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ABSTRACT

Reproducing the rhythmic electrical activity of the heart in vitro enables researchers to study how cardiomyocytes (CMs) respond to
changes in pacing frequency in terms of contraction dynamics, electrical activity, and overall function. While electrical stimulation remains
the gold standard, optical stimulation is emerging as a less invasive alternative with superior spatial and temporal resolution. Here, we
propose a non-genetic, high-throughput optical platform for the stimulation of CMs cultured on microelectrode arrays, based on Ziapin2, a
molecular phototransducer. Importantly, the system also incorporates a laser-based membrane poration module, allowing reliable access to
intracellular signals. A user-friendly software was also developed for simultaneous analysis of multiple electrophysiological traces and to
streamline data interpretation. Altogether, we propose a fully integrated, minimally invasive powerful platform for in vitro cardiac electro-
physiology studies, with promising applications in disease modeling, drug screening, and fundamental research.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0311976

I. INTRODUCTION

The precise coordination of electrical activity in cardiomyocytes
(CMs) is pivotal to rhythmic excitation—contraction coupling, thus to
effective cardiac function.’ Recapitulating these dynamics in vitro is
essential for elucidating the electrophysiological properties of cardiac
cells and for modeling both physiological and pathological states.”
In this context, the use of well-defined pacing protocols markedly
reduces the intrinsic variability associated with spontaneous contrac-
tions, but, more importantly, it enables systematic exploration of
frequency-dependent electrophysiological phenomena.

Electrical stimulation has long served as the gold standard for
pacing CMs in vitro, due to its precise temporal resolution and
straightforward protocol standardization.” However, direct electrode
contact is not without significant challenges: electrochemical artifacts

at the electrode-electrolyte interface, progressive loss of stimulation
fidelity due to electrode degradation or cellular debris accumulation,
and inherent constraints in spatial resolution might occur, introduc-
ing substantial variability, particularly in chronic or high-throughput
applications, thus complicating data interpretation and limiting prac-
tical scalability. Although contactless field stimulation mitigates some
of these drawbacks, it often results in non-uniform electric field distri-
bution and reduced spatial precision. Such limitations have driven
growing interest in alternative, non-contact methods. Among these,
optical stimulation has come to the forefront due to several key
enabling features.”

Optical pacing offers clear advantages: it avoids the electrochem-
ical and mechanical interference associated with electrodes, minimiz-
ing perturbation of the cells and allowing for unprecedented spatial
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and temporal resolution. Yet, conventional optical pacing typically
relies on optogenetic tools to render cardiac cells photosensitive,
requiring genetic modifications that are not always feasible or desir-
able, especially in translational research and drug screening contexts,
where genetic manipulation may alter cellular physiology or raise bio-
safety concerns.” Here, we introduce a fully integrated, optoelectronic
platform for in vitro cardiac electrophysiology. This system combines
non-genetic contactless and spatially precise optical pacing with laser-
based poration to achieve intracellular access in human-induced
pluripotent stem cells-derived CMs (hiPSC-CMs) cultured on micro-
electrode arrays (MEAs).”'” Pacing is achieved using an LED light
source tuned to the peak absorption of Ziapin2, a small-molecule
phototransducer that inserts into the plasma membrane. Upon illumi-
nation, Ziapin2 undergoes conformational changes that rapidly mod-
ulate membrane capacitance, inducing membrane potential
perturbations.'” '* Depending on the stimulation parameters and on
the electrophysiological properties of the preparation, this photores-
ponse can remain subthreshold'® or reach the threshold required
for reliable action potential (AP) initiation.'” *’ In this framework,
LED illumination provides simple, reproducible, and contactless
stimulation.

Meanwhile, the laser poration protocol employs highly localized,
minimally invasive laser pulses to transiently increase membrane per-
meability, enabling high-quality intracellular recordings without com-
promising cell viability or electrophysiological integrity. Combined,
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brightfield imaging
Recordingof paced
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LED stimulation
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these technologies enable precise pacing and intracellular access,
offering a comprehensive assessment of cellular electrophysiology. To
fully exploit the capabilities of this multifunctional system, we devel-
oped a software for automated, simultaneous analysis of multiple elec-
trophysiological traces, facilitating rapid interpretation of complex
datasets and supporting scalable workflows. Altogether, the integra-
tion of non-genetic optical stimulation, laser poration, and automated
data analysis represents a significant advance in the development of
high-throughput in vitro cardiac platforms. The versatility and modu-
larity of this approach render it particularly suited for applications in
disease modeling, drug screening, and fundamental investigations in
cardiac biophysics.

Il. RESULTS AND DISCUSSION
A. Development of the optoelectronic platform

The IntraCell system (Foresee Biosystems) was originally devel-
oped to enable high-fidelity intracellular recordings from electrically
excitable cells via laser poration, using cultures grown on planar
MEAs."" To expand its capabilities toward active modulation of car-
diac electrophysiology, we modified the platform by integrating an
optical stimulation module. Specifically, we incorporated a 470 nm
LED into the optical path of the system, creating a dual-modality setup
capable of both intracellular signal acquisition and light-driven pacing
from the same cellular preparation [Fig. 1(a)]. The LED wavelength
was selected to match the excitation peak of Ziapin2, enabling effective

Brightfield
cell imaging

FIG. 1. Design and development of the
optoelectronic platform. (a) Schematic
representation of the optical setup inte-
grating the laser optoporation and LED
stimulation modules. The laser enables
intracellular access for recording action
potential-like signals, while the LED pro-
vides optical pacing. Brightfield illumina-
tion allows imaging of cells plated on the
MEA. (b) Optical path schematic showing
the integration of a dichroic mirror that
co-aligns the blue LED with the laser
axis, preventing interference with the
near-infrared light used for optoporation.
(c) Calibration curve of the LED power
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light-induced modulation of cell membrane properties for non-genetic
optical pacing in hiPSC-CMs. The optical path was engineered to
deliver uniform illumination across the field of view of the brightfield
camera used to image the cells, corresponding to approximately 700 ym
in diameter, with precise alignment to avoid interference with the near-
infrared (1064 nm) laser beam used for optoporation. A short-pass
dichroic mirror (cutoff > 550 nm) was employed to co-align the blue
LED beam with the laser axis while preserving independent control of
the two light sources [Fig. 1(b)]. The LED output was collimated and
focused to achieve homogeneous irradiance on the sample, with adjust-
able intensity up to ~14 mW/mm?® [Fig. 1(c)]. Key stimulation parame-
ters, including pulse duration, repetition rate, and timing, were
controlled via Transistor-Transistor Logic (TTL) triggering, allowing
precise synchronization with electrophysiological recordings. The stim-
ulation system enables single or repeated light pulses with duration of
single pulses from 100 us to 5s and repetition rate up to 5kHz.

B. Electrophysiological recordings from hiPSC-CM
cultures

To evaluate the efficacy of the optoelectronic platform, we tested
its ability to induce electrical responses in hiPSC-CMs cultured on

ARTICLE pubs.aip.org/aip/bpr

commercial 60-electrode MEAs and treated with 25 uM Ziapin2, a
concentration previously validated in cardiac tissue [see protocol in
Fig. 2(a)]."” Baseline extracellular field potential recordings revealed
spontaneous activity with an average beating rate (BR) of approxi-
mately 0.3 Hz. Upon pulsed blue-light illumination at 470 nm, corre-
sponding to the excitation peak of Ziapin2, at an intensity of 14 mW/
mm? and a stimulation frequency of 0.5 Hz, the cardiomyocytes reli-
ably followed the imposed pacing [Fig. S1(a)]. This confirmed the
capability of Ziapin2 to mediate non-genetic optical control of cardiac
excitability in vitro. In contrast, vehicle-treated (dimethyl sulfoxide,
DMSO) cultures showed no entrainment under identical stimulation
conditions, excluding nonspecific photothermal or photomechanical
effects of light exposure [Fig. S1(b)].

Following the extracellular recordings, we then assessed the plat-
form’s ability to access intracellular signals in the same Ziapin2-
treated cultures using the IntraCell system’s laser poration module
controlled by the FB Alps suite (Fig. S2). The 1064 nm laser is pre-
cisely targeted to individual electrodes to induce localized membrane
poration at the cell-electrode interface without disrupting adjacent
sites. By tuning laser parameters (e.g., 40% power), we reliably con-
verted extracellular field potential waveforms into intracellular-like
APs, evidenced by a steep upstroke, sustained plateau phase, and
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FIG. 2. Ziapin2 incubation and photostimulation of hiPSC-CMs. (a) Schematic representation of the Ziapin2 incubation (25 M) and washout steps performed prior to MEA
recordings, created in BioRender (https:/BioRender.com/ghnv090). (b) Representative trace showing field potential recordings from hiPSC-CMs cultured on MEAs, along
with intracellular signals obtained after laser poration (red arrow) and subsequent light stimulation (cyan dots; 1 Hz, 100 ms pulse duration, 100% LED power). Inset in (b):
zoomed-in view of the exact moment of laser poration, highlighting the inmediate artifact and transition dynamics. Recordings carried out at 37 °C.
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repolarization phase [Fig. 2(b)]. This approach resulted in a sub-
stantial increase in signal amplitude, up to a fourfold relative to pre-
poration extracellular recordings, producing AP waveforms that
closely resemble those obtained from canonical intracellular record-
ings. Although the signal amplitude increases significantly after
laser optoporation, the amplitude values should not be interpreted
as absolute membrane potentials, since the cell-electrode coupling
on MEA does not provide a high-resistance seal as in patch-clamp
recordings.

The use of laser-induced APs enabled the extraction of electro-
physiological characteristics not measurable with conventional extra-
cellular MEA recordings. Specifically, we detected AP duration (APD)
at different repolarization levels (APD3y, APDs5j, and APDy,) and
upstroke velocity (UV). This methodology thus provides a more accu-
rate and comprehensive evaluation of cardiomyocyte electrophysiol-
ogy. As can be observed in Fig. 2(b), after laser optoporation, the

ARTICLE pubs.aip.org/aip/bpr

repolarization phase of the AP pulls the electrode potential level
toward more negative potentials, as expected for intracellular-like sig-
nals. However, due to the hardware DC filtering intrinsic to all MEA
acquisition systems, the electrode potential is slowly pulled back
toward the baseline during the diastolic phase. This feature makes it
challenging to infer information on the true resting membrane poten-
tial or the subthreshold ionic currents preceding AP firing, such as
the funny current (Iy).

We then compared optical stimulation (LS) with Ziapin2 to con-
ventional electrical pacing (ES), the gold standard for CM activation,
using direct electrode stimulation on the same MEA platform. Both
modalities were tested at stimulation frequencies of 0.5 Hz to evaluate
the capability of Ziapin2-driven photoexcitation to sustain periodic
activation (Fig. 3). Intracellular recordings revealed that optical stimu-
lation reliably elicited APs comparable in morphology to those electri-
cally evoked.
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FIG. 4. Functional characterization of
electrical and light-induced excitation at
1Hz in hiPSC-CMs. (a) Representative
action potential (AP) traces evoked by
electrical pacing at 1 Hz (bipolar stimulus,
1ms pulse). (b) Representative light-
induced APs in hiPSC-CMs incubated
with 25 uM Ziapin2 and photostimulated

(c) (d)

APD;, APDg, APDgy APDyy APDysy APDgq
ES LS

(e) (f)

CV (cm/s)

Notably, Ziapin2-mediated activation remained effective even at
1Hz (Fig. 4), indicating that the photoisomerization kinetics of the
molecule are sufficiently fast to follow physiological pacing rates with-
out significant latency. This comparison confirms that the photophys-
ical response of Ziapin2 enables temporally precise and repeatable
control of CM depolarization, validating its use as a fully contactless
alternative to electrical stimulation.

Importantly, the platform enabled stable intracellular recordings
over multiple days in vitro (up to 1 week), with AP waveforms main-
taining high signal-to-noise ratios and conserved morphological fea-
tures (Fig. S3). At later time points, a moderate reduction in AP
amplitude was sometimes observed, likely due to progressive detach-
ment of contracting cells from the MEA substrate (data not shown).
This effect may be mitigated by optimizing substrate coatings to
enhance hiPSC-CM adhesion, for example, using extracellular
matrix-based coatings such as Geltrex or laminin to improve long-

15.0 17.5 20.0 lines

at 1Hz (100ms pulse). Cyan shaded
represent  light  stimulation.
Quantification of (c) AP duration (APD3g,
APDsg, and APDg), (d) estimated
upstroke velocity [UV, expressed as %AP
amplitude (APA)/s], (e) beating rate (BR)
and (f) conduction velocity (CV) in
hiPSC-CMs paced either electrically (ES)
or optically (LS). All recordings were per-
formed at 37 °C. Data are presented as
mean = SEM (39 <n <63 per condition,
N =4 independent differentiations).

term culture stability.”" These results underline the prolonged optical
responsiveness of Ziapin2 over time as well as the reliability and sta-
bility of the optoelectronic platform, which allows repeated laser pora-
tion at later time points in an effective manner. This dual-modality
system delivers a robust, minimally invasive, and contactless means
for extended high-fidelity electrophysiological recordings in human
cardiac models, making it a valuable tool for applications such as drug
screening and disease modeling.

To illustrate this capability, we performed pharmacological vali-
dation experiments using reference compounds with well-established
electrophysiological effects. Specifically, we tested E4031, an I,
blocker known to prolong repolarization, and Nifedipine, an L-type
Ca®" channel blocker that shortens the AP. Both drugs were applied
at increasing concentrations, revealing clear dose-dependent modula-
tion of the recorded signals (Fig. 5). These results demonstrate the
ability of the platform to capture expected pharmacological responses
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FIG. 5. Pharmacological modulation of
hiPSC-CM AP recorded with the opto-
electronic platform. (a) Representative
AP comparison between control condi-
tions (Ctrl, black) and treatment with
Nifedipine (60 nM, red), showing shorten-
ing of the repolarization phase. (b)
Representative AP comparison between
Ctrl (black) and E4031 (2 uM, purple),
illustrating prolongation of repolarization.
(c) Quantification of AP duration at 30%,
50%, and 90% repolarization (APDs3p,
APDs, and APDg), following increasing
concentrations of Nifedipine (15, 30, and
60nM). (d) Quantification of APD3q,
APDs,, and APDg, following increasing
concentrations of E4031 (30, 100nM,
and 2uM). Data are presented as
mean *+ SEM (17 < n < 33 per condition,
obtained from a single differentiation).
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across multiple experimental conditions, supporting its suitability for
scalable electrophysiological screening.

C. Automated analysis of electrophysiological signals

Analyzing the wealth of electrophysiological data generated by
our multimodal platform can be time-consuming, especially when
dealing with complex experimental designs. To address this, we devel-
oped Action Potential Profiler (APP), a custom software suite for the
automated analysis of electrophysiological signals from cardiac cul-
tures grown on MEAs (Fig. 6). All quantitative analyses presented ear-
lier were performed using APP and validated by comparison with
manually analyzed data. The software is designed to handle intracellu-
lar APs, requiring minimal user intervention while ensuring high
reproducibility. This streamlines data interpretation and is particu-
larly suited for high-throughput experimental workflows. The soft-
ware accepts input files in .hdf5 format, generated from MEA
recordings acquired using the Multi-Channel Systems (MCS) plat-
form. It supports both single-file and batch processing modes, allow-
ing multiple datasets to be analyzed simultaneously. Before analysis,
recordings can be filtered using various digital filters such as Bessel
high- or low-pass, Notch, or Savitzky-Golay filters. These filtering
options primarily serve to reduce high-frequency noise components,
such as those around 50 Hz, thereby improving the signal-to-noise
ratio. They can also mitigate slow baseline drifts or other low-
frequency artifacts that may occasionally arise from electrode or
recording instability. Each dataset can be analyzed as a whole or
within user-defined time windows, enabling focused investigation of
specific experimental phases, for example after laser poration or drug

T T T T
Ctrl 30nM 100nM 2 ,M

treatment. Users can also specify the biological model type, such as
monolayers or organoids, to ensure that the software adapts to differ-
ent signal morphologies and spatiotemporal dynamics. At the core of
APP’s functionality is its ability to extract a broad range of quantita-
tive features from AP waveforms.

These include AP duration measured at 30%, 50%, and 90%
repolarization levels (APDs3y, APDsj, and APDy), the beating rate
(BR) and its variability across electrodes, an estimated upstroke veloc-
ity (UV), which serves as a proxy for depolarization speed, and con-
duction velocity (CV). APD values were defined as the time interval
between the time points at which the upstroke and the repolarization
phases cross the amplitude level at 30%, 50%, or 90% of the repolari-
zation amplitude. For the calculation of the APDyy, in case the ampli-
tude level fell below the upstroke curve, the same initial time point of
the APDs is used. CV was estimated from activation time differences
between neighboring electrodes, calculated from the temporal delay
of the AP upstroke across the electrode array and divided by the
known inter-electrode distance.

These metrics are computed for individual APs and then aver-
aged per electrode and per well. APP also generates detailed visual
outputs, including mean AP waveforms averaged over consecutive
beats, bar plots comparing single APs to these averages, time-resolved
traces following laser poration, and electrode-specific APD compari-
sons along with statistical summaries. A key feature is the electrode
selection panel, which allows users to view and analyze signals from
specific channels. The software organizes all outputs into a structured
data repository, with folders categorized by data type (such as APD,
extracted curves, signals, single APs, and other values), saving results
in both graphical (png) and tabular (.csv, .xls) formats. At the culture
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FIG. 6. Main window of the analysis software Action Potential Profiler (APP). The red squares highlight the main results of the analysis of APs acquired with IntraCell and
MEA systems. (a) Mean AP of the selected electrode, normalized; (b) main parameters of the mean AP, including APD3,, APDsg, and APDg, estimated upstroke velocity,
beating rate, and standard deviations; (c) specific AP selected in the analyzed electrode trace, normalized; (d) time course of APs from the selected electrode; and (e) com-

parison between the mean AP and the selected AP.

level, the overview window aggregates electrophysiological activity
across the entire preparation, offering a preview of the nine highest
quality signals alongside heatmaps of key metrics (i.e., BR, CV, UV,
and APD at various repolarization levels), including their standard
deviations (Fig. S4). These visualizations help identify spatial hetero-
geneities within the MEA and provide rapid insight into the overall
electrophysiological status of the culture, including the presence of
arrhythmogenic foci or conduction blocks. The comparison window
facilitates pairwise or multi-condition analyses of previously proc-
essed datasets (Fig. S5). Users can compare AP waveforms and APD
metrics across different electrodes, wells, or experimental conditions
(for example, before and after treatment or at multiple time points).
This feature is especially valuable in longitudinal studies or pharma-
cological assays where quantitative tracking of changes over time is
critical. APP also allows users to add annotations and metadata to
each analysis and to generate comprehensive PDF reports summariz-
ing waveform features, parameter distributions, and heatmaps.

I1l. CONCLUSIONS AND FUTURE PERSPECTIVES

In this work, we successfully demonstrated the prototype of a
versatile optoelectronic platform combining optical pacing with high-
fidelity intracellular recordings enabled by laser poration. While this
study specifically employed Ziapin2 to control bioelectricity in a
hiPSC-CM monolayer, the system is highly tunable and adaptable to
various experimental needs. Specifically, (i) the platform might be
exploited with a broad spectrum of photostimulation techniques,
including optogenetics, caged compounds, photoactivatable drugs,
and photonic devices.”” This versatility enables the adoption of

diverse optical control strategies, making the platform suitable for a
wide range of experimental approaches in biophysics and bioengi-
neering; (ii) although for this proof-of-principle study, we used two-
dimensional hiPSC-CM monolayers cultured on planar MEAs, the
technology is inherently scalable and can be readily adapted to more
complex three-dimensional cardiac models, such as organoids or car-
dioids.”” ** This adaptability enables studies in systems that more
closely mimic physiological conditions, broadening the range of bio-
logically relevant investigations; (iii) while the current platform uses a
cyan (470 nm) LEDs for photostimulation, the platform architecture
enables straightforward replacement with modules emitting at alter-
native wavelengths. Looking ahead, integrating a broadband, fiber-
coupled illumination system (e.g., Lumencor Spectra X) could provide
rapid switching among multiple wavelength channels, further
expanding the platform’s utility for diverse applications. Such
enhancements would expand excitation capabilities across the visible
spectrum, increasing compatibility with a broader portfolio of photo-
transducers and optogenetic constructs; (iv) even if the integrated
software provides robust, automated functionalities for high-
throughput and structured analysis of electrophysiological datasets,
future development will focus on enabling customizable report gener-
ation to further enhance analytical flexibility and user experience.
Taken together, our platform represents a powerful resource for scal-
able, high-throughput cardiac research, with broad applicability in
drug screening, including pharmacological dose-response studies
with ion channel blockers, disease modeling using patient-specific
hiPSC-CMs, and chronic pacing studies where large datasets and
reproducibility are paramount.
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IV. MATERIALS AND METHODS

A. Culture and differentiation of human-induced plu-
ripotent stem cell-derived cardiomyocytes

Bona fide healthy, human-induced pluripotent stem cells
(hiPSCs) from the WTC-11 hiPSC line (hPSCReg UCSFi001-A) were
obtained with appropriate Material Transfer Agreement from the
Coriell Institute for Medical Research (No. GM25256). HiPSCs were
cultured on plastic multiwell plates coated with recombinant human
vitronectin (rhVTN, Thermo Fisher Scientific, A14700) in Essential
8 Flex medium (Thermo Fisher Scientific, A2858501). HiPSCs were
plated on hESC qualified Matrigel (BD Biosciences, 354277) before
cardiac differentiation and differentiated to hiPSC-CMs following a
protocol based on the modulation of the Wnt signaling pathway”’
with minor modifications. hiPSC-CMs were purified through glucose
starvation (final purity > 90% CM:s) and cryopreserved on days 9-16.
Cryopreserved hiPSC-CMs were thawed, expanded, and maintained
in medium containing RPMI1640 medium (Euroclone, ECB2000)
supplemented with B27 Supplement (Thermo Fisher, 17504044) and
1% KnockOut Serum Replacement (Thermo Fisher Scientific,
10828028). hiPSC-CMs were dissociated using TrypLE 1X (Thermo
Fisher Scientific, 12604013) and plated on 40pug/ml bovine
fibronectin-coated (Merck, F1141) glass MicroElectrode Arrays
(MEAs) at a density of ~5 x 10* cells/well (6-well) or ~1.5 x 10°/well
(single-well). Medium was refreshed every other day until the experi-
mental day.

B. Ziapin2 synthesis and internalization process

Ziapin2 was synthesized following previously published proce-
dures'**” and administered directly to hiPSC-CMs by adding it to the
culture medium."” Specifically, hiPSC-CMs were incubated with
25 uM Ziapin2 at 37°C and 5% CO, for 7min. After incubation,
excess compound was gently washed out, and the cultures were rinsed
with fresh culture medium before proceeding with further analysis.

C. Microelectrode array (MEA) recordings

All recordings from MCS-MEAs were performed at 37 °C out-
side the incubator. The cell medium from each sample was changed
2h before the measurements. MEA recordings were obtained with a
MEA2100-Mini-System from the company Multi-Channel Systems
MCS GmbH. Recordings with the MEA2100-Mini-System were
acquired at 20 kHz acquisition frequency, high-pass hardware filtering
of 0.1 Hz, and low-pass hardware filtering of 10 kHz.

D. Laser-based cellular optoporation

Laser pulse trains were applied on the surface of MCS-MEAs to
porate hiPSC-CMs. For laser poration, the IntraCell system uses the
protocol originally introduced by Dipalo and coworkers.”’ The aver-
age laser power during the optoporation protocol was 5mW. The
laser was coupled to an inverted optical setup able to accommodate
the acquisition system MEA2100-Mini from Multi-Channel Systems
MCS GmbH. A 20x air objective (NA=0.42, working distan-
ce=6mm) was used during the experiments to observe the cells on
the devices and to focus the NIR laser used for poration.

To produce programmable optical stimulation patterns with
IntraCell, we use a combination of a I2C Digital-to- Analog Converter

pubs.aip.org/aip/bpr

(DAC) (MCP4725) and a LED Driver (MP24833-A). The first device,
MCP4725, receives digitally the stimulation pattern desired by the
user in terms of amplitude, repetition rate, and duty cycle and con-
verts this information into an analog voltage signal. The second device
(MP24833-A) is voltage-controlled current source. It takes the analog
voltage from the MCP4725 device and delivers a proportional current
to the 470 nm LED light source.

E. Photostimulation of Ziapin2

Mumination of hiPSC-CM cultures during electrophysiological
experiments was provided by a collimated light-emitting diode (LED,
Thorlabs), integrated into the IntraCell system, as detailed in the man-
uscript. The light source was characterized by a maximum emission
wavelength of 470 nm to match the molecule absorption spectrum.
The illuminated spot on the sample has an area of 0.8 mm® and a
maximum photoexcitation density of 14 mW/mm®.

F. Custom-made analysis algorithm

The data were analyzed using the custom-made analysis algo-
rithm APP. The algorithm allows for accurate characterization of the
intracellular APs waveforms, the intracellular APs duration at differ-
ent amplitude values with respect to the maximum amplitudes (30%,
50%, and 90%), and the beating rate. In figures, data were plotted as
mean * standard error of the mean (SEM). Data normality were
assessed using the D’Agostino-Pearson normality test. Comparisons
between the two groups were performed using either Student’s ¢-test
or the Mann-Whitney U test, as appropriate. Comparisons among
more than two independent groups were conducted using one-way
ANOVA followed by Dunnett’s post hoc test or the Kruskal-Wallis
test with Dunn’s correction for multiple comparisons. Paired compar-
isons across multiple conditions were analyzed using the Friedman
test followed by Dunn’s multiple comparisons test. When statistically
significant differences were observed, the exact p-values are reported
in the corresponding figures. For each experiment, the number of
technical replicates (n, electrodes from different MEAs) and biological
replicates (N, independent differentiations) are reported in the corre-
sponding figure legend.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: Fig. Sl:
Representative extracellular field potential recordings showing light-
induced modulation of electrical activity in hiPSC-CMs treated with
Ziapin2, compared to vehicle-treated controls. Fig. S2: Graphical user
interface of the FB Alps software suite used for optical stimulation
and MEA control, including modules for imaging, laser targeting,
electrode selection, and experimental parameter configuration. Fig.
S3: Long-term functional stability of optically evoked activity in
Ziapin2-loaded hiPSC-CMs, including representative traces and
quantitative analysis of electrophysiological parameters (APD,
upstroke velocity, beating rate, and conduction velocity). Fig. S4:
Overview window of the APP software, showing representative elec-
trophysiological traces and spatial heatmaps of key functional param-
eters across the preparation. Fig. S5: Comparison module of the APP
software, enabling cross-dataset analysis through waveform superpo-
sition and statistical comparison of action potential features across
electrodes and wells.
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