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SUMMARY
Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) offer great potential for drug screening and disease

modeling. However, hiPSC-CMs remain immature compared to the adult cardiac cells. Cardiomyocytes isolated from adult humanhearts

have a typical rod-shapedmorphology. Here, we sought to develop a simplemethod to improve the architectural maturity of hiPSC-CMs

by using a rod-shaped cellmicropatterned substrate consisting of repeated rectangles (120 mm long3 30 mmwide) surrounded by a chem-

ical cell repellent. The generated hiPSC-CMs exhibit numerous characteristics similar to adult human cardiomyocytes, including elon-

gated cell shape, well-organized sarcomeres, and increased myofibril density. The improvement in structural properties correlates with

the enrichment of late ventricular action potentials characterized by a more hyperpolarized resting membrane potential and an

enhanced depolarization consistent with an increased sodium current density. The more mature hiPSC-CMs generated by this method

may serve as a useful in vitro platform for characterizing cardiovascular disease.
INTRODUCTION

Over the past decade, the use of human pluripotent stem

cell-derived cardiomyocytes (hiPSC-CMs) for cardiac dis-

ease modeling and drug screening has grown tremen-

dously. Unlike the other in vitro models, hiPSC-CMs

provide an unlimited supply of patient-specific cardiomyo-

cytes. These cells develop a typical action potential (AP)

and contractile properties after a few days in culture

(Thomas et al., 2022; Zhao et al., 2018). However, hiPSC-

CMs, typically derived from chemically induced differenti-

ation protocols, exhibit a fetal-like phenotype with imma-

ture architectural and electrophysiological properties

compared to their adult cardiomyocyte counterparts (Koi-

vumaki et al., 2018; Thomas et al., 2022),which limits the

modeling of complex adult cardiac diseases.

Within themyocardium, cardiomyocytes are embedded

in a highly structured microenvironment that imposes

specific constraints (Andres-Delgado and Mercader,

2016). These geometric cues play an essential role in

configuring the orientation of myofibrils, the alignment

of sarcomeres, the intracellular architecture, and the po-

larization of cardiomyocytes (Bray et al., 2008). Experi-

mental studies of cardiac development have suggested

that the acquisition of the rod-shaped morphology of car-

diomyocytes results from extrinsic mechanical and hemo-

dynamic forces (Auman et al., 2007; Lin et al., 2012). Pro-

gressive sarcomere orientation may also contribute to

cardiomyocyte shape. However, the exact mechanisms
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underlying the geometric changes of cardiomyocytes

and their typical rod-shaped morphology are unclear.

The conventional culture techniques of hiPSC-CMs do

not impose physical constraints. During differentiation,

pluripotent stem cells are typically seeded on a uniform

adhesion substrate, allowing them to expand in all direc-

tions, resulting in hiPSC-CMs with circular shapes, disor-

ganized structures, and incomplete expression of cyto-

skeletal proteins and ion channels (Koivumaki et al.,

2018). Various maturation techniques have been pro-

posed in order to improve the maturation of generated

hiPSC-CMs, including thyroid hormone stimulation (Par-

ikh et al., 2017), metabolicmaturationmedia (Feyen et al.,

2020), and Matrigel mattress (Feaster et al., 2015). In

response to these chemical-stimulation-based maturation

techniques, some hiPSC-CMs can adopt an elongated

shape (Feaster et al., 2015; Parikh et al., 2017). It has also

been reported that the structural maturation of hiPSC-

CMs depends on interactions with the extracellular ma-

trix and activation of integrin signaling (Herron et al.,

2016). However, fewer maturation techniques impose

geometric constraints as seen in the tissue (Jimenez-Vaz-

quez et al., 2022a, 2022b).

Micropatterningmethods allow the reconstitution of tis-

sue-like conditions for in vitro cell culture. They involve the

design of a culture substrate featuring microscopic charac-

teristics that dictate a precise cell adhesion pattern (Thery,

2010). The patterned monolayers are easy to prepare and

reproducible, and the cells can be maintained in culture
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over extended periods. This technique has been previously

used with various cell types, including stem cell-derived

cells, in order to dictate their spatial organization (Herron

et al., 2016; Pioner et al., 2022; Ribeiro et al., 2017). In

particular, it was shown that sarcomere alignment in

neonatal rat ventricular myocytes is shape dependent and

influenced by external physical constraints (Bray et al.,

2008; Parker et al., 2008). Micropatterning offers advan-

tages but is not themost commonly usedmethod formatu-

ration. A culture technique based onMatrigel-coated plates

and a reusable micropatterned silicone stamp was recently

reported to improve the anisotropy of hiPSC-CMs (Jime-

nez-Vazquez et al., 2022a, 2022b).

Here, we aimed to develop and evaluate a method to

phenotype cardiac cells, optimally at the single-cell level.

This method involves culturing cells on pre-made and

ready-to-use micropatterned substrates, specifically

tailored to exhibit a rod-shaped morphology, aiming to

promote hiPSC-CMs elongation and anisotropy.
RESULTS

Structural features of hiPSC-CMs upon rod-shaped

micropatterning

To investigate whether rod-shaped micropatterning could

promote hiPSC-CMs maturation, we generated ventricular

CMs from three independent hiPSC lines, using the Wnt

modulation protocol (Figure 1A). Expression of pluripo-

tency markers was validated by immunostaining (Fig-

ure S1A). After around 10 days of cardiac induction, cul-

tures exhibited a contractile phenotype, and flow

cytometry analysis on day 21 showed a cardiomyocyte pu-

rity of 95.3% ± 4.5% as measured by TNNT2-positive cells

(Figures S1B and S1C). After 35 days of differentiation,

the cells were enzymatically dispersed and replated for up

to 7 to 10 days on specially designed individual micropat-

terned slides with a rod-shaped morphology or on control
Figure 1. Improved structural organization through rod-shaped m
(A) Schematic overview of the experimental study. On day 35 of differ
non-patterned slides for 7 to 10 days before molecular (real-time qP
clamp and transient calcium recordings) phenotyping.
(B) Representative phase-contrast microscopy images of rod-shaped
jectives, scale bar, 100 mm.
(C) Representative IF images of hiPSC-CMs from three different hiPSCs
cardiac troponin T2 (red) under rod-shaped micropatterning (top) vs.
was used to stain nuclei. Scale bar, 50 mm.
(D–H) Violin plots showing quantification data for cell length/width r
sarcomere misalignment (G), and sarcomere length (H). Non-pattern
shaped micropattern conditions, N = 47 for C01, N = 58 for C02, N =
Data are expressed as mean of 3 independent experiments from thre
****p < 0.0001.
culture slides (referred to as non-patterned). Briefly, themi-

cropatterned slides were stamped with Matrigel-coated

rectangles (120 mm long 3 30 mm wide) surrounded by an

anti-adhesive reagent (Figure 1A). In preliminary experi-

ments, we found this size to provide the optimal yield

among various length-to-width ratios tested (i.e., 3:1, 4:1,

and 5:1, corresponding to 90, 120, and 150 mm long for a

width of 30 mm). In the following days, hiPSC-CMs from

the 3 different hiPSC lines grew in the predesigned areas

and developed into rod-shaped cardiomyocytes (Figures

1B and S2A). We found that roughly half of the rectangular

patterns contained one cardiomyocyte while the other

half contained 2 or more (Figures S2B and S2C). Seven

days after seeding, we assessed the cell morphology and

sarcomere organization by troponin T and a-actinin

immunostaining (Figure 1C). As compared to hiPSC-CMs

derived in the standard non-patterned condition, hiPSC-

CMs plated on rod-shaped micropattern exhibited

enhanced organization of the contractile machinery, with

increased myofibrils density and alignment throughout

the cytoplasm of the cell (Figure 1C). hiPSC-CMs seeded

in the standard non-patterned condition showed round

to polygonal shapes with lower degree of alignment

(Figure 1C), consistent with previous reports (Lundy

et al., 2013).

Additional analyses revealed that the cell elongation (as

measured by the ratio of the major axis length to the minor

axis length) increased in rod-shaped hiPSC-CMs (p < 0.0001

for the 3 lines, Figure 1D). To gain deeper insight into the

cardiomyocyte shape, we assessed the cell circularity index

(Circularity = 4p 3 Area 3 Perimeter�2), where ‘‘0.5’’ sig-

nifies a rectangular cell and ‘‘1’’ represents a perfectly circular

cell. Rod-shapedmicropatterning led to a decrease in the cell

circularity index across all three lines (Figure 1E), with a

higher proportion of hiPSC-CMs showing a circularity index

of 0.5 (Figure S2D), underscoring the changes in shape

and reproducibility of the rod-shaped micropatterning

approach. Importantly, rod-shaped cardiomyocytes showed
icropatterning
entiation, hiPSC-CMs were seeded onto rod-shaped micropattern or
CR and immunofluorescence [IF]) and electrophysiological (patch-

hiPSC-CMs. Images were taken with 34 (left) and 310 (right) ob-

lines (C01, C02, and C03), for alpha-sarcomeric actinin (green) and
non-patterned conditions (down), 7 days after seeding. DAPI (blue)

atio (D), cell circularity index (E), sarcomere organization (F), cell-
ed conditions, N = 88 for C01, N = 70 for C02, N = 58 for C03; rod-
47 for C03.
e different hiPSCs lines. Mann-Whitney: *p < 0.05, **p < 0.01 and
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Figure 2. Generation of hiPSC-CMs with
late ventricular-like action potentials
favored by rod-shaped micropatterning
(A) Pie charts showing the distribution of
early ventricular, late ventricular, atrial, and
nodal-like APs in non-patterned (n = 28) and
rod-shaped (n = 22) hiPSC-CMs. p = 0.04 by
Fisher’s exact test.
(B) Representative APs classified as atrial,
early ventricular, and late ventricular-like
APs from hiPSC-CMs cultured in rod-shaped
micropatterns. hiPSC-CMs were paced at 1 Hz
frequency. The arrow indicates the notch
phase.
(C) Percentage of ventricular-like car-
diomyocytes showing a notch phase from at
least 3 independent experiments. Fisher’s
exact **p < 0.01.
a notably higher alignment ofmyofibrils, as evidencedby an

increase in sarcomere organization score (p < 0.0001 for the

3 lines, Figure 1F) and a decrease in the cell-sarcomere

misalignment (p < 0.0001 for the 3 lines, Figure 1G). We

also found significant difference in resting sarcomere

lengths between the two conditions for 2 lines, mainly

attributed to reduced intercellular variability within the mi-

cropatterned conditions and possible differences in the

contraction/relaxation state between cells in the absence

of drugs used to stop the cells beating before fixation (Fig-

ure 1H). There was no significant difference in the expres-

sion of sarcomeric genes (Figure S2E), nor in spontaneous

beating rates (Figure S2F; Videos S1 and S2). Taken together,

these data suggest that hiPSC-CMs obtained with the rod-

shapedmicropatterning technique display significant struc-

tural changes that make them more similar to mature

cardiomyocytes.
1420 Stem Cell Reports j Vol. 19 j 1417–1431 j October 8, 2024
Enrichment in the late ventricular-like type

cardiomyocytes in rod-shaped hiPSC-CMs

We then evaluated the electrophysiological properties

recorded by patch-clamp technique by comparing the

morphology of APs from hiPSC-CMs cultured under

both conditions (Figure S3A). First, we used the ratio (Ac-

tion potential direction) APD30-40/APD70-80, indicative

of the plateau phase, to discriminate between ventricular

and non-ventricular-like hiPSC-CMs. Consistent with the

use of a ventricular differentiation protocol, APs from

both non-patterned and rod-shaped hiPSC-CMs were pre-

dominantly categorized as ventricular-like (average 90% ±

1%; Figures 2A and 2B). Then, ventricular-like hiPSC-CMs

were classified into early ventricular-like (dV/dtmax < 30

V/s) or late ventricular-like (faster upstroke defined by

dV/dtmax > 30 V/s) CMs based on their depolarization ve-

locity. The percentage of late ventricular-like APs was



increased in hiPSC-CMs cultured in rod-shaped micropat-

terns (29% vs. 64% in non-patterned vs. rod-shapedmicro-

patterns, respectively), and the percentage of early ventric-

ular-like APs was decreased (61% vs. 27% in non-patterned

and rod-shaped micropatterns, respectively) (p = 0.04, Fig-

ure 2A). Furthermore, the number of APs with a typical

mature notch, indicating of greater involvement of Ito,

was increased to up to 60% in rod-shaped hiPSC-CMs

(Figure 2C). These results suggest that the acquisition of

adult-like rod-shaped morphology stimulates electrophysi-

ological configuration to a more mature ventricular

hiPSC-CMs.

Improved electrophysiological profile of rod-shaped

hiPSC-CMs

We next examined the effect of the rod-shaped micropat-

terning on spontaneous electrical activity and AP charac-

teristics. Representative AP traces are shown in Figure 3A.

First, we found that rod-shaped hiPSC-CMs exhibited

larger peak-to-peak intervals, reflecting a slower beating

rate and less spontaneous activity typical to the adult

phenotype (Figure 3B). Another marker of maturation is

the maximal diastolic potential (MDP), which was

more hyperpolarized in rod-shaped hiPSC-CMs as

compared to the non-patterned ones (�68.12 ± 6.2mV vs.

�59.18 ± 4.9 mV, respectively, p = 0.0046) (Figure 3C).

Depolarization parameters were also improved in the rod-

shaped micropattern condition. Indeed, at 1 Hz pacing fre-

quency, rod-shaped hiPSC-CMs exhibited 1.65 times faster

upstroke velocity (Figure 3D) and increased depolarization

parameters (Figures 3E and 3F) compared to non-patterned

hiPSC-CMs. There were no significant changes in repolari-

zation duration (Figure S3B), or in APD30-40/APD70-80 ra-

tio in rod-shaped hiPSC-CMs (Figure 3G). To ascertain

whether this shift toward a more mature electrical pheno-

type stemmed from a differential expression of key ion

channels involved in the cardiomyocyte AP, we employed

quantitative real-time PCR (real-time qPCR). Analysis of

key ion channels transcripts involved in the generation

of If, IK1, IKr, INa, and ICa,L (HCN4, KCNJ2, KCNH2, SCN5A,

and CACNA1C, respectively) showed no statistically signif-

icant difference between rod-shaped and non-patterned

CMs (Figure 3H). In summary, the AP in rod-shaped

hiPSC-CMs demonstrated improvements that brought it

closer to the characteristic profile seen in adult cardiomyo-

cytes without significant change in the main ion channels

transcripts level.

Increase in INa density in rod-shaped hiPSC-CMs

The faster AP depolarization in rod-shaped hiPSC-CMsmay

be the result of either a greater contribution of INa at more

negative MDP or an alteration in ion channel expression

and gating properties. INa drives the depolarization in adult
ventricular cardiomyocytes and is often deficient in hiPSC-

CM with fetal-like phenotype (Al Sayed et al., 2021a,

2021b; Zhu et al., 2021). Representative INa traces (with

the corresponding voltage protocol) in rod-shaped micro-

patterned and non-patterned hiPSC-CMs are shown in Fig-

ure 4A. In rod-shaped hiPSC-CMs, the mean peak INa den-

sity was significantly higher than that in non-patterned

hiPSC-CMs (Figures 4B and S3C). However, cell size, as

measured by cell capacitance, did not show a statistically

significant difference between the two culture conditions

(Figure S3D), indicating that the differences were due to

changes in cell shape rather than cell size. The voltage

dependence of activation was not altered between rod-

shaped and non-patterned hiPSC-CMs (Figure 4C; Table 1).

However, the voltage dependence of inactivation of the

rod-shaped hiPSC-CMs was shifted toward depolarized po-

tential by 3.6 mV when compared with that of the non-

patterned hiPSC-CMs (Figure 4D). The slope values in the

inactivation curves were not changed, but the V1/2 was

significantly (p = 0.0495) more positive in the rod-shaped

hiPSC-CMs (Table 1).

We performed Nav1.5 immunostaining and detected the

sodium channel at the plasma membrane in hiPSC-CMs

under both conditions (Figure 4E). Considering the im-

provements in INa density, we compared the expression

levels of the fetal versus adult isoforms of a-subunit 5 of

the sodium voltage-gated ion channel (SCN5A) using real-

time qPCR. The analysis revealed a significant increase of

the adult/fetal isoform ratio in the rod-shaped hiPSC-CMs

(Figures 4F, S4A, and S4B), indicating a shift toward more

mature channel forms. In addition, the expression of the

Na+ channel b subunits b1 (SCN1B) and b4 (SCN4B) was

significantly increased in the rod-shaped hiPSC-CMs

(Figures 4G and 4H), whereas SCN2B and SCN3Bwere simi-

larly expressed (Figures S4C and S4D). Overall, these find-

ings suggest that micropatterning led to a change in the

expression of the different sodium channel subunits, re-

sulting in increased sodium current density in the rod-

shaped hiPSC-CMs.

Rod-shaped micropatterning does not impact calcium

handling properties

Finally, we compared Ca2+ handling between rod-shaped

and non-patterned hiPSC-CMs using the intracellular cal-

cium dye Fluo-4-AM. Despite the difference in cell shape,

staining with the calcium dye showed that both

non-patterned and rod-shaped hiPSC-CMs have robust

intracellular Ca2+ stores (Figure 5A). Representative traces

for both conditions are shown in Figures 5B and 5C.

Non-patterned and rod-shaped CMs showed similar

beating rates and calcium amplitude under electrical stim-

ulation (Figures 5D–5F), but with an important intercel-

lular variability, suggesting that not all cells correctly
Stem Cell Reports j Vol. 19 j 1417–1431 j October 8, 2024 1421



Figure 3. Improved electrophysiological properties of rod-shaped micropatterned hiPSC-CMs
(A) Representative overlayed ventricular-like AP traces recorded from non-patterned and rod-shaped micropatterned hiPSC-CMs 10 days
after seeding.
(B and C) Bar graphs quantifying (B) peak-to-peak interval duration averaged from spontaneously beating hiPSC-CMs and (C) membrane
diastolic potential measured in non-patterned and rod-shaped CMs, paced at 1 Hz.
(D) Box whisker blot showing maximum upstroke velocity dV/dtmax calculated in non-patterned and rod-shaped hiPSC-CMs, paced at 1 Hz.
(E and F) Bar graphs quantifying (E) upstroke overshoot analyzed from APs recorded in non-patterned and rod-shaped hiPSC-CMs which
were paced at 1 Hz and (F) depolarization amplitude averaged from APs paced at 1 Hz and recorded in non-patterned and rod-shaped
hiPSC-CMs.
(G) APD30-40/APD70-80 ratio, which reflects the plateau phase ratio in non-patterned and rod-shaped hiPSC-CMs paced at 1 Hz.
(H) RNA expression of HCN4, KCNJ2, KCNH2, SCN5A, and CACNA1Cmeasured by SYBR green in non-patterned and rod-shaped hiPSC-CMs. CTs
were normalized to RPL32, and the ratio of rod-shaped to non-patterned was calculated for each cardiac differentiation. CTs, threshold
cycle.
Data are expressed as mean ± SEM. For (B–G), n = 10–26 from 4 independent experiments. For (H), n = 3 independent experiments from 7
differentiations per condition. Mann-Whitney: ns, p > 0.05, *p < 0.05, ***p < 0.001, and ****p < 0.0001 vs. non-patterned hiPSC-CMs.
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Table 1. Biophysical parameters of INa in hiPSC-CMs

Non-patterned n Rod-shaped n p value

Cell

capacitance

(pF)

35.70 ± 1.97 30 35.89 ± 2.35 27 0.7659

INa density

(pA/pF)

at �20 mV

�64.92 ± 4.24 26 �89.30 ± 5.02 25 0.0005

Steady-state

activation

25 20

V1/2 (mV) �33.94 ± 0.69 �33.72 ± 0.98 0.5867

Kact 3.39 ± 0.26 2.70 ± 0.28 0.0858

Steady-state

inactivation

25 19

V1/2 (mV) �74.15 ± 1.21 �70.34 ± 1.47 0.0384

Kinact �5.76 ± 0.45 �7.15 ± 0.82 0.3592

INa, sodium current density measured at�20 mV from�100 mV holding po-

tential; V1/2, voltage of half-maximal (in)activation; K, slope factor of

voltage dependence of (in)activation. Values are mean ± SEM. Mann-

Whitney test.
followed the imposed stimulation. The calcium transient

area under the curve (AUC) and time to peak were not

significantly changed between rod-shaped and non-

patterned hiPSC-CMs (Figures 5G and 5H; Table 2). We

found that the maximum rising rate and the maximum

decay rate of the rod-shaped CMs were not significantly

different from those of the non-patterned CMs

(Figures 5I–5K), while the time to 10% transient decay

was significantly increased in the rod-shaped hiPSC-CMs

(Figure 5L). Similar results were found in the non-paced

cells, however with a significantly smaller amplitude and

maximal rising rate in the rod-shaped hiPSC-CMs

(Figures S5A–S5G). These data indicate that hiPSC-CMs
Figure 4. Sodium channel function and expression were improve
(A) Representative INa densities in both conditions. Inset shows volt
(B) Average peak INa densities (pA/pF) versus membrane potential (Em
amplitude to cell membrane capacitance.
(C) INa voltage dependence of activation in both conditions. GNa (as IN
normalized to its maximum value (Gmax) and plotted as a function o
(D) INa voltage dependence of inactivation in both conditions. INa wa
potential of the conditioning pulse preceding the �20mV test pulse
(E) Representative images showing Nav1.5 immunostaining in non-p
shown in blue (DAPI). Scale bar, 50 mm.
(F) Ratio of adult vs. fetal SCN5A mRNA expression in non-patterned a
levels were normalized to non-patterned samples.
(G and H) RNA expression of SCN1B and SCN4Bmeasured by SYBR green
RPL32, and the ratio of rod-shaped to non-patterned was calculated
Data are expressed as mean ± SEM. For (B–D), n = 20–28 cells from 4 ind
**p < 0.01. For (F–H), n = 3 independent experiments from 5 to 7 dif
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from rod-shaped conditions did not exhibit enhanced cal-

cium handling properties as compared to non-patterned

standard hiPSC-CMs. We also found a lack of significant

differences in the transcript levels of key calcium handling

genes (CACN1C, RYR2, ATP2A2, PLN, and CASQ2;

Figures 3H and 5M).
DISCUSSION

Human hiPSC-CMs provide a powerful cell source for dis-

ease modeling, drug screening, and toxicity testing. A ma-

jor limitation of the hiPSC-CMs is that they can exhibit

immature properties, which limits their utility in disease

modeling and designing therapeutic applications (Koivu-

maki et al., 2018; Yang et al., 2014a, 2014b). Therefore, pro-

moting the maturation of hiPSC-CMs has become an

important topic in the field. To date, several approaches

have been proposed to improve the maturation status of

hiPSC-CMs, such as prolonged culture (Lundy et al.,

2013), the use of fatty acid medium (Feyen et al., 2020;

Yang et al., 2019), engineered heart tissue (Cho et al.,

2022), electrical stimulation (Chan et al., 2013), or the

addition of various soluble factors during the differentia-

tion process (Yang et al., 2014a, 2014b; Yoshida et al.,

2018). However, these techniques do not primarily address

a key feature of mature cardiomyocytes, which is their

genuine rectangular shape. Here, we directly addressed

this issue by forcing hiPSC-CMs to grow under geometric

constraints imposed by a micropatterned substrate made

of repeated rectangles 120 mm long and 30 mm wide sur-

rounded by a chemical cell repellent. Of note, this

approach does not involve the addition of biochemical

stimuli to induce changes in cell shape but rather relies

on a physically induced modeling of cell architecture. We

first found that the different hiPSC-CMs lines used in this

study grew well on the substrate, rapidly and reproducibly,
d in rod-shaped hiPSC-CMs
age-clamp protocol.
) in non-patterned and rod-shaped hiPSC-CMs. pA/pF, peak current

a/(Vm�ENa), where ENa is the equilibrium potential for Na+ ions) was
f the potential of the test pulse (inset: voltage protocol).
s normalized to its maximum value and plotted as a function of the
(inset: voltage protocol).
atterned and rod-shaped hiPSC-CMs at day 7 of seeding. Nuclei are

nd rod-shaped hiPSC-CMs measured by SYBR green. Relative mRNA

in non-patterned and rod-shaped hiPSC-CMs. Cts were normalized to
for each cardiac differentiation.
ependent experiments. Two-way ANOVA with Bonferroni: *p < 0.05,
ferentiations per condition. Mann-Whitney, *p < 0.05, **p < 0.01.
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and mostly exhibited a rod-shaped morphology with

improved anisotropy and sarcomere organization and

alignment. In contrast, hiPSC-CMs cultured in non-

patterned conditions mostly showed a circular shape. The

significant change in cell shape between the two condi-

tions is likely the predominant reason for the electrophys-

iological findings, underscoring the impact of cell shape on

cardiomyocyte properties, including cytoskeletal structure,

as previously suggested (Chen et al., 1997, 1998).

A pivotal finding of our study centers on the remarkable

enhancement of the electrophysiological profile in

response to the geometric constraints. The morphological

changes were accompanied by several key electrophysio-

logical changes that are characteristic of an enhanced

maturation of hiPSC-CMs, such as a more hyperpolarized

resting membrane potential, closer to the adult human

ventricular value of �80mV (Horvath et al., 2018), and

the increased proportion of cells with a late ventricular-

like AP. We also found an increase in sodium current and

faster depolarization velocity, in line with a shift in the

expression profile of ion channels from fetal to adult iso-

forms. This latter finding suggests cytoskeletal changes

that signal to the nucleus and influence gene expression.

Prior studies have suggested that the development of

contractility is dependent on the biomechanical environ-

ment (Ribeiro et al., 2015; Tsan et al., 2021). Notably, a pre-

vious study underscored howmicropatterning controls cell

shape and facilitates electrophysiological measurements

(Jimenez-Vazquez et al., 2022a, 2022b). Our direct compar-

ison between non-patterned standard hiPSC-CMs and

rod-shaped micropatterned hiPSC-CMs provides a critical

description of the achieved electrophysiological matura-

tion that emerges from imposing geometrical constraints.

Previous reports have highlighted that the gene expres-

sion pattern of hiPSC-CMs is immature and resembles the

gene expression of first-trimester fetal heart (van den Berg

et al., 2015). Typically, hiPSC-CMs exhibit lower levels of

sodium currents when compared to fully developed adult

cardiomyocytes. The study of many cardiac arrhythmias,

notably those linked to an impaired sodium current, has
Figure 5. Calcium handling profile
(A) Representative confocal images of non-patterned and rod-shaped
(B and C) Representative recordings of field stimulation-induced calciu
(C) and their corresponding fluorescence map.
(D) Violin plot showing beating rates from non-patterned and rod-sh
(E) Representative superimposed calcium recording traces from non-p
(F–L) Violin plots of (F) calcium transient amplitude, (G) calcium trans
(J) maximum decay rate, (K) time to 90% relaxation, and (L) peak to
(M) RNA expression of ATP2A2, PLN, CASQ2, and RYR2 measured by
normalized to RPL32, and the ratio of rod-shaped vs. non-patterned wa
cells from 3 independent experiments. Adjusted linear mixed models:
independent experiments of 7 differentiations per condition. Mann-W
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been hampered by the immature traits of hiPSC-CMs (Al

Sayed et al., 2021a, 2021b; Campostrini et al., 2023; Zhu

et al., 2021). Consistent with a 2-fold increase previously

observed in hiPSC-CMs cultured on a Matrigel mattress

(Feaster et al., 2015), our investigation revealed an

enhancement in sodium current. This observationwas sub-

stantiated by notable shifts in the expression of the adult

SCN5A isoform and elevated expression of the auxiliary b

subunits (i.e., SCN1B and 4B). These auxiliary subunits

interact with the alpha subunit of the sodium channel,

thereby influencing its kinetics and ultimately generating

a more ample current, consistent with our results. As

the understanding of Navb subunit contributions to car-

diac arrhythmias evolves, the micropatterning technique

is poised to contribute to modeling-related hereditary

channelopathies (Martinez-Moreno et al., 2020; Me-

deiros-Domingo et al., 2007; Ransdell et al., 2022).

Conversely, the calcium handling properties were not

improved in the rod-shaped micropatterned hiPSC-CMs.

The expressions of sarcomeric and calcium genes were

not different, suggesting that micropatterning does not

affect the gene expression of these important cardiac sys-

tems. The direct comparison of the generated hiPSC-CMs

between the two culture conditions has some limitations

that may have influenced our results. While patch clamp-

ing was performed at the single-cell level, calcium imaging

was performed directly on the wells capturing the signal of

multiple cells at a time. While our micropatterning tech-

nique includes a cell repellent that prevents cells from

spreading and forming contacts with other cells, hiPSC-

CMs grown under standard non-patterned conditions can

connect with each other, which may promote maturation

of the excitation-contraction couplingmachinery. Another

limitation is that our micropatterning design limits cell-to-

cell connections and does not reproduce the 3D structure

found in the native myocardium. This approach allows

the production of hiPSC-CMs with morphology closer to

that observed in mature isolated adult cardiomyocytes,

but this does not perfectly reflect the in situ environment

by recreating a cardiac myofibril for instance. Lastly, the
CMs loaded with Fluo-4-AM Ca indicator.
m transient (1 Hz) in non-patterned (B) and rod-shaped hiPSC-CMs

aped hiPSC-CMs, stimulated at 1 Hz.
atterned and rod-shaped hiPSC-CMs.
ient area under the curve, (H) time to peak, (I) maximum rising rate,
10% decay time.

SYBR green in non-patterned and rod-shaped hiPSC-CMs. Cts were
s calculated for each cardiac differentiation. For (D–K), n = 100–175
ns p > 0.05, **p < 0.01 vs. non-patterned hiPSC-CMs. For (M), n = 3
hitney: ns, p > 0.05 vs. non-patterned hiPSC-CMs.



Table 2. Calcium handling, related to Figure 5

Parameter Non-patterned Rod-shaped p value

Ca transient

amplitude (F/F0)

2.296 ± 0.506 2.125 ± 0.425 0.078

Time to peak (ms) 250.7 ± 114.8 274.1 ± 122.7 0.089

Area under the

curve (AU)

19.23 ± 10.11 18.88 ± 10.32 0.71

Beating rate (bpm) 45.05 ± 15.66 44.52 ± 16.55 0.69

Maximal rising

rate (F/s)

1230 ± 497.6 1115 ± 465.5 0.21

Maximal decay

rate (F/s)

256.1 ± 107.8 259.9 ± 92.55 0.56

Peak to 10%

decay time (ms)

86.80 ± 53.30 100.6 ± 50.62 0.0016

Ca2+ kinetic measurement of rod-shaped vs. non-patterned hiPSC paced at

1 Hz. Data presented are mean ± SD (n = 100 for non-patterned and n =

175 for rod-shaped). Adjusted mixed linear models.

Ca2+ kinetic measurement of rod-shaped vs. non-patterned hiPSC paced at

1 Hz. Data presented are mean ± SD (n = 100 for non-patterned and n =

175 for rod-shaped). Linear mixed models with adjustment on clustered

data (according to differentiation and experiment).
large intercellular variability also suggests that not all cells

correctly followed the imposed stimulation, which could

have affected our results.

Other micropatterning designs may be useful to better

mimic themyofibril organization. However, we specifically

chose to use a 1203 30 mm rectangular design because rod-

shaped iPSC-CMs are more suitable for a variety of tech-

niques performed on isolated cardiomyocytes, including

stretch assays, ion imaging, or patch clamping. Of note,

other format might be more appropriate to study the con-

tractile function, such as ring-shaped cardiac organoids as

recently developed (Seguret et al., 2024; Vermersch

et al., 2024).

Our study has some limitations. First, the vastmajority of

cells in the non-patterned conditions spontaneously adopt

a circular shape, but this was not imposed by, for example, a

circularmicropatterned substrate. Thus, we cannot exclude

that factors other than cell shape change contribute to the

electrophysiological maturation observed in the rod-

shaped micropatterned hiPSC-CMs. Second, the analysis

of contractility parameters from raw image sequences of

video recordings obtained with this assay will require

further development to detect and record signals at the sin-

gle-cell level. It should also be noted that approximately

half of the rectangular patterns contained 2 or more cells,

a feature that could not be controlled for in the assay. These

issues appear to be a limitation of the assay. Third, the

responses to different pharmacological compounds

(including ionotropic drugs) have not yet been tested.
In conclusion, we propose a simple method to boost the

architectural maturity of hiPSC-CMs. This involves

culturing these cells on a rod-shaped cell micropatterned

substrate formed by repeated rectangles with a size ratio

of 1:4. This induces a shape similar to adult cardiomyocytes

in a short time frame, all without the use of supplements

that may impact cardiomyocyte behavior. The resulting

hiPSC-CMs exhibit numerous structural and electrical

characteristics that align them more closely with adult hu-

man cardiomyocytes. However, other parameters, like

sarcomere length and calcium amplitude, were not

improved. This model holds potential to replicate the fea-

tures and function of adult cardiomyocytes in vitro more

faithfully and reproducibly, advancing thereby our capa-

bility to comprehend diverse cardiovascular diseases and

drug discovery at the single-cell level.
EXPERIMENTAL PROCEDURES

hiPSC reprograming and maintenance
All hiPSC lineswere reprogrammed from skin fibroblasts. The three

hiPSC lines used in this study were SKiPSC-31.3 (C01), which was

derived from a healthy adult male volunteer (Karakikes et al.,

2014), and two lines (P11007 (C02) and P11014 (C03)) which

were derived from healthy male and female donors, respectively

(Stillitano et al., 2017). HiPSCs were seeded onto stem cell-quali-

fied Matrigel-coated (354277, Corning) plates and maintained in

mTeSR Plus medium (100-0276, STEMCELL Technologies) in a hu-

midified incubator (5% CO2, 37
�C). At 70%–80% confluence, cells

were passaged in clumps by scraping with a pipette tip. Pluripo-

tency was assessed by immunofluorescence and routinely tested

for mycoplasma every 1 month according to the manufacturer’s

recommendations (Lonza, LT07-318). Genome stability was as-

sessed by detection of recurrent genetic abnormalities using the

iCS-digital PSC test, provided as a service by Stem Genomics

(https://www.stemgenomics.com/), as described previously (Assou

et al., 2020).
hiPSC-CMs differentiation and culture
Once confluent, hiPSCwere differentiated into cardiomyocytes us-

ing a chemically defined cardiac differentiation protocol (adapted

from Garg et al., 2018). Briefly, mTeSR Plus was replaced with

RPMI-1640 supplemented with B27 supplement minus insulin

(A1895601, Thermo Fisher Scientific) and 6 mM CHIR-99021

(120890, Abcam) and maintained in a 5% CO2/air environment

for 48 h. The medium was then changed to RPMI-1640/

B27 minus insulin for 24 h and switched to RPMI-B27minus insu-

lin supplemented with 5 mM IWR-1 (I0161, Sigma-Aldrich) for 48

h. On day 5, the medium was changed back to RPMI-1640/

B27minus insulin for 48 h. Starting on day 7, the cells were placed

in RPMI-1640 with B27 supplement plus insulin (17505044,

Thermo Fisher Scientific). On day 11, beating hiPSC-CMswere sub-

jected to glucose starvation in RPMI-1640/B27 plus insulin

without glucose (11879020, Thermo Fischer Scientific) for

3 days. The cells were then dissociated using 0.05% trypsin
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(25300104, Thermo Fisher Scientific) for 10 min and seeded at

0.3 3 106 cells/cm2 in RPMI-B1640/B27 plus insulin for 24 h.

The cells were then subjected to a second round of glucose starva-

tion for 3 days. These two rounds of glucose have been shown to

dramatically increase the percentage of cardiomyocytes obtained

(Sharma et al., 2015). Until day 18, the cells were cultured in

RPMI-1640/B27 plus insulin and the medium was changed every

two days.

Growing cells on rod-shaped micropatterned surface
Single-cell micropatterned glass slides are coated with a cell re-

pellent, based on a modified Polydymethylsiloxane polymer,

which is then burned by ultraviolet light with a mask designed

to contain repeating rectangles 120 mm long and 30 mm wide,

with each rectangle being separated by 300 mm. The mask was

designed by our team, and the micropatterns were fabricated

by the small bioengineering company 4Dcell (Montreuil,

France). Prior to cell seeding, micropatterned glass slides were

coated with Matrigel. At day 35 after differentiation, hiPSC-

CMs were seeded onto the Matrigel-coated micropatterned glass

slides at a density of approximately 18 3 103 cells/cm2 and al-

lowed to grow for 7 to 10 days in RPMI-1640/B27 plus insulin

at 37�C in 5% CO2/air environment. hiPSC-CMs cultured under

standard unconstrained conditions were used as a control (non-

patterned condition).

Flow cytometry analysis
On day 21 of differentiation, hiPSC-CMs were dissociated with

0.05% trypsin-EDTA (130-110-204, Miltenyi Biotec) and stained

with the fixable Zombie NIR viability kit (423105, BioLegend).

The collected cell pellets were then fixed and permeabilized with

the Inside Stain kit (130-090-477, Miltenyi Biotec) for 10 min at

room temperature. Cells were incubatedwith either Allophycocya-

nin (APC) anti-cardiac troponin T (cTnT) antibody (130-120-403,

Miltenyi Biotec; 1:100) or APC isotype control (130-120-709, Mil-

tenyi Biotec; 1:100) for 10 min at room temperature. Cells were

analyzed on a BD Biosciences fluorescence-activated cell sorting

LSRFortessa X-20 instrument with a minimum of 30,000 cells. Re-

sults were processed using FlowJo v10 (FlowJo, LLC).

Immunostaining
HiPSC-CMs were cultured on Matrigel-coated rod-shaped or non-

patterned glass slides. After one week, the cells were sequentially

fixed with 4% paraformaldehyde (1573590, Electron Microscopy

Sciences) for 10 min at room temperature and then permeabilized

and blocked with a blocking solution containing 0.5% Triton

X-100 (T-8787, Sigma) and 2% bovine serum albumin (001-000-

162, Jackson ImmunoResearch) in PBS for 1 h. Subsequently, pri-

mary antibody incubation was performed overnight at 4�C in

1:10 diluted blocking solution: anti-cTnT (ab45932, Abcam;

1:500), anti-alpha-actinin (A7811, Sigma-Aldrich; 1:1000), or

anti-Nav1.5 (ASC-005, Alomone; 1:100). After washing, cells

were incubated with secondary antibodies goat anti-mouse or

anti-rabbit immunoglobulin G conjugated to Alexa Fluor 488

(A10680, Thermo Fisher Scientific; 1:500) or 546 (A11010, Thermo

Fisher Scientific; 1:500)/DAPI and mounted with Dako Faramount

aqueous mounting (S3025, Agilent).
1428 Stem Cell Reports j Vol. 19 j 1417–1431 j October 8, 2024
Beating rate analysis
Analysis of spontaneous beating rates was performed on hiPSC-

CMs after 7 days of culture on rod-shaped or non-patterned slides

using Fiji. Briefly, 30-s videos were recorded and converted to raw

.avi files for analysis and then imported into Fiji. Region of interest

andmultimeasure were used to obtain peak contraction over time.

Peak-to-peak duration was used to calculate beating rates.

Imaging and morphological analysis
Fluorescent imageswere acquired using a cameramounted on a Le-

ica TSC SP8microscope, and confocal images were processed using

Fiji. Morphological features and internal organization of sarco-

meres were analyzed with an adapted MATLAB interface of

SarcOmere Texture Analysis (SOTA) coded by Sutcliffe et al.,

2018. A total of 50–100 cells were analyzed per condition from

three independent experiments.

RNA extraction and qPCR
Total RNA preparations were extracted from hiPSC-CMs after

7 days of culture on rod-shaped or non-patterned slides using the

NucleoSpin RNA XS kit (740902.50, MACHEREY-NAGEL) and

retrotranscribed using the SuperScript IV VILO kit (11756050,

Thermo Fisher Scientific) as per the manufacturer’s instructions.

Real-time qPCR was performed using amplified cDNA, gene-spe-

cific primers (Table S1), and an SYBR select master mix (Thermo

Fisher Scientific, 4472908) on the QuantStudio 3 real-time PCR

system (Applied Biosystems). RPL32 was used as the housekeeping

gene. Relative mRNA levels were normalized to non-patterned

samples.

Patch clamp
Cardiomyocytes were enzymatically dissociated into single cells

on day 35 of differentiation using 0.05% trypsin-EDTA for

10 min at 37�C. Single-cell cardiomyocytes were then plated on

Matrigel-coated slides with vs. without the rectangular rod-shaped

micropattern. Ten days after seeding, patch-clamp recordings were

performed using an Axopatch 200B amplifier (Molecular Devices)

controlled by Axon pCLAMP 11 software through an A/D con-

verter (Digidata 1550B; Molecular Devices). All recordings were

made at 37�C. Data were collected from at least three independent

differentiations and analyzed using the pCLAMP software (Molec-

ular Devices).

AP recording
Using an amphotericin-B perforated-patch configuration, APswere

recorded from hiPSC-CMs bathed in a Tyrode’s solution contain-

ing (in mM): 140 NaCl, 4 KCl, 1 CaCl2, 0.5 MgCl2, 10 glucose,

and 10 HEPES (pH 7.4 adjusted with NaOH). Borosilicate glass pi-

pettes (4–5 MU of tip resistance) were filled with a solution con-

taining (in mM): 125 K-Gluconate, 20 KCl, 5 NaCl, 5 HEPES, and

0.22 amphotericin-B (pH 7.2 adjusted with KOH). The beating

rate was calculated from spontaneous APs. Cells were paced with

1 ms 30–50 pA/pF stimulation pulse at 1,000 ms (1 Hz frequency)

of cycle length using custom software running on RT-Linux and an

A/D converter (National Instruments PCI-6221) connected to the

current command of the amplifier (Al Sayed et al., 2021a;

2021b). AP characterization was calculated from an average of 7



consecutive APs. APs with APD30-40/APD70-80 <1.5 were classi-

fied as either nodal (dV/dtmax < 10 V/s) or atrial (dV/dtmax > 10

V/s); those with a ratio APD30-40/APD70-80 >1.5 were classified

as early ventricular-like (dV/dtmax < 30 V/s) or late ventricular-

like type (dV/dtmax > 30 V/s) (Fukushima et al., 2020).
Sodium current measurement
INa measurements were recorded in a ruptured patch configuration

and low-pass filtered at 5 kHz. Cells were bathedwith a Tyrode’s so-

lution containing (in mM): 130 NaCl, 10 CsCl, 1.8 CaCl2, 1.2

MgCl2, 11 glucose, and 5 HEPES (pH 7.4 adjusted with NaOH). Pi-

pettes with 2–4 MU tip resistance were filled with a solution con-

taining (in mM): 90 CsGluconate, 5 NaCl, 45 CsCl, 1 EGTA, 10

HEPES, and 2 MgATP; (pH 7.2 adjusted with CsOH). The holding

potential was set to �100 mV. Series resistance was compensated.

Leakage current was subtracted. Peak current was normalized to

cell capacitance (Cm) and plotted against voltage to generate the

peak current density-voltage curve. Steady-state activation and

inactivation curves were fitted using a Boltzmann equation:

I/Imax = A/{1.0+exp [(V1/2 – V)/k} where k > 0 for the activation

curve and k < 0 for the inactivation curve.
Calcium transient imaging
Following a 10-day recovery period after seeding, cells were loaded

with 2 mM Fluo-4-AM Direct calcium assay kit (F10471, Thermo

Fisher Scientific) for 15 min at 37�C. To allow complete de-esterifi-

cation of the Ca2+ probe, the mediumwas then replaced with a so-

lution containing 140 mM NaCl, 5 mM KCl, 10 mM glucose,

10 mM HEPES, 1 mM MgCl2, and 1.8 mM CaCl2 (pH 7.4 adjusted

with NaOH) for 30 min. Fluorescence videos of calcium transients

were captured at 44 frames per second using a Leica TSC SP8 imag-

ing system at 37�C incubation. Each recording was made using

electric field stimulation at 1 Hz with custom-made platinum elec-

trodes connected to a stimulus generator (STG1002, Multi Chan-

nel Systems). Raw imaging data were analyzed using CalTrack

MATLAB script (MathWorks) (Psaras et al., 2021).
Statistical analysis
Statistical analysis was performed using GraphPad Prism 10.0.2

and the R environment. Data are presented as mean ± standard er-

ror of the mean (SEM). The Mann-Whitney U test was used for

comparing continuous variables between two groups. Two-way

analysis ANOVAwith Bonferroni post hoc test was used for analysis

of sodium current densities and activation and inactivation curves.

For calcium transients’ data, the comparison of variables between

groups was tested using linear mixedmodels adjusted for clustered

data (i.e., differentiation and seeding preparation). Fisher’s exact

test orc2 test was used for discrete variables as appropriate. p values

<0.05 were considered statistically significant.
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the lead contact,
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Hörmann, L., Ulmer, B., Zhang, H., Briganti, F., Schweizer, M., He-

gyi, B., et al. (2020). Metabolic MaturationMedia Improve Physio-

logical Function of Human iPSC-Derived Cardiomyocytes. Cell

Rep. 32, 107925.

Fukushima, H., Yoshioka, M., Kawatou, M., López-Dávila, V.,
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Srinivasan, C., Wangler, M.F., Pérez, G.J., Scornik, F.S., and Bru-

gada, R. (2020). An SCN1B Variant Affects Both Cardiac-Type

(Na(V)1.5) and Brain-Type (Na(V)1.1) Sodium Currents and Con-

tributes to Complex Concomitant Brain and Cardiac Disorders.

Front. Cell Dev. Biol. 8, 528742.

Medeiros-Domingo, A., Kaku, T., Tester, D.J., Iturralde-Torres, P.,

Itty, A., Ye, B., Valdivia, C., Ueda, K., Canizales-Quinteros, S., Tu-
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