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Abstract

Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) show immature
features, but these are improved by integration into 3D cardiac constructs. In addition, it has

been demonstrated that physical manipulations such as electrical stimulation (ES) are highly
effective in improving the maturation of human-engineered cardiac tissue (hECT) derived from
hiPSC-CMs. Here, we continuously applied a ES in capacitive coupling configuration, which is
below the pacing threshold, to millimeter size hECTs for 1-2 weeks. Meanwhile, the structural
and functional developments of the hECTs were monitored and measured using an array of
assays. Of particular note, a nanoscale imaging technique, scanning ion conductance microscope
(SICM) has been used to directly image membrane remodeling of CMs at different locations on
the tissue surface. Periodic crest/valley patterns with a distance close to the sarcomere length
appeared on the membrane of CMs near the edge of the tissue after ES, suggesting the enhanced
transverse tubulation network. The SICM observation is also supported by the fluorescence images
of transverse tubulation network and a-actinin. Correspondingly, essential cardiac function such
as calcium handling and contraction force generation were improved. Our study provides evidence
that chronic subthreshold ES can still improve the structural and functional developments of
hECTs.
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The subthreshold electrical stimulation in capacitive coupling configuration can improve the
maturation of the human engineered cardiac tissue (hECT) and induce structural development of
the t-tubule system on the cardiomyocyte membrane, as revealed by the topography images of
scanning ion conductance microscopy and the immunofluorescence images of sarcomere.
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Introduction

Despite marked progress in medical treatment, myocardial infarction remains a major
health and socio-economic burden associated with high mortality rate. Studies in adult
human hearts show a renewed capacity of cardiomyocytes (CMs) after injury; however,
the spontaneous turnover rate of CMs cannot lead to meaningful functional recovery?.
Human-induced pluripotent stem cells (hiPSCs) are proposed as an unlimited source of
CMs that, in theory, would lead the development of a functional human cardiac tissue

for basic research and regenerative medicine. However, these cells do not exhibit all the
properties that represent adult human CMs. Rather, they display immature features such as
poor sarcomere alignment, low myofibril volume, early fetal gene expression profile, and
unregulated intracellular calcium handling, to name a few?2. Therefore, the maturation of
hiPSC-CM is required to achieve appropriate physiological characteristics that enable the
development of tissue models for cardiac regeneration studiess.

To achieve a higher degree of maturation, a variety of methods have been developed.

For example, with prolonged culture time in 2D environment, hiPSC-CMs displayed more
mature features such as larger cell size, better sarcomere alignment and the improvement
in calcium handling® 5. Replanting of hiPSC-CMs from stiffer substrate (culture dish
~1MPa) to soft polydimethylsiloxane(PDMS) substrate with stiffness close to human

heart (~10kPa) can lead to a better maturation process®. Mimicking the stiffness of

the natural extracellular matrix (ECM) and improving their electrical properties with
nanomaterials promote engineered cardiac tissue (ECT) maturity, excitability and electrical
signal propagation’. Moreover, other methods include dynamic culture to enhance the
transport of nutrients and oxygen8, the addition of growth factors into the cell medium
culture by the co-culture with mesenchymal stem cells or the addition of oxidative
substrates adapted to the metabolic needs of the hiPSC-CMs?, 3D printing cardiac organoids
with embedded vascular channels and 3D engineered cardiac constructs that promote

the alignment and electromechanical couplingl® 11, Physical training methods, such as
mechanical stimulation, can also promote hiPSC-CM maturation, with cyclic mechanical
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stress applied by external stretching devices to force the assembly of muscle-cells into
structurally and functionally aligned 3D structures®: 12, Furthermore, electrical pacing on
ECTs has been shown to greatly improve the maturation process by upregulating cardiac
markers, promoting sarcomere alignment, increasing the contractile force, and improvement
of calcium handling?3-15. Ultrastructural analysis of the engineered cardiac tissues under
electrical pacing has revealed the development of transverse tubules (t-tubules). These
critical and highly complex compartments act as a framework for many of the proteins
involved in the excitation-contraction coupling.

In this report, we studied the effect of electrical stimulation (ES) below the pacing

threshold on the development of hECTs. As shown in Figure 1A, the hECTs are formed
from early-stage hiPSC-CMs shortly after the initiation of spontaneous contractions,
following previously reported procedures!®. The hiPSC-CMs are mixed with fibrin hydrogel
components and Matrigel in a millimeter size well containing two flexible PDMS posts
(referred to hereafter as milli-tug device). After matrix polymerization and CMmediated
contraction, the mixture forms a hECT suspended between two posts, which providing the
static mechanical load (see Figure 1B). The typical size of the tissue is approximately 1.5
mm in length, 0.28 mm in thickness, and 0.6 mm for the narrowest width in the middle

(see Figure 1B (iii)). The narrower width in the middle is mainly due to the relative tension
differences in the matrix16. ES with monophasic square wave pulses at 5 Hz is applied
between two carbon plates in the capacitive coupling configuration (see Figure 1B(ii)).
Compared with the direct coupling configuration, this configuration is convenient to use and
can avoid unwanted electrochemical reactions and heating problems induced by the direct
contact between the electrode and electrolytel”, which is beneficial for long-term usage
inside the incubator. The downside of this method is the limited magnitude of the electric
field. Here, the applied electric field magnitude is about 5-10 times smaller than the typical
value used for supra-threshold electrical pacing in direct coupling configuration for hECTSs.

To characterize the ultrastructural improvements, we have used a new imaging technique,
scanning ion conductance microscopy (SICM)18, capable of imaging the topography
changes of cell surface in physiological conditions with nanoscale resolution. SICM has
been successfully applied to study the t-tubules system of isolated CMs from adult

rat and human heart tissues'9-21. T-tubules are membrane organelles that consist of
sarcolemma penetrating the interior of CMs, forming a highly branched and interconnected
network. These structures permit the efficient transmission of the electrical signal giving
the synchronization of intracellular calcium release, which causes the contraction of the
tissue?2. The periodic surface patterns of the mature t-tubule system can be resolved in the
topography images by SICM. However, the previous studies are all based on individual
CMs isolated from matured heart tissues. In this work, we successfully applied SICM to
directly image the membranes of CMs on the surface of the developing hECTs. We observed
the continuous membrane remodeling of CMs in the hECT suggesting the development

of the t-tubule network. More obvious surface patterns have been observed in the ones

after applied ES. By imaging CMs at different locations of the hECT, we also observed
obvious heterogeneity in membrane modeling, which is attributed to the tension distribution
in the suspended hECT. The SICM results are supported by other structural and functional
measurements. Therefore, a mild ES is still beneficial for the development of hECT.
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2. Methods

2.1 Cardiac differentiation of HIiPSCs

The preparation of hiPSCs is illustrated in Figure 1A. The hiPSCs from reprogrammed
fibroblasts (GM23338, Coriell Institute for Medical Research, NJ, USA) were delivered
and stored in liquid nitrogen until use. After defrosting, cells were cultured according to

a previously described protocol?3. Briefly, hiPSC cells were cultured on Matrigel-coated
plates (BD Biosciences) with stem basal medium (mTeSR1, STEMCELL Technologies)
for about 5 days to reach 80-90% of confluence. On day 0, hiPSCs were treated with

12 uM CHIR99021 (Tocris, 4423) diluted in RPMI/B27 minus insulin for 24 hours. On
day 3, hiPSCs were treated with 5 uM IWP4 (Tocris, 5214) mixed with RPMI/B27 minus
insulin, removed on day 4. The medium was changed every other day. From day 8, hiPSCs
were maintained in RPMI/B27 containing insulin with regular medium change. Spontaneous
contractions were observed between days 8 and 10. Following the previously reported
protocol?4, to increase the percentage of CMs, on the first day of beating, the hiPSCs were
treated with the Lactate medium, with 5mM L-Lactate (Sigma, 71718) diluted in RPMI
without glucose (Gibco, 11879-020), for 3 days. The medium was replaced daily.

2.2 The formation of HECTs

Lactate purified hiPSC-CMs were dissociated from the substrate by TrypLE Express
solution (Gibco) at 37 °C for 15 min. The detached cells were collected by centrifugation
at 1000 RPM for 6 min. It has previously been demonstrated that different hydrogels such
as collagen and fibrin can support the assembly of functional cardiac tissues2>: 26, Here,
hiPSC-CMs were encapsulated in the ECM formed by the hydrogel mixture of fibrin and
Matrigel. Each well of the PDMS milli-tug device (see below) with two flexible posts was
loaded with 200,000 cells in a suspension of 2 uL. RPMI/B27, 1.23 pL of human fibrinogen
(Sigma, F3879), 0.2 uL of human thrombin (Sigma, 605190-M), and 0.6 puL of Matrigel
(Corning, 356230). Then the device was filled with 35 L of RPMI/B27 containing insulin,
5 UM Y27632 (Tocris, 1254), 10% fetal bovine serum, and 0.033 mg/mL aprotinin (Sigma,
A3428). The medium was changed every other day. The tissue was formed from day 17, and
spontaneous beating was observed between days 19-20. The cells in the tissue at that time
were not synchronized. Synchronous contraction of the tissue required approximately two
additional days.

2.3 The fabrication of milli-tug device

Milli-tug devices (see Figures 1B and 1C) were fabricated by first pouring uncured PDMS
(Dow Corning Sylgard 184 prepared at 25:1 ratio of base: curing agent) into a polypropylene
mold, which was then baked overnight at 70 °C. Before cell seeding, the milli-tug devices
were sterilized by immersion in 70% ethanol for 30 minutes and exposure to UV-light for

20 minutes?®. The surfaces of the device were treated with 2% Pluronic F127 to reduce cell
adhesion. The final milli-tug device presents two posts with hemispherical caps of 0.39 mm
diameter, 1.46 mm height, and 0.39 mm thickness.
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2.4 Twitch force measurement

The spontaneous contraction force (twitch force) and the corresponding beating frequency
was measured based on the deflection of flexible post top (Ax) in the milli-tug device,

as previously described?’. Briefly, assuming the post has uniform material properties and
dimensions, each deflection reports the force contraction proportional to the post’s spring
constant. To calculate the twitch force (F), the spring constant (4) of the post was measured
using the indentation setup (Hyditron Biosoft, Bruker, Billerica, MA) with a spherical probe
of 400 um diameter. We have found that the tissue can be located at the middle of the post
from top to bottom. Therefore, the acquired spring constant k at the middle of the post was
4.47 +0.31 Nm~1 based on five measurements in air (see supplementary information Figure
S1). This value was used to calculate the twitch force using equation 1.

F = k*Ax. (Equation 1)

2.5 SICM setup and imaging

The SICM setup (see Figure 2A) was based on a commercial system (XE-Bio system, Park
system Inc Santa, CA) and mounted on the stage of an inverted optical microscope (Nikon
Elipse Ti-U). Quartz nanopipettes were used as the scanning probes, which were prepared
from capillaries (O.D. 1.2 mm, 1.D. 0.90 mm, Sutter Instruments USA) by a pipette puller
(P-2000, Sutter Instruments) with the following parameters: HEAT = 805, FIL = 3, VEL =
40, DEL = 220, PUL = 165. The nanopore diameter at the nanopipette tip was ~200 nm,
and the nanopipette was filled with 1xPBS solution from the backend before imaging. The
nanopipette was connected to a low noise current amplifier (DLPCA200, FEMTO) with a
10° gain. The measured ionic current was used as feedback to control the vertical distance
of the nanopipette tip from the surface?. The SICM was operated in the approach-retraction
scan (ARS) mode?® (also called hopping mode30) to acquire the topography images of the
cell/tissue surface. The topography image resolution was ~100 nm/pixel with the typical
setting here. The time to acquire an image of 128 x128 pixels was about 25 min. The
typical setpoint is a 1% decrease of the baseline current. The tip-approaching speed during
the fine scan was about 75 um/s, and the actual current change was about 8.2%. To avoid
motion artifacts during imaging, the hECTs were freshly fixed by exposing them to 1%
paraformaldehyde for 2 min and rinsed 2 times in1xPBS at room temperature.

2.6 Immunofluorescence imaging of sarcomere structure

The hECTSs were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.2%
Triton X-100 in PBS for 40 min. Then, the hECTs were rinsed in PBS for 5 min and
incubated in blocking solution 1% bovine serum albumin (BSA) in PBS for 1 h. The
hECTSs were incubated overnight with primary antibody anti-sarcomeric a-actinin (mouse
monoclonal, 1:200; Abcam ab9465) diluted in 1% BSA. On the next day, the hECTs were
rinsed for 5 min in PBS and incubated with a secondary antibody for 2 h: anti-mouse
IgG—Alexa Fluor 488 (1:400; Invitrogen A21202). Subsequently, the hECTs were incubated
for 10 min with 4’, 6-diamidino-2-phenylindole (DAPI, Invitrogen, 30 nM) and rinsed in
PBS for 5 min. Fluorescence images were acquired using a Nikon C1 confocal microscope
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equipped with a 60x objective and Nikon NIS Elements software. At least three regions of
interest (ROIs) were imaged per biological replicate and two biological replicates were used
for each condition. For quantitative analysis of the sarcomere length, a total of 20 images

at different ROIs and focus depths were used. Each image contained at least 4 sarcomere
lengths and an average value of sarcomere length was first obtained from each image.

2.7 Imaging of calcium transients

Tyrode solution was prepared with the following composition: NaCl 134 mM, KCI 2.68
mM, MgCl, 1.05 mM, CaCl, 1.80 mM, NaH,PO, 400 uM, NaHCO3 12 mM, Glucose 5.56
mM. The pH was adjusted with NaOH to reach 6.5. The chemicals were purchased from
Fisher Chemical and Sigma-Aldrich. All solutions were prepared using deionized water
(~18 MQ) either from a water purification system (Ultra Purelab system, ELGA/Siemens)
or purchased from Thermo Scientific (AA36645K7). Spontaneous Ca?* release activity of
the hECTs was monitored with CaZ* sensitive fluorescent dye Fluo-4 (10 mM Fluo-4 AM)
diluted in Tyrode solution for 45 min near 32 °C. A scientific CMOS camera recorded
spontaneous Ca2* transients at 15 frames per second (Thorlabs, CS2100M). Custom Matlab
script was used to analyze the video’s temporal changes of the fluorescence intensity at
different ROIs. The intensity of each frame was normalized to a background baseline
recorded without the sample. Ca2* dynamics were quantified by computing time to peak
intensity, time to 90% decay of Ca2* signal intensity, and full width at halfmaximum of

the Ca2* transient. The calcium transients were recorded from at least three different ROIs
per biological replicate and two biological replicates were used for each condition. For

the quantitative analysis of the calcium dynamics, a total of 50 transients were used per
condition.

2.8 Data analysis

The SICM data analysis was accomplished with XEI (Park system /nc. Santa, CA), Origin
Pro (OriginLab Corp.) software, and Matlab (MathWorks). The 3D topography images were
analyzed by XEI(Park Systems). Custom Matlab script was used to estimate the twitch force
of the hECTs. Results are reported as mean + SD. Gwyddion and ImageJ were used to
assess the analysis of the of two-dimensional Fourier transform of the fluorescence images.
To compare the data groups, one-way ANOVA-test and Mann Whitney-test were employed
with P<0.05 considered significantly different.

3. Results and Discussion

3.1 Electrical stimulation of the hECT

To deliver ES on cardiac tissues, direct coupling configuration is the most commonly used
scheme. For this configuration, the pair of electrodes are in direct contact with the culture
medium, which effectively delivers the electric field on the tissue. By applying a few volts
of bias across the typical centimeter size tissue, the generated electric field on the tissue

is approximately 3.3-5 V/cm15: 31,32 and the generated ionic current flow over the tissue
can range from <5 mA to 65 mA4 33, The tissue often can be electrically paced using
this level of ES. However, the inconvenience of this method is related to the insufficient
biocompatibility of the electrodes and the rising temperature that results in unwanted
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physicochemical changes in the cell culture medium. We applied the ES in the capacitive
coupling configuration to avoid these limitations and consider the added flexibility in system
integration. Figure 1B (ii) shows that the two carbon plates are located outside the culture
chamber and provide a uniform electric field to the hECT inserted between the two carbon
plates. In our experiment, on the first day of beating, tissues were electrically stimulated
using monophasic square wave pulses of 13 V/cm amplitude and 2 ms width at 5 Hz
frequency. The 5 Hz ES frequency is chosen based on the fact that the rate of neonatal rat
heart is about 4-8 Hz in the first three weeks after birth34. The 5 Hz frequency is also close
to the value used in the previous electrical pacing study showing success in the development
of t-tubule system in hECTs31. However, the hECTSs in our experiments are observed not
beating at the same ES frequency but rather at a slower rate. Therefore, the magnitude of the
applied ES is below the excitation threshold to pace the hECT to beat at the applied rate.

The main drawback of this configuration is that a relatively high bias needs to be applied
between the two electrodes to yield a comparable electric field across the tissue like that

in the direct coupling configuration. Also, it is not straightforward to find the actual field
magnitude applied in the medium. Therefore, we first used the finite element method (FEM)
to simulate the static electric field in the culture medium (see Figure 2). When the applied
external field is 13 V/cm, the simulated field in the solution is approximately 0.6 V/cm,
which is reduced more than 20 times from the applied external field. We then directly
measured the potential difference across the culture medium by using a high impedance
differential amplifier. The measured mean electric field is approximately 0.55 V/cm, which
is close to the simulated value (Figure 2D). We also measured the current density through
the tissue culture medium during the ES (see supplementary information S2A). As shown

in Figure 2E (black curve), the peak current magnitude in each pulse is approximately 1.5
mA/cm2. This current is mainly derived from the charging current during the sudden change
of the applied pulsatile bias. The steady current is close to zero in a pulse. For comparison,
we measured the ionic current flow in the direct coupling configuration with an electric
field of 13 V/cm (see the setup in Figure S2B). As shown in Figure 2E (red curve), the
measured steady ionic current change in each pulse approximates a square wave shape. The
steady ionic current density in the direct coupling configuration is also about 20 times higher
in magnitude (about 30 mA/cm?) than that of the peak current density in the capacitive
coupling configuration. Therefore, the ES effect is mainly due to the electric field but not the
ionic current flow in the capacitive coupling configuration.

3.2 Nanoscale topography images of the hECT

SICM has been successfully used to study the remodeling and alteration of t-tubules on the
membranes of CMs isolated from matured heart tissues, which can provide more details than
the typically used fluorescence imaging method with voltage sensitive dye di8-ANNEPs20.
To make sure SICM can directly image the CMs on the surface of hECTSs, we have
conducted additional experiments to better understand the surface of the hECT. From the
fluorescence images of the microsectioned hECT slices (about 10 um thick) stained with
Wheat Germ Agglutinin (WGA), we observed a continuous layer of cells at the surface of
the hECT with highly branched t-tubule network (see Figure 3D and Figure S3). We also
conducted whole cell patch-camp recordings by nanopipette on surface cells of live tissues
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at randomly selected locations (see supplementary information Figure S4). We can acquire
action potentials in most of the locations we probed, suggesting CMs are indeed on the
surface of the hECTSs.

Considering the structural heterogeneity of hECT, we have acquired SICM topography
images of the fixed hECTs from three different regions: near the post, middle center and
edge. Topography images from regions located at the edge of the hECT are shown in the left
panel of Figure 3B. The hECTs without ES showed sparse features of Z-groove on the first
3 days of tissue culture. More structural changes of the cellular membrane in hECT began

to be visible in the topography images on days 8 and 16, showing areas with valleys and
crests. The valley and crest features are more evident in the height profile across the blue
dash line at the top of each topography image. The valley is the opening of the t-tubules,

and the domed crest is the region between the Z-grooves. The increased number of valley
and crest features and their alignments reveal the development of the t-tubules system of

the tissue. For comparison, the topography images of hECT with ES are shown in the right
panel of Figure 3B. The domed crest between Z-grooves can already be resolved on day 3,
and the better-aligned crests and z-grooves can be clearly identified on days 8 and 16. The
height profile reveals that the spacing between Z-grooves was about 2 um on day 16, close to
the sarcomere length of adult ventricular CMs. This is because the transverse components of
t-tubules regularly occur near sarcomeric zdiscs.

We have also investigated the development of the t-tubule structure near the edges of
tissue in WGA stained thin hECT slices using fluorescence microscope. Figure 3D shows
the fluorescence images of the transverse-sectioned slices and Figure S3 shows the cross-
sectioned ones. On day 3, the t-tubule presented low density with short penetration length
from the surface towards the axis of the hECT. In contrast, at the later days of culture
(days 8 and 16), the t-tubule presented a network-like structure that penetrating deep from
the surface. It is not easy to quantify the structural difference between tissues with and
without ES. In general, we found the WGA intensity is higher across the whole slice of ES
treated tissue, which implying a better developed t-tubule system. The t-tubule improvement
revealed by SICM imaging and WGA fluorescence imaging results are consistent with the
previous reports showing that electrical pacing can enhance t-tubulation®: 31. 35,

Following the previous report, we calculated the Z-groove ratiol®. The Z-groove ratio can
better quantify the development of the t-tubule system, which is estimated by dividing the
length of Z-grooves (indicated by the yellow dotted lines) by the total length of Z-groove
if they were present on the whole surface (indicated by black dotted lines). The bigger z-
groove ratio indicates the better development of the t-tubule system. For the adult ventricular
CMs, the z-groove ratio is about 0.951% 20, In Figure 3C, the Z-groove ratio of the hECT
without ES is always lower than the value of hECT with ES on the same culture days from
day 3 to 16. The significant differences were confirmed for tissues of days 5, 11 and 16 by
an ANOVA test (P < 0.05). The increase of the Z-groove ratio is also clear for the hECT
in the first week of ES. Our findings proved that electric field stimulation improved the
t-tubulation and the remodeling of the membrane of the hECT towards a maturation stage.
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Topography images at the surface region close to the post are shown in Figure 4A. The
hECTs without ES began to show clear Z-groove at day 16, as indicated by the red dashed
lines marked in the topography image. In contrast, obvious Z-grooves can be observed
from day 3 of ES treated tissue. However, topography images of the hECT with ES only
show sparse valleys and crest features. Topography images at the region close to the middle
center of the hECTSs are shown in Figure 4B. Even the Z-groove features were often absent
and not clear in topography images for hECTs with or without ES. Therefore, the t-tubule
network induced membrane remodeling is most developed for the CMs at the edges but
least developed for the CMs in the middle of the hECT. Previous studies have shown that
tension and stress are stronger at the edges and weaker in the middle of the suspended
tissues!® 36, Therefore, the location-dependent membrane remodeling of the CMs in the
hECT is explained by the different regional mechanical stress environment of the suspended
hECT. In addition, in general, the membrane modeling of CM is always augmented by the
effect of ES.

3.3 Sarcomere structural characterization of the hECT

The t-tubules system is closely related to the interior sarcomere structure. To confirm

the development of t-tubule membrane structures, we also investigated the sarcomere
organization of the interconnected hiPSC-CMs within the hECT. Figure 5A shows the
representative immunofluorescence images of the hECT stained for a-actinin at different
culture days. Sarcomere length was determined by measuring the distance between intensity
peaks containing successive a-actinin striations. Figure 4B shows the measured sarcomere
size change with the tissue culture time. For both hECTs with and without ES, the sarcomere
size increases with the culture time. Without ES, the size increases from 1.54+0.22 um

at day 3t01.79 £ 0.13 um at day 16. With ES, the size of the sarcomere increases from
1.57+0.24 ym at day 3 to 1.89 + 0.19 pm at day 16, which is close to the mature sarcomere
length about 2.2 pm of adult ventricular CMs3’. In addition, after 3-5 days in culture,

the sarcomere elongated and aligned through the two PDMS posts. The ES impacted the
sarcomere structure with better alignment and increased size at day 11 and 16 (additional
images are included in supplementary information Figure S5). These results agree with
previous studies that ES directs the hECTSs towards a phenotype resembling adult-like
myocardium38,

3.4 Intracellular calcium imaging in the hECT

The t-tubules contain membrane microdomains enriched with ion channels and signaling
molecules, such as L-type Ca2* channel (LTCC) and Na*/Ca2* exchanger (NCX). Therefore,
the t-tubules system directly relates to the calcium handling capability of the tissue.

The better developed t-tubule system can synchronize the calcium release throughout

the CMs in the hECT. In adult human cardiac tissue, calcium transients display a well-
defined sequence of events initiated following each beat-to-beat action potential. We further
explored the intracellular calcium transients within the hECT loaded with Fluo-4 to explore
the dynamics of calcium handling. Three different regions were selected, and the increase

in the concentration of calcium ions was represented as fluorescence intensity (F) of dye
divided by the background intensity (Fg). The corresponding fluorescence images are shown
in the supplementary information Figure S6A. Figure 6A shows the intracellular calcium
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transients with an irregular shape and a higher frequency in the early maturation stage

(day 2). In contrast, hECT under ES shows a homogenous shape and a slower beating
frequency. Defined transients were visible in the later maturation stage at day 11 of culture.
Figure 6B compares the shape of the representative calcium transients on the early and late
maturation stages. The peak widths of calcium transients at day 2 are similar for the tissues
with and without ES. In contrast, on day 11, the calcium transients are narrower for the
tissue under ES. The full width also quantifies the peak width of the calcium transients at
half maximum (FWHM). As shown in Figure 5C, between the tissues with and without
ES, the FWHM has no significant difference at the early stage. However, the hECTs with
ES show an evident decrease in FWHM at the late stage, suggesting an improvement in
intracellular calcium kinetics. In addition, the decay time of the calcium transients for the
hECTs with ES is significantly reduced at day 11 (see supplementary information Figure
S6B). This result suggests a fast removal of intracellular calcium for the day 11 tissues with
ES. This condition may be generated by enhancing the expression of SERCA pump and
Na/Ca exchanger (NCX). It should be noted that the calcium transients collected at day 11
often showed a clear downward peak right after the upstroke, which is generated by the
contraction mation of the hECT at the time of fluorescence imaging data collection. This
tissue motion-induced artifact in fluorescence intensity change is often not evident at day 2
because the contraction motion is weaker at the early stage.

3.5 Twitch force and beating frequency.

Transduction of the electrical signal results in oscillations of the intracellular calcium
concentration, which permits the interaction between the myosin and actin molecules and
the ATP hydrolysis. Due to the synchronized calcium release, the better developed t-tubule
system allows the interconnected CMs in the hECT to contract more forcefully. We also
measured the force contraction and beating frequency of the hECT with and without ES
after 4, 7, 9, and 11 days of culture. Figure 6A shows typical recordings of the force
contraction time traces without and with ES. Small fluctuations in peak magnitude between
each contraction are often noticed for hECT at day 4 without ES, attributed to the partial
electromechanical coupling of the CMs in hECT at the early maturation stage. Figure 6B
compares the force peak shape. The peak width is generally bigger for the hECT with

ES on day 11. The broader peak suggests the contraction lasts longer for the hECT with

ES. The twitch force peak magnitude and the beating rate as a function of culture time

are shown in Figure 6C. The twitch force magnitude for both tissues increases with the
culture time, suggesting the maturation of the tissue. From days 7 to 11, the hECTs with ES
generate a considerably higher twitch force. Statistical significant differences are observed
for the twitch force of tissues on days 7 and 11 (see Figure 7D). Meanwhile, the tissues
with ES show a reduced beating rate (see the bottom panels of Figures 7C and 7D). It
should be noted that the beating rate here is smaller than the results in Figure 7, which

is attributed to the temperature effect (see supplementary information Figure S7). We also
notice that the force does not increase monotonically and is slightly reduced from day 7

to 9 for hECTSs either with or without ES. This is attributed to hECT reorganization, as
discussed below. These findings are consistent with the observed development of the t-tubule
system. They can be explained by the improved calcium handling, where the force and
frequency contraction depends on the balance between calcium influx, sarcoplasmic storage,
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and release* 39. Also, our results may be related to the possible switching in the relative
expression from the faster a isoform of the myaosin heavy chain expressed in neonatal CMs
to the slower B isoform of the myosin heavy chain that is expressed in mature CMs?*0,

3.6 Geometrical changes of hECTs with and without ES

The hECTs in the milli-tug formation also underwent noticeable geometrical changes at the
macro scale. We noticed that the volume of the hECT often became bigger during culture
without ES but always became smaller with ES. Because the change of hECT thickness is
relatively small, we quantify the observed volume change by change of the cross-section
width of the tissue (see Figure S8). The tissues without ES showed a continued increase

in the cross-section width from 731 + 82 pm to 776 + 60 pum. In contrast, tissues under

ES showed a decrease of the cross-section width from 667 + 61 um to 614 + 63 um.

These different geometrical changes for tissues with and without ES may reflect the ES
induced different cell composition, morphology and size changes as well as more dynamic
reorganization processes of the tissue. In the optical images, the edges of the hECTSs (both
with and without ES) at day 11 appear rougher with ‘bead” like strucures, which maybe
attributed to the cells been squeezed out of the matrix due to the structural reorganization.
We have observed the relatively higher nuclei/sarcomere volume ratio for the hECTs without
ES at the later day (day 11) by using the z-stacks of the immunofluorescence confocal
images (see supplementary information Figure S9). We have also isolated some cells from
the day 16 tissue using papain enzyme (see section S8 of supporting information)°. The
cells from tissue without ES show large variations in size and shape. In contrast, the shape of
cells from tissue with ES is more uniform in the elongated shape (see Figure S10).

We have also carried out noninvasive indentation experiments to probe the overall
mechanical properties of the suspended live hECTs in the milli-tug formation (see section
S11 of supporting information). The stiffness of tissue with ES treatment is higher in
average. However, due to the large variations, the conclusion of mechanical test is not
conclusive.

4. Conclusion

In summary, we have studied the effect of continuous subthreshold ES in the capacitive
coupling configuration on the development of hECTs in 3D constructs prepared in a milli-
tug device. We monitored the structural and functional changes of the millimeter size hECTs
over two weeks of culture time with ES. Along with the conventional methods, including
immunofluorescence imaging of sarcomere structure, WGA staining for t-tubule network
development, fluorescence imaging of calcium handling, and twitch force measurements,
we also applied SICM to characterize the maturation process of hECTs. The SICM
topography images showed the fine and detailed membrane structural changes and revealed
the development of the t-tubules system.With the ES, the regular crest/valley patterns with
a spatial period close to 2 um appeared on the cellular surface of hiPSC-CMs at the edges
of hECTSs, demonstrating better development of the t-tubule network. The better-developed
membrane structures of the t-tubule system are consistent with the sarcomere structure
development, enabling effective electrical signal propagation as revealed by the calcium
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handling measurements. Accordingly, the hECT under ES generates a more prominent
twitch force with a reduced beating frequency. However, the degree of maturity of hECTs
under ES reported here is not enough to fully recapitulate the structural and functional
properties seen in adult myocardium and further optimization of the method is needed.

For the subthreshold ES we applied here, the hECTs are not forced to beat at the rate of

the stimulation frequency. Therefore, the contribution from the intense physical training
during electrical pacing is small. As previously reported, the ES on non-excitable cells can
increase the activity of ion channels and trigger a variety of intracellular signaling pathways
and affect various cellular responses, including migration, alignment, proliferation, and
differentiation?l. The ES might also trigger the expression of mechanoreceptors (mediation
of force transmission) and improve calcium handling®2. The work suggests that the long-
term subthreshold ES in the capacitive coupling configuration can still have a positive effect
on the maturation of hECTs formed from early-stage hiPSC-CMs. In addition, the SICM
can be useful to monitor the ultrastructural development during the maturation process of
hECTSs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(A) Timeline for the formation of hiPSC-CMs derived hECT and the following

characterizations. (B) (i) The photo image of the ES setup. (ii) The diagram illustrates

the capacitive coupling configuration and the hECT in the milli-tug construct. (iii) The
transmitted-light optical microscope images (both top and side views) of a live hECT in the
milli-tug construct. Tissues were placed under ES on the first day of spontaneous beating.
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Figure2.
Characterization of the electrical stimulation. (A) Snapshot of 2D stationary FEM model

used for simulation. Two carbon plate electrodes were placed 1 cm apart, and 13V potential
was applied between them. The figures are drawn to scale. (B) The electric field distribution
between two carbon plate electrodes. The white arrows indicate the direction of the field,
and the color bar shows the intensity of the field. The distribution of the total electric field
along the yellow dash line is shown below. The E field in the PBS bath (indicated by the
black arrow) is estimated to be ~0.58 V/cm. (C) The distribution of potential between carbon
plate electrodes. (D) Experimental measurement of the electric field with a magnitude of
0.55 V/cm in the milli-tug. (E) Current density through the culture medium in direct and
capacitive coupling configuration during stimulation. For better comparison, the current
density in direct current configuration was reduced 20 times.
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Figure 3. SICM topography images of the hECTs.
(A) Hlustration of the SICM setup on acquiring the topography images from the edges of the

hECT indicated by the white circles in the optical image of the hECT. The nanopipette is
mounted on a Z-piezo actuator. The ion current that flows through the Ag/AgCl electrodes
1 and 2 is used as the feedback signal to control the distance between the nanopipette tip
and the tissue membrane. (B) Topography images of the membrane surface on the edges of
the hECTs at different culture days without and with ES. Height profiles are through the
blue dashed lines marked in the topography images. Z-grooves are indicated by the yellow
and black dotted lines that are used to estimate the Z-groove ratio. (C) Statistical analysis
of the Z-groove ratio for the hECTs without and with ES. The ANOVA test confirmed
significant differences in the Z-groove ratio (N=3,with 4-5 repeats). (D) Representative
transversesectioned slices stained with WGA in hECTs at different culture time with and
without ES. White arrows in the zoom-in images indicate the formation of the t-tubule
network.
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Figure 4. SICM topography images of regions close to the post and middle center of the hECT.
(A, B) Topography images of the regions close to the post (A) and middle center (B) of the

hECT without and with ES at different culture days. The location of scanning is indicated by
the white circles in the optical image of a hECT. The clear Z-groove features are indicated

by red-dotted lines in the topography images.
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Figure5. Effects of ES on the hECT sarcomere structure.
(A) Representative immunostained images of the structural organization in the hECT stained

for a-actinin (green) and nucleus (blue). The intensity profiles along the orange dashed lines
are shown on top of each fluorescence image. (B) Statistical analysis of the sarcomere size
for the hECT without and with ES (N=20, from two samples per day and three repeats of
each sample). The ANOVA test confirmed significant differences in the sarcomere size.
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Figure 6. Calcium transientsin the hECT.

No ES Day 2 ES Day 2 No ES Day 11 ES Day 11

(A) Recordings of calcium transients without and with ES at three different regions in the
hECTs at day 2 (left) and 11 (right). (B) Representative calcium transients on early (day 2)
and late maturation stages (day 11). (C) The FWHM of the calcium transients at the early
and late stages (from two samples per day and three repeats per sample). The error bar is the

standard deviation.
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Figure 7. Twitch force and beating rate of the hECTs.

Time(s)

(A) The typical recordings of the twitch force-time traces without (red color) and with ES
(blue color) at day 4 (top panel) and day 11 (bottom panel). (B) The comparison of twitch
force peak shape. These peaks are the first ones in the traces in (A) and are aligned with
their peak positions. (C) The twitch force (top panel) and beating rate (bottom panel) as a
function of culture time for hECTs without (red color) and with ES (blue color). The error
bars are calculated from the standard deviation of 12 measurements (Six samples per day and
two repeats per sample). (D) Statistical analysis of the twitch force (top panel) and beating

frequency (bottom panel) with N=12. The measurements were conducted at 25 °C.
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