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Extracellular matrices (ECM) obtained from in vitro-cultured cells have been given much attention, but its
application in cardiac tissue engineering is still limited. This study investigates cardiomyogenic potential of
fibroblast-derived matrix (FDM) as a novel ECM platform over gelatin or fibronectin, in generating cardiac cell
lineages derived from H9c2 cardiomyoblasts. As characterized through SEM and AFM, FDM exhibits unique
surface texture and biomechanical property. Immunofluorescence also found fibronectin, collagen, and laminin
in the FDM. Cells on FDM showed a more circular shape and slightly less proliferation in a growth medium.
After being cultured in a differentiation medium for 7 days, H9c2 cells on FDM differentiated into cardio-
myocytes, as identified by stronger positive markers, such as a-actinin and cTnT, along with more elevated gene
expression of Myl2 and Tnnt compared to the cells on gelatin and fibronectin. The gap junction protein
connexin 43 was also significantly upregulated for the cells differentiated on FDM. A successive work enabled
matrix stiffness tunable; FDM crosslinked by 2wt% genipin increased the stiffness up to 8.5 kPa, 100 times
harder than that of natural FDM. The gene expression of integrin subunit a5 was significantly more upregulated
on FDM than on crosslinked FDM (X-FDM), whereas no difference was observed for b1 expression. Inter-
estingly, X-FDM showed a much greater effect on the cardiomyoblast differentiation into cardiomyocytes over
natural one. This study strongly indicates that FDM can be a favorable ECM microenvironment for cardio-
myogenesis of H9c2 and that tunable mechanical compliance induced by crosslinking further provides a
valuable insight into the role of matrix stiffness on cardiomyogenesis.

Introduction

Regeneration of the function of injured myocardium
is one of the critical issues in cardiac tissue engineer-

ing. The use of pluripotent stem cell-derived cardiomyocytes
for cell transplantation to treat cardiac diseases has been in-
vestigated vastly and recognized as a very promising cell
source for cardiac cell therapy.1,2 Significant improvement
has been made in regard to the method of cardiomyocyte
differentiation, which mostly focused on the treatment of
specific growth factors and/or medium supplements during
the induction of cardiomyocyte differentiation.3,4 Another
approach in cardiomyocyte differentiation is the utilization of
extracellular matrix (ECM). One example is Matrigel, a sol-
ubilized protein extracted from mouse sarcoma that could
bring high purity and a large yield of cardiomyocytes by using
a sandwich of Matrigel to differentiate pluripotent stem cells,
highlighting the importance of ECM for cardiomyogenesis.5

However, Matrigel itself carries an obvious limitation for
clinical applications. In that sense, an ECM-based study of
cardiomyocyte differentiation has been barely investigated.

Among the main reasons are ineffectiveness and lack of proper
materials and tools. It is plausible that ECM-based strategies,
including novel materials, micropattern, and 3D architecture,
can find a variety of applications in the area of culture plat-
form, maintenance of differentiation, and cell transplantation.

In fact, ECM is a complex network of so many ECM
components and others, covering collagens, adhesion mole-
cules, proteoglycans, and even growth factors and cytokines.
It is well known that the unique structure of ECM plays a vital
role in determining cell adhesion, proliferation, differentiation,
polarity, and migration.6,7 Compared to the conventional
ECM materials, such as fibronectin, gelatin, or collagen, there
have been growing evidences on the effect of ECM, not only
derived from animal tissues but also from in vitro grown cells.
These ECM materials are decellularized ECMs and there are a
wide variety of applications in tissue engineering and stem
cell research.8–11 For example, the application of ECM scaf-
folds for mesenchymal stem cells (MSCs) where it supported
cell adhesion, cell proliferation, production of new ECM and
gave a stronger signal for chondrogenesis than conventional
pellet culture.10
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The utilization of ECM from in vitro cultured cells gives
several benefits than the one obtained from animal or human
tissues, such as a 2D culture platform for effective MSC
expansion in vitro, while maintaining their multipotency,
production of pathogen-free ECM, and the possibility of
combining different types of ECMs from various cell
sources,12 making this cell-derived matrix (CDM) a very
promising tool in the field of tissue engineering.

In this work, we have explored the potential application
of CDM as an ECM platform for cardiac tissue engineering.
Our hypothesis is that the CDM should provide a beneficial
microenvironment for cell adhesion, growth, and differen-
tiation, especially in the induction of cardiomyogenic dif-
ferentiation. In that sense, the fibroblast-derived matrix
(FDM) was evaluated for cardiomyogenesis by comparing it
against two most common ECM platforms, that is, gelatin
and fibronectin.13–15 The H9c2 cardiomyoblast, a permanent
cardiac cell line isolated from the embryonic rat heart tissue
that was fully characterized with morphological, biochemi-
cal, and electrophysiological features16 is employed as a
model cell in this work. H9c2 can differentiate into skeletal
and cardiac myocytes, with the latter induced by supple-
mentation of all-trans-retinoic acid (RA).17 The ability of
H9c2 to differentiate into cardiomyocytes has prompted
its use as a differentiation model in several studies.18–20

The primary interest of this work is to evaluate the potential
of CDM, specifically FDM, in cardiac tissue engineering.
Biophysical and biochemical properties of FDM were
assessed and followed by examination on cell adhesion,
proliferation, and differentiation of H9c2 toward cardio-
myocytes. Further study deals with a modified FDM; FDM
was crosslinked using genipin, a crosslinking agent to match
the mechanical compliance of heart tissue. Followed by
some characterizations of the modified FDM, the effect of
matrix stiffness on cardiomyogenic differentiation was also
investigated. We anticipate that this study will significantly
advance our understanding regarding H9c2 cardiomyoblast
behavior on tunable matrix environments.

Materials and Methods

Preparation of FDM, crosslinked FDM,
and ECM-coated substrates

Mouse fibroblasts (NIH3T3) were obtained from ATCC
(CRL-1658) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100U/mL penicillin, and 100mg/mL strepto-
mycin under a normal culture condition (5% CO2, 37�C). For
FDM preparation, fibroblasts were seeded (2 · 104/cm2) on
gelatin-coated glass coverslips for 5 days, washed with
phosphate-buffered saline (PBS), and decellularized using
0.25% Triton-X 100 and 50mM NH4OH (221228; Sigma).
After washed with PBS, they were treated with 50U/mL
DNase I (18047-019; Invitrogen) and 2.5 mL/mL RNase A
(12091-039, Invitrogen), and incubated at 37�C for 2 h. After
another washing with PBS thrice, the underlying matrix
(FDM) was used freshly or kept in PBS at 4�C for no longer
than 2 weeks. In addition, crosslinking reaction of FDMusing
2% (w/v) genipin (07803021;Wako) was carried out. Briefly,
a stock solution of 5% (w/v) genipin was prepared in dimethyl
sulfoxide (DMSO) and diluted to 2% with PBS. The genipin
solution was added to FDM, incubated at room tem-

perature, and the crosslinked FDM (X-FDM) was then
washed five times with PBS. For gelatin- and fibronectin-
coated substrates, glass coverslips (18 mm diameter) were
coated with gelatin (G-9391; Sigma) and fibronectin
(354008, BD Bioscience), respectively. They were placed
in a 12-well plate, immersed with 0.5% (w/v) gelatin for
30min or with 5 mg/cm2 fibronectin for 1 h, and air-dried
before use.

Characterization: AFM, SEM, and immunofluorescence

The surface morphology, topography, and mechanical
property of FDM were evaluated by using a Bio-atomic
force microscope (AFM, NanoWizard II JPK Instruments)
coupled with an inverted optical microscope (Nikon), as
described by a previous publication.21 Briefly, the com-
bined inverted optical stage helped precise lateral posi-
tioning of the AFM tip over the region of interest in target
materials. The scan size was adjusted to 100 · 100 mm2 to
accommodate typical surface features while maintaining a
high resolution. CONT-S sphere probes (400 nm radius;
Nanoworld Services GmbH) with 0.4 N/m force constant
were employed for surface imaging. The data obtained
from the Bio-AFM height scale images were used to cal-
culate the surface roughness of materials. Images were
processed using JPK software (v3.3.25). Young’s modulus
(E) of the substrates was also measured through a na-
noindentation method using a silicon nitride (Si3N4) can-
tilever (PT.SiO2.AU.SN.5) with the spring constant of
0.01 N/m. The E was subsequently determined by using
the Hertz’s contact model in JPK data processing software
( JPK instruments). For calculation of material stiffness,
the poison ratio was assumed 0.5, the ramp size was 1 mm,
and the loading speed was 1 mm/s. A series of indenta-
tion forces (0.5–10 nN) were tested to calibrate whether
the indentation depth was in the proper range between
20–200 nm to prevent substrate surface defects and hertz
model limitation.

Meanwhile, for scanning electron microscopy (SEM)
analysis, FDM was fixed in 4% formaldehyde for 30min at
room temperature, washed with deionized water (three
times), and dried over a series of ethanol gradients. Finally, it
was air-dried overnight before sputter coated with platinum
and then subjected to the observation under SEM (PhenomG2
Pro Desktop, Phenom World). For immunofluorescence
(IFS), FDM was fixed with 4% formaldehyde for 30min,
washed with PBS (3 times), blocked with 1% bovine serum
albumin (BSA) for 1 h at room temperature, and then incu-
bated with primary antibodies, mouse anti-fibronectin (SC-
8422; Santa Cruz Biotechnology), goat anti-type I collagen
(SC-25974; Santa Cruz Biotechnology), and goat anti-
laminin (SC-16588; Santa Cruz Biotechnology), respec-
tively, overnight at 4�C. After washed with PBS thrice, they
were incubated with secondary antibodies, Alexa Fluor 488-
conjugated goat anti-mouse IgG (A11001; Invitrogen) or
Alexa Fluor 594-conjugated donkey anti-goat IgG (705-585-
003; Jackson Immunoresearch), for 1 h at room temperature.
Those samples were rinsed again with PBS and mounted in
a mounting medium, with DNA-specific 4¢, 6-diamidino-
2-phenylindole (DAPI; H1200; Vector Lab.) treatment.
Fluorescence was observed using a confocal laser scanning
microscope (Olympus Fluo View FV1000).
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Cardiomyoblast (H9c2) and primary rat
cardiomyocyte cultures

Rat cardiomyoblasts (H9c2) (CRL-1446, ATCC) were
seeded (1 · 104 cells/cm2) and cultured in DMEM. For H9c2
differentiation, they were initially supplemented with 10%
FBS (growth medium, GM) for 3 days and switched to
the differentiation medium (DM; 1% FBS and 50 nM all-
trans-retinoic acid [RA, R2625; Sigma]) for 7 days. RA was
added daily in the DM and the medium was changed every
other day. Meanwhile, to obtain a positive control of car-
diomyoblast differentiation, the heart ventricles of Sprague-
Dawley rats (1–3 day-old) were aseptically harvested,
washed with Hank’s balanced salt solution (24020-117;
Gibco), and digested with 100U/mL collagenase (17101-
015; Gibco) solution containing 0.6mg/mL pancreatin
(P3292; Sigma). The isolated cardiac cells were further
purified by using a preplating method and cultured in the
same condition as described in the GM. The rat cardio-
myocytes were identified with an active beating under a
microscopic observation.

Cardiomyoblast viability and proliferation assay

Cell viability on different ECM substrates was deter-
mined using the LIVE/DEAD Viability/Cytotoxicity Kit
(MP03224; Invitrogen) according to the manufacturer’s
instruction. Briefly, cells (three replicates in each group)
were cultured for 1 day before the medium was aspirated,
then incubated with the LIVE/DEAD solution for 30min at
37�C, and mounted on glass coverslip. Live and dead cells
were identified in green and red signals, respectively, under
a fluorescent microscope (CKX-41, Olympus). For cell
proliferation assay, H9c2 were seeded on gelatin- and fi-
bronectin-coated glass coverslips and FDM at a density of
1 · 104 cells/cm2 (n= 3) and cultured in GM for 3 days. The
medium was then switched to DM and maintained for an-
other 7 days. Cell proliferation was assessed during cultures
in the GM at day 1 and 3 and in the DM at day 3 and 7,
respectively, by using the Cell Counting Kit-8 (Dojindo;
CK04). Briefly, the CCK-8 solution (100mL) was added to
the media in the culture well (1000 mL) and incubated for
1.5 h at 37�C. After then, 100 mL aliquot of the media was
aspirated and used for absorbance reading at 450 nm using
Multiskan microplate reader (Thermo Scientific).

IFS of focal adhesion and cardiomyogenic markers

To observe focal adhesion (FA) and evaluation of the
differentiation of H9c2 cells into cardiomyocytes, several
antibodies were employed for IFS. Briefly, H9c2 cells were
washed with PBS, fixed with 4% formaldehyde for 30min at
room temperature, permeabilized with 0.1% Triton-X 100,
and blocked with 1% BSA for 1 h at room temperature. For
each step, samples were washed thrice with PBS. They were
then incubated with primary antibodies overnight at 4�C,
washed with PBS, and incubated with secondary antibodies
for 1 h at room temperature. Final washing was done before
the samples were mounted in a mounting medium with
DAPI (H1200; Vector Lab.). Fluorescence image was ob-
served using a microscope or a confocal laser scanning
microscope. Rhodamine phalloidin (R415; Life Technol-

ogy) was used for F-actin staining. Primary antibodies,
mouse monoclonal anti-vinculin (sc-73614; Santa Cruz),
mouse monoclonal anti-sarcomeric a-actinin (ab9465; abcam),
and mouse monoclonal anti-cardiac troponin T (ab8295;
abcam), were employed to detect vinculin, sarcomeric a-
actinin, and cardiac troponin T (cTnT), respectively, along
with the treatment of secondary antibody, Alexa Fluor 488
goat anti-mouse (A11001; Life Technology). Primary anti-
body rabbit polyclonal anti-connexin 43 (ab11370; abcam)
and secondary antibody rhodamine red-X goat anti-rabbit
(R6394, Invitrogen) were also administered for a gap junction
protein, connexin 43 (Cx43) staining. Meanwhile, quanti-
tative analysis of positive fluorescence signals was carried
out using ImageJ software (NIH). Information related to cell
morphology, such as cell area and circularity, was assessed
by manually drawing cell borders and processing them
through ImageJ. Morphological values ranged from 0 (elon-
gated polygon) to 1 (perfect circle). The averages and stan-
dard deviations were obtained out of three replicates in each
group. Analysis for vinculin staining was carried out by
selecting positively stained cells (green). Each experi-
mental group contained three replicates and we randomly
selected 20 cells (average six to seven cells per replicate)
in total for image analysis. Cardiomyogenic differentiation
markers, a-actinin and cTnT, and gap junction protein,
Cx43, were also analyzed based on the number of cells
positively stained and those numbers were then normal-
ized to the total number of cells in a given area (700 ·
525 mm2) of each image. Each test group has three repli-
cates and five random images were chosen per replicate
and analyzed.

Quantitative PCR: integrin and cardiomyogenic markers

Total RNA was extracted from H9c2 cells (n = 3, each
group) using TRIzol (15596-026; Life Technology) fol-
lowing the manufacturer’s instruction. The concentration
and purity of the extracted RNA were determined through
the absorbance reading at 260 and 280 nm, respectively,
using the Multiskan microplate reader. Afterward, cDNA
was synthesized using oligo primer (25081; Intron Biotech.)
following the manufacturer’s instruction at 45�C for 60min
and the RTase inactivation step at 95�C for 5min in the PCR
instrument (Takara; PCR thermal cycler). The obtained
samples were further processed using RealMOD Green
Real-time PCR Master mix kit (25343; Intron Biotech.) and
then subjected to amplification in a qPCR instrument (Ap-
plied Biosystems; Real-Time PCR System 7500). Primers
used for integrin expression are as follows: integrin a5 (a5;
F-AGTCCTGAAATGCCCTGAAGC, R-GAAGGCTGAA
CGGCTGGTAT), integrin b1 (b1; F-CCAAGTGGGAC
ACGGGTGAA, R-CTTGGTGTTGCAAACTCCGC), and
GAPDH (F-ATGGTGAAGGTCGGTGTAA, R-TCCACAG
TCTTCTGAGTGGC). On the other hand, primers for car-
diomyogenic markers are selected based on the previous
report20: actin alpha 1 cardiac muscle (Actc1; F-ATGATGC
TCCCAGAGCTGTC, R-TGTCGTCCCAGTTGGTGATA),
myosin regulatory light chain 2, ventricular/cardiac isoform
(Myl2; F-AAAGAGGCTCCAGGTCCAAAT, R-CCTCTC
TGCTTGCGTGGTTA), and cardiac muscle troponin T
(Tnnt; F-GCGGAAGAGTGGGAAGAGACA, R-CCACAG
CTCCTTGGCCTTCT).
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Statistical analysis

All data presented are mean– standard error. Statistical
analysis was performed using GraphPad prism 5 (GraphPad
Software, Inc.). One-way ANOVA with a post hoc Tukey’s
multiple comparison test was used for three experimental
groups (gelatin, fibronectin, and FDM). Student t-test was
applied for two test groups (FDM and X-FDM). Statistically
significant difference was denoted as *(p<0.05), **(p<0.01),
or ***(p<0.001).

Results

Biophysical properties of gelatin, fibronectin, and FDM
were analyzed using AFM (Fig. 1A, B). While root mean
square (RMS) roughness of gelatin and fibronectin was
14.78–2.25nm and 8.61–1.32 nm, respectively, that of FDM
was 188.24– 25.96nm. This suggests a huge difference of
surface topography: both gelatin and fibronectin possess a very
smooth surface, but FDM has a much rough one. The matrix
stiffness of each substrate was also examined using AFM (Fig.
1C). Fibronectin (266–62 Pa) showed the highest value of
Young’s modulus in comparison to that of gelatin (176– 28
Pa) or FDM (73–29 Pa). Further investigation of the surface
texture of FDM exhibits a fibrillar matrix structure as observed
through SEM (Fig. 1D). In addition, major components of
FDM (fibronectin, collagen I, and laminin) were also identified
by means of an immunofluorescent staining (Fig. 1D).

To assess the morphological characteristics of H9c2
cardiomyoblasts on gelatin, fibronectin, and FDM, cells

were cultured in the growth medium (GM) or differentiation
medium (DM). They were then subjected to F-actin phal-
loidin staining at GM3 and DM7, respectively. Cell mor-
phology was significantly different from the cells cultured in
either the GM or DM condition (Fig. 2A). They showed a
polygonal shape in GM but exhibited a highly elongated
morphology in DM. From the quantitative analysis, while
there was little difference in cell area at GM3, cells on FDM
have a much larger area (1693 – 554.4 mm2) compared
to those on gelatin (1246 – 369.7 mm2) at DM7 (Fig. 2B).

Cell circularity exhibited a relatively higher circularity
(0.54– 0.14) on FDM at GM3 compared to that of gelatin
(0.34– 0.10) and fibronectin (0.44 – 0.11) (Fig. 2C). It is
interesting that cell circularity significantly reduced when
the medium condition was switched to DM7. The percent-
age of reduction was also notable with FDM compared to
that of gelatin. In addition, cell proliferation assay showed
that while in GM conditions cell numbers continuously in-
creased with time in all the groups and those in DM con-
ditions revealed a slight or little change with time (Fig. 2D).
The cells on FDM showed a relatively lower proliferation
activity compared to the other groups in both GM and DM
conditions.

Assessment on H9c2 cardiomyoblast differentiation on
gene and protein levels was carried out. DM consists of 1%
FBS and daily supplementation of 50 nMRA for 7 days. Some
of the cell populations were positively stained with cardiac
differentiation marker proteins, such as a-actinin and cardiac
troponin T (cTnT) (Fig. 3A), along with no positive signals

FIG. 1. Characterization of extracellular matrix (ECM) substratum. (A) Substrate topography as measured by AFM. The
size of AFM image is 100· 100mm2 with color bars on the side. (B) Quantitative analysis of root mean square roughness.
(C) Measurement of substrate stiffness (Young’s modulus). (D) SEM and immunofluorescence (IFS) images of fibroblast-
derived matrix (FDM) showing a fibrillar structure and major ECM proteins. Scale bars for SEM and IFS are 10 mm and
100 mm, respectively. Statistical significance (***p < 0.001). Color images available online at www.liebertpub.com/tea
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for the cells before the induction of differentiation at GM3
(Fig. 3A, insets). The differentiated cardiomyoblasts were
morphologically elongated and multinucleated. In addition,
when primary neonatal rat cardiomyocytes were also exam-
ined with the same markers, they also displayed the same
positive signals as identified in the differentiated H9c2 (Fig.
3B). Quantitative analysis of the positive markers was carried
out based on the ratio between the number of nuclei positive to
cardiac markers and the total number of nuclei (Fig. 3C).

Interestingly, FDM exhibited a significantly higher percent-
age of positive cells compared to that of gelatin or fibronectin;
differentiation marker of a-actinin on FDM (31.4% – 8.30%)
is more strongly expressed than gelatin (18.7% – 8.30%) or
fibronectin (12.6%– 2.15%). Additionally, the protein ex-
pression level of cTnT was also greatly improved with FDM
(28.2 – 3.56) compared to that with gelatin (18.1 – 4.13) or
fibronectin (15.9– 6.11). Taken together, the cardiomyogenic
differentiation efficiency of a-actinin was 1.7- and 2.5-fold

FIG. 2. Comparison of cell
morphology, cell area, circu-
larity, and cell numbers of
H9c2 cardiomyoblasts in
growth medium (GM) and
differentiation medium
(DM). (A) F-actin (red)
staining of H9c2 cultivated
on gelatin, fibronectin, and
FDM at GM3 and DM7, re-
spectively, with nuclei
stained by DAPI (blue). (B,
C) Quantitative analysis of
cell area and circularity at
GM3 and DM7 based on IFS
image analysis using ImageJ.
(D) H9c2 proliferation on
gelatin, fibronectin, and FDM
for specific periods in GM
and DM, respectively.
Statistical significance
(*p < 0.05, **p < 0.01, and
***p< 0.001). Color images
available online at www
.liebertpub.com/tea

FIG. 3. H9c2 cardiomyo-
blast differentiation into car-
diomyocytes on gelatin,
fibronectin, and FDM at DM7.
(A) IFS of a-actinin and cTnT
(both shown in green) and
nuclei stained with DAPI
(blue). Insets are the cells be-
fore the induction of differen-
tiation at GM3. Scale bars in
all images (including insets)
are 100mm. (B) IFS of pri-
mary cardiomyocytes (CM) as
a positive control stained with
a-actinin and cTnT, respec-
tively, and nuclei stained with
DAPI (blue). Scale bar= 50
mm. (C) Quantitative analysis
of nuclei positive for a-actinin
and cTnT at DM7 based on
IFS image analysis using Im-
ageJ. Data collected from five
random IFS images. Statistical
significance (*p< 0.05,
**p< 0.01). Color images
available online at www
.liebertpub.com/tea
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higher with FDM, and similarly, it was 1.6- and 1.8-fold
greater for cTnT compared to that of gelatin and fibronectin,
respectively.

Cardiomyogenic differentiation of H9c2 was also exam-
ined at DM7 through gene expression of some cardiomyo-
genic markers: actin alpha cardiac 1 (Actc1), myosin light
chain 2 (Myl2), and cardiac muscle troponin T (Tnnt). The
results presented that H9c2 cells undergoing the differenti-
ation on FDM could be upregulated 2.6- and 5.3-fold more
in the expression of Myl2 than on gelatin and fibronectin,
respectively (Fig. 4). Another gene expression of Tnnt also

elevated significantly 1.4- and 4.6-fold higher on FDM,
compared to the two counterpart ECM substrates. The ex-
pression of Actc1, however, showed little difference among
the test groups. In addition, synthesis of an important mat-
uration marker of cardiomyocytes, connexin 43 (Cx43), a
gap junction protein was also monitored. While some cells
were Cx43 positive on the given ECM substrates, their in-
tensity and distribution were significantly different among
the test groups; FDM held much more Cx43-positive cells,
as contrasted with those on gelatin and fibronectin, both at
GM3 and DM7 (Fig. 5A). As a positive control, primary
neonatal cardiomyocytes were also Cx43 positive (Fig. 5B).
Quantitative analysis indicated that percentages of Cx43-
positive cells at GM3 were 33.8% – 4.5% (FDM), 22.2% –
7.1% (gelatin), and 18.4% – 3.3% (fibronectin), whereas
at DM7 were 48.9 – 5.8 (FDM), 23.2 – 11.3 (gelatin), and
34.3 – 12.4 (fibronectin) (Fig. 5C).

Furthermore, to investigate the effect of matrix stiffness
in cardiomyogenic differentiation of H9c2, FDM was sub-
jected to a chemical crosslinking using 2% genipin solution.
As a result, crosslinked FDM (X-FDM) exhibited an in-
creased Young’s modulus of 8507 – 1696.4 Pa, significantly
larger than that of FDM itself (72 – 29.1 Pa), as determined
by AFM (Fig. 6A). The surface roughness also changed
from 188.24– 25.96 (FDM) to 336.20 – 28.92 (X-FDM).
Cell viability assay revealed that cells on X-FDM were
as comparable in their viability as the one on FDM (Fig.
6B). From the analysis of cell morphology, it was interesting
that the cell area on X-FDM increased with time from GM1
to GM3, whereas the cell area on FDM rather decreased in
the given time period (Fig. 6C, D). The difference of cell
area was insignificant at DM7 between FDM and X-FDM.
Assessment of cell circularity demonstrated that there was
little difference between them in both the growth and dif-
ferentiation medium conditions (Fig. 6E). Cell proliferation

FIG. 4. Relative gene expression level of differentiating
H9c2 cardiomyoblasts into cardiomyocytes on gelatin, fi-
bronectin, and FDM at DM7 compared to the one at GM3.
Cardiomyogenic marker genes are actin alpha cardiac 1,
myosin light chain 2, and cardiac muscle troponin T (Actc1,
Myl2, and Tnnt, respectively). Statistical significance
(*p < 0.05, **p < 0.01, and ***p < 0.001).

FIG. 5. (A) Expression of gap junction protein, connexin 43 (Cx43, red) on gelatin, fibronectin, and FDM at DM7. Nuclei
are stained with DAPI (blue). Insets are the cells before the induction of differentiation at GM3. Scale bars = 100mm. (B)
IFS of primary cardiomyocytes as a positive control stained with Cx43 and nuclei stained with DAPI (blue). Scale bars are
50 mm. (C) Quantitative analysis of nuclei positive for Cx43 at GM3 and DM7 based on IFS image analysis using ImageJ.
Data collected from five random IFS images. Statistical significance (*p < 0.05, **p < 0.01). Color images available online at
www.liebertpub.com/tea
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assay in the GM condition found that while the cell num-
ber on FDM climbed significantly at GM3, on X-FDM
was much smaller and rather constant with time (Fig. 6F).
Interestingly, as the medium was switched to DM after 3
days of culture in GM (GM3), cell proliferation was very
active on X-FDM at DM3, but stable on FDM at the same
condition.

In addition, we have also investigated H9c2 cell adhesion
on FDM and X-FDM through analysis of focal adhesion
molecule (vinculin) and gene expression of a5 and b1 in-
tegrins. IFS staining of vinculin and F-actin, after cultured
for 24 h in GM, shows that each cell on FDM has a sig-
nificantly larger area of vinculin and a greater amount of
focal adhesion molecule compared to that on X-FDM (Fig.
7A–C). To provide a further insight on cell adhesion, when
gene expression of a5 and b1 integrin subunits was evalu-
ated, the expression of a5 was significantly upregulated on
FDM compared to that on X-FDM, but no appreciable dif-
ference was observed for b1 (Fig. 7D). In a parallel study,
induction of cardiomyogenic differentiation of H9c2 cells
at DM7 was also carried out using FDM and X-FDM.
Cardiomyogenic protein markers, a-actinin and cTnT, were
positively stained for both groups (Fig. 8A, B). Interestingly
enough, quantitative assessment proved that much more
positive signals were detected on X-FDM compared to
those on FDM (Fig. 8C); the percentages of a-actinin and
cTnT-positive nuclei were 2.2- and 1.6-fold higher, re-

spectively, with X-FDM than with FDM and the difference
was statistically significant.

Discussion

ECM with its unique biophysical and biomechanical
properties would provide an excellent microenvironment
for cell adhesion, proliferation, and differentiation. Previous
works in our group showed that CDM, especially FDM, was
very efficient for MSC differentiation into osteogenesis
in vitro.22 In another study using human umbilical vein
endothelial cells, both FDM and preosteoblast-derived ma-
trix were excellent in forming an assembly of capillary-like
structure and in inducing a significant matrix remodeling for
vasculogenesis.23 Those experiences have prompted us to
explore the potential of FDM as a novel culture platform for
H9c2 cardiomyoblasts; a cell line isolated from embryonic
rat heart tissue described in length by Hescheler et al.16 In
fact, many studies have shown that ECM plays a significant
role in cardiomyocyte differentiation.5,24,25 Hence, in this
study, we have investigated the benefits of FDM in cellular
behaviors of H9c2 cardiomyoblasts, primarily focusing on
their differentiation into cardiomyogenic cells. H9c2 cells
were used to provide an initial assessment of FDM on car-
diomyogenesis for the following reasons: (1) H9c2 cells,
while a cell line, are widely accepted as a model for car-
diomyogenic differentiation and (2) the homogenous nature

FIG. 6. (A) Substrate stiffness defined as Young’s modulus for FDM and crosslinked FDM (X-FDM). (B) Cell viability
assay of H9c2 cardiomyoblasts cultured on FDM and X-FDM for 24 h in GM; viable cells (green) and dead cells (red).
Orange color in X-FDM is an autofluorescence of X-FDM under blue light filter in a fluorescence microscope. Scale bars
are 200 mm. (C) F-actin (red) staining of H9c2 on FDM and X-FDM and nuclei stained with DAPI (blue). Scale bars are
100 mm (GM1 and GM3) and 200mm (DM7). (D, E) Quantitative analysis of cell area and circularity based on IFS image
analysis using ImageJ. (F) H9c2 proliferation assay on FDM and X-FDM. Statistical significance (**p < 0.01 and
***p< 0.001). Color images available online at www.liebertpub.com/tea
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of H9c2 cells, relative to primary cells, allows us to
clearly delineate the effect of FDM and modified FDM
(X-FDM) on cardiomyogenesis. As documented in this
study with multiple results, FDM can be a useful platform
toward cardiomyocyte differentiation of H9c2 compared

to the common ECM materials, such as gelatin and fibro-
nectin.

The differentiation of H9c2 cardiomyoblasts into cardio-
myocytes was primarily confirmed by using IFS and gene
expression. Stained against antibodies of a-actinin and

FIG. 7. Focal adhesion (FA) and
integrin expression analysis of
H9c2 cardiomyoblasts on FDM and
X-FDM after 24 h of culture in
growth medium. (A) IFS of vincu-
lin (green) and F-actin (red) with
nuclei stained by DAPI (blue).
Scale bars = 50 mm. (B, C) Quanti-
tative analysis of FA area and
amount of vinculin per cell based
on IFS image analysis using Im-
ageJ. (D) Gene expression level of
integrin subunits, a5 and b1, nor-
malized to that of the cells cultured
on TCP. Statistical significance
(*p < 0.05, **p < 0.01, and ***p<
0.001). Color images available on-
line at www.liebertpub.com/tea

FIG. 8. H9c2 cardiomyoblast differentiation into cardiomyocytes on FDM and X-FDM at DM7. (A) IFS of a-actinin and
(B) cTnT (both shown in green), along with nuclei stained with DAPI (blue). Insets show the cells before the induction of
differentiation at GM3. (C) Quantitative analysis of nuclei positive for a-actinin and cTnT based on IFS image analysis
using ImageJ. Data collected from five random IFS images. Statistical significance (**p< 0.01 and ***p< 0.001). Color
images available online at www.liebertpub.com/tea

CARDIOMYOBLAST ON TUNABLE EXTRACELLULAR MATRIX 1947



cTnT, the differentiated H9c2 exhibited positive signals the
same to those observed on primary cardiomyocytes. Besides
a-actinin and cTnT, another important protein in cardiac
cells is connexin, which gives rise to a gap junction for
intercellular communication through electrical and meta-
bolic coupling between adjacent cells.26 Cx43 is the major
component of gap junction proteins in the heart that is de-
velopmentally regulated. During the embryonic stage of
mouse cardiomyocytes, the expression of Cx43 increases as
the developmental step proceeds,27 indicating the critical
role of this protein for cell maturation and function of
synchronized beating. An upregulated expression of Cx43 is
also correlated to the promotion of muscle differentiation in
C2C12 myoblast.28 The results (Fig. 5) display that before
the cardiomyogenic induction, some cell populations are
Cx43 positive, even in the GM condition (GM3), indicating
that these cells are cardiac tissue origin. Another reason
seems that given substrates may prime the cells for cardiac
differentiation by increasing Cx43 expression at GM3 (Fig.
5C). Cells on FDM present a much advanced level of Cx43-
positive cells at GM3 compared to that of gelatin and fi-
bronectin, and the percentage continuously increases with
FDM and fibronectin in DM7. Interestingly, H9c2 cardio-
myoblasts on gelatin were rather constant in the expression
level of Cx43 even in the differentiation medium condition.

However, one important feature that is missing from
differentiated H9c2 is the formation of sarcomeric structure.
This may explain the lack of beating activity of the resulting
cardiomyocytes. In addition, even with a significantly in-
creased gene expression related to cell contraction (Myl2
and Tnnt)29,30 on FDM, it seems that current upregulation of
such genes is insufficient to prove functional contractility of
differentiated H9c2. Information about Myl2 protein ex-
pression that is lacked in this study might give a better
insight, along with cTnT expression as shown in Figure 3.
Many researchers have been unsuccessful in differentiating
H9c2 into functional cardiomyocytes.17,20 Therefore, while
functional tests are critical, they are not a major focus in the
current investigation. Because the contractility of cardio-
myocytes is related to L-type calcium channels and con-
nexin 43 (Cx43),31 an upregulated level of Cx43 on the
FDM might indirectly implicate cardiac functionality.

It is generally accepted that the importance of ECM is due
mainly to the fact that ECM directly interacts with cells and
controls their fate through modulating such properties, that
is, matrix structure, matrix elasticity, matrix composition,
and matrix-reserved growth factors.6,32 It is also well known
that cells have the ability to sense micro- and even na-
noscale geometric cues from their microenvironments and
as a result, presentation of specific matrix cue is extremely
critical to properly manipulate a cell differentiation path-
way.33,34 The current FDM model holds multiple intrinsic
cues at a time, clearly distinguished from gelatin or fibro-
nectin. For example, as the FDM contains fibronectin, colla-
gen I, and laminin, this combined ECM component may
present a huge impact on how cells differentiate.35 In fact, the
ECM components are not restricted to these proteins; there are
more in FDM, including vitronectin and collagen II and IV,22

and other minor components such as perlecan, fibulin-2, and
emilin-1 (data not published). Another cue is a unique surface
topography due to the fibrillar structure of FDM compared
to very smooth gelatin and fibronectin. Surface topography

would provide an advanced microenvironment for mainte-
nance of differentiated state of cardiomyocyte36 and also a
regulatory cue in stem cell differentiation.37

All of these innate properties of FDM give improved cell
behaviors compared to those on gelatin or fibronectin. It is
notable that direct comparison of FDM- and ECM-coated
substrates would be difficult, because FDM is significantly
different from those in their intrinsic properties (e.g., ligand
density, substrate thickness, and stiffness). For example, the
stiffness of gelatin and fibronectin is much greater than that of
FDM (Fig. 1C). Indeed, given the multifaceted nature of cell-
derived ECM, it is very challenging to control a single pa-
rameter of ECM. Despite such challenges, early studies that
focus on a single ECM protein to investigate the role on
cellular behavior are too limited and simplified in mimick-
ing a natural cellular ECM microenvironment where various
biochemical components are interactive with each other. Re-
cently, combinatorial effects of multiple ECM proteins (Col I,
FN, and Col IV) were investigated for human embryonic stem
cell (hESC) differentiation in a 3D hydrogel form.38

Another interesting finding in this study is that H9c2
differentiation is further improved with the changes of
substrate stiffness. We have tested the effect of crosslinking
on matrix stiffness of FDM if matrix stiffness control would
provide an additional advantage to the current system. The
genipin-crosslinked FDM significantly increased the aver-
age stiffness of FDM up to 8.5 kPa, which corresponds to
the reported stiffness for myogenic differentiation of naive
MSCs.39 Once genipin was chosen as a crosslinking agent
due to its lower cytotoxicity,40 our results (Fig. 6) indicate
that except matrix stiffness, the crosslinked FDM is not
much different with noncrosslinked FDM in terms of cell
viability and morphology. On the other hand, the suppressed
proliferation for cells on X-FDM gives another favorable
correlation in increasing cell differentiation as mentioned
earlier. As a result, enhanced matrix stiffness becomes a
great advantage in inducing cardiomyogenic differentiation
compared to rather soft matrix. Although there is a report
that substrate stiffness could affect MSC fate,39 current
finding is the first to demonstrate cardiomyogenic differen-
tiation of H9c2 cardiomyoblasts, in which matrix stiffness is
a major contributor.

It should be, however, addressed that since H9c2 are not
primary cells, it is of particular interest to evaluate how the
current data are applicable to primary cardiac cells. Vali-
dating the present results using primary cardiac progenitors
should provide a greater insight into the clinical relevance of
FDM and X-FDM. Preliminary works in our group showed
excellent cell adhesion of neonatal rat-derived cardiomyo-
cytes and hESC-derived cardiomyocytes onto FDM (data
not shown). In addition, compared to Matrigel, a stronger
expression of cardiomyocyte-specific maker (cTnT) was
observed with the hESC-derived cardiomyocytes cultured on
the matrix in a defined condition. We anticipate that further
comprehensive studies will make clear the role of varying
matrix properties (e.g., natural and crosslinked) on the im-
provement of hESC-derived cardiomyocyte differentiation
and functionality.

The mechanism behind such FDM performances for
cardiomyogenic differentiation would have huge implica-
tions in cardiac tissue engineering. Indeed, while many
previous studies using different cell types have reported the
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positive effects of CDM, few show the exact mechanism
in a comprehensive manner. Rather, many features of
ECM (e.g., composition, topography, stiffness) have been
examined separately.35,37 Since this study indicated the
impact of matrix stiffness on cardiomyogenesis, a mechan-
osensing-related target (i.e., nonmuscle myosin II) can be a
major interest in the future work. It is speculated that as
matrix stiffness increases, cells alter the nonmuscle myosin
expression to produce greater forces on the actin cytoskel-
eton, which would be necessary to deform a stiffer matrix.39

Cell adhesion is a very early cell behavior making specific
interactions between the cell and ECM. Vinculin is one of
the focal adhesion (FA) proteins that are connected to the
actin cytoskeleton and deliver cell adhesion-related signals
to the nucleus. Because expression of integrin and vinculin
often correlates in a linear relationship,41 studying integrin
and vinculin expression would be a first step to understand
how the cells sense microenvironments with different matrix
stiffnesses.

Results at GM1 (Figs. 6D and 7B) present a correlation
between the cell area and vinculin assembly; larger cell
spreading increases the vinculin area.42 Interestingly, the
vinculin assembly for cells on X-FDM is much lower than
those on FDM, which indicates a less cell–matrix interaction.
It is interesting to note a recent study showing the relation-
ship between FA molecules and cardiomyocytes using a
simple model43; as two cardiomyocytes become mature, the
level of FA expression decreases, thereby indicating that
cell–cell interactions are becoming dominant, while the cell-
ECM interactions are turning minor. Hence, the less cell–
matrix interaction for cells on X-FDM may even further help
the maturation state on the resulting cardiomyocytes. Since
cell–matrix interaction is mainly through integrin binding to
ECM, upregulated vinculin assembly on FDM is explained
by a higher a5 integrin level41 compared to that on X-
FDM, even though another integrin subunit, b1, shows
little difference between the two groups.

In addition, cell geometry is another factor that can affect
cell commitment to a certain lineage.44 Specifically, H9c2
morphology has demonstrated to affect H9c2 behavior and
differentiation.20,45 Furthermore, it has shown that immature
cardiomyocytes are circular in morphology, while mature
cells are rod shaped.46 From this perspective, we have
looked at cell morphology as one potential parameter in
assessing the cellular responses on different microenviron-
ments. It seems that current results are premature to claim a
strong correlation between morphological features and cell
differentiation.

Conclusions

In this study, we have investigated the feasibility of
FDM as a promising ECM platform for the induction of
cardiomyogenic differentiation of H9c2 cardiomyoblasts.
Based on the current data, FDM with its unique intrinsic
properties (component, topography, stiffness) can give rise
to a microenvironment that supports much improved dif-
ferentiation and maturation capability of H9c2 cardio-
myoblasts over gelatin or fibronectin. Interestingly, H9c2
cardiomyoblast differentiation was very sensitive in re-
sponse to the change of matrix stiffness, preferring a stiffer
matrix microenvironment. Our work suggests that FDM

has a great potential as a tunable ECM platform to study
cardiomyogenesis compared to conventional gelatin or
fibronectin substrates.
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