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Extracellular matrix (ECM) fabricated using human induced pluripotent stem cells (hiPSCs)-derived cardiac fi-
broblasts (hiPSC-CFs) could serve as a completely biological scaffold for an engineered cardiac patch, leveraging
the unlimited source and outstanding reproducibility of hiPSC-CFs. Additionally, hiPSC-CF-derived ECM (hiPSC-
CF-ECM) holds the potential to enhance maturation of exogenous cardiomyocytes, such as hiPSC-derived car-
diomyocytes (hiPSC-CMs), by providing a microenvironment rich in cardiac-specific biochemical and signaling
cues. However, achieving sufficient robustness of hiPSC-CF-ECM is challenging. This study aims to achieve
appropriate ECM deposition, scaffold thickness, and mechanical strength of an aligned hiPSC-CF-ECM by opti-
mizing the culture period, ranging from 2 to 10 weeks, of hiPSC-CFs grown on micro-grated substrates, which can
direct the alignment of both hiPSC-CFs and their secreted ECM. The hiPSC-CFs demonstrated a production rate of
13.5 ug ECM per day per 20,000 cells seeded. An anisotropic nanofibrous hiPSC-CF-ECM scaffold with a thickness
of 20.0 &+ 2.1 um was achieved after 6 weeks of culture, followed by decellularization. Compositional analysis
through liquid chromatography-mass spectrometry (LC-MS) revealed the presence of cardiac-specific fibrillar
collagens, non-fibrillar collagens, and matricellular proteins. Uniaxial tensile stretching of the hiPSC-CF-ECM
scaffold indicated robust tensile resilience. Finally, hiPSCs-CMs cultured on the hiPSC-CF-ECM exhibited
alignment following the guidance of ECM nanofibers and demonstrated mature organization of key structural
proteins. The culture duration of the anisotropic hiPSC-CF-ECM was successfully refined to achieve a robust
scaffold containing structural proteins that resembles cardiac microenvironment. This completely biological,
anisotropic, and cardiac-specific ECM holds great potential for cardiac patch engineering.

Introduction

Tissue engineering strategies for the reconstruction of injured tissues
involve the use of implantable scaffolds [1], which not only serve as a
structural framework for cells but also facilitate efficient transport of
soluble gases and nutrients, ensuring the survival of infiltrated cells and
their integration with host tissue [2,3]. Decellularized extracellular
matrix (ECM), a biomaterial scaffold generated from mammalian cell
sheets, tissues, or organs through the removal of immunogenic cellular
components via decellularized technologies, stands out as one of the
most studied scaffold materials widely applied to soft tissues and organs
reconstruction [4-6]. Specifically, as a delivery vehicle for exogenous
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cardiomyocytes, such as human induced pluripotent stem cells (hiPSCs)-
derived cardiomyocytes (hiPSC-CMs), natural ECM minimizes cell loss
and yields a better clinical outcome compared to conventional injection-
based therapies [7,8]. Moreover, in contrast with fibrin-based hydrogels
that have been previously used to engineer cardiac patches [9-12],
natural ECM comprises comprehensive bioactive molecules and
biochemical factors inherent in native tissues. However, decellularized
natural ECM obtained from allogenic or xenogeneic tissues faces chal-
lenges related to the scarcity of autologous tissue/organs, and the risk of
pathogen transfer [13]. On the other hand, ECM scaffold derived from
human cells can undergo pathogen screening to secure a pathogen-free
environment [5]. Therefore, human cell-derived ECM represents a more
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promising alternative to ECM derived from natural tissues, ensuring a
safer and more reproducible microenvironment.

Native cardiac ECM is a complex meshwork of fibrillar and non-
fibrillar components that not only provide structural support but also
regulate the fate of cardiomyocytes, endothelial cells, and smooth
muscle cells, dictating their differentiation, migration, proliferation, and
overall homeostasis [14,15]. Two essential compartments are comprised
in the native cardiac ECM: interstitial matrix and basement membrane.
Interstitial matrix is primarily composed of collagen I and III, which
offers structural and mechanical support. In contrast, basement mem-
brane consists mainly of fibronectin, laminin, pro-collagens, hyaluronic
acid, and proteoglycans. These components play a role in regulating the
polarity, differentiation, and migration of cardiac cells through signals
received on their cell surfaces [14]. This complex network also serves as
a reservoir of ECM-bound growth factors, cytokines, matrix metal-
loproteinases (MMPs), chemokines, protease inhibitors, and noncoding
RNAs [14-16]. Within the native heart, cardiac fibroblasts are the main
contributor for ECM production and growth factor secretion [15]. By
harnessing the in vitro secretion of ECM from cardiac fibroblasts cell
sheets, we can generate a diverse array of protein fractions within this
cell-derived ECM. Moreover, current hiPSC technologies offer an un-
limited source of genetically identical cardiac fibroblasts due to the
sustained renewal of hiPSCs in culture [17]. This makes hiPSC-derived
cardiac fibroblasts (hiPSC-CFs) not only an unlimited source, but also
an excellent candidate for the fabrication of cell-derived ECM.

The objective of this study was to generate a robust scaffold con-
taining structural proteins that resemble cardiac microenvironment for
cardiac patch engineering. We have previously generated an anisotropic
and cardiac-specific ECM scaffold from a hiPSC-CF sheet grown on
micro-grated pattern, following by decellularization [18]. The aligned
hiPSC-CF cell sheet-derived ECM (hiPSC-CF-ECM) scaffold not only
contains biomacromolecules and growth factors that are specific to the
native cardiac microenvironment but also provides an anisotropic
template for cellular alignment. However, short-term cell culture dura-
tion, which is typically up to several days, cannot provide a sufficient
robustness of cell-secreted ECM for cardiac patch engineering. On the
other side, while an extended culture period facilitates cell proliferation
and ECM secretion, a potential challenge arises from the diffusion issue,
leading to cell death. This study aims to optimize the fabrication of
hiPSC-CF-ECM by refining the culture conditions to reach applicable
ECM deposition, scaffold thickness and mechanical strength. hiPSC-CFs
were cultured over an extended culture period for up to 10 weeks on
micropatterned polydimethylsiloxane (PDMS) substrates. Optimal cul-
ture duration was determined through morphological analysis, thickness
measurement, and DNA concentration of cell sheets and decellularized
ECM, followed by characterization of composition and mechanical
properties highlighting the diverse components and durability of the
optimal hiPSC-CF-ECM. Finally, the effectiveness of hiPSC-CF-ECM in
supporting the functional maturation of hiPSC-CMs was evaluated by
examining the expression of specific structural protein and the
contractility of cardiomyocytes grown on the ECM scaffold. Overall, the
current work delineates an optimal fabrication process to generate an
aligned cardiac-specific ECM scaffold for cardiac patch engineering.

Materials and methods
hiPSC-CF differentiation

hiPSCs (DF19-9-11T, WiCell Research Institute Inc., Madison, WI,
USA) cultured with StemFlex media (Thermo Scientific, Waltham, MA,
USA) were dissociated using Versene solution (Gibco, Thermo Scientific,
Waltham, MA, USA) and incubated 37 °C for 5 min. Subsequently, cells
were seeded onto 6-well plate coated with Matrigel (GFR, Corning Inc.,
Corning, NY, USA) at a density of 200,000 cells/cm? in mTeSR1 medium
(STEMCELL Technologies, Vancouver, BC, Canada) supplemented with
10 uM ROCK inhibitor (Y-27632, Tocris, Bristol, UK). The medium was

Matrix Biology Plus 23 (2024) 100151

changed every day for 5 days until they reached confluency (day 0). On
day 0, medium was switched to RPMI/B27-insulin media (B27 Supple-
ment minus insulin, Gibco) with an addition of 12 yM CHIR99021
(Tocris) for 24 h. Following this, the medium was changed to fresh
RPMI/B27-insulin for the next 42 h. After 66 h (day 2.75) of CHIR99021
treatment, the medium was replaced with CFBM [17] supplemented
with 75 ng/ml bFGF (WiCell Research Institute). The medium was
changed every other day until day 20. Then, cells were collected for flow
cytometry analysis to assess the purity of the differentiated hiPSC-CFs.
Pure hiPSC-CFs (>70 % TE7") were then cryopreserved.

hiPSC-CM differentiation

hiPSC-CM was differentiated followed by the GiWi protocol [19].
Briefly, hiPSCs (DF19-9-11 T, WiCell Research Institute) were seeded
onto 6-well plate coated with Matrigel (GFR, Corning) at a density of
200,000 cells/cm? in mTeSR1 medium (STEMCELL Technologies) with
10 uM ROCK inhibitor (Y-27632, Tocris). The medium was changed
every day until reaching confluency (day 0). On day 0, medium was
changed to RPMI/B27-insulin media (B27 Supplement minus insulin,
Gibco) supplemented with 12 uM CHIR99021 (Tocris) for 24 h. Fol-
lowed by 24 h (day 1), the medium was changed to fresh RPMI/B27-
insulin for 48 h until day 3. On day 3, cells were treated with 5 uM
IWP2 (Tocris) in a blend of medium (half of the old medium from wells
+ half of fresh RPMI/B27-insulin) for 48 h until day 5. From day 5 to day
7, the cells were cultured in fresh RPMI/B27-insulin. By day 7, cells were
then maintained with RPMI/B27 + insulin (B27 Supplement plus insu-
lin, Gibco) with medium change every other day until day 15. Then, cells
were collected for flow cytometry analysis to assess the purity of the
differentiated hiPSC-CMs prior to cryopreservation. After differentia-
tion, hiPSC-CMs with purity more than 70 % (% of cTnT" cells) were
thawed and plated on 6-well plates coated with Synthemax (Corning) in
EB20 media [20]. Once hiPSC-CMs attached within 2 days, the cells
were cultured with RPMI/B27 + insulin (Gibco) for the next 7 days until
contraction resumed. Following this period, the hiPSC-CMs were de-
tached with TrypLE 10X (Gibco) and subsequently seeded onto the ECM
scaffold for another 7 days to undergo further characterizations.

hiPSC-CF cell sheet fabrication

Anisotropic PDMS substrates were prepared from a silicon wafer
master mold, with the grating dimensions of 5 um depth, 15 ym width
and 30 um pitch, using SLYGARD 184 Silicone Elastomer Kit (Dow
Corning, Midland, MI, USA) and cured at 65 °C for 4 h. Isotropic PDMS
was casted from a flat plastic petri dish. Prior to cell culture, anisotropic
or isotropic PDMS substrates were coated with polydopamine and
collagen I as previously described [21]. In brief, 0.01 % W/V of 3-
hydroxytyramine hydrochloride (Dopamine-HCl) (ACROS Organics,
Fisher scientific, Hampton, NH, USA) was poured onto PDMS substrates
for 24 h immersion. Followed by sterilization with ethylene oxide gas,
polydopamine-coated PDMS was then second coated with bovine
collagen (20 pg/ml) (Sigma Aldrich, St. Louis, MO, USA) for 2 h, then
rinsed once with FibroGro Complete Media Kit (Millipore, replaced
Glutamine with the equal amount of GlutaMAX (Thermo Scientific)),
supplemented with 20 % fetal bovine serum (FBS, R&D systems, Min-
neapolis, MN, USA). hiPSC-CFs cultured in FibroGro Complete Media
Kit 4+ 20 % FBS were then seeded onto micropatterned PDMS at a density
of 10,000 cells/cm? for up to 10 weeks. The medium was changed every
other day until the desired time point was reached (2, 4, 6, 8, or 10
weeks).

hiPSC-CF cell sheet decellularization
Two decellularization solutions (A and B) were prepared: Solution A

contained 1 M NaCl, 10 mM Tris (Bio-Rad, Hercules, CA, USA), and 5
mM EDTA (Sigma), while Solution B consisted of 0.1 % SDS (Sigma), 10



T.-A. Chen et al.

mM Tris, and 25 mM EDTA. hiPSC-CF cell sheets were first immersed
into Solution A and gently agitated on slow shaker at room temperature
(RT) for 1 h. Followed by three phosphate buffered saline (PBS) washes,
cell sheets were then incubated in Solution B with gentle agitation at RT
for 30 min. After three PBS washes, cell sheets were incubated in Dul-
becco’s Modified Eagle Medium (DMEM, Fisher Scientific) supple-
mented with 20 % FBS for 48 h at RT. After incubation, decellularized
ECM was washed with PBS twice prior to cryopreservation.

Immunofluorescence staining of ECM scaffold and hiPSC-CM

Prior to staining, hiPSC-CF-ECM (24-well size, diameter of 14 mm)
was fixed with 4 % paraformaldehyde (Fisher Scientific) and blocked
with 1 % bovine serum albumin (BSA, Sigma-Aldrich) solution supple-
mented with 0.2 % Triton X-100 (Fisher Scientific), each for 30 min at
RT. Immunofluorescence staining was performed to label specific ECM
components on ECM scaffold. Primary antibodies targeting collagen I
and fibronectin (1:200 in blocking solution, Abcam, Cambridge, MA,
USA) were added to samples and incubate overnight at 4 °C. Samples
were then washed three times with blocking solution. Secondary anti-
bodies goat-anti mouse Alexa Fluor™ 488 conjugated or Alexa Fluor™
594 conjugated (Invitrogen, Fisher Scientific) were added to samples
and incubate for 1 h at RT. Cell nuclei were counterstained using 4',6-
diamidino-2-phenylindole (DAPI, Sigma). The specific ECM components
and thickness was visualized and measured with confocal microscopy
(Olympus FV-1000, Tokyo, Japan) and Olympus FLUOVIEW software.

Immunofluorescence staining of hiPSC-CM was conducted to label
structural and functional proteins specific to native cardiomyocytes.
After culturing hiPSC-CM on hiPSC-CF-ECM for 7 days, hiPSC-CM was
fixed and blocked using the same solutions and conditions as described
above. Primary antibodies targeting gap junction protein connexin 43
(Cx43, 1:200, Cell Signaling Technology), sarcomeric alpha-actinin
(SAA, 1:200, Abcam), cardiac troponin T (cTnT, 1:200 Fisher Scienti-
fic), and F-actin (Phalloidin, 1:200, Cell Signaling Technology) were
added to samples and incubate overnight at 4 °C. Samples were then
washed three times with blocking solution and were stained with sec-
ondary antibodies goat-anti mouse Alexa Fluor™ 488 conjugated or
Alexa Fluor™ 594 conjugated (Invitrogen, Fisher Scientific) for 1 h at
RT. Cell nuclei were counterstained using 4',6- diamidino-2-
phenylindole (DAPI, Sigma). hiPSC-CMs were imaged with the
confocal microscope (Leica SP8) and were analyzed with Leica LAS-X
software. Sarcomere length of hiPSC-CMs was obtained by measuring
two consecutive signals with clear striations in SAA staining and
analyzed with ImageJ software.

DNA quantification

DNA assay was performed to compare hiPSC-CF proliferation
following our previous protocol [22]. At intervals of 2, 4, 6, 8, 10 weeks
of culture, cells were harvested and lysed using proteinase K solution
(Sigma) at 37 °C overnight. The DNA content in the samples was
determined using Quant-iT™ PicoGreen™ dsDNA Assay Kits (Fisher
Scientific). In brief, 100 pL of lysed samples from each group and a DNA
standard were placed in a 96-well plate. This was followed by mixing
with 100 pL of Picogreen working solution and incubating for 10 min at
RT. The incubated plate was then analyzed by microplate reader
(Cytation 5, Biotek, Winooski, VT, USA) with excitation at 420 nm and
emission at 520 nm wavelengths.

Quantification of ECM macromolecules

Commercially available assay kits were used to quantify the major
ECM macromolecules in hiPSC-CF-ECM scaffold (24-well size, diameter
of 14 mm), including fibronectin, total collagen, elastin, and sulfated
glycosaminoglycan (sGAG). Fibronectin was quantified using an
enzyme-linked immunosorbent assay (ELISA) following manufacturer’s
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instruction (R&D Systems, Minneapolis, MN). Total collagen (soluble
and insoluble) was measured by Sircol Assay (Biocolor Ltd., Carrick-
fergus, United Kingdom). Soluble collagen was extracted from ECM
scaffold with 0.5 M acetic acid, whereas the insoluble residues under-
went treatment with fragmentation reagent. Total collagen was then
quantified following the manufacturer’s protocol. The sGAG content
was assessed using the Blyscan Sulfated Glycosaminoglycan Assay Kit
(Biocolor Ltd.). After digestion with papain at 65 °C for 3 h and subse-
quent centrifugation at 10,000 x g for 10 min, the resulting supernatant
was assayed according to the manufacturer’s instructions. Elastin con-
tent was measured with Fasting Elastin Assay Kit (Biocolor Ltd.).
Following treatment with 0.25 M oxalic acid at 100 °C for 1 h to convert
insoluble elastin to water soluble a-elastin, the supernatant was
collected upon centrifugation at 13,000 x g for 10 min, and then assayed
according to the manufacturer’s protocol. Absorbance measurements
were read with a microplate reader (Cytation 5, Biotek) and were then
utilized for the calculation of protein concentration.

Quantification of protein yield

Pierce™ bicinchoninic acid (BCA) assay kit (Thermo Scientific) was
used to quantify the total protein yield in hiPSC-CF-ECM scaffold (24-
well size, diameter of 14 mm). Samples were prepared in radio-
immunoprecipitation (RIPA, Thermo Scientific) buffer with Halt™
Phosphatase Inhibitor Cocktail (Thermo Scientific) following the man-
ufacturer’s protocol. Samples were then sonicated using a sonic dis-
membrator (Fisher Scientific) for 2 s twice with a 5-seconds pause
between at 80 % amplitude, then store on ice until testing. BCA assay
was performed on each sample according to the manufacturer’s in-
structions. Absorbance measurements were read with a microplate
reader (Cytation 5, Biotek) and then utilized for the calculation of pro-
tein yield, production rate, and density.

Tensile testing

Young’s modulus of the 6-week hiPSC-CF-ECM was determined
through elongation tensile testing. Rectangular ECM sheets with di-
mensions 60 mm x 60 mm x 20 ym (length x width x thickness) were
prepared. Rectangular sheet was then cut and folded into specimens
measuring 15 mm x 30 mm x 40 um (length x width x thickness) for each
testing. Each specimen was soaked in PBS for 15 min prior to testing. The
tensile testing was performed using Instron 5944 Universal Testing
System (Instron Test Systems, Norwood, MA, USA) equipped with ten-
sile clamps. Specimens were strained at a rate of 1 mm/min. Young’s
modulus (E) was calculated from the resulting stress—strain curves using
equation: E = /¢, where ¢ denotes the uniaxial force per unit area, and €
is the strain or the proportional deformation.

Liquid chromatography-mass spectrometry (LC-MS)-based compositional
evaluation

LC-MS-based compositional analysis of ECM scaffold was performed
by Creative Proteomics (Shirley, NY, USA). 6-week hiPSC-CF-ECM were
digested by trypsin, identified and quantified by applying nano LC-MS/
MS platform comprising Ultimate 3000 nano UHPLC system coupled
with a Q Exactive HF mass spectrometer (Thermo Scientific) with an ESI
nanospray source. Detailed methods with sample preparation, nano LC-
MS/MS Analysis and data analysis are provided in the Supplementary
methods.

hiPSC-CM beating analysis

The beating rate and maximum principal strain variation were
calculated from time-lapse videos using Digital Image Correlation (DIC)
in the DaVis software (DaVis 10.2.1, LaVison, Gottingen, Germany). DIC
tracks the in-plane mechanical deformation by partitioning each image
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into smaller areas (subsets), and the movement of each subset is indi-
vidually traced between consecutive images collected over time. The
maximum principal mechanical strain within each subset, which stands
for the material elongation during contraction cycles, is calculated by
taking a partial derivative of the deformation field. In this study, time-
lapse videos comprising approximately 300 images (frame size 704
um x 532 um) were analyzed with a subset size of ~ 94 um and a step
size of 3.5 um. From each video, regions of interest (ROIs) with high cell
density were pinpointed and selected for additional examination. The
beating rate is determined from the number of periodic variations in
maximum principal strain in the ROIs within a specific time duration.

Statistical analysis

Statistical comparisons among experimental groups were conducted
through ordinary one-way ANOVA and Tukey’s post hoc test using
GraphPad Prism 10 software (GraphPad Software, Boston, MA, USA). All
experiments were performed with biological triplicates, each consisting
of at least four technical replicates. Image-based analysis involved
capturing six non-overlapping images from each biological replicate (N
= 3) within every experimental group. The details of experimental
replicates are provided in the figure legends. Results are displayed as
mean + standard deviation (SD). Statistical significance was determined
for *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and nonsig-
nificant (ns) for p > 0.05.

Results
hiPSC-CF-ECM characterization

Cardiac-specific ECM were obtained by culturing hiPSC-CFs on
micro-grated PDMS for up to 10 weeks, followed by decellularization.
Immunofluorescence staining showed highly aligned architecture of
collagen I and fibronectin in both cell sheets and ECM (Fig. 1A, S1).
Quantification of DNA concentration in cell sheets demonstrated a sig-
nificant increase in cell proliferation after 6 weeks of culture (19.8 +
0.6 pg/scaffold) compared with the 2-week (8.5 + 2.4 pg/scaffold) and
4-week (15.0 + 1.6 pg/scaffold) cultures, while no significant change
was shown with 8-week cell sheets, but a significantly decrease with 10-
week cultured cell sheets (14.0 £+ 1.3 pg/scaffold) (Fig. 1B). Following
decellularization, no DAPI signal was detected (Fig. 1A), and the efficacy
of cell removal was quantified by measuring DNA concentration of
hiPSC-CF-ECM cultured after 6 weeks. The DNA residual of hiPSC-CF-
ECM after decellularization was less than 50 ng/mg ECM dry weight
(7.8 £ 2.5 ng/mg) (Fig. 1C).

After 6 weeks of culture, collagen I thickness showed a significant
increase (20.0 + 2.1 ym) compared with the 2-week (12.3 + 1.2 pm)
and 4-week (15.0 £ 2.0 ym) cultures. However, no significant change
was shown after culturing for 8 weeks and 10 weeks (Fig. 1D, 1F).
Similarly, fibronectin thickness at 6-week also showed significantly
higher thickness (19.8 + 1.2 ym) than the 2-week (14.4 + 1.8 pm) and
4-week ECM (14.6 + 1.7 um), while no significant change was observed
after culturing for 8 weeks and 10 weeks (Fig. 1E, 1F). The protein
amount of hiPSC-CF-ECM was also quantified using the BCA assay to
measure the total protein yield, which displayed a trend similar to the
thickness results (Fig. 1D, E), with an increase from week 2 to week 6
followed by a plateau (Fig. S2A). These results suggested that increase
accumulation of ECM is associated with increase cell proliferation. To
assess the long-term culture impact on ECM composition, major ECM
macromolecules in hiPSC-CF-ECM cultured for 6, 8, 10 weeks were
quantified, including collagen, fibronectin, elastin and sGAGs. The re-
sults indicated no significant differences in the amount of major ECM
macromolecules among the three time points (Fig. 1G-J).
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Compositional evaluation of hiPSC-CF-ECM.

Given no significant differences in ECM thickness and macromole-
cules across different culture times, the hiPSC-CF-ECM cultured for 6
weeks was selected as the optimal ECM scaffold for further analysis.
Accordingly, a comprehensive compositional evaluation of the 6-week
hiPSC-CF-ECM were analyzed. Nearly 1,300 peptides were identified
in the ECM scaffold and the protein abundance was determined based on
the LFQ intensities (Supplementary Excel Sheet). The pie graph depicted
the 20 most abundant proteins among all detected peptides in the
scaffold, with the sum of the remaining peptides labeled as “other”
(Fig. 2A). The composition of 6-week hiPSC-CF-ECM indicated that
fibronectin was the most abundant component in the ECM scaffold.
Moreover, ECM scaffold was analyzed for the expression of native
cardiac-specific fibrillar collagens (Fig. 2B), non-fibrillar collagens
(Fig. 2C), and matricellular proteins (Fig. 2D). This compositional
analysis revealed the presence of diverse fibrillar and non-fibrillar col-
lagens that were abundant in the 6-week hiPSC-CF-ECM.

Tensile testing of hiPSC-CF-ECM

The tensile strength of the 6-week hiPSC-CF-ECM was analyzed by
stretching along and across the aligned/anisotropic pattern, and
compared with random/isotropic ECM under wet state (Fig. 3A-B).
Stress-strain curve was used to calculate the young’s modulus,
maximum stress, and toughness (Fig. 3C). Among all groups, stretching
along-fibers of the ECM showed highest modulus (E = 1.0 + 0.27 MPa),
maximum stress (430.3 + 111.5 kPa), and toughness (268.6 + 184.7
kJ/m>) compared with stretching across-fiber in aligned pattern and
random-fibers in isotropic pattern (Fig. 3D-F). These results suggested
that 6-week hiPSC-CF-ECM is mechanically strong due to its sufficient
thickness and anisotropic organization.

hiPSC-CMs on hiPSC-CF-ECM scaffold

In order to assess the capability of ECM scaffolds in fostering in vitro
cell culture, hiPSC-CMs were grown on the 6-week hiPSC-CF-ECM for 7
days, followed by evaluation of cell morphology (Fig. 4). hiPSC-CMs
cultured on the hiPSC-CF-ECM arranged into a condensed and highly
oriented cellular assembly, aligning with the anisotropic orientation of
ECM nanofibers (Fig. S3), which resembles the structure of native heart
tissue. The cells also showed matured expression and organization of key
structural proteins, including SAA and F-actin, suggesting native-like
sarcomere structure. Moreover, hiPSC-CMs exhibited matured expres-
sion of functional proteins specific to native cardiomyocytes, such as
¢TnT and gap junction protein Cx43.

Contractile properties of hiPSC-CMs on hiPSC-CF-ECM

To evaluate the contractility functions, videos of beating hiPSC-CMs
were taken after 7 days of culture on 6-week hiPSC-CF-ECM scaffold.
Displacement vectors between reference and deformed frames were
identified across various fields of view, and maximum principal strain
values in the cardiomyocytes were calculated from the vectors. DIC-
based analysis revealed that hiPSC-CMs cultured on the 6-week ECM
scaffold exhibited a maximum principal strain variation of 0.009 +
0.005 throughout the beating cycle. The beating rate, measured by the
number of periodic maximum principal strain variation cycles during a
fixed time period, was determined to be 3.39 £ 0.15 s per beat. Sarco-
mere length of hiPSC-CMs, measured via two consecutive signals ob-
tained from immunofluorescence staining of SAA (Fig. 5A), showed a
length of 1.8 + 0.3 um in the 6-week hiPSC-CF-ECM. These findings
provided insights into the contractile capacity of hiPSC-CMs on ECM
scaffolds (Fig. 5B).
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Fig. 1. Morphology, thickness, DNA content and ECM macromolecules of hiPSC-CF-ECM (A) Immunofluorescence images of hiPSC-CF sheets and ECM reveal
anisotropic organization of key ECM proteins, collagen I (green), fibronectin (green), and cell nuclei via DAPI (blue). Scale bar: 50 um. (B) Quantification of DNA
concentration in hiPSC-CF sheets to estimate cell proliferation. Mean values are calculated from at least five technical replicates, based on three biological replicates.
Error bar, SD. *p < 0.05, **p < 0.01, ****p < 0.0001 by ordinary one-way ANOVA. (C) Quantification of DNA concentration in hiPSC-CF-ECM to determine
decellularization efficacy. Mean values are calculated based on three biological replicates. Error bar, SD. ns: p > 0.05 by ordinary one-way ANOVA. Comparison of
hiPSC-CF-ECM thickness at various culture duratlon via (D) collagen I and (E) fibronectin staining. Mean values are calculated from at least ten technical replicates,

based on three biological replicates. Error bar, SD. ****p < 0.0001 and ns: p > 0.05 by ordinary one-way ANOVA. (F) Representative Z-stack confocal images
showing measurement of hiPSC-CF-ECM thickness. Quantlﬁcatmn of (G) total collagen, (H) fibronectin, (I) elastin, and (J) sGAGs in hiPSC-CF-ECM scaffold after 6,
8, 10 weeks of culture. Mean values are calculated from at least three technical replicates, based on three biological replicates. Error bar, SD. ns: p > 0.05 by ordinary
one-way ANOVA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A Most abundant 20 proteins B
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Il 39.70% Fibronectin
23.80% Fibrillin-1
8.37% Basement membrane-specific heparan

sulfate proteoglycan core protein
5.45% Collagen alpha-1(XIll) chain
3.81% Transforming growth factor-beta-induced protein
3.63% Collagen alpha-3(VI) chain
2.60% Collagen alpha-1(IV) chain
1.80% Myosin-9
1.47% Histone H3
1.35% Collagen alpha-2(VI) chain D
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1.16% Collagen alpha-2(IV) chain
1.05% Laminin subunit alpha-5
0.93% Collagen alpha-1(VI) chain
0.76% Histone H4
0.75% Laminin subunit beta-1
0.74% Nidogen-1
0.44% Collagen alpha-2(l) chain
0.42% Prolargin
0.41% Laminin subunit gamma-1
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Cardiac-specific fibrillar collagens

Il 43.19% Collagen alpha-2(l) chain
Il 22.76% Collagen alpha-1(lIl) chain
Il 17.10% Collagen alpha-1(V) chain
Il 14.60% Collagen alpha-1(l) chain
[ 2.34% Collagen alpha-2(V) chain

Cardiac-specific non-fibrillar collagens

Il 35.06% Collagen alpha-1(XIl) chain
Il 23.42% Collagen alpha-3(VI) chain
Il 16.81% Collagen alpha-1(IV) chain
[ 8.70% Collagen alpha-2(VI) chain

Il 7.45% Collagen alpha-2(IV) chain

[ 6.01% Collagen alpha-1(VI) chain

Il 0.92% Collagen alpha-1(XVIIl) chain
Il 0.63% Collagen alpha-6(V) chain

[ 0.54% Collagen alpha-1(VIIl) chain
[ 0.31% Collagen alpha-1(XIV) chain
Il 0.08% Collagen alpha-5(IV) chain

I 0.07% Collagen alpha-1(XV) chain
Il 2.89e-003% Collagen alpha-1(X) chain
[ 1.03e-003% Collagen alpha-1(XXIl) chain

Cardiac-specific matricellular proteins

[ 61.41% Tenascin

= 16.85% Decorin

Bl 13.83% Periostin

[ 7.72% Thrombospondin-1
Hl 0.19% Biglycan

Fig. 2. Compositional evaluation of hiPSC-CF-ECM. Complete compositional evaluation of 6-week hiPSC-CF-ECM scaffolds via LC-MS including (A) most
abundance 20 proteins depicted via pie chart based on LFQ intensities of each protein to indicate their abundance within scaffold. The abundance of cardiac-specific
(B) fibrillar collagens, (C) non-fibrillar collagens, and (D) matricellular proteins using LFQ intensities from the LC-MS analysis. N = 3 biological replicates.

Discussion

In this study, hiPSC-CFs were cultured up to 10 weeks on micro-
patterned substrate and subsequently decellularized to create aligned
hiPSC-CF-ECM scaffold. Guided by contact guidance, hiPSC-CFs fol-
lowed the micro-grated pattern in response to topography-driven
alignment, where anisotropic surface pattern places lateral constraints
on focal adhesions and actin stress fibers, facilitating force generation
and directing specific cellular elongation and alignment [23]. Conse-
quently, an anisotropic hiPSC-CF-ECM structure was well preserved
even after the decellularization (Fig. 1A, S1). The anisotropic hiPSC-CF-
ECM nanofibers that replicate the geometric cues of the myocardium
facilitates the alignment of cardiomyocyte myofibrils (Fig. 4, S3), which
could enhance structural integrity, increase contractile performance,
and improved calcium metabolism [24,25].

One of the limitations of using cell-derived matrix is achieving suf-
ficient in vitro production of ECM for scaffold fabrication within a short
timeframe. In order to shorten the culture duration, previous studies
have implemented various additives or supplements to enhance the ECM
production. Macromolecular crowders such as Carrageenan, Ficoll or
dextran, have been proposed to promote matrix deposition by creating
confined spaces and restricting free diffusion to accelerate enzymatic
processes [26-28]. Nevertheless, these macromolecular crowders
interfere with cells and impede their alignment following underlying
topographical cues [27,28]. Additionally, the unavoidable retention of
crowding agent residuals after decellularization poses the risk of

immune responses upon subsequent implantation [28]. These potential
drawbacks could hinder the development of a biocompatible scaffold
capable of accurately mimicking the native cardiac structure. On the
other hand, ascorbic acid, which has been recognized for its ability to
improve collagen production [29,30], was included in our culture me-
dium. To examine whether the increased ascorbic acid concentration
improves ECM fabrication, the thickness of ECM deposited from hiPSC-
CFs cultured with different concentrations of ascorbic acid was
measured. However, no significant difference was observed across the
concentrations ranging from 50 to 200 pug/ml (Fig. S4). This implies that
increasing ascorbic acid concentration may not be a viable strategy,
possibly due to saturation of cellular uptake and regulated metabolism
[31].

The ECM deposition is correlated with cell proliferation, as indicated
by DNA quantification. The DNA content at the initial time points
increased with culture time from 2 weeks to 6 weeks (Fig. 1B), corre-
sponding to an increased ECM thickness (Fig. 1D-E). However, a
decrease of DNA was observed after 6 weeks of culture (Fig. 1B), coin-
ciding with the peak thickness of ECM deposition (Fig. 1D-F). This may
be attributed to the insufficient nutrients diffusion to sustain layers of
cell viability. Besides, when a higher cell seeding density was used to
further increase cell quantity, a similar trend was also observed that the
cell proliferation plateaued after 6 weeks (Fig. S5), and no difference in
cell proliferation was observed between different seeding densities.
These results suggested that extending the culture time represents a
feasible approach for improved ECM deposition before reaching the
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Fig. 3. Mechanical characterization by uniaxial tensile stretching of 6-week hiPSC-CF-ECM scaffold. (A) A setup for stretching hiPSC-CF-ECM using a tensile
testing device. (B) Gross morphology of 6-week hiPSC-CF-ECM cultured on aligned vs. random pattern substrate. Scale bar: 2 cm. (C) Stress-strain curves of hiPSC-
CF-ECM scaffolds oriented randomly, along the pattern and across the pattern. (D) Young’s modulus, (E) maximum stress, and (F) toughness of ECM scaffolds
quantified from the stress—strain curves. Mean values are calculated based on three biological replicates. Error bar, SD. ns: p > 0.05 by ordinary one-way ANOVA.

diffusion limit, while increasing cell seeding density appeared to be
inefficient. Notably, DNA residual of hiPSC-CF-ECM after long-term
culture was less than 50 ng/mg ECM dry weight (Fig. 1C), which has
met the standard for DNA remnant in decellularized biomaterials after
cell removal [32]. Furthermore, it is noteworthy that the ECM protein
yield during week 2 to week 6 displayed a high linearity (Fig. S2B),
corresponding to a production rate of 13.5 ug per day per 20,000 cells
seeded. To further investigate the dynamic of ECM fabrication, we
evaluated the “relative density” by dividing the protein yield of ECM by
its volume (surface area x thickness; Fig. S2C). The ECM density
increased from 2 to 6 weeks, indicating that protein secretion outpaced
thickness growth. Overall, the dynamic quantifications reveal that our
hiPSC-CF-ECM gradually becomes more compacted over the culture
period.

The thickness of the decellularized ECM is a critical factor in cardiac
patch engineering. While insufficient thickness compromises mechani-
cal support during patch preparation and may increase susceptibility to
tearing or damage during handling and implantation procedures,
excessive thickness poses a barrier for effective cell infiltration into the
matrix, hindering the integration of the native circulatory system. An
overly thick construct often requires pre-assembled microvasculature to
ensure adequate oxygen and nutrients perfusion for the survival of
implanted cells [33,34]. In the native heart, the average intercapillary
distance of microvasculature is 20 pm [35], which is close to the
observed thickness in our hiPSC-CF-ECM (Fig. 1F). This biomimetic
dimension suggests hiPSC-CF-ECM as a physiological relative tissue
structure that would allow sufficient oxygen and nutrient diffusion,
enhance cell viability, accelerate host integration, and promote
angiogenesis.

To recreate the complexity of the myocardium, it is important to
preserve the diverse proteomics in the scaffold. In the native adult

cardiac ECM, fibrillar collagen is constitutes about 70 % of the total
protein content. Basement membrane proteins (e.g. agrin, collagen IV,
perlecan, laminin, and nidogen) represent about 20 % of the ECM, while
matricellular proteins (e.g. collagen V-VI, fibronectin, periostin, fibulin,
emilin, thrombospondin, and lumican) account for 3-5 %. The
remaining 4 % comprises other structural protein, including proteo-
glycan and fibrous glycoproteins [36,37]. Our result showed that the
major ECM macromolecules were successfully retained in the hiPSC-CF-
ECM after decellularization (Fig. 1G-J), which only causes a moderate
loss of protein (as shown in our previous study [18]). More importantly,
cardiac ECM undergoes drastic physiological and pathological remod-
eling during development, where fetal or neonatal ECM contains
abundance of fibronectin, fibrillin, collagen VI, and periostin that are
replaced by collagen I, collagen III and laminin with age [38,39]. Such
differences in ECM composition between fetal and adult stages are
associated with declined cardiomyocyte proliferation during aging and
are key to developing an approach for maturing cardiomyocytes
[39,40]. Our LC-MS analysis demonstrated the high abundance of pro-
tein components enriched in native fetal cardiac ECM, including fibro-
nectin (37.7 %), fibrillin (23.8 %), and collagen VI (~5.91 %) within the
hiPSC-CF-ECM (Fig. 2A), which are crucial for maintaining the func-
tionality of the ECM scaffold [14] and supporting hiPSC-CM culture
(Fig. 5).

In addition to good morphological and compositional properties to
support cardiomyocyte function, the optimal ECM scaffold should also
recapitulate the mechanical properties of native myocardium for suc-
cessful transplantation of cardiac patch. The anisotropic mechanical
strength of healthy myocardium is given by its unique cellular and ECM
nanoscale arrangement [41]. While the along-fibers group exhibited
higher strength compared to across-fibers or random-fibers (Fig. 3),
these differences did not reach statistical significance. This phenomenon
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Fig. 4. Evaluation of native cardiomyocyte-specific structural and function protein organization in hiPSC-CMs cultured on hiPSC-CF-ECM. hiPSC-CMs
cultured on 6-week hiPSC-CF-ECM were oriented in aligned direction following ECM fiber anisotropy. hiPSC-CMs showed mature organization of key structural

and functional proteins including cTnT, Cx43, SAA, and F-actin. Scale bar 20 pm.
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Fig. 5. Evaluation of hiPSC-CMs contractile properties on 6-week hiPSC-CF-ECM scaffold. (A) Immunofluorescence staining-based sarcomere length mea-
surement. hiPSC-CMs on 6-week hiPSC-CF-ECM were stained with SAA to measure the distance between the two consecutive signals. Scale bar: 20 um (left) and 2 pm
(right). (B) Maximum principal strain, beating cycle, and sarcomere length of hiPSC-CMs on 6-week hiPSC-CF-ECM. N = 3 biological replicates. Results displayed as

mean =+ SD.

is likely attributed to fiber organization. The quantification of collagen
fiber alignment in the 6-week hiPSC-CF-ECM showed a peak at 89.25°
representing clear alignment. Nevertheless, a dispersion of 17.34° exists
(Fig. S1), suggesting that the 15 um-wide micropattern grooves resulted
in the formation of crossed nanofibers with a dispersion angle close to
15°. These crossed fibers provide the mechanical strength during across-
fibers stretching, leading to non-significantly different tensile strengths
in both directions. Furthermore, cardiac scaffold should be mechanical
strong, that is about 0.5 MPa of Young’s modulus reported in actively
contracting human heart tissue [42], to bear constantly preload from
blood filling the cavities during in vivo heart pulsation. Our hiPSC-CF-
ECM showed slightly higher Young’s modulus compared to the native

tissue, which might be attributed to the effects of buoyancy, hydration
or drying on the tissue during mechanical testing. Nevertheless, the
measured stiffness at the same scale as the literature value suggested
sufficient mechanical strength for cardiac patch applications. Besides,
the ECM fibers exhibited different rupture points during the stretching
test, resulting in a large variation in toughness measurement. This
observation indicated distinct load-bearing capacities among individual
fibers, suggesting that the ECM undergoes continuous remodeling under
tension.

To assess the effectiveness of hiPSC-CF-ECM in engineering cardiac
patches, hiPSC-CMs were cultured on the anisotropic hiPSC-CF-ECM and
showed improved phenotypic expression and maturation, including
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cTnT, SAA, Cx43, and F-Actin (Fig. 4). The contraction of the heart is
regulated by structural protein ¢TnT, which modulates the calcium-
dependent interaction between actin and myosin [43]. SAA contrib-
utes to the contractile strength of cardiac muscle fiber by engaging in
crosslinking with actin filaments, organizing the thin filaments into a
repetitive pattern [44]. The gap junction protein Cx43 creates channels
between neighboring cells, facilitating ion exchange and supporting
synchronized heart contraction by propagating action potentials [45].
While we have observed Cx43 at membranes between cells, perinuclear
labeling and cell surface expression of Cx43 are also present on hiPSC-
CMs. Although the mechanism governing Cx43 localization and func-
tion within the nucleus remains unclear, it has been suggested that this
expression may play roles in cardioprotection and in regulating cell
growth and differentiation [46]. Additionally, there are speculations
that changes in nuclear Cx43 levels alter the gene expression profile and
pathological phenotype of the heart during development and disease
[47]. The organization of structural and functional proteins present here
suggests that hiPSC-CF-ECM has the potential to facilitate the matura-
tion of hiPSC-CMs. Furthermore, highly aligned sarcomere structures
were observed in hiPSC-CM culture (Fig. 5A), which are the funda-
mental contractile units of myofibrils in cardiomyocytes. The measured
sarcomere length on the 6-week ECM closely resembled the length of
native sarcomeres (1.8 um) [48]. These results further confirmed that 6
weeks of culture is sufficient for hiPSC-CF-ECM fabrication as a cardiac
patch scaffold.

Conclusion

This study aimed to achieve an appropriate ECM deposition, scaffold
thickness and mechanical strength of a hiPSC-CF-ECM scaffold by
optimizing the culture time of hiPSC-CFs. Results indicated that the after
6 weeks of culture, the ECM derived from hiPSC-CFs not only exhibits
mechanically robustness but also incorporates essential cardiac-specific
bioactive molecules. Furthermore, this ECM scaffold facilitated the
matured organization of key cardiomyocyte-specific structural and
functional proteins of hiPSC-CMs, indicating its promise for cardiac
patch engineering.
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