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Bovine pericardium is a collagenous tissue commonly used as a natural biomaterial in the fabrication of
cardiovascular devices. For tissue engineering purposes, this xenogeneic biomaterial must be decellular-
ized to remove cellular antigens. With this in mind, three decellularization protocols were compared in
terms of their effectiveness to extract cellular materials, their elfect on glycosaminoglycan (GAG) content
and, finally, their elfect on tensile biomechanical behavior. The tissue decellularization was achieved by
treatment with t-o<tyl phenoxy polyethoxy ethanol {Triton X-100), tridecyl polyethoxy ethanol (ATE) and
alkaline treatment and subsequent treatment with nucleases (DNase/RNase). The quantified residual
DNA content (3.0 x04% 44 +06% and 5.6 £0.7% for Triton X-100, ATE and alkaline treatment, respec-
tively) and the absence of nuclear structures (hematoxylin and eosin staining) were indicators of effective
cell removal. [n the same way, it was found that the native tissue GAG content decreased to 61.6 £ 0.6%,
62.7+1.1% and §8.6 £ 0.2% for Triton X-100, ATE and alkaline treatment, respectively. In addition, an
alteration in the tissue stress relaxation characteristics was observed after alkaline treatment. We can
conclude that the three decellularization agents preserved the collagen structural network, anisotropy

and the tensile modulus, tensile strength and maximum strain at failure of native tissue.

1. Introduction

Bovine pericardium is a collagen-rich biological tissue widely
used as biomaterial in the construction of a variety of bioprosthe-
ses such as heart valves [1-3], vascular graft [4-6] and patches for
abdominal or vaginal wall reparation [7.8]. However, despite rele-
vant advances, some complications have been found in these bio-
prostheses such as the biological matrix deterioration and tissue
degeneration associated to mineralization [2,9]. [n order to over-
come these limitations, biological materials have been decellular-
ized in different manners and suggested for their use in tissue
engineering applications as scaffolds, where the matrix serves as
structural support, cell attachment site and reservoir for signaling
factor for the resulting tissue remodeling [10-14].

It has been known that pericardial tissue contains almost en-
tirely type [ collagen arranged hierarchically in different levels of
organization with various structures, such as fibrils, fibers, fiber
bundles and laminates [15,16]. These structural features of pericar-

dial tissue confer on it a non-linear and anisotropic mechanical
behavior [17]. Bovine pericardium also can be called a multi-lam-
inate compaosite pliable material because it consists of a network of
collagen and elastic fibers embedded in an amorphous matrix,
which in turn is composed mainly of free glycosaminoglycans
{GAGs) and proteoglycans (GAGs linked to protein cores) [18,19].

Different approaches have been reported as effective proce-
dures to remove cells from pericardial tissue with the aims of
removing cellular antigens and procalcific remnants while extra-
cellular matrix {ECM) integrity is preserved as much as possible
[20,21]. The combination of chemical, physical and enzymatic
methods destroys cell membrane and removes any nuclear and
cellular material [3,20]. The remaining acellular ECM will be a
complex mixture of structural and functional proteins, glycopro-
teins and glycosaminoglycans arranged in a three-dimensional
architecture [13.22]. However, some alteration in the acellular
ECM mechanical and structural characteristics can be induced dur-
ing the decellularization process [20]. [n this regard, bovine peri-
cardium decellularization with sodium dodecyl sulfate, an
anionic detergent, caused irreversible swelling, denaturation and
a drop in tensile strength compared to native tissue [21,23,24].



Due to these adverse effects, non-ionic detergents are preferred
over ionic surfactants in the decellularization process of pericardial
tissue. However, there are some issues related to the use of aro-
matic { phenolic) or non-aromatic {nen-phenolic) non-ionic deter-
gents used in the decellularization process. For example, the
biodegradation products of derivatives of non-ionic detergents
such as alkylphenol ethoxylates have been associated to toxicity
[25] and estrogenic effects [26,27].

Therefore, the purpose of this study was to compare two novel
procedures based in the use of non-phenolic alkyl ethoxylate deter-
gent and reversible alkaline swelling to achieve an effective decell-
ularization of bovine pericardial tissue and to assess their effects
on structure and tensile mechanical properties. Therefore, two alter-
natives to Triton™X-100 {TX100) are proposed in this study. For
comparison purposes, native tissue and tissue decellularized with
TX100 {alkylphenol ethoxylate) were used as control materials.
Consequently, a relationship between decellularization treatments
- sulfated GAG content alteration and viscoelastic stress relaxation
for pericardial tissue — was established during the course of this
work.

2. Materials and methods
2.1. Tissue preparation

Bovine pericardium was obtained from a local slaughterhouse
immediately after slaughter, rinsed with distillated water to re-
move blood and body fluids and dissected to remove the external
fat. For mechanical analysis, twelve 20 x 30 mm specimens were
obtained from one bovine pericardial sac on the heart ventral sur-
face. Six samples corresponded to the root-to-apex direction (refer-
ence, labeled as 0°) and six were perpendicular to them {labeled as
90° or circumferential), From each 20 = 30 mm sample, four strips
with dimensions 5 = 30 mm were obtained, which were marked
with small cuts on the ends to identify the orientation and, in turn,
divided into four groups for the decellularization protocols. For
biochemical and histological analysis, four adjacent 40 x 40 mm
samples were obtained and divided for the decellularization
protocols.

2.2. Decellularization protocols

Bovine pericardial tissue was decellularized using two protocols
based on either non-ionic detergent or alkaline treatment and
compared to a very common decellularization protocol based in
Triton™ X-100 (TX100) [21]. The decellularization methods for bo-
vine pericardial tissue were optimized in preliminary studies. The
treatment conditions, such as time and temperature, were chosen
according to literature based for the common decellularization
agent TX100 [21,24] and after visual inspection over the preserva-
tion of the structure of the tissue.

From the four groups of samples, each one consisting of twelve
strips and one square sample, one group was assayed without
treatment (native tissue, Group 1V) and three groups were decellu-
larized as described below.

Group I tissue creacrent with surfactant tridecy! alcohol ethoxy-
late (ATE). Samples were placed in 40 ml of sterilized and fil-
tered PIPES buffered saline solution {P55, 30 mM, pH 7.4, 0.9%
NaCl) containing 0.4 ml of ATE (1% v/v) and treated at 4 °C for
48 h under orbital stirring {20 rpm). The solution containing
the surfactant was changed after 24 h and after this period of
time, the samples were washed with PS5.

Group fi: tissue treatment by reversible alkoline swelling (RAS} and
ATE. Bovine pericardium was treated in an alkaline media in

order to introduce negative charges on the collagen which in
turn will create repulsive forces that would be responsible for
tissue swelling. For this, tissue samples were placed in 40 ml
of distilled water containing 0.16 g of calcium oxide (0.4 wt.%)
and 0.08 ml of ATE (0.2% v}v) and treated at 4 °C for 18 h with-
out stirring. Then, samples were removed from alkaline solution
and placed in 40 ml solution containing 0.8 g of ammonium sul-
fate {2 wt.%) and stirred at 20 rpm for 20 min. After this treat-
ment, calcium carboxylate groups present on collagen were
converted to calcium sulfate and ammonium hydroxide in order
to de-swell the tissue, Finally, tissue samples were treated using
the procedure described in Group L.

Group flI: tissue treatment with surfoctant octylphenol alcohol eth-
oxylate (TX100). This was similar to the procedure used for
Group [ except that TX100 was used instead of ATE as decellu-
larization agent. This will be referred to as control group.
Group IV: Non-treated macive tissue samples. These were samples
received from the slaughterhouse and stored in sterilized and
filtered PSS at 4 °C.

After each treatment {Groups [-11[), samples were incubated in
nucleases solution to remove free residual nuclear acids {DNA and
RNA residues) from damaged cells. For this, each sample group
was placed in 5 ml of a solution Tris—HC1 (10 mM, pH 7.6, 2.5 mM
MgCl,, 0.5mM CaCly) containing 0.2mgml~! of DNase and
0.02 mg ml~" of RNase. Finally, all specimens were subjected to an
additional 24 h washing in PSS at reom temperature under continu-
ous shaking to remove residual chemicals and cellular remnants.

2.3. Deoxyribonucleic acid (DNA} isolation and quantification

The DNA content was used as an indicator of the presence of
residual cells in decellularized tissue [28]. The DNA from either na-
tive or decellularized tissue samples of known masses {approxi-
mately 20 mg) was isolated, purified and rehydrated per triplicate
using the Wizard® Genomic DNA Purification Kit {Promega) accord-
ing to the recommended protocol. The DNA concentration was cal-
culated by spectrometric measurements and expressed as
micrograms per milligram of dry tissue.

2.4. Glycosaminoglycans (GAG) quantification

The sulfated GAG content was used as an indicator of the alter-
ation in structural composition of decellularized tissue. Native or
decellularized tissue samples were lyophilized, minced and
weighted. Then, approximately 20 mg of samples were placed in
1 ml of papain solution (0.125 mg ml™" in 20 mM sodium phos-
phate, 5 mM r-cysteine, pH 6.2) and digested at 60 °C for 3 h. The
sulfated GAG content of digested samples was assessed per tripli-
cate spectrometrically at 540 nm with the 1,9-dimethyl-methylene
blue assay using chondroitin sulfate (from shark cartilage) stan-
dard curves [29] and expressed as micrograms per milligram of
dry tissue,

2.5, Histological analysis

For histological examinations, tissue samples were fixed in 10%
phosphate buffered formalin (pH 7.4) for at least 3 days at 4 °C. The
fixed samples were cryo-sectioned in order to obtain a thickness of
6 um and stained by standard hematoxylin and eosin {(H&E) proto-
col to validate the cell nuclei removal and by Alcian blue protocol
in order to visualize GAGs. Stained samples were examined in a
Fisher Scientific Micromaster™ light microscope and recorded at
magnification of 10=x with a Javelin Electronics Chromachip V™
Camera.



2.6. SEM onalysis

The morphology and structural integrity of native and decellu-
larized tissue samples were observed by low-vacuum scanning
electron microscopy {SEM, JEOL, |[SM 6360LV). For this, wet sam-
ples were frozen with liquid nitrogen and then examined by SEM.

2.7. Tensile testing

Tensile tests at 37 °C were performed in order to characterize
the mechanical behavior of the native and decellularized tissue
samples. Nominal 30 (length) = 5 (width) mm strips were obtained
from pericardial tissue samples in both root-to-apex {0°) and cir-
cumferential (90°) directions. One sample group was evaluated
as native tissue and three groups were evaluated after decellular-
ization treatments. The mean thickness of each sample was deter-
mined by a series of measurements at four different peints using a
Mitutoyo digital micrometer. Specimens were fixed to grips with
an effective gange length of the samples of 20 mm and placed in
an electromechanical tensile testing machine {Instron 4411)
adapted with a transparent chamber and submerged in PBS solu-
tion heated at 37 °C by a thermostatic bath {Unitronic 6320200)
[30]. Then, stress relaxation tests were performed by stretching
the tissue strip to a given stress of 100 kPa using a cross-head
speed of 50 mm min~'; the movable cross-head was then stopped
and the load from the tissue recorded over 100 s. After this, the tis-
sue strips were unleaded and then re-stretched to rupture at an
extension rate of 1.8 mm min—'.

The axial force was measured with the tensile testing machine
by means of a 100 N load cell {Instron 2519-101) and the elonga-
tion by the internal LVDT sensor. The cross-head displacement
was taken as a direct measurement of the sample elongation, since
the compliance of the sample had been estimated as 100 times that
of the equipment. Before and after stress relaxation tests, a few
load cycles between 0 and 0.1 N were applied to every sample until
a reproducible response with a negligible hysteresis loop was
achieved.

2.8. Tensile dota analysis

For stress relaxation tests, the ratio of stress at a time ¢, o{£), to
the initial stress {a,) was plotted vs. time on a logarithmic scale,
These curves were fitted by linear regression in two zones [31]:
an initial relaxation slope between 0 and 1 s and a final relaxation
slope between 1 and 100 5. The stress relaxation ratio at 100 s was
calculated as the ratio of o, to o (100 s).

Stress-strain relationships for all the tests were derived from
load—displacement curves. Strain was obtained by dividing the
increment of specimen length by initial length, and stress was calcu-
lated as the applied load divided by the initial cross-sectional areas
(width x thickness). The tissue elastic modulus was assessed from
the slope at the linear stiff region, displayed at high stresses. Rupture
of pericardium specimen was characterized by the stress ( oppeqy) and
sErain (epreak) at the point when the first of the tissue layer failed,
identified by asudden drop of the load. The tangent modulus, calcu-
lated as the first derivative of the stress-strain curve, was obtained
for the initial region {between 0 and 0.6 MPa) of the stress—strain
curve, and fit to a straight line [16,18] to compute its initial slope.

2.9, Staciscical analysis

The statistical analysis was performed with one-way analysis of
variances (ANOVA). The Sidak-Holm test was wused for the
comparison between data groups. The results were considered sig-
nificantly at p-values less than 0.05 and presented as meant
standard deviation (SD).

3. Results
3.1. Decellularization of bovine pericardial tissue

Tissue treated by any of the three decellularization protocols
used showed lower DNA content than native tissue. [n ATE- and
RAS—-ATE-treated tissue, close ta 95% of the DNA content was re-
moved from native tissue, while in TX100-treated tissue the loss
was close to 97% (Fig. 1). Histological results also indicated a reduc-
tion in the cell nuclei present in bovine pericardial tissue after all
three decellularization treatments (Fig. 3a-d).

3.2, Effect of decellularizacion on glycosaminoglycan (GAG) content

All three decellularization protocols affected the GAG content of
native tissue (Fig. 2). Among the three decellularization methods,
the reduction in GAG content was mote severe in RAS-ATE-treated
tissue than ATE- and TX100-treated tissue (Fig. 2). Histological
analysis validated the diminution in the GAG content after all three
decellularization treatments (Fig. 3e—h).

3.3, Effect of decellularizacion on thickness and ricroscruccural
characteristics

The mean thickness of the decellularized pericardial tissue sam-
ples was not statistically different than native tissue mean thick-
ness (0.28 £ 0.06, 0.30+ 0.06, 0.30+0.05 and 0.31 £0.05 mm for
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Fig. 3. Representative histological micrographs for native and decellularized
pericardial tissue in H&E (a-d) and alcian blue {e-h) staining.

native, ATE-, RAS-ATE- and TX100-treated tissue, respectively).
The alkaline swelling step, for RAS-ATE-treated tissue, caused an
increase in the thickness to 0.41 + 0.07 mm but this was reduced
to 0.30 £ 0.05 mm in the de-swelling step.

NATIVE
{

Tissue treated by any of the decellularization protocols retained
the dense collagen network observed in native tissue with a dense
layer in the serosa surface (Fig. 4a-d). Collagen fibers, randomly
orientated and stacked into layers, were also observed by SEM
for native and decellularized pericardial tissue on the fibrosa sur-
face (Fig. 4e-h). Images of the cross- section of decellularized sam-
ples revealed a porous microstructure and delamination of the
multiple layers of collagen bundles in pericardial tissue (Fig. 4i-1).

3.4, Stress relaxation properties

The stress relaxation was used to compare the viscoelastic
properties of native and decellularized pericardial tissue. Stress
relaxation was reduced after the decellularization of native tissue
with the reversible alkaline swelling protocol for both strip orien-
tations (Fig. 5 and Table 1). However, the stress relaxation behavior
was not altered when strips were treated with non-ionic deter-
gents alone, i.e., ATE or TX100 (Table 1).
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Fig. 5. Stress relaxation curves for native and RAS-ATE treated pericardial tissue
strips in the circurnferential orientation. Data are expressed as mean values + 5D,
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Fig. 4. Representative SEM micrographs for native and decellularized pericardial tissue in serosa (a-d), fibrosa (e-h) surface and cross-sections (i-1).



Table 1
Stress relaxation parameters for native and decellularized bovine pericardial tissue in
both orthogonal orientations.

Initial relaxation Final relaxation Stress
slope slope relaxation
(% remaining stress (% remaining stress ratio at 100 s
vs. log(s)) vs. log(s))
Native 90° -6.3611.45 ~15.69+2.96 1.63+0.17
Native 0° —5.77 £1.54 -1348 +1.41 1.55+0.13
ATE 90° —6.64£3.21 ~1668 £1.91 1.69+0.23
ATE 0° —-578+2.06 —-1564 +2.98 157017
RAS-ATE —-537+233 -9.75+£2.21° 1.351£0.05%
qoe
RAS-ATE 07 —558+1.48 —10.59 £ 1.56° 1.35+0.067
TX100 90° -695+1.19 -16.74 +1.27 1.62 +0.09
TX100 0° -5521+3.24 -1497 +1.71 1.510.11

? p <0007 vs, native; n = 6; mean * 5D,

3.5. Stress-strain response

The stress-strain response was affected by the orientation of
the strips (Fig. 6a). The transition point between the compliant
portion of the stress-strain curves and the stiffer one occurred
at higher strains in circumferential orientation than in root-to-
apex strips (Fig. 6b). In the low strain—low stress region an almost
linear relationship between the tangent modulus and the stress
can be obtained as shown in Fig. 7 [16,18]. The slope of the tangent
modulus vs. stress curves were affected by the tissue strip orthogo-
nal directions, i.e. smaller slopes at the circumferential direction,
while these values were also smaller by decellularization protocol
based in RAS-ATE and TX-100 in the root-to-apex direction (Table
2). Inthe second linear portion of the stress—strain curves, i.e. at high
stresses, tissue modulus was obtained and it was observed that
moduli were higher in the circumferential than in the root-to-apex
direction {Table 2). The tissue decellularization procedures tend
to reduce the native tissue modulus but without statistical
differences.
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Fig. 6. Representative stress vs. strain curves for native and decellularized
pericardial tissue strips in both orthogonal orientations, showing the complete
typical curves (a) and a zoom of the initial part (b).
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Table 2
Stiffness parameters for native and decellularized bovine pericardial tissue in both
orthogonal orientations.

Slope of tangent modulus (tangent
modulus (MPa) vs. stress (MPa))

Elastic modulus (MPa)

90 00 90° o
Native 11.48 +3.42° 20814269 169.1£48.1* 10291256
ATE 13.98 + 3.44° 19.21+25 157.7+482% 929+423
RAS-ATE  9.95 +2.96" 14.09 £ 2.07" 126.9+37.1 94.4 +39.9
TX100 10.94 + 1.96% 15.36 £ 3.6° 139.6+45.8*° 9291216

4 p<0.04804 vs. 0°,
" p<0.01441 vs. native; n=6; mean = 5D.

3.6. Tensile strength and strain at rupture

The decellularization of native pericardial tissue with the
reversible alkaline swelling and non-ionic detergents did not cause
any statistical differences in their tensile strength or strain at
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rupture (Fig. 8). Rupture parameters, both strength and rupture
strain, were higher for the circumferential orientation than for
root-to-apex orientation {Fig. 8).

4. Discussion

The scaffold materials for tissue engineering should not only
provide mechanical support for the cell proliferation but also they
must be versatile to give the required anatomical shape [14]. The
decellularization of collagenous tissues has been explored as ECM
may serve as appropriate biological scaffold for cell attachment.
However, alterations both in the structural composition and in
the mechanical properties of the remaining ECM can be induced
during the decellularization protocols [20,32]. The mechanical
integrity can be affected and it may be associated either to the
denaturation of the collagen triple helix or to the loss of macromo-
lecular substances such as glycoproteins [21]. Therefore, in this
study we propose the potential use of two novel decellularization
methods for native bovine pericardial tissue by studying their effi-
ciency to remove all cellular and nuclear material and their effects
on the sulfated glycosaminoglycan {GAG) content and the tensile
viscoelastic properties.

The effect of decellularization methods on the properties of ani-
mal tissues must be studied in a specific manner due to differences
in tissue compositional and structural characteristics [33]. For
example, the decellularization of porcine heart valve with SDS ap-
peared to maintain critical mechanical and stiuctural properties of
the leaflets of valves [32] while decellularization of bovine pericar-
dium with 5DS resulted in a reduction in denaturation temperature
[21] and a reduction of almost 50% on tensile strength when com-
pared to native and TX100 treated tissue respectively [24]. Court-
man et al. proposed that an anionic detergent binds to protein,
increases negative charges and results in tissue irreversible swell-
ing [21]. [n addition, a highly negative charged pericardial tissue
has been associated to a higher tendency to tissue calcification
[34]. Due to these SDS disadvantages and considering the potential
toxicity of non-ionic phenolic detergents [25-27], ATE plus alka-
line treatments were used.

The DNA measurement and standard histelogical staining with
H&E were used to assess decellularization effectiveness, The
decellularization protocols used in this study removed cell mate-
rial from native bovine pericardial tissue, being TX100 slightly
more efficient for disrupting the cell membrane as only 3% residual
DNA content was detected in the remaining ECM. [n this regard, it
can be said that the non-ienic surfactants with hydrophobic do-
mains based on alkyl phenol chains could be preferred over those
based on alkyl non-phenol chains as 5% of residual DNA was ob-
tained by the treatment with ATE (Fig. 1). However, no stained cell
nuclei were found after tissue decellularization with the two novel
and control procedures (Fig. 3). In agreement with this observation,
the presence of small fragments of DNA has been observed in com-
mercially available biological scaffold materials [28].

[ this study, we observed that tissue decellularization with non-
jonic surfactants and reversible alkaline swelling did not change the
three-dimensional architecture of native pericardium. This means
that the laminar structure and fibrous nature of the native pericar-
dial tissue were maintained after decellularization (Fig. 4) although
the opening of the interfibrilar spaces was observed (Fig. 4i-1). The
same behavior was observed even after alkaline swelling as this
treatment caused a reversible change in thickness, ie. increased
45% after swelling step but regained its original thickness after de-
swelling step. Although SEM observations suggest similar organiza-
tion and orientation of collagen, it is possible that its fine chemical
structure may be altered, and this may also be responsible for the
different stress relaxation results obtained.

In this study, the change in the GAG content in the bovine peri-
cardial tissue was assessed by quantification of sulfated GAG and
by staining for GAG as indications of changes in the structure of
the pericardium. Nonetheless, the presence and distribution of
other ECM components can be examined by alternative staining
or immunohistochemical methods. The GAGs are an important
family of highly functionalized, linear, and negatively charged
pelysaccharides present in animal tissues such as pericardium
which are covalently bound to a protein core in macromoelecular
assemblies known as proteoglycans {PGs) [35-36]. A reduction in
native pericardial tissue sulfated GAG content was observed after
any decellularization procedure {Fig. 2). Nevertheless, the deple-
tion of native tissue GAG content was higher for reversible alkaline
swelling treated tissue than for non-ionic surfactant treated tissues
(Fig. 2). This proves that the reversible alkaline swelling allows an
interfibrillar opening of the tissue and possibly the formation of a
collagen fiber network with increased interstitial spaces, porosity
and surface area. [t has been reported by Mavrilas et al. that after
GAG selective degradation, the main GAG components in bovine
pericardial tissue were chondroitin sulfate and dermatan sulfate
[36]. On the other hand, Courtman et al. reported that the cell
extraction from bovine pericardial tissue with TX100 did not de-
crease the amount of hydrolyzed sugar residues used as indicator
of GAG content [21]. However, in our study, 60% of sulfated GAG
was removed from native pericardial tissue after decellularization
with non-ionic detergents; moreover, this was close to 90% after
decellularization by reversible alkaline swelling. This suggests that
the sulfated GAG removal during the decellularization process is
influenced not only by the type of detergent used but also by the
swelling of the tissue induced by additional alkaline treatment.
[n agreement with our observation, Vavken et al. reported a lower
reduction of GAG content in porcine anterior cruciate ligament tis-
sue after decellularization with TX100 compared to trypsin and so-
dium dodecyl sulfate [37].

Therefore, it is possible that tissue treatment with non-ionic
detergents {a mild treatment) caused the removal of free GAG, as
these and PGs have been recognized in pericardial tissue [15]. On
the other hand, tissue treated by alkaline swelling (a stronger
treatment) alse caused an additional important dissociation of PG
bound to collagen fibrils. In addition, the alkaline treatment may
result in a p-elimination reaction, and thus to removal of the GAGs
chains from the PGs and their possible degradation. Taking into ac-
count these results that indicated the effective removal of cells, the
reduction of the GAG content and the conservation of tissue micro-
structure, the tensile viscoelastic properties were evaluated.

It is well known, that the GAG content and type have a signifi-
cant role in the mechanical performance of tissues such as bovine
pericardium [21,36,38] and porcine heart valves [39]. In this study,
we observed a reduction in GAG content on bovine pericardial tis-
sue and therefore it was expected that the tensile properties would
be affected to different extents depending on the amount of GAG
removed.

The time-dependent viscoelastic properties of decellularized
and native tissue strips were characterized in a physiclogically
mimicked envirenment (PBS immersion) at body temperature,
The results demonstrated that tissues treated with reversible alka-
line swelling had significantly decreased in both the stress relaxa-
tion ratios and rates which were independent of strip directions,
whereas tissues treated with non-ionic detergents showed no dif-
ferences compared to native tissue. This suggests that the time-
dependent tensile viscoelastic properties of decellularized tissue
are strongly influenced by the GAG content, i.e. less stress relaxa-
tion in the tissue treated with reversible alkaline swelling which
contained less GAGs.

Tissue swelling after alkaline treatment might be caused by
charge repulsion, resulting in an important dissociation of free



Table 3
Changes in composition, structure and tensile properties due to  tissue
decellularization.

GAG  Collagen network  Stress relaxation  Tensile strength

ATE I = - _
RAS-ATE ||| = i =
™Ioe | = - _

Compared to native pericardial tissue no changes {=), minor changes (|}, moderate
change (]]) and strong change (] ]]).

and collagen-fiber-bounded GAG from the bovine pericardial
tissue. This GAGs dissociation caused the change in the stress
relaxation properties of the pericardial tissue, especially after
RAS-ATE treatment. The highly hydrated and negatively charged
pelysaccharides present in collagenous tissues appear to play an
important role in modulating physiological biomechanical behay-
ior and in the tissue calcification [36,39-40]. In this study, the sig-
nificant role of GAG/PG in viscoelastic behavior of decellularized
pericardial tissue was confirmed by stress relaxation analysis.

During the tensile evaluation of decellularized pericardia, it was
also abserved that the mechanical anisotropy was retained as ob-
served in the native non-treated tissue {Fig. 6). The mechanical
behavior at failure, reported as ultimate stress and strain of decellu-
larized tissue, was found to be similar to those in native tissue
(Fig. 8). These mechanical properties are in agreement with the good
preservation of the collagen fiber network as abserved by scanning
electron microscopy (Fig. 4), in spite of the GAGs content change.

The reasons for preferring decellularization of pericardial tissue
with phenolic non-ionic detergent over the decellularization with
non-phenolic non-ionic detergent can be justified by the potential
toxicity of residual chemicals but not by the effectiveness of cell re-
moval, the alteration in GAG content and biomechanical behavior,
In surnmary, Table 3 compares the changes in acellular pericardial
matrix composition and properties due to decellularization treat-
ment. The efficiency of a given decellularization method and their
alteration to the ECM is dependent upon the tissue of interest [20].
Thus, although the bovine pericardial tissue treatments proposed
in this study are effective decellularization methods, their effi-
ciency in other tissues must be studied.

As a final comment we can say that the tissue decellularization
with the novel methods described in this study resulted in a com-
plete cell removal, the preservation of the structure and rupture
features (ultimate tensile properties) but alteration of the GAG
content and viscoelastic behavior at different levels. [n agreement
with the broad spectrum of biological functions of GAGs, we
hypothesized that the alteration of the GAG content in the pericar-
dium-derived scaffold is going to affect the bioactivity of the scaf-
fold material. Therefore, cell-scaffeld interactions and the capacity
for in vitro cellular ingrowth, matrix degradation and replacement
with de novo tissue are being studied along with the effect of ster-
ilization over mechanical properties and they will be the subject
for another paper.

5. Conclusions

The results of the present study demonstrate that treatments of
bovine pericardial tissue with either tridecyl alcohol ethoxylate
(ATE) or reversible alkaline swelling {RAS-ATE) are effective
methods to remove cellular materials while preserving the ultra-
structure, mechanical anisotropy and tensile properties of the bo-
vine pericardial tissue. However, tissue decellularization with
non-ionic detergents is recommended over reversible alkaline
swelling (RAS-ATE) due to a significant GAG reduction and the
alteration of the stress relaxation behavior. The effectiveness of cell

remaval, reduction in GAG content and biomechanical behavior
were similar by using either phenolic (TX100) or non-phenolic
{ATE) non-ionic detergents.
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Appendix A Figures with essential color discrimination

Certain figures in this article, particularly Fig 3 is difficult to
interpret in black and white. The full color images can be found
in the on-line version, at doi:10.1016fj.acthio.2010.11.017.
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