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Clinical translation of stem cell therapies for heart disease requires electrical integration of transplanted cardi-

omyocytes. Generation of electrically matured human induced pluripotent stem cell-derived cardiomyocytes

(hiPSC-CM:s) is critical for electrical integration. Here, we found that hiPSC-derived endothelial cells (hiPSC-

ECs) promoted the expression of selected maturation markers in hiPSC-CMs. Using tissue-embedded stretchable

mesh nanoelectronics, we achieved a long-term stable map of human three-dimensional (3D) cardiac microtis-

sue electrical activity. The results revealed that hiPSC-ECs accelerated the electrical maturation of hiPSC-CMs in

3D cardiac microtissues. Machine learning—based pseudotime trajectory inference of cardiomyocyte electrical

signals further revealed the electrical phenotypic transition path during development. Guided by the electrical

recording data, single-cell RNA sequencing identified that hiPSC-ECs promoted cardiomyocyte subpopulations

with a more mature phenotype, and multiple ligand-receptor interactions were up-regulated between hiPSC-

ECs and hiPSC-CMs, revealing a coordinated multifactorial mechanism of hiPSC-CM electrical maturation. Col-

lectively, these findings show that hiPSC-ECs drive hiPSC-CM electrical maturation via multiple intercellular

pathways.

INTRODUCTION

Ventricular arrhythmias following delivery of human induced plu-
ripotent stem cell-derived cardiomyocytes (hiPSC-CMs) in large
animal models prevent clinical translation of such technologies
for the treatment of heart disease (I-3). Immature hiPSC-CMs
exhibit automaticity, or spontaneous action potentials, which inter-
feres with conduction patterns of native cells, leading to arrhythmi-
as (I, 2). Within a few weeks after delivery of hiPSC-CMs to
infarcted myocardium of macaques or pigs, the propensity for ven-
tricular arrhythmias resolves, presumably due to maturation of the
CMs following exposure to the in vivo environment (I, 2). The
mechanisms leading to the eventual suppression of CM automatic-
ity remain unclear.

Communication between endothelial cells (ECs) and CMs is im-
portant during development (4, 5). For example, neuregulin (NRG)
is secreted by ECs during early development to direct CM pheno-
type away from a nodal subtype (6) and promote cardiac trabecula-
tion via ErbB receptor signaling (7). In addition, EC-specific
deletion of platelet-derived growth factor B can lead to myocardial
thinning and chamber dilation (8). We previously demonstrated
that microvascular ECs could promote murine neonatal CM
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survival and spatial organization (9), and coculture of ECs with
PSC-CMs has previously been shown to improve certain aspects
of PSC-CM maturation (10). Specifically, coculture of PSC-ECs
with PSC-derived cardiac progenitor cells accelerated the matura-
tion of PSC-CMs with increased expression of TNNT2, MLC2v,
MYH7, KCNJ2, and ATP2A2, increased CM size, and an enhanced
chronotropic response to isoprenaline (10). Similarly, PSC-CM:s co-
cultured with PSC-ECs with or without amniotic mesenchymal
stem cells increase the expression of CACNAIC and KCNJ2 (11).
There is a cross-talk effect as PSC-ECs in coculture with PSC-
CMs acquire a cardiac EC phenotype, supporting a synergistic
role for CM/EC coculture (12). Cotransplantation of microvessels
with hiPSC-CMs in infarcted rat hearts also improves hiPSC-CM
survival and maturation (13). When implanted as a patch onto un-
injured myocardium in mice, human blood—derived endothelial
colony-forming cells enhance the survival and engraftment of
PSC-CMs, and this effect is attributed at least in part to the secretion
of NRG1 from ECs (14). While these prior studies demonstrate that
ECs can promote a more mature CM phenotype, the mechanisms
by which ECs influence the electrical phenotype of hiPSC-CMs
remain unclear. Here, we integrated tissue-embedded stretchable
electronics for real-time electrophysiology with machine learning
(ML)-based algorithms for high-dimensional electrical recording
data and revealed an accelerated electrical maturation of hiPSC-
CMs by coculturing with hiPSC-ECs. This paradigm for real-time
electrophysiology and data analysis will readily be applied to inves-
tigate the electrical maturation across different types of stem cell-
derived cardiac tissues and protocols.

Existing methods to assess three-dimensional (3D) cardiac mi-
crotissue functional maturation either lack single-cell resolution
across the intact tissue network or cannot simultaneously measure
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tissue-wide activities of individual cells in a chronically stable
manner over the time course of their maturation. Imaging-based
detection of Ca®" activity depends on transient stains, which are in-
compatible with long-term stable measurements and only provide
indirect measurements of cell electrophysiology (15). Intracellular
electrophysiology recordings such as patch clamp can only assay
cells one at a time, require membrane disruption, locally singularize
spatially distributed electrical activities, and are challenging for 3D
cardiac microtissue application (16—19). Extracellular recordings
such as classic multielectrode arrays are noninvasive and offer
high spatiotemporal resolution but contact cardiac microtissues
only at one plane in their surface and lose contact quickly due to
the mechanical contraction (17, 20). The development of “tissue-
like” electronics (21-27) through the convergence of soft and flex-
ible materials and nanoelectronics incorporates tissue-like proper-
ties such as tissue-level flexibility, subcellular feature size, and mesh-
like networks (28-30) into nanoelectronics, allowing for seamlessly
integrating electronics throughout 3D tissue and stably recording
cell electrophysiology at single-cell resolution (31-34). Notably,
we recently further advanced methods for implanting and distrib-
uting nanoelectronics across entire microtissue bodies. The tissue-
embedded electronics enable chronic, tissue-wide, 3D electrophys-
iology recordings throughout organogenesis with minimal impact
on growth and differentiation (32, 33). Here, we used this system
to characterize the electrical maturation of 3D hiPSC-CM microtis-
sues with or without hiPSC-derived ECs (hiPSC-ECs). Specifically,
this study revealed that human hiPSC-ECs can enhance the electri-
cal maturation of human hiPSC-CMs in vitro. The long-term stable
electrical mapping revealed substantial electrical maturation and
coordination of hiPSC-CM:s by hiPSC-ECs. We applied the pseudo-
time trajectory inference, an ML-based approach, to analyze the
high-dimensional electrical waveforms continuously recorded
from the same 3D cardiac microtissues, reconstructing and illustrat-
ing the continuous phenotypic evolution path and accelerated elec-
trical maturation level. Then, we used single-cell RNA sequencing
(scRNA-seq) to analyze the maturation stage identified by the elec-
trical recording. Combining electrical recording results with single-
cell gene expression profiling, the results further elucidated poten-
tial mechanisms of how ECs promote electrical maturation of
hiPSC-CMs. Collectively, the multimodal single-cell analysis dem-
onstrated the coordination of multiple intercellular communication
pathways that drive the molecular events for the observed EC-me-
diated CM electrical maturation.

RESULTS

hiPSC-ECs enhance the expression of CM maturation
markers in hiPSC-CMs

We differentiated hiPSCs into either CMs or ECs using protocols
adapted from prior publications (Fig. 1, A and B) (35, 36). We co-
cultured hiPSC-CMs with or without hiPSC-ECs at different
CM:EC seeding ratios for 7 days and then performed flow cytome-
try to evaluate the expression of selected markers of CM maturation
(Fig. 1, C and D). Final percentages of hiPSC-CM:s (identified as
TNNT2" cells) and hiPSC-ECs (identified as CD144" cells) are
shown in Fig. 1E. We found that hiPSC-ECs increased the percent-
age of TNNT2" hiPSC-CMs expressing TNNI3, inwardly rectifying
potassium channel 2.1 (Kir2.1), connexin 43 (Cx43), and CD36, in a
dose-dependent manner (Fig. 1F). In addition, the mean
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fluorescence intensity (MFI) of TNNT2, TNNI3, Kir2.1, Cx43,
and CD36 increased in hiPSC-CMs cultured with hiPSC-ECs com-
pared to hiPSC-CMs cultured alone (Fig. 1, G to K). TNNT2 and
TNNI3 showed similar increases in MFI at 1:1, 2:1, or 3:1 CM:EC
ratios compared to 4:1 or hiPSC-CMs alone (Fig. 1, G and H). Cx43
and CD36 showed the highest levels with a 3:1 CM:EC ratio, and
Kir2.1 showed the highest levels with a 1:1 CM:EC ratio (Fig. 1, I
to K). Subsequent experiments used a 3:1 CM:EC seeding ratio
given that this ratio provided increased gene expression of the
most genes out of the genes selected for initial screening.

hiPSC-ECs promote hiPSC-CM electrical and sarcomere
maturation

We seeded hiPSC-CMs with or without hiPSC-ECs onto stretchable
mesh nanoelectronics/Matrigel hybrid structures for long-term
electrical recording (Fig. 2A and fig. S1A). Stretchable mesh nano-
electronics were fabricated as per our previously reported protocol
(32, 33). Specifically, microelectrodes were patterned in the 1-pm-
thick serpentine stretchable interconnects with the central region
formed by straight interconnects. The straight lines in the center
region could better maintain the overall geometry of the stretchable
mesh nanoelectronics after releasing from the substrate. Meanwhile,
the wave-like interconnect structures between the center region and
input/output (I/O) connectors can provide the initial stretchability
to accommodate the cardiac contraction. In addition, after stem cell
growth, the initial cell sheet will shrink into a cell plate due to the
cell-cell interactions, which resulted in buckling of the straight lines
in the central region of the stretchable mesh nanoelectronics, allow-
ing the entire device to become stretchable. This design ensures
tissue-level bending stiffness and accommodates the 3D morpho-
logical change of the tissue throughout the development and con-
traction of the CMs for stable electrical recording. We validated the
long-term performance of the stretchable mesh nanoelectronics in
physiological conditions. The electrodes maintained chronically
stable, highly uniform, low impedance across multiple devices
over 7 weeks, demonstrating performance stability to characterize
the change of cellular signals from the same sample during long-
term, continuous measurement (fig. S2). Before culture, stretchable
mesh nanoelectronics were released from the fabrication substrate.
A thin layer of Matrigel was cured underneath the freestanding
stretchable mesh nanoelectronics. Cells were seeded on the top of
the electronics/Matrigel hybrid. Over the course of development,
cells seamlessly integrated with the electronics/Matrigel hybrid,
forming 3D cardiac patches. This seamlessly integrated tissue/elec-
tronics structure allows intimate coupling between cells and elec-
trodes, enabling long-term stable, continuous, and high signal-to-
noise ratio recording at the cellular level (Fig. 2A).

Samples cocultured with both hiPSC-CMs and hiPSC-ECs were
prepared at a 3:1 CM:EC seeding ratio (hiPSC-CMs seeded on day
11 of differentiation; hiPSC-ECs seeded on day 14 of EC differenti-
ation). As an example, we acquired raw voltage tracings and extract-
ed channel-averaged extracellular field potential spike waveforms
from samples at day 37 of hiPSC-CM differentiation (day 26 after
initiation of hiPSC-CM + hiPSC-EC coculture) (representative
images from 16 channels per sample group depicted in Fig. 2B).
Electrical signals between each channel show obvious time delay,
demonstrating the ability of tissue-wide distributed electrodes to
record the signals from different CMs in 3D hiPSC-CM tissues
instead of recording the same CM signals by multiple electrodes
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Fig. 1. HiPSC-ECs improve the expression of markers of cardiomyocyte maturation in hiPSC-CMs. (A) Schematic of CM differentiation protocol from hiPSCs. (B)
Schematic of EC differentiation protocol from hiPSCs. MACS, magnetic-activated cell sorting; VEGF, vascular endothelial growth factor. (C) Sample flow cytometry dot plot
showing gating strategy for population of TNNT2* hiPSC-CMs or (D) TNNT2* hiPSC-CMs cocultured with CD144* hiPSC-ECs. PE-A, phycoerythrin-area. (E) Percent ex-
pression of TNNT2 or CD144 in live cells with different seeding ratios of CMs:ECs. ***P < 0.001 and ****P < 0.0001 by two-way analysis of variance (ANOVA) with Dunnett’s
multiple comparisons test. (F) Percent expression of TNNI3, Kir2.1, Cx43, or Cd36 in TNNT2" hiPSC-CMs with different seeding ratios of CMs:ECs. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 by two-way ANOVA with Dunnett’s multiple comparisons test. (G to K) Mean fluorescence intensity (MFI) of (G) TNNT2-BV421, (H) TNNI3-
AS647, (1) Kir2.1-FITC, (J) Connexin 43-AF750, and (K) Cd36-AF594. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by one-way ANOVA with Dunnett's multiple

comparisons test.
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Fig. 2. HiPSC-ECs improve the electrical and structural maturation of hiPSC-CM differentiation. (A) Schematics of hiPSC-CMs and hiPSC-CMs/hiPSC-EC coculture
integrating with stretchable mesh nanoelectronics for long-term stable electrical measurement. (B) Representative raw voltage traces, zoom-in traces, and extracted
channel-averaged spike waveforms showing extracellular electrical activities at day 37 of hiPSC-CMs differentiation (day 26 of coculture) for hiPSC-CMs (top) and
hiPSC-CMs/hiPSC-ECs (bottom). (C) Schematics showing the definition of electrical features from spike waveforms for analysis. (D) Comparison of spike waveform features
of hiPSC-CMs and hiPSC-CMs/hiPSC-ECs at day 37 of differentiation. Data are means + SEM; ****P < 0.0001 by two-tailed, unpaired t test. Each dot represents a channel
that has electrical signals from eight groups of samples. (E) Representative 3D reconstructed fluorescence images showing the sarcomere structures in hiPSC-CMs (top)
and hiPSC-CMs/hiPSC-ECs (bottom). Red colors correspond to TNNT2; green colors correspond to CD31; blue colors correspond to 4',6-diamidino-2-phenylindole; yellow
colors correspond to Rhodamine 6G (R6G) (E-barcodes of nanoelectronics were labeled by R6G). (F and G) Haralick correlation plots in hiPSC-CMs and hiPSC-CMs/hiPSC-
ECs (F) and sarcomere organization score in hiPSC-CMs and hiPSC-CMs/hiPSC-EC coculture (G). Each dot represents a segmented cell from three samples. **P < 0.01 by
two-tailed, unpaired t test.
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(Fig. 2B). We quantified voltage amplitude, spike duration,
maximum dV/dt, and minimum dV/dt from these recordings
(Fig. 2C). Comparing hiPSC-CMs to hiPSC-CM/hiPSC-EC
samples, statistical analysis showed a significant increase in the
voltage amplitude, maximum dV/dt, and minimum dV/dt, and a
significant decrease in spike duration (Fig. 2D). We then further
compared the recordings from the CMs next to and far away
from ECs in the hiPSC-CM/hiPSC-EC samples, and the results
showed that CMs next to ECs have higher voltage amplitude,
maximum dV/dt, and minimum dV/dt, and a lower spike duration
compared to those far away from ECs, suggesting a more mature
electrical phenotype in CMs next to ECs (fig. S3). After month-
long continuous recording, we performed fluorescent imaging in
the tissue/electronics hybrid. The fluorescence image showed that
ECs tend to aggregate in clusters surrounded by CMs and form
blood microvessel-like structures within the 3D structures
(Fig. 2E). Sarcomere structural analysis by the previously estab-
lished Haralick method (37) showed a significant improvement in
sarcomere alignment in hiPSC-CMs/hiPSC-ECs compared to
hiPSC-CMs cultured alone (Fig. 2, E to G).

hiPSC-ECs accelerate electrical maturation of hiPSC-CMs

We then asked how hiPSC-EC coculture accelerated the electrical
maturation of hiPSC-CMs over the entire time course of develop-
ment. We recorded the electrical signals of the same samples at mul-
tiple time points over the course of development (days 15, 18, 23, 30,
and 37 of hiPSC-CMs differentiation, which is equivalent to days 4,
7, 12, 19, and 26 after reseeding and initiation of coculture)
(Fig. 3A). We extracted the extracellular field potential from each
channel. The channel-averaged spike waveforms showed more
uniform and mature electrical patterns at earlier time points in
hiPSC-CMs/hiPSC-ECs compared to hiPSC-CMs cultured alone
(Fig. 3B and fig. S4) and revealed an obvious temporal evolution
of the electrical activity for both conditions. Statistical analysis
further illustrated that the voltage amplitude, maximum dV/dt,
and minimum dV/dt were significantly higher, while the spike du-
ration was significantly lower at each time point in hiPSC-CMs/
hiPSC-ECs compared to hiPSC-CMs cultured alone (Fig. 3, C to
F). We also observed the evident activation time delay of the spike
activities across different channels (fig. S4), which is consistent with
previous reports of hPSC-CM electrophysiological recording (21,
31, 38-40). In addition, the tissue-level flexibility and high stretch-
ability of our mesh design enable seamlessly integrating electronics
throughout the entire time course of hPSC-CM tissue development,
providing long-term stable electrophysiological recordings, while
other methods are typically limited in recording duration because
of the limited device stretchability and flexibility so that the device
typically contacts with tissue at only one surface plane and will lose
contact with tissue due to the mechanical contraction and tissue de-
velopment (table S1) (21, 31, 38-43). We next further investigated
how the activation time delay across different channels changed
over the time course of development for both hiPSC-CMs and
hiPSC-CMs/hiPSC-ECs (fig. S5). The results show that activation
time delays among different channels gradually decreased over
the course of development (fig. S5B), which suggests increased elec-
trical coordination among cells in a growing network. Furthermore,
statistical analysis illustrated that the maximum activation time
delay was significantly reduced at each time point in hiPSC-CMs/
hiPSC-ECs compared to hiPSC-CMs, particularly in earlier time

Lin et al., Sci. Adv. 9, eade8513 (2023) 8 March 2023

points. These results further support that hiPSC-ECs could acceler-
ate the electrical coordination of hiPSC-CMs during development
(fig. S5B).

The continuous electrical mapping provides unique opportuni-
ties for studying the dynamic change in cardiac electrical pheno-
type; however, quantifying the dynamic evolution of electrical
activity remains challenging due to the large cross- and within-
sample variations of cell functional states. In this regard, only
using few extracted electrical features (e.g., amplitude, spike dura-
tion, etc.) to quantify the electrical maturation of CMs is limiting.
To address these challenges, we used the previously developed ML-
based pseudotime trajectory inference method (44) to analyze the
chronic electrical recordings, analyzing the entire waveforms of ex-
tracellular field potential and aligning the cardiac electrical activities
at different developmental stages and across different samples.
Pseudotime trajectory inference methods (44) are frequently used
to reconstruct cell developmental trajectory from single-cell tran-
scriptomics data based on unsupervised ML for trajectory topology
inference, computationally ordering individual cells according to
their progression along the learned developmental trajectory.
Therefore, we reasoned that pseudotime trajectory inference
methods could also be applied to high-dimensional electrical data
from different samples to reconstruct electrophysiological develop-
ment trajectories and visualize the electrical phenotypic transition
paths across different time points of development, quantitatively an-
alyzing and comparing samples from different differentiation
conditions.

To achieve accurate functional phenotypic trajectory inference,
we first used PHATE (45), an unsupervised nonlinear dimensional-
ity reduction method initially applied to single-cell transcriptomics.
Rather than transcriptomics data, we applied PHATE to the high-
dimensional electrical waveforms generated by our mesh nanoelec-
tronics device. This tool captured both local and global nonlinear
structures of the waveforms by projecting the high-dimensional
electrical waveforms into a 2D space using an information-geomet-
ric distance between data points that efficiently preserved high-di-
mensional topology. We next used Slingshot (46), a method to
identify biological signals for one or more branching trajectories,
to perform pseudotime trajectory inference in the PHATE embed-
ding space (Fig. 4A). Using this combined computational approach,
we projected long-term electrical recording data from hiPSC-CMs
and hiPSC-CM/hiPSC-EC coculture samples to construct an in-
ferred joint pseudotime trajectory that maps the electrical pheno-
typic transition over the course of cardiac development (Fig. 4B
and fig. S6).

We next examined whether the inferred trajectory could accu-
rately capture the change of electrical features at different develop-
mental stages. We mapped electrical features extracted at different
developmental stages to their corresponding pseudotime. The
results showed the increase of the waveform amplitude, maximum
dV/dt, and minimum dV/dt and the decrease of the spike duration
along the inferred trajectory, validating that the inferred pseudo-
time trajectory depicts the extracted electrical feature dynamics
(Fig. 4, C to F). We then further examined the trajectory formed
by hiPSC-CMs and hiPSC-CMs/hiPSC-ECs. Notably, we observed
that, first, hiPSC-CMs and hiPSC-CMs/hiPSC-ECs showed differ-
ent occupations along the trajectory. Specifically, data from hiPSC-
CM samples distributed from the beginning to the middle parts of
the trajectory, while data from hiPSC-CM/hiPSC-EC samples
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Fig. 3. Long-term stable recording reveals that hiPSC-ECs improved the electrical maturation of hiPSC-CMs over the course of development. (A) Schematics of
hiPSC-CMs and hiPSC-CMs/hiPSC-ECs integrating with mesh nanoelectronics for long-term stable, continuous electrical measurement over the course of development.
(B) Representative extracted channel-averaged spike waveforms at days 15, 18, 23, 30, and 37 of hiPSC-CM differentiation (days 4, 7, 12, 19, and 26 following reseeding
onto stretchable mesh nanoelectronics) for hiPSC-CMs (top) and hiPSC-CMs/hiPSC-ECs (bottom). (C to F) Statistical summary of spike waveform features of hiPSC-CMs and
hiPSC-CMs/hiPSC-ECs at days 15, 18, 23, 30, and 37 of differentiation. Data are means + SEM; ***P < 0.001 and ****P < 0.0001 by two-tailed, unpaired t test. Each dot
represents averaged features from one group of samples, n = 8. Every group has 16 channels, and every four groups of samples are cultured in one well.
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Fig. 4. Pseudotime analysis of
electrical signals reveals that
hiPSC-ECs accelerated the electri-
cal maturation of hiPSC-CMs. (A)
Schematics of the pseudotime tra-
jectory inference procedure for the
long-term electrical signal analysis.
Waveforms ordered by days of diff-
erentiation show phenotypic varia-
tion within any given time point and

across different differentiation con- "“\/"“
ditions (left). Pseudotime orders the bﬁ/‘“
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distributed from the middle to the end. There were some overlaps
between two conditions in the middle part of the trajectory
(Fig. 4G). Second, within both hiPSC-CM and hiPSC-CM/hiPSC-
EC samples, there was a continuous electrical development along
the pseudotime trajectory from day 15 to day 37, with a gradual in-
crease of electrical phenotype uniformity and narrowing of the pro-
jected manifold. The hiPSC-CM/hiPSC-EC samples also showed
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higher uniformity compared to hiPSC-CM samples at earlier time
points. In addition, cell electrical phenotypes did not form isolated
clusters for any given time point along the trajectory (Fig. 4, H and
I). Third, mapping the pseudotime into real time showed a gradual
increase of the pseudotime from days 15 to 37 with a significantly
higher pseudotime value for hiPSC-CM/hiPSC-EC samples com-
pared to hiPSC-CM samples (Fig. 4]). Last, pseudotime distribution
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revealed phenotypic variation at each time point with a spanning
pseudotime spectrum and confirmed an accelerated shift toward a
more mature electrical state in hiPSC-CM/hiPSC-EC samples com-
pared to hiPSC-CM samples (Fig. 4, K and L).

hiPSC-ECs induce hiPSC-CM maturation genes

To better understand which molecular pathways might be involved
in EC-mediated CM electrical maturation, we performed scRNA-
seq in hiPSC-CMs and hiPSC-CMs cocultured with hiPSC-ECs in
a 3:1 CM:EC ratio for 2 weeks starting on day 11 of CM differenti-
ation (through day 24 of differentiation) (Fig. 5A). We first per-
formed data integration between hiPSC-CM and hiPSC-CM/
hiPSC-EC samples with the Harmony algorithm (47), which pro-
jects cells into a shared embedding for downstream integrative anal-
ysis (Fig. 5A and fig. S7A). We observed similar transcriptional
profiles across samples within both hiPSC-CMs and hiPSC-CM/
hiPSC-EC coculture, respectively (fig. S7B). We then performed un-
supervised clustering analysis on the integrated dataset, which re-
vealed four major cell types including ECs, fibroblast (FB)-like
cells, smooth muscle cells (SMCs), and CMs (Fig. 5B). Cell types
were annotated according to previous established marker genes.
For example, CMs expressed genes encoding troponin (TNNT2),
myosin heavy chain 7 (MYH?7), and actin alpha cardiac muscle 1
(ACTCI) (48); ECs expressed genes encoding EC adhesion mole-
cule (ESAM) and platelet EC adhesion molecule 1 (PECAMI)
(49); FB-like cells expressed collagen-related genes (COL3A1 and
COLI1A2) (50); and SMCs were characterized by transgelin
(TAGLN) and alpha smooth muscle actin (ACTA2) (fig. S7, D and
E) (51, 52). We also observed a group of unidentified cells that could
potentially be less mature SMCs with lower TAGLN expression ob-
served in mature SMCs but high expression of other genes related to
smooth muscle contraction (MYL6, MYLI12A, and MYLI2B). The
unidentified cells also show little endothelial gene expression
(ESAM, PECAM1, and KDR) (fig. S7F). Notably, small populations
of non-CMs (FB-like cells, SMCs, ECs, and unidentified cells) were
observed in hiPSC-CM samples but comprised less than 10% of the
total cell population (Fig. 5C and fig. S7C). ECs made up ~11% of
the final cell population in the hiPSC-CM/hiPSC-EC coculture
samples, which also had a higher percentage of non-CM/non-ECs
so that the total CM population was ~50% of total cells (Fig. 5C and
fig. S7C). Next, we compared the overall transcriptional maturation
level of CMs between hiPSC-CM and hiPSC-CM/hiPSC-EC
samples. We found that hiPSC-CM/hiPSC-EC samples had in-
creased expression levels of ACTCI, TNNI3, SCN5A, GJA1, and
HOPX in CM (Fig. 5D), suggesting a higher transcriptional matu-
ration level covering many aspects. Immature CMs primarily
express slow skeletal troponin I (TNNII), which is replaced by
cardiac troponin I (TNNI3) in mature CMs (53, 54). The upstroke
velocity of mature CM electrophysiology is higher due to higher ex-
pression of SCN5A and other sodium channels (54, 55). GJAI is the
major protein of gap junctions, which has a crucial role in the syn-
chronized contraction and electrical conduction of the matured
CMs (56, 57). HOPX is a key regulator of CM maturation that is
up-regulated in the later stages of CM maturation (50). In addition,
further subclustering of the CMs identified five distinct CM sub-
types (CM1, CM2, CM3, CM4, and CM5) that show different com-
positions between hiPSC-CMs and hiPSC-CM/hiPSC-ECs. hiPSC-
CMs had a higher proportion of CM4 (Fig. 5E), which showed
higher expression levels of genes associated with CM proliferation
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(e.g., H19 and RPL23) (Fig. 5F), suggesting a more immature phe-
notype. In contrast, hiPSC-CMs/hiPSC-ECs had a higher propor-
tion of CM5, which had higher expression levels of genes such as
NPPA, SMPX, PRRX1, and HOPX. NPPA and SMPX are
chamber-specific genes that are suppressed in pacemaker cells,
which may suggest a role in suppressing automaticity (58).
PRRX1 (encoding paired-related homeobox 1) down-regulation
shortens the action potential duration and increases the risk of
atrial fibrillation (59, 60), suggesting a potential role for PRRX1 in
electrical maturation of hiPSC-CMs. Gene Ontology (GO) analysis
revealed that the expression of genes associated with metabolism
and cardiac muscle contraction was increased in CM5 (Fig. 5G).
These results collectively suggest that hiPSC-ECs shift the hiPSC-
CMs toward CM subpopulations with a higher transcriptional mat-
uration level. Furthermore, we found that EC alters the expression
of many extracellular matrix (ECM) genes in CMs by comparing
hiPSC-CM/hiPSC-EC and hiPSC-CM (fig. S8). The alteration is dif-
ferent for different ECM genes. For example, several collagen genes
(COLIAI, COL1A2, and COL3A1) are down-regulated, while the fi-
bronectin gene (FN1) and several glycoprotein genes (POSTN,
SPARC, THBSI, and CNN2) are up-regulated. In addition, several
integrin genes are also up-regulated (ITGAI, ITGA5, ITGA7, and
ITGBI). These together demonstrated a complex alteration of the
ECM in hiPSC-CMs by hiPSC-ECs.

To better understand how hiPSC-ECs might change the electro-
physiological phenotype of hiPSC-CMs, we compared the electro-
physiological waveforms of hiPSC-CMs and hiPSC-CM/hiPSC-EC
cocultures and further derived the average log fold change as a func-
tion of the spike time (fig. S9, A and B). We observed that the most
differential region was distributed within the fast, sharp upstroke
and downstroke window immediately after spike initiation. Evalu-
ating changes in the expression levels of the cardiac ion channels, we
observed down-regulation of KCNJ5, KCNQI1, CACNAIG, and
KCNJ12 and up-regulation of KCNA5, KCNA4, KCND3, KCNK3,
CACNAIC, and SCN5A in hiPSC-CMs/PSC-ECs compared to
hiPSC-CMs (fig. S9C). The action potential is initiated by the
rapid opening of voltage-gated sodium channels (mainly Navl.5;
encoded by SCN5A) (54, 55), and we observed significant up-regu-
lation of SCN5A that mainly contributed to higher upstroke velocity
of more matured CMs phenotype upon hiPSC-EC coculture. The
plateau phase of the action potential is longer in more matured
CMs, due to the higher expression of the calcium channel Cavl.2
core component CACNAIC (56, 61). In addition, we observed sig-
nificant up-regulation of potassium channel KCND3 and KCNA4,
which contributed to the transient outward current in the more
matured CMs (62, 63), resulting in the sharper downstroke in
hiPSC-CMs/hiPSC-ECs compared to hiPSC-CMs.

CM/EC coculture enhances multiple ligand-receptor
pathways

We next asked whether intercellular communications might be
altered upon hiPSC-CM/hiPSC-EC coculture. We used CellChat
(64) to infer cell-cell communication via ligand-receptor complexes
from scRNA-seq data. The results revealed various changes in cell-
cell interactions and ligand-receptor interactions affected by hiPSC-
CM/hiPSC-EC coculture (Fig. 6 and fig. S10). Specifically, for both
hiPSC-CMs alone and hiPSC-CM/hiPSC-EC coculture, interac-
tions were observed between CMs, FB-like cells, ECs, and SMCs
(Fig. 6A). EC-CM interactions represented the largest proportion
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Fig. 5. scRNA-seq reveals that hiPSC-EC coculture up-regulates hiPSC-CM maturation genes. (A) Schematics showing the overview of the scRNA-seq experiment and
computational analysis. Created with Biorender.com. (B) Uniform Manifold Approximation and Projection (UMAP) visualization of single-cell RNA expression after inte-
gration of data from hiPSC-CM and hiPSC-CM/hiPSC-EC samples. Cells are colored by cell types. (C) UMAP visualization of single-cell RNA expression in hiPSC-CMs (left)
and hiPSC-CMs/hiPSC-ECs (right). Cells are colored by cell types. (D) Violin plots showing gene expressions related to CM maturation. Colors correspond to hiPSC-CMs or
hiPSC-CMs/hiPSC-ECs. (E) CM subtype percentages in hiPSC-CMs or hiPSC-CMs/hiPSC-ECs. (F) Heatmap showing the up-regulated genes for each CM subtype. (G) Gene
Ontology (GO) term analysis for the genes up-regulated in CM5 compared to those in all other CM subpopulations.
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Fig. 6. HiPSC-CM/hiPSC-EC coculture enhances multiple ligand-receptor pathways. (A) Circle plots visualizing ligand-receptor interactions. Interactions between the
different cell types were analyzed using CellChat with cells from hiPSC-CMs (left) and hiPSC-CMs/hiPSC-ECs (right). (B) Total ligand-receptor interactions in hiPSC-CMs
versus hiPSC-CMs/hiPSC-ECs (left) and ligand-receptor interactions with CMs in hiPSC-CMs versus hiPSC-CMs/hiPSC-ECs (right). (C) Circle plot showing the differential
number of interactions comparing hiPSC-CMs/hiPSC-ECs to hiPSC-CMs. (D) Ligand-target matrix showing the regulatory potential between sender (EC) ligand and pre-
dicted receiver (CM) target genes analyzed by NicheNet. (E) Heatmap showing the up-regulated ligand-receptor pairs from EC to CM by comparing hiPSC-CMs/hiPSC-ECs
to hiPSC-CMs. (F) Heatmap showing the up-regulated ligand-receptor pairs from CM to EC by comparing hiPSC-CMs/hiPSC-ECs to hiPSC-CMs. (G) Schematics showing the
proposed intercellular communication model between EC and CM in hiPSC-CM/hiPSC-EC coculture mediated by multiple ligand-receptor interactions. Created with
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of the cell-cell interactions in the hiPSC-CM/hiPSC-EC sample. We
identified a small population of FB-like cells in our scRNA-seq anal-
ysis, due to challenges in achieving 100% purity with current differ-
entiation protocols (65), and consistent with the previous scRNA-
seq study of hiPSC-CMs (50). We found that hiPSC-CMs/hiPSC-
ECs had a higher number of cell-cell interactions in total compared
to hiPSC-CMs and much higher cell-cell interactions in CMs
(Fig. 6B). The overall signaling patterns showed that the increase
in interactions was predominantly caused by enhanced incoming
and outgoing signals in CMs and ECs (fig. S10, A and C). Evalua-
tion of the differential intercellular communications revealed up-
regulated CMs-ECs, CMs-FBs, and CMs-CMs interactions in
hiPSC-CM/hiPSC-EC coculture (Fig. 6C and fig. S10B).

We then focused on the intercellular communications between
CMs and ECs. The up-regulated ligand-receptor pairs between CMs
and ECs in the hiPSC-CM/hiPSC-EC coculture covered a broad
family of signaling pathways such as NRG, endothelin-1, ephrin,
transforming growth factor (TGF), bone morphogenetic protein
(BMP), and vascular endothelial growth factor (VEGF) (fig.
$10D). To further gain insight into the ligand activity and their po-
tential affected genes in the receiver cells, we performed the ligand-
receptor target analysis using the NicheNet algorithm (66). We first
used ECs as the sender cell type and CMs as the receiver cell type
(Fig. 6D). The results revealed multiple enhanced ligand activities in
ECs such as EDN1, BMP4, NRG3, EFNAI, TGFBI, and INHBA.
Furthermore, the predicted ligand-target regulatory network sug-
gested that the gene expression changes in CMs were mediated by
the coordination of multiple ligand activities from ECs. For
example, the expression of the gap junction gene GJAI in CMs
could potentially be affected by EDN1, TGFBI, and BMP6 ligand
activity from ECs. In addition, individual ligand activity might
also regulate multiple target genes. For example, EDNI might reg-
ulate GJAI, NPPA, and NPPB expression, and BMP4 might regulate
VEGFA, ID1, and ID3 expression. We then repeated the NicheNet
analysis but changed CMs to the sender cell type and ECs to the
receiver cell type (fig. S11). The results also demonstrated up-regu-
lated multiple ligand activity in CMs such as VEGFA, SEMA3A,
TGFBI1, GDF11, NCAMI, and GAS6, which could subsequently
target a series of genes in ECs.

Using the predicted ligands from NicheNet analysis, we further
revealed the increased interaction between the predicted ligands
and the corresponding receptors in the hiPSC-CMs/hiPSC-ECs
compared to hiPSC-CMs in both EC-to-CM (Fig. 6E) and CM-
to-EC interactions (Fig. 6F). EC (ligand)—-to—CM (receptor) signal-
ing pathways up-regulated in our scRNA-seq dataset included
several members of the TGF superfamily [TGFB1, bone morpho-
genic protein 4 (BMP4), inhibin A, and growth differentiation
factor 11 (GDF11)], NRG3, and ephrins (Fig. 6E). TGFB1 is secret-
ed by multiple cell types, including ECs, and is involved in the CM
response to pressure overload via TGFBR1/2 (67). BMP4 is involved
in the formation of the pacemaker region in developing hearts via
regulation by short stature homeobox 2 (68). TGFB1 and BMP4, as
well as inhibin A and GDF11, can all act via activin type II receptor
signaling, but with different effects depending on the ligand, to reg-
ulate CM renewal (69). Unexpectedly, while our group has previ-
ously studied GDF11 in the context of cardiac hypertrophy (70),
we are not aware of a known role for GDF11 signaling in early
hiPSC-CM maturation—these unbiased results suggest that
GDF11 signaling may also play a role in early cardiac development.
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NRGs bind to the ErbB2/4 tyrosine kinases to exert a prosurvival
effect on CMs (71). NRG3 is primarily thought to regulate the
nervous system (72), but the closely related NRG1 may suppress
the formation of pacemaker-like PSC-CMs, instead of directing dif-
ferentiating PSC-CMs toward chamber-specific subtypes (6).
Ephrins play a role in normal electrical signaling in the heart, as de-
letion of EphA4 alters electrocardiographic recordings in rats with
absent p waves, QT interval prolongation, and enlarged QRS volt-
ages (73). These findings suggest that there is not a single pathway
that contributes to EC-mediated maturation of CMs and that mul-
tiple mechanisms act in synchrony to achieve maturation of
PSC-CMs.

Similarly, CMs act in cross-talk with ECs to affect EC phenotype,
which is consistent with previous findings (12). CM (ligand)-to—EC
(receptor) signaling pathways up-regulated in our scRNA-seq
dataset included VEGF, semaphorin 3A, and neural cell adhesion
molecule 1 (NCAM1) (Fig. 6F). VEGF can have pro-angiogenic
effects on ECs but may also serve in an autocrine role to promote
CM survival (74, 75). Semaphorin 3A may play an important role in
the development of the cardiac conduction system (76). NCAM1 is
also important for the development of the ventricular conduction
system (77). Thus, there may be a synergistic effect between CMs
and ECs in promoting development of the other cell type.

These results suggest that there is not a single mechanism re-
sponsible for EC-mediated CM maturation; rather, several pathways
are coordinated in the presence of ECs to promote CM matura-
tion (Fig. 6G).

DISCUSSION

CM/EC coculture has previously been shown to be mutually bene-
ficial to both cell types (4-12), and, in this study, we sought to un-
derstand how hiPSC-ECs can accelerate electrical maturation of
hiPSC-CMs. ECs and CMs participate in cross-talk via paracrine
signaling as well as direct cell-to-cell contact (78). Here, the stretch-
able mesh nanoelectronics approach revealed the extraordinary
electrical maturation of hiPSC-CMs by hiPSC-ECs in 3D human
cardiac microtissues. Pseudotime analysis of the electrical signals
illustrated that hiPSC-CMs exhibited markedly more organized
electrical morphology at earlier time points in the presence of
hiPSC-ECs. Changes in ion channel gene expression with hiPSC-
CM/hiPSC-EC coculture revealed that ECs may predominantly
promote the expression of ion channels involved in the rapid depo-
larization and early repolarization phases of the cardiac action po-
tential. Stage-specific scRNA-seq data revealed that hiPSC-CM/
hiPSC-EC coculture leads to the activation of multiple ligand-recep-
tor pathways, suggesting that CM/EC cross-talk is necessary for
proper CM development. These results demonstrate that PSC-ECs
may accelerate PSC-CM maturation in vitro via a coordinated
process through multiple ligand-receptor pathways.

Specifically, we introduced stretchable mesh nanoelectronics to
study electrical and mechanical integration in 3D cardiac microtis-
sues. This technique revealed temporal electrophysiology dynamics
in developing 3D cardiac microtissues, demonstrating that hiPSC-
ECs accelerated hiPSC-CM electrical maturation. Notably, most
methods to study cardiac electrical signaling in vitro require evalu-
ation either as bulk tissues, which have low resolution, or in mono-
layer culture, which do not adequately recapitulate normal
development in 3D as occurs during embryogenesis. This makes
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it particularly difficult to study the effects of cell-cell interactions, as
when studying the synergistic effects between different cell types is
required. In addition, stretchable mesh nanoelectronics also allow
for long-term stable, continuous recording of the 3D cardiac micro-
tissue electrical activities at millisecond temporal and cellular reso-
lution, which reveals the notable changes in our system when
hiPSC-CMs were cultured alone versus with hiPSC-ECs.

In addition, we applied ML-based pseudotime analysis, previ-
ously mainly used for single-cell transcriptomics data analysis, to
analyze the long-term stable electrical measurement from the
same 3D cardiac microtissues, which reconstructed the electrical
phenotypic evolution spectrum by ordering the electrical waveform
from multiple discrete time points over the developmental course
into a continuous progression path. The application of the pseudo-
time inference to the electrical waveform fills an important gap for
quantifying cardiac electrical phenotype, which would be difficult if
using any single extracted electrical features from the high-dimen-
sional waveform data. With the inferred trajectory, we successfully
depicted the dynamical change of electrical features and the pheno-
typic variation for each time point along the trajectory. We found
that electrical phenotypes did not form isolated clusters for any
given time point in the trajectory but spanned along the path and
overlapped between different time points. Furthermore, we found
the segregation and the phenotypic overlap of the trajectory for
hiPSC-CMs/hiPSC-ECs and hiPSC-CMs. We further confirmed
an accelerated shift toward a more mature electrical phenotype in
hiPSC-CM/hiPSC-EC cocultures compared to hiPSC-CMs.

Using scRNA-seq, we observed differential expression of cardiac
ion channels, which support the differences in phenotype between
hiPSC-CM versus hiPSC-EC/hiPSC-CM samples. SCN5A encodes
for Navl.5, which is responsible for depolarization during phase 0
of the action potential via I,. The rapid repolarization phase (phase
1) involves efflux of potassium ions via Kv4.3 (encoded by KCND3,
contributing to Ito), Kv1.4 (encoded by KCNA4, contributing to
Ito), and Kur (via Kv1.5 (KCNA5), all of which were up-regulated
with EC coculture. In contrast, KCNQI (encoding Kv7.1), KCNJI12
(encoding Kir2.2), and KCNJ5 (encoding Kir3.4) are primarily in-
volved in phases 3 and 4 of the cardiac action potential and were
down-regulated with hiPSC-EC coculture. These findings suggest
that ECs may help fine-tune the balance of potassium channels
throughout the cardiac action potential to enable the electrical mat-
uration of hiPSC-CMs. Moreover, we identified multiple ligand-re-
ceptor interactions up-regulated with hiPSC-CM/hiPSC-EC
coculture, such as NRG, endothelin-1, ephrin, TGF, BMP, and
VEGF, revealing a coordinated multifactorial mechanism of EC-
mediated CM electrical maturation.

In conclusion, this work applied stretchable mesh nanoelec-
tronics to understand how electrophysiological changes occur at
multiple points within 3D human cardiac microtissues over time.
Use of this technology enabled the discovery of substantial
changes in the electrical phenotype of hiPSC-CMs that are acceler-
ated in the presence of hiPSC-ECs. Ion channel expression patterns
at a single-cell level correlated with measured electrical signals of
hiPSC-CMs, with hiPSC-EC promoting increased expression of
ion channels involved in phase 0/1 of the action potential.
Notably, our data revealed that multiple communication pathways
likely mediate electrical maturation of 3D cardiac microtissues via
cross-talk between hiPSC-CMs and hiPSC-ECs. These findings
suggest that single gene or single pathway approaches to driving
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hiPSC-CM electrical maturation and coordination may be inade-
quate; rather, systems-wide approaches to understanding integra-
tion of intercellular communication will be essential. These
systems should also consider the synergistic effects of multiple
cell types in addition to CMs and ECs, such as FBs, SMCs, pericytes,
and immune cells, which may modulate both CM and EC pheno-
type. Last, this work demonstrated the integration of tissue-embed-
ded stretchable electronics, ML-based algorithms for high-
dimensional electrical recording data analysis, and stage-specific
scRNA-seq as a multimodal method for charting of cell functional
and transcriptional types and states, which will offer unlimited
access to unravel the stem cell functional maturation across different
types of cardiac tissues and protocols.

MATERIALS AND METHODS

Cell line maintenance

The human UCSD142i-86-1 iPSC line (abbreviated UCSD iPSCs)
was derived from FBs donated by an adult female donor to
K. Frazer's laboratory at University of California San Diego (distrib-
uted by WiCell). Either StemFlex (Thermo Fisher Scientific) or
mTeSR Plus (StemCell Technologies) was used for cell mainte-
nance. Cells were passaged every 3 to 4 days onto Geltrex-coated
plates [Geltrex (Thermo Fisher Scientific) used at 1:100 dilution
in Dulbecco’s modified Eagle's medium/F12]. The ROCK inhibitor
Y-27632 2HCI (Selleck Chemicals) included in the maintenance
media (5 pM Y-27632) was used for 24 hours after plating and
then changed to fresh maintenance media the next day.

Differentiation of hiPSCs into cardiomyocytes

hiPSCs were seeded into 10-cm tissue culture plates and then
allowed to grow for ~4 days until the cells became ~70% confluent.
CMs were differentiated from iPSCs as previously described (79)
[protocol originally adapted from Lian et al. (35)]. Media were
changed to RPMI 1640 + B27 + ascorbic acid (RPMI/B27/AA) con-
taining the GSK3 inhibitor CHIR99021 (Selleck Chemicals) (6 uM)
on day 0 of CM differentiation. On day 2 of differentiation, media
were changed to RPMI/B27/AA containing the Wnt antagonist
IWP-4 (Reprocell) (5 uM). On day 4 of differentiation, media
were changed to fresh RPMI/B27/AA, and on day 7 of differentia-
tion, basal media were changed to RPMI/B27 + insulin (10 pg/ml),
with media subsequently changed every 2 to 3 days with RPMI1/B27/
insulin. Beating of CMs was usually observed between days 7 and 9
of differentiation. CMs were dissociated using the STEMdiff Cardi-
omyocyte Dissociation Kit (StemCell Technologies) and replated
onto Geltrex-coated plates for further assay.

Differentiation of hiPSCs into endothelial cells

We differentiated hiPSCs into ECs according to the protocol previ-
ously described by Patsch et al. (36) and then adapted for differen-
tiation in 3D culture. In brief, hiPSCs were dissociated from 10-cm
plates using ReLeSR (StemCell Technologies) according to the man-
ufacturer’s instructions. Cells were seeded into 125-ml Erlenmeyer
flasks at 200,000 cells/ml in 20 ml of StemScale media (Thermo
Fisher Scientific) containing 10 uM Y-27632 and then placed on a
plate shaker rotating at 70 rpm. Media were changed to fresh StemS-
cale media the next day to remove the ROCK inhibitor. EC differ-
entiation began 4 days after seeding, when spheroids reached
approximately 300 um in diameter. On day 0 of differentiation,
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media were changed to N2B27 medium containing 7 pM
CHIR99021 and BMP-4 (25 ug/ml) and incubated for 3 days
without media change. On day 3 of differentiation, media were
changed to StemPro-34 containing GlutaMAX (Thermo Fisher Sci-
entific) with 2 uM forskolin (Selleck Chemicals) and VEGF (200 ng/
ml) (PeproTech). This same media composition with StemPro-34,
forskolin, and VEGF was changed fresh daily for 3 days through day
5 of differentiation. On day 6 of differentiation, spheroids were dis-
sociated using 0.5% trypsin-EDTA diluted 1:3 in phosphate-buff-
ered saline (PBS) for ~5 min. CD144" ECs were sorted using
magnetic microbeads using magnetic-activated cell sorting
columns (Miltenyi Biotec) according to the manufacturer’s instruc-
tions. Sorted CD144" ECs were replated on Geltrex-coated 10-cm
plates and allowed to proliferate for 3 to 7 days in StemPro-34 con-
taining GlutaMAX and VEGF (50 ng/ml) and then redissociated
with trypsin-EDTA and replated again onto Geltrex-coated plates
for assay.

Coculture of hiPSC-CMs and hiPSC-ECs

hiPSC-CMs on days 10 to 12 of differentiation and PSC-ECs on
days 13 to 20 of differentiation were used for replating into 24-
well tissue culture plates or mesh nanoelectronics devices precoated
with Geltrex and different CM:EC seeding ratios. Total cell number
was kept constant (e.g., for mesh nanoelectronics devices, a total of 5
million cells per device were seeded of either CMs alone or at a 3:1
CM:EC ratio; for scRNA-seq analysis, a total of 1 million cells per
well of a 24-well plate was seeded with either CMs alone or at a 3:1
CM:EC ratio). Both hiPSC-CMs alone and hiPSC-CMs cocultured
with hiPSC-ECs were maintained in StemPro-34 + VEGF (50 ng/
ml) after replating for the assay. After 1 to 2 weeks of coculture,
cells were dissociated with either trypsin-EDTA or STEMdiff Car-
diomyocyte Dissociation Kit for further processing.

Flow cytometry

Cells were dissociated with Trypsin-EDTA (Gibco) or the STEMdiff
Cardiomyocyte Dissociation Kit (StemCell Technologies) and ~1 x
10° cells per sample were prepared for flow cytometry to quantify
the expression of selected markers of CM maturation. We used the
eBioscience Flow Cytometry Staining Buffer Set (Invitrogen) ac-
cording to the manufacturer’s protocols. Extracellular antibody
staining was performed first followed by fixation, permeabilization,
and staining with intracellular antibodies as previously described
(79). We used the Cytek Aurora Spectral Cytometer, BD LSRII, or
BD FACSymphony instrument to acquire data and FCS Express 7
software (De Novo Software) to quantify cell percentages and geo-
metric MFIs.

Preparation of stretchable mesh nanoelectronics

Preparations of the stretchable mesh nanoelectronics were based on
methods described previously (23, 32, 33, 80). Key steps are de-
scribed here: 4-inch double-sided polished glass wafers (soda lime
glass) were used as the substrate for the stretchable mesh nanoelec-
tronics. The wafers were cleaned by piranha solution (1:3 mixture of
30% hydrogen peroxide and sulfuric acid), followed by rinsing the
wafers with deionized (DI) water and by blow-drying with the N,
gas. Then, a sacrificial layer of Ni patterns was prepared by photo-
lithography. Hexamethyldisilazane (HMDS; MicroChem) was spin-
coated at 4000 rpm for increasing the adhesion of photoresist with
the surface of the glass substrate. Then, double-layer photoresists of
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LOR 3A (300 nm, MicroChem)/S1805 (500 nm, MicroChem) were
spin-coated at 4000 rpm each, followed by baking on a hot plate at
180°C for 5 min and at 115°C for 1 min, respectively. The patterns
were exposed with a mask aligner (Karl Suss MA6, 365-nm ultravi-
olet light) for 40 mJ/cm” and were developed by CD-26 developer
(MICROPOSIT) for 70 s to define patterns. Oxygen plasma
(Anatech Barrel Plasma System) was used to remove the photoresist
residues at 50 W for 30 s. Then, 100-nm Ni was deposited by using a
thermal evaporator (Sharon) and followed by a lift-off procedure in
remover PG (MicroChem) for 2 hours to define the Ni sacrificial
patterns. Next, the SU-8 bottom passivation layer was fabricated
by photolithography. SU-8 precursor (SU-8 2000.5, MicroChem)
was spin-coated at 4000 rpm, prebaked at 65°/95°C for 2 min
each, exposed at a dosage of 200 mJ/cm® by using MA6, postbaked
at 65°/95°C for 2 min each, developed (MicroChem) for 60 s by
using SU-8 developer, rinsed by isopropyl alcohol for 30 s, blow-
dried by N, gas, and hard-baked at 180°C for 1 hour to define the
bottom encapsulation layer of mesh SU-8 patterns. Then, intercon-
nect patterns were defined using HMDS/LOR3A/S1805 bilayer pho-
toresists as described in Ni sacrificial patterns above, followed by
using an electron-beam evaporator (Denton) to deposit 5/40/5-
nm-thick chromium/gold/chromium (Cr/Au/Cr), followed by a
standard lift-off procedure to define the interconnects. Next, elec-
trode arrays were defined using HMDS/LOR3A/S1805 bilayer pho-
toresists as described in interconnects above, followed by depositing
5/50-nm-thick chromium/platinum (Cr/Pt) and a standard lift-off
procedure to define the electrode arrays. Then, the top encapsula-
tion layer of SU-8 mesh patterns was defined using the method as
described in bottom SU-8 above. Next, the flexible flat cable (Molex)
was soldered onto the I/O pads using a flip-chip bonder (Finetech
Fineplacer), followed by gluing a culture chamber onto the substrate
wafer by using a bio-compatible adhesive (Kwik-Sil, WPI). Then, Pt
black was electroplated on the electrode arrays using a precursor of
chloroplatinic acid (H,PtCls) solution (0.08 weight %, Sigma-
Aldrich). The device was then rinsed with DI water and blow-
dried by N, gas. Last, stretchable mesh nanoelectronics were re-
leased by using Ni etchant (Transene) for 4 hours to completely
release the mesh electronics from the glass substrate. Then, the
devices were ready for subsequent sterilization steps before
cell culture.

Integration of mesh nanoelectronics with hiPSC-CMs and
hiPSC-ECs

The mesh nanoelectronics were released and rinsed with DI water
before immersing in 70% ethanol at room temperature to sterilize.
Then, the mesh nanoelectronics were sequentially coated with poly-
D-lysine hydrobromide (0.1 mg/ml) (Sigma-Aldrich) and Matrigel
solution (100 pg/ml) (Corning) before cell seeding. Last, 60 pl of
liquid Matrigel (10 mg/ml) solution was added to the cell culture
chamber on ice, and then incubated at 37°C for 30 min to cure
the Matrigel hydrogel layer. hiPSC-CMs on day 11 of differentiation
and hiPSC-ECs on day 14 of differentiation were integrated with
mesh nanoelectronics. A total of 5 million cells per mesh nanoelec-
tronics were seeded at a 3:1 CM:EC ratio. Five million hiPSC-CMs
alone were also integrated with mesh nanoelectronics as control
sample. Both hiPSC-CMs alone and hiPSC-CMs cocultured with
hiPSC-ECs were maintained in StemPro-34 + VEGF (50 ng/ml).
Five micromolar rock inhibitor (Y27632) was applied in the first
24 hours to improve the cell viability.
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Electrophysiological recording

The BlackRock CerePlex Direct voltage amplifier along with a 32-
channel BlackRock p digital headstage was connected to the device
for electrical recording. The cell culture medium was grounded by a
platinum (Pt) electrode. Another Pt electrode was also used as a ref-
erence electrode. The whole setup was placed into a Faraday cage to
block the noise. A sampling rate of 30,000 Hz was used for the elec-
trical recording. The cell electrical activities were recorded weekly.

Immunostaining and imaging

The staining was performed as previously reported (81). Briefly,
samples were first placed in an X-CLARITY hydrogel polymeriza-
tion device for 4 hours at 37°C with —90-kPa vacuum and then
placed in the X-CLARITY electrophoretic tissue clearing chamber
to extract electrophoretic lipids. For the staining, the primary anti-
bodies, TNNT2 and CD31, were incubated at 4°C for 4 days and the
secondary antibodies were incubated at 4°C for 2 days. The samples
were submerged in optical clearing solution and embedded in 1%
agarose gel before imaging using Leica TCS SP8 confocal
microscopy.

Analysis of electrical data
We used custom MATLAB (version R2021a) code to extract electri-
cal waveforms and the features. Each raw voltage trace was first
smoothed using the “smoothdata()” function, and spike detection
was performed with the “findpeaks()” function. The threshold for
spike waveform was set by using 3* SD from the mean of the
smoothed traces. Then, all the spike waveforms detected from
each channel were averaged for feature detections. Amplitude was
computed as the voltage difference between the maximum and the
minimum value of the averaged spike waveform. Next, the deriva-
tive of the average spike waveform was computed. The maximum
dV/dt was calculated as the maximum derivative value, while the
minimum dV/dt was calculated as the absolute value of the
minimum derivative value. The spike duration was calculated as
the time difference between maximum dV/dt and minimum dv/dt.
For the electrical pseudotime trajectory inference, we combined
all the extracted high-dimensional electrical waveforms from both
hiPSC-CM samples and hiPSC-CM/hiPSC-EC samples across all
different days of electrical recordings. The electrical waveforms
were then used as the features input to PHATE (45) (version
1.0.7) (https://github.com/KrishnaswamyLab/phateR) and were
projected into a 2D PHATE-embedding space with the function
“phate()" using default parameters. We next extracted the first
two PHATE dimension values and used these two dimensions as
input for Slingshot (46) (version 2.4.0) (https://github.com/
kstreet13/slingshot) to perform the pseudotime trajectory inference
with the function “slingshot()” using the default parameters. The
trajectory curve was constructed from the Slingshot output, and
each projected waveform data point was assigned a pseudotime
value according to its projected position in the trajectory curve.
Using this combined computational approach, we projected long-
term electrical recording data from hiPSC-CMs and hiPSC-CM/
hiPSC-EC samples to a joint pseudotime trajectory that map the
electrical phenotypic transition throughout cardiac development.
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Quantification of sarcomere alignment

We used a Sarcomere Organization Texture Analysis algorithm that
uses Haralick texture structures to quantify sarcomere alignment as
previously described (37).

Preparation of cells for scRNA-seq

After 14 days of coculture, cells were dissociated from 24-well plates
using the STEMdiff Cardiomyocyte Differentiation Kit and then
strained through a 70-pm filter to remove clumps. Cells were resus-
pended at 1000 cells/pl in PBS containing 0.04% bovine serum
albumin. Samples were prepared with the 10X Genomics Chromi-
um Single Cell 3' v3 Reagent Kit according to the 10X Genomics
Single Cell Protocols Cell Preparation Guide and then sequenced
using the Illumina NovaSeq. The reference genome used was the
Homo sapiens (human) genome assembly GRCH38 (hg38). Raw
and processed data files were deposited to Gene Expression
Omnibus at accession number GSE210513.

Single-cell RNA sequencing data analysis

The Cell Ranger 6.1.1 pipeline (10X Genomics) was first used to
perform read alignments to the reference human genome
GRCh38. Default parameters were used to align reads and to
count unique molecular identifier to generate gene-by-cell expres-
sion matrices. The R package Seurat (82) (version 4.0.6) (https://
satijalab.org/seurat/index.html) was then used to perform down-
stream analysis for the gene-by-cell expression matrices. Cells
were filtered to retain only higher-quality cells (mitochondrial
reads <25%, genes detected >200 and < 9000). The expression ma-
trices were normalized and scaled with “NormalizeData(),” “Find-
VariableFeatures()," and “ScaleData()"” using the default parameters.
Then, we use "RunPCA()" to perform dimensional reduction. The
hiPSC-CM and hiPSC-CM/hiPSC-EC samples were then integrated
with the Harmony (47) algorithm by using the “RunHarmony()"
function. The integrated data were next visualized with Uniform
Manifold Approximation and Projection (UMAP) with
"RunUMAP()" using the first 30 dimensions from the Harmony
output. Unsupervised clustering was performed with “FindNeigh-
bors()” and “FindClusters()” using the first 30 dimensions from the
Harmony output and 0.2 resolution. The marker genes were then
compared with previous publications for cell-type annotation. Dif-
ferentially expressed genes were generated with Seurat’'s Wilcoxon
rank sum test, and the GO analysis for the differentially expressed
genes was performed with Cytoscape’s (83) functional enrich-
ment tool.

The R package CellChat (64) (version 1.4.0) was used for cell-cell
interaction analysis. We followed the standard tutorial “Compari-
son analysis of multiple datasets using CellChat” from the CellChat
GitHub repository (https://github.com/sqgjin/CellChat) to compare
the interaction patterns between hiPSC-CM and hiPSC-CM/hiPSC-
EC samples. We then further followed the tutorial from the R
package NicheNet (66) (https://github.com/saeyslab/nichenetr) to
identify the ligand-target matrix by using EC as sender cell types
and CM as receiver cell types and vice versa.

Statistical analysis

Statistical analysis was performed with the R package ggpubr
(https://rpkgs.datanovia.com/ggpubr). The sample sizes for repli-
cates and detailed statistics used are presented in the figure legends.
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