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Background. Decellularized tissues are expected
to have major cellular immunogenic components
removed and in the meantime maintain similar me-
chanical strength and extracellular matrix (ECM)
structure. However, the decellularization processes
likely cause alterations of the ECM structure and
thus influence the mechanical properties. In the pres-
ent study, the effects of different decellularization
protocols on the (passive) mechanical properties of
the resulted porcine aortic ECM were evaluated.
Methods. Decellularization methods using anionic

detergent (sodiumdodecyl sulfate), enzymaticdetergent
(Trypsin), and non-ionic detergent [tert-octylphenyl-
polyoxyethylen (Triton X-100)] were adopted to obtain
decellularized porcine aortic ECM. Histologic studies
and scanning electron microscopy were performed to
confirmtheremovalofcellsandtoexaminethestructure
of ECM. Biaxial tensile testing was used to characterize
both the elastic and viscoelastic mechanical behaviors
of decellularized ECM.
Results. All three decellularization protocols re-

move the cells effectively. The major ECM structure
is preserved under sodium dodecyle sulfate (SDS)
and Triton X-100 treatments. However, the structure
of Trypsin treated ECM is severely disrupted. SDS
and Triton X-100 decellularized ECM exhibits similar
elastic properties as intact aorta tissues. Decellular-
izedECMshows less stress relaxation than intact aorta
due to the removal of cells. Creepbehavior is negligible
for both decellularized ECM and intact aortas.
Conclusion. SDS and Triton X-100 decellularized

ECM tissue appeared to maintain the critical mechan-
ical and structural properties and might work as
a potential material for further vascular tissue engi-
neering. � 2012 Elsevier Inc. All rights reserved.
1 To whom correspondence and reprint requests should be ad-
dressed at: Department of Mechanical Engineering, and Department
of Biomedical Engineering, Boston University, 110 Cummington
Street, Boston MA 02215. E-mail: yanhang@bu.edu.
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INTRODUCTION

The clinical need for the development of substitute
vessels is quite obvious. For example, coronary and pe-
ripheral vascular bypass grafting is now performed
more than 600,000 times annually in the United States
and Europe to treat cardiovascular disease. During
a bypass, the vascular surgeon creates a new pathway
for blood flow using a natural or artificial substitute
vessel. Autologous vessels are preferred as graft mate-
rial; however, these vessels may not be an option for
patients who have undergone previous bypass surgery
or who do not have vessels of appropriate quality [1].
Tissue engineered materials have gained great atten-
tion in replacement of the malfunctioning or diseased
cardiovascular tissues. The challenge of tissue engi-
neering blood vessels lies in the requirement of both
mechanical properties of native vessels and also the
anti-thrombotics properties [2]. Since decellularization
is considered to reduce the immunological response,
decellularized tissues have become promising material
in the field of tissue engineering for transplant and
grafting. They have been successfully used in many
preclinical studies [3–6] and even human clinical appli-
cations [7, 8]. Decellularization techniques have been
applied tomany types of tissues/organs, including heart
valve [6, 9], bladder [10], ligament [11], tendon [12],
vein [13], and artery [14, 15].

Decellularized tissues are expected to have all cellu-
lar and nuclear material efficiently removed while
maintaining similar composition, biological activity,
and mechanical integrity of the extracellular matrix
(ECM) [16]. The remaining ECM can be seeded with
host’s native cells in vitro before transplantation or
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in vivo after implantation [17]. Various decellulariza-
tion protocols have been developed, which may involve
a combination of physical, chemical, or enzymatic
methods using different detergents or enzymatic agents
to remove cells and cellular debris [16]. Among these
decellularization protocols, the most commonly used
methods include using anionic detergent sodium dode-
cyle sulfate (SDS) [18–20], enzymatic agent Trypsin
[21, 22], and non-ionic detergent Triton X-100 (tert-
octylphenylpolyoxyethylen) [23, 9].

Although decellularization techniques have been
broadly applied to native tissues, there is still limited
information on the matrix structure and mechanical
properties after the decellularization process. It is noted
that changes in the ECM structure after decellulariza-
tion process would affect the mechanical properties of
the tissue [16]. Previous studies investigated thematrix
structure of decellularized tissue using combined
histology and microscopy techniques [24–27]. Several
mechanical studies were performed to understand
the mechanical integrity of decellularized arteries
[4, 14, 15], and decellularized aortic valve leaflet [28].
However, little was found on the time-dependent me-
chanics of decellularized tissues. Successful decellulari-
zation will produce an ECM that possesses anisotropic
hyperelasticity, as usually seen in the intact aortas
[29]. In a fewpreviousmechanical studies on decellular-
ized arteries [4, 14, 15], loading has been limited to uni-
axial stretching, which ignores the multiaxial loading
state under physiologic conditions and, thus, the intrin-
sic anisotropic properties of soft tissue. Planar biaxial
tensile test with independent control of load in both per-
pendicular directions has been used broadly to study
the mechanical behavior of various soft biological
tissues [29, 30–34]. Although it cannot fully replicate
the physiologic loading conditions, biaxial tensile test
is sufficient on elucidating the anisotropic mechanical
properties of soft tissueswith plane stress assumptions.
Such capabilitiesmake it a useful tool for in vitro under-
standing of tissue mechanics.

The objective of the present study is to evaluate three
commonly used decellularization protocols with an em-
phasis on understanding the relationships between
structural changes and mechanical alteration. Three
decellularization protocols were adopted to obtain the
decellularized porcine aortic ECM. SDS was chosen as
an anionic detergent, Trypsin as an enzymatic agent,
and Triton X-100 as a non-ionic detergent. Scanning
electron microscopy (SEM) and histology studies were
used to confirm the removal of cells and to investigate
the composition and structure of tissue samples. Planar
biaxial tensile, biaxial stress relaxation, and creep tests
were performed to study the mechanical behavior of
decellularized ECM. Results from this study provide
insight into the effects of structural changes on the
elastic and viscoelastic properties of arteries after
decellularization.
MATERIALS AND METHODS

Sample Preparation

Fresh porcine descending thoracic aortas were harvested from
a local slaughter house and transported on ice to the lab. Immediately
after arrival, the aortas were cleaned of adherent tissues and fat, dis-
sected, and rinsed in deionized (DI) water. Square samples of about
2 cm3 2 cmwere cut from themiddle section of the aortas tominimize
the changes of the mechanical properties along the longitudinal
position of aorta [33]. The decellularization process of aortic tissue
samples was performed according to the protocols described later.
Mechanical testing was performed immediately after the completion
of decellularization to minimize the possible degradation effect of
the microstructural components in the ECM. Three decellularization
protocols were adopted to obtain the decellularized ECM of porcine
thoracic aorta, described as follows:

The first decellularization protocol was based on sodium dodecyle
sulfate (SDS) treatment [18, 19]. Porcine aorta samples were incu-
bated in hypotonic 10 mM Tris buffer (pH ¼ 8.0) with 0.1% EDTA
for 1 h, and then subjected to continuous shaking at room temperature
in a solution of 0.1% SDS (MP Biomedicals LLC, Solon, OH, USA)
with Tris buffer (10 mM Tris, pH 8.0), together with RNase A
(20 mg/mL) and DNase (0.2 mg/mL) for 48 h.

An enzymatic agent, Trypsin, was used as another method for
decellularization [21, 22]. Briefly, tissue samples were incubated in
0.5% Trypsin and 0.2% EDTA in hypotonic Tris buffer (10 mM Tris,
pH8.0), also with RNase A (20mg/mL) and DNase (0.2 mg/mL) at
37�C for 48 h.

The third method is based on the Triton X-100 (tert-octylphenylpo-
lyoxyethylen) decellularization process [9]. Aorta samples were
treated with continuous shaking in a solution of 1% Triton X-100
(Bio-Rad, Hercules, CA, USA) with 0.2% EDTA in 10 mM Tris buffer
with 20mg/mL RNase A and 0.2 mg/ml DNase at 37�C for 48 h.

After the decellularization process, the tissue samples were care-
fully washed several times in 13 PBS to remove the chemical resi-
dues. Dimensions of aortic samples were measured and recorded
before and after the decellularization process. A digital caliper was
used to measure the length, width, and thickness of each sample.
An average of six measurements was recorded and used in the me-
chanical calculations. The decellularized ECM samples were kept in
13 PBS for further testing. All the chemicals used in this study
were purchased from Fisher Scientific (Pittsburgh, PA, USA) unless
otherwise specified.

Scanning Electron Microscopy

Tissue samples of 5 mm long strips were dissected from the decellu-
larized and intact aortas. Samples were fixed in Karnovsky’s fixative
kit (2% paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M sodium
phosphate buffer) for 1 h and then dehydrated in a series of graded
ethanol. The samples were then dried using a Denton vacuum
(Denton, Moorestown, NJ, USA) DCP-1 CO2 critical point dryer. A
very thin layer of platinum (20 nm) was coated on the cross section
of the samples using a Sputter Coater (Cressington 108; Cressington,
Watford, WD, UK). SEM was performed at 5 kV on the cross sections
of the tissue samples using a JOEL JSM-6100 SEM machine.

Histologic Studies

Histologic images were taken to validate the removal of smooth
muscle cells (SMCs) in the decellularized ECM. Tissue samples
were fixed in 10% formalin buffer and then embedded in paraffin. Sec-
tions of about 6 mm in thickness were cut and stained. Hematoxylin
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and eosin (H&E) and Movat’s pentachrome stain stains were utilized
to examine the presence of cells, elastin, and collagen.
Planar Biaxial Tensile Testing

Mechanical testing was performed using a planar biaxial tensile
testing device, which has been used in our previous studies on theme-
chanical characterization of the elastic and viscoelastic behaviors of
aortic elastin [29, 33]. Briefly, a roughly square-shaped specimen is
mounted so that it can be stretched along both in-plane directions.
Four marker dots forming a 5 mm 3 5 mm square are placed in the
center of the testing specimen, and a CCD camera is used to trace
the position of the marker dots and determine the tissue strains in
both directions throughout the deformation. The load applied to the
specimen, i.e., tensile tension, ismeasured by the load cell. Decellular-
ized ECM samples were tested under equi-biaxial tensile tests, and
biaxial stress relaxation and creep tests to study to elastic and visco-
elastic mechanical properties, respectively. Corresponding intact
aorta samples were also tested for comparison.

All tests were performed in 13 PBS solution at room temperature
following the test protocols described in our previous studies [29,
33]. An initial 3 g tare load was applied before biaxial tensile testing
to obtain flatness and tautness of the soft tissue. Tissue samples
were first preconditioned for eight cycles with 15 s of half cycle time
equi-biaxially to obtain repeatable material response. For biaxial ten-
sile test, a membrane tension was applied to the samples starting
from the initial tare load for eight cycles with 15 s of half cycle time.
The peak membrane tension varied from 150 to 180 N/m. The force-
stretch response in both the longitudinal and circumferential direc-
tions was recorded. Cauchy stresses versus Green-Lagrange strain
were used to describe the anisotropic hyperelastic behavior of aorta
and decellularized ECM. The Cauchy stresses in the in the longitudi-
nal (x1) and circumferential (x2) directions of the tissue sample were
obtained by [33]:

s1 ¼ F1l1

hL02

;s2 ¼ F2l2

hL01

(1)

where si (i ¼ 1, 2) is the Cauchy stress, Fi and li (i ¼ 1, 2) are the load
and stretch in the xi (i ¼ 1, 2) direction; h and L0i (i ¼ 1, 2) represent
the thickness and length of the sample, respectively, before it was
stretched. The Green-Lagrange strain can be calculated by [35]:

E1 ¼ 1

2

�
l21 � 1

�
;E2 ¼ 1

2

�
l22 � 1

�
(2)

where Ei (i ¼ 1, 2) is the Green-Lagrange strain in the xi direction.
For stress relaxation test, an equi-biaxial tensile test was first ap-

plied to the sample. Immediately after the eighth cycle of the test,
the sample was quickly stretched to the target stretch with a rise
time of 2 s and held at this constant stretch for 1800 s. Similarly,
for creep test, the tissue sample was quickly loaded within 2 s and
then the tension was kept constant for 1800 s. The tension or stretch
in both the longitudinal and circumferential directions was recorded
during the entire testing period for stress relaxation or creep tests,
respectively.

To be noted, stress relaxation preconditioning was validated to be
essential to achieve a repeatable stress relaxation behavior in soft
tissues in our previous study [29]. To obtain repeatable viscoelastic
responses of the decellularized ECM, five cycles of stress relaxation
tests were performed and the data from the fifth cyclewas used in the
present study. Samples were allowed to equilibrate in free floating
state in the solution bath for 30 min between stress relaxation and
creep tests. Additionally, the initial stress level was also observed
to be an important factor, which will influence the rate of stress re-
laxation of both aorta and decellularized ECM samples. In this
work, the initial stress level was kept in the range of 130 to 150
kPa to reduce the effect of initial stress levels, which also has close
physiologic relevance [36, 37].
Statistical Analysis

Averaged results are expressed as mean 6 standard error of the
mean. Statistical analysis was performed using one-way analysis of
variance (ANOVA) and two-tailed two-sample t-test assuming un-
equal variances. Differences are considered statistically significant
when P < 0.05.
RESULTS

SEMwas performed on the cross section along the cir-
cumferential direction of the intact and decellularized
aortas to examine the morphology and structure. As
shown in Figure 1, in the intact artery, a dense structure
is present with smoothmuscle cells (SMCs) embedded in
the cross-linked ECM network of elastin and collagen
fibers (Fig. 1A). After the SDS and Triton X-100 decellu-
larization treatment, the ECMnetwork of fibers is better
revealed with the removal of SMCs. Images in Figure 1B
and C show detailed porous structures of the cross-
linked network. After decellularization with 0.5%
Trypsin, even though SMCs are successfully removed,
the ECM structure is severely disrupted (Fig. 1D). The
fibers are sparsely distributed, demonstrating breakage
of cross-links and fibers within the ECM.

Histologic study further validates the removal of
SMCs after decellularization (Fig. 2). Intact aorta shows
characteristic organization of SMCs and ECM in both
Movat’s pentachrome stain and H&E stain (Fig. 2A,
E). H&E stain images confirm the complete removal of
cells for all three decellularization protocols (Fig. 2F,
G, H). Movat’s pentachrome stain shows a cross-linked
network of collagen and elastin fibers in the SDS and
Triton X-100 treated ECM (Fig. 2B, C). However, the
network structure of the Trypsin decellularized ECM
is disrupted, leaving only scattered fibers (Fig. 2D, H).

Both SEM and histology results reveal that Trypsin
decellularization protocol severely destroys the struc-
ture of ECM. After 48 h, Trypsin treated sample be-
comes a semi-transparent viscous gel-like structure.
Figure 3 shows an optical image of the Trypsin treated
ECM under equi-biaxial tension of 20 N/m. The remain-
ing scattered fibers within the sample can be seen under
light microscope and tend to align in the loading direc-
tions. Upon loading, the sample failed to stay in shape,
which is characterized by a skewed distribution of the
four marker dots, as shown in Figure 3. Our results
show that the Trypsin treatment causes extensive de-
generation and fragmentation of the ECM and fails to
achieve a structurally preserved decellularized ECM.
Therefore, only the mechanical behaviors of SDS and
Triton X-100 treated ECMwere evaluated in this study.

The dimensions of the tissue samples were measured
before and after decellularization. Figure 4 shows the
normalized size change, which is calculated by normal-
izing the sample dimensions after decellularization by



FIG. 1. SEM images of the cross section in the circumferential direction of (A) native porcine aorta, (B) SDS decellularized ECM, (C) Triton
X-100 decellularized ECM, and (D) Trypsin decellularized ECM. All scale bars represent 50 mm.
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the original dimensions of the corresponding intact
aorta, for ECM samples treated with SDS (n ¼ 9) and
Triton X-100 (n ¼ 9). For both decellularization treat-
ments, the side lengths of the ECM samples decrease
less than 1% compared with the intact aorta, which
can be considered negligible. However, the thickness
decreases significantly to 79.4% 6 5.71% (P ¼
0.0000016) and 79.8% 6 5.81% (P ¼ 0.00027) of the
intact aorta after SDS and Triton X-100 treatments, re-
spectively. There are no significant differences between
the size changes from the two protocols (P¼ 0.454). The
dimensions of Trypsin treated ECMwere not measured
since these swollen gel-like samples could hardly stay
in shape.

In order to assess the effects of decellularization on
the elastic behavior, equi-biaxial tensile tests were per-
formed on the aorta tissue samples before and after
decellularization (SDS n ¼ 9, Triton X-100 n ¼ 9).
Representative comparison curves of the Cauchy stress
versus Green-Lagrange strain responses from decellu-
larized ECM and corresponding intact aorta samples
are shown in Figure 5. The decellularized ECM shows
similar elastic responses as the intact aorta. It exhibit
almost linear elasticity initially with elastin being the
major load bearing element. Strain stiffening happens
when the load continues to increase due to the involve-
ment of collagen. Decellularized ECM also possesses
similar anisotropic hyperelastic behavior as aorta
with the circumferential direction being stiffer than
the longitudinal direction. To better elucidate the
changes of stiffness and compare the mechanical be-
havior of decellularized and intact aorta, tangent mod-
ulus in the longitudinal and circumferential directions
was calculated for each tissue sample by differentiating
the stress-strain curves under equi-biaxial plane stress
assumptions, i.e., Et z 1/2 ds/de [38], and then aver-
aged. As shown in Figure 6, in the longitudinal direc-
tion, the tangent modulus decreases at a maximum of
13.5% for the SDS decellularized samples, and 13.1%
for Triton X-100 treated ones, but the changes are sta-
tistically insignificant (P> 0.05). In the circumferential
direction, the SDS decellularized ECM has very similar



FIG. 2. Histology images of the cross section in the circumferential direction of (A, E) native porcine aorta, (B, F) SDS decellularized ECM,
(C, G) Triton X-100 decellularized ECM, and (D, H) Trypsin decellularized ECM. Movat’s pentachrome stains elastin purple-black, collagen
yellow, and cells red (A–D). Hematoxylin and eosin (H&E) stains elastin and collagen pink, and cells purple-blue (E–H). (Color version of figure
is available online.)
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tangent modulus as the intact arteries, especially at
lower strains (<0.1) (Fig. 6A). The Triton X-100 decellu-
larized ECM has almost identical elastic tangent
modulus in the circumferential direction as the corre-
sponding intact arteries (Fig. 6B).

Figure 7A shows the representative stress relaxation
curves of decellularized ECM and intact aorta. All
tissue samples were tested at the initial stresses of
143.96 6 8.89 kPa to eliminate the effect of initial
stress levels on the rate of stress relaxation [29]. The
stresses were normalized to that at the beginning of
the holding period. Results show that aorta exhibited
significantly more stress relaxation than decellularized
ECM in both the circumferential and longitudinal
directions. Moreover, most of the stress relaxation hap-
pens during the first 10 min of the holding period. The



FIG. 4. Normalized size change of the aortic ECM after the SDS
and Triton X-100 decellularization processes. Normalized sizes of
ECMwere obtained by dividing the sizes of ECM samples by the sizes
of the corresponding aorta samples. *The difference is statistically
significant (P < 0.05).

FIG. 3. Image of trypsin decellularized ECM under equi-biaxial
tensile test with 20N/mmembrane tension. Loss of mechanical integ-
rity was manifested by the presence of scattered fibers and skewed
distribution of the four strain tracing marker dots.
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maximum stress relaxation was obtained by normaliz-
ing the total stress drop to the stress at the beginning of
the holding period. Figure 7B shows the maximum
stress relaxation for SDS (n ¼ 5) and Triton X-100
treated ECM (n ¼ 4), and intact aorta (n ¼ 4). The
SDS and Triton X-100 decellularized ECM relax
stresses to 85.49% 6 1.51% and 85.10% 6 1.58% of
the initial stresses, respectively. Intact porcine aorta
exhibits stress relaxation to 79.79% 6 3.03% of initial
stresses. Aorta relaxes significantly more than the de-
cellularized ECM (P ¼ 0.000013), however, the differ-
ences between SDS and Triton X-100 treated ECM
samples are negligible (P ¼ 0.855).

Creep tests show that creep responses are negligible
for all tissue samples, as shown in Figure 8. The maxi-
mum normalized creep of SDS (n¼ 4) and Triton X-100
(n ¼ 4) decellularized ECM, and intact aorta (n ¼ 3) is
1.77%6 1.11%, 1.67%6 0.54%, and 1.68%6 1.25%, re-
spectively. There are no significant differences between
all the tissue samples (P ¼ 0.949).
DISCUSSION

The present study examined the efficiency of SDS,
Trypsin, and Triton X-100 decellularization protocols
on porcine thoracic aortas with an emphasis on under-
standing the relationships between structural changes
and mechanical alteration. The Trypsin decellulariza-
tion protocol effectively removes all the cells and
nuclear components; however, substantial disruption
of the ECM is accompanied with this technique. Simi-
lar to our findings, a number of previous studies have
reported the extensive destruction of the matrix struc-
ture caused by Trypsin-based protocols. Meyer et al. [6]
compared different decellularization techniques of rat
aortic valve and observed severe destruction of the
ECM from histological study and loss of noncollagen
elements indicated by collagen assays after Trypsin de-
cellularization. They suggested that Trypsin treatment
destroy the small soluble and nonfibrillar proteins, pro-
teoglycans, and glycosaminoglycans (GAGs). Grauss
et al. [17] also reported an almost complete loss of elas-
tin, GAGs, a disruption of collagen, and a decrease in
fibronectin of the aortic valves with Trypsin treatment.
These structural damages will impact the durability
and mechanical properties of the tissue. Our results
further demonstrate the Trypsin decellularized aortic
ECM becomes a loose structure of limited fibers and
is unable to sustain mechanical tension.

Decellularization using SDS and Triton X-100 treat-
ments are effective at removing cellular elements while
maintaining the major structure of the elastin and col-
lagen network in the ECM (Figs. 1 and 2). Although
Grauss et al. [17] found that 1% Triton X-100 was inef-
fective in reducing cellular components of rat aortic
valve, most other researchers found it adequate and
effective. Bader et al. [9] performed 1% Triton X-100
decellularization of porcine valves and found that the
procedure resulted in an almost complete removal of
the original cells with a loosened three-dimensional
matrix at interfibrillar zones. Similar results were
observed by Kasimir et al. [27] and Liao et al. [39].
Liao et al. [39] also observed an increase in pore size
of tissues treated with Triton X-100 compared with
tissues treated with SDS. Meyer et al. [6] lowered the
concentration of Triton X-100 solution to 0.5% and still
achieved very effective decellularization. SDS decellu-
larization is considered to be the mildest treatment to



FIG. 5. Representative Cauchy stress versus Green-Lagrange
strain curves of equi-biaxial tensile test of intact aorta and after (A)
SDS, and (B) Triton X-100 decellularization. C ¼ circumferential
direction; L ¼ longitudinal direction.

FIG. 6. Averaged tangent modulus in the circumferential (C) and
longitudinal direction (L) of the intact aorta and decellularized ECM
using (A) SDS (n¼ 9), and (B) Triton X-100 (n¼ 9) treatment. Dashed
and solid trend lines are added for decellularized ECM and intact
aorta, respectively, to aid viewing.
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preserve the major structural components of elastin
and collagen in previous aortic valve studies [17, 39].
However, earlier study using SDS treatment was re-
ported to destabilize the collagen triple helical domain
and to swell the elastin network [40]. This controversial
findingmay be due to the differences in incubation time
and SDS concentration used in the decellularization
process, and might also come from the specific charac-
terization of diverse tissue specimens. Both Grauss
et al. [17] and Liao et al. [39] used 0.1% SDS on aortic
valves for 24 and 48 h, respectively; while Samouillan
et al. [40] treated aortic roots in 1% SDS for 64 h total.

The decellularized ECM remains to be a very aniso-
tropic hyperelastic material with the circumferential
direction being much stiffer than the longitudinal
direction (Fig. 5). Overall, the hyperelastic mechanics
integrity is maintained in the SDS and Triton X-100
decellularized ECM.Decellularized ECMexhibits sim-
ilar stress strain responses as the intact aortic tissues.
While the small changes in the tangent modulus may
reflectminor structural alterations of thematrix struc-
ture, these changes are not statistically significant.
Several previous studies have reported changes in
themechanical properties of decellularized ECM, how-
ever discrepancies exist. Here we briefly compare the
previous findings with our results and explain the
possible sources of discrepancy. Increased extensibil-
ity in the decellularized porcine aortic valves was re-
ported using SDS, Triton X-100 and Trypsin protocols
[39]. The changewas explained by the increased ability
for the circumferentially oriented collagen fibers to
rotate in the decellularized tissuematrix. In this study,
the extensibility was determined by a real strain under
60N/m tension for each sample. However, with the sig-
nificant decrease in thickness after the decellulariza-
tion process, it may raise doubts in the comparison of
extensibility of samples with different thicknesses
under the same tension level. Williams et al. [14]



FIG. 8. Representative creep behavior of SDS and Triton X-100
decellularized ECM.

FIG. 7. (A) Representative normalized stress relaxation behavior
of SDS and Triton X-100 decellularizedECMand intact aorta samples.
Stress relaxation responses in the circumferential and longitudinal di-
rections are almost identical for all samples. (B) Averaged normalized
stress relaxation for SDS (n¼ 5), TritonX-100 (n¼ 4) treatedECMand
intact aorta (n ¼ 4) at initial stress levels of 143.96 6 8.89 kPa. *The
difference is statistically significant (P < 0.05).
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determined themechanical properties of native andde-
cellularized rabbit carotid arteries using uniaxial tests
and found an increase of tensile modulus after decellu-
larization. They also reported a decrease of extensibil-
ity of the decellularized arteries. Such changes were
explained by the loosening and uncrimping of collagen
fiber network in the decellularized samples [14]. A
more recent work from Fitzpatrick et al. [15] investi-
gated the mechanical behavior of decellularized por-
cine aorta using uniaxial tensile tests as well. They
used three decellularization protocols, Triton X-100,
SDS, and a combination of Triton X-100 and sodium-
deoxycholate. Their results showed a decreased stiff-
ness in all the decellularized samples with different
decellularization protocols. The difference in mechani-
cal testing method may be another possible reason for
the different findings of the mechanical behavior of
decellularized tissues, since uniaxial tensile testing
cannot fully characterize the anisotropic mechanical
responses of soft tissues and may induce fiber reorien-
tation under uniaxial loading [41].

There is very limited information on the time-
dependentmechanics of decellularized tissues. Decellu-
larized ECM shows less stress relaxation compared to
native aorta (Fig. 7), as expected, due to the loss of
smooth muscle cells which can cause a more significant
stress relaxation than collagen or elastin. Williams
et al. [14] claimed that there was no significant differ-
ence of stress relaxation between native and decellular-
ized arteries. However, in their study, native arteries
were stored at –20�C before decellularization, which
would damage the activity of smooth muscle cells.
Moreover, the initial stress level is another crucial fac-
tor to influence the rate of stress relaxation of soft tis-
sues. Our recent study [29] showed that the rate of
stress relaxation increases linearly with the initial
stress level for both intact and decellularized aorta.
Consequently, in the present study, all samples were
tested at the initial stresses of 143.96 6 8.89 kPa to
eliminate the influence of initial stress levels on stress
relaxation behavior. Creep behavior was negligible for
all decellularized and native aortas (Fig. 8). This
unique behavior of very little creep compared with obvi-
ous stress relaxationwas observed before for soft biolog-
ical tissues [29, 39, 41, 42], and was attributed to
different mechanisms of stress relaxation and creep be-
havior. However, the mechanisms are not fully under-
stood. Future microstructural studies are needed to
better understand the effect of mechanical loading on
viscoelasticity.
CONCLUSIONS

In the present study, the elastic and viscoelastic be-
haviors of decellularized aortic ECM were examined
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using planar biaxial tensile testing. Three commonly
used decellularization protocols were evaluated in por-
cine thoracic aortas for efficiency of cell removal and
ability to maintain mechanical integrity. Changes in
mechanical function were related to the structure of
the decellularized ECM. SEM and histology studies
show that the cells were removed completely in all three
decellularization protocols. However, the ECM struc-
ture was severely disrupted in the Trypsin treated sam-
ples, which causes the loss of mechanical functionality.
SDS and Triton X-100 treatments preserved the major
structure and function of ECM and are considered an
effective approach to decellularize aortic tissue. ECM
from these two decellularization protocols exhibited
similar elastic properties as intact aortas under biaxial
tensile testing. Less stress relaxation was observed, as
expected, due to the removal of SMCs. No obvious creep
behavior was found in both decellularized and native
aorta samples. In conclusion, SDS and Triton X-100
decellularized ECM tissue appeared to maintain the
criticalmechanical and structural properties andmight
work as a potential material for further vascular tissue
engineering.
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