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Abstract: Introduction. Selection of a biomaterial-based scaffold that mimics native myocardial extracellular matrix
(ECM) architecture can facilitate functional cell attachment and differentiation. Although decellularized myocardial
ECM accomplishes these premises, decellularization processes may variably distort or degrade ECM structure.
Materials and methods. Two decellularization protocols (DP) were tested on porcine heart samples (epicardium, mid
myocardium and endocardium). One protocol, DP1, was detergent-based (SDS and Triton X-100), followed by DNase
| treatment. The other protocol, DP2, was focused in trypsin and acid with Triton X-100 treatments. Decellularized
myocardial scaffolds were reseeded by embedding them in RAD16-I peptidic hydrogel with adipose tissue-derived
progenitor cells (ATDPCs). Results. Both protocols yielded acellular myocardial scaffolds (~82% and ~94% DNA
reduction for DP1 and DP2, respectively). Ultramicroscopic assessment of scaffolds was similar for both protocols
and showed filamentous ECM with preserved fiber disposition and structure. DP1 resulted in more biodegradable
scaffolds (P = 0.04). Atomic force microscopy revealed no substantial ECM stiffness changes post-decellularization
compared to native tissue. The Young’s modulus did not differ between heart layers (P = 0.69) or decellularization
protocols (P = 0.15). After one week, recellularized DP1 scaffolds contained higher cell density (236 + 106 and 98
+ 56 cells/mm? for recellularized DP1 and DP2 scaffolds, respectively; P = 0.04). ATDPCs in both DP1 and DP2
scaffolds expressed the endothelial marker isolectin B4, but only in the DP1 scaffold ATDPCs expressed the cardiac
markers GATA4, connexin43 and cardiac troponin T. Conclusions. In our hands, DP1 produced myocardial scaffolds
with higher cell repopulation and promotes ATDPCs expression of endothelial and cardiomyogenic markers.

Keywords: Myocardial infarction, acellular myocardial scaffold, extracellular matrix, decellularization protocols,
recellularization, adipose tissue-derived progenitor cells

Introduction

In 2012, cardiovascular diseases were ranked
as the leading cause of death worldwide (3 in
every 10 deaths), with coronary heart diseases
representing almost half of these deaths
[http://www.who.int/mediacentre/factsheets/
fs310/en/]. After myocardial infarction (Ml),
effective treatments are needed to reduce scar
formation, enhance cardiac regeneration and
improve ventricular remodeling. MI manage-

ment has evolved dramatically during the past
few decades and now includes both drug
administration (aspirin, B-blockers, or angioten-
sin-converting enzyme inhibitors) and the wide-
spread use of coronary angioplasty and stents.
However, cardiac function recovers completely
only after heart transplantation, which is hin-
dered by heart donor availability and immuno-
logical rejection. Stem cells and tissue engi-
neering are emerging as viable additional thera-
pies for conventional cases[1, 2]. Generation of
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bioartificial hearts [3, 4], delivery of stem cells
with cardiomyogenic or angiogenic potential to
the dysfunctional myocardium [5-8], and engi-
neered tissue grafts and myocardial biopros-
theses [9-11] are just a few examples of the
proposed therapeutical approaches.

Advances in cardiac tissue engineering have
enabled the development of myocardial bio-
prostheses, based on seeding cells onto natu-
ral or synthetic three-dimensional (3D) matri-
ces or scaffolds. In this context, scaffold bio-
material choice is a crucial step, as the scaffold
must be able to provide functional cell attach-
ment niches and microenvironments resem-
bling the native structural organization and pro-
moting vascularization to ensure nutrients and
oxygen supply into the host tissue [12-15].
Although several synthetic matrices have been
tested in small animal models [16-22], natural
matrices have appeared as promising myocar-
dial scaffolds due to their greater biocompati-
bility and biodegradability, as their properties
are more similar to those of native cardiac tis-
sue [23]. Compared to other natural matrices,
myocardial extracellular matrix (ECM), obtained
after decellularization procedures, shows bet-
ter preservation of the original composition,
3D-architecture and ECM microenvironment [4,
24]. These properties make myocardial ECM a
suitable scaffold for cell reseeding and subse-
quent engraftment into damaged myocardium
as a cardiac bioprosthesis.

In this study, we generated decellularized por-
cine myocardial scaffolds using two distinct
decellularization protocols. We then character-
ized the resulting acellular structures at both
mechanical and structural levels and deter-
mined their biodegradability. We also compared
their properties to those of native myocardium
to determine whether the ECM architecture and
microenvironment were similar in the decellu-
larized and native tissues. Ultimately, the acel-
lular scaffolds were recellularized with porcine
adipose tissue-derived progenitor cells (ATD-
PCs), a cellular lineage with demonstrated mes-
enchymal stem cell pluripotency and cardio-
myogenic and endothelial potential [11].

Materials and methods
Decellularization of porcine myocardial tissue

Cadaveric hearts were obtained from healthy
slaughterhouse pigs and immersed in ice-cold
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phosphate buffer saline (PBS) supplemented
with 1% penicillin and streptomycin (P/S) (Gi-
bco) overnight (O/N) at 4°C. The atrium was
removed, and the ventricle was transversally
excised to obtain five ventricular sections. The
apical and basal sections were discarded due
to their smaller size. In the three remaining sec-
tions, transverse abscission of the lateral wall
of left ventricle was performed to obtain three
differentiated myocardial blocks (25 mm x 25
mm x 3 mm) corresponding to each of the three
differentiated heart layers i.e. epicardium, mid
myocardium and endocardium (Figure 1A). The
basal lamina and endothelial lamina were pre-
served for the epicardium and endocardium
myocardial blocks, respectively. Prior to decel-
lularization, native (non-decellularized) tissue
from each heart layer was frozen in liquid nitro-
gen and stored at -80°C until use. Two decellu-
larization protocols were tested (Figure S1);
both were adapted from methods published
previously [3, 9, 11].

The decellularization protocol 1, termed DP1,
consisted of detergent treatment using 1% SDS
(Sigma) for 72 h, followed by 1% Triton X-100
(Sigma) for 48 h, with solution replacement
every 24 h. The myocardial scaffolds were then
washed 3 times in 24 h using PBS with 1% P/S
[3, 11]. This process was repeated once more
with an intermediate sterile distilled water
wash between the two cycles. After the second
cycle, the scaffolds were treated with 0.1 mg/
ml DNase | (Roche) in sterile distilled water for
72 h. Finally, the scaffolds were washed (3 x 2
h) with sterile distilled water [3, 11]. DP1 was
performed at room temperature (RT) with con-
stant moderate stirring.

The initial step of the decellularization protocol
2, termed DP2, was a treatment with sterile
hypertonic (1.1% NaCl (Sigma)) and hypotonic
(0.7% NaCl) solutions. The solutions were alter-
nated every 2 h and repeated twice. This step
was followed by an enzymatic incubation with
0.05% trypsin supplemented with 0.02% EDTA
(Gibco) for 48 h at 37°C with mild agitation, and
then by detergent treatment consisting of PBS
supplemented with 1% Triton X-100 plus 1%
ammonium hydroxide (Alfa Aesar) for 96 h at RT
with moderate stirring; all solutions were
replaced every 24 h. The enzymatic and deter-
gent incubations were performed twice with
sterile distilled water washes between cycles
[9]. Finally, the scaffolds were washed with
sterile distilled water O/N.
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Figure 1. Myocardial tissue decellularization. (A) Transversal excision of ventricle (LV: left ventricle; RV: right ventricle) from porcine heart. LV myocardial samples
were obtained from the three heart layers (epicardium, mid myocardium and endocardium), as represented in the figure. (B) Photographs showing each step of DP1
and DP2, respectively: native myocardium sample prior to the decellularization; myocardium after one DP1 or DP2 cycle; and after DP1 or DP2 was completed. Scale
bars = 1 cm. (C) Masson’s trichrome staining of the native, (D) the DP1-decellularized and (E) the DP2-decellularized myocardium. Collagen fibers are stained light
green, and the cytoplasm is stained purple. Scale bars = 200 um. (F-H) Representative photographs of F-actin (green) and (I-K) cardiac troponin T (cTnT, grey) im-
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munostaining for native myocardium, the DP1-treated and the DP2-treated myocardium, respectively. Nuclei were
counterstained with Hoechst 33342 (blue). Scale bars = 20 um. (L) Genomic DNA quantification of the native tissue
and decellularized scaffolds for both DP1 and DP2 decellularization protocols and for each of the three heart layers
(n = 7). DNA quantity was normalized to the scaffold weight, and data are shown as mean + SD. *P < 0.001, native

myocardium from each heart layer vs. decellularized scaffold.

After completed decellularization procedures,
the samples were frozen in liquid nitrogen and
stored at-80°C for DNA quantification or stored
at 4°C in sterile distilled water plus 1% P/S for
further applications.

Lyophilization and sterilization of decellular-
ized scaffolds

Decellularized scaffolds were lyophilized at
-23°C for 24 h using a freeze-drier chamber
(Christ loc-1 m, B. Braun Biotech International).
The lyophilized scaffolds were sterilized under a
certified UV dosage of 30 kGy (Aragogamma
S.L.) and stored at RT until use.

Histological and immunohistochemical analy-
sis

Native, decellularized myocardial samples and
recellularized scaffolds were embedded in
TissueTek® OCT compound (Sakura). For prima-
ry histological examination, Masson’s trichrome
(Sigma) and Oil Red O (Sigma) staining were
performed on 10 pm sections. Images were
taken with an optical microscope (CKX41
Olympus, Olympus).

For immunostaining analysis, decellularized
and native myocardium samples were incubat-
ed with primary antibodies against type-I colla-
gen (1:100, Abcam), type-Ill collagen (1:100,
Abcam), elastin (1:50, Abcam), Alexa Fluor®
488-conjugated phalloidin for F-actin filament
labeling (1:50, Molecular Probes) and cardiac
troponin T (1:100, AbD Serotec) followed by
incubation with secondary antibodies conjugat-
ed to Alexa Fluor® 594 and Alexa Fluor® 488
(1:500, Molecular Probes).

For recellularized myocardial scaffolds, primary
antibody labeling was carried out for elastin,
biotinylated isolectin B4 (1:50, Vector Labs),
GATA4 (1:20, R&D Systems), Alexa Fluor®
488-conjugated phalloidin for F-actin filament
labeling, connexin43 (1:100, BD Transduction),
and cardiac troponin T. The secondary antibod-
ies were conjugated to Alexa Fluor® 488, Alexa
Fluor® 594 and Alexa Fluor® 647 (1:500, Mole-
cular Probes). Nuclei were counterstained with
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Hoechst 33342 (1:10000, Sigma). Images
were captured on a laser confocal microscope
(Axio Observer Z1, Zeiss).

DNA quantification

Total genomic DNA was isolated using the
PureLink® Genomic DNA kit (Invitrogen) from
native myocardium and decellularized scaf-
folds (n = 7) following the manufacturer’s in-
structions. The total amount of DNA was quan-
tified using spectrophotometry (NanoDrop
ND-1000, NanoDrop Technologies) and normal-
ized to the sample tissue weight (average
weight: 8.3-24.7 mg).

In vitro assessment of the biodegradability of
decellularized scaffolds

Decellularized lyophilized scaffolds (n = 8) were
weighed and incubated with 10 ml of a PBS
solution containing 0.1% collagenase | (Gibco)
for 24 h at 37°C with gentle stirring [25].
Samples were rinsed with sterile distilled water
and lyophilized as described above. After 24 h,
lyophilized scaffolds were weighed and the per-
centage of biodegradability (BD) was calculated
as previously reported [25].

Scanning electron microscopy (SEM)

Native myocardium and decellularized myocar-
dial scaffolds were washed extensively in ster-
ile distilled water and fixed in 10% formalin O/N
at 4°C. The fixed tissue was washed 3 x 10 min
with sterile distilled water followed by dehydra-
tion with 15 min incubations in increasing etha-
nol solutions (50%, 60%, 70%, 80%, 90%, and
100% absolute). The dehydrated samples were
transferred to a critical point dryer (Emitech
Inc.) and dried with CO,. Samples were sputter-
coated with gold using an ion sputter (JFC
1100, JEOL) and visualized at 15 kV with a
scanning electron microscopy (JSM-6510,
JEOL).

Mechanical testing

Native and decellularized myocardium samples
(n = 5) were embedded in TissueTek® OCT com-
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pound, and 25 um-thick slices were thawed at
RT and rinsed continuously with PBS until the
OCT was completely removed. The slides were
then immersed in PBS and placed on the atom-
ic force microscopy (AFM) sample holder.

Stiffness measurements were performed using
a custom-built AFM mounted on the stage of an
inverted optical microscope (TE2000, Nikon)
using a previously described method [26, 27].
The samples were probed with a spherical poly-
styrene bead of radius R = 2.25 ym attached to
a V-shaped gold-coated silicon nitride cantile-
ver with a nominal spring constant k = 0.1 N-m™*
(Novascan Technologies). The 3D-cantilever
displacement was controlled with sub-nanome-
ter resolution using piezoactuators coupled to
strain gauge sensors (Physik Instrumente) that
allow measurement of vertical cantilever dis-
placement (z). Cantilever deflection (d) was
measured with a quadrant photodiode (S4349,
Hamamatsu) using the optical lever method.
The slope of a deflection-displacement curve
(d-z) obtained on a bare region of the rigid sub-
strate was used to calibrate the relationship
between cantilever deflection and photodiode
signal. A linear calibration curve with a sharp
contact point was taken to indicate a clean
undamaged tip. The spring constant was cali-
brated using the thermal fluctuation method
[28]. The force applied by the tip was computed
as F = k-d.

For each of the three heart layers, local stiff-
ness was measured as follows: for the epicar-
dium, measurements were made 200 uym from
the basal lamina edge; for the mid myocardium,
measurements were performed in the middle
of the sample; and for the endocardium, mea-
surements were made 200 um from the endo-
thelial lamina edge. In a given region, measure-
ments were performed in 3 locations separated
by ~600 um. At each of the 3 locations, 5 mea-
surements were made separated by ~7 um;
these 5 measurements were taken in a linear
or square pattern for native and decellularized
samples, respectively. The Young’'s modulus (E)
at each measurement point was computed by
recording 5 d-z curves (triangular ramp, peak-
to-peak amplitude of 5 um, and oscillation fre-
quency of 1 Hz) with a maximum indentation of
~1 um.

Sample indentation (8) was computed as o6 =
(zz))-(d-d,), where z_is the displacement of the
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cantilever at the tip-sample contact point and
d_ is the offset of cantilever deflection. Force-
indentation data were analyzed using the
spherical Hertz model (Equation 1) [29]:

Fo—ER (1)
3(1—u)

where y is the Poisson’s ratio (assumed to be

0.5). The spherical Hertz model can be exp-

ressed in terms of cantilever displacement and

deflection as follows:

1/2
d=d, R [z-z- (d-d)) " 2)
3(1-)

The Young's modulus, together with z_and d,
were computed by least squares fitting of
Equation 2 to the loading phase of the d-z curve
using custom-built software (MATLAB, Math-
Works). The fitting was performed with a maxi-
mum indentation of 0.5 ym to avoid inaccurate
z_ determination for shallow indentations and
the effect of a rigid substrate for deep indenta-
tions [29]. Moreover, to verify that E was not
affected by the substrate, force curves record-
ed in both native and decellularized myocardi-
um were fitted using Equation 2 by progres-
sively increasing the indentation depth up to 1
pm.

For a given measurement point, E was comput-
ed as the average of the values obtained in the
5 d-z curves. The stiffness of each heart region
was taken as the average of the E values com-
puted from the fifteen measured points (3 loca-
tions x 5 points/location).

Cell culture

Biopsy samples of mediastinal adipose tissue
were extracted from juvenile swine and pro-
cessed to isolate ATDPCs as previously
described [30]. ATDPCs were incubated with
growth medium: a-MEM (Sigma) medium sup-
plemented with 10% heat-inactivated fetal
bovine serum (FBS), 2 mM L-glutamine (Gibco),
1% P/S, and 5 ug/ml Plasmocin™ (Invivogen)
under standard culture conditions (37°C, 5%
CO,), with medium replacement every three
days.

Recellularization of decellularized scaffolds

Sterile lyophilized decellularized scaffolds (scaf-
fold surface area, 2-2.5 cm?) were pre-warmed
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Figure 2. ECM composition and biodegradability of the de-
cellularized myocardial scaffolds. (A) Immunostaining of
elastin in native and decellularized myocardial scaffolds,
(B) DP1-treated and (C) DP2-treated myocardium. Scale

bars 50 pm. (D) Immunofluorescence images using
antibodies against type-l collagen in native myocardium,
(E) DP1-decellularized and (F) DP2-decellularized myo-
cardium, counterstained with Hoechst 33342 to detect
nuclei (blue). Scale bars = 100 uym. (G) Immunostaining
of type-lll collagen (yellow) for native, (H) DP1-treated and
(I) DP2-treated myocardium. Scale bars = 20 ym. Nuclei
were counterstained with Hoechst 33342 (blue). (J) Differ-
ences in the weights of decellularized myocardial scaffolds
expressed as a percentage of biodegradability (BD) after
0.1% collagenase | treatment (n = 8). Data are reported as
mean = SD. *P < 0.05.

gel self-assembly and gel formation. The medi-
um was replaced after 1 h at RT, and the
reseeded scaffolds were incubated in standard
culture conditions for one week. The medium
was replaced every two days.

Cell viability analysis on the recellularized
scaffolds

One week post-reseeding, the recellularized
scaffolds were washed exhaustively in PBS and
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stained using the LIVE/DEAD® Viability/Cyt-
otoxicity Kit (Molecular Probes) following the
manufacturer’s instructions. Images were ac-
quired using a confocal laser microscope.

Determination of cellular density

Total number of cell nuclei was quantified using
ImageJ software (National Institute of Health)
in native myocardium and recellularized scaf-
folds one week post-reseeding (n = 3). At least
5 visual fields were counted for each sample.

Statistical analyses

Data are presented as mean + SD, and differ-
ences among groups were evaluated using the
one-way ANOVA and the Tukey post-hoc pair-
wise multiple comparison tests (SPSS statis-
tics software v.20, IBM). P values < 0.05 were
considered statistically significant.

Results
Evaluation of myocardial scaffold acellularity

Decellularized myocardial scaffolds were gen-
erated using two decellularization protocols
(Figure 1B). Macroscopically, a single decellu-
larization cycle was not sufficient to obtain
completely pale scaffolds for either protocol.
After two decellularization cycles, these scaf-
folds were almost transparent and appeared to
be cell-free. There were no notable differences
in scaffolds generated from the two protocols
or from the three different heart layers.

Histological analysis by Masson’s trichrome
staining showed no detectable cells remaining
in the myocardial scaffolds and no discernable
differences between the two protocols or the
different heart layers were found (Figure 1C-E).
Immunostaining revealed absence of cytoskel-
etal elements and cellular nuclei once myocar-
dium was decellularized (Figure 1F-K). In addi-
tion, no adipocytes were detected after Oil Red
O staining of the myocardial scaffolds (Figure
S2).

The DNA content was significantly reduced in
the decellularized scaffolds compared to the
native myocardium for each of the three heart
layers [DNA (ng/mg tissue): epicardium: native
=324 +136,DP1 =67 +19,DP2 =17 + 14; P
< 0.001; mid myocardium: native = 282 + 106,
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DP1 = 67 + 18, DP2 = 26 + 13; P < 0.00%;
endocardium: native = 468 + 190, DP1 =62 +
24,DP2 =23 + 21; P < 0.001]. The DNA remov-
al efficiency was not significantly different in
DP1 vs. DP2 samples (P = 0.31) or in decellu-
larized scaffolds from different heart layers (P
= 0.52) (Figure 1L). There were thus ~82% and
~94% reductions in the DNA content of the
scaffold-associated cells after DP1 and DP2,
respectively, compared to native myocardium.

Identification of ECM components and deter-
mination of decellularized scaffold biodegrad-
ability

Immunostaining showed that type-I, type-lll col-
lagen and elastin, characteristic ECM compo-
nents, were detected in the myocardial scaf-
folds after both decellularization protocols
(Figure 2A-I).

Decellularized scaffolds also exhibited high lev-
els of BD as determined by scaffold weight loss
after 24 h of collagenase | treatment [BD (%):
epicardium: DP1 =85+ 17, DP2 =63 + 33; mid
myocardium: DP1 = 94 + 13, DP2 = 87 + 23;
endocardium: DP1 = 89 + 14, DP2 = 75 + 32].
Even though no significant differences were
found between heart layers (P = 0.15), DP1 pro-
duced acellular scaffolds that were significantly
more biodegradable than those produced after
DP2 (P = 0.04) (Figure 2J).

Structural and mechanical properties of the
acellular scaffolds

Ultrastructural assessment showed decellular-
ized myocardium rich in ECM filaments. Notably,
the fiber organization and structure were pre-
served. In contrast, the scaffolds lacked cardio-
myocytes (Figure 3A-l), as demonstrated ab-
ove. No differences were found at ultramicro-
scopical level between scaffolds generated
from the two decellularization protocols or from
the different heart layers.

The ECM was easily identified in native myocar-
dium and in decellularized myocardial scaffolds
using phase contrast microscopy (Figure 3J-0).
Mechanical characterization of the ECM using
AFM revealed no significant changes in ECM
stiffness post-decellularization compared to
the native tissue [E (kPa): epicardium: native =
26.1 + 3.6, DP1 = 28.4 + 22.3, DP2 = 38.6 +
20.8; P = 0.51; mid myocardium: native = 30.0
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Figure 3. Structural and mechanical properties of acellular myocardial scaffolds. (A) Scanning electron microscope
images of native epicardium, (B) DP1-treated and (C) DP2-treated epicardium; (D) native mid myocardium, (E) DP1-
decellularized and (F) DP2-decellularized mid myocardium; (G) native endocardium, (H) endocardium after DP1
treatment and (l) DP2 treatment. (J) Phase contrast images of 25-um thick slices of myocardium probed with a
spherical tip at the end of a V-shaped cantilever by AFM of native myocardium, (K) DP1-decelluarized and (L) DP2-
decellularized myocardium. Scale bars = 100 ym. (M) Zoomed images of native myocardium, (N) DP1-decellularized
and (O) DP2-decellularized myocardium. Scale bars = 50 um. Red stars indicate cardiomyocytes. Yellow arrows
indicate ECM fibers measured with the AFM. (P) Determination of the Young’s modulus ECM, E, for native and decel-
lularized myocardium generated using both decellularization protocols, and for the three heart layers (n = 5). Data

are reported as mean + SD.

+20.6,DP1 =41.0 + 25.7, DP2 = 38.6 + 18.8;
P = 0.71; endocardium: native = 25.5 + 9.4,
DP1=28.6 +22.9,DP2 =42.9 + 10; P =0.21].
Stiffness was not significantly different in scaf-
folds from different heart layers (P = 0.69) or in
scaffolds generated using DP1 vs. DP2 (P =
0.15) (Figure 3P). Thus, the native ECM myo-
cardial stiffness was retained after decellu-
larization.

Recellularization of the decellularized myocar-
dial scaffolds

One week after ATDPCs reseeding within
RAD16-1 hydrogel onto decellularized myocar-
dial scaffolds, cells were detected inside the
scaffold (Figure 4A-C) and remained viable as
analyzed by live/dead assay (Figure S3).
ATDPCs seeded onto scaffolds generated using
DP1 and DP2 expressed the endothelial mark-
er isolectin B4 (Figure 4D, 4E). However, only
ATDPCs seeded onto scaffolds generated using
DP1 expressed the cardiac markers GATA4,
connexin43, and cardiac troponin T (Figure
4D-Il). The capacity of DP1- and DP2-generated
scaffolds to retain cells was determined and
compared to each other and to the cell density
in native myocardium. Cell density was signifi-
cantly lower in the recellularized scaffolds com-
pared to native myocardium (P < 0.001). Rem-
arkably, recellularized DP1 scaffolds had more
cells per surface area than the DP2 (236 + 106
and 98 + 56 cells/mm? for recellularized DP1
and DP2 decellularized scaffolds, respectively;
P = 0.04) (Figure 4J).

Discussion

Cardiac tissue engineering is based on placing
a mixture of cells with cardioregenerative
potential onto a supportive biomaterial. The
main challenge in cardiac tissue engineering is
finding an optimal biomaterial to serve as a
matrix for recellularization in order to generate
a bioprosthesis. Matrix composition, its 3D-
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structure and the microenvironment affect the
survival and growth of the reseeded cells and
the biomaterial integration success into the
host tissue [23, 31]. This challenge can be met
using natural myocardial ECM, which is more
biodegradable. It is not only a better match
than synthetic materials, it also matches the
composition and structure of native myocardi-
um better than other natural materials [23].
Notably, the structure and composition of the
native ECM constantly varies due to cellular
metabolic activity, which in turn causes chang-
es in cell responses to the new ECM environ-
ment [32]. These initial microenvironmental
cues and normal ECM turnover are only provid-
ed by the natural myocardial ECM obtained by
decellularization, a mixture of functional and
structural molecules which guides cellular pro-
liferation, attachment, differentiation, migra-
tion, and viability [33, 34].

To obtain only intact ECM, we need decellular-
ization processes that use physical, enzymatic,
and/or chemical treatments to remove all cel-
lular content from the tissue while preserving
the integrity of the ECM [2, 35]. Up to date, sev-
eral organs and tissues have been successfully
decellularized, such as heart valves, myocardi-
um, pericardium, lung, pancreas, kidney, liver,
mammary gland or nerve [24, 36]. In this study,
we chose to test two published decellulariza-
tion protocols that combine different treat-
ments and to adapt them to our specific condi-
tions. Decellularization treatments used can
have a variable effect on ECM: detergents
employed, SDS and Triton X-100, can effective-
ly remove cell content, but prolonged exposure
could alter ECM ultrastructure and eliminate
growth factors. On the other hand, trypsin used
in DP2 even though reported to be one of the
more commonly used decellularization agents
as an initial step, tends to be disruptive to elas-
tin and collagen and ECM ultrastructure, where-
as acid treatment of DP2, effective in solubiliz-

Am J Transl Res 2015;7(3):558-573



Protocols for myocardial decellularization

Decellularized Recellularized myocardium
myocardium

DP1 DP2

Hoechst F-actin Hoechst GATA4 Hoechst

F-actin

J 2400 -

2000 -

-

[=2]

(=]

o
i

1200 -+

800 -

Number of cellsimm?

400 - ’

0 : ,
Native myocardium Recellularized DP1 Recellularized DP2

Figure 4. Recellularization of previously decellularized myocardial scaffolds. (A) Representative images of Masson’s
trichrome staining for decellularized (DP2) myocardial scaffold; (B) DP1- and (C) DP2-decellularized scaffolds one
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ing cytoplasmatic components and eliminating
nucleic acids, could damage collagen, GAGs
and remove growth factors. DNase | and hyper/
hypotonic treatments have no described nega-
tive effects on ECM [24, 36]. Then, we per-
formed a detailed analysis of each decellular-
ization setup for two reasons. First, we wanted
to specifically assess the variability of the
decellularization effects, which depend on tis-
sue cellularity, origin, density, thickness, lipid
content, incubation time, and decellularization
technique. Second, we wanted to determine
the specific requirements of the cells used for
recellularization [24, 37].

Removing cells and nuclear material is neces-
sary to eliminate allogeneic or xenogeneic cell
antigens to avoid an adverse immunological
host response and graft rejection [38, 39]. It is
suggested that a DNA concentration of < 50 ng
per mg of scaffold plus no detection of nuclei
by immunostaining largely prevents an immu-
nological response [24]. In the present study,
we obtained cell-free myocardial scaffolds
using two protocols, confirming no presence of
cell nuclei in our decellularized scaffolds, and
DNA levels were close (DP1) or lower (DP2) than
the 50 ng/mg ECM limit, with DNA reduction
percentage similar to those obtained in previ-
ous work [11, 40]. Additionaly, absence of cyto-
solic remnants ensures cellular surface mole-
cule a-Gal removal, major factor in the hyper-
acute rejection of porcine organs transplant
[41].

Type-1 and lll collagen, which contribute mainly
to heart stiffness, and elastin, which is involved
in cell adhesion and the load-bearing capacity
of the heart, are two predominant components
of the myocardial ECM [42]. Scaffolds produced
by decellularization with DP1 and DP2 were
immunopositive for both type-l and Il collagen
and elastin, indicating that the major ECM com-
ponents that are needed for subsequent cell
reseeding were present.

Regarding biodegradability, an in vitro estima-
tion with single enzymatical digestion has been
carried out, similarly to those made in previous
studies for acellular scaffolds [25, 43-45]. High
levels of biodegradability facilitate the replace-
ment of the scaffold ECM by newly-synthetized
ECM produced by the reseeded cells. Greater
biodegradability thus enhances and promotes
the integration of the recellularized scaffold
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into the engrafted myocardium [35, 42]. Our
decellularized scaffolds were highly biodegrad-
able in vitro, with the DP1-derived scaffolds
being significantly more biodegradable (> 90%
for DP1 and > 75% for DP2). Accordingly, our
data suggest that it is better to use the DP1
protocol for decellularization. One plausible
explanation could be the disruptive effect of
trypsin over collagen ultrastructure, which may
mask or alter collagenase | cleavage sites,
diminishing enzymatic activity on it, as it hap-
pens when collagen structure is affected by
crosslinking agents [24, 36, 44]. However,
these results should be interpreted with cau-
tion as an in vitro approximation, and degrada-
tion kinetics of decellularized scaffolds should
be determined in vivo once engrafted, accord-
ing to the high number of metalloproteases
involved on ECM degradation [46].

We found that the ECM structure was preserved
after decellularization, and microscopic exami-
nation showed that the ECM fibers were not
only present but that the 3D-organization and
ultrastructure were preserved. Conservation of
the 3D-ECM ultrastructure post-decellulariza-
tion facilitates cell adhesion, differentiation,
survival, and integration, so ideally the ultra-
structure in the scaffold should be similar to
that of the native myocardium[23, 24, 33]. The
local intrinsic mechanical properties of native
and decellularized scaffolds, which are closely
related to scaffold structure, were assessed in
thin (~25 pym) tissue slices by AFM. This tech-
nique has the advantage over bulk mechanical
measurements that can directly measure myo-
cardial ECM stiffness in a precisely selected
region at a local micro-scale, providing further
insights into the cell-microenvironment inter-
connection [26, 27, 47].

The AFM measurements of the Young’s modu-
lus revealed that the local stiffness of the
decellularized scaffold is very close to the ECM
stiffness in the native myocardium. This sug-
gests that the decellularized scaffold may be
able to modulate cell behavior (e.g. cell pheno-
type, morphology, function, and contractibility)
in a manner similar to the modulation that
occurs in native tissue [48, 49]. The local stiff-
ness of the decellularized scaffold in the pig
myocardium is comparable to that we reported
recently in mouse (30-75 kPa) using the same
technique [27]. Interestingly, although there are
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no other published studies that use AFM in
micrometer-thin myocardium slices, similar
stiffness values (~20 kPa) were obtained with
AFM in thick (0.5-1 mm) native samples of rat
[50] and mouse [51] ventricles. Nevertheless, it
should be noted that the native myocardium is
a composite material with cells embedded in
an ECM network. Therefore, indentation of the
surface of a thick tissue sample deforms both
cells and ECM matrix providing a measurement
of the bulk stiffness that depends on the cell-
ECM stiffness and volume ratios as wells as
scaffold architecture. Other studies have mea-
sured bulk mechanical properties of thick (~0.3
mm) myocardial slabs dissected from native rat
ventricles and perfused-decellularized hearts
by means of biaxial tensile testing [3, 52]. The
results for the tangential modulus in the native
rat ventricle compare with our Young’s modulus
measurements in native pig myocardium. By
contrast, the tangential modulus of the decel-
lularized rat heart was ~10-fold stiffer than the
native tissue [3]. This marked increase in the
bulk stiffness of the decellularized tissue can
be attributed to decellularization-induced
shrinkage and compression of the 3D-ECM net-
work after cell loss. Mechanical properties of
native and acellular thick (2-10 mm) slabs of
porcine myocardium were also probed with uni-
axial testing [9, 10]. Although these studies
reported a very high stiffness (220-370 kPa) of
the native tissue they also showed a 5- to
20-fold stiffer acellular tissue providing addi-
tional evidence of the effect of scaffold shrink-
age in tensile assays. Taken together, these
data suggest that although the stiffness of the
decellularized heart can be altered by changes
in the 3D-structure of the ECM network at the
macroscopic levels, it is unaffected on the
microscopic scale, which is the level at which
cardiomyocytes sense mechanical cues from
the microenvironment.

We finally characterized the decellularized myo-
cardial scaffolds from each of the heart layers
(epicardium, mid myocardium, and endocardi-
um) by examining and comparing several prop-
erties. ECM derived from these layers differs in
terms of protein composition and in its specific
role in the early stages of embryonic heart
development [53-55]. Accordingly, we hypothe-
sized that adult heart epicardium and endocar-
dium might have slightly different ECM compo-
sition, structure, and/or function than myocar-
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dial ECM and that these differences might
affect cell reseeding. We found that myocardi-
um from each of the three heart layers showed
similar acellularity, ECM proteins detection,
ECM biodegradability, 3D-structure and mec-
hanical properties. Consequently, with the de-
cellularization protocols employed, it is sug-
gested that decellularized scaffolds from any of
the three heart layers could be used for subse-
quent cell reseeding, as no differences in ECM
characteristics were found.

To date, several types of porcine-derived mes-
enchymal stem cells have been used for recel-
lularization, including subcutaneous adipose
tissue [56], umbilical cord blood [57] and bone
marrow [58]. Mediastinal ATDPCs, the porcine
mesenchymal stem cells we used for scaffold
reseeding, were characterized previously by our
group [11]. ATDPCs are pluripotent and express
cardiac markers in basal conditions and when
cultured in endothelial growth medium, ATDPCs
showed endothelial-like morphology and inc-
reased isolectin B4 endothelial marker expres-
sion, reflecting differentiation towards an endo-
thelial-like cellular lineage [11]. These proper-
ties make ATDPCs appropriate to use for scaf-
fold repopulation.

ATDPCs were introduced into the scaffold along
with RAD16-l hydrogel, which self-assembles
into the matrix and provides an environment
that enhances cell viability and cell differentia-
tion towards a cardiac lineage [11, 22, 59].
RAD16-1 hydrogel also promotes endothelial
cell adhesion and proliferation as well as capil-
lary formation [60]. One week after recellular-
ization, the ATDPCs we observed in the scaffold
remained viable and had adhered to the mix-
ture of scaffold plus RAD16-l. ATDPCs exp-
ressed isolectin B4 in both DP1- and DP2-
decellularized scaffolds, indicating endothelial
differentiation potential. Nevertheless, only
ATDPCs in DP1-generated scaffolds expressed
GATA4, connexin43, and cardiac troponin T, all
of which are markers for cardiac lineage differ-
entiation. By mimicking native cardiac ECM or
by using decellularized myocardial ECM itself,
reseeded cells can be directed to differentiate
into mature cardiomyocytes, and in some
cases, towards endothelial lineage [4, 61, 62].
Our results indicated that the acellular DP1-
generated scaffolds had properties that were
more similar to the properties of native ECM.
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DP1-generated scaffolds not only promoted
ATDPCs endothelial potential, as did DP2-
generated scaffolds, but DP1-generated scaf-
folds also induced cardiac differentiation
potential to seeded ATDPCs. Moreover, ATDPCs
density was higher for recellularized DP1 scaf-
folds than for recellularized DP2 scaffolds.
Comparing with published data, a similar study
recellularized porcine myocardial slabs with
200,000 mesenchymal stem cells seeded onto
0.5 cm? of tissue and reported a cell density of
1,000 cellsymm? after 30 days [9]. That study
started with fewer cells than we did, but the
surface area was also smaller. Thus, although
they achieved a slightly higher cell density, their
results in recellularized porcine myocardium
were fairly similar to ours.

Characterization of the decellularized ECM, as
well as the recellularization data, indicates that
scaffolds decellularized using DP1 were prefer-
able to scaffolds decellularized using DP2.
DP1-derived scaffolds were more biodegrad-
able; importantly, they showed a higher density
of ATDPCs, and these cells differentially
expressed some cardiac markers. All decellu-
larization agents disrupt the scaffold to some
extent, but trypsin is more disruptive than other
treatments. Prolonged exposure to trypsin can
remove ECM elements such as laminin and
fibronectin, as well as collagens and elastin
(investigated in this study), and GAGs. Acid
treatment may remove ECM-bound growth fac-
tors [24]. It is difficult to determine the exact
exposure time that should be considered as
prolonged exposure, i.e. that removes too much
of these important ECM proteins and thus
alters the ECM microenvironment. Removal of
too many key ECM proteins may decrease the
number of ATDPCs that adhere to the scaffold
and may reduce their expression of cardiac
markers as their physiological microenviron-
ment has been altered. Despite trypsin-mediat-
ed alterations to the ECM in porcine aortic
valves, endothelial cells can grow and prolifer-
ate [63]. This suggests that ECM treated with
trypsin may still be suitable for endothelial cell
proliferation and explains why ATDPCs in DP2-
decellularized scaffolds express isolectin B4
but not cardiac markers.

Conclusion

In summary, both decellularization protocols
generated acellular myocardial scaffolds with
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conserved native ECM properties that could be
repopulated with ATDPCs. However, decellular-
ized scaffolds obtained with DP1 were more
biodegradable and retained more ATDPCs per
unit of surface area. Only the ATDPCs reseeded
onto DP1-decellularized scaffolds expressed
cardiac markers. For these reasons, in our
hands, combined use of detergents and DNase,
DP1, is an optimal decellularization protocol to
obtain acellular scaffolds for recellularization.
In the future, these recellularized scaffolds
could be enhanced by adding growth factors in
order to develop an improved myocardial
bioprosthesis.
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Figure S1. Decellularization protocols at a glance. A schematic view of the decellularization protocols plus pho-
tographs taken after each step. DP1 started with 1% SDS treatment for 72 h, followed by Triton X-100 treatment
for 48 h, and PBS + 1% penicillin/streptomycin washes. This cycle was repeated again with a distilled water wash
between cycles. After the second cycle, samples were treated with 0.1 mg/ml DNase | for 72 h at RT. Finally, the
scaffolds were washed 3 times with distilled water (2 h/wash). For DP2, tissue was subjected to hypertonic and
hypotonic solutions for 2 h each; this cycle was repeated twice, followed by 0.05% trypsin + 0.02% EDTA for 48 h
at 37°C. The solution was replaced after 24 h. Trypsin was replaced by PBS supplemented with 1% Triton X-100
and 1% ammonium hydroxide for 96 h at RT; the solutions were changed every 24 h. Treatment with trypsin and
Triton X-100 was repeated with an intermediate wash with distilled water. After the second cycle, the samples were
washed with distilled water O/N.

Native Decellularized myocardium

myocardium DP1 DP2

Figure S2. Evaluation of adipocyte remnants in decellularized myocardial scaffolds. (A) Oil Red O staining of native
myocardium, (B) DP1-decellularized and (C) DP2-decellularized myocardial scaffolds. Lipid and adipocyte remnants
are stained red. Scale bars = 50 ym.
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Figure S3. ATDPCs viability assessment in the recellularized scaffolds. (A) LIVE/DEAD® assay to test ATDPCs viability
in DP1- and (B) DP2-decellularized scaffolds one week after recellularization (n = 3). Green, live cells; red, dead
cells. Scale bars = 20 ym.



