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Abstract Extracellular matrix (ECM) of myocardium
plays an important role to maintain a multilayered helical
architecture of cardiomyocytes. In this study, we have
characterized the structural and biomechanical properties
of porcine myocardial ECM. Fresh myocardium were de-
cellularized in a rotating bioreactor using 0.1 % sodium
dodecyl sulfate solution. Masson’s trichrome staining and
SEM demonstrated the removal of cells and preservation of
the interconnected 3D cardiomyocyte lacunae. Movat’s
pentachrome staining showed the preservation of cardiac
elastin ultrastructure and vascular elastin distribution/
alignment. DNA assay result confirmed a 98.59 % reduc-
tion in DNA content; the acellular myocardial scaffolds
were found completely lack of staining for the porcine o-
Gal antigen; and the accelerating enzymatic degradation
assessment showed a constant degradation rate. Tensile and
shear properties of the acellular myocardial scaffolds were
also evaluated. Our observations showed that the acellular
myocardial ECM possessed important traits of biodegrad-
able scaffolds, indicating the potentials in cardiac regen-
eration and whole heart tissue engineering.
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1 Introduction

Myocardial infarction (MI) and heart failure are the leading
causes of mortality world-wide, [1] which are characterized
by progressive ventricular chamber dilatation, tissue
fibrosis, and wall thinning of the infarct region [2-4].
Recent studies on MI treatment are focusing on cell ther-
apies (myoblast/stem cell injection) [5], intramyocardial
gene transfer [6], and cardiac repair with tissue engineered
constructs [5, 7, 8]. Among the treatments, tissue engi-
neering strategies have recently attracted much attention
due to the potential to restore cardiac function using viable
tissue constructs [9-11].

The goal of cardiac tissue engineering is to fabricate
tissue constructs that can restore basic cardiac functions by
integrating cellular components with scaffolds that serve as
a structural guide [12-15]. Various cell types, such as stem
cells (bone marrow stem cells, umbilical stem cells,
embryonic stem cells), multipotent adult progenitor cells,
fetal cardiomyocytes, smooth muscle cells, and dermal
fibroblasts, have been investigated as cell sources for re-
cellularization [16-20]. Another key challenge for cardiac
tissue engineering is to identify the most suitable scaffold
materials, which can provide optimal structural support and
guide for cell reseeding, proliferation, differentiation, and
functional integration. Two major approaches have been
investigated intensively to indentify ideal scaffolds: one is
to use synthetic biodegradable material and another is to
use tissue-derived acellular scaffolds [10, 11] [4, 16, 17].

Synthetic biodegradable material such as polyglycolic
acid (PGA), polylactic acid (PLA), poly ester (urethane
urea) (PEUU), poly(caprolactone) (PCL), poly(ethylene
oxide) (PEO), poly(vinyl alcohol) (PVA), and poly(glycerol
sebacate) have been used as scaffold materials [21-27]. The
advantages of polymeric materials include biodegradability
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and reproducibility with certain material and structural
properties [28, 29, 21]. However, the synthetic polymeric
approach faces challenges such as inflammatory and
immune responses, mismatched mechanical properties,
nonpliability, and control of degradation rate [26] [30, 31].

Recently, acellular scaffolds derived from native tissues
have gained attentions in the field of tissue engineering/
regeneration [32-40, 26]. The major advantage of the de-
cellularization approach is that the mechanical and bio-
logical properties of the extracellular matrix (ECM) are
well preserved [41-43, 35]. As an milestone study, Ott
et al. showed a revitalized beating rat heart by recellular-
izing a decellularized intact rat heart with cardiac and
endothelial cells [44]. Ott et al. found that the decellular-
ization was able to thoroughly remove cells/cell debris and
retain perfusable vascular architecture, competent acellular
valves and intact chamber geometry [44]. A pump function
similar to 2 % of adult or 25 % of 16 week fetal heart was
observed under a physiological load and electrical stimu-
lation. Ott’s study on rat hearts revealed that acellular
myocardial ECM itself might provides the most optimal
ECM environment for cardiac tissue engineering. To fur-
ther assess the potential of acellular myocardial scaffolds
as a tissue engineered (TE) template at a larger scale, we
investigated the decellularized porcine myocardium, [45]
demonstrating that the native 3D cardiomyocyte lacunae
and ECM networks were preserved and the acellular por-
cine myocardial scaffold showed potential in supporting
cell reseeding, cell differentiation, and endothelialization
of vasculature channels [45]. Moreover, a recovery of
mechanical properties was also observed along with the
tissue culture time [45].

Currently, two lines of research are emerging around
myocardium decellularization: one is to harness the poten-
tial of acellular myocardial scaffolds as a template for car-
diac patch tissue engineering, as exemplified by Wang’s
study on porcine myocardium [45] and Godier-Furnemont’s
study on human myocardium; [46] another approach, cur-
rently undertaken by Badylak et al. and Taylor et al., is to
scale up whole heart tissue engineering from rat heart to pig
heart [47, 48]. Apparently, both patch-level and whole heart
level applications require better understanding of the
structural and biomechanical properties of the myocardial
ECM [49, 47, 50].

Myocardial ECM is an intriguing network that mediates
complex muscle fiber architecture and maintains unique cell
to cell interconnections [51-54]. Composed of collagen
(type I and III) fiber network, elastin, proteoglycans, and
glycosaminoglycans [51-54], myocardial ECM provides
important functions in maintaining structural integrity,
tethering myocytes and mediating their contraction/relaxa-
tion, and preventing excessive stretching [55-57]. Being
able to obtain acellular myocardial scaffolds with well
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preserved ECM components and 3D architecture offers an
opportunity to examine the myocardial ECM in great detail.

In this project, we carried out structural and biomechan-
ical characterizations on the acellular myocardial scaffolds.
The assessments of the acellular scaffold enable us to better
understand the intrinsic structural and mechanical charac-
teristics of myocardial ECM. The knowledge gained in this
research will (i) provide a baseline for cardiac tissue engi-
neering that either partially or wholly utilizes the acellular
porcine myocardial scaffolds and (ii) serve as a reference for
polymeric based cardiac scaffold design.

2 Materials and methods
2.1 Preparation of acellular myocardial scaffolds

Thirty fresh porcine hearts were obtained from juvenile pigs
(~6-month old) from a local abattoir and transported to the
laboratory in PBS on ice. Myocardium square (20 x
20 x 3 mm) or myocardium strip (30 x 10 x 3 mm) was
dissected from the middle region of the anterior left ven-
tricular wall of the porcine heart. Square samples were used
for histological, structural, and biochemical characteriza-
tions, and the strip samples were used for uniaxial and shear
testings. For the square samples, one edge was aligned along
with the muscle fiber preferred direction (PD) that was
determined by the overall fiber texture and heart anatomy.
For the strip samples, the long edge either aligned along with
the muscle fiber PD direction or aligned along with the cross
fiber preferred direction (XD).

A frame-pin supporting system was designed to better
maintain tissue macrogeometry during decellularization
(Fig. 1). Briefly, four corners of the myocardium sample
were perforated with four 27G x 31/2” BD Quincke
Spinal Needles, which were then mounted onto custom
made rectangular plastic frames. The myocardium was then
decellularized in a rotating bioreactor using 0.1 % sodium
dodecyl sulfate (SDS) (Sigma) with 0.01 % trypsin
(VWR), 1 mM phenylmethylsulfonylfluoride (PMSF, pro-
tease inhibitor) (Sigma), 20 pg/ml RNase A (Sigma) and
0.2 mg/ml DNase (Sigma) at room temperature for
2.5 weeks. Ten-minute ultrasonic treatment (50 Hz, Bran-
son) was applied each day; the solution was changed every
two days to avoid contamination and tissue deterioration.

2.2 Morphology, histology and SEM

For estimating the dimensional changes, the thickness and
surface area of native myocardium samples were measured
using a caliper and the digital picture of the samples,
respectively. After decellularization, the thickness and
surface area of the acellular myocardial scaffolds were
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Fig. 1 The frame-pin supporting system was found to preserve tissue
morphology well in the decellularization procedure. The porcine
myocardium showed bright white color after 2.5 week SDS treatment,

immediately measured in order to compare the dimensional
alterations.

For histological analysis, samples were fixed in 2 %
paraformaldehyde in PBS at room temperature for 2 h,
dehydrated with graduated concentrations of ethanol and
embedded in paraffin. Cross-sections of the myocardium
were cut to 5 um thick. To elucidate changes in tissue com-
ponents, Masson’s trichrome staining and Movat’s penta-
chrome staining were used to identify cardiomyocytes,
collagen network, elastin, and proteoglycans. Stained tissue
sections were imaged using bright field microscopy (Nikon
EC600). Polarizing light imaging was also taken to reveal the
light extinguishing patterns of collagen network in both the
acellular myocardial scaffolds and the native myocardium.

Scanning electron microscope (SEM), capable of
showing 3D topography, was used to observe the cross
section of the acellular scaffolds and the native myocar-
dium. After fixation with 2.5 % glutaraldehyde for 24 h,
the samples were dehydrated in a graded ethanol series.
The samples were then processed with critical point drying
(Polaron E 3000 CPD), sputter coated with gold—palla-
dium, and observed with SEM (JEOL JSM-6500 FE-SEM).

indicating that decellularization was achieved. a Sample morphology
after 3 day decellularization; b sample morphology after 2.5 week
decellularization (Color figure online)

2.3 DNA assay and Griffonia simplicifolia (GS) lectin
immunohistochemistry

To test for the completeness of decellularization, both the
native myocardium and the acellular scaffolds were
weighed wet; DNA was extracted and purified with a
specific kit (Qiagen, Valencia, CA). The amounts of DNA
were quantified by reading absorbance at 260 nm, and
quantities of DNA were normalized to the wet weight and
expressed as ng/mg. To detect Gal « 1-3Gal (x-Gal), the
main porcine antigen responsible for acute rejection of
xenotransplants, biotinylated G. simplicifolia (GS) lectin
immunohistochemistry was performed, followed by ABC-
peroxidase complex and DAB detection with haematoxylin
counterstaining [58, 59].

2.4 Differential scanning calorimetry, water content,
and collagen stabilization studies

Acellular myocardial scaffolds were subjected to differ-

ential scanning calorimetry (DSC, model 131 Setaram
Instrumentation, Caluire, France) to determine the thermal
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denaturation temperature (7). Specimens were tested at a
heating rate of 10 °C/min from 24 to 100 °C in a N, gas
environment (N = 4). T4 is defined as the temperature at
the endothermic peak and is a well-known indicator of
degree of collagen crosslinking [60].

Water content was calculated as the percentage weight
difference between wet and dry samples that was normalized
to the wet weight. Both the native myocardium and the
acellular scaffolds were cut into small pieces (3 x 3 x
3 mm?) and the surfacing moisture was absorbed using filter
paper. After measuring the wet weight, all the samples were
put into a Freeze Dryer System (Cole-Parmer, Illinois) at
—54 °C. After samples were totally dried, the dry weights
were immediately measured (N = 24 for each group).

To assess degradability of acellular myocardium scaf-
folds, collagenase treatment was applied as an accelerated
degradation model [60]. After lyophilization, the dry
weight of the samples were recorded (range from 10 to
15 mg) and samples were then incubated in 1 mL colla-
genase Type I (USB) solution (5 Units of collagenase/mL
in 50 mM Tris buffer, 1 mM CaCl,, 0.02 % NaNs,
pH = 7.8). At 3 and 7 days, samples (N = 6 per time
point) were rinsed three times in ddH,O by centrifugation
at 12,000 rpm for 5 min, lyophilized, and weighed. Percent
mass loss was calculated from the following equation:
(scaffold weight before collagenase treatment - scaffold
weight after collagenase treatment)/scaffold weight before
collagenase treatment.

2.5 Mechanical characterizations
2.5.1 Uniaxial mechanical testing

Uniaxial mechanical properties of the acellular myocardial
scaffolds were characterized with a uniaxial testing
machine (Mach-1, Biosyntech, MN). Dogbone-shaped tis-
sue strips were trimmed in a way that a group of samples
were aligned along fiber-preferred direction (PD) and
another group of samples were aligned along cross fiber-
preferred direction (XD) (N = 4, grip-to-grip length:
20 mm, width: 5 mm). The samples were mounted with
two stainless steel grips cushioned with emery paper. After
10 cycles of preconditioning at 10 % strain, tissue samples
were loaded to failure at a ramp speed of 400 pum/s.
Engineering stress was calculated by normalizing the
force to the initial cross-sectional area; engineering strain
was computed by normalizing the displacement to the
initial grip-to-grip distance (gauge length). The maximum
tensile modulus was estimated by finding the tangent value
of the linear region of the stress—strain curve using linear
regression. Failure stress and failure strain were also
determined from the stress—strain data. To assess energy
dissipation in tissue loading and unloading, last cycle of
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preconditioning was used to estimate the tissue hysteresis,
by normalizing the enclosed area of the loading and
unloading curves (energy dissipation) to the area under-
neath the loading curve (energy input).

2.5.2 Shear testing

A pair of custom made shear plates was mounted onto the
Mach-1 for shear mechanical testing on both the acellular
myocardial scaffolds and the native myocardium. In the
testing, tissue sample (N = 4 for each group), with PD
direction aligned along with shear direction, was mounted
between two shear plates by applying a minimum amount
of cyanoacrylate glue. After ten cycles of preconditioning,
sample was loaded to a shear strain level of 40 %
(~10 kPa shear stress level for the native myocardium;
~400 Pa shear stress level for the acellular myocardial
scaffolds). Shear stress was computed by normalizing the
shear force to the contact area; shear strain was computed
by normalizing the travel distance of shear plate to the
sample thickness. All samples were tested in a PBS bath at
37 °C.

2.6 Statistical analysis

The experimental data were presented as mean =+ standard
deviation (STDEV). The Student’s ¢ test was applied for
two-group comparison (SigmaStat 3.0, SPSS, Chicago, IL).
The differences were considered statistically significant
when P < 0.05.

3 Results
3.1 Morphological, histological, and SEM analyses

Consistent with our previous finding [45], after 2.5 week SDS
treatment the porcine native myocardium (NM) showed bright
white color of typical collagenous materials, indicating that
decellularization was achieved (Fig. 1). The dimensional
comparison of myocardium samples before and after decell-
ularization demonstrated that the acellular myocardial
scaffolds (AMS) decreased in thickness (NM vs. AMS:
2.70 £ 0.23 vs.2.27 £ 0.38 mm, P = 0.039), were larger in
surface area (NM vs. AMS: 520.13 £ 46.94 vs. 577.42 +
44.51 mmz, P = 0.055), and showed only a small degree of
overall contraction (NM vs. AMS: 1403.25 4 232.36 vs.
1314.74 £ 216.29 mm’, P = 0.510) (Table 1; Fig. 7). The
removal of cardiomyocytes was confirmed by Mason’s tri-
chrome staining, and the cardiomyocyte lacunae were found
to be preserved, evidenced by cross-sectional and longitudinal
histology (Fig. 2). The 3D topography of the acellular scaf-
folds further delineated the details of the well preserved
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Table 1 Parameters from structural characterizations and water content measurement

Thickness (mm)

Surface area (mm?)

Volume (mm?) Pore size (pm) Water content (%)

Native myocardium 2.70 + 0.23 520.1 £ 46.9
Acellular myocardial scaffolds 2.27 + 0.38%* 5774 £ 445
P value P =0.039 P = 0.055

1,403.25 £ 232.36 NA 77.99 + 0.46
1,314.74 £ 216.29 214 £16.8 90.21 £ 2.36%
P =0.510 NA P < 0.001

* Indicates statistically significant difference between two groups (P < 0.05)

Fig. 2 Mason’s trichrome staining showed well preserved cardio-
myocyte lacunae. a Cross-section of the native myocardium; b lon-
gitudinal-section of the native myocardium; ¢ cross-section of the

cardiomyocyte lacunae, which were characterized by an array
of interconnecting open pores (Fig. 3c, d). The average pore
size estimated from the SEM images was 21.4 £+ 16.8 um.
Note that the SEM topography of the native myocardium
showed a dense morphology with muscle cells interlaced with
myocardial ECM (Fig. 3a, b), very different from the topog-
raphy of the acellular scaffolds (Fig. 3c, d).

Under polarizing light, the collagen scaffolds in the native
myocardium showed light extinguishing phenomenon that
were corresponding to collagen wavy pathways (Fig. 4a, b).
In the acellular myocardial scaffolds, the light extinguishing
phenomenon were found to be retained, implying the subtle
collagen wavy pathway survived the decellularization pro-
cedure (Fig. 4c, d). The elastin structures in the acellular
myocardial scaffolds were revealed by Movat’s pentachrome

decellularized myocardium; d longitudinal-section of the decellular-
ized myocardium. Red cardiomyocytes, blue collagen (Color figure
online)

staining (Fig. 5). Both vasculature elastin and cardiac elastin,
with their subtle structural features, were retained after the
decellularization (Fig. 5, arrows showing cardiac elastin). As
shown in Fig. 5c, a circle of elastin lamina on the intima was
observed, and the elastin fibers in the media and adventitia
maintained certain alignment and distribution. Furthermore,
the removal of the cellular contents (e.g., smooth muscle
cells) in blood vessels were also evidenced in the Movat’s
staining (Fig. 5c).

3.2 DNA assay, porcine antigen characterization, DSC,
and enzymatic resistance

Quantitative DNA analysis showed that the decellularized
scaffolds had a 98.59 % reduction in DNA content
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MSU-EMC WD 55mm  100pm

Fig. 3 a Cross-sectional view of the native myocardium revealed by
SEM, b enlarged view. ¢ Three-dimensional topography of the
acellular myocardial scaffolds revealed by SEM; d enlarged view of

compared with the native myocardium (from 275.4 + 31.7
to 3.9 4+ 0.5 ng DNA/mg wet tissue). Results of «-Gal
antigen staining showed that in the native porcine myo-
cardium, «-Gal antigen (brown color) was associated with
myocardial fibroblasts, cardiomyocytes and blood vessels,
while in the acellular myocardial scaffolds, «-Gal antigen
was completely absent (Fig. 6).

The DSC analysis found that the acellular myocardial
scaffolds had a T4 value of 70.28 + 1.39 °C, falling into the
range of thermal denaturation temperature of typical col-
lagenous scaffolds [61]. The collagenase treatment showed
that the acellular myocardial scaffolds experienced 18.74 %
mass loss at 3 days and 36.65 % mass loss at 7 days, dem-
onstrating a steady biodegradation rate (Fig. 7e) [62]. The
acellular myocardial scaffolds also showed capability to
attract and trap water, with a measured water content of
90.21 £ 2.36 % that was higher than the water content of
native myocardium (77.99 £ 0.46 %) (Fig. 7d).
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the cross-section; arrows highlight the interconnecting openings
inside the aligned cardiomyocyte lacunae

3.3 Tensile and shear properties of the acellular
myocardial scaffolds

Tensile mechanical behavior of the acellular myocardial
scaffolds along both PD and XD directions is shown in
Fig. 8. Listed in Table 2 are maximum tensile modulus,
failure stress, failure strain, and hysteresis of the acellular
myocardial scaffolds along PD and XD directions. We
found that tensile mechanical behavior along PD direction
was significantly stiffer than the XD direction (Fig. 8a;
Table 2). The acellular myocardial scaffolds showed much
stiffer tensile properties when comparing with the native
myocardium [45]. Moreover, the energy dissipation of the
acellular myocardial scaffolds was in the range of collag-
enous tissues [63]. Unlike the differences observed in
tensile behavior, the acellular myocardial scaffolds exhib-
ited a weaker shear resistance (shear modulus at 40 %
strain: 5.16 £ 1.35 kPa), which was 8 times lower than the
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Fig. 4 1In polarizing light images, light extinguishing phenomenon of collagen network exists in both the native myocardium (a) and the
acellular myocardial scaffolds (b). The light extinguishing phenomenon reflects collagen wavy pathways

native myocardium (shear modulus at 40 % strain: 42.99 +
5.79 kPa) (Fig. 8b, c).

4 Discussion

In this study, we thoroughly characterized the acellular
porcine myocardial scaffolds that were generated via a
modified decellularization procedure. We found that the
frame-pin supporting system well preserved 3D cardio-
myocyte lacunae, which were clearly confirmed by the
cross-sectional and longitudinal views of histology (Fig. 2)
and topographic views of SEM (Fig. 3c, d). The pore size
of the acellular myocardial scaffolds measured from SEM
images showed a radius of 21.4 4+ 16.8 pm, which was
slightly larger than the pore size (19.5 £ 17.9 pm) repor-
ted in our previous study [45]. We had speculated that the
capability of acellular myocardial scaffolds being able to
maintain open pores is due to the inherent properties of
myocardial ECM [45]. In the modified decellularization
protocol, the pores might be better maintained open using
the frame-pin support system. The quantification of the
dimensional changes before and after decellularization

showed the overall maintenance of tissue volume, adding
more evidence confirming the internal structural preserva-
tion (Fig. 7; Table 1).

Another interesting feature revealed by our SEM study is
the interconnecting openings inside the cardiomyocyte
lacunae (highlighted by arrows in Fig. 3d). Those inter-
connecting passages were likely an important feature
allowing continuity of cardiac muscle fibers both physically
and functionally. As reported previously, each ventricular
myocyte is connected to other myocytes (via gap junctions),
with an average of 11.3 neighbors, 5.3 on the sides and 6.0 at
the ends [64]. The preservation of those subtle intercon-
necting openings in the cardiomyocyte lacunae (Fig. 3d)
might benefit not only migration of the reseeded cells in
tissue engineering maneuver, but also the possible func-
tional interaction of those cells. Note that the 3D topo-
graphic views of cardiac ECM shown in Fig. 3c and d was
remarkably similar to a ultrastructural study by Macchiarelli
and Ohtani, in which they revealed the lacuna morphology in
the NaOH-digested ventricle with SEM [54].

Using polarizing light microscopy, we showed the
existence of light extinguishing phenomenon in the colla-
gen network of the native myocardium, while there was no
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Fig. 5 a, b Movat’s pentachrome staining of the native myocardium,
¢, d Movat’s pentachrome staining of the acellular myocardial
scaffolds. Details of cardiac elastin and vascular elastin were

regular light extinguishing pattern as that shown in tendon
or ligament [65]. As we know, the light extinguishing
phenomenon under polarizing light resulted from the wavy
pathways of collagen fiber bundles (collagen crimp) and
the intrinsic birefringence property of collagen [65]. This
observation was consistent with Hanley et al.’s finding,
which reported that collagen fibers in the native myocar-
dium were wavy cords that were straightened considerably
as the sarcomere length was increased from 1.85 %+
0.06 pm (near-resting length) to 2.30 & 0.04 pm [66]. The
retaining of light extinguishing phenomenon in the acel-
lular myocardial scaffolds revealed the preservation of
collagen waviness, which suggests a likely beneficial fea-
ture for future scaffold-cardiomyocyte interaction and
functioning.

An important persevered feature we confirmed in this
study was cardiac elastin and elastin in cardiac blood vessels
(black color in Movat’s Pentachrome staining, Fig. 5).
Fomovsky et al., recently pointed out that the myocar-
dium contains collagen, cardiac elastin, proteoglycans, in
which the mechanical contributions of cardiac elastin
and proteoglycans are relatively poorly understood, and
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revealed; cardiac elastin is highlighted by arrows. Yellow collagen,
Red cardiomyocytes/smooth muscle cells, black elastin, blue
proteoglycans/glycosaminoglycans (Color figure online)

circumferential evidence suggests the need to better under-
stand their mechanical roles [67]. It was well-known that, in
other dynamic tissues such as tendon/ligament, heart valves,
and blood vessels, elastin fibers/sheets provide resilience by
storing and releasing energy in favor of passive recoil
(elasticity) [65]. One possible mechanical role of cardiac
elastin might be similar to the above mentioned dynamic
tissues, i.e., assisting the cardiac contraction cycles by pro-
viding microscale resilience. There might be other functions
still unknown about cardiac elastin; however, the existence
of the cardiac elastin in the native myocardium is a self-
evidence of importance from the structure—function point of
view. The preservation of cardiac elastin in the acellular
myocardial scaffolds hence represents an advantage in bio-
mechanical functionality. Furthermore, the retaining of
vascular elastin in blood vessel networks also provides a
favorable platform for later revascularization. The conser-
vation of elastin alignment and distribution in the medial
layer and the retaining of elastin lamina on the intimal sur-
face might provide important structural cues for smooth
muscle cell differentiation and vascular channel endotheli-
alization, respectively.
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Fig. 6 Histochemical staining for «-Gal. a, b Native porcine shows a negative control where lectin was omitted. ¢, d Acellular
myocardium showed that a-Gal antigen (brown color) was associated myocardial scaffolds showed complete lack of staining for the o-Gal
with myocardial fibroblasts, cardiomyocytes and blood vessels; inset antigen (Color figure online)
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Fig. 8 a Uniaxial tensile responses of the acellular myocardial

scaffolds along PD and XD directions; samples were loaded up to
failure. Shear mechanical responses of the acellular myocardial
scaffolds (b) and the native myocardium (c); only PD direction was
examined in shear testing

The efficient removal of cardiomyocytes has been
demonstrated histologically by Mason’s trichrome staining
(Fig. 2). Movat’s pentachrome staining (Fig. 5) further
showed that smooth muscle cells and endothelial layer in
blood vessels were completely removed. Quantitative DNA
analysis showed a 98.59 % reduction in DNA content,
which was considered satisfactory for tissue engineering
applications and comparable to other decellularization
studies [68]. «-Gal antigen staining revealed that the
acellular myocardial scaffolds completely lacked «-Gal
antigen (Fig. 6). The removal of all types of cells, DNA
fragments, and «-Gal porcine antigen implied the great
potential of the scaffolds in future cardiac regeneration
applications.

The water content of decellularized myocardial scaf-
folds was found higher than the native myocardium (AMS

Table 2 Mechanical parameters obtained from uniaxial tensile testing

vs. NM: 90.21 £ 2.36 vs. 77.99 £ 0.46 %), reflecting a
highly hydrophilic property of the acellular myocardial
scaffolds. The high porosity of the acellular scaffolds
explained the capability of the acellular scaffolds to attract
and trap significant amounts of water. In the accelerating
enzymatic degradation assay, we found that the decellu-
larization treatment generated acellular myocardial scaf-
folds that were biodegradable and had a constant
degradation rate (18.74 =344 % at 3 days and
36.65 = 4.95 % at 7 days), which is similar to the mass
loss in the PGG-fixed porcine pericardium and favors tissue
remodeling in the recellularization phase [69, 62].

As we determined in our previous study [45], the stiffer
mechanical behavior of the acellular myocardial scaffolds
reflected the fact that the decellularization procedure turned
a muscular tissue into scaffolds mainly consisting of col-
lagen and elastin networks. The loss of shear resistance in
the acellular myocardial scaffolds can be attributed to the
highly porous structure. Ideally, for either patch application
or whole heart tissue engineering, the passive mechanical
properties should be re-established to a certain degree by
refilling the empty niches of the acellular myocardial
scaffolds with appropriate types of cells. Two efforts are
needed in restoration of the passive mechanics of myo-
cardium: one is to lower the tensile properties by adding
back cellular contents (matching the patch region with
other part of the ventricle) and another is to re-establish
shear resistance back to a physiological level. Recellular-
ization and formation of cell-ECM interaction might help
re-establish mechanical properties. As we showed in our
previous study [45], recellularization promotes positive
tissue remodeling and generated patch materials that are
more mechanically similar to the native myocardium.

In short, the mechanical and structural parameters, such
as tensile and shear properties, pore size of ECM lacunae,
etc., were reported here for the acellular myocardial ECM.
From a biomimetic point of view, those characteristics
might indicate useful mechanical and structural cues for
functionality of cardiomyocytes. It is possible that cardiac
scaffold design by polymeric or other approaches would be
benefited by mimicking the physical and ultrastructural
features reported in this study [70]. As an example, a
biomaterial scaffold that has very low modulus might not

Maximum tensile
modulus (kPa)

Acellular myocardial scaffolds

Tensile failure
strain (%)

Tensile failure
stress (kPa)

Hysteresis (%)

Fiber-preferred direction (PD) 9,498.3 + 1,496.2
3,270.2 + 797.8*

P = 0.006

Cross fiber-preferred direction (XD)
P value

1,204.5 + 40.8 2499 £293 10.96 £ 0.37
333.9 £+ 76.2* 2592 £ 3.47 12.54 £ 1.94
P <0.001 P =0.781 P =0.231

* Indicates statistically significant difference between two groups (P < 0.05)
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be able to effectively transfer the contractile forces of
cardiomyocytes. The future study will include biochemical
characterizations of the ECM compositions, biological
factors, and ligand integrity in the acellular myocardial
scaffolds. It is also worthy to point out that the structural
and biomechanical properties reported here are the char-
acteristics of the remaining myocardial scaffolds after de-
cellularization, which are prone to changes in the tissue
remodeling processes either in in vitro recellularization/
conditioning, or after implantation.

5 Conclusions

We modified the decellularization protocol [45] by
employing a frame-pin supporting system, and obtained
the acellular myocardial scaffolds that preserved subtle
components and features. The aligned and interconnected
myocardial niches provide nature-designed microenviron-
ments for future recellularization. The preservation of
collagen network, cardiac elastin, and vascular templates
further confirmed the potential of porcine myocardial ECM
as scaffolds for cardiac tissue engineering/regeneration.
We demonstrated the removal of cells, DNA fragments,
and o-Gal porcine antigens as well as a constant biodeg-
radation rate rendered by our decellularization procedure.
Tensile and shear properties of the acellular myocardial
scaffolds were also reported here, together with structural
parameters, providing useful information to porcine myo-
cardial ECM and corresponding tissue engineering efforts
(e.g., cardiac patch and whole heart tissue engineering).
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