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Abstract

Introduction In native heart tissue, functions of cardiac fibroblasts (CFs) include synthesis, remodeling, and degradation
of the extracellular matrix (ECM) as well as secreting factors that regulate cardiomyocyte (CM) function. The influence of
direct co-culture and CF-derived ECM on CM mechanical function are not fully understood.

Methods Here we use an engineered culture platform that provides control over ECM geometry and substrate stiffness to
evaluate the influence of iPSC-CFs, and the ECM they produce, on the mechanical function of iPSC-CMs. Mechanical
analysis was performed using digital image correlation to quantify maximum contractile strain, spontaneous contraction
rate, and full-field organization of the contractions.

Results When cultured alone, iPSC-CFs produce and remodel the ECM into fibers following the underlying 15° chevron
patterned ECM. The substrates were decellularized and confirmed to have highly aligned fibers that covered a large fraction
of the pattern area before reseeding with iPSC-CMs, alone or in co-culture with iPSC-CFs. When seeded on decellularized
ECM, larger maximum contractile strains were observed in the co-culture condition compared to the CM Only condition.
No significant difference was found in contractile strain between the Matrigel and decellularized ECM conditions; however,
the spontaneous contraction rate was lower in the decellularized ECM condition. A methodology for quantifying alignment
of cell contraction across the entire field of view was developed based on trajectories approximating the cell displacements
during contraction. Trajectory alignment was unaltered by changes in culture or ECM conditions.

Conclusions These combined observations highlight the important role CFs play in vivo and the need for models that enable
a quantitative approach to examine interactions between the CFs and CMs, as well as the interactions of these cells with
the ECM.
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Introduction

While cardiomyocytes (CMs) are the cell type primarily
responsible for contraction in the heart, cardiac fibro-
blasts (CFs) are also prevalent and play an important
role in maintaining cardiac function [1-3]. Important
functions of CFs include maintenance of the extracel-
lular matrix (ECM), cell-cell communication with CMs
and other fibroblasts, and secretion of growth factors and
cytokines [4]. The bidirectional communication between
CFs and CMs occurs through formation of gap junctions
or membrane nanotubes, via mechanical forces, and par-
acrine signaling [5, 6]. CFs are both sources and targets
of environmental stimuli and can respond to various types
of stimuli, including electrical, mechanical, and chemical.
Their response may be cellular, including proliferation,
migration, or differentiation, or molecular by producing
ECM or small molecules such as cytokines, peptides, and
enzymes [3, 7].

One of the primary functions of CFs is synthesis,
remodeling, and degradation of the ECM, which surrounds
and interconnects cells and allows for signaling and trans-
mission of mechanical forces throughout the myocardium.
The ECM helps to distribute mechanical forces throughout
the myocardium and convey mechanical signals to cells via
cell surface ECM receptors [4]. CFs produce collagen and
fibronectin which are crucial for maintaining cardiac mor-
phology and function [7]. The production and maintenance
of ECM proteins are essential for maintaining structural,
mechanical, and electrical functions of the myocardium
[8].

CFs also influence the functional properties of CMs
when in co-culture; for example, CFs increase the ampli-
tude of force generated by CMs [9]. A higher spontaneous
beat rate of induced pluripotent stem cell-derived CMs
(iPSC-CMs) when in co-culture with CFs has also been
reported [10, 11]. Our previous work has also shown CFs
improve calcium kinetics and increase contractile strain
when in co-culture with CMs [12]. CFs have been shown
to promote the formation and contractile function of engi-
neered cardiac tissues fabricated using polymer scaffolds
[13, 14], hydrogels [15, 16] and detachable cell sheets
[17]. These findings highlight the importance of develop-
ing in vitro models with multiple cell types that allow for
controlled myocyte-fibroblast-ECM interactions to bet-
ter understand myocyte-fibroblast communication and its
effect on CM contractile function.

Varying the properties of the ECM can exert differen-
tial effects on CMs and CFs. For example, CF fate can be
regulated by the stiffness of the ECM [18], with stiffer
substrates promoting CF activation to myofibroblasts [5].
CFs respond to substrate surface cues as well; for example

migration can be influenced by topography at both the
nano and micro scales [19]. Modification of substrate
properties can influence the deposition of ECM such as
promoting aligned fibers by culturing CFs on a polydi-
methylsiloxane (PDMS) substrate with nanogrooves [20]
or microcontact printed lanes [12]. These anisotropic scaf-
folds can be decellularized and used to culture other cell
types [20]. CFs have been shown to promote the matura-
tion of iPSC-CMs in coculture [10, 21].

2D culture studies are beneficial due to simplicity, con-
venience, amenability to a wide variety of analytical tech-
niques, and higher throughput capability [22] . While 2D
systems do have limitations, use of these models to precede
and/or support more complex three-dimensional (3D) cul-
tures, animal experiments, and clinical investigation may
provide additional valuable information [22]. Platforms
that include cues such as physiologically-relevant substrate
stiffness [23, 24] , electrical and mechanical conditioning
[25-27] and co-culture [28, 29] or combinations of multiple
signaling factors [26, 30, 31] have demonstrated improve-
ment in iPSC-CM function. Standard in vitro cardiac cell
culture models do not reproduce the in vivo structural organ-
ization of cardiac fibroblasts or their interrelation with myo-
cytes [1].

In the present study, we aimed to develop an engineered
culture platform that better recapitulated the native myocar-
dium and allowed for analysis of the interaction of iPSC-
CMs with iPSC-CFs. We aimed to determine if iPSC-CF
produced ECM alone was sufficient to enhance the mechani-
cal function of iPSC-CMs and could mimic the advantages
of co-culture systems. A previously developed 2D cell cul-
ture platform [32] was used to control intracellular features
to produce organized and connected CMs. While standard in
vitro cell culture models do not recapitulate in vivo structural
organization, spatially restricted ECM patterns can be used
to replicate important features of cardiac tissue-architecture
[1]. Microcontact printing was used to pattern ECM pro-
teins onto 10 kPa PDMS substrates, the stiffness of which
agrees with the Young’s modulus of healthy heart muscle
as determined by nanoindentation [22]. We have previously
shown that the pattern influences CM shape and sarcomere
organization by providing defined attachment regions, while
the bridges increased connectivity to allow for synchronized
contractions across large arrays of CMs [12, 33]. The pat-
tern also influenced how CFs secreted and remodeled the
ECM, which in turn modulated the stiffness, alignment, and
topography of the secreted matrix on which CMs were to be
seeded. CFs responded to the signal of narrow lane widths
and remodeled and produced ECM aligned primarily in the
longitudinal direction of the pattern [12].

CFs contribute to structural, biochemical, mechani-
cal and electrical properties of the myocardium [1]. This
work builds on a prior study using iPSC-CFs cultured on
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micropatterned PDMS. When co-cultured, iPSC-CMs main-
tained their alignment and ECM was produced by iPSC-CFs.
Optical mapping analysis of electrical activity demonstrated
that anisotropic impulse propagation was preserved in the
co-culture conditions as seen previously within cultures con-
taining only iPSC-CMs [33]. The contractile strains were
higher in the co-culture models compared to iPSC-CMs
alone [12]. Building on our prior work [12, 32, 33] we uti-
lized the 2D micropatterned platform to allow iPSC-CFs to
remodel and produce aligned ECM. The ECM organization

Human iPSCs Cardlomyocytes

was quantified in terms of alignment of fibers and a percent
of area covered with ECM using a previously developed
software package called Scanning Gradient Fourier Trans-
form (SGFT) [34]. The substrates were then decellularized
and reseeded with iPSC-CMs alone or in co-culture with
iPSC-CFs. The focus of the study was mechanical function;
mechanical analysis was performed using digital image cor-
relation (DIC) followed by spatial and temporal quantifica-
tion of contractile displacements and strains. An overview
of the workflow is shown in Fig. 1. The maximum contractile
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Fig. 1 Schematic of workflow. A Cells are cultured on either
micropatterned Matrigel, or substrates of micropatterned Matrigel
that have been remodeled by cardiac fibroblasts and decellularized,
to provide a more physiologic matrix environment. Not to scale. B
Human iPSCs are differentiated into cardiomyocytes (CMs) and car-
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diac fibroblasts (CFs). These cells are cultured alone or in combina-
tion for the experimental conditions on Matrigel or decellularized
ECM conditions in monolayers or patterns. Mechanical characteriza-
tion is performed using digital image correlation to quantify function.
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strain, spontaneous contraction rate, and full-field organi-
zation of the contractions were quantified to evaluate the
effect of ECM and co-culture on the contractile function of
iPSC-CMs. Together, this platform and these analysis tech-
niques enable a quantitative approach to examine interac-
tions between the fibroblasts and myocytes, as well as the
interactions of these cells with the ECM.

Methods
iPSC Cardiomyocyte Differentiation

A human induced pluripotent stem cell (iPSC) line iPS-
DF19-9-11T (WiCell) was used for both CM and CF dif-
ferentiation. iPSC-CMs were differentiated using a modified
version of the small molecule GiWi method [35]. Briefly,
hiPSCs were seeded on Matrigel (Corning) coated plates
(8.7 pg/cm?) in mTesR 1 medium supplemented with 10 pM
ROCK inhibitor (Y-27632) (Tocris) until 100% confluent
(5 days). On day 0 the medium was changed to RPMI 1640
(Thermo Fisher Scientific) plus B27 minus insulin supple-
ment (Thermo Fisher Scientific) and 12 uM of the GSK3
inhibitor CHIR 99021 (Biogems). On day 1, 24 h after CHIR
was added, the medium was changed to RMPI 1640 with
B27 minus insulin supplement. On day 3, 72 h from the time
CHIR was added, cells were treated with RPMI 1640 supple-
mented with B27-insulin and 5 pM of Wnt inhibitor IWP2
(StemGent). On day 5 and day 7, the medium was changed
to RPMI 1640 with B27-insulin. On day 9, the medium was
changed to RPMI 1640 plus B27 complete supplement, and
the medium changed every other day until day 15 of differ-
entiation. Contractions began on day 10-13.

iPSC-CMs were cryopreserved on day 15 of differen-
tiation in 90% Fetal Bovine Serum (FBS, Invitrogen) plus
10% DMSO (Sigma). Cryopreserved day 15 iPSC-CMs were
thawed onto Matrigel-coated 12 well plates at a density of
2.5 million cells/well in EB20 medium: DMEM/F12 (Life
Technologies), 20% FBS (Life Technologies), NEAA (Life
Technologies), GlutaMax (Life Technologies) and 2-Mer-
captoethanol (Sigma). For cells to be used without freezing,
cells were replated into 12 well plates with EB20 media on
day 15. Cells were dissociated with 10x TrypLE™ (Thermo
Fisher Scientific) and resuspended in EB20 medium. On day
17 of culture, cells were purified using lactate medium con-
sisting of RPMI without glucose (Life Technologies), B27
complete supplement and 5 mM lactate (Sigma) [36]. Cells
were fed every other day for 10 days, and then changed to
EB2 medium: DMEM/F12 (Life Technologies), 2% FBS
(Life Technologies), 1% NEAA (Thermo Fisher Scientific),
0.5% GlutaMax (Life Technologies) and 0.007% 2-Mer-
captoethanol (Sigma), which was replaced every three days

thereafter. iPSC-CM purities of greater than 95% after lac-
tate purification were confirmed via flow cytometry [33].

iPSC Cardiac Fibroblast Differentiation

iPSC-CFs were differentiated as described previously [37].
Briefly, iPSCs were dissociated with 1 ml/well Versene solu-
tion (Invitrogen) at 37 °C for 5 min, and seeded on Matrigel
(GFR; BD Biosciences) coated 6-well plates at the density
of 2 x 10° cells/well in mTeSR1 medium supplemented
with 10 pM ROCK inhibitor (Y-27632) (Tocris). Cells
were cultured for 5 days in mTeSR1 medium with medium
changed daily until 100% confluence was reached. On the
first day of differentiation, day 0, the medium was changed
to 2.5 ml RPMI supplemented with B27 minus insulin and
12 uM CHIR99021 (Tocris). At day 1, 24 h later, medium
was changed to 2.5 ml RPMI plus B27 minus insulin (Life
Technologies). At day 2, the medium was changed to 2.5 ml
of the defined fibroblast culture medium (CFBM) [37] sup-
plemented with 75 ng/ml basic Fibroblast Growth Factor
(bFGF; WiCell). Cells were fed every other day with CFBM
supplemented with 75 ng/ml bFGF and cultured until day 20
for flow cytometry analysis and subculture of a high purity
population of cardiac fibroblasts [37]. iPSC-CFs were main-
tained in FibroGro plus 2% FBS medium (Millipore EDM)
on tissue culture plastic. The cryopreserved iPSC-CFs were
thawed in FibroGro plus 2% FBS and plated onto 6-well
tissue culture plastic plates at a density of 55,100 cells/well
in 2 ml of FibroGRO medium (Millipore EMD) plus 2%
FBS (Gibco). iPSC-CFs were maintained in FibroGRO plus
2% FBS medium which was replaced every 2 days. iPSC-
CFs were passaged at least once after thawing before use in
experiments.

Patterning

Microcontact printing and soft lithography was used to
generate compliant substrates with patterned extracel-
lular matrix proteins in defined geometries [12, 33]. For
experimental samples, PDMS substrates were made with
a Young’s modulus of 10 kPa by blending Sylgard 184
and Sylgard 527 (Dow Corning) at a ratio of 52:1 Sylgard
527 to Sylgard 184 [38]. Sylgard 184 was made by mix-
ing ten parts base to one part curing agent. Sylgard 527
was made by mixing equals part of components A and
B. Both were mixed individually for 5 min with a glass
stir rod and combined in the prescribed ratio to achieve
the desired stiffness. Once the components were mixed,
PDMS was poured into a petri dish, placed under vacuum
for 20 min to remove air bubbles, and cured for 12 h at
60 °C. Mechanical characterization of 10 kPa PDMS pre-
pared following the described protocol was previously per-
formed to confirm the targeted stiffness was obtained [39].
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After curing, the samples were cut to the desired size with
arazor blade and attached to a 12-well plate using Sylgard
184 and allowed to cure for 12 h at 60 °C. Substrates were
UV sterilized prior to use.

Patterns were fabricated on a master Si wafer
(FlowJEM, Toronto, ON, Canada) and used to produce
reusable PDMS (Sylgard 184) stamps for microcontact
printing. PDMS was poured onto the patterned wafer,
allowed to sit under vacuum for 20 min to remove air bub-
bles, cured at 60 °C for 6 h, then removed and cut into
individual stamps. Stamps were coated with 83 pg/ml
Matrigel at 37 °C and allowed to sit overnight. The follow-
ing day the ECM was removed, and excess ECM and mois-
ture removed with nitrogen airstream. A polyvinyl alcohol
(PVA) film was made by dissolving 0.5 g of PVA (Sigma)
in 10 ml of deionized water and dried overnight in a petri
dish. The PVA film was removed from the petri dish and
cut to size before the ECM-coated stamps were brought
into contact. The stamps were placed in contact with the
PVA film and kept in an incubator with a glass slide and
50 g weight placed on top to promote complete transfer
of ECM. After one hour, the PVA film was removed from
the PDMS stamp and then brought into conformal con-
tact with the sterile 10 kPa PDMS culture substrate. After
20 min the substrate was washed 3 times with PBS to dis-
solve the PVA film, leaving behind the patterned proteins.

Seeding onto PDMS Substrates

Cardiac fibroblasts were all freshly passaged before use. No
analysis was done to ensure that frozen versus fresh car-
diomyocyte behavior was the same, however no differences
were observed in results, and all conditions used both fresh
and frozen cardiomyocytes. On day 30, purified iPSC-CMs
were dissociated and singularized with TyrpLE 10x (Life
Technologies) for 10—12 min and centrifuged for 5 min at
300 rpm. CMs were resuspended in EB20 medium in the
absence of ROCK inhibitor and seeded onto patterned
substrates, referred to as day O for the experimental time
point. The patterned substrates were seeded at a density
of 2528 CMs/mm? (90,000CMs/35.605mm?). iPSC-CFs
were treated with TrypLE Express (Life Technologies) for
3 min, centrifuged for 5 min at 300 rpm, and seeded onto
patterned PDMS using EB20 medium. For both iPSC-CF
alone and co-culture with CMs (CM-CF), a seeding density
of 253 iPSC-CFs/mm? (9000 CMs/35.605 mm?) was used.
To control cell attachment, a 1 cm PVC tube was placed
on top of the PDMS substrates and the cell suspension was
added inside the tube. The PVC tube was removed the fol-
lowing day and additional EB20 medium was added. 48 h
after seeding, the medium was changed to EB2 medium and
exchanged every 2 days during the length of culture.

@ Springer

Decellularization

To remove iPSC-CFs for ECM visualization or reseeding,
PDMS substrates were decellularized using a previously
published protocol [20]. Briefly, samples were washed with
PBS prior to the addition of the first decellularization solu-
tion (1 M NaCl, 10 mM Tris, and 5 mM EDTA; Sigma) and
then placed on an orbital shaker for 1 h at room tempera-
ture. The samples were again washed with PBS and placed
in a second decellularization solution (0.5% SDS, 10 mM
Tris, and 25 mM EDTA; Sigma) and shaken for 15 min at
room temperature on an orbital shaker. After a PBS wash,
the samples were rinsed twice, for 24 h each, in DMEM
medium with 20% FBS at room temperature. Samples were
rinsed with PBS and dried with a nitrogen airstream prior
to reseeding.

Immunofluorescence

Samples were washed once with PBS and fixed in 4% para-
formaldehyde (PFA; Electron Microscopy Sciences) for
15 min at room temperature and then washed with PBS.
Samples were then washed with PBS and blocking was per-
formed with 5% nonfat dry milk (Bio-Rad) in 0.2% Triton
X-100 solution and incubated for 1.5 h at room temperature
on a rotator followed by two washes with PBS [37]. Primary
antibodies were diluted in 1% BSA (Sigma) in PBS with
0.1% Triton X-100 and incubated overnight at 4 °C. The fol-
lowing day the samples were washed twice with 0.2% Tween
20 (Sigma) in PBS and then the secondary antibodies were
applied in 1% BSA (Sigma) in PBS with 0.1% Triton X-100
for 1 hour. After application of the secondary antibodies,
the samples were washed with 0.2% Tween 20 in PBS and
then in PBS and transferred to coverslips, where they were
mounted using ProLong Gold Antifade (Life Technologies).
Primary antibodies used include Collagen la (1:250 dilu-
tion, Santa Cruz), Laminin (1:250, Sigma) and Fibronectin
(1:250, Santa Cruz). Secondary antibodies include Alexa
Fluor 488 (IgG1) goat anti-mouse, 488 (IgG1) goat anti-rab-
bit, Alexa Flour 640 (IgG1) goat anti-mouse and Alexa Fluor
647 (IgG2b) goat anti-mouse (Thermo Fisher Scientific).

FN Image Alignment/Percent Area Coverage

Decellularized samples labeled with fibronectin antibodies
were imaged using a Nikon A1RSi Confocal Microscope
with an attached Photometrics CoolSNAP HQ2 camera. To
capture representative images of the entire pattern, images
of areas containing only lanes as well as areas containing
lane and bridge regions were collected for all samples.
After image acquisition of fibronectin, the scanning gradi-
ent Fourier transform (SGFT) open source MATLAB soft-
ware was used to provide unbiased quantification of ECM
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organization [34]. High-resolution images captured with a
60x oil-immersion lens were used for analysis. The follow-
ing parameters were used as SGFT inputs on images with
a resolution of 4096x4096 pixels: 0.05 um/pix, a pattern
size of 1.0 and a scan resolution of 16. The pattern size was
used due to the relatively low spacing between fibronectin
fibers and diameter of the fibers as compared to sarcom-
eres in higher magnification images, for which this software
was primarily developed to analyze. To determine the area
occupied by fibronectin fibers, the threshold for fiber iden-
tification within sft_main_v026.m (Line 687) was increased
from 0.1 to 0.5. This value was determined by comparing
the relative intensities of the fluorescent signals identified
by the software in images containing fibronectin compared
to previously analyzed images stained for the sarcomere pro-
tein a-actinin, for which the SGFT analysis was originally
developed. Comparison between fibronectin and a-actinin
images was performed only to determine an accurate thresh-
old value, and no direct comparison occurs in the results of
this work. Intensity was not used as a measure of fibronectin
deposition in this context, as the relative intensity between
images was similar. Rather, area quantification of fibronectin
fibers was performed using automated analysis through the
SGFT software to determine the area of the region occu-
pied by fibronectin. The fluorescent threshold and automated
area quantifications were further validated by counting the
number of pixels within a patterned region for a manually
binarized image compared to the number of pixels as meas-
ured by the SGFT software. The variability in the fibronec-
tin quantification occurs due to intentional image capture
of both bridge and lane regions of each decellularized sub-
strate, which cannot be captured in a single image at the
resolution required and have heterogeneity in their geometry
at high magnification. These regions were sought to provide
a representative analysis of the full pattern.

Contractile Strain Analysis

Phase contrast videos of cells spontaneously contracting
were acquired on experiment days 6, 12, and 18 using a
Nikon Eclipse Ti microscope with a Plan Flour 10x NA 0.3
objective and Nikon DS-QiMc camera with samples main-
tained at 37 °C. At least two spontaneous contractions or
a maximum of 400 frames were acquired for each sample
with an acquisition rate of 18.9 fps. Mechanical analysis was
done using previously developed open source software, with
custom add-ons and modifications [12, 33, 40]. The random
high contrast pattern from the phase contrast of the cells
is sufficient to allow tracking of displacements using the
open-source digital image correlation software, Fast Iterative
Digital Image Correlation (FIDIC) [41]. Subsequent frames
were analyzed relative to the first frame which contained car-
diomyocytes in a relaxed state. Full field 2D displacements,

Uy and Uy, were computed for each frame using the input
parameters of a target subset size of 48 pixels (31.2 um) and
subset spacing of 12 pixels (7.8 pm). From the displace-
ments, x and y strains were calculated by taking the gradient
of the displacement data, and ultimately principal strains, €,
and ¢,, were computed for each time point throughout the
contraction event. A binary mask was created using edge
detection techniques to eliminate data from areas not occu-
pied by cells [42]. Second principal strain (i.e. contractile
strain) was used as the metric of mechanical function. Full
field contractile strain values were averaged for each frame
of the video and the maximum of this averaged value (i.e.
maximum contractile strain) was used as the metric for com-
parison between sample conditions.

Displacement Trajectory Analysis

The trajectories of displacements for videos of contracting
cells were computed to quantify the organization of contrac-
tions. Each video analyzed contained at least two spontane-
ous contractions. Analysis was conducted using previously
developed software with custom modifications for additional
processing: https://github.com/jknotbohm/Cell-Velocity-
Analysis/compute_cell_trajectories.m. The full field 2D dis-
placements, U, and Uy, computed using FIDIC were taken as
inputs. A down sampling factor of 2 was used to create the
initial positions of each trajectory, and the displacements in
x and y directions added frame by frame across all locations.
The total displacements for each location at each time point
were then used to compute the angle and magnitude of the
resulting vector. Trajectories with small magnitudes, likely
occurring in regions of the pattern where no cells were pre-
sent, were filtered by eliminating values below a threshold
of 0.75 of the median trajectory magnitude for that sample.
To quantify directionality, the four-quadrant inverse tangent
was used to compute angles by using the start and end point
of each trajectory. To evaluate overall organization from 0
to 180°, 180° was added to negative angles. The histogram of
all trajectory angles was plotted using 20 bins, and the center
of the bin with the highest count was taken as the primary
angle. The angle of each trajectory was evaluated, and those
within +20° of the primary angle were counted and the total
percent of aligned trajectories calculated. Analysis was done
for each video, and the percent alignment was used to assess
multiple samples per condition.

Statistical Analysis

For brightfield microscopy, the reported sample size refers
to biological replicates, rather than repeated acquisition
at one timepoint within an individual micropatterned cul-
ture. Alternatively stated, a sample denotes one location
on a micropattern at a given experimental timepoint. Only
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one location is used per micropattern, and there is one
micropatterned sample per well. For fluorescent micros-
copy, the number of locations imaged per micropattern
sample is noted in the respective results section. Sample
sizes and p values are reported in each figure legend and
statistical analyses were performed using MATLAB. For
statistical analysis of two groups, an unpaired two sample
t-test was used. For analysis with more than two condi-
tions a one-way ANOVA test was performed followed by
multiple comparison test to perform pairwise comparisons
between pairs of data using Tukey’s honestly significant
difference criterion. Distributions were normal prior to sta-
tistical testing as determined by a Kolmogorov—Smirnov
test for each data set (p <.05). Statistical significance was
defined as *p < .05, **p < .01, ***p <0.001.

Results
Analysis of Decellularized ECM

We have previously demonstrated that iPSC-CFs remodel
and deposit aligned ECM fibers, but these substrates were
not used for culturing iPSC-CMs [12]. The optimal time-
point for decellularization of iPSC-CF modified ECM was
determined by seeding iPSC-CFs on Matrigel in the chevron
pattern and allowing them to produce and remodel ECM for
11, 14, or 18 days (Fig. 2A). The chevron pattern, consist-
ing of 30 um lanes intersected at a 15° angle, was used to
provide connectivity across the pattern. This ECM geom-
etry has been used to generate of iPSC-CMs that mimic the
structure-function relationship of native tissue in terms of
morphology, electrical, and mechanical function [33]. The

100 Area of Pattern Occupied by Fibronectin Fibers
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Fig.2 A 10 kPa PDMS substrates patterned with Matrigel using the
15° chevron pattern and decellularized after 11, 14 and 18 days of
culture with iPSC-CFs. Scale bar=50 pm. B Quantification of the
amount of patterned area covered by fibronectin fibers. C Quantifi-
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timepoints were selected based on prior studies where 2 days
was not sufficient to produce continuous, aligned ECM fib-
ers, whereas patterns appeared filled with aligned ECM fib-
ers after 18 days [12].

After decellularization, samples were fixed and stained
for fibronectin (Fig. 2A), and a custom open source MAT-
LAB SGFT software [34] was used to quantify the orienta-
tion and percent alignment of ECM fibers. Images of areas
containing bridge regions and narrow lanes were evaluated
for all timepoints. The percentage of area of pattern covered
by fibers, taken as the area of image containing fibers over
the area of the image containing patterned regions, was not
significantly different between the 3 timepoints (Fig. 2B).
The alignment of fibronectin fibers, measured as the per-
centage of fibers aligned within 15° of the primary angle,
was also not significantly different between the 3 timepoints
(Fig. 2C). Decellularized substrates were observed to have
deposited Collagen Type I, as well as an increased thickness
on days 11, 14, and 18 in comparison to day 0 Matrigel only
(Supplemental Fig. 1). However, no statistical differences
existed between the day 11, 14, and 18 timepoints. Given
these results a decellularization timepoint of day 14 was
chosen for convenience of experimental design.

Contractile Strain on Matrigel and Decellularized
ECM

Following decellularization, iPSC-CMs were seeded alone
or in co-culture (CM-CF) with iPSC-CFs on experimental
day 0 (EO) and cultured for 18 days (E18). A CM:CF ratio of
10:1 was previously determined as an optimal ratio to allow
for maintenance of iPSC-CM and iPSC-CF cellular attach-
ment with some pattern augmentation [12]. Bright field vid-
eos of spontaneously contracting iPSC-CMs were captured
at days 6, 12, and 18 and analyzed with DIC. Displacements
in the x and y directions were first computed using DIC. The
contraction primarily occurs in the y direction, which is the
orientation of the major axis of the chevron pattern, and
therefore the general alignment of the CMs. Although the
major axis of the pattern aligns with the y axis, the bridge
regions that are 15° offset from vertical contain cells whose
contractions are not primarily in the y direction. To further
quantify contraction and better capture the behavior of the
cells in this orientation, the strain tensor was computed as
described in the Methods section. All cardiomyocytes con-
tracting in the field of view were analyzed and the second
principal strain €,, i.e., contractile strain, was used as the
quantitative measure of mechanical output (Supplemen-
tal Fig. 2). Mechanical function was evaluated at days 6,
12, and 18 . The overall chevron pattern was maintained,
however more regions appeared to be merged thus obscur-
ing the original pattern in the CM-CF condition (Fig. 3A).
While iPSC-CMs are not proliferating, iPSC-CFs continue

to proliferate as well as migrate in culture to fill the spaces
previously absent of ECM. As a result, progressive pattern
augmentation and a transition from patterned to monolayer
appearance occurs in CM-CF cultures with resident fibro-
blasts, but is not observed in CM Only cultures. On days 12
and 18, the maximum strain generated in the co-culture con-
ditions was significantly higher compared to the CM Only
condition (¥*p < .05, **p <.01; Fig. 3B).

In order to validate previously observed contractile
behavior [12], iPSC-CMs were seeded alone or in co-cul-
ture with iPSC-CFs on PDMS substrates coated with pat-
terned Matrigel. At each time point, there was a significant
difference between the maximum strain generated in the
co-culture conditions compared to the CM Only condition
(***p <.001; Fig. 3C). Over the three time points tested
there was no significant difference in strain within each of
the two conditions. The contractile strain for both ECM
conditions, Matrigel and decellularized iPSC-CF modified,
and both culture conditions, CM Only and CM-CF, were
compared. To compare ECM conditions, all timepoints (6,
12, and 18) are combined into one dataset per culture con-
dition. The maximum contractile strain was significantly
higher in the co-culture condition on both ECM conditions
(***p<.001; Fig. 3D). There was no significant difference
between the ECM conditions for either culture condition.

To understand other features of contractile behavior, the
spontaneous contraction rate was evaluated. Only videos col-
lected on Day 6 were evaluated as not all samples at later
timepoints captured greater than one contraction. The con-
traction rate was determined for each sample by calculating
the average time between contraction peaks and converting
to beats per minute (BPM). The rate of contraction was sig-
nificantly faster in the CM-CF condition compared to CM
Only on both ECM, and in the CM-CF condition on Matrigel
compared to decellularized ECM (Fig. 4, p<.001).

Displacement Trajectory Organization

iPSC-CFs migrate and continue to proliferate in co-culture
and fill the spaces absent of ECM, meaning the patterns
appear more similar to monolayers under brightfield micros-
copy. We previously observed that the ECM deposited and
remodeled by iPSC-CFs in co-culture was well aligned and
generally followed the underlying chevron pattern [12], but
the spatial organization of the contractions was not quanti-
fied in the prior research. To demonstrate the methodology
for quantification, three initial ECM deposition conditions
were used: 15° chevron, 30 pm lanes, and monolayer (illus-
trated in Fig. 5). It has been previously observed that the
structural organization and electrophysiology of 15° chev-
ron pattern is significantly improved compared to a mon-
olayer [33]. In terms of mechanical function, iPSC-CMs in
chevron and monolayers cultures produce similar maximum
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Fig.3 A Bright field images of patterned iPSC-CMs and iPSC-CFs
on Day 6 (left), Day 12 (middle), and Day 18 (right) of culture.
Bright field locations are the same in the CM Only and CM-CF con-
dition, respectively, so that the same area of the pattern can be tracked
over time. Scale bar=100 um. B The maximum contractile strain
for the two culture conditions on decellularized ECM on Day 6, 12
and 18 of culture. Maximum contractile strain is significantly higher
in CM-CF condition on days 12 and 18. *p <.05, **p <.01, two-way
ANOVA with post hoc Tukey tests. CM-CF: N=22 Day 6, N=19
Day 12 and Day 18. CM Only: N=22 Day 6, N=19 Day 12, N=16
Day 18. C The maximum contractile strain for the two culture condi-

contractile strain, and both conditions produce significantly
higher strains than the narrow 30 um lane pattern (Fig. 5).
The lane and chevron patterns produce more organized
iPSC-CMs with highly aligned sarcomeres, and visually
the contractions appear spatially organized. To quantify
this alignment, the displacement trajectories were com-
puted across the entire field of view, and the predomi-
nant angles of the trajectories determined, as described
in Methods. The percentage of trajectories within 20° of
the predominant angle was computed to determine align-
ment (example workflow for 3 pattern conditions shown
in Supplemental Fig. 3). Comparing the displacement tra-
jectory alignment of the 3 pattern conditions, the align-
ment was statistically highest in the 15° chevron pattern,
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tions on Matrigel on Day 6, 12 and 18 of culture. Maximum contrac-
tile strain is significantly higher in CM-CF condition at all timepoints.
*##%p <.001, two-way ANOVA with post hoc Tukey tests. N=31
CM-CF day 6, N=25 CM Day 6 and both conditions Day 12, N=18
Day 18. D The maximum contractile strain for all timepoints in both
ECM and culture conditions shown in B and C. Maximum contrac-
tile strain is significantly higher in CM-CF conditions, but there is
no significant difference between ECM conditions. N=68 CM Only
Matrigel, N=57 CM Only Decellularized, N=74 CM-CF Matrigel,
N=60 CM-CF Decellularized.

with alignment being lowest in the monolayer condition
(Fig. 6). Retrospective analysis of samples having varying
lane width between 20 pm and 140 pm showed higher con-
tractile spatial alignment for lanes of 60 — 100 pm (Sup-
plemental Fig. 5A).

Once the trajectory alignment method was validated
on the test patterns, the alignment was quantified for both
CM Only and CM-CF culture conditions on both patterned
ECM conditions. Despite the CM-CF samples appearing
more like a monolayer (shown in Fig. 3A), no signifi-
cant difference was found in the alignment between the
culture or ECM conditions investigated across either all
timepoints (Fig. 7) or individual days 6, 12, and 18 (Sup-
plemental Fig. 4).
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Fig.4 Spontaneous contraction rate for Day 6 samples in both Chev-
ron patterned Matrigel and decellularized ECM and culture condi-
tions. The contraction rate is significantly higher in CM-CF compared
to CM Only condition. The contraction rate is significantly lower on
decellularized ECM than Matrigel in CM-CF condition. ***p <.001,
two-way ANOVA with post hoc Tukey tests. N=24 CM Matrigel,
N=31 CM-CF Matrigel, N=23 CM Decellularized, and N=25
CM-CF Decellularized.

Discussion

While CMs are contractile cell type of the heart, CFs
play an important role in maintaining proper function [5].
They contribute to structural, biochemical, mechanical and
electrical properties of the myocardium [3]. One of the
primary functions of CFs is the physiological turnover of

Fig.5 A Representative bright-
field images of 15° chevron,

30 pm lane, and monolayer
patterns. Scale bar=100 um. B
The maximum contractile strain
for the 3 pattern conditions
(chevron=red, lanes =blue,
monolayer = green). Maximum
contractile strain is signifi-
cantly lower in lanes pattern
than chevron and monolayer
across timepoints (days 3—15)
**%¥p <.001, two-way ANOVA
with post hoc Tukey tests.
N=58 chevron, N=59 lanes,
N =49 monolayer.

the ECM, where the structural and biological condition of
the ECM also impact cellular structure and function [3].
The goal of this research was to develop and characterize
an engineered substrate with ECM produced by iPSC-CFs
and evaluate the influence of this ECM on the mechani-
cal function of iPSC-CMs. In this work we have analyzed
the structural and mechanical influence of combined co-
culture of iPSC-CMs with iPSC-CFs on a soft, micropat-
terned substrate with cell-derived ECM. The stiffness of
healthy myocardium ranges from 10 to 30 kPa; in these
experiments a compliant PDMS substrate with a Young’s
modulus of 10 kPa was used. This addresses an issue with
common tissue culture plastics that have a Young’s modu-
lus of around 3 GPa. When cultured on substrates with a
modulus on the order of GPa, CFs undergo activation to
myofibroblasts [5]. With the use of microcontact print-
ing, defined environmental cues can be used to control
the alignment of ECM that is remodeled and produced
by iPSC-CFs. The underlying 15° chevron pattern influ-
enced iPSC-CF behavior such that ECM was produced and
remodeled into fibers that primarily followed the lanes of
the pattern.

iPSC-CFs also have been shown to increase the amount
of force generated by CMs in comparison to when CMs
are cultured alone [9, 43]. Our previous findings [12] of
increased contractile strain in co-culture conditions com-
pared to iPSC-CMs alone was replicated, confirming that
co-culture with iPSC-CFs leads to an improvement in iPSC-
CM contractility. Other groups have explored combinations
of CMs and CFs [28, 29, 44]. We previously found a 10:1
iPSC-CM to iPSC-CF ratio to be optimal to allow for main-
tenance of iPSC-CM and iPSC-CF cellular attachment with
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Fig.6 Quantification of displacement trajectory alignment. Percent
trajectory alignment for two different pattern types (Chevron and
Lanes) and Monolayer conditions for combined days 3-15 in cul-
ture. Alignment is significantly higher in chevron pattern than lanes
and monolayers. (Chevron=red, lanes=blue, monolayer=green).
*p<.05, ¥**p<.001, two-way ANOVA with post hoc Tukey tests.
N =58 chevron, N=59 lanes, N=49 monolayer.

Displacement Trajectory Alignment Days 6,12,18

701 ——CMCF | {
——CM Only
T
g r I - -
H * 1 1 |
g 50 L I l I 4
3 1 ] I
°
9] | 1
c
D2 40+ 1 g
<
<
Q
S 30r T T 1
i | L T .
1 |
20 -4 1 | 1
4
Matrigel Decellularized

Fig.7 Percent of displacement trajectories with 20° alignment for
all timepoints in both Matrigel and decellularized ECM and cul-
ture conditions on chevron patterned substrates (CM Only =black,
CM-CF=red). Data from Day 6, 12 and 18 combined. No signifi-
cant difference in overall alignment. N=68 CM Matrigel, N=57 CM
Decellularized, N=74 CM-CF Matrigel, N=60 CM-CF Decellular-
ized.

some pattern augmentation [12]. This CM:CF ratio also
matches ratios used in 3D collagen gel compaction stud-
ies [25]. Having two separate iPSC-CM and iPSC-CF cell
populations allowed for combination in specific ratios, as
well as consistently using newly differentiated iPSC-CMs.
iPSC-CMs were seeded 30 days after they were differenti-
ated, as reports suggest the responsiveness of iPSC-CMs to
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physical stimuli declines as differentiation progresses [26].
Other groups have also reported that low passage number
after differentiation or fetal CFs enhance CM function and
maturity better than adult CFs [6, 15, 45, 46].

We next sought to utilize the anisotropic ECM scaffolds
modified by iPSC-CFs as a platform for iPSC-CM culture.
First, the optimal timepoint for decellularization was iden-
tified, as defined by ECM having highly aligned fibers that
covered a large fraction of the pattern area on the substrate.
There was no statistical difference in these parameters
between the timepoints explored, so the middle timepoint,
day 14, was used. Variability in fiber alignment occurred
in part due to some images capturing predominantly lanes
while others captured bridge regions, or areas where lanes
meet. This was done intentionally to obtain representative
analyses of the entire pattern. When seeded on decellular-
ized ECM, we report similar findings with the co-culture
condition having larger contractile strains compared to the
CM Only condition. No significant difference was found in
contractile strain between the two ECM conditions; however,
the spontaneous contraction rate on day 6 in culture was
decreased on the decellularized ECM in the co-culture con-
dition. Newly differentiated iPSC-CMs beat spontaneously
in culture, but lose automaticity as they mature [47-49].
In future studies electrical pacing could be employed to
study contractile kinetics, in addition to maximum contrac-
tile strain. Further analysis of structural makers including
cell size, multinucleation, and myofibril density and align-
ment, as well as expression of key cardiac structural makers
including B-myosin heavy chain and connexin-43 could be
conducted to explore the degree of maturation [50]. Electri-
cal pacing could also be used to control for the difference in
spontaneous rate to understand the implications of electro-
physiological changes driving the mechanics in the observed
phenotype.

We previously observed that the ECM deposited and
remodeled by iPSC-CFs in co-culture was well aligned
and generally followed the underlying chevron pattern
[12], but the spatial organization of the contractions
had yet to be quantified. A methodology for quantifying
contraction alignment was validated using three culture
patterns: 15° chevron, 30 pm lanes, and monolayer. The
myofibril structural organization and electrophysiology of
the chevron pattern was previously observed to be signifi-
cantly improved compared to a monolayer [33]. To quan-
tify contraction alignment, the displacement trajectories
were computed across the entire field of view, and the
percentage of trajectories with angles within 20° of the
predominant angle was computed. The displacement tra-
jectory alignment was highest in the 15° chevron pattern,
with alignment being lowest in the monolayer condition.
Interestingly, the alignment was higher in the chevron pat-
tern than the lane pattern, even though iPSC-CMs were
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spatially confined to be highly aligned in the lane pattern.
We hypothesize this was due to the increased number of
nearest neighbor cells in the chevron pattern relative to
the narrow lane pattern and was supported by analysis of
trajectory alignment within lanes of different width ( Sup-
plemental Fig 5C). Whereas lanes wider than 100 pm have
an increased number of neighboring cells, the disorganiza-
tion can lead to diminishing returns in trajectory alignment
(Supplemental Fig 5SA). The 15° chevron pattern incorpo-
rates narrow feature widths and an increased number of
nearest neighbors, allowing for the highest degree of con-
traction alignment observed. Trajectory alignment was not
significantly different between culture or ECM conditions.
This suggests that although co-culture and decellularized
ECM samples superficially appear more like a monolayer
over time (as observed with brightfield imaging), the
underlying chevron pattern to which the iPSC-CMs ini-
tially adhere was sufficient to retain organization. This is
further supported by the finding that sarcomere alignment
was not statistically significantly different in the co-culture
condition compared to CM Only on decellularized ECM
(Supplemental Fig. 6). We previously demonstrated, how-
ever, that myocytes cultured on a non-patterned surface
in a monolayer have decreased sarcomere alignment in
comparison to patterned lanes, or to the values identified
for CM Only and co-culture conditions in this study [34].

The influence of direct co-culture and cell-modified ECM
on iPSC-CM mechanical function were explored, but iPSC-
CFs also generate paracrine signals that may influence iPSC-
CM behavior.

The influence of paracrine signaling of CFs on CMs has
been explored by others through use of transwell plates
and conditioned media [45, 51, 52]. Future work would
explore the influence of paracrine signaling of iPSC-CMs
on Matrigel and decellularized ECM cultured in standard or
iPSC-CF conditioned media. The work presented here has
focused on mechanical function, but CFs have other effects
on CMs including electrophysiology, maturation, and pro-
tein expression [6, 10, 11, 33, 51, 53]. Additional analyses
could be done to quantify changes in these parameters due
to co-culture, decellularized ECM, and conditioned media.

A limitation of this study is that Matrigel, which is a
heterogenous and animal-derived ECM, was used. We
demonstrated that the decellularized substrates contain CF-
deposited ECM fibers that are aligned with the underlying
pattern, with an increase in matrix thickness between the
Matrigel alone and decellularized substrates. Our collabora-
tors have previously demonstrated that hiPSC-CFs differenti-
ated through the described protocol deposit a dense matrix
of fibronectin and collagen type I, while also upregulating
an assortment of ECM-associated genes [37]. This matrix
deposition is consistent with our findings, as well as with

the fibrillar matrix structure and composition of the native
human myocardium [54, 55].

To further understand what ECM proteins are being
produced and remodeled, a single protein such as colla-
gen, fibronectin, or laminin could be used for pattering. It
has previously been demonstrated that iPSC-CFs remodel
and produce new ECM when seeded on patterns contain-
ing only collagen I or fibronectin [12]. This methodology
would allow for improved characterization of the ECM that
is deposited by CFs rather than an artifact of the patterned
Matrigel, including non-fibrillar components. While we
showed qualitatively that collagen and fibronectin are pro-
duced, use of a defined ECM could have effects on iPSC-CF
remodeling and iPSC-CM function. Fibronectin has been
previously demonstrated as essential for both in vivo car-
diac repair and in vitro cardiac differentiation. Following
myocardial infarction, FN is necessary for the endogenous
expansion of cardiac progenitor cells that repair and stabilize
cardiac function [56]. Fibronectin knockdown by shRNA
is reported to inhibit Brachyury™ mesodermal specification
and cardiomyocyte generation of in vitro hiPSCs, further
implicating the importance of defined ECM substrates on
cardiac differentiation and maturation [57].

Given that this platform is based entirely on iPSCs, it
enables the creation of patient specific disease models [58].
Other researchers have shown that adult CFs [6, 46] or
CFs from murine models with diseases such as pressure-
overloaded hearts [51] allows for study of the interaction
of healthy and diseased cells. To generate a human model,
this engineered culture platform could be used with iPSCs
derived from patients harboring a specific mutation or genet-
ically modified to create a specific disease model affecting
CFs, CMs, or both.

Conclusion

While CMs are the cell type primarily responsible for
contraction in the heart, CFs also play an important role
in maintaining cardiac function including synthesis and
remodeling of the ECM, as well as cell-cell communica-
tion with CMs. When cultured on compliant micropatterned
substrates, iPSC-CFs remodel and produce aligned ECM as
well as increasing contractile strain in iPSC-CMs when in
co-culture compared to iPSC-CMs cultured alone. iPSC-CF
derived ECM was decellularized and used to culture iPSC-
CMs alone and in co-culture with iPSC-CFs. The contractile
strain was found to be higher in co-culture as compared to
the CM-only condition, and no significant difference was
identified between the ECM conditions studied. In co-culture
or alone, iPSC-CMs maintained spatial organization of their
contractions across the sample region. While contractile
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function of iPSC-CMs was more significantly influenced by
co-culture than the ECM condition, use of iPSC-CF derived
ECM may be useful to study a variety of iPSC-CM disease
models based on interaction with iPSC-CFs and their ECM.
These findings highlight the importance of utilizing CFs to
produce more physiologically relevant culture systems for
studying CMs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13239-024-00711-8.
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