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Abstract

Human engineered heart tissues have potential to revolutionize cardiac development research,
drug-testing, and treatment of heart disease; however, implementation is limited by the need to use
pre-differentiated cardiomyocytes (CMs). Here we show that by providing a 3D poly(ethylene
glycol)-fibrinogen hydrogel microenvironment, we can directly differentiate human pluripotent
stem cells (hPSCs) into contracting heart tissues. Our straight-forward, ontomimetic approach,
imitating the process of development, requires only a single cell-handling step, provides
reproducible results for a range of tested geometries and size scales, and overcomes inherent
limitations in cell maintenance and maturation, while achieving high yields of CMs with
developmentally appropriate temporal changes in gene expression. Here we demonstrate that
hPSCs encapsulated within this biomimetic 3D hydrogel microenvironment develop into
functional cardiac tissues composed of self-aligned CMs with evidence of ultrastructural
maturation, mimicking heart development, and enabling investigation of disease mechanisms and
screening of compounds on developing human heart tissue.
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Introduction

Limited access to samples of human cardiac tissue severely impedes cardiology research,
drug discovery, and clinical cardiac regeneration efforts. Indeed, predicting cardiac toxicity
and the triggering of arrhythmias represents a major hurdle for pharmaceutical compound
development, resulting in 20-30% of drugs receiving a black box warning or being
withdrawn from the market! 2 and having devastating economic and societal consequences.
Human pluripotent stem cells (hPSCs) provide the potential to produce large quantities of
physiologically relevant, species-specific and even patient-specific cardiomyocytes (CMs) in
vitro through directed differentiation. Engineered human heart tissues created from such
cells can address the challenge of widespread cardiac tissue access, thereby providing the
ability to study normal and abnormal human heart development, as well as revolutionizing
high-throughput drug screening, modeling of human cardiac diseases, and the field of
regenerative medicine. However, these tissues must develop structural and functional
properties representative of the native human myocardium3, and their fabrication needs to be
straightforward, automatable, scalable, and highly reproducible?. Achieving these goals has
proven difficult.

Originally, hPSC differentiation protocols used cell aggregation to create 3D embryoid
bodies (EBs)> 6, which facilitated hPSC differentiation into spontaneously beating stem
cell-derived cardiomyocytes (SC-CMs). To overcome the issues of inefficient CM
production and irregular reproducibility using this EB cardiac differentiation protocol,
researchers have recently focused on modulating the chemical environment of
differentiating SC monolayers. Through the temporal introduction of soluble factors, this
approach strives to replicate the cues directing native heart development® 7. These highly
efficient 2D differentiation protocols have revolutionized CM production from hPSCs®: 9;
however, this monolayer-based approach does not replicate the fundamental 3D nature of
myocardial development.

Tissue engineering offers a 3D solution to the 2D cell culture problem. The established
paradigm for creation of engineered heart tissues requires a source of CMs, either isolated
from rodent hearts or pre-differentiated from PSCs. Following dissociation, the CMs are
combined with a biomaterial scaffold and re-assembled into cardiac tissues!?-14. Although
this approach has been successful in creating human cardiac tissue, the required pre-
differentiation and subsequent dissociation of spontaneously contracting SC-CMs precludes
direct production of mature cardiac tissues from hPSCs and hinders investigation of the role
of cellular microenvironment during early human cardiac development. The multiple cell-
handling steps involved create not only processing and fabrication challenges, and limit the
ability for tissue biomanufacturing, but also disrupt important cell-cell junctions, and cause a
high degree of cell loss. Establishing a simple workflow that reduces the number of cell-
handling steps and provides a 3D microenvironment throughout differentiation would
transform the fabrication of human cardiac tissues, which will be critical for their successful
utilization in developmental biology research, high-throughput pharmaceutical screening,
and generation of mature SC-CMs for basic science and clinical applications.
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Natural biomaterials (e.g., fibrin, gelatin, Type-I collagen) have been used most frequently
to support classic engineered cardiac tissue formation0: 13. 15 hyt present limitations due to
their inherent batch-to-batch variability, lack of immediate structural support, and the
degradation of contractility during long-term cardiac tissue maintenance in vitro. In
comparison, synthetic materials are completely defined and rapidly crosslinkable with
tunable properties, but typically lack biological components inherent to natural scaffolds.
Hybrid biomaterials, having both natural and synthetic components, provide unique
advantages for tissue engineering applications. Particularly relevant to forming cardiac
tissues, hybrid biomaterials have tunable mechanical properties combined with natural sites
to support cell survival, adhesion, proliferation, and differentiation, as well as degradation
and remodeling of the scaffolds'6: 17, Therefore, employing hybrid biomaterials, such as
poly(ethylene glycol)-fibrinogen (PEG-fibrinogen), enables properties of both components
to be exploited in guiding hPSC differentiation and the process of human engineered cardiac
tissue formation (Table S1).

Here we asked whether it is possible to directly create a 3D tissue construct emulating key
stages of cardiac embryologic development, growth, and maturation in an ontogeny-
mimicking (i.e., ontomimetic) model of human heart muscle. We found that human induced
pluripotent stem cells (hiPSCs) can successfully be differentiated into contracting CMs
while encapsulated within PEG-fibrinogen hydrogels, thereby directly forming functional
3D developing human engineered cardiac tissues (3D-dhECTSs) with a single cell-handling
step during the cell-encapsulation process.

For the first time, we have successfully encapsulated and differentiated hiPSCs within a
controlled biomimetic hydrogel microenvironment, achieving developmentally-appropriate
temporal changes in gene expression, high CM yield, and calcium handling properties
similar to age-matched CMs produced using high-efficiency 2D monolayer differentiation.
Furthermore, CMs within our 3D-dhECTSs became progressively anisotropic without
external electromechanical stimuli and developed ultrastructural features characteristic of
mature CMs. These results demonstrate that providing a 3D architecture during and after
hiPSC differentiation without disturbing cell-cell junctions and providing continuous 3D
cell-cell and cell-material interactions is advantageous for creating an ontomimetic model of
native human myocardium.

Materials and methods

HiPSC expansion and culture

IMR-90 Clone 1 and 19-9-11 human induced pluripotent stem cells (hiPSCs) were
purchased from WiCell and maintained at 37°C, 5% CO5, and 85% relative humidity.
HiPSCs were cultured as colonies on hESC qualified Matrigel (BD Biosciences) using
mTeSR-1 medium (Stem Cell Technologies). HiPSCs were passaged using Versene (Life
Technologies) and 5 UM ROCK inhibitor (Y-27632, R&D Systems) was added to the
mTeSR-1 medium for 24 h post-seeding.
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Glass acrylation and PDMS mold preparation

All chemicals were purchased from Sigma-Aldrich unless specified otherwise. In order to
accurately track tissue development over time, microisland tissues were fabricated and
immobilized on acrylated glass coverslips. Circular glass coverslips (21 mm, No. 1, Fisher
Scientific) were cleaned using 30% hydrogen peroxide (H,05) and 70% sulfuric acid
(H2S0y), followed by thorough ethanol rinsing and air-drying prior to glass acrylation.
Cleaned glass coverslips were incubated overnight using diluted acetic acid (9%), 3-
(Trimethoxysilyl) propyl methacrylate, and 200-proof ethanol at 25°C. After incubation, the
acrylated glass coverslips were rinsed in ethanol followed by air-drying.

Polydimethylsiloxane (PDMS) molds were prepared by combining SLYGARD 184 silicone
elastomer curing agent and SLYGARD 184 elastomer base (Dow Corning Corporation).
PDMS precursor solution was transferred onto a glass slide fixed with 200 um thick spacers
on all edges. A second slide was placed on top and the entire assembly was bound together
by binder clips. The assembly was transferred into an oven at 70°C for 2 h for curing of the
PDMS. The cured PDMS was peeled off the assembly and three cylindrical holes with
diameters of 6 mm were punched into the PDMS mold using a cork borer. The PDMS mold
and acrylated glass coverslips were soaked in 70% ethanol for 24 h followed by complete
air-drying under UV-light for at least 24 h to ensure complete sterilization. Before use in cell
encapsulation, the PDMS mold with three cylindrical holes for tissue production was placed
on the circular, acrylated glass coverslips and pressed down firmly to prevent leakage.

PEG-fibrinogen synthesis and precursor preparation

PEG-fibrinogen was prepared as previously described!8. First, poly(ethylene glycol)-
diacrylate (PEG-DA) was prepared by reacting linear PEG-OH (10 kDa) with acryloyl
chloride and triethylamine. The product was precipitated in ice-cold diethyl ether, followed
by vacuum drying for 48 h. Degree of acrylation was quantified by proton 1H NMR.

For PEG-fibrinogen synthesis, tris(2-carboxyethyl) phosphine hydrochloride (TCEP-HCI)
was combined with 7 mg/ml fibrinogen in PBS with 8 M urea (1.5:1 TCEP to fibrinogen
molar ratio). Next, for PEGylation of fibrinogen, PEG-DA was reacted with fibrinogen (4:1
molar ratio) for 3 h, precipitated in acetone and dissolved in PBS with 8 M urea. The reacted
PEG-fibrinogen was dialyzed against PBS at 4°C for 48 h followed by lyophilization. To
characterize the PEGylated product, fibrinogen content was measured using Pierce BCA
assay (Thermo Scientific).

Lyophilized PEG-fibrinogen powder was re-dissolved in PBS to obtain a final fibrinogen
concentration of 10 mg/ml. PEG-fibrinogen precursor solution was prepared by combining
PEG-fibrinogen with 1.5% triethanolamine (TEOA), 3.96 pl/ml N-vinyl pyrrolidone (NVP),
and 10 mM eosin Y (Fisher Scientific) photoinitiator (in PBS)1°.

HiPSC dissociation and 3D-dhECT microisland formation

HiPSCs were dissociated using Versene (cluster hiPSC encapsulation for IMR90-1 and
19-9-11 hiPSC lines) or Accutase (single IMR90-1 hiPSC encapsulation, Innovative Cell
Technologies) to form 3D developing human engineered cardiac tissue (3D-dhECT)
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microislands (day -3). Cluster or single hiPSCs were resuspended in mTeSR-1 medium and
centrifuged for 5 min at 200 g. The supernatant was aspirated using a glass Pasteur pipette
and complete aspiration was insured through inversion of the tube without disturbing the cell
pellet. Cluster or single hiPSCs were resuspended uniformly at a density of 55 + 8.5 x 108
hiPSCs/ml of PEG-fibrinogen precursor solution using a wide orifice pipette tip. 10 ul of
this mixture was added to each of the three cylindrical holes in the PDMS mold on acrylated
glass coverslips and crosslinked using visible light (intensity of 48 mW/cm? at a distance 3
cm away) for 1 min. The PDMS mold surrounding the three crosslinked hydrogels (3D-
dhECT microislands) was then carefully detached and the acrylated glass coverslip with
covalently coupled microislands was transferred to a 12-well plate (three tissues per well)
and cultured in 2 ml mTeSR-1 medium supplemented with 5 uM ROCK inhibitor for 24 h
(day -3). On the two days following encapsulation (day -2, day -1), 3D-dhECT microislands
were cultured in mTeSR-1 medium with daily medium exchange. On the third day post-
encapsulation (day 0), cardiac differentiation was initiated. All encapsulations resulted into
successfully contracting cardiac tissues.

2D monolayer differentiation of hiPSCs

For 2D monolayer differentiation of hiPSCs (IMR90-1 hiPSC line), the composition of the
media and timeline of differentiation was based on a previously published method®; 2D
differentiating monolayers were used as controls. Briefly, hiPSCs were dissociated using
Accutase, resuspended in mTeSR-1 medium, counted, and centrifuged. HiPSCs were seeded
at 1 x 10 hiPSCs/well in a Matrigel coated 6-well plate with 4 ml mTeSR-1 medium + 5
UM ROCK inhibitor for 24 h (day -4). From day -3 until day 0, mTeSR-1 medium was
replaced daily. On day 0 of differentiation, medium was changed to 4 ml RPMI/B27 without
insulin (Life Technologies) + 12 uM CHIR99021 (Selleckchem) for 24 h. Medium was
changed to 4 ml RPMI/B27 without insulin for an additional 48 h. On day 3, 2 mi
RPMI/B27 without insulin and 5 uM IWP2 (Tocris) were combined with 2 ml old
RPMI/B27 without insulin (“combined medium”) and cells were cultured until day 5, when
medium was changed back to RPMI/B27 without insulin. On day 7 and successively every
three days, medium was replaced with RPMI1/B27 (Life Technologies).

3D cardiac differentiation of cluster and single hiPSCs in PEG-fibrinogen hydrogels

Cluster and single encapsulated hiPSCs underwent differentiation following the same
protocol used for the 2D monolayer differentiation of hiPSCs. On day 0 of differentiation,
medium was changed from mTeSR-1 to 2 ml RPMI/B27 without insulin + 12 uM
CHIR99021 per well. After 24 h (day 1), medium was changed to 2 ml RPMI/B27 without
insulin. On day 3 of differentiation, medium was replaced with 1 ml fresh RPMI1/B27
without insulin, 5 pM IWP2, and 1 ml old RPMI/B27 without insulin and cultured for an
additional 48 h. On day 5, medium was switched back to 2 ml RPMI/B27 without insulin
and followed by 2 ml RPMI/B27 medium on day 7, medium being replaced thereafter every
three days.

HiPSC viability and immunofluorescence

HiPSC viability on day -2 (24 h post-encapsulation) was assessed using a LIVE/DEAD®
viability kit (Molecular Probes) following manufacturer’s instructions. Confocal Z-stacks
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(step size = 5 um) were taken through the entire tissue thickness at several randomly
selected locations within each 3D-dhECT microisland (n = 3) using a Nikon A1R laser-
scanning confocal microscope and NIS Elements software (Nikon). To assess 3D-dhECT
protein expression of proliferation markers proliferating cell nuclear antigen (PCNA) and
Ki67, cardiac markers cardiac troponin T (cTnT) and sarcomeric a-actinin (aSA), and gap
junction protein connexin 43 (Cx43), tissue samples were prepared for immunofluorescence.
To assess the area and circularity of single CMs, dissociated 3D-dhECT cells were
immunostained using aSA and Caveolin 3 (T-tubules). First, samples were fixed using
methanol for PCNA, 4% paraformaldehyde (Electron Microscopy Sciences) for Ki67, cTnT,
aSA, and Caveolin 3, or 50/50 ice-cold acetone/ethanol for Cx43. Fixed tissues and
dissociated cells were permeabilized with PBS-T (PBS with 1% bovine serum albumin
(BSA) and 0.2% Triton X-100) and blocked (3% fetal bovine serum (FBS, Atlanta
Biologicals) in PBS). Samples were consecutively incubated in primary and secondary
antibody (Table S2). All primary and secondary antibodies were applied for at least 24 hours
at 4°C. Cell nuclei were stained with 4°,6-diamidino-2-phenylindole (DAPI, Molecular
Probes). All fluorescently labeled samples were visualized using a Nikon Alsi confocal
microscope.

For subsequent characterization studies and comparisons to 2D monolayers, cluster
encapsulated 3D-dhECTSs were used.

Tissue area growth

Throughout the initial stages of hiPSC encapsulation, images of entire tissues from both
hiPSC lines were acquired daily at low magnification using a phase contrast microscope (Ti
Eclipse, Nikon) equipped with an Andor Luca S camera. Tissue edges were identified and
the lateral surface area of 3D-dhECTSs was analyzed in ImageJ with standard analysis
plugins (n = 3-4 tissues per hiPSC line). Tissue growth was based on normalized day 0
tissue surface area.

Flow cytometry

On day 20, 2D monolayers were washed with PBS and incubated in 0.25% trypsin (EDTA,
Mediatech) at 37°C for 5 min. Age-matched 3D-dhECTSs from both hiPSC lines were
washed with PBS followed by 2 h incubation at 37°C on a rotator (Boekel Orbitron Rotator,
Model 260250, Boekel Scientific) with collagenase Type 2 (1 mg/ml, Worthington) in 120
mM NacCl, 5.4 mM KCI, 5 mM MgSQy,, 5 mM Na-pyruvate, 20 mM glucose, 20 mM
taurine, and 10 mM HEPES (pH 6.9) supplemented with 30 uM CacCly, followed by
incubation in 0.25% trypsin (EDTA) at 37°C for 5 min. All cells (in 2D monolayers and 3D-
dhECTSs) were then singularized by pipetting (using a 1000 pl pipette), transferred to a
centrifuge tube with RPMI20 medium (RPMI 1640 medium with 20% FBS) and centrifuged
for 5 min at 200 g. The supernatant was removed and the cell pellet was resuspended in 4%
paraformaldehyde and incubated for 20 min at 25°C. Cells were centrifuged for 5 min at 200
g, supernatant was aspirated and the cell pellet was resuspended in 90% cold methanol and
incubated at 4°C for 15 min. The fixed cells were blocked with 5% BSA in PBS for 5 min
and centrifuged for 5 min at 200 g. After washing two more times with 5% BSA in PBS,
cells were incubated in 100 ul primary antibody (Table S2) diluted in 0.5% BSA and 0.1%
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Triton X-100 in PBS. To analyze CMs, proliferating cells, and fibroblasts, the primary
antibody combinations cTnT/Ki67 and cTnT/P4HB were chosen. After incubation at 4°C
overnight, cells were washed with 0.5% BSA and 0.1% Triton X-100 in PBS, which was
repeated twice. Cells were further incubated in 100 pl secondary antibody (Table S2) diluted
in 0.5% BSA and 0.1% Triton X-100 in PBS for 30 min at room temperature, protected from
light. Finally, cells were washed with 0.5% BSA and 0.1% Triton X-100 in PBS three times
and resuspended for analysis in 500 ul 5% BSA in PBS. Samples were run on a BD Accuri
C6 (BD Biosciences) and were analyzed using FlowJo V10.

Reverse transcription quantitative PCR

Total RNA was extracted from hiPSCs, 2D monolayers, and 3D-dhECTSs on days 0, 10, 20,
and 30 of differentiation (n = 3 independent differentiations) using Nucleospin RNA kit
(Macherey-Nagel). Reverse transcription quantitative PCR (RT-gPCR) was performed using
SuperScript 11 Platinum One-Step RT-qPCR kit (Invitrogen) in conjunction with Tagman
probes (Integrated DNA Technologies). Equal amounts of RNA (50 ng/19 ul) were used for
each measurement. The RT-qPCR protocol consisted of 1 cycle at 50 °C (15 min), 1 cycle of
95°C (3 min), 45 cycles of 95°C (15 s) and 55°C (30 s). Gene expression levels were
normalized to the housekeeping gene GAPDH using the 2-AC; method. Duplex RT-gPCR
was used for Oct4, MYL2v, and Cx43 genes; aMHC, fMHC, and GAPDH were quantified
separately (Table S3).

Frequency of contraction

Video recordings of spontaneously contracting 3D-dhECTSs were acquired on a phase
contrast microscope (Ti Eclipse, Nikon) using a high speed camera (Andor Luca S) to
determine frequency of contraction. Number of contractions per minute at early (day 8-11),
intermediate (day 20-25), late (day 30-33, n = 3 independent differentiation batches), and
long-term (days 50, 60, and 90, n = 2 tissues) time points were analyzed using NIS Elements
and ImageJ software. Contractility differences between single and cluster encapsulated
hiPSCs were determined by video analysis of the relative changes in transmitted light
intensity of spontaneously contracting cardiac tissues on day 14 of differentiation.

Sarcomere alignment and spacing in 3D-dhECT CMs

Throughout the differentiation process, sarcomere alignment of days 20, 30, and 124 aSA-
stained cardiac tissues was analyzed using ImageJ software version 1.48q (NIH) in
affiliation with the fast Fourier transform (FFT) analysis tool. Images were imported into
ImageJ, and sarcomere pattern formation over time was assessed by increasing periodicity,
alignment, and pattern convergence in the FFT output spectra. Sarcomere alignment and
spacing was also determined by manually drawn linear paths along visible sarcomeres. In
addition to sarcomere alignment, day 124 aSA-stained CMs were used to quantify
sarcomere spacing; for this, manually drawn linear paths along well-defined sarcomeres (n =
200 CMs) were used to collect an intensity profile for each chosen CM where distances
between peaks were analyzed using Microscoft Excel. Sarcomeres chosen for alignment and
spacing were selected based on continuity of sarcomeres in a single field of view.
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3D-dhECT CM size, circularity, length-to-width ratio and Caveolin 3 immunofluorescence

staining

For size and circularity measurements, day 52-60 tissues were dissociated into single cells
(see tissue dissociation section in Flow Cytometry) and re-plated onto fibronectin coated
PDMS coverslips. After three days, cells were immunofluorescently stained and imaged.
Cells were analyzed for their cell area and circularity using ImageJ software with standard
analysis plugins (n = 32 CMs). These samples were also used for aSA/Caveolin 3 staining.
Four month old 3D-dhECTSs were enzymatically dissociated and seeded onto fibronectin-
coated well plates. 24 hrs after dissociation, phase contract images were taken of three
separately dissociated tissues. Length and width of 60 cells were measured using ImageJ and
the ratio was calculated. Cell clusters of two or more cells were excluded for this analysis.

Calcium handling

To immobilize cells for proper calcium transient acquisition, glass coverslips (21 mm, No. 1,
Fisher Scientific) were coated with PDMS using a WS-400-6NPP spin coater (Laurell
Technologies Corporation). Briefly, SLYGARD 184 silicone elastomer curing agent was
mixed with SLYGARD 184 elastomer base (Dow Corning Corporation) at a ratio of 1:10,
applied on the glass coverslips and evenly spin-coated to obtain PDMS coated coverslips.
These were cured at 60°C for several hours, sterilized using 70% ethanol, and then dried
under sterile conditions for at least 24 h. In order for successful single CM attachment,
25ug/ml fibronectin in ice-cold ultrapure water was applied on PDMS coated coverslips and
incubated for at least one hour at room temperature.

Day 14 2D monolayers and 3D-dhECTSs were dissociated using 0.25% trypsin (EDTA) at
37°C for 5 and 8 min, respectively. Cells were singularized by pipetting, added to RPMI120
medium?°, and centrifuged for 5 min at 200 g. Singularized cells were resuspended in
RPMI20 + 5 uM ROCK inhibitor and transferred onto fibronectin-coated PDMS-glass
coverslips. Cells were incubated for 48 h to ensure uniform cell attachment. Medium was
then switched to RPMI/B27 and cells maintained for 3 to 5 days. CM calcium transient
recordings were obtained using an lonOptix Myocyte Calcium and Contractility Recording
System. Samples were incubated in 5 pM Fura-2AM dye (Molecular Probes) in 37°C warm
Tyrode’s solution (1.8 mM CaCl,, 5 mM glucose, 5 mM HEPES, 1 mM MgCl,, 5.4 mM
KCI, 135 mM NacCl, and 0.33 mM NaH,POy, pH 7.4) for 30 min. CMs were paced at
frequencies from 0.5 - 2.0 Hz (0.5 Hz increments) and stimulated at 30 V; maximum capture
rate was defined as the highest pacing frequency for which there was a 1:1 correspondence
between exogenous pacing and cell response. Calcium transients were recorded 100 frames
per second and calcium transient duration at 50% and 80% time to baseline was measured.
In addition to responses to outside electrical stimuli, spontaneously contracting 3D-dhECT
CM response to 0.5 uM isoproterenol (Molecular Devices) was examined. Representative
calcium transient traces were processed by temporal averaging of five time steps.

Multielectrode array (MEA)

Day 20 3D-dhECTs were dissociated for 2 hrs in collagenase solution (as previously
described for flow cytometry), resuspended in RPM120 medium supplemented with 5 pM
ROCK inhibitor, and cultured on a S2 type MEA200/30-Ti-grfor (Multichannel Systems)

Biomaterials. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kerscher et al.

Page 9

for at least 24 hrs. Spontaneously contracting CMs were perfused with Tyrode’s solution at
37 °C using a MEA system with Multichannel Systems 1060-Inv-BC amplifier. When
stabilized, baseline field potential recordings were acquired at a sampling frequency of 10
kHz. CMs were exogenously paced at 0.5, 1, 2, and 3 Hz. To assess drug response, 1 uM
isoproterenol was added with a subsequent addition of 1 uM propranolol (Molecular
Devices). Drugs were washed out to recover the baseline field potential profile.

Transmission electron microscopy (TEM)

Day 24 and day 124 3D-dhECTs were fixed in 3% glutaraldehyde (Electron Microscopy
Science) at 4°C before shipping to the pathology core at Icahn School of Medicine at Mount
Sinai, NY. Tissue samples were sectioned (50 - 60 nm) and stained with Uranyl Acetate
Solution and Reynold’s Lead Citrate Solution. Processed tissue slices were examined using
a transmission electron microscope (H-7650, Hitachi High Technologies).

Quantification of sarcomere structure

Statistics

Results

The prevalence of H-zones and 1-bands were measured to quantify the sarcomere structural
features. The numerical ratio of H-zones to sarcomeres, and the ratio of I-bands to Z-lines
were analyzed from TEM images from day 124 3D-dhECTSs using ImageJ software version
1.49v (NIH) with the Plot Profile analysis tool. Each image was imported into ImageJ and a
linear region of interest was manually drawn across the length of a selected sarcomere; a 25-
pixel line width was used to improve signal to noise, with the live plot option allowing real-
time evaluation of the gray scale intensity pattern. The variation in gray scale values was
used to identify Z-lines (pronounced decrease in the gray scale value), I-bands (pronounced
increase in the gray scale value bordering the Z-lines) and H-zones (increase in gray value in
the central region between each pair of Z-lines). A total of 101 sarcomeres and 142 z-lines
were measured from 3 TEM images at 2-2.5K magnification.

Results were analyzed from a minimum of three replicates for each experiment using
Minitab 16. All values presented are mean + SD. Data were compared using one-way
analysis of variance (ANOVA) followed by Tukey’s test, P < 0.05 was considered
statistically significant.

PEG-fibrinogen hydrogels support stem cell survival and proliferation

HiPSCs are frequently cultured and passaged in multi-cellular clusters, which has been
reported to enhance cell viability and maintenance of pluripotency when compared to single
cell dissociation?l, On the other hand, the inherent variability in cluster size might present a
challenge for creating highly reproducible 3D-dhECTs from hiPSCs. In the presented study,
we established the ability to create 3D tissues using both cluster and single dissociated
hiPSCs. In both cases, a cell suspension of 55 + 8.5 x 104 hiPSCs per tissue was combined
with agueous PEG--fibrinogen precursor solution and photocrosslinked using visible light to
create 200 um thick 3D “microisland” tissues (Fig. 1A). Both cluster and single hiPSCs
were uniformly distributed throughout the 3D-dhECT microislands (Fig. 1B, G); tissues
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formed using single hiPSCs appeared more homogeneous compared to cluster encapsulated
hiPSCs (Fig. S1A). HiPSC viability 24 h post-encapsulation (day -2, Fig. 1C, H) was
comparable to standard hiPSC passage and culture?2,

Encapsulated cluster and single dissociated hiPSCs grew and proliferated within the PEG--
fibrinogen hydrogels both prior to (day -2 to day 0, Fig. S1A) and following initiation of
differentiation (day 0), which resulted in an expanded microisland lateral surface area of
20.1 £ 8.0% (IMR90-1 hiPSC line) and 25.5 + 8.0% (19-9-11 hiPSC line) by day 5 of
differentiation (Fig. S1B). Cell proliferation on day 10 was observed by immunostaining for
proliferating cell nuclear antigen (PCNA, Movie S1), with the highest number of
proliferating cells located on the tissue edges (Fig. S1C). During early stages of cardiac
differentiation, cluster dissociated hiPSCs continued to grow as aggregates. Cells occupied
the entire hydrogel volume quickly (Fig. 1D, F) and tissues exhibited more growth at the
edges than in the center. Tissue thickness increased from ~200 um to 300 um between days
3 and 5, with a dense tissue ring forming around the perimeter of the microisland (Fig. S1D).
In comparison, encapsulated single hiPSCs first formed small colonies and then
subsequently formed interconnected tissue structures (Fig. 11, K).

Encapsulated hiPSCs form uniformly contracting, functional cardiac tissues

This direct encapsulation and cardiac differentiation process resulted in uniformly
contracting cardiac tissues with a high degree of repeatability, while requiring only one cell-
handling step. All 3D-dhECTSs were observed to spontaneously contract, with contraction
initiating consistently on day 6 for the cluster 19-9-11 hiPSC line encapsulations (n=3
independent differentiations, Movie S2), day 7 for all cluster IMR90-1 hiPSC line
encapsulations (n > 40 independent differentiations), and between days 9-11 for all single
encapsulated hiPSCs (n = 3 independent differentiations), which compares to day 8-9 for
control 2D monolayers (n > 20 independent differentiations). The number of spontaneously
contracting areas and synchronicity of contraction increased over time for both cluster and
single cell 3D-dhECTSs, consistently resulting in essentially uniform contracting tissues by
day 14 (Movies S3 and S4). Frequency of spontaneous contraction for cluster 3D-dhECTs
was slowest during early differentiation (0.60 £ 0.21 Hz, days 8-11) and increased
throughout the differentiation process to 1.37 + 0.04 Hz by days 30-33 (n = 3 separate
differentiations, Fig. S2A). During long-term culture, the spontaneous contraction rate
reached its highest frequency (2.2 + 0.1 Hz) on day 50 (n = 2 tissues) and then began to
decrease, stabilizing at 1.35 + 0.05 Hz at day 90 (Fig. S2A). Frequency of contraction for
single cell 3D-dhECTSs tended to be slower than for cluster 3D-dhECTs (0.48 £ 0.50 Hz, n=
2 vs. 0.60 £ 0.21 Hz) during early stages of differentiation, and contractility did not appear
to be as strong as that of age-matched cluster 3D-dhECTSs (Fig. S2B). Cluster hiPSC
encapsulation was chosen for all subsequent experiments due to the higher batch-to-batch
consistency of cluster 3D-dhECTS, particularly with respect to the time point for initiation of
contraction, as compared to single cell 3D-dhECTs.
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3D-dhECTs demonstrate differentiation efficiency and cardiac gene expression similar to
2D monolayers

Cardiac differentiation within the 3D-dhECTS resulted in high CM yield and temporal
changes in gene expression that were analogous to those in age-matched 2D monolayers. To
determine the efficiency of cardiac differentiation within 3D-dhECTS, the percentage of
cells expressing cardiac troponin T (cTnT, cardiac specific marker) was evaluated by flow
cytometry and immunofluorescence on day 20. The 3D-dhECTs were composed of 72.5 +
3.2% (IMR90-1 hiPSCs) and 75.65 + 1.8% (19-9-11 hiPSCs) cTnT positive cells, of which
8.4 £ 0.7% also expressed the proliferation marker Ki67 (IMR90-1 hiPSCs, Fig. 2A);
cardiac differentiation was similar to age-matched 2D monolayers which had 74.3 + 4.4%
cTnT positive cells, 26.6 £ 0.5% of which also expressed Ki67 (IMR90-1, Fig. 2B).
Immunofluorescence of 3D-dhECTSs also confirmed the expression of cTnT and Ki67 (Fig.
2C). Of the remaining 3D-dhECT cells, 5.24 + 2.72% were fibroblasts (P4HB positive, Fig.
S3) and 2.96 + 1.98% expressed Ki67 (Fig. 2A).

Temporal changes in pluripotency and cardiac gene expression in 3D-dhECTS paralleled
that of age-matched control 2D monolayers. Three days post-encapsulation (day 0),
expression of the pluripotency gene Oct4 continued to be similar to hiPSCs (day -3) in both
culture systems, as assessed by RT-qPCR. By day 10 of differentiation, Oct4 expression had
decreased significantly compared to hiPSCs and remained low (Fig. 2D). The decrease in
pluripotency was paired with a simultaneous upregulation in cardiac and functional gene
expression. MLC2v, an early cardiac marker, increased in both 2D monolayers and 3D-
dhECTs from day 10 to day 30 of differentiation (Fig. 2E). Cardiac development was also
tracked through assessment of aMHC and fMHC expression, where SMHC is the
predominant isoform in the healthy adult human ventricle23. 2D monolayers and 3D-
dhECTs expressed aMHC from day 10 through day 30. Expression of @MHC in 3D-dhECTs
did not change significantly between days 10-30 whereas fMHC expression increased by
day 30 (Fig. 2F, G). This increase in S/MHC gene expression by day 30 of differentiation
suggests that cardiac maturation occurs over time within the 3D-dhECTS, similar to 2D
differentiation. Expression of the Cx43 gene, which encodes for a gap junction protein
important for cardiac function, increased significantly from day 20 to day 30 in 3D-dhECTs
and control 2D monolayers and could contribute to maturation of cell-cell junctions between
adjacent CMs (Fig. 2H).

3D-dhECT CMs exhibit similar calcium handling to CMs from 2D cardiac monolayers

In addition to 3D-dhECTs demonstrating high CM yields and appropriate cardiac gene
expression profiles similar to age-matched 2D monolayers, CMs from both systems had
similar contractile function and calcium handling properties, which are critical features of
differentiating CMs24. To study these properties, CMs were enzymatically dissociated from
3D-dhECTSs and 2D monolayers at day 14. Isolated CMs continued to contract
spontaneously and also responded to exogenous pacing, exhibiting a maximum 1:1 capture
rate of 1.5 Hz for both 3D- and 2D-differentiated CMs Calcium transient durations for 3D-
dhECT CMs were similar to those of control 2D monolayer CMs (Fig. 3A-C). Calcium
transient duration decreased in response to increased pacing frequency for both groups of
CMs, mimicking the frequency-dependent physiological response of healthy myocardium?2>.

Biomaterials. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kerscher et al.

Page 12

CMs also responded appropriately to treatment with isoproterenol (0.5 uM for 3 min), a -
adrenergic agonist; the frequency of spontaneous contraction increased by 1.2-fold and
calcium transient duration shortened significantly (Fig. 3D, E). The frequency of 3D-dhECT
spontaneous contraction slowed significantly after the addition of the -adrenergic
antagonist propranolol. First, 1 uM isoproterenol was administered to whole tissues, which
caused a significant increase in contraction frequency. As previously observed from isolated
cells?6. 27 the addition of propranolol reversed this initial increase in beats per minute,
demonstrating that our 3D-dhECTSs respond to beta agonists and antagonists (Fig. 3F). These
responses to exogenous pacing and -adrenergic agonist and antagonist were further verified
using MEA analysis (Fig. S4). Dissociated day 20 3D-dhECTSs responded to outside pacing
frequencies up to 3 Hz (Fig. S4A) and spontaneously contracting CMs increased in response
to isoproterenol and was reversed after the addition of propranolol (Fig. S4B).

3D-dhECT CMs develop mature structural features over time

3D-dhECTs were able to be maintained long-term, with CMs developing aligned and more
defined sarcomeres over time and establishing mature ultrastructural features. Cells within
the 3D-dhECTS self-aligned, particularly on tissue edges, by day 30 of differentiation;
immunofluorescence staining for the cardiac marker sarcomeric a-actinin (aSA) on days 10,
20, and 30 revealed progressive sarcomere development with better defined and aligned
sarcomeres by day 30 of differentiation (Fig. 4A). This result was unexpected; extrinsic
stimuli, such as mechanical stretching0: 28-30 or electrical pacing®: 31 32, have often been
used to enhance the ability of CMs to mature, align, and uniformly contract within
engineered cardiac tissues assembled using pre-differentiated SC-CMs. However, the
temporal upregulation of cardiac gene expression and increased organization of cardiac
proteins suggested CM maturation within 3D-dhECTs was progressing spontaneously,
which led us to further investigate CM organization and ultrastructural development during
long-term tissue culture. Based on 2D fast Fourier Transform (FFT) analysis of
immunofluorescence images from day 20, 30, and 124 3D-dhECTSs, sarcomeres became
more defined over time (Fig. S5A-C). Some discrete sarcomere structure was observed
during early stages of differentiation (day 20); by day 124 3D-dhECT CMs had aligned,
organized, well-defined sarcomeres with an average relaxed length of 1.8 £ 0.1 um (Fig.
S5D, n = 200 cells), similar to mature human CM sarcomere structurel? 33, Following
extended in vitro culture (day 52-60), tissue dissociation into single CMs revealed a wide
range of cell sizes (400-5,800 pm?2, mean = 2,163 um?2) and circularities (0.10-0.86, mean =
0.43) (Fig. 4B, C). When maintained long-term, 3D-dhECTs CMs showed features of
mature CMs (Fig. S6A) and 3D-dhECTSs continued to have higher cell density on the tissue
edges with CMs growing outward from the tissue onto the supporting substrate (Fig. S6B,
C). Cellular organization within the long-term cultured 3D-dhECTs (day 124) exhibited
large cell nuclei (Fig. 4D) and developed characteristics of mature electromechanically
anisotropic cardiac tissues, including aligned CMs with the gap junction protein connexin 43
(Cx43) located on the transverse ends (Fig. 4E) of adjoining cells. When dissociated, 3D-
dhECT CMs exhibited an elongated, anisotropic morphology with a length-to-width ratio of
6.2+2.2 (n = 60 CMs), similar to morphologies expected in mature CMs3: 32. 34,
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To further investigate 3D-dhECT CM maturation, cardiac ultrastructural features were
visualized using TEM. Day 24 cardiac tissues showed the presence of Z-lines and
mitochondria (Fig. 5A), reflecting early developmental stages of functional CMs. 3D-
dhECTs maintained long-term (day 124) were composed of CMs with ultrastructural
features approximating those of mature CMs. TEM images revealed numerous
mitochondria, and myofibrils with well-defined sarcomeric Z-lines, 1-bands, and H-zones,
with a H-zone to sarcomere ratio of 0.257 and an I-band to Z-line ratio of 0.669 (Fig. S6D).
Other features of 3D-dhECT CMs included intercalated discs on the transverse edges of
CMs with adjacent gap junctions (Fig. 5B), caveolae in the plasma membrane, and presence
of basement membrane. Most notably, 3D-dhECT CMs exhibited transverse tubules (T-
tubules) which were structurally aligned with Z-lines (Fig. 5C); up until now, T-tubules have
only been observed in primary CMs isolated from postnatal and adult mammalian hearts3°,
but have not been reported in any other in vitro human SC-CM study36-38,

Multiple geometries support cardiac tissue formation through direct hydrogel
encapsulation

This straightforward 3D-dhECT formation process was extended to fabricate cardiac tissues
across multiple size scales and geometries, demonstrating our ability to create tissues
exploitable for a wide range of possible applications (Fig. 6). Furthermore, immobilization
of the 3D-dhECTs through covalent attachment to the glass coverslips was found not to be
necessary for cardiac tissue formation; 3D-dhECTS in suspension culture also formed
contracting tissues that were consistently maintained for multiple months. In addition to the
immobilized microislands (Fig. 6A) described in-depth above, tested geometries included
macrotissues (Fig. 6B) and microspheres (Fig. 6C). Macrotissues (Fig. 6B) of varying
lengths, thicknesses of 800-900 um and widths greater than 2 mm were formed and cultured
in suspension. Analogous to the microislands, contracting areas were first observed in the
macrotissues on day 7 of differentiation, resulting in robust, uniform contraction early in the
differentiation process (day 12) and appearing strong over the entire culture period (Movie
S5). Similarly, suspension culture of 3D-dhECT microspheres of diameter 280 + 70 um (n =
25, Fig. 6C) resulted in uniformly contracting spheres that again could be maintained over
extended time periods (Movie S6). Finally, all cardiac tissue geometries were successfully
dissociated into individual CMs (Fig. 6D), enabling subsequent single-cell experiments or
collection and re-suspension as might be required for delivery as a cell therapy.

Discussion

Differentiation of encapsulated hiPSCs to directly produce cardiac tissues in vitro opens a
wide range of possibilities in the field of cardiac tissue engineering. Here we show that
hiPSCs can be readily and efficiently encapsulated within PEG-fibrinogen hydrogels and
directly differentiated to produce uniformly contracting 3D-dhECTSs. Gene expression, CM
yield, and calcium handling were similar to hiPSC differentiation using the current gold-
standard, high efficiency 2D monolayer differentiation. Moreover, using 3D-dhECTSs to
produce cardiac tissues has distinct advantages over 2D monolayer differentiation3?: it
enables long-term CM culture and maturation without having to disrupt pre-differentiated
SC-CMs, and it does not require the re-formation of functionally critical cell-cell junctions,
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which is notoriously problematic for CMs, particularly as they mature. The minimal cell-
handling requirements and applicability of this cardiac tissue production technique to a wide
range of tissue sizes and geometries facilitates high-throughput and cost-effective formation
of human cardiac tissue for an array of future applications. PEG-fibrinogen can be rapidly
photocrosslinked using a non-toxic photoinitiator and visible light, creating a controlled 3D
microenvironment for encapsulated cells with potential for automation of the tissue
production process using bioprinting of structurally organized microislands and other
printed 3D tissue geometries®: 41 or microfluidics for microsphere production??: 43,
Previous studies have optimized the initial mechanical properties of the PEG-fibrinogen
hydrogels for neonatal CM encapsulation®, pre-differentiated SC-CMs encapsulation6: 44,
or SC-CMs seeded onto PEG-fibrinogen hydrogels*® (Table S1). However, encapsulation
and maintenance of hiPSCs within PEG-fibrinogen, and their direct differentiation in the
presence of PEG-fibrinogen, had not previously been investigated. The encapsulation
procedure established in this study allows for hiPSC survival with maintenance of
pluripotency for at least three days within this optimized PEG-fibrinogen hydrogel
formulation. Maintenance of encapsulated hiPSC pluripotency during extended culture
periods has not been investigated; however, other biomaterials have previously been used
for large-scale hPSC culture and expansion?6-48,

Even when varying the initial hiPSC seeding density, cell proliferation and contracting
cardiac tissue formation was attainable in PEG-fibrinogen hydrogels (Fig. S7). This
robustness is not applicable to the production of contracting 2D monolayers, where having a
tightly defined initial cell-seeding density is critical to success®. We believe the biomimetic
microenvironment provided by the hydrogel plays a central role in successful hiPSC 3D
culture, proliferation, and cardiac differentiation, while initial cell-seeding density may
influence the uniformity of contraction within the cardiac tissue over time. Both of these
factors directly influence the rate of degradation and temporal remodeling of PEG-
fibrinogen hydrogels, allowing cells to secrete ECM proteins and form a continuous tissue.
Having a platform that replicates key features of ontogenic cardiac tissue development and
CM maturation will enable new opportunities for investigating the process of human heart
tissue development.

During initial stages of SC differentiation, we have seen a steady increase in frequency of
spontaneous contraction over time (day 8-50), which could be due to the temporal
development of cell-cell junctions and calcium handling capabilities of maturing SC-CMs.
Based on published results using the small molecule protocol employed in this study8, our
3D-dhECTs are likely composed of a distribution of ventricular, atrial, and nodal CM
subtypes, which is appropriate for mimicking heart development. To enrich for ventricular
myocytes, recently published small molecule differentiation protocols® 4° could potentially
be adapted for use with our 3D-dhECT system. 3D-dhECT contraction frequency decreased
from its maximum of 2.2 + 0.1 Hz on day 50 to 1.35 + 0.05 Hz on day 90. A reduction in the
rate of spontaneous contraction is anticipated when modeling the developing human heart;
human heart rate in vivo slows down significantly during maturation (~3.0 Hz during fetal
stage to 1.0-1.5 Hz in adults)®C.
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CM proliferation and hyperplasia is a phenomenon seen during fetal heart growth and early
post-natal development®L, after which it diminishes over time52 53, On day 20 of cardiac
differentiation, both 2D monolayers and 3D-dhECTs were composed of a similar percentage
of CMs. However, the percentage of proliferating CMs in 2D was higher than that in the 3D-
dhECTSs. This difference in CM proliferation was also seen previously between engineered
“biowires” and embryoid bodies!®. Alternatively, considering the low rates of CM
proliferation during in vivo development>3: 54 and that cell proliferation rates generally differ
in 2D versus 3D culture®®, the observed lower CM proliferation might be a consequence of a
more physiologic microenvironment in the 3D-dhECTS.

Having a platform that replicates key features of ontogenic CM maturation will enable new
opportunities for investigating this critical process, and thereby could provide important
insights about how developing human heart tissue remodels after birth. Furthermore,
achieving CM maturation within an in vitro 3D environment will provide more
physiologically relevant tools for toxicology screening and disease modeling using patient-
specific hiPSCs®6-58 to engineer mature cardiac tissues® that current differentiation systems
cannot provide. In addition, there is a high demand for cardiac tissues that can be used in
patients for myocardial repair®?; to avoid induction of deadly arrhythmias, clinical
applications require CMs that can achieve appropriate mechanical and electrical integration
with native tissues. Balancing the needs for both CM plasticity and suitable maturation to
achieve this goal is an area of intense research69; we have demonstrated that 3D-dhECTs
can be used to produce CMs from early time points in stem cell differentiation through
ultrastructural maturation, providing the flexibility to meet future specifications for
optimizing cardiac cell therapy.

T-tubule formation and other mature ultrastructural features that are important in excitation-
contraction coupling®?: 62 have been detected in our long-term cultured 3D-dhECT CMs;
day 52-60 dissociated CMs showed Caveolin 3 positive staining, indicating the development
of T-tubule formation. When incorporated into engineered heart tissue, neonatal rat
ventricular myocytes previously have been shown to support formation of T-tubules*4,
however, T-tubule formation in SC-CMs has not been previously reported10: 38. 39, 61,63,
Initiation of differentiation and long-term culture within an in vitro 3D environment may
better support CM maturation, which is important for establishment of more physiologically
relevant tools for toxicology screening and disease modeling of adult human myocardium3.

Although immobilized microislands are advantageous for high-throughput applications, this
tissue size and geometry also had some drawbacks. At the tested diameter of 6 mm, cell
growth and proliferation resulted in non-uniform tissue thickness and the generation of CMs
with a range of levels of maturity. Since these regional differences in cell growth were
observed prior to the onset of contraction, space limitations at the microisland center could
potentially be a contributing factor; in comparison, hiPSCs on tissue edges grew hoth
upwards and radially outwards from the original hydrogel boundaries. In a previous study, a
similar tissue morphology (scaffold-free tissue patch) showed higher levels of cardiac
maturation and CM purity on tissue edges compared to tissue centers®4. Additional testing
will be required to determine whether observed regional differences in microisland 3D-
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dhECTs are also observed at smaller diameters or when using alternative fabrication
techniques, such as microprinting, versus molds.

Our study reveals the first 3D ontomimetic model of human heart development, enabling
hiPSC growth and cardiac differentiation in a controlled 3D microenvironment. 3D-dhECTSs
have been used to produce CMs from early time points in SC differentiation through
ultrastructural maturation, providing the flexibility to meet future specifications for
optimizing cardiac cell therapy. Translatable to a variety of tissue sizes and geometries, this
robust approach will ease and improve the cardiac tissue formation process, thereby
impacting the ability to produce human heart tissue for a range of applications from
investigating the role of 3D microenvironmental cues in human heart development to
advancing clinical treatments for heart disease.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

chhematic and progression of hiPSC encapsulation to produce 3D-dhECTSs. (A) HiPSCs
were combined with aqueous PEG-fibrinogen precursor, added into a PDMS mold (not
shown) on acrylated glass, and photocrosslinked using a non-toxic photoinitiator and visible
light to form 200 um thick “microisland” tissues. All encapsulated hiPSCs were maintained
in their pluripotent state for three days, followed by initiation of cardiac differentiation to
produce uniformly contracting 3D-dhECTSs. Encapsulated (B) cluster and (G) single hiPSCs
formed “microisland” tissues (images taken on day 0 of differentiation). (C, H) HiPSCs
remained viable (green) 24 h post-encapsulation (n = 3 tissues) and (D-F, I-K) proliferated
during early stages of cardiac differentiation. F, K represent Movies S3 and S4.
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3D-dhECTSs enabled efficient cardiac differentiation and gene expression. (A)
Representative flow cytometry results from day 20 3D-dhECTSs. (B) 3D-dhECTs and aged-
matched 2D monolayers (control) showed comparable differentiation efficiency on day 20
of differentiation. n = 3-5 biological replicates per group. Mean = s.d. ANOVA P < 0.05, **
vs. 2D (C) Cardiac marker ¢cTnT and proliferation marker Ki67 were also observed using

immunofluorescence staining of day 20 cardiac tissues. (D) Pluripotency gene Oct4
decreased following initiation of differentiation, while cardiac genes (E) MLC2v, (F)
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aMHC, (G) AMHC, as well as (H) the functional gene Cx43 showed trends towards CM

maturation over time. All mMRNA levels were normalized to the housekeeping gene GAPDH.
n = 3 biological replicates per group. Mean + s.d. ANOVA P < 0.05, # vs hiPSCs and day 0;
*vs. earlier time point.
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Fig. 3.

SS—dhECT CMs responded to exogenous pacing and beta adrenergic agonist and antagonist
drug treatment. During exogenous pacing, time to baseline (t to bl) (A) 50% and (B) 80%
were similar for 2D and 3D cultured CMs (day 14). (C) Representative calcium transient
traces of 2D and 3D cultured cells at 1 Hz pacing frequency. (D) Addition of 0.5 uM
isoproterenol shortened spontaneously contracting 3D-dhECT CM calcium transient t to bl
50% and 80%, suggesting that the chronotopic response to f-adrenergic signaling is
operational. (E) In these early stage 3D-dhECT CMs, isoproterenol increased the rate of
spontaneous contraction. n = 3. Mean £ s.d. ANOVA P < 0.05, * vs. Pre-Isoproterenol. (F)
Rate of 3D-dhECT spontaneous contraction increased after the addition of isoproterenol (1
uM) and decreased after subsequent addition of the f-adrenergic antagonist propranolol (1
UM). # vs. earlier condition.
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Fig. 4.
Ontogenetic tissue development generating well-defined and aligned sarcomeres over time.

(A) Sarcomere definition and alignment became more pronounced with culture time.
Immunofluorescence staining with cardiac marker aSA on days 10, 20, and 30 of
differentiation showed increased sarcomere definition and alignment in 3D-dhECT CMs.
(B) Day 52-60 dissociated 3D-dhECT CM area and circularity ranged from 400-5,800 um?
(mean = 2,163 pm?) and 0.10 — 0.86 (mean = 0.43), respectively (n = 32). Blue highlighted
data points indicate medians. (C) Representative day 52 dissociated CMs stained with aSA
(red) and Caveolin 3 (green) for T-tubule development. Long-term cultured 3D-dhECT (day
124) CMs (D) developed highly aligned sarcomeres and contained large and elongated cell
nuclei. (E) Additionally, these CMs expressed Cx43 on their transverse ends between
adjoining cells.
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Fig. 5.
Ontomimetic environment resulted in 3D-dhECT CMs exhibiting mature ultrastructural

features. (A) Day 24 3D-dhECT CMs developed first characteristics of a muscle cell
including mitochondria (m) and Z-lines (Z). (B) Ultrastructural images of 124 day old 3D-
dhECT CMs showed sarcomere structures, including Z-lines (2), I-bands (), H-zones (H),
intercalated discs (ID), gap junctions (GJ), and mitochondria (m). (C) Additionally, CMs
contained caveolae (C) adjacent to basement membrane (bm), mitochondria with well-
defined cristae, and T-tubules (T) adjacent to Z-lines, a key component of functional mature
CMs. Insert: magnified view processed to highlight T-tubules.
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Fig. 6.
Using this single cell-handling approach, different tissue sizes and geometries of 3D-

dhECTs can be formed. Uniformly contracting tissues, in addition to (A) immobilized
microislands, included: (B) macrotissues and (C) microspheres, all of which were able to be
used to obtain (D) 3D-dhECT-dissociated single CMs. (E) Tissue sizes and geometries can
be varied based on desired future applications, e.g., microislands for high-throughput drug-
screening, macrotissues for large-scale mechanical testing and cardiac patches, injectable
cardiac tissue spheroids, or single CMs post-tissue digestion for automated patch clamping.
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