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In brief

Cardiac arrhythmias arise from
abnormalities in the generation or
propagation of electrical impulses in the
heart and remain challenging to treat with
current therapies. Here, we test in vitro
whether Ziapin2, a membrane-targeting
molecular photoswitch previously shown
to modulate cardiac excitability, can
terminate reentrant arrhythmias. In
engineered stem-cell-derived human
cardiac microtissues, Ziapin2
photoisomerization effectively disrupts
spiral waves and abolishes reentry. These
findings highlight small-molecule
photoswitches as a potential strategy for
precise optical control of cardiac
bioelectricity.
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THE BIGGER PICTURE Arrhythmias pose significant challenges in clinical cardiac care, with current treat-
ments often carrying risks of complications and recurrence. Strategies capable of controlling cardiac
bioelectricity with greater spatial precision and reduced invasiveness could open up new therapeutic oppor-
tunities. Ziapin2 is an amphiphilic, photochromic molecule previously shown to modulate cardiomyocyte
excitability upon light stimulation. Here, we test whether Ziapin2-mediated photostimulation can interrupt
reentrant arrhythmias. Using engineered, aligned cardiac microtissues derived from wild-type and diseased
human-induced pluripotent stem cell cardiomyocytes, we first establish stable reentrant spiral waves and
then show that light stimulation in the presence of Ziapin2 disrupts these dynamics and terminates reentry.
These findings provide proof of principle for non-genetic optical control of arrhythmogenic dynamics and
highlight the potential of small-molecule photoswitches to manipulate cardiac bioelectricity with high spatio-
temporal precision.

SUMMARY

Optostimulation is rapidly emerging as a promising approach to control cardiac bioelectricity, combining
minimal invasiveness with unparalleled spatiotemporal precision and reversibility. Building on previous find-
ings demonstrating that Ziapin2, a membrane-targeted molecular photoswitch, can modulate cardiomyocyte
electrophysiology upon visible light stimulation, we evaluated its potential to precisely terminate reentry-
based arrhythmias. Reentrant activity was induced in aligned laminar cardiac microtissues from human-
induced pluripotent stem-cell-derived cardiomyocytes (hiPSC-CMs), using an S1S2 electrical pacing
protocol in wild-type tissues and rapid pacing combined with catecholamine exposure in gene-edited micro-
tissues harboring the CPVT-associated S404R variant in the RYR2 gene. Photostimulation disrupted spiral
wave dynamics in Ziapin2-loaded tissues, whereas it had no effect on vehicle-treated controls. These results
provide proof of principle for Ziapin2-mediated optotermination of arrhythmias and highlight its potential as a
precise, non-genetic, and minimally invasive strategy for arrhythmia modulation.

INTRODUCTION

Sudden cardiac death is a major public health issue, accounting for
15%-20% of all deaths worldwide. Cardiovascular therapy has
evolved significantly over the past 50 years; however, antiar-
rhythmic drugs remain limited by their proarrhythmic potential.

For example, the cardiac arrhythmia suppression trial (CAST) re-
vealed that flecainide, a widely used class IC antiarrhythmic
drug, increased mortality despite its efficacy in suppressing
premature ventricular contractions.” Standard antiarrhythmic
approaches often involve the ablation of arrhythmia substrates
and the use of implantable cardioverter devices (ICDs) for
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life-threatening arrhythmias. Implantable devices, such as pace-
makers and ICDs, work by delivering controlled electrical impulses
to restore or maintain a normal heart rhythm. In contrast, catheter-
based ablation uses targeted energy delivery to destroy the
abnormal tissue causing the arrhythmia. Despite their successes,
these electrical therapies are limited due to issues such as non-
specific activation of surrounding tissues, patient discomfort, finite
device longevity, and potential for arrhythmia recurrence —compli-
cations that affect the patient’s quality of life.”~ This highlights the
urgent need for more effective, less invasive therapies that target
arrhythmias with greater precision and fewer side effects.

A potential strategy to address these challenges is to replace
electricity with light as a stimulating tool. Optical stimulation is
emerging as a promising alternative to traditional approaches
for various research and therapeutic applications, offering
several key advantages: minimal energy consumption, precise
delivery to targeted tissues, and high spatial and temporal reso-
lution.® One notable method in this field is optogenetics, which
involves the genetic modification of cells to express light-sensi-
tive ion channels.®” This approach has shown significant suc-
cess in terminating cardiac arrhythmias.®'®> However, several
challenges, including stable and specific opsin expression and
efficient gene delivery, remain to be addressed before broader
clinical applicability can be achieved.'®

As an emerging and complementary strategy, organic “small
molecules” can be used to confer light sensitivity to excitable
cells through covalent or non-covalent interactions with ion
channels or the sarcolemma, providing a non-genetic, chemi-
cally tunable framework that expands the current landscape of
optical cardiac modulation approaches.'”° Recently, we syn-
thesized Ziapin2, a light-responsive molecule with an aminoazo-
benzene core and an amphiphilic structure.?®~® The compound
can integrate into cell membranes and change its conformation
when exposed to visible light (470nm). This alteration affects
the thickness of the cell membrane, leading to changes in mem-
brane capacitance and, consequently altering the cell’s mem-
brane potential.’®*® When introduced into human-induced
pluripotent stem-cell-derived cardiomyocytes (hiPSC-CMs)
and adult mouse ventricular cardiomyocytes,?**° Ziapin2 trig-
gered action potentials in response to light-induced isomeriza-
tion through the activation of stretch-activated channels.?®*"
Of particular interest, when added to a cardiac microphysiolog-
ical model that mimics the organization and mechanical proper-
ties of the heart, Ziapin2 enabled the control of the whole
excitation-contraction process via light stimulation.®> These
encouraging findings suggest that these light-sensitive com-
pounds hold the potential for non-genetic, contactless, and
temperature-independent regulation of cardiac bioelectricity,
indicating their strong suitability for antiarrhythmic purposes.

In this study, we tested the hypothesis that Ziapin2 can effec-
tively terminate reentry arrhythmias by using light stimulation to
modulate cellular activity in a controlled manner. To assess this,
we first generated stable reentry arrhythmias in aligned laminar
cardiac microtissues, derived from both wild-type and gene-edi-
ted hiPSC-CMs carrying the S404R variant of the RYR2 gene, a
known pathogenic mutation associated with catecholaminergic
polymorphic ventricular tachycardia (CPVT). By employing optical
mapping of Ca2* signals (as a reporter of excitation), we demon-
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strate the ability of Ziapin2-mediated photostimulation to termi-
nate reentrant activity in both wild-type and disease-mimicking
microtissues, providing a functional basis for exploring optical
control as a targeted strategy to interrupt arrhythmic circuits
and advance minimally invasive approaches in cardiac therapy.

RESULTS AND DISCUSSION

Photostimulation efficacy of Ziapin2 in aligned laminar
microtissues

To assess the functional photostimulation potential of Ziapin2, we
tested its ability to trigger excitation in aligned laminar cardiac mi-
crotissues®®?*® seeded with hiPSC-CMs generated in a biore-
actor®* by using optical mapping of intracellular Ca* signals as
a readout of excitation and monitoring the generation and propa-
gation of light-induced Ca?* transients (Figure 1A). Microtissues
were incubated with two concentrations of Ziapin2, 25 pM and
50 uM, followed by a 7-min washout to remove uninternalized mol-
ecules. Upon 470 nm point-light stimulation at 1 Hz, matching Zia-
pin2’s absorption peak, we examined the initiation of Ca®* wave-
fronts from the illumination site that propagate with a conduction
velocity (CV) of 5.49 + 0.14 cm/s. While 25 pM Ziapin2 showed min-
imal effect (data not shown), 50 pM was identified as the effective
concentration for inducing a robust photoresponse (Figure 1B).

To confirm the safety of this approach, we assessed cell
viability and oxidative stress under both dark and light-stimu-
lated conditions. Cell viability and metabolic activity were
evaluated using the AlamarBlue assay, comparing untreated,
vehicle-treated, and Ziapin2-treated hiPSC-CMs. No significant
differences were observed across conditions, suggesting that
neither Ziapin2 internalization nor subsequent light exposure
compromised cell health or function (Figure 1C).

To assess potential oxidative stress, we measured intracellular
reactive oxygen species (ROS) levels using the CellROX assay.
ROS levels remained comparable among all experimental
groups, demonstrating that light activation of Ziapin2 does not
induce oxidative damage (Figure 1D).

These data confirm the biocompatibility and photostability of
Ziapin2 in our experimental settings.

Generation of a stable reentry circuit in the aligned
laminar cardiac microtissue

To test the hypothesis that light-induced modulation of cardiac
cell electrical potential through Ziapin2 isomerization may serve
as an effective strategy for terminating arrhythmias, we investi-
gated its effect on reentrant circuits, a primary mechanism un-
derlying several types of cardiac arrhythmias. The formation of
stable rotors requires that the tissue domain be sufficiently large
to support a reentrant circuit. This condition is governed by the
wavelength (WL) of the propagating electrical wavefront, defined
as the following:

WL = CV x APD

where CV is the conduction velocity, and APD is the action
potential duration.

To achieve this, we considered the electrophysiological param-
eters of the hiPSC-CMs generated in the bioreactor, which
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Figure 1. Ziapin2-mediated effects in hiPSC-CMs microtissues

(A) Visual representation of Ziapin2 molecules during internalization in aligned hiPSC-CMs and their light-induced trans — cis photoisomerization. Upon pho-
tostimulation, Ziapin2 modulates cardiac excitability, triggering electrical activity that propagates across the tissue.
(B) Representative isochrone map and traces of Ziapin2-mediated Ca®* propagation in hiPSC-CMs microtissues triggered by 1Hz light stimulation.

(C) Effect of Ziapin2 internalization and light exposure on hiPSC-CM viability assessed by the Alamar Blue assay. Groups include untreated cells (Ctrl), molecule-
loaded (Ziapin2), and vehicle-treated hiPSC-CMs (DMSO); n = 32 wells from 3 WT-Cas9 hiPSC-CMs differentiations. Statistical analysis was performed using the
Kruskal-Wallis test.

(D) Effect of light stimulation on oxidative stress in hiPSC-CMs evaluated using the CellROX assay. Groups included untreated cells (Ctrl, n = 237, N = 3) and
Menadione-treated cells (n =244, N = 3) as positive control, both kept in the dark, as well as vehicle-treated hiPSC-CMs (DMSO, n =71, N = 3) and Ziapin2-treated
cells (n = 178, N = 3), which were subjected to 100-ms pulsed light stimulation. Where n = number of wells and N = number of WT-Cas9 hiPSC-CMs differ-

entiations. Statistical analysis was performed using the Kruskal-Wallis test.

exhibited APD at 90% of repolarization (APDgg) between 200 and
400 ms** and a CV of approximately 5 cm/s. Based on this princi-
ple, we designed our engineered constructs by increasing their di-
mensions while maintaining the fabrication criteria previously re-
ported®® (i.e., laser-guided alignment, gelatin-based scaffolds,
and hiPSC-CM seeding), as described here in the methods sec-
tion and illustrated in Figure S1. Micromolded grooves guided
the alignment of hiPSC-CMs, recapitulating the anisotropic archi-
tecture of native cardiac tissue. The resulting aligned laminar tis-
sues measured 10 mm in length and 9 mm in width, thereby
providing a spatial domain that is theoretically sufficient to support
functional reentry and rotor stabilization (Figure 2A). The microtis-
sues were characterized by highly anisotropic cellular alignment,
as confirmed by confocal microscopy imaging (Figure 2B). Nuclei
were stained with Hoechst, sarcomeric F-actin was labeled with
FITC-conjugated antibodies, and cytoskeletal organization was
visualized using Alexa-Fluor-647-conjugated phalloidin. Quantita-
tive analysis of phalloidin-stained actin filament orientation relative

to the substrate grooves (0° indicating perfect alignment) showed
a mean alignment angle of 0,ean = 4.85° = 0.75°, evidencing a
highly anisotropic tissue architecture conducive to organized
electrical conduction (Figure 2C).

To generate stable reentrant activity within the aligned laminar
cardiac microtissues, we employed an S1S2 electrical stimula-
tion protocol, a well-established approach for inducing func-
tional reentry in excitable media (Figure S2, see methods section
for details). Reentry was considered successfully induced if the
activation wavefront completed multiple full rotations and was
defined as sustained if it persisted for at least 30 s.°

Ziapin2 photostimulation terminates arrhythmias in WT
aligned laminar microtissues

Following the induction of sustained reentry (duration > 30 s) with
a mean cycle length (CL) of 0.57 + 0.08 s, we next evaluated
whether targeted light stimulation of Ziapin2-treated tissues
could effectively terminate the arrhythmic activity. To this end,
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an external LED source was positioned at the center of the micro-
tissue, illuminating an area of approximately 0.78 mm?, thereby
selectively targeting the core region of the reentrant circuit
(Figure 3A). Light stimulation (17 mW/mm?) was applied following
a stepwise protocol, ranging from 100-ms single pulses to pulse
trains at 0.5 and 1 Hz (see methods for details). Overall, the proto-
col successfully terminated spiral waves in 100% of Ziapin2-
treated microtissues (N = 6, p = 0.0022, Fisher exact test,
Figures 3B and 3D). Importantly, in all cases, the tissues remained
excitable and could be reactivated by electrical field stimulation
following optotermination (Figure S4). Notably, stimulation at
0.5 Hz showed a higher efficacy, terminating reentry in 4 out
of 6 preparations (Figure 3C). Conversely, light stimulation failed
to stop arrhythmias in platforms treated with the vehicle
(DMSO), underscoring Ziapin2-specific efficacy in this context
(Figure S3). These results suggest that, while repetitive pulsed
stimulation increases success rates, single-pulse stimulation
can terminate reentry in select cases and may represent a more
energy-efficient and thermally conservative strategy, reducing
the cumulative photonic and thermal burden on the tissue.

Light-induced termination of spiral waves in Ziapin2-
loaded CPVT microtissues

To evaluate the impact of our treatment under conditions that
closely mimic the disease state, we tested the efficacy of our
approach in CPVT cultures, where reentry was likely induced by
spontaneously triggered activity (no S1S2 stimulation required).*®
For this purpose, hiPSC-CMs carrying the patient-specific S404R
variant in RYR2 were seeded onto gelatin-grooved platforms,
leading to aligned laminar cardiac microtissues (Figure 4A).
Initially, we assessed the phenotype of these cells and observed
spontaneous Ca®" release events typical of the pathology
(Figure S5A).°” This finding confirmed the presence of aberrant
Ca?* handling as a source of ectopic activity. Leveraging the ge-
netic background of these cells, we facilitated triggered activity by
applying runs of high-frequency electrical stimulation combined
with exposure to catecholamines. Specifically, the cultures were
perfused with isoproterenol 1 uM and subjected to field stimula-
tion at increasing frequencies (up to 2 Hz).® Under these condi-
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Figure 2. Characterization of aligned
laminar cardiac microtissues and genera-
tion of a stable reentry circuit

(A) Schematic representation of the gelatin-based
molded scaffold used to generate structurally
organized cardiac microtissues. The figure illus-
trates the scaffold geometry and dimensions,
optimized to promote cell alignment and laminar
organization across the tissue construct.

(B) Representative confocal microscopy images
of aligned laminar microtissues derived from
hiPSC-CMs, stained with Hoechst (blue), FITC-
conjugated anti-F-actinin (red), and Alexa-Fluor-

.30 647-conjugated phalloidin (white).
R 20 (C) Quantitative analysis of hiPSC-CMs orientation
\ on cardiac microphysiological tissues. The orien-
410 tation distribution is normalized to the pattern di-

rection (n = 48 ROI, N = 4 tissues from 3 WT-Cas9
hiPSC-CMs differentiations).

tions, reentrant circuits emerged spontaneously, as shown in
Figure S5B. This approach® enabled us to mimic the condition
of spontaneous arrhythmia generation in our engineered laminar
hiPSC-based cardiac microphysiological systems. The reentry
circuits generated in this way were stable and had a faster CL
(0.40 £+ 0.08 s) as compared with WT cultures (Figure S5C,
p = 0.02). This difference may suggest that the instability of the
Ca®* store, potentially exacerbated by g-adrenergic stimulation,
contributes to shaping the properties of reentrant circuits.

Even in this context, the application of the light stimulation pro-
tocol in Ziapin2-loaded cultures achieved a remarkable 100%
success rate in terminating the reentry (Figures 4B and 4D,
N = 8, p = 0.0002 with the Fisher exact test), and re-excitability
was consistently preserved after each light-induced termination,
further supporting the safety and reversibility of the approach
(Figure S4). Within the stepwise stimulation protocol, pulsed light
stimulation at 1 Hz terminated reentry in 5 of 8 diseased plat-
forms (Figure 4C).

Insights into the mechanism by which Ziapin2
modulates reentrant arrhythmias

The proposed strategy demonstrated efficacy in optoterminating
spiral wave reentry in all experimental cases, highlighting its po-
tential as an antiarrhythmic approach. However, limitations in the
experimental setup prevented direct monitoring of the circuit’s
behavior during optical stimulation, leaving the precise mecha-
nism of optotermination unresolved. In this section, we explore
potential mechanisms underlying reentry interruption, focusing
on spiral wave drift, conduction block, and filling of the excitable
gap as plausible contributors.

Focal illumination, either continuous or patterned, may induce
spiral wave drift under specific conditions, such as the presence
of a directional gradient in tissue properties.'**® However, for
the spiral wave to be terminated by drifting toward an unexcit-
able boundary, sustained modifications in excitability or refrac-
toriness would be required, which were not achieved under our
experimental conditions.>*“? As a result, the core of the spiral
wave remained stable, preventing it from drifting toward the un-
excitable boundary necessary for termination.
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Figure 3. Ziapin2 photoisomerization terminates reentrant circuits induced by S1S2 protocol in WT cultures
(A) Diagram illustrating the setup for optostimulation of Ziapin2-loaded tissues using visible cyan light at a power of 17 mW/mm?2. Reentry was induced via an

electrical S1S2 protocol.

(B) Percentage of successfully terminated reentrant arrhythmias in WT Ziapin2-loaded tissues following the application of light stimulation. Ziapin2 successfully
terminated reentrant activity in 6 out of 6 WT tissues tested (n = 6 tissues from 3 WT-Cas9 hiPSC-CMs differentiations), p = 0.0002, Fisher’s exact test).
(C) Percentage of successfully terminated reentrant arrhythmias in WT Ziapin2-loaded tissues following the application of either a single light pulse or pulsed light

stimuli at 0.5 Hz and 1 Hz.

(D) Upper panel: WT tissue where the molecule was internalized but not subjected to optical stimulation, showing spiral wave generation and persistence. Bottom
panel: The same tissue before and after local illumination. Ziapin2 photoisomerization causes termination of reentry. In both panels, the isochrone map is shown
at the top, with the corresponding Ca?* transients acquired at a given time (indicated by the red bar on the traces) below.

Another potential mechanism is conduction block, which oc-
curs when wavefront propagation is halted by regions of refrac-
tory tissue.®*" However, this mechanism seems unlikely under
the present conditions, as the focal illumination does not provide
sufficient spatial coverage nor induce the heterogeneity in excit-
ability required to create a conduction block.'>*? Additionally, it
was reported that wavefronts propagating through fully excitable
tissue remained largely unaffected by the illumination, which was
confined to the low-excitability core. Under this condition, rather
than being blocked, the spiral wave likely rotates around the illu-
minated depolarized region, thereby stabilizing itself in the sur-
rounding excitable tissue.**

One plausible mechanism underlying optotermination is the
interaction between light-triggered secondary wavefronts and
the excitable gap of the reentrant circuit.*' A light-induced wave-
front could collide with and extinguish the spiral wave by filling the
critical gap between the head and tail of the reentry.***** Individual
light-induced excitations can perturb the circuit if delivered at a
favorable phase, generating wavefronts capable of penetrating
the reentrant pathway and promoting its extinction through
collision. Consistent with this framework, we observed a trend
suggesting that termination efficacy depended on the relationship

between stimulation frequency and reentry CL, with 0.5 Hz ap-
pearing more effective in preparations with longer cycle lengths
(Figure 3C) and 1 Hz appearing more effective in those with shorter
cycle lengths (Figure 4C). This observation may indicate that
repeated stimulation increases the probability of phase capture,
thereby providing multiple opportunities to interact with the excit-
able gap. In this scenario, localized illumination at the spiral core
may increase the likelihood of a successful interaction, as regions
of high curvature are predicted to be more prone to perturbations
in excitability and conduction dynamics.*®> However, while our
data clearly demonstrate effective termination, mechanistic con-
clusions remain speculative. Future studies are needed to validate
this hypothesis, including the development of a mathematical
model simulating the interaction between Ziapin2 photoisomeri-
zation and reentrant arrhythmias, which could offer a valuable
quantitative framework for analyzing optotermination dynamics.

Conclusions & future perspectives

We demonstrated effective optotermination of reentrant
arrhythmic circuits in engineered human cardiac microtissues
by the intramembrane photoswitch Ziapin2. To enable this, we
integrated light stimulation, tissue engineering, and hiPSC
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Figure 4. Termination of g-Adrenergic-induced arrhythmias in gene-edited CPVT cultures via Ziapin2-mediated photostimulation

(A) On the left, schematic representation of the RYR2 receptor, highlighting the S404R mutation investigated in this study. On the right, a cartoon illustrating the
pathophysiology of CPVT: (1) f-adrenergic stimulation activates the PKA signaling pathway, resulting in the phosphorylation of key Ca?*-handling proteins. (2)
This activation increases cytosolic Ca®* levels. (3) The Na*- Ca®* exchanger (NCX) functions to extrude Ca®* and import Na*, generating a transient inward
current. (4) This leads to delayed post-depolarizations that may initiate triggered arrhythmias.

(B) Percentage of successfully terminated reentrant arrhythmias in CPVT Ziapin2-loaded tissues following the application of light stimulation. Ziapin2 successfully
terminated reentrant activity in 8 out of 8 CPVT tissues tested (n = 8 tissues from 1S404R-gene-edited hiPSC-CMs differentiation, p = 0.0002, Fisher’s exact test).
(C) Percentage of successfully terminated reentrant arrhythmias in CPVT Ziapin2-loaded tissues following the application of either a single light pulse or pulsed
light stimuli at 0.5 Hz and 1 Hz.

(D) Reentry modulation by light in CPVT cultures treated with Ziapin2. In the upper row, Ziapin2-treated cultures exhibit stable and persistent reentry if kept in the
dark. In contrast, optical intervention terminates the spiral wave in cultures treated with the molecule and subjected to light stimulation (17 mW/mm?). In both
panels, the isochrone map is shown at the top, with the corresponding Ca2* transients acquired at a given time (indicated by the red bar on the traces) below.

Reentry was induced using rapid pacing and p-adrenergic stimulation (1 uM isoproterenol).

technology into a human-based platform for modeling and con-
trolling arrhythmias with high spatiotemporal precision. This was
achieved in engineered aligned laminar cardiac microtissues
derived from both wild-type and patient-specific gene-edited
RYR2-S404R hiPSC-CMs, highlighting the robustness of the
approach in an intrinsically arrhythmogenic substrate.

While the exact mechanism of optotermination remains to be
fully elucidated, our findings are compatible with a phase-
dependent interaction between light-induced excitations and
the dynamics of the reentrant circuit, whereby secondary wave-
fronts may perturb the spiral activity and, under favorable condi-
tions, promote termination through collision. Further studies will
be required to directly characterize wavefront dynamics during
stimulation and determine the relative contribution of alternative
mechanisms. Building on this foundation, the precise spatiotem-
poral control offered by light opens a broad range of opportu-
nities for developing new antiarrhythmic strategies. For example,
subthreshold optical stimulation could be employed to locally
modulate electrophysiological properties,’®'>'® potentially
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reducing energy demands and minimizing off-target effects.”
In parallel, future efforts will focus on adapting this technology
for in vivo applications, including the optimization of the absor-
bance spectrum of phototransducers such as Ziapin2 toward
less energetic, more tissue-penetrant wavelengths, determina-
tion of optimal dosing, and the development of targeted delivery
methods.

In summary, our findings establish a proof of concept for the
use of non-genetic, light-responsive small molecules in control-
ling arrhythmia and support the broader integration of the
approach with bioengineered tissue systems as a platform for
developing next-generation cardiac therapies.

METHODS

Ethics declaration

No patient-derived materials were used in this study. The hiPSC
line used (WTC-Cas9) is commercially available, and the CPVT
line was generated by genome editing of the WTC-Cas9 line.
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Generation of hiPSC-CMs

hiPSC line WTC-Cas9 was used as a control (Ctrl) in this study.
This line was derived using the commercially available control
WTC-11 (Coriell Institute: #GM25256) by inserting CAG-
rTA:TetO-Cas9 (Addgene #73500)*° into the AAVS1 locus to
yield a dox-inducible Cas9 hiPSC line. Genome integrity was
tested by digital karyotyping (Data not shown). Additionally,
cell culture supernatants were routinely screened for myco-
plasma contamination using the LookOut® Mycoplasma PCR
Detection Kit (Sigma, #MP0035-1KT). To generate the gene-edi-
ted hiPSCs carrying the CPVT mutation S404R in the RYR2 gene,
we used the WTC-Cas9 hiPSC line, as reported previously."’
hiPSC culture, master cell bank generation, maintenance, car-
diac differentiation, cryo-preservation, and cryo-recovery were
done as reported previously.**

Tissue chip fabrication

Micromolded gelatin was fabricated on circular acrylic sheets.
Paper tape was engraved to create support for gelatin deposi-
tion, and gelatin was micromolded as previously reported.®“®
Gelatin chips were treated with ultraviolet ozone for 90 s and
coated with Geltrex and Fibronectin following an optimized pro-
tocol.*° After 2 h at room temperature, the coating solution was
replaced with PBS. The gelatin chips were stored at 4°C until cell
seeding. Thawed iPSC-CMs were plated on gelatin chips and
cultured for 5 days after seeding before measurements.

Immunofluorescence imaging

The preparations were fixed for 10 min in 4% paraformaldehyde
and 0.25% Triton X-100 in PBS. Non-specific binding sites were
blocked by incubating samples with 5% (w/v) bovine serum al-
bumin (BSA) in PBS for 30 min. hiPSC-CMs were stained with
Hoechst, Phalloidin 647, and a-actinin conjugate. Samples
were mounted on glass slides with ProLong Gold Antifade
Mountant, and imaging was performed with an inverted micro-
scope (Olympus IX83, Tokyo, Japan) with an attached spinning
disk confocal system (Andor, Concord, MA) using a 20X objec-
tive. Cellular orientation was determined using the OrientationJ
Measure plugin in the image-processing software (ImageJ).*?

Ziapin2 synthesis and internalization process

Ziapin2 was synthesized as previously described.?®?® Micro-
molar concentrations (50 uM) of the compound were added to
hiPSC-CM cultures directly into the culture medium. Subse-
quently, the cells were placed in the incubator at 37°C and 5%
CO.,. After 7 min, the medium was gently washed out, and the
petri dish was rinsed with fresh phenol-red-free RPMI 1640 me-
dium supplemented with B27 minus insulin.

Viability assay

To evaluate Ziapin2 cytotoxicity, an AlamarBlue proliferation
assay was performed. For this experiment, hiPSC-CMs were
plated one day before the experiment. The samples were incu-
bated with either Ziapin2 or vehicle (DMSO), and light stimulation
was applied (1 Hz pulsed light for 1 min) through an optical fiber
(cyan, 470 nm). The AlamarBlue Reagent (Invitrogen DAL 1100)
was diluted 1:10 in culture medium and incubated for 4 h. The so-
lution without the cell was used as blank. The samples were
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transferred to a 96-well plate, and the fluorescence was de-
tected using a plate reader, exciting at 560 nm and measuring
the emission at 590 nm.

ROS detection

The fluorogenic CellROX™ Green Reagent (Invitrogen; Carlsbad,
CA) was used to assess the oxidative stress induced by optical
and electrical stimulation. The experiment included 4 groups of
hiPSC-CMs seeded on pre-coated glass coverslips. The first
group was subjected to photostimulation for 3 min at 1 Hz, while
the second received electrical stimulation at the same frequency.
The remaining 2 groups served as controls: a negative control
consisting of untreated cells and a positive control of cells treated
with 200 pM menadione for 1 h (Sigma-Aldrich, St. Louis, MO,
USA). After stimulation and menadione treatment, the cells were
incubated with 5 pM CellROX™ Green and 20 ng/mL Hoechst
stain (ThermoFisher Scientific, Waltham, MA, USA) for 30 min.
Following incubation, samples were immediately live-imaged us-
ing an EVOS M7000 Imaging System (ThermoFisher Scientific,
Waltham, MA, USA). The intensity of CelROX™ Green fluores-
cence was normalized to the number of Hoechst-positive cells
and corrected for background fluorescence.

Optical mapping

To ensure the formation of uniformly anisotropic microtissues,
particular attention was paid to avoiding anatomical discontinu-
ities resulting from areas of under-confluence. Prior to record-
ings, each culture was inspected under the microscope, and
only fully confluent preparations were included in the experi-
ments. Any microtissues exhibiting gaps or irregular cell
coverage were excluded. After 5 days in culture, microtissues
were incubated with the Ca®* indicator X-Rhod-1 AM (2 uM) in
culturing medium for 30 min at 37°C and 5% CO,. A washout
step was performed, the medium was replaced with phenol-
red-free RPMI-B27, and the microtissue was mounted on a
37°C heating stage. After staining with the Ca®* indicator, micro-
tissues were equilibrated for at least 5 min. Then, a 20-s
recording was acquired in the absence of electrical stimulation
to check for spontaneous activity. Only quiescent microtissues
were selected for further experimentation.

Optical recordings were acquired using a customized tandem-
lens macroscope (Scimedia, Costa Mesa, CA) equipped with a
high-speed camera (MiCAM Ultima, Scimedia), a Plan APO
0.63x objective, and a 200 mW mercury arc lamp (X-Cite exacte,
Lumen Dynamics, Canada) for epifluorescence excitation. The
following filter set was used for X-Rhod-1 AM imaging: excitation
filter 580/14 nm, dichroic mirror 593 nm long-pass, and emission
filter 641/75 nm (Semrock, Rochester, NY). Optical calcium sig-
nals were acquired with a sampling time of 2.5 ms and a spatial
resolution of 160 um/pixel over a 16 x 16 mm field of view.
Recording durations ranged from 10 to 20 s. After recording, a
3x3 spatial filter was applied to the image stack to improve
the signal-to-noise ratio.

Protocol of arrhythmia induction

Reentrant activity in WT cultures was induced using a previously
established protocol.”® Microtissues were first conditioned to
electrical stimulation at 1 Hz with an S1 orthogonal field
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stimulation (4-5 V/cm, 100 ms pulse duration) for 180 s to ensure
stable, uniform propagation across the tissue. Stimulation was
applied via two parallel platinum wire electrodes (2 cm long
and 2.5 cm apart), positioned along the short axis of the micro-
tissue (Figure S3). Subsequently, a single S2 point stimulus (10
V, 100 ms duration) was delivered via a bipolar platinum elec-
trode spaced 2 mm apart, positioned approximately 1 mm above
the microtissue center. The S2 stimulus was applied 200-300 ms
after the last S1 stimulus. If no response was observed, the S1-
S2 coupling interval was increased iteratively by 10 ms steps; if
S2 induced an action potential that propagated through the
tissue, the interval was decreased in 5 ms steps. In CPVT cul-
tures, reentrant activity was induced under -adrenergic stimula-
tion combined with high-frequency pacing. Specifically, cultures
were perfused with isoproterenol (1 pM) and subjected to field
stimulation at progressively increasing frequencies (up to
2 Hz). Reentry was considered successfully induced if it per-
sisted through multiple rotations and classified as sustained if
it remained detectable for >30 s.*°

Light stimulation

To interrupt reentrant activity, the optical mapping system was
adapted for the photostimulation of Ziapin2-loaded microtissues.
For point-light stimulation, a focused LED light source (465/25 nm,
Doric Lenses) was coupled to an optical fiber positioned at the
center of the microtissue ~1 mm above the surface, providing a
circular spot of 0.78 mm? with an intensity of 17 mW/mm?. Optical
stimulation was delivered using a sequential stepwise protocol.
An initial single light pulse (100 ms duration) was first applied. If ac-
tivity were still present, pulsed illumination was subsequently
delivered at 0.5 Hz and then at 1 Hz (pulse duration: 100 ms).
Each stimulation condition was applied for 10 s and repeated up
to 5 times before escalating to the next protocol. To control the
pacing frequency, pulse duration, and timing of optical stimula-
tion, a custom-written program in LabVIEW (National Instruments,
Austin, TX) was implemented. These digital signals were delivered
to an analog output module (NI 9264, National Instruments), con-
trolling the LED light source as previously described.*®°° Identical
illumination protocols were applied to vehicle-treated (DMSO) mi-
crotissues as controls. lllumination parameters were kept con-
stant across experiments, and the combination of limited irradi-
ance, short pulse duration, and small illuminated area minimizes
the likelihood of photothermal effects.

Statistical analysis

Distribution normality was evaluated using the D’Agostino-Pear-
son normality test. Sample means were compared using either
parametric or non-parametric tests, depending on the type of
data (continuous or categorical) and the distribution’s normality.
For multiple-group comparisons, parametric or non-parametric
ANOVA with Tukey’s post-hoc correction for continuous data
or the Kruskal-Wallis test with Dunn’s post-hoc correction for
categorical data. The comparison of arrhythmic event occur-
rences pre- and post-optical stimulation was performed using
Fisher’s exact test. In the figures, data are presented as mean-
+ SEM and when statistical significance was reached the actual
p value for each comparison is reported as an indicator of statis-
tical robustness.
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