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Abstract
Background/Aims: Decellularized cardiac extracellular matrix (cECM) has been widely
considered as an attractive scaffold for engineered cardiac tissue (ECT), however, its application
is limited by immunogenicity and shortage of organ donation. Skeletal ECM (sECM) is readily
available and shows similarities with cECM. Here we hypothesized that sECM might be an
alternative scaffold for ECT strategies. Methods: Murine ventricular tissue and anterior tibial
muscles were sectioned into 300 mm-thick, and then cECM and sECM were acquired by
pretreatment/SDS/TritonX-100 three-step-method. Acellularity and morphological properties
of ECM was assessed. SECM was recellularized with murine embryonic stem cells (mESCs)
or mESC-derived cardiomyocytes (mESC-CMs), and was further studied by biocompatibility
assessment, immunofluorescent staining, quantitative real-time PCR and electrophysiological
experiment. Results: The relative residual contents of DNA, protein and RNA of sECM were
comparable with cECM. The morphological properties and microstructure of sECM were
similar to cECM. SECM supported mESCs to adhere, survive, proliferate and differentiate into
functional cardiac microtissue with both electrical stimulated response and normal adrenergic
response. Purified mESC-CMs also could adhere, survive, proliferate and form a sECM-based
ECT with synchronized contraction within 6 days of recellularization. Conclusion: ECMs from
murine skeletal muscle support survival and cardiac differentiation of mESCs, and are suitable
to produce functional ECT patch. This study highlights the potential of patient specific of SECM
to replace cECM for bioengineering ECT.
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Introduction

The engineered cardiac tissue (ECT) composed with suitable seeding cells and proper
scaffold materials is an attractive method to replace diseased myocardium or reconstitution
of cardiac malformations. Previous studies have demonstrated transplantation of ECT could
prominently enhance the engraftment and survival of seeding cells in infarct myocardium
and amplified their therapeutic efficacies after myocardial infarction (MI) [1, 2].

Upto date, avariety of natural and syntheticbiomaterials have been evaluated as scaffolds
in myocardial tissue engineering field. Concerning the capability to mimic native extracellular
matrix (ECM) microenvironment, decellularized cardiac tissue has been considered as an
attractive scaffold that preserves the architecture and biochemical composition of natural
ECM [3, 4]. The main components of cardiac ECM (cECM) are collagens (type I, Il and
V), fibronectin and laminin. They provide tissue-specific cues to support cell attachment,
proliferation and differentiation [5, 6]. Generally, cECMs acquired by decellularization
procedure are constituted of numerous of coiled and aligned fibril bundles and exhibit
complex meshwork of pores [7]. Accumulated data have demonstrated that cECMs enhance
the survival, proliferation, migration and cardiac differentiation of Sca-1* [4] or c-kit* [8]
cardiac progenitor cells. It also accelerates differentiation of human induced pluripotent
stem cells (iPS) derived cardiovascular progenitor cells towards the cardiomyocytes (CMs),
smooth muscle cells or endothelial cells [9], and promote the elongation and alignment of
neonatal CMs [4, 10]. Several studies have tested the possibility to employ non-cardiac ECMs
as scaffolds to repair cardiovascular defects. Acellular small intestinal submucosa ECM (SIS-
ECM) could be directly sutured in the damaged part of the heart. It provided a temporary
biological scaffold for somatic cells from patients themselves, promoting cell proliferation
and tissue repair [11]. In the animal model of MI, SIS-ECM [12] and urinary bladder ECM
[13] had been shown to promote differentiation of mesenchymal stem cells (MSCs) towards
CMs and improve heart function. However, the utilization of both cECM and above mentioned
non-cardiac ECMs is limited for the shortage of patient-specific autogenous tissue and the
risk of immune response from xenogenous ECM. Thus, new biocompatible patient-specific
muscle-derived scaffold with low immunogenicity for ECT construction should be found.
Skeletal muscle presents similar structure with cardiac muscle [14], belonging to striated
muscle tissue. Skeletal ECM (sECM) also shows similarities with cECM, preserving the native
architecture and mechanical properties suitable for implantation. SECM is subdivided into
endomysium, perimysium, and epimysium [15] with a net like pattern. Similar to cECM,
sECM is also mainly constituted of collagens (type [, Il and 1V), fibronectin, laminin and
variety of growth factors [16, 17]. Collagen is thought to be the primary load bearing protein.
The perimysium is composed by Type I and type III collagens. The basement membrane is
comprised of laminin, type IV collagen and fibronectin [16]. Researches have demonstrated
that sECM molecules play vital roles in cell migration, stabilization of cell with surrounding
connective tissue, proliferation of myogenic progenitor cells, and subsequent stages of
differentiation required to form new myofibers [18, 19]. Currently, sECMs are mainly used to
construct engineered skeletal muscle tissue [20] for therapeutic strategies of abdominal wall
defect [21] and hindlimb ischemia [22]. Compared with cECM, SIS-ECM and urinary bladder
ECM, acellular sECM are more readily obtained from patients themselves avoiding immune
rejection.

In the present study, we hypothesized that sECM is an alternative scaffold to replace
cECM for ECT strategies. Herein, ECMs were obtained by parallel decellularization of adult
mouse anterior tibial muscles (ATM) and ventricles thereby ensuring reliable comparison.
Our results demonstrated that ECMs from skeletal muscle support survival and cardiac
differentiation of murine embryonic stem cells (mESCs), and produce functional ECT patch
with spontaneous beating and stimulated response, suggesting their potentials for cardiac
tissue engineering applications.
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Materials and Methods

Ethics Statement
All animal work in the present study was conducted according to the relevant national and international
guidelines and was approved by Hubei Science and Technology Agency (2005-50).

Preparation of decellularized ECM slices of ventricle tissues (VTs) and ATMs

10-week-old KM male mice were anesthetized with intraperitoneal injection of sodium pentobarbital
(50 mg/kg). The VTs were acquired, embedded in 4% low-melting agarose, and sectioned into 300-pum-thick
slices by using a vibratome (Leica) as described previously [23]. The ATMs were cut into 5 mmx4mmx6mm
blocks before embedded to control the dimension of tissue for slicing, and then sectioned into 300-um-
thick slices along 45°angle to the long axis. All the slices were kept in 4°C Ca?*-free Tyrode’s solution with
continuously supply of pure oxygen before decellularization.

The decellularization procedure consisted of three steps: pretreatment, SDS treatment and Triton
X-100 treatment. Firstly, the slices were pretreated with 0.05% (w/v) trypsin supplemented with 0.02%
(w/v) EDTA for 30 min, 1.1% NaCl in double distilled water (DDW) for 30 min, and 0.7% NaCl in DDW for 30
min, respectively. Then the slices were incubated in 0.1% sodium dodecyl sulfate (SDS) in DDW for different
hours (6, 7 and 8 h for ATM slices; 7.5, 9.5 and 11.5 h for VT slices). Finally, the slices were treated with 1%
(w/v) Triton X-100 in PBS for 30 min. The diameter of cECM was about 4~5 mm. The length and width of
sECM was about 4 mm and 3 mm, respectively.

To compare the cell removal efficiency of each decellularization step, slices of VTs and ATMs were
divided into three groups. The ECMs acquired by all the three steps of decellularization were named PreST
group. To the PreS group, all the slices were undergoing pretreatment and SDS treatment. The slices of ST
group were decellularized by SDS and Triton X-100 treatment without pretreatment. All the above mentioned
steps were performed on the shaker at 37°C. Three times washout with PBS for 10 min were done between
each step. The ECM slices were washed with ice-cold PBS contained 1% penicillin/streptomycin at least for
24 h to remove the residual detergents, and were ready for the following experiments.

Quantitative detection of DNA, protein and RNA

For total genomic DNA detection, specimens were incubated in TNE buffer, 10 % (w/v) SDS and
proteinase K (10mg/ml) by volume to digest tissues. Then total DNA was extracted by phenol/chloroform
method. The concentration of DNA was detected by spectrophotometry (NanoDrop 2000, Thermo Fisher
Scientific) at 260 nm. The protein of each sample was lysed in RIPA (Boster) and quantified with the BCA
Protein Assay Kit (Boster) according to the manufacturer’s instructions. Total RNA of each sample was
extracted by trizol (Invitrogen) extraction method and detected with a spectrophotometer at 260 nm. The
relative residual DNA, protein and RNA contents of each sample were calculated by dividing the sample
tissue weight before decellularization. Total DNA, protein and RNA of native slices served as positive controls.

Confirmation of acellularity

Samples were embedded in Tissue-Tek OCT compound (Sakura) and cross-sectioned into 8 pm
serial sections for staining with haematoxylin-eosin (HE, Goodbio) and oil red O (Sigma) according to the
manufacturer’s instructions. For Masson staining, the samples were embedded in paraffin, sliced into 5 pm
serial sections (Leica) and stained according to the manufacturer’s instructions. All sections were observed
by inverted microscopy (OLYMPUS).

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)

TEM and SEM were utilized to observe components and topography of decellularized ECM. For TEM,
the examples were fixed with 4% paraformaldehyde, then postfixed in 1% phosphate-buffered 0s0O, and
embedded in epoxy resin. 60-nm-thick sections were sliced and observed by a transmission electron
microscope (FEI Technai G212). The diameter was measured manually using Image] software. For SEM,
ECMs were fixed with 2.5% glutaraldehyde phosphate buffer, then dehydrated using graded ethanol and
dried under vacuum. Then the dried ECMs were sprayed with platin/palladium. The surface structures were
studied by a scanning electron microscopy (INCAx-act).
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Cultivation of mESCs and mESC-derived CMs (mESC-CMs)

The transgenic mESCs (clone aPIG44) was maintained as previously described [24]. Briefly,
undifferentiated mESCs were cultured in IMDM containing 15% FCS, 1% nonessential amino acids, 2mM
L-glutamine, 0.1 mM B-mercaptoethanol, 100 U/mL penicillin, 100 pg/mL streptomycin and 1000 U/mL
leukemia inhibitory factor (LIF, Chemicon). The purified GFP-positive mESC-CMs were harvested by mass
culture protocol as previously described [23]. Puromycin (10 pg/mL, InvivoGen) was added at day 9 and day
12 during the whole differentiation period [25]. Between day 14 and 16 of differentiation, the mESC-CMs
were collected and digested into single cells by trypsin and used for following experiments.

Recellularization of ECM with mESCs or mESC-CMs

We designed a modified hanging drop method [23] to enhance the direct contact between seeded
cells and ECM. Briefly, a single decellularized ECM was carefully spread on a sterilized lid of 90 mm petri
dish. 30 pL of cell suspension which contained 2, 500, 5, 000 or 10, 000 mESCs were carefully suspended
over half-dried ECM without bubble generation. Then the lid was carefully turned over to form a hanging
drop containing a single ECM with surrounding cells. 12 mL of PBS were added into the dish to avoid the
hanging drop drying out. After 2 days, the recellularized ECM was carefully transferred into a 48-well plate,
and cultured with IMDM containing 20% FCS, 1% nonessential amino acids, 2mM L-glutamine, 0.1 mM
-mercaptoethanol, 100 U/mL penicillin and 100 pg/mL streptomycin for another 2 weeks.

400, 000 mESC-CMs were seeded on ECM by above mentioned hanging drop method and cultured for
6 days. The medium was changed every day. Images were acquired every 2 days of the whole culture period.

Biocompatibility assessment of SECMs

MESCs and mESC-CMs were seeded in 24 well plates and cultured with the above stated medium,
respectively. Once the cells grew to 70% confluence, the medium was replaced by 200 pL fresh medium
and the cells were exposed to acellular ECMs for 12 h. Native slices of ATMs and VTs served as positive
controls, the wells with no native tissue slices or ECMs served as blank controls for basal nitric oxide (NO)
secretion. According to the manufacturer’s instructions, NO, concentration were measured and determined
against a standard calibration curve using the Griess reagent system G2930 (Promega). Live/Dead Viability /
Cytotoxicity Kit (Invitrogen) was used to assess the viability of mESCs grown on the substrates during
the whole recellularization period. 5, 000 mESCs were seeded at the beginning of recellularization. The
specimens were incubated for approximately 10 min with 2 pM calcein AM and 4 pM EthD-1 in phosphate-
buffered saline (PBS) at 37°C. Live and dead cells in each group were visualized under a fluorescence
microscope (Zeiss CFM-500). AlamarBlue® cell viability reagent (Invitrogen) and LDH Cytotoxicity Assay
Kit (Beyotime) were used to quantitatively measure cellular activity and cytotoxicity during recellularization
according to the manufacturer’s instructions. Before adding alamarBlue solution, cells which did not
attached to ECMs were washed away with PBS.

Quantitative real-time PCR

Total RNA was extracted from recellularized ECMs using trizol according to the instructions of the
manufacturer. The total RNA (3 pg) was reversely transcribed into cDNA using oligo (dT) primer and MMLV
reverse transcriptase (Invitrogen). Real-time PCR was performed in the CFX Connect™ Real-Time PCR
Detection System (Bio-Rad) using SYBR Premix Ex Taq (TOYOBO). CT values were automatically obtained.
Relative expression of mRNA amount was calculated using the AACT method [26]. The primers used for
real-time PCR are listed in Table 1.

Physiological function studies

Tyrode solution contained (in mM): NaCl 137, NaHCO, 15.5, NaH,PO, 0.7, CaCl2 1.8, KCl1 4, MgCl2 1and
glucose 11.1 was prepared and gassed with purified oxygen. Before the experiments with MED64 Recording
System, the MED probe (MED-
P515A; Panasonic, Tokyo,

Table 1. Primers for real-time PCR analysis
Japan; each electrode: 50 x

i i . Genes Sense primers (5’-3') Antisense primers (5’-3") Product size (bp)
50 pm, interpolar distance: GAPDH TGACCACAGTCCATGCCATC GACGGACACATTGGGGGTAG 204
150 Hm) was soaked in 70% a-MHC GATTTCTCCAACCCAGCTGCGCC CGGATGTCAAAGGGCCGGGTC 201
. . MLC2v  TGTGGGTCACCTGAGGCTGTGGTTCAG GAAGGCTGACTAGTGCCGGGAGATGC 189
ethanol for 15 min and dried ANP GCCGCACTTAGCTCCCTCCCCGAG GTACCGGAAGCTGTTGCAGCCTAG 241
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up. The surface of the probes was treated overnight at 4°C with 0.1% polyethylenimine and 25 mM borate
buffer, pH 8.4 [27]. The probe surface was dried and rinsed three times with deionized water. The specimen
was gently mounted and forced to be contact with the surface of the probe by a custom made slice anchor.
The whole system temperature was kept at 37°C and perfused with Tyrode solution. We set the stimulate
intensity with 10 pA electric current and 2.3 mV voltage. The high pass filter frequency was 10 Hz and the
low pass filter frequency was 1000 Hz. The gain of the system was 50 and sampling rate was 20 kHz. The
specimen was paced at 0.5 Hz, 1 Hz, 2 Hz, 3Hz, 4Hz and 6 Hz and the field potential (FP) amplitude was
recorded by MED 64 recording system. The conduction velocity was measured by dividing the distance
between two sites before and after treated with (-) misoproterenol (Iso, 1uM) at 0.1 Hz.

Immunofluorescent staining

Cryosections (8 um) were permeabilized with 0.1 % Triton X-100 for 10 min. After being blocked
with 5 % bovine serum albumin (BSA), specimens were incubated with monoclonal anti-a-actinin (1:1200,
Sigma) or monoclonal anti-Cx43 (1:1500, Abcam). The fluorescent antibody was TRITC-conjugated goat
anti-Mouse-IgG (1:80, SanYing) and TRITC-conjugated goat anti-rabbit IgG (1:100, SanYing), respectively.
Nuclei were stained with DAPI (Sigma). Images were acquired by confocal microscopy (Olympus, FV1000).

Statistical analysis

Unless otherwise stated, the results were given as the mean + SEM. The significance of differences
between the means was evaluated by unpaired t-test. For multiple comparisons, data were analyzed by
ANOVA followed by Tukey’s post-hoc test. P < 0.05 were considered statistical significant. Statistical analyses
were performed with SPSS 16.0.

Results

Preparation and characterization of ECM from ATM and VT

Both the fresh ATM and VT slices were light brown, and gradually became glossy
translucent acellular matrixes with preserved inherent vasculature after decellularization
with pretreatment, SDS treatment and Triton X-100 treatment (Fig. 1A). To ensure the
optimal decellularization procedure, we next assessed the relative residual DNA contents
in the native controls and ECMs obtained by different decellularization methods. Generally,
the average relative DNA contents in all groups from skeletal tissues were significantly lower
than those from cardiac tissues. The relative DNA contents were 556.65 * 60.38 ng/mg (n
= 5) in fresh skeletal tissue and 2019.67 * 155.71 ng/mg (n = 8) in fresh cardiac tissue,
respectively. For both skeletal and cardiac tissue, all the decellularized groups had extremely
lower relative residual DNA contents than native controls (Table 2 and 3, VT n=8, ATM n=5, p
< 0.01). Moreover, sECMs without pretreatment or TritonX-100 treatment had significantly
higher residual DNA contents compared with ECMs undergoing three-step decellularization
(n=5, p < 0.01 vs. ST group, p < 0.05 vs. PreS group), suggesting that both pretreatment and
Triton X-100 are necessary for the effective decellularization of skeletal muscle. However, a
prolonged SDS treatment seemed no effect on the residual DNA contents of ECMs from both
ATM and VT (VT n=8, ATM n=5, p > 0.05). In the following experiments, 9.5 h and 7 h of SDS
incubation were used for the generation of cECMs and sECM, respectively.

We also further assessed the relative residual protein and RNA contents in native
control groups as well as ECMs from PreST group (Table 2 and 3). The ECMs from ATM had
comparable relative residual protein contents to those from VT (1.29 * 0.25 mg/g vs.1.58 *
0.22 mg/g, n = 6) which were extremely lower than those native controls (n =6, p < 0.01).
Similarly, the relative residual RNA contents of ECMs from both ATM and VT were also
comparable (16.03 + 1.81 pg/gvs.12.59 + 2.42 pg/g, n = 6), and extremely lower than native
controls (n=6, p < 0.01).

Histological assessment was also employed to examine the effect of each decellularization
method on acellularity and structural preservation of the ECM scaffold. Consistent with the
analysis of the relative residual DNA, protein and RNA contents, HE staining showed that for
both ATM and VT, only PreST group resulted in complete decellularization of entire scaffolds,
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Fig. 1. Morphological characterization
of ECMs from murine VT and ATM.
(A) Representative light microcopy
images of the slices from VT and ATM
during decellularization procedure.
Inherent
(red circle) were preserved. (B)
Representative images of HE staining =
of VT (upper row) and ATM (lower | &
row) before and after different
decellularization procedure. (C and
D) Representative images of oil-red O
staining (C) and Masson staining (D) of
native controls (left) and ECM in PreST
group (right). (E) Representative
images of collagen fibers obtained by
TEM (top) and mean diameter of fibril
units (bottom). White arrows, elastic
fibers; blue arrows, collagen fibrils;
red arrows, cross section of collagen
fibrils. Scale bar = 200 um in (A), 20
um in (B), (C), (D), and 0.5 um in (E).
(F) Representative SEM micrographs
of cECM and sECM. Endomysium
honeycomb-like structure was well
preserved after decellularization
(stars). Characteristic coils (arrows),
struts (arror heads) were retained.
Scale bar = 20 pm (left upper row),
10 um (left lower row), and 5 um
(right). ST, decellularization with
SDS treatment and Triton X-100
treatment; PreS, decellularization
with  pretreatment and  SDS
treatment; PreST, decellularization
with pretreatment, SDS treatment
and TritonX-100 treatment.

A Native

After
AfterPre AfterSDS  TritonX-100
i

VT

vasculature  structures

PreST

30

0~
= E
Qc
Fo
c -
o)
020
SE
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Oo

with no presence
of nuclei or cellular
remnants (Fig. 1B).
Nucleic debris and
cellular ~ remnants
were widely existed
in ECMs of ST
groups, and were
also visible in ECMs
of PreS groups.
Furthermore, oil-red
O staining revealed
thatthe PreST groups

Table 2. Values of relative residual DNA, protein and RNA contents of each
group of ventricular tissue. All data were presented as mean *+ SEM. #, p <
0.01 vs. native group. *, p < 0.05 vs. PreST group. ST, decellularization with
SDS treatment and Triton X-100 treatment; PreS, decellularization with
pretreatment and SDS treatment; PreST, decellularization with pretreatment,
SDS treatment and Triton X-100 treatment

n X PreST
Comitans Wi S LTS SDS7.5h _ SDS95h  SDS1L5h
'()n“;?mg) 8 20196715571 43631:1337#% 7694:1654# 83.09:7.804 80.34£829# 54.75:10.824
Protein

6 194.66+10.02 1.58+0.22#
(mg/g) / / / /
RNA

6 1094.08:107.83 12.502.42#
(ng/g) / / / /

resulted in a more efficient removal of adipose tissue from skeletal tissue than that from
cardiac tissue (Fig. 1C). Masson staining further confirmed that both skeletal and cardiac
ECMs of PreST groups preserved collagen fiber network (blue) with no muscular remnants
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(red) (Fig. 1D). TEM also Table 3. Values of relative residual DNA, protein and RNA contents of
showed that sECM in PreST  each group of skeletal tissue. All data were presented as mean + SEM.
group preserved similar # p <0.01 vs. native group. *, p < 0.05 vs. PreST group. **, p < 0.01 vs.
collagen fiber network  PreST group
structure and units to that n . PresT
of CECM (SECM: 3213 # gy . e e M
1.22 nm; cECM: 29.07 +0.82  {¥9
nm). However, the elastin (%9
fiber was observed only s/
in cECM (Fig. 1E upper).
To examine the surface Table 4. Nitrite Concentration
morphology and three-dimensional architecture of PreST (M) by mESCs exposed to ECMs.
ECM, both cECM and sECM were visualized under SEM (Fig. N =5 in each group. All data were
1F). The endomysium honeycomb-like structure was well ~ presented as mean * SEM. **, p <
preserved in both groups. The alignment and organization ~ 0.01 vs. native group; *, p < 0.05 vs.
of both perimysium fibers and smaller fibrillar weaves nhative group; ##, p <0.01 vs. cECM
were also observed in both groups. group.

Above findings suggests that the collagen fibers Sham i o
with three-dimensional structure were well preserved in CECM 1203016 19.16+135 0.94£0.10%
ECM of PreST group, while the cellular constituents were SECM  1.20£016 1452375 293030%*

removed completely.

5 556.65:60.38 33.26:5.45#** 29.36+1.67#* 21.05:232# 16.95+1.56# 19.09+2.60#
6 110.04%9.67 / / / 1.29+0.25# /

6 654.10£56.41 / / /  1203:181# /

SECMs support adhesion, survival and proliferation of mESCs

We next used mESCs to further evaluate the biocompatibility of sECMs. Firstly, we
cocultured ECMs with mESCs for 12 h and the NO secretion was measured. Native VT
and ATM resulted in higher NO secretion. Although decellularization proved significantly
decreased the NO level in both skeletal group and cardiac group, NO level was higher in
SsECM group (Table 4).

We further recellularized sECM and cECM by seeding 5, 000 mESCs with hanging drop
method. Standard cardiac differentiation medium was used as described previously [23].
Live/Dead staining showed that many living mESCs aggregates (Green) attached to both
sECM and cECM after two days culturing, gradually grew up and merged with adjacent
aggregates during recellularization (Fig. 2A). However, a greater number of dead cells (Red)
on cECM were observed at day 8 of recellularization, compared with those on sECM (Fig.
2A). We also seeded different number of mESCs on sECMs and observed recellularization
via light microscopy. Light microscopy images showed that the sECM gradually became
deeper in color and smaller in area during recellularization (Fig. 2B). HE staining further
confirmed existence of numerous well-distributed cells in the interior of sSECM (Fig. 2C),
indicating the mESCs could adhere, survive and proliferate in SECM. We next quantitatively
evaluated the biocompatibility of sECMs using LDH assay and alamarBlue assay at different
days of recellularization after seeding different number of cells. Consistently, no significant
difference in the LDH content was observed at different day of recellularization, except that
the LDH content of the group seeding 10, 000 cells on day 16 was significantly higher than
that on day 4 (Table 5). AlamarBlue assay (Table 6) showed that the value of fluorescence
intensity increased gradually in each group, notably higher than that of day 4 and reached
to the highest level on day 12, demonstrating the proliferation of cells in each group. At day
4, the fluorescence intensity in 10, 000 cells group was significantly higher than the other
two groups. However, there were no differences at other time points between these groups,
suggesting that the number of seeding cells has little effect on the later population of cells.

MESCs seeded on sECMs successfully differentiate into functional cardiac tissue

We also assessed the effect of sSECMs on the cardiac differentiation during above
mentioned recellularization. At day 16 of recellularization, GFP-positive cardiomyocyte
clusters (Green) with spontaneous contraction were observed in 2, 500, 5, 000 and 10, 000
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cells groups (Fig. 2B).
We next analyzed the
transcription levels
of cardiac specific
marks o-MHC, MLC2v
and ANP at day 16 of
recellularization. The
mRNA expressionlevels
of MLC2v in 5, 000 and
10, 000 cells groups
were significantly
higher than it in 2, 500
cells group (p < 0.05)
(Fig. 2D), while no
significant difference of
a-MHC and ANP gene
expression was found.
We further studied the
electrophysiological
function of sECM-based
cardiac tissue at day
16 of recellularization
by recording the FP
with MED64 recording
system. The FPs were
elicited by electrical
stimulus at different
frequencies (Fig. 3A).In
addition, B-adrenergic
agonist Iso (1 pM)
could increase the
amplitude of FP to 2.61
+0.35 times (0.49+0.18
mV vs. 1.20+0.35
mV; n = 3, p < 0.05)
(Fig. 3B and (), and
significantly increased
the conduction velocity
to 2.25 * 0.28 times
(0.29£0.17 m/s s
0.60+0.39m/s; n = 3,
p < 0.05) compared
with baseline (Fig. 3C),
indicating the sECM-
based cardiac tissue

possessed normal
adrenergic response.
Collectively, these
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5000 cells

10000 cells

D 16
14

E’ 12 [ 2500cells

@ 10 [ 5000 cells

< 8 [l 10000 cells
E 6

n=6

£ 4

o-MHC MLC2v ANP

Fig. 2. SECMs support adhesion, proliferation and cardiac differentiation
of mESCs. (A) Representative images of live/dead staining during
recellularization of cECM (upper) and sECM (lower) with mESCs. 5,000 of
mESCs was stained with calcein-AM (green)/ethidium homodimer (red)
and seeded on ECMs. (B) Representative sequential light micrographs of
sECM recellularized with different number of mESCs and fluorescence
micrographs on day 16. GFP-positive cells (Green) were CMs differentiated
from mESCs cultured on sECM. (C) Representative images of HE staining on
day 16 of recellularization. Scale bar = 400 pm in (A), (B) and 40 um in (C).
(D) The expression of cardiac-specific markers on day 16 of differentiation.
All data were presented as mean + SEM; n = 6; *, p<0.05 vs. 2,500 cells group.
a-MHC, o myosin heavy chain; MLC2v, myosin light chain 2v; ANP, atrial
natriuretic peptide.

results indicate that mESCs seeded on sECMs successfully differentiate into functional

cardiac tissue.

SECMs support adhesion, survival and proliferation of purified mESC-CMs
To further assess whether sECM was appropriate for cultivating CMs, we firstly
cocultured ECMs with mESC-CMs for 12 h and the NO secretion was measured. The NO level
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in both skeletal group and cardiac group
decreased significantly when compared
with that in native groups (Table 7). Then
we recellularized sECM with purified
mESC-CMs by the same hanging drop
methods. The GFP-positive mESC-CMs
adhered to sECM (Fig. 4A), and showed
spontaneous contraction from day 4 to
day 6 of recellularization. The contraction
frequency was 136 + 7 beats/min on
day 4 and 110 + 8 beats/min on day 6 of
recellularization. There were no significant
difference between the LDH content at day
4 and day 6 of recellularization (n = 6, p
> 0.05) (Fig. 4B). The fluorescence value
detected by alamarBlue assay at day 6 was
notably higher than that of day 4 (n =4, p
< 0.05) (Fig. 4C). HE staining showed the
presence of cell clusters at both out surface
and inner core area of sECM, indicating the
migration of mESC-CMs into the core area
of sECM scaffold (Fig. 4D). Immunostaining
confirmed that the GFP-positive cell clusters
expressed the cardiac specific mark

Table 5. LDH release (absorbance value) at different
day of recellularization. Detection wavelength was
562 nm. N = 5 in each tested group. All data were
presented as mean * SEM. *, p < 0.05 vs. day 4 of the
same group

Day 4 Day 8 Day 12 Day 16
2500 cells  0.11+0.05 0.40+0.15 0.38+0.16 0.37+0.17
5000 cells  0.19+0.05 0.58+0.26 0.43+0.13  0.43+0.13

10000 cells  0.10+0.03 0.13+x0.07 0.40£0.20 0.44+0.13*

Table 6. AlamarBlue assay (fluorescence value)
at different day of recellularization. Excitation
wavelength was 560/40 nm, emission wavelength
was 645/40 nm. N = 5 in each tested group. All data
were presented as mean * SEM. *, p < 0.05 vs. day 4
of the same group. **, p < 0.01 vs. day 4 of the same
group. #, p < 0.05 vs. day 4 of 2,500 cells group. ##, p
< 0.01 vs. day 4 of 2,500 cells group

Day 4 Day 8 Day 12 Day 16

2500 cells 658.6+80.6 1659.8+141.0**  2193.6+193.3**  2045.4+143.3**
5000 cells 977.0£93.1#  1785.4+113.1** 2310.9+201.5** 2132.24155.4**
10000 cells  1035.5£62.3##  1883.4£269.1*  2332.0+252.8™* 2045.8+205.2**

a-actinin and Cx43 (Fig. 4E).

Discussion

Amplipude (mV)

The main findings of our study
are: (1) sECM obtained by three-
step decellularization shows similar

1 mv

AU.5HZ 1 Hz 2 Hz 3 Hz 4 Hz 6 Hz

il

structure pattern to cECM; (2) sECM

supports mESCs to adhere, survive, ® Without 150 With 1eo . ne3 : 22 "
proliferate and differentiate into = [ A %2_ 5 %)2:0
functional CMs; (3) purified mESC- g H\\ \VMK 522 5215

CMs can adhere, survive and form an Ell | 24 £ 10
sECM-based ECT with spontaneous <§|t__ _ go.s H & 08 H
contraction within 6 days of e e W
recellularization. 7 Y

Accumulated data showed that
long-term SDS treatment destroys the
structure of ECM, and limits the fol-
lowing adhesion, survival and prolif-
eration of seeding cells [28, 29]. Based
on published literatures, we employed
pretreatment/SDS/TritonX-100
three-step-method with shorter SDS
treatment to obtain sECM. The whole
decellularization procedure was much

Fig. 3. Field potential (FP) of sECM-based cardiac tissue
recorded on day 16. (A) Representative graphs of FP at
different stimulus frequencies. (B) FP of sECM-based
cardiac tissue before and after treated with Iso under
0.1 Hz stimulation. (C) Conduction velocity of FP was
significantly increased after treated with 1uM Iso. All data
were presented as mean * SEM. * p<0.05 vs. conduction
velocity without Iso. Iso, (-) isoproterenol.

shorter than other reported procedure of SECM [16] and cECM [7]. Our results showed that
the residual DNA contents of SECM in PreST group were less than 50 ng/mg, which is simi-
lar to the criteria proposed by Crapo and colleagues [30]. Meanwhile, the collagen fibers
of SECM presented typical transverse periodic striations [31] with an average diameter far
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less than 0.1 um, which
is similar to the diam-
eter of cECM [4]. SECM
in the present study
showed a honeycomb-
like endomysium struc-
ture and perimysium
fibers, which is similar
to the microstructure

of cECM [7]. g £ 2300
Ideal biocompat- 50.05 %5 200
ibility of scaffold for s =% 200
tissue engineering is 5 0
one of the key factors Day4.  Day6 Dey 4 iDayis

to build a biomimetic D Out surface Inner core area
engineered tissue. Gen- :
erally, researchers hold
the opinion that both ‘ﬁ

cECM and sECM have : m
high biological compat- N
ibility. CECM has been
proven to be suitable
for the adhesion, prolif-
eration, differentiation
and maturity of Sca-1*
cardiac progenitor cells
[4], neonatal CMs [4]
and human MSCs [32].
Studies showed that
dog sECM supports

Fig. 4. SECM supports adhesion, survival and proliferation of mESC-CMs.
(A) Representative light micrographs of sECM recellularized with purified
mESC-CMs and fluorescence micrograph on day 6. GFP-positive cells were
purified mESC-CMs. (B) LDH content detection showed the absorbance at
day 4 and day 6 were extremely low and there were no difference between
them. n = 6. (C) AlamarBlue assay showed fluorescence value at day 6 was
significantly higher than it on day 4. n = 6; All data were presented as mean
+ SEM in (B) and (C). *, p<0.05 vs. day 4. (D) Representative images of HE
staining on day 7. (E) Representative images of immunofluorescent staining
on day 7. Green: GFP; red: cardiac a-actinin (up) and Cx 43 (bottom); Blue:

the adhesion, survival nuclei. Scale bar = 500 pm in (A), 20pum in (D) and 50 pm in (E).
of human vascular pe-

ripheral stem cells,

NIH3T3 fibroblasts and human microvascular endothelial cells for at least 7 days, and pro-
motes the differentiation of C2C12 myoblasts [16]. In our study, sSECM supported both mESCs
and mESC-CMs for long-term survival and growth. Particularly, when mESCs were seeded on
cECM and sECM under the same condition, more dead cells were observed on cECM. This
result suggests that SECM possess well biological compatibility, and is more beneficial for the
survival of differentiating mESCs.

Compared with cECM, sECM resulted in relatively higher NO secretion level when
cocultured with mESCs, and lesser dead cells during recellularization. NO plays important
regulatory roles in the cardiovascular systems. Both anti-apoptotic and pro-apoptotic
functions of NO have been reported. NO inhibits myocardial apoptosis through a number of
mechanisms independent of cGMP signaling pathway [33-35]. These mechanisms including
prevention of caspase-3 activity via S-nitrosylation [33], activation of p38 MAPK [34], PI3-K/
Akt [35] and reduction of mitochondrial Ca?* uptake [36]. Therefore, greater NO secretion
stimulated by sSECM might account for better survival of seeding cells in our study:.

Electrophysiology function is essential for the ECT. After transplantation, ideal ECT
supposes to be paced by host heart. A recent study reported human iPS cell-derived CMs
monolayer on biomatrix made of matrigel and PDMS are successively paced with different
pacing frequencies from 0.7 Hz to 2.5 Hz [37]. In another report, the ECT composed with pig
cECM and neonatal rat ventricular cells are response to different electrical stimulation from
1 to 5 Hz [10]. Consistently, our sECM-based cardiac tissue also shows electrical stimulated
response under electrical stimulation from 0.5 Hz to 6 Hz. The -adrenergic response is
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another essential property of myocardium. Fong et al. Table 7. Nitrite Concentration
seeded iPS cell-derived CMs into 3D cECM hydrogel to build ~ (uM) by mESC-CMs exposed to
ECT. They reported that ECT shows positive chronotropic ~ ECMs. N = 6 in each group. All data
response to -adrenergic agonists Iso [38]. Another study  were presented as mean * SEM. %,
also reported their ECT based on cECM and murine iPS p<0.05

cells shows an increased spontaneous frequency of FP in
response to Iso [39]. We failed to record the spontaneous Sham Native PreST
FP of ECT in our study, nevertheless, we observed the oM 299065 5424086 291+0.68*
typical positive dromotropic response of sECM-based
cardiac tissue derived from mESCs to Iso under electrical
stimulation.

Cx 43 plays a crucial role in forming myocardial gap
junction, which maks cardiomyocytes a syncytial through electrical coupling [40]. Recently,
Blazeski et al. found that neonatal CMs seeded on cECM could generate spontaneous
contractions after incubation for 2 days. Cx 43 and a-actinin proteins were detected 7 days
later [10]. Similarly, we recellularized sECM with the purified mESC-CMs and spontaneous
synchronous rhythmic contraction also appeared after 4 days, with the detection of a-actinin
and Cx 43 at day 6 of recellularization.

The limitation of the present study is lack of in vivo experiment. The effect of ECT patch
on pathological heart has not been examined yet. Future work is still needed to further
assess the fate of sECM-based ECT, and its effect on restoration of cardiac function by using
animal model.

sECM  2.99:0.65 7.824¢1.53 2.09:0.60*

Conclusion

In summary, our findings demonstrated that sECMs had similar components and
microstructure with cECM. SECMs had potential to replace cECMs to build a bioscaffold with
low immunogenicity and good biocompatibility.
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