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Decellularized vascular scaffolds are promising materials for vessel replacements. However, despite the natural origin of
decellularized vessels, issues such as biomechanical incompatibility, immunogenicity risks, and the hazards of thrombus formation
still need to be addressed. In this study, we assess the mechanical properties of two groups of porcine carotid blood vessels: (i)
native arteries and (ii) decellularized arteries. The biomechanical properties of both groups (n = 10, sample size of each group) are
determined by conducting uniaxial and circumferential tensile tests by using an ad hoc and lab-made device comprising a peristaltic
pump that controls the load applied to the sample. This load is regularly incremented (8 grams per cycle with a pause of 20 seconds
after each step) while keeping the vessels continuously hydrated. The strain is measured by an image cross-correlation technique
applied on a high-resolution video. The mechanical testing analyses of the arteries revealed significant differences in burst pressure
between the native (1345.08+96.58 mbar) and decellularized (1067.79+112.13 mbar) groups. Moreover, decellularized samples show
a significantly lower maximum load at failure (15.78+0.79 N) in comparison with native vessels (19.42+0.80 N). Finally, the average
ultimate circumferential tensile also changes between native (3.71+0.37 MPa) and decellularized (2.93+0.18 MPa) groups. This
technique is able to measure the strain in the regime of large displacements and enables high-resolution image of the local strains,
thus providing a valuable tool for characterizing several biomechanical parameters of the vessels also applicable to other soft tissue
presenting hyperelastic behaviours.

engineering procedures [3-5]. In particular, tissue engineer-
ing has been successfully applied to fabrication of printed-

Arterial graft remains the primary therapy for patients
with advanced cardiovascular disease. The ongoing need for
arterial conduits is due to the poor clinical efficacy of existing
synthetic grafts in small diameter artery applications around
(~ 5 mm) [1, 2]. Besides, many patients with pathological
arterial walls need an efficient replacement based on tissue

based matrices for developing useful implants [6, 7].

The arterial graft typically involves a decellularization
procedure depending on the geometrical shape and the
biomechanical properties of the required tissue [8]. More-
over, the process of acquiring native arteries and their
decellularization requires a difficult methodology, not always
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put into practice in an optimum manner. In this study, we
explore the possibility of obtaining porcine decellularizated
arteries by applying an enzymatic digestion and detergent
extraction procedure [1, 9, 10]. This process is able to provide
implants to patients similarly to those made of synthetic
materials, once the demanded biomechanical resistance is
known. Some authors have also studied the fabrication of a
hybrid tissue vascular graft by applying polymerized coatings
on the outside of different aortic or carotid decellularized
vessels, which significantly enhances their biomechanical
behaviour (2, 11].

The outstanding role of assessing the biomechanical prop-
erties of biological specimens (in this case, different arteries)
justifies the application of the mechanics of continuous
media formalism. Particularly, it has been used to describe
the results from several mechanical tensile tests aiming at
retrieving the stiffness and elasticity of the samples. Typically,
the mechanical characterization of the blood vessels has
been obtained without taking into account the resolution
of the displacements in axial or circumferential tests [12-
14]. The error introduced by an inaccurate distance mea-
surement is translated into significant misleading variations
of the mechanical parameters. In this regard, we propose
an image cross-correlation algorithm to improve the strain
tracking experienced by the sample during the stress tests,
thereby providing a high-resolution characterization of their
mechanical parameters. The researchers that may introduce
these mechanical concepts in the field of tissue engineering
or clinical practice need this accurate characterization of the
mechanical properties [15-17].

Soft tissues (such as blood vessels), understood as hyper-
elastic materials when subjected to uniaxial loads, are char-
acterized by relevant shape changes as well as a strongly
nonlinear response. Hyperelastic materials experience a great
strain when a load is applied. Nevertheless, once the load is
removed they return to a position very close to the initial one.
On the other hand, when cyclical loads are applied to these
materials, a considerable dissipation in the energy is exhibited
as a response to the stress. The realization of this work
has been based on the functions of the deformation energy
suitable for soft tissues study developed by Holzapfel, Ogden,
and Vito [18-21]. In this way, a semianalytical description of
constitutive equations for soft tissues is explored and then it
has been applied to develop a new technique for measuring
the strain in mechanical tensile tests.

The remainder of the paper is organized as follows. Sec-
tion 2 briefly describes the mechanical behaviour of the artery
along with the derivation of its stress tensor. Next, Section 3
is devoted to the strain tensor. Then, Section 4 includes
the experimental setup, the preparation of the biological
samples, and the details of the statistical analysis performed
in the experiment. Later, Section 5 describes the image cross-
correlation algorithm proposed in this work for a better
characterization of the sample mechanical properties. The
following section includes the results from the mechanical
tests along with the histological comparisons between native
and decellularized vessels. Finally, Section 7 summarizes the
main conclusions of the study and paves the way for future
work.
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2. Biomechanical Stress Tensor on
Arteries Samples

The methodology applied for the mechanical characteriza-
tion is based on the stress-strain curve analysis of the sample
tested until failure. As later explained in Section 4.1, this
curve is obtained by applying a loading stress to the sample
and recording a process by a camera, therefore obtaining a
2D image for each load value applied to the specimen. For
this purpose, Cauchy stress has been considered the most
appropriate since it corresponds to the force or load divided
by the area of the section of the sample as follows:

o= M
where o is known as Cauchy stress, N is the applied force
(in our experiments it corresponds to the load applied to the
blood vessel in each measurement), and A is the area of the
sample section. Consequently, o is calculated by taken into
consideration the geometry of the sample.

In particular, the porcine vessels exhibit the strain-stress
curve displayed in Figure 1. In this representation, two differ-
ent behaviour phases can occur depending on the amount of
strain experimented by the sample, as explained in [22, 23].
Firstly, for low values of the strain a linear region exists in
which the elastin composition prevails in the mechanical
response of behaviour of the artery which is the collagen
composition. By linear fitting of each region it is possible to
obtain the value of Young’s modulus that characterizes the
elastin and collagen phases, respectively. Collagen Young’s
modulus is much larger than its elastin counterpart, thus
implying a lower stiffness of the sample in this phase.
Therefore, the collagen phase is chosen because in the elastin
phase there are not enough significant points to approximate
with reliably. Besides, this elastin phase is considered when
the sample has less rigidity and the hyperelastic model is
better fit with collagen region.

Moreover, it is also important to obtain the strength of
the material (F)) as the maximum load to failure, so that if
the loading stress continues then the material breaks. Other
relevant parameters are the ultimate tensile strength (UTS)
defined as S, = F, and the elongation under maximum load,
as explained later. Furthermore, the true (or logarithmic)
deformation de is defined as the ratio between the increase
in length (Al) and the length of the sample (1) at any instant,

de = — (2)

The values of engineering (de) and logarithmic (s) deforma-
tions are related according to the following expression:

s=ln<l+é1>, (3)
Iy

From the values (F, Al) obtained in the mechanical test, one
is able to plot the uniaxial component of tensors of Cauchy
(0) and the finite strain tensors (s) as displayed in Figure 1,
thus obtaining its characteristic points (basically, the point
in which the material suffers the mechanical failure and the
point of the transition between elastin and collagen regions).



Mathematical Problems in Engineering

o A

(&, 0,)

ey

G
Ol
I
[
A

@\35‘.‘“ - _

St
E

€

"y

F1GURE 1: Theoretical stress-strain relationship for an elastic swine
vessel reported by Garcia Herrera [22, 23]. Different Young’s
modulus values, E, and E,, characterize the regions in which
the mechanical behaviour is dominated by elastin and collagen
composition of the vessel, respectively. These regions are separated
by a critical point of the curve of stress-strain (¢,,0, ) and the collagen
phase ends abruptly when the failure of the material occurs (e,,0,).

3. Biomechanical Strain Tensor Calculation on
Arteries Samples

From the previous section we have derived an expression for
the Cauchy stress that depends on the strain tensor. Let us
now define two Cartesian directions, a and b (in our case the
plane defined by ab corresponds to the XY plane, since the
2D image is recorded in the plane parallel to the force applied
to the specimen). The plane ab is discretized by defining a
2D mesh within a region of interest (ROI, denoted as x)
distributed along the aforementioned directions. Then, both
the deformation gradient (F) and the Green-Lagrange axial
deformation (S) are obtained to estimate the deformation of
the specimen.

First, the deformation gradient of the region of interest in
the direction a regarding the address b is a tensor given by

0x,
Fy = B_xg (4)

where in the previous expression the superscript 0 refers to
the position at the initial instant of the experiment. F,y is
a Jacobian matrix or deformation gradient that acts as an
operator transforming certain initial vectors (belonging to
the environment of a point) from a reference configuration
into the corresponding vectors in a final configuration. In this
case, the initial state is when any deformation is applied to
the sample whereas the ending state is measured after several
successive deformations even leading to the failure of the
material.

For the computational calculation, (4) must be discretized
but this procedure is nontrivial. Since we move in a 2D plane,

one can define the four components in which Lagrangian
notation is applied as

x} (i,5) = xf (ij +1)

Ff (Lj) = == > (5)
S ) B Y
Fk (i ]) ~ xllc (i’j) - xllc (i’j + 1) (6)
123> x9(i+Lj) - x5 (1 +1,j)
Fk (1 ]) ~ xlzc (I’J) _'XIZc (I’J + 1) (7)
” (1) -« (bj+1)

k(. - k. .

x5 (1,j) — x5 (i+ 1,
F£<2 (1’]) ~ 2( J) 2( J) (8)

x5 () = x5 (i+ 1))’

with i and j being the original coordinates representing the
recorded ROI of the specimen (therefore, it is an immobile
reference) and the superscript k denotes the video frame of
the sequence of the experiment (k = 0 is the initial frame)
since the stress o is evaluated for each load increment in the
tensile test. On the other hand, subscripts 1 and 2 denote,
respectively, the X and Y Cartesian directions to which the
deformation of the analyzed ROI points. Note that in this
formulation the initial position of the specimen (superscript
0) has been defined as reference. These expressions justify
the need for the application of an interpolation between
frames k to facilitate the convergence. Note also that if the
denominator reaches an extremely low value, then the value
of F would be too large. To avoid this, the amount of load
applied between consecutive video frames must be appropri-
ate for linearly fitting the strain (and the deformation tensor
components). Once the deformation gradient is computed,
then Green-Lagrange strain can be derived as

(FFT - 1) 9)

N | =

E =

in which I denotes the identity matrix and T superscript
is the transposed matrix. Physically, the strain € represents
the quadratic difference between the lengths of deformed
and nondeformed state; that is to say, this tensor measures
the difference between the squares of differential surface
elements in both cases.

By considering that our interest lies in the deformation in
the direction in which the load is applied to the sample, then
(9) is simplified to

Al 1-1,
e=— =
ok

, (10)

where e is the elongation at maximum load. For the particular
case of a vessel sample let us assume that it has a thin wall;
namely, its thickness is lower than one tenth of its length
(see [24]). This approximation allows for the treatment of the
wall as a surface and is subsequently using the Laplace-Young
equation to estimate the circumferential stress created by an



internal pressure (burst pressure) in a thin-walled cylindrical
pressure vessel as shown below

T. = b —
t
)
p- 2T,
r b
where T, = N/A is the circumferential stress, P is the

pressure, r is the radius, and t is the sample thickness. Note
that double the thickness has been considered in (11) due
to the form of adjusting the sample (ring) to the clamps, as
further explained in Section 6.2.

4. Materials and Methods

4.1. Mechanical Testing. The theory of large strains has been
applied for studying carotid vessels of swines as hyperelastic
materials, in order to test their tensile strength and elongation
at fracture. The samples have been grouped into two groups,
native and decellularized arteries, further referred to as
NA and DA, respectively. The main objective of this study
is evaluating the impact of the arteries decellularization
procedure on their mechanical properties. In particular, this
analysis requires the following:

(1) Stress rupture testing of each type of artery by cal-
culating the maximum tensile load required for the
fracture.

(2) Computing the modulus of elasticity NA and DA
vessels.

(3) Extracting the hydrostatic pressure from arteries
under circumferential tension.

(4) Analyzing the relationship between the mechanical
properties and histological analyses of vessels.

To carry out these goals, the strain-stress curve of each
sample needs to be measured. With this purpose, the tensile-
compression press included in Figure 2 has been arranged for
the mechanical test of the samples. In particular, it includes
the bars that support the entire setup, a water container to
apply a load to the vessel and another bucket filled with
water acting as a counterweight. The press, as indicated in
Figures 2 and 3(a), consists of two clamps fabricated in epoxy
resin for favoring the fastening of the arteries. The vessel
sample remains fixed by means of PLA-printed holders (see
Figure 3(b)) that prevent the artery from torsion and other
undesired movement.

A peristaltic pump (controlled by an Arduino microcon-
troller) is used to increase the load gradually at 8 grams
increments, while keeping the vessels continuously hydrated.
After each load step, a pause of 20 seconds has been set in
order to stabilize the system and avoid undesired rheological
phenomena or oscillations that may hinder the tracking. It
is worth pointing out that such a small load increment has
been chosen because when the motion between consecutive
frames is excessively large, a nonlinear regime of movement
may occur.
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Then, the deformation has been measured by recording a
high-resolution video and obtaining the displacements from
the recorded images as previously reported [2, 25, 26]. In
particular, we apply a cross-correlation image algorithm that
is described thoroughly in Section 5 for strain measurement.
This video is triggered at the beginning of pumping and
custom image capture software is used to record at a rate
of 1 frame per load increment until the sample breakdown.
A conventional camera (IPEVO Ziggi-HD High Definition
USB CDVU-04IP model, 5 Mpix, 1280x720 resolution) has
been used to acquire the image sequence in the parallel plane
with respect to the surface in which the deformation tensor is
measured. Finally, it is worth underlining that the preparation
of the experiment is essential and includes some basic steps:

(i) By engraving the vessel with a speckle or random
dot pattern the monitorization of the strain of dif-
ferent regions of the sample is facilitated. Taking into
account the fact that the strain is measured by using
a cross-correlation technique (as explained in Sec-
tion 5), if more details are added to the vessel then this
algorithm works better as more characteristic points
can be followed with the tracking procedure. The
analysis of an image sequence based on correlation
works better if some details of the sample changes
during the experiment, as this operation highlights
the morphological differences that have occurred. As
the surface of the sample is flat and without any
striking feature, the staining is mandatory if a reliable
strain assessment is needed. In this case, acrylic black
paint has been used to apply the pattern over the
sample and then the sample is dried out a few minutes.

(ii) A uniform background and illumination throughout
the entire experiment help to maintain an optimum
contrast in the recorded image

(iii) The arteries must be kept continuously hydrated to
maintain their mechanical properties, for instance,
by spraying them with PBS during the mechanical
test. Thanks to the waterproof capability of the acrylic
paint, once the artery is stained the pattern is not
removed with the PBS, thus providing an enduring
marking of the sample.

(iv) All the blood vessels are cut with the same mold (see
Figure 3(c)) for tailoring them and maintain similar
dimensions, thus controlling the area of the minimum
section where each one break.

4.2. Tissue Harvest and Preparation. Porcine carotid arter-
ies are obtained from a slaughterhouse and transported
to the laboratory stored in cold PBS with 1% peni-
cillin/streptomycin. Immediately after arrival, carotid arteries
are cleaned to remove the excess of connective and adventitial
tissues. Next, the carotid arteries are rinsed in sterile PBS
and cut into segments of 3-5 cm in length and 3-4 mm in
diameter. Finally, they were immediately frozen in PBS at
-80°C for later use; it has been previously shown that the
freeze-and-defrost process does not significantly affect artery
mechanics [26-28]. At the time of testing, specimens were
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FIGURE 2: (a) Press setup comprising clips and fasteners for holding the sample attached to several weights and counterweights for controlling
the applied load. The data are sent to a computer and processed with MATLAB. (b) Schematic representation of the whole measurement
system. The artery suffers an increasing load and the process is registered by a camera. (c) Placement of the sample into the clamps to undertake

the uniaxial tensile experiment.

thawed in a 37°C water bath and tested within 1 h of thawing
[29].

4.3. Decellularization Process. The decellularization process
of carotid tissue samples is performed as previously described
[2] using enzymatic digestion and detergent extraction.
Carotid arteries were immersed in deionized water for 24
h at 4°C followed by treatment with 0.05% Trypsin with
0.02% EDTA (Sigma Aldrich, St. Louis, MO, USA) for 1 h
at 37°C. After a short rinse in PBS to remove trypsin excess,

the samples are treated with a solution of 2% Triton X-100
and 0.8% ammonium hydroxide (Sigma) in deionized water
for 72 h at 4°C. This solution has been changed every 24 h.
After the decellularization, samples were washed in deionized
water three times, for 24 h each, to remove chemical residues.
All these steps of the preparation are carried out under
continuous shaking except trypsin incubation.

4.4. Histological and Immunofluorescence Analyses. Samples
were fixed in 4% paraformaldehyde, embedded in paraffin in
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(a)

FIGURE 3: (a) Close-up view of the camera attached to the press setup for performing the tracking of the motion. (b) Vessel sample placed in the
press during a test. Note that a random speckle pattern has been impressed over it to ease the strain tracking with the image cross-correlation
algorithm. (c) Mold printed in 3D with polylactic acid (PLA) to maintain the dimensions of the samples.

an automatic tissue processor (TP1020, Leica, Germany), cut
into 5 mm sections, and stained with Hematoxylin and Eosin
(H&E) and Masson’s Trichrome as previously reported [30].
Images are acquired with an inverted microscope (Nikon
H550s, USA).

4.5. Scanning Electron Microscopy (SEM). Arteries are
washed twice with 0.1 M cacodylate buffer (Sigma) and
fixed with 2.5% (w/v) glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4; Poly-sciences, Warrington, PA) for 4 h at 4°C.
Thereafter, samples are rinsed several times with sodium
cacodylate buffer. After fixation, samples are postfixed with
1% w/v osmium tetroxide for 1 h RT, dehydrated stepwise
with ethanol (50%, 70%, 90% and 100%, 15 min each), critical
point dried in CO,, and gold coated by sputtering. Finally,
the images are examined by using a FEI Quanta 400 scanning
electron microscope (Oregon, USA).

4.6. Statistical Analysis. Each experiment has been con-
ducted with 10 samples. Results are presented as mean +
standard deviation (SD). A Students t-test is used to test
the significance level between specific cases. The results are
considered significantly different at p-values p < 0.05(x) and
P < 0.01(xx).

5. Image Cross-Correlation Algorithm for
Strain Tracking

Traditionally, obtaining precise strain measurements during
uniaxial tensile testing can be performed by clamping a
strain gauge to the sample. Nevertheless, here we aim at
obtaining a contactless strain measurement, whereby we
need laser extensometers or a recording of digital images
series and then applying a digital image correlation software;
see [31, 32]. The most conventional correlation algorithms
monitor the positions of two parallel markers during the
experiment (for instance, comparing an intensity profile
along the tensile direction), and hence the strain of the
sample can be calculated. According to previous works [32],
one of the main difficulties for strain assessment based on
correlation occurs when the deformed area of the sample is
large to hinder the matching of consecutive images. In this
regard, our protocol of measurement is robust thanks to the
speckle engraving of the sample.

As previously explained in Section 4.1 and sketched in
Figure 2(b), a press system has been designed for conducting
different mechanical test over the vessel samples. Note that it
is important to choose an appropriate distance for recording
so that the failure of the sample occurs far from the edges of
the image and at the same time make the most of the camera
field of view. Moreover, for obtaining a good calibration for



Mathematical Problems in Engineering

I k=1 | stack N images
| |
I oo I
| oo |
I eoe I
! eeoe |
I oo I
B ;
! PPs ! < RGB to gray
I I
L__ROLselection ]
Discretized ROI for k=1:(N-1)
Image
__________ cross- e <
i i " }
A ! correlation: I'B |
| | |
i [o[e[e | alignment ! !
| o | | |
I | | |
| | | |
| | | |
| l | i
: | : |
| |
ko ! ik !
oot
| I —
| ! v
! >(>|>{| | i
| ! -
D i > > [>] :
2D movement ! average
matrix ! > [> |
I I
between : >|>[>]| |
|
images A and B i o e e | I
[ > |
I | €&
1 I
S, |
NO
3 N
e =Yg —>
YES =0

FIGURE 4: Flowchart summarizing the algorithm of cross-correlation for finding the strain from an image sequence.

the measurement of the strains, the pixel size of the camera
and its resolution must be taken into account or, alternatively,
an object of known dimensions can be included in the )
recorded field of view. In this way, it is possible to correlate
the measurement in pixels registered by the camera and the
real distances. After the acquisition of this image sequence,

a tracking algorithm based on image cross-correlation i
applied sequentially between each consecutive pair of frame

of the sequence. This algorithm, also summarized in the

flowchart from the Figure 4, follows these steps:

S
S

(©)

(1) We start with a sequence of N input images that
contains a recording of all the experiment. If they are

in RGB color (as in our case), they are firstly converted
to grayscale.

A ROI or mask is defined in the first frame of the
sequence so that all the images outside this mask are
ignored. Typically, this ROI is the middle area of the
vessel in order to circumvent unwanted border effects.
For this ROI the movement is approximated by a
piecewise linear function.

A discretization is applied to transform the ROI into
an array of discrete blocks, so that the number of char-
acteristic points is reduced. The tracking algorithm is
applied to each of these blocks instead of applying it



pixel by pixel, for alleviating its computational cost.
Note that the number of blocks should be optimized
by taking into account both the camera resolution and
the amount of strain experienced by the sample. For
instance, if the block-size is extremely small then the
ROI will contain too many blocks, thus producing an
increase in computation time. Moreover, these tiny
blocks are more prone to noise problems. Conversely,
the discretization with a small number of large blocks
is expected to hinder the most subtle movements.
Furthermore, the largest the strain is experienced by
the sample, the more the blocks are needed to monitor
the process while minimizing in the measured dis-
tances. Consequently, there is a trade-off between the
computational cost and the precision of the tracking
algorithm. In this case, a rectangular discretization
mesh has been chosen with blocks of 8 pixels in width
by 16 pixels in height.

(4) Between each pair of consecutive frames, hereinafter

referred to as A (the first image) and B (the second
one), the motion of each block of the discretized ROI
is measured by finding the peak of cross-correlation
between A and B. We compute the maximum of image
cross-correlation (xcorr) to obtain the motion (strain)
that have occurred within every discretization block
of the block between A and B. One can obtain the 2D
strain as follows:

€ (xkl, xkz) = max [xcorr (image, , image, ;)] (12)

In this way, the best matching between the two images
is found. It is important to highlight that, as the
images are bidimensional (2D), the correlation is also
evaluated in the 2D plane. It is worth remarking that
the speckle pattern impressed in the artery helps out
with tracking as it enhances the number of features
to be trailed unless an undesired torsion movement
occurs. Nevertheless, the two clamps that hold the
sample edges prevent this torsion from happening.

(5) Taking into consideration the fact that throughout

our experiments only uniaxial tests (e.g., along x,
axis) have been performed, then the strain in that
direction prevails over the torsion movement (along
X, axis). Consequently, by averaging the 2D motion of
all the blocks one obtains the mean strain suffered by
the sample under test for the k-image of the sequence,
denoted as

& = mean [s (xkl,xkz)] . 13)

(6) Now we proceed with the following pair of images of

the sequence. The initial ROI is updated for taking
into account the mean movement (&) experienced by
the sample in the previous pair of frames. The steps
((3)-(5)) are repeated until reaching the end of the
recorded sequence.
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Holder

FIGURE 5: Example of vessel attached to two holders that secure
it during the uniaxial tensile experiment, thus avoiding undesired
torsion movement. The region of interest (ROI) has been delimited
by a dashed yellow line.

(7) We compute the global strain along all the experiment
by adding all the strain between consecutive images:

N-1

e = Z & (14)

K=1

Thanks to this image correlation algorithm different mechan-
ical tests have been conducted and monitored, namely,
uniaxial test (explained in Section 6.1) and circumferential
tensile stress test (Section 6.2).

6. Results and Discussion

6.1. Uniaxial Testing. For uniaxial testing, the sample is
placed as shown in Figure 5 and stretched with the exper-
imental setup from Figure 2. From this framework it is
possible to obtain a 2D strain, but the movement along the
direction in which the load is applied has a prevailing effect
(as demonstrated in the experiment sequences displayed in
Figures 6 and 7). Consequently, only this direction is consid-
ered for the analysis. In this way, the strain-stress curve of the
samples is obtained (see an example for two arteries, one of
each group, in Figure 8(a)). Next, Young’s modulus has been
extracted as the slope of its linear region (see Figure 8(b)). We
recall that this linear region is associated with the collagen
content of the sample. In particular, from Figure 8(a) the
expected value for Youngs modulus is 4.31+0.25 MPa for
the decellularized sample and 3.11+0.15 MPa for the native
one. After computing this stress-strain curve for n = 10
samples in each category, we obtain the results included
in Figure 8(b): 4.98+0.67 MPa for the decellularized versus
3.53+0.56 MPa for the native specimens. These values are in
good agreement with the usual blood vessels range of Young’s
modulus [10, 13, 26]. The value of Young’ modulus slightly
changes when a conventional correlation algorithm based on
the tracking of two parallel markers is used. These markers
are placed in both edges of the vessel along the direction in
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(c) Load =260.370 g (d) Load =340.235g

FIGURE 6: Four different frames from a recording of a uniaxial tensile test in a decellularized vessel with an increasing load. The sample is
stretched in the direction marked with red arrows, and the strain tracking is enhanced thanks to the speckle pattern applied to the sample.

()

FIGURE 7: Two different frames showing the typical output of the tracking algorithm for uniaxial tensile test over an artery. Green dots
represent the center of each block in the discretized ROI and the green line represents the movement in regard to the first frame of the
recorded sequence. The reader is further referred to the video Visualization 1 in Supplementary Materials to see the whole tracking sequence.
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FIGURE 8: (a) Experimental stress-strain relationship for elastic swine vessels, along with the linear fitting of the curve along the collagen
region. (b) Young modulus for each group of vessels (represented as mean+-SD, (**) p < 0.01).

which the load is applied. With this procedure one reaches a
value of 4.47+0.82 MPa for decellularized and 3.46 +0.75 for
native vessels, respectively. The underestimation of Young’s
modulus is probably due to the deformation experienced by
the sample, hence obstructing the tracking of the strain. The
artery warped not only along the longitudinal direction, as
expected in a uniaxial test, but also in the traverse direction.
Moreover, by averaging several 2D blocks of the sample
instead of only using 1D intensity profile correlation-based
matching we obtain a more accurate measurement, as the
small undesired and unavoidable torsion of the sample along
the traverse direction has also been taken into account.
The deformation maps have been also analyzed for native
and decellularized arteries at several elongation ratios (see
Figure 9). An initial cross-section of 20 mm x 5 mm has been
considered for all the vessels.

Indeed, there exist relevant changes (p-values of p < 0.01
in Student’s T- test) between both groups. Therefore, it could
be interpreted as the procedure of decellularization has a
remarkable impact on elasticity.

6.2. Ring Testing. Ultimate tensile strength, maximum load
and burst pressure has been determined for ring sections
of arteries (n = 10 samples in each group), in order to test
the circumferential stress. The ring sections are prepared
as explained in Section 4.2 and mounted on custom-made
holders. Each sample is tested by applying an increasing
load until failure. The diameter, width, thickness, and length
of each sample used for the calculations aforementioned in
Section 2 are measured with a high-precision slide caliper.
The sample displacement is determined by the image cor-
relation algorithm and, in this case, the speckle pattern is

engraved in the transverse wall of the ring. We must underline
that the mean radius of the ring samples has been used for
calculations because it represents the distance to the neutral
axis or centroid.

The burst pressure of the samples is calculated from
their maximum load to failure. We recall that twice the
sample thickness has been considered as defined in (11).
The ring is arranged wrapping the two clamps and is
stretched along a certain direction in which there is a double
layer of vessel; thus the effective thickness is twice that
of the ring. The radial stress is calculated and converted
to millibars by considering the load, the mean radius and
the circumferential UTS [9, 24, 33]. In comparison with
the uniaxial test, the circumferential mechanical proper-
ties are significantly different due to different disposal of
vessel fibers along longitudinal and circumferential direc-
tions.

The mechanical testing revealed significant differences
between NA and DA rings. As summarized in Figure 10,
there exist relevant dissimilarities between the mean burst
pressure of the native arteries (1345.08+96.58 mbar) and
the decellularized group (1067.79+112.13 mbar). Furthermore,
there also exist differences regarding the maximum load that
each type of artery can stand: the native stands 19.42+0.80
N whereas the decellularized is able to withstand a lower
value (15.78+0.79 N). Finally, the circumferential UTS is
also different, with an expected value of 3.71+0.37 [MPa]
within the native group while in the decellularized this value
decreases (2.93+0.18 [MPa]).

6.3. Histological Characterization of Native and Decellularized
Arteries. As explained in Section 4.2, the samples are first
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FIGURE 9: Deformation maps for a native (a) and decellularized (b) vessel, evaluated at different elongation ratios. An initial rectangular

cross-section of 20 mm x 5 mm has been considered in all cases. The rectangular grid accounts for the discretization mesh applied for the
tracking algorithm.
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FIGURE 10: Comparison between the mechanical parameters of native (NA) and decellularized (DA) arteries in the circumferential stress test,
including the load (a), ultimate tensile strength (b), and hydrostatic burst pressure (c) from annular portions (rings) of samples. All the results
are represented as mean+-SD, () p < 0.05 and (x*) p < 0.01).
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FIGURE 11: Characterization of porcine carotid arterial tissue before and after decellularization. (a,b) Macroscopic images of decellularized
left common porcine carotid artery (artery length ~ 50 mm; inner diameter ~ 4 mm). Histology of porcine arteries: (c, e) native arteries and
(d, f) decellularized arteries. (c) H&E staining of native arteries. (d) H&E staining of decellularized arteries showing complete removal of
vascular cells. (e) Masson’s Trichrome staining of native arteries. (f) Masson’s Trichrome staining of decellularized artery showing collagens
fibers and no cells (20x magnification). SEM micrographs of the luminal surface: (g) native arteries and (h) decellularized arteries; scale bar

indicates 20 ym and 50 pm, respectively.

prepared and cut (see Figures 11(a) and 11(b)). Then, his-
tological analyses and scanning electron microscopy (SEM)
are performed on artery samples to demonstrate the efficacy
of the decellularization process in native carotid arteries.
Complete removal of vascular cells is confirmed by H&E and
Masson’s Trichrome staining after the decellularization pro-
cedure (Figures 11(d) and 11(f)) when compared with native
arteries (Figures 11(c) and 1l(e)). Native arteries showed

high density of cells embedded in collagen fibers (stained
turquoise) (Figure 11(e)), while no cells were detected in the
decellularized arteries (Figures 11(d) and 11(f)). In addition,
the characteristic concentric layers of elastin (stained pink)
and collagen fibers of native arteries remained intact at decel-
lularized arteries showing the same circumferential orienta-
tion and a well preserved ECM (Figures 11(d) and 11(f)). SEM
analyses were used to further confirm the removal of the cells



Mathematical Problems in Engineering

at the luminal surface and demonstrated that decellularized
arteries retain the basic extracellular microstructure (Figures
11(g) and 11(h)).

7. Conclusions

In order to provide quality criteria for natural and bio-
engineered arteries, different traction mechanical tests have
been carried out for two types of blood vessels, native and
decellularized. The mechanical properties have been analyzed
which are the UTS, Young’s modulus, maximum load at
failure, and burst pressure. To assess these parameters, several
intermediate physical measurements of the vessel samples
have been measured such as radial stress, radius, thickness,
width, and length. The stress-strain curves are also computed
based on an image cross-correlation algorithm developed in-
house, combined with a laboratory-prototyped tensile testing
machine designed for this purpose.

Strain at failure is seen to increase after decellularization
due to cell removal and increased collagen fiber mobility
along with the uncrimping of collagen fibers. After decellu-
larization the collagen matrix remains, but other cellular pro-
teins are removed. Therefore, the amount of collagen tends to
increase as a percentage of dry weight after decellularization.
Then, the increase in stiffness in terms of elastic modulus
in the decellularized arteries may be due to the decrease in
the cell layer, leaving only a hardening collagen layer (shown
in Figure 11). Note that the results are interesting for future
experiments or biomedical applications in which different
coatings are tested to reinforce the strength of the arteries.

Several studies have shown structural alterations that
could be related to changes in mechanical properties. Though
the intention of most decellularization procedures is to
effectively remove all the cells and nuclear components while
minimize disruption to the ECM, the removal of cells can
lead to changes to native ECM structure [29]. Moreover,
depending on the decellularization method some studies
have demonstrated alterations of the ECM structure and
thus in the mechanical properties, being SDS and Triton X-
100 based protocols more suitable for maintaining the major
structure of the elastin and collagen network in the ECM [34].

In summary, this technique is able to measure the strain
in the regime of large displacements and enables high-
resolution image of the local strains. Thus, it provides a valu-
able tool for characterizing several biomechanical parameters
of the vessels (Young’s modulus, stress-strain curve, etc.) and
also other hyperelastic materials through uniaxial (or biaxial)
tension test. Finally, it is worth pointing out that with image
cross-correlation algorithm it is possible to obtain a two-
dimensional strain map, from which the heterogeneity and
several components of the strain tensor can be reconstructed
from a single measurement. In this way, it provides a 2D
tracking of the mechanical properties variations; hence a
deeper insight of the stress test is obtained.
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Visualization 1: tracking algorithm for uniaxial tensile test
until failure applied in an artery. Green dots represent
the center of each block in the discretized ROI and the
green line represents the movement apropos of the first
frame of the recorded sequence. A pause of 20 seconds has
been set between the acquisitions of consecutive frames.
(Supplementary Materials)
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