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Abstract

Engineered cardiac tissues that can be directly produced from human induced pluripotent
stem cells (hiPSCs) in scalable, suspension culture systems are needed to meet the demands of
cardiac regenerative medicine. Here, we demonstrate successful production of functional cardiac
tissue microspheres through direct differentiation of hydrogel encapsulated hiPSCs. To form the
microspheres, hiPSCs were suspended within the photocrosslinkable biomaterial, PEG-fibrinogen
(25 million cells/mL) and encapsulated at a rate of 420,000 cells/minute using a custom
microfluidic system. Even at this high cell density and rapid production rate, high intra-batch and
batch-to-batch reproducibility was achieved. Following microsphere formation, hiPSCs
maintained high cell viability and continued to grow within and beyond the original PEG-
fibrinogen matrix. These initially soft microspheres (<250 Pa) supported efficient cardiac
differentiation; spontaneous contractions initiated by differentiation day 8, and the microspheres
contained >75% cardiomyocytes (CMs). CMs responded appropriately to pharmacological stimuli
and exhibited 1:1 capture up to 6.0 Hz when electrically paced. Over time, cells formed cell-cell
junctions and aligned myofibril fibers; engineered cardiac microspheres were maintained in culture
over 3 years. The capability to rapidly generate uniform cardiac microsphere tissues is critical for
advancing downstream applications including biomanufacturing, multi-well plate drug screening,

and injection-based regenerative therapies.
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Introduction

Cardiovascular disease is the leading cause of death worldwide due to the limited ability
of damaged myocardium to efficiently regenerate [1, 2]. It has been estimated that billions of
cardiac muscle cells, cardiomyocytes (CMs), will be needed for cell therapy to be effective in
treating myocardial disease [3]. Because of the inability to culture and expand adult CMs, stem
cell-derived cardiomyocytes (SC-CMs) are a critical cell source for prevention and treatment of
human cardiovascular disease [4]. Human induced pluripotent stem cells (hiPSCs) provide an
option for production of specialized cells, such as cardiomyocytes (CMs), that are difficult to
obtain from native tissue and cannot be cultured long-term in vitro [5, 6]. Therefore, further
advancements in the scalable production of SC-CMs are needed to revolutionize their application
in regenerative medicine, including treatment of heart failure patients, preclinical drug-testing, and
studying disease mechanisms while overcoming interspecies and donor variation.

Currently 2D hiPSC monolayers are widely utilized for CM differentiation [ 7, 8]; however,
this approach requires large surface areas, inherently limiting its scalability. Multiple emerging
strategies employ suspension culture and differentiation of hiPSCs for scalable production of CMs,
as recently reviewed by Kempf et al [9]. In particular, bioreactor-based formation of self-
aggregated hiPSC embryoid bodies (EBs) is advantageous because of the single step approach,
scalability, and elimination of the need for microcarrier removal [10-12]. Although these strategies
possess great potential, efficiency of cardiac differentiation between pluripotent stem cell lines and
even between batches of the same line can be highly variable [13-16]. Furthermore, the size and
shape of EBs can be difficult to control and the self-aggregation process is shear rate dependent
and lacks control over the resulting cell density and cellular microenvironment. Incorporating

hiPSCs within a photocrosslinkable biomaterial can be used to enhance initial spheroid uniformity,



provide a homogeneous cellular microenvironment, guide stem cell differentiation, and provide
localized physiological and biochemical cues to cells. Biomaterials have tunable mechanical,
chemical, and biological properties as well as the ability to provide protection from shear stress,
justifying their use in CM production from hiPSCs.

To meet the needs for bioreactor-based hiPSC-CM production, encapsulation materials
must be degradable, while still providing the consistency, ease and speed of handling necessary
for commercial scale-up. Natural biomaterials, including Matrigel [17], collagen, gelatin [18§],
alginate [19, 20], and fibrin [21] have long been used for formation of engineered cardiac tissue
post-hiPSC differentiation, but have inherent limitations for use in rapid cell encapsulation and
bioreactor culture. Incorporating a synthetic component to create a hybrid biomaterial overcomes
these challenges, providing a reproducible, rapidly photocrosslinkable, and tunable
microenvironment [22]. Previously, the hybrid biomaterials — poly(ethylene glycol)-fibrinogen
(PEG-fibrinogen) and gelatin methacryloyl (GelMA) — have proven successful in the
encapsulation and direct differentiation of hiPSCs to form 3D cardiac tissues [23, 24]. These
materials provide essential structural and biological components necessary for the production of
3D cardiac tissues from hiPSCs [25] while enabling rapid photocrosslinking, which is necessary
for scale-up and automatable process development.

Generation of 3D engineered cardiac tissues for use in regenerative medicine and drug-
testing applications typically involves dissociation of CMs into single cells for further processing
and assembly [26]. This requirement for CM dissociation creates challenges for cardiac tissue
production and clinical translation due to the loss of cells and disruption of cell-cell junctions
caused by the multiple cell-handling steps and the need for complex instrumentation and protocols.

Rather than assembling tissues using pre-differentiated CMs, stem cell encapsulation and



subsequent direct differentiation within supporting biomaterial scaffolds provides an alternative
approach for reproducible and scalable production of functional human cardiac tissue and can
eliminate multiple cell-handling steps that otherwise limit the potential for process automation and
production scale-up.

Previously, our group produced 3D cardiac tissues through hiPSC encapsulation and direct
differentiation in PEG-fibrinogen [23] and GelMA [24] microislands. Whereas there are multiple
advantages to this platform over 2D monolayer differentiation, including observation of T-tubule
formation [23] and the use of a clinically relevant material [27], the microisland tissue geometry
is not the optimal shape for use in suspension bioreactor culture, high-throughput drug screening,
or injectable cell therapy. Therefore, to translate our approach to meet these needs, we have
established a microfluidic system to rapidly encapsulate hiPSCs in hydrogel microspheres using a
modified microfluidic oil-and-water emulsion technique.

Here we describe our results producing functional cardiac tissue microspheres through
direct differentiation of encapsulated hiPSCs within a PEG-fibrinogen hydrogel in a single unit
operation. Our custom microfluidic system can produce approximately 45 hiPSC microspheres per
minute with a cell density of 25 million cells mL™!, an approximate diameter of 900 pum, and tight
control over roundness. Encapsulated hiPSCs remained viable in a PEG-fibrinogen hydrogel and
continued to proliferate and grow to form larger and denser microspheres. Microspheres
consistently showed initial areas of contraction on day 8 of differentiation, with high cardiac
differentiation efficiency and reproducibility by day 10. Engineered cardiac microspheres showed
appropriate functional responses to pharmaceutical stimuli isoproterenol and propranolol.
Furthermore, microsphere CMs responded to outside pacing frequencies up to 6.0 Hz.

Microspheres developed cell-cell junctions and displayed aligned myofibrils (day 60) and were



maintained in culture long-term (over 3 years). These results demonstrate our ability to
reproducibly fabricate hiPSC-laden microspheres in an automatable and scalable manner with high

CM yield and functionality, necessary for future applications in cell-therapy.

Materials and Methods
HiPSC expansion and maintenance

IMR-90 Clone 1 and 19-9-11 cell lines were obtained from WiCell. The hiPSC line SCVI5S5 was
obtained from Joseph C. Wu MD, PhD at the Stanford Cardiovascular Institute, and the cell line,
Un-Arc 16 Facs I [28], was graciously provided by Dr. Lior Gepstein at Technion — Israel Institute
of Technology. HiPSCs were cultured on hESC qualified Matrigel (Corning) using mTeSR-1
medium (Stem Cell Technologies) or E8 and passaged into cell clusters using Versene
(Invitrogen). E8 media consisted of ascorbic acid (64 mg/L, Sigma), sodium selenite (14 pg/L,
Sigma), sodium bicarbonate (543 mg/L, Sigma), insulin (20 mg/L, Sigma), transferrin (10.7 mg/L,
Sigma), basic fibroblast growth factor (100 pg/L, Peprotech), and transforming growth factor beta
(2 ng/L, Peprotech) in DMEM/F12 (Gibco). For 24 h after passaging, hiPSCs were maintained in
mTeSR-1 (IMR90, 19-9-11, UA16F2) or E8 (SCVI55) medium supplemented with ROCK

inhibitor (5-10 um, RI, Y-27632, Stem Cell Technologies).

PEG-fibrinogen synthesis

All chemicals were purchased from Sigma-Aldrich unless specified otherwise. Poly(ethylene
glycol)-diacrylate (PEGDA) was formed by acrylating PEG (10 kDa) as described previously [29].
PEG-fibrinogen was prepared as previously described [30]. Briefly, bovine fibrinogen (300 mg)
was dissolved in PBS with 8 M urea and tris (2-carboxyethyl) phosphine hydrochloride (TCEP-

HCl, 22.53 mg) was added to the fibrinogen solution (7 mg mL"). Next, PEGDA (1.9392 g) was



reacted with fibrinogen (4:1 molar ratio) for 3 4, precipitated in acetone, and dissolved in PBS
with 8 M urea. The reacted PEG-fibrinogen was dialyzed against PBS at 4 °C for 24 h. To
characterize the PEGylated product, fibrinogen content was measured using Pierce BCA assay

(Thermo Scientific).

PDMS microfluidic device fabrication

The frame for fabricating the microfluidic device was made by 3D printing an acrylonitrile
butadiene styrene bracket and then attaching a glass bottom and metal spacers to form the channels
in the mold. The glass bottom was treated with Rain-X® for removal of the PDMS mold from the
frame following curing of the PDMS. PDMS was synthesized using a Sylgard 184 silicone

elastomer kit (Dow Corning) and poured into the frame, degassed, and cured at 60 °C for 2 A.

HiPSC microspheres production and cardiac differentiation

PEG-fibrinogen precursor solution was prepared by combining PEG-fibrinogen with
triethanolamine (1.5 v/v%, TEOA), N-vinyl pyrrolidone (0.39 v/v%, NVP), and Eosin Y (0.1 mMm,
Fisher Scientific) photoinitiator (in PBS). HiPSCs were resuspended in PEG-fibrinogen precursor
solution at 25 million cells mL™!. The PEG-fibrinogen-cell mixture was added to one inlet of the
custom-built microfluidic device. In parallel, mineral oil was added to the other inlet of the
microfluidic device which, when combined with the PEG-fibrinogen-cell mixture, causes the
formation of spherical droplets (Figure 1a). Flowrates for the PEG-fibrinogen-cell mixture and
mineral oil were set at 1 mL 4! and 10 mL 4!, respectively. A light source (Prior) was used for
photocrosslinking the liquid PEG-fibrinogen-cell mixture to form cell-laden microspheres.

Microspheres were collected by washing down with mTeSR-1 medium, removed from the oil



phase and spent media, and cultured in mTeSR-1 medium + RI (5-10 uM) for 24 & (day -3).
Microspheres were then cultured for an additional 48 /# in mTeSR-1 medium with daily media
changes (days -2 and -1).

Three days after microsphere production (day 0), cardiac differentiation [8] was initiated
by changing medium from mTeSR-1 to RPMI/B27 minus insulin (4 mL, RPMI/B27-1, Thermo
Fisher) supplemented with CHIR (10-12 uMm, Stem Cell Technologies) per well. On day 1 (24 A4
after CHIR addition), medium was changed to RPMI/B27-1 (4 mL). 48 A after that (day 3), 2 mL
old media was combined with 2 mL fresh RPMI1/B27-1 supplemented with IWP2 (5 um, Stem Cell
Technologies). On day 5, media was replaced with RPMI/B27-1 (4 mL) and on day 7, RPMI/B27-
I was changed to RPMI/B27 medium (Thermo Fisher). RPMI/B27 medium was replaced every

three to four days following differentiation.

Self-aggregated EB formation and cardiac differentiation

To form the self-aggregated EBs (day -3), hiPSCs were dissociated using Versene and collected
in a single-cell suspension. One million cells were added to 4 mL of mTeSR + RI (5 uM) in a 6-
well plate and placed on a shaker plate (Infors) at 70 rpm in a 5% COz incubator. EBs formed
overnight, and daily media changes occurred prior to initiation of cardiac differentiation on day 0.

Cardiac differentiation followed the same protocol as the microspheres.

Microsphere diameter, roundness, and early growth quantification
Daily phase contrast images of microspheres were taken from the time of encapsulation (day -3)
until initiation of cardiac differentiation (day 0). Microsphere diameter and size of eight individual

batches were determined 24 4 after encapsulation. Autofluorescence of the photoinitiator Eosin Y



in PEG-fibrinogen microspheres was captured using long acquisition times with the FITC filter on
a fluorescence microscope at low magnification. Images were analyzed using ImageJ with standard
plugins.

Microsphere growth prior to the initiation of spontaneous contraction was determined by
analyzing phase contrast images on days -3, 0, 3, and 7 of differentiation by manual outlining of

microspheres using ImagelJ (n = 10).

HiPSC viability and immunofluorescence staining

24 h after encapsulation, hiPSC viability within PEG-fibrinogen microspheres was assessed using
a LIVE/DEAD® viability kit (Invitrogen) and images were taken using a fluorescent microscope
(Nikon). Alexa Fluor 568-Phalloidin (Invitrogen) was used as described by the manufacturer’s
protocol to visualize actin filaments in encapsulated cells. Whole, dissociated, or sectioned cell-
laden microspheres were immunostained with Ki67 (Abcam), a.-sarcomeric actinin (aSA, Sigma
Aldrich), cardiac troponin T (cTnT, Invitrogen), and connexin 43 (Cx43, Sigma Aldrich).
Microspheres were first rinsed with PBS and fixed in paraformaldehyde (4%, Electron Microscopy
Sciences) or ice-cold acetone/ethanol (50/50) (Cx43) for 20 min at room temperature (RT) or -
20 °C, respectively. Samples were rinsed with PBS and blocked with FBS (3%) overnight at 4 °C
or 1 h at RT. Then, the cardiac microsphere samples were incubated in primary antibodies
overnight at 4 °C or 1 / at RT followed by the addition of Alexa Fluor 488 and Alexa Fluor 568
secondary antibodies. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI,
Molecular Probes) or Bisbenzimide Hoechst 3342 (MilliporeSigma). All samples were visualized

using a Nikon A1R laser-scanning confocal microscope.



DNA quantification

The DNA was quantified using a DNA Quantification Assay (Sigma-Aldrich) according to the
manufacturer’s instructions utilizing bisbenzimide H 33258 (Hoechst 33258). Individual
microspheres were dissociated in Collagenase-B (1 mg/mL in PBS) for 10 minutes at 37 °C and
resuspended in bisbenzimide H 33258 solution (1 pg/mL) for measurement on a plate reader (BIO-
TEK Synergy HT). The data is reported as the mean * standard deviation of 5 individual batches

with a minimum of 2 microspheres per batch at each timepoint.

Cryosectioning

Microspheres were frozen and sectioned using a Microtome Cryostat HM 505E for
immunostaining. The microspheres were embedded within Optimal Tissue Cutting Compound
(TissueTek) in a square dish and frozen in methylbutane (EMD) that was kept cold using liquid
nitrogen for 15-20 5. The frozen blocks were stored at -80 °C until sectioned. The cryostat was
used to cut the blocks into 100-200 um sections which were added to positively charged slides.

The sections were then used for immunostaining and confocal imaging.

XTT assay

To verify hiPSC proliferation within PEG-fibrinogen hydrogels after encapsulation, cell activity
on days -2 and -1 were determined using XTT assay (Biotium). One microsphere was placed in
each well of a 96-well plate. Media was combined with XTT working solution and the well plate
was incubated for 18 £ at 37 °C; following incubation, the absorbance was measured using a

Microplate Reader (Biotek).



Microsphere cardiomyocyte dissociation

Microspheres were washed with PBS followed by the incubation in dissociation solution
containing collagenase type 2 (1 mg mL!, Worthington) at 37 °C for 2 4 or Collagenase B (Sigma-
Aldrich) for 10 min. The dissociation solution contained NaCl (120 mMm), KCI (5.4 mm), MgSO4
(5 mM), Na-pyruvate (5 mMm), glucose (20 mM), taurine (20 mMm), and HEPES (10 mm, pH 6.9)
supplemented with CaClz (30 uM) and ROCK inhibitor (5 uM). Microspheres were centrifuged,
resuspended in trypsin EDTA (0.25%, Corning) and incubated at 37 °C for 5 min. Trypsin was
neutralized using RPMI120 (FBS (20%) in RPMI1640 medium); cells were resuspended in RPMI20
with ROCK inhibitor (5 uM). Dissociated cells were plated on fibronectin coated (25 ug mL™,

ThermoFisher) substrates (PDMS-coated glass coverslips or MEA) and incubated for three days.

Scanning electron microscopy

For SEM, microspheres were rinsed with PBS and fixed in paraformaldehyde (4%) and
glutaraldehyde (2%) in PBS for 15 min. The microspheres were rinsed with PBS and then osmium
tetraoxide (2%) was added for 1.5 h. After further PBS rinses, the microspheres were flash frozen
using liquid nitrogen and then lyophilized. Dried microspheres were mounted on aluminum stubs,
sputter-coated with gold (Pelco SC-6 sputter coater) and imaged using JEOL JSM-7000F scanning

electron microscope.

Parallel plate mechanical testing
Day -2, 5, 8, and 17 microspheres were compressed using a micron-scale mechanical testing
system (Microsquisher, CellScale) [31] to determine their mechanical properties using a Tungsten

cantilever beam (modulus = 411 GPa, diameter = 203.2 um). All microsphere samples were



analyzed in PBS at 37 °C. Young’s modulus was calculated at 10% deformation using the
previously published method [32]. The force at 10% deformation was determined from a linear

regression of force versus displacement (n = 8 microspheres per condition).

cDNA synthesis and RT-qPCR

RNA was isolated using a Nucleospin RNA XS kit (Machery-Nagel) from hiPSC microspheres as
well as engineered cardiac microspheres on day 10, 20, and 30. Tissues were frozen in liquid
nitrogen and stored at -80 °C until time for analysis. The cells were thawed and lysed by vortexing.
The lysate was filtered to remove large cell particles and debris. The RNA was bound to the RNA
XS column and the DNA was digested using a DNase. After a series of washes, the pure RNA was
eluted and collected. The concentration of the RNA was determined using a NanoDrop 1000 UV-

Spectrophotometer (ThermoFisher).

A SuperScript III Platinum One-Step RT-qPCR kit (Invitrogen) was used for qPCR analysis with
25 ng of RNA sample. A Bio-Rad CFX96 thermal cycler was used to run the samples at 50 °C for
15 min for cDNA synthesis followed by a 95 °C incubation for 3 mins. The genes of interest were
amplified using 45 cycles 95 °C for 15 s followed by 55 °C for 30 s. Detection of amplification
was done using Taqman probes along with forward and reverse primers (Supplementary Table
2). Three biological replicates were analyzed in duplicate for each time point. The fold change in
gene expression was determined from the 2 *“Y method in which ACt is the difference between
the Ct from the sample and Day 10 Ct (or hiPSCs for Oct4). Statistical analysis was performed on

the Ct values using a one-way ANOVA with Tukey’s test for post-hoc analysis for samples with



equal variance, and Games-Howell test for samples with unequal variances. A value of p < 0.05

was used for statistical significance.

Flow cytometry

After tissue dissociation, a cell pellet was collected through centrifugation. After washing with
PBS, the cells were labeled with Zombie Dye (Biotium) for 30 min at 4 °C. Cells were then washed
with Blocking Buffer (bovine serum albumin (1%, BSA, Sigma), fetal bovine serum (10%, FBS,
Atlanta Biologics) in PBS), and then fixed with Foxp3 Transcription Factor Staining Buffer Set
(eBioscience) overnight at 4 °C. The cells were then filtered using a 70 um cell strainer
(Scienceware Flowmi) and permeabilized with FACS buffer (BSA (1%), FBS (10%) in 1x
Permeabilization Buffer (eBioscience)) at RT for 30 mins. The primary antibodies (¢TnT (1:400,
Invitrogen), MF20 (1:200, DSHB), TE-7 (1:100, Sigma), MYL11 (1:100, Sigma), PDGFRa (20
uL/1x10° cells, BD), Ki67 (1:200, Abcam), and/or P4HB (1:200, Abcam)) were then incubated
with the cells for 1 /# at RT or 4°C overnight. After incubation in the primary antibody, washing
occurred with Permeabilization Buffer. The secondary antibodies (1:300, AlexaFluor 488 goat
anti-rabbit IgG and AlexaFluor 647 goat anti-mouse IgG (ThermoFisher)) were added for 30 mins
at RT. The cells were then washed with Permeabilization Buffer and resuspended in Blocking
Buffer for analysis. An Accuri C6 or Beckman Coulter CytoFlex LX was used for sample analysis.
At least 10,000 cells were recorded for analysis. Isotype controls (Anti-Mouse IgG1 and Anti-

Rabbit IgG (ThermoFisher)) were used to ensure there was not any non-specific binding.

Masson’s Trichrome Staining



Microspheres were fixed in Bouin’s fixative for 1 h, washed with water three times for 10 min
each, 70% ethanol two times for 10 min each, 80% ethanol for 10 min, 95% ethanol for 10 min,
100% ethanol two times for 5 min, and 3 times with XS-3 (StatLab); all washing steps were done
with agitation. Microspheres were paraffin embedded, sectioned at a thickness of 5 um, and heated
in a 58°C oven for 10 min. Masson’s trichrome staining (Poly Scientific R&D) was performed
according to the manufacturer’s instructions. Microsphere sections were imaged using a

ScanScope CS (Leica).

Multielectrode array

Day 20 and 50 dissociated microsphere CMs were seeded onto a fibronectin coated S2 type
MEA200/30-Ti-gr (Multichannel Systems) and cultured for at least 24 h. Adhering microsphere
CMs were perfused with Tyrode’s solution, composed of CaClz (1.8 mMm), glucose (5 mm), HEPES
(5 mm), MgClz (1 mm), KCI (5.4 mm), NaCl (135 mm), and NaH2PO4 (0.33 mMm) at pH 7.4 and
37 °C. Once stabilized, field potentials of spontaneous contractions were recorded at a sampling
frequency of 10 kHz. Drug response of day 20 microsphere CMs was tested by adding the -
adrenergic agonist isoproterenol (1 uM) and antagonist propranolol (1 uMm). Day 50 microsphere

CMs were exogenously paced from 0.5-6.0 Hz.

Optical mapping of calcium transients

A high-speed camera (Andor iXon+ 860 EMCCD) was used to take calcium recordings of at least
1600 pixels of plated engineered cardiac tissue microspheres using our previously established
optical mapping system [33]. The cardiomyocytes were stained with Rhod-2 AM dye (5 um,

Invitrogen) with Pluronic F-127 (0.02%) in Tyrode’s Solution for 30-120 min with blebbistatin



(10 uMm, EMD). Tyrode’s solution was prepared by combining calcium chloride (1.8 mMm) and
glucose (5.0 mm) with HEPES (5.0 mM), magnesium chloride (1.0 mM), potassium chloride (5.4
mM), sodium chloride (135 mM), and sodium phosphate (0.33 mM) and adjusting the pH to 7.4
with sodium hydroxide. Warm Tyrode’s Solution was perfused through the optical mapping
chamber before adding the sample. The plated engineered cardiac tissue microspheres were added
to the chamber and recordings were taken with and without electrical pacing. A custom MATLAB
script was used for analysis in which the change in fluorescence was used to calculate the calcium

transient duration (CTD) at each location in a recording.

Statistical Analysis

Unless otherwise noted, statistical analysis was performed using Minitab statistical software where
results are presented as mean * standard deviation. One-way ANOVA was performed with
Tukey’s test for post-hoc analysis for samples with equal variance, and the Games-Howell test was
performed for samples with unequal variances. A value of p < 0.05 was used for statistical

significance.

Results

Rapid, one-step microfluidic encapsulation system produced uniform hiPSC microspheres

A microfluidic cell-encapsulation system was developed to rapidly produce uniform spherical
hydrogels using a modified microfluidic oil-and-water emulsion technique (Supplementary
Figure 1, Supplementary Movie 1). The central component of the system is a device made of
polydimethylsiloxane (PDMS), which has two inlets, an outlet, and a modified T-junction (Figure

1a). Within this system, a suspension of hiPSCs in aqueous PEG-fibrinogen precursor solution —



the discrete phase — was pumped through the top inlet of the PDMS microfluidic device. In
parallel, mineral oil — the continuous phase — was pumped through the bottom inlet of the device;
the two inlet streams come together at the device T-junction. Microspheres were formed through
emulsification and traveled through the perpendicular outlet channel where they were
photocrosslinked. Crosslinking occurred rapidly, with a light exposure time of 1.6 seconds per
microsphere, and crosslinked microspheres were collected from the end of the outlet channel using
a continuous downward flow of cell culture media, removed from the oil phase and washing media,
and transferred to a well-plate.

Encapsulation of hiPSCs occurred on day -3 of cardiac differentiation. Following
encapsulation, hiPSCs (25 x 10° cells mL!' PEG-fibrinogen) maintained high viability (Figure 1b,
Supplementary Movie 2), and as a result of the high cell density, hiPSCs were tightly packed
throughout the microsphere, displaying a round morphology with some cells being exposed
beyond the PEG-fibrinogen hydrogel boundary (Figure 1f). Approximately 45 hiPSC
microspheres were produced per minute with tight control over size and roundness (Figure 1c-e).
Each microsphere contained approximately 9500 hiPSCs; this equates to an encapsulation rate of
420,000 cells min™!. Therefore, a clinically relevant number of cells, 8 million, as used in our
previous large animal wound healing study [34] can be encapsulated using this system in less than
20 minutes, and enough spheres to fill a 384-well plate for high-throughput screening assays can
be produced in less than 10 minutes with one microfluidic device.

This microfluidic system reproducibly produced uniform microspheres with highly
consistent size and shape not only within a batch, but also between batches. For 8 batches, the
average diameter of the microspheres ranged from 850 — 952 um and the average roundness was

above 0.933 with low variance within a batch (diameter coefficient of variance (CV) < 10%,



roundness CV < 5%, n > 32 microspheres per batch, Supplementary Table 1). Furthermore,
variance between batches was also low; on the day of encapsulation (day -3, Figure 1c¢), average
initial microsphere diameter was 908 +£40 um (CV = 4.4%, Figure 1d) and roundness was
0.956 £ 0.02 (CV =2.1%, Figure 1e, n = 8 independent batches).

HiPSC microspheres continued to proliferate and grow prior to initiation of cardiac
differentiation. Following encapsulation (day -3), cells first grew within the original hydrogel
boundaries, maintaining the initial microsphere diameter. Encapsulated hiPSCs were evenly
distributed within the PEG-fibrinogen hydrogels (Supplementary Movie 3) with high cell density
throughout the microspheres as shown by immunofluorescent labeling of the nuclei in cryosections
(Figure 1g). HiPSCs were cultured in their pluripotent state for three days before cardiac
differentiation was initiated on day O (Figure 1). Previously we found that three days was sufficient
for hiPSCs to adapt to their new 3D hydrogel microenvironment and initiate cell growth within
the hydrogel, forming a continuous tissue over time [23, 24]. HiPSC microspheres behaved

similarly, occupying the majority of the spherical volume by day 0 (Figure 1f).

Encapsulated hiPSCs grew to form continuous cell-laden microspheres

After initiation of cardiac differentiation (day 0), the cells continued to grow within and then
beyond the initial microsphere boundaries to produce denser and larger tissues with decreasing
roundness (Figure 2a). For two different lines of encapsulated hiPSCs, IMR90 and 19-9-11, XTT
assay results confirmed higher metabolic activity on day -1 than on day -2 (n = 5 microspheres,
Figure 2b), which combined with visual phase contrast data (Figure 2a) and Ki67 staining
(Figure 2¢), confirms an increase in the number of viable and proliferative cells. By differentiation

day 3, microsphere diameter had increased by a factor of 1.27 + 0.22 when compared to day 0 and



had further increased to 1.7 + 0.11 times by day 7 (n = 10, Figure 2d, Supplementary Figure 2a-
b). The total number of cells increased throughout differentiation with a significantly higher
number of cells by day 7. The number of cells per encapsulated hiPSC on day -3 was 0.96 + 0.55,
1.43 £ 0.70, and 2.8 = 0.54 on days 0, 3, and 7 (n = 5 individual batches, Supplementary Figure
2¢). Additionally, the ratio of DNA on days 3 and 10 with respect to day 0 was 1.32 + 0.49 and
1.40 £+ 0.41, respectively (n = 5 individual batches, Supplementary Figure 2d).

One factor influencing stem cell differentiation is the mechanical stiffness of the cellular
microenvironment. Typically, 2D monolayer cardiac differentiation of hiPSCs occurs on tissue
culture polystyrene surfaces which are much stiffer (>1 GPa) than conditions during embryonic
development (<100 Pa). Stiffness of cell-laden microspheres was assessed prior to and during
differentiation using parallel-plate compression testing; the elastic modulus was 62 + 28, 59 + 32,
118 £32, and 103 + 21 Pa, respectively, on days -2, 5, 8, and 17 (n = 8, Figure 2g), providing a
more physiological microenvironment for the cells during differentiation. This temporal increase
in tissue stiffness was accompanied by changes in cell morphology from round cell colonies on
day 0 (Figure 2e) to elongated cells following differentiation (day 10, Figure 2f), indicative of

cardiac differentiation.

Encapsulated hiPSCs differentiated into engineered cardiac tissue microspheres

HiPSC-laden microspheres were successfully differentiated into spontaneously contracting
engineered cardiac tissue. Suspension cultured microspheres initiated spontaneous contractions by
day 8 of differentiation, with approximately 78% of microspheres contracting by day 10 (n = 90
microspheres, Supplementary Movie 4). Differentiation efficiency on day 10 was consistently

high between batches with approximately 75% total CMs (75.1 + 6.7 % cTnT+, 752 £ 7.1 %



MF20+, n = 16 individual batches, Figure 3a, Supplementary Figure 3); this corresponds to
efficiency previously achieved with our differentiation protocol [23] and hiPSC lines using 2D
sheet differentiation [35] and is significantly higher than self-aggregated EBs using the same
protocol (20.8 £ 19.3 % c¢TnT+, Supplementary Figure 4a). Further examination showed 3.3 +
2.9% of the cells were positive for fibroblast marker, TE-7, 7.36 £ 5.75% were positive for cardiac
fibroblast marker, PDGFRa, and 10.3 £+ 2.7% were positive for smooth muscle marker, MYLI11
(Figure 3b, Supplementary Figure 3); this indicates that the non-CM cell population was
comprised mostly of fibroblasts and smooth muscle cells, similar to previously published work
using this differentiation protocol [36]. Following differentiation, 5.8 £+ 1.2 million CMs were
obtained per batch yielding 2.0 £ 0.34 CMs per encapsulated hiPSC on day -3; although
comparable cell numbers were obtained per batch in the EBs on day 10 (6.3 + 1.4 million cells),
only 1.4 &+ 1.3 million of those cells were CMs, due in part to the large variability in differentiation
efficiency. EB differentiation yielded 1.4 = 1.3 CMs per hiPSC (Supplementary Figure 4b-c)
with larger variability than in the engineered cardiac tissue microspheres. The cell population was
maintained through at least day 20, with 71.6 +8.4% CMs, 7.1 £ 1.7% proliferative CMs
(cTnT+/Ki167+), and 8.41 +6.5% of the cells positive for P4AHB, a fibroblast marker (n = 3
individual batches, Supplementary Figure 3a). Cell density increased during cardiac
differentiation from day O (initiation of differentiation, Figure 1g) through day 12 (Figure 3c).
CM distribution and morphology in both whole microspheres and sections was observed through
immunostaining for cardiac markers, cardiac troponin T (¢TnT) and a-sarcomeric actinin (aSA),
and functional protein Cx43 (Figure 3¢, i-k). Sarcomere alignment and organization increased
with progressing culture time, and engineered cardiac microspheres expressed gap junction

protein, Cx43 (Figure 3i-k).



Microspheres displayed appropriate temporal expression of initially pluripotent and then
later cardiac genes, which was quantified using RT-qPCR (primer sequences can be found in
Supplementary Table 2). During cardiac differentiation, an expected decrease occurred in the
expression of pluripotency gene, OCT4 (Figure 3d). Expression of MLC2v, a ventricular CM
gene, and BMHC, a cardiac gene, significantly increased from day 10 to day 30 (Figure 3e, g).
These results, along with an increase in the ratio of BMHC/aMHC expression from day 10 to day
30, are consistent with expression patterns during CM development and maturation. Expression of
oMHC increased from day 10 to day 20 and then decreased from day 20 to 30 (Figure 3f).
Additionally, days 10, 20, and 30 cardiac microspheres had similar expression of functional gap

junction protein Cx43 (Figure 3h).

Engineered cardiac microspheres showed dynamic remodeling of their PEG-fibrinogen
microenvironment

With progressing culture time, encapsulated cells completely remodeled their PEG-fibrinogen
microenvironment and differentiated into maturing cardiac tissues. Examining sequential
cryosections from microspheres in culture for over a year, cardiomyocytes were present throughout
the entire cardiac tissue microsphere, based on positive aSA expression (Supplementary Figure
5); representative sections from the middle of the microsphere are shown in Figure 4a-c. ECT
microspheres secreted extracellular matrix (ECM), including an increase in collagen deposition
from day 28 (Figure 4d) to day 98 (Figure 4e) throughout the microsphere and around the edge
(Supplementary Figure 6) as visualized by Masson’s trichrome staining on cardiac microsphere
sections (Figure 4d-e). Some sections of the cardiac microspheres contained cells with highly

organized structure and alignment, reminiscent of native cardiac tissue structure (Figure 4f).



Scanning electron microscopy (SEM) of microspheres showed a smooth cell-based surface
(Figure 4g), demonstrating cellular remodeling of the matrix during cardiac differentiation
(Supplementary Figure 7). At higher magnification, tightly-connected cells and ECM deposition
were observed on the microsphere surface (Figure 4h). Day 120 microspheres showed aligned
cells (Figure 4h) on the microsphere surface, with neighboring cells forming cell-cell junctions
(Figure 4i). Additionally, day 60 microspheres appeared to have aligned myofibril arrangement
(Figure 4j), similar to SEM images of native human heart tissue (Figure 4k) [37]. Understanding
CM functionality and maturity on both a tissue and single-cell level is often desired. Engineered
cardiac microspheres can be dissociated into single CMs, with CMs spontaneously contracting
after dissociation (Supplementary Movie 5). CMs attached to unpatterned PDMS surfaces with
elongated cell morphology, which is normal for maturing CMs [23]. Dissociated, plated CMs
displayed defined sarcomere structures with internal alignment and length of 1.85 um (Figure 41)
which falls between the range for fetal (1.8 um) and adult (2.0 — 2.2 um) CMs, and is greater than
typical hPSC-CMs (1.6 — 1.7 um); an organized sarcomere arrangement improves the mechanical

contractile output and is indicative of cardiomyocyte maturation [38].

Microsphere CMs responded to drug treatment and electrical stimuli

For the successful translation of engineered cardiac tissues towards regenerative medicine and
drug-screening applications, the appropriate response to pharmacological and electrical stimuli is
essential. Response to these stimuli indicates functionality and maturity of the resulting CMs.
Using a multielectrode array (MEA) (Supplementary Movie 6, Figure 5a-c), we evaluated the

response of our day 20 engineered cardiac microspheres to pharmacologic stimuli including the (-

adrenergic agonist, isoproterenol, and the [-adrenergic antagonist, propranolol. Isoproterenol



increases the frequency of contraction, while the subsequent addition of propranolol slowed down
the rate of contraction (Figure 5b). In addition to drug-testing, we also investigated the response
of engineered cardiac microspheres to electrical pacing. Day 50 microsphere CMs exhibited 1:1
capture up to 6.0 Hz when paced on the MEA (Figure 5c¢). Ion exchange of calcium, sodium, and
potassium through the CMs is responsible for the contractile motion of these cells; a key difference
between fetal and adult CMs is the rate at which ions are transported throughout the CMs. The
calcium transients through plated engineered cardiac tissue microspheres were visualized using an
optical mapping platform in which a calcium dye, Rhod-2, was employed to quantify the calcium
transient duration (CTD) (Supplementary Figure 8). The CTD at 50% and 80% repolarization
for these engineered cardiac tissue microspheres was 450 ms and 680 ms for samples paced at 1
Hz (n = 2 recordings) and 380 ms and 500 ms at 1.5 Hz, respectively (n = 3 recordings, Figure
5d). Contraction analysis was performed using a custom MATLAB script [39] in which videos
were converted into a set of tiff files for macroblock tracing to detect the frequency of contraction
as well as the contraction and relaxation velocities. Microspheres contracted at a frequency of 16.6
+5.9, 13.8 £ 2.3, and 25.6 =1 0.8 beats per minute on days 20, 30, and 60 respectively (n > 11,
Figure 5e). The contraction and relaxation velocities were 110 £ 49, 161 + 69, and 175+ 112 pm
57! on days 20, 30, and 60 with relaxation velocities of 70 + 36, 106 + 42, and 146 £+ 88 um 5!,
respectively (n > 11, Figure 5f); a representative trace can be seen in Figure 5g. Appropriate
response to drug treatment and electrical pacing, both on the MEA and in an optical mapping
platform, along with increasing contraction and relaxation velocities indicate functionality of the
resulting CMs within the engineered cardiac tissue microspheres.

Discussion



High-throughput production of 3D cardiac tissues is necessary for applications in drug-
testing and clinical translation of regenerative therapies. Engineered cardiac tissue production must
be reproducible, cost-effective, and scalable to become a viable treatment option for cardiovascular
disease. Building on spherical CM production using self-aggregated EBs, here we have shown the
ability to produce spheroidal tissues for hiPSC differentiation while simultaneously controlling the
cellular microenvironment and tissue geometry through the incorporation of a cellular responsive
biomaterial, PEG-fibrinogen. A custom microfluidic system has been implemented to rapidly
encapsulate approximately 420,000 cells per minute, forming highly uniform hiPSC microspheres
for direct differentiation into functional engineered cardiac tissue microspheres.

Following encapsulation using this microfluidic system, hiPSCs were evenly distributed
throughout the PEG-fibrinogen microspheres and maintained high viability; cell density within the
constructs began to increase shortly after encapsulation based on visual observation and metabolic
activity analysis. Cell proliferation was observed throughout the time course of cardiac
differentiation with cells initially filling the original hydrogel construct and then continuing
beyond, resulting in tissue growth and a decrease in roundness of the tissues. Spontaneous
contractions consistently started by day 8 of differentiation, and engineered cardiac tissue
microspheres were composed of over 75% CMs on day 20, achieving similar efficiency to small
molecule 2D monolayer differentiations using the same hiPSC lines and differentiation protocol
[8]. Contraction and relaxation velocities increased over time and microsphere CMs responded
appropriately to pharmacologic stimuli, including [-agonist, isoproterenol, and [B-antagonist,
propranolol. Furthermore, engineered cardiac microspheres exhibited 1:1 capture for external
pacing up to 6.0 Hz. During culture, proliferating and differentiating cells remodeled their

provided PEG-fibrinogen microenvironment while depositing their own ECM proteins. Results



demonstrate hiPSC differentiation, cardiac tissue formation, and electromechanical function of
microsphere CMs, making this a promising cardiac tissue model for cell-therapy and drug-testing.

Production of spherical cardiac tissue structures has been studied for years, starting with
self-aggregated EBs [14], the initial stem cell differentiation approach to form spontaneously
contracting CMs. Successful EB cardiac differentiation relies on EB size and intercellular
interactions; however, due to inherent variability in these processes, low CM differentiation
efficiency and poor reproducibility can result [40]. To improve control, microwell plates [41, 42],
centrifugation [43, 44], hanging droplet formation [45], and vortexing [46] have been used for
production of more uniform cell-laden spheroids. However, these modified methods can be
tedious, relatively low-throughput, and/or have a high potential for variability and low
reproducibility between laboratories. Recent work in large-scale production of CMs has
demonstrated that the formation of pluripotent stem cell aggregates from a single-cell suspension
can be controlled by bioreactor culture system operating parameters [11]. This has proven
successful for large-scale production of CMs, although optimization is still needed to obtain
consistency in terms of CM yield and differentiation efficiency. In all cases, post-differentiation
processing, consisting of CM dissociation and encapsulation within a biomaterial scaffold, is
typically required to obtain a functional 3D engineered tissue.

By directly differentiating the hiPSCs within the PEG-fibrinogen matrix, we overcome the
need for this post-differentiation processing, using a single cell-handling step for the formation of
engineered tissues cardiac microsphere. PEG-fibrinogen is a hybrid biomaterial that is currently
undergoing clinical trials for the repair of cartilage tissue [27]. The use of biomaterials in cell and
tissue production offers an additional tool to overcome challenges inherent to self-aggregated

hiPSC EB formation and cardiac differentiation and maturation. Biomaterials can be employed not



only to provide a controlled 3D supporting microenvironment [47], such as for a cardiac patch [36,
48], but also to protect encapsulated cells from shear in bioreactor culture or during injection [22,
34, 49-51]. Biomaterials can be used to manipulate multiple aspects of the cellular
microenvironment including: guiding cell-cell and cell-material interactions through inclusion of
cell adhesion and degradation sites, controlling cell density and engineered tissue size and shape,
and recapitulating mechanical and biological cues present in the in vivo systems of interest [52-
54]. Previous studies show biomaterials can promote consistency and drive CM phenotypical and
functional maturation using nitric oxide [33], electrically conductive materials [55-57], patterning
and topography [58, 59], and mechanical and electrical stimulation [60, 61]. We take advantage of
material cues to provide uniformity to the initial stem cell microenvironment, support CM
differentiation, and push CM maturity.

Recapitulating embryonic and fetal cardiac properties has been previously shown to be
effective in driving cardiac tissue formation and maturation, particularly with regard to electrical
stimulation [60]. Prior studies have shown that 2D substrates with similar stiffness to the native
adult heart (10 kPa) are beneficial to enhancing CM function and maturation following cardiac
differentiation [62, 63]. Developing cardiac tissues are much softer; the stiffness of chick embryo
hearts increases 9-fold, from 900 Pa to 8.2 kPa, between 36 to 408 hours post-fertilization [62].
However, prior to germ layer specification during gastrulation, embryos are much softer than either
the adult heart or developing cardiac tissues with elastic moduli reported as low as 5 Pa for frog
embryonic tissue [64]; therefore, we hypothesize that a softer microenvironment, similar to that of
an embryo, is critical for success of cardiac differentiation of hiPSCs within a biomaterial scaffold.
Our results here demonstrating successful differentiation of CMs from hiPSCs within a PEG-

fibrinogen matrix, as well as in our previous study within GelMA [24], support further



investigation of this relationship; in both cases, constructs with a low initial elastic modulus (less
than 250 Pa) supported efficient cardiac tissue formation.

For engineered cardiac tissues to be useful for downstream applications such as
regenerative medicine or drug screening, they must reasonably mimic the adult cardiac
electrophysiology. Engineered cardiac tissues have potential to make an immediate impact on the
improving preclinical testing of new drug candidates; current methods of preclinical testing rely
on in vitro assays using oversimplified immortalized cell lines and in vivo small animal testing
platforms. These do not reliably mimic human electrophysiology or accurately predict
cardiotoxicity of newly developed drugs on the adult heart, resulting in large numbers of Phase I
clinical trial failures and post-approval drug withdrawals from the market [65]. The ability to
recapitulate adult cardiac electrophysiology and accurately predict cardiotoxicity in vitro would
provide measurable cost and time saving benefits to the pharmaceutical industry [66]. In this study,
we showed that our engineered cardiac tissue microspheres appropriately responded to exogeneous
pacing up to 6 Hz and drug testing with B-adrenergic agonist, isoproterenol, and the B-adrenergic
antagonist, propranolol. Furthermore, optical mapping showed an expected decrease in CTD with
increased frequency of electrical pacing. The engineered cardiac microspheres maintained their
spontaneous contractile phenotype in culture with velocity of contraction trending upward over
time. These results show appropriate response to external stimuli, displaying features of maturing
CMs and potential for use in in vivo studies for regenerative medicine and drug-testing. Our tissues
do not fully recapitulate the mature adult CM phenotype; however, they fall within the range of
other hiPSC-CM platforms [38, 67, 68], and further maturation may be achieved using external

mechanical or electrical stimulation.



Once large quantities of CMs are produced for cell therapy, the engineered cardiac tissue
must be successfully delivered and engraft to the infarcted myocardium, which has proven
challenging; research has shown that direct injection of cardiac microtissues to the myocardium
results in better CM retention and engraftment than delivery through intracoronary or intravenous
injections or using an epicardial tissue patch [69, 70]. Pre-clinical studies infusing or transplanting
hPSC-CMs [71-73] into the heart have shown cell-therapy can increase cardiac function; although
mechanisms for these observed improvements are not yet fully understood, electrical coupling and
engraftment, as well as paracrine signaling, are thought to be involved [17, 74, 75]. PSC-derived
cardiac progenitor cells [76] or hPSC-CMs [72] have successfully been used alone and in
combination with fibrin [77] or collagen [78] for small animal models and non-human primate
trials. A human clinical trial using hPSC-derived cardiovascular progenitors has been initiated
[79]; Dr. Menasche provides a detailed review on previous and ongoing cell therapy trials [80].
The microfluidic cell encapsulation system employed here has been previously used to encapsulate
cells for injectable cell delivery in large animal pre-clinical wound healing studies [34]. The
engineered cardiac tissue microspheres produced using the microfluidic encapsulation system and
differentiation method established in this study hold promise for use in injectable cardiac cell
therapy. Current studies are ongoing to increase efficiency of cardiac differentiation and clinical
relevance through adaption of xeno-free cell production methods [7].

Uniform and precise 3D cell-material constructs can now be produced by emerging
technologies including bioprinting [81-85] and microfluidic systems [34, 86-88]. The custom
microfluidic system presented here can be used for scalable microsphere production that provides
a reproducible 3D microenvironment while leveraging an EB-like differentiation approach.

Currently in the field of tissue engineering, hydrogel-based microsphere size is limited to 100-



200 um [86, 87, 89] due to standard soft-lithography fabrication techniques [90]; microspheres
with larger diameters are often more difficult to produce with high uniformity and roundness.
Stability constraints typically limit microfluidic systems to single cell encapsulation, and do not
support encapsulation of small cell clusters, such as the post-dissociation hiPSCs employed here
[91]. Testing has shown hiPSCs are sensitive to suspension in oil; therefore, the limiting light and
oil exposure time were key factors during system design. In-line photocrosslinking and washing
were critical for system success and maintaining cell viability, as compared to batch
photocrosslinking [92]. Our recently published work showed successful hiPSC encapsulation and
differentiation within PEG-fibrinogen and GeIMA hydrogels to produce 3D-dhECT microislands
[23, 24]. In these studies, a 1 mm wide ring of dense cardiac tissue consistently formed around the
edge of the microislands. Based on this finding, the desired initial microsphere diameter was
chosen to be approximately 1 mm, and thus the resulting sphere diameter using our microfluidic
system was 908 um (n=485 microspheres, 8 individual batches); however, this microfluidic system
enables modulation of size and shape, as well as initial cell seeding density, and ongoing studies
are investigating the impact of these parameters on resulting cardiac tissue formation. The tight
control demonstrated here over size and shape of microsphere tissues both within a batch and
between batches is critical for cell production and downstream applications.

In this study, we used a custom microfluidic system to rapidly encapsulate hiPSCs within
a clinically relevant biomaterial, PEG-fibrinogen, to produce uniform microspheres in size and
shape with high cell viability and maintained proliferative and pluripotent phenotype. Remodeling
their PEG-fibrinogen microenvironment, these hiPSC microspheres were subsequently
differentiated into functional engineered cardiac tissue microspheres with high CM yield that

responded appropriately to outside electrical and pharmacological stimuli and could be maintained



in culture long-term with maintenance of spontaneous contraction (over 3 years, Supplementary
Movie 7). The microspheres were cultured in static suspension conditions; however, a bioreactor
or similar dynamic culture system could be used to improve mass transfer and scale-up production
[11]. This microfluidic system has the potential to be leveraged in combination with a bioreactor
system for scalable hiPSC differentiation by parallelization of PDMS devices for increased
production in order to obtain commercially relevant numbers of engineered cardiac tissues for

clinical translation and high-throughput drug testing applications.
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Figure 1. Rapid, highly reproducible hiPSC-encapsulation process to produce uniform
cardiac tissue microspheres. (a) HiPSCs suspended in aqueous hydrogel precursor solution (25
million cells mL™!, discrete phase) were infused through a custom PDMS mold opposite an oil
phase (continuous phase) to produce uniform cell-laden microspheres. Microspheres formed at the
junction of the PDMS device and then traveled through the outlet channel where photocrosslinking
occurred for 1.6 seconds, resulting in a cell encapsulation rate of 420,000 cells per minute. (b)
Encapsulated hiPSCs maintained high cell viability as visualized using a Live/Dead Assay with
live cells shown in green and dead cells in red. Dashed white line indicates microsphere perimeter.
(c) Microspheres were highly uniform as visualized at 24 / post-production using long acquisition
times to detect the Eosin Y autofluorescence. (d-e¢) Microsphere diameter and circularity were



consistent both within a batch and between batches as shown in the violin plots. Each color
represents an individual batch while each measured microsphere is represented by a black dot.
Microspheres were (d) 908 + 40 um in diameter and (e) were highly circular (0.956 + 0.02) (n =38
individual batches, 485 spheres analyzed). (f) HiPSCs were successfully encapsulated in
microspheres and maintained in suspension culture prior to cardiac differentiation initiation, as
visualized here in daily phase contrast images. (g) Cryosections from day 0 show uniform
distribution of cells throughout the hydrogel based on number of Hoechst-labeled (blue) nuclei per
cross sectional area. Inset schematic shows slice location based on measured diameter.
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Figure 2. Cell-laden PEG-fibrinogen microspheres grew to form uniform tissues. (a) During
differentiation, the cells within the microspheres continued to proliferate and remodel their
provided PEG-fibrinogen microenvironment as seen in phase contrast images throughout the time
course of cardiac differentiation. (b) Prior to cardiac differentiation, cell proliferation for two
hiPSC lines was verified by XTT assay, which showed an increase in optical density between day
-2 and day -1 (n = 5 microspheres per condition, *p < 0.05), indicating continued proliferation and
growth of the cells. (c) The hiPSCs maintain their proliferative phenotype following cell
encapsulation as shown by positive expression of Ki67 (green) on day -1. (d) From the onset of
cardiac differentiation (day 0), microsphere size increased by a factor of 1.27 by day 3 and 1.7 by
day 7 (n = 10, *p <0.05). (e) Prior to initiation of cardiac differentiation, hiPSCs grew as rounded
colonies within the microspheres as visualized on day 0 (3 days post-encapsulation) through
labeling of F-actin filaments (red). Dashed white line indicates microsphere perimeter. (f)
Following cardiac differentiation, cells are more elongated, indicative of cardiomyocyte
phenotype. (g) The PEG-fibrinogen provides an initially soft microenvironment (<250 Pa), and a
significant increase in stiffness occurs during cardiac differentiation (» = 8 microspheres per
condition, *p < 0.05).



[0
o

1001 100
; . L] L
£% N o e [
o - s 2
3 60 . 3 60-
o o
o [
Z 404 2 40+
2 Cell Line 2
o L] [ MRI0 o 5
*SCVI55 o at
[—'—I ]
0 T T 0 T T ; 0 T
MF20 cTnT MF20 ¢TnT  TE-7 PDGRFa MYL11

old Change
&
@

0.6
W04
0.2 * *
. 0
hiPSC Day 10 Day 20 Day 10 Day 20 Day 30
Octd MLC2v

Day 10 Day 20 Day 30
aMHC

Day 10 Day 20

BMHC

Day 50

50pm == Day 250

Figure 3. 3D cardiac microsphere differentiation enabled high CM yield and reproducibility
between batches with appropriate gene expression. (a) For two different cell lines, IMR90 and
SCVI5S, 75.2 £ 7.1% and 75.1 £ 6.7% were positive for cardiac markers, MF20 and cTnT,
respectively, on day 10 (n = 16 individual batches). Each dot represents an individual batch. (b)
Additional cells were primarily fibroblasts and smooth muscle cells, with 3.3 + 2.9% positive for
fibroblast marker, TE-7, 7.36 + 5.75% positive for cardiac fibroblast marker, PDGFRa, and 10.3
+ 2.7% positive for smooth muscle marker, MYL11. (c) CM morphology and distribution on the
surface of a microsphere visualized by positive expression of ¢cTnT (green) and Hoechst (blue) on
day 12. (d-h) The resulting engineered cardiac microspheres exhibited appropriate temporal
changes in gene expression, including a decrease in pluripotency gene, Oct4, as well as appropriate
changes in cardiac genes MLC2v, aMHC, and BMHC. The expression of functional protein Cx43



remained constant between day 10 and day 30. (n = 3 biological replicates in duplicate, *p < 0.05)
(i-)) From day 21 to day 50, the sarcomeres become more aligned, a feature of maturing CMs,
shown by positive expression of aSA (red) and Hoechst (blue) within cryosections. (k) Cardiac

tissue microspheres express the gap junction protein Cx43 (green, day 250) with nuclei labeled
(blue).
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Figure 4. Engineered cardiac tissue microspheres displayed features of maturing cells.
Cardiac tissue microspheres were maintained long-term in culture. (a-c) A representative
cryosection from the middle of the microsphere showing that cardiac differentiation occurred
throughout the entire engineered cardiac microsphere volume (cardiac marker aSA (red), nuclei
Hoechst (blue), additional slices Supplementary Figure 5). (d-f) As visualized by Masson’s
trichrome staining, CMs remodeled their microenvironment and deposited ECM; an increasing
amount of collagen (blue) was detected during culture time with minimal collagen detected on (d)
day 28 with increasing collagen deposition by (e) day 98. (f) ECT microsphere sections on day 98
contained areas of cell alignment and organization similar to native cardiac tissue. Scanning
electron microscopy (SEM) images show (g) the cells remodeled their PEG-fibrinogen
microenvironment to form dense cardiac tissue microspheres with (h) aligned cells along the edge
and ECM deposition on the microsphere surface. (i) At higher magnification, junctions between
two adjoining cells could be visualized. (j) Myofibril structure was observed on the edge of day
60 microspheres, similar to (k) human cardiac tissue samples [37] (Figure reprinted with
permission). (1) Dissociated CMs show highly aligned sarcomeres (red) indicating progression of
CM maturation, as visualized by positive aSA expression.
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Figure 5. Microsphere CMs responded to pharmacological and electrical stimuli indicating
functionality. (a-c) Microspheres were dissociated and plated on the MEA (Supplementary
Movie 6). (b) Day 20 CMs responded to B-adrenergic agonist, isoproterenol (Iso), increasing the
contraction rate. The subsequent addition of propranolol (Prop), a P-adrenergic antagonist,
reversed the initial increase in contraction rate caused by isoproterenol. (¢) In addition to
appropriate response to drug treatment, day 50 microsphere CMs showed 1:1 capture in response
to exogenous pacing frequencies up to 6.0 Hz. (d) Optical mapping was used to visualize calcium
transients in plated cardiac microspheres tissues (day 74); recordings showed an expected decrease
in calcium transient duration (CTD) with increased frequency of electrical pacing (» = minimum
3200 locations, *p < 0.05). The CTD was 430 ms and 350 ms for 50% repolarization and 680 ms
and 500 ms at 80% repolarization for 1 Hz and 1.5 Hz pacing, respectively. (e) Analysis of
engineered cardiac microsphere tissues showed a contraction rate of 16.6 £ 5.9, 13.8 + 2.3, and
25.6 = 10.8 beats per minute on days 20, 30, and 60, respectively (» = minimum 11 per condition).
(f) Cardiac microsphere contraction velocities were 110+49, 161469, and 175+112 um s™' on days
20, 30, and 60 with relaxation velocities of 70 + 36, 106 + 42, and 146 = 88 um s°!, respectively;
a representative trace is shown in (g) (n = minimum 11 samples per condition).



