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ABSTRACT

Drug-induced arrhythmias remain a significant challenge in drug development, often leading to serious car-
diovascular complications and the withdrawal of approved drugs from the market. The Comprehensive in vitro
Proarrhythmia Assay (CiPA) initiative aims to enhance cardiac safety assessment by leveraging human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). In this study, we evaluated the effects of 28 drugs on
a well-characterized hiPSC-CMs (YBLiCardio, Yashraj Biotechnology Ltd., Mumbai, India) using Electric Field
Potential (EFP) measurements. The CardioExcyte 96 system recorded extracellular signals from 96 wells, func-
tioning similarly to microelectrode arrays. Each drug was tested at four concentrations, and the effects were
analyzed based on dynamic changes in beat patterns, with QT prolongation assessed by measuring the interval
between the sodium spike and T-wave. Our results demonstrated that YBLiCardio cells responded to all drugs in
line with the findings from the HESI CiPA study. Notably, droperidol (173 %) and domperidone (182 %),
originally classified as intermediate-risk compounds, were identified as high-risk in our model, consistent with
previous findings by Nguyen et al. (2017). Additionally, YBLiCardio showed enhanced predictive accuracy for
chlorpromazine. These findings highlight the potential of hiPSC-CMs for proarrhythmia risk assessment within
the CiPA framework, complementing ion channel data and in silico modeling approaches. Overall, YBLiCardio
provides a robust and physiologically relevant platform for predicting cardiotoxicity, supporting safer and more
efficient pre-clinical drug discovery & development.

1. Introduction

to unexpected cardiotoxic effects (Fung et al., 2001), similarly, 14 % of
drugs withdrawn between 1953 and 2013 were associated with unan-

The development of new pharmaceuticals is often hindered by the
risk of drug-induced arrhythmias, which can lead to severe cardiovas-
cular complications and the eventual withdrawal of drugs from the
market. Traditional preclinical models - primarily based on animal
studies or isolated cardiac tissues- frequently fail to accurately predict
human cardiac responses, thereby creating a critical gap in cardiotox-
icity and safety assessment. This gap contributes to high attrition rates in
drug development, substantial financial costs, and increased risk to
patients in need of effective therapies (Seyhan, 2019).

Multiple studies have documented the withdrawal of marketed drugs
due to unforeseen cardiotoxicity. For instance, an analysis of 121 drugs
withdrawn between 1960 and 1999 found that 8.7 % were removed due

ticipated n cardiovascular side effects (Onakpoya et al., 2016). More
recently, 27 out of 78 drugs with known cardiovascular risks were
withdrawn for overt cardiotoxicity (Mamoshina et al., 2021).

Examples include dronedarone, initially approved for treating atrial
fibrillation, but later shown to increase mortality in patients with pre-
existing heart failure (Singh et al., 2007; Kgber et al., 2008). Likewise,
the anthracycline class of anticancer drugs, despite their well-known
link to cardiac dysfunction- remains widely used (Di Marco et al.,
1964; Tan et al., 1967). Other drug classes, such as anti-diabetics (Lee
et al., 2022), fluoroquinolone antibiotics (Frothingham, 2001), and se-
lective serotonin reuptake inhibitors (Funk and Bostwick, 2013), have
also shown post-market proarrhythmic effects.
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To mitigate such risks, regulatory agencies have mandated testing for
hERG potassium channel inhibition and QT interval prolongation on
electrocardiograms (FDA, 2005a, 2005b). While these tests have suc-
cessfully identified drugs that induce torsades de pointes (TdP), these
assessments can lead to the premature rejection of therapeutically
valuable compounds—especially those with multichannel effects
(Stockbridge et al., 2013). For example, drugs like verapamil (a dual
hERG and L-type calcium blocker) and ranolazine (which blocks the late
sodium current) may yield misleading results when evaluated solely for
hERG inhibition (Johannesen et al., 2014). These limitations have
prompted the development of the Comprehensive in Vitro Proar-
rhythmia Assay (CiPA), a more integrated and mechanistically informed
approach to assess proarrhythmic risk (Colatsky et al., 2016; Fermini
et al., 2016; Sager et al., 2014; Blinova et al., 2017).

Human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) have emerged as a promising solution to overcome the
shortcomings of traditional models. By reprogramming somatic cells
into pluripotent cells and differentiating them into cardiomyocytes,
hiPSC-CMs offer a physiologically and genetically relevant human
platform for evaluating drug-induced cardiotoxicity. The CiPA initiative
has recognized their value by incorporating hiPSC-CMs into its multi-
tiered testing strategy, providing a more accurate and comprehensive
framework for arrhythmia risk assessment.

This study is particularly significant in light of the FDA Moderniza-
tion Act 2.0 (2022), which supports the use of advanced non-animal
methodologies in drug development and regulatory safety testing. The
act reinforces the importance of developing and validating human-
relevant platforms such as hiPSC-CMs to accelerate safer drug discov-
ery and reduce reliance on animal models. This manuscript highlights
the characterization and application of YBLiCardio hiPSC-CMs in
toxicity testing, underscoring their transformative potential in next-
generation cardiac safety assessment.

2. Materials and methods
2.1. hiPSC culture

An in-house-derived human induced pluripotent stem cell (hiPSC)
line (YBLiOO1A) (Chitrangi et al., 2023) was used for all differentiation
experiments. Cells were cultured on Matrigel-coated six-well plates
using mTeSR™ Plus medium (STEMCELL Technologies) under feeder-
free conditions, as previously described (Konala et al., 2020). Routine
passaging was performed when cells reached ~80 % confluency, and
cells were seeded at a density of 2 x 10° cells per well in a 6 well plate
for maintenance and expansion. Refer to the Resource Table 1 for details
on the media, reagents, and plasticware used in the differentiation
experiments.

2.2. Invitro generation of YBLiCardio from induced pluripotent stem cells
(iPSCs)

Human iPSCs were maintained on hESC-qualified Matrigel in
mTeSR1 medium (STEMCELL Technologies) under standard feeder-free
conditions. For cardiomyocyte differentiation, a monolayer-based pro-
tocol was followed using the STEMdiff™ Cardiomyocyte Differentiation
Kit, according to the manufacturer’s instructions. Spontaneously con-
tracting cardiomyocytes were typically observed by day 8 of differen-
tiation, with contractile function maintained through to
cryopreservation and restored within 3-4 days post-thaw (Fig. 1A,
Supplementary Videos 1).

2.3. Cryopreservation and thawing for characterization, acute and
chronic toxicity assays

YBLiCardio cells were cryopreserved using STEMAiff'™ Car-
diomyocyte Freezing Medium (STEMCELL Technologies) following the
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Table 1

List of Media, reagents and plasticware used for generating YBLiCardio cells.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

REAGENT or RESOURCE SOURCE IDENTIFIER
hiPSCs YBL Cat# YBLiOO1A
Matrigel hESC-Qualified Matrix Corning Cat# 354277
mTesR Plus media StemCell Cat# 100-0276
Technologies
StemDiff Cardiomyocyte
Differentiation zilndy StemCell . Cat# 5010
R . Technologies
Maintenance Kit
STEMdlff Cardiomyocyte Dissociation StemCell ' Cat# 5020
Kit Technologies
STEM(%lff Cardiomyocyte Freezing StemCell . Cat# 5030
media Technologies
STEMdiff Cardiomyocyte Maintenance StemCell
media Technologies Cat# 5020
ReLeSR StemCell Cat# 100-0483
Technologies
Revita ThermoFisher Cat# A2644501
DPBS ThermoFisher Cat# 14040133
DMEM/F12 ThermoFisher Cat# A4192001
T-75 flasks ThermoFisher Cat# 156499
6 well plates ThermoFisher Cat# 140685
24 well plate ThermoFisher Cat# 142475
Cat#
1 mL filter tips ThermoFisher AM12665TS
1.5 mL eppendorf tubes ThermoFisher Cat# AM12400
200uL filter tips ThermoFisher Cat# 94052320
10ul filter tips ThermoFisher Cat# 94052100
Chamber slides ThermoFisher Cat# 154534
0.5 mL Ependroff tubes ThermoFisher Cat# AM12350
10 mL serological pipettes ThermoFisher Cat# 170356 N
5 mL serological pipettes ThermoFisher Cat# 170366 N
15 mL conical tubes ThermoFisher Cat# 339650
50 mL conical tubes ThermoFisher Cat# 339652
Cryovials Nunc Cat# 377267
Trypan Blue ThermoFisher Cat# 15250061

manufacturer’s instructions. Briefly, cells were washed twice with Dul-
becco’s Phosphate-Buffered Saline (DPBS; Thermo Fisher Scientific) and
incubated with STEMdiff'™ Cardiomyocyte Dissociation Reagent
(STEMCELL Technologies) for 20-30 min at 37 °C to facilitate single-cell
dissociation. The resulting suspension was collected and centrifuged at
300 xg for 5 min. The cell pellet was then resuspended in pre-chilled
STEMdiff™™ Cardiomyocyte Freezing Medium (STEMCELL Technolo-
gies), and 1.2 x 10° cells were aliquoted per cryovial. Cryovials were
transferred to a controlled-rate freezing container (Mr. Frosty, Thermo
Fisher Scientific) and stored at —80 °C for 24 h before being transferred
to liquid nitrogen for long-term storage, as per established protocols for
cardiomyocyte cryopreservation (Lundy et al., 2013).

For recovery, cells were thawed after 48 h using STEMdiff™ Car-
diomyocyte Support Medium (STEMCELL Technologies). Vials were
rapidly thawed in a 37 °C water bath and transferred dropwise into pre-
warmed Support Medium. Cells were then plated onto Matrigel-coated
(Corning, NY, USA) tissue culture dishes and maintained under stan-
dard conditions (37 °C, 5 % CO:) for four days to allow recovery of
morphology and spontaneous contractility. Once the cardiomyocytes
exhibited typical polygonal morphology and synchronous beating-
—typically by four days post-thaw—they were subjected to downstream
assays for molecular profiling, protein expression, and gene expression
analyses, as well as acute and chronic toxicity assessments, in accor-
dance with established protocols (Ronaldson-Bouchard et al., 2019;
Lundy et al., 2013) at Day 20.

2.4. Quantitative RT-PCR

Total RNA was extracted using RNeasy Mini Kit (Qiagen, 74,104) as
per the manufacturer’s protocol. 1 pg of total RNA was converted to
cDNA using a iScript™ c¢DNA Synthesis Kit (#1708891, Biorad, USA)
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Fig. 1. A) Schematic representation of the differentiation protocol. hiPSC expansion is followed by the subsequent differentiation from mesodermal lineage to
progenitor stage followed by the generation of functional cardiomyocytes. B) Phase contrast images of differentiation procured on day 0, day 4, day 10, day 15 and
day 20 depicting the morphological changes observed in hiPSCs (Day 0) up to the generation of functional adult cardiomyocytes (Day 20). C) Flowcytometric analysis
of cardiac specific markers such as cardiac troponin, alpha actinin, MLC2v and MLC2a. The expression of cardiac troponin (91.3 %), alpha actinin (93.1 %), MLC2v
(80.5 %) and MLC2a (79.9 %) validates the differentiation of hiPSCs to cardiomyocytes. D) Immunofluorescence images of YBLiCardio stained for cardiac troponin
(CTNT), alpha actinin (« actinin), MLC2v and MLC2a. Scale bar represents 10 pm.

according to the manufacturer’s protocols. Quantitative PCR was per-
formed using HOT FIREPol EvaGreen qPCR Mix Plus (ROX) Kit (Solis
Biodyne 08-24-00001). Gene expression was normalized to 18S rRNA,
and relative mRNA levels were calculated using Ct values. All reactions
were run in triplicate. Primer sequences are provided in Table 2.

2.5. Flow cytometry

Cells were fixed and permeabilized using Intracellular Fixation &
Permeabilization Buffer kit (eBioscience, 88-8824-00). Cells were then
incubated with specific flurochrome tagged antibodies for 45 min in the
dark at 4 °C. The stained cells were washed, resuspended in 1XPBS, and
acquired on BD Accuri™ C6 plus Flow Cytometer (BD Biosciences).
Isotype-matched controls were included. Data were processed using BD
Accuri™ software. Antibody details are listed in Table 3.

2.6. Immunofluorescence

Cells were cultured on 8 well chamber slides, fixed with 4 %

Table 2
List of primers used for real time qPCR.

paraformaldehyde for 10 min, and permeabilized with 0.5 % Triton X-
100 for 5 min at Room temperature. Blocking was performed with 5 %
bovine serum albumin for 1 h, followed by overnight incubation with
primary antibodies at 4 °C. The next day, cells were washed and incu-
bated with secondary antibodies at room temperature for 1 h. After
washing, nuclei were counterstained with DAPI (Invitrogen). Immuno-
fluorescence images were acquired using a Zeiss LSM780 confocal laser
scanning microscope. The details of the antibodies used are mentioned
in Table 4.

2.7. RNA sequencing

To determine the gene expression profiling of hiPSC-derived YBLi-
Cardio with human heart RNA and parental hiPSCs, we have performed
RNA sequencing analysis. Samples were collected on Days 0, 6, and 15 to
examine the maturation trajectory of cardiomyocyte differentiation.
Additionally, Day 30 samples generated by thawing Day 15 car-
diomyocytes and culturing them for a further 15 days were included to
represent a more mature cardiomyocyte stage.

Target gene Make Forward primer Reverse primer sequence Product length
sequence

CTNT2 Sigma TTCACCAAAGATCTGCTCCTCGCT TTATTACTGGTGTGGAGTGGGTGTGG 166

MYL2 Sigma TGTCCCTACCTTGTCTGTTAGCCA ATTGGAACATGGCCTCTGGATGGA 135

MYH7 Sigma TCGTGCCTGATGACAAACAGGAGT ATACTCGGTCTCGGCAGTGACTTT 83

MESP1 Sigma AGCCCAAGTGACAAGGGACAACT AAGGAACCACTTCGAAGGTGCTGA 82
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Table 3
List of conjugated antibodies used for flowcytometry Staining.
Name of antibody Catalogue Make Host Dilutions
number
Cardiac Troponin T Antibody, =~ 130-120- Miltenyi Human  1:50
anti-human/mouse/rat, 403 Biotec
APC, REAfinity#, Clone
REA400
a-Actinin (Sarcomeric) 130-119- Miltenyi Human  1:50
Antibody, anti-human/ 766 Biotec

mouse/rat, FITC,
REAfinity#, Clone REA402

MLC2v Antibody, anti- 130-123- Miltenyi
human/mouse/rat, APC, 847 Biotec
REAfinity#, Clone REA401

MLC2a Antibody, anti- 130-106- Miltenyi
human/mouse/rat, FITC, 141 Biotec
REAfinity#, Clone REA398

REA Control Antibody (I), 130-120- Miltenyi
human IgG1, APC, 709 Biotec
REAfinity#, Clone REA293

REA Control Antibody (I), 130-118- Miltenyi
human IgG1, FITC, 354 Biotec
REAfinity#, Clone REA293

Human 1:50

Human 1:10

Human 1:50

Human 1:50

Table 4
List of unconjugated primary and conjugated secondary antibodies used for
Immunofluorescence Staining.

Name of antibody Catalogue Make Host Dilutions
number
Cardiac Troponin T 701,620 Invitrogen  Rabbit  1:100

Recombinant Rabbit

Monoclonal Antibody
(17H8L13)
Monoclonal Anti-a-Actinin A7811- Sigma Mouse  1:100
(Sarcomeric) antibody 100UL
produced in mouse
Anti-Myosin Light Chain 2 ab79935 abcam Rabbit  1:100
antibody
Anti-MYL7 antibody ab68086 abcam Mouse  1:100
Goat Anti-Rabbit IgG H&L ab150081 abcam Goat 1:2000
(Alexa Fluor® 488)
preadsorbed
Goat Anti-Mouse IgG H&L ab150115 abcam Goat 1:2000
647

2.8. RNA extraction

Total RNA was extracted using the Qiagen RNeasy Mini Kit according
to the manufacturer’s instructions with minor modifications. Briefly,
cell pellets were lysed in TRIzol reagent supplemented with p-mercap-
toethanol and homogenized using a Tissue Lyser. After phase separation
by centrifugation, the aqueous phase was mixed with 70 % ethanol and
applied to RNeasy columns. Columns were washed with RW1 and RPE
buffers, followed by RNA elution in 50 pL of elution buffer. Extracted
RNA was quantified using Nanodrop and Qubit fluorometer, and RNA
integrity was assessed with the Agilent 4200 TapeStation.

2.9. Library preparation, and quality control

One microgram of total RNA was depleted of rRNA using the NEB-
Next rRNA Depletion Kit (Human, Mouse, Rat, Cat.no: E7405) following
the manufacturer’s instructions. rRNA-depleted RNA was used to pre-
pare directional RNA-seq libraries with the NEBNext Ultra II Directional
RNA Library Prep Kit (Illumina, Cat,no: E7760L). Library preparation
included RNA fragmentation, cDNA synthesis, adapter ligation, and PCR
enrichment. Libraries were quantified using Qubit and assessed for
fragment size distribution on an Agilent 4200 TapeStation. Quality-
checked libraries were sequenced on an Illumina NovaSeq platform
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using 150 bp paired-end chemistry.
2.10. Reads filtering, trimming and mapping

The quality of the reads was assessed using FastQC v0.11.9
(Andrews, 2010) prior to downstream analysis. Raw reads were pro-
cessed with fastp v0.23.2 (Chen, 2023) to remove adapters, low-quality
reads (q < 30), and reads with lengths less than 36 nucleotides after
adapter trimming. Quality improvement was verified using FastQC
before proceeding further. Adapter-free reads were filtered for ribo-
somal RNA (rRNA) sequences using SortMeRNA v4.3.6 (Kopylova et al.,
2012) against eight different rRNA databases. The rRNA-filtered reads
were mapped to the reference genome using HISAT2 v2.2.1 (Kim et al.,
2019). Read quantification was performed with feature Counts v2.0.1
(Liao et al., 2014). For both mapping and quantification steps, a prebuilt
human genome index and GTF file (Homo sapiens GRCh38) from
ENSEMBL were utilized.

2.11. Differential expression analysis

Raw counts files were processed to remove transcripts with low read
counts (< 10 counts in all samples). The filtered read counts were used
as input for DESeq2 analysis in R (Love et al., 2014). To assess sample-to-
sample distances, a heatmap of the distance matrix was generated,
providing an overview of the similarities and dissimilarities between
samples. Principal Component Analysis (PCA) was conducted to visu-
alize the clustering of samples. Significant DEGs were filtered based on a
false discovery rate (FDR) cutoff of <0.05 and a minimum expression
fold change (FC) of >2, and the results were inspected with a volcano
plot (using the enhanced volcano plot r package). The relative expres-
sion levels of the top 100 most variably expressed genes were visualized
using heat map package. Separate heat maps were created for each
comparison based on top 25 up regulated and top 25 down regulated
genes which are significantly expressed. Heatmap was also created for
specific genes of interest. Each gene’s values were centered across
samples to provide more meaningful insights.

2.12. Compound assay conduction for Acute and Chronic effects

The FLEXcyte 96 device was operated in a humidified cell culture
incubator at 37 °C and 5 % CO2. Four hours prior to the experiment, the
medium in all wells was changed. Test compound dilution series were
prepared in a 1 mL deep-well plate as 4x concentrated solutions in
Maintenance Medium and equilibrated in a cell culture incubator for 2
h. Baseline measurements were conducted at 5-min intervals, starting
15 min before compound addition. The last measurement before com-
pound addition was used as the reference measurement. For test com-
pound addition, the plate was removed from the device and transferred
to a laminar flow hood. From each well, 50 pL of the assay buffer was
aspirated and the same volume of compound-containing assay buffer
was added using a 12-channel electronic pipette. Subsequently, the plate
was reinserted into the FLEXcyte 96 device, and the compound mea-
surement was initiated. Acute measurements were conducted in in-
tervals of 5-min intervals over a 20-min period. Chronic measurements
were conducted at 1 h, 24 h, 48 h, and 72 h after compound addition.
Refer to Table 5 for the list of acute and chronic compounds. We eval-
uated the contractile profiles of iPSC-derived cardiomyocytes treated
with tool compounds at four concentrations. The primary readouts
included amplitude, beating rate, beat duration, area under the curve
(AUQ), and the slopes of contraction and relaxation (Supplementary
Fig. 6).

2.13. Test compound selection and preparation for CiPA study

The 28 CiPA test compounds and the experimental procedure were
followed exactly as described in the consortium study (Blinova et al.,
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Table 5

List of compounds used for measuring acute and chronic toxicity.
Drugs Function Reference
Nifedipine Weiss et al., 1990

Ca* channel blocker

Lidocaine Bean et al., 1983
Na' channel blocker

E-4031 Tamura et al., 2021
K channel blocker

Isoproterenol Zhang et al., 2008
Beta adrenoceptor agonist

Carbachol Zhao et al., 2019
Alpha adrenoceptor agonist

Doxorubicin Anthracycline Sheibani et al., 2022
Sunitinib High-risk tyrosine kinase inhibitor
Yang and Bu, 2016

Erlotinib
Low-risk tyrosine kinase inhibitor Liu et al., 2023

Pentamidine

hERG trafficking blocker Asahi et al., 2019

2018). For this experiment, Test compound dilution series were pre-
pared in a 1 mL deep-well plate as 4x concentrated solutions in the
Maintenance Medium and equilibrated in a cell culture incubator for 2
h. All final test concentrations were prepared by a 1:1000 dilution into
Maintenance Medium, with a final DMSO concentration of 0.1 %. Refer
to Table 6 for the list of CiPA test compounds.

Compound risk categories were assigned according to the reference
lists and guidelines published by the Health and Environmental Sciences
Institute (HESI) Cardiac Safety Technical Committee, as part of the
Comprehensive In Vitro Proarrhythmia Assay (CiPA) initiative. HESI is
an international scientific organization that provides consensus-based
standards for compound classification based on clinical data and regu-
latory experience (Gintant et al., 2016; Colatsky et al., 2016). Com-
pounds designated as ‘high-risk’ are those with well-documented
clinical associations with QT prolongation and proarrhythmic outcomes.

Table 6
List of CiPA compounds and their HESI predictions.

Compound HESI prediction YBLiCardio
Verampil Low 79 %
Cisapride Intermediate 86 %
Diltiazem Low 93 %
Nitrendipine Low 97 %
Clozapine Intermediate 106 %
Loratadine Low 106 %
Clarithromycin Intermediate 107 %
Metoprolol Low 109 %
Risperidone Intermediate 111 %
Tamoxifen Low 113 %
Nifedipine Low 113 %
Terfenadine Intermediate 116 %
Ondansetron Intermediate 122 %
Mexiletine Low 124 %
Pimozide Intermediate 130 %
Ranolazine Low 133 %
Chlorpromazine Intermediate 133 %
Astemizole Intermediate 139 %
Dofelitide High 165 %
Ibutilide High 166 %
Droperidol Intermediate 173 %
Vandetanib High 176 %
Azimilide High 176 %
Domperidone Intermediate 182 %
Disopyramide High 217 %
Quinidine High 249 %
Sotalol High 275 %
Bepridil High 344 %
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2.14. Cell seeding and maintenance for CiPA assay

Each well of the 96 well CardioExcyte plate was seeded with 100 pL
of the cell suspension using a 12-channel electronic pipette (INTEGRA
VIAFLO), resulting in a cell density of 85,000 cells per well. Approxi-
mately 18-20 h after seeding (Day 1), the plating medium was replaced
with 200 pL of pre-warmed Maintenance Medium. From Day 3 onward,
a complete medium change was performed every second day. For this
purpose, the medium was aspirated from rows A-D using a single-
channel aspiration system, and 200 pL of fresh, pre-warmed medium
was added to each well using a 12- channel electronic pipette. The same
procedure was subsequently repeated with rows E-H.

2.15. Instrumentation and technology

In Electric Field Potential (EFP) mode, the CardioExcyte 96 records
extracellular signals from each of the 96 wells, similar to systems that
utilize microelectrode arrays (Supplementary Fig. 7). For monitoring
high-resolution and low-noise EFP signals, a theoretically uninterrupted
cell monolayer must be plated in the wells of the CardioExcyte 96 sensor
plate, so that the cleft between the electrode and the monolayer is
separated from the remaining medium by a high sealing resistance.
During synchronized electrical activity of the monolayer, ions released
by the cells are accumulate in the cleft, thereby changing its potential
relative to the surrounding medium, which is set to zero potential by the
reference electrode. The charge buildup in the cleft is released through
the seal resistance, but due to its relatively high value, a voltage can be
detected between the sensing electrode beneath the excited cell layer
and the reference electrode directly conducting the medium. The large
electrode, with its integrating characteristic, sums up the extracellular
signals from a greater number of cells and provides the user with an EFP
signal representing the average electrical activity of the cells in the
respective well.

2.16. Definition of endpoints

The compounds were tested at four different concentrations. Effects
were measured as dynamic changes in the beat patterns recorded by
means of Electric Field Potential (EPF) sensing. For the assessment of QT
prolongation, the time interval between the Sodium spike and the t-
wave was assessed.

2.17. Statistical methodology

All statistical analyses were performed using the Wilcox-
on-Mann-Whitney test. This nonparametric method was selected for the
following reasons:

e Biological replicates (n = 3-5 per condition) did not follow a normal
distribution, as determined by the Shapiro-Wilk test (p < 0.05).

e Sample sizes were limited due to the nature of high-content car-
diotoxicity screening.

e The Wilcoxon-Mann-Whitney test does not assume normality and is
well-suited for small sample sizes, thus providing a robust approach
under these experimental constraints.

3. Results

3.1. Development of a protocol for efficient generation of Cardiomyocytes
from hiPSCs

Our optimized protocol generated functional cardiomyocytes from
hiPSCs with high reproducibility, achieving >85 % cardiac troponin T
(CTNT)-positive cells by day 15 of differentiation (Fig. 1A). Key
morphological transitions correlated with developmental stages: early
differentiation (days 0-3) featured tightly packed cell colonies, followed
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by a progressive shift to a dispersed, fibroblast-like morphology (days
4-7). By day 10, cultures self-organized into synchronously contracting
networks (Fig. 1B; Supplementary Video 1), with contraction rates
averaging 45 + 8 beats per minute under baseline conditions.

Spontaneous contractile activity was first observed in a substantial
proportion of cells by day 8 of differentiation. The percentage of beating
cells increased steadily, reaching a plateau by day 15 and remaining
stable thereafter. Cardiomyocytes were harvested and cryopreserved at
this stage for subsequent experiments. Upon thawing, the cells were
maintained on Matrigel-coated dishes for 3-4 days, during which they
regained their typical morphology and spontaneous contractility (Sup-
plementary Video 2), enabling reliable downstream characterization
and toxicity screening.

Phase contrast images: Phase contrast images were captured on Days
0, 4, 10, and 15 to monitor iPSCs differentiation into cardiomyocytes.
Additionally, Day 20 images depict mature cardiomyocytes obtained by
thawing Day 15 cells and cultured them for five more days post-thaw
also contribute for CM maturation (Fig. 1B).

3.2. Expression of cardiac markers in hiPSC-derived cardiomyocytes

To confirm the cardiomyocyte identity of differentiated cells,
immunocytochemistry was performed on Day 20 YBLiCardio cells to
assess the expression of cardiac-specific markers. Cardiac troponin T
(CTNT), a subunit of the troponin complex that acts as a calcium-
sensitive molecular switch regulating striated muscle contraction
(Bhavsar et al., 1996), was localized specifically to the spontaneously
contracting regions of the culture (Fig. 1D). In addition to CTNT, the
expression of other key contractile proteins, including alpha-actinin,
myosin regulatory light chain 2v (MLC2v), and myosin regulatory
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light chain 2a (MLC2a), was also detected in the hiPSC-derived YBLi-
Cardio population (Fig. 1D). To quantify the purity of YBLiCardio cul-
tures, cells were stained with CTNT as an internal cardiomyocyte marker
(Fig. 1C). Flow cytometry analysis revealed that 91.0 + 8 % of the cells
were CTNT-positive, 93.1 + 2.94 % were alpha-actinin-positive, and
80.5 + 8 % and 79.9 + 9 % of the cells expressed MLC2v and MLC2a,
respectively (Fig. 1C).

The gene expression profiles of hiPSC-derived YBLiCardio (Day 20)
were compared to those of undifferentiated hiPSCs and adult human
heart RNA, which served as a positive control. A panel of cardiac-
specific genes was analyzed, including myofilament protein genes
such as cardiac troponin T (CTNT), a-myosin heavy chain (MYH?7),
myosin light chain 2 ventricular isoform (MYL2), and Mesoderm Pos-
terior 1 (MESP1). gPCR assays demonstrated that cardiac-specific tran-
scripts were undetectable in undifferentiated hiPSCs and early-stage
differentiated cultures but increased significantly after Day 15 of dif-
ferentiation (Fig. 2A). In contrast, the expression of hTERT, a gene
highly expressed in undifferentiated pluripotent stem cell cultures (Xu
et al., 2001; Lebkowski et al., 2001), decreased progressively during
differentiation (data not shown). (See Figs. 3 and 4.)

3.3. Comparative gene expression profiling of iPSC-derived
cardiomyocytes and human heart tissue

To evaluate the transcriptomic fidelity of iPSC-derived -car-
diomyocytes (YBLI-Cardio) to native heart tissue, we performed a
comparative analysis of normalized log+ gene expression values across a
panel of cardiac-enriched and functionally relevant genes. Samples were
collected at two key differentiation timepoints: Day 15 and Day 30.
These were compared against reference expression levels in human
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duration (A3-E3) were analyzed. Mean beat traces represent normalized average contractility waveforms under control and treated conditions at increasing con-
centrations (1 nM to 1 pM). Bar plots show quantification of contractility amplitude and duration relative to control (mean + SD, n = 3-5 independent experiments).
*P < 0.05, *P < 0.01 compared to control, by one-way ANOVA with Dunnett’s post-hoc test. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

heart tissue.

As illustrated in Fig. 2B, the majority of cardiac-specific genes
exhibited similar expression trends between the YBLI-Cardio samples
and native heart tissue, with greater alignment was observed at Day 30.
Key structural and contractile markers such as TNNT2, MYH6, and
ACTN2 were robustly expressed in both Day 15 and Day 30 car-
diomyocytes, approaching expression levels observed in the heart.
However, certain transcriptional regulators and developmental genes,
including TBX5 and NKX2-5, displayed slightly lower expression levels
relative to the heart, particularly at Day 15, indicating ongoing
maturation.

Notably, Day 30 cardiomyocytes (red line) consistently showed
higher expression of several key genes, including MYL2, CASQ2, and
CAMK2D, compared to Day 15 (blue line), suggesting progressive
maturation toward a more adult-like cardiomyocyte phenotype.
Conversely, a few genes such as HAND1 and TBX18 showed diminished
expression in iPSC-derived cells relative to the native heart, potentially
reflecting developmental stage-specific differences or incomplete reca-
pitulation of all cardiac subtypes (Fig. 2B).

Overall, these data highlight a time-dependent maturation of the
iPSC-derived cardiomyocytes, with transcriptional profiles that
increasingly resemble native cardiac tissue by Day 30.

3.4. RNA sequencing reveals maturation trajectory in hiPSC-derived
cardiomyocytes

A principal component analysis (PCA) plot was generated to visu-
alize the overall variance in gene expression between the samples
(Fig. 2C). The PCA plot shows the clustering of samples based on their

transcriptional profiles, where each point represents a sample and the
distance between points indicates the degree of similarity in gene
expression. PC1 accounts for 57 % of the variance, while PC2 accounts
for 30 %. The plot reveals distinct clustering patterns: hiPSC_day0
samples are separated from the rest, while CMP, YBLiCardio_day®6,
YBLiCardio_dayl5, YBLiCardio_day30, and heart all samples cluster
closer together.

To identify significant changes in gene expression between D30 and
DO, and D30 and heart RNA, volcano plots were utilized (Fig. 2D). These
plots display the log2 fold change in gene expression against the nega-
tive log10 of the adjusted p-value for each gene. Genes with statistically
significant differential expression (adjusted p-value <0.05) and sub-
stantial fold changes are highlighted. In the D30 vs DO volcano plot, a
substantial number of genes are upregulated and statistically significant.
The volcano plot for D30 vs heart RNA shows a similar trend, with a
greater number of upregulated genes exhibiting high significance
compared to downregulated genes. This indicates that the gene
expression profile of D30 cells is more similar to that of heart tissue.
Gene expression changes between other time points are detailed in the
supplementary information (Supplementary figure-1).

To determine the gene expression profiling of hiPSC-derived YBLi-
Cardio with human heart RNA and parental hiPSCs, we performed RNA
sequencing analysis. Results of RNA sequencing analysis showed
decreased expression of pluripotent markers (e.g., NANOG, SOX2) in
YBLiCardio. The expression levels of maturation marker genes (e.g.,
MYH?7, CRYAB, NPPA, NPPB) compared with undifferentiated hiPSCs.
The cardiac progenitor markers (e.g., GATA4, TBX5, MEF2C, NKX2.5,
and HAND2) decreased, while the expression of cardiac transcription
factors and structural elements (e.g., CTNT, ACTC1/ACTN2, IRX4, and
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eventual cessation of beating at the highest concentration.

Data represent mean + SD from >3 biological replicates. Statistical significance relative to control: *p < 0.05, **p < 0.01 (two-way ANOVA with post hoc multiple

comparisons).

MYL4/MYL7) increased with the time of differentiation, displaying a
similar pattern to the human heart RNA (Fig. 2E). Genes related to
cardiac energy metabolism and oxidative phosphorylation also
contribute to CM maturation. The genes (e.g., NPPA, MYL2, COLA31,
CSRP1) associated with heart development, muscle cell development,
and cardiac muscle contraction, showed a similar pattern of expression
with the human heart. hiPSC-derived CM expressed recognized long QT
syndrome (LQTS) genes, including KCNQ1, KCNH2, and SCN5A, in
addition to other ion channels at 15 and 30 days. (Fig. 2E). The
expression of pacemaker-related genes, including HCN1, HCN2, and
HCN4, was low in undifferentiated hiPSCs (Day 0) but progressively
increased during differentiation. Notably, their expression was mark-
edly upregulated in the adult human heart sample, serving as a positive
control. A significant upregulation of these genes was also observed at
Days 15 and 30 of differentiation, indicating maturation toward a
pacemaker-like cardiomyocyte phenotype (Fig. 2E).

3.5. Acute compound reactions

Nifedipine, a dihydropyridine derivative and L-type Ca2' channel
blocker (Weiss et al., 1990) was used to evaluate calcium handling in
cells across a concentration range of 1 nM to 1 pM (Fig. 3A1). As
anticipated, nifedipine elicited concentration-dependent effects on cal-
cium transients. At 1 nM and 10 nM, minimal changes were observed.
However, at 100 nM amplitude was reduced to approximately 40 % of
control, and at 1 pM, spontaneous beating activity was completely
abolished (Fig. 3A2). Nifedipine also induced a concentration-

dependent shortening of beat duration, with the most pronounced ef-
fect at 100 nM, where upstroke and downstroke durations were reduced
to 60 % and 70 % of control, respectively (Fig. 3A3). Similar
concentration-dependent reductions were observed in the area under
the curve (AUC) and the slopes of the upstroke and downstroke phases
(Supplementary Fig. 2A1 & 2A2), consistent with the overall suppres-
sion of calcium transient kinetics.

Lidocaine, a sodium channel blocker (Bean et al., 1983), was eval-
uated at concentrations from 100 nM to 100 pM. The compound pro-
duced concentration-dependent negative inotropic effects, with notable
reductions in amplitude at concentrations >1 pM, culminating in
cessation of spontaneous beating at 10 pM and above (Fig. 3B1). At 100
1M, some wells exhibited weak, irregular concentrations with markedly
reduced amplitude (Fig. 3B2). Beat rate remained largely unaffected at
concentrations up to 1 pM, while higher concentrations induced
arrhythmic activity. Lidocaine also caused a mild but statistically sig-
nificant prolongation of both upstroke and downstroke durations, prior
to complete cessation of beating at 10 uM (Fig. 3B3). Consistent with
these findings, the area under the curve (AUC) decreased in parallel with
amplitude reductions, and the slopes of the upstroke and downstroke
phases followed similar concentration-dependent trends (Supplemen-
tary Fig. 2B1 & 2B2).

E-4031, a selective hERG channel blocker (Tamura et al., 2021), was
tested at concentrations ranging from 1 nM to 1 pM. The compound
produced negative inotropic effects and marked prolongation of beat
duration, with arrhythmic events emerging at concentrations of 100 nM
and above (Fig. 3C1). Amplitude was reduced to approximately 40 % of
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control at 100 nM, and was nearly abolished at 1 pM. A concentration-
dependent decrease in beat rate was observed, although at 1 pM,
persistent fibrillatory activity resulted in an apparent increase in event
frequency, reaching ~150 % of control (Fig. 3C2). E-4031 also induced
significant prolongation of both upstroke and downstroke durations;
however, arrhythmic activity at higher concentrations contributed to
overall shortening of duration metrics (Fig. 3C3). AUC and slope ana-
lyses mirrored these trends, with substantial reductions noted at higher
concentrations (Supplementary Fig. 2C1 & 2C2).

Isoproterenol, p-adrenergic agonist (Zhang et al., 2008) was applied
at concentrations ranging from 1 nM to 1 pM. It evaluates positive
inotropic responses. Significant positive inotropic effects were observed
at concentrations up to 100 nM, as evidenced by increased amplitude
(Fig. 3D1). However, at 1 pM, amplitude decreased, likely due to
overstimulation-induced desensitization (Fig. 3D2). Beat rate remained
stable at lower concentrations but increased markedly, reaching
approximately 200 % of control at 1 pM. Upstroke and downstroke
durations were only slightly affected at concentrations up to 100 nM but
were significantly shortened at 1 pM (Fig. 3D3). The area under the
curve (AUC) tracked closely with amplitude changes, showing a pro-
nounced decline at 1 pM. Similarly, the slopes of the upstroke and
downstroke phases mirrored the amplitude trends (Supplementary
Fig. 2D1 & 2D2). Carbachol, an a-adrenergic agonist (Zhao et al., 2019),
was applied to assess chamber-specific functional responses in YBLi-
Cardio cells. The compound induced a concentration dependent increase
in concentration duration, with a ~ 25 % prolongation observed, sug-
gesting a mixed atrial and ventricular phenotype (Fig. 3E1). Amplitude
was largely unaffected across concentrations, except at 1 nM, where a
significant increase was detected (Fig. 3E2). Carbachol also produced a
concentration-dependent decrease in beat rate, consistent with pro-
longed beat durations. At 1 pM, contraction duration increased to
approximately 130 % of control (Fig. 3E3). Correspondingly, the area
under the curve (AUC) steadily increased, reflecting the extended du-
rations, while upstroke and downstroke slopes followed trends consis-
tent with amplitude and duration changes, with peak values observed at
1 nM (Supplementary Fig. 2E1 & 2E2).

3.6. Chronic compound reactions

Doxorubicin, an anthracycline derivative, was used to evaluate
chronic cardiotoxicity through assessment of cardiac energetics when
treated for 72 h. As expected, it elicited time- and concentration-
dependent negative inotropic effects (Sheibani et al., 2022). A
concentration-dependent reduction in contraction amplitude was
observed, with no significant change at 10 nM, a decrease to ~60 % of
control at 100 nM after 24 h (Fig. 4A1),), and progressive reduction at 1
pM leading to beat cessation by 72 h. At 10 uM, amplitude declined to
~10 % of control by 24 h, with beat cessation occurring at 48 h
(Fig. 4A2). Beat rate remained largely unchanged at <100 nM but
showed a transient increase at 1 pM before cessation at 72 h; at 10 pM, it
gradually decreased and ceased by 48 h (Fig. 4A3). Upstroke and
downstroke durations were minimally affected at <100 nM; however,
higher concentrations induced shortening of both phases, independent
of concentration (Supplementary Fig. 3A1). The area under the curve
(AUC) closely paralleled amplitude reductions (Supplementary
Fig. 3A2), while the slopes of upstroke and downstroke phases declined
in a time- and concentration-dependent manner (Supplementary
Fig. 3A3).

Sunitinib, a tyrosine kinase inhibitor with a well- documented car-
diotoxic profile (Yang and Bu, 2016), induced a concentration-
dependent reduction in contraction amplitude, with immediate effects
observed at higher concentrations (Fig. 4B1,4B2). At 10 pM, cells ceased
beating within the first hour. At lower concentrations, amplitude
declined significantly within the first 24 h and remained suppressed but
stable through 72 h (Fig. 4B3). Sunitinib also reduced beat rate during
the first 24 h, followed by a gradual recovery to baseline levels by 72 h.

Toxicology in Vitro 108 (2025) 106100

At 10 pM, beat rate dropped precipitously, coinciding with early
cessation of beating (Fig. 4B3). The upstroke phase was initially pro-
longed; however, with sustained exposure, upstroke duration shortened.
The downstroke phase showed early shortening followed by a return to
near-control values (Supplementary Fig. 3B1). AUC declined in parallel
with amplitude, demonstrating a time- and concentration-dependent
effect (Supplementary Fig. 3B2). Slopes of both contraction and relax-
ation phases were reduced in a pattern consistent with amplitude sup-
pression, with complete beat cessation observed at the highest
concentration (Supplementary Fig. 3B3). Erlotinib, a tyrosine kinase
inhibitor with a low cardiotoxicity profile (Liu et al., 2023), had no
significant effect on the contractile properties of YBLiCardio cells at any
of the tested concentrations (Fig. 4C1). Neither concentration amplitude
nor beat rate was altered, even at the highest concentration after 72 h of
exposure (Fig. 4C2 & 4C3). Similarly, erlotinib did not affect the dura-
tions of the upstroke and downstroke phases (Supplementary Fig. 4A1),
nor did it impact the area under the curve (AUC) or the slopes of
contraction and relaxation phases over the 72-h period (Supplementary
Fig. 4A2, 4A3) 4, indicating a lack of significant cardiac functional
effects.

Pentamidine, used to evaluate chronic cardiotoxicity associated with
hERG trafficking disruption (Asahi et al., 2019), exhibited time- and
concentration-dependent negative effects on contractile function. A
concentration-dependent decrease in contraction amplitude was
observed, with 10 pM causing a gradual decline leading to beat cessation
at 72 h (Fig. 4D1, 4D2). Beat rate remained unaffected at concentrations
up to 1 pM; however, at 10 pM, an initial increase in beat rate was fol-
lowed by complete cessation at 72 h (Fig. 4D3). Upstroke and down-
stroke durations were unchanged at <1 pM, but both were shortened at
10 uM prior to beat cessation (Supplementary Fig. 4B1). AUC reductions
mirrored amplitude decline (Supplementary Fig. 4B2), and slopes of
both contraction and relaxation phases decreased in a concentration-
dependent manner, reflecting reduced amplitude while durations
remained relatively preserved at lower concentrations (Supplementary
Fig. 4B3).

3.7. HESI CiPA compound effects on YBLiCardio cells

To evaluate the proarrhythmic risk of test compounds, we measured
changes in field potential duration (FPD) in human iPSC-derived car-
diomyocytes (YBLiCardio cells) and normalized the values to control
(DMSO-treated) conditions. Based on the extent of FPD prolongation,
compounds were stratified into three risk categories: low (79 %-113 %),
intermediate (113 %-139 %), and high (165 %-344 %) (Fig. 5A)
(Blinova et al., 2017; Blinova et al., 2018). YBLiCardio cells exhibited
pharmacological responses consistent with those observed in the HESI
CiPA study. High-risk compounds, as pre-classified by HESI CiPA,
induced the most pronounced QT interval prolongation, ranging from
165 % to 344 % (Fig. 5D). Notably, droperidol (173 %) and domper-
idone (182 %), although categorized as intermediate-risk, were identi-
fied as high-risk compounds in this assay, aligning with previous
findings (Nguyen et al., 2017) (Fig. 5C). Low-risk compounds, including
mexiletine and ranolazine, demonstrated minimal FPD prolongation,
consistent with expectations (Fig. 5B). Interestingly, chlorpromazine
exhibited higher predictive accuracy in YBLiCardio cells compared to
other cell models (Fig. 5E, Supplementary Fig. 5). Moreover, the full
panel of compounds tested yielded risk classifications concordant with
those reported in the original CiPA ring trial (Fig. 5E, Supplementary
Figs. 5 & 7), supporting the predictive validity of this iPSC-derived
cardiomyocyte assay system.

4. Discussion
This study introduces YBLiCardio—a highly enriched, functionally

mature hiPSC-derived cardiomyocyte platform—tailored for predictive
cardiotoxicity testing under the CiPA framework. While several
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Fig. 5. Classification of compound-induced QT prolongation risk in YBLiCardio cells. (A) Table summarizing QT interval prolongation thresholds used to classify
compounds as high, intermediate, or low risk, based on the percentage of field potential duration (FPD) prolongation relative to control. (B—D) Bar graphs showing
dose-dependent FPD changes induced by representative (B) low-risk (Mexiletine, Ranolazine), (C) intermediate-risk (Domperidone, Droperidol), and (D) high-risk
(Dofetilide, Vandetanib) compounds. FPD values were normalized to DMSO-treated controls. (E) Heatmap of all tested compounds ranked by normalized FPD
duration. Compounds are annotated with their HESI CiPA risk classification and grouped based on increasing QT prolongation. Green, yellow, and red backgrounds
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Data are represented as mean + SD (n = 3-5 independent experiments). *p < 0.05, **p < 0.01 compared to control.

protocols exist for cardiomyocyte differentiation, our optimization using
STEMdiff™ medium combined with temporal Wnt signaling modulation
has resulted in robust, reproducible generation of cardiomyocytes with
high purity and functional maturity. The reproducibility and yield of
>90 % CTNT+ cells indicate the potential for translational application
in preclinical drug screening pipelines.

Importantly, our transcriptional profiling places YBLiCardio on a
maturation trajectory that closely parallels adult human heart tissue, as
evidenced by RNA-seq clustering and the expression convergence of
over 2800 genes with adult cardiac tissue. This maturation fidelity ad-
dresses a critical limitation in existing hiPSC-CM models, which often
remain developmentally immature and therefore poorly predictive of
adult cardiac responses. In contrast to previous reports, we observed
strong expression of ventriular-specific markers (e.g., MYL2, MLC2v)
and functionally relevant ion channel genes (e.g., SCN5A, KCNQI,
KCNH2), which are often underrepresented in other commercial plat-
forms. This establishes YBLiCardio not only as a structurally relevant but
also electrophysiologically competent model.

The functional validation with acute and chronic drug exposures
confirmed the system’s physiological relevance. In particular, the CiPA
compound panel demonstrated that YBLiCardio recapitulates expected
proarrhythmic responses, such as QT prolongation by E-4031, and
shows enhanced sensitivity in detecting high-risk compounds like dro-
peridol and domperidone-findings consistent with and extending those
of Nguyen et al. (2017). Notably, YBLiCardio was able to accurately
detect chlorpromazine-associated risk, where other hiPSC-CM models
have shown limitations. While these results highlight the potential of
YBLiCardio to improve the detection of certain pharmacological risks,
especially in the case of chlorpromazine, further studies are warranted
to determine whether this enhanced predictive capacity extends broadly
across diverse and complex pharmacological scenarios.Furthermore, the
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distinct chronic toxicity responses to agents like doxorubicin and suni-
tinib underscore YBLiCardio’s utility in modeling progressive cardio-
myopathy phenotypes—an area often overlooked in short-term assays.
The ability to track contractile function and recovery post-drug exposure
over 72 h represents a critical innovation in modeling delayed car-
diotoxic effects.

The current YBLiCardio platform is a robust and reliable tool for
assessing the preclinical cardiotoxicity of chemical entities. It not only
enables accurate prediction of compound toxicity in conventional 2D
static cultures, but also demonstrates the capability to support the
development of 3D cardiac structures. This advancement highlights the
potential of YBLiCardio as a more physiologically relevant in vitro sys-
tem, offering a promising alternative to animal models in preclinical
cardiotoxicity assessments. These findings warrant further investigation
and validation.The initial findings with YBLiCardio cardiomyocytes
shows seamless integration into FluidForm’s FRESH cardiac tissue
printing workflow (Supplementary Video 3 and 4). Where preparation
of YBLiCardio into a high-density bioink was straightforward, with no
issues observed during the process—such as cell clumping, excessive
debris, or needle clogging. The bioink exhibited excellent extrusion
characteristics, enabling the production of high-fidelity cardiac tissue
constructs. In culture, printed YBLiCardio tissues exhibited expected
morphological and functional behaviors, including notable compaction
from the initial printed geometry to a stable configuration around
anchoring pillar. By day 7 of culture, all printed constructs displayed
visually apparent, synchronous contractions across the tissue. These
observations suggest robust cellular viability and, more specifically, a
high proportion of functional cardiomyocytes capable of forming an
aligned and contractile syncytium (Supplementary video 3 for Day 7 and
14 cardiac patch). These systems incorporate multiple cell types and are
engineered to provide structural, electrical, and biochemical
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environments that more closely mimic the native myocardium. By
integrating 3D scaffolds, mechanical stretch, and electrical pacing, these
advanced platforms are expected to enhance maturation and better
reflect the in vivo human cardiac physiology.

The importance of advancing such physiologically relevant in vitro
systems is underscored by the The FDA Modernization Act 2.0 and 3.0
aim to modernize drug development by reducing reliance on animal
testing and encouraging alternative methods., including hiPSC-based
models—for drug developmet and safety testing. This legislative shift
amplifies the significance of models like YBLiCardio, which can serve as
a human-relevant, ethically responsible, and highly scalable platform
for early-stage drug screening and regulatory decision-making.

In the context of existing literature, YBLiCardio advances the field by
offering:

1. With its high purity, functional maturity, and transcriptional
convergence toward adult cardiac tissue, YBLiCardio addresses key
limitations of existing hiPSC-derived cardiomyocyte plat-
forms—particularly developmental immaturity and lack of predic-
tive fidelity.

2. Its validated performance under the CiPA paradigm, coupled with
superior sensitivity in detecting proarrhythmic and cardiotoxic
responses—including compounds missed by other models—under-
scores its translational value.

3. YBLiCardio seamless integration into 3D bioprinting workflows and
ability to model chronic drug responses positions it as a next-
generation tool suitable for regulatory safety pharmacology.

Collectively, these features position YBLiCardio as a high predictive,
robust next-generation cardiotoxicity assessment, with the scope of
further expansion in to 3D organoid models with other cell types.
YBLiCardio has the potential to develop as a preclinical translational
tool to assess the cardiotoxicity and torsedogenic potential of
compounds.

5. Conclusion

In summary, YBLiCardio represents a robust, functionally mature
hiPSC-derived cardiomyocyte platform that demonstrates strong pre-
dictive fidelity for proarrhythmic and cardiotoxic risk assessment. Our
findings show that YBLiCardio not only aligns with the outcomes of the
HESI CiPA study but also offers enhanced sensitivity—reclassifying
compounds such as droperidol and domperidone as higher-risk and
accurately identifying the cardiotoxic potential of chlorpromazine,
which was previously undetected by other hiPSC-CM models. The
platform’s high purity ventricular marker expression, and electrophys-
iological competence further validate its suitability for preclinical drug
screening. Together, these attributes establish YBLiCardio as a scalable,
ethically responsible, and translationally relevant tool that aligns with
the goals of the FDA Modernization Acts 2.0 and 3.0. As such, YBLi-
Cardio holds strong potential for widespread adoption in early-stage
drug development, regulatory safety pharmacology, and future inte-
gration into complex 3D cardiac organoid platforms.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.tiv.2025.106100.
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