass cantilever holder block, 

4 – AFM laser source (a) (left) and photodetector of laser (b), position, 5 – plastic (PP) 

tubing, i.d. 0.2 mm (an arrow shows the flow direction), 6 – peristaltic pump, driving the 

flow direction and rate (rotation direction is shown by an arrow), 7 – medical syringe (total 



 pg. 19 

volume of 1.0 ml) for drug injection, 8 – Petri dish heater (to keep constant temperature of 

37 °C). The little insets on the left (A, B and C) show the subsequent stages of the EB 

contractile movement as this is measured by the AFM cantilever. Image (R) in the top-right 

corner shows real image of EB cluster with cantilever on its surface (captured by optical 

microscope). The size of the EB cluster is 175 µm. 

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 described in the 

supplementary material (SM) part 2.3. 

https://www.sciencedirect.com/science/article/pii/S0956566316305036#s0095 

 

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 SP=0 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 behavior 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 as linked above. 

  

https://www.sciencedirect.com/science/article/pii/S0956566316305036#s0095


 pg. 20 

Surface homogeneity of the biomechanical properties 

EB is a spherical cluster (300µm 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), characterized 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 position with constant set point value of 6 nN. 5 min recordings of MCG curves were 

evaluated for the force and beat rate comparison. 

Evaluation of signal traces 

Time-series data saved from the Nanowizard AFM were preprocessed 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 MannWhitney's 

U-test was used to evaluate two group comparisons. 

Statistical evaluation of data 

Quantitative data are presented as the mean, the standard error of the mean from 3 to 6 

experiments (indicated as N in the appropriate graph). The normality of data distribution was 

evaluated by the Shapiro-Wilk method thus proving the data normality 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 
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calculated as value. Microcal Origin 7.0 software (Microcal, Northampton, MA, USA was used 

for statistical processing of the data. 

2.4 Results and discussion 

 CMs cluster biosensor construction 

The multicellular biosensor device was constructed by implementing the embryoid body inside 

the AFM measurement chamber as shown in Fig. 3.1. 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. 3.1SA), providing 

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. 3.1SB) were as expected for mature cardiomyocytes. 

The use of the cluster of CMs seems to be a significant advantage regarding robustness of the 

resulting system. Typically, the CMs-based biosensing experiments were running successfully 

for up to 8 h. A fresh sterile medium was exchanged when needed, however, the experiments 

were otherwise carried out in nonsterile 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 kinetics 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. 3.2A) while the set point 

value was gradually increased from 1 nN up to 18 nN (Fig. 3.2B). The BR values did not differ 

significantly within the tested range demonstrating robustness of the biosensor set-up and also 

suggesting 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 
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observed. The explanation for the initial ramp below 5 nN is demonstrated by the curves of 

force measured with 3 different values of set point (0, 6 and 10 nN) shown in Fig. 3.2A. 

 

 

 

 

 

 

 

 

 

Fig. 3.2. 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, N=2. 

The curve measured with SP=0 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 compensate 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 insignificant increase in contraction force; 

however, based on the curve shape (Fig. 3.2(A), can be explained by mechanical stimulation 

of the cells in the cluster and activation of mechanosensitive ion channels (e.g. Lin et al., 2007) 
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rather than by inability to record full contraction with SP=6 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 contraction 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-

sensitive ion channels and/or adherent junctions present in the syncytium, 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 injury related tension 

changes between myocyte and fibroblast (Thompson et al., 2011). 

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. Furthermore, 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 

pathologically affected excitation-contraction coupling (CPVT) (Meli et al., 2011 and 

unpublished data), and EBs derived from the cells treated with statins (Jelinkova et al., 

unpublished). Consistent values of the contraction force and beating frequency were found by 

screening of a single EB across the nine detection points and even the EB-to-EB values covered 

quite narrow 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 detection 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 
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carried out on individual cardiomyocytes. Single cells either separately adhering to the surface 

or as part of the two-dimensional layer are typically much more affected by the contacting 

cantilever, and if present, the sharp tip might damage the cell membrane. 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. 

Fig. 3.3. Mapping of the force on the surface of the EB cluster. Average of median values of 

beating force (A) and beat rate (B) recorded in different positions on cell cluster surface are 

presented in the graphs as data sets (groups) of values measured for every cell cluster. Map of 

positions on EB surface is shown in the upper part of both graphs., error bars are equal to 

standard deviation of values, The data normality was confirmed by Shapiro Wilk test at 0.05 

level. All the data sets were found not to be significantly different from the mean value at the 

same level (0.05), as indicated in the graph. 

Effect of temperature on the cardiomyocytes-based biosensor 

Temperature affects the beat rate as well as arrhythmogenic cardiomyocyte potential (Chen et 

al., 2003). Furthermore, temperature 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 process), its effect on the stability of the transducer system should be 
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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 nanosphere (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 eliminated 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 collected 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 

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

Calcium is a principal mediator of the cardiac excitation-contraction 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. 3.4A) 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. 3.3C) data, but also to detect and quantify 

irregular contractions and arrhythmias evident from traces in Fig. 3.4A. Such application of the 

biosensor enables both to detect and characterize the arrhythmias on the cellular level as well 

as to determine the arrhythmogenic 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 previously 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 calcium (Fig. 3.4C). 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, arrhythmogenic effect of higher calcium 

concentrations (3.6 and 5.4 mM) can be observed in CMG curves (Fig. 3.4A). 
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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 application, baseline 

signal for different EBs was initially standardized in Tyrode buffer; afterwards, the tested 

compound was injected to the working chamber; the experiments included the beta-adrenergic 

receptor antagonist metoprolol (Beta, final concentration 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 metoprolol (Blinova 

et al., 2014), its addition decreased the average 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 stimulatory activity, induced an increase of 

the beat force value to 23.4 nN and beat rate to 78.8 bpm (Fig. 3.5). 

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 arrhythmic, 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. 
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The presented data on beta adrenergic stimulation and inhibition 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 stimulation and beta 

adrenergic modulatory drug screening as well as dissecting the mechanism of induced 

arrhythmias. 

 

Fig. 3.4. 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 show middle quartile of the measured data which were compared using the 

Bonferroni test for their signal as median and quartiles represented by whiskers (graphs B and 
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C), N at different levels. Statistical significance * p < 0.05, tested by the ANOVA one way 

method, when the means<.01,and * p <0.005, the level of significance is indicated numerically 

in the graph C 

 

 

Fig. 3.5. 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. 

2.5 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 suitable for whole-day testing. The cellular 

biosensor was optimized regarding the type of cantilever, thermostatic parameters, exchange 

of media and addition of tested compounds. The resulting reliable biosystem in combination 

with standardized protocol allowed for complex testing of compounds and conditions 

affecting the biomechanical properties of the embryoid body. The studied effector molecules 

included calcium ions, drugs as beta-blocker metoprolol and stimulant isoproterenol, 

arrhythmic effects were initiated by caffeine. Furthermore, when embryoid bodies containing 

cardiomyocytes 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 
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biomechanical characterization of heart diseases such as dystrophies, including screening of 

novel drugs in near physiological conditions. 
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4 Improvements in biosensing by addition of electrophysiological recordings (p2a) 

4.1 Commentary 

While observing the beating of CMs is relatively straightforward (e.g., via video microscopy, 

(Laurila et al., 2015), understanding the associated beating force is often crucial in 

pathologies like dystrophinopathies and cardiomyopathies (Vatta et al., 2005). Alterations in 

beating force are linked to pathophysiological electro-mechanical coupling, often leading to 

mechanical heart failure (Pesl et al., 2016a). Prior studies on dilated cardiomyopathy 

employed biomechanical measurements using the stretcher device (Knoll et al., 2002), while 

more detailed investigations utilized cantilevers and AFM for real-time evaluation with 

individual CMs (Liu et al., 2012a, 2012b). Hence, combining AFM for biomechanical 

changes with MEA sensing electric signals holds promise for elucidating complex events in 

CMs derived from patient-specific stem cells, demonstrating the capabilities of the organ-

on-a-chip system in disease-related CMs. hPSC-derived CMs recapitulate the morphological, 

genetic, and functional characteristics of the heart muscle, including cardiac excitation-

contraction coupling (cECC), responsible for the heart's pumping function (Bers, 2002). 

While hPSC-CMs can be derived as 2D or 3D cultures, the latter appear more physiologically 

relevant (Regmi and Jeong, 2016). Various differentiation protocols exist, involving 

modulation of signaling pathways like the Wnt/β-catenin pathway for monolayer cultures 

and spontaneous differentiation for 3D cultures (Pesl et al., 2014). Physical methods such as 

electro-mechanical stimulation can enhance differentiation and maturation efficiency 

(Bauwens et al., 2016). Purified hPSC-CMs offer potential in drug development, 

cardiotoxicity assays, disease modeling, and regenerative therapies (Doppler et al., 2013), 

although achieving cardiac maturation remains a focus of ongoing research. 

Characterization of hPSC-derived cardiac models involves functional assays, among which 

atomic force microscopy (AFM) has played a significant role in evaluating sample mechanics 

and topography in native culture environments (Alonso and Goldmann, 2003; Kilpatrick et 

al., 2015). Integration of AFM with 3D cardiac models has been proposed as a cell-based 

biosensor (CBB) in previous studies (Pesl et al., 2016a). Most AFM systems now integrate 

with optical and confocal microscopy, enabling combined measures of AFM and calcium 
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imaging (Liu et al., 2012b; Caluori et al., 2018), described later, nevertheless microelectrode 

arrays (MEA) offer a complementary approach, allowing multiprobe extracellular field 

potential (EFP) measurements of electroactive cells (Spira and Hai, 2013). Here, we present 

an electromechanical in vitro system for the combined study of cECC on 3D cardiac models, 

employing both AFM and MEA platforms.  

The study utilized 3D BCCs differentiated from hESC and patient-derived hiPSC carrying a 

DMD mutation. These cardiac models were plated onto 60-channel MEA chips coated with a 

laminin and fibronectin mixture to promote stable cell adhesion. Once stabilized, the clusters 

were simultaneously probed using a soft silicon nitride cantilever from an AFM, which was 

calibrated using the thermal noise method and maintained at a constant contact force of 5 nN. 

The system enabled the synchronous recording of extracellular field potentials (EFP) and 

mechanocardiograms (MCG) at a 5 kHz sampling frequency through a custom LabVIEW 

interface. The resulting data were post-processed using MATLAB algorithms to quantify 

specific functional parameters, including the beating rate, contractile force, and the electro-

mechanical delay (EMD). 

The implemented electromechanical system demonstrated high stability and resilience, 

supporting continuous recordings of cardiac activity for 4 to 5 hours without inducing adverse 

effects or contaminating the biological samples. While basal functional parameters—such as 

beating frequency and contractile force—were not significantly different across the healthy and 

diseased cell lines, differential drug trials revealed distinct phenotypic signatures. Notably, this 

paper provided the first distinctive measurement of the beating-force relationship in a 3D DMD 

cardiac model, identifying a significant, dose-dependent increase in the EMD (up to 257% of 

basal delay) when exposed to increasing calcium concentrations. Pharmacological trials with 

isoproterenol and verapamil further validated the biosensor’s sensitivity, as the DMD-derived 

cells showed unique ionotropic and chronotropic responses that served as critical discriminants 

between the healthy and pathological models. Ultimately, the system proved effective for high-

resolution disease modeling and drug testing in an "organ-on-a-chip" format.  
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Supplementary material related to this article can be found online at 

doi:10.1016/j.bios.2018.10.021. 

  

https://doi.org/10.1016/j.bios.2018.10.021
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4.2 Introduction 

In the field of cell-based biosensors, CMs are often used as models to study heart related 

diseases. The monitoring of electric activities of CMs is typically chosen; (multi)electrode 

transducers seem well established and widely available as MEA (Rothermel et al., 2005). The 

beating of CMs can be followed relatively easily (e.g. by video microscopy, Laurila et al., 

2015), though in many situations the missing information on the associated beating force is of 

paramount importance in heart remodeling pathologies, such as dystrophinopathies and 

cardiomyopathies (Vatta et al., 2005). Beating force is associated with pathophysiological 

electro-mechanical coupling, and its alterations result often in mechanical heart failure (Pesl et 

al., 2016a). Such biomechanical measurements investigating the dilated cardiomyopathy were 

previously done on CMs using the stretcher device (Knoll et al., 2002). More detailed 

investigations were later done using cantilevers as nanomechanical transducers and atomic 

force microscope (AFM) as the evaluation system in real time with individual cardiomyocyte 

cells (Liu et al., 2012a,2012b) or cell clusters (Pesl et al., 2016a). Thus, combination of AFM 

for biomechanical changes with MEA sensing electric signals described here seems naturally 

promising for elucidating complex events in cardiomyocytes obtained from patient derived 

stem cells. This approach provides a robust and convenient example of the organ-on-a chip 

system demonstrating its capabilities on disease related CMs. 

The introduction of human pluripotent stem cells (hPSC, either embryonic, hESC, or induced 

pluripotent, hiPSC) and cardiac differentiation protocols allowed almost two decades of study 

on the cardiac organogenesis and functionality. In particular, patient-specific hiPSC 

representing a direct supply of healthy and mutation-carrying samples (Sinnecker et al., 2014) 

allow for description of the disease progression involved in heart failure (Moretti et al., 2013). 

To improve the comparison between in vitro models, CRISPR-Cas9 technology has recently 

gained an outstanding popularity for its efficiency and flexibility in inducing precise mutations 

in cell lines, providing researchers with isogenic controls (Motta et al., 2017). hPSC-derived 

cardiomyocytes and models recapitulate the morphological, genetic and functional 

characteristics of the heart muscle, specifically the subcellular cascade known as cardiac 

excitation-contraction coupling (cECC), responsible for heart pumping function (Bers, 2002). 

Cardiomyocytes from hPSC can be derived as 2D or 3D stem cell cultures. However, the 3D 
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models seem to be superior and more physiologically relevant compared to the 2D ones (Regmi 

and Jeong, 2016). For monolayer culture, the multiple existing protocols with high 

differentiation efficiency involve modulation of the canonical Wnt/β-catenin pathway (Lian et 

al., 2012; Burridge et al., 2014), with high differentiation efficiency. For 3D cultures, the 

protocols exploit the spontaneous differentiation triggered from the aggregation of hPSC into 

embryoid bodies, which is driven to cardiac phenotypes using hypoxia and small molecules 

cocktails (Pesl et al., 2014). The efficiency of differentiation and grade of maturation can vary 

according to protocol and cell lines, and can be improved by physical methods, as in electro-

mechanical stimulation (Bauwens et al., 2016). Purified hPSC-CMs can be further reassembled 

in precise geometries, such as in the engineered heart tissue (Tzatzalos et al., 2016). From gene 

expression to functionality, hPSC-CMs present an embryonic-like cardiac phenotype, with 

immature sarcomeres, sarcoplasmic reticulum and calcium cycling (Mummery et al., 2012; 

Acimovic et al., 2014). An immature phenotype has also been proven for hESC embryoid body-

derived cardiac models (Doevendans et al., 2000). Nevertheless, hPSC-CMs play a key role in 

future drug development with reduced attrition rate (Liang et al., 2013; Zheng et al., 2013), in 

cardiotoxicity assays (Takeda et al., 2018), disease modeling (Dell’Era et al., 2015) and in cell-

based regenerative therapies (Doppler et al., 2013), and further studies to achieve cardiac 

maturation are ongoing. This aspect is also investigated by our proposed approach, to assess 

its robustness. 

The hPSC-derived cardiac models can be characterized by functional (or phenotypic) 

properties though multiple in vitro assays, reviewed in another work from our group (Pesl et 

al., 2016b). Among these, atomic force microscopy has in the past three decades achieved 

remarkable role in the evaluation of biological samples mechanics and topography (Alonso and 

Goldmann, 2003; Kilpatrick et al., 2015) in native culture environment. In particular, it has 

been employed in important studies on single CMs (Liu et al., 2012a). A combination of AFM 

and 3D cardiac models has already been proposed as cell-based biosensor (CBB) in our 

previous work (Pesl et al., 2016a). Most AFM systems are now currently integrated with optical 

and confocal microscopy, which allows the implementation of combined measures of AFM 

and calcium imaging (Liu et al., 2012b; Caluori et al., 2018), but further systems can be 

included if properly miniaturized. Small biosensors, such as microelectrode arrays (MEA), can 

be engineered to comply with AFM and optical microscopy systems for cardiac investigation 
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(Cogollo et al., 2011). The attractiveness of MEA-based electrophysiology resides in its ability 

to multiprobe extracellular field potentials (EFP) of electroactive cells in a non-destructive 

fashion, which allows for prolonged and complex measurements of cells and tissues (Spira and 

Hai, 2013). 

In this work, we present an electromechanical in vitro system for the combined study of cECC 

on 3D cardiac models, employing both AFM and MEA platforms together. The aim of this 

work is to provide an improved method for cardiac model characterization and drug testing in 

the format of an organ (heart)-on-a-chip. For this reason, we have confronted a model of cardiac 

maturation with respect to its control, and employed a disease model of Duchenne muscular 

dystrophy (DMD), a progressively invalidating pathology of the striated muscle, including the 

myocardium (Finsterer and Stöllberger, 2003). 

4.3 Materials and methods 

4.3.1 hPSC culture and cardiac differentiation 

The cardiac cells clusters were obtained using the hESC line CCTL14 (Adewumi et al., 2007) 

and one hiPSC line reprogrammed from fibroblasts of a patient affected by Duchenne Muscular 

Dystrophy (DMD). The patient carries a deletion of exons 45–50 of the DMD gene causing a 

complete loss of dystrophin expression. The line has been fully characterized for pluripotency 

markers (https://hpscreg.eu/cellline/MUNIi001-A) and the differentiated CMs were tested for 

presence of striated pattern of sarcomeres labeled with cardiac troponin T (sc8121, Santa Cruz), 

and cytoplasmic presence of dystrophin (NCL-DYSB, Leica) (see Supplementary material, 

SFig. 1). Pluripotent cells were firstly thawed and seeded on mitotically-inactivated mouse 

embryonic fibroblasts (feeder cells). The hPSC colonies were cultivated in DMEMF12 

(Thermofisher, Waltham, MA, USA) supplemented with 15% KnockOut fetal bovine serum 

Serum Replacement (FBS, Life Technologies, Carlsbad, CA, USA), 1% L-glutamine 

(Thermofisher), 0.5% penicillin/streptomycin (Thermofisher), 1% 2-mercaptoethanol 

(Thermofisher), 1% non-essential amino acids (Life Technologies), and 4 ng ml−1 and 10 ng 

ml−1 human fibroblast growth factor 2 (hFGF2, Peptrotech, London, UK) for hESC and hiPSC, 

respectively. Medium was changed daily and colonies were propagated for at least 5 passages, 

by manual fractioning. hESC cells were divided in a control group (CTRL) and another group 

https://hpscreg.eu/cell-line/MUNIi001-A
https://hpscreg.eu/cell-line/MUNIi001-A
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(DORSO) undergoing an exposure to 500 nM of dorsomorphin (Sigma Aldrich, St. Louis, MO, 

USA) 4 days to the differentiation protocol, to improve cardiac commitment (Hao et al., 2008). 

Cardiac differentiation was started by embryoid body formation, as described elsewhere (Pesl 

et al., 2014). Briefly, compact, round colonies were manually cut and scratched from the culture 

surface. For DMD iPSC, the colonies were kept intact, carefully detached from the culturing 

surface as a whole. The cell leaflets were transferred in hypoxic incubation atmosphere (5% 

O2) and underwent a sequential cytokine modulation in KnockOut DMEM (Life 

Technologies), supplemented with 10% FBS, 1% L-glutamine, 1% PS, 1% 2-

mercapthoethanol, 1% non-essential amino acids (further referred simply as culture medium). 

Beating cardiac clusters (BCC, Supplementary Fig. 1) were visible from day 14 and were 

transferred into normoxic atmosphere. After day 22, they were kept in the culture medium with 

10 µg ml−1 ascorbic acid (Sigma Aldrich). 

4.3.2 Microelectrode arrays cleaning and coating 

Before beating CMs cluster plating, 60 channel MEAs (60MEA200/ 30iR-Ti/ITO, 

Multichannel Systems, Reutlingen, Germany) were cleaned using a 0.1% w/v solution of 

Tergazyme detergent (Alconox, White Plains, NY, US) in MilliQ water for at least 8 h. The 

culture well (i.e. the area inside the plastic ring) was then thoroughly washed with MilliQ water 

to remove the excess detergent. The preparation of the device was moved to a UV-sterilized 

clean box (Biosan, Riga, Latvia). Each MEA was placed in 100 mm sterile Petri dish (TPP, 

Trasadingen, Switzerland), and the MEA culture well was sterilized by filling it with 70% 

ethanol solution. After 30 min, the sterilizing solution was removed, the culture well on MEA 

was rinsed twice with 0.2 µm-filtered MilliQ water and let dry. The sensing area (i.e. the 

electrode array area) was then coated with 20–50 µl of 0.1 mg ml−1 laminin (Sigma Aldrich) 

and fibronectin (Sigma Aldrich) mixture, 1:1 ratio, to promote cell adhesion. The MEAs were 

put in a cell incubator at 37 °C, 5% CO2, overnight. The next day, MEAs were rinsed twice 

with filtered MilliQ water to remove excess of adhesion factor from the surface. 

4.3.3 BCCs plating on MEA chips 

Suspended BCCs were collected and plated on MEA sensing area with 30 µl droplet of the 

culture medium. This amount of medium was a safe tradeoff between sample wobbling 
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limitation and the need of hydrated environment. Samples were manually placed on top of 

electrode array, then put in standard cell incubator and kept in this overnight (with loosely 

fitted lid and additional droplets were placed separately around the well to prevent 

evaporation). The following day, medium was gently added atop up to 1 ml. The BCCs were 

allowed to stabilize up to 3 days in vitro to ensure appropriate adhesion, spreading and 

formation of cell-electrode contacts. Fig. 4.1A and Supplementary Fig. 3 show typical BCCs 

properly placed on MEA, before beginning the experiments. Supplementary video recording 

presents movements of the adhered BCC clearly demonstrating the regular beating events. 

Fig. 4.1. Real case and schematic of the proposed electromechanical cell-based system. A) A 

beating cardiac cluster (BCC) placed on a microelectrode array (MEA) sensing area. The 

bright spot on the left side represents the AFM laser reflecting from the cantilever. Scale bar 

is 200 µm. B) Schematic representation of the implemented setup. The BCC acts as a periodic 

micro-voltage generator sensed by the planar electrode, while the AFM measures the 

topographical displacement and the exerted force. The synchronous acquisition is guaranteed 

by the common acquisition board and computer 

4.3.4 Setup preparation and experimental protocols 

The MEA chip containing the samples was housed in a customized holder made of an 

aluminum plate with adhesive heating pads and Pt100 temperature probe (RS Components, 

Corby, UK), and an electronic board with contacts to interface with the MEA electrodes. The 

electronic board was equipped with 60-channels unity-gain amplifiers to provide low 

impedance tracks and noise shielding. A second filtering-amplifying stage provides a pass-

band of 10–3000 Hz and a total gain of 60 dB. The described holder was then fixed on the 

motorized stage of an inverted microscope (Olympus IX-81S1F-3, Tokyo, Japan). An AFM 

. 
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scanner head with 15 µm vertical range (BioAFM NanoWizard 3, JPK, Berlin, Germany) was 

placed above the sample. A soft silicon nitride cantilever SNL-10-D (Bruker, Billerica, MA, 

USA; nominal spring constant 30 pN m−1) was used as nanomechanical probe to ensure stable 

contact without applying disruptive forces on the sample. The cantilever spring constant was 

calibrated before each experiment using the thermal noise method (Butt and Jaschke, 1995). A 

contact force of 5 nN was found optimal compromise between baseline stability and absence 

of visible adverse effects on the sample, as previously showed (Pesl et al., 2016a). Each 

experiment was performed in Tyrode solution (135 mM NaCl, 10 mM HEPES, 5.4 mM KCl, 

0.9 mM MgCl2, pH 7.4) supplemented with 10 mM glucose and 1.8 mM CaCl2. After solution 

exchange, the calibrated cantilever was immersed in liquid and put in contact with the sample 

several times to identify the superficial center of contraction (i.e. the point with highest vertical 

positive displacement). Once the center of contraction was found, the drug trials started at an 

interval of 5 min of recording and 10 min settling time after drug administration or washout (a 

schematic is provided in Supplementary Fig. 4). 

Calcium chloride solution was obtained in Tyrode buffer to give a stepwise increment of 1.1 

mM after each addition. Isoproterenol stock solution (30 µM) was made in sterilized MilliQ 

water to prevent it from quenching: the selected step increment was 300 nM. Finally, 

Verapamil hydrochloride (Lekoptin, Lek Pharmaceuticals, Ljubljana, Slovenia) stock solutions 

(127.5 µM) were made in Tyrode, for a step increment of 255 nM. The added volume of drug 

solution never exceeded 5% of the basal volume in the MEA chip (2 ml). 
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Table 4.1 Description of extracted parameters. 

4.3.5 Data recording and evaluation 

All the presented protocols were repeated on 3 biological replicates of each cell line. 

Electromechanical recordings were acquired at 5 kHz sampling frequency through a LabVIEW 

virtual instrument and a proprietary data acquisition board PCI6071E (National Instruments, 

Austin, TX, USA). Fig. 4.1B shows a schematic of the acquisition system. Cell 

mechanocardiogram (MCG) comprehends the time-dependent topographical changes (i.e. the 

vertical displacement of the AFM piezo actuator, in µm) and the uncompensated force (in nN). 

The cell-cantilever contact was never lost during drug injections or medium washout. The 

obtained data were post-processed and analyzed using a Matlab R2016b (Natwick, MA, USA) 

Parameter name Description 

Beating rate Reciprocal of time distance between two adjacent events 

Electro mechanical delay Time between the electrical event and 10% of the next 

contraction maximum amplitude 

Contraction time Time between 10% of the peak amplitude and the 

peak, on the rising side 

Relaxation time Time between the event peak and the point corresponding 

to 10% of the peak amplitude on the falling side 

Duration time The sum of contraction and relaxation times 

Average speed of contraction Mean of the first derivative of the rising part of contraction 

Time constant Time parameter obtained by fitting the relaxation time 

interval with a decreasing exponential function 

Force The uncompensated force peak-to-peak during the 

contraction 

Z height The peak excursus of the AFM Z-piezo following the 

contraction 
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GUI, using state of the art algorithms. From each recording, the parameters listed in Table 4.1 

and defined in Supplementary Fig. 5 were determined. Statistical analysis was performed in 

Prism 5.0 (GraphPad Software, La Jolla, CA, USA) and numerical results are presented as 

mean ± SEM, after passing normality test. Datasets were compared for statistical significance 

using 1-way analysis of variance (ANOVA) with Bonferroni post-test, or repeated measures 2-

way ANOVA with matching on drug concentration levels. Statistical significance was accepted 

with p-values below 0.05. 

4.4 Results and discussion 

4.4.1 Simultaneous electromechanical recording 

The implemented setup allowed the simultaneous visualization, synchronous recording and 

coupled analysis of the electromechanical features of the cECC (Fig. 4.2A).  

 

 

 

Fig. 4.2. Representative recording obtained with the implemented electromechanical system, 

and its post-processed part. A) Simultaneously and synchronously acquired extracellular field 

potential (top) and mechanical contraction (bottom). B) Averaged curves from the same 

recording; it is possible to appreciate the noise reduction due to filtering. The two traces are 

separated by the mean calculated delay. 
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The lowest observable noise level in the MEA-EP traces was 33.3 µVpp, whereas the average 

noise in the force and in the Z height traces were 18.3 pN and 24.5 nm respectively. Online and 

post-processing digital filtration allowed the analysis of EFPs with signal-to-noise ratio even 

close to 0 dB. Nevertheless, approximately half of the plated samples were able to produce a 

visible EFP trace, while mechanically beating. This issue is most probably due to scarcely-

conductive coupling between the MEA planar electrodes and the BCC. Extracellular 

biopotentials morphology is fundamentally dependent on the conductive sample/electrode 

proximity and high resistance cleft (Spira and Hai, 2013). As BCC present a mixed cell 

population of cardiomyocytes and fibroblast-like cells (Supplementary Fig. 1A), as also 

previously reported (Ma et al., 2011); it is plausible that a non-conductive patch might adhere 

to the electrode area. In fact, fibroblast-like cells are found to be dedicated into BCC adhesion 

and spreading (Supplementary Fig. 2). This drawback is easily amendable, since it is possible 

to remove gently and re-plate BCCs in sterile conditions. 

Each measurement lasted between 4h and 5h, without any remarkable alteration of cardiac 

activity, if not due to drug stimulation. This can be also seen in the absence of morphological 

alteration between beginning and end of protocol (Supplementary Fig. 3). Although probed in 

not completely sterile conditions, it was found that if refilled with antibiotics-containing 

medium, at the end of the experiments, the samples can keep on without visible contamination 

up to 4 days. This is particularly useful when testing overnight or realizing several-day 

treatments. Such evidence shows, like previously reported, how the adopted BCC model 

presents an outstanding resilience. Since an applied force of 5 nN did not elicit any spontaneous 

change in the measured parameters, in time, one can infer that the implemented CBBs are really 

following alteration of cECC and not mechano-electric feedback from stretch-induced 

depolarization (Zhang et al., 2008). 

An accurate peak detection and averaging period selection allowed the reconstruction of 

important physiological parameters described in Table 4.1, namely beating rate, contraction 

speed, cardiac cycle duration and, most importantly, a coupled parameter such as the electro-

mechanical delay (EMD). To our best knowledge, this is the first time that such parameter is 

measured on 3D cardiac in vitro model. Fig. 2B shows the obtainable averaged 

electromechanical events, corrected by the calculated EMD. 
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4.4.2 Differential drug response and correlation analysis is indispensable to 

distinguish cell-type dependency of cardiac parameters 

Once the feasibility and features of the implemented electromechanical CBBs were assessed, 

we firstly asked whether basal conditions would be sufficient to distinguish diseased and 

healthy hPSC derived BCC. The baseline beating frequency for all the cell lines tested was not 

significantly different (0.327 ± 0.023 Hz for CTRL, 0.325 ± 0.062 Hz for DORSO and 0.468 

± 0.103 Hz for DMD). The same evidence was found for other important functional parameters, 

such as the basal force (2.1 ± 1.9 nN for CTRL, 12.0 ± 4.7 nN for DORSO and 0.89 ± 0.46 nN 

for DMD) and EMD (23.0 ± 1.3 ms for CTRL, 22.0 ± 3.0 ms for DORSO and 25.6 ± 5.3 ms 

for DMD). 

Therefore, different stimulation / inhibition drug protocols were tested to validate the adopted 

models versus the expected cardiac response and assess the presence of cell type-dependent 

differences. 

4.4.3 Calcium trials 

Initially, the dependence of cardiac parameters on extracellular Ca2+ concentration was tested. 

This ion and its extracellular availability are in fact of primary importance for cECC, 

particularly for the hPSC-derived CMs, which possess an immature calcium handling toolkit 

(Keung et al., 2014) and rely mostly on membrane transport (Youm, 2016). Cell type-

dependency was found by 2-way ANOVA for beating rate (p = 0.007), contraction duration (p 

= 0.0003), time decay (p < 0.0001) and EMD (p = 0.026). A difference close to significance 

was reached for the average speed of contraction (p = 0.069). The effect of the Ca2+ 

concentration was found significant only in relationship to the beating rate (p < 0.0001). All 

cell lines experienced a decrease in beating rate proportional to Ca2+ concentration. The CTRL 

and DORSO groups plateaued around ¾ of the basal rate (67 ± 10% and 68.6 ± 5.1%, 

respectively), while the DMD group decreased to 89.5 ± 3.2% of its basal rate. The beating rate 

phenotype of mutation carrying cell line correlates with previously described pre-existing 

calcium stress impairing inward ion flux (Fanchaouy et al., 2009). This frequency decrease was 

paralleled by an increase of exerted force in all the cell lines (120.3 ± 9.4% for the CTRL group, 

110 ± 14% for DORSO and 112 ± 19% for DMD). This phenomenon is due to the immature 



 pg. 44 

contractile phenotype of hPSC-derived CMs, which possess negative frequency-force 

relationship (Pesl et al., 2016b). The observed change of contractile events was found as an 

increase of the relaxation period, expressed by the decay time constant for the CTRL and 

DORSO groups (108.1 ± 3.5% and 110.5 ± 4.2%, respectively) and a decrease for DMD (84.3 

± 5.2%). The Ca2+ dependent decay time decrease in dystrophin mutation-carrying line is in 

correlation with previously described pre-existing calcium overload (Fanchaouy et al., 2009), 

which may limit the contraction dilation due to saturated sarcomere, probably resulting in 

limited ability of the DMD CBB to employ force-imposed reaction during cluster stretch as 

imposed in healthy tissue by Frank Starling mechanisms. The EMD, a parameter directly 

connected to electromechanical coupling, did prove statistically significant for cell-type. CTRL 

did not show a dose-dependent relation with the Ca2+ concentration (109–99% variation range); 

DORSO showed a similar trend with only non-significant increase with respect to CTRL (142–

131%), validating the CBB's robustness toward line specific variability in differentiation 

efficiency. Conversely, the DMD group showed a dose- dependent trend (up to 257 ± 71% of 

the basal delay); it is possible that increasing calcium levels are gradually impairing the already 

elevated activity of an altered ryanodine receptor to coordinate the calcium-induced calcium 

release (Fauconier et al., 2010). The previous results are summarized in Fig. 4.3A-C. 
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Fig. 4.3. Selected results of drug trials performed with the presented electrochemical cell-based 

biosensor. The top row (A-B-C) represents extracellular calcium concentration trials. The middle row 

(D-E-F) β-adrenergic stimulation trials (Isoproterenol). The bottom row (G-H-I) represent class IV 

antiarrhythmic / calcium channel blocker trial (Verapamil). The * symbol indicates statistically 

significant difference according to the beating cardiac cluster type. The + symbol indicates statistically 

significant difference due to the chemical concentration. One symbol indicates a p-value < 0.05, two 
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4.4.4 Isoproterenol trials 

The β-adrenergic stimulation was performed via increasing isoproterenol concentration to 

assess the ionotropic and chronotropic cell line-dependent features. Surprisingly, no extracted 

parameter showed significant dependency over the cell type, except for the EMD (p = 0.0130), 

which was also significantly concentration dependent (p = 0.012). Other concentration-

dependent parameters were the average speed of contraction (p = 0.031) and the exerted force 

(p = 0.006), with DMD group showing marked increase at end concentration (182 ± 29% and 

186 ± 22% respectively). In contrast, DORSO experienced roughly 1/3 increase of these 

parameters (132 ± 15% for average speed and 138 ± 15% for force) and CTRL only 1/5 increase 

(122.7 ± 5.5% and 116 ± 14% respectively). Isoproterenol effect appears to have a threshold 

concentration between 300 and 600 nM. After this threshold, the CTRL and DMD groups 

slightly altered EMD (101.0 ± 6.0% and 96.6 ± 2.7%, respectively), whereas the DORSO group 

decreased its measured EMD to 73.0 ± 7.6% of the baseline value. This difference might be 

explained with better differentiation grade of dorsomorphin-treated groups, since 

dorsomorphin is an inhibitor of BMP signaling and promotes cardiac differentiation (Kattman 

et al., 2011). It is therefore plausible that an improved differentiation guarantees a better BCC 

syncytium, able to improve cECC timing in response to adrenergic stimulation. The notable 

results are shown in Fig. 4.3D-F. The same negative beating rate/ force relationship was also 

noticed for all the cell lines, except when an arrhythmic behavior (e.g., multiple beating modes) 

was induced. 

4.4.5 Verapamil trials 

The antagonist trials were carried on L-type calcium channels to observe the reaction of 

different BCCs to class IV antiarrhythmics. Verapamil, as an example of this class, was shown 

to improve skeletal muscle force in DMD patients but led also to adverse cardiac side effect. 

However, no data on mechanism of such adverse effect exists (Nascimento Osorio et al., 2018). 

Previously, the growing CMs were coupled to RTCA impedance system, which allowed to 

quantify only beat rate effects of Verapamil (Wang et al., 2013). Here, the beat rate influence 

of drug showed to be cell type-dependent (p = 0.019) and dose dependent (p = 0.001). The 

symbols < 0.01, three symbols < 0.001. All the comparisons are carried on with repeated measurements 

2-way ANOVA with row matching (drug concentration). 
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EMD parameter was found to be only cell-type dependent (p = 0.0316), together with the 

relaxation time (p = 0.030). The measured exerted force and Z height change were found solely 

dose-dependent (p = 0.015 and p = 0.019 respectively). The DMD cells showed decrease in 

beating rate down to 53 ± 27% of baseline, compared to 11 ± 11% of CTRL and 23.0 ± 6.3% 

of DORSO groups. The EMD shows different trends for each cell line: for the CTRL groups, 

the delay drops to 46 ± 46% of the baseline; DORSO group upped to 112% of the baseline and 

ended the trial at 104.0 ± 7.1%; the DMD group showed an increase of 143% to finish the trial 

at 111 ± 55%. These distinct trends can be due to the different biological backgrounds of the 

BCC models: CTRL group may respond to L-type channel inhibition by referring to the 

inositol-3-phosphate complex, which spontaneously produces calcium influx in embryonic 

cardiac phenotype (Youm, 2016); dorsomorphin-treated BCC might express higher number of 

functional L-type calcium channels, therefore being more resilient to the same drug 

concentration and present delayed coupling, with stable force level. DMD samples can present 

calcium leaking at the membrane level (Burr and Molkentin, 2015), although cECC delay is 

linearly increasing, which together with the decreasing force suggests impairment of the 

contractile machinery (Li et al., 2014). The mentioned notable results are shown in Fig. 4.3G-

I. 

4.5 Conclusions 

We have successfully implemented and tested the electro-mechanical cell-based biosensor for 

the simultaneous and synchronous probing of cardiac excitation-contraction coupling. The 

system allows the characterization of cardiac models through differential drug trials and 

sample-type discrimination. For the first time, to our knowledge, a distinctive beating-force 

relation was shown for Duchenne muscular dystrophy cardiac models. The 

bioelectromechanical parameters derived from the cardiomyocyte cluster-based models 

provide important insights into heart pathologies and sometimes (such as in β-adrenergic 

stimulation assays) serve as the only discriminant between different models. Current 

limitations of the systems regard the non-sterility of the measurement environment, and the 

localized probing of a 3D model with a single MEA electrode and AFM cantilever. The system 

also suffers from a substantial biological sample variability, which requires more experimental 

repetitions to achieve better accuracy of results; this can be overcome by suitable choice of 
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drug treatment regimens to focus the data collection toward the desired disease phenotype. 

Future improvement with higher-density electrode arrays and tip-less cantilevers providing a 

wider surface contact should provide a higher information content and improve stability of 

models, respectively. 
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5 Improvements in biosensing by addition calcium imaging (p2b) 

5.1  Commentary 

Excitation-contraction coupling is a complex and adaptive process, governed by the rhythmic 

contraction of cardiomyocytes triggered by cellular depolarization. This depolarization leads 

to the generation of action potentials, which are subsequently converted into mechanical 

contractions through the mediation of intracellular calcium ions (Ca2+). Central to cardiac 

functionality is the intricate handling of calcium ions, which play a crucial role in initiating and 

regulating muscle contractions. Systolic calcium cycling involves two primary sources: inward 

ionic currents flowing through voltage-dependent transmembrane calcium channels and the 

release of calcium from specialized intracellular compartments known as the sarcoplasmic 

reticulum (SR). The release of calcium from the SR predominantly occurs through ryanodine 

receptors (RyR), particularly the RyR2 isoform in cardiac muscle. Following an action 

potential, a massive release of calcium ions from the SR triggers mechanical contraction, while 

mechanisms such as the Na+/Ca2+ exchanger and sarco-endoplasmic reticulum calcium 

ATPase work to maintain intracellular calcium homeostasis. 

In vitro models of cultured cardiac myocytes offer unique advantages for studying cardiac 

tissue development, pathophysiology, and pharmacology. These models, including monolayer 

cultures of primary neonatal rat ventricular cardiomyocytes and adult rodent cardiomyocytes, 

allow for direct manipulation and control of environmental parameters without the 

confounding effects of in vivo feedback mechanisms. Additionally, novel models utilizing 

cellular multilayers or human stem cell-derived cardiomyocytes hold promise for recapitulating 

physiopathological conditions and studying patient-specific disease states. 

hESC combined with AFM, may provide additional information using fluorescence 

microscopy. This integrated approach enables simultaneous mechanical and chemical 

measurements, offering real-time visualization of calcium dynamics and contractility in 3D 

cardiac models. The study utilized 3D BCCs generated through the forced aggregation of hESC 

from the CCTL14 line within agarose microwells. To enable simultaneous recording, these 

clusters were loaded with the calcium-specific fluorescent dye Fluo-4 AM and placed in a 

specialized setup consisting of an AFM scanner positioned above an inverted microscope 
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equipped with a scientific complementary metal-oxide-semiconductor (sCMOS) camera. 

Mechanical contractility was recorded as MCG using a soft silicon cantilever maintained at a 

constant 5 nN contact force, while calcium waves were captured via epifluorescence video at 

approximately 50 frames per second. The asynchronous signals were subsequently processed 

using MATLAB algorithms, where multiple filtration methods—including finite impulse 

response (FIR), median, and ensemble empirical mode decomposition (EEMD) filters—were 

evaluated for their ability to increase the signal-to-noise ratio (SNR) without distorting 

biological parameters. The robustness of this integrated biosensor was validated through 

caffeine stimulation (10 mM) to trigger and characterize a known pharmacological cardiac 

response. 

We achieved the first simultaneous recording of cardiac contractility and calcium waves on 3D 

in vitro cardiac models. The optimized biosensor demonstrated excellent stability, with the 

clusters withstanding the measurement environment for over one hour while maintaining native 

average beating rates between 0.74 and 2.35 Hz. In terms of data processing, the EEMD filter 

was identified as the superior method because it significantly improved the SNR of calcium 

signals (e.g., from 7.35 dB to 14.61 dB during caffeine trials) while preserving the original 

character and morphology of the signals better than FIR or median filtering. Validation with 

caffeine produced the expected physiological responses, including an increase in beating 

frequency (approx. 8.4%), a 3.9-fold rise in basal fluorescence, and a reduction in contraction 

peak amplitude (-24.7%). Technical challenges, such as interference from the AFM infrared 

laser on the optical path, were effectively mitigated by interposing a near-infrared filter before 

the camera detector. These results confirm that the combined AFM-fluorescence platform 

provides a high-information and reliable system for the real-time evaluation of cardiac 

phenotypic traits and drug responses. 
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5.2 INTRODUCTION 

The heart muscle provides the necessary pressure to the blood stream to circulate the necessary 

nutrients, oxygen, and metabolites around the organism. This function is achieved by rhythmic 

contraction of the cardiac muscle cells, of cardiomyocytes (CMs) (Nickerson DP: 2005) 

through a phenomenon typical of the muscular phenotype called excitation‐contraction 

coupling (ECC) (Bers 2002). The ECC is a complex and adaptive set of subcellular processes, 

retained in in vitro cultures of dissociated CMs, both at the single cell level and at the tissue 

level(Rapila et al. 2008). The process is triggered by induced/spontaneous cellular 

depolarization up to the threshold to elicit an action potential, which are subsequently 

converted into mechanical contraction by the mediation of intracellular Ca2+ ions. An 

appropriate Ca2+ handling is of paramount importance for cardiac functionality. Systolic Ca2+ 

cycling has mainly two sources: inward ionic currents flowing through voltage‐dependent 

transmembrane calcium channels (mostly L‐type)(Satin et al. 2008) and a specialized 

subcellular compartment known as the sarcoplasmic reticulum (SR)(Dibb et al. 2010). 

Ca2+ release from the SR occurs mostly through a specialized channel known as the ryanodine 

receptor (RyR), specifically, in cardiac muscle, the RyR2 isoform(N. Liu 2006). Following an 

action potential, Ca2+ ions stored in the SR are massively released, initially triggered by Ca2+ 

inward current, which stimulates the collective opening of grouped RyRs in a process known 

as calcium‐induced calcium release (Fabiato et al. 1985). While contraction occurs, at the 

membrane level, Ca2+ is promptly pumped out by the Na+/Ca2+ exchanger or segregated into 

subsarcolemmal mitochondria by the same mechanism. The high Ca2+ concentration inside the 

SR is re‐established by the sarco‐endoplasmic reticulum calcium ATPase, which transports 

calcium ions from the cytosol inside the lumen of the SR. The extremely sophisticated 

organelles and receptors and buffers for the uptake and release of Ca2+ goes generally under 

the name of calcium‐signalling toolkit (Berridge, Bootman, and Roderick 2003). 
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In vitro models of cultured cardiac myocytes offer many advantages for developmental, 

pathophysiological, and pharmacological studies of cardiac tissue through cell‐based 

biosensors, as they allow direct cell manipulation and control of environmental parameters, 

without interference from the compensatory feedback mechanisms that exist in vivo (Bursac et 

al. 1999. Monolayer cultures of primary neonatal rat ventricular CMs represent a frequently 

employed model to study cardiac processes, (Martherus, Zeijlemaker, and Ayoubi 2010) as the 

isolated CMs retain contractility and reassociate in functional syncytium in vitro. (Eschenhagen 

and Zimmermann 2005) Adult rodent CMs are preferred for single cell study as they present 

mature morphology (eg, Z‐disk structures or ion channels expression) and functional features. 

(Yang, Pabon, and Murry 2014) Nevertheless, new realistic models are being researched with 

the use of cellular multilayers(Sperelakis 1989) or human stem cells‐derived CMs. (Gepstein 

2013) These are able to generate functional cardiac muscle cells that recapitulate existing 

physiopathological conditions and can be derived in a 2D monolayer form or in a 3D structure 

from the formation of embryoid bodies (EBs). (Pesl et al. 2016; Davis et al. 2012; Acimovic et 

al. 2014). The 3D models derived from EBs have proven to produce beating foetal‐like CMs, 

(Jung et al. 2017). which control the differentiated cluster contractility and electrophysiology. 

(Mummery et al. 2012) Recently, these models have also been proved to recapitulated patient‐

specific disease conditions. (Spitalieri et al. 2018) For more details on otherwise obtained 3D 

cardiac constructs, the reader is referred to the dedicated literature (Mathur et al 2016).  

Overall, in vitro cardiac models have allowed to obtain precise physiological insights, such as 

the difference between atrial and ventricular populations in calcium handling. (Bootman et al. 

2011) Furthermore, they have revealed key aspects and consequences of calcium signaling 

remodeling when cardiac pathologies occur. For example, usually minor calcium toolkits, such 

as inositol triphosphate (InsP3)/Ca2+ signaling can be hyperstimulated by the presence of 

cardiac hormones due to atrial arrhythmias. (Berridge 2012) Dystrophic mutations (such as 

Duchenne's muscular dystrophy) severely hamper the Ca2+ current inactivation and the SR 

uptake, leading to Ca2+ overload. (Koenig et al. 2013) Genetic mutations can involve specific 

intracellular receptors, such as in RyR2‐specific catecholaminergic polymorphic ventricular 

tachycardia, which causes leaky SR inducing sudden cardiac death during exercise. (Marks 

2013) It has been demonstrated that induced persistent Ca2+ overload, due to prolongation of 

action potentials, directly induces CMs death through a mitochondria‐mediated necrotic 
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pathway. (Nakayama et al. 2007) Eventually, reduced Ca2+ transients, prolonged duration and 

impaired uptake lead to abnormal cardiac output, muscular remodeling, and heart 

failure.2(Gorski, Ceholski, and Hajjar 2015) Dynamics of Ca2+ are becoming an elective drug 

target to avoid tissue remodeling followed by development of congestive heart failure, ischemia 

or arrhythmias. (Nattel et al. 2007; Driessen, Bourgonje, and Vos 2014) 

Ca2+ dynamics are visualized by imaging techniques that require calcium‐specific fluorescent 

probes or fluorophores. These are a class of natural or artificial light‐excitables/emitting 

(bio)molecules able to detect specific chemical species. (Molecular Probes 2010; Bootman et 

al. 2013) Fluo‐4 acethoxymethylester (AM), used in this study, is a high yield non-ratiometric 

(i.e., not able to determine concentration) fluoresceine‐based dye conjugated with the 1,2‐bis 

(o‐aminophenoxy)ethane‐N,N,N′,N′‐tetraacetic acid, a calcium‐specific chelating agent, linked 

to AM groups. It is briefly recalled that AM‐neutralizing group allows cytosolic irreversible 

internalization via lipophilic affinity and de‐esterification within the cell membrane. (Tsien 

1981) The use of high‐performance dyes goes in parallel with the design of high‐speed 

sensitive cameras. Microscopy embedded video imaging (Swandulla et al. 1991) and the use 

of electron multiplying charge coupled device and scientific complementary metal‐oxide‐

semiconductor (sCMOS) cameras (Lasser-Ross et al. 1991; Bigas et al. 2006) have been key 

innovative steps for calcium imaging. The high signal strength of the fluorescent probes in 

combination with these emerging technologies allowed for real‐time fluorescence observations 

of biological processes at the single‐cell level. 

As previously mentioned, Ca2+ dynamics is directly responsible for the proper function of the 

contractile machinery and therefore the exerted force by CMs. Cardiac contractility and 

mechanics in vitro can be assessed by several methodologies (eg, force‐transducing elements, 

optical tweezers, video analysis of particle tracking, and impedance spectroscopy), (Pesl et al. 

2016) among which the most sensitive is atomic force microscopy (AFM). Atomic force 

microscopy‐based nanoindentation has been applied for almost 30 years to the investigation of 

cellular mechanics. (Radmacher 2007) Atomic force microscopy can also serve as nano 

sensitive tool to measure time‐resolved cell height change, contractility rate, and transverse 

exterted force or single CM(Domke et al. 1999; Sun et al. 2012) and 3D organoids through 

mechanocardiograms (MCGs). (Pesl et al. 2016) An important technological integration among 

https://en.wikipedia.org/wiki/Phenol
https://en.wikipedia.org/wiki/Phenol
https://en.wikipedia.org/wiki/Ethane
https://en.wikipedia.org/wiki/Ethane
https://en.wikipedia.org/wiki/Acetic_acid
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experimental systems is the one between optical microscopy (or later confocal microscopy) 

and AFM. The integration of optical microscopy and confocal microscopy within life sciences 

has proved particularly beneficial, because it unlocked the ability to simultaneously apply and 

measure local mechanical forces, while tracking biological responses/pathways with 

fluorescent dyes, antibodies, or genetic incorporation of fluorescent fusion proteins such as 

green fluorescent protein. Common optical microscopy techniques like bright‐field 

illumination, phase contrast, and especially differential interference contrast, reveal high‐

contrast topography information, as well as location and/or distribution of internal structural 

features (e.g., cell organelles). (Bank 2005; Madl et al. 2006; Pelling et al. 2007) Fluorescence 

microscopy has proven to be a powerful tool for selective and specific visualization of labelled 

molecules down to the single‐molecule level, rendering it possible to follow cellular processes 

and to monitor the dynamics of living cell components. (Hinterdorfer et al. 2001) The 

advantages and benefits of AFM and fluorescence microscopy complement each other, 

allowing a more detailed characterization of cellular structures and processes. (Hards et al. 

2005; Raiteri et al. 2015) A prime example of this is the visualization of calcium dynamics 

during cardiomyocyte contractions; AFM is used as an ultrasensitive force detector or is 

measuring the mechanical pulsations of living cells, with cantilever probe touching at a 

constant force the cell. (Haupt et al. 2006). Employing simultaneous fluorescence‐AFM, these 

local mechanical pulsations can be linked directly to intracellular calcium oscillations. (Pelling 

et al. 2007) Simultaneous calcium imaging and AFM contractility recording has been 

successfully tested for drug response on single CM, (Haupt et al. 2006) but to our best 

knowledge, no such method has been implemented for 3D cardiac models. 

Therefore, we defined an integrated experimental setup that would allow to harness the 

detecting capabilities of the two techniques simultaneously. In this work, we employed size‐

controlled EBs, differentiated in beating cardiac clusters (BCCs) from human embryonic stem 

cells (hESC), (Pesl et al. 2013) as our cell‐based biosensors model for detection of cardioactive 

chemicals. We have expanded our previously established mechanical methods (Pesl et al. 2016) 

with calcium imaging, to provide combined information of two biophysical aspects of cardiac 

function. As integrated measures lead to a proportional increase of information, an automatic 

functional parameter extraction is desirable. The choice of the best automatic analysis 
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algorithm was bound to its versatility in processing different signals and most importantly to 

performance. Specifically, we looked for increase of the signal‐to‐noise ratio (SNR) absence 

of morphological alterations on the baseline and reduction of imposed signal delay for future 

synchronization. Therefore, we explored different data handling algorithms to put the base of 

a robust method for automatic analysis. 

5.3 METHODS 

5.3.1 Preparation of hESC‐derived CM clusters 

In this work, the cardiac models were obtained using the hESC line CCTL14 as previously 

described (Dvorak et al. 2005, Pesl et al. 2013). Cells were thawed and seeded on mitotically 

inactivated mouse embryonic fibroblasts.(Dahlman et al. 2013) hESC colonies were cultivated 

in DMEM‐F12 (Thermofisher, Waltham, MA‐USA), supplemented with 15% knockout serum 

replacement (fetal bovine serum (FBS), Life Technologies, Carlsbad, CA‐USA), 1% L‐

glutamine (Thermofisher), 0.5% penicillin/streptomycin (Thermofisher), 1% 

2mercaptoethanol (Thermofisher), 1% nonessential amino acids (Life Technologies), and 4 

ng/mL human fibroblast growth factor 2 (hFGF2, Peptrotech, London, UK). Colonies were 

propagated for at least five passages, by scratching and fractioning using 1‐mL pipette tip. To 

prepare monolayer cultures, colonies were passaged and transferred to 1:100 Matrigel 

(Corning, Tewksbury, MA‐USA) coated dishes. Monolayer cultures were carried on in 

Modified Eagle's Medium (MEF)‐conditioned medium supplemented with 10 ng/mL hFGF2. 

Upon reaching 80% confluence, hESC were passaged using TrypLE Express dissociating agent 

(Thermofisher). Cells underwent at least two feeder‐free passages. Regular and size‐controlled 

EBs were obtained by forced aggregation of 2 × 106 cells/ milliliters. Aggregation wells were 

prepared in 1.5% w/v agarose gel (VWR, Radnor, PA‐USA), and each EB contained 

approximately 1000 cells. Cardiac differentiation was achieved using our previously described 

method, (Krutá et al 2014) by sequential cytokine modulation in KnockOut DMEM (Life 

Technologies), supplemented with 10% FBS, 1% L‐Glutamine, 1% penicillin/streptomycin, 

1% β‐mercapthoethanol, 1% nonessential amino acids, and 10 μg/mL−1 ascorbic acid. Beating 

cardiac clusters were visible from day 11, and after day 20, they were counted and divided 

from non-beating clusters. Typical dimensions of the measured BCCs ranged between 300 and 
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400 μm in diameter. By visual observation, BCCs contain both contracting cells and fibroblast‐

like ones, the latter involved in adhesion to the substrate. 

5.3.2 Clusters seeding and measurement setup 

Differentiated BCCs were selected according to spheroidal regular shape and seeded onto 0.1% 

gelatin‐coated (Sigma Aldrich, St. Louis, MO‐USA) 34‐mm Petri dishes (TPP Technoplastic 

Products, Trasadingen, Switzerland) and let adhere for 24 hours. Beating cardiac clusters were 

maintained at 37°C in a standard 5% CO2 incubator. Prior to experiments, the samples were 

exposed for 60 minutes to a 3μM concentration of Fluo‐4 AM (Life Technologies) in culture 

medium and incubating atmosphere. After loading, the sample were gently rinsed twice with 

KnockOut DMEM to remove excess of calcium dye, replenished with culture medium, and let 

in incubator for further 30 minutes to allow fluorophore de‐esterification. Ultimately, the 

medium was removed and replaced by Tyrode solution (135mM NaCl, 10mM HEPES, 5.4mM 

KCl, 0.9mM MgCl2, 10mM glucose, and 1.8mM CaCl2, pH 7.4). For drug testing, a caffeine 

(Sigma) solution of 10mM concentration in complete Tyrode was used. All other chemicals 

when not specified were purchased from Sigma. 

The prepared sample dish was equipped with media exchange tubes and placed on the 

motorized stage of an inverted microscope (Olympus IX‐81S1F‐3, Tokyo, Japan). An AFM 

scanner of 15 μm vertical range (BioAFM NanoWizard 3, JPK, Berlin, Germany) was then 

placed above the sample. A soft semicoated silicon cantilever Hydra2R (AppNano) was used 

as mechanical probe to ensure a stable contact without applying disruptive forces on the 

sample. A Petri dish heater (JPK) was used to keep the temperature constant at 37°C. The upper 

optical path of the optical microscope was used to record fluorescence image sequences with 

an sCMOS camera Andor Zyla 5.5 (Andor Technology, Belfast, Northern Ireland). A Thorlabs 

MD498 dichroic mirror was used for light wavelength selection. A Thorlabs FES650 shortpass 

type optical filter (650 nm) was inserted to the optical path before the camera detector to cut 

off the interference of the AFM laser light. 
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5.3.3 Data recording 

BCC contraction and calcium transient signals were obtained simultaneously but in an 

asynchronous way. Scanning probe microscope Control Software v.5 (JPK) was used for AFM 

control and data acquisition at 1 kHz rate. The cantilever was placed in contact with the sample 

using a set point of 5 nN, with feedback loop parameter I = 50 and P = 0.05. This level of force 

was previously found to be the smallest force necessary to ensure stable contact and showed 

no visible functional alteration of clusters' contractility rate of exerted force. (Pesl et al 2016) 

The location was selected by consecutive trials to find the region with best vertical 

displacement. The observable MCG showed the temporal displacement on the AFM vertical 

piezoelectric crystal following the beating of the BCC, to maintain constant force with the 

sample. Calcium imaging video sequences were recorded at 200× using Andor Solis 64‐bit 

control and acquisition software. The camera was connected via USB 3.0 to the computer 

station, while a high throughput solid‐state drive disc was included to enable fast and long 

enough video acquisition by increasing the acquisition capacity. Camera resolution was set to 

1700 × 1700 px and framerate to 49.67 frames per second. Data were obtained using spooling 

mode in form of data fractions and converted to AVI files. The time points of data acquisition 

protocol are shown in Figure 1 C. Mechanocardiogram signals were acquired for 10‐minute 

intervals while only 60 seconds of image sequence was recorded from the start point of MCG, 

due to the memory‐consuming data size. 
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Fig.: 5.1 Microscopy images of the cardiac EB loaded with Flou‐4 under the combined setup 

(magnification 20× and scale bar 100 μm). A, Brightfield image of the adhered EB. B, 

Epifluorescence view, with visible AFM laser artefact on bottom left corner. Biological 

fluorescence is still visible on the edges. C, Experimental method for caffeine stimulation, all 

time point distances indicate 10 minutes. E1‐S2 resting time of 10 minutes was necessary for 

appropriate chemical diffusion in the sample 

5.3.4 Data extraction and filtration 

Atomic force microscopy data and fluorescence image sequences were processed using Matlab 

2015b and its image processing toolbox. Figure 5.2 shows a schematization of the mixed signal 

acquisition and post‐processing. Contraction signals were extracted as text files while Ca2+ 

traces were obtained from images stacks by selection of appropriate region of interest (ROI). 

Absolute fluorescence was retrieved as sum of the ROI pixel values (F ROI) and corrected using 

a background fluorescence ROI (F back) from each image in the sequence. Raw signals were 

then filtered and analyzed. Linear min‐max normalization was performed to allow comparison 

between filtration and drug stimulation trials. However, to distinguish the change in amplitude 
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of the control and test signal, the relative ratio was recorded prior to normalization. Both MCG 

were corrected for baseline drift, filtered through different digital algorithms to provide the 

best noise reduction and parameter detection. The applied filters were 

1 finite impulse response low‐pass filter, with 5 Hz cut‐off frequency; 

2 median filter of fixed‐length moving window (11 samples for MCG, 5 for Ca2+ transients); 

3 ensemble empirical mode decomposition (EEMD) filter. This method works by analyzing 

the signal to find its main components 

 

Fig 5.2.: Schematic representation of data manipulation, from extraction to integration, 

conditioning and parameter extraction (intrinsic mode functions [IMF]) and remove them 

selectively in a process called sifting. (Huang eta al. 1998) Two and three IMFs were excluded 

for Ca2+ traces and MCG, respectively, after which the signals were recomposed. The EEMD 

algorithm was set up to maximum 10 sifting process per IMF with 200 ensembles cycles. 
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After filtration, signal peaks were detected and parameters of interest (Figure 4, bottom row) 

were extracted and compared in at least 30 events per sample. For the raw and filtered data 

sets, the noise reduction was quantified calculating the SNR with the formula 

SNR=20 log10
App/4σ1 

where App is the maximum amplitude of the single contraction or transient event, and σ is the 

standard deviation of the random noise detected on the baseline. Increase of noise standard 

deviation was considered a sign of undesired morphological artefacts. 

5.4 RESULTS 

Repeated recordings were performed after setup optimization over three different clusters. 

Figure 5.1 A, B show a representative BCC after calcium dye loading. The samples were able 

to withstand measurement environment for more than 1 hour. The native average beating rate 

calculated from MCG spanned between 0.74 and 2.35 Hz. The interference coming from the 

AFM laser module was attenuated on the common path for video acquisition but could not be 

eliminated. Nevertheless, simultaneous recording was achieved, when AFM backscattering 

was kept at the edge of the BCC. Figure 5.3 shows MCG and Ca2+ traces recorded from the 

same sample, before normalization. 

Fig.: 5.3.: Typical traces of mechanocardiogram (MCG, left) and calcium transients 

(right) coming from the same recording 
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5.4.1 Evaluation of different filtration methods 

A correction of MCG drift is achieved by the direct linear interpolation method between two 

adjacent peaks. Ca2+ signal is not affected by baseline drift when corrected appropriately for 

background intensity. Due to low number of samples, a 1:3 oversampling was performed to 

increase filtration working points. Original SNRs of the two signals were 19.73 and 14.11 dB 

for MCG and calcium transients, respectively. 

Fig.: 5.4.: Filtration results and drug effect on the signals traces. MCG traces before and after 

filtration, where corrugation of the FIR filter is visible (top left). Calcium transients before and 

after oversampling (1:3) and filtering, where the best effect for EEMD method can be observed 

(top right). Averaged (n = 39) contraction events detected in MCG before and after caffeine 

stimulation, where one can see the mean event elongation and the lowering of the peak 

probably due to contraction pattern changes (bottom left). Averaged (n = 32) calcium cycling 

events before and after caffeine stimulation, where one can observe the elongating peak width 

(t50l‐t50r), due to persistence of calcium in cytosol, and the increase of peak amplitude most 

probably due to increased calcium storage depletion (bottom right) 
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Finite impulse response filtering increased the SNR to 20.49 dB and 20.97 dB for MCG and 

calcium transients, respectively. Over filtering of MCG produced corrugation artefacts that 

impaired proper extraction of time‐related parameters. For instance, the mean contractile event 

duration increased up to 15.67% due to filtration‐induced error in the automatic detection 

algorithm. Calcium traces on the contrary were partially smoothed, inducing a mean event time 

contraction of 4.59%. 

Ensemble empirical mode decomposition filtering respected the signal shape with stochastic 

shifts of peaks on calcium traces, with respect to the raw signals. Signal‐to‐noise ratio did not 

improve for MCG (19.71 dB), but it increased for Ca2+ transients (21.80 dB). No corrugation 

of morphological artefact was found using this filtering method. Mean event duration remained 

stable for MCG (0.08%) and saw a 6.82% elongation of the Ca2+ ones. 

Median filtering window width was empirically optimized for each separate signal. Signal‐to‐

noise ratio again did not raise for MCG traces (19.73 dB) but saw mild improvement for 

calcium transients (16.81 dB). Mean duration of the events was slightly elongated in both cases, 

at 1.98% for calcium transients and 0.56% for contractility. Representative performance of the 

different filtering methods is summarized in Figure 4, top row. Because of the general best 

performance of EEMD filtering method, we will show only the results following this filtration 

method (Table 1). The results of signal filtration efficiency are included in Table 5.1.  

 

 

 

 

 

Table 5.1 Parameter identification and description 

Parameter Meaning 

tX Time with x indication percentage of the event total time 

tmax Time to maximum 

T50I/T50R Time to half of maximum in rising/falling 

PW Peak width (T50R‐T50I) 

RT/FT Rising/falling time 
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Table 5.2. Representative effect of different filtration methods on SNR (N of events > 30) 

Abbreviations: AFM, atomic force microscopy; EEMD, ensemble empirical mode 

decomposition; FIR, finite impulse response; SNR: signal‐to‐noise ratio. 

5.4.2 Evaluation of caffeine effect on calcium and contraction signals 

To validate the robustness of our recording system automatic detection approach, we conducted 

caffeine stimulation on BCCs. The expected cardiac response was seen in contraction signal, 

as reduction of peak amplitude (24.7%) and increasing peak width (14.5%), as combination of 

elongation in rising time (25.2%) and falling time (5.1%). Event frequency increased 8.3%. 

Similar trend was observed in Ca2+ signals in frequency increase (8.43%), with corresponding 

faster rising time (−3.7%) and longer falling time (13.4%). Basal fluorescence increased 3.9 

times and peak width rose up of 5.5%. While the MCG traces did not benefit largely from the 

filtration in terms of SNR (from 20.73 to 20.70 dB), EEMD filtration doubled Ca2+ signals SNR 

(7.35 dB to 14.61 dB), aiding significantly the reliability of the detection. These results are 

summarized in Tables 5.2 and 5.3. 

5.5 DISCUSSION 

A trustworthy and rapid investigation of in vitro cardiac cellular models is of fundamental 

importance to validate new drugs and investigate cardiac pathologies at the level of basic 

science. So far, in vitro models of CMs are examined through multiple alternative techniques 

(increasing sample variability) or powerful techniques affected by low throughput (e.g., patch 

clamp electrophysiology). Ca2+ imaging is a powerful technique that brings precious insights 

in the adaptation of ECC at the single cell and tissue level. (Herron et al. 2012) Atomic force 

microscopy can, due to its versatility, integrate the information of chemical signaling with 

information on the cell/tissue mechanics, leading to better inference when an abnormal effect 

is observed.(Franz and Puech 2008) For this reason, we have implemented a combined optical 

and scanning probe microscopic setup, tested it on a defined 3D cardiac model, and validated 
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it with a known cardiac drug response. To increase the throughput of the experimental method, 

we have also tested different data conditioning methods to improve the accuracy of automatic 

detection of important parameters. 

Parameter Contraction Signal (MCG, % Change) Calcium Transients (% Change) 

Beating rate 8.83 8.42 

Peak amplitude −24.70 20.85 

Rising time 25.20 −3.70 

Falling time 5.20 −13.40 

Peak width 14.50 5.50 

Table 5.3 Representative effect of caffeine stimulation over observed parameters (Nevents > 

30) Abbreviations: MCG, mechanocardiogram. 

We successfully recorded for the first time, to the best knowledge of the authors, simultaneous 

Ca2+ cycling and contractility of intact BCC. We experienced how hardware technological 

integration of the two techniques is not a trivial point. Because the sCMOS camera shares the 

optical path with the AFM infrared laser, the non-reflected portion of the laser beam was often 

sufficient to disturb epifluorescence emission detection. The interposition of a near infrared 

filter on the camera optical path greatly attenuated the unwanted artefact, but it could not 

eliminate it completely. This problem was related to the high sensitivity of the employed 

camera and the nature of the technique. Similar artefacts were not visible with CCD cameras 

or confocal microscopy, albeit these two alternatives present different disadvantages: the 

former one comports the loss of the sensitivity necessary to detect events at high resolution, 

while the latter is technologically expensive and less flexible. Therefore, great attention on 

light filtration must be taken into consideration for different AFM producers. 

After data extraction, we explored different filtration methods and quantified them in terms of 

SNR increase and undesired signal alteration. Due to the asynchronous recording, filtration‐
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induced delays were not quantified. The aim behind filtering is to improve the automatic 

detection of points of interest in noisy signal, when diverse sources of electronic noise are 

present from distinctive systems. The noise affecting the Ca2+ transients come primarily from 

the processes associated with image acquisition by sensor array and camera electronics. This 

electronic and thermal detector noise is typically of high frequency nature with respect to the 

biological signals of interest. Nevertheless, due to the relatively low acquisition rate, 

oversampling is recommendable to ensure reliable performance of subsequent filtration. In the 

contraction signals obtained by AFM, a source of the signal noise comes from uncompensated 

environmental vibrations, but baseline drift, due to the soft sample creeping or temperature‐

induced bimetallic effect on the probe, are preeminent disturbances and need to be 

compensated. Due to the low frequency of drifts, a simple peak‐between‐peak linear 

interpolating algorithm is enough correct for this noise source. 

In general, all three filtering methods led to beneficial increase of the SNR for the Ca2+ signals, 

in basal condition and in caffeine‐stimulated ones. The MCGs present higher SNR due to the 

AFM detecting method (optical lever amplification) and low noise electronics, which allows 

force sensing at the nanoscale. In this case, FIR filtering can lead to over‐filtration artefacts. 

Median filtering was the worst performing option in terms of improvement of SNR, although 

signal parameter alterations were in the order of units of percent. Ensemble empirical mode 

decomposition filtering met the SNR improvement performance with the low signal alteration; 

therefore, it became the filtering elective choice for both signals. This algorithm is very 

adaptive, low‐demand, and effective for high‐frequency white noise elimination, while at the 

same time preserving the original signal character. Our selection does not exclude the 

possibility to employ other harmonic‐based methods, like Fourier transform, although EEMD 

works without the assumption of stationary signals. Averaging filters could also provide an 

alternative method for functional parameters calculation, provided that the events alignment 

jitter induced by the noise is neglectable. 

To test the detection of biological drug response, we employed caffeine stimulation. Caffeine 

is a well‐known agonist of the RyR2 receptor of cardiac SR, as it induces calcium release in 

the cytoplasm.(Kong et al. 2008) This effect can be appreciated by the augmented basal 
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fluorescence, reflecting the presence of more unbound Ca2+ in the cytosol.(O’Neill and Eisner 

1990) The increase peak amplitude and elongated width of Ca2+ transients can also be explained 

with the stimulated and prolonged depletion of the SR storage. The observed reduction of SNR 

in caffeine‐stimulated conditions can be due to chaotic activation of local calcium sparks.(Izu 

et al. 2013) Rise in beating rate can be explained with the depolarized state induced by cytosolic 

unbound calcium,(Youm 2016) a condition initiated by caffeine and probably maintained by 

neighboring coupled fibroblasts.(Vasquez et al. 2011) Consequently to the beating rate 

increase, Ca2+ transients rising time decreased, probably due to the augmented activation of L‐

type voltage‐gated channels.(Leroy et al. 2002) Falling time decreased as well, most probably 

from enhanced activity of the Na+/Ca2+ exchange mechanism,(J. S. Rodriguez et al. 2014) 

deputed to restore low calcium cytosolic levels.(Ottolia et al. 2013) The change of peak 

amplitude at the MCG level can be attributed to the immature contractile machinery of hESC‐

derived CMs,(Martin Pesl, Pribyl, Caluori, et al. 2016) and to different activation pattern of the 

3D cardiac cluster. Local monitoring of the BCC contraction using a pyramidal tip cantilever, 

like the one employed in this study, faced the influence of changing contractile patterns in 

heterogeneous sample. For future study, a colloidal probe with appropriate diameter (over 20 

μm), or a tipless cantilever, might suffer less from this phenomenon. 

5.6 CONCLUSIONS 

In the presented work, we have proven the feasibility of the combination of AFM mechanical 

probing and epifluorescence recording of chemical events in 3D cardiac in vitro models. We 

have also proposed a best data handling and filtration method to speed up reliable and robust 

automatic analysis of data. This will hopefully contribute to the implementation of new and 

reliable integrated experimental systems, with high‐information content, for cardiac in vitro 

models and cardiac drugs evaluation. 
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6 Disease phenotype description by AFM (p3) 

6.1 Commentary  

Duchenne Muscular Dystrophy (DMD is an X-linked genetic disorder leading to progressive 

muscle degeneration and heart failure, particularly due to dilated cardiomyopathy (DCM), 

which is the most common cause of death in DMD patients. While the mechanisms of muscle 

wasting and cardiac dysfunction in DMD are recognized, the dynamics of heart failure 

development remain poorly understood. Since 2014 group of Roman Panovsky pioneered 

cardiac Magnetic resonance in DMD patients (Panovský et al. 2019) and female carriers (Kincl 

et al. 2020). The DMD mouse model exhibits mild cardiac symptoms, which contrasts with the 

severe manifestations in humans. The present study, using patient-specific induced pluripotent 

stem cell-derived cardiac cells (DMD-hiPSCs) and CRISPR/Cas9-engineered dystrophin-

deficient human embryonic stem cells (DMD-hESCs), investigates the molecular and 

functional abnormalities that contribute to cardiac dysfunction in DMD, providing new insights 

into the altered excitation-contraction coupling (ECC) observed in these cells. 

Several independent dystrophin-deficient hPSC lines were employed, including patient-

specific hiPSC and an isogenic hESC line generated via CRISPR/Cas9 gene editing. These 

lines were differentiated into 3D beating cardiac clusters (BCC, embryoid bodies, EBs) using 

a differentiation described above in section 3. AFM was used to record MCG, confocal 

fluorescent microscopy with Fluo4-AM was employed to monitor intracellular calcium 

transients; and whole-cell patch-clamp was used to measure electrophysiological action 

potentials. Additionally, we quantified free cardiac troponin T (cTnT) levels in the culture 

medium using a high-sensitivity immunochemical system to track progressive cardiomyocyte 

death over time. We demonstrated that DMD-derived cardiac cells lacked the full-length 427 

kDa dystrophin protein and exhibited a significantly lower yield of spontaneously beating EBs 

compared to wild-type controls. We also showed that DMD-CMs exhibited lower 

differentiation efficiency, as evidenced by a reduced yield of beating embryoid bodies (EBs) 

compared to wild-type (WT) cells. Despite similar relative expression of known cardiac 

markers, DMD-CMs showed a tendency toward increased Connexin 43 expression, suggesting 

remodeling mechanisms in the absence of functional dystrophin, as seen in previous models of 

DMD. This diminished differentiation may be linked to DNA damage and errors in cell fate 
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determination, potentially caused by deregulated nitric oxide synthase (NOS) activity, which 

interferes with stem cell renewal and multipotency. 

Functional analysis revealed a distinctive pathological phenotype characterized by 

hypocontractility (reduced contraction force), bradycardia, and increased heart rate variability. 

The inter-beat interval (IBI) in DMD-EBs was more variable, with increased heart rate 

variability, which is characteristic of early-stage cardiac dysfunction. These mechanical 

impairments were linked to altered calcium dynamics and voltage-gated ion channel activity, 

which may predispose DMD patients to arrhythmias and reduced cardiac output. Calcium 

transient dynamics, including prolonged rising and decay times, were observed, correlating 

with calcium overload due to sarcoplasmic reticulum (SR) dysfunction. There were elongated 

time-to-peak and a significantly higher frequency of diastolic calcium events (leaks), which 

contribute to arrhythmic risk.  

Furthermore, while patient-specific DMD models overexpressed β-adrenergic receptors, they 

paradoxically exhibited a blunted response to pharmacological modulation with isoproterenol 

and metoprolol. Electrophysiological measurements showed that DMD-CMs and WT-CMs 

exhibited similar action potential (AP) properties, such as resting membrane potential, 

amplitude, and AP duration. Both cell types displayed various AP shapes, including atrial- and 

nodal-like APs. However, DMD-CMs showed an increased expression of the inward rectifier 

potassium channel Kir2.1, which may indicate altered AP duration and a reduced effective 

refractory period, potentially contributing to arrhythmias. . Interestingly, CRISPR/Cas9-

modified cDMD-EBs displayed a β-adrenergic response similar to WT-EBs, suggesting a 

compensatory mechanism in the engineered line. This highlights a dysregulated β-adrenergic 

signaling pathway in DMD, which may contribute to heart failure progression. Additionally, 

DMD-CMs exhibited higher expression of the L-type calcium channel (LTCC) α2 subunit, 

suggesting a gain-of-function mechanism that could further contribute to arrhythmic risk. 

Finally, the detection of significantly elevated free cTnT in the medium starting from day 35 

confirmed that the model effectively recapitulates the progressive cardiomyocyte wasting and 

death observed clinically in DMD patients. 
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6.2 INTRODUCTION 

Duchenne muscular dystrophy (DMD, prevalence 1/3,500–6,000 boys) is an X-linked genetic 

disorder which impairs striated muscles and results in severe disability and premature death in 

young men(Mah et al. 2014) (Mah et al., 2014; Vry et al., 2016; Stehlíková et al., 2017). DMD 

is often associated with dilated cardiomyopathy (Manzur et al., 2008), which develops in 

affected patients during their teenage years. It is represented by a slowly progressing decline 

in diastolic function, systolic ejection fraction, and fractional shortening (Markham et al., 

2006). Mechanical degeneration is associated with progressive cardiomyocyte (CM) wasting 

and spreading of fibrosis throughout the ventricular wall (Finsterer and Stöllberger, 2003; 

Panovský et al., 2019), which leads to intracardiac conduction disturbances, inducing atrial and 

life-threatening ventricular arrhythmias (Chenard et al., 1993; Himmrich et al., 2000). Gradual 

dilatation of the ventricle, thinning of the wall (Wagner et al., 2007), and consequent loss of 

contractility lead to repeated episodes of heart failure, which recently became the most frequent 

mortality cause in DMD patients worldwide (Finsterer and Stöllberger, 2003; Fayssoil et al., 

2010). 

DMD is caused by mutations in the dystrophin gene (DMD), which can result in a total lack 

of functional dystrophin or presence of a truncated inactive form of the protein (Blake et al., 

2002). Dystrophin plays a major role in the organization of dystrophin glycoprotein complex 

(Clarac et al., 2009) responsible for sarcolemmal adhesion to the basal lamina and intracellular 

pathway regulations. Whereas, skeletal muscle degeneration is extensively studied, the cellular 

mechanisms of the cardiac pathophysiology are still unclear. Available studies point out the 

role of oxidative stress and DMD-induced Ca2+ mismanagement (Williams and Allen, 2007; 

Jung et al., 2008; Caluori et al., 2019), with subsequent cytosolic imbalance and cell damage 

(Gerke et al., 2005). 

In DMD (muscular dystrophy on X chromosome, mdx) mice, we have shown that dystrophin 

deficiency caused posttranslational remodeling of the cardiac ryanodine receptor (RyR2) 

macromolecular complex, due to S-nitrosylation and Calstabin2 (FKBP12.6) depletion, which 

leads to intracellular diastolic Ca2+ leak and ventricular arrhythmias (Fauconnier et al., 2010). 
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Intracellular Ca2+ leak from the sarcoplasmic reticulum (SR) was also associated with 

deregulation of stretch-activated channels (SAC) though reactive oxygen species (ROS)-

mediated hyperactivity (Jung et al., 2008). 

Further studies in animal models showed misregulation of other ion channels such as voltage-

gated Nav1.5 and L-type calcium channel (LTCC) hyperactivation (Koenig et al., 2011), as 

well as upregulation of inflammation-related induced nitric oxide synthase (iNOS) (Fauconnier 

et al., 2010; Peterson et al., 2018). Such observations remain to be validated in human DMD. 

Furthermore, to this day, there are only limited studies of human DMD cardiac cell (CC) 

models, describing some of the discrepancies eventually leading to DMD-CM damage (Eisen 

et al., 2019; Pioner et al., 2020). In the present study, we thus focused, for the first time, on 

evaluating the impact of dystrophindeficiency on some molecular properties of the 

excitationcontraction coupling (ECC) and flight-or-fight response in some patient-specific 

DMD human pluripotent stem cell-derived cardiac cells (DMD-hPSC-CCs) as well as in 

CRISPR/Cas9 engineered hPSC-CCs (summarized in Graphical abstract chapter 6.8). 

6.3 MATERIALS AND METHODS 

A wide selection of methods was used for analysis of the model starting from generation of the 

hPSC lines to analysis of 3D contracting clusters and dissociated CCs; thus, the methodological 

approach has been summarized in Figure 6.1. 

6.3.1 Cell Lines, Cultivation, Reprogramming, and hPSC Differentiation Into 

Cardiomyocytes via Embryoid Bodies 

Patient-specific DMD human induced pluripotent stem cell (hiPSC) lines (DMD02 and 

DMD03) and CRISPR/Cas9 dystrophin-deficient human embryonic stem cell (hESC) line 

(cDMD) were used (described in Jelinkova et al., 2019a,b). The fibroblasts of two DMD 

patients were derived from skin/muscle (for DMD02/DMD03, respectively) biopsies. Informed 

consents approved by Ethics Committee (Faculty of Medicine, Masaryk University) were 

signed by parents of the patients beforehand and the investigation conformed to the principles 

outlined in the Declaration of Helsinki. 
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Control human embryonic stem cell (hESC) line CCTL14 (serving as isogenic control for 

cDMD) as well as CCTL12 hESC line (further referred to as WT hESC) derived in Masaryk 

University, Brno, and previously characterized (International Stem Cell Initiative et al., 2007), 

were used. hiPSC control line UEFhfiPS1.4 (Qu et al., 2013) and cl.4 obtained from Majlinda 

Lako (NewCastle, UK) (further called WT-hiPSC) were used for comparison with DMD-

hiPSC to reduce the effect of reprogramming on the CC phenotype. 

All human pluripotent stem cell (hPSC) lines were routinely maintained on feeder layer of 

mitotically inactivated mouse embryonic fibroblasts (mEF) as previously described (Dvorak et 

al., 2005; Krutá et al., 2014; Jelinkova et al., 2019a). 

Cardiac differentiation and eventual subsequent dissociation of hPSC-CCs were performed 

for confocal fluorescent intracellular Ca2+ measurements, patch-clamp, atomic force 

microscopy (AFM), and immunocytochemistry as previously described (Pesl et al., 2014) with 

minor modifications. Briefly, grown colonies were cut into pieces with a pipette tip and clumps 

were transferred into differentiating embryonic body (EB) medium (86% KnockOut Dulbecco 

modified eagle medium, 10% fetal bovine serum, 1% L-glutamine, 1% penicillin/streptomycin, 

1% nonessential amino acids, 0,1mM 2-mercaptoethanol) with 

10 ng/ml bone morphogenic protein 4 (BMP4, R&D) and 10 µg/ml ascorbic acid (Sigma 

Aldrich) where they formed EBs. After 2 days, the medium was changed into EB medium with 

5 ng/ml basic fibroblast growth factor (FGF2, Peprotech), 10 ng/ml BMP4, 6 ng/ml Activin A 

(R&D) and 10 µg/ml ascorbic acid (Sigma Aldrich) and incubated for 4 days. The next 3 days 

consisted of EB medium supplemented with 10 ng/ml vascular endothelial growth factor 

(VEGF, R&D), 10 µM IWR1 (Sigma Aldrich), and 10 µg/ml ascorbic acid. The EBs were 

further cultivated in EB medium with 10 µg/ml ascorbic acid, 10 ng/ml VEGF, and 5 ng/ml 

FGF2 for 12 days with medium changed every 4 days, and then with EB medium with 10 µg/ml 

ascorbic acid until further analysis. The differentiation procedure was performed for 13 days 

in hypoxic conditions (5% oxygen). Then, the EBs were moved into normoxic conditions (20% 

oxygen) for further cultivation. 
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6.3.2 Immunodetection 

Immunocytological analyses utilized [antibody specific against N-terminal (1:50 ICC/1:50-

1:300 WB, Cat# NCL-DYSB, Leica Biosystems), and antibody specific against C-terminal 

(1:100 ICC/1:1000 WB, Abcam, Cat# ab15277)], for cardiac markers cardiac troponin T 

(cTnT; SantaCruz, Cat# sc-8121, 1:200) α-actinin (SigmaAldrich, Cat# A7180, 1:500) L-type 

channel (LTCC, dihydropyridine receptor DHPR alpha 2 subunit/CACNA2D1 antibody 

abcam, Cat# ab2864, 1:200), assays were performed as described previously (Krutá et al., 

2013). For cTnT and α-actinin, cells were fixed using 4% paraformaldehyde at room 

temperature for 10-15 min. Cells for dystrophin labeling were fixed with 2% paraformaldehyde 

for 10 min at room temperature, then with ice cold methanol for 5 min, and incubated with pre-

extraction buffer (25 mM HEPES, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 200 mM sucrose, 

0.5% Triton X-100) before continuing to blocking steps. 

The cells were permeabilized and blocked with blocking solution 1 (1% bovine serum 

albumin, BSA, 0.2% Triton X100 in phosphate buffer saline, PBS, 15 min on ice) and blocking 

solution 2 (1% BSA, 1% NaN3, 0.05% Tween 20 in PBS, 60 min on ice). Primary antibodies 

were diluted in PBS/Tween (0.05%) and incubated overnight at 4◦C. Samples were extensively 

washed with PBS/Tween (0.05%) and incubated with appropriate fluorescent secondary 

antibody for 1 h at room temperature. For nuclear counterstain, 4′,6-Diamidine-2′phenylindole 

dihydrochloride (DAPI) was used. All fluorescent and confocal microscopy experiments were 

performed using Confocal LSM700 microscope and processed using Zen software (both Carl 

Zeiss, Oberkochen, Germany). For dystrophin immunoblots, protein samples from cell lysates 

were run in 4–12% gradient polyacrylamide gel for 70 min/170V/400mA, blotted at 100 V/300 

mA for 2 h, and labeled with antibody against dystrophin protein. After dystrophin detection, 

the membrane was incubated with antibody against lamin B as loading control (1:1000, Santa 

Cruz, sc6217). Adrenergic receptors (AR) were analyzed using β1 specific (Thermo Fisher, 

PA5-28808, 1:500) and β2 specific (abcam, ab137494, 1:500) antibody. Human heart atrial 

tissue was obtained as procedural surplus material, available during bicaval orthotopic heart 

transplantation from donor organs and was used as positive control as previously described 

(Pesl et al., 2020). 
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FIGURE 6.1 Methodological approach. DMD-hiPSC lines from two Duchenne muscular 

dystrophy (DMD) patients were generated and analyzed compared to 

WT-hiPSC lines. DMD-hESC line was generated using CRISPR/Cas9 technology by targetted 

deletion of the DMD gene from a healthy WT hESC line serving as 

isogenic control. All hPSC lines were differentiated using 3D cell aggregates (embryonic 

bodies, EBs). These EBs were then used for molecular and mechanobiological analysis 

methods or were enzymatically dissociated into isolated cardiac cells, which were further 

analyzed using single cell specific analysis as protein localization and ion fluxes analyses. 
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6.3.3 Quantitative Real-Time PCR 

CardiacEBs30–50days old and human heartsamples (obtained as surplus material from donor 

hearts during cardiac transplantations) were lysed using RNA Blue reagent (TopBio, Prague, 

Czech Republic) according to the manufacturer’s instructions, and the total mRNA was isolated 

using the RNeasy Micro Kit (Qiagen, Hilden, Germany). RNA concentration and purity were 

determined using NanoDrop (NanoDrop technologies, Wilmington, DE, USA). cDNA was 

synthesized by Moloney Mouse Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen, 

Carlsbad, CA, USA) at 37◦C for 1 h followed by 5 min at 85◦C. For quantitative real-time PCR 

(qRTPCR), LightCycler  480 SYBR Green Master kit (Roche, Basel, Switzerland) was used 

according to manufacturer’s instructions, and PCR was performed, with annealing temperature 

60◦C and 55 cycles on LightCycler LC480 Instrument (Roche). The PCR primers (Generi-

Biotech, Hradec Kralove, Czech Republic) are shown in Supplementary Table 1. 

6.3.4 Measurements of Intracellular Cytosolic Ca2+ Variations by Fluorescent 

Confocal Microscopy 

The contracting EBs were dissociated to single CCs by incubation in Ca2+-free solution [120 

mM NaCl, 5.4 mM KCl, 5 mM MgSO4, 5 mM sodium pyruvate, 20 mM glucose, 20 mM 

taurine, 10 mM HEPES (all Sigma Aldrich), pH6.9] at room temperature and enzymatically 

treated with 0.8 mg/ml type II collagenase (Gibco) and 0.037 mg/ml type XIV proteinase 

(Sigma Aldrich) in the same solution for 3 min at 37◦C. The clusters were then incubated in 

dissociating solution (85 mM KCl, 30 mM K2HPO4, 5 mM MgSO4, 1 mM EGTA, 5 mM 

sodium pyruvate, 5 mM creatine, 20 mM taurine, 20 mM glucose, 2 mM disodium pyruvate, 

pH = 7.4) for 20 min at 37◦C and plated on gelatin coated 35 mm glass bottom culture dishes 

(MatTek) in EB medium until the next day. On the day of measurements, cells were incubated 

in a Tyrode’s solution (140 mM NaCl, 5 mM HEPES, 4 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 

10 mM glucose, pH 7.4) with 3 µM Fluo4-AM (Invitrogen, Carlsbad, CA, USA) for 20 min at 

room temperature. After the incubation with Fluo4-AM, the solution was replaced with the 

fresh Tyrode’s solution and the cells were placed on the stage of an inverted microscope. Ca2+ 

images in line-scan mode were recorded with a laser scanning confocal microscope Zeiss LSM 

Exciter (Carl Zeiss), with 40x water immersion objective, in x–y mode, 1 image/0.495 s. 

Electrical pacing was set up with frequency 0.5, 1 Hz (20 V, 0.5 ms duration and 1 ms delay). 
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The kinetic properties of intracellular Ca2+ variations including Ca2+ transients and diastolic 

events were analyzed by inhouse developed PeakInspector software (https://asalykin.github. 

io/PeakInspector/) as previously described (Acimovic et al., 2018). 

6.3.5 Electrophysiological Recordings Through Patch-Clamp 

Electrophysiological recordings were obtained using whole-cell patch-clamp technique on an 

Axopatch 200B (Axon Instruments, Foster City, CA) at room temperature (22–24◦C). The 

recording pipettes contained: 120 mM KCl, 8 mM EGTA, 10 mM HEPES, 6.8 mM MgCl2, 3 

mM CaCl2, 4 mM ATPNa2, 0.4 mM GTPNa2 (pH 7.2). The bath solution contained: 130 

mmol/L NaCl, 4 mM/L KCl, 1.8 mM/L MgCl2, 1.8 mM/L CaCl2, 10 mM/L HEPES, 11 mM/L 

glucose (pH 7.4). Action potentials (APs) were measured in the current-clamp configuration in 

response to brief (1–2 ms) depolarizing current injections at 1 Hz. The resting membrane 

potential, the amplitude and duration (APDs) at 20, 50, and 90% repolarization of the APs were 

measured 

(respectively indicated as APD20, APD50, and APD90). 7 DMDhPSC-derived CCs (DMD-CCs) 

and 18 WT-hPSC-derived CCs (WT-CCs) were analyzed. Cells arrhythmogenicity was tested 

using application of successive 10 s runs in the current clamp configuration defined by 5 brief 

(1 ms) depolarizing current injections at 2 Hz followed by a resting period. Data were analyzed 

using the Clampfit 10.0 (Axon Instruments) software. 

6.3.6 Atomic Force Microscopy Measurements 

Atomic force microscope (JPK NanoWizard 3, JPK, Berlin, Germany), combined with an 

inverted light microscope (IX-81S1F-3, Olympus, Tokyo, Japan), was used to obtain 

mechanocardiograms of beating EBs as previously described (Pesl et al., 2014; Caluori et al., 

2019; Pribyl et al., 2019). Drug response tests were performed after initial equilibration in 

Tyrode’s solution, followed by addition of 70 µM metoprolol, 10 min of stabilization time, and 

then 10 min of measurement. Isoproterenol (1 µM) was subsequently added into the solution, 

and mechanocardiograms were measured after 20 min of stabilization. The mechanical 

properties of beating EBs were expressed as force of contraction in nN as previously described 

(Pesl et al., 2014); however, the values were relativized for final comparison. 

https://asalykin.github.io/PeakInspector/
https://asalykin.github.io/PeakInspector/
https://asalykin.github.io/PeakInspector/
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6.3.7 Free Troponin Analysis 

The EBs were formed and cardiac induction was initiated as described above. On day 18, 

individual EBs homogenous in size and shape were separated onto 12 well plate coated with 

gelatin and 1ml of proper induction medium was added. From day 21 to 51 with frequency of 

4 days, medium sample was collected, spun, and the supernatant frozen in −20◦C until all 

samples were harvested. The samples were then analyzed for free troponin T concentration 

using two epitopes based immunochemical system Cobas e602 (Basel, Switzerland) 

specifically high sensitive short turnaround time (STAT) kit Elecsys Tropo T hs STAT 100 

(Roche diagnostics, Basel, Switzerland; Hess et al., 2008) according to the manufacturer’s 

instructions. 

6.3.8 Statistical Analysis 

Statistical evaluation was carried out in GraphPad Prism 8.3 software (GraphPad Software, 

Inc., La Jolla, CA, USA). Available normality tests were performed for the obtained data, and 

Student’s two-tailed t-test or ANOVA was used to assess statistically significant differences 

on normally distributed group pairs. Where normality tests failed, non-parametric tests were 

used. Individual statistical test used was specified in individual figure legends. 

6.4 RESULTS 

6.4.1 DMD-CCs Do Not Express Full-Length Dystrophin Protein 

Three previously described patient-specific DMD-hiPSC and one CRISPR/Cas9-mediated 

DMD-hESC lines (Jelinkova et al., 2019a,b) were differentiated into CMs (Pesl et al., 2014). 

WT hESC [hESC CCTL12 (hPSCreg name MUNIe005-A, passages 15–61) and CCTL14 

(hPSCreg name MUNIe007-A, passages 15–63) derived in Masaryk University, Brno, and 

characterized previously (International Stem Cell Initiative et al., 2007)] and WT-hiPSC [cl.4 

(passages 43–84) obtained from Dr. Majlinda Lako (Newcastle University, UK) (Armstrong et 

al., 2010) and hfiPSC (passages 20–52) (Qu et al., 2013)] were used as controls. The obtained 

DMD-CCs were evaluated for dystrophin presence. The strategy for antibody detection is 

illustrated in Figure 6.2A. Dystrophin expression was evaluated using immunocytology with 

specific antibodies against high molecular weight isoform of dystrophin (antibody specific to 

Nterminus detecting the full-length 427 kDa isoform, Figure 6.2B, left panel), as well as 
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shorter isoforms (antibody specific to C-terminus, which is present in various lower molecular 

weight dystrophin isoforms, Figure 6.2B, right panel). Dystrophin expression was observed 

with both antibodies in WT-CCs as membranous signal of the antibody (Supplementary 

Figure 2). No membranous/cytoplasmic protein signal was detected in any DMD-CCs (Figure 

6.2B). Nuclear signal of dystrophin was detected by C-ter antibody (which can detect shorter 

dystrophin isoforms, most likely the Dp71 isoform), and no cytoplasmic/membranous signal 

was observed in CCs derived from either DMD-hPSC lines. Furthermore, western blot analysis 

with N-ter and C-ter antibodies showed expression of some shorter dystrophin isoforms 

(Dp140, Dp116, and Dp71) in the DMD cell lines, but none in the full high molecular band 

(Dp427) (Figure 6.2C, full membranes in Supplementary Figure 2).  

 

 

 

FIGURE 6.2 DMD-hPSC differentiate into cardiac cells (CCs), which do not express 

dystrophin. (A) Antibodies against dystrophin N-terminal (N) aminoacid (a.a.) residues 321–

494 and C-terminal aminoacid residues 3558–3684 were used. (B) hPSC derived CCs were 

analyzed for presence of dystrophin (in green). WT hESCderived CCs dissociated from 

spontaneously beating EBs presenting with positive signal for cardiac troponin T (red) showed 

positive signal for dystrophin labeled by N-terminus specific antibody as well as by C-terminus 

specific antibody. None of the DMD-hPSC lines (DMD02, DMD03, and cDMD) derived CCs 

showed any signal for dystrophin. DAPI was used for nuclear counterstain. Ruler represents 

50 µm. (C) The differentiated EBs were lyzed and western blot analysis was performed to 

identify the individual isoforms expressed. Both used WT-hPSC derived EBs show expression 

of various dystrophin isoforms including Dp427, Dp260, Dp140, and Dp71. The CRISPR/Cas9 

generated cDMD-EBs show no expression of either isoform, while only shorter isoforms were 

identified in patient DMD-hiPSC-EBs with promoters downstream of the patient’s mutations. 

Human heart tissue (HH) was used as positive control. LaminB was used as loading control 
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6.4.2 Dystrophin Deficiency Leads to Cardiac Differentiation With Lower Yield of 

Spontaneously Beating EBs 

Next, we aimed at characterizing the impact of dystrophin deficiency on the cardiac 

differentiation of hPSCs through the EB-based method as previously published (Pesl et al., 

2014). We compared the yield of beating EBs upon differentiation of all DMD and WT-hPSC 

lines. First of all, we used the spontaneous beat in 3D EB clusters as a criterion to evaluate the 

cardiac differentiation success. The differentiation efficacy represented by the fraction of 

spontaneously beating EBs (detected at day 29 after cardiac differentiation start) was decreased 

in DMDEBs compared to WT-EBs (Figure 6.3A, statistical evaluation in Supplementary 

Table 6.2). At the cellular level, the beating EBs from all tested cell lines contained CCs 

(Figure 6.3B) with striated pattern of cardiac troponin T (cTnT) and α-actinin. The 

differentiation efficacy was also measured in age-matched groups of DMD- and WT-EBs aged 

25–29 days by qRT-PCR of well-known cardiac markers [NKX2.5 (p = 0.42), myosin heavy 

chain α (MYH6, p = 0.71), myosin heavy chain β (MYH7, p = 0.82), myosin light chain 2 

(MYL2, p = 0.17), myosin light chain 7 (MYL7, p = 0.42), ryanodine receptor 2 (RYR2, p = 

0.61), cardiac muscle alpha actin (ACTC1, p = 0.78), connexin43 (GJA1, p = 0.36)], showing 

no significant difference in relative mRNA expression. However, a tendency for lower yield of 

most of the markers in the obtained DMD clusters was observed, with the exception for MYH7 

and GJA1 (Figure 3C). Inward rectifier potassium channels Kir2.1, Kir2.2, and Kir2.3 were 

also tested (KCNJ2, KCNJ4, and KCNJ12, respectively) with significant increase in Kir2.1 

expression (p = 0.004); SERCA (ATP2A) shows no difference in mRNA expression. 
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FIGURE 6.3 Differentiation efficacy is lower in DMD-hPSC lines. (A) All DMD-hPSC and 

WT-hPSC lines were differentiated into spontaneously contracting EBs containing 
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cardiomyocytes and cardiac cells. The ratio of these spontaneously contracting clusters was 

evaluated and compared to wild-type (WT) controls (n = 36 for CCTL14 EBs, n = 8 for 

CCTL12 EBs, n = 13 for CCTL13, n = 12 for cl.4 EBs, n = 25 for DMD02 EBs, n = 6 for 

DMD03 EBs, n = 19 for cDMD-EBs). Lesser yields of beating EBs were identified in all DMD-

hPSC lines. Statistical difference was calculated by one-way ANOVA and multiple comparison 

with Dunn’s test. Significance (*p < 0.05, p < 0.01, *p < 0.01) is visualized as asterisks for the 

lowest values; for individual p-values, see Supplementary Table 1. (B) EBs were dissociated 

and cells labeled for cardiac markers α-actinin (in green) and cardiac troponin T (cTnT, in 

red) (DAPI is labeling the nuclei). WT and DMD-CCs presented similar level of typical striated 

pattern of sarcomeres. Line represents 50 µm. (C) Differentiation efficacy was evaluated by rt 

qPCR on mRNA levels of cardiac markers showing only non-significant differences in 

expression of various markers (MYH6, n = 7 for WT and n = 5 for DMD; MYL2, n = 8 for WT 

and n = 4 for DMD; MYL7, n = 8 for WT and n = 4 for DMD; RYR2, n = 8 for WT and n = 4 

for DMD; ACTC1 n = 6 for WT and n = 5 for DMD; NKX2.5, n = 8 for WT and n = 4 for 

DMD, ATP2A2, n = 11 for WT and n = 17 for DMD) and non-significant increase in MYH7 

(n = 8 for WT and n = 5 for DMD) and GJA1 (n = 7 for WT and n = 6 for DMD). Potassium 

channels were analyzed using Kir2.x isoforms mRNA expression (KCNJ2 – Kir2.1, KCNJ4 – 

Kir2.2 and KCNJ12 – Kir2.3, for all n = 11 for WT and n = 17 for DMD). Statistical 

significance on pooled DMD and pooled WT data sets was calculated using Mann–Whitney 

test; exact value for each is represented by • in each graph. 

6.4.3 DMD-CCs Display Altered Electrophysiological Properties 

Next, we tested whether dystrophin deficiency alters the cardiac electrophysiological properties and 

arrhythmogenicity of single hPSC-derived CCs. Action potential (AP) properties (resting membrane 

potential (RP), amplitude, and duration (APD) in DMD- (26–46 days old) and WT-CCs (36–41 days old) 

were recorded using the patch clamp technique. Age matching of the CCss was not possible in this instance 

due to technical reasons as only a limited number of CCs were analyzed. Both DMD- and WT-CCs mostly 

exhibited triangular-shaped APs with various APD90 durations ranging from 20 to 380 ms (Figures 

6.4A,B) similarly to WT with measured APD90 ranging from 20 to 520 ms. More occasionally, plateau-

shaped APs with longer (>300 ms) APD90 durations were observed (Figures 6.4 A, B, Supplementary 

Figure 7). No significant difference was observed in RP, amplitude, and durations between DMD- (n = 7) 
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and WT-CCs (n = 18) APs (Figure 6.4B). Occurrence of fast pacing induced delayed afterdepolarization 

(DAD) events was observed and quantified. No difference (p = 0.25) between DMD-CCs (50%; 1.2 ± 0.3 

events/10 s, n = 7) and WT-CCs (35%; 1.9 ± 0.4 events/10 s, n = 18) in the occurrence of DAD was 

observed (Figure 6.4C).  

 

 

 

 

 

 

 

 

 

 

FIGURE 6.4 AP recordings showed no difference in WT and DMD-CCs. (A) Representative 

AP recordings obtained from WT and DMD-hiPSC derived CCs, under current clamp 

configuration. (B) Scatter plot of RP (mV) and amplitude (mV) (left) and APD 20, 50, and 90 

durations (right) of WT (n = 18) and DMD (n = 7) hPSC-CCs are represented. No significant 

difference was observed among these parameters between WT and DMD-hPSC-CCs. Exact n 

value for each is represented by • in each graph. Mean ± SEM are represented. (C) 

Representative arrhythmic events recorded in WT-CCs (left) and DMD-CCs (right). Upper 

panels show representative recordings of non-arrhythmogenic cells from WT-CCs and DMD-

CCs and bottom panels show representative recordings of arrhythmogenic cells showing extra 

events, such as DAD (Asterisks). 
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6.4.4 DMD-CCs Exhibit Abnormal Intracellular Ca2+ Handling 

Intracellular SR Ca2+ handling has been shown to be affected in several DMD models, in 

particular through RyR2 mediated Ca2+ leak (Andersson and Marks, 2010; Fauconnier et al., 

2010; Andersson et al., 2012). Using confocal fluorescent microscopy as we previously showed 

in hPSC-CCs (Pesl et al., 2014; Acimovic et al., 2018), we investigated the enzymatically 

dissociated single cell Ca2+ handling in DMD and WT-CCs matched between 40 and 50 days 

after differentiation. We chose this age as a safe timepoint to interpret the eventual differences 

as prevalently caused by the DMD mutation: it is in fact reported that calcium machinery in 

hPSC-CCs reaches a “stationary state” between 21 and 30 days after induction (Hwang et al., 

2015). We acquired intracellular Ca2+ transients in resting state and under physiological pacing 

conditions (0.5 and 1 Hz). We analyzed spontaneous frequency of calcium transients, together 

with their time parameters, and occurrence of secondary small diastolic calcium events possibly 

triggering increased automaticity. 

A lower frequency was observed in the major Ca2+ transients in DMD- compared to WT-

CCs in resting conditions (1.262 ± 1.608 Hz vs. 2.416 ± 3.441 Hz respectively, p < 0.0001). 

Ca2+ transient dynamics resulted altered in DMD single CCs: either in resting or in paced 

conditions, the time to peak, dependent on the SR Ca2+ release properties, was significantly 

elongated in dystrophin deficient cells (p < 0.0001, Figure 5A). Ca2+ transient 

decay time, expression of the features of calcium reuptake, was increased in DMD in resting 

state (+59.24 ms average increase, p = 0.013, Figure 5B); this prolongation was non-significant 

in pacing conditions. Transient duration, which determines the contraction cycle and possible 

Ca2+-induced arrhythmogenicity, was also elongated in DMD-CCs (Figure 5C; 63.53 ms in 

resting state, p = 0.002, and 71.51 ms under 0.5 Hz pacing, p = 0.025). These data suggest that 

the lack of dystrophin affects DMDCCs during spontaneous and triggeed SR Ca2+ release, 

affecting overall calcium dynamic. 

We then observed and quantified the occurrence of secondary small-amplitude Ca2+ release 

events occurring after a main transient during diastole (relaxation and baseline, Figure 5D) and 

found significantly increased frequency of these events in DMD-CCs (p = 0.0172, Figure 5E). 
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6.4.5 Aberrant L-Type Voltage-Dependent Ca2+ Channel Expression in DMD-CCs 

To further understand how dystrophin deficiency affects Ca2+ homeostasis and ECC in DMD-

CCs, we verified the expression pattern of LTCCs using dihydropyridine receptor (DHPR) α2 

subunit/CACNA2D1 antibody. At the protein level, DHPR α2 subunit expression was 

increased in patient-specific DMDCCs (DMD02 and 03, Figure 5F). No difference was 

observed on the mRNA level of the CACNA1C (encoding Cav1.2) or CACNA1D (encoding 

Cav1.3) between the WT and DMD groups (Figure 5G). We then tested the cellular 

localization of the L-type channels using DHPR immunostaining. In line with previous protein 

analysis, DMD-CCs (detected by cTnT labeling) showed stronger signal of the LTCC, and no 

other difference was detected (Figure 5H). 
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FIGURE 6.5 The dynamics of Ca2+ release and re-pumping is affected by dystrophin 

deficiency. Release of Ca2+ transients was measured using Fluo4 dyes in enzymatically 

dissociated DMD (91 cells and n = 278 transients were analyzed for resting conditions; 20 

cells and n = 83 transients were analyzed for low frequency paced at 0.5Hz) and WT-CCs 

(30 cells and n = 262 transients were analyzed for resting conditions; 15 cells and n = 128 

transients were analyzed for low frequency paced at 0.5Hz) in the age 40–50 days of 

differentiation. (A) Time to peak, (B) decay time, and (C) contraction duration time were 

analyzed for the main Ca2+ transients. The DMD-CMs showed significantly higher Ca2+ 

amplitude and longer time to release and repump/extrude the Ca2+ back into the SR/out of 

the cell in comparison to WT. The exact values are plotted in the graphs; red line represents 

the median. Significance (*p < 0.05) is visualized as asterisks as calculated by Mann–

Whitney one-sided test (*p < 0.05, p < 0.01, p < 0.0001). The Ca2+ leakage is demonstrated 

by Ca2+ events of low-amplitude (arrows) among the main Ca2+ transients [D—the 

obtained data from microscope with line scanning (upper bar) and transferred into peak 

graph by PeakInspector (lower bar) with and without electrical pacing of 0.5Hz]. The 

occurrence of these small events is increased in DMD-CCs transients (E) as analyzed by 

Mann–Whitney test (n = 54 and n = 35 analyzed cells, for DMD and WT, respectively). (F) 

L-type channel (DHPR subunit) expression was characterized, showing non-significant 

increase in protein expression in DMD-hiPSC compared to WT-EBs as calculated by one-

way ANOVA (n = 4, n = 4, n = 4 and n = 8 for WT hESC, WT-hiPSC, cDMD, and DMD-

hiPSC-EBs). HH was used as positive control, HFF (human foreskin fibroblasts) as non-CM 

cell sample. (G) CaV isoform’s (CACNA1C and CACNA1D) mRNA expression of LTCC 

subunits were analyzed using rt qPCR showing no difference between the groups. The values 

were calculated for CMs using ACTC for normalization. At least three biological repetitions 

were used for the analysis with exact value for each represented by • in the graph. Statistical 

difference was calculated using one-way ANOVA. (H) ICC analysis showed stronger signal 

for LTCC (in red) in DMD-hiPSC CCs recognized by cTnT labeling (in green). Line 

represents 50μm. 
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6.4.6 DMD-EBs Display Hypocontractility, Bradycardia, and Higher Heart Rate 

Variability 

DMD-associated dilated cardiomyopathies is characterized by thinner left ventricle, reduced 

cardiac output, and hypocontractility of the heart (Hajjar et al., 1993; Bondue et al., 2018; 

Amedro et al., 2019). We thus tested whether DMDCCs contained in 3D cardiac clusters 

(EBs) exhibit weaker contractile properties by measuring the contraction force and beat rate 

by AFM as we previously published (Pesl et al., 2014, 2016; Acimovic et al., 2018). We 

observed weaker spontaneous contraction force in DMD-EBs (Figure 6.6 A, p < 0.0001) 

while they exhibited similar overall beat rate compared to WT-EBs (Figure 6.6 B, p = 0.139; 

for separate data of each line, see Supplementary Figure 6.6). We noticed a peculiar 

variability in the inter-beat interval (IBI, Figure 6.6 C, p = 0.0039) (examples of AFM 

curves are shown in Supplementary Figure 6.6 A) across the different samples. While WT-

EBs showed consistent IBI with few exceptions, DMD-EBs showed high heterogeneity 

(Figure 6.6 C, Supplementary Figures 6.5 B–D). We observed not only different 

variability in recorded IBI but also prevalence in shorter IBI in WT-EBs compared to DMD-

EBs (1 ± 1.0 s, and 0.96 ± 0.35 s for WT-hESC- and hiPSC-EBs respectively, 2.4 ± 1,6 s for 

DMD02EBs, 2.1 ± 1.2 s for DMD03-EBs and 1.9 ± 1.2 s for cDMD-EBs, p-values in 

Supplementary Table 3) (Figures 6.6 D–G). 

Moreover, DMD-EBs displayed more dispersed IBI scatter plot and histogram than WT-

EBs (Figures 6.6 H,I). Using representative Poincaré plots, a quantitative measure of the 

evolvement in time of the IBI, we found more scattered inter-contraction pattern in DMD-

EBs compared to WT-EBs (Figures 6.6 J,K) showing a higher beat rate variability. 
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FIGURE 6.6 The spontaneously contracting EBs lacking dystrophin showed weaker 

contraction force and signs of arrhythmias. The EBs were analyzed by AFM-based methods. 

(A,B) Contraction force is decreased in DMD-hPSC derived EBs (n = 36 for WT, n = 29 for 

DMD-EBs), beat rate is not affected by DMD mutation (n = 38 for WT, n = 31 for DMD-

EBs). The statistical difference was calculated by Mann-Whitney test (*p < 0.05, p < 

0.0001). At least five biological repetitions were used in each differentiated line; exact value 

for each is represented by • in each graph. Beat rate variability was identified in DMD-EBs. 

Graph shows coefficient of variation analysis (C) of pooled control and DMD groups. The 

data were cleaned of outliers by ROUT test (q = 1%), and normality was tested by available 
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tests showing non-normal distribution. Statistical difference was calculated using Mann–

Whitney test. Representative IBI histograms of control (D, n = 712 peaks of the 

representative EB analyzed), DMD-hiPSC (E, n = 76 peaks of the representative EB 

analyzed), and DMD-hESC (F, n = 165 peaks of the representative EB analyzed) EBs and 

superimposed example of all three groups with normalized values (G). Superimposed 

representative inter-beat-interval (IBI) scatter plots of control hiPSC with DMD-hiPSC-EBs 

(n = 145 time points for each EB) (H) and control hESC with DMD-hESC-EBs (n = 334 

time points for each EB) (I). Superimposed Poincaré plots of control hiPSC with DMD-

hiPSC-EBs (J, same representative EBs as in H) and control hESC with DMD-hESC-EBs 

(K, same representative EBs as in I). 

6.4.7 Loss of Dystrophin Leads to β-Adrenergic Remodeling and Cardiomyocyte 

Wasting 

Dystrophin-deficient mouse CMs have been shown to display aberrant response to β-AR 

stimulation (Li et al., 2014). Thus, we evaluated the β-adrenergic response in DMD-EBs to 

investigate the effect of stress. We monitored the mechanobiological properties of the 

contracting clusters upon a selective β1-AR inhibitor (metoprolol, METO) followed by a 

non-selective β-AR activator (isoproterenol, ISO). In presence of METO, the WThPSC-EBs 

exhibited a significant decrease in contraction force (p = 0.0042 for WT hESC, p = 0.0156 

for WT-hiPSC) and beat rate (p = 0.0051 for WT hESC, Figures 6.7A,B). DMD-hiPSCEBs 

showed no response in beat rate nor contraction force to modulation by ISO nor METO. 

cDMD-EBs showed a response in contraction force to METO application similarly to its 

isogenic control (p = 0.0003 for contraction force and p = 0.103 for beat rate). WT-EBs 

responded to subsequent β-adrenergic stimulation by ISO application (partially competing 

with METO) through marginally significant increase in relative contraction force (p = 0.0596 

for WT hESC, p = 0.03 for WT hiPSC, Figure 6.7A), 

DMD-EBs did not show statistically significant responses to ISO nor METO. cDMD-hESC 

line, however, responded similarly to its isogenic WT control in contraction force increase 

(with significant change in response to modulation, p = 0.0039). The pharmacokinetic 

answer to ISO has been additionally tested by exclusion of METO response using division 

of Tyrode and ISO value still showing response in WT-EBs (p = 0.0021) with no significant 

change in DMD-EBs (p = 0.1309) (as shown in Supplementary Figure 4C). 
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These mechanobiological data suggest that the DMD-EBs exhibit much weaker response 

to stress conditions in presence of β-AR modulation. Thus, we compared the expression of 

the β1, β2, and β3 AR at the protein level between DMD- and 

WT-EBs. While DMD-EBs derived from patient hiPSC showed increased β1 (p = 0.0103) 

and β2 AR expression (p = 0.0162) compared to isogenic WT-EBs, cDMD-EBs show similar 

or lower expression of both (Figures 6.7C–E). β3 expression was analyzed by quantitative 

rt qPCR showing no significant differences in between WT- and DMD-EBs 

(Supplementary Figure 4D). 

A pathological overexpression of β-AR together with the blunted drug response and 

hypocontractility above described lead us to ask whether our derived CCs are already 

undergoing complex changes leading to their death, with consequential depletion and 

mechanical function deterioration in our 3D model. Thus, CC death was quantified, over 

time after differentiation, via cTnT concentration in the culture medium, originating from 

the dying CCs in the EBs. DMD lines showed from day 35 a significantly increased free 

cTnT level in their medium, compared to WT samples (Figure 6.7F, statistical evaluation in 

Supplementary Table 4). Interestingly, the DMDEB kept beating even late after cardiac 

induction, even over the observed increased CM death (Supplementary Video 1). 
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FIGURE 6.7 DMD-CCs show remodeled b-adrenergic response and increased death. The 

contraction force and beat rate were measured using an AFM-based method and tested for 

b adrenergic response with isoproterenol (ISO, activator) and metoprolol (METO, inhibitor) 
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(A). WT-CMs show increase in contraction force (n = ISO/METO: n = 14/13 for WT hESC, 

n = 6/7 for WT-hiPSC-EBs, n = 6/10 for DMD02 EBs, n = 5/6 for DMD03 EBs, n = 17/17 

for cDMD-EBs, exact value for each is represented by • in each graph) and (B) beat rate (n 

= ISO/METO: n = 6/11 for WT hESC, n = 14/8 for WT-hiPSC-EBs, n = 7/11 for DMD02 

EBs, n = 5/6 for DMD03 EBs, n = 15/15 for cDMD-EBs, exact value for each is represented 

by • in each graph) after ISO treatment and decrease in both parameters under METO 

treatment. The DMD-hiPSC-EBs remained unresponsive to any of these stimulations. cDMD 

derived EBs show similar response in contraction force to its isogenic WT control. The red 

line represents the ratio of 1 for better orientation in change. Significance calculated by 

Wilcoxon test (*p < 0.05, p < 0.01, *p < 0.01, #p < 0.1) is visualized as asterisks. (C–E) 

Western blot analysis of b receptors shows higher expression of b1 in DMD-hiPSC derived 

EBs compared to WT-EBs; cDMD line shows similar expression to its isogenic WT control 

(calculates as b1 signal/actinin signal). b2 receptor showed increased levels in DMD-

hiPSC-EBs. Human heart (HH) sample was used as positive control, human foreskin 

fibroblasts (HFF) as CM negative sample. Lamin B was used as loading control. Exact value 

for each is represented by • in each graph. Statistical difference was calculated by Mann-

Whitney test for both b1 and b2 receptor expression. (F) CM death in the EBs was evaluated 

using free troponin level analysis in the medium. All DMD-EBs show significantly increased 

free cTnT levels compared to WT-EBs. Statistical difference was calculated using two-way 

ANOVA with uncorrected Fisher’s post hoc test. p < 0.0001 according to cell line factor 

(WT vs. DMD) and + + ++p < 0.0001 according to day of differentiation factor. 

6.5 DISCUSSION 

Dilated cardiomyopathy, ultimately leading to heart failure, is the most common outcome in 

patients with dystrophin mutations (Kamdar and Garry, 2016; Papa et al., 2017), and it 

develops in DMD patients due to muscle wasting, but remains mostly unexplained in its 

dynamics. The DMD (mdx) mouse model has critical limitations since it develops only mild 

symptoms of heart failure with slow progression and unaffected lifespan compared to control 

mice (Carnwath and Shotton, 1987; Coulton et al., 1988; Shirokova and Niggli, 2013). In 

the present study, we provided a detailed description of patient-specific hiPSCCCs and 

CRISPR/Cas9 engineered hESC-CCs. DMD-CC exhibited several molecular and functional 

abnormalities including an altered Ca2+ handling, irregular bradycardic beating, 

hypocontractility, and remodeling processes such as βAR alteration and CMs wasting. Our 
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evidences on the alteration of ECC are in agreement with symptoms described in DMD 

patients. 

Our results showed that dystrophin deficiency leads to lower efficacy in differentiating 

hPSCs into CCs. Interestingly, DMD-CCs exhibited a similar relative expression of known 

cardiac markers, and with trending increased Connexin 43 expression, similarly observed in 

mdx and mdx:utr CMs as a remodeling mechanism following functional dystrophin absence, 

with potential fatal arrhythmias in presence of β adrenergic stimulation (Patrick Gonzalez et 

al., 2015). Lower differentiation efficacy can point to cell fate errors: these can result from 

increased DNA damage caused by deregulated NOS activity (Jelinkova et al., 2019a). This 

process can lead to loss of stemness both at the commitment and self-renewal level (Rossi et 

al., 2007; Inomata et al., 2009). DNA damage can also affect multipotent stem cells division, 

rendering muscular differentiation ineffective (Dumont et al., 2015). Dystrophin loss was 

recently associated, in advanced CM in vitro models, with delayed contractile machinery 

formation, suggesting a mutationderived impairment even at the latest stage of CM 

development (Pioner et al., 2020). 

Then, we inquired whether and to what extent the mutation affected the single cell and EB 

ECC. We measured the electrophysiological properties and found similar AP features 

between DMD- and WT-CCs. While most of the recorded AP displayed atrial-like AP 

properties, our results suggested that dystrophin deficiency does not alter the 

electrophysiological properties of the derived hPSC-CCs. The AP durations we obtained 

indicate mixed population of various type of excitable cells from ventricular-like CMs 

(APD90 ≥ 300 ms), through atrial- and nodal-like CMs (APD90 ≥ 160 ms) and 

undefined/immature cardiomyocyte-like cells (APD90 < 100 ms) similarly to what others 

previously found (He et al., 2003; Zhu et al., 2016). Nevertheless, a significant increase of 

Kir2.1 mRNA expression level point to a possible alteration of APD, which results in 

reduced effective refractory period during diastole in vivo. Furthermore, regarding the 

voltage-gated ion channels expression, DMD-CCs exhibited increased expression of DHPRα 

subunit of L-type Ca2+ channels but no difference in Cav1.2 and Cav1.3 isoform expression. 

L-type Ca2+ channels presenting gain-of-function mechanism was reported in dystrophic 

hearts (Koenig et al., 2014). In a recently published work (Eisen et al., 2019), it was shown 

that prolongation of APD in DMD-CMs was caused by increased ICa,L density, which can be 

matched to prolonged diastole in DMD patients (Panovský et al., 2019). APD alterations, 

both at the potassium and calcium current levels, can lead to ventricular tachycardia (Choi 
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et al., 2002; McNally et al., 2015), or premature ventricular beats, possibly degenerating into 

Torsades-de-Pointes ventricular fibrillations (Weiss et al., 2010). 

Correlated with the mentioned calcium channels alterations, we measured the intracellular 

Ca2+ transients on dissociated CCs and observed a reduced spontaneous firing in DMD-CCs, 

with a significantly higher occurrence of small Ca2+ events in diastolic phase. For Ca2+ 

dynamics, DMD-CCs presented 

prolonged rising time under resting and paced conditions with high variability. The Ca2+ 

transient decay time mean was significantly longer in resting conditions for DMD-CCs, even 

if this difference was abolished during pacing. This led to a measured prolonged duration of 

the transients, except under the 1 Hz physiological pacing. 

Altered Ca2+ transients dynamics correlate with cellular alteration of ECC, as previously 

shown in our work and others (Sato et al., 2007; Caluori et al., 2019; Pioner et al., 2020). In 

particular, longer rising time might be correlated to a state of calcium overload, derived from 

sarcolemmal tears (Danialou et al., 2001) and SR leakage by remodeling of RyR2 by 

Snitrosylation (Fauconnier et al., 2010; Oda et al., 2015) or loss of the closed-state stabilizer 

calstabin2 (Fauconnier et al., 2010). RyR2 misregulation can explain also that the presence 

of small Ca2+ amplitude events by random firing is a state of overload. Prolonged cytosolic 

Ca2+, as expressed by increased duration of the transients, can contribute to arrhythmic 

events via inverse Na+-Ca2+-exchange activation (Voigt et al., 2012) and electromechanical 

dissociation. However, it should be noted that young DMD boys rarely exhibit arrhythmias 

(Villa Chet et al., 2015). We performed patch-clamp experiments and observed no difference 

in the number of arrhythmic events in WT- and DMD-CCs. In our previous work, we have 

shown how DMD-EBs are insensitive to positive chronotropic effect of high extracellular 

Ca2+ concentration, most likely due to low diffusion gradients in case of constant cytosolic 

overload (Caluori et al., 2019). Nevertheless, WT-EBs tolerated high levels of extracellular 

Ca2+ by modulating their contractile activity, while DMD-EBs presented an increased and 

erratic electromechanical coupling delay, together with an increased calcium reuptake time. 

In accordance with the presented evidences, we have previously shown how DMD-EBs are 

less sensitive to Verapamil L-type channels inhibition. 

From the single cell electrochemical experiments, and previous results in the DMD-EB 

electromechanical alterations, we focused on the study of 3D mechanical behavior and its 
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modulation. EBs showed that the overall spontaneous beat rate of WT and DMD groups did 

not differ at rest. 

However, we identified an increased heart rate variability though IBI analysis and its time-

dependent correlation, similarly to Eisen et al.’s observations (Eisen et al., 2019), which also 

showed high heterogeneity in beat rate variability in dissociated DMD-hiPSC-CCs. Heart 

rate variability via L-type inactivation can be increased and even become pro-

arrhythmogenic in case of spontaneous SR leakage (Johnson et al., 2013), a condition proven 

in the case of DMD models. The measured contraction force in DMD-EBs was significantly 

lowered compared to WT-EBs, as previously shown in single cell models (Pioner et al., 

2020) and correlated to the ejection fraction decrease in reported patient’s hearts (Corrado 

et al., 2002; Villa Chet et al., 2015; Panovský et al., 2019). Both lower contraction force and 

arrhythmic events occur in DMD patient’s heart from a very young age and before dilated 

cardiomyopathy onset. In fact, 25% of pediatric DMD patients under 10 years old already 

showed decreased ejection fraction and have developed sinus tachycardia (Sadek et al., 

2017). Overall, our model presents functional alterations of an early-stage cardiac 

manifestation of DMD. 

For the first time, we further evaluated the ECC modulation abilities by pharmacological 

response in DMD-CCs through the β-AR response. We found an impaired response in DMD-

EBs through lack of contraction force and beat rate modulation similarly to mdx hearts 

(Meyers et al., 2019). Our data showed visible changes in contraction force and beat rate in 

WT-EBs in the presence of isoproterenol (nonselective β adrenergic agonist) or metoprolol 

(β1 receptor inhibitor) but no change of both parameters in DMD-EBs. Surprisingly, the 

CRISPR/Cas9-induced cDMD-EBs reacted to β adrenergic modulation similarly to WT-

EBs. The response might involve an unknown compensatory mechanism proper of the 

engineered line. As further confirmation, cDMD-CCs presented similar levels of β-AR with 

respect to its isogenic hESC-derived WT-CCs. In contrast, patient-specific DMDEBs 

showed an increased expression in β1 and β2 receptors compared to WT-EBs. It has been 

previously shown that mdx CMs present lowered density of β1-AR (Li et al., 2014) with 

blunted β-adrenergic signaling pathway (Lu and Hoey, 2000; Li et al., 2014). Here, patient-

specific DMD-CCs showed increased protein expression level of both, still with blunted 

response to adrenergic modulation. 
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That is also similar to non-DMD heart failure, where β1 overexpression is quite common 

(Engelhardt et al., 1999); trying to compensate for the weak contractility of the organ and 

the overactivation of the receptors then leads to receptor dysfunction in signaling, thus their 

insensitivity (Bristow et al., 1982; Rengo et al., 2009; de Lucia et al., 2018). The impaired 

contraction force observed in DMD-EBs can also be caused by β3 inhibitory function 

(Skeberdis, 2004). β3 normally acts as β-adrenergic break, but has been also shown to temper 

with mechanical properties of skeletal muscle together with nNOS expression increase 

leading to elevated ROS production (Puzzo et al., 2016). However, our results indicated that 

β3 expression was unchanged in DMD-CCs although we cannot exclude difference in β3 

cellular distribution. The use of β-AR modulators has been shown to be challenging in 

management of cardiomyopathy in DMD patients due to severe hypotension events 

(McNally et al., 2015). Investigations using β blockers in DMD cardiomyopathy have turned 

up mixed results, with some studies demonstrating a clear benefit while others showed little 

effect of β-AR blockade on outcomes signaling lack of response to the modulation (Kajimoto 

et al., 2006; Matsumura et al., 2010; Viollet et al., 2012). The β-AR responsiveness might as 

well be linked to the type of mutation of the DMD gene, which might explain why one of 

our models lacked dystrophin expression yet was responsive to adrenergic modulation. 

Nevertheless, the beat rate and contraction force response to adrenergic modulation in 

patient-specific DMD-EBs suggested that the human DMD phenotype is accompanied by 

altered density of the β-AR on the sarcolemma and less sensitive β-AR pathway. The latter 

can involve a hampered lusitropic effect, resulting in a hypocontractile Ca2+-saturated 

sarcomere (Culligan et al., 2002; Asp et al., 2013). 

As a further original contribution, we finally investigated whether ECC alterations and 

regulatory pathways remodeling were associated in the dish with CCs wasting. Serum 

concentration of cTnT is a routinely used marker of CMs death, especially for acute 

myocardial infarction, although with high sensitivity assays it is also a prognostic marker of 

non-ischemic cardiac diseases (Park et al., 2017). We have indeed observed how even in 

vitro early stage models of DMD undergo progressive CMs injury, with detected levels of 

free cTnT up to 10 times the one of age-matched control lines. Dystrophin mutations, with 

severe symptomatology like in Duchenne’s or milder like in Becker’s, are all characterized 

with progressive cardiac symptoms stemming from loss of CMs, remodeling of the cardiac 

tissue with substitutive fibrosis, and ventricular dilation leading to heart failure accompanied 

by non-CM cell population depletion (Pesl et al., 2020). CM death can be indirectly caused 

by high levels of cytosolic Ca2+, reportedly present in DMD through several mechanisms, 
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which increases proteolysis and triggers mitochondrial dysfunctions with consequent ATP 

exhaustion (Meyers and Townsend, 2019; Tsurumi et al., 2019). Despite the fact that 

troponin levels measured by immunoassay methods in the media cannot define the 

mechanisms of cardiomyocyte injury, nor prove if the cell remains viable after such injury 

or became apoptotic, our findings confirmed that clinical assays can be used together with 

our model to follow subclinical stages of DMD cardiac involvement. Remarkably, this 

progressive CCs death is not correlated with loss of contractility. Pioner at al. demonstrated 

how up to 100 days of cultivation DMD models preserved their contractile function assuming 

a hypertrophic phenotype (Pioner et al., 2020). A similar mechanism could explain the 

similar evidence we observed in our 3D model, where CM depletion might be compensated 

by surviving CM hypertrophy. This evidence opens further uses of our presented model to 

study progressive cellular adaptation at different stages of the diseases. 

6.6 LIMITATIONS OF THE STUDY 

The reported study presents several limitations. The electrophysiological analysis via patch 

clamp lacks a proper age matching; therefore, the highly variable parameters might have 

masked mutation-related changes. Furthermore, no channel-specific study was performed to 

make a causative link between the presented channels overexpression to the calcium 

handling and contractile alterations observed. We did not directly characterize the age effect 

on calcium handling and contractility on hPSC-CC. However, we have relied on existent 

information on the topic to exclude a significant contribution of incomplete maturation to 

the reported differences. 

6.7 CONCLUSIONS 

The purpose of this work was to model some key cardiac molecular properties in DMD 

cardiomyopathy using DMD patient-specific and engineered CRISPR/Cas9 isogenic hPSC 

derived cardiac cells. Our results indicated that our DMD models in the dish are functionally 

affected by dystrophin deficiency and recapitulate functional defects and cardiac wasting 

observed in the disease. This work contributes to determine cardiac defects in DMD patients. 

It offers an accurate tool to study human cardiomyopathy progression and test therapies in 

the dish. 
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6.8 SUPPLEMENTARY MATERIAL 

The Supplementary Material for this article can be found online at: 

https://www.frontiersin.org/articles/10.3389/fbioe. 2020.00535/full#supplementary-

material 

 

 

GRAPHICAL ABSTRACT Duchenne muscular dystrophy (DMD) is associated with 

progressive dilated cardiomyopathy eventually leading to heart failure as the main cause of 

death in DMD patients. A human cardiomyocyte (CM) model was developed from several 

independent dystrophin-deficient human pluripotent stem cell (hPSC) lines from DMD 

patients and hESC line with deletion of DMD gene generated by CRISPR/Cas9 technology. 

DMD hPSC were differentiated into CMs. DMD mutation-carrying cells are less prone to 

differentiate into CMs. DMD CMs further demonstrate an enhanced cell death rate. Ion 

channel expression was altered in terms of potassium (Kir2.1 overexpression) and calcium 

handling (DHPR overexpression). DMD-CMs exhibited mishandling of calcium 

demonstrated by increased time of calcium release. Further mechanical impairment 

(hypocontractility), bradycardia, increased beat rate variability, and blunted b-adrenergic 

response connected with remodeling of b-adrenergic receptors‘ expression was found in 

DMD-CMs (LTCC L-type calcium channel, cTnT - cardiac troponin T, Kir2.1 - potassium 

channel). 

https://www.frontiersin.org/articles/10.3389/fbioe.2020.00535/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00535/full#supplementary-material
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Abbreviations: ACTC1, cardiac muscle alpha actin; AFM, atomic force microscopy; AP, 

action potential; APD, action potential duration; AR, adrenergic receptor; BMP4, bone 

morphogenic factor 4; CC, cardiac cell; cDMD, CRISPR/Cas9 generated DMD-hESC line; 

cl4, control hiPSC line; CM, cardiomyocyte; cTNT, cardiac troponin T; DAD, delayed after 

depolarization; DAPI, 4′,6-Diamidine-2′-phenylindole dihydrochloride; DCM, dilated 

cardiomyopathy; DHPR, dihydropyridine receptor; DMD, Duchenne muscular dystrophy; 

EB, embryonic body; ECC, excitation-contraction coupling; FGF2, fibroblast growth factor 

(basic, or 2); FKBP12. 6, calstabin 2; GJA1, connexin43; hESC, human embryonic stem 

cells; hiPSC, human induced pluripotent stem cells; hPSC, human pluripotent stem cells; 

IBI, inter-beat variability; ISO, isoproterenol; Kir2.1, Kir2.2, Kir2.3, potassium channels 

encoded by KCNJ2, KCNJ4, and KCNJ12 genes respectively; LTCC, L-type calcium 

channel; mdx; mdx:utr, muscular dystrophy on X chromosome, mouse model lacking 

dystrophin; utrophin and dystrophin lacking mouse model; mEF, mouse embryonic 

fibroblasts; METO, metoprolol; MYH6, myosin heavy chain α; MYH7, myosin heavy chain 

β; MYL2, myosin light chain 2; MYL7, myosin light chain 7; NKX2.5, NK homeobox 5; NOS, 

nitric oxide synthase, inducible (iNOS), neuronal (nNOS); qRT-PCR, quantitative real-time 

PCR; ROS, reactive oxygen species; RyR2, ryanodine receptor 2; SAC, stretch activated 

channels; SERCA (ATP2A), Sarcoplasmic/endoplasmic reticulum calcium ATPase 1; SR, 

sarcoplasmic reticulum; VEGF, vascular endothelial growth factor; WT, wild type control.  
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7 Pharmacological (p4) 

7.1 Commentary 

 Aminophylline, is a commonly used bronchodilator for chronic obstructive pulmonary 

disease COPD and asthma, having anecdotical linked to a variety of adverse effects, 

including arrhythmias (Zafar Gondal and Zulfiqar 2026). These effects, which are often 

observed in patients taking therapeutic or overdose doses of the drug, include an increased 

risk of cardiovascular mortality and arrhythmias, particularly atrial fibrillation (AF). Despite 

this, the mechanisms behind aminophylline-induced arrhythmias remain unclear, with 

previous studies focusing largely on animal models and providing limited insights into how 

aminophylline affects human cardiomyocytes (CMs). 

The research utilized 3D BCC differentiated from hPSC and validated the findings using the 

HL-1 murine cardiac muscle cell line. The experimental protocol involved exposing these 

models to increasing concentrations of aminophylline, a methylxanthine bronchodilator, 

with doses ranging from 10 µM to 10 mM for hPSC-CMs and 8 µM to 512 µM for HL-1 

cells. Biomechanical and electrophysiological parameters were captured using AFM 

recorded MCG from the 3D clusters and MEA, which captured field potentials from HL-1 

monolayers; and confocal calcium imaging with Fluo-8 AM monitored intracellular calcium 

transients. Automated analysis of these signals was performed using custom scripts to 

quantify beat-to-beat variability and identify arrhythmic events, which were defined by 

extreme R-R intervals exceeding specific cut-off thresholds (3 seconds for hPSC-CMs and 

1 second for HL-1). The study identified two parallel arrhythmogenic mechanisms of action: 

a concentration-dependent ("deterministic") positive chronotropic effect and a 

concentration-independent ("stochastic") occurrence of rhythm irregularities. A significant 

increase in beat rate was observed at severe overdose levels (10 mM) in hPSC-CMs, whereas 

a positive inotropic effect—manifested as increased contraction force—was evident at lower 

therapeutic concentrations (10 µM). All tested concentrations of aminophylline significantly 

increased the frequency of arrhythmic events, characterized by repeated tachycardia-like 

periods followed by long pauses. Calcium imaging further revealed that high-dose treatment 

induced a significantly higher number of calcium sparks and a decreased calcium wave 

decay time, suggesting that the arrhythmogenicity is driven by microdomain-related 

diastolic calcium leakage from the sarcoplasmic reticulum. Washout experiments 

demonstrated that these functional changes were reversible, confirming the drug's 

pharmacological action rather than irreversible cellular damage. 
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7.2 INTRODUCTION 

Theophylline (1,3-dimethylxanthine) and its more soluble form aminophylline (a complex 

of two theophylline molecules and ethylenediamine) are well-known bronchodilators used 

mostly for therapy of COPD and asthma. These drugs are also recommended for the 

treatment of emphysema (Zatloukal et al., 2020). Other indications have been suggested, for 

example, treatment of apnea in premature neonates (Ye et al., 2019). Unfortunately, a narrow 

therapeutic range and frequent adverse effects make their use controversial (Singh et al., 

2019). An increased mortality rate in theophylline users has been reported by multiple 

research teams (Lee et al., 2009; Horita et al., 2016). A higher percentage of cardiovascular 

deaths was observed in asthma patients who received aminophylline (Suissa et al., 1996), as 

well as in patients with COPD (Lee et al., 2009), and also in a general patient population 

overdosed with theophylline (Shannon, 1999). 

The adverse effects of theophylline/aminophylline include arrhythmias, even at their 

therapeutic plasma concentrations (Bittar and Friedman, 1991). In a meta-analysis of several 

randomized clinical trials, 13% incidence of arrhythmias or palpitations after intravenous 

aminophylline infusion has been observed (Nair et al., 2012). More than 20% of patients 

experience cardiac arrhythmias during an aminophylline overdose episode (Shannon, 1999). 

Supraventricular arrhythmias have been observed most frequently, usually represented by 

atrial fibrillation (AF) (Varriale and Ramaprasad, 1993; Huerta et al., 2005). Concurrently, 

COPD is an independent risk factor of AF (Goudis, 2017). The risk of arrhythmias is further 

enhanced by hypokalemia (Hoppe et al., 2018), which may develop as a side effect of 

aminophylline treatment, particularly occurring in cases of intentional overdose (Ellis, 1985; 

Charytan and Jansen, 2003). 

Mechanisms of theophylline-/aminophylline-induced arrhythmias are not clear. It is well 

known that methylxanthines non-specifically inhibit phosphodiesterases (hence increasing 

the cAMP level) and adenosine receptors (Ukena et al., 1993). These effects may explain the 

sinus tachycardia often observed in clinical practice. In contrast, this does not explain the 

origin of AF associated with aminophylline treatment. Effects of theophylline/aminophylline 

on cardiac electrophysiology were studied mostly in animal models (Komadina et al., 1992; 

Onodera et al., 2001; Shamsuzzaman et al., 2016). However, a conclusive explanation of 

their proarrhythmic action has not been provided, and data from human cardiomyocytes 

(CMs) embedded in cardiac syncytia have been missing completely. 
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This study was aimed to reveal changes of basic functional characteristics (contraction force 

and beat rate) of human cardiac tissues induced by aminophylline at a wide range of 

concentrations. A clinically relevant model was employed, for example, 3D structures called 

embryoid bodies (EBs) derived from human pluripotent stem cells subsequently 

differentiated into cardiomyocytes (hPSC-CMs). The model was originally described in 

previous studies (Burridge et al., 2012; Pesl et al., 2014). Its functional properties were 

further validated using atomic force microscopy (Liu et al., 2012; Dinarelli et al., 2018; 

Pribyl et al., 2019), a method enabling real-time monitoring of contractions and thus also 

beating properties of single cardiomyocytes or cardiac cell clusters, alone or in combination 

with other methods such as microelectrode array (Caluori et al., 2019b) or calcium imaging 

(Odstrcilik et al., 2015; Caluori et al., 2019a). This model was recently used for disease 

modeling in studies by Acimovic et al., 2018; Jelinkova et al., 2019. The effects of 

aminophylline were further validated on an independent model of HL-1 cardiomyocyte cells. 

The overall scheme of all experiments within this study is presented in Figure 1. This 

approach has provided the first experimental data well-corresponding with the 

aminophylline-induced arrhythmias observed in clinical medicine. 
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FIGURE 7.1 Experimental design: (A) hPSCs were differentiated in the form of EBs into 

contracting 3D clusters of cardiomyocytes, and under the influence of increasing 

concentrations of aminophylline, the mechanocardiogram (MCG) was recorded was 

recorded by an atomic force microscope. The BR and contraction force values of each 

contractive event were further analyzed and compared. (B) Field potential by the 

multielectrode array (MEA) system, together with intrinsic Ca2+ kinetics via Fluo-8 AM, a 

calcium-binding dye, was assessed on HL-1 cells to further confirm the arrhythmogenic 

effect of aminophylline. 

7.3 MATERIALS AND METHODS Cell Cultivation 

The hESC line CCTL14 (46 XX) derived at Masaryk University, Brno, and previously 

characterized (International Stem Cell Initiative et al., 2007) was routinely maintained on a 

feeder layer of mitotically inactivated mouse embryonic fibroblasts as previously described 

(Dvorak et al., 2005; Krutá et al., 2014; Jelinkova et al., 2020). Differentiation into CMs via 

embryoid bodies (EBs) and measurements by an AFM were performed as previously 

described (Pesl et al., 2014), with minor modifications. Briefly, hESC colonies were 

collected 4 days after seeding and subsequently broken down into smaller clumps which 

were seeded into the EB medium (86% KO DMEM, 10% FBS, 1% L-glutamine, 1% 

penicillin/streptomycin, 1% non-essential amino acids, 0.1 mM 2-mercaptoethanol, and 10 

µg/ml ascorbic acid) with 10 ng/ml BMP4 (R&D) and placed in hypoxic conditions (5% O2, 

5% CO2,) where they spontaneously formed EBs. After 3 days, the medium was removed 

and replaced with fresh EB medium supplemented with 5 ng/ml FGF2 (Peprotech), 10 ng/ml 

BMP4, and 6 ng/ml activin A (R&D) for a 4-day incubation. A 3-day incubation in EB 

medium supplemented with 10 ng/ml VEGF (R&D) and 10 µM IWR1 (R&D). The next 

induction medium was the EB medium supplemented with 10 ng/ml VEGF and 5 ng/ml 

FGF2, with a medium exchange every 4 days. After four days in this medium (day 14 of 

differentiation), the EBs were transferred into a normoxic incubator (21% O2, 5% CO2) for 

the remaining 8 days of this induction period. From then onward, EBs remained in normoxia 

and were fed with the EB medium every 4 days until analysis. Beating EBs were selected 

and transferred on a gelatin-coated PM3 dish to adhere to for measurement. These cellular 

constructs of the cardiac syncytium were coupled to an AFM force sensor to perform a high-

fidelity contraction pattern as an hPSC-CM–based biosensor (Pesl et al., 2014). The constant 

size of clusters of hPSC-CMs allows comparable and stable beating pattern evaluation 

allowing for force- and rhythm-related drug effect tracking. 
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For the immunocytochemistry experiment, either whole or dissociated EBs attached on 

coverslips were fixed with 4% PFA, blocked and permeabilized by 1% BSA (Sigma) in 0,1% 

Triton-X (Sigma) or 0,05% TWEEN (Sigma) in PBS, and incubated with anti–troponin T 

antibody (1:5,000, Cell Signaling, 5,593, Rb) overnight in 4 C. Anti-rabbit Alexa 594 (1:500, 

Invitrogen) was left to incubate for an hour at room temperature, and the slips were mounted 

on slides with Mowiol containing DAPI (Sigma). The images were obtained using a Zeiss 

LSM 700 confocal microscope. The contracting clusters were previously checked for 

expression and checked by immunostaining for cardiac troponin T (cTnT) and ryanodine 

receptor RyR2 as described elsewhere (Pesl et al., 2014; Souidi et al., 2021). The expression 

of myosin heavy chain MYH6/7 and MYH7, RyR2, and the striated pattern of cTnT in 

dissociated cardiomyocytes was used to assess the progress in CM maturation. The clusters 

consisted of all three CM subtypes as described elsewhere; in brief, nodal-like CMs had an 

AP duration at 90% of repolarization shorter than 100 ms (about 16%), slightly more 

frequent were atrial-like cells, and recorded AP mainly demonstrated a typical ventricular-

like shape (Acimovic et al., 2018). EB responses to basic heart modulators, such as β 

adrenoceptor agonist and blocker, isoproterenol, and metoprolol, were previously measured 

(Supplementary Figure S1). EBs from the same cultivation batch were checked for the 

presence of cTnT in the clusters as well as in the dissociated EBs by immunostaining to 

demonstrate the batch-to-batch differentiation consistency (Figure 2). 

 

FIGURE 7.2 Fluorescence staining of whole and dissociated CCTL14 EBs (cell cluster) 

illustrates the presence of matured cardiomyocytes identified by the presence of troponin T 

(red color); cells are localized with DAPI staining of the nucleus (blue color). 
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The HL-1 Cardiac Muscle Cell Line (Sigma) was routinely maintained on fibronectin-coated 

dishes in Claycomb medium (Sigma) supplemented with 10% FBS, 100 U/ml:100 µg/ml 

penicillin-streptomycin, 0.1 mM norepinephrine, and 2 mM L-glutamine. The cells were 

passaged with trypsin after reaching full confluency, usually every 3–4 days, in a ratio of 

1:3. For experiments with MEA, the HL-1 cells were cultivated on MEA chips coated with 

fibronectin in 0.02% gelatin (5 mg/ml; Sigma). The HL-1 response to β-adrenoceptor agonist 

isoproterenol was measured (Supplementary Figure S1). 

7.3.1 Atomic Force Microscopy Measurements 

NanoWizard 3 AFM (Bruker-JPK) combined with inverted light microscope IX-81 

(Olympus) was used to obtain mechanocardiograms (MCGs) of beating EBs as previously 

described (Pesl et al., 2014; Caluori et al., 2019b; Pribyl et al., 2019). Drug response tests 

were performed after initial equilibration of EBs in Tyrode’s solution (composition in mM: 

NaCl 135, KCl 5.4, MgCl2 0.9, CaCl2 1.8, HEPES 10, NaH2PO4 0.33, and glucose 5.5; pH 

7.4 adjusted with 3M NaOH) (Bébarová et al., 2017). The addition of increasing 

concentrations of aminophylline (10 µM, 100 µM, 1 mM, and 10 mM; Fagron) followed. 

Each concentration was prepared in Tyrode’s solution from 1 mM stock solution of 

aminophylline. The MCG was recorded for further analysis; each measurement point 

consisted of 10 min of stabilization time, followed by 10 min of measurement. Control 

experiments were conducted in the same setting without aminophylline in the treatments. 

The contraction of beating EBs was recorded as a force value in time (MCG). In-house built 

MATLAB-based script located R and S peaks for each contractive event and their respective 

vertical deflection and time values. From these values, R-R (sec), R-S (contraction force; 

nN), and BR (beat rate; beats per minute) were calculated, averaged, and normalized to the 

respective baseline values recorded in Tyrode’s solution. 

7.3.2 Multielectrode Array Measurements 

The field potential of the HL-1 cells was measured using MEA2100-mini-60 (Multi Channel 

Systems). Drug responses were measured after initial equilibration in Claycomb medium, 

followed by the increasing concentrations of aminophylline in Claycomb medium (8, 16, 32, 

64, 128, 256, and 512 µM). Measurement points consisted of 3 min of stabilization time, 

followed by 5 min of measurement. As a monolayer, HL-1 cells are more sensitive to a 

treatment than hPSC-CM clusters. Therefore, treatment measurement times and 

concentration ranges were modified. MEA recordings were analyzed using Multi-Channel 
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Analyzer software and in-house Python script, which processed the data in a similar way; 

however, the resulting parameters were only R-R (sec) and BR (beat rate; beats per minute). 

R-S (amplitude; µV) values in case of MEA recordings do not correlate with R-S values 

measured via AFM; therefore, they were not used in this study. Noisy and non-representative 

MEA channels were eliminated, and at least 3 channels were then used for calculations. 

Measurements of Intracellular Cytosolic Ca2+ 

HL-1 cells were passaged and seeded onto an imaging dish with a polymer coverslip bottom 

(Ibidi) and allowed to adhere. Fluo-8 (490/525; AAT Bioquest) was added into the medium 

(final concentration 2 µM; stock solution in DMSO 2 mM), and the cells were incubated for 

20 min at 37°C. After the incubation, the solution was replaced with fresh medium, and the 

cells were placed on the heated stage (37°C) of an inverted microscope. Ca2+ images in the 

line-scan (line size 3.37 µm, 100 Hz) mode were recorded using a laser scanning confocal 

microscope Olympus FL1200 (Olympus) with a ×40 water immersion objective, in the x–y 

mode. Kinetic properties of intracellular Ca2+ were analyzed via the in-house Python-based 

script (Kabanov, 2021). 

7.3.3 Measurement of HL-1 Viability 

The HL-1 cells were passaged and mixed with PBS containing aminophylline (final 

concentration 512 µM) or only PBS for control. The cells were incubated for 8 min after 

which their viability was analyzed via the trypan blue dye exclusion method (Vicell-XR, 

Beckman Coulter). 

7.3.4 Statistical Analyses 

Statistical evaluation was carried out with the use of GraphPad Prism 8.5 software 

(GraphPad Software). All data were tested for outliers by the ROUT (Q 1%) method, and 

available normality tests were performed for the obtained data. In case of hPSC-CM 

measurements, Brown–Forsythe ANOVA with Games–Howell multiple comparisons test 

was used to assess the statistical significance of the differences on normally distributed group 

pairs. In the case of arrhythmia analysis, R-R for each contractive event was extracted via 

processing scripts as mentioned before. R-R values over 1 or 3 s (cut-off) in HL-1 and hPSC-

CMs, respectively, were quantified in all treatment groups and compared to controls. Choice 

of the cut-off value for hPSC-CMs was based on clinical experience with arrhythmia in 

human patients. The cut-off value for HL-1 was reduced with respect to the fact that HL-1 

is a murine cell line with a higher overall beat rate. The resulting contingency tables were 



 

 pg. 112 

statistically evaluated by using the chi-square test with Yates’s correction. The use of the 

individual statistical test is specified in appropriate figure legends and in Supplementary 

Data. Additionally, datasets containing complete raw data from all measurements are 

available at the online open-access repository (Klimovic et al., 2021). 

7.4 RESULTS  

7.4.1 Positive Chronotropic and Inotropic Effects of Aminophylline on hPSC-

CMs 

In the case of hPSC-CMs, two groups of treatment concentrations were determined 

according to the literature (Aslaksen et al., 1981; Goldberg et al., 1986; Rowe et al., 1988; 

Higgins et al., 1995; Shannon, 1999). The “therapeutic concentration/overdose” group 

consisted of 10 µM, 100 µM, and 1 mM of aminophylline treatments, while the 10-mM 

aminophylline treatment was considered “severe overdose” concentration. Consistent 

presence of troponin-positive cardiomyocytes in whole and dissociated embryoid bodies 

(EBs) was confirmed by immunostaining (representative example shown in Figure 7.2). 

The positive chronotropic effect of aminophylline on hPSC CMs was seen only in the 10 

mM concentration of aminophylline (Figures 3A,B; p < 0.05; the remaining p-values are 

given in Supplementary Table S1 and Supplementary Table S2). The positive inotropic 

effect was evident by a significantly increased contraction force of EBs in lower 

concentrations of aminophylline that was in contrast to its chronotropic effect (Figure 3D; p 

< 0.0001; the remaining p-values are given in Supplementary Table S3). Statistical analysis 

showed that this effect was significant in 10 µM concentration, with a similar trend in the 

concentrations of 100 µM and 1 mM (Figure 3C; p < 0.01; the remaining p-values are given 

in Supplementary Table S4). Linear regression analysis showed that the beat rate increase 

correlates with the concentration of aminophylline (Supplementary Figure S2A,B, p < 

0.0001). On the contrary, this relationship was not proven in case of contraction force 

(Supplementary Figure S2A,B). To further strengthen the presented results, the washout 

experiment was performed on hPSC-CMs. The results showed that the BR of EBs increases 

significantly after administration of aminophylline; however, it decreased again during the 

washout period, suggesting that the chronotropic and inotropic effects is likely due to the 

effect of aminophylline and not due to irreversible cellular damage (Supplementary Figure 

S3).  
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In order to further explain molecular mechanisms, hPSC-CM cells were treated with 1 µM 

adenosine, followed by a combination of 1 µM adenosine and 1 mM aminophylline, a well-

known non-selective adenosine receptor antagonist. The results showed an insignificant 

trend toward the adenosineantagonizing aminophylline effect (Supplementary Figure S3B). 

 

 

FIGURE 7.3 Effect of aminophylline (A) on contractile properties of 3D cardiac clusters. 

Scatterplots (mean ± standard deviation) of the BR (blue) and contraction force (red) overall 
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changes, normalized to a baseline measurement (relative response) and to control 

measurement means (n = 19 for A 10 μM, n=30 for A 100 μM, n=16 for A 1 mM, n=13 for 

A 10 mM, n= 9 for BR ctrl and n=7 for contraction force ctrl). At least four biological 

repetitions were used in each column. (A) BR of the measured EBs with 10 mM 

aminophylline (A 10 mM) was significantly increased compared to that of the control (p < 

0.05). (B) Similarly, the BR of EBs treated with 10 mM concentration of aminophylline was 

significantly increased over that of the controls (p < 0.05). (C) Contraction force of EBs 

with 10 μM aminophylline treatment was significantly increased over that of the control (p 

< 0.05), with a similar trend in higher concentrations. (D) Group analyses then showed a 

strong statistically significant effect of therapeutic concentration / overdose (10 μMand 100 

μMand 1 mM) aminophylline over the controls. (Brown–Forsythe and Welch ANOVA tests 

were used in all analyses). 

7.4.2 Positive Chronotropic Effect of Aminophylline on HL-1 

To test whether chronotropic effects of aminophylline are modelindependent, field potential 

measurements of the HL-1 cardiac cell line treated with aminophylline were conducted. The 

concentrations of aminophylline in a range of 8 up to 512 µM were used. Higher 

concentrations turned out to be toxic for the cells, which can be explained by higher 

treatment efficacy on the cellular monolayer of HL-1, as opposed to the cellular cluster of 

hPSC-CMs. Non-toxicity of selected concentrations was experimentally tested by trypan 

blue staining (Supplementary Figure S3C). 

The results of these experiments showed a similar positive chronotropic effect with 

increasing concentration of aminophylline. Compared to controls, the BR was significantly 

increased only in the cells treated with 256 µM aminophylline; however, we observed a 

similar non-significant trend also in the case of the 512-µM treatment (Figure 4; 256 µM 

aminophylline vs. the control p < 0.05; 512 µM aminophylline vs. the control p < 0.06; the 

remaining p-values are given in Supplementary Table S5). 
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FIGURE 7.4 Effect of aminophylline (A) on the BR of HL-1 cells. Scatterplots (mean ± 

standard deviation) of the BR (blue) normalized to a baseline measurement (relative 

response) and to controlmeasurement means (n = 5 for A 8 and 16 μM, n = 8 for 32 and 64 

μM, n = 9 for 128 and 256 μM, n = 5 for 512 μM and n = 5 for ctrl). At least three biological 

repetitions were used in each column. Results showed linear increase of BR correlating with 

a higher concentration of aminophylline, with statistically significant and partially 

significant changes of BR 256 and 512 μM measurements compared that of the control (A 

256 vs. ctlr p < 0.01, A 526 vs. ctlr p 0.06, ordinary oneway ANOVA). 

7.4.3 Exposure to Aminophylline Causes Spontaneous Ca2+ Releases Leading to 

Arrhythmia 

Among the adverse effects of aminophylline apparent in clinical practice, arrhythmias are 

most frequent. To test whether this effect is also present in our in vitro hPSC-CM model and 

HL-1 cardiomyocytes, we assessed the number of R-R intervals (interbeat interval length) 

over 3 s or 1 s, respectively. Our results showed that the frequency of cutoff R-R values in 

measurements with aminophylline was significantly higher than that in controls in both 

models (Figure 5; p-values in Supplementary Table S6 and Supplementary Table S7). 

To further investigate this effect, intracellular cytosolic Ca2+ events were measured on HL-

1 cells in the presence of 256 and 512 µM aminophylline. A significantly higher number of 

Ca2+ sparks was detected in the presence of 512 µM aminophylline than the control (Figure 

6, 512 µM aminophylline vs. the control p < 0.0001). A similar effect was not detected in 

the presence of 256 µM aminophylline. Higher concentrations of aminophylline cause 

arrhythmic events presented by calcium leakage events (sparks). This is in good agreement 

with the measurement of electrical activity of cells (Figure 5B), where the concentration of 
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256 µM did not cause a significantly higher occurrence of arrhythmia; however, the 

concentration of 512 µM leads to rhythm irregularities. Last, the time to peak and decay time 

of main calcium waves were analyzed. While aminophylline caused no change in time to 

peak, the decay time significantly decreased, corresponding to an increased BR (Figures 

6B,C). 

7.5 DISCUSSION 

This is the first study demonstrating the proarrhythmic action of aminophylline on human 

cardiomyocytes in vitro. To monitor aminophylline’s effect at a wide range of 

concentrations, AFM was used on cell clusters [embryoid bodies (EBs)] formed by 

aggregation of human pluripotent stem cell–derived cardiomyocytes. Furthermore, the effect 

of aminophylline was investigated via a multielectrode array and by means of intracellular 

cytosolic Ca2+ measurement on HL-1 cells. Despite the differences between the models such 

as monolayer growth, cellular populations, or the fact that it is a murine cell type, HL-1 cells 

are considered a standard drug screening platform; therefore, we chose them to confirm our 

findings. A missing link between the previous experimental data and aminophylline-induced 

arrhythmias observed in clinical practice was identified. Our most important finding was 

that aminophylline had two principal actions of arrhythmogenicity, the first being 

concentration-dependent (“deterministic”) and the second one concentration-independent 

(“stochastic”). First, we observed a linear concentration-dependent positive chronotropic 

effect with increasing aminophylline concentrations in hPSCCMs (Figures 3A,B and 

Supplementary Figure S2A,B). Moreover, this effect was also confirmed to an extent on the 

HL-1 cellular line (Figure 4). This may be related to previous clinical findings that 

demonstrated that theophylline’s higher plasmatic levels were associated with an increased 

heart rate (sinus tachycardia); the relationship was linear and concentration-dependent 

(Vestal et al., 1983; Nadkarni et al., 1988). This effect is sometimes used to treat severe, 

atropine resistant bradycardia (Pasnoori and Leesar, 2004) or other indications (Conte et al., 

2017). The inotropic effect was nonlinear in our study. An increased inotropic effect was 

present only in lower aminophylline concentrations. This response may be attributed to 

reaching peak-shortening amplitude, as a physical parameter of cells and cluster, 

respectively, and partial immaturity may be responsible for lower number of present 

sarcomeres and, thus, lower shortening capability of the cells (Fraticelli et al., 1989). 
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In parallel to the “deterministic” effect, we observed a second arrhythmogenic action of 

aminophylline expressed as a concentration-independent occurrence of RR interval 

abnormities. This action was stochastic, independent of the applied aminophylline 

concentration. It consisted of repeated tachycardia-like periods followed by bradycardia-like 

periods (not illustrated), which is reflected by the extreme R-R intervals in Figure 5 that 

occurred significantly more often in the cells exposed to aminophylline. Even though certain 

beat rate variability was present in spontaneously beating hPSC-derived CMs in previous 

studies (Mandel et al., 2012; Binah et al., 2013; Niehoff et al., 2019), similar events have 

never been previously described to our best knowledge. We speculate that this effect may be 

an experimental equivalent to the sick sinus syndrome (Tse et al., 2017) or to tachy–brady 

alternating episodes in patients with AF, an arrhythmia that was previously observed both in 

aminophylline overdose cases and at therapeutic levels of the drug (Laaban et al., 1988; 

Bittar and Friedman, 1991; Varriale and Ramaprasad, 1993). 

 

FIGURE 7.5 Analysis of arrhythmogenic effect of aminophylline on hPSC-CMs and HL-1 

cells. R-R values over 3 s in case of hPSC-CM measurements or 1 s in case of HL-1 of 
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aminophylline and control measurements were subtracted, and the resulting contingency 

tables were statistically analyzed. Column graphs show sums of cutoff R-R values 

(arrhythmic events) per 1,000 contractions in each treatment group and controls of (A) 

hPSC-CMs and (B) HL-1 experiments (chi-square test with Yates’ correction). Results show 

significant or partially significant higher frequency of aminophylline group cutoff values 

compared to that of the control. Poincaré plots of R-R values of representative concentration 

for (C) hPSC-CMs and (D) HL-1 experiments with visible cutoff lines.  

Attempts to reveal mechanisms of the arrhythmogenic action of aminophylline/theophylline 

have been performed previously, using various animal models. In rats, aminophylline 

induced tachycardia and elevated blood pressure and potential cardiac ischemia 

(Shamsuzzaman et al., 2016), which may be related to theophylline-induced myocardial 

fibrosis found as a long-term concentration-/dose-dependent side effect in a notable portion 

of rats (Onodera et al., 2001). In a canine model, aminophylline significantly enhanced AV 

nodal and His–Purkinje conduction; this effect was potentiated in combined therapy with 

metaproterenol (Komadina et al., 1992). 

Studies published so far have not provided a clear clue to the genesis of proarrhythmic effects 

of aminophylline/theophylline, namely, AF. Aminophylline effects (likely an equivalent of 

the sinus tachycardia in patients) may be explained by the effect of elevated cAMP and the 

absence of the inhibitory effect of adenosine (Belardinelli et al., 1995) on cardiac ionic 

currents (see insignificant trend in Supplementary Figure S3B). 

As studied in detail by Kong et al. (2008), caffeine (another type of methylxanthine), 

aminophylline, and theophylline preferentially potentiated luminal Ca2+ activation of the 

ryanodine type 2 (RyR2) receptor, reduced the threshold for spontaneous Ca2+ release, and 

increased the basal activity, inducing repeated quantal Ca2+ releases. As is well-known, the 

accumulation of Ca2+ in the cytoplasm may result in delayed afterdepolarizations, which can 

trigger arrhythmia. Considering the increased occurrence of Ca2+ sparks in HL-1 

cardiomyocytes treated with 512 µM aminophylline (Figure 6), the concentration-

independent “stochastic” effect of aminophylline observed in our study may be a 

consequence of microdomain cAMP level–related diastolic release of Ca2+ via independent 

clusters of RyR2 receptors (Berisha et al., 2021). Such transient Ca2+ accumulation may 

induce an increased BR and, following Ca2+ depletion, results in a pause in the investigated 

cardiac cell’s beating clusters. Such chain of events might also be amplified by the local 
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cAMP level–induced alteration of the current amplitude via modulation of hERG potassium 

channel phosphorylation (Cui et al., 2000). Detailed subcellular mechanisms of this effect 

should be studied in the future. To our best knowledge, this is the first study reporting results 

of experiments with aminophylline conducted on human cardiomyocytes derived from 

hPSCs. As such, this set of experiments showed that our comprehensive monitoring system 

is a unique and valuable tool for cardiotoxicity vs. safety testing of various molecules or 

drugs. Our results may present the missing link between the described subcellular 

mechanisms of methylxanthine arrhythmogenesis and the clinical variability of arrhythmic 

events related to the theophylline treatment in clinical practice. 
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FIGURE 7.6 Calcium sparks measured as extra events in the fluorescence in-time signal, 

showing leakage of calcium from the sarcoplasmic reticulum. (A) Scatterplot (mean ± 

standard deviation) showing calcium leakage events in a one-second period in control cells 

compared to the treatment by 256 and 512 μM aminophylline (A; n _ 43 for ctlr, n _ 33 for 

256 μM and n _ 37 for 512 μM). The frequency of calcium leakage events of cells treated 

with 512 μM aminophylline was significantly higher than that of the control (A 512 vs. ctlr 

p < 0.01, ordinary one-way ANOVA). (B,C) Scatterplots (mean ± standard deviation) 

showing times to peak and decay times of the control compared to the treatments. 

Aminophylline caused no significant change to time to peak compared to the control; 

however, decay time significantly decreased in a linear trend (n _ 65 for ctrl, n _ 89 for A 

256 μM, n _ 77 for A 512 μM; ctlr vs. A 256 μM p < 0.05, ctlr vs. A 512 μM p < 00.001; 

Kruskal–Wallis test). (D–F) Fluorescence line profiles were measured in time, typical 

recordings together with fluorescence–time curves were filtered for the presence of noise, 

and calcium sparks were found—labeled as red lines (B _ control, C _ 256 μM, D _ 512 

μM). Each recording is accompanied with a fluorescence image showing the exact location 

of line scan on the cell (dashed line). 

CONCLUSION/SUMMARY 

We conclude that aminophylline had two parallel arrhythmogenic mechanisms of action on 

EBs: a concentration-dependent (“deterministic”) effect, presenting with an increased beat 

rate (potential clinical correlate: sinus tachycardia), and a concentration-independent 

(“stochastic”) effect, which was characterized by tachycardia-like episodes alternating with 

long pauses (potential clinical correlate: atrial fibrillation). Our comprehensive monitoring 

system is a unique and valuable tool for cardiotoxicity vs. safety testing of various molecules 

or drugs. 

7.6 STUDY LIMITATIONS 

The study presents the effect of aminophylline on contractile properties of human hPSC-

CMs along with results of field potential measurements on the HL-1 cardiac cell line that 

further confirmed the effects. First, it has to be considered that hPSC-derived CMs 

represented immature/neonatal phenotype possibly affecting drug effect kinetics [e.g., 

altered IK1 levels which may affect resting potential, repolarization, and depolarization 

dynamics (Sartiani et al., 2007)]. Second, if different hPSC lines are used to generate 

embryoid bodies, it is likely that there will be different degrees of maturity and the effect of 
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aminophylline might also differ. The last limitation is that field potential measurements can 

generate information about the BR but not about contraction force; therefore, the results with 

HL-1 cells confirmed only the chronotropic effect of aminophylline. 
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8 Pharmacological (p5) 

8.1 Commentary: Synergic effect of salbutamol and aminophylline on hPSC-

CMs 

This study investigates the combined effects of the methylxanthine aminophylline and the 

short-acting β-agonist salbutamol—a combination frequently used in clinical practice of 

COPD or Asthma —on human cardiac tissue to determine their joint impact on force, 

rhythm, and arrhythmogenesis. We estimated that both compounds will have some degree 

of arrhythmogenicity stemming from their chemical structure. Thus, we utilized proven 

model of 3D BCC (cardiac organoids, aka embryoid bodies) differentiated from two human 

embryonic stem cell lines (CCTL14 and CCTL12) vie protocol described in previous 

chapters (e.g 3rd and 5th chapter). These clusters were integrated into the AFM as 

describedand MCGs were recorderd at a stable physiological temperature of 37 °C. The 

experimental protocol involved measuring the effects of salbutamol alone (10 nM to 10 µM) 

and in combination with aminophylline (10 µM to 1 mM). Advanced signal processing was 

conducted using a Python-based script to identify contraction peaks and calculate force and 

beat rate. Additionally, heart rate/beat rate variability (HRV/BRV) was quantified using the 

standard deviation of successive differences (SDSD) of R-R intervals to assess the pro- or 

anti-arrhythmic potential of the treatments.  

We revealed that salbutamol alone produced a significant positive inotropic effect (a 40% 

increase in contraction force at 100 nM) but only a minimal chronotropic response. When 

salbutamol was combined with aminophylline, the drugs exhibited a synergistic effect, 

significantly amplifying both the beat rate and contraction force compared to monotherapy. 

Most importantly, the study identified a significant anti-arrhythmic effect of salbutamol, 

which successfully reduced the occurrence of rhythm irregularities previously induced by 

aminophylline. Mechanistic validation showed that this anti-arrhythmic property was 

completely blocked by butoxamine (a β2 -selective blocker) and L-NAME (a non-specific 

NOS inhibitor), significantly diminished the anti-arrhythmic effect of salbutamol indicating 

that salbutamol mitigates aminophylline-induced arrhythmias through the activation of nitric 

oxide synthase (NOS) via β 2-adrenergic receptors. These findings suggest that salbutamol 

as an add-on therapy may increase the cardiovascular safety of aminophylline treatments. 

Future clinical trials are needed to further assess the safety, effectiveness, and potential 

arrhythmogenic risks of using salbutamol and aminophylline together in patients. 
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8.2 Introduction 

Bronchodilator drugs were designed to relieve symptoms of obstructive respiratory diseases 

(e.g., asthma and chronic obstructive pulmonary disease, COPD) by relaxing the smooth 

muscle apparatus of the lower airways. To date, three main classes of bronchodilators have 

been introduced in clinical practice, namely beta-2 agonists, anticholinergics, and 

methylxanthines (Zatloukal et al. 2020). These drugs are often used in combination, either 

in the stable phase of the disease or during asthma or COPD exacerbation (Zatloukal et al. 

2020; Levy et al. 2023; Glob. Initiat. Chronic Obstr. Lung Dis. - GOLD, n.d.).  

Cardiac adverse events are among the most frequent side effects of beta-2 agonists and 

methylxanthines. While the pro-arrhythmic activity of aminophylline is well described in 

the clinical setting (Bittar and Friedman 1991; Shannon 1999) and has recently been 

examined in our experimental study (Klimovic et al. 2022), there is limited evidence on the 

effect and adverse events of these two bronchodilator classes used in combination (Rodrigo 

and Rodrigo 1994; White et al. 2004; Nair et al. 2012).  

Salbutamol (also known as albuterol) is the most frequently used short-acting beta-2 agonist 

(SABA). A wide variety of side effects have been described with salbutamol treatment, 

especially when the drug is injected into the bloodstream (Price and Clissold 1989). 

Considering its effects on the heart, positive bathmotropic, chronotropic, and inotropic 

effects were described (Engel et al. 1985; Overgaard et al. 1999). Salbutamol-induced 

hypokalemia may also affect cardiac function19 Serious arrhythmias (even ventricular 

fibrillation) in patients with preexisting heart diseases were reported (Mettauer et al. 1985; 

UYSAL et al. 2016)  

Using our established and previously described in vitro three-dimensional model of cardiac 

tissue formed by clusters of human pluripotent stem cells-derived cardiomyocytes (hPSC), 

we aimed to evaluate the effect of salbutamol alone and in combination with aminophylline 

on cardiac excitability and inotropy with a focus on their impact on arrhythmogenesis 

(Ramalho et al. 2022; Caluori et al. 2019; Klimovic et al. 2022; Martin Pesl et al. 2017a; 

Pribyl et al. 2019; Bébarová et al. 2017).  
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8.3 Materials and Methods 

8.3.1 Cell Cultivation 

hESC line “center for cell therapy line” CCTL14 (46 XX) and CCTL12 (46 XX) derived 

at Masaryk University, Brno, and previously characterized (International Stem Cell Initiative 

et al. 2007a) was routinely maintained on a feeder layer of mitotically inactivated mouse 

embryonic fibroblasts. For formation of embryonic bodies (EB), hESC colonies were 

collected 4 days after seeding and subsequently broken down into smaller clumps which 

were seeded into EB medium (86% KO DMEM, 10% FBS, 1% L-glutamine, 1% 

penicillin/streptomycin, 1% nonessential amino acids, 0,1mM 2-mercaptoethanol and 10 

µg/ml ascorbic acid) with 10 ng/ml BMP4 (R&D) and placed in hypoxic conditions (5% O2, 

5% CO2) where they spontaneously formed EBs. After three days, the medium was removed 

and replaced with fresh EB medium supplemented with 5 ng/ml FGF2 (Peprotech), 10 ng/ml 

BMP4, and 6 ng/ml Activin A (R&D) for a four-day incubation. A three-day incubation 

followed this in EB media supplemented with 10 ng/ml VEGF (R&D) and 10 µM IWR1 

(R&D). The following induction media was EB medium supplemented with 10 ng/ml VEGF 

and 5 ng/ml FGF2 with a media exchange every four days. After four days in this media 

(day 14 of differentiation), the EBs were transferred into a normoxic incubator (21% O2, 5% 

CO2) for the remaining 8 days of this induction period. From then onward, EBs remained in 

normoxia and were fed with EB medium every four days. 1 month old EBs with spontaneous 

contraction activity were used for analysis. Beating EBs were selected and transferred on a 

gelatin-coated PM3 dish to adhere to for measurement. These cellular constructs of cardiac 

syncytium were coupled to an AFM force sensor to perform a high-fidelity contraction 

pattern as an hPSC-CM-based biosensor (Martin Pesl, Pribyl, Acimovic, et al. 2016).  

8.3.2 Atomic Force Microscopy measurements 

Contraction of beating EBs was assessed by Nanowizard 3 (Bruker-JPK) AFM combined 

with inverted light microscope IX-81 (Olympus) as previously described (Caluori et al. 

2019; Klimovic et al. 2022; Martin Pesl et al. 2017a; Pribyl et al. 2019). Liquid media was 

preheated to 37 Celsius degree and let to stabilize for at least 10 minutes before each 

measurement. Temperature was maintained unchanged during all following 

measurements(Martin Pesl, Pribyl, Acimovic, et al. 2016; Martin Pesl et al. 2017a). A soft 

silicon nitride cantilever (Nitra-tall B, AppNano) was landed on EB attached to the petri dish 

(TPP). Real-time changes of force in time applied by contracting EB were recorded while 

administrating salbutamol (Fagron), its mixes with aminophylline (Fagron) in different 

concentrations, or butoxamine (Sigma Aldrich). Each measurement was preceded by initial 
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equilibrium in Tyrode solution (composition in mM: NaCl 135, KCl 5.4, MgCl2 0.9, CaCl2 

1.8, HEPES 10, NaH2PO4 0.33, and glucose 5.5; pH 7.4 adjusted with 3M NaOH), after 

which increasing concentrations of salbutamol (10 nM, 100 nM, 1 µM, 10 µM), mixes of 

salbutamol (S) and aminophylline (A) (10 – 1000 nM salbutamol, 10 – 100 µM 

aminophylline) or butoxamine (3 µM) was added (Bébarová et al. 2017). All stock solutions 

of substances and treatments were prepared using Tyrode buffer, as both compounds show 

excellent water solubility (approx. 0.2 M for both), and no stock solutions in organic solvents 

were needed. Mixes were defined based on previous results of individual measurements of 

salbutamol in this article and aminophylline in our group's previous article (Klimovic et al. 

2022). Each measurement point consisted of 10 min of stabilization time, followed by 

10 min of measurement. Control experiments were conducted in the same setting with the 

Tyrode solution alone and tied to individual experiment groups based on the time the 

treatment was given to the cells. Therefore, some control groups can repeat thought-out 

results. Control EBs were taken from each batch to account for variances among batches. 

During all experiments, the temperature was maintained at 37°C. 

The resulting data were processed by a python-based script, which located R and S peaks 

for all contractive events (Kabanov D. 2021, Repeev N., 2021). Contraction forces (nN), 

beat rates (bpm), and interbeat intervals (sec) were calculated and statistically evaluated. 

Representative AFM records of vertical deflection of cells treated with salbutamol, 

aminophylline, and a mix of both are shown in Figure S5. 

8.3.3 Beat rate variability (BRV) analysis 

. To ensure reliable and valid data, samples invalid for BRV analysis because of multiple 

sudden irregular pauses in beat rate were excluded using SignalPlant software (ver. 

1.2.8.2)(Plesinger et al. 2016). Resulting interbeat RR-intervals were analyzed by domain 

BRV analysis methods, which compute variability. For analysis of short-term variability, the 

standard deviation of successive differences (SDSD) was used (Shaffer and Ginsberg 2017). 

SDSD serves as an index of beat-to-beat variability, primarily determined by external 

influences on the heart. It measures the variability in the time intervals between successive 

heartbeats. It is unaffected by linear trends in the heart rate, acting as a statistical filter in 

which the low-frequency components are removed (Malpas and Maling 1990). In our 

approximation, R-R intervals that deviated from the median by more than two times were 

excluded from the analysis to reduce the influence of noise. The PyHRV (“Highlights — 

pyHRV - OpenSource Python Toolbox for Heart Rate Variability 0.4 Documentation,” n.d.) 

library for Python was used for SDSD calculations. Internal variability was constant during 
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the measurement and may be related to the mixed population of all three CM subtypes as 

described elsewhere; in brief, nodal-like CMs had an AP duration at 90% of repolarization 

shorter than 100 ms (about 16%), slightly more frequent were atrial-like cells, and recorded 

AP mainly demonstrated a typical ventricular-like shape(Acimovic et al. 2018). 

8.3.4 Statistical analysis 

Data was processed via the in-house Python-based scripts or Signal plant software as 

described above. Statistical evaluation was calculated with GraphPad Prism 8.5 software 

(GraphPad Software). All data were tested for outliers by the ROUT (Q = 1%) method, and 

their normal distribution was tested via available normality tests. Ordinary one-way 

ANOVA with the Holm Sidak multiple comparisons test was used to test the statistical 

significance of the differences in normally distributed group pairs. In cases where equal 

standard deviations could not be assumed, Brown–Forsythe ANOVA with Games–Howell 

multiple comparisons test was used. Where normality tests failed, non-parametric tests were 

used. Cut-off arrhythmia analysis (Figure S2 and S3, Supplementary data) was previously 

described (Klimovic et al. 2022). Briefly, in that work, inter-beat RR intervals over 3 seconds 

were subtracted, and the statistical significance of the differences between treatments and 

controls were tested by the Chi-square test with Yate's correction. An individual statistical 

test is specified in appropriate figure legends and in Supplementary Data.  
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8.4 Results 

8.4.1 Inotropic and anti-arrhythmic effect of salbutamol on hPSC-CMs 

The AFM-based setup was used to obtain and calculate the contraction force and beat rate 

of hPSC-CMs in EBs. The contraction force was significantly increased by 40% in the 

presence of 100 nM salbutamol compared to the normalized control (Figure 1A) and 

increased non-significantly in higher concentrations. Salbutamol didn't significantly increase 

the beat rate in the concentration range between 10 nM and 10 µM (Figure 8.1 B). Still, 

linear regression of beat rate relative responses and measured concentrations showed a 

significant increase towards 1 µM (Figure 8.1 CD). 

Figure 8.1 Effect of salbutamol on contraction properties of hPSC-CMs. Scatter plots with 

indicated means and standard deviation (SD) of the contraction force and beat rate relative 

responses normalized to the respective baseline control measurement in the case of 

salbutamol and to mean values of the control measurement in the case of control (n = 11 for 

controls, n = 15, 15, 23, and 10 for 10 nM, 100 nM, 1 µM, and 10 µM salbutamol, 

respectively). At least four biological repetitions were used in each column. (A) The 
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contraction force was significantly increased after administration of salbutamol at the 

concentration of 100 nM (Kruskal-Wallis test with Dunn’s multiple comparisons test, P < 

0.05). (B) The beat rate wasn't significantly elevated after administration of salbutamol (P 

> 0.05). (C, D) Linear regression of beat rate relative responses and measured 

concentrations coupled with residual plot. Results show a statistically significant non-zero 

slope (Wald test, P = 0.0305), proving a positive relationship between concentration and 

relative response.  

The SDSD of short-term beat rate variability was used for the analysis of arrhythmic effects 

after salbutamol administration. A higher value corresponds to an elevated beat rate 

variability, i.e., to an increased pro-arrhythmic activity. Interestingly, salbutamol showed a 

dose-independent trend to reduce the variability of RR intervals compared to controls 

(Figure 2A). This effect is further illustrated in the Poincaré plot, where measurements with 

salbutamol are clustered in the left bottom corner of the plot (i.e., showing a low variability), 

compared to the scattered control values (Figure 2B).  

 

Figure 8.2 Beat rate variability analysis of hPSC-CMs with salbutamol. (A) Scatters plots 

with indicated means and SD of the standard deviation of successive differences (SDSD) of 

EBs measured in salbutamol and control (n = 8, 9, 9, and 6 for 10 nM, 100 nM, 1 µM, and 

10 µM salbutamol, respectively, and n = 14, 11, 11, and 5 for the respective controls). SDSD 

with 10 nM and 100 nM salbutamol were significantly lower compared to controls (Brown-

Forsythe and Welch ANOVA test with Holm-Sidak multiple comparisons test, control vs. 10 

nM salbutamol, P = 0.0115, control vs. 100 nM salbutamol, P = 0.0139). (B) Poincaré plots 

with SDSD intervals.  
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We observed a limited effect of salbutamol on the beat rate and contraction force, with the 

latter significantly increased at 100 nM salbutamol. While a significant anti-arrhythmic 

effect was present within all tested concentrations (i.e. 10 nM and 100 nM) of salbutamol. 

 

8.4.2 Synergic effect of salbutamol and aminophylline on hPSC-CMs 

Effects of aminophylline and salbutamol alone were compared with their combined action 

in various concentrations on EBs prepared from hPSC-CMs derived from the CCTL14 cell 

line. Significant increases in the beat rate and contraction force were observed when the 

combinations of 10 nM, 100 nM, and 1 µM salbutamol with 1 mM aminophylline were 

administered (Figure 3). Strikingly, a comparison with individual effects of salbutamol and 

aminophylline in the respective concentrations revealed an amplified effect of the combined 

drugs. The observed effects on the beat rate and contraction force were also validated using 

a different cell line (CCTL12 hPSC-CMs; Figure S1 in Supplementary data). 
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Figure 8.3 Synergic effect of salbutamol and aminophylline on contractile properties of 

hPSC-CMs. * stands for P ≤ 0.05, P ≤ 0.01, compared to control, # stands for P ≤ 0.05 and 

#### stands for P ≤ 0.0001. Scatter plots with indicated means and standard deviation (SD) 

of the beat rate (A) and contraction force (B) relative responses normalized to the respective 

baseline control measurement in the case of salbutamol and aminophylline and to mean 

values of the control measurement in the case of control (n = 17 for controls, n = 13, 13, 11, 

10, 10, 15, 15, 23, and 15 for treatments, P values in Table S1 in Supplementary data, Brown-

Forsythe and Welch ANOVA test was used for contraction force results, ordinary one-way 

ANOVA for the beat rate results and Kruskal-Wallis test was applied to compare contraction 

force and beat rate results of mixes with individual treatment). The legend in A applies to 
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the whole graph. The results of the mixes consist of two separate experiments, same control 

dataset used based on time of measurement (the first two controls are the same as the third 

and fourth, relating to 20 min and 40 min of treatment). The results of separate 

aminophylline administration originate from our previous paper (Klimovic et al. 2022). (A, 

B) The beat rate and contraction force significantly differed from controls in mixed 

treatments with 1 mM aminophylline and 10 nM, 100 nM, or 1 µM salbutamol. Still, no 

significant effect was observed in individual treatments. The effect of mixed treatments was 

amplified when compared to individual treatments.  

Analysis of the short-term beat rate variability with combined salbutamol and aminophylline 

treatment showed a decreasing arrhythmia tendency across the concentrations, with a 

significant decrease if 1 µM salbutamol and 1 mM aminophylline were applied (Figure 8.4 

AB). In our previous study, we demonstrated the arrhythmogenic potential of aminophylline 

using the cut-off method of arrhythmia analysis (Klimovic et al. 2022). An analogical cut-

off arrhythmia analysis of the current data revealed an anti-arrhythmic effect of salbutamol, 

alone or administered with aminophylline (Figure S2 and S3).  

 

Figure 8.4 Beat rate variability analysis with combined salbutamol and aminophylline 

treatments. Scatter plots indicate means and SDs of SDSDs measured with mixed treatments 

and control (n = 10 for controls, n = 10, 11, 10, 8, 8, 24, 6, 6, and 9 for treatments, p values 

in Table S1 in Supplementary data, Ordinary one way ANOVA test was used). (A) SDSD 

results of EBs with indicated concentrations of salbutamol and aminophylline supplemented 

with separate measurements of both treatments for comparison. The results of the mixes 

consist of two separate experiments, so the same control dataset was used based on time of 

measurement (the first two controls are the same as the third and fourth, relating to 20 min 
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and 40 min of treatment). The results of separate aminophylline administration originate 

from our previous paper (Klimovic et al. 2022). (B) Poincaré plots with SDSD intervals. 

Overall, we observed a synergic effect of salbutamol and aminophylline as both 

bronchodilators potentiate their individual effects on the contraction force and beat rate; this 

effect was most apparent with 1 mM concentration of aminophylline. Finally, anti-

arrhythmic effect of salbutamol prevailed even aminophylline was co-administered. 

8.4.3 Activation of nitric oxide synthase (NOS) reduces aminophylline induced 

arrhythmia. 

To exclude a contribution of possible non-specific mechanisms of the salbutamol action, we 

investigated the role of beta-2 adrenergic receptors (β2-AR) in the observed effect. We co-

administered butoxamine, a β2-selective blocker, with the mixture of salbutamol and 

aminophylline, and we observed that butoxamine effectively blocked the anti-arrhythmic 

effects of salbutamol and synergic effects of the salbutamol-aminophylline combination 

(Figure 5). Interestingly, when treatment containing salbutamol was administered before any 

treatment containing butoxamine, the anti-arrhythmic effect was apparent even after the 

addition of pro-arrhythmic aminophylline alone. (Figure S8.5 in Supplementary data). These 

results showed that the anti-arrhythmic effect in hPSC-CM is mediated solely through β2-

AR and could last tens of minutes after salbutamol exposure. 

To test whether β2-AR activated NOS has a role in antiarrhythmic effect of salbutamol,  

a well-known non-specific inhibitor of NOS Nω-Nitro-L-arginine methyl (L-NAME) was  

co-administered with mixture of salbutamol and aminophylline. Figure 8.6 shows that 

inhibition of NOS led to significant increase of SDSD value compared to mix without the 

inhibitor. This increase was comparable to results where sole aminophylline was 

administered (Figure 8.6, P > 0.01). These results indicate that mechanism of salbutamol 

anti-arrhythmic effect depends on activation NOS through β2-AR.  
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Figure 8.5 Contractile properties and beat rate variability analysis of hPSC-CMs with 

salbutamol, aminophylline, and selective β2-AR blocker butoxamine. Scatter plots indicate 

means and standard deviations (SD) of the beat rate and contraction force relative responses 

normalized to the respective baseline control measurement in the case of salbutamol and 

mixed treatments and to mean values of the control measurement. Scatter plots with means 

and SDs of SDSDs measured with mixed treatments and control means (n and P values) are 

presented in Table S1 in Supplementary data, ordinary one-way ANOVA test was used. (A, 

B) The contraction force and beat rate of EBs treated with the mixes of salbutamol, 

aminophylline, and butoxamine are indicated at the bottom. (C) Analysis of short-term 

variability SDSD. Control groups were always paired with treatment groups based on the 
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time they were given, so they were repeated from previous figures. (D) Poincaré plots with 

SDSD. If butoxamine was added to the mix, contractile properties were not significantly 

different from the effect of aminophylline alone. The anti-arrhythmic potential of salbutamol 

completely diminished when butoxamine was co-administered.  

 

Figure 8.6: Beat rate variability analysis of hPSC-CMs with salbutamol, aminophylline, and 

L-NAME, non-selective inhibitor of NOS. Figure shows relative responses to the respective 

baseline control. Results shows that L-NAME is co-administrated with mix of salbutamol 

(10 nM) and aminophylline (1 mM), SDSD values are comparable to results with 

aminophylline (1mM) and significantly increased to salbutamol and aminophylline mix 

without the inhibitor (Amino 1 mM vs. Mix, p = 0.0001, Mix + L-NAME vs. Mix, p= 0.0065, 

Kruskal-Wallis with Dunn's multiple comparisons test, n = 8 for Amino 1 mM and Mix + L-

NAME, n = 10 for Mix). 

8.5 Discussion 

In the present study, we observed that salbutamol at clinically relevant concentrations up to  

1 µM, which should selectively affect β2-AR, caused a significant inotropic effect and a non-

significant trend toward a chronotropic effect on hPSC-CM clusters. When salbutamol was 

applied with aminophylline, inotropic and chronotropic effects were more prominent. 
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Importantly, this is the first report on a significant anti-arrhythmic effect of salbutamol, 

which reduced the arrhythmia occurrence previously introduced with aminophylline in our 

hPSC-CMs model. This anti-arrhythmic effect was blocked by a selective β2-AR blocker 

butoxamine and by a non-selective NOS inhibitor L-NAME. 

The positive inotropic effect and the concentration-dependent trend to a positive 

chronotropic effect of salbutamol are consistent with its known stimulatory effect on β2-AR 

(Cullum et al. 1969; Corea et al. 1984; Libretto 1994; Baker 2005). This receptor is primarily 

expressed in cells of the lower respiratory tract, such as in smooth muscle cells, where its 

activation leads to relaxation and, thus, to bronchodilation (Johnson et al. 2022). In cardiac 

cells, there is approximately a 4:1 ratio of β1-AR to β2-AR; activation of both predominantly 

leads to chronotropy, inotropy, and lusitropy (Moniotte et al. 2001; Bristow et al. 1986). 

Similarly, we found lower expression of β2 receptors compared to β1 in our model (described 

in our previous work (Jelinkova et al. 2020c)). These effects are mediated by the activation 

of protein kinase A, which phosphorylates several effector molecules such as 

phospholamban (PLB), L-type calcium channels (LTCC), or troponin complex (Post et al. 

1999; Lucia et al. 2018) which plays a key role in the regulation of inotropy (Keefe et al. 

2023). Phosphorylation of troponin during activation of β-adrenergic receptors causes a 

more intense response even at lower Ca2+ concentrations (Lorenz et al. 2017; Keefe et al. 

2023). Stimulation of β1-AR, but not that of β2-AR, may show proarrhythmic effects(Pérez-

Schindler et al. 2013), and as suggested, β2-AR receptors may even counteract β1-AR 

mediated arrhythmogenic effect(Cerbai et al. 1999). The minimal but significant 

chronotropic effect of salbutamol is not surprising considering its β2 selectivity and 

preferential activity in the bronchial smooth muscle(Cullum et al. 1969; Baker 2005) as well 

as much lower expression of β2 receptors in healthy myocardium compared with β1 

receptors(Bristow et al. 1986). The chronotropic effect of isoproterenol, a non-selective β-

AR agonist, is much higher. It was shown that salbutamol at concentrations below 1 µM 

(which primarily stimulate β2 receptors and were used in our study) did not cause a 

chronotropic effect, and its chronotropic effect at higher concentrations was mediated 

exclusively through β1 receptor stimulation(Gonzalez-Muñoz et al. 2011). 

As confirmed in this study (with the use of butoxamine), the observed anti-arrhythmic effect 

of salbutamol was primarily mediated via the β2-AR. The chronotropic effect was smaller 

than that of isoproterenol, which corresponds to clinical experience(Akhtar et al. 2023; 
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Rabbany et al. 2023). Nevertheless intrinsic beat rate variability of the model may contribute 

to the observed trend. 

 In patients with obstructive lung diseases, various combinations of bronchodilator drugs are 

used to relieve symptoms (Zatloukal et al. 2020; Levy et al. 2023; Glob. Initiat. Chronic 

Obstr. Lung Dis. - GOLD, n.d.). While the side effects of individual bronchodilator drugs 

on cardiac physiology were studied, the side effects of combinations of these substances 

have not been clarified sufficiently (Cazzola et al. 2019; M. G. Matera et al. 2020; Maria 

Gabriella Matera et al. 2016). Hence, we decided to analyze the combined effect of different 

concentrations of salbutamol and aminophylline. We discovered that the combination of 

salbutamol and aminophylline in concentrations of at least 10 nM and 1 mM had synergic 

chronotropic and inotropic effects. These effects were significantly stronger compared to 

controls but also to individual measurements with aminophylline or salbutamol. 

Aminophylline, similar to other methylxanthines such as caffeine, nonspecifically inhibits 

phosphodiesterase (PDE) and antagonizes adenosine receptors (Ukena et al. 1993). Taken 

together, salbutamol (by activation of β2-AR) and aminophylline (by inhibition of PDE and 

adenosine receptors) co-medication may result in an increased intracellular concentration of 

cAMP and synergic chronotropic and inotropic effects.  

Surprisingly, the pro-arrhythmic effect of aminophylline described in our previous study 

(Klimovic et al. 2022) was reduced in the presence of salbutamol. The previously proposed 

mechanism of the aminophylline arrhythmic effect was connected to a microdomain cAMP 

level-related diastolic Ca2+ releases via independent clusters of ryanodine receptor 2 (RyR2) 

channels, reducing the threshold for spontaneous Ca2+ release (Domeier et al. 2012b). Since 

the antiarrhythmic action of salbutamol, both alone and in the presence of aminophylline, 

cannot be logically mediated by the cAMP-PKA pathway, which is generally known to show 

an opposite effect(Colombe and Pidoux 2021; Sucharov et al. 2011; Crespo et al. 1995; 

Molenaar et al. 2006). We were looking for alternative possibilities. Considering the role of 

the cGMP-eNOS pathway, which may be activated by β2-AR (Balligand 1999; Ghasemi and 

Jeddi 2022; Domeier et al. 2012a; Tamargo et al. 2010; Bhushan et al. 2012; E. Burger and 

Feng 2011) and is known to cause a systemic decrease of cytosolic Ca2+ concentration and 

increase in SR load (Domeier et al. 2012a; Tamargo et al. 2010; E. Burger and Feng 2011), 

thus likely inhibiting spontaneous Ca2+ release from SR, we aimed to prove if the non-

specific NOS inhibitor L-NAME could mitigate or even prevent the antiarrhythmic effect of 

salbutamol. The cGMP pathway also depends on cAMP level (García-Morales et al. 2017; 
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Balligand 1999). As apparent from Fig. 6, SDSD was not different if both salbutamol and 

aminophylline were applied in the presence of L-NAME from SDSD in the presence of 

aminophylline alone and, vice versa, it was significantly higher to SDSD in the presence of 

salbutamol and aminophylline mixture, thus, proving the central role of cGMP-eNOS 

pathway in the antiarrhythmic action of salbutamol. 

Our main finding showing that salbutamol reduces the arrhythmogenic effect of 

aminophylline may be highly clinically relevant. The arrhythmogenic effect of 

aminophylline is widely known, occurring in about 13% of patients after intravenous 

administration of the drug or even in 20% of overdosed patients (Shannon 1999; Nair et al. 

2012). Aminophylline-induced arrhythmia presents most frequently as atrial fibrillation, but 

more severe arrhythmias may also occur (Huerta et al. 2005). The dual treatment with 

salbutamol and aminophylline is a frequently used treatment combination in clinical 

practice, mainly in the hospital setting during acute exacerbations of asthma or COPD 

(Zatloukal et al. 2020; Levy et al. 2023; Glob. Initiat. Chronic Obstr. Lung Dis. - GOLD, 

n.d.). No randomized trials have been reported on the combined effect of aminophylline and 

salbutamol in patients with COPD or asthma. Only sparse data on the potential toxicity of 

this combination have been reported previously (White et al. 2004). Our data show two types 

of results, i.e., that salbutamol added to aminophylline may cease some arrhythmia 

mechanisms while enhancing the chronotropic and inotropic effects can lead to increased 

tachycardia, similar to literature (Insulander et al. 2004; Futyma 2019). 

This study first showed that salbutamol at clinically relevant concentrations may reduce the 

pro-arrhythmic potential of aminophylline if both these drugs are combined. This effect was 

mediated via β2-AR activated NOS. The clinical relevance of this finding may be high, 

representing a potential way to reduce pharmacotoxicity during aminophylline treatment. 

The combined effect of the two molecules, their safety profile, and potential 

arrhythmogenicity need further investigation in prospective randomized clinical trials. 

8.6 Funding 

This work was supported by the Ministry of Health of the Czech Republic, research grant 

no. NU20-06-00156. 



 

 pg. 140 

8.7 Acknowledgments 

A4L_ACTIONS, supported by European Union’s Horizon 2020 under grant agreement No. 

964997 and CIISB, Instruct-CZ Centre of Instruct-ERIC EU consortium, funded by MEYS 

CR infrastructure project LM2023042 and European Regional Development Fund-Project 

“UP CIISB” (No. CZ.02.1.01/0.0/0.0/18_046/0015974), is gratefully acknowledged for the 

financial support of the measurements at the CF Nanobiotechnology. The work was 

furthermore supported by project National Institute for Research of Metabolic and 

Cardiovascular Diseases (Program EXCELES, No. LX22NPO5104) - Funded by the 

European Union – Next Generation), by the European Commission’s Horizon Europe 

Framework Program under the Research and Innovation Action MUQUABIS GA no. 

101070546, and by the Specific University Research Grants of the Masaryk University , 

MUNI/A/1410/2022, and MUNI/A/1547/2023 provided by the Ministry of Education, 

Youth and Sports of the Czech Republic.  



 

 pg. 141 

9 Arrhythmology application (p6) 

9.1 Commentary: hESC derived cardiomyocyte biosensor to detect the different 

types of arrhythmogenic properties of drugs 

The phenomenon of cardiac arrhythmia, characterized by irregular electrical activation 

leading to abnormal heart contractions, represents a significant clinical challenge. Atrial 

fibrillation (AF), the most common form of arrhythmia, significantly increases the risk of 

stroke, heart failure, and mortality(Al-Khatib et al. 2018; Hindricks et al. 2021; Van Gelder 

et al. 2024). Understanding the mechanisms underlying arrhythmias is paramount for 

developing effective treatments. Various substances, including thein and caffeine, have been 

implicated in the onset of arrhythmias(Voskoboinik et al. 2018), but on the population level 

his effect was found either inconclusive or even AF burden lowering(Casiglia et al. 2018). 

Methylxanthine's proarrhythmic effects stem from its inhibition of adenosine receptors, 

leading to increased intracellular calcium concentrations and neuroendocrine effects(Kong 

et al. 2008). Given the prevalence of arrhythmias and the challenges associated with their 

treatment, there is a pressing need to explore these abnormalities at the cellular level. 

Traditional cell models, based on single cells or monolayers, often exhibit unstable signals 

and fail to accurately mimic physiological tissues. In contrast, three-dimensional (3D) 

models, such as EBs, differentiated into CBBs offer a more physiologically relevant platform 

for studying cardiac function. By leveraging hPSCs, we could generate CBBs that closely 

resemble the developing embryo, providing insights into cardiac physiology and pathology. 

To create a dual-cluster model, differentiation was performed in hESC lines CCTL14 and 

CCTL12, into 3D BCCs, standard cultivation dishes were modified with an agarose-based 

mask to facilitate the precise seeding of two differentiated EBs in close proximity. These 

clusters were allowed to adhere for at least 24 hours, during which they spontaneously 

formed a functional conduction-like syncytium through cellular outgrowth. The cellular 

composition of this connecting bridge was characterized via immunocytochemistry for 

vimentin (fibroblasts), DDR2 (cardiac fibroblasts), and cardiac troponin T (cardiomyocytes), 

revealing a phenotype that mimics the neonatal human heart. The spontaneous 

synchronization of two BCCs after four days was monitored by AFM, coupled with 

fluorescence calcium imaging.  
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The primary sensing platform involved a unique application of AFM . A soft silicon nitride 

cantilever (MLCT-C) was positioned to land on both clusters simultaneously, enabling the 

recording of standard vertical deflection (beating rate of the whole syncytium) and for the 

first time also lateral deflection (complex movement and excitation waves spreading across 

the two clusters). The MCG were collected at 100 Hz. To validate the mechanical data, 

fluorescence calcium imaging using Fluo-4 AM was employed as a reference method, with 

line scans (1000 Hz) placed across the full length of the syncytium to monitor intracellular 

calcium release and synchronization in real-time. 

We demonstrated that two independent cardiac clusters could form an electrically 

and mechanically connected syncytium with fully synchronized beating by 4th day of co-

culture. The biosensor's sensitivity was validated through the application of 1 mM caffeine, 

which acted as a model pro-arrhythmic drug. Caffeine induced an immediate shortening of 

the R-R interval (tachycardia) and a significant increase in the standard deviation of R-R 

intervals, indicating the onset of rhythm irregularities. A critical finding was the detection 

of conductive defects through the loss of synchrony between lateral and vertical deflection 

patterns. Before caffeine addition, vertical and lateral peaks followed each other closely; 

however, caffeine triggered a series of independent small peaks and ultimately resulted in 

complete dyssynchrony of lateral and vertical movements. This mechanical dyssynchrony 

was directly correlated with calcium handling discrepancies observed in the line scans, 

which revealed different pacing parts in one cluster compared to the other. Unlike single EB 

models, this dual-cluster setup was able to visualize the loss of complementarity and 

sequentially in contraction waves, providing a precise in vitro picture of atrial fibrillation-

like behavior and conductive anomalies. 

This system not only detects tachycardia and bradycardia but also isolates signal spreading 

defects through the bridge of connecting cells. Although currently limited by factors like 

biological sample variability and the need for stable cell adhesion, the dual-cluster AFM 

biosensor provides a high-information and repeatable platform for studying the initiation, 

progression, and termination of cardiac arrhythmias in a near-physiological environment. 
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9.2 Introduction  

Introduction of induced pluripotent stem cells (iPSCs)-derived cardiomyocytes (CM) 

allowed the wide development of cell-based biosensors (CBBs). This leap allowed 

quantification of CMs biomechanical and biochemical properties to study response to 

various treatments or cardiomyopathies(Gupta et al. 2019). Sensors are usually based on the 

multi-electrode array (MEA) (Izumi-Nakaseko et al. 2018; Jans et al. 2017; L. Wang et al. 

2013), impedance-based assays (ECIS, xCELLigence®)(Q. Wang et al. 2015; Fleischer et 

al. 2019), piezoresistive sensor(Kim et al. 2017) or atomic force microscopy (AFM)(Martin 

Pesl, Pribyl, Acimovic, et al. 2016).  

AFM, belonging to the scanning probe microscopy, was at the beginning used predominantly 

in material research and engineering. Overcoming difficulties related to biological samples 

allowed it to become a frequently used tool in life sciences. AFM was used to characterize 

the cell properties, such as phenotype(Warrier et al. 2005; Martin Pesl et al. 2017b) , cell 

growth(T. Wang et al. 2013)] and stiffness of living cells(Alunda and Lee 2020). Moreover, 

AFM was successfully used as a sensitive cell-based biosensor (CBB), capable of detecting 

contractile movements of the cardiac cells (H. Liu et al. 2012) and their clusters (embryonic 

bodies EBs) (Martin Pesl, Pribyl, Caluori, et al. 2016), or combined with MEA(Caluori et 

al. 2019). Additionally, arrhythmic (i.e., non-periodical) events in the natural beating pattern, 

often connected with cardiac non-functionality and heart failure, can be identified in the 

recorded data by adding drugs or other bioactive molecules(Gupta et al. 2019). AFM 

microscopy can also be easily combined with other methods such as optical or fluorescence 

microscopy, as they often create a single unit with AFM(Geisse 2009). AFM can be further 

combined with Raman spectroscopy, and others to bring a multiparametric description of 

cardiac cell functions. The main limitation is the need for proper cell adhesion on the surface 

and maintaining conditions such as a liquid medium and physiological temperature (Miletić 

et al. 2020).  

Cardiac cells within the sinus node generate action potentials spontaneously (cardiac 

automaticity). This spontaneous activity is retrieved by diastolic depolarization, which 

brings the membrane potential to the threshold and triggers an impulse propagating through 

the cardiac conduction system. Cardiac arrhythmia is defined as a deviation from the regular 

electrical activation of heart contraction, originating in the sinus node(Domke et al. 1999). 

Human heart rate above 100 BPM is tachycardia, and around 50–60 and lower is 

bradycardia, arrhythmia often presents irregularly(Al-Khatib et al. 2018). The most 
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prevalent type of arrhythmia is atrial fibrillation (AF), affecting more than 33 million people 

worldwide, with an estimated increase of 2–3 times by 2050(Chugh et al. 2014). AF 

aggravates the risk of stroke, heart failure, and all-cause mortality(January et al. 2014). 

Recent studies say atrial fibrillation is independently associated with an increased risk of 

sudden cardiac death(Chen et al. 2013). The mechanisms of cardiac arrhythmias are divided 

into two categories - abnormal or enhanced formation of ectopic impulses and conduction 

disturbances. In a structurally normal heart, the ectopic beats seldom progress to sustained 

arrhythmia. Thus, conduction disturbances in the myocardial tissue are crucial.  

A large body of commonly utilized substances and even drugs causing arrhythmias – i.e., 

antianginals, antibiotics, narcotics, or bronchodilators(Barnes and Hollands 2010). A widely 

available chemical compound with proarrhythmic effects is caffeine(Voskoboinik et al. 

2018) Caffeine acts as a nonselective inhibitor of A1 and A2A adenosine receptors at the 

cellular level. Cardiovascular effects of caffeine include an increase in blood pressure, 

changes in heart rate, and neuroendocrine effects. These effects find reason in the blockade 

of adenosine receptors, causing an increase in intracellular calcium concentrations, the 

release of norepinephrine, and the sensitization of dopamine receptors(Daly et al. 1999). In 

clinical practice, caffeine finds application alone, e.g., in selected cases of 

hypotension(Sawynok 1995) or in combination with analgesics due to its vasoconstricting 

and anti-inflammatory effects(Daly et al. 1994; Temple et al. 2017). Due to the high 

prevalence of arrhythmias in the population, their difficult therapy, it is appropriate to 

address this abnormality burdening the normal functioning of the heart also at the cellular 

level. This approach is well served by the presented CBB, which can help describe the 

arrhythmia, its formation, the treatment, and possibly the effect of therapeutical drugs, as 

even the treatment medication may cause adverse side effects.  

Most of the available cell models are based on single cells or smaller clusters of cells, both 

of which produce unstable signals(Wu et al. 2021). Other models are based on cell 

monolayers, such as the model proposed by Lian et al.(Lian et al. 2012). The major limitation 

of these monolayer models is that the environment in which cells are grown does not allow 

to form 3D syncytia with sufficient similarity to physiological tissues(Zuppinger 2016). 

Monolayers present a significantly reduced extracellular matrix, connections between cells 

only at the periphery of the cells, and the answer to drugs is uniform in all cells. Therefore, 

3D models such as embryoid bodies (EBs) are more indicated. EBs are 3D aggregates of 

cells that imitate structures of the developing embryo and can be differentiated from different 



 

 pg. 146 

lineages such as human embryonic stem cells (hESCs) or patient-specific human induced 

pluripotent stem cells (hiPSCs), enabling their use in precision medicine(Pettinato et al. 

2014). In the present work, hESCs were used. The rationale for using hESCs is that they 

represent a standard in the field and they do not carry the burden of somatic mutations or 

reprogramming-induced epigenetic effects(Kobold et al. 2015).  

In the present work, we introduce a new biosensor setup based on a combination of atomic 

force microscope with the hESC derived CMs, where the microcantilever of the microscope 

creates a sensitive transducer to study cardiac arrhythmias. Computational analysis of image 

sequences served as a reference method to monitor synchronization of the arrhythmic 

beating of two cell clusters connected by cardiac conduction-like syncytium. Moreover, the 

fluorescence calcium imaging supports data obtained by the biosensor setup. The arrhythmic 

events were induced by caffeine solution. The use of the biosensor setup for a detailed 

description of the arrhythmia initiation, progression, and termination is presented and 

discussed.  

9.3 Materials and methods  

9.3.1 Cell lines, cultivation, and differentiation into embryoid bodies  

Human embryonic stem cell (hESCs) CCTL14 and CCTL 12 were used in the present work. 

These cell lines have been derived in Masaryk University, Brno, approved by Ministry of 

Education of the Czech Republic (MSMT approval no.14648/2016-5) and were previously 

characterized and described(International Stem Cell Initiative et al. 2007b). Cell lines have 

been maintained on the feeder layer of mouse embryonic fibroblasts (mEF), that have been 

inactivated mitotically by irradiation as previously described(Jelinkova et al. 2019). Cardiac 

differentiation was performed as described in Ref. (Jelinkova et al. 2020a).  

9.3.2 Cultivation dish preparation and EBs seeding  

Standard 30 mm cultivation dishes (TPP, cat no. 93040) and low 35 mm ibidi μ-Dishes (ibidi, 

cat. no. 80136) had to be modified with an agarose-based mask to increase the probability 

of seeding two differentiated embryoid bodies next to each other. Consequently, we 

delimited the area to let the EBs adhere when the following protocol was employed. A 0.5 

ml Eppendorf tube was cut to obtain 4 mm external diameter sections. The prepared sections 

were fixed to the bottom of the cultivation dish with a double-sided scotch. The remaining 

space in the dish was filled with a 1 mm thick layer of 1% agarose dissolved in PBS. Agarose 
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solution created gel after 20 min of incubation at RT. The addition of 1 ml of PBS stabilized 

the gel layer after another 10 min. The plastic mask was then removed, the dishes were 

closed and sealed with a parafilm. The whole process was finished with sterilization by 

gamma- force spectroscopy mode (1 nN setpoint) using MLCT-C cantilever irradiation at 

100 Gy. Dishes were stored for a maximum of one week (Bruker). The cantilever was chosen 

based on its dimensions, allowing it to land on both EBs simultaneously (see Fig. 9.1). The 

dish was washed twice with PBS prior to seeding the EBs. The levers from silicon nitride 

were used due to their properties when bottom of the holes created by the masking process 

was coated with measuring in liquid. 30 mm cultivation Petri dishes containing either 0,1% 

gelatin for at least 30 min at 37 ◦C and 5% CO2 to promote the cell distilled water for 

calibration or double EB were placed to the motorized adhesion. Then, the excess gelatin 

was removed, 1 ml of cultivation stage with a pre-heated Petri dish heater to 37 ◦C. The laser 

reflection medium was added, and two differentiated EBs were seeded. Thus, sum was 

maximized before each experiment, and the laser detector was prepared samples were left 

for at least 24 h in a standard CO2 incubator centered. After that, cantilever sensitivity and 

stiffness via the to produce adhered double-EB structure. contact-free method in Bruker-JPK 

software were determined. Vertical and lateral deflection data was collected in 100 Hz 

frequency as sampling frequency was chosen three times higher than the frequency required 

to sample the fastest event in previous recordings. 

9.3.3 Processing of video sequences mechanocardiograms (MCG).  

After seeding of EBs, the development of beating synchronization the QRS complex. 

Vertical deflection provided information about the was monitored in real-time by analyzing 

sequences of optical images. R-R interval and its immediate response to caffeine. Beating 

frequency Monitoring was performed by the everyday acquisition of 20-s videos on was 

calculated as 60s divided by average R-R interval in seconds during the Zeiss LSM 700 

microscope in the bright field and processing them post processing. The lateral (horizontal) 

deflection representing the using ImageJ/Fiji macro Musclemotion (see supplementary 

material[37].) complex movement of the syncytium was used to report on the different 

defects of EB synchronization. Each sample was measured for 1 min in a standard cultivation 

medium (MEF), followed by 1-min measurements  



 

 pg. 148 

9.3.4 Atomic force microscopy  

Cells were treated with 1 mM caffeine in MEF in 0, 5, and 10 after the addition of treatment. 

Experiments to assess the effect of caffeine (Sigma Aldrich, cat. No. C-0750) on our 

syncytium has been performed 24 h (AFM) method (JPK Nanowizard 3, JPK-Bruker) was 

used as described after synchronization of the syncytium. before(Martin Pesl, Pribyl, 

Acimovic, et al. 2016). In a liquid environment, measurements were conducted in Data 

analysis obtained from AFM was based on the combination of average RR length, the 

distance between two R peaks, and standard deviation of the average RR length in vertical 

and lateral deflection data (Fig. 9.1B, D). These values, recorded for each time point, have 

been normalized concerning the values registered in standard cultivation medium, i.e., 

without caffeine. Variation of RR length indicates the onset of tachycardia or bradycardia. 

The onset of arrhythmic events was assessed by comparing the standard deviation value 

computed after caffeine treatment concerning the value registered in the standard cultivation 

medium. Data extraction was performed employing our python script(DaniilKabanov [2021] 

2021). Analysis of typical MCG curve recorded by AFM is shown in Fig. 9.1.  
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Fig. 9.1. (A) - Schematic description of the AFM methodological approach. The soft silicon-

nitride lever measures the contraction movement of the double-EB in both planes, (B) as 

lateral and vertical force change deflection of the cantilever. (C) –Representative 

mechanocardiogram with indicated vertical, lateral synchronized deflection and RR length 

in seconds (D) - Real image from the top optical microscope captures the cantilever in 

contact with both EBs, magnification 10×. 

9.3.5 Ca2+ imaging  

The fluorescence staining of cytoplasmic calcium with Fluo-4-AM (Invitrogen, cat. no. 

F14201) dye was used as a supportive analysis of the contraction movements. This allowed 
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for monitoring of the contraction by measuring the Ca2+ release from sarcoplasmic reticulum. 

The samples of double EBs were prepared with the same protocol as for AFM 

measurements; the Ca2+imaging experiments were performed 24 h after syncytium 

synchronization. The staining protocol was adopted from the literature(Klimovic et al. 2021) 

Briefly, 1.5 μM Fluo-4-AM solution in DMSO was added to the cultivation medium. EBs 

were then incubated for at least 30 min at 37 ◦C and 5% CO2 in the dark. No washing of the 

fluorescence dye was necessary. The measurement of Ca2+ fluorescence was performed on 

Zeiss LSM 700 confocal microscope using software Zen Black. Here, line scan analysis was 

performed (1000 Hz) by placing the line across our syncytium to cover its full length. Line 

scans were then processed on ImageJ/Fiji(Schindelin et al. 2012). Two regions of interest 

(ROIs) were applied, one over each EB, and evaluated was each ROI average intensity of 

the fluorescence signal for every timepoint. Data extracted were then plotted in GraphPad 

software (GraphPad Software) to analyze the evolution of the mutual interaction between 

the two EBs in real-time.  

9.3.6 Immunocytochemistry  

To unravel the cellular phenotypes composing our syncytium, immunocytochemistry 

analysis for three markers was performed. Vimentin (Santa Cruz Biotechnologies, cat. no. 

sc-7557, dilution 1:250) as a marker of fibroblasts(Tarbit et al. 2019); Discoidin Domain 

Receptor 2 (DDR2- Santa Cruz Biotechnologies, cat. no. sc-81707, dilution 1:100) marker 

of cardiac fibroblasts(Camelliti et al. 2005); Cardiac Troponin T (cTnT- R&D Systems, cat. 

no. MAB1874, dilution 1:100) marker of CMs(Jelinkova et al. 2020b). Briefly, the samples 

were fixed in ice-cold paraformaldehyde, after permeabilization with 0.2% Triton X, 

blocking with 2.5% BSA solution in PBS buffer containing 0.1% Tween detergent followed. 

The incubation of samples with primary antibodies was performed overnight at 4 ◦C. The 

following day, the secondary antibodies were applied, and cover glasses were mounted on 

the Mowiol® 4–88 (Sigma, cat. no. 9002- 89-5) layer with DAPI (Thermo Fisher Scientific, 

cat. no. 62248). Secondary antibodies labeled with the Alexa Fluor 488 (Invitrogen, cat. no. 

A-21202) and Alexa Fluor 594 (Invitrogen, cat. no. A-21203) dyes were both applied in 

dilution 1:500.  

9.4 Results and discussion  

In this study, we presented a new stem cell-based model for the study of cardiac arrhythmias 

coupled with AFM forming together a biosensor capable of detecting arrhythmogenic 



 

 pg. 151 

properties of drugs. Starting from hESCs, we have been able to form a suspension of hESC’s 

clusters which were differentiated into CMs syncytium. Two such clusters seeded on 

adherent plate in vicinity spontaneously formed electrically connected syncytium presenting 

fundamental phenotypes of the human myocardium and its conductive system. Formation of 

the syncytium, beating synchronization, and study of arrhythmia monitored by the AFM and 

calcium release are presented and discussed in the following chapter.  

9.4.1 Formation and characterization of functional syncytium  

In this work, two beating clusters were seeded in the vicinity on an adhesive surface allowing 

cell outgrowth from the EBs. The adhesive surface was previously shown to inhibit 

cardiogenesis via SRC-family kinases(Zhang et al. 2014), promote cell migration(J. Liu et 

al. 1999), and fibroblast proliferation(Kilkenny et al. 2003). To investigate the cellular 

composition of the conductive cell layer connecting the two synchronized EBs, staining of 

vimentin and discoidin domain receptor 2 (DDR2) was visualized by confocal microscopy 

(Fig. 9.2). A positive signal for vimentin evenly spread across the cell layer suggested the 

presence of fibroblast cells. Most cells between the two EBs (‘a bridge’) proved to be 

positive for DDR 2, a specific marker of cardiac fibroblasts. The presence of cardiac 

fibroblasts has been previously shown to be a key factor in the onset of cardiac syncytia 

synchronization(Jang et al. 2020). Cardiac fibroblasts are also crucial in forming tissue-like 

architecture(Eder et al. 2016). Finally, the syncytium and the bridge were positively stained 

for cTnT, structural CMse protein, and synchronization of the contractions of the two EBs 

was observed on day 4. Considering the hESC-derived CMs have a similar phenotype as 

fetal/neonatal CMs(Sala et al. 2017) the composition of the connecting cell layer may 

resemble the composition of the human fetal heart(Dewing et al. 2022). Two EBs were 

seeded in proximity, thus creating a functional syncytium “bridge” during the following 

days. Sets of EBs with the suboptimal distance between each other were excluded. The beat 

rate and synchronicity of the EB pairs were observed in time for 4 days from seeding. 

Syncytia formed by the two EBs connected by conductive cell layer (Fig. 9.1) with fully 

synchronized beating were observed at day four for all analyzed samples (Fig. 9.3; 10 EB 

sets were analyzed).  

The unification of the beating frequency of the two EBs and the synchronization of their 

beats was associated with cell outgrowth on adhesive tissue culture dishes, stemming from 

both EBs. Correlation between the amount of the cellular outgrowth and synchronization of 

the beating was observed, suggesting the formation of a conductive cell layer between the 
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EBs. The cell outgrowth was fundamental for the synchronization of the syncytium. 

Synchronization may come from the excitable cardiac fibroblast population(Jang et al. 2020) 

or gap junctions formed between adjacent CMs(Aratyn-Schaus et al. 2016).  

9.4.2 Detection of caffeine-induced arrhythmia by AFM based biosensor and 

Fluo-4  

An extremely sensitive setup based on the microcantilever of AFM acting as a nanosensor 

was used to analyze the contractile properties of both EBs (Fig. 9.1). Recorded data were 

analyzed for both vertical (beating frequency) and horizontal (synchronization) deflections 

(Fig. 9.4). Caffeine was used to induce arrhythmic events.  

Caffeine addition induced shortening of the RR interval and thus the increase in the beat rate 

of the syncytium (Fig. 9.4). This was reflected by both the change in vertical and lateral 

deflection (Fig. 9.4a, c). Calculated standard deviation reports on the irregularity/arrhythmic 

events. A significant increase in standard deviation was observed immediately after caffeine 

injection (Fig. 9.4b and d, time 0 min) in comparison to other time points, suggesting an 

arrhythmic event induced by the caffeine. The caffeine-induced increase in standard 

deviation was observed for both the lateral and the vertical deflection.  

The decrease in average RR length is comparable for vertical and lateral deflection after the 

addition of caffeine (Table S9.1), witnessing that the chronotropic effect of caffeine 

increases with time. The standard deviation of the RR interval, on the other side, increases 

only immediately after the addition of caffeine in both the vertical and lateral deflection, 

while it is lower than the control value in all other time intervals (Table S9.1). The increase 

in RR standard deviation at time 0 suggests that RR standard deviation reports the caffeine-

induced beat rate irregularity (vertical movement) and EBs’ synchronization irregularity 

(lateral movement).  
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Further, caffeine affected the synchronization of vertical and lateral displacement of the 

AFM cantilever (Fig. 9.5). The lateral and vertical deflection peaks followed each other 

closely before adding caffeine, suggesting the spread of contraction waves through the 

syncytium (Fig. 9.5A). Adding caffeine caused a series of small peaks (independent lateral 

 

Fig. 9.2. Cell composition of the connective cell layer between the two adjacent EBs ‘a 

bridge’. The cell layer formed by cell outgrowth from the two EBs on the adhesive surface 

was stained for the presence of the fibroblast marker vimentin (green), cardiac fibroblast 

marker DDR2 (yellow), and cardiomyocyte marker cTnT (red). The yellow color was 

obtained in postprocessing. Orange dashed line helps to recognize connecting ‘bridge’; the 

grey dashed line visualizes partial contours of both EBs. (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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and vertical deflections) and ultimately resulted in complete dyssynchrony of the lateral and 

vertical movement (Fig. 9.5B). That suggests arrhythmic-like events caused by defects in 

signal spreading through the bridge of cells between the two EBs, resulting in the irregular 

beat of the two EBs (Fig. 9.5B).  

The addition of caffeine induced the loss of synchrony between lateral and vertical deflection 

resulting in the displacement of the cantilever in both directions (for detail see Fig. 9.5C).  

The novel double EB biosensor benefits from atomic force microscopy’s real-time 

measuring mechanical response. Measuring the displacement of a soft cantilever in time 

gave us information about both cellular clusters’ lateral and vertical movements. We 

hypothesized that vertical movement reports on the beat rate of the whole syncytium while 

lateral movement can record excitation waves spreading across the double EB set up and 

report on asynchronous events due to irregular beat of the adjacent EBs.  

To validate our hypothesis, our model consisting of two EBs connected in syncytium was 

subjected to measurement of intracellular cytosolic Ca2+ employing fluorescent calcium-

sensitive detector Fluo-4. The line scan across the two EBs and their connective layer 

allowed for the observation of synchronization of the two EBs (Fig. 9.6 C, D, F). Caffeine 

induced a progressive increase of beat rate, consistent with the observation by AFM. The 

whole syncytium presents a higher beat rate in caffeine’s presence than the MEF media 

without the caffeine. Caffeine further induced beat rate irregularities and beating 

discrepancies between the two EBs suggesting the presence of synchronization defects of 

the two EBs in the double EB biosensor (Fig. 9.6 C and D). Fig. 9.6 also shows a different 

pacing part of one of the clusters compared to the contraction rate of the syncytium (Fig. 9.6 

E and F). To validate our hypothesis, our model consisting of two EBs connected in 

syncytium was subjected to measurement of intracellular cytosolic Ca2+ employing 

fluorescent calcium-sensitive detector Fluo-4. The line scan across the two EBs and their 

connective layer allowed for the observation of synchronization of the two EBs (Fig. 9.6 B, 

D, F). Caffeine induced a progressive increase of beat rate sound with the observation by 

AFM. The syncytium presents a higher beat rate in caffeine’s presence than the MEF media 

without the caffeine. Caffeine further induced beat rate irregularities and beating 

discrepancies between the two EBs suggesting the presence of synchronization defects of 

the two EBs in the double EB biosensor (Fig. 9.6 C and D).  
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Fig. 9.4. AFM analysis of the caffeine induced changes in vertical and lateral displacement. 

Time -1 min indicates measurements conducted in MEF media without caffeine. Caffeine 

was added at 0 min with subsequent measurements at 5 and 10 min. The vertical 

displacement (VERTICAL) and lateral displacement (LATERAL) were analyzed. The 

frequencies of the vertical and lateral movement reporting on the chronotropic effect of 

caffeine are shown on panels A and C, while the variation of the movement in time is plotted 

as standard deviation values on panels A and B. Both average RR length and standard 

deviation have been normalized to the average RR length and standard deviation value 

before caffeine addition. In both cases, the RR length decreases in time, and the standard 

deviation increases right after adding caffeine medium. 
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Fig. 9.5. Caffeine-induced dyssynchrony of the lateral and vertical deflections. Comparison 

of lateral and vertical deflection before caffeine addition (panel a) and after caffeine 

addition (panel b). In standard culture medium, vertical and lateral deflection appears to be 

synchronized with slight time shifts. Caffeine induced irregular small deflections and 

dyssynchrony of lateral and vertical displacements. (c) Detail of the comparison between 

vertical and lateral deflection after the application of caffeine. The arrow indicates the 

instant where dyssynchrony is detected.  
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As already mentioned, in the present work, we used a 3D model derived from the model 

used by Ref.(Pesl et al. 2013). Our model and the single EB model agree on the arrhythmic 

response caused by caffeine except for the stop-and-go effect not observed in the double EB 

setup. Moreover, the single EB presents a lower degree of complexity as it does not allow to 

characterize the effects of chemical compounds on the conductive system employing AFM. 

Indeed, differentiated EBs present a combination of atrial, ventricular, and nodal CMs 

(Naumova and Iop 2021) Our model can detect rhythm abnormalities on vertical deflection 

and conductive disorders on a horizontal deflection by comparing vertical and lateral 

deflection. In the present study, a conductive defect caused by caffeine equals either 

ventricular or atrial fibrillation-like behavior and a decrease of contractile function. This is 

a precise picture of proarrhythmogenic loss of complementarity and sequentiality between 

vertical and horizontal deflection patterns. This proves that our detection method based on 

AFM is suitably sensitive for detecting arrhythmic events.  

The introduction of the effects caused by the conductive cardiac system and the complex 

behavior of caffeine represents an advantage of our model compared to 2D models. 

However, the arrhythmic response of our syncytium is coherent with planar models present 

 

Fig. 9.6. Calcium imaging analysis of caffeine-induced synchronization defects of the double 

EB biosensor. Evaluation of the time evolution of the synchronicity of the two EBs (EB1 in 

black and EB2 in grey) of the double EB biosensor by line scan in high sampling frequency. 

Panels a and b show representative data of the double EB biosensor in MEF media (control). 

Panels c to f show three types of beat rate and synchronization defects after caffeine addition. 

Each curve and image represent 10 s recording before (panels A and B) and after caffeine 

addition (panels C to F). 
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in the literature, whether analyzing tachycardia-like(Balasubramaniam et al. 2005; 

Korohoda et al. 1995), fibrillation-like(Shafaattalab et al. 2019) or conductive 

anomalies(Satoh 1993) response. On the other hand, the multicellular system may constitute 

an eventual limitation as a dual model cannot discreet single-cell phenotype as other 

3D(Kawatou et al. 2017) or 2D (Gharanei et al. 2022) models, thus increasing the difficulty 

of studying the contribution of single cellular phenotypes on the arrhythmic response. The 

phenotype is a known hurdle in the process of drug screening(Sala et al. 2017). Further, we 

must acknowledge that our system is unlikely to contain Purkinje bundles, the anatomical 

structure of the cardiac conduction system, responsible for certain kinds of arrhythmias and 

it’ development(Tusscher and Panfilov 2008). Thus, the involvement of direct Purkinje cells 

generation from hESCs by cAMP signaling activation(Tsai et al. 2015) might be the next 

step in developing a complex cardiac conduction system model.  

Nevertheless, using this model has a crucial advantage. As a matter of fact, for the 

differentiation of EBs, it is possible to use both hESCs and hiPSCs (Jelinkova et al. 2020). 

The use of hiPSCs could be used in the future to introduce patient-specific models that would 

allow ad hoc drug screening(Kussauer et al. 2019) to select the most appropriate anti-

arrhythmic drug for a given patient/pathology.  

AFM also comes with limitations as the samples need to adhere, and the question of sterility 

comes to mind when measuring for a longer time. Some alternatives can be used for 

mechanical responses measurements, such as traction force microscopy or optical 

tweezers(Arbore et al. 2019; Lekka et al. 2021; Schaefer and Tranquillo 2016). Those two, 

however, lack a straightforward sample preparation in the case of the former or are 

experimentally complex in the case of the latter. Methods based on image processing 

software such as Musclemotion(Sala et al. 2018), Myocyter(Grune et al. 2019) and others, 

offer a non-invasive way to measure mechanical response; however, they lack the sensitivity 

of AFM and information about contraction force. Moreover, optical methods lack exact 

recognition of CMs cultivated in vitro due to their immature morphology compared to 

isolated CMs and often require dissociation of the syncytium (M. L. Rodriguez et al. 2014). 

Compared to AFM, calcium imaging required sophisticated image/video postprocessing and 

analysis. Finally, impedance assay methods were also used for mechanical contraction 

measurements(Jahnke et al. 2013), but it’s unclear whether this method would be feasible 

with two EBs. Some methods are probing contractile properties in the context of cellular 

electrophysiology rather than mechanobiology. Those methods include fluorescence 
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voltage-sensitive or calcium-sensitive dyes, arguably suitable for this model, though, 

become toxic for the cells after a given time(Ahola et al. 2018; Guatimosim et al. 2011; 

Herron Todd J. et al. 2012). Compared to AFM, fluorescent calcium indicators require an 

incubation period and the intracellular presence of the indicator may interfere with cell 

physiology. Nevertheless, the fluorescent methods can serve as complementary methods.  

On the other hand, a multi-electrode array (MEA) is suitable for this model as each EB can 

sit on a different electrode, allowing simultaneous field potential monitoring of both EBs. 

Still, such measurement would be complicated by adhering EBs exactly on the electrode. 

Optimization in this regard, for example, by different types of coating, is very desirable, as 

this method can be easily combined with AFM. This MEA-AFM setup would give us 

complex information about electro-mechanical coupling(Caluori et al. 2019), together with 

the detection of arrhythmic events demonstrated in this paper.  

9.5 Conclusion  

Dual cluster CBB using human stem cell-derived CMs based model presents relevant 

arrhythmic response and confirms AFM as a suitable device for arrhythmia detection.  

Dual cluster syncytium can spontaneously mimic phenotypes present in the neonatal heart, 

yet its heterogeneity might constitute a limitation. On the other hand, this model already 

possesses high potential for patient-specific drug screening as future application as patients’ 

hiPSCs derived beating EBs have already been successfully differentiated.  
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10 Final Conclusion and Future Perspectives 

The research presented in this habilitation thesis demonstrates the successful development 

and application of a multi-modal cell-based biosensor (CBB) platform centered on human 

pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) and Atomic Force Microscopy 

(AFM). By transitioning from traditional two-dimensional (2D) cultures to three-

dimensional (3D) embryoid bodies (EBs) and differentiated BCCs, this work has established 

a physiologically relevant framework for studying cardiac mechanics, electrophysiology, 

and pharmacology in vitro.  

The core achievement of this research was the optimization of AFM as a high-fidelity 

nanomechanical transducer capable of recording MCG with a sensitivity down to 200 pN. 

Initial studies proved that using non-coated silicon nitride cantilevers with a 5-6 nN setpoint 

provided long-term thermal stability for measurements lasting up to 8 hours. The platform’s 

robustness was further enhanced through the integration of MEA, allowing for the 

synchronous recording of extracellular field potentials and mechanical force. This 

integration facilitated the first-ever measurement of the electro-mechanical delay (EMD) in 

a 3D in vitro model, providing a critical new parameter for assessing cardiac function.

 Furthermore, the addition of calcium imaging allowed for the simultaneous 

monitoring of intracellular calcium transients and mechanical contractions. By employing 

advanced signal processing methods such as ensemble empirical mode decomposition 

(EEMD), the biosensor effectively correlated calcium wave dynamics with contractile 

output, identifying expected physiological responses to caffeine stimulation, such as an 8.4% 

increase in beating frequency and a significant rise in basal fluorescence.These methods 

allow for the analysis of key features, such as cell phenotype, stiffness, contraction 

properties, and the natural beating pattern of cardiac cells, which is critical for understanding 

heart function and failure. Importantly, the ability to observe arrhythmic events, which 

indicate non-functional or dysfunctional heart tissue, makes these systems particularly 

valuable for the study of cardiac health and disease. 

10.1 Disease modeling  

A major pillar of this thesis was the application of these technologies to Duchenne 

Muscular Dystrophy (DMD). By utilizing patient-specific induced pluripotent stem cells 

(hiPSCs) and CRISPR/Cas9-edited embryonic lines, the research successfully recapitulated 

the human DMD phenotype in vitro. The findings revealed a pathological signature 

characterized by hypocontractility, bradycardia, and significantly increased heart rate 

variability. Intracellular analysis showed that DMD-CMs exhibit impaired calcium handling, 

marked by elongated time-to-peak transients and a higher frequency of diastolic calcium 

leaks. Pharmacological trials uncovered a blunted beta-adrenergic response despite the 

overexpression of relevant beta-receptors, suggesting a signaling pathway dysfunction 

similar to that seen in clinical heart failure. Crucially, the detection of elevated free cardiac 

troponin T (cTnT) in the culture medium from day 35 of differentiation provided a 

biochemical marker for progressive cardiomyocyte wasting, aligning the in vitro model with 

clinical diagnostic standards. . This model has been particularly useful also in studying 
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conditions like Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT), and 

Diabetic Cardiomyopathy, beyond scope of this thesis.  

10.2 Pharmacological Analysis and Arrhythmia Detection 

The biosensor platform proved to be a highly sensitive tool for drug cardiotoxicity screening. 

Research on the bronchodilator aminophylline identified two parallel arrhythmogenic 

mechanisms: a concentration-dependent ("deterministic") chronotropic effect and a 

concentration-independent ("stochastic") occurrence of rhythm irregularities. Subsequent 

studies on the combination of aminophylline and salbutamol—a common clinical pairing—

revealed a synergistic effect on force and rhythm. Most importantly, salbutamol was found 

to possess an anti-arrhythmic property that mitigated aminophylline-induced irregularities 

through the activation of nitric oxide synthase (NOS) via beta2-adrenergic receptors. In the 

specific area of arrhythmology, the development of a dual 3D cardiac syncytium connected 

by a functional cellular bridge allowed for the detailed study of conduction disturbances. By 

utilizing lateral AFM deflection measurements for the first time, the biosensor detected the 

loss of synchrony and signal spreading defects triggered by pro-arrhythmic drugs. This 

mechanical dyssynchrony mirrored the non-synchronized contraction patterns characteristic 

of atrial or ventricular fibrillation. 

10.3 Clinical Relevance and Precision Medicine 

The cumulative findings of this thesis underscore the potential of hPSC-CM biosensors in 

precision medicine. The ability to create patient-specific dual-cluster syncytia enables ad hoc 

drug screening tailored to an individual’s genetic background and specific conductive 

pathology. For the first time we initiated systemic study of conduction-related cardiac 

arrhythmias. The use of dual-cluster PSC-derived CMs has allowed us to explore the 

complex mechanisms underlying these arrhythmias and better discern the specific 

conduction and focal arrhythmias. AFM-based biosensors have been particularly effective 

in detecting subtle arrhythmic events, providing an incredibly sensitive and repeatable 

platform for cardiac research. The high sensitivity of these sensors makes them ideal for both 

basic research and clinical applications, where detecting even the smallest disruptions in 

cardiac function can be critical. 

In conclusion, the combination of iPSC-derived cardiomyocytes and advanced biosensor 

technologies has revolutionized our ability to study and understand cardiac function. The 

ability to measure both the mechanical and electrical properties of heart cells in real-time, 

particularly when combined with patient-specific models, holds great promise for the future 

of precision medicine and personalized drug development. The ongoing development of 

these technologies, along with their application in disease modeling and drug testing, 

promises to enhance our understanding of cardiovascular diseases, improve patient 

outcomes, and reduce the risks associated with drug development. As these systems continue 

to evolve, they will undoubtedly play a critical role in advancing both basic cardiac research 

and clinical applications. 
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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
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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
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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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A B S T R A C T

Cardiomyocytes (CM) placed on microelectrode array (MEA) were simultaneously probed with cantilever from
atomic force microscope (AFM) system. This electric / nanomechanical combination in real time recorded
beating force of the CMs cluster and the triggering electric events. Such "organ-on-a-chip" represents a tool for
drug development and disease modeling. The human pluripotent stem cells included the WT embryonic line
CCTL14 and the induced dystrophin deficient line reprogrammed from fibroblasts of a patient affected by
Duchenne Muscular Dystrophy (DMD, complete loss of dystrophin expression). Both were differentiated to CMs
and employed with the AFM/MEA platform for diseased CMs’ drug response testing and DMD characterization.
The dependence of cardiac parameters on extracellular Ca2+ was studied. The differential evaluation explained
the observed effects despite variability of biological samples. The β-adrenergic stimulation (isoproterenol) and
antagonist trials (verapamil) addressed ionotropic and chronotropic cell line-dependent features. For the first
time, a distinctive beating-force relation for DMD CMs was measured on the 3D cardiac in vitro model.

1. Introduction

In the field of cell-based biosensors, cardiomyocytes (CM) are often
used as models to study heart related diseases. The monitoring of
electric activities of CMs is typically chosen; (multi)electrode transdu-
cers seem well established and widely available as microelectrode ar-
rays (MEA) (Rothermel et al., 2005). The beating of CMs can be fol-
lowed relatively easily (e.g. by video microscopy, Laurila et al., 2015),
though in many situations the missing information on the associated
beating force is of paramount importance in heart remodeling pathol-
ogies, such as dystrophinopathies and cardiomyopathies (Vatta et al.,
2005). Beating force is associated with pathophysiological electro-me-
chanical coupling, and its alterations result often in mechanical heart
failure (Pesl et al., 2016a). Such biomechanical measurements in-
vestigating the dilated cardiomyopathy were previously done on CMs
using the stretcher device (Knoll et al., 2002). More detailed in-
vestigations were later done using cantilevers as nanomechanical
transducers and atomic force microscope (AFM) as the evaluation
system in real time with individual cardiomyocyte cells (Liu et al.,

2012a,2012b) or cell clusters (Pesl et al., 2016a). Thus, combination of
AFM for biomechanical changes with MEA sensing electric signals de-
scribed here seems naturally promising for elucidating complex events
in cardiomyocytes obtained from patient derived stem cells. This ap-
proach provides a robust and convenient example of the organ-on-a-
chip system demonstrating its capabilities on disease related CMs.

Supplementary material related to this article can be found online at
doi:10.1016/j.bios.2018.10.021.

The introduction of human pluripotent stem cells (hPSC, either
embryonic, hESC, or induced pluripotent, hiPSC) and cardiac differ-
entiation protocols allowed almost two decades of study on the cardiac
organogenesis and functionality. In particular, patient-specific hiPSC
representing a direct supply of healthy and mutation-carrying samples
(Sinnecker et al., 2014) allow for description of the diseases progression
involved in heart failure (Moretti et al., 2013). To improve the com-
parison between in vitro models, CRISPR-Cas9 technology has recently
gained an outstanding popularity for its efficiency and flexibility in
inducing precise mutations in cell lines, providing researchers with
isogenic controls (Motta et al., 2017). hPSC-derived cardiomyocytes
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and models recapitulate the morphological, genetic and functional
characteristics of the heart muscle, specifically the subcellular cascade
known as cardiac excitation-contraction coupling (cECC), responsible
for heart pumping function (Bers, 2002). Cardiomyocytes from hPSC
can be derived as 2D or 3D stem cell cultures. However, the 3D models
seem to be superior and more physiologically relevant compared to the
2D ones (Regmi and Jeong, 2016). For monolayer culture, the multiple
existing protocols with high differentiation efficiency involve modula-
tion of the canonical Wnt/β-catenin pathway (Lian et al., 2012;
Burridge et al., 2014), with high differentiation efficiency. For 3D
cultures, the protocols exploit the spontaneous differentiation triggered
from the aggregation of hPSC into embryoid bodies, which is driven to
cardiac phenotypes using hypoxia and small molecules cocktails (Pesl
et al., 2014). The efficiency of differentiation and grade of maturation
can vary according to protocol and cell lines, and can be improved by
physical methods, as in electro-mechanical stimulation (Bauwens et al.,
2016). Purified hPSC-CMs can be further reassembled in precise geo-
metries, such as in the engineered heart tissue (Tzatzalos et al., 2016).
From gene expression to functionality, hPSC-CMs present an em-
bryonic-like cardiac phenotype, with immature sarcomeres, sarco-
plasmic reticulum and calcium cycling (Mummery et al., 2012;
Acimovic et al., 2014). An immature phenotype has also been proven
for embryoid body-derived cardiac models (Doevendans et al., 2000).
Nevertheless, hPSC-CMs play a key role in future drug development
with reduced attrition rate (Liang et al., 2013; Zheng et al., 2013), in
cardiotoxicity assays (Takeda et al., 2018), disease modeling (Dell’Era
et al., 2015) and in cell-based regenerative therapies (Doppler et al.,
2013), and further studies to achieve cardiac maturation are ongoing.
This aspect is also investigated by our proposed approach, to assess its
robustness.

The hPSC-derived cardiac models can be characterized by func-
tional (or phenotypic) properties though multiple in vitro assays, re-
viewed in another work from our group (Pesl et al., 2016b). Among
these, atomic force microscopy has in the past three decades achieved
remarkable role in the evaluation of biological samples mechanics and
topography (Alonso and Goldmann, 2003; Kilpatrick et al., 2015) in
native culture environment. In particular, it has been employed in
important studies on single CMs (Liu et al., 2012a). A combination of
AFM and 3D cardiac models has already been proposed as cell-based
biosensor (CBB) in our previous work (Pesl et al., 2016a). Most AFM
systems are now currently integrated with optical and confocal micro-
scopy, which allows the implementation of combined measures of AFM
and calcium imaging (Liu et al., 2012b; Caluori et al., 2018), but further
systems can be included if properly miniaturized. Small biosensors,
such as microelectrode arrays (MEA), can be engineered to comply with
AFM and optical microscopy systems for cardiac investigation (Cogollo
et al., 2011). The attractiveness of MEA-based electrophysiology resides
in its ability to multiprobe extracellular field potentials (EFP) of elec-
troactive cells in a non-destructive fashion, which allows for prolonged
and complex measurements of cells and tissues (Spira and Hai, 2013).

In this work, we present an electromechanical in vitro system for the
combined study of cECC on 3D cardiac models, employing both AFM
and MEA platforms together. The aim of this work is to provide an
improved method for cardiac models characterization and drug testing
in the format of an organ (heart)-on-a-chip. For this reason, we have
confronted a model of cardiac maturation with respect to its control,
and employed a disease model of Duchenne muscular dystrophy
(DMD), a progressively invalidating pathology of the striated muscle,
including the myocardium (Finsterer and Stöllberger, 2003).

2. Materials and methods

2.1. hPSC culture and cardiac differentiation

The cardiac cells clusters were obtained using the hESC line CCTL14
(Adewumi et al., 2007) and one hiPSC line reprogrammed from

fibroblasts of a patient affected by Duchenne Muscular Dystrophy
(DMD). The patient carries a deletion of exons 45–50 of the DMD gene
causing a complete loss of dystrophin expression. The line has been
fully characterized for pluripotency markers (https://hpscreg.eu/cell-
line/MUNIi001-A) and the differentiated CMs were tested for presence
of striated pattern of sarcomeres labeled with cardiac troponin T (sc-
8121, Santa Cruz), and cytoplasmic presence of dystrophin (NCL-DYSB,
Leica) (see Supplementary material, SFig. 1). Pluripotent cells were
firstly thawed and seeded on mitotically-inactivated mouse embryonic
fibroblasts (feeder cells). The hPSC colonies were cultivated in DMEM-
F12 (Thermofisher, Waltham, MA, USA) supplemented with 15%
KnockOut fetal bovine serum Serum Replacement (FBS, Life Technol-
ogies, Carlsbad, CA, USA), 1% L-glutamine (Thermofisher), 0.5% pe-
nicillin/streptomycin (Thermofisher), 1% 2-mercaptoethanol (Ther-
mofisher), 1% non-essential amino acids (Life Technologies), and
4 ngml−1 and 10 ngml−1 human fibroblast growth factor 2 (hFGF2,
Peptrotech, London, UK) for hESC and hiPSC, respectively. Medium was
changed daily and colonies were propagated for at least 5 passages, by
manual fractioning. hESC cells were divided in a control group (CTRL)
and another group (DORSO) undergoing an exposure to 500 nM of
dorsomorphin (Sigma Aldrich, St. Louis, MO, USA) 4 days to the dif-
ferentiation protocol, to improve cardiac commitment (Hao et al.,
2008).

Cardiac differentiation was started by embryoid body formation, as
described elsewhere (Pesl et al., 2013). Briefly, compact, round colonies
were manually cut and scratched from the culture surface. For DMD
iPSC, the colonies were kept intact, carefully detached from the cul-
turing surface as a whole. The cell leaflets were transferred in hypoxic
incubation atmosphere (5% O2) and underwent a sequential cytokine
modulation in KnockOut DMEM (Life Technologies), supplemented
with 10% FBS, 1% L-glutamine, 1% PS, 1% 2-mercapthoethanol, 1%
non-essential amino acids (further referred simply as culture medium).
Beating cardiac clusters (BCC, Supplementary Fig. 1) were visible from
day 14 and were transferred into normoxic atmosphere. After day 22,
they were kept in the culture medium with 10 µgml−1 ascorbic acid
(Sigma Aldrich).

2.2. Microelectrode arrays cleaning and coating

Before beating CMs cluster plating, 60 channel MEAs (60MEA200/
30iR-Ti/ITO, Multichannel Systems, Reutlingen, Germany) were
cleaned using a 0.1% w/v solution of Tergazyme detergent (Alconox,
White Plains, NY, US) in MilliQ water for at least 8 h. The culture well
(i.e. the area inside the plastic ring) was then thoroughly washed with
MilliQ water to remove the excess detergent. The preparation of the
device was moved to a UV-sterilized clean box (Biosan, Riga, Latvia).
Each MEA was placed in 100mm sterile Petri dish (TPP, Trasadingen,
Switzerland), and the MEA culture well was sterilized by filling it with
70% ethanol solution. After 30min, the sterilizing solution was re-
moved, the culture well on MEA was rinsed twice with 0.2 µm-filtered
MilliQ water and let dry. The sensing area (i.e. the electrode array area)
was then coated with 20–50 µl of 0.1mgml−1 laminin (Sigma Aldrich)
and fibronectin (Sigma Aldrich) mixture, 1:1 ratio, to promote cell
adhesion. The MEAs were put in a cell incubator at 37 °C, 5% CO2,
overnight. The next day, MEAs were rinsed twice with filtered MilliQ
water to remove excess of adhesion factor from the surface.

2.3. BCCs plating on MEA chips

Suspended BCCs were collected and plated on MEA sensing area
with 30 µl droplet of the culture medium. This amount of medium was a
safe tradeoff between sample wobbling limitation and the need of hy-
drated environment. Samples were manually placed on top of electrode
array, then put in standard cell incubator and kept in this overnight
(with loosely fitted lid and additional droplets were placed separately
around the well to prevent evaporation). The following day, medium
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was gently added atop up to 1ml. The BCCs were allowed to stabilize
up to 3 days in vitro to ensure appropriate adhesion, spreading and
formation of cell-electrode contacts. Fig. 1A and Supplementary Fig. 3
show typical BCCs properly placed on MEA, before beginning the ex-
periments. Supplementary video recording presents movements of the
adhered BCC clearly demonstrating the regular beating events.

2.4. Setup preparation and experimental protocols

The MEA chip containing the samples was housed in a customized
holder made of an aluminum plate with adhesive heating pads and
Pt100 temperature probe (RS Components, Corby, UK), and an elec-
tronic board with contacts to interface with the MEA electrodes. The
electronic board was equipped with 60-channels unity-gain amplifiers
to provide low impedance tracks and noise shielding. A second filtering-
amplifying stage provides a pass-band of 10–3000 Hz and a total gain of
60 dB. The described holder was then fixed on the motorized stage of an
inverted microscope (Olympus IX-81S1F-3, Tokyo, Japan). An AFM
scanner head with 15 µm vertical range (BioAFM NanoWizard 3, JPK,
Berlin, Germany) was placed above the sample. A soft silicon nitride
cantilever SNL-10-D (Bruker, Billerica, MA, USA; nominal spring con-
stant 30 pNm−1) was used as nanomechanical probe to ensure stable
contact without applying disruptive forces on the sample. The canti-
lever spring constant was calibrated before each experiment using the
thermal noise method (Butt and Jaschke, 1995). A contact force of 5 nN
was found optimal compromise between baseline stability and absence
of visible adverse effects on the sample, as previously showed (Pesl
et al., 2016a). Each experiment was performed in Tyrode solution
(135mM NaCl, 10mM HEPES, 5.4 mM KCl, 0.9 mM MgCl2, pH 7.4)
supplemented with 10mM glucose and 1.8 mM CaCl2. After solution
exchange, the calibrated cantilever was immersed in liquid and put in
contact with the sample several times to identify the superficial center
of contraction (i.e. the point with highest vertical positive displace-
ment). Once the center of contraction was found, the drug trials started
at an interval of 5min of recording and 10min settling time after drug
administration or washout (a schematic is provided in Supplementary
Fig. 4).

Calcium chloride solution was obtained in Tyrode buffer to give a
stepwise increment of 1.1mM after each addition. Isoproterenol stock

solution (30 µM) was made in sterilized MilliQ water to prevent it from
quenching: the selected step increment was 300 nM. Finally, Verapamil
hydrochloride (Lekoptin, Lek Pharmaceuticals, Ljubljana, Slovinia)
stock solutions (127.5 µM) were made in Tyrode, for a step increment of
255 nM. The added volume of drug solution never exceeded 5% of the
basal volume in the MEA chip (2ml).

2.5. Data recording and evaluation

All the presented protocols were repeated on 3 biological replicates
of each cell line. Electromechanical recordings were acquired at 5 kHz
sampling frequency through a LabVIEW virtual instrument and a pro-
prietary data acquisition board PCI6071E (National Instruments,
Austin, TX, USA). Fig. 1B shows a schematic of the acquisition system.
Cell mechanocardiogram (MCG) comprehends the time-dependent to-
pographical changes (i.e. the vertical displacement of the AFM piezo
actuator, in µm) and the uncompensated force (in nN). The cell-canti-
lever contact was never lost during drug injections or medium washout.
The obtained data were post-processed and analyzed using a Matlab
R2016b (Natwick, MA, USA) GUI, using state of the art algorithms.
From each recording, the parameters listed in Table 1 and defined in
Supplementary Fig. 5 were determined. Statistical analysis was per-
formed in Prism 5.0 (GraphPad Software, La Jolla, CA, USA) and nu-
merical results are presented as mean ± SEM, after passing normality
test. Datasets were compared for statistical significance using 1-way
analysis of variance (ANOVA) with Bonferroni post-test, or repeated
measures 2-way ANOVA with matching on drug concentration levels.
Statistical significance was accepted with p-values below 0.05.

3. Results and discussion

3.1. Simultaneous electromechanical recording

The implemented setup allowed the simultaneous visualization,
synchronous recording and coupled analysis of the electromechanical
features of the cECC (Fig. 2A). The lowest observable noise level in the
MEA-EP traces was 33.3 µVpp, whereas the average noise in the force
and in the Z height traces were 18.3 pN and 24.5 nm respectively.
Online and post-processing digital filtration allowed the analysis of

Fig. 1. Real case and schematic of the proposed electro-
mechanical cell-based system. A) A beating cardiac cluster
(BCC) placed on a microelectrode array (MEA) sensing
area. The bright spot on the left side represents the AFM
laser reflecting from the cantilever. Scale bar is 200 µm. B)
Schematic representation of the implemented setup. The
BCC acts as a periodic micro-voltage generator sensed by
the planar electrode, while the AFM measures the topo-
graphical displacement and the exerted force. The syn-
chronous acquisition is guaranteed by the common ac-
quisition board and computer.

Table 1
Description of extracted parameters.

Parameter name Description

Beating rate Reciprocal of time distance between two adjacent events
Electro mechanical delay Time between the electrical event and 10% of the next contraction maximum amplitude
Contraction time Time between 10% of the peak amplitude and the peak, on the rising side
Relaxation time Time between the event peak and the point corresponding to 10% of the peak amplitude on the falling side
Duration time The sum of contraction and relaxation times
Average speed of contraction Mean of the first derivative of the rising part of contraction
Time constant Time parameter obtained by fitting the relaxation time interval with a decreasing exponential function
Force The uncompensated force peak-to-peak during the contraction
Z height The peak excursus of the AFM Z-piezo following the contraction
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EFPs with signal-to-noise ratio even close to 0 dB. Nevertheless, ap-
proximately half of the plated samples were able to produce a visible
EFP trace, while mechanically beating. This issue is most probably due
to scarcely-conductive coupling between the MEA planar electrodes and
the BCC. Extracellular biopotentials morphology is fundamentally de-
pendent on the conductive sample/electrode proximity and high re-
sistance cleft (Spira and Hai, 2013). As BCC present a mixed cell po-
pulation of cardiomyocytes and fibroblast-like cells (Supplementary
Fig. 1A), as also previously reported (Ma et al., 2011); it is plausible
that a non-conductive patch might adhere to the electrode area. In fact,
fibroblast-like cells are found to be dedicated into BCC adhesion and
spreading (Supplementary Fig. 2). This drawback is easily amendable,
since it is possible to remove gently and re-plate BCCs in sterile con-
ditions.

Each measurement lasted between 4 and 5 h, without any remark-
able alteration of cardiac activity, if not due to drug stimulation. This
can be also seen in the absence of morphological alteration between
beginning and end of protocol (Supplementary Fig. 3). Although probed
in not completely sterile conditions, it was found that if refilled with
antibiotics-containing medium, at the end of the experiments, the
samples can keep on without visible contamination up to 4 days. This is
particularly useful when testing overnight or realizing several-day
treatments. Such evidence shows, like previously reported, how the
adopted BCC model presents an outstanding resilience. Since an applied
force of 5 nN did not elicit any spontaneous change in the measured
parameters, in time, one can infer that the implemented CBBs are really
following alteration of cECC and not mechano-electric feedback from
stretch-induced depolarization (Zhang et al., 2008).

An accurate peak detection and averaging period selection allowed
the reconstruction of important physiological parameters described in
Table 1, namely beating rate, contraction speed, cardiac cycle duration
and, most importantly, a coupled parameter such as the electro-me-
chanical delay (EMD). To our best knowledge, this is the first time that
such parameter is measured on 3D cardiac in vitro model. Fig. 2B shows
the obtainable averaged electromechanical events, corrected by the
calculated EMD.

3.2. Differential drug response and correlation analysis is indispensable to
distinguish cell-type dependency of cardiac parameters

Once the feasibility and features of the implemented electro-
mechanical CBBs were assessed, we firstly asked whether basal condi-
tions would be sufficient to distinguish diseased and healthy hPSC de-
rived BCC. The baseline beating frequency for all the cell lines tested
was not significantly different (0.327 ± 0.023 Hz for CTRL,
0.325 ± 0.062 Hz for DORSO and 0.468 ± 0.103 Hz for DMD). The
same evidence was found for other important functional parameters,
such as the basal force (2.1 ± 1.9 nN for CTRL, 12.0 ± 4.7 nN for

DORSO and 0.89 ± 0.46 nN for DMD) and EMD (23.0 ± 1.3ms for
CTRL, 22.0 ± 3.0ms for DORSO and 25.6 ± 5.3ms for DMD).
Therefore, different stimulation / inhibition drug protocols were tested
to validate the adopted models versus the expected cardiac response
and assess the presence of cell type-dependent differences.

3.3. Calcium trials

Initially, the dependence of cardiac parameters on extracellular
Ca2+ concentration was tested. This ion and its extracellular avail-
ability are in fact of primary importance for cECC, particularly for the
hPSC-derived CMs, which possess an immature calcium handling
toolkit (Keung et al., 2014) and rely mostly on membrane transport
(Youm, 2016). Cell type-dependency was found by 2-way ANOVA for
beating rate (p=0.007), contraction duration (p=0.0003), time decay
(p < 0.0001) and EMD (p=0.026). A difference close to significance
was reached for the average speed of contraction (p=0.069). The ef-
fect of the Ca2+ concentration was found significant only in relation-
ship to the beating rate (p < 0.0001). All cell lines experienced a de-
crease in beating rate proportional to Ca2+ concentration. The CTRL
and DORSO groups plateaued around ¾ of the basal rate (67 ± 10%
and 68.6 ± 5.1%, respectively), while the DMD group decreased to
89.5 ± 3.2% of its basal rate. The beating rate phenotype of mutation-
carrying cell line correlates with previously described pre-existing cal-
cium stress impairing inward ion flux (Fanchaouy et al., 2009). This
frequency decrease was paralleled by an increase of exerted force in all
the cell lines (120.3 ± 9.4% for the CTRL group, 110 ± 14% for
DORSO and 112 ± 19% for DMD). This phenomenon is due to the
immature contractile phenotype of hPSC-derived CMs, which possess
negative frequency-force relationship (Pesl et al., 2016b). The observed
change of contractile events was found as an increase of the relaxation
period, expressed by the decay time constant for the CTRL and DORSO
groups (108.1 ± 3.5% and 110.5 ± 4.2%, respectively) and a de-
crease for DMD (84.3 ± 5.2%). The Ca2+ dependent decay time de-
crease in dystrophin mutation-carrying line is in correlation with pre-
viously described pre-existing calcium overload (Fanchaouy et al.,
2009), which may limit the contraction dilation due to saturated sar-
comere, probably resulting in limited ability of the DMD CBB to employ
force imposed reaction during cluster stretch as imposed in healthy
tissue by Frank Starling mechanisms. The EMD, a parameter directly
connected to electromechanical coupling, did prove statistically sig-
nificant for cell-type. CTRL did not show a dose-dependent relation
with the Ca2+ concentration (109–99% variation range); DORSO
showed a similar trend with only non-significant increase with respect
to CTRL (142–131%), validating the CBB's robustness toward line
specific variability in differentiation efficiency. Conversely, the DMD
group showed a dose-dependent trend (up to 257 ± 71% of the basal
delay); it is possible that increasing calcium levels are gradually

Fig. 2. Representative recording obtained with the implemented electromechanical system, and its post-processed part. A) Simultaneously and synchronously
acquired extracellular field potential (top) and mechanical contraction (bottom). B) Averaged curves from the same recording; it is possible to appreciate the noise
reduction due to filtering. The two traces are separated by the mean calculated delay.
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impairing the already elevated activity of an altered ryanodine receptor
to coordinate the calcium-induced calcium release (Fauconier et al.,
2010). The previous results are summarized in Fig. 3A-C.

3.4. Isoproterenol trials

The β-adrenergic stimulation was performed via increasing

isoproterenol concentration to assess the ionotropic and chronotropic
cell line-dependent features. Surprisingly, no extracted parameter
showed significant dependency over the cell type, except for the EMD
(p=0.0130), which was also significantly concentration dependent
(p=0.012). Other concentration-dependent parameters were the
average speed of contraction (p=0.031) and the exerted force
(p=0.006), with DMD group showing marked increase at end

Fig. 3. Selected results of drug trials performed with the presented electrochemical cell-based biosensor. The top row (A-B-C) represents extracellular calcium
concentration trials. The middle row (D-E-F) β-adrenergic stimulation trials (Isoproterenol). The bottom row (G-H-I) represent class IV antiarrhythmic / calcium
channel blocker trial (Verapamil). The * symbol indicates statistically significant difference according to the beating cardiac cluster type. The + symbol indicates
statistically significant difference due to the chemical concentration. One symbol indicates a p-value < 0.05, two symbols< 0.01, three symbols< 0.001. All the
comparisons are carried on with repeated measurements 2-way ANOVA with row matching (drug concentration).

G. Caluori et al. Biosensors and Bioelectronics 124–125 (2019) 129–135

133



concentration (182 ± 29% and 186 ± 22% respectively). In contrast,
DORSO experienced roughly 1/3 increase of these parameters
(132 ± 15% for average speed and 138 ± 15% for force) and CTRL
only 1/5 increase (122.7 ± 5.5% and 116 ± 14% respectively).
Isoproterenol effect appears to have a threshold concentration between
300 and 600 nM. After this threshold, the CTRL and DMD groups
slightly altered EMD (101.0 ± 6.0% and 96.6 ± 2.7%, respectively),
whereas the DORSO group decreased its measured EMD to
73.0 ± 7.6% of the baseline value. This difference might be explained
with better differentiation grade of dorsomorphin-treated groups, since
dorsomorphin is an inhibitor of BMP signaling and promotes cardiac
differentiation (Kattman et al., 2011). It is therefore plausible that an
improved differentiation guarantees a better BCC syncytium, able to
improve cECC timing in response to adrenergic stimulation. The no-
table results are shown in Fig. 3D-F. The same negative beating rate/
force relationship was also noticed for all the cell lines, except when an
arrhythmic behavior (e.g. multiple beating modes) was induced.

3.5. Verapamil trials

The antagonist trials were carried on L-type calcium channels to
observe the reaction of different BCCs to class IV antiarrhythmics.
Verapamil, as an example of this class, was shown to improve skeletal
muscle force in DMD patients but led also to adverse cardiac side effect.
However, no data on mechanism of such adverse effect exists
(Nascimento Osorio et al., 2018). Previously, the growing CMs were
coupled to RTCA impedance system, which allowed to quantify only
beat rate effects of Verapamil (Wang et al., 2013). Here, the beat rate
influence of drug showed to be cell type-dependent (p=0.019) and
dose dependent (p=0.001). The EMD parameter was found to be only
cell-type dependent (p=0.0316), together with the relaxation time
(p=0.030). The measured exerted force and Z height change were
found solely dose-dependent (p=0.015 and p=0.019 respectively).
The DMD cells showed decrease in beating rate down to 53 ± 27% of
baseline, compared to 11 ± 11% of CTRL and 23.0 ± 6.3% of DORSO
groups. The EMD shows different trends for each cell line: for the CTRL
groups, the delay drops to 46 ± 46% of the baseline; DORSO group
upped to 112% of the baseline and ended the trial at 104.0 ± 7.1%;
the DMD group showed an increase of 143% to finish the trial at
111 ± 55%. These distinct trends can be due to the different biological
backgrounds of the BCC models: CTRL group may respond to L-type
channel inhibition by referring to the inositol-3-phosphate complex,
which spontaneously produces calcium influx in embryonic cardiac
phenotype (Youm, 2016); dorsomorphin-treated BCC might express
higher number of functional L-type calcium channels, therefore being
more resilient to the same drug concentration and present delayed
coupling, with stable force level. DMD samples can present calcium
leaking at the membrane level (Burr and Molkentin, 2015), although
cECC delay is linearly increasing, which together with the decreasing
force suggests impairment of the contractile machinery (Li et al., 2014).
The mentioned notable results are shown in Fig. 3G-I.

4. Conclusions

We have successfully implemented and tested the electro-mechan-
ical cell-based biosensor for the simultaneous and synchronous probing
of cardiac excitation-contraction coupling. The system allows the
characterization of cardiac models through differential drug trials and
sample-type discrimination. For the first time, to our knowledge, a
distinctive beating-force relation was shown for Duchenne muscular
dystrophy cardiac models. The bioelectromechanical parameters de-
rived from the cardiomyocyte cluster based models provide important
insights into heart pathologies and sometimes (such as in β-adrenergic
stimulation assays) serve as the only discriminant between different
models.

Current limitations of the systems regard the non-sterility of the

measurement environment, and the localized probing of a 3D model
with a single MEA electrode and AFM cantilever. The system also suf-
fers from a substantial biological sample variability, which requires
more experimental repetitions to achieve better accuracy of results; this
can be overcome by suitable choice of drug treatment regimens to focus
the data collection toward the desired disease phenotype. Future im-
provement with higher-density electrode arrays and tip-less cantilevers
providing a wider surface contact should provide a higher information
content and improve stability of models, respectively.
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Abstract

Calcium ions act like ubiquitous second messengers in a wide amount of cellular pro-

cesses. In cardiac myocytes, Ca2+ handling regulates the mechanical contraction nec-

essary to the heart pump function. The field of intracellular and intercellular Ca2+

handling, employing in vitro models of cardiomyocytes, has become a cornerstone

to understand the role and adaptation of calcium signalling in healthy and diseased

hearts. Comprehensive in vitro systems and cell‐based biosensors are powerful tools

to enrich and speed up cardiac phenotypic and drug response evaluation.

We have implemented a combined setup to measure contractility and calcium waves

in human embryonic stem cells‐derived cardiomyocyte 3D clusters, obtained from

embryoid body differentiation. A combination of atomic force microscopy to monitor

cardiac contractility, and sensitive fast scientific complementary metal‐oxide‐

semiconductor camera for epifluorescence video recording, provided correlated sig-

nals in real time. To speed up the integrated data processing, we tested several

post‐processing algorithms, to improve the automatic detection of relevant functional

parameters. The validation of our proposed method was assessed by caffeine stimu-

lation (10mM) and detection/characterization of the induced cardiac response.

We successfully report the first simultaneous recording of cardiac contractility and

calcium waves on the described cardiac 3D models. The drug stimulation confirmed

the automatic detection capabilities of the used algorithms, measuring expected phys-

iological response, such as elongation of contraction time and Ca2+ cytosolic persis-

tence, increased calcium basal fluorescence, and transient peaks. These results

contribute to the implementation of novel, integrated, high‐information, and reliable

experimental systems for cardiac models and drug evaluation.
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1 | INTRODUCTION

The heart muscle provides the necessary pressure to the blood stream

to circulate the necessary nutrients, oxygen, and metabolites around

the organism. This function is achieved by rhythmic contraction of

the cardiac muscle cells, of cardiomyocytes (CMs),1 through a phe-

nomenon typical of the muscular phenotype called excitation‐contrac-

tion coupling (ECC).2 The ECC is a complex and adaptive set of

subcellular processes, retained in in vitro cultures of dissociated

CMs, both at the single cell level and at the tissue level.3 The process

is triggered by induced/spontaneous cellular depolarization up to the

threshold to elicit an action potential, which are subsequently con-

verted into mechanical contraction by the mediation of intracellular

Ca2+ ions. An appropriate Ca2+ handling is of paramount importance

for cardiac functionality. Systolic Ca2+ cycling has mainly two sources:

inward ionic currents flowing through voltage‐dependent transmem-

brane calcium channels (mostly L‐type)4 and a specialized subcellular

compartment known as the sarcoplasmic reticulum (SR).5

Ca2+ release from the SR occurs mostly through a specialized

channel known as the ryanodine receptor (RyR), specifically, in cardiac

muscle, the RyR2 isoform.6 Following an action potential, Ca2+ ions

stored in the SR are massively released, initially triggered by Ca2+

inward current, which stimulates the collective opening of grouped

RyRs in a process known as calcium‐induced calcium release.7 While

contraction occurs, at the membrane level, Ca2+ is promptly pumped

out by the Na+/Ca2+ exchanger or segregated into subsarcolemmal

mitochondria by the same mechanism. The high Ca2+ concentration

inside the SR is re‐established by the sarco‐endoplasmic reticulum cal-

cium ATPase, which transports calcium ions from the cytosol inside

the lumen of the SR. The extremely sophisticated organelles and

receptors and buffers for the uptake and release of Ca2+ goes gener-

ally under the name of calcium‐signalling toolkit.8

In vitro models of cultured cardiac myocytes offer many advan-

tages for developmental, pathophysiological, and pharmacological

studies of cardiac tissue through cell‐based biosensors, as they allow

direct cell manipulation and control of environmental parameters,

without interference from the compensatory feedback mechanisms

that exist in vivo.9 Monolayer cultures of primary neonatal rat ventric-

ular CMs represent a frequently employed model to study cardiac pro-

cesses,10 as the isolated CMs retain contractility and reassociate in

functional syncytium in vitro.11 Adult rodent CMs are preferred for

single cell study as they present mature morphology (eg, Z‐disk struc-

tures or ion channels expression) and functional features.12 Neverthe-

less, new realistic models are being researched with the use of cellular

multilayers13 or human stem cells‐derived CMs.14 These are able to

generate functional cardiac muscle cells that recapitulate existing

physiopathological conditions and can be derived in a 2D monolayer

form or in a 3D structure from the formation of embryoid bodies

(EBs).15-17 The 3D models derived from EBs have proven to produce

beating foetal‐like CMs,18 which control the differentiated cluster

contractility and electrophysiology.19 Recently, these models have

also been proved to recapitulated patient‐specific disease condi-

tions.20 For more details on otherwise obtained 3D cardiac constructs,

the reader is referred to the dedicated literature.21 Overall, in vitro

cardiac models have allowed to obtain precise physiological insights,
such as the difference between atrial and ventricular populations in

calcium handling.22 Furthermore, they have revealed key aspects and

consequences of calcium signalling remodelling when cardiac patholo-

gies occur. For example, usually minor calcium toolkits, such as inositol

triphosphate (InsP3)/Ca2+ signalling can be hyperstimulated by the

presence of cardiac hormones due to atrial arrhythmias.23 Dystrophic

mutations (such as Duchenne's muscular dystrophy) severely hamper

the Ca2+ current inactivation and the SR uptake, leading to Ca2+ over-

load.24 Genetic mutations can involve specific intracellular receptors,

such as in RyR2‐specific catecholaminergic polymorphic ventricular

tachycardia, which causes leaky SR inducing sudden cardiac death dur-

ing exercise.25 It has been demonstrated that induced persistent Ca2+

overload, due to prolongation of action potentials, directly induces

CMs death through a mitochondria‐mediated necrotic pathway.26

Eventually, reduced Ca2+ transients, prolonged duration and impaired

uptake lead to abnormal cardiac output, muscular remodelling, and

heart failure.27 Dynamics of Ca2+ are becoming an elective drug target

to avoid tissue remodelling followed by development of congestive

heart failure, ischemia or arrhythmias.28,29

Ca2+ dynamics are visualized by imaging techniques that require

calcium‐specific fluorescent probes or fluorophores. These are a class

of natural or artificial light‐excitables/emitting (bio)molecules able to

detect specific chemical species.30,31 Fluo‐4 acethoxymethylester

(AM), used in this study, is a high yield nonratiometric (ie, not able to

determine concentration) fluoresceine‐based dye conjugated with

the 1,2‐bis (o‐aminophenoxy)ethane‐N,N,N′,N′‐tetraacetic acid, a cal-

cium‐specific chelating agent, linked to AM groups. It is briefly recalled

that AM‐neutralizing group allows cytosolic irreversible internalization

via lipophilic affinity and de‐esterification within the cell membrane.32

The use of high‐performance dyes goes in parallel with the design

of high‐speed sensitive cameras. Microscopy embedded video imag-

ing33 and the use of electron multiplying charge coupled device and

scientific complementary metal‐oxide‐semiconductor (sCMOS) cam-

eras34,35 have been key innovative steps for calcium imaging. The high

signal strength of the fluorescent probes in combination with these

emerging technologies allowed for real‐time fluorescence observa-

tions of biological processes at the single‐cell level.

As previously mentioned, Ca2+ dynamics is directly responsible for

the proper function of the contractile machinery and therefore the

exerted force by CMs. Cardiac contractility and mechanics in vitro

can be assessed by several methodologies (eg, force‐transducing ele-

ments, optical tweezers, video analysis of particle tracking, and imped-

ance spectroscopy),15 among which the most sensitive is atomic force

microscopy (AFM). Atomic force microscopy‐based nanoindentation

has been applied for almost 30 years to the investigation of cellular

mechanics.36 Atomic force microscopy can also serve as nanosensitive

tool to measure time‐resolved cell height change, contractility rate,

and transverse exterted force or single CM37,38 and 3D organoids

through mechanocardiograms (MCGs).39 An important technological

integration among experimental systems is the one between optical

microscopy (or later confocal microscopy) and AFM. The integration

of optical microscopy and confocal microscopy within life sciences

has proved particularly beneficial, because it unlocked the ability to

simultaneously apply and measure local mechanical forces, while

tracking biological responses/pathways with fluorescent dyes,
nse
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antibodies, or genetic incorporation of fluorescent fusion proteins

such as green fluorescent protein. Common optical microscopy tech-

niques like bright‐field illumination, phase contrast, and especially dif-

ferential interference contrast, reveal high‐contrast topography

information, as well as location and/or distribution of internal struc-

tural features (eg, cell organelles).40-42 Fluorescence microscopy has

proven to be a powerful tool for selective and specific visualization

of labelled molecules down to the single‐molecule level, rendering it

possible to follow cellular processes and to monitor the dynamics of

living cell components.43 The advantages and benefits of AFM and

fluorescence microscopy complement each other, allowing a more

detailed characterization of cellular structures and processes.44,45 A

prime example of this is the visualization of calcium dynamics during

cardiomyocyte contractions; AFM is used as an ultrasensitive force

detector or is measuring the mechanical pulsations of living cells, with

cantilever probe touching at a constant force the cell.42 Employing

simultaneous fluorescence‐AFM, these local mechanical pulsations

can be linked directly to intracellular calcium oscillations.46

Simoultaneous calcium imaging and AFM contractility recording has

been successfully tested for drug response on single CM,47 but to

our best knowledge, no such method has been implemented for 3D

cardiac models.

Therefore, we defined an integrated experimental setup that

would allow to harness the detecting capabilities of the two tech-

niques simultaneously. In this work, we employed size‐controlled

EBs, differentiated in beating cardiac clusters (BCCs) from human

embryonic stem cells (hESC),48 as our cell‐based biosensors model

for detection of cardioactive chemicals. We have expanded our

previously established mechanical methods39 with calcium imaging,

to provide combined information of two biophysical aspects of car-

diac function. As integrated measures lead to a proportional

increase of information, an automatic functional parameter extrac-

tion is desirable. The choice of the best automatic analysis algo-

rithm was bound to its versatility in processing different signals

and most importantly to performance. Specifically, we looked for

increase of the signal‐to‐noise ratio (SNR) absence of morphological

alterations on the baseline and reduction of imposed signal delay

for future synchronization. Therefore, we explored different data

handling algorithms to put the base of a robust method for auto-

matic analysis.
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2 | METHODS

2.1 | Preparation of hESC‐derived CM clusters

In this work, the cardiac models were obtained using the hESC

line43,44 CCTL14. Cells were firstly thawed and seeded on mitoti-

cally inactivated mouse embryonic fibroblasts.49 hESC colonies were

cultivated in DMEM‐F12 (Thermofisher, Waltham, MA‐USA), sup-

plemented with 15% knockout serum replacement (fetal bovine

serum (FBS), Life Technologies, Carlsbad, CA‐USA), 1% L‐glutamine

(Thermofisher), 0.5% penicillin/streptomycin (Thermofisher), 1% 2‐

mercaptoethanol (Thermofisher), 1% nonessential amino acids (Life

Technologies), and 4 ng/mL human fibroblast growth factor 2
(hFGF2, Peptrotech, London, UK). Colonies were propagated for

at least five passages, by scratching and fractioning using 1‐mL

pipette tip. To prepare monolayer cultures, colonies were passaged

and transferred to 1:100 Matrigel (Corning, Tewksbury, MA‐USA)

coated dishes. Monolayer cultures were carried on in Modified

Eagle's Medium (MEF)‐conditioned medium supplemented with

10 ng/mL hFGF2. Upon reaching 80% confluence, hESC were pas-

saged using TrypLE Express dissociating agent (Thermofisher). Cells

underwent at least two feeder‐free passages. Regular and size‐con-

trolled EBs were obtained by forced aggregation of 2 × 106 cells/

millilitres. Aggregation wells were prepared in 1.5% w/v agarose gel

(VWR, Radnor, PA‐USA),50 and each EB contained approximately

1000 cells. Cardiac differentiation was achieved using our previously

described method,48,51 by sequential cytokine modulation in KnockOut

DMEM (Life Technologies), supplemented with 10% FBS, 1% L‐Gluta-

mine, 1% penicillin/streptomycin, 1% β‐mercapthoethanol, 1% nones-

sential amino acids, and 10 μg/mL−1 ascorbic acid. Beating cardiac

clusters were visible from day 11, and after day 20, they were

counted and divided from nonbeating clusters. Typical dimensions of

the measured BCCs ranged between 300 and 400 μm in diameter.

By visual observation, BCCs contain both contracting cells and fibro-

blast‐like ones, the latter involved in adhesion to the substrate.
2.2 | Clusters seeding and measurement setup

Differentiated BCCs were selected according to spheroidal regular

shape and seeded onto 0.1% gelatine‐coated (Sigma Aldrich, St.

Louis, MO‐USA) 34‐mm Petri dishes (TPP Technoplastic Products,

Trasadingen, Switzerland) and let adhere for 24 hours. Beating car-

diac clusters were maintained at 37°C in a standard 5% CO2 incu-

bator. Prior to experiments, the samples were exposed for

60 minutes to a 3μM concentration of Fluo‐4 AM (Life Technolo-

gies) in culture medium and incubating atmosphere. After loading,

the sample were gently rinsed twice with KnockOut DMEM to

remove excess of calcium dye, replenished with culture medium,

and let in incubator for further 30 minutes to allow fluorophore

de‐esterification. Ultimately, the medium was removed and replaced

by Tyrode solution (135mM NaCl, 10mM HEPES, 5.4mM KCl,

0.9mM MgCl2, 10mM glucose, and 1.8mM CaCl2, pH 7.4). For drug

testing, a caffeine (Sigma) solution of 10mM concentration in com-

plete Tyrode was used. All other chemicals when not specified were

purchased from Sigma.

The prepared sample dish was equipped with media exchange

tubes and placed on the motorized stage of an inverted microscope

(Olympus IX‐81S1F‐3, Tokyo, Japan). An AFM scanner of 15 μm ver-

tical range (BioAFM NanoWizard 3, JPK, Berlin, Germany) was then

placed above the sample. A soft semicoated silicon cantilever Hydra2R

(AppNano) was used as mechanical probe to ensure a stable contact

without applying disruptive forces on the sample. A Petri dish heater

(JPK) was used to keep the temperature constant at 37°C. The upper

optical path of the optical microscope was used to record fluorescence

image sequences with an sCMOS camera Andor Zyla 5.5 (Andor Tech-

nology, Belfast, Northern Ireland). A Thorlabs MD498 dichroic mirror

was used for light wavelength selection. A Thorlabs FES650 short‐

pass type optical filter (650 nm) was inserted to the optical path
nse
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2.3 | Data recording

Beating cardiac cluster contraction and calcium transient signals were

obtained simultaneously but in an asynchronous way. Scanning probe

microscope Control Software v.5 (JPK) was used for AFM control and

data acquisition at 1 kHz rate. The cantilever was placed in contact

with the sample using a set point of 5 nN, with feedback loop param-

eter I = 50 and P = 0.05. This level of force was previously found to be

the smallest force necessary to ensure stable contact and showed no

visible functional alteration of clusters' contractility rate of exerted

force.39 The location was selected by consecutive trials to find the

region with best vertical displacement. The observable MCG showed

the temporal displacement on the AFM vertical piezoelectric crystal

following the beating of the BCC, to maintain constant force with

the sample. Calcium imaging video sequences were recorded at

200× using Andor Solis 64‐bit control and acquisition software. The

camera was connected via USB 3.0 to the computer station, while a

high throughput solid‐state drive disc was included to enable fast

and long enough video acquisition by increasing the acquisition capac-

ity. Camera resolution was set to 1700 × 1700 px and framerate to

49.67 fps. Data were obtained using spooling mode in form of data

fractions and converted to AVI files.

The time points of data acquisition protocol are shown in Figure 1

C. Mechanocardiogram signals were acquired for 10‐minute intervals

while only 60 seconds of image sequence was recorded from the start

point of MCG, due to the memory‐consuming data size.
2.4 | Data extraction and filtration

Atomic force microscopy data and fluorescence image sequences

were processed using Matlab 2015b and its image processing toolbox.

Figure 2 shows a schematization of the mixed signal acquisition and

post‐processing. Contraction signals were extracted as text files while

Ca2+ traces were obtained from images stacks by selection of appro-

priate region of interest (ROI). Absolute fluorescence was retrieved

as sum of the ROI pixel values ( F ROI) and corrected using a back-

ground fluorescence ROI ( F back) from each image in the sequence,

using the formula

ΔF ¼ FROI−Fback
Fback

:

Raw signals were then filtered and analysed. Linear min‐max

normalization was performed to allow comparison between filtra-

tion and drug stimulation trials. However, to distinguish the change

in amplitude of the control and test signal, the relative ratio was

recorded prior to normalization. Both MCG were corrected for

baseline drift, filtered through different digital algorithms to provide

the best noise reduction and parameter detection. The applied fil-

ters were

1 finite impulse response low‐pass filter, with 5 Hz cut‐off

frequency;

2 median filter of fixed‐length moving window (11 samples for

MCG, five for Ca2+ transients); and

3 ensemble empirical mode decomposition (EEMD) filter. This

method works by analysing the signal to find its main components
FIGURE 1 Microscopy images of the cardiac
EB loaded with Flou‐4 under the combined
setup (magnification 20× and scale bar
100 μm). A, Brightfield image of the adhered
EB. B, Epifluorescence view, with visible AFM
laser artefact on bottom left corner. Biological
fluorescence is still visible on the edges. C,
Experimental method for caffeine stimulation,
all time point distances indicate 10 minutes.
E1‐S2 restine time of 10 minutes was
necessary for appropriate chemical diffusion
in the sample
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FIGURE 2 Schematic representation of data manipulation, from extraction to integration, conditioning and parameter extraction
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(intrinsic mode functions [IMF]) and remove them selectively in a

process called sifting.52 Two and three IMFs were excluded for

Ca2+ traces and MCG, respectively, after which the signals were

recomposed. The EEMD algorithm was set up to maximum 10

sifting process per IMF with 200 ensembles cycles.

After filtration, signal peaks were detected and parameters of

interest (Figure 4, bottom row) were extracted and compared in

at least 30 events per sample. For the raw and filtered data sets,

the noise reduction was quantified calculating the SNR with the

formula

SNR ¼ 20 log10
App

�
4σ;

where App is the maximum amplitude of the single contraction or

transient event, and σ is the standard deviation of the random

noise detected on the baseline. Increase of noise standard devia-

tion was considered a sign of undesired morphological artefacts.
FIGURE 3 Typical traces of
mechanocardiogram (MCG, left) and calcium
transients (right) coming from the same
recording
3 | RESULTS

Repeated recordings were performed after setup optimization over

three different clusters. Figure 1A,B show a representative BCC after

calcium dye loading. The samples were able to withstand measurement

environment for more than 1 hour. The native average beating rate cal-

culated from MCG spanned between 0.74 and 2.35 Hz. The interfer-

ence coming from the AFM laser module was attenuated on the

common path for video acquisition but could not be eliminated. Never-

theless, simultaneous recording was achieved, when AFM backscatter-

ing was kept at the edge of the BCC. Figure 3 shows MCG and Ca2+

traces recorded from the same sample, before normalization.

3.1 | Evaluation of different filtration methods

A correction of MCG drift is achieved by the direct linear interpolation

method between two adjacent peaks. Ca2+ signal is not affected by

baseline drift when corrected appropriately for background intensity.

Due to low number of samples, a 1:3 oversampling was performed to
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TABLE 1 Parameter identification and description

Parameter Meaning

tX Time with x indication percentage of the event total time

tmax Time to maximum

T50I/T50R Time to half of maximum in rising/falling

PW Peak width (T50R‐T50I)

RT/FT Rising/falling time

FIGURE 4 Filtration results and drug effect
on the signals traces. MCG traces before and
after filtration, where corrugation of the FIR
filter is visible (top left). Calcium transients
before and after oversampling (1:3) and
filtering, where the best effect for EEMD
method can be observed (top right). Averaged
(n = 39) contraction events detected in MCG
before and after caffeine stimulation, where
one can see the mean event elongation and
the lowering of the peak probably due to

contraction pattern changes (bottom left).
Averaged (n = 32) calcium cycling events
before and after caffeine stimulation, where
one can observe the elongating peak width
(t50l‐t50r), due to persistence of calcium in
cytosol, and the increase of peak amplitude
most probably due to increased calcium
storage depletion (bottom right)
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increase filtrationworking points. Original SNRs of the two signals were

19.73 and 14.11 dB for MCG and calcium transients, respectively.

Finite impulse response filtering increased the SNR to 20.49 and

20.97 dB for MCG and calcium transients, respectively. Overfiltering

ofMCGproduced corrugation artefacts that impaired proper extraction

of time‐related parameters. For instance, the mean contractile event

duration increased up to 15.67% due to filtration‐induced error in the

automatic detection algorithm. Calcium traces on the contrary were

partially smoothed, inducing a mean event time contraction of 4.59%.

Ensemble empirical mode decomposition filtering respected the

signal shape with stochastic shifts of peaks on calcium traces, with

respect to the raw signals. Signal‐to‐noise ratio did not improve for

MCG (19.71 dB), but it increased for Ca2+ transients (21.80 dB). No

corrugation of morphological artefact was found using this filtering

method. Mean event duration remained stable for MCG (0.08%) and

saw a 6.82% elongation of the Ca2+ ones.

Median filtering window width was empirically optimized for each

separate signal. Signal‐to‐noise ratio again did not raise for MCG

traces (19.73 dB) but saw mild improvement for calcium transients

(16.81 dB). Mean duration of the events was slightly elongated in both

cases, at 1.98% for calcium transients and 0.56% for contractility. Rep-

resentative performance of the different filtering methods is summa-

rized in Figure 4, top row. Because of the general best performance

of EEMD filtering method, we will show only the results following this

filtration method (Table 1). The results of signal filtration efficiency are

included in Table 2.
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3.2 | Evaluation of caffeine effect on calcium and
contraction signals

To validate the robustness of our recording system automatic detec-

tion approach, we conducted caffeine stimulation on BCCs. The

expected cardiac response was seen in contraction signal, as reduction

of peak amplitude (24.7%) and increasing peak width (14.5%), as
combination of elongation in rising time (25.2%) and falling time

(5.1%). Event frequency increased 8.3%. Similar trend was observed

in Ca2+ signals in frequency increase (8.43%), with corresponding

faster rising time (−3.7%) and longer falling time (13.4%). Basal fluores-

cence increased 3.9 times and peak width rose up of 5.5%. While the

MCG traces did not benefit largely from the filtration in terms of SNR

(from 20.73 to 20.70 dB), EEMD filtration doubled Ca2+ signals SNR

(7.35 dB to 14.61 dB), aiding significantly the reliability of the detec-

tion. These results are summarized in Tables 2 and 3.
4 | DISCUSSION

A trustworthy and rapid investigation of in vitro cardiac cellular

models is of fundamental importance to validate new drugs and inves-

tigate cardiac pathologies at the level of basic science. So far, in vitro

models of CMs are examined through multiple alternative techniques

(increasing sample variability) or powerful techniques affected by low

throughput (eg, patch clam electrophysiology). Ca2+ imaging is a pow-

erful technique that brings precious insights in the adaptation of ECC

at the single cell and tissue level.53 Atomic force microscopy can, due

to its versatility, integrate the information of chemical signaling with

information on the cell/tissue mechanics, leading to better inference

when an abnormal effect is observed.54 For this reason, we have

implemented a combined optical and scanning probe microscopic
nse



TABLE 2 Representative effect of different filtration methods on SNR (Nevents > 30)

SNR, dB

Contraction Signal (AFM) Calcium Transients (Optical Measurement)

Raw FIR EEMD Median Raw FIR EEMD Median

Control signal 19.73 20.49 19.71 19.73 14.10 20.97 21.80 16.81

Caffeine signal 20.73 21.82 20.70 20.73 7.35 14.22 14.61 11.62

Abbreviations: AFM, atomic force microscopy; EEMD, ensemble empirical mode decomposition; FIR, finite impulse response; SNR: signal‐to‐noise ratio.

TABLE 3 Representative effect of caffeine stimulation over
observed parameters (Nevents > 30)

Parameter
Contraction Signal
(MCG, % Change)

Calcium Transients
(% Change)

Beating rate 8.83 8.42

Peak amplitude −24.70 20.85

Rising time 25.20 −3.70

Falling time 5.20 −13.40

Peak width 14.50 5.50

Abbreviations: MCG, mechanocardiogram.
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setup, tested it on a defined 3D cardiac model, and validated it with a

known cardiac drug response. To increase the throughput of the

experimental method, we have also tested different data conditioning

methods to improve the accuracy of automatic detection of important

parameters.

We successfully recorded for the first time, to the best knowledge

of the authors, simultaneous Ca2+ cycling and contractility of intact

BCC. We experienced how hardware technological integration of the

two techniques is not a trivial point. Because the sCMOS camera shares

the optical path with the AFM infrared laser, the nonreflected portion

of the laser beam was often sufficient to disturb epifluorescence emis-

sion detection. The interposition of a near infrared filter on the camera

optical path greatly attenuated the unwanted artefact, but it could not

eliminate it completely. This problem was related to the high sensitivity

of the employed camera and the nature of the technique. Similar arte-

facts were not visible with CCD cameras or confocal microscopy, albeit

these two alternatives present different disadvantages: the former one

comports the loss of the sensitivity necessary to detect events at high

resolution, while the latter is technologically expensive and less flexible.

Therefore, great attention on light filtration must be taken into consid-

eration for different AFM producers.

After data extraction, we explored different filtration methods

and quantified them in terms of SNR increase and undesired signal

alteration. Due to the asynchronous recording, filtration‐induced

delays were not quantified. The aim behind filtering is to improve

the automatic detection of points of interest in noisy signal, when

diverse sources of electronic noise are present from distinctive sys-

tems. The noise affecting the Ca2+ transients comes primarily from

the processes associated with image acquisition by sensor array and

camera electronics. This electronic and thermal detector noise is typi-

cally of high frequency nature with respect to the biological signals of

interest. Nevertheless, due to the relatively low acquisition rate,

oversampling is recommendable to ensure reliable performance of

subsequent filtration. In the contraction signals obtained by AFM, a

source of the signal noise comes from uncompensated environmental

vibrations, but baseline drift, due to the soft sample creeping or
temperature‐induced bimetallic effect on the probe, are preeminent

disturbances and need to be compensated. Due to the low frequency

of drifts, a simple peak‐between‐peak linear interpolating algorithm is

enough correct for this noise source.

In general, all three filtering methods led to beneficial increase of

the SNR for the Ca2+ signals, in basal condition and in caffeine‐stimu-

lated ones. The MCGs present higher SNR due to the AFM detecting

method (optical lever amplification) and low noise electronics, which

allows force sensing at the nanoscale. In this case, FIR filtering can lead

to over‐filtration artefacts. Median filtering was the worst performing

option in terms of improvement of SNR, although signal parameter

alterations were in the order of units of percent. Ensemble empirical

mode decomposition filtering met the SNR improvement performance

with the low signal alteration; therefore, it became the filtering elective

choice for both signals. This algorithm is very adaptive, low‐demand,

and effective for high‐frequency white noise elimination, while at the

same time preserving the original signal character. Our selection does

not exclude the possibility to employ other harmonic‐based methods,

like Fourier transform, although EEMD works without the assumption

of stationary signals. Averaging filters could also provide an alternative

method for functional parameters calculation, provided that the events

alignment jitter induced by the noise is neglectable.

To test the detection of biological drug response, we employed

caffeine stimulation. Caffeine is a well‐known agonist of the RyR2

receptor of cardiac SR, as it induces calcium release in the cyto-

plasm.55 This effect can be appreciated by the augmented basal fluo-

rescence, reflecting the presence of more unbound Ca2+ in the

cytosol.56 The increase peak amplitude and elongated width of Ca2+

transients can also be explained with the stimulated and prolonged

depletion of the SR storage. The observed reduction of SNR in caf-

feine‐stimulated conditions can be due to chaotic activation of local

calcium sparks.57 Rise in beating rate can be explained with the

depolarized state induced by cytosolic unbound calcium,58 a condition

initiated by caffeine and probably maintained by neighbouring coupled

fibroblasts.59 Consequently to the beating rate increase, Ca2+ tran-

sients rising time decreased, probably due to the augmented activation

of L‐type voltage‐gated channels.60 Falling time decreased as well,

most probably from enhanced activity of the Na+/Ca2+ exchange

mechanism,61 deputed to restore low calcium cytosolic levels.62 The

change of peak amplitude at the MCG level can be attributed to the

immature contractile machinery of hESC‐derived CMs,15 and to differ-

ent activation pattern of the 3D cardiac cluster. Local monitoring of

the BCC contraction using a pyramidal tip cantilever, like the one

employed in this study, faced the influence of changing contractile

patterns in heterogeneous sample. For future study, a colloidal probe

with appropriate diameter (over 20 μm), or a tipless cantilever, might

suffer less from this phenomenon.
nse
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5 | CONCLUSIONS

In the presented work, we have proven the feasibility of the combina-

tion of AFM mechanical probing and epifluorescence recording of

chemical events in 3D cardiac in vitro models. We have also proposed

a best data handling and filtration method to speed up reliable and

robust automatic analysis of data. This will hopefully contribute to

the implementation of new and reliable integrated experimental sys-

tems, with high‐information content, for cardiac in vitro models and

cardiac drugs evaluation.
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Duchenne muscular dystrophy (DMD) is a severe genetic disorder characterized

by the lack of functional dystrophin. DMD is associated with progressive dilated

cardiomyopathy, eventually leading to heart failure as the main cause of death in DMD

patients. Although several molecular mechanisms leading to the DMD cardiomyocyte

(DMD-CM) death were described, mostly in mouse model, no suitable human CM

model was until recently available together with proper clarification of the DMD-

CM phenotype and delay in cardiac symptoms manifestation. We obtained several

independent dystrophin-deficient human pluripotent stem cell (hPSC) lines from DMD

patients and CRISPR/Cas9-generated DMD gene mutation. We differentiated DMD-

hPSC into cardiac cells (CC) creating a human DMD-CC disease model. We observed

that mutation-carrying cells were less prone to differentiate into CCs. DMD-CCs

demonstrated an enhanced cell death rate in time. Furthermore, ion channel expression

was altered in terms of potassium (Kir2.1 overexpression) and calcium handling

(dihydropyridine receptor overexpression). DMD-CCs exhibited increased time of calcium

transient rising compared to aged-matched control, suggesting mishandling of calcium

release. We observed mechanical impairment (hypocontractility), bradycardia, increased

heart rate variability, and blunted β-adrenergic response connected with remodeling of

β-adrenergic receptors expression in DMD-CCs. Overall, these results indicated that

our DMD-CC models are functionally affected by dystrophin-deficiency associated and

recapitulate functional defects and cardiac wasting observed in the disease. It offers an

accurate tool to study human cardiomyopathy progression and test therapies in vitro.

Keywords: duchenne muscular dystrophy, DMD, human pluripotent stem cells, cardiomyocytes, intracellular

calcium, excitation-contraction coupling, adrenergic response, cardiomyocyte death
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GRAPHICAL ABSTRACT | Duchenne muscular dystrophy (DMD) is associated with progressive dilated cardiomyopathy eventually leading to heart failure as the

main cause of death in DMD patients. A human cardiomyocyte (CM) model was developed from several independent dystrophin-deficient human pluripotent stem cell

(hPSC) lines from DMD patients and hESC line with deletion of DMD gene generated by CRISPR/Cas9 technology. DMD hPSC were differentiated into CMs. DMD

mutation-carrying cells are less prone to differentiate into CMs. DMD CMs further demonstrate an enhanced cell death rate. Ion channel expression was altered in

terms of potassium (Kir2.1 overexpression) and calcium handling (DHPR overexpression). DMD-CMs exhibited mishandling of calcium demonstrated by increased

time of calcium release. Further mechanical impairment (hypocontractility), bradycardia, increased beat rate variability, and blunted β-adrenergic response connected

with remodeling of β-adrenergic receptors‘ expression was found in DMD-CMs (LTCC L-type calcium channel, cTnT - cardiac troponin T, Kir2.1 - potassium channel).

Abbreviations: ACTC1, cardiac muscle alpha actin; AFM, atomic force
microscopy; AP, action potential; APD, action potential duration; AR,
adrenergic receptor; BMP4, bone morphogenic factor 4; CC, cardiac cell;
cDMD, CRISPR/Cas9 generated DMD-hESC line; cl4, control hiPSC
line; CM, cardiomyocyte; cTNT, cardiac troponin T; DAD, delayed after
depolarization; DAPI, 4′,6-Diamidine-2′-phenylindole dihydrochloride; DCM,
dilated cardiomyopathy; DHPR, dihydropyridine receptor; DMD, Duchenne
muscular dystrophy; EB, embryonic body; ECC, excitation-contraction coupling;
FGF2, fibroblast growth factor (basic, or 2); FKBP12. 6, calstabin 2; GJA1,
connexin43; hESC, human embryonic stem cells; hiPSC, human induced
pluripotent stem cells; hPSC, human pluripotent stem cells; IBI, inter-beat
variability; ISO, isoproterenol; Kir2.1, Kir2.2, Kir2.3, potassium channels encoded
by KCNJ2, KCNJ4, and KCNJ12 genes respectively; LTCC, L-type calcium
channel; mdx; mdx:utr, muscular dystrophy on X chromosome, mouse model
lacking dystrophin; utrophin and dystrophin lacking mouse model; mEF, mouse
embryonic fibroblasts; METO, metoprolol; MYH6, myosin heavy chain α;
MYH7, myosin heavy chain β; MYL2, myosin light chain 2; MYL7, myosin
light chain 7; NKX2.5, NK homeobox 5; NOS, nitric oxide synthase, inducible
(iNOS), neuronal (nNOS); qRT-PCR, quantitative real-time PCR; ROS, reactive
oxygen species; RyR2, ryanodine receptor 2; SAC, stretch activated channels;
SERCA (ATP2A), Sarcoplasmic/endoplasmic reticulum calcium ATPase 1; SR,
sarcoplasmic reticulum; VEGF, vascular endothelial growth factor; WT, wild
type control.

INTRODUCTION

Duchenne muscular dystrophy (DMD, prevalence 1/3,500–6,000
boys) is an X-linked genetic disorder which impairs striated
muscles and results in severe disability and premature death in
young men (Mah et al., 2014; Vry et al., 2016; Stehlíková et al.,
2017). DMD is often associated with dilated cardiomyopathy
(Manzur et al., 2008), which develops in affected patients during
their teenage years. It is represented by a slowly progressing
decline in diastolic function, systolic ejection fraction, and
fractional shortening (Markham et al., 2006). Mechanical
degeneration is associated with progressive cardiomyocyte (CM)
wasting and spreading of fibrosis throughout the ventricular wall
(Finsterer and Stöllberger, 2003; Panovský et al., 2019), which
leads to intracardiac conduction disturbances, inducing atrial
and life-threatening ventricular arrhythmias (Chenard et al.,
1993; Himmrich et al., 2000). Gradual dilatation of the ventricle,
thinning of the wall (Wagner et al., 2007), and consequent loss
of contractility lead to repeated episodes of heart failure, which
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recently became the most frequent mortality cause in DMD
patients worldwide (Finsterer and Stöllberger, 2003; Fayssoil
et al., 2010).

DMD is caused by mutations in the dystrophin gene (DMD),
which can result in a total lack of functional dystrophin or
presence of a truncated inactive form of the protein (Blake et al.,
2002). Dystrophin plays a major role in the organization of
dystrophin glycoprotein complex (Clarac et al., 2009) responsible
for sarcolemmal adhesion to the basal lamina and intracellular
pathway regulations. Whereas, skeletal muscle degeneration is
extensively studied, the cellular mechanisms of the cardiac
pathophysiology are still unclear. Available studies point out the
role of oxidative stress and DMD-induced Ca2+ mismanagement
(Williams and Allen, 2007; Jung et al., 2008; Caluori et al., 2019),
with subsequent cytosolic imbalance and cell damage (Gerke
et al., 2005).

In DMD (muscular dystrophy on X chromosome, mdx)
mice, we have shown that dystrophin deficiency caused post-
translational remodeling of the cardiac ryanodine receptor
(RyR2) macromolecular complex, due to S-nitrosylation and
Calstabin2 (FKBP12.6) depletion, which leads to intracellular
diastolic Ca2+ leak and ventricular arrhythmias (Fauconnier
et al., 2010).

Intracellular Ca2+ leak from the sarcoplasmic reticulum
(SR) was also associated with deregulation of stretch-activated
channels (SAC) though reactive oxygen species (ROS)-mediated
hyperactivity (Jung et al., 2008).

Further studies in animal models showed misregulation of
other ion channels such as voltage-gated Nav1.5 and L-type
calcium channel (LTCC) hyperactivation (Koenig et al., 2011),
as well as upregulation of inflammation-related induced nitric
oxide synthase (iNOS) (Fauconnier et al., 2010; Peterson et al.,
2018). Such observations remain to be validated in human
DMD. Furthermore, to this day, there are only limited studies
of human DMD cardiac cell (CC) models, describing some of
the discrepancies eventually leading to DMD-CM damage (Eisen
et al., 2019; Pioner et al., 2020). In the present study, we thus
focused, for the first time, on evaluating the impact of dystrophin-
deficiency on some molecular properties of the excitation-
contraction coupling (ECC) and flight-or-fight response in
some patient-specific DMD human pluripotent stem cell-derived
cardiac cells (DMD-hPSC-CCs) as well as in CRISPR/Cas9
engineered hPSC-CCs (summarized in Graphical abstract).

MATERIALS AND METHODS

A wide selection of methods was used for analysis of the
model starting from generation of the hPSC lines to analysis
of 3D contracting clusters and dissociated CCs; thus, the
methodological approach has been summarized in Figure 1.

Cell Lines, Cultivation, Reprogramming,
and hPSC Differentiation Into
Cardiomyocytes via Embryoid Bodies
Patient-specific DMD human induced pluripotent stem cell
(hiPSC) lines (DMD02 and DMD03) and CRISPR/Cas9

dystrophin-deficient human embryonic stem cell (hESC) line
(cDMD) were used (described in Jelinkova et al., 2019a,b). The
fibroblasts of two DMD patients were derived from skin/muscle
(for DMD02/DMD03, respectively) biopsies. Informed consents
approved by Ethics Committee (Faculty of Medicine, Masaryk
University) were signed by parents of the patients beforehand
and the investigation conformed to the principles outlined in the
Declaration of Helsinki.

Control human embryonic stem cell (hESC) line CCTL14
(serving as isogenic control for cDMD) as well as CCTL12
hESC line (further referred to as WT hESC) derived in Masaryk
University, Brno, and previously characterized (International
Stem Cell Initiative et al., 2007), were used. hiPSC control
line UEFhfiPS1.4 (Qu et al., 2013) and cl.4 obtained from
Majlinda Lako (NewCastle, UK) (further called WT-hiPSC) were
used for comparison with DMD-hiPSC to reduce the effect of
reprogramming on the CC phenotype.

All human pluripotent stem cell (hPSC) lines were routinely
maintained on feeder layer of mitotically inactivated mouse
embryonic fibroblasts (mEF) as previously described (Dvorak
et al., 2005; Krutá et al., 2014; Jelinkova et al., 2019a).

Cardiac differentiation and eventual subsequent dissociation
of hPSC-CCs were performed for confocal fluorescent
intracellular Ca2+ measurements, patch-clamp, atomic force
microscopy (AFM), and immunocytochemistry as previously
described (Pesl et al., 2014) with minor modifications. Briefly,
grown colonies were cut into pieces with a pipette tip and clumps
were transferred into differentiating embryonic body (EB)
medium (86% KnockOut Dulbecco modified eagle medium, 10%
fetal bovine serum, 1% L-glutamine, 1% penicillin/streptomycin,
1% nonessential amino acids, 0,1mM 2-mercaptoethanol) with
10 ng/ml bone morphogenic protein 4 (BMP4, R&D) and
10µg/ml ascorbic acid (Sigma Aldrich) where they formed
EBs. After 2 days, the medium was changed into EB medium
with 5 ng/ml basic fibroblast growth factor (FGF2, Peprotech),
10 ng/ml BMP4, 6 ng/ml Activin A (R&D) and 10µg/ml ascorbic
acid (Sigma Aldrich) and incubated for 4 days. The next 3 days
consisted of EB medium supplemented with 10 ng/ml vascular
endothelial growth factor (VEGF, R&D), 10µM IWR1 (Sigma
Aldrich), and 10µg/ml ascorbic acid. The EBs were further
cultivated in EB medium with 10µg/ml ascorbic acid, 10 ng/ml
VEGF, and 5 ng/ml FGF2 for 12 days with medium changed
every 4 days, and then with EB medium with 10µg/ml ascorbic
acid until further analysis. The differentiation procedure was
performed for 13 days in hypoxic conditions (5% oxygen). Then,
the EBs were moved into normoxic conditions (20% oxygen) for
further cultivation.

Immunodetection
Immunocytological analyses utilized [antibody specific against
N-terminal (1:50 ICC/1:50-1:300WB, Cat# NCL-DYSB,
Leica Biosystems), and antibody specific against C-terminal
(1:100 ICC/1:1000WB, Abcam, Cat# ab15277)], for cardiac
markers cardiac troponin T (cTnT; SantaCruz, Cat# sc-8121,
1:200) α-actinin (SigmaAldrich, Cat# A7180, 1:500) L-type
channel (LTCC, dihydropyridine receptor DHPR alpha 2
subunit/CACNA2D1 antibody abcam, Cat# ab2864, 1:200),
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FIGURE 1 | Methodological approach. DMD-hiPSC lines from two Duchenne muscular dystrophy (DMD) patients were generated and analyzed compared to

WT-hiPSC lines. DMD-hESC line was generated using CRISPR/Cas9 technology by targetted deletion of the DMD gene from a healthy WT hESC line serving as

isogenic control. All hPSC lines were differentiated using 3D cell aggregates (embryonic bodies, EBs). These EBs were then used for molecular and mechanobiological

analysis methods or were enzymatically dissociated into isolated cardiac cells, which were further analyzed using single cell specific analysis as protein localization and

ion fluxes analyses.

assays were performed as described previously (Krutá et al.,
2013). For cTnT and α-actinin, cells were fixed using 4%
paraformaldehyde at room temperature for 10-15min. Cells for
dystrophin labeling were fixed with 2% paraformaldehyde for
10min at room temperature, then with ice cold methanol for
5min, and incubated with pre-extraction buffer (25mM HEPES,
50mM NaCl, 1mM EDTA, 3mMMgCl2, 200mM sucrose, 0.5%
Triton X-100) before continuing to blocking steps.

The cells were permeabilized and blocked with blocking
solution 1 (1% bovine serum albumin, BSA, 0.2% Triton X-
100 in phosphate buffer saline, PBS, 15min on ice) and
blocking solution 2 (1% BSA, 1% NaN3, 0.05% Tween 20
in PBS, 60min on ice). Primary antibodies were diluted in
PBS/Tween (0.05%) and incubated overnight at 4◦C. Samples
were extensively washed with PBS/Tween (0.05%) and incubated
with appropriate fluorescent secondary antibody for 1 h at
room temperature. For nuclear counterstain, 4′,6-Diamidine-2′-
phenylindole dihydrochloride (DAPI) was used. All fluorescent
and confocal microscopy experiments were performed using
Confocal LSM700 microscope and processed using Zen software
(both Carl Zeiss, Oberkochen, Germany).

For dystrophin immunoblots, protein samples from cell
lysates were run in 4–12% gradient polyacrylamide gel for 70
min/170V/400mA, blotted at 100 V/300mA for 2 h, and labeled
with antibody against dystrophin protein. After dystrophin
detection, the membrane was incubated with antibody against
lamin B as loading control (1:1000, Santa Cruz, sc6217).
Adrenergic receptors (AR) were analyzed using β1 specific
(Thermo Fisher, PA5-28808, 1:500) and β2 specific (abcam,
ab137494, 1:500) antibody. Human heart atrial tissue was
obtained as procedural surplus material, available during bicaval
orthotopic heart transplantation from donor organs andwas used
as positive control as previously described (Pesl et al., 2020).

Quantitative Real-Time PCR
Cardiac EBs 30–50 days old and human heart samples
(obtained as surplus material from donor hearts during cardiac
transplantations) were lysed using RNA Blue reagent (Top-
Bio, Prague, Czech Republic) according to the manufacturer’s
instructions, and the total mRNA was isolated using the RNeasy
Micro Kit (Qiagen, Hilden, Germany). RNA concentration
and purity were determined using NanoDrop (NanoDrop
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technologies, Wilmington, DE, USA). cDNA was synthesized by
Moloney Mouse Leukemia Virus (M-MLV) reverse transcriptase
(Invitrogen, Carlsbad, CA, USA) at 37◦C for 1 h followed
by 5min at 85◦C. For quantitative real-time PCR (qRT-
PCR), LightCycler R© 480 SYBR Green Master kit (Roche, Basel,
Switzerland) was used according to manufacturer’s instructions,
and PCR was performed, with annealing temperature 60◦C and
55 cycles on LightCycler LC480 Instrument (Roche). The PCR
primers (Generi-Biotech, Hradec Kralove, Czech Republic) are
shown in Supplementary Table 1.

Measurements of Intracellular Cytosolic
Ca2+ Variations by Fluorescent Confocal
Microscopy
The contracting EBs were dissociated to single CCs by incubation
in Ca2+-free solution [120mMNaCl, 5.4mMKCl, 5mMMgSO4,
5mM sodium pyruvate, 20mM glucose, 20mM taurine, 10mM
HEPES (all Sigma Aldrich), pH6.9] at room temperature and
enzymatically treated with 0.8 mg/ml type II collagenase (Gibco)
and 0.037 mg/ml type XIV proteinase (Sigma Aldrich) in the
same solution for 3min at 37◦C. The clusters were then incubated
in dissociating solution (85mM KCl, 30mM K2HPO4, 5mM
MgSO4, 1mM EGTA, 5mM sodium pyruvate, 5mM creatine,
20mM taurine, 20mM glucose, 2mM disodium pyruvate, pH =

7.4) for 20min at 37◦C and plated on gelatin coated 35mm glass
bottom culture dishes (MatTek) in EBmedium until the next day.
On the day of measurements, cells were incubated in a Tyrode’s
solution (140mMNaCl, 5mMHEPES, 4mM KCl, 1mMMgCl2,
1.8mM CaCl2, 10mM glucose, pH 7.4) with 3µM Fluo4-AM
(Invitrogen, Carlsbad, CA, USA) for 20min at room temperature.
After the incubation with Fluo4-AM, the solution was replaced
with the fresh Tyrode’s solution and the cells were placed on the
stage of an inverted microscope. Ca2+ images in line-scan mode
were recorded with a laser scanning confocal microscope Zeiss
LSM Exciter (Carl Zeiss), with 40x water immersion objective,
in x–y mode, 1 image/0.495 s. Electrical pacing was set up with
frequency 0.5, 1Hz (20V, 0.5ms duration and 1ms delay).
The kinetic properties of intracellular Ca2+ variations including
Ca2+ transients and diastolic events were analyzed by in-
house developed PeakInspector software (https://asalykin.github.
io/PeakInspector/) as previously described (Acimovic et al.,
2018).

Electrophysiological Recordings Through
Patch-Clamp
Electrophysiological recordings were obtained using whole-cell
patch-clamp technique on anAxopatch 200B (Axon Instruments,
Foster City, CA) at room temperature (22–24◦C). The recording
pipettes contained: 120mM KCl, 8mM EGTA, 10mM HEPES,
6.8mM MgCl2, 3mM CaCl2, 4mM ATPNa2, 0.4mM GTPNa2
(pH 7.2). The bath solution contained: 130 mmol/L NaCl, 4
mM/L KCl, 1.8 mM/L MgCl2, 1.8 mM/L CaCl2, 10 mM/L
HEPES, 11 mM/L glucose (pH 7.4). Action potentials (APs)
were measured in the current-clamp configuration in response
to brief (1–2ms) depolarizing current injections at 1Hz. The
resting membrane potential, the amplitude and duration (APDs)

at 20, 50, and 90% repolarization of the APs were measured
(respectively indicated as APD20, APD50, and APD90). 7 DMD-
hPSC-derived CCs (DMD-CCs) and 18 WT-hPSC-derived CCs
(WT-CCs) were analyzed. Cells arrhythmogenicity was tested
using application of successive 10 s runs in the current clamp
configuration defined by 5 brief (1ms) depolarizing current
injections at 2Hz followed by a resting period. Data were
analyzed using the Clampfit 10.0 (Axon Instruments) software.

Atomic Force Microscopy Measurements
Atomic force microscope (JPK NanoWizard 3, JPK, Berlin,
Germany), combined with an inverted light microscope
(IX-81S1F-3, Olympus, Tokyo, Japan), was used to obtain
mechanocardiograms of beating EBs as previously described
(Pesl et al., 2014; Caluori et al., 2019; Pribyl et al., 2019). Drug
response tests were performed after initial equilibration in
Tyrode’s solution, followed by addition of 70µM metoprolol,
10min of stabilization time, and then 10min of measurement.
Isoproterenol (1µM) was subsequently added into the solution,
and mechanocardiograms were measured after 20min of
stabilization. The mechanical properties of beating EBs were
expressed as force of contraction in nN as previously described
(Pesl et al., 2014); however, the values were relativized for
final comparison.

Free Troponin Analysis
The EBs were formed and cardiac induction was initiated as
described above. On day 18, individual EBs homogenous in size
and shape were separated onto 12 well plate coated with gelatin
and 1ml of proper induction medium was added. From day 21
to 51 with frequency of 4 days, medium sample was collected,
spun, and the supernatant frozen in−20◦C until all samples were
harvested. The samples were then analyzed for free troponin T
concentration using two epitopes based immunochemical system
Cobas e602 (Basel, Switzerland) specifically high sensitive short
turnaround time (STAT) kit Elecsys Tropo T hs STAT 100 (Roche
diagnostics, Basel, Switzerland; Hess et al., 2008) according to the
manufacturer’s instructions.

Statistical Analysis
Statistical evaluation was carried out in GraphPad Prism 8.3
software (GraphPad Software, Inc., La Jolla, CA, USA). Available
normality tests were performed for the obtained data, and
Student’s two-tailed t-test or ANOVA was used to assess
statistically significant differences on normally distributed group
pairs. Where normality tests failed, non-parametric tests were
used. Individual statistical test used was specified in individual
figure legends.

RESULTS

DMD-CCs Do Not Express Full-Length
Dystrophin Protein
Three previously described patient-specific DMD-hiPSC and
one CRISPR/Cas9-mediated DMD-hESC lines (Jelinkova et al.,
2019a,b) were differentiated into CMs (Pesl et al., 2014). WT
hESC [hESC CCTL12 (hPSCreg name MUNIe005-A, passages
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15–61) and CCTL14 (hPSCreg name MUNIe007-A, passages
15–63) derived in Masaryk University, Brno, and characterized
previously (International Stem Cell Initiative et al., 2007)]
and WT-hiPSC [cl.4 (passages 43–84) obtained from Dr.
Majlinda Lako (Newcastle University, UK) (Armstrong et al.,
2010) and hfiPSC (passages 20–52) (Qu et al., 2013)] were
used as controls. The obtained DMD-CCs were evaluated for
dystrophin presence. The strategy for antibody detection is
illustrated in Figure 2A. Dystrophin expression was evaluated
using immunocytology with specific antibodies against high
molecular weight isoform of dystrophin (antibody specific to N-
terminus detecting the full-length 427 kDa isoform, Figure 2B,
left panel), as well as shorter isoforms (antibody specific to
C-terminus, which is present in various lower molecular weight
dystrophin isoforms, Figure 2B, right panel). Dystrophin
expression was observed with both antibodies in WT-CCs as
membranous signal of the antibody (Supplementary Figure 2).
No membranous/cytoplasmic protein signal was detected in
any DMD-CCs (Figure 2B). Nuclear signal of dystrophin
was detected by C-ter antibody (which can detect shorter
dystrophin isoforms, most likely the Dp71 isoform), and no
cytoplasmic/membranous signal was observed in CCs derived
from either DMD-hPSC lines. Furthermore, western blot
analysis with N-ter and C-ter antibodies showed expression
of some shorter dystrophin isoforms (Dp140, Dp116, and
Dp71) in the DMD cell lines, but none in the full high
molecular band (Dp427) (Figure 2C, full membranes in
Supplementary Figure 2).

Dystrophin Deficiency Leads to Cardiac
Differentiation With Lower Yield of
Spontaneously Beating EBs
Next, we aimed at characterizing the impact of dystrophin
deficiency on the cardiac differentiation of hPSCs through the
EB-based method as previously published (Pesl et al., 2014). We
compared the yield of beating EBs upon differentiation of all
DMD and WT-hPSC lines. First of all, we used the spontaneous
beat in 3D EB clusters as a criterion to evaluate the cardiac
differentiation success. The differentiation efficacy represented
by the fraction of spontaneously beating EBs (detected at day
29 after cardiac differentiation start) was decreased in DMD-
EBs compared to WT-EBs (Figure 3A, statistical evaluation
in Supplementary Table 2). At the cellular level, the beating
EBs from all tested cell lines contained CCs (Figure 3B) with
striated pattern of cardiac troponin T (cTnT) and α-actinin.
The differentiation efficacy was also measured in age-matched
groups of DMD- and WT-EBs aged 25–29 days by qRT-PCR
of well-known cardiac markers [NKX2.5 (p = 0.42), myosin
heavy chain α (MYH6, p = 0.71), myosin heavy chain β

(MYH7, p = 0.82), myosin light chain 2 (MYL2, p = 0.17),
myosin light chain 7 (MYL7, p = 0.42), ryanodine receptor
2 (RYR2, p = 0.61), cardiac muscle alpha actin (ACTC1, p =

0.78), connexin43 (GJA1, p = 0.36)], showing no significant
difference in relative mRNA expression. However, a tendency
for lower yield of most of the markers in the obtained
DMD clusters was observed, with the exception for MYH7

and GJA1 (Figure 3C). Inward rectifier potassium channels
Kir2.1, Kir2.2, and Kir2.3 were also tested (KCNJ2, KCNJ4,
and KCNJ12, respectively) with significant increase in Kir2.1
expression (p = 0.004); SERCA (ATP2A) shows no difference in
mRNA expression.

DMD-CCs Display Altered
Electrophysiological Properties
Next, we tested whether dystrophin deficiency alters the
cardiac electrophysiological properties and arrhythmogenicity
of single hPSC-derived CCs. Action potential (AP) properties
(resting membrane potential (RP), amplitude, and duration
(APD) in DMD- (26–46 days old) and WT-CCs (36–41
days old) were recorded using the patch clamp technique.
Age matching of the CCss was not possible in this instance
due to technical reasons as only a limited number of CCs
were analyzed. Both DMD- and WT-CCs mostly exhibited
triangular-shaped APs with various APD90 durations ranging
from 20 to 380ms (Figures 4A,B) similarly to WT with
measured APD90 ranging from 20 to 520ms. More occasionally,
plateau-shaped APs with longer (>300ms) APD90 durations
were observed (Figures 4A,B, Supplementary Figure 7). No
significant difference was observed in RP, amplitude, and
durations between DMD- (n = 7) and WT-CCs (n = 18)
APs (Figure 4B). Occurrence of fast pacing induced delayed
afterdepolarization (DAD) events was observed and quantified.
No difference (p = 0.25) between DMD-CCs (50%; 1.2 ± 0.3
events/10 s, n = 7) and WT-CCs (35%; 1.9 ± 0.4 events/10 s, n
= 18) in the occurrence of DAD was observed (Figure 4C).

DMD-CCs Exhibit Abnormal Intracellular
Ca2+ Handling
Intracellular SR Ca2+ handling has been shown to be affected
in several DMD models, in particular through RyR2 mediated
Ca2+ leak (Andersson and Marks, 2010; Fauconnier et al., 2010;
Andersson et al., 2012). Using confocal fluorescent microscopy as
we previously showed in hPSC-CCs (Pesl et al., 2014; Acimovic
et al., 2018), we investigated the enzymatically dissociated single
cell Ca2+ handling in DMD and WT-CCs matched between 40
and 50 days after differentiation. We chose this age as a safe
timepoint to interpret the eventual differences as prevalently
caused by the DMD mutation: it is in fact reported that calcium
machinery in hPSC-CCs reaches a “stationary state” between
21 and 30 days after induction (Hwang et al., 2015). We
acquired intracellular Ca2+ transients in resting state and under
physiological pacing conditions (0.5 and 1Hz). We analyzed
spontaneous frequency of calcium transients, together with their
time parameters, and occurrence of secondary small diastolic
calcium events possibly triggering increased automaticity.

A lower frequency was observed in the major Ca2+ transients
in DMD- compared to WT-CCs in resting conditions (1.262 ±

1.608Hz vs. 2.416 ± 3.441Hz respectively, p < 0.0001). Ca2+

transient dynamics resulted altered in DMD single CCs: either
in resting or in paced conditions, the time to peak, dependent
on the SR Ca2+ release properties, was significantly elongated in
dystrophin deficient cells (p< 0.0001, Figure 5A). Ca2+ transient
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FIGURE 2 | DMD-hPSC differentiate into cardiac cells (CCs), which do not express dystrophin. (A) Antibodies against dystrophin N-terminal (N) aminoacid (a.a.)

residues 321–494 and C-terminal aminoacid residues 3558–3684 were used. (B) hPSC derived CCs were analyzed for presence of dystrophin (in green). WT hESC

(Continued)
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FIGURE 2 | derived CCs dissociated from spontaneously beating EBs presenting with positive signal for cardiac troponin T (red) showed positive signal for dystrophin

labeled by N-terminus specific antibody as well as by C-terminus specific antibody. None of the DMD-hPSC lines (DMD02, DMD03, and cDMD) derived CCs showed

any signal for dystrophin. DAPI was used for nuclear counterstain. Ruler represents 50µm. (C) The differentiated EBs were lyzed and western blot analysis was

performed to identify the individual isoforms expressed. Both used WT-hPSC derived EBs show expression of various dystrophin isoforms including Dp427, Dp260,

Dp140, and Dp71. The CRISPR/Cas9 generated cDMD-EBs show no expression of either isoform, while only shorter isoforms were identified in patient

DMD-hiPSC-EBs with promoters downstream of the patient’s mutations. Human heart tissue (HH) was used as positive control. LaminB was used as loading control.

decay time, expression of the features of calcium reuptake, was
increased in DMD in resting state (+59.24ms average increase,
p = 0.013, Figure 5B); this prolongation was non-significant
in pacing conditions. Transient duration, which determines the
contraction cycle and possible Ca2+-induced arrhythmogenicity,
was also elongated in DMD-CCs (Figure 5C; 63.53ms in resting
state, p = 0.002, and 71.51ms under 0.5Hz pacing, p= 0.025).
These data suggest that the lack of dystrophin affects DMD-
CCs during spontaneous and triggered SR Ca2+ release, affecting
overall calcium dynamic.

We then observed and quantified the occurrence of secondary
small-amplitude Ca2+ release events occurring after a main
transient during diastole (relaxation and baseline, Figure 5D)
and found significantly increased frequency of these events in
DMD-CCs (p= 0.0172, Figure 5E).

Aberrant L-Type Voltage-Dependent Ca2+

Channel Expression in DMD-CCs
To further understand how dystrophin deficiency affects Ca2+

homeostasis and ECC in DMD-CCs, we verified the expression
pattern of LTCCs using dihydropyridine receptor (DHPR) α2
subunit/CACNA2D1 antibody. At the protein level, DHPR α2
subunit expression was increased in patient-specific DMD-
CCs (DMD02 and 03, Figure 5F). No difference was observed
on the mRNA level of the CACNA1C (encoding Cav1.2) or
CACNA1D (encoding Cav1.3) between the WT and DMD
groups (Figure 5G). We then tested the cellular localization of
the L-type channels using DHPR immunostaining. In line with
previous protein analysis, DMD-CCs (detected by cTnT labeling)
showed stronger signal of the LTCC, and no other difference was
detected (Figure 5H).

DMD-EBs Display Hypocontractility,
Bradycardia, and Higher Heart Rate
Variability
DMD-associated dilated cardiomyopathies is characterized by
thinner left ventricle, reduced cardiac output, and hypo-
contractility of the heart (Hajjar et al., 1993; Bondue et al.,
2018; Amedro et al., 2019). We thus tested whether DMD-
CCs contained in 3D cardiac clusters (EBs) exhibit weaker
contractile properties by measuring the contraction force and
beat rate by AFM as we previously published (Pesl et al., 2014,
2016; Acimovic et al., 2018). We observed weaker spontaneous
contraction force in DMD-EBs (Figure 6A, p < 0.0001) while
they exhibited similar overall beat rate compared to WT-EBs
(Figure 6B, p = 0.139; for separate data of each line, see
Supplementary Figure 6). We noticed a peculiar variability in
the inter-beat interval (IBI, Figure 6C, p = 0.0039) (examples of

AFM curves are shown in Supplementary Figure 6A) across the
different samples. WhileWT-EBs showed consistent IBI with few
exceptions, DMD-EBs showed high heterogeneity (Figure 6C,
Supplementary Figures 5B–D). We observed not only different
variability in recorded IBI but also prevalence in shorter IBI in
WT-EBs compared to DMD-EBs (1± 1.0 s, and 0.96± 0.35 s for
WT-hESC- and hiPSC-EBs respectively, 2.4 ± 1,6 s for DMD02-
EBs, 2.1 ± 1.2 s for DMD03-EBs and 1.9 ± 1.2 s for cDMD-EBs,
p-values in Supplementary Table 3) (Figures 6D–G).

Moreover, DMD-EBs displayed more dispersed IBI scatter
plot and histogram than WT-EBs (Figures 6H,I). Using
representative Poincaré plots, a quantitative measure of the
evolvement in time of the IBI, we found more scattered
inter-contraction pattern in DMD-EBs compared to WT-EBs
(Figures 6J,K) showing a higher beat rate variability.

Loss of Dystrophin Leads to β-Adrenergic
Remodeling and Cardiomyocyte Wasting
Dystrophin-deficient mouse CMs have been shown to display
aberrant response to β-AR stimulation (Li et al., 2014). Thus, we
evaluated the β-adrenergic response in DMD-EBs to investigate
the effect of stress. We monitored the mechanobiological
properties of the contracting clusters upon a selective β1-AR
inhibitor (metoprolol, METO) followed by a non-selective β-AR
activator (isoproterenol, ISO). In presence of METO, the WT-
hPSC-EBs exhibited a significant decrease in contraction force
(p = 0.0042 for WT hESC, p = 0.0156 for WT-hiPSC) and beat
rate (p = 0.0051 for WT hESC, Figures 7A,B). DMD-hiPSC-
EBs showed no response in beat rate nor contraction force to
modulation by ISO nor METO. cDMD-EBs showed a response
in contraction force toMETO application similarly to its isogenic
control (p = 0.0003 for contraction force and p = 0.103 for beat
rate).WT-EBs responded to subsequent β-adrenergic stimulation
by ISO application (partially competing with METO) through
marginally significant increase in relative contraction force (p
= 0.0596 for WT hESC, p = 0.03 for WT hiPSC, Figure 7A),
DMD-EBs did not show statistically significant responses to ISO
nor METO. cDMD-hESC line, however, responded similarly
to its isogenic WT control in contraction force increase (with
significant change in response to modulation, p = 0.0039). The
pharmacokinetic answer to ISO has been additionally tested
by exclusion of METO response using division of Tyrode and
ISO value still showing response in WT-EBs (p = 0.0021) with
no significant change in DMD-EBs (p = 0.1309) (as shown in
Supplementary Figure 4C).

These mechanobiological data suggest that the DMD-EBs
exhibit much weaker response to stress conditions in presence
of β-AR modulation. Thus, we compared the expression of the
β1, β2, and β3 AR at the protein level between DMD- and
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FIGURE 3 | Differentiation efficacy is lower in DMD-hPSC lines. (A) All DMD-hPSC and WT-hPSC lines were differentiated into spontaneously contracting EBs

containing cardiomyocytes and cardiac cells. The ratio of these spontaneously contracting clusters was evaluated and compared to wild-type (WT) controls (n = 36

(Continued)
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FIGURE 3 | for CCTL14 EBs, n = 8 for CCTL12 EBs, n = 13 for CCTL13, n = 12 for cl.4 EBs, n = 25 for DMD02 EBs, n = 6 for DMD03 EBs, n = 19 for cDMD-EBs).

Lesser yields of beating EBs were identified in all DMD-hPSC lines. Statistical difference was calculated by one-way ANOVA and multiple comparison with Dunn’s test.

Significance (*p < 0.05, **p < 0.01, ***p < 0.01) is visualized as asterisks for the lowest values; for individual p-values, see Supplementary Table 1. (B) EBs were

dissociated and cells labeled for cardiac markers α-actinin (in green) and cardiac troponin T (cTnT, in red) (DAPI is labeling the nuclei). WT and DMD-CCs presented

similar level of typical striated pattern of sarcomeres. Line represents 50µm. (C) Differentiation efficacy was evaluated by rt qPCR on mRNA levels of cardiac markers

showing only non-significant differences in expression of various markers (MYH6, n = 7 for WT and n = 5 for DMD; MYL2, n = 8 for WT and n = 4 for DMD; MYL7, n

= 8 for WT and n = 4 for DMD; RYR2, n = 8 for WT and n = 4 for DMD; ACTC1 n = 6 for WT and n = 5 for DMD; NKX2.5, n = 8 for WT and n = 4 for DMD, ATP2A2,

n = 11 for WT and n = 17 for DMD) and non-significant increase in MYH7 (n = 8 for WT and n = 5 for DMD) and GJA1 (n = 7 for WT and n = 6 for DMD). Potassium

channels were analyzed using Kir2.x isoforms mRNA expression (KCNJ2 – Kir2.1, KCNJ4 – Kir2.2 and KCNJ12 – Kir2.3, for all n = 11 for WT and n = 17 for DMD).

Statistical significance on pooled DMD and pooled WT data sets was calculated using Mann–Whitney test; exact value for each is represented by • in each graph.

WT-EBs. While DMD-EBs derived from patient hiPSC showed
increased β1 (p = 0.0103) and β2 AR expression (p = 0.0162)
compared to isogenicWT-EBs, cDMD-EBs show similar or lower
expression of both (Figures 7C–E). β3 expression was analyzed
by quantitative rt qPCR showing no significant differences in
between WT- and DMD-EBs (Supplementary Figure 4D).

A pathological overexpression of β-AR together with the
blunted drug response and hypocontractility above described
lead us to ask whether our derived CCs are already undergoing
complex changes leading to their death, with consequential
depletion and mechanical function deterioration in our 3D
model. Thus, CC death was quantified, over time after
differentiation, via cTnT concentration in the culture medium,
originating from the dying CCs in the EBs. DMD lines
showed from day 35 a significantly increased free cTnT level in
their medium, compared to WT samples (Figure 7F, statistical
evaluation in Supplementary Table 4). Interestingly, the DMD-
EB kept beating even late after cardiac induction, even over the
observed increased CM death (Supplementary Video 1).

DISCUSSION

Dilated cardiomyopathy, ultimately leading to heart failure,
is the most common outcome in patients with dystrophin
mutations (Kamdar and Garry, 2016; Papa et al., 2017),
and it develops in DMD patients due to muscle wasting,
but remains mostly unexplained in its dynamics. The
DMD (mdx) mouse model has critical limitations since it
develops only mild symptoms of heart failure with slow
progression and unaffected lifespan compared to control
mice (Carnwath and Shotton, 1987; Coulton et al., 1988;
Shirokova and Niggli, 2013). In the present study, we
provided a detailed description of patient-specific hiPSC-
CCs and CRISPR/Cas9 engineered hESC-CCs. DMD-CC
exhibited several molecular and functional abnormalities
including an altered Ca2+ handling, irregular bradycardic
beating, hypocontractility, and remodeling processes such
as βAR alteration and CMs wasting. Our evidences on the
alteration of ECC are in agreement with symptoms described in
DMD patients.

Our results showed that dystrophin deficiency leads to
lower efficacy in differentiating hPSCs into CCs. Interestingly,
DMD-CCs exhibited a similar relative expression of known
cardiac markers, and with trending increased Connexin 43
expression, similarly observed in mdx and mdx:utr CMs as a
remodeling mechanism following functional dystrophin absence,

with potential fatal arrhythmias in presence of β adrenergic
stimulation (Patrick Gonzalez et al., 2015). Lower differentiation
efficacy can point to cell fate errors: these can result from
increased DNA damage caused by deregulated NOS activity
(Jelinkova et al., 2019a). This process can lead to loss of
stemness both at the commitment and self-renewal level (Rossi
et al., 2007; Inomata et al., 2009). DNA damage can also
affect multipotent stem cells division, rendering muscular
differentiation ineffective (Dumont et al., 2015). Dystrophin loss
was recently associated, in advanced CM in vitro models, with
delayed contractile machinery formation, suggesting a mutation-
derived impairment even at the latest stage of CM development
(Pioner et al., 2020).

Then, we inquired whether and to what extent the mutation
affected the single cell and EB ECC. We measured the
electrophysiological properties and found similar AP features
between DMD- and WT-CCs. While most of the recorded AP
displayed atrial-like AP properties, our results suggested that
dystrophin deficiency does not alter the electrophysiological
properties of the derived hPSC-CCs. The AP durations
we obtained indicate mixed population of various type of
excitable cells from ventricular-like CMs (APD90 ≥ 300ms),
through atrial- and nodal-like CMs (APD90 ≥ 160ms) and
undefined/immature cardiomyocyte-like cells (APD90< 100ms)
similarly to what others previously found (He et al., 2003; Zhu
et al., 2016). Nevertheless, a significant increase of Kir2.1 mRNA
expression level point to a possible alteration of APD, which
results in reduced effective refractory period during diastole
in vivo. Furthermore, regarding the voltage-gated ion channels
expression, DMD-CCs exhibited increased expression of DHPRα

subunit of L-type Ca2+ channels but no difference in Cav1.2
and Cav1.3 isoform expression. L-type Ca2+ channels presenting
gain-of-function mechanism was reported in dystrophic hearts
(Koenig et al., 2014). In a recently published work (Eisen et al.,
2019), it was shown that prolongation of APD in DMD-CMs
was caused by increased ICa,L density, which can be matched to
prolonged diastole in DMD patients (Panovský et al., 2019). APD
alterations, both at the potassium and calcium current levels, can
lead to ventricular tachycardia (Choi et al., 2002; McNally et al.,
2015), or premature ventricular beats, possibly degenerating into
Torsades-de-Pointes ventricular fibrillations (Weiss et al., 2010).

Correlated with the mentioned calcium channels alterations,
we measured the intracellular Ca2+ transients on dissociated
CCs and observed a reduced spontaneous firing in DMD-CCs,
with a significantly higher occurrence of small Ca2+ events
in diastolic phase. For Ca2+ dynamics, DMD-CCs presented
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FIGURE 4 | AP recordings showed no difference in WT and DMD-CCs. (A) Representative AP recordings obtained from WT and DMD-hiPSC derived CCs, under

current clamp configuration. (B) Scatter plot of RP (mV) and amplitude (mV) (left) and APD 20, 50, and 90 durations (right) of WT (n = 18) and DMD (n = 7) hPSC-CCs

are represented. No significant difference was observed among these parameters between WT and DMD-hPSC-CCs. Exact n value for each is represented by • in

each graph. Mean ± SEM are represented. (C) Representative arrhythmic events recorded in WT-CCs (left) and DMD-CCs (right). Upper panels show representative

recordings of non-arrhythmogenic cells from WT-CCs and DMD-CCs and bottom panels show representative recordings of arrhythmogenic cells showing extra

events, such as DAD (Asterisks).
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FIGURE 5 | The dynamics of Ca2+ release and re-pumping is affected by dystrophin deficiency. Release of Ca2+ transients was measured using Fluo4 dyes in

enzymatically dissociated DMD (91 cells and n = 278 transients were analyzed for resting conditions; 20 cells and n = 83 transients were analyzed for low frequency

(Continued)
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FIGURE 5 | paced at 0.5Hz) and WT-CCs (30 cells and n = 262 transients were analyzed for resting conditions; 15 cells and n = 128 transients were analyzed for low

frequency paced at 0.5Hz) in the age 40–50 days of differentiation. (A) Time to peak, (B) decay time, and (C) contraction duration time were analyzed for the main

Ca2+ transients. The DMD-CMs showed significantly higher Ca2+ amplitude and longer time to release and repump/extrude the Ca2+ back into the SR/out of the cell

in comparison to WT. The exact values are plotted in the graphs; red line represents the median. Significance (*p < 0.05) is visualized as asterisks as calculated by

Mann–Whitney one-sided test (*p < 0.05, **p < 0.01, ****p < 0.0001). The Ca2+ leakage is demonstrated by Ca2+ events of low-amplitude (arrows) among the main

Ca2+ transients [D—the obtained data from microscope with line scanning (upper bar) and transferred into peak graph by PeakInspector (lower bar) with and without

electrical pacing of 0.5Hz]. The occurrence of these small events is increased in DMD-CCs transients (E) as analyzed by Mann–Whitney test (n = 54 and n = 35

analyzed cells, for DMD and WT, respectively). (F) L-type channel (DHPR subunit) expression was characterized, showing non-significant increase in protein expression

in DMD-hiPSC compared to WT-EBs as calculated by one-way ANOVA (n = 4, n = 4, n = 4 and n = 8 for WT hESC, WT-hiPSC, cDMD, and DMD-hiPSC-EBs). HH

was used as positive control, HFF (human foreskin fibroblasts) as non-CM cell sample. (G) CaV isoform’s (CACNA1C and CACNA1D) mRNA expression of LTCC

subunits were analyzed using rt qPCR showing no difference between the groups. The values were calculated for CMs using ACTC for normalization. At least three

biological repetitions were used for the analysis with exact value for each represented by • in the graph. Statistical difference was calculated using one-way ANOVA.

(H) ICC analysis showed stronger signal for LTCC (in red) in DMD-hiPSC CCs recognized by cTnT labeling (in green). Line represents 50µm.

prolonged rising time under resting and paced conditions with
high variability. The Ca2+ transient decay time mean was
significantly longer in resting conditions for DMD-CCs, even
if this difference was abolished during pacing. This led to a
measured prolonged duration of the transients, except under the
1Hz physiological pacing.

Altered Ca2+ transients dynamics correlate with cellular
alteration of ECC, as previously shown in our work and others
(Sato et al., 2007; Caluori et al., 2019; Pioner et al., 2020). In
particular, longer rising time might be correlated to a state of
calcium overload, derived from sarcolemmal tears (Danialou
et al., 2001) and SR leakage by remodeling of RyR2 by S-
nitrosylation (Fauconnier et al., 2010; Oda et al., 2015) or
loss of the closed-state stabilizer calstabin2 (Fauconnier et al.,
2010). RyR2 misregulation can explain also that the presence
of small Ca2+ amplitude events by random firing is a state of
overload. Prolonged cytosolic Ca2+, as expressed by increased
duration of the transients, can contribute to arrhythmic events
via inverse Na+-Ca2+-exchange activation (Voigt et al., 2012)
and electromechanical dissociation. However, it should be noted
that young DMD boys rarely exhibit arrhythmias (Villa Chet
et al., 2015). We performed patch-clamp experiments and
observed no difference in the number of arrhythmic events in
WT- and DMD-CCs. In our previous work, we have shown how
DMD-EBs are insensitive to positive chronotropic effect of high
extracellular Ca2+ concentration, most likely due to low diffusion
gradients in case of constant cytosolic overload (Caluori et al.,
2019). Nevertheless, WT-EBs tolerated high levels of extracellular
Ca2+ by modulating their contractile activity, while DMD-EBs
presented an increased and erratic electromechanical coupling
delay, together with an increased calcium reuptake time. In
accordance with the presented evidences, we have previously
shown how DMD-EBs are less sensitive to Verapamil L-type
channels inhibition.

From the single cell electrochemical experiments, and
previous results in the DMD-EB electromechanical alterations,
we focused on the study of 3D mechanical behavior and
its modulation. EBs showed that the overall spontaneous
beat rate of WT and DMD groups did not differ at rest.
However, we identified an increased heart rate variability though
IBI analysis and its time-dependent correlation, similarly to
Eisen et al.’s observations (Eisen et al., 2019), which also
showed high heterogeneity in beat rate variability in dissociated

DMD-hiPSC-CCs. Heart rate variability via L-type inactivation
can be increased and even become pro-arrhythmogenic in case of
spontaneous SR leakage (Johnson et al., 2013), a condition proven
in the case of DMD models. The measured contraction force in
DMD-EBs was significantly lowered compared to WT-EBs, as
previously shown in single cell models (Pioner et al., 2020) and
correlated to the ejection fraction decrease in reported patient’s
hearts (Corrado et al., 2002; Villa Chet et al., 2015; Panovský
et al., 2019). Both lower contraction force and arrhythmic events
occur in DMD patient’s heart from a very young age and before
dilated cardiomyopathy onset. In fact, 25% of pediatric DMD
patients under 10 years old already showed decreased ejection
fraction and have developed sinus tachycardia (Sadek et al.,
2017). Overall, our model presents functional alterations of an
early-stage cardiac manifestation of DMD.

For the first time, we further evaluated the ECC modulation
abilities by pharmacological response in DMD-CCs through
the β-AR response. We found an impaired response in
DMD-EBs through lack of contraction force and beat rate
modulation similarly to mdx hearts (Meyers et al., 2019).
Our data showed visible changes in contraction force and
beat rate in WT-EBs in the presence of isoproterenol (non-
selective β adrenergic agonist) or metoprolol (β1 receptor
inhibitor) but no change of both parameters in DMD-EBs.
Surprisingly, the CRISPR/Cas9-induced cDMD-EBs reacted to
β adrenergic modulation similarly to WT-EBs. The response
might involve an unknown compensatory mechanism proper
of the engineered line. As further confirmation, cDMD-CCs
presented similar levels of β-AR with respect to its isogenic
hESC-derived WT-CCs. In contrast, patient-specific DMD-
EBs showed an increased expression in β1 and β2 receptors
compared to WT-EBs. It has been previously shown that mdx
CMs present lowered density of β1-AR (Li et al., 2014) with
blunted β-adrenergic signaling pathway (Lu and Hoey, 2000; Li
et al., 2014). Here, patient-specific DMD-CCs showed increased
protein expression level of both, still with blunted response to
adrenergic modulation.

That is also similar to non-DMD heart failure, where β1
overexpression is quite common (Engelhardt et al., 1999); trying
to compensate for the weak contractility of the organ and the
overactivation of the receptors then leads to receptor dysfunction
in signaling, thus their insensitivity (Bristow et al., 1982; Rengo
et al., 2009; de Lucia et al., 2018). The impaired contraction
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FIGURE 6 | The spontaneously contracting EBs lacking dystrophin showed weaker contraction force and signs of arrhythmias. The EBs were analyzed by AFM-based

methods. (A,B) Contraction force is decreased in DMD-hPSC derived EBs (n = 36 for WT, n = 29 for DMD-EBs), beat rate is not affected by DMD mutation (n = 38

for WT, n = 31 for DMD-EBs). The statistical difference was calculated by Mann-Whitney test (*p < 0.05, ****p < 0.0001). At least five biological repetitions were used

in each differentiated line; exact value for each is represented by • in each graph. Beat rate variability was identified in DMD-EBs. Graph shows coefficient of variation

analysis (C) of pooled control and DMD groups. The data were cleaned of outliers by ROUT test (q = 1%), and normality was tested by available tests showing

non-normal distribution. Statistical difference was calculated using Mann–Whitney test. Representative IBI histograms of control (D, n = 712 peaks of the

representative EB analyzed), DMD-hiPSC (E, n = 76 peaks of the representative EB analyzed), and DMD-hESC (F, n = 165 peaks of the representative EB analyzed)

EBs and superimposed example of all three groups with normalized values (G). Superimposed representative inter-beat-interval (IBI) scatter plots of control hiPSC with

DMD-hiPSC-EBs (n = 145 time points for each EB) (H) and control hESC with DMD-hESC-EBs (n = 334 time points for each EB) (I). Superimposed Poincaré plots of

control hiPSC with DMD-hiPSC-EBs (J, same representative EBs as in H) and control hESC with DMD-hESC-EBs (K, same representative EBs as in I).

force observed in DMD-EBs can also be caused by β3 inhibitory
function (Skeberdis, 2004). β3 normally acts as β-adrenergic
break, but has been also shown to temper with mechanical
properties of skeletal muscle together with nNOS expression
increase leading to elevated ROS production (Puzzo et al., 2016).
However, our results indicated that β3 expression was unchanged

in DMD-CCs although we cannot exclude difference in β3
cellular distribution. The use of β-ARmodulators has been shown
to be challenging in management of cardiomyopathy in DMD
patients due to severe hypotension events (McNally et al., 2015).
Investigations using β blockers in DMD cardiomyopathy have
turned up mixed results, with some studies demonstrating a
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FIGURE 7 | DMD-CCs show remodeled β-adrenergic response and increased death. The contraction force and beat rate were measured using an AFM-based

method and tested for β adrenergic response with isoproterenol (ISO, activator) and metoprolol (METO, inhibitor) (A). WT-CMs show increase in contraction force

(n = ISO/METO: n = 14/13 for WT hESC, n = 6/7 for WT-hiPSC-EBs, n = 6/10 for DMD02 EBs, n = 5/6 for DMD03 EBs, n = 17/17 for cDMD-EBs, exact value for

each is represented by • in each graph) and (B) beat rate (n = ISO/METO: n = 6/11 for WT hESC, n = 14/8 for WT-hiPSC-EBs, n = 7/11 for DMD02 EBs, n = 5/6 for

DMD03 EBs, n = 15/15 for cDMD-EBs, exact value for each is represented by • in each graph) after ISO treatment and decrease in both parameters under METO

(Continued)
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FIGURE 7 | treatment. The DMD-hiPSC-EBs remained unresponsive to any of these stimulations. cDMD derived EBs show similar response in contraction force to its

isogenic WT control. The red line represents the ratio of 1 for better orientation in change. Significance calculated by Wilcoxon test (*p < 0.05, **p < 0.01, ***p < 0.01,
#p < 0.1) is visualized as asterisks. (C–E) Western blot analysis of β receptors shows higher expression of β1 in DMD-hiPSC derived EBs compared to WT-EBs;

cDMD line shows similar expression to its isogenic WT control (calculates as β1 signal/actinin signal). β2 receptor showed increased levels in DMD-hiPSC-EBs.

Human heart (HH) sample was used as positive control, human foreskin fibroblasts (HFF) as CM negative sample. Lamin B was used as loading control. Exact value

for each is represented by • in each graph. Statistical difference was calculated by Mann-Whitney test for both β1 and β2 receptor expression. (F) CM death in the

EBs was evaluated using free troponin level analysis in the medium. All DMD-EBs show significantly increased free cTnT levels compared to WT-EBs. Statistical

difference was calculated using two-way ANOVA with uncorrected Fisher’s post hoc test. ****p < 0.0001 according to cell line factor (WT vs. DMD) and ++++p <

0.0001 according to day of differentiation factor.

clear benefit while others showed little effect of β-AR blockade
on outcomes signaling lack of response to the modulation
(Kajimoto et al., 2006; Matsumura et al., 2010; Viollet et al.,
2012). The β-AR responsiveness might as well be linked to
the type of mutation of the DMD gene, which might explain
why one of our models lacked dystrophin expression yet was
responsive to adrenergic modulation. Nevertheless, the beat
rate and contraction force response to adrenergic modulation
in patient-specific DMD-EBs suggested that the human DMD
phenotype is accompanied by altered density of the β-AR
on the sarcolemma and less sensitive β-AR pathway. The
latter can involve a hampered lusitropic effect, resulting in a
hypocontractile Ca2+-saturated sarcomere (Culligan et al., 2002;
Asp et al., 2013).

As a further original contribution, we finally investigated
whether ECC alterations and regulatory pathways remodeling
were associated in the dish with CCs wasting. Serum
concentration of cTnT is a routinely used marker of CMs
death, especially for acute myocardial infarction, although
with high sensitivity assays it is also a prognostic marker of
non-ischemic cardiac diseases (Park et al., 2017). We have
indeed observed how even in vitro early stage models of DMD
undergo progressive CMs injury, with detected levels of free
cTnT up to 10 times the one of age-matched control lines.
Dystrophin mutations, with severe symptomatology like in
Duchenne’s or milder like in Becker’s, are all characterized
with progressive cardiac symptoms stemming from loss of
CMs, remodeling of the cardiac tissue with substitutive fibrosis,
and ventricular dilation leading to heart failure accompanied
by non-CM cell population depletion (Pesl et al., 2020). CM
death can be indirectly caused by high levels of cytosolic Ca2+,
reportedly present in DMD through several mechanisms, which
increases proteolysis and triggers mitochondrial dysfunctions
with consequent ATP exhaustion (Meyers and Townsend,
2019; Tsurumi et al., 2019). Despite the fact that troponin
levels measured by immunoassay methods in the media cannot
define the mechanisms of cardiomyocyte injury, nor prove if
the cell remains viable after such injury or became apoptotic,
our findings confirmed that clinical assays can be used together
with our model to follow subclinical stages of DMD cardiac
involvement. Remarkably, this progressive CCs death is not
correlated with loss of contractility. Pioner at al. demonstrated
how up to 100 days of cultivation DMD models preserved
their contractile function assuming a hypertrophic phenotype
(Pioner et al., 2020). A similar mechanism could explain the
similar evidence we observed in our 3D model, where CM

depletion might be compensated by surviving CM hypertrophy.
This evidence opens further uses of our presented model to
study progressive cellular adaptation at different stages of
the diseases.

LIMITATIONS OF THE STUDY

The reported study presents several limitations. The
electrophysiological analysis via patch clamp lacks a proper
age matching; therefore, the highly variable parameters might
have masked mutation-related changes. Furthermore, no
channel-specific study was performed to make a causative link
between the presented channels overexpression to the calcium
handling and contractile alterations observed. We did not
directly characterize the age effect on calcium handling and
contractility on hPSC-CC. However, we have relied on existent
information on the topic to exclude a significant contribution of
incomplete maturation to the reported differences.

CONCLUSIONS

The purpose of this work was to model some key cardiac
molecular properties in DMD cardiomyopathy using DMD
patient-specific and engineered CRISPR/Cas9 isogenic hPSC
derived cardiac cells. Our results indicated that our DMDmodels
in the dish are functionally affected by dystrophin deficiency and
recapitulate functional defects and cardiac wasting observed in
the disease. This work contributes to determine cardiac defects
in DMD patients. It offers an accurate tool to study human
cardiomyopathy progression and test therapies in the dish.
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Cardiac side effects of some pulmonary drugs are observed in clinical practice.
Aminophylline, a methylxanthine bronchodilator with documented proarrhythmic action,
may serve as an example. Data on the action of aminophylline on cardiac cell
electrophysiology and contractility are not available. Hence, this study was focused on
the analysis of changes in the beat rate and contraction force of human pluripotent stem
cell–derived cardiomyocytes (hPSC-CMs) and HL-1 cardiomyocytes in the presence of
increasing concentrations of aminophylline (10 µM–10mM in hPSC-CM and 8–512 µM in
HL-1 cardiomyocytes). Basic biomedical parameters, namely, the beat rate (BR) and
contraction force, were assessed in hPSC-CMs using an atomic force microscope (AFM).
The beat rate changes under aminophylline were also examined on the HL-1 cardiac
muscle cell line via a multielectrode array (MEA). Additionally, calcium imaging was used to
evaluate the effect of aminophylline on intracellular Ca2+ dynamics in HL-1
cardiomyocytes. The BR was significantly increased after the application of
aminophylline both in hPSC-CMs (with 10 mM aminophylline) and in HL-1
cardiomyocytes (with 256 and 512 µM aminophylline) in comparison with controls. A
significant increase in the contraction force was also observed in hPSC-CMs with 10 µM
aminophylline (a similar trend was visible at higher concentrations as well). We
demonstrated that all aminophylline concentrations significantly increased the
frequency of rhythm irregularities (extreme interbeat intervals) both in hPSC-CMs and
HL-1 cells. The occurrence of the calcium sparks in HL-1 cardiomyocytes was significantly
increased with the presence of 512 µM aminophylline. We conclude that the observed
aberrant cardiomyocyte response to aminophylline suggests an arrhythmogenic potential
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of the drug. The acquired data represent a missing link between the arrhythmic events
related to the aminophylline/theophylline treatment in clinical practice and describe cellular
mechanisms of methylxanthine arrhythmogenesis. An AFM combined with hPSC-CMs
may serve as a robust platform for direct drug effect screening.

Keywords: aminophylline, IPSC, hESC, cardiomyocytes, drug cardiotoxicity, atomic force microscopy,
arrhythmogenic effects, methylxanthines

INTRODUCTION

Theophylline (1,3-dimethylxanthine) and its more soluble form
aminophylline (a complex of two theophylline molecules and
ethylenediamine) are well-known bronchodilators used mostly
for therapy of chronic obstructive pulmonary disease (COPD)
and asthma. These drugs are also recommended for the treatment
of emphysema (Zatloukal et al., 2020). Other indications have
been suggested, for example, treatment of apnea in premature
neonates (Ye et al., 2019). Unfortunately, a narrow therapeutic
range and frequent adverse effects make their use controversial
(Singh et al., 2019). An increased mortality rate in theophylline
users has been reported by multiple research teams (Lee et al.,
2009; Horita et al., 2016). A higher percentage of cardiovascular
deaths was observed in asthma patients who received
aminophylline (Suissa et al., 1996), as well as in patients with
COPD (Lee et al., 2009), and also in a general patient population
overdosed with theophylline (Shannon, 1999).

The adverse effects of theophylline/aminophylline include
arrhythmias, even at their therapeutic plasma concentrations
(Bittar and Friedman, 1991). In a meta-analysis of several
randomized clinical trials, 13% incidence of arrhythmias or
palpitations after intravenous aminophylline infusion has been
observed (Nair et al., 2012). More than 20% of patients experience
cardiac arrhythmias during an aminophylline overdose episode
(Shannon, 1999). Supraventricular arrhythmias have been
observed most frequently, usually represented by atrial
fibrillation (AF) (Varriale and Ramaprasad, 1993; Huerta
et al., 2005). Concurrently, COPD is an independent risk
factor of AF (Goudis, 2017). The risk of arrhythmias is further
enhanced by hypokalemia (Hoppe et al., 2018), which may
develop as a side effect of aminophylline treatment,
particularly occurring in cases of intentional overdose (Ellis,
1985; Charytan and Jansen, 2003).

Mechanisms of theophylline-/aminophylline-induced
arrhythmias are not clear. It is well known that
methylxanthines non-specifically inhibit phosphodiesterases
(hence increasing the cAMP level) and adenosine receptors
(Ukena et al., 1993). These effects may explain the sinus
tachycardia often observed in clinical practice. In contrast, this
does not explain the origin of AF associated with aminophylline
treatment. Effects of theophylline/aminophylline on cardiac
electrophysiology were studied mostly in animal models
(Komadina et al., 1992; Onodera et al., 2001; Shamsuzzaman
et al., 2016). However, a conclusive explanation of their
proarrhythmic action has not been provided, and data from
human cardiomyocytes (CMs) embedded in cardiac syncytia
have been missing completely.

This study was aimed to reveal changes of basic functional
characteristics (contraction force and beat rate) of human cardiac
tissues induced by aminophylline at a wide range of
concentrations. A clinically relevant model was employed, for
example, 3D structures called embryoid bodies (EBs) derived
from human pluripotent stem cells subsequently differentiated
into cardiomyocytes (hPSC-CMs). The model was originally
described in previous studies (Burridge et al., 2012; Pesl et al.,
2014). Its functional properties were further validated using
atomic force microscopy (Liu et al., 2012; Dinarelli et al.,
2018; Pribyl et al., 2019), a method enabling real-time
monitoring of contractions and thus also beating properties of
single cardiomyocytes or cardiac cell clusters, alone or in
combination with other methods such as microelectrode array
(Caluori et al., 2019b) or calcium imaging (Odstrcilik et al., 2015;
Caluori et al., 2019a). This model was recently used for disease
modeling in studies by Acimovic et al., 2018; Jelinkova et al., 2019.
The effects of aminophylline were further validated on an
independent model of HL-1 cardiomyocyte cells. The overall
scheme of all experiments within this study is presented in
Figure 1. This approach has provided the first experimental
data well-corresponding with the aminophylline-induced
arrhythmias observed in clinical medicine.

MATERIALS AND METHODS

Cell Cultivation
The hESC line CCTL14 (46 XX) derived at Masaryk University,
Brno, and previously characterized (International Stem Cell
Initiative et al., 2007) was routinely maintained on a feeder
layer of mitotically inactivated mouse embryonic fibroblasts as
previously described (Dvorak et al., 2005; Krutá et al., 2014;
Jelinkova et al., 2020).

Differentiation into CMs via embryoid bodies (EBs) and
measurements by an AFM were performed as previously
described (Pesl et al., 2014), with minor modifications. Briefly,
hESC colonies were collected 4 days after seeding and
subsequently broken down into smaller clumps which were
seeded into the EB medium (86% KO DMEM, 10% FBS, 1%
L-glutamine, 1% penicillin/streptomycin, 1% non-essential
amino acids, 0.1 mM 2-mercaptoethanol, and 10 µg/ml
ascorbic acid) with 10 ng/ml BMP4 (R&D) and placed in
hypoxic conditions (5% O2, 5% CO2,) where they
spontaneously formed EBs. After 3 days, the medium was
removed and replaced with fresh EB medium supplemented
with 5 ng/ml FGF2 (Peprotech), 10 ng/ml BMP4, and 6 ng/ml
activin A (R&D) for a 4-day incubation. A 3-day incubation in EB
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medium supplemented with 10 ng/ml VEGF (R&D) and 10 µM
IWR1 (R&D). The next induction medium was the EB medium
supplemented with 10 ng/ml VEGF and 5 ng/ml FGF2, with a
medium exchange every 4 days. After four days in this medium
(day 14 of differentiation), the EBs were transferred into a
normoxic incubator (21% O2, 5% CO2) for the remaining
8 days of this induction period. From then onward, EBs
remained in normoxia and were fed with the EB medium
every 4 days until analysis. Beating EBs were selected and
transferred on a gelatin-coated PM3 dish to adhere to for
measurement. These cellular constructs of the cardiac
syncytium were coupled to an AFM force sensor to perform a
high-fidelity contraction pattern as an hPSC-CM–based
biosensor (Pesl et al., 2014). The constant size of clusters of
hPSC-CMs allows comparable and stable beating pattern
evaluation allowing for force- and rhythm-related drug effect
tracking.

For the immunocytochemistry experiment, either whole or
dissociated EBs attached on coverslips were fixed with 4% PFA,

blocked and permeabilized by 1% BSA (Sigma) in 0,1% Triton-X
(Sigma) or 0,05% TWEEN (Sigma) in PBS, and incubated with
anti–troponin T antibody (1:5,000, Cell Signaling, 5,593, Rb)
overnight in 4 C. Anti-rabbit Alexa 594 (1:500, Invitrogen) was
left to incubate for an hour at room temperature, and the slips
were mounted on slides with Mowiol containing DAPI (Sigma).
The images were obtained using a Zeiss LSM 700 confocal
microscope.

The contracting clusters were previously checked for
expression and checked by immunostaining for cardiac
troponin T (cTnT) and ryanodine receptor RyR2 as described
elsewhere (Pesl et al., 2014; Souidi et al., 2021). The expression of
myosin heavy chain MYH6/7 and MYH7, RyR2, and the striated
pattern of cTnT in dissociated cardiomyocytes was used to assess
the progress in CMmaturation. The clusters consisted of all three
CM subtypes as described elsewhere; in brief, nodal-like CMs had
an AP duration at 90% of repolarization shorter than 100 ms
(about 16%), slightly more frequent were atrial-like cells, and
recorded AP mainly demonstrated a typical ventricular-like

FIGURE 1 | Experimental design: (A) hPSCs were differentiated in the form of EBs into contracting 3D clusters of cardiomyocytes, and under the influence of
increasing concentrations of aminophylline, the mechanocardiogram (MCG) was recorded was recorded by an atomic force microscope. The BR and contraction force
values of each contractive event were further analyzed and compared. (B) Field potential by themultielectrode array (MEA) system, together with intrinsic Ca2+ kinetics via
Fluo-8 AM, a calcium-binding dye, was assessed on HL-1 cells to further confirm the arrhythmogenic effect of aminophylline.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7897303

Klimovic et al. Aminophylline Induces Two Types of Arrhythmia

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


shape (Acimovic et al., 2018). EB responses to basic heart
modulators, such as β adrenoceptor agonist and blocker,
isoproterenol, and metoprolol, were previously measured
(Supplementary Figure S1).

EBs from the same cultivation batch were checked for the
presence of cTnT in the clusters as well as in the dissociated EBs
by immunostaining to demonstrate the batch-to-batch
differentiation consistency (Figure 2).

The HL-1 Cardiac Muscle Cell Line (Sigma) was routinely
maintained on fibronectin-coated dishes in Claycomb medium
(Sigma) supplemented with 10% FBS, 100 U/ml:100 µg/ml
penicillin:streptomycin, 0.1 mM norepinephrine, and 2 mM L-
glutamine. The cells were passaged with trypsin after reaching full
confluency, usually every 3–4 days, in a ratio of 1:3. For
experiments with MEA, the HL-1 cells were cultivated on
MEA chips coated with fibronectin in 0.02% gelatin (5 mg/ml;
Sigma). The HL-1 response to β-adrenoceptor agonist
isoproterenol was measured (Supplementary Figure S1).

Atomic Force Microscopy Measurements
NanoWizard 3 AFM (Bruker-JPK) combined with inverted light
microscope IX-81 (Olympus) was used to obtain
mechanocardiograms (MCGs) of beating EBs as previously
described (Pesl et al., 2014; Caluori et al., 2019b; Pribyl et al., 2019).

Drug response tests were performed after initial equilibration
of EBs in Tyrode’s solution (composition in mM: NaCl 135, KCl
5.4, MgCl2 0.9, CaCl2 1.8, HEPES 10, NaH2PO4 0.33, and glucose
5.5; pH 7.4 adjusted with 3M NaOH) (Bébarová et al., 2017). The
addition of increasing concentrations of aminophylline (10 µM,
100 µM, 1 mM, and 10 mM; Fagron) followed. Each
concentration was prepared in Tyrode’s solution from 1 mM
stock solution of aminophylline. The MCG was recorded for

further analysis; each measurement point consisted of 10 min of
stabilization time, followed by 10 min of measurement. Control
experiments were conducted in the same setting without
aminophylline in the treatments.

The contraction of beating EBs was recorded as a force value in
time (MCG). In-house built MATLAB-based script located R and
S peaks for each contractive event and their respective vertical
deflection and time values. From these values, R-R (sec), R-S
(contraction force; nN), and BR (beat rate; beats per minute) were
calculated, averaged, and normalized to the respective baseline
values recorded in Tyrode’s solution.

Multielectrode Array Measurements
The field potential of the HL-1 cells was measured using
MEA2100-mini-60 (Multi Channel Systems). Drug responses
were measured after initial equilibration in Claycomb medium,
followed by the increasing concentrations of aminophylline in
Claycomb medium (8, 16, 32, 64, 128, 256, and 512 µM).
Measurement points consisted of 3 min of stabilization time,
followed by 5 min of measurement. As a monolayer, HL-1 cells
are more sensitive to a treatment than hPSC-CM clusters.
Therefore, treatment measurement times and concentration
ranges were modified.

MEA recordings were analyzed using Multi-Channel
Analyzer software and in-house Python script, which
processed the data in a similar way; however, the resulting
parameters were only R-R (sec) and BR (beat rate; beats per
minute). R-S (amplitude; µV) values in case of MEA recordings
do not correlate with R-S values measured via AFM; therefore,
they were not used in this study. Noisy and non-representative
MEA channels were eliminated, and at least 3 channels were
then used for calculations.

FIGURE 2 | Fluorescence staining of whole and dissociated CCTL14 EBs (cell cluster) illustrates the presence of matured cardiomyocytes identified by the
presence of troponin T (red color); cells are localized with DAPI staining of the nucleus (blue color).
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Measurements of Intracellular
Cytosolic Ca2+
HL-1 cells were passaged and seeded onto an imaging dish with a
polymer coverslip bottom (Ibidi) and allowed to adhere. Fluo-8
(490/525; AAT Bioquest) was added into the medium (final
concentration 2 µM; stock solution in DMSO 2 mM), and the
cells were incubated for 20 min at 37°C. After the incubation, the
solution was replaced with fresh medium, and the cells were
placed on the heated stage (37°C) of an inverted microscope. Ca2+

images in the line-scan (line size 3.37 µm, 100 Hz) mode were
recorded using a laser scanning confocal microscope Olympus
FL1200 (Olympus) with a ×40 water immersion objective, in the

x–y mode. Kinetic properties of intracellular Ca2+ were analyzed
via the in-house Python-based script (Kabanov, 2021).

Measurement of HL-1 Viability
The HL-1 cells were passaged and mixed with PBS containing
aminophylline (final concentration 512 µM) or only PBS for
control. The cells were incubated for 8 min after which their
viability was analyzed via the trypan blue dye exclusion method
(Vicell-XR, Beckman Coulter).

Statistical Analyses
Statistical evaluation was carried out with the use of GraphPad
Prism 8.5 software (GraphPad Software). All data were tested for

FIGURE 3 | Effect of aminophylline (A) on contractile properties of 3D cardiac clusters. Scatterplots (mean ± standard deviation) of the BR (blue) and contraction
force (red) overall changes, normalized to a baseline measurement (relative response) and to control measurement means (n � 19 for A 10 µM, n � 30 for A 100 µM, n �
16 for A 1 mM, n � 13 for A 10 mM, n � 9 for BR ctrl and n � 7 for contraction force ctrl). At least four biological repetitions were used in each column. (A) BR of the
measured EBs with 10 mM aminophylline (A 10 mM) was significantly increased compared to that of the control (p < 0.05). (B) Similarly, the BR of EBs treated with
10 mM concentration of aminophylline was significantly increased over that of the controls (p < 0.05). (C) Contraction force of EBs with 10 µM aminophylline treatment
was significantly increased over that of the control (p < 0.05), with a similar trend in higher concentrations. (D) Group analyses then showed a strong statistically
significant effect of therapeutic concentration / overdose (10 μMand 100 μM and 1mM) aminophylline over the controls. (Brown–Forsythe andWelch ANOVA tests were
used in all analyses).
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outliers by the ROUT (Q � 1%) method, and available normality
tests were performed for the obtained data. In case of hPSC-CM
measurements, Brown–Forsythe ANOVA with Games–Howell
multiple comparisons test was used to assess the statistical
significance of the differences on normally distributed group
pairs. In the case of arrhythmia analysis, R-R for each
contractive event was extracted via processing scripts as
mentioned before. R-R values over 1 or 3 s (cut-off) in HL-1
and hPSC-CMs, respectively, were quantified in all treatment
groups and compared to controls. Choice of the cut-off value for
hPSC-CMs was based on clinical experience with arrhythmia
in human patients. The cut-off value for HL-1 was reduced
with respect to the fact that HL-1 is a murine cell line with a
higher overall beat rate. The resulting contingency tables were
statistically evaluated by using the chi-square test with Yates’s
correction. The use of the individual statistical test is specified
in appropriate figure legends and in Supplementary Data.
Additionally, datasets containing complete raw data from all
measurements are available at the online open-access
repository (Klimovic et al., 2021).

RESULTS

Positive Chronotropic and Inotropic Effects
of Aminophylline on hPSC-CMs
In the case of hPSC-CMs, two groups of treatment concentrations
were determined according to the literature (Aslaksen et al., 1981;
Goldberg et al., 1986; Rowe et al., 1988; Higgins et al., 1995;
Shannon, 1999). The “therapeutic concentration/overdose”
group consisted of 10 µM, 100 µM, and 1 mM of
aminophylline treatments, while the 10-mM aminophylline

treatment was considered “severe overdose” concentration.
Consistent presence of troponin-positive cardiomyocytes in
whole and dissociated embryoid bodies (EBs) was confirmed
by immunostaining (representative example shown in Figure 2).

The positive chronotropic effect of aminophylline on hPSC-
CMs was seen only in the 10 mM concentration of aminophylline
(Figures 3A,B; p < 0.05; the remaining p-values are given in
Supplementary Table S1 and Supplementary Table S2). The
positive inotropic effect was evident by a significantly increased
contraction force of EBs in lower concentrations of
aminophylline that was in contrast to its chronotropic effect
(Figure 3D; p < 0.0001; the remaining p-values are given in
Supplementary Table S3). Statistical analysis showed that this
effect was significant in 10 µM concentration, with a similar trend
in the concentrations of 100 µM and 1 mM (Figure 3C; p < 0.01;
the remaining p-values are given in Supplementary Table S4).
Linear regression analysis showed that the beat rate increase
correlates with the concentration of aminophylline
(Supplementary Figure S2A,B, p < 0.0001). On the contrary,
this relationship was not proven in case of contraction force
(Supplementary Figure S2A,B). To further strengthen the
presented results, the washout experiment was performed on
hPSC-CMs. The results showed that the BR of EBs increases
significantly after administration of aminophylline; however, it
decreased again during the washout period, suggesting that the
chronotropic and inotropic effects is likely due to the effect of
aminophylline and not due to irreversible cellular damage
(Supplementary Figure S3).

In order to further explain molecular mechanisms, hPSC-CM
cells were treated with 1 µM adenosine, followed by a
combination of 1 µM adenosine and 1 mM aminophylline, a
well-known non-selective adenosine receptor antagonist. The
results showed an insignificant trend toward the adenosine-
antagonizing aminophylline effect (Supplementary Figure S3B).

Positive Chronotropic Effect of
Aminophylline on HL-1
To test whether chronotropic effects of aminophylline are model-
independent, field potential measurements of the HL-1 cardiac
cell line treated with aminophylline were conducted. The
concentrations of aminophylline in a range of 8 up to 512 µM
were used. Higher concentrations turned out to be toxic for the
cells, which can be explained by higher treatment efficacy on the
cellular monolayer of HL-1, as opposed to the cellular cluster of
hPSC-CMs. Non-toxicity of selected concentrations was
experimentally tested by trypan blue staining (Supplementary
Figure S3C).

The results of these experiments showed a similar positive
chronotropic effect with increasing concentration of
aminophylline. Compared to controls, the BR was significantly
increased only in the cells treated with 256 µM aminophylline;
however, we observed a similar non-significant trend also in the
case of the 512-µM treatment (Figure 4; 256 µM aminophylline
vs. the control p < 0.05; 512 µM aminophylline vs. the control p <
0.06; the remaining p-values are given in Supplementary
Table S5).

FIGURE 4 | Effect of aminophylline (A) on the BR of HL-1 cells.
Scatterplots (mean ± standard deviation) of the BR (blue) normalized to a
baseline measurement (relative response) and to control measurement means
(n � 5 for A 8 and 16 µM, n � 8 for 32 and 64 µM, n � 9 for 128 and
256 µM, n � 5 for 512 µM and n � 5 for ctrl). At least three biological repetitions
were used in each column. Results showed linear increase of BR correlating
with a higher concentration of aminophylline, with statistically significant and
partially significant changes of BR 256 and 512 µMmeasurements compared
that of the control (A 256 vs. ctlr p < 0.01, A 526 vs. ctlr p � 0.06, ordinary one-
way ANOVA).
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Exposure to Aminophylline Causes
Spontaneous Ca2+ Releases Leading to
Arrhythmia
Among the adverse effects of aminophylline apparent in clinical
practice, arrhythmias are most frequent. To test whether this
effect is also present in our in vitro hPSC-CM model and HL-1
cardiomyocytes, we assessed the number of R-R intervals (inter-
beat interval length) over 3 s or 1 s, respectively. Our results
showed that the frequency of cutoff R-R values in measurements
with aminophylline was significantly higher than that in controls
in both models (Figure 5; p-values in Supplementary Table S6
and Supplementary Table S7).

To further investigate this effect, intracellular cytosolic Ca2+

events were measured on HL-1 cells in the presence of 256 and
512 µM aminophylline. A significantly higher number of Ca2+

sparks was detected in the presence of 512 µM aminophylline
than the control (Figure 6, 512 µM aminophylline vs. the control
p < 0.0001). A similar effect was not detected in the presence of
256 µM aminophylline. Higher concentrations of aminophylline
cause arrhythmic events presented by calcium leakage events
(sparks). This is in good agreement with the measurement of
electrical activity of cells (Figure 5B), where the concentration of
256 µM did not cause a significantly higher occurrence of
arrhythmia; however, the concentration of 512 µM leads to

rhythm irregularities. Last, the time to peak and decay time of
main calcium waves were analyzed. While aminophylline caused
no change in time to peak, the decay time significantly decreased,
corresponding to an increased BR (Figures 6B,C).

DISCUSSION

This is the first study demonstrating the proarrhythmic action of
aminophylline on human cardiomyocytes in vitro. To monitor
aminophylline’s effect at a wide range of concentrations, AFM
was used on cell clusters [embryoid bodies (EBs)] formed by
aggregation of human pluripotent stem cell–derived
cardiomyocytes. Furthermore, the effect of aminophylline was
investigated via a multielectrode array and by means of
intracellular cytosolic Ca2+ measurement on HL-1 cells.
Despite the differences between the models such as monolayer
growth, cellular populations, or the fact that it is a murine cell
type, HL-1 cells are considered a standard drug screening
platform; therefore, we chose them to confirm our findings.

A missing link between the previous experimental data and
aminophylline-induced arrhythmias observed in clinical practice
was identified. Our most important finding was that
aminophylline had two principal actions of arrhythmogenicity,
the first being concentration-dependent (“deterministic”) and the

FIGURE5 | Analysis of arrhythmogenic effect of aminophylline on hPSC-CMs and HL-1 cells. R-R values over 3 s in case of hPSC-CMmeasurements or 1 s in case
of HL-1 of aminophylline and control measurements were subtracted, and the resulting contingency tables were statistically analyzed. Column graphs show sums of
cutoff R-R values (arrhythmic events) per 1,000 contractions in each treatment group and controls of (A) hPSC-CMs and (B) HL-1 experiments (chi-square test with
Yates’ correction). Results show significant or partially significant higher frequency of aminophylline group cutoff values compared to that of the control. Poincaré
plots of R-R values of representative concentration for (C) hPSC-CMs and (D) HL-1 experiments with visible cutoff lines.
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FIGURE 6 | Calcium sparks measured as extra events in the fluorescence in-time signal, showing leakage of calcium from the sarcoplasmic reticulum. (A)
Scatterplot (mean ± standard deviation) showing calcium leakage events in a one-second period in control cells compared to the treatment by 256 and 512 μM
aminophylline (A; n � 43 for ctlr, n � 33 for 256 µM and n � 37 for 512 µM). The frequency of calcium leakage events of cells treated with 512 µM aminophylline was
significantly higher than that of the control (A 512 vs. ctlr p < 0.01, ordinary one-way ANOVA). (B,C) Scatterplots (mean ± standard deviation) showing times to peak
and decay times of the control compared to the treatments. Aminophylline caused no significant change to time to peak compared to the control; however, decay time

(Continued )
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second one concentration-independent (“stochastic”). First, we
observed a linear concentration-dependent positive chronotropic
effect with increasing aminophylline concentrations in hPSC-
CMs (Figures 3A,B and Supplementary Figure S2A,B).
Moreover, this effect was also confirmed to an extent on the
HL-1 cellular line (Figure 4). This may be related to previous
clinical findings that demonstrated that theophylline’s higher
plasmatic levels were associated with an increased heart rate
(sinus tachycardia); the relationship was linear and
concentration-dependent (Vestal et al., 1983; Nadkarni et al.,
1988). This effect is sometimes used to treat severe, atropine-
resistant bradycardia (Pasnoori and Leesar, 2004) or other
indications (Conte et al., 2017). The inotropic effect was non-
linear in our study. An increased inotropic effect was present only
in lower aminophylline concentrations. This response may be
attributed to reaching peak-shortening amplitude, as a physical
parameter of cells and cluster, respectively, and partial
immaturity may be responsible for lower number of present
sarcomeres and, thus, lower shortening capability of the cells
(Fraticelli et al., 1989).

In parallel to the “deterministic” effect, we observed a second
arrhythmogenic action of aminophylline expressed as a
concentration-independent occurrence of RR interval
abnormities. This action was stochastic, independent of the
applied aminophylline concentration. It consisted of repeated
tachycardia-like periods followed by bradycardia-like periods
(not illustrated), which is reflected by the extreme R-R
intervals in Figure 5 that occurred significantly more often in
the cells exposed to aminophylline. Even though certain beat rate
variability was present in spontaneously beating hPSC-derived
CMs in previous studies (Mandel et al., 2012; Binah et al., 2013;
Niehoff et al., 2019), similar events have never been previously
described to our best knowledge. We speculate that this effect
may be an experimental equivalent to the sick sinus syndrome
(Tse et al., 2017) or to tachy–brady alternating episodes in
patients with AF, an arrhythmia that was previously observed
both in aminophylline overdose cases and at therapeutic levels of
the drug (Laaban et al., 1988; Bittar and Friedman, 1991; Varriale
and Ramaprasad, 1993).

Attempts to reveal mechanisms of the arrhythmogenic action
of aminophylline/theophylline have been performed previously,
using various animal models. In rats, aminophylline induced
tachycardia and elevated blood pressure and potential cardiac
ischemia (Shamsuzzaman et al., 2016), which may be related to
theophylline-induced myocardial fibrosis found as a long-term
concentration-/dose-dependent side effect in a notable portion of
rats (Onodera et al., 2001). In a canine model, aminophylline
significantly enhanced AV nodal and His–Purkinje conduction;
this effect was potentiated in combined therapy with
metaproterenol (Komadina et al., 1992).

Studies published so far have not provided a clear clue to the
genesis of proarrhythmic effects of aminophylline/theophylline,
namely, AF. Aminophylline effects (likely an equivalent of the
sinus tachycardia in patients) may be explained by the effect of
elevated cAMP and the absence of the inhibitory effect of
adenosine (Belardinelli et al., 1995) on cardiac ionic currents
(see insignificant trend in Supplementary Figure S3B).

As studied in detail by Kong et al. (2008), caffeine (another
type of methylxanthine), aminophylline, and theophylline
preferentially potentiated luminal Ca2+ activation of the
ryanodine type 2 (RyR2) receptor, reduced the threshold for
spontaneous Ca2+ release, and increased the basal activity,
inducing repeated quantal Ca2+ releases. As is well-known, the
accumulation of Ca2+ in the cytoplasm may result in delayed
afterdepolarizations, which can trigger arrhythmia. Considering
the increased occurrence of Ca2+ sparks in HL-1 cardiomyocytes
treated with 512 µM aminophylline (Figure 6), the
concentration-independent “stochastic” effect of aminophylline
observed in our study may be a consequence of microdomain
cAMP level–related diastolic release of Ca2+ via independent
clusters of RyR2 receptors (Berisha et al., 2021). Such transient
Ca2+ accumulation may induce an increased BR and, following
Ca2+ depletion, results in a pause in the investigated cardiac cell’s
beating clusters. Such chain of events might also be amplified by
the local cAMP level–induced alteration of the current amplitude
via modulation of hERG potassium channel phosphorylation
(Cui et al., 2000). Detailed subcellular mechanisms of this
effect should be studied in the future.

To our best knowledge, this is the first study reporting results
of experiments with aminophylline conducted on human
cardiomyocytes derived from hPSCs. As such, this set of
experiments showed that our comprehensive monitoring
system is a unique and valuable tool for cardiotoxicity vs.
safety testing of various molecules or drugs. Our results may
present the missing link between the described subcellular
mechanisms of methylxanthine arrhythmogenesis and the
clinical variability of arrhythmic events related to the
theophylline treatment in clinical practice.

CONCLUSION/SUMMARY

We conclude that aminophylline had two parallel
arrhythmogenic mechanisms of action on EBs: a
concentration-dependent (“deterministic”) effect, presenting
with an increased beat rate (potential clinical correlate: sinus
tachycardia), and a concentration-independent (“stochastic”)
effect, which was characterized by tachycardia-like episodes
alternating with long pauses (potential clinical correlate: atrial
fibrillation). Our comprehensive monitoring system is a unique

FIGURE 6 | significantly decreased in a linear trend (n � 65 for ctrl, n � 89 for A 256 µM, n � 77 for A 512 µM; ctlr vs. A 256 µM p < 0.05, ctlr vs. A 512 µM p < 00.001;
Kruskal–Wallis test). (D–F) Fluorescence line profiles were measured in time, typical recordings together with fluorescence–time curves were filtered for the presence of
noise, and calcium sparks were found—labeled as red lines (B � control, C � 256 µM, D � 512 µM). Each recording is accompanied with a fluorescence image showing
the exact location of line scan on the cell (dashed line).
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and valuable tool for cardiotoxicity vs. safety testing of various
molecules or drugs.

STUDY LIMITATIONS

The study presents the effect of aminophylline on contractile
properties of human hPSC-CMs along with results of field
potential measurements on the HL-1 cardiac cell line that
further confirmed the effects. First, it has to be considered that
hPSC-derived CMs represented immature/neonatal phenotype
possibly affecting drug effect kinetics [e.g., altered IK1 levels
which may affect resting potential, repolarization, and
depolarization dynamics (Sartiani et al., 2007)]. Second, if
different hPSC lines are used to generate embryoid bodies, it is
likely that there will be different degrees of maturity and the effect
of aminophylline might also differ. The last limitation is that field
potential measurements can generate information about the BR
but not about contraction force; therefore, the results with HL-1
cells confirmed only the chronotropic effect of aminophylline.
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Salbutamol attenuates 
arrhythmogenic effect of 
aminophylline in a hPSC-derived 
cardiac model
Daniil Kabanov 1,3, Simon Vrana Klimovic 1,3, Deborah Beckerová 2,5, Martin Molcan5, 
Martin Scurek4, Kristian Brat4, Marketa Bebarova7, Vladimir Rotrekl2,5, Jan Pribyl 1,2 & 
Martin Pesl 2,5,6

The combination of aminophylline and salbutamol is frequently used in clinical practice in the 
treatment of obstructive lung diseases. While the side effects (including arrhythmias) of the individual 
bronchodilator drugs were well described previously, the side effects of combined treatment are 
almost unknown. We aimed to study the arrhythmogenic potential of combined aminophylline and 
salbutamol treatment in vitro. For this purpose, we used the established atomic force microscopy 
(AFM) model coupled with cardiac organoids derived from  human pluripotent stem cells (hPSC-CMs). 
We focused on the chronotropic, inotropic, and arrhythmogenic effects of salbutamol alone and 
aminophylline and salbutamol combined treatment. We used a method based on heart rate/beat rate 
variability (HRV/BRV) analysis to detect arrhythmic events in the hPSC-CM based AFM recordings. 
Salbutamol and aminophylline had a synergistic chronotropic and inotropic effect compared to the 
effects of monotherapy. Our main finding was that salbutamol reduced the arrhythmogenic effect 
of aminophylline, most likely mediated by endothelial nitric oxide synthase activated by beta-2 
adrenergic receptors. These findings were replicated and confirmed using hPSC-CM derived from two 
cell lines (CCTL4 and CCTL12). Data suggest that salbutamol as an add-on therapy may not only deliver 
a bronchodilator effect but also increase the cardiovascular safety of aminophylline, as salbutamol 
reduces its arrhythmogenic potential.

Keywords  Salbutamol, Aminophylline, Atomic force microscopy, iPSC, HESC, Cardiomyocytes, Pulmonary 
drug screening, Drug cardiotoxicity, Biomechanical properties, Arrhythmogenic effects
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AFM	� Atomic force microscopy
BPM	� Beats per minute
BRV	� Beat rate variability
CBBs	� Cell-based biosensors
CCTL	� Center for cell therapy line
CM	� Cardiomyocyte
EB	� Embryoid body
ECC	� Excitation-contraction coupling
hESC	� Human embryonic stem cell
hiPSC	� Human induced pluripotent stem cell
hPSC	� Human pluripotent stem cell (hESC and hiPSC)
hPSC-CMs	� Pluripotent stem cell-derived cardiomyocytes
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SDSD	� Standard deviation of successive differences
β1-AR	� β1-adrenergic receptor
β2-AR	� β2-adrenergic receptor

Bronchodilator drugs were designed to relieve symptoms of obstructive respiratory diseases (e.g., asthma and 
chronic obstructive pulmonary disease, COPD) by relaxing the smooth muscle apparatus of the lower airways. 
To date, three main classes of bronchodilators have been introduced in clinical practice, namely beta-2 agonists, 
anticholinergics, and methylxanthines1. These drugs are often used in combination, either in the stable phase of 
the disease or during asthma or COPD exacerbation1–3.

Cardiac adverse events are among the most frequent side effects of beta-2 agonists and methylxanthines. 
While the pro-arrhythmic activity of aminophylline is well described in the clinical setting4,5 and has recently 
been examined in our experimental study6, there is limited evidence on the effect and adverse events of these two 
bronchodilator classes used in combination7–9.

Salbutamol (also known as albuterol) is the most frequently used short-acting beta-2 agonist (SABA). A wide 
variety of side effects have been described with salbutamol treatment, especially when the drug is injected into the 
bloodstream10. Considering its effects on the heart, positive bathmotropic, chronotropic, and inotropic effects 
were described11–13. Salbutamol-induced hypokalemia may also affect cardiac function14 Serious arrhythmias 
(even ventricular fibrillation) in patients with preexisting heart diseases were reported14,15.

Using our established and previously described in vitro three-dimensional model of cardiac tissue formed 
by clusters of human pluripotent stem cells-derived cardiomyocytes (hPSC), we aimed to evaluate the effect of 
salbutamol alone and in combination with aminophylline on cardiac excitability and inotropy with a focus on 
their impact on arrhythmogenesis6,16–20.

Materials and methods
Cell cultivation
hESC line “center for cell therapy line” CCTL14 (46 XX) and CCTL12 (46 XX) derived at Masaryk University, 
Brno, and previously characterized21 was routinely maintained on a feeder layer of mitotically inactivated mouse 
embryonic fibroblasts. For formation of embryonic bodies (EB), hESC colonies were collected 4 days after seeding 
and subsequently broken down into smaller clumps which were seeded into EB medium (86% KO DMEM, 10% 
FBS, 1% L-glutamine, 1% penicillin/streptomycin, 1% nonessential amino acids, 0,1mM 2-mercaptoethanol and 
10 µg/ml ascorbic acid) with 10 ng/ml BMP4  (R&D) and placed in hypoxic conditions (5% O2, 5% CO2) where 
they spontaneously formed EBs. After three days, the medium was removed and replaced with fresh EB medium 
supplemented with 5 ng/ml FGF2 (Peprotech), 10 ng/ml BMP4, and 6 ng/ml Activin A (R&D) for a four-day 
incubation. A three-day incubation followed this in EB media supplemented with 10 ng/ml VEGF (R&D) and 
10 µM IWR1 (R&D). The following induction media was EB medium supplemented with 10 ng/ml VEGF and 5 
ng/ml FGF2 with a media exchange every four days. After four days in this media (day 14 of differentiation), the 
EBs were transferred into a normoxic incubator (21% O2, 5% CO2) for the remaining 8 days of this induction 
period. From then onward, EBs remained in normoxia and were fed with EB medium every four days. 1 month 
old EBs with spontaneous contraction activity were used for analysis. Beating EBs were selected and transferred 
on a gelatin-coated PM3 dish to adhere to for measurement. These cellular constructs of cardiac syncytium 
were coupled to an AFM force sensor to perform a high-fidelity contraction pattern as an hPSC-CM-based 
biosensor22.

Atomic force microscopy measurements
Contraction of beating EBs was assessed by Nanowizard 3 (Bruker-JPK) AFM combined with inverted light 
microscope IX-81 (Olympus) as previously described6,17–19. Liquid media was preheated to 37 Celsius degree 
and let to stabilize for at least 10 min before each measurement. Temperature was maintained unchanged during 
all following measurements18,22. A soft silicon nitride cantilever (Nitra-tall B, AppNano) was landed on EB 
attached to the petri dish (TPP). Real-time changes of force in time applied by contracting EB were recorded 
while administrating salbutamol (Fagron), its mixes with aminophylline (Fagron) in different concentrations, 
or butoxamine (Sigma Aldrich). Each measurement was preceded by initial equilibrium in Tyrode solution 
(composition in mM: NaCl 135, KCl 5.4, MgCl2 0.9, CaCl2 1.8, HEPES 10, NaH2PO4 0.33, and glucose 5.5; pH 
7.4 adjusted with 3 M NaOH), after which increasing concentrations of salbutamol (10 nM, 100 nM, 1 µM, 10 
µM), mixes of salbutamol (S) and aminophylline (A) (10–1000 nM salbutamol, 10–100 µM aminophylline) or 
butoxamine (3 µM) was added16. All stock solutions of substances and treatments were prepared using Tyrode 
buffer, as both compounds show excellent water solubility (approx. 0.2 M for both), and no stock solutions in 
organic solvents were needed. Mixes were defined based on previous results of individual measurements of 
salbutamol in this article and aminophylline in our group’s previous article6. Each measurement point consisted 
of 10 min of stabilization time, followed by 10 min of measurement. Control experiments were conducted in 
the same setting with the Tyrode solution alone and tied to individual experiment groups based on the time the 
treatment was given to the cells. Therefore, some control groups can repeat thought-out results. Control EBs 
were taken from each batch to account for variances among batches. During all experiments, the temperature 
was maintained at 37 °C.

The resulting data were processed by a python-based script, which located R and S peaks for all contractive 
events23. Contraction forces (nN), beat rates (bpm), and interbeat intervals (sec) were calculated and statistically 
evaluated. Representative AFM records of vertical deflection of cells treated with salbutamol, aminophylline, and 
a mix of both are shown in Figure S5.
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Beat rate variability (BRV) analysis
To ensure reliable and valid data, samples invalid for BRV analysis because of multiple sudden irregular pauses 
in beat rate were excluded using SignalPlant software (ver. 1.2.8.2)24. Resulting interbeat RR-intervals were 
analyzed by domain BRV analysis methods, which compute variability. For analysis of short-term variability, 
the standard deviation of successive differences (SDSD) was used25. SDSD serves as an index of beat-to-beat 
variability, primarily determined by external influences on the heart. It measures the variability in the time 
intervals between successive heartbeats. It is unaffected by linear trends in the heart rate, acting as a statistical 
filter in which the low-frequency components are removed26. In our approximation, R-R intervals that deviated 
from the median by more than two times were excluded from the analysis to reduce the influence of noise. 
The PyHRV27 library for Python was used for SDSD calculations. Internal variability was constant during the 
measurement and may be related to the mixed population of all three CM subtypes as described elsewhere; in 
brief, nodal-like CMs had an AP duration at 90% of repolarization shorter than 100 ms (about 16%), slightly 
more frequent were atrial-like cells, and recorded AP mainly demonstrated a typical ventricular-like shape28.

Statistical analysis
Data was processed via the in-house Python-based scripts or Signal plant software as described above. Statistical 
evaluation was calculated with GraphPad Prism 8.5 software (GraphPad Software). All data were tested for 
outliers by the ROUT (Q = 1%) method, and their normal distribution was tested via available normality tests. 
Ordinary one-way ANOVA with the Holm Sidak multiple comparisons test was used to test the statistical 
significance of the differences in normally distributed group pairs. In cases where equal standard deviations 
could not be assumed, Brown–Forsythe ANOVA with Games–Howell multiple comparisons test was used. 
Where normality tests failed, non-parametric tests were used. Cut-off arrhythmia analysis (Figure S2 and S3, 
Supplementary data) was previously described6. Briefly, in that work, inter-beat RR intervals over 3  s were 
subtracted, and the statistical significance of the differences between treatments and controls were tested by the 
Chi-square test with Yate’s correction. An individual statistical test is specified in appropriate figure legends and 
in Supplementary Data.

Results
Inotropic and anti-arrhythmic effect of salbutamol on hPSC-CMs
The AFM-based setup was used to obtain and calculate the contraction force and beat rate of hPSC-CMs in 
EBs. The contraction force was significantly increased by 40% in the presence of 100 nM salbutamol compared 
to the normalized control (Fig. 1A) and increased non-significantly in higher concentrations. Salbutamol didn’t 
significantly increase the beat rate in the concentration range between 10 nM and 10 µM (Fig. 1B). Still, linear 
regression of beat rate relative responses and measured concentrations showed a significant increase towards 1 
µM (Fig. 1CD).

The SDSD of short-term beat rate variability was used for the analysis of arrhythmic effects after salbutamol 
administration. A higher value corresponds to an elevated beat rate variability, i.e., to an increased pro-arrhythmic 
activity. Interestingly, salbutamol showed a dose-independent trend to reduce the variability of RR intervals 
compared to controls (Fig. 2A). This effect is further illustrated in the Poincaré plot, where measurements with 
salbutamol are clustered in the left bottom corner of the plot (i.e., showing a low variability), compared to the 
scattered control values (Fig. 2B).

We observed a limited effect of salbutamol on the beat rate and contraction force, with the latter significantly 
increased at 100 nM salbutamol. While a significant anti-arrhythmic effect was present within all tested 
concentrations (i.e. 10 nM and 100 nM) of salbutamol.

Synergic effect of salbutamol and aminophylline on hPSC-CMs
Effects of aminophylline and salbutamol alone were compared with their combined action in various 
concentrations on EBs prepared from hPSC-CMs derived from the CCTL14 cell line. Significant increases in the 
beat rate and contraction force were observed when the combinations of 10 nM, 100 nM, and 1 µM salbutamol 
with 1 mM aminophylline were administered (Fig.  3). Strikingly, a comparison with individual effects of 
salbutamol and aminophylline in the respective concentrations revealed an amplified effect of the combined 
drugs. The observed effects on the beat rate and contraction force were also validated using a different cell line 
(CCTL12 hPSC-CMs; Figure S1 in Supplementary data).

Analysis of the short-term beat rate variability with combined salbutamol and aminophylline treatment 
showed a decreasing arrhythmia tendency across the concentrations, with a significant decrease if 1 µM 
salbutamol and 1 mM aminophylline were applied (Fig. 4A, B). In our previous study, we demonstrated the 
arrhythmogenic potential of aminophylline using the cut-off method of arrhythmia analysis6. An analogical 
cut-off arrhythmia analysis of the current data revealed an anti-arrhythmic effect of salbutamol, alone or 
administered with aminophylline (Figure S2 and S3).

Overall, we observed a synergic effect of salbutamol and aminophylline as both bronchodilators potentiate 
their individual effects on the contraction force and beat rate; this effect was most apparent with 1 mM 
concentration of aminophylline. Finally, anti-arrhythmic effect of salbutamol prevailed even aminophylline was 
co-administered.

Activation of nitric oxide synthase (NOS) reduces aminophylline induced arrhythmia
To exclude a contribution of possible non-specific mechanisms of the salbutamol action, we investigated the role 
of beta-2 adrenergic receptors (β2-AR) in the observed effect. We co-administered butoxamine, a β2-selective 
blocker, with the mixture of salbutamol and aminophylline, and we observed that butoxamine effectively blocked 
the anti-arrhythmic effects of salbutamol and synergic effects of the salbutamol-aminophylline combination 
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Fig. 2.  Beat rate variability analysis of hPSC-CMs with salbutamol. (A) Scatters plots with indicated means 
and SD of the standard deviation of successive differences (SDSD) of EBs measured in salbutamol and control 
(n = 8, 9, 9, and 6 for 10 nM, 100 nM, 1 µM, and 10 µM salbutamol, respectively, and n = 14, 11, 11, and 5 
for the respective controls). SDSD with 10 nM and 100 nM salbutamol were significantly lower compared to 
controls (Brown-Forsythe and Welch ANOVA test with Holm-Sidak multiple comparisons test, control vs. 10 
nM salbutamol, P = 0.0115, control vs. 100 nM salbutamol, P = 0.0139). (B) Poincaré plots with SDSD intervals.

 

Fig. 1.  Effect of salbutamol on contraction properties of hPSC-CMs. Scatter plots with indicated means and 
standard deviation (SD) of the contraction force and beat rate relative responses normalized to the respective 
baseline control measurement in the case of salbutamol and to mean values of the control measurement in the 
case of control (n = 11 for controls, n = 15, 15, 23, and 10 for 10 nM, 100 nM, 1 µM, and 10 µM salbutamol, 
respectively). At least four biological repetitions were used in each column. (A) The contraction force was 
significantly increased after administration of salbutamol at the concentration of 100 nM (Kruskal-Wallis 
test with Dunn’s multiple comparisons test, P < 0.05). (B) The beat rate wasn’t significantly elevated after 
administration of salbutamol (P > 0.05). (C, D) Linear regression of beat rate relative responses and measured 
concentrations coupled with residual plot. Results show a statistically significant non-zero slope (Wald test, 
P = 0.0305), proving a positive  relationship between concentration and relative response.
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(Fig. 5). Interestingly, when treatment containing salbutamol was administered before any treatment containing 
butoxamine, the anti-arrhythmic effect was apparent even after the addition of pro-arrhythmic aminophylline 
alone. (Figure S5 in Supplementary data). These results showed that the anti-arrhythmic effect in hPSC-CM is 
mediated solely through β2-AR and could last tens of minutes after salbutamol exposure.

To test whether β2-AR activated NOS has a role in antiarrhythmic effect of salbutamol, a well-known 
non-specific inhibitor of NOS Nω-Nitro-L-arginine methyl (L-NAME) was co-administered with mixture of 
salbutamol and  aminophylline. Figure 6 shows that inhibition of NOS led to significant increase of SDSD value 
compared to mix without the inhibitor. This increase was comparable to results where sole aminophylline was 
administered (Fig.  6, P > 0.01). These results indicate that mechanism of salbutamol anti-arrhythmic effect 
depends on activation NOS through β2-AR.

Discussion
In the present study, we observed that salbutamol at clinically relevant concentrations up to 1 µM, which should 
selectively affect β2-AR, caused a significant inotropic effect and a non-significant trend toward a chronotropic 
effect on hPSC-CM clusters. When salbutamol was applied with aminophylline, inotropic and chronotropic 
effects were more prominent. Importantly, this is the first report on a significant anti-arrhythmic effect of 
salbutamol, which reduced the arrhythmia occurrence previously introduced with aminophylline in our hPSC-
CMs model. This anti-arrhythmic effect was blocked by a selective β2-AR blocker butoxamine and by a non-
selective NOS inhibitor L-NAME.

The positive inotropic effect and the concentration-dependent trend to a positive chronotropic effect of 
salbutamol are consistent with its known stimulatory effect on β2-AR29–32. This receptor is primarily expressed 

Fig. 3.  Synergic effect of salbutamol and aminophylline on contractile properties of hPSC-CMs. *stands for 
P ≤ 0.05, **P ≤ 0.01, compared to control, # stands for P ≤ 0.05 and #### stands for P ≤ 0.0001. Scatter plots with 
indicated means and standard deviation (SD) of the beat rate (A) and contraction force (B) relative responses 
normalized to the respective baseline control measurement in the case of salbutamol and aminophylline and 
to mean values of the control measurement in the case of control (n = 17 for controls, n = 13, 13, 11, 10, 10, 15, 
15, 23, and 15 for treatments, P values in Table S1 in Supplementary data, Brown-Forsythe and Welch ANOVA 
test was used for contraction force results, ordinary one-way ANOVA for the beat rate results and Kruskal-
Wallis test was applied to compare contraction force and beat rate results of mixes with individual treatment). 
The legend in A applies to the whole graph. The results of the mixes consist of two separate experiments, same 
control dataset used based on time of measurement (the first two controls are the same as the third and fourth, 
relating to 20 min and 40 min of treatment). The results of separate aminophylline administration originate 
from our previous paper6. (A, B) The beat rate and contraction force significantly differed from controls in 
mixed treatments with 1 mM aminophylline and 10 nM, 100 nM, or 1 µM salbutamol. Still, no significant 
effect was observed in individual treatments. The effect of mixed treatments was amplified when compared to 
individual treatments.
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in cells of the lower respiratory tract, such as in smooth muscle cells, where its activation leads to relaxation and, 
thus, to bronchodilation33. In cardiac cells, there is approximately a 4:1 ratio of β1-AR to β2-AR; activation of 
both predominantly leads to chronotropy, inotropy, and lusitropy34,35. Similarly, we found lower expression of 
β2 receptors compared to β1 in our model (described in our previous work36). These effects are mediated by the 
activation of protein kinase A, which phosphorylates several effector molecules such as phospholamban (PLB), 
L-type calcium channels (LTCC), or troponin complex37,38 which plays a key role in the regulation of inotropy 
39. Phosphorylation of troponin during activation of β-adrenergic receptors causes a more intense response 
even at lower Ca2+ concentrations39,40. Stimulation of β1-AR, but not that of β2-AR, may show proarrhythmic 
effects41, and as suggested, β2-AR receptors may even counteract β1-AR mediated arrhythmogenic effect42. The 
minimal but significant chronotropic effect of salbutamol is not surprising considering its β2 selectivity and 
preferential activity in the bronchial smooth muscle29,32 as well as much lower expression of β2 receptors in 
healthy myocardium compared with β1 receptors35. The chronotropic effect of isoproterenol, a non-selective 
β-AR agonist, is much higher. It was shown that salbutamol at concentrations below 1 µM (which primarily 
stimulate β2 receptors and were used in our study) did not cause a chronotropic effect, and its chronotropic effect 
at higher concentrations was mediated exclusively through β1 receptor stimulation43.

As confirmed in this study (with the use of butoxamine), the observed anti-arrhythmic effect of salbutamol 
was primarily mediated via the β2-AR. The chronotropic effect was smaller than that of isoproterenol, which 
corresponds to clinical experience44,45. Nevertheless intrinsic beat rate variability of the model may contribute 
to the observed trend.

In patients with obstructive lung diseases, various combinations of bronchodilator drugs are used to relieve 
symptoms1–3. While the side effects of individual bronchodilator drugs on cardiac physiology were studied, the 
side effects of combinations of these substances have not been clarified sufficiently46–48. Hence, we decided to 
analyze the combined effect of different concentrations of salbutamol and aminophylline. We discovered that 
the combination of salbutamol and aminophylline in concentrations of at least 10 nM and 1 mM had synergic 
chronotropic and inotropic effects. These effects were significantly stronger compared to controls but also to 
individual measurements with aminophylline or salbutamol. Aminophylline, similar to other methylxanthines 
such as caffeine, nonspecifically inhibits phosphodiesterase (PDE) and antagonizes adenosine receptors49. Taken 
together, salbutamol (by activation of β2-AR) and aminophylline (by inhibition of PDE and adenosine receptors) 
co-medication may result in an increased intracellular concentration of cAMP and synergic chronotropic and 
inotropic effects.

Surprisingly, the pro-arrhythmic effect of aminophylline described in our previous study 6 was  reduced in 
the presence of salbutamol. The previously proposed mechanism of the aminophylline arrhythmic effect was 
connected to a microdomain cAMP level-related diastolic Ca2+ releases via independent clusters of ryanodine 
receptor 2 (RyR2) channels, reducing the threshold for spontaneous Ca2+ release50. Since the antiarrhythmic 
action of salbutamol, both alone and in the presence of aminophylline, cannot be logically mediated by the 
cAMP-PKA pathway, which is generally known to show an opposite effect51–54. We were looking for alternative 
possibilities. Considering the role of the cGMP-eNOS pathway, which may be activated by β2-AR55–60 and is 
known to cause a systemic decrease of cytosolic Ca2+ concentration and increase in SR load57–60, thus likely 
inhibiting spontaneous Ca2+ release from SR, we aimed to prove if the non-specific NOS inhibitor L-NAME 
could mitigate or even prevent the antiarrhythmic effect of salbutamol. The cGMP pathway also depends on 
cAMP level55,61. As apparent from Fig. 6, SDSD was not different if both salbutamol and aminophylline were 
applied in the presence of L-NAME from SDSD in the presence of aminophylline alone and, vice versa, it was 

Fig. 4.  Beat rate variability analysis with combined salbutamol and aminophylline treatments. Scatter plots 
indicate means and SDs of SDSDs measured with mixed treatments and control (n = 10 for controls, n = 10, 11, 
10, 8, 8, 24, 6, 6, and 9 for treatments, p values in Table S1 in Supplementary data, Ordinary one way ANOVA 
test was used). (A) SDSD results of EBs with indicated concentrations of salbutamol and aminophylline 
supplemented with separate measurements of both treatments for comparison. The results of the mixes consist 
of two separate experiments, so the same control dataset was used based on time of measurement (the first 
two controls are the same as the third and fourth, relating to 20 min and 40 min of treatment). The results 
of separate aminophylline administration originate from our previous paper6. (B) Poincaré plots with SDSD 
intervals.
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significantly higher to SDSD in the presence of salbutamol and aminophylline mixture, thus, proving the central 
role of cGMP-eNOS pathway in the antiarrhythmic action of salbutamol.

Our main finding showing that salbutamol reduces the arrhythmogenic effect of aminophylline may be 
highly clinically relevant. The arrhythmogenic effect of aminophylline is widely known, occurring in about 13% 
of patients after intravenous administration of the drug or even in 20% of overdosed patients5,9. Aminophylline-
induced arrhythmia presents most frequently as atrial fibrillation, but more severe arrhythmias may also occur62. 
The dual treatment with salbutamol and aminophylline is a frequently used treatment combination in clinical 
practice, mainly in the hospital setting during acute exacerbations of asthma or COPD1–3. No randomized trials 
have been reported on the combined effect of aminophylline and salbutamol in patients with COPD or asthma. 
Only sparse data on the potential toxicity of this combination have been reported previously8. Our data show 
two types of results, i.e., that salbutamol added to aminophylline may cease some arrhythmia mechanisms while 
enhancing the chronotropic and inotropic effects can lead to increased tachycardia, similar to literature63,64.

This study first showed that salbutamol at clinically relevant concentrations may reduce the pro-arrhythmic 
potential of aminophylline if both these drugs are combined. This effect was mediated via β2-AR activated NOS. 
The clinical relevance of this finding may be high, representing a potential way to reduce pharmacotoxicity 
during aminophylline treatment. The combined effect of the two molecules, their safety profile, and potential 
arrhythmogenicity need further investigation in prospective randomized clinical trials.

Fig. 5.  Contractile properties and beat rate variability analysis of hPSC-CMs with salbutamol, aminophylline, 
and selective β2-AR blocker butoxamine. Scatter plots indicate means and standard deviations (SD) of the beat 
rate and contraction force relative responses normalized to the respective baseline control measurement in the 
case of salbutamol and mixed treatments and to mean values of the control measurement. Scatter plots with 
means and SDs of SDSDs measured with mixed treatments and control means (n and P values) are presented 
in Table S1 in Supplementary data, ordinary one-way ANOVA test was used. (A, B) The contraction force 
and beat rate of EBs treated with the mixes of salbutamol, aminophylline, and butoxamine are indicated at the 
bottom. (C) Analysis of short-term variability SDSD. Control groups were always paired with treatment groups 
based on the time they were given, so they were repeated from previous figures. (D) Poincaré plots with SDSD. 
If butoxamine was added to the mix, contractile properties were not significantly different from the effect of 
aminophylline alone. The anti-arrhythmic potential of salbutamol completely diminished when butoxamine 
was co-administered.
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hESC derived cardiomyocyte biosensor to detect the different types of 
arrhythmogenic properties of drugs 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• CBB consists of dual human stem cell- 
derived CMs cluster forming conduc
tive syncytium. 

• AFM based CBB presents relevant 
arrhythmic response suitable for 
arrhythmia detection. 

• Dual cluster syncytium is able to spon
taneously mimic phenotypes present in 
the neonatal heart. 

• CBB derived from patients’ specific 
hiPSCs possesses high potential for pre
cision medicine.  

A R T I C L E  I N F O   
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A B S T R A C T   

In the present work, we introduce a new cell-based biosensor for detecting arrhythmias based on a novel utili
zation of the combination of the Atomic Force Microscope (AFM) lateral force measurement as a nanosensor with 
a dual 3D cardiomyocyte syncytium. Two spontaneously coupled clusters of cardiomyocytes form this. 

The syncytium’s functional contraction behavior was assessed using video sequences analyzed with Muscle
motion ImageJ/Fiji software, and immunocytochemistry evaluated phenotype composition. 

The application of caffeine solution induced arrhythmia as a model drug, and its spontaneous resolution was 
monitored by AFM lateral force recording and interpretation and calcium fluorescence imaging as a reference 
method describing non-synchronized contractions of cardiomyocytes. 

The phenotypic analysis revealed the syncytium as a functional contractile and conduction cardiac behavior 
model. Calcium fluorescence imaging was used to validate that AFM fully enabled to discriminate cardiac ar
rhythmias in this in vitro cellular model. The described novel 3D hESCs-based cellular biosensor is suitable to 
detect arrhythmic events on the level of cardiac contractile and conduction tissue cellular model. The resulting 
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biosensor allows for screening of arrhythmogenic properties of tailored drugs enabling its use in precision 
medicine.   

1. Introduction 

Introduction of induced pluripotent stem cells (iPSCs)-derived car
diomyocytes (CM) allowed the wide development of cell-based bio
sensors (CBBs). This leap allowed quantification of CMs biomechanical 
and biochemical properties to study response to various treatments or 
cardiomyopathies [1]. Sensors are usually based on the multi-electrode 
array (MEA) [2–4], impedance-based assays (ECIS, xCELLigence®) [5, 
6], piezoresistive sensor [7] or atomic force microscopy (AFM) [8]. 

AFM, belonging to the scanning probe microscopy, was at the 
beginning used predominantly in material research and engineering. 
Overcoming difficulties related to biological samples allowed it to 
become a frequently used tool in life sciences. AFM was used to char
acterize the cell properties, such as phenotype [9,10], cell growth [11] 
and stiffness of living cells [12]. Moreover, AFM was successfully used as 
a sensitive cell-based biosensor (CBB), capable of detecting contractile 
movements of the cardiac cells [13] and their clusters (embryonic bodies 
EBs) [8], or combined with MEA [14]. Additionally, arrhythmic (i.e., 
non-periodical) events in the natural beating pattern, often connected 
with cardiac non-functionality and heart failure, can be identified in the 
recorded data by adding drugs or other bioactive molecules [15]. AFM 
microscopy can also be easily combined with other methods such as 
optical or fluorescence microscopy, as they often create a single unit 
with AFM [16]. AFM can be further combined with Raman spectroscopy 
[17], and others to bring a multiparametric description of cardiac cell 
functions. The main limitation is the need for proper cell adhesion on the 
surface and maintaining conditions such as a liquid medium and phys
iological temperature [18]. 

Cardiac cells within the sinus node generate action potentials spon
taneously (cardiac automaticity). This spontaneous activity is retrieved 
by diastolic depolarization, which brings the membrane potential to the 
threshold and triggers an impulse propagating through the cardiac 
conduction system. Cardiac arrhythmia is defined as a deviation from 
the regular electrical activation of heart contraction, originating in the 
sinus node [19]. Human heart rate above 100 BPM is tachycardia, and 
around 50–60 and lower is bradycardia, arrhythmia often presents 
irregularly [20]. The most prevalent type of arrhythmia is atrial fibril
lation (AF), affecting more than 33 million people worldwide, with an 
estimated increase of 2–3 times by 2050 [21]. AF aggravates the risk of 
stroke, heart failure, and all-cause mortality [22]. Recent studies say 
atrial fibrillation is independently associated with an increased risk of 
sudden cardiac death [23]. The mechanisms of cardiac arrhythmias are 
divided into two categories - abnormal or enhanced formation of ectopic 
impulses and conduction disturbances. In a structurally normal heart, 
the ectopic beats seldom progress to sustained arrhythmia. Thus, con
duction disturbances in the myocardial tissue are crucial. 

A large body of commonly utilized substances and even drugs 
causing arrhythmias – i.e., antianginals, antibiotics, narcotics, or bron
chodilators [24]. A widely available chemical compound with proar
rhythmic effects is caffeine [25] Caffeine acts as a nonselective inhibitor 
of A1 and A2A adenosine receptors at the cellular level. Cardiovascular 
effects of caffeine include an increase in blood pressure, changes in heart 
rate, and neuroendocrine effects. These effects find reason in the 
blockade of adenosine receptors, causing an increase in intracellular 
calcium concentrations, the release of norepinephrine, and the sensiti
zation of dopamine receptors [26]. In clinical practice, caffeine finds 
application alone, e.g., in selected cases of hypotension [27] or in 
combination with analgesics due to its vasoconstricting and 
anti-inflammatory effects [26,28]. Due to the high prevalence of ar
rhythmias in the population, their difficult therapy, it is appropriate to 
address this abnormality burdening the normal functioning of the heart 

also at the cellular level. This approach is well served by the presented 
CBB, which can help describe the arrhythmia, its formation, the treat
ment, and possibly the effect of therapeutical drugs, as even the treat
ment medication may cause adverse side effects. 

Most of the available cell models are based on single cells or smaller 
clusters of cells, both of which produce unstable signals [29]. Other 
models are based on cell monolayers, such as the model proposed by 
Lian et al. [30]. The major limitation of these monolayer models is that 
the environment in which cells are grown does not allow to form 3D 
syncytia with sufficient similarity to physiological tissues [31]. Mono
layers present a significantly reduced extracellular matrix, connections 
between cells only at the periphery of the cells, and the answer to drugs 
is uniform in all cells. Therefore, 3D models such as embryoid bodies 
(EBs) are more indicated. EBs are 3D aggregates of cells that imitate 
structures of the developing embryo and can be differentiated from 
different lineages such as human embryonic stem cells (hESCs) or 
patient-specific human induced pluripotent stem cells (hiPSCs), 
enabling their use in precision medicine [32]. In the present work, 
hESCs were used. The rationale for using hESCs is that they represent a 
standard in the field and they do not carry the burden of somatic mu
tations or reprogramming-induced epigenetic effects [33]. 

In the present work, we introduce a new biosensor setup based on a 
combination of atomic force microscope with the hESC derived CMs, 
where the microcantilever of the microscope creates a sensitive trans
ducer to study cardiac arrhythmias. Computational analysis of image 
sequences served as a reference method to monitor synchronization of 
the arrhythmic beating of two cell clusters connected by cardiac 
conduction-like syncytium. Moreover, the fluorescence calcium imaging 
supports data obtained by the biosensor setup. The arrhythmic events 
were induced by caffeine solution. The use of the biosensor setup for a 
detailed description of the arrhythmia initiation, progression, and 
termination is presented and discussed. 

2. Materials and methods 

2.1. Cell lines, cultivation, and differentiation into embryoid bodies 

Human embryonic stem cell (hESCs) CCTL14 and CCTL 12 were used 
in the present work. These cell lines have been derived in Masaryk 
University, Brno, approved by Ministry of Education of the Czech Re
public (MSMT approval no.14648/2016-5) and were previously char
acterized and described [34]. 

Cell lines have been maintained on the feeder layer of mouse em
bryonic fibroblasts (mEF), that have been inactivated mitotically by 
irradiation as previously described [35]. 

Cardiac differentiation was performed as described in Ref. [36]. 

2.2. Cultivation dish preparation and EBs seeding 

Standard 30 mm cultivation dishes (TPP, cat no. 93040) and low 
35 mm ibidi μ-Dishes (ibidi, cat. no. 80136) had to be modified with an 
agarose-based mask to increase the probability of seeding two differ
entiated embryoid bodies next to each other. Consequently, we delimi
ted the area to let the EBs adhere when the following protocol was 
employed. A 0.5 ml Eppendorf tube was cut to obtain 4 mm external 
diameter sections. The prepared sections were fixed to the bottom of the 
cultivation dish with a double-sided scotch. The remaining space in the 
dish was filled with a 1 mm thick layer of 1% agarose dissolved in PBS. 
Agarose solution created gel after 20 min of incubation at RT. The 
addition of 1 ml of PBS stabilized the gel layer after another 10 min. The 
plastic mask was then removed, the dishes were closed and sealed with a 
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parafilm. The whole process was finished with sterilization by gamma- 
irradiation at 100 Gy. Dishes were stored for a maximum of one week 
at 4◦ Celsius. 

The dish was washed twice with PBS prior to seeding the EBs. The 
bottom of the holes created by the masking process was coated with 
0,1% gelatin for at least 30 min at 37 ◦C and 5% CO2 to promote the cell 
adhesion. Then, the excess gelatin was removed, 1 ml of cultivation 
medium was added, and two differentiated EBs were seeded. Thus, 
prepared samples were left for at least 24 h in a standard CO2 incubator 
to produce adhered double-EB structure. 

2.3. Processing of video sequences 

After seeding of EBs, the development of beating synchronization 
was monitored in real-time by analyzing sequences of optical images. 
Monitoring was performed by the everyday acquisition of 20-s videos on 
the Zeiss LSM 700 microscope in the bright field and processing them 
using ImageJ/Fiji macro Musclemotion (see supplementary material) 
[37]. 

2.4. Atomic force microscopy 

For mechanic contraction measurements Atomic Force Microscopy 
(AFM) method (JPK Nanowizard 3, JPK-Bruker) was used as described 
before [8]. In a liquid environment, measurements were conducted in 

force spectroscopy mode (1 nN setpoint) using MLCT-C cantilever 
(Bruker). The cantilever was chosen based on its dimensions, allowing it 
to land on both EBs simultaneously (see Fig. 1). Partially coated canti
levers from silicon nitride were used due to their properties when 
measuring in liquid. 30 mm cultivation Petri dishes containing either 
distilled water for calibration or double EB were placed to the motorized 
stage with a pre-heated Petri dish heater to 37 ◦C. The laser reflection 
sum was maximized before each experiment, and the laser detector was 
centered. After that, cantilever sensitivity and stiffness via the 
contact-free method in Bruker-JPK software were determined. Vertical 
and lateral deflection data was collected in 100 Hz frequency as 
mechanocardiograms (MCG). Sampling frequency was chosen three 
times higher than the frequency required to sample the fastest event in 
the QRS complex. Vertical deflection provided information about the 
R-R interval and its immediate response to caffeine. Beating frequency 
was calculated as 60s divided by average R-R interval in seconds during 
post processing. The lateral (horizontal) deflection representing the 
complex movement of the syncytium was used to report on the different 
defects of EB synchronization. Each sample was measured for 1 min in a 
standard cultivation medium (MEF), followed by 1-min measurements 
of cells treated with 1 mM caffeine in MEF in 0, 5, and 10 after the 
addition of treatment. Experiments to assess the effect of caffeine (Sigma 
Aldrich, cat. No. C-0750) on our syncytium has been performed 24 h 
after synchronization of the syncytium. 

Data analysis obtained from AFM was based on the combination of 

Fig. 1. (A) - Schematic description of the 
AFM methodological approach. The soft 
silicon-nitride lever measures the contrac
tion movement of the double-EB in both 
planes, (B) as lateral and vertical force 
change deflection of the cantilever. (C) – 
Representative mechanocardiogram with 
indicated vertical, lateral synchronized 
deflection and RR length in seconds (D) - 
Real image from the top optical microscope 
captures the cantilever in contact with both 
EBs, magnification 10×. (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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average RR length, the distance between two R peaks, and standard 
deviation of the average RR length in vertical and lateral deflection data 
(Fig. 1B, D). These values, recorded for each time point, have been 
normalized concerning the values registered in standard cultivation 
medium, i.e., without caffeine. Variation of RR length indicates the 
onset of tachycardia or bradycardia. The onset of arrhythmic events was 
assessed by comparing the standard deviation value computed after 
caffeine treatment concerning the value registered in the standard 
cultivation medium. Data extraction was performed employing our py
thon script [38]. Analysis of typical MCG curve recorded by AFM is 
shown in Fig. S1. 

2.5. Ca2+ imaging 

The fluorescence staining of cytoplasmic calcium with Fluo-4-AM 
(Invitrogen, cat. no. F14201) dye was used as a supportive analysis of 
the contraction movements. This allowed for monitoring of the 
contraction by measuring the Ca2+ release from sarcoplasmic reticulum. 
The samples of double EBs were prepared with the same protocol as for 
AFM measurements; the Ca2+ imaging experiments were performed 24 h 
after syncytium synchronization. 

The staining protocol was adopted from the literature [39] Briefly, 
1.5 μM Fluo-4-AM solution in DMSO was added to the cultivation me
dium. EBs were then incubated for at least 30 min at 37 ◦C and 5% CO2 
in the dark. No washing of the fluorescence dye was necessary. 

The measurement of Ca2+ fluorescence was performed on Zeiss LSM 
700 confocal microscope using software Zen Black. Here, line scan 
analysis was performed (1000 Hz) by placing the line across our syn
cytium to cover its full length. 

Line scans were then processed on ImageJ/Fiji [40]. Two regions of 
interest (ROIs) were applied, one over each EB, and evaluated was each 
ROI average intensity of the fluorescence signal for every timepoint. 
Data extracted were then plotted in GraphPad software (GraphPad 
Software) to analyze the evolution of the mutual interaction between the 
two EBs in real-time. 

2.6. Immunocytochemistry 

To unravel the cellular phenotypes composing our syncytium, 
immunocytochemistry analysis for three markers was performed. 
Vimentin (Santa Cruz Biotechnologies, cat. no. sc-7557, dilution 1:250) 
as a marker of fibroblasts [41]; Discoidin Domain Receptor 2 (DDR2- 
Santa Cruz Biotechnologies, cat. no. sc-81707, dilution 1:100) marker of 
cardiac fibroblasts [42]; Cardiac Troponin T (cTnT- R&D Systems, cat. 
no. MAB1874, dilution 1:100) marker of CMs [43]. 

Briefly, the samples were fixed in ice-cold paraformaldehyde, after 
permeabilization with 0.2% Triton X, blocking with 2.5% BSA solution 
in PBS buffer containing 0.1% Tween detergent followed. The incuba
tion of samples with primary antibodies was performed overnight at 
4 ◦C. The following day, the secondary antibodies were applied, and 
cover glasses were mounted on the Mowiol® 4–88 (Sigma, cat. no. 9002- 
89-5) layer with DAPI (Thermo Fisher Scientific, cat. no. 62248). Sec
ondary antibodies labeled with the Alexa Fluor 488 (Invitrogen, cat. no. 
A-21202) and Alexa Fluor 594 (Invitrogen, cat. no. A-21203) dyes were 
both applied in dilution 1:500. 

3. Results and discussion 

In this study, we presented a new stem cell-based model for the study 
of cardiac arrhythmias coupled with AFM forming together a biosensor 
capable of detecting arrhythmogenic properties of drugs. Starting from 
hESCs, we have been able to form a suspension of hESC’s clusters which 
were differentiated into CMs syncytium. Two such clusters seeded on 
adherent plate in vicinity spontaneously formed electrically connected 
syncytium presenting fundamental phenotypes of the human myocar
dium and its conductive system. Formation of the syncytium, beating 

synchronization, and study of arrhythmia monitored by the AFM and 
calcium release are presented and discussed in the following chapter. 

3.1. Formation and characterization of functional syncytium 

In this work, two beating clusters were seeded in the vicinity on an 
adhesive surface allowing cell outgrowth from the EBs. The adhesive 
surface was previously shown to inhibit cardiogenesis via SRC-family 
kinases [44], promote cell migration [45], and fibroblast proliferation 
[46]. To investigate the cellular composition of the conductive cell layer 
connecting the two synchronized EBs, staining of vimentin and discoidin 
domain receptor 2 (DDR2) was visualized by confocal microscopy 
(Fig. 2). A positive signal for vimentin evenly spread across the cell layer 
suggested the presence of fibroblast cells. Most cells between the two 
EBs (‘a bridge’) proved to be positive for DDR 2, a specific marker of 
cardiac fibroblasts. The presence of cardiac fibroblasts has been previ
ously shown to be a key factor in the onset of cardiac syncytia syn
chronization [47]. Cardiac fibroblasts are also crucial in forming 
tissue-like architecture [48]. Finally, the syncytium and the bridge 
were positively stained for cTnT, structural CMse protein, and syn
chronization of the contractions of the two EBs was observed on day 4. 
Considering the hESC-derived CMs have a similar phenotype as fetal/
neonatal CMs [49] the composition of the connecting cell layer may 
resemble the composition of the human fetal heart [50]. 

Two EBs were seeded in proximity, thus creating a functional syn
cytium “bridge” during the following days. Sets of EBs with the subop
timal distance between each other were excluded. The beat rate and 
synchronicity of the EB pairs were observed in time for 4 days from 
seeding. Syncytia formed by the two EBs connected by conductive cell 
layer (Fig. 1) with fully synchronized beating were observed at day four 
for all analyzed samples (Fig. 3; 10 EB sets were analyzed). 

The unification of the beating frequency of the two EBs and the 
synchronization of their beats was associated with cell outgrowth on 
adhesive tissue culture dishes, stemming from both EBs. Correlation 
between the amount of the cellular outgrowth and synchronization of 
the beating was observed, suggesting the formation of a conductive cell 
layer between the EBs. The cell outgrowth was fundamental for the 
synchronization of the syncytium. Synchronization may come from the 
excitable cardiac fibroblast population [47] or gap junctions formed 
between adjacent CMs [51]. 

3.2. Detection of caffeine-induced arrhythmia by AFM based biosensor 
and Fluo-4 

An extremely sensitive setup based on the microcantilever of AFM 
acting as a nanosensor was used to analyze the contractile properties of 
both EBs (Fig. 1). Recorded data were analyzed for both vertical (beating 
frequency) and horizontal (synchronization) deflections (Fig. 4). 
Caffeine was used to induce arrhythmic events. 

Caffeine addition induced shortening of the RR interval and thus the 
increase in the beat rate of the syncytium (Fig. 4). This was reflected by 
both the change in vertical and lateral deflection (Fig. 4a, c). Calculated 
standard deviation reports on the irregularity/arrhythmic events. A 
significant increase in standard deviation was observed immediately 
after caffeine injection (Fig. 4b and d, time 0 min) in comparison to other 
time points, suggesting an arrhythmic event induced by the caffeine. The 
caffeine-induced increase in standard deviation was observed for both 
the lateral and the vertical deflection. 

The decrease in average RR length is comparable for vertical and 
lateral deflection after the addition of caffeine (Table S1), witnessing 
that the chronotropic effect of caffeine increases with time. The standard 
deviation of the RR interval, on the other side, increases only immedi
ately after the addition of caffeine in both the vertical and lateral 
deflection, while it is lower than the control value in all other time in
tervals (Table S1). The increase in RR standard deviation at time 0 sug
gests that RR standard deviation reports the caffeine-induced beat rate 
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irregularity (vertical movement) and EBs’ synchronization irregularity 
(lateral movement). 

Further, caffeine affected the synchronization of vertical and lateral 
displacement of the AFM cantilever (Fig. 5). The lateral and vertical 
deflection peaks followed each other closely before adding caffeine, 
suggesting the spread of contraction waves through the syncytium 
(Fig. 5A). Adding caffeine caused a series of small peeks (independent 
lateral and vertical deflections) and ultimately resulted in complete 
dyssynchrony of the lateral and vertical movement (Fig. 5B). That sug
gests arrhythmic-like events caused by defects in signal spreading 
through the bridge of cells between the two EBs, resulting in the irreg
ular beat of the two EBs (Fig. 5B). 

The addition of caffeine induced the loss of synchrony between 
lateral and vertical deflection resulting in the displacement of the 
cantilever in both directions (for detail see Fig. 5C). 

The novel double EB biosensor benefits from atomic force micro
scopy’s real-time measuring mechanical response. Measuring the 
displacement of a soft cantilever in time gave us information about both 
cellular clusters’ lateral and vertical movements. We hypothesized that 

vertical movement reports on the beat rate of the whole syncytium while 
lateral movement can record excitation waves spreading across the 
double EB set up and report on asynchronous events due to irregular 
beat of the adjacent EBs. 

To validate our hypothesis, our model consisting of two EBs con
nected in syncytium was subjected to measurement of intracellular 
cytosolic Ca2+ employing fluorescent calcium-sensitive detector Fluo-4. 
The line scan across the two EBs and their connective layer allowed for 
the observation of synchronization of the two EBs (Fig. 6C, D, F). 
Caffeine induced a progressive increase of beat rate sound with the 
observation by AFM. The whole syncytium presents a higher beat rate in 
caffeine’s presence than the MEF media without the caffeine. Caffeine 
further induced beat rate irregularities and beating discrepancies be
tween the two EBs suggesting the presence of synchronization defects of 
the two EBs in the double EB biosensor (Fig. 6C and D). Fig. 6 also shows 
a different pacing part of one of the clusters compared to the contraction 
rate of the syncytium (Fig. 6E and F). To validate our hypothesis, our 
model consisting of two EBs connected in syncytium was subjected to 
measurement of intracellular cytosolic Ca2+ employing fluorescent 

Fig. 2. Cell composition of the connective cell layer between the two adjacent EBs ‘a bridge’. The cell layer formed by cell outgrowth from the two EBs on the 
adhesive surface was stained for the presence of the fibroblast marker vimentin (green), cardiac fibroblast marker DDR2 (yellow), and cardiomyocyte marker cTnT 
(red). The yellow color was obtained in postprocessing. Orange dashed line helps to recognize connecting ‘bridge’; the grey dashed line visualizes partial contours of 
both EBs. (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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calcium-sensitive detector Fluo-4. The line scan across the two EBs and 
their connective layer allowed for the observation of synchronization of 
the two EBs (Fig. 6B, D, F). Caffeine induced a progressive increase of 
beat rate sound with the observation by AFM. The syncytium presents a 
higher beat rate in caffeine’s presence than the MEF media without the 
caffeine. Caffeine further induced beat rate irregularities and beating 
discrepancies between the two EBs suggesting the presence of syn
chronization defects of the two EBs in the double EB biosensor (Fig. 6C 

and D). 
As already mentioned, in the present work, we used a 3D model 

derived from the model used by Ref. [52]. Our model and the single EB 
model agree on the arrhythmic response caused by caffeine except for 
the stop-and-go effect not observed in the double EB setup. Moreover, 
the single EB presents a lower degree of complexity as it does not allow 
to characterize the effects of chemical compounds on the conductive 
system employing AFM. Indeed, differentiated EBs present a 

Fig. 3. Synchronization of the syncytium. The evolution of the difference between contraction frequency (Δ beat rate) of the two EBs is plotted against time (days) in 
panel A. Difference between total times of contraction of the two EBs (Δ beat time) is plotted against time (days) in panel B. The two graphs show that full syn
chronization of the syncytium was achieved on day 4, as they developed a common beating frequency and synchronized their beating. N = 10. 

Fig. 4. AFM analysis of the caffeine induced changes in vertical and lateral displacement. Time -1 min indicates measurements conducted in MEF media without 
caffeine. Caffeine was added at 0 min with subsequent measurements at 5 and 10 min. The vertical displacement (VERTICAL) and lateral displacement (LATERAL) 
were analyzed. The frequencies of the vertical and lateral movement reporting on the chronotropic effect of caffeine are shown on panels A and C, while the variation 
of the movement in time is plotted as standard deviation values on panels A and B. Both average RR length and standard deviation have been normalized to the 
average RR length and standard deviation value before caffeine addition. In both cases, the RR length decreases in time, and the standard deviation increases right 
after adding caffeine medium. 
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combination of atrial, ventricular, and nodal CMs [53] Our model can 
detect rhythm abnormalities on vertical deflection and conductive dis
orders on a horizontal deflection by comparing vertical and lateral 
deflection. In the present study, a conductive defect caused by caffeine 
equals either ventricular or atrial fibrillation-like behavior and a 

decrease of contractile function. This is a precise picture of proar
rhythmogenic loss of complementarity and sequentiality between ver
tical and horizontal deflection patterns. This proves that our detection 
method based on AFM is suitably sensitive for detecting arrhythmic 
events. 

Fig. 5. Caffeine-induced dyssynchrony of the lateral and vertical deflections. Comparison of lateral and vertical deflection before caffeine addition (panel a) and after 
caffeine addition (panel b). In standard culture medium, vertical and lateral deflection appears to be synchronized with slight time shifts. Caffeine induced irregular 
small deflections and dyssynchrony of lateral and vertical displacements. (c) Detail of the comparison between vertical and lateral deflection after the application of 
caffeine. The arrow indicates the instant where dyssynchrony is detected. 

Fig. 6. Calcium imaging analysis of caffeine-induced synchronization defects of the double EB biosensor. Evaluation of the time evolution of the synchronicity of the 
two EBs (EB1 in black and EB2 in grey) of the double EB biosensor by line scan in high sampling frequency. Panels a and b show representative data of the double EB 
biosensor in MEF media (control). Panels c to f show three types of beat rate and synchronization defects after caffeine addition. Each curve and image represent 10 s 
recording before (panels A and B) and after caffeine addition (panels C to F). 
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The introduction of the effects caused by the conductive cardiac 
system and the complex behavior of caffeine represents an advantage of 
our model compared to 2D models. However, the arrhythmic response of 
our syncytium is coherent with planar models present in the literature, 
whether analyzing tachycardia-like [54,55], fibrillation-like [56] or 
conductive anomalies [57] response. 

On the other hand, the multicellular system may constitute an 
eventual limitation as a dual model cannot discreet single-cell pheno
type as other 3D [58] or 2D [59] models, thus increasing the difficulty of 
studying the contribution of single cellular phenotypes on the 
arrhythmic response. The phenotype is a known hurdle in the process of 
drug screening [49]. Further, we must acknowledge that our system is 
unlikely to contain Purkinje bundles, the anatomical structure of the 
cardiac conduction system, responsible for certain kinds of arrhythmias 
and it’ development [60]. Thus, the involvement of direct Purkinje cells 
generation from hESCs by cAMP signaling activation [61] might be the 
next step in developing a complex cardiac conduction system model. 

Nevertheless, using this model has a crucial advantage. As a matter of 
fact, for the differentiation of EBs, it is possible to use both hESCs and 
hiPSCs [43]. The use of hiPSCs could be used in the future to introduce 
patient-specific models that would allow ad hoc drug screening [62] to 
select the most appropriate anti-arrhythmic drug for a given 
patient/pathology. 

AFM also comes with limitations as the samples need to adhere, and 
the question of sterility comes to mind when measuring for a longer 
time. Some alternatives can be used for mechanical responses mea
surements, such as traction force microscopy or optical tweezers 
[63–65]. Those two, however, lack a straightforward sample prepara
tion in the case of the former or are experimentally complex in the case 
of the latter. Methods based on image processing software such as 
Musclemotion [37], Myocyter [66] and others, offer a non-invasive way 
to measure mechanical response; however, they lack the sensitivity of 
AFM and information about contraction force. Moreover, optical 
methods lack exact recognition of CMs cultivated in vitro due to their 
immature morphology compared to isolated CMs and often require 
dissociation of the syncytium [67]. Compared to AFM, calcium imaging 
required sophisticated image/video postprocessing and analysis. 
Finally, impedance assay methods were also used for mechanical 
contraction measurements [68], but it’s unclear whether this method 
would be feasible with two EBs. Some methods are probing contractile 
properties in the context of cellular electrophysiology rather than 
mechanobiology. Those methods include fluorescence voltage-sensitive 
or calcium-sensitive dyes, arguably suitable for this model, though, 
become toxic for the cells after a given time [69–71]. Compared to AFM, 
fluorescent calcium indicators require an incubation period and the 
intracellular presence of the indicator may interfere with cell physi
ology. Nevertheless, the fluorescent methods can serve as complemen
tary methods. 

On the other hand, a multi-electrode array (MEA) is suitable for this 
model as each EB can sit on a different electrode, allowing simultaneous 
field potential monitoring of both EBs. Still, such measurement would be 
complicated by adhering EBs exactly on the electrode. Optimization in 
this regard, for example, by different types of coating, is very desirable, 
as this method can be easily combined with AFM. This MEA-AFM setup 
would give us complex information about electro-mechanical coupling 
[14], together with the detection of arrhythmic events demonstrated in 
this paper. 

4. Conclusion 

Dual cluster CBB using human stem cell-derived CMs based model 
presents relevant arrhythmic response and confirms AFM as a suitable 
device for arrhythmia detection. 

Dual cluster syncytium can spontaneously mimic phenotypes present 
in the neonatal heart, yet its heterogeneity might constitute a limitation. 
On the other hand, this model already possesses high potential for 

patient-specific drug screening as future application as patients’ hiPSCs 
derived beating EBs have already been successfully differentiated. 
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M. Kruta, J. Vrbsky, R. Gaillyova, I. Valášková, I. Frák, A. Lacampagne, G. Forte, 
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