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ABSTRACT ARTICLE HISTORY
Derivation of electrophysiologically mature cardiomyocytes from human pluripotent Received 16 June 2025
stem cells (hPSCs) remains a prerequisite for effective cardiac modeling and preclinical Revised 28 February 2026
drug evaluation. However, current differentiation protocols often produce Accepted 6 April 2026
heterogeneous cell populations with limited maturity. In this study, we developed a

. - / - . KEYWORDS
CD47-based fluorescence-activated cell sorting strategy to purify ventricular-like CD47; ventricular
cardiomyocytes from three-dimensionally differentiated hPSC-derived spheroids. cardiomyocyte; surface
CD47* cardiomyocytes exhibited highly consistent contractile behavior and enhanced marker-based purification;
structural maturation, as confirmed using immunocytochemistry for myosin regulatory cardiotoxicity screening

light chain 2 ventricular/cardiac muscle isoform and a-actinin. Electrophysiological
analysis using a patch clamp revealed that the majority of CD47" cells displayed
ventricular-like action potential waveforms, characterized by prolonged repolarization
duration, elevated amplitude, and a reduced negative maximum diastolic potential.
Drug responsiveness was assessed using multi-electrode array recordings. CD47-
enriched cardiomyocytes demonstrated reproducible and dose-dependent field
potential alterations in response to known cardiotoxic agents, including remdesivir
and quinidine, and outperformed metabolically purified controls in sensitivity and
inter-replicate consistency analysis. These results establish CD47 as a reliable surface
marker for isolating mature ventricular-like cardiomyocytes from hPSCs. The method
enables the generation of functionally robust cardiomyocyte populations suitable for
in vitro cardiac research and pharmacological testing.

Introduction

Cardiovascular diseases are among the leading causes of mortality worldwide and are closely associated with
high attrition rates in drug development because of cardiotoxicity (Waring et al. 2015). In early-stage clinical
trials, the inability to accurately predict adverse cardiac events often leads to trial failure and substantial
financial losses (Paakkari 2002). Conventional preclinical models, such as two-dimensional cardiomyocyte
cultures and animal models, have shown limited predictive power because they cannot replicate the struc-
tural, electrophysiological, and functional characteristics of the human heart (Ronaldson-Bouchard et al.
2018; Giacomelli et al. 2020).

Human pluripotent stem cell (hPSC)-derived cardiomyocytes offer a scalable and patient-relevant alterna-
tive for preclinical testing (Funakoshi et al. 2021). However, existing differentiation protocols frequently
result in heterogeneous cell populations with variable degrees of maturity, limiting their utility in drug
screening and disease modeling (Karbassi et al. 2020; Selvakumar et al. 2024). One strategy to overcome
this limitation is to develop purification methods that selectively enrich mature cardiomyocyte subtypes,
particularly those with ventricular-like properties that closely resemble the adult myocardium (Guo and
Pu 2020).
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Several surface markers, including signal-regulatory protein alpha (SIRPA), vascular cell adhesion molecule
1 (VCAMT), and CD71, have been explored to isolate hPSC-derived cardiomyocytes using fluorescence-acti-
vated cell sorting (FACS), but these approaches often result in populations with inconsistent electrophysio-
logical and functional profiles (Dubois et al. 2011; Uosaki et al. 2011; Boheler and Poon 2021). In addition,
metabolic purification methods - such as lactate-based purification — have shown utility but also yield het-
erogeneous outcomes (Tohyama et al. 2013).

In this study, we investigated CD47 as a surface marker for the purification of cardiomyocytes derived
from hPSCs. CD47 is a transmembrane protein traditionally considered to be involved in immune modulation
(Deuse et al. 2021); however, recent evidence suggests that CD47 is stably expressed in ventricular-like car-
diomyocytes (Veevers et al. 2018). Our electrophysiological analysis confirmed that CD47-positive cells
display action potential profiles characteristic of mature ventricular cardiomyocytes, including prolonged
repolarization and stabilized depolarization kinetics. We developed a FACS-based purification protocol
using CD47 to isolate high-purity cardiomyocytes from three-dimensional (3D)-differentiated hPSC-
derived spheroids. The purified cells were evaluated to determine their contraction consistency, electro-
physiological properties, and in vitro maturation potential. This study highlights the utility of CD47 as a func-
tional marker to enrich physiologically relevant cardiomyocytes and provides a refined in vitro model system
for cardiotoxicity assessment and cardiac research.

Materials & methods
3D differentiation of cardiomyocytes from hiPSCs

Human induced pluripotent stem cells (hiPSCs, BS-hiPSC-05; ACE-hiPSC-02) were used in this study. BS-
hiPSC-05 was reprogrammed from dermal fibroblasts using mRNA-based transfection and was validated
for pluripotency marker expression, mycoplasma negativity, and a normal karyotype (Supplementary
Figure 1). In addition, the ACE-hiPSC-02 line, which has been utilized in previous independent studies,
was included to demonstrate the reproducibility of our purification across distinct cell sources (Park et al.
2025).

hiPSCs were cultured on vitronectin-coated dishes (Gibco, A14700) in StemMACS iPS-Brew XF medium
(Miltenyi Biotec, 130-091-680) supplemented with 10 ng/mL epidermal growth factor (EGF; R&D Systems,
236-EG) and 10 pM Y27632 (Tocris, 1254) for 24 h after passage. Upon reaching approximately 90% conflu-
ence, the cells were dissociated by adding 0.5 mM EDTA (Gibco, Thermo Fisher, R1021) and seeded at a
density of 1 x 10* cells per well into round-bottom, Pluronic F-127-coated 96-well plates (Sigma-Aldrich,
P2443) to promote spheroid formation. Spheroids were formed over 3 days (days 1-4) in basal medium sup-
plemented with 10% N2 supplement (Gibco, 17502048) and 8% fetal bovine serum (FBS; Hyclone,
SH30071.03). On day 4, the spheroids were transferred to a medium containing 12 ng/mL of bone morpho-
genetic protein 4 (BMP4, R&D Systems, 314-BP) and 8% FBS to induce the mesodermal lineage. After 48 h
(day 6), the medium was replaced with medium containing 20% FBS to promote cardiac specification; the
medium was refreshed on day 8. From day 10, the medium was replaced with medium supplemented
with 10% FBS and refreshed again on day 12. Spontaneous beating was typically observed from day 10
onward, and differentiated spheroids were harvested on day 14.

Flow cytometry and CD47-based cardiomyocyte purification

Beating cardiomyocyte spheroids harvested on day 14 of differentiation were dissociated into single cells
using TrypLE Express (Gibco, A1217702) at 37°C for 10 min. The resulting cell suspension was washed
twice with phosphate-buffered saline (Welgene, LB001-02) and passed through a 40 um cell strainer
(SPL Life Sciences, 93040) to obtain a single-cell population. For surface marker staining, the cells were
incubated with phycoerythrin/cyanine7-conjugated anti-human CD47 antibody (BioLegend, 323108;
1:100) for 30 min at 4°C. Subsequently, the cells were fixed and permeabilized using the BD Cytofix/Cyto-
perm™ Fixation/Permeabilization Kit (BD Biosciences, 554655) for 15 min, followed by intracellular stain-
ing with Alexa Fluor® 488-conjugated mouse anti-cardiac troponin T (cTnT) antibody (BD Biosciences,
EPR20266; 1:50) for 30 min at 4°C. Stained cells were resuspended in phosphate-buffered saline containing
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5% FBS and analyzed using a SH800S Cell Sorter (Sony Biotechnology). Data were processed using Cell
Sorter Software Ver 2.1.5 (Sony Biotechnology) to evaluate the expression of CD47 and cTnT, and to
isolate CD47* cardiomyocytes.

Immunofluorescence

hiPSC-cardiomyocytes were plated onto gelatin-coated glass dishes and cultured for 5 days. The cells were
fixed with 4% paraformaldehyde (Biosesang, P2031) for 20 min at 4°C, permeabilized with 0.1% Triton X-100
(Merck, 112298) for 10 min at 20°C, and blocked with 0.03% Triton X-100 containing 10% normal goat serum
for 30 min at room temperature. These cells were stained with monoclonal antibodies against cTnT (Invitro-
gen, MA5-12960) (1:500), CD31 (R&D Systems, AF3628) (1:200), and sarcomeric-a-actinin (Abcam, ab137346)
(1:200) diluted in 0.03% Triton X-100 and incubated at 4 °C overnight. The cells were washed three times for
10 min with 0.03% Triton X-100 and incubated with, Alexa Fluor™ 488 (Invitrogen) goat anti-mouse IgG (H +
L) cross-adsorbed secondary antibody (Invitrogen, A-11001, 1:200), and Alexa Fluor 594 (Invitrogen) anti-
bodies (Invitrogen, A-11012, 1:200) for 1 h at room temperature. The cells were washed four times before
counterstaining the cell nuclei with DAPI Staining Solution (Sigma-Aldrich, D9542). All images were analyzed
using a Ti2 fluorescence microscope (Nikon).

Contraction analysis of purified cardiomyocytes

CDA47-purified and metabolic-based purified cardiomyocytes were seeded onto Matrigel-coated 24-well
plates at 5 x 10* cells/well. (Corning, 354234) CD47" cells were obtained via flow cytometry following anti-
body staining. Metabolically purified cells were cultured in glucose-free RPMI 1640 medium (Thermo Fisher
Scientific, 11879020) supplemented with 5 mM sodium DL-lactate (Sigma-Aldrich, 71720), whereas CD47-
purified cells were maintained in RPMI 1640 containing 5% FBS. In this approach, cardiomyocytes survived
by utilizing lactate through mitochondrial metabolism, whereas non-cardiomyocytes with limited mitochon-
drial function underwent cell death, resulting in selective enrichment of cardiomyocytes.

The medium was replaced every 3 days. Three days after seeding, spontaneous beating was confirmed.
Five representative beating cardiomyocytes were selected per group, and 1-min brightfield videos were
recorded at 4x and 10x magnification using the Ti2 microscope. Contraction intervals and beats per
minute (BPM) were manually quantified using ImageJ software (ver 1.54k) based on visible contraction-relax-
ation cycles.

Sarcomere length analysis

Metabolically purified and CD47-purified cardiomyocytes were immunostained with a monoclonal antibody
against sarcomeric-a-actinin (1:200), followed by incubation with Alexa Fluor™ 488 goat anti-mouse IgG (H
+ L) secondary antibody (Invitrogen, A-11008). Confocal fluorescence images were acquired at 180x magnifi-
cation using identical settings for all samples. The sarcomere length was quantified from a-actinin - stained
images using FlJI (Imagel) by measuring the distance between adjacent Z-lines along the longitudinal axis of
cardiomyocytes. Multiple sarcomeres were analyzed per cell, and the mean sarcomere length was calculated
for each of the four biological replicates per group (n =4) for statistical comparison.

Electrophysiological analysis (Patch clamp)

Electrophysiological recordings were performed at physiological temperature (37°C) using an external sol-
ution composed of 130 mM NaCl, 5 mM KCIl, T mM MgCl,, 1.8 mM CaCl,, 10 mM HEPES, and 12.5 mM
glucose, with the pH adjusted to 7.4. Patch clamp measurements were conducted using glass micropipettes
filled with an internal solution containing 120 mM potassium aspartate, 20 mM KCl, 10 mM HEPES, 5 mM
EGTA, 1 mM MgCl,, and 1.5 mM Mg-ATP, adjusted to pH 7.3. Membrane currents were recorded using an
Axopatch 200B amplifier connected to a Digidata 1440A digitizer, and data were acquired and analyzed
using pClamp software (Molecular Devices). Voltage clamp protocols involved holding cells at - 80 mV, fol-
lowed by depolarization to +40 mV for 4 s and then repolarization to -40 mV for 2 s.
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Drug treatment and multi-electrode array-based electrophysiological recording

To evaluate drug-induced electrophysiological responses, CD47-purified cardiomyocytes and metabolic-
based purified cardiomyocytes were cultured as monolayers on fibronectin-coated 96-well multi-electrode
array (MEA) plates (CytoView; Axion BioSystems). The cells were maintained in RPMI 1640 medium sup-
plemented with B27 (Gibco, 17504044) until stable spontaneous beating was observed. Field potentials gen-
erated by spontaneous beating were recorded using the Maestro Pro MEA system (Axion BioSystems). Prior
to drug exposure, baseline signals were recorded. The drugs, remdesivir (MedChemExpress, HY-104077) and
quinidine (Sigma-Aldrich, Q3625), were diluted by 10x in culture medium and added to each well at 10% (v/
v) to achieve final concentrations of 10 or 30 uM for remdesivir and 9.5 uM for quinidine. Each well received a
single drug concentration. Electrophysiological changes were monitored over a 30-min period following
drug administration. Two independent 5-min recordings were performed for each well to assess post-treat-
ment effects. All experiments were conducted in triplicate. As field potential parameters, the field potential
duration (FPD), beat interval, and amplitude were extracted using the Cardiac Analysis Tool and AxiS Metric
Plotting Tool software (Axion BioSystems).

Statistical analysis

Data are expressed as the means + standard error of the mean (SEM). Unpaired two-tailed Student’s t-test
was used to compare two groups. P < 0.05 was considered statistically significant.

Results
Differentiation of cardiomyocytes through spheroid formation

To generate 3D cardiomyocytes from hiPSCs, human iPSCs were subjected to a stepwise spheroid-based pro-
tocol consisting of five distinct stages, as schematically illustrated in Figure 1(A). During stage 1, undifferen-
tiated hiPSCs were seeded onto vitronectin-coated plates and primed with Y-27632 and EGF to support
initial survival and expansion. In stage 2, dissociated cells were transferred to low-adhesion, Pluronic F-
127-coated plates to facilitate the formation of uniform spheroids under serum- and N2-supplemented
conditions.

By day 4, spheroid formation was complete, and subsequent treatment with BMP4 (stage 3) induced
mesodermal lineage commitment. During stages 4 and 5 (days 6-14), FBS-enriched culture medium was
used to promote cardiac specification and maturation. Notably, spontaneous contractile activity was first
observed around day 10 and progressively increased, with most spheroids exhibiting rhythmic and coordi-
nated beating by day 14, indicative of functional cardiomyocyte generation. Representative microscopic
images captured during stages 4 and 5 confirmed morphological compaction and contraction-competent
spheroid structures (Figure 1(A)).

Purification of cardiomyocytes using the CD47 surface marker

To evaluate the efficiency of cardiomyocyte purification using CD47 as a surface marker, we first established
a 3D differentiation protocol from hPSCs. As illustrated in Figure 1(A), the protocol was divided into five
stages spanning 14 days, incorporating temporal supplementation with Y-27632, EGF, N2, BMP4, and FBS
to induce spheroid formation and cardiomyocyte maturation. Representative bright-field images revealed
the morphological changes occurring during each stage of differentiation.

Flow cytometry was performed on single-cell suspensions derived from day-14 beating spheroids to
assess marker expression before and after CD47-based sorting. Prior to sorting, 79.74% of the population
expressed surface CD47 (Figure 1(B)) and 58.67% stained positive for the intracellular cardiomyocyte
marker cTnT (Figure 1(C)), indicating a partially differentiated, heterogeneous population. Following FACS
using phycoerythrin/cyanine7-conjugated anti-CD47 antibody, the CD47* population was enriched to
96.28% (Figure 1(D)). Among these sorted cells, 99.89% were also cTnT-positive (Figure 1(E)), confirming
the successful isolation of cardiomyocytes with high purity.
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Figure 1. Schematic of 3D cardiomyocyte differentiation and FACS-based purification using CD47 (A) Schematic protocol
for 3D differentiation of cardiomyocytes from human pluripotent stem cells. The differentiation process is divided into five
stages over 14 days, utilizing temporal supplementation of Y-27632, EGF, N2, BMP4, and FBS to guide spheroid formation
and cardiomyocyte maturation. Representative bright-field images show the morphological changes during each stage. (B -
E) Flow cytometry analysis of differentiated cells before (B, C) and after (D, E) CD47-based sorting. Prior to sorting, 79.74% of
cells expressed CD47 (B), and 58.67% were positive for the cardiomyocyte marker cTnT (C). After sorting, the CD47 + cell
population increased to 96.28% (D), and cTnT + cells accounted for 99.89% of the total (E), indicating successful enrichment
of cardiomyocytes. (F) Dual-marker analysis post-sorting demonstrated that 85.63% of the CD47 + sorted population co-
expressed both CD47 and cTnT, supporting the utility of CD47 as an effective surface marker for cardiomyocyte purification.
Abbreviations: cTnT, cardiac troponin T; FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; PE, phy-
coerythrin. All images were captured using a microscope (4x).

To further assess the correlation between CD47 and cardiomyocyte identity, dual-marker flow cytometric
analysis was performed. As shown in Figure 1 F, 85.63% of the post-sorted population co-expressed CD47
and cTnT. Only minor fractions of the cells were CD477/cTnT~ (2.36%), CD47%/cTnT~ (5.84%), or CD477/
cTnT* (6.17%). This result highlights the specificity of CD47 expression for cardiomyocytes within the differ-
entiated population.
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To confirm the robustness and reproducibility of the CD47-based purification protocol, we repeated the
experiment using an independently differentiated hiPSC line (ACE-hiPSC-2). In this validation experiment,
CD47-sorted cells exhibited similar high purity, confirming that CD47 provides a reliable and reproducible
surface marker for enriching cardiomyocytes across different hiPSC sources (Supplementary Figure 2).

Evaluation of contraction capability in purified cardiomyocytes

Optical microscopy was performed to confirm the consistent contraction ability of cardiomyocytes purified
using the CD47 surface marker. The contraction capability of these cells was compared to that of cardiomyo-
cytes purified using the conventional metabolic-based method.

The CD47-based purification method isolates cardiomyocytes expressing the CD47 surface marker through
flow cytometry, whereas the metabolic-based method involves culturing cells in medium devoid of D-glucose
and supplemented with lactate. In the metabolic-based approach, cardiomyocytes survive because their mito-
chondria can utilize lactate as an energy source, whereas non-cardiomyocytes with fewer mitochondria
undergo cell death, resulting in selective purification of cardiomyocytes (Tohyama et al. 2013; Kadari et al.
2015; Ban et al. 2017; Laco et al. 2020). For the metabolism-based method, day-14 beating spheroids were dis-
sociated into single cells using TrypLE and seeded onto Matrigel-coated plates but cultured in glucose-free
medium supplemented with lactate, with the medium also replaced every 3 days (Figure 2(A)). For CD47-

A Metabolic-purified cardiomyocytes B CDA47-purified cardiomyocytes

Interval (s) Contracting No (1 min)
N- Metabolic CD47 Metabolic CD47
1 1.25 1.43 48 42
2 1 1.25 60 48
3 1.30 1.50 46 40
4 0.91 1.36 66 44
5 1.20 1.58 50 38
Interval 0.91-1.30 1.25-1.58 46-66 36-48
(Gap) (0.39) (0.33) (20) (12)

Figure 2. Comparison of cardiomyocyte contraction intervals and frequency between metabolic-purified and CD47-purified
cardiomyocytes (A) Representative images of metabolic-purified and (B) CD47-purified cardiomyocytes. The numbered
regions (No. 1 to No. 5) indicate the areas where contraction events were measured. (C) Comparison of contraction intervals
and frequency between metabolic-purified and CD47-purified cardiomyocytes. CD47-purified cells showed more consistent
contraction intervals and frequencies compared to metabolic-purified cells, with narrower variation in both metrics. All
images were captured using a microscope (10x).
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based purification, cardiomyocytes isolated via flow cytometry were seeded onto Matrigel-coated culture
plates and maintained in a medium supplemented with 5% FBS. The medium was replaced every 3 days
(Figure 2(B)). Beating cardiomyocytes were observed in both groups 3 days after seeding (Supplementary
Videos 1 and 2). Five representative beating cardiomyocytes were selected from each group for further analysis
(Figure 2(A,B)).

The contraction intervals and BPM of the selected cells were measured for 1 min using optical microscopy
(Figure 2(C)). For metabolic-based purified cardiomyocytes, contraction intervals ranged from 0.91-1.30 s,
with a variation of 0.39 s among the five selected cells. In contrast, CD47-purified cardiomyocytes exhibited
contraction intervals of 1.25-1.58 s, with a much smaller variation of 0.33 s among the five cells. Metabolic-
based purified cells showed a range of 46-66 BPM, with a variation of 20 BPM among cells. In comparison,
CD47-purified cardiomyocytes demonstrated a more consistent range of 36-48 BPM, with a variation of only
12 BPM.

Electrophysiological analysis of CD47 surface marker-purified cardiomyocytes

To analyze the electrophysiological properties of cardiomyocytes purified using the CD47 surface
marker, evaluations were conducted using the patch clamp technique. The electrophysiological analysis
of cardiomyocytes revealed three types of action potentials (APs) in the heart: nodal-like, atrial-like, and
ventricular-like (Figure 3(A)). Electrophysiological analysis was performed on 40 single cardiomyocytes,
and quantitative analyses of the amplitude, action potential during 80% repolarization (APD80),
upstroke velocity (Vmax), maximum diastolic potential (MDP), and beat period were conducted for
atrial-like and ventricular-like cells, excluding nodal-like cells, which are characterized by unstable mem-
brane potentials and low electrical activity. After analyzing the electrophysiological properties for each
indicator using the patch clamp technique, the cells were categorized into atrial - or ventricular-like
types, and the mean values were calculated (Figure 3(B)). The results of patch clamp analysis
showed that the 40 cardiomyocytes consisted of 75% ventricular-like cells, 20% atrial-like cells, and
5% nodal-like cells (Figure 3(C)).

Among the three types of cells in the heart, ventricular-like cells, characterized by highly negative MDP
values, long APDs, high amplitudes, and high Vmax values, represent the features of mature cardiomyocytes.
A larger proportion of ventricular-like cells is indicative of a more mature cardiomyocyte model. Electro-
physiological analysis using the patch clamp technique confirmed that cardiomyocytes purified using the
CDA47 surface marker were predominantly composed of ventricular-like cells.

Maturation of CD47 surface marker-purified cardiomyocytes

To analyze the maturation of cardiomyocytes purified via the CD47 surface marker, morphological changes
and contraction patterns were assessed using optical microscopy. Cardiomyocytes purified using the CD47
surface marker and seeded onto Matrigel-coated culture plates initially displayed short and irregular contrac-
tion intervals, with a small cell surface area (Supplementary Videos 3 and 4). After 2 weeks of maturation, the
cardiomyocytes exhibited regular and elongated contraction intervals, along with an increased cell surface
area (Supplementary Videos 5 and 6).

Immunofluorescence staining was performed to confirm the maturation status of the CD47-purified car-
diomyocytes. DAPI was used to stain the nuclei, and the cardiac-specific markers sarcomeric-a-actinin and
myosin light chain 2, ventricular/cardiac muscle isoform (MLC2v) were stained at wavelengths of 594 and
488 nm, respectively. Sarcomeric-a-actinin, which is increasingly expressed in mature cardiomyocytes, high-
lights well-defined Z-line structures in sarcomeres. MLC2v, a marker specific to ventricular-like cardiomyo-
cytes, was used to assess cardiomyocyte maturation. Immunofluorescence analysis revealed clear
sarcomeric structures through sarcomeric-a-actinin expression and confirmed cardiomyocyte maturation
via MLC2v expression in the CD47-purified cells (Figure 4(A)).

To further evaluate morphological and structural maturation, CD47-purified cardiomyocytes were exam-
ined before and after a 2-week in vitro maturation period using both bright-field microscopy and immu-
nofluorescence. Bright-field images revealed a clear morphological shift, with cells becoming larger and
more elongated after 2 weeks of culture in maturation-promoting medium (Figure 4(B), upper panel). This
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Figure 3. Electrophysiological analysis of CD47-purified cardiomyocytes using the patch clamp technique (A) Representa-
tive AP waveforms of the three cardiac cell types: nodal-, atrial-, and ventricular-like cardiomyocytes are shown. (B) Quan-
titative comparison of electrophysiological parameters, including amplitude, APD80, Vmax, MDP, and beat period for atrial
- and ventricular-like cardiomyocytes is presented. Ventricular-like cells showed a higher amplitude, longer APD80, greater
Vmax, more negative MDP, and slower beat period, indicative of mature cardiomyocyte properties. (C) Proportional distri-
bution of cardiac cell types in CD47-purified cardiomyocytes is illustrated. Among the 40 analyzed cells, 75% were ventri-
cular-like, 20% were atrial-like, and 5% were nodal-like, reflecting the prevalence of ventricular-like cells in the purified
population. The higher proportion of ventricular-like cells with mature electrophysiological features supports the effective-
ness of CD47-purification in isolating mature cardiomyocytes. Data are presented as the mean + SEM. Error bars represent
the 95% confidence interval (95% Cl) for each cell type proportion. Statistical significance was determined using unpaired
two-tailed Student'’s t-test (*p < 0.05; **p < 0.01). Abbreviations: AP, action potential; APD80, action potential during 80%
repolarization; CM, cardiomyocytes; hiPSC, human induced pluripotent stem cell; MDP, maximum diastolic potential; Vmax,
maximum upstroke velocity.
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Figure 4. Morphological and immunofluorescent analysis of CD47-purified cardiomyocytes during maturation (A) Immuno-
cytochemistry analysis of cardiomyocytes purified using CD47-based FACS. Cells were stained with cardiac-specific markers:
MLC2v (green) and sarcomeric a-actinin (red), with nuclei counterstained by DAPI (blue). Co-expression of MLC2v and sar-
comeric a-actinin confirms the cardiomyocyte identity of CD47-purified cells. (B) BR and MLC2v immunofluorescence
images of CD47-purified cardiomyocytes before (left column) and after (right column) 2 weeks of in vitro maturation in
basal medium supplemented with 20% N2 supplement and 5% fetal bovine serum. After 2 weeks, cells exhibit increased
cell spreading and surface area, suggesting morphological maturation. These results indicate that CD47 + purified cells
were functional cardiomyocytes capable of further maturation. ICC images were captured using a confocal microscope
(10x) and BR images were captured using a microscope (10x). Abbreviations: BR, bright-field; FACS, fluorescence-activated
cell sorting; ICC, Immunocytochemistry.
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transition was accompanied by a reduction in intercellular spacing and increased cellular alignment. Immu-
nofluorescence analysis of MLC2v confirmed the cardiac identity of the cells at both time points (Figure 4(B),
lower panel). However, post-maturation cardiomyocytes displayed a more intense and spatially organized
MLC2v signal, consistent with enhanced structural maturity. These results suggest that extended culture pro-
motes the morphological and molecular maturation of CD47-purified ventricular cardiomyocytes, support-
ing their suitability for downstream functional applications.

In addition to qualitative assessments, quantitative analyses were incorporated to evaluate enhanced
maturation in CD47-purified cardiomyocytes. Sarcomere length, a widely accepted structural index of cardi-
omyocyte maturation, was measured using high-resolution immunofluorescence imaging (Supplementary
Figure 3). CD47-purified cardiomyocytes exhibited significantly longer sarcomeres than did metabolically
purified cells (p < 0.01), consistent with the presence of more organized and mature contractile units. This
guantitative increase in sarcomere length supports the morphological and molecular maturation features
observed in MLC2v expression and cellular morphology. Together, these results directly address quantitative
maturation metrics and further substantiate that CD47-based purification yields a structurally more mature
ventricular cardiomyocyte population.

Analysis of drug-induced changes in CD47 surface marker-purified cardiomyocytes

To evaluate the cardiotoxic effects of drugs on CD47-purified cardiomyocytes, the MEA technique was
employed to analyze electrophysiological changes in cardiomyocytes. MEA enables the measurement of
the field potential duration, beat interval, and amplitude before and after drug treatment (Figure 5(A)).

The cardiomyocytes used for drug evaluation included CD47-purified cardiomyocytes and metabolic-
based purified cardiomyocytes as a comparison group. Each type of cardiomyocyte, cultured in two dimen-
sions, was treated with remdesivir and quinidine to assess drug toxicity. At a remdesivir concentration of 10
MM, CDA47-purified cardiomyocytes exhibited a greater reduction in field potential amplitude than did
metabolism-based purified cardiomyocytes, indicating higher sensitivity to remdesivir-induced electro-
physiological suppression (Figure 5(B)). However, at a remdesivir concentration of 30 uM, both groups exhib-
ited toxic responses to remdesivir. For quinidine, both cell populations showed amplitude decreases at 9.5
UM (Figure 5(C)). However, the reduction was more pronounced in CD47-purified cardiomyocytes, demon-
strating clearer sensitivity to quinidine-induced electrophysiological perturbation. This heightened respon-
siveness in the CD47-purified group is consistent with the clinically recognized proarrhythmic risk of
quinidine at near-therapeutic levels.

Discussion

We developed a CD47-based purification strategy to isolate functionally mature cardiomyocytes derived
from hPSCs. CD47 is widely expressed in cardiac tissue and participates in cell - cell signaling and stress-
associated pathways (Sharifi-Sanjani et al. 2014), providing biological plausibility for its use as a surface phe-
notype for cardiomyocyte enrichment. Using FACS, CD47-based sorting yielded cardiomyocytes exhibiting
ventricular-like electrophysiological characteristics with consistent contraction behavior and reduced varia-
bility in drug responses, supporting its utility for cardiac modeling and preclinical screening.

Compared with metabolic purification, CD47-based selection provided superior electrophysiological uni-
formity. Lactate-based purification remains one of the most widely adopted strategies because of its simpli-
city and scalability (Tohyama et al. 2013). However, glucose deprivation and lactate-enriched conditions
impose metabolic stress that may alter cellular bioenergetics or introduce phenotypic variability (Ban et
al. 2017; Rupert et al. 2020). Because CD47 purification relies on surface phenotype rather than metabolic
conditioning, it avoids potential physiological artifacts associated with nutrient withdrawal and yields a
more consistent ventricular-like population.

CD47" cardiomyocytes predominantly exhibited ventricular-like action potential profiles, including pro-
longed APD80, increased Vmax, more negative maximum diastolic potential, and greater action potential
amplitude, which are all hallmarks of electrophysiological maturation. These findings indicate that CD47
can be used as a phenotypic enrichment marker for ventricular-like cardiomyocytes. Importantly, CD47 is
not known to mechanistically regulate chamber specification or electromechanical maturation, and no
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Figure 5. Drug toxicity sensitivity comparison between metabolic-purified and CD47-purified cardiomyocytes (A) Sche-
matic representation showing changes in field potential amplitude before and after drug treatment. Beat interval and
amplitude were measured to assess cardiomyocyte response to drugs. (B) Bar graph displaying the percentage change
in amplitude after treatment with remdesivir at different concentrations. CD47-purified cardiomyocytes (purple) showed
greater sensitivity to remdesivir-induced changes in amplitude compared to metabolic-purified cells (orange), particularly
at higher concentrations (10 pM). (C) Bar graph showing the percentage change in amplitude after treatment with quini-
dine. CD47-purified cardiomyocytes (purple) exhibited significantly higher sensitivity to drug-induced amplitude reduction,
especially at 9.5 uM, compared to metabolic-purified cells (orange). Data are presented as the mean + SEM, with individual
data points shown. Sample size: n =12 recordings per group. Statistical significance was determined using unpaired two-
tailed Student’s t-test (*p < 0.05; **p < 0.01).

molecular evidence to date supports a causal relationship between CD47 expression and ventricular identity.
Accordingly, the interpretations presented here are limited to phenotypic correlation rather than to mechan-
istic inference.

To address concerns regarding variability between cell lines, we validated CD47 surface expression and
sorting performance using a second independently differentiated hiPSC line (ACE-hiPSC-2). CD47-based
purification consistently yielded >95% CD47" cells in this line, demonstrating that the surface-marker phe-
notype and purification efficiency are robust across distinct genetic backgrounds.

Structural maturation analysis further supported the electrophysiological findings. CD47* cardiomyocytes
exhibited significantly increased sarcomere length, enhanced sarcomeric organization, and elevated MLC2v
expression, all of which are established markers of ventricular-like cardiomyocyte subtype and maturation
(Cai et al. 2019; Gao et al. 2023). Together, these data indicate that CD47-based sorting enriches both the
structural and functional hallmarks of mature ventricular cardiomyocytes.

CD47 sorting offers complementary advantages over existing purification methods. Surface-marker -
based methods such as SIRPA and VCAM1 have demonstrated utility for isolating broad cardiomyocyte
populations (Dubois et al. 2011; Uosaki et al. 2011), with VCAM1 specifically associated with more structurally
mature lineages (Skelton et al. 2014). However, both markers capture heterogeneous cardiomyocyte sub-
types. In contrast, CD47 sorting enriches a narrower but more functionally coherent ventricular-like



392 (&) S.-J.PARKETAL.

population, yielding reduced electrophysiological variability, although with slightly lower overall cell recov-
ery. CD47 should therefore be considered a complementary strategy prioritizing electrophysiological fidelity
and subtype specificity over maximal yield.

Drug response analyses further highlighted these advantages, demonstrating that CD47-purified cardio-
myocytes displayed more reproducible and clinically consistent responses to remdesivir and quinidine than
those by metabolically purified cells. The ability to reliably generate ventricular-like cardiomyocytes with
high physiological fidelity could support the development of engineered cardiac tissues aligned with
FDA-endorsed New Approach Methods frameworks for preclinical safety testing (Administration 2025).

In conclusion, our CD47-based purification strategy enables scalable and reproducible enrichment of ven-
tricular-like cardiomyocytes with high functional consistency across multiple hPSC lines. Although the
mechanistic role of CD47 in subtype specification remains undefined, our findings establish CD47 as a
robust correlation-based phenotypic marker that enhances the precision of in vitro cardiac modeling,
pharmacological testing, and tissue engineering applications.
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