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Abstract

Cardiomyocytes derived from human induced pluripotent stem cells (iPSC-CMs) hold great
promise for modeling human heart diseases. However, iPSC-CMs studied to date resemble
immature embryonic myocytes and therefore do not adequately recapitulate native adult
cardiomyocyte phenotypes. Since extracellular matrix plays an essential role in heart development
and maturation in vivo, we sought to develop a synthetic culture matrix that could enhance
functional maturation of iPSC-CMs in vitro. In this study, we employed a library of combinatorial
polymers comprising of three functional subunits - poly-e-caprolacton (PCL), polyethylene glycol
(PEG), and carboxylated PCL (cPCL) - as synthetic substrates for culturing human iPSC-CMs. Of
these, iPSC-CMs cultured on 4%PEG-96%PCL (each % indicates the corresponding molar ratio)
exhibit the greatest contractility and mitochondrial function. These functional enhancements are
associated with increased expression of cardiac myosin light chain-2v, cardiac troponin | and
integrin alpha-7. Importantly, iPSC-CMs cultured on 4%PEG-95%PCL demonstrate troponin |
(Tnl) isoform switch from the fetal slow skeletal Tnl (ssTnl) to the postnatal cardiac Tnl (cTnl),
the first report of such transition in vitro. Finally, culturing iPSC-CMs on 4%PEG-96%PCL also
significantly increased expression of genes encoding intermediate filaments known to transduce
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integrin-mediated mechanical signals to the myofilaments. In summary, our study demonstrates
that synthetic culture matrices engineered from combinatorial polymers can be utilized to promote
in vitro maturation of human iPSC-CMs through the engagement of critical matrix-integrin
interactions.
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1. Introduction

Heart disease is the leading cause of death in developed countries, accounting for over 36%
of all deaths in the United States [1], yet the mechanistic study of human heart disease
beginning at the cellular level has been limited by the lack of suitable human cardiomyocyte
models. However, thanks to recent revolutionary advances in cellular reprogramming, and
directed differentiation of human induced pluripotent stem cells (iPSCs) into
cardiomyocytes (iPSC-CMs), a number of in vitro models of healthy and diseased human
cardiac tissues have been developed.[2, 3] Despite these advances, an important concern
regarding the use of iPSC-CMs is their functional immaturity relative to primary
cardiomyocytes. For instance, early studies indicated that cardiomyocytes generated in vitro
from pluripotent stem cells exhibit fetal phenotypes with respect to their physiological
performance.[4, 5] Several recent studies have addressed maturation of iPSC-CMs or
embryonic stem cell-derived cardiomyocytes (ESC-CMs),[6-10] but the majority were
limited to calcium handling and electrophysiological evaluation. Thus, considerable unmet
needs remain for the adequate study of in vitro maturation of iPSC-CMs, particularly at the
cell and molecular levels, and factors that modulate it. One such factor influencing cell
maturation, including cardiomyocytes, is the tissue microenvironment. In particular, cell-
substratum interaction is essential for proper development and maintenance of tissue
architecture and function. In many complex organisms, the extracellular matrix (ECM) plays
a critical role in cardiomyocyte development, but the full mechanism of its impact remains
unknown due to the ECM’s heterogeneity in both composition and structural orientation.
Yet, despite considerable progress being made to engineer niches that control cellular
responses through purpose-specific biomaterial designs (e.g., surface patterning,
biomolecule addition) that would encompass some of the native ECM properties, the direct
effects of characteristic biochemical and biophysical properties of unmodified materials
alone have largely been underexplored. To address the need, we employed a library of
copolymer scaffolds with varying physicochemical properties as culture substrates.[11] The
copolymer library contained different mole percentages of three components: hydrophilic
poly(ethylene glycol) (PEG), hydrophobic poly(s-caprolacton) (PCL), and negatively-
charged carboxylated-PCL (cPCL). Each copolymer subunit was selected for the specific
properties it contributed to the resulting copolymer: PCL is a semi-crystalline,
biodegradable, and hydrophobic, as well as being FDA-approved in medical devices[12];
PEG is a biocompatible, hydrophilic, and repellent polymer that reduces protein adsorption
and cell attachment through steric exclusion[13, 14]; and cPCL facilitates cell attachment to
the scaffold surface by providing a negative charge, effectively counteracting the PEG’s
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repellant effects.[14] These combinatorial polymers were electrospun to make fiber mesh
scaffolds that mimic ECM fiber structure and orientation, and subsequently used as test
culture substrates.

Human iPSCs were differentiated into human iPSC-CMs through a directed differentiation
protocol.[15] After 15 to 30 days of culture on each copolymer scaffold, we examined the
effects of the copolymer composition on iPSC-CM phenotype by evaluating beating
behavior, mitochondrial function and gene expression profiles. Our results indicate that
certain combinatorial polymer scaffolds, especially a 4%PEG-96%PCL copolymer, promote
the acquisition of several phenotypic features of mature ventricular myocytes including
organized sarcomeres, abundant mitochondria, increased contractility and higher expression
of cardiac myosin light chain-2v, cardiac troponin | and integrin alpha-7, each of which have
been associated with cardiac/ventricular maturation.[16-18] Moreover, 4%PEG-96%PCL
was associated with enhanced expression of intermediate filament-associated proteins
involved in transducing integrin-mediated mechanical signals to the myofilaments. These
results suggest the synthetic biomaterial promoted cardiac maturation by mimicking some
features of basement membrane-integrin/sarcolemma interactions seen in normal
development. In summary, our study suggests that specific chemical compositions of
synthetic extracellular substrates can exert profound influence on in vitro maturation of
iPSC-CMs.

2. Materials and Methods

2.1 Reprogramming of human dermal fibroblasts and maintenance of human iPSCs

A human iPSC line (CC2) was generated from a healthy control subject using an episomal
approach and validated, as we have previously described, following the work of Dr. Shinya
Yamanaka.[19-21] Maintenance and culture of human iPSCs followed our established
methods.[19-22] Pluripotency was validated by PluriTest, a bioinformatics assay,[23] using
a teratoma-validated line as a positive control, and normal chromosomal karyotype was
confirmed (Genetic Associates, Nashville TN) as previously described (Fig. S1a and S1b).
[19, 23] The absence of episomal vector genomic integration was confirmed by PCR (data
not shown). Immunostaining for pluripotency markers used the following antibodies; OCT4
(mouse monoclonal, Millipore), NANOG (affinity purified anti-goat 19gG), and SSEA4
(rabbit monoclonal, Millipore) (Fig. S2a).

2.2 Differentiation of human iPSCs to cardiomyocytes, and isolation of rabbit ventricular

myocytes

iPSCs were washed with DMEM/F12 (1:1, Invitrogen) and PBS, followed by incubation
with 1 mL/well Versene (Invitrogen) for 10 minutes at 37°C. iPSCs were seeded on growth
factor reduced Matrigel (BD Biosciences) coated plates at a density of 1 million cells per
well in mTeSR1 medium supplemented with 10 uM ROCK inhibitor (Y-27632,
CalBiochem). iPSCs were overlaid with mTeSR1 supplemented Matrigel (70-150 pg). After
24 hours, medium was changed to RPMI 1640 medium plus B-27 and Activin A (R&D
Systems) without insulin supplement (Invitrogen). Fresh Matrigel (83 pg Matrigel/well)
mixed with RPMI 1640 basal medium was then overlaid for 30 minutes on the cells at 24
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hours post-Activin A treatment at day 0 of cardiac induction. After 20 minutes of Matrigel
gelation, RPMI 1640 basal medium with B-27, BMP4 (5ng/mL, R&D Systems) and bFGF
(5ng/mL, Invitrogen) without insulin supplement was replaced on the cells (day 1), and then
incubated for 4 days without changing medium. At day 5, the medium was changed with
RPMI 1640 with B27 complete supplement (Invitrogen) (Fig. S2b) and replaced every 2-3
days. After 15 days of cardiac differentiation, the medium was changed to DMEM/F12
including 2% fetal bovine serum (FBS), 2mM L-glutamine, 0.1mM nonessential amino
acids, 0.1mM B-mercaptoethanol, and 50u/mL penicillin/streptomycin for maintenance of
iPSC-CMs.

Ventricular myocytes from adult rabbits were isolated by a modified collagenase/protease
method, as previously described.[24]

2.3 Traction force microscopy

Traction force maps of spontaneously beating iPSC-CMs were generated at room
temperature using the traction force microscopy (N=15 cells from four experimental
replicates). Briefly, iPSC-CMs, grown on various culture matrices, were dissociated and
replated on Matrigel containing 0.75 um fluorescence beads (Polysciences) diluted at 1:50.
Contraction motion of individual iPSC-CMs was video-captured by phase-contrast and
fluorescent imaging, and the particle image velocimetry (PIV) was applied to assess
displacement deformation of Matrigel substrate. Fourier transform traction cytometry
(FTTC) was used to quantify contractile force using an ImageJ plugin. [25, 26]

2.4 Flow cytometry

2.5 Western

iPSC-CMs maintained on each matrix for 30 days were detached with Triplexpress
(Invitrogen). Cells were lightly vortexed to break up large cell aggregates and quenched
with RMP11640 with complete B27 supplement. Cells were fixed in 1% paraformaldehyde
at room temperature for 10 minutes, permeabilized by FACS buffer (PBS without Ca/Mg?*,
1% FBS, 0.1% NaN3) with 0.1% saponin. Cells were washed once in FACS buffer and
centrifuged. The supernatant was then discarded leaving about 50 pl of cell suspension.
Troponin T (mouse monoclonal, Santa Cruz Biotechnology), RYR (rabbit polyclonal, Santa
Cruz Biotechnology), and a-actinin (mouse monoclonal, Sigma) were diluted in 50 pl /
sample FACS buffer plus 0.1% Triton X-100. Cells were incubated with the primary
antibodies for 1 hour at 4°C; washed once in 3 ml FACS buffer plus 0.1% Triton X-100;
centrifuged; and supernatant discarded leaving about 50 pl of cell suspension. Secondary
antibodies specific to the primary antibody 1gG isotype were diluted in FACS buffer plus
0.1% Triton X-100 for a final sample volume of 100 pl at 1:1000 dilution. Cells were
incubated for 30 minutes in the dark at 4°C; washed in FACS buffer plus 0.1% Triton
X-100; and resuspended in 500 pl FACS buffer for analysis (N=4). Resulting data were
analyzed using FlowJo v8.5.2 and data reported are based on 10,000 gated events.

Blotting and Immunostaining

For western blotting, iPSC-CMs were lysed in RIPA buffer containing protease and
phosphatase inhibitors (Thermo Scientific), followed by boiling the samples in Lamelli
Buffer (Bio-Rad) Extracted proteins were run on 12% (wt/vol) Trisglycine acrylamide gels

Biomaterials. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chun et al.

Page 5

(Bio-Rad) for separation and transferred onto a nitrocellulose membrane. The membrane
was incubated with primary antibody overnight at 4°C after blocking, washed, and incubated
with the appropriate secondary antibody conjugated with an infrared fluorescent dye for 1
hour at 25°C. Antibodies to cardiac troponin | (cTnl; rabbit polyclonal, Abcam) and slow
skeletal troponin | (ssTnl; rabbit polyclonal, Sigma) were used as primary antibodies along
with a-tubulin antibody (rabbit monoclonal, Abcam) as a loading protein control. Odyssey
(LiCor) was used for scanning, and analyses of western blot images were performed using
Image J software (N=4). Each value of cTnl and ssTnl protein expression was normalized to
the a-tubulin intensity.

For immunofluorescent imaging, iPSC-CMs were harvested from the matrix sandwich
culture or polymer matrices using Triplexpress (Invitrogen). Cells were washed fixed in 4%
paraformaldehyde for 15 minutes at room temperature and permeabilized in 0.1% Triton
X-100 (Sigma) for 1 hour at room temperature. Samples were blocked with 5% non-fat dry
milk (Bio-Rad) in PBS with 0.1% Triton X-100 and incubated for 1 hour at room
temperature. Troponin T (mouse monoclonal, Santa Cruz Biotehnology), a-actinin (mouse
monoclonal, Sigma), MLC-2a (mouse polyclonal, Santa Cruiz Biotehnology), MLC-2v
(rabbit polyclonal Abcam), cardiac troponin | (rabbit polyclonal, Abcam), slow skeletal
troponin | (rabbit polyclonal, Sigma) and Mitofusin 2 (mouse monoclonal, Abcam) were
added in 0.1% Triton X-100, 1% BSA in PBS solution and incubated for 1 hour at 37°C.
After multiple washing with 0.2% Tween 20 in PBS and 1X PBS twice, secondary
antibodies specific to the primary antibody 1gG isotype were diluted (1:1000) in the same
solution as the primary antibodies and incubated at room temperature for 1 hour. Samples
were washed with 0.2% Tween 20 in PBS twice and 1X PBS twice and treated with Gold
Anti-fade Reagent (Invitrogen). Slides were examined under a confocal microscope
(Olympus FV-1000) and analyzed with NIS-Elements BR3.0 (9-10 images per test group
from four experimental replicates).

2.6 Synthesis of combinatorial polymer library

Test copolymers were synthesized as previously reported.[11] Briefly, caprolactone
(100x1078 mol, 11.4 g, 10.96 mL), Sn(Oct)2 (100x10~% mol, 40 mg), and monomethoxy-
PEG (100x1076 mol, 0.10 g, 0.10 ml) were reacted and degassed for 30 min with three
freeze-pump-thaw cycles. The ampoule was immersed in an oil bath at 140°C. Cooling after
4 hours stopped polymerization. For synthesizing carboxylated PCL (cPCL), PCL (10g,
0.067 mol) in 500 mL of anhydrous THF was added under dry nitrogen. After the solution
was placed in a dry ice/acetone bath and degassed, a solution of LDA, 2 M in THF/n-
heptane (33.5 mL, 0.067 mol: 1 equivalent per monomeric unit), was added drop wise into
the reaction. Dry CO, gas was then generated by addition of concentrated H,SO4 to dry
Na,COg3, and allowed to bubble through the solution for 30 minutes. A solution of NH4CI
was added to the flask to quench the reaction mixture. The resulting solution was acidified
with a solution of concentrated HCI to pH 2-3. The combined organic phases were washed
twice with 50 mL of distilled water and dried over anhydrous Nay;SO,4. The polymer was
precipitated from the resulting concentrated solution by addition of diethyl ether, producing
X%PEG-b-y%PCL-co-z%cPCL (X, y, z: molar %). The resulting polymers were confirmed
by nuclear magnetic resonance (NMR); For 4%PEG-96%PCL: *H NMR (CDCls3) =d 4.06 (t,
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3H, -OCHy), 2.31(t, 2H, -CHy), 1.66 (m, 2H, -CH>), 1.37 (m, 4H, -CH,) ppm. For
4%PEG-86%PCL-10%cPCL: 'H NMR (CDCl3) = §4.06 (t, 3H, -OCH,), 3.4 (m, 1H, - CH-
COOH), 2.31(t, 2H, -CHy), 1.66 (m, 2H, -CH>), 1.37 (m, 2H, -CH>) ppm. For
90%PCL-10%cPCL: H NMR (CDClg) = §4.06 (t, 3H, -OCH,), 3.4 (m, 1H, -CH-COOH),
2.31(t, 2H, -CH)), 1.66 (m, 2H, -CH5), 1.37 (m, 2H, -CH>) ppm.

2.7 Characterization of xX%PEG-b-y%PCL-co-z%cPCL

Polymer molecular weight was determined by gel permeation chromatography (GPC) [27]
on a Tosoh Biosciences TSKGel SuperHZ-M mixed bed column incubated at 40°C, with a
Shimadzu SPD-10A UV detector and RID-10A refractive index detector (Shimadzu
Scientific Instruments, Columbia, MD, USA). Molecular weight (M) was calculated against
monodisperse poly(methyl methacrylate) standards (PMMA; Varian Inc., Palo Alto, CA,
USA). IH NMR spectra were recorded on a Briiker 400 MHz spectrometer with CDCl3 as
solvent. At least three samples per each polymer composition were used for these studies
(N=3).

2.8 Electrospinning and coating

Polymer solutions (10% w/v) in a mixture of chloroform and methanol (4:1 by volume)
were loaded into a glass syringe with a needle connected to a high-voltage power supply (15
kV). The solution was continuously supplied using a syringe pump at a rate of 0.5 ml/hour
for 20 minutes. The resulting fibers were collected over glass cover slips placed on a
rotating mandrel (10 cm from the needle) at 1300 rpm. The scaffolds were dried under
vacuum for 72 hours and sterilized by UV irradiation for 30 minutes. Substrates were coated
with vitronectin (Life Technology, 50ng/ml) to maintain the same level of cell adhesion
among test polymers. This procedure has been shown to remove toxic organic solvents and
sterilize polymer substrates effectively in previous studies [11].

2.9 Contact Angle and Dynamic Mechanical Analysis (DMA)

Contact angles of spin coated polymers were measured by sessile drop method using an in-
house goniometer [28]. Data points were collected at 10 seconds intervals for a total of 10
min for each polymer. Dry elastic moduli of electrospun polymer scaffolds were measured
by DMA (Q800 DMA, TA Instruments, New Castle, DE, USA). Matrices were prepared in
a uniform rectangular form with the dimension of 15.0 (1)x6.6 (w) mm2. A stress-strain
curve was obtained using a tension clamp at 37°C. A preload force of 0.1 N was applied to
each sample, and force was increased at a rate of 0.1 N/min until failure. At least three
samples per each polymer composition were used for these studies (N=3).

2.10 Mitochondria staining with TMRM

TMRM, 5,5,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide
(Invitrogen) was used to monitor mitochondrial membrane potentials on live iPSC-CMs.
Briefly, iPSC-CMs were incubated for 4 hours in RPMI 1640 with B27 complete
supplement containing 2 nM TMRM, [29] followed by washes with the above media
without TMRM. Cells were imaged using a fluorescent microscope (Olympus FV-1000,
20X objective), and the fluorescence intensity was quantified using Image J software (9-10
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images per test group from four experimental replicates), calibrated as described in [30], and
normalized to TMRM intensity of iPSC-CMs on Matrigel. Also, adult rabbit cardiomyocytes
were used for TMRM experiment as a positive control.

2.11 Sample preparation and RNA sequencing for molecular profiles of iPSC-CMs

An Illumina TruSeq Stranded mRNA Sample Preparation Kit was used to convert the total
mMRNA (100 ng) into a library of template molecules suitable for subsequent cluster
generation and sequencing on the Illumina HiSeq 2500. A quality check of the input total
RNA was done by running an aliquot on the Agilent Bioanalyzer to confirm integrity. The
Qubit RNA fluorometry assay was then conducted to measure the RNA concentration. The
input to library prep was 48 ul of 100 ng of total RNA (2 ng/ul) and 2 ul of a 1:1000 dilution
of the ERCC RNA Spike-In Control Mix 1 to provide a set of external RNA controls for
gene expression analysis. The poly-A containing mRNA molecules were selected using
poly-T oligo-attached magnetic beads, and the eluted poly-A RNA molecules were cleaved
into small fragments of 120-210 bp using divalent cations under elevated temperature. The
cleaved RNA fragments were copied into first strand cDNA using SuperScript Il reverse
transcriptase and random primers, followed by second strand cDNA synthesis using DNA
polymerase | and RNase H. The cDNA fragments then went through an end repair process,
the addition of a single ‘A’ base, and then ligation of the Illumina multiplexing adapters.
The products were purified and enriched by PCR to create the final cDNA sequencing
library. The quality of the cDNA library was controlled using the Agilent Bioanalyzer HS
DNA assay to confirm the final library size. An Agilent Mx3005P gPCR machine was also
used with the KAPA Illumina library quantification kit to determine the product
concentration. From the pool, 12 pM was loaded into each well of the flow cell for the
Illumina cBot. The flow cell was then loaded onto the Illumina HiSeq 2500 utilizing v3
chemistry and HTA 1.8. The raw sequencing readouts in BCL format were processed
through CASAVA-1.8.2 for FASTQ conversion. The RTA chastity filter was used, and only
the PF (passfilter) reads were retained for further analysis. HiSeq 2500 readouts were
aligned by Cufflink (http://http://cufflinks.cbcb.umd.edu/).

2.12 Evaluation of gene candidates by gRT-PCR

Genes obtained from RNA seq were evaluated by gRT-PCR using TagMan technology in
the ViiA7 Fast Real-Time RT-PCR System according to the manufacturer’s instructions
(Applied Biosystems). We designed all TagMan probes and obtained them from Applied
Biosystems. Information of designed TagMan probes is shown in Table S1. GAPDH was
used to normalize all gRT-PCR products. To determine transcript quantity, ddCt-based fold-
change calculations were used.[31] All gPCR experiments were done with triplicates, each
set from at least three biological replicates.

2.13 Statistical analysis

All experiments were replicated at least three times (N=3). For image analysis of cell
staining (TMRM or immunostaining) and traction force microscopy, 9—-10 images and 15
isolated cells were analyzed, respectively, from four replicate experiments (N=9).
Comparisons between two groups were performed with a Student’s unpaired t test.
Comparisons between multiple groups were performed with a one-way analysis of variance
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(ANOVA) with a Tukey post hoc test to adjust p-values for multiple comparisons. In all
cases, p < 0.05 is considered statistically significant. Mean + standard deviation is reported,
unless otherwise noted.

3.1. Generation of human iPSC-CMs

Validated human iPSCs from a healthy control subject, generated via an episomal-based
reprogramming method developed by Shinya Yamanaka and colleagues, were used for all
studies (Fig. S2a).[19-21] Direct differentiation of these iPSCs cultured on Matrigel,
outlined in Fig. S2b, successfully yielded iPSC-CMs. Visual inspection of the iPSC-CMs 7—
8 days after differentiation showed individual beating cells, and 10-13 days after
differentiation the iPSC-CMs formed beating sheets of cells (Fig. S2c, Movie S1). Using
this cardiac induction method, more than 95% of the cells were positive for troponin T at 15
days post-differentiation (Fig. S2d). Immunostaining of iPSC-CMs for cardiac a-actinin and
troponin T revealed distinct Z lines and well-organized cardiac myofilaments (Fig. S2e).
Additionally, surface plot analysis assessed the movement of spontaneously beating sheets
of iPSC-CMs (Fig. S2f). Collectively, the cardiac induction processes resulted in an actively
beating and uniform iPSC-CM population for subsequent use on the copolymer matrices.

3.2. Synthesis and characterization of copolymer matrices

To determine the impact of synthetic culture substrates on human iPSC-CMs maturation, we
used a library of copolymers, which had previously been used to enhance cardiac
differentiation of mouse embryonic stem cells.[11] Copolymers were generated by ring
opening polymerization of monomeric s-caprolactone with methoxy-PEG at desired molar
ratios, followed by production of carboxylated PCL (cPCL) at random positions of the
copolymers. All resulting copolymers were formulated with X%PEG-y%PCL-z%cPCL (X, v,
z: molar ratio) (Fig. 1a) and electrospun on glass coverslips to form fiber-mesh substrates for
cell culture.[32] All copolymer fiber matrices exhibited consistent random mesh structures
with an average fiber diameter of 0.6 um (data not shown).

Copolymers were then characterized for hydrophilicity, stiffness and degradation (Fig. 1b).
Water contact angles of each copolymer and glass substrate were measured using the sessile
drop method. The average contact angles of glass, 100%PCL, 90%PCL-10%cPCL,
4%PEG-96%PCL, and 4%PEG-86%PCL-10%cPCL were 57.3°, 55°, 24.7°, 44°, and 18.7°,
respectively. Thus, incorporation of the hydrophobic PEG subunit into the copolymer had
the net effect of decreasing the contact angle in comparison to 100%PCL and glass.
Incorporation of 10%cPCL further decreased the contact angle, with the contact angle for
4%PEG-86%PCL-10%cPCL demonstrating the additive hydrophillic effect of PEG and
cPCL. With respect to intrinsic mechanical properties, elastic moduli of the test polymers
were similar, except for 90%PCL-10%cPCL, which had a slightly higher elastic modulus
(stiffness) than the others (Fig. 1b). The elastic moduli were measured under dry conditions.
Under wet condition, we previously showed that the elastic moduli of these copolymers
decreased approximately 10 to 20-fold [11]. Furthermore, hydrolytic degradation of the
synthetic materials is predicted to makes them even more mechanically compliant.
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Considering that the modulus of native rat myocardium has been shown to range from about
10 to 150 kPa [33-35], our results indicate that elastic moduli of the polymers, which do not
differ significantly from one another, probably fall within the range for the mechanical
properties of intact heart tissue in vivo. Analysis by gel permeation chromatography (GPC)
also revealed that the number average molecular weight (M) of all copolymers ranged from
54kDa to 58kDa. After a 45-day degradation period, the new M, range spanned from 38kDa
to 45kDa (Fig. 1b), indicating 21-26% degradation of the test copolymers during 45 days of
incubation.

3.3. Beating behavior of iPSC-CMs on copolymer matrices, and traction force generated by

them

Human iPSC-CMs at day 15 of cardiac induction were plated onto vitronectin-coated
electrospun copolymer matrices and cultured for 15 days. Since the degree of contractility is
an important indicator of cardiomyocyte maturity,[36—38] the contractile behavior of
spontaneously beating iPSC-CM sheets was analyzed with surface plots generated by
ImageJ. Of the substrates tested, iPSC-CMs on glass coverslips and 100%PCL displayed
relatively weak, heterogeneous beating, while iPSC-CMs on the copolymer matrices
exhibited significantly higher movement during each beat. Of these, iPSC-CMs sheets
maintain on the 4%PEG-96%PCL displayed the greatest motion (Fig. 1c), suggesting this
particular substrate enhanced iPSC-CM contractility.

In addition, contractile force exerted by iPSC-CMs cultured on glass, 4%PEG-96%PCL, and
4%PEG-86%PCL-10%cPCL were quantified by traction force microscopy after re-plating
the cells on Matrigel.[25, 26] Representative phase-contrast and fluorescence images of an
iPSC-CM transferred from a copolymer substrate onto Matrigel are shown in Fig. 1d. The
traction force maps revealed that the average force generated by individual iPSC-CMs
previously maintained on glass, 4%PEG-96%PCL, and 4%PEG-86%PCL-10%cPCL were
117.6, 221.9, and 84.5 nN, respectively (Fig. 1e). Thus, analyses of iPSC-CM sheet
movement and traction force performance of individual iPSC-CMs indicate that, of the
substrates tested, iPSC-CMs maintained on 4%PEG-96%PCL exhibited the highest
contractility.

3.4. Mitochondrial function of iPSC-CMs on copolymer matrices

We next examined whether the differences in contractility was associated with changes in
mitochondrial function, as mitochondrial energy output is closely tied to cardiomyocyte
contractility.[38, 39] We assessed the mitochondrial function of iPSC-CMs using
tetramethyl rhodamine methylester (TMRM), an in vitro fluorescent probe serving as a
reporter of the inner mitochondrial membrane potential (Ayp,), which is critical for
maintaining adequate cellular ATP levels.[40] Previous studies have shown that the
enhancement of mitochondrial function resulting from cardiomyocyte maturation can be
assessed by an increased TMRM florescence intensity.[29, 41, 42] Significantly higher
TMRM fluorescence intensity was observed in iPSC-CMs cultured on 4%PEG-96%PCL
than on other substrates (Fig. 2a and 2b). Although the TMRM fluorescence intensity for
iPSC-CMs was not equivalent to that of adult rabbit myocytes, maintaining iPSC-CMs on
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4%PEG-96%PCL enhances contractility and mitochondrial function in comparison to other
culture substrates, including the standard substrate Matrigel.

We also examined Mitofusin-2 (Mfn2) protein expression as a cell biological correlate for
mitochondrial network maturation. Mfn2 is a mitochondrial membrane protein required for
mitochondrial fusion and maintenance of functional mitochondrial network.[43] Consistent
with the TMRM results, immunostained Mfn2 showed considerably greater mitochondrial
network expression in iPSC-CMs on 4%PEG-96%PCL than on 100%PCL (Fig. 2c). Taken
together, our results indicate that 4%PEG-96%PCL substantially enhances both contractility
and mitochondrial maturation in iPSC-CMs compared to other matrices.

3.5. MLC-2v and cardiac troponin | (cTnl) expression in iPSC-CMs on copolymer matrices

When immunostained for cardiac a-actinin, iPSC-CMs maintained on each substrate
displayed varying degrees of sarcomere-like pattern (Fig. 3a). Interestingly, when
immunostained for myosin light chain-2v (MLC-2v, encoded by MYL2), a commonly
accepted marker of ventricular cardiomyocyte maturation,[15] only iPSC-CMs cultured on
4%PEG-96%PCL exhibited consistently detectable MLC-2v expression. Quantitative RT-
PCR mRNA expression analysis confirmed that 4%PEG-96%PCL dramatically enhanced
MYL2 gene expression compared to other matrices (Fig. 3b). To quantify the MLC-2v
expressing cells, FACS analysis was performed with iPSC-CMs cultured for 15 days on
each matrix. Expression levels of myosin light chain-2a (MLC-2a, encoded by MYL7) were
simultaneously evaluated as a marker of immature cardiomyocyte phenotype.[15] 78.6% of
iPSC-CMs on 4%PEG-96%PCL were MLC-2v-positive whereas only about 10% of cells
grown on other matrices were MLC-2v-positive (Fig. 3c). By comparison, only 6.7% and
16% iPSC-CMs cultured on Matrigel for 45 days and 100 days respectively were MLC-2v-
positive. FACS analysis also revealed that the majority of iPSC-CMs maintained on each
matrix were MLC-2a—positive including cells on 4%PEG-96%PCL despite the latter’s high-
frequency of MLC-2v expression. In adult human hearts, MLC-2a expression is detected in
both atria and ventricles whereas MLC-2v expression is restricted to ventricles [15, 44-46];
thus, our results suggest that 4%PEG-96%PCL specifically promotes human iPSC-CM
maturation toward the ventricular myocyte phenotype.

During the fetal to postnatal transition, the mammalian heart undergoes a troponin | isoform
switch from the slow skeletal troponin I (ssTnl, encoded by the TNNI1 gene) to the cardiac
troponin | (cTnl, encoded by TNNI3), and recent studies indicate that this switch, involving
stoichiometric replacement of ssTnl in the troponin complex with cTnl represents a key
hallmark of human cardiomyocyte maturation in vivo.[18, 47, 48] Importantly, Metzger and
colleagues have shown that the troponin complex in human iPSC-CMs are comprised
largely of ssTnl even after 9 months of culture.[49]. RNA-seq and RT-PCR analyses
indicated that culturing iPSC-CMs on 4%PEG-96%PCL increased TNNI3 mRNA
expression versus other substrates (Fig. 5a and 6a). Consistent with the TNNI3 mRNA
induction, Western blot indicates a robust induction in cTnl protein levels in iPSC-CMs
maintained on 4%PEG-96%PCL for 30 days, compared to other culture substrates (Fig. 4a).
Although the ssTnl expression in iPSC-CMs on 4%PEG-96%PCL is not completely
inhibited as it is in adult rabbit cardiomyocytes (Fig. 4a), our Western blot analysis indicates
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there is a dramatic increase in the cTnl:ssTnl ratio following culturing on 4%PEG-96%PCL
even when compared to 60 day culture on standard Matrigel (Fig 4b). Interestingly, on
immunostaining cTnl expression is found in a subset of iPSC-CMs maintained on
4%PEG-96%PCL (Fig. 4c). Taken together, these results indicate that culturing iPSC-CMs
on 4%PEG-96%PCL promotes their maturation in vitro, resulting in the troponin | isoform
switch in subset of cells.

3.6. RNA sequencing of iPSC-CMs on 4%PEG-96%PCL versus 4%PEG-86%PCL-10%cPCL

Next, we screened the global gene expression profiles of iPSC-CMs maintained on
4%PEG-96%PCL and 4%PEG-86%PCL-10%cPCL by RNA-Seq. This provided the
opportunity to compare the impact of slightly repellent (4%PEG-96%PCL) versus slightly
adhesive (4%PEG-86%PCL-10%cPCL) surface conditions while keeping mechanical
properties relatively constant (Fig. 1b). Analysis of the RNA-seq data revealed that 464
genes (fold change > 1.5, p<0.05) were upregulated and 2,361 genes (fold change > 1.5,
p<0.05) were downregulated in iPSC-CMs on 4%PEG-96%PCL compared to cells on
4%PEG-86%PCL-10%cPCL. Of particular interest were expression changes in the genes
within four distinct categories: sarcomere structural components, calcium handling
components, integrins, and intermediate filament-associated proteins.

Representative sarcomere structural genes (MYH7, TCAP, MYH14, TNNI3, ACTN2, MYL3,
MYL4, and MYL2) were all upregulated over 2-fold in iPSC-CMs on 4%PEG-96%PCL (Fig.
5a). Interestingly, the myosin heavy chain 7 (MYH7), which is predominantly expressed in
the ventricles, was dramatically increased by more than 4-fold (p<0.001). Telethonin
(TCAP), which regulates sarcomere assembly, was also upregulated over 4-fold (p=5x107°),
implying 4%PEG-96%PCL promotes a more effective formation of the sarcomere.

In addition, the expression of genes related to excitation-contraction coupling - ATP1A2 (Na
+/K+ ATPase), SCN5A (Na+ gated voltage channel), CACNAL (Ca2+ gated voltage
channel), PLN (Phospholamban), TRDN (Triadin), P2RX1 (ATP gated ion channel) and
CASQ2 (Calsequestrin 2) - were analyzed (Fig. 5b). The expression levels of key calcium
handling genes, PLN (p=0.035), CASQ2 (p=0.0026), and TRDN (p=0.012) were increased
multiple-fold in iPSC-CMs maintained on 4%PEG-96%PCL over those on
4%PEG-86%PCL-10%cPCL. Additionally, SCN5A (p=0.05), CACNA1 (p=0.05), and
P2RX1 (p=0.00025) were also significantly up-regulated, suggestive of the enhanced
maturation of calcium handling in cells maintained on 4%PEG-96%PCL.

Integrins, key transmembrane receptors of ECM components, serve as major signal
transducers responsive to chemical and mechanical status of ECM. Since the copolymer
matrices were designed as a synthetic surrogate for ECM, we investigated whether gene
expression of the integrin family members was altered when iPSC-CMs were cultured on
4%PEG-96%PCL versus 4%PEG-86%PCL-10%cPCL. On genome-wide RNA-seq analysis,
the expression of only a few integrin subunits were found to be significantly altered. The
ITGA7 gene, encoding the primary receptor for laminin in cardiomyocytes, was expressed at
significantly higher levels in iPSC-CMs maintained on 4%PEG-96%PCL than cells on
4%PEG-86%PCL-10%cPCL (p=0.005). Conversely, two beta integrin genes ITGB8
(p=0.0022) and ITGB4 (p<0.0001), respectively encoding distinct laminin and fibronectin
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receptor subdomains, were expressed at significantly higher levels on
4%PEG-86%PCL-10%cPCL. Despite the limited number of altered integrin genes between
the two selected copolymer substrates, this data suggests the effects of 4%PEG-96%PCL on
iPSC-CM maturation might involve the selective engagement of distinct integrin-mediated
cell signaling cascades (Fig. 5c).

Finally, genes associated with intermediate filaments — such as MYOM2 (Myomesin 2),
MYOM3 (Myomesin3), SGCA (sarcoglycan), NRAP (nebulin-related anchoring protein),
TRIM63 (Tripartite motif containing 63), XIRP1 (E3 ubiquitin protein ligase, Xin actin
binding repeated protein), SNTAL (Syntrophinl), and MYOZ2 (Myozenin2) — were
expressed at significantly higher levels in iPSC-CMs maintained on 4%PEG-96%PCL than
those on 4%PEG-86%PCL-10%cPCL (p<0.05) (Fig. 5d). Thus, enhanced maturation of
iPSC-CMs on 4%PEG-96%PCL is associated with substantial changes to the intermediate
filaments, important mediators of mechanotransduction in cells.[50-52]

3.7. Confirmation of RNA sequencing results by gRT-PCR

To confirm some of the RNA-seq data, gRT-PCR analysis was performed. All results were
normalized to iPSC-CMs cultured on glass. Among the genes encoding myofilament
components, TNNI3, ATCN2 and MYH7 were selected. Consistent with the RNA-seq data,
gRT-PCR analysis revealed significantly increased expression of TNNI3 (~3 fold, p<0.05),
ACTN2Z (~2 fold, p<0.05), and MYH7 (=3 fold, p<0.05) in iPSC-CMs cultured on
4%PEG-96%PCL compared to 4%PEG-86%PCL-10%cPCL (Fig. 6a). Since both TNNI3
and MYH?7 are markers of a mature ventricular myocytes, the results further suggest that
4%PEG-96%PCL enhances cardiac maturation of iPSC-CMs in vitro.

Among genes that encode for calcium handling, the expression of Phospholamban (PLN),
Ryanodine receptor 2 (RYR2), Calsequestrin 2 (CASQ2, and ATP2A2 (SERCA2) were
further interrogated by gRT-PCR. In addition, given their role in regulating myocyte action
potential, the expression of KCNQ1 and KCNE4 (K+ channels) genes were analyzed.
Compared to those cultured on 4%PEG-86%PCL-10%cPCL, iPSC-CMs on
4%PEG-96%PCL expressed markedly higher expression of PLN (~ 3 fold, p<0.05), RYR2
(= 3 fold, p<0.05), CASQ2 (= 4 fold, p<0.001), KCNQ1 (= 3 fold, p<0.05) and KCNE4 (~ 5
folds, p<0.05). By comparison, no significant difference was seen in ATP2A2 expression
(Fig. 6b, 6c, and Fig. S3a).

Among the genes involved in cell-matrix interactions, RT-PCR analysis of integrin subunit
genes revealed a substantially higher expression of ITGA7 (= 4-fold, p<0.05) and decreased
expression of ITGA3, ITGAB, ITGA8, and ITGB4 in iPSC-CMs maintained on
4%PEG-96%PCL versus 4%PEG-86%PCL-10%cPCL (Fig. 6d, Fig. S3b). RT-PCR results
of additional integrin subunit genes are presented in Fig. S3b. Since ITGA3 and ITGAG are
highly expressed in the fetal hearts whereas ITGA7 is expressed predominatly in the
postnatal hearts [17, 53, 54], our results provide additional evidence that 4%PEG-96%PCL
enhances iPSC-CM maturation in vitro.

Finally, gRT-PCR analysis again confirmed that culturing iPSC-CMs in 4%PEG-96%PCL
led to significant increases in the expression of many intermediate filament genes, including
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SGCA (= 10-fold, p<0.05), NRAP (= 10-fold, p<0.05), NMRK2 (3-fold, p<0.05), DES (= 5-
fold, p<0.05), and MYOZ2 (3-fold, p<0.05) (Fig. S3a).

4. Discussion

New breakthroughs in cellular reprogramming to generate human iPSCs, which are capable
of differentiating into cardiomyocytes, offer extraordinary opportunities to study human
heart diseases at the cellular level. However, despite their vast potential, iPSC-CMs
generated with existing methods appear to be immature, resembling embryonic or fetal
myocytes; thus, iPSC-CMs do not yet fully recapitulate characteristics of adult human
myocytes. In this study, we succeeded in enhancing the maturation of human iPSC-CMs by
culturing them on a synthetic polymer matrix.

The ECM plays a central role in controlling cell-cell signaling and cell-matrix interactions
critical for cardiomyocyte development and maturation in vivo [55-57] and undoubtedly
exerts influence on iPSC-CMs in vitro as well. However, given the complexity of tissue
ECM and matrix-substitutes like Matrigel, very little is known about the specific
mechanisms by which these substrates influence maturation of iPSC-CMs. In particular,
how biochemical functionalities and biophysical properties of matrices modulate the
signaling cascades involved in CM maturation has been underexplored. In order to better
define the functionally relevant matrix characteristics in vitro, we have employed
combinatorial polymer matrices as a synthetic, physicochemically-defined model.[58] A
copolymerization technique[11] was used for synthesizing copolymers of different mole
percentages of three components known to alter the physicochemical properties which can
affect cardiac maturation: PCL was used as the primary component due to its
biocompatibility, hydrophophilicity, and slow degradation rate[12]; PEG was used to
promote hydrophilicity and water adsorption and to repel proteins and cells[1, 13]; and
cPCL was used for increased hydrophilicity and to expose a negative surface charge that
was found to reduce the repellent effect of PEG.[14] Since each of these three subunits
exhibits distinct material properties, the resulting copolymer can be tailored to modulate
cellular responses (Fig. 1a) when copolymerized at different molar ratios.

As evidenced by changes in contact angles among test materials, the addition of PEG or
cPCL significantly augmented surface hydrophilicity (Fig. 2b). However, hydrolytic
degradation and modulus did not vary significantly between test matrix materials. These
results are consistent with our previous studies [11, 13] and suggest a dominant role of
surface chemistry in modulating iPSC-CM phenotype.

Of the test matrices, 4%PEG-96%PCL conferred highest level of contractility in iPSC-CMs
(Fig. 1c—e). Given the repellent nature of PEG, small amounts (4-8%) of PEG present in cell
substrates are known to enhance cell-cell interactions.[59] Such repellent effects are
minimal in hydrophobic materials (i.e., glass and 100%PCL), and the repellent effect of
PEG is diminished when 10%cPCL is added to the 4%PEG-96%PCL [14]. Indeed,
compared to 4%PEG-96%PCL, iPSC-CM contractility is significantly lower when cultured
on 100%PCL or copolymers containing cPCL such as 4%PEG-86%PCL-10%cPCL. Thus,
our results suggest that the repellent effects of PEG in 4%PEG-96%PCL enhance myocyte
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contractility by increasing cell-cell interactions critical for mechanical and electrical
coupling of cardiomyocytes in vitro.

A substantial enhancement of myocyte contractility on 4%PEG-96%PCL is associated with
enhanced mitochondrial function, as assessed by inner mitochondrial membrane potential
(Aym).[29, 60-63] Our results are consistent with previously published reports that show a
direct correlation between mitochondrial energy production and sarcomere contractility.[38,
39] Moreover, iPSC-CMs cultured on 4%PEG-96%PCL exhibited greater expression of
genes involved in calcium handling, which is also associated with functional cardiomyocyte
maturation.[64—67] Notably, two key genes involved in calcium handling CASQ2 and RYR2,
which are generally not expressed in embryonic stem cell (ESC)-CMs or iPSC-CMs
maintained by traditional methods [4, 8, 68—70], were significantly upregulated by
4%PEG-96%PCL. While the iPSC-CMs on 4%PEG-96%PCL are not functionally
equivalent to adult rabbit cardiomyocyte, our results indicate that adjusting the chemical
composition of combinatorial polymer matrices, specifically 4%PEG-96%PCL, enhances
functional maturation of iPSC-CM in vitro.

Culturing iPSC-CMs on 4%PEG-96%PCL led to significant increases in the expression of
ITGA7, a marker of postnatal heart, and simultaneous decreases in the expression of ITGA3
and ITGAB, both found predominantly in fetal hearts (Fig. 6d).[17, 53, 54] Moreover,
compared to other culture substrates, 4%PEG-96%PCL significantly increased the
expression of MYL2, encoding MLC-2v, a marker of mature ventricular myocytes [15, 36,
44-46, 71].

At just 30 days of cardiac induction, almost 80% of cells maintained on 4%PEG-96%PCL
were double positive for MLC-2a and MLC-2v compared to ~10% or less for cells on other
matrices. Whereas MLC-2a is considered an atrial-specific marker in mice [72], MLC-2a
expression in the absence of MCL-2v expression is also considered a marker of immature
human CM [15, 71, 73]. Moreover, because MLC-2a expression persists in both atria and
ventricle of adult human hearts [44, 73], co-expression of MLC-2a and MLC-2v in iPSC-
CMs cultured on 4%PEG-96%PCL suggests that 4%PEG-96%PCL promotes iPSC-CM
maturation specifically toward the ventricular myocyte phenotype [15, 44, 71].

Another key feature of cardiomyocyte maturation is the troponin | isoform switch, which
was not previously achieved in human iPSC-CMs.[18, 47] According to our Western
analysis, culturing iPSC-CMs on 4%PEG-96%PCL for 30 days dramatically increased
cTnl:ssTnl ratio to approximately 70:30, which was not achieved in human iPSC-CMs even
after 9 months of culture.[18, 47] Immunostaining with cTnl suggests that the increase in
cTni:ssTnl ratio may reflect a ssTnl to cTnl switch in a subset of iPSC_CMs maintained on
4%PEG-96%PCL. Finally, the fraction of cells that expressed MLC-2v was about 5-fold
higher for 30-day old iPSC-CMs maintain on 4%PEG-96%PCL than for 100-day old iPSC-
CMs maintained on traditional substrates like Matrigel. Thus, synthetic copolymer matrices
like 4%PEG-96%PCL may prove valuable for greatly accelerating the pace, and hence
reducing the cost, of iPSC-based approaches to model postnatal human heart diseases.
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Our gene expression analysis implicates involvement of cell-matrix components and
intermediate filaments in 4%PEG-96%PCL-facilitated iPSC-CM maturation. For instance,
the expression of ITGA7, the primary laminin receptor in cardiomyocytes, was dramatically
increased on 4%PEG-96%PCL compared to other matrices (Fig. 6d). This is associated with
striking decreases in the expression of IGTA8 and IGTB4 (Fig. S3), suggesting different
copolymer substrates engage different integrins on iPSC-CM surfaces, perhaps altering the
pattern of integrin-transduced cell signaling. Consistent with the involvement of an integrin-
mediated mechanosensory transduction, 4%PEG-96%PCL significantly induced expression
of a number of intermediate filament genes, which serve as critical mechanosensory links
between the plasma membrane and underlying cell structures such as myofilaments and the
nuclear envelope.[74] Our results collectively suggest that the synthetic copolymer matrices,
specifically 4%PEG-96%PCL, engage distinct subsets of integrins, leading to the induction
of mechanotransductory pathways by which intermediate filaments activate the iPSC-CM
maturation program.

Future work will involve additional functional characterization of iPSC-CMs (e.g., calcium
handling and electrophysiological studies) to verify cardiac maturation induced by the
polymer matrix. For instance, we anticipate that iPSC-CM maturation is accompanied by a
reduced resting membrane potential and increased upstroke velocities [75] along with a
larger calcium transient amplitude and faster decay, as shown in our previous study. [11]

5. Conclusion

Synthetic combinatorial polymer substrates were found to have distinct effects on in vitro
maturation of human iPSC-CMs. Specifically, the 4%PEG-96%PCL scaffold enhanced
iPSC-CM contractility and mitochondrial activity. This functional improvement was
accompanied by the increased expression of MLC-2v, a marker of mature ventricular
myocytes, and cTnl, a cardiac adult marker. While the precise mechanism is unknown, our
results suggest that the chemical composition of a synthetic substrate greatly influences
iPSC-CMs maturation. At the cellular level, certain synthetic substrates such as
4%PEG-96%PCL selectively engage a distinct subset of integrins, resulting in the activation
of a mechanosensory transduction pathway involving intermediate filaments that promote
iPSC-CM maturation. Thus, by altering chemical composition, we have identified a
synthetic culture substrate that dramatically enhances and accelerates in vitro cardiomyocyte
maturation by recapitulating some of the critical cell-matrix interactions found in in vivo
tissue environment. In summary, our work explored the effects of synthetic biomaterials on
human pluripotent stem cell differentiation, and our results could pave the way for a
successful translation of ongoing advances in tissue engineering and regenerative biology
into new diagnostic and therapeutic paradigms for heart diseases.
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Fig. 1. Characterization of combinatorial copolymer matrices, and their effect on iPSC-CM
contractility

(a) Copolymer structure represented as X%PEG-y%PCL-z%cPCL where X, y and z represent
the respective molar ratios of the subunits (PEG, PCL and cPCL). (b) Surface
hydrophilicity, modulus and degradation of combinatorial polymers with different molar
ratios of subunits. (c) Surface plot image on each polymer matrix represents the contractile
activity of iPSC-CMs at the 15-day point after seeding. iPSC-CMs maintained on
90%PCL-10%cPCL and 4%PEG-96%PCL exhibited stronger contractile movement,
compared to two controls (Glass and 100% PCL). (d) Parts (1) and (2) show the phase-
contrast and fluorescent images (single cell size) from fluorescence beads (0.75um) mixed
with Matrigel after culturing an iPSC-CM on glass for 15 days. Scale bar indicates 20um.
Part (3) is an example of a displacement field image of fluorescence beads calculated by the
particle image velocimetry (P1V) algorithm. Part (4) illustrates an example of a traction
force field image calculated using the PIV result from part (3) by the Fourier transform
traction cytometry (FTTC) method. (e) Traction force generated from individual iPSC-CMs
on Matrigel after 15-day culture on glass, 4%PEG-96%PCL, and
4%PEG-86%PCL-10%cPCL. *p<0.05.
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Fig. 2. Effects of combinatorial polymer matrix on mitochondria functions of iPSC-CMs
() Mitochondrial function of iPSC-CMs maintained on each polymer matrix was assessed

by tetramethyl rhodamine methylester (TMRM), a fluorescent probe of inner mitochondrial
membrane potential (red). Scale bar is 100 um. (b) A higher intensity of TMRM staining
was seen on iPSC-CMs maintained on 4%PEG-96%PCL compared to glass and other
matrices. *p<0.05: compared to other substrates. (c) Immunostaining of iPSC-CMs for
mitofusin-2 (Mfn2), which is involved in the mitochondrial maturation, revealed higher
level of Mfn2 expression in iPSC-CMs maintained on 4%PEG-96%PCL compared to
100%PCL. *p<0.05: compared to PCL as a polymer control. Scale bar is 100 um.
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Fig. 3. Effects of polymer matrices on maturation of iPSC-CMs
(@) Immunofluorescence staining for a-actinin and myosin light chain-2v (MLC-2v;

encoded by MYL2). The iPSC-CMs maintained on 4%PEG-96%PCL exhibited clear
sarcomere structures with distinct z-lines and myofilament structures. Arrow indicates an
undefined sarcomere structures. Scale bar is 100 um. (b) MYL2 expression is dramatically
higher in iPSC-CMs on 4%PEG-96%PCL than other test matrices at 30 days after re-
plating. *p<0.001 compared to other matrices. (c) FACS analysis showed the expression
pattern of myosin light chain 2 isoforms, myosin light chain-2a (atrial) and -2v (ventricular).
It determined higher expression of MLC-2v, a reported marker of ventricular maturation in
iPSC-CMs maintained on 4%PEG-96%PCL for 30 days, compared to the other test
substrates.
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Fig. 4. Troponin | isoform transition from ssTnl to cTnl

() Western blotting for ssTnl and c¢Tnl. “60D” indicates iPSC-CMs maintained on
traditional substrate (Matrigel) for 60 days after cardiac differentiation. (b) Ratio of cTnl/
ssTnl protein expressed under each condition. Black bar represents percentage of cTnl with
respect to the total Troponin I protein amount. White bar represents percentage of ssTnl with
respect to the total Troponin | protein amount. (c) Representative iPSC-CM images of cTnl

immunofluorescence in iPSC-CMs on glass, 4%PEG-96%PCL, and
4%PEG-86%PCL-10%cPCL. Scale bar indicates 100um.
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Fig. 5. RNA-sequencing expression profiles of iPSC-CMs maintained on 4%PEG-96%PCL
versus 4%PEG-86%PCL-10%cPCL

(a) iPSC-CMs maintained on 4%PEG-96%PCL expressed higher levels of sarcomere genes
(MYH7, TCAP, MYH14, TNNI3, ACTN2, MYL3, MYL4, and MYL2) compared to cells
maintained on 4%PEG-86%PCL-10%cPCL. Of note, MYL2 (encoding MLC-2v)
expression was increased by over 8-fold in 4%PEG-96%PCL iPSC-CMs (p-value of
5x107°). (b) iPSC-CMs maintained on 4%PEG-96%PCL expressed higher levels of genes
associated with calcium handling and ion fluxes (ATP2A1, SCN5A, CACNA1L, PLN, TRDN,
RRAD, P2RX1, and CASQ?2). Notably, expression of CASQ2, a marker of mature
sarcoplasmic reticulum, was increased by over 8-fold in 4%PEG-96%PCL iPSC-CMs. (¢)
iPSC-CMs maintained on either polymer matrix exhibited dramatically different expression
profiles of integrin subunits which mediate cell-matrix interaction. For instance, maintaining
cells on 4%PEG-96%PCL significantly enhanced the expression of ITGA7 (p-value of
0.005) whereas 4%PEG-86%PCL-10%cPCL increased the expression of ITGB8 and ITGB4
(p-value of 0.002 and 5x107°, respectively). (d) iPSC-CMs maintained on 4%PEG-96%PCL
expressed much higher levels of the intermediate filament genes (MYOM3, SGCA, NRAP,
TRIM63, XIRP1, SNTAL, MYOZ2, ITGBIBP3, and MYOM?2).
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Fig. 6. Quantitative PCR analyses of the impact of different substrates on gene expression of
iPSC-CMs

Relative expression of the representative genes associated with the (a) sarcomere, (b)
calcium handling, (c) voltage-gated potassium channel and the sarcomeric mitochondrial
creatine kinase2, and (d) integrins were determined by gRT-PCR. Distinct matrices, notably
the 4%PEG-96%PCL copolymer, exert differential effects on iPSC-CM maturation, and that
these matrix-dependent influences involve distinct subset of integrins and intermediate
filaments that serve as mechanical link to the myofibrils. *p<0.05 compared to
4%PEG-86%PCL-10%cPCL
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