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A B S T R A C T   

Drug-induced cardiotoxicity is a major barrier to drug development and a main cause of withdrawal of marketed 
drugs. Drugs can strongly alter the spontaneous functioning of the heart by interacting with the cardiac mem-
brane ion channels. If these effects only surface during in vivo preclinical tests, clinical trials or worse after 
commercialization, the societal and economic burden will be significant and seriously hinder the efficient drug 
development process. Hence, cardiac safety pharmacology requires in vitro electrophysiological screening assays 
of all drug candidates to predict cardiotoxic effects before clinical trials. In the past 10 years, microelectrode 
array (MEA) technology began to be considered a valuable approach in pharmaceutical applications. However, 
an effective tool for high-throughput intracellular measurements, compatible with pharmaceutical standards, is 
not yet available. Here, we propose laser-induced optoacoustic poration combined with CMOS-MEA technology 
as a reliable and effective platform to detect cardiotoxicity. This approach enables the acquisition of high-quality 
action potential recordings from large numbers of cardiomyocytes within the same culture well, providing 
reliable data using single-well MEA devices and single cardiac syncytia per each drug. Thus, this technology 
could be applied in drug safety screening platforms reducing times and costs of cardiotoxicity assessments, while 
simultaneously improving the data reliability.   

1. Introduction 

Cardiotoxicity is one of the major causes associated with the drug 
candidate failure in clinical studies and with the withdrawal of marketed 
drugs(Piccini et al., 2009). In the last 60 years, 462 drugs have been 
withdrawn due to adverse drug effects. Among them, a significant part is 
related to cardiotoxicity: up to 50% in EU(McNaughton et al., 2013) and 
up to 22–28% in USA(Onakpoya et al., 2016). The cardiotoxicity risks 
could be strongly reduced if the adverse effects of therapeutic com-
pounds were recognized in the early phases, in particular during in vitro 
measurements. Therefore, it is fundamental to improve in vitro methods 
for assessing accurately the status of all ion-channels in cardiac cells 
under the influence of the investigated drug. 

The in vitro measurements of the Ether-à-go-go-Related Gene (hERG) 
potassium channel activity or QT prolongation have been the traditional 
standards for preclinical screening assay to evaluate proarrhythmic risk 
of new drugs(Gintant, 2011) (ICH S7B and E14 guidelines). However, 

already in 2008, Lu et al.(Lu et al., 2008) questioned the predictivity 
accuracy of some of the ICH S7B guidelines. These considerations led to 
the establishment of the Comprehensive In vitro ProArrhythmia (CiPA) 
initiative (http://cipaproject.org/), which introduced and validated 
several novel tools, among which the cardiomyocytes derived from 
human induced pluripotent stem cells (hiPSC-CM)(Blinova et al., 2018) 
and the microelectrode array (MEA) as a non-invasive and label-free 
assay for detecting cellular arrhythmias(Blinova et al., 2018; Garg 
et al., 2018; Gintant et al., 2016; Sala et al., 2017; Savoji et al., 2019). 

The MEA platforms have been emerging as an accessible system for 
recording electrical signals from cardiomyocytes with high spatial and 
temporal resolution (Ando et al., 2017; Clements et al., 2015; Kitaguchi 
et al., 2016). However, despite the extensive progresses of MEA plat-
forms(Amin et al., 2016; Berdondini et al., 2009; Berdondini et al., 2005; 
Jackel et al., 2017; Jun et al., 2017; Viswam et al., 2017), current 
commercial MEA technologies are limited to record extracellular field 
potentials (FPs) instead of the action potentials (APs). Thus, they lack 
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the sensitivity to study the complex effects of drugs on cardiac ion 
channels and transmembrane ionic currents. 

Recently, the novel LEAP (Local Extracellular Action Potentials) 
from Axion Biosystems reached the market. This method, provides 
detailed information about the effect of compounds on cardiac mono-
layers by increasing the cell-electrode coupling of cardiomyocyte syn-
cytia on MEAs(Hayes et al., 2019). However, the low amount of 
recording sites provides data acquisition only from very few cells within 
the syncytia, rendering the drug-induced cardiotoxicity time- 
consuming, expensive, and not fully reliable. 

Thus, there is still a lack of robust and effective tools able to provide 
reliable ion channel measurements with high-throughput protocols 
compatible with pharmaceutical standards. To this aim, we have 
recently introduced a novel method for obtaining high-quality AP re-
cordings simultaneously from large cardiomyocyte networks (thousands 
of cells) cultured on already commercial high-density MEAs (silicon 
complementary metal-oxide semiconductor CMOS-MEAs) using plas-
monic optoacoustic poration(Dipalo et al., 2018). 

In this work, we show that the high-density recordings of cardiac APs 
on CMOS-MEA can drastically improve the reliability of the acquired 
data and thus lower the costs of cardiotoxicity assessments through the 
reduction of required independent experiments. We achieve the result 
thanks to the capability of our platform to detect high-quality APs from 
large numbers of hiPSC cardiomyocytes within the same culture well. 

To fully support our claim and the potential of the approach, we 
provide a comprehensive validation of the system by using several 
different hiPSC-CM lines and compounds, trying thus to emulate various 
real-world toxicology applications. Specifically, we tested four different 
hiPSC-CM lines and a set of six reference compounds with inhibitory 
effects on cardiac ion channels and previously associated to QT pro-
longation and/or Torsade de Pointes (TdP) during clinical use(Colatsky 
et al., 2016; Kussauer et al., 2019). We show that this method allows for 
high-quality intracellular AP recordings of large cardiomyocyte net-
works, providing accurate cardiac electrophysiological parameters, such 
as AP shape, APD at different amplitudes, and beating rate. Further-
more, we also detect the Early After Depolarization (EADs), abnormal 
depolarizations during the repolarization phase of AP associated with 
arrhythmias(Qu et al., 2013; Weiss et al., 2010). 

Based on the results, this method could be applied in screening 
platforms to scan efficiently and cost-effectively compounds for cardiac 
toxic effects, resulting in a promising tool for preclinical evaluation of 
new molecular entities. Since optoacoustic poration has been shown to 
work also on multiwell MEA plates (Melle et al., 2020), this screening 
methodology has the potential to be implemented in high-throughput 
screenings. 

2. Material and methods 

2.1. Human iPSC-derived cardiomyocytes 

Four commercial lines of human-induced stem cell derived car-
diomyocytes were used in this study: Cor.4 U and Pluricyte (Ncardia), 
iCell (Cellular Dynamics International), and Ventricular Car-
diomyocytes (Axol Bioscience). Cor.4 U and iCell cardiomyocytes 
represent a mix of ventricular, atrial and nodal-like cells (Scheel et al., 
2014; Yonemizu et al., 2019), whereas the other two cell lines are 
ventricular cardiomyocytes (Altrocchi et al., 2020; Zuppinger et al., 
2017). The cells were plated directly on CMOS-MEA devices according 
to the specifications of the commercial supplier (including cell density, 
surface coating, media composition and time culture required) except 
for Cor.4 U. Cor.4 U cells were pre-plated in T25 culture flasks coated 
with fibronectin (10 μg/ml) (Sigma-Aldrich) in Dulbecco’s Phosphate 
Buffered Saline (DPBS) and grown overnight in Cor.4 U complete me-
dium (Ncardia) before seeding on CMOS-MEAs. This step removes dead 
cells prior to seeding on devices and results in better assay performance 
and overall data quality. The day after, pre-cultured Cor.4 U cells were 

detached using Accumax solution (Sigma-Aldrich) and seeded on CMOS- 
MEAs. 

2.2. Cell plating on CMOS-MEAs 

The recording experiments were performed on commercial high- 
density CMOS-MEAs available from 3Brain AG. These CMOS-MEAs 
offer 4096 square recording electrodes, each 21 × 21μm2 in size and 
placed with a 42μm center-to-center pitch. The devices were sterilized 
using 70% ethanol for 30 min and coated with the following coating 
solutions: geltrex ready-to-use solution for Cor.4 U cells (30 min) and 
fibronectin for iCell (1 h), Pluricyte and Axol Bioscience cells (3 h) at 37 
◦C, 5% CO2 in a humidified incubator. Thereafter, the coating solution 
was aspirated and hiPSC-CMs were rapidly plated at a density of 30,000 
cells per CMOS-MEA and grown with their apposite medium. Electro-
physiological recordings were performed 5–8 days after plating for 
Cor.4 U cells, 10–14 days for iCell, 8–12 days for Pluricyte cells and after 
7–10 days for Axol Bioscience Cardiomyocytes as suggested by the 
suppliers. 

2.3. Laser optoacoustic poration 

Laser optoacoustic poration was performed as described in Dipalo 
et al., 2018(Dipalo et al., 2018) (Schematic representation in Supple-
mentary Fig. S1). Briefly, the first harmonic (λ = 1064 nm) of a Nd:YAG 
(neodymium:yttrium–aluminium–garnet) solid-state laser (Plecter Duo 
(Coherent)) with an 8 ps pulse width and 80 MHz repetition rate was 
used as the radiation source for the optoacoustic poration, with an 
average power of approximately 1 mW after the objective. The laser was 
coupled to a modified upright microscope (Eclipse FN1 (Nikon)) able to 
accommodate the BioCAM acquisition system from 3Brain AG directly 
on the microscope stage. A 60× water-immersion objective (working 
distance 2.8 mm, numerical aperture 1.0) or a 20× air objective 
(working distance 20 mm, numerical aperture 0.4) was respectively 
used to observe the cardiomyocytes on the CMOS-MEA electrodes and to 
focus the NIR laser for poration. The BioCAM was mounted on top of a 2- 
axes motorized stage for the automatic poration of several cells by 
means of laser scanning. 

2.4. Drugs and electrophysiological recordings 

Nifedipine, quinidine, verapamil hydrochloride and terfenadine 
were purchased from Sigma-Aldrich, E-4031 and cisapride from Abcam. 
All compounds were dissolved in dimethyl sulfoxide (DMSO, Sigma- 
Aldrich) to prepare the stock solutions (10 mM), except for E-4031, 
which was dissolved in water. Drug dilutions were prepared in the 
cardiomyocyte medium suggested by the cell suppliers. The highest 
concentration of DMSO (0.1%) was obtained at 10 μM drug. Before 
drugs treatment, 10 min of extracellular recordings were performed to 
characterize the cell culture. Thereafter, laser pulse trains were applied 
on the CMOS-MEA electrodes for porating the cardiomyocytes and 
recording the intracellular activity, considered as control result for later 
comparison. Subsequently, the compounds were added at their appro-
priate concentrations and, 10 min after drug exposure, poration and 
intracellular recordings were repeated. In details, the experimental 
procedure was as follow:  

1. Selection of a sub-array of approximately 100 electrodes (10 ×
10) based on cellular activity. The selection was based on cell 
coverage of the array and on the quality of the field potentials. In 
fact, high amplitude field potentials indicate tight cell adhesion 
on the electrode, which in turn promotes high-quality intracel-
lular recording after poration.  

2. Focusing the laser on the electrode in the center of the sub-array.  
3. Laser poration of the cells on the whole sub-array by using a laser 

scanner system that applies 1 laser pulse on each electrode. 
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4. Acquisition of action potentials for few minutes.  
5. Administration of the drug at 1st concentration.  
6. 10 min waiting time.  
7. Repetition of steps from 1 to 4.  
8. Administration of the drug at 2nd concentration.  
9. 10 min waiting time.  

10. Repetition of steps from 1 to 4. 

The concentrations of each tested drug were derived from published 
literature(Braam et al., 2010; Harris et al., 2013; Kuusela et al., 2016). 
Drug effects were evaluated by increasing drug concentration in the 
same well. All recordings were performed at 37 ◦C outside the incubator. 
The cell medium from each sample was changed approximately 2 h 
before the experiments. 

2.5. Data and statistical analysis 

At first, the CMOS-MEA data were acquired by means of the 3Brain® 
software “Brainwave X". Subsequently, a custom-made algorithm was 
specifically developed in MATLAB (The Mathworks, Natick, MA, USA) 
to perform further data analysis. This algorithm allows for a proper and 
accurate characterization of the intracellular action potentials wave-
forms recorded from hiPSC-derived cardiomyocytes. AP detection was 
performed by carefully setting the amplitude threshold and refractory 
period both in control conditions and after drug administration. More-
over, in order to discriminate the intracellular APs from the extracellular 
ones, a specific threshold (i.e. 10 ms) applied to the action potential 
duration (APD) at 10% repolarization was adopted. In such a way, the 
extracellular spikes, which have a typical duration of approximately 5 
ms, are rejected, whereas the intracellular APs are passed on for further 
analysis. To analyse and quantify the electrophysiological activity of the 
cardiac cells, several action potential parameters were extracted from 
the analysis. In particular, we evaluated the beating rate, the intracel-
lular action potential mean waveforms of the active channels and the 
intracellular APs duration at different amplitude values with respect to 
the maximum amplitudes (30%, 50% and 90%). Data were expressed as 
mean ± standard error. Statistical analysis was performed to determine 
significant differences between all sample pairs by using MATLAB. Since 
data do not follow a normal distribution (evaluated by the Kolmogorov- 
Smirnov normality test), a non-parametric Mann-Whitney U test was 
used. In all cases, significance was defined as p ≤ 0.05. 

2.6. Live/Dead assay and immunofluorescence 

Cell viability after laser optoacoustic poration was tested using Live/ 
Dead assay (ThermoFisher L3224). Calcein acetoxymethyl (Calcein AM) 
and ethidium homodimer dyes were added to the cells according to the 
supplier’s instruction. The cells were imaged with Nikon Eclipse FN1 by 
using filters for FITC channel (ex/em 494/517 nm) and TRITC channel 
(ex/em 528/617 nm) with a 20× air objective. Live cells are stained 
with green fluorescence, whereas dead cells with red fluorescence. 
Furthermore, immunofluorescence for cardiac troponin-T (TNNT2/ 
cTnT), a marker for cardiomyocytes, was performed on hiPSC-CMs after 
laser optoacoustic poration by using Human Cardiomyocyte Immuno-
cytochemistry Kit (Life Technologies A25973). Briefly, after fixation 
with 4% (w/v) formaldehyde in DPBS for 15 min the cells were incu-
bated with the permeabilization solution (1% Saponin in DPBS) for 15 
min and then with a blocking solution (3% bovine serum albumin) for 
30min. Thereafter, the cells were incubated with primary antibody 
(mouse anti-TNNT2 A25969) diluted 1:1000 in the blocking solution for 
3 h at room temperature followed by washing 3 times with wash buffer 
and incubation for 1 h at room temperature with secondary antibody 
(Alexa Fluor 488 donkey anti-mouse) diluted 1:250 in blocking solution. 
Finally, cells were counterstained with DAPI and imaged on Nikon 
Eclipse FN1 microscope with an air 20× objective or a water immersion 
60× objective, using filters for Alexa 488 channel (Ex/Em 495/519 nm) 

and DAPI channel (Ex/Em 358/461 nm). 

3. Results 

3.1. Field potential and action potential recordings 

Field potential and action potential recordings on hiPSC-CMs were 
performed using the experimental set-up shown in Fig. 1A, which con-
sisted mainly in a CMOS-MEA acquisition system, a laser source and an 
optical microscope. The recordings were obtained by applying the 
optoacoustic poration protocol on several electrodes of the CMOS-MEAs 
using an automatic system for laser scanning over the cell culture. In 
Fig. 1B, we report the main elements of our experimental protocol. 
Before cell poration, we record field potentials from the majority of the 
electrodes of the CMOS-MEA. The field potentials are generally bi-phasic 
with a short duration below 20 ms, as exemplified in the top-left panel of 
Fig. 1B. Supplementary Video S1 shows an exemplary spontaneous 
propagation wave in a hiPSC-CM syncytium on the 4096 electrodes of a 
CMOS-MEA. The pixel colors indicate potential variations over time. 

Then, we select a sub-population of 50–100 cells in the cardiac cul-
ture and we apply optoacoustic poration, recording thus action poten-
tials from this sub-population as control data (square “1” in the false- 
color map representing the APD50 values on the CMOS-MEA electrode 
array). Subsequently, we administer the drug at a certain concentration 
and perform poration and recording on a second sub-population of the 
same culture (square “2” in the false-color map). This step is repeated for 
as many concentrations of drugs are tested. The details of the complete 
experimental procedure are reported in the Materials and Methods 
section. On the right of Fig. 1B, we report exemplary action potential 
shapes for the three regions on the false-color map. To highlight the 
benefits of recording intracellular action potentials, in Supplementary 
Fig. S2 we report close views of exemplary extracellular field potentials 
and action potentials before and after administration of drugs. We can 
observe that the drug effects on the field potentials are only visible by 
significantly enlarging the amplitude scale, whereas they are easily 
quantifiable on the intracellular action potentials. For comprehensive-
ness, we also report in Supplementary Fig. S8 a comparison between the 
distributions of APD50 (measured in the intracellular action potentials) 
and QT intervals (measured by the extracellular field potentials) from 
iCell cardiomyocytes. 

The plasmonic optoacoustic poration of the cellular membrane is a 
very localized a non-invasive process that does not perturb the cells and 
their electrophysiological activity. This stems from (I) the limited area of 
effect, confined to the focused laser spot of about 2 μm in diameter, (II) 
the ultra-fast pulsed laser that concentrates the optical energy in very 
short packages, and (III) the plasmonic response of the electrode that 
enhances the laser effect and allows for reducing its intensity(Dipalo 
et al., 2018). All together, these properties provide cell poration in very 
mild conditions. As previously reported, AP recordings with plasmonic 
optoacoustic poration may last from few minutes up to 30 min, with the 
signals recovering field potential features after cellular membrane 
reformation. Fig. 1C reports a bright field image of hiPSC-CMs on CMOS- 
MEA electrodes after cell optoporation (left), the same cells stained with 
cardiac Troponin T (middle), and a representative live/dead assay of 
hiPSC-CMs after optoporation. The viability assay displays a uniform 
syncytium of healthy cardiomyocytes, whereas immunofluorescence 
highlights normal structures of cardiac Troponin T, an important indi-
cator of healthy cardiomyocyte cultures. Therefore, the intracellular 
recording procedure has no significant effects on the cell health. In 
Supplementary Figs. S3–S5, we report further images of viability assays 
and immunofluorescence of hiPSC-CMs (iCell) on CMOS-MEA after 
application of plasmonic optoporation. 

The action potentials presented throughout the manuscript show 
maximum amplitudes of 4 mV, as this is the limit of the amplification 
chain of the CMOS-MEA devices. The future employment of other MEA 
platforms with higher amplitude limits will enable the recording of actin 
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potentials with larger amplitudes. In fact, in a previous publication, we 
have shown that intracellular signals with higher amplitude can be 
recorded using optoporation(Melle et al., 2020). 

3.2. Effects of reference compounds on cardiomyocytes 

In order to evaluate the efficacy and the versatility of our method in 
cardiac safety drug screenings, we tested it using six drugs with ion 
channel blocking properties and previously associated with QT prolon-
gation and/or TdP during clinical use in humans on different commer-
cial hiPSC cardiomyocytes. The tested drugs had either selective ion 
channel blocker or mixed ion channel blocker properties. On one of the 
cell lines (iCell), we tested all drugs in order to provide a comprehensive 
picture of the effects on a specific cellular model (Supplementary Fig. 
S6). Two of the drugs (nifedipine and quinidine) were also used to 
compare and discern differences in AP morphology across hiPSC-CM 
lines. Furthermore, two drugs withdrawn from market, associated to 
intermediate TdP risk, were tested on multiple cell lines. Finally, aspirin, 
a non-steroidal anti-inflammatory drug known to have no effect on 
cardiomyocyte activity (Asakura et al., 2015), was chosen as negative 
control (Supplementary Fig. S7). All the tested compounds have well- 
known acute (short-term) effects that occur just few minutes after 
their administration to cardiac cultures(Asahi et al., 2018; Dempsey 
et al., 2016; Harris et al., 2013; Kitaguchi et al., 2016; Meyer et al., 2004; 
Nozaki et al., 2017; Pfeiffer-Kaushik et al., 2018). Hence, we recorded 

the compound’s effects always 10 min after administration. 
The tested drugs and hiPSC-CM lines are summarized in Table 1. To 

characterize the electrical activity of the cardiac cells before and after 
drug administration, the following parameters were evaluated: duration 
of action potential (APD) and its shape, time needed to reach 30%, 50% 
and 90% repolarization and beating rate. 

To improve the reliability of the screenings, we performed all mea-
surements maintaining comparable conditions. The culture temperature 
was kept at 37 ◦C during recordings, whereas medium change was al-
ways performed 2 h before the measurements. Moreover, cells were 
taken out form the incubator only right before recordings, keeping thus a 
constant “out-of-incubator” period across the cultures. 

3.2.1. E-4031 
E-4031, a specific hERG channel blocker, induces AP lengthening 

Fig. 1. (A) Photographs showing the experimental set-up used for laser optoacoustic poration and intracellular recording on large cell networks. (B) Exemplary 
CMOS-MEA false-color map (bottom) of the APD50 values of intracellular action potentials and time traces (right) from the map showing the averaged action 
potential shapes of Pluricytes for three different regions (1, 2 and 3) at different concentrations of quinidine (control, concentration 1 and concentration 2). On the 
top-left panel, an exemplary field potential before optoacoustic poration is shown. (C) Representative images of hiPSC-CMs on CMOS-MEA in bright field, Cardiac 
Troponin T (cTnT) and DAPI, and Calcein AM. Scale bar 20 μm. 

Table 1 
List of the tested drugs and commercial hiPSC-CM lines.  

Compound type Drug Tested Cell lines 

Selective ion channel blocker E-4031 Pluricyte 
Nifedipine Cor.4 U iCell 

Mixed ion channel blocker Quinidine Pluricyte iCell 
Verapamil Cor.4 U 

Withdrawn from market Cisapride Pluricyte 
Terfenadine Axol Bioscience  
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and EADs often associated with cardiac arrhythmias(Kuusela et al., 
2016; Mohammad et al., 1997). We observed a significant prolongation 
of the APD compared to the control. Moreover, EADs occurred for both 
E-4031 tested concentrations (Fig. 2A). Furthermore, our data show that 
E-4031 leads to the reduction of the beating rate (minor at 1 μM and 
substantial at 2 μM concentration) (Fig. 2B). The analysis of the intra-
cellular APs shows that the APD lengthening occurs at 30%, 50% and 
90% repolarization for both concentrations (Fig. 2C). Thanks to the 
uninterrupted recording during cell poration and drug administration, 
we are also able to observe the temporal dynamic evolution of E-4031 
effects on hiPSC-CMs. This is demonstrated in Fig. 2D, where we report 
APs immediately after administration of 2 μM E-4031. The EADs appear 
gradually in the APs, in correspondence to the significant prolongation 
of the repolarization phase. 

3.2.2. Nifedipine 
Nifedipine, a common L-type calcium channel blocker, is known to 

decrease the AP duration and increase the beating rate in car-
diomyocytes(Guo et al., 2011; Harris et al., 2013; Huo et al., 2017). Our 
results show that nifedipine clearly induces a dose-dependent APD 
shortening compared to the control in both Cor.4 U and iCell car-
diomyocytes (Fig. 3A, D), according to the previously reported data. The 
effect of nifedipine is observed in both cell lines, which can be distin-
guished by the different AP shape corresponding to the different cellular 
model. Nifedipine also significantly increases the beating rate in a 
concentration-dependent manner in both Cor.4 U and iCell car-
diomyocytes (Fig. 3B, E). We quantify the concentration-dependent ef-
fect of nifedipine by plotting the APD at 30%, 50% and 90% 
repolarization levels (Fig. 3C, F). 

3.2.3. Quinidine 
We tested the effect of quinidine, a well-characterized class 1 anti-

arrhythmic compound strongly associated with TdP in patients. 

Quinidine acts as hERG channel blocker with mild to weak sodium and 
calcium channel blocking properties(Bauman et al., 1984; Kramer et al., 
2013). Quinidine is known to prolong the AP duration in different car-
diomyocytes (Kuusela et al., 2016; Mehta et al., 2014; Navarrete et al., 
2013). In our measurements, we observed that quinidine causes a dose- 
dependent prolongation of APD compared to the control in Pluricyte and 
iCell cardiomyocytes (Fig. 4A and D). In addition, in iCell car-
diomyocytes, we detected EADs at 2 μM and 10 μM drug concentration 
(Fig. 4D). Quinidine induces arrhythmia in Pluricyte and iCell car-
diomyocytes at all tested concentrations (Fig. 4B and E). In Fig. 4C and F, 
we report the quantification of the effects on the APD at 30%, 50% and 
90% repolarization levels for all concentrations (Fig. 4C and F). 

3.2.4. Verapamil 
Verapamil is a well-characterized class IV antiarrhythmic drug used 

to treat cardiac arrhythmias. This drug has multichannel properties, 
blocking both the hERG potassium channel and the L-type calcium 
channel(Aiba et al., 2005). Verapamil significantly reduces the AP 
(Blinova et al., 2017; Mehta et al., 2014) and increases the spontaneous 
beating rate of hiPSC-CM in a dose-dependent manner(Harris et al., 
2013). Consistently with published literature, we observed that verap-
amil significantly shortened the APD compared to the control (Fig. 5A) 
and produced a concentration-dependent increase in the beating rate of 
Cor.4 U cardiomyocytes (Fig. 5B). The data analysis shows that verap-
amil induces a reduction of APD at 30%, 50% and 90% repolarization at 
all tested concentrations (Fig. 5C). 

3.2.5. Cisapride 
Cisapride is a serotonin 5-HT4 receptor agonist known to block the 

hERG potassium channel and with weak to mild sodium and calcium 
channel blocking properties(Kramer et al., 2013; Mohammad et al., 
1997; Nozaki et al., 2017). This drug has been used to treat several 
gastrointestinal disorders, such as gastro-esophageal reflux, and has 

Fig. 2. Effects of E-4031 on intracellular action potentials recorded from Pluricyte. (A) Action potential waveforms in control conditions and at tested concentrations 
of E-4031, which show clear early afterdepolarizations (EADs). (B) Beating rate before (Control) and after E-4031 administration. (C) ADP at different amplitudes 
(APD30, 50, 90). (D) Temporal dynamic evolution of APs after administration of 2 μM E-4031. Data are represented as mean ± SEM. N = 70 (Control and 1 μM), N =
95 (2 μM). P-values are calculated using Mann-Whitney U test, *0.01 < P < 0.05, **0.001 < P < 0.01, ***0.0001 < P < 0.001, ****P < 0.0001. 
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been withdrawn from the US market in 2000 due to its serious cardiac 
side-effects(Food and Administration, 2000; Wysowski and Bacsanyi, 
1996). Cisapride induces QT prolongation and/or TdP in patients 
(Darpö, 2001) and concentration-dependent AP prolongation in hiPSC- 
CM (Kuusela et al., 2016; Mehta et al., 2013). Using our approach, we 
could replicate these observations. Cisapride leads to a prolongation of 
the APD in cardiomyocytes and a reduction of the beating rate in a 
concentration-dependent manner (Fig. 6A and B). Furthermore, cis-
apride prolongs the action potential duration at 30%, 50% and 90% 
repolarization at all tested concentrations (Fig. 6C). 

3.2.6. Terfenadine 
Terfenadine, a non-sedating antihistamine, was withdrawn from the 

US market in late 1997 due to the risk of cardiac arrhythmia caused by 
QT prolongation(Redfern et al., 2002; Food and Administration, 1997). 
This drug acts blocking multiple cardiac ion channels. In particular it 
acts on the hERG, sodium and calcium channels(Lu et al., 2012; Ming 
and Nordin, 1995). In hiPSC-CMs, terfenadine induces AP lengthening at 
low concentration and AP shortening at higher concentration(Asahi 
et al., 2018; Braam et al., 2010; Harris et al., 2013; Liu and Melchert, 
1997). On ventricular cardiomyocytes, our results indicate that terfe-
nadine significantly prolonged the APD at 10 nM and 100 nM, whereas it 
shortened the APD at 1 μM (Fig. 7A), as previously reported by other 

Fig. 3. Concentration-dependent effects of nifedipine on intracellular action potentials recorded from Cor.4 U and iCell cardiomyocytes. (A, B and C) Cor.4 U action 
potential waveforms, beating rate and APD at different amplitudes (APD30, 50, 90). (D, E and F) iCell action potential waveforms, beating rate and APD at different 
amplitudes (APD30, 50, 90). Data are represented as mean ± SEM. N = 80 (Control), N = 65 (30 nM), N = 92 (60 nM), N = 115 (100 nM), N = 121 (150 nM) for 
Cor.4 U. N = 60 (Control), N = 65 (30 nM), N = 78 (60 nM), N = 105 (100 nM) for iCell. P-values are calculated using Mann-Whitney U test, *0.01 < P < 0.05, 
**0.001 < P < 0.01, ***0.0001 < P < 0.001, ****P < 0.0001. 
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groups(Asahi et al., 2018; Braam et al., 2010; Harris et al., 2013). This 
effect was observed at all amplitude levels (Fig. 7C). Terfenadine also 
leads to a reduction in beating rate at 10 and 100 nM concentrations. 
Differently, we observed an increase of beating rate at 1 μM in com-
parison to the previous tested concentrations (Fig. 7B). 

4. Discussion 

With our experiments, we demonstrate that the use of plasmonic 
optoacoustic poration combined with CMOS-MEA technology can 
drastically improve the reliability of drug screenings, allowing for the 
reduction of the cell cultures required to reach exploitable results in 

cardiac safety screenings. We validate our findings by using a compre-
hensive set of reference drugs with ion channel inhibitory effects and 
associated with QT prolongation and/or Torsade de Pointes (TdP) dur-
ing clinical trials. Our measurements demonstrate that the effects of 
these drugs can be accurately assessed in vitro using laser cell poration 
on large two-dimensional syncytia of hiPSC cardiomyocytes, exposing 
the alterations in the action potential shape and in the beating rate. After 
nifedipine and verapamil administration, we observed concentration- 
dependent responses of both APD and beating rate, with a progressive 
APD shortening, a change of its shape and an increase of spontaneous 
beating rate. For E-4031 and quinidine, we found an APD prolongation 
and a beating rate reduction in a concentration-dependent manner, 

Fig. 4. Concentration-dependent effects of quinidine on intracellular action potentials recorded from Pluricyte and iCell cardiomyocytes. (A, B and C) Pluricyte 
action potential waveforms, beating rate and APD at different amplitude (APD30, 50, 90). (D, E and F) iCell action potential waveforms with early after-
depolarizations (EADs), beating rate and APD at different amplitude (APD30, 50, 90). Data are represented as mean ± SEM. N = 40 (Control), N = 50 (1 μM), N = 50 
(2 μM), N = 6 (10 μM) for Pluricyte. N = 64 (Control), N = 48 (1 μM), N = 46 (2 μM), N = 35 (10 μM) for iCell. P-values are calculated using Mann-Whitney U test, 
*0.01 < P < 0.05, **0.001 < P < 0.01, ***0.0001 < P < 0.001, ****P < 0.0001. 
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detecting also the expected EADs occurrence after drug administration. 
Finally, we observed the APD prolongation and the beating rate reduc-
tion at all tested concentrations for cisapride and the APD prolongation 
at low concentrations and APD shortening at higher concentration for 
terfenadine, associated with alterations in the beating rate. We also 
analyzed the APD at different amplitudes (30%, 50% and 90% repo-
larization) obtaining the detailed profile of drug effects. In addition, we 

report an example of the high potential of our approach for observing 
the temporal dynamic evolution of drug effects on hiPSC-CMs. Specif-
ically, we report the gradual appearance of EADs exploiting the unin-
terrupted recording during cell poration and E-4031 administration. 
Finally, we acquired data from cultures of different hiPSC cardiac 
models provided commercially by various suppliers. The high quality of 
the recorded signals allowed us to observe the expected different AP 

Fig. 5. Concentration-dependent effects of verapamil on intracellular action potentials recorded from Cor.4 U cardiomyocytes. (A) Action potential waveforms 
recorded in control conditions and at increasing amounts of verapamil. (B) Beating rate before and after verapamil administration. (C) APD at different amplitudes 
(ADP30, 50, 90). Data are represented as mean ± SEM. N = 51 (Control), N = 55 (20 nM), N = 67 (40 nM), N = 40 (80 nM). P-values are calculated using Mann- 
Whitney U test, *0.01 < P < 0.05, **0.001 < P < 0.01, ***0.0001 < P < 0.001, ****P < 0.0001. 

Fig. 6. Concentration-dependent effects of cisapride on intracellular action potentials recorded from Pluricyte. (A) Action potential waveforms were recorded in 
control conditions and at increasing amounts of cisapride. (B) Beating rate before (Control) and after cisapride administration. (C) APD at different amplitudes 
(APD30, 50, 90). Data are represented as mean ± SEM. N = 70 (Control), N = 75 (30 nM), N = 95 (300 nM), N = 50 (1 μM). P-values are calculated using Mann- 
Whitney U test, *0.01 < P < 0.05, **0.001 < P < 0.01, ***0.0001 < P < 0.001, ****P < 0.0001. 
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shapes of the various cell lines. 
Such a large amount of reliable data from six compounds and four 

hiPSC-CM lines has been obtained using only 12 cell-culture wells in 
total, which is an exceedingly low number of experiments. Thus, the 
presented approach provides accurate parameters based on intracellular 
AP recordings and at the same time reduces the number of required 
experiments. This may result in higher predictivity, lower culture vari-
ability and reduced number of experiments. 

The CMOS-MEA biosensors employed in this work did not offer 
stimulation or pacing capabilities. Therefore, our measurements were 
limited to spontaneously beating cultures. However, in perspective, we 
do not forecast technical limitations in applying plasmonic optoporation 
for obtaining intracellular recordings on paced cultures, exploiting more 
recent high-density MEAs that provide stimulation functionalities 
(“3Brain HD-MEAs,”, 2021, “Maxwell Biosystems MEAs,”, 2021). In 
fact, these newer devices share similar electrode materials and mor-
phologies to those employed in our work. Hence, plasmonic optopora-
tion will be most likely feasible on them. 

5. Conclusions 

In summary, the acquired data highlight all the expected effects of 
the evaluated drugs, confirming the validity and the high potential of in 
vitro MEA recordings enhanced by laser cell poration and high electrode 
density. In particular, the parallelization of the procedure over several 
cells within the same culture provides reliable data even using single- 
well MEA devices and single syncytia per each drug. This could repre-
sent an advantage for reducing the amount of experiments required to 
obtain consistent results. Even using more cultures for avoiding incre-
mental concentrations of drugs in the same wells, the results of this work 
on 6 drugs, several concentrations, and 4 cell lines, could have been 
obtained by using a total number of 28 wells. This amount of wells is still 
extraordinary small if we consider that multiwell MEA plates with high- 
density CMOS-MEAs have begun to appear recently on the market 
(“3Brain MultipleX,”, 2021; “Maxwell Biosystems MaxTwo,”, 2021). 
Thus, laser cell poration and high-resolution multiwell MEA plates can 
improve the reliability and reduce the costs of drug safety screenings by 

recapitulating drug toxicity mediated through human ion channels on 
reliable cellular models. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.taap.2021.115480. 
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