Journal of the Mechanical Behavior of Biomedical Materials 78 (2018) 420-426

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of
Biomedical Materials

journal homepage: www.elsevier.com/locate/jmbbm

Characterization of a new decellularized bovine pericardial biological mesh: = R

Check for

Structural and mechanical properties s

Alessandra Bielli*', Roberta Bernardini™®', Dimitrios Varvaras®', Piero Rossi‘,
Giancarlo Di Blasi’, Giuseppe Petrella®, Oreste Claudio Buonomo®, Maurizio Mattei®® "',
Augusto Orlandi®’

2 Institute of Anatomic Pathology, Department of Biomedicine and Prevention, Tor Vergata University, Rome, Italy
 Centro Servizi Interdipartimentale — STA, University of Rome “Tor Vergata”, Rome, Italy

€ Department of Experimental Medicine and Surgery, University of Rome “Tor Vergata”, Italy

9 Brachi Testing Services Srl, Prato, Italy

© Dept. of Biology, University of Rome “Tor Vergata”, Rome, Italy

ARTICLE INFO ABSTRACT

Implants made from naturally-derived biomaterials, also called biological meshes or biomeshes, typically derive
from decellularized extracellular matrix of either animal or human tissue. Biomeshes have many biomedical
applications such as ligament repair, bone and cartilage regeneration and soft tissue replacement. Bovine col-
lagen is one of the most widely used and abundantly available xenogenic materials. In particular, bovine
pericardium is widely used as extracellular matrix bioprosthetic tissue. The efficiency of a pericardial mesh to
function as scaffold depends on the quality of the decellularization protocol used. Moreover, the biomesh me-
chanical features are critical for a successful surgical repair process, as they must reproduce the biological
properties of the autologous tissue. Different methods of physical, chemical, or enzymatic decellularization exist,
but no one has proved to be ideal. Therefore, in the present study, we developed a novel decellularization
protocol for a bovine pericardium-derived biomesh. We characterized the biomesh obtained by comparing some
ultrastructural, physical and mechanical features to a reference commercial biomesh. Quantification revealed
that our novel decellularization process removed about 90% of the native pericardial DNA. Microscopic and
ultrastructural analysis documented the maintenance of the physiological structure of the pericardial collagen.
Moreover, mechanical tests showed that both the extension and resilience of the new biomesh were statistically
higher than the commercial control ones. The results presented in this study demonstrate that our protocol is
promising in preparing high quality bovine pericardial biomeshes, encouraging further studies to validate its use
in tissue engineering and regenerative medicine protocols.
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1. Introduction

Tissue engineering is a multidisciplinary field that includes the
production of scaffolds used as supporting materials to restore, main-
tain or even improve tissue anatomy and function (Zonari et al., 2012).
Membranes typically derive from either animal tissue or synthetic
polymers. Biological meshes, also called “biomeshes”, are constituted of
pure collagen matrix derived from human, porcine, or bovine tissue
through a decellularization process. Grafted biomeshes act as a re-
generative framework that supports remodeling and new collagen de-
position. Once implanted, the ideal biomesh is gradually and fully in-
tegrated into the host tissue, promoting cellular and vascular

regeneration and de novo formation of tissues similar to the normal ones
(Pascual et al., 2012).

Biomedical research and tissue engineering scientists have identi-
fied the essential prerequisites of an ideal biomesh (Wang et al., 2006):
a biodegradable material with satisfactory biomechanical behavior,
efficient host tissue incorporation, high cell compatibility, and a low
inflammatory response (Scheidbach et al., 2004). The characteristics of
each graft are unique and depend on the tissue source and the specific
protocol used for decellularization (Keane et al., 2012). Usually tissues
are processed to remove all components, cells and debris, that can cause
an inflammatory immunoreaction following implantation, while re-
taining as much as possible the three dimensional ultrastructure and
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composition of the native extracellular matrix (ECM) (Schmidt and
Baier, 2000). In addition, biomaterials used in reconstructive surgery
should be highly compatible with the function of the native tissue,
providing mechanical properties matching the tissue to be replaced
(Rohrnbauer and Mazza, 2013, 2014).

At present, biomeshes are mainly obtained from five different types
of tissue: bovine pericardium, human cadaveric dermis, porcine small
intestine submucosa, porcine dermal collagen, and bovine dermal col-
lagen (Bellows et al., 2013). Over the last decade, bovine pericardium-
derived biomeshes have been evaluated in numerous studies. In parti-
cular, bovine pericardium was used for repairing abdominal defects in a
rat model (Zuki et al., 2007), in replacement of aortic valve in the ovary
model (Amaral et al., 2010), in the reconstruction of the tendons in the
chicken (Sungur et al., 2006), and abdominal surgery for the re-
inforcement/anastomosis healing (Testini et al., 2014). Several
methods of decellularization have been introduced to obtain an ap-
propriate biomesh (Booth et al., 2002; Courtman et al., 1994; Kasimir
et al., 2003). Decellularization methods of bovine pericardium include
mechanical, chemical, detergent, and enzymatic techniques, or a com-
bination thereof. Each of them has different effects upon both the re-
sulting biologic scaffold and the associated host remodeling response
and outcome. However, the combination of the different methods can
minimize adverse effects on the remaining matrix constituents of the
decellularized tissue (Crapo et al., 2011; Keane et al., 2015).

The aim of the present study was to develop a novel protocol of
decellularization to obtain a bovine pericardium biomesh with superior
characteristics compared to commercially available ones. Therefore,
Assut Europe S.p.A. modified a well-established protocol, developed, on
a new substrate (bovine pericardium) produced for human application.
To characterize our non-cross-linked biomesh derived from bovine
pericardial tissue, called Bioripar’, we analyzed its structural and me-
chanical properties and compared them to a commercial biomesh,
named Tutomesh®, RTI Surgical Inc, USA.

2. Materials and methods
2.1. Tissue preparation

For preparation of Bioripar’ mesh (Bioripar’, ASSUT Europe, Rome,
Italy), bovine pericardial membranes were obtained from a local
slaughterhouse. We selected cattle of the same age from the slaugh-
terhouse to get pericardia with a thickness comprised between 0.4 and
0.7 mm. Immediately after slaughter, the tissue was rinsed with dis-
tilled water to remove blood and body fluids and dissected to remove
the external fat, then transported in a saline solution (0,9% w/v NaCl).
Warm ischemic time was less than 2 h.

2.2. Decellularization protocol

The effective removal of antigenic epitopes associated with cell
membranes and intracellular components of tissues and organs is ne-
cessary to minimize or avoid an adverse immunologic response by al-
logeneic and xenogeneic recipients of the scaffold material (Badylak
and Gilbert, 2008). To remove all cellular material without adversely
affecting the composition, mechanical integrity, and biological activity
of the scaffold ECM, four stages of processing of the bovine pericardium
were performed:

1. Hypertonic solution treatment: tissues were immersed into hyper-
tonic saline solution 7,5% (w/v) for 20 min to destroy cells, and
alternately into purified water to wash residues away; this step was
repeated three times at room temperature (RT = 25 °C).

. Treatments with alkaline and neutralizing solutions: tissues were
soaked into phosphate-borate buffer (0.2 M, pH 9.0) for 10 min at
RT, to remove most of the antigenicity due to the presence of pro-
teins and proteoglycans of cell membranes. Subsequently, tissues
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were immersed in a 1 M sodium hydroxide solution (pH > 13.0) for
one hour and half, then soaked in a 5% boric acid solution (pH 9) for
one hour at RT. Since sodium hydroxide and boric acid solutions
digest unnecessary protein and proteoglycan residues, they help
with antigen elimination. In addition, this stage completely in-
activates most of pathogens.

. Stabilization: after a thorough washing in purified water, tissues
were soaked into a bacteriostatic solution containing propylene
glycol 30% in ethanol (w/v) for 15 min at RT.

. Sterilization: after being cut to size, membranes were packaged in
double aluminum pouches and sterilized by y-irradiation with a
21 kGy (Singh et al., 2016). Membranes were then kept at room
temperature until use.

The here presented decellularization protocol differs from the one
for the Tutomesh” for the following major points: a) it does not require
oxidation with H202; b) NaOH is used in alkaline treatment and c)
acetone is used in the dehydration stage. This last stage is not present in
our protocol.

2.3. DNA isolation and quantification

Residual cell material from the decellularized tissue was evaluated
using a low-density microarray (GeneTop Meat V kit, LifeLineLab, Italy)
for species identification, able to detect DNA traces ( > 0.001%). To
perform a low-density microarray, genomic DNA was purified from
200 mg of the decellularized tissue (three different pieces for each
brand) using the QIAamp” DNA Mini kit (Qiagen, Italy), according to
the manufacturer's protocol. DNA concentration was calculated by
spectrometric measurements and adjusted to a concentration of 20 ng/
uL. Samples of 2.5 uL of the purified DNA were analyzed according to
manufacturer's instructions and the presence of a specific spot for the
bovine zoological species evaluated. All measurements were performed
in triplicate.

2.4. Mechanical characterization

The mechanical properties were characterized by two mechanical
tests, namely uniaxial tensile test and burst test. These two tests assess
the mesh stiffness by using a load applied in-plane (tensile stiffness) and
a load applied perpendicular to the mesh (distension) (Deeken et al.,
2011).

To compare mechanical properties of Bioripar’ to those of a re-
ference commercial biomesh (Tutomesh®), three pieces of each were
used. Membranes were extracted from the sterile package and re-hy-
drated with saline for at least ten minutes, then they were cut into four
scaffolds for the tensile test and one for the bursting strength test.
Mechanical tests were carried out in an ISO 17025 Accredited
Laboratory (Brachi Testing Services Srl, Prato Italy).

Four specimens of each biomesh were prepared as a dogbone shape
of 1 cm wide and 6 cm long, with a narrowed central region approxi-
mately 0.4 cm wide and 1.5 cm long (Fig. 1A) using a template sharp.
The main thickness of each sample was measured in six different points
by using a micrometer. To carry the experiments out under conditions
as similar as possible to the in vivo ones, all samples were drawn from
the central part of the biomesh. Specimens were orientated in different
directions to simulate in vivo applications. This test allows to determine
the ultimate tensile stress and strength and to evaluate the anisotropic
characteristics of the biomeshes. Each specimen had one extremity
clamped onto a grip and tension was tested by means of a constant
strain rate until mesh failure. Specimens were subjected to uniaxial
tension at a rate of 300 mm/min crosshead spread by dynamometer
(Constant-Rate-of-Extending machine, Hounsfield HS10) following the
Grab Method (EN ISO 13934-1 EN ISO 13934-2 with different settings).
Stress-strain curves were obtained by dividing the recorded load by the
specimen cross-sectional area against nominal strain. Tensile stress was
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Fig. 1. (A) Picture shows the Uni-axial tensile testing apparatus: a dogbone shaped spe-
cimen was placed in a pair of grips which were separated by controlling the rate change in
grip separation or specimen strain. A constant force was applied to evaluate the ultimate
tensile stress and strength until rupture. (B) Picture shows the Ball burst testing appa-
ratus: the maximum force (bursting force) and the bursting index were calculated as the
ratio between the bursting force and the mesh density, letting possible the evaluation of
the mesh global mechanical response.

calculated by dividing the load (force) that the specimen sustained (N)
during the tensile test by the cross-sectional area (mm?) of the specimen
to yield tensile stress megapascals (MPa) units. The cross-sectional area
(mm?) of the central region of the specimen was calculated by multi-
plying the width of the central region (0.4 cm) by the scaffold thickness.

The second mechanical test, the ball burst test, was carried out
according to EN ISO 13938/1. The Burst Tester (Messmer Buchel M425)
was used to measure the bursting strength of biomesh samples sub-
jected to an increasing hydrostatic pressure. Three specimens per bio-
mesh (approximately 6 X 6 cm) were used. Each one was fixed on the
top of an extensible membrane by a locking ring (Fig. 1B). Pressure was
applied to a circular region of each specimen via an elastic diaphragm.
Increasing pressure was applied by a fluid to the lower face of the
membrane to cause the deformation of membranes and specimens,
since when the pressure was applied, the specimen deformed together
with the diaphragm. The bursting strength corresponded to the max-
imum pressure hold by the specimen before failure.

2.5. Microscopic and histochemical evaluation

For microscopic examination, samples of bovine pericardium (n = 3
native and n 3 decellularized tissues) were fixed in 4% paraf-
ormaldehyde solution for 20 min and embedded in paraffin. Serial 4 ym
thick sections were deparaffinized, rehydrated and stained with
Haematoxylin & Eosin as previously reported (Romaniello et al., 2014).
Sections were also stained with Verhoeff-Van Gieson (Romaniello et al.,
2014) and Masson's Trichrome Stain (Orlandi et al., 2005) to evaluate
the degree of loss or fragmentation of elastic and collagen fibers, re-
spectively.

2.6. Transmission electron microscopy and X-ray microanalysis

Structural and morphological integrity of native and decellularized
pericardial samples (n = 3 controls and n = 3 post-decellularization)
were investigated by transmission electron microscopy (TEM), after
fixation of small tissue samples in Karnovsky's fixative (2% paraf-
ormaldehyde, 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4)
for at least 24 h (Cervelli et al., 2012). Ultrathin sections were coun-
terstained with uranyl acetate and lead citrate, then photographed by a
Hitachi 710 transmission electron microscope. To evaluate the
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Fig. 2. The graph shows the Mean * SD of DNA concentration measured in three dif-
ferent biomeshes. Genomic DNA was isolated from 200 mg of n = 3 biomesh samples and

native bovine pericardium. All sample sets were analyzed in triplicate on the same day.
*p < 0.05 versus native bovine pericardium; N.S. versus Tutomesh” (Student's t-test).

composition of extracellular matrix depots, X-ray microanalysis was
performed using a NORAN™ System 6 Microanalysis System (Thermo
Scientific Inc, MA, USA) connected to the TEM microscope.

2.7. Statistical analysis

Data are reported as the mean + SD. Comparisons between two
groups were performed by Student's t-test. For analysis of three or more
groups of univariate data, single-factor analysis of variation was used.
Differences were considered statistically significant when p < 0.05.

3. Results
3.1. DNA content

To verify proper DNA removal by our decellularization method, we
performed a low-density microarray analysis. As reported in Fig. 2, we
documented that after decellularization, Bioripar” biomesh contains
ten-fold less DNA than the native bovine pericardium (p < 0.05), with
a concentration comparable to those of commercial Tutomesh”.

3.2. Decellularization did not modify the characteristics of collagen

Microscopic evaluation confirmed the absence of nuclei after the
decellularization process (nuclei counting Mean * SD: native tissue:
120 * 33; decellularized tissue: 0 = 0; p < 0.0001). As shown in Fig. 3,
the decellularization process did not significantly alter the structure of
collagen and elastic fibers, with the organization of collagen fibers
being similar to the native bovine pericardium (panel A shows the
native pericardium, panel D shows it after decellularization). Moreover,
the analysis of histochemical stainings by Masson's Trichrome and
Verhoeff-Van Gieson confirmed the maintenance of the morphological
appearance of both collagen and elastic fibers (Fig. 3, Panel B, E, C and
F, respectively).

3.3. Decellularization did not alter ultrastructural characteristics of
collagen fibers

TEM confirmed the efficacy of the decellularization process and the
absence of alteration of collagen fibers of bovine pericardium after the
process (Fig. 4E and F). Ultrastructural analysis showed that extra-
cellular matrix structure was well preserved as shown in Fig. 4. In
particular, the density, consistency and the periodic banding pattern of
collagen fibers were almost normal, with a regular distribution of col-
lagen fibers and transverse banding, maintained in decellularized
pericardium around at 0.4-0.5 pm. In some randomly selected areas of
decellularized pericardium, X-ray microanalysis highlighted the pre-
sence of small carbon particles accumulation, featuring residual cell
remnants (Fig. 4G).
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Fig. 3. Representative pictures of three different histological staining show the microscopic aspect of bovine pericardium before and after decellularization. Haematoxylin & Eosin stain of
native pericardium bovine sections showed the presence of numerous cell nuclei (A) and their absence after decellularization (D). Masson trichrome staining showed blue-stained collagen
tissue and red-stained cells in native collagen (B) and the maintenance of physiological collagen tissue composition with absence of cellular nuclei after decellularization process (E).
Verhoeff-Van Gieson staining showed the maintenance of the structure of elastic fibers (black) and of the collagen tissue (red) of bovine pericardium in native conditions (C) and after

decellularization (F). Original magnification, 200 x.

3.4. Mechanical properties

The evaluation of mechanical properties revealed that Bioripar®
specimens were able to hold statistically higher tensile stress than
Tutomesh® biomesh (p < 0.05, Table 1). Moreover, in the bursting
strength test, Bioripar~ specimens filled the bell without outburst,
whereas Tutomesh” biomesh bursted (Fig. 5, Table 2).

4. Discussion

The knowledge of the structural and mechanical characteristics of
engineered biomaterials is crucial in the design and optimization of new
biomeshes before their use in the clinical setting. Ideally, an implant
should provide mechanical properties matching those of the tissue to be
substituted and, also, promote cell proliferation (Badylak and Gilbert,
2008). In the tissue-engineering field, the main purpose for using new
biomaterials, as biomeshes, is to achieve both tissue repair and re-
generation (Bellows et al., 2007). In fact, once implanted, the bioma-
terial must favour the formation of new blood vessels and new tissue
through the stimulation of the synthesis of new extracellular matrix
elements. Some studies demonstrated that both degradation of im-
planted acellular tissue and tissue regeneration depend on the degree of
cross-linkage of the structure of biomaterials (Liang et al., 2004).
Among animal tissues selected for biomedical applications, bovine
pericardium has some particularly favourable features. In fact, two
inseparable biologic surfaces are detectable in the bovine pericardium:
the fibrous and the serous parietal layers. The fibrous surface is com-
posed of collagen and elastic fibers, while the serous surface is a
basement membrane supporting the mesothelial cell monolayer (Liu
et al., 2016). The ability to preserve the extracellular matrix structure
after decellularization plays a pivotal role to maintain a suitable mi-
croenvironment for facilitating cell growth (Brown and Badylak, 2014).
Therefore, the use of decellularized bovine pericardium appears parti-
cularly suitable for treatment of multiple pathological conditions
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(Pascual et al., 2012).

Here, we presented a novel decellularization method introducing
some modifications to a well-established protocol adopted by a pro-
ducer of biomeshes, Assut Europe, for clinical application. This protocol
aimed to increase the mechanical properties, strength and extension, of
pericardium bovine mesh to be used in breast and abdominal re-
construction where these characteristics are crucial.

We investigated the structural and mechanical properties of a new
decellularized bovine pericardium biomesh (Bioripar’) in comparison
with a commercial one currently available for surgical use. Typical
practices in the study of biological tissue consist in the investigation of
histological features in comparison with its native state, in order to
define its potential application in the biomedical field. Residual toxicity
of a scaffold for the presence of DNA fragments and other cellular
component is a critical consideration in development of biomaterials
for potential clinical applications (Cebotari et al., 2010). In Bioripar’
biomesh, the decellularization process was efficacious; its bovine DNA
content was ten-fold lower than the native, not decellularized tissue
samples. Further, the DNA concentration was not different from the one
in the Tutomesh® biomesh, confirming that commercially available
biologic meshes contain trace amounts of residual DNA (Derwin et al.,
2006; Gilbert et al., 2009; Zheng et al., 2005). Microscopic analysis
confirmed the absence of cell nuclei and the presence of only a few
remnants as inert carbon particles. In most of the biologic scaffolds
recently investigated, residual DNA is typically present as small frag-
ments (Gilbert et al., 2009); however, the possibility that they may play
a substantial adverse role in tissue remodeling has not yet described. In
fact, despite the presence of small DNA fragments in commercially
available biomeshes, their clinical efficacy is reported to be largely
positive (Barber et al., 2006; Brigido, 2006; Catena et al., 2005; Coons
and Alan Barber, 2006; Harper, 2001; Lee, 2004; Parker et al., 2006;
Sclafani et al., 2000; Smart et al., 2007; Ueno et al., 2004). This sup-
ports the hypothesis that small DNA fragments do not induce any sig-
nificant adverse host response.
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Fig. 4. Representative pictures of Transmission electron microscopy show the ultrastructural aspect of bovine pericardium before and after decellularization treatment. Results showed a
normal distribution of collagen fibers and the collagen transverse regular banding with a 0.2-0.3 um repeat in small samples of native bovine pericardium (A-C). In decellularized
pericardium (D-F), the periodic banding pattern of collagen fibers was maintained at 0.4-0.5 pm. (G) X-ray microanalysis of decellularized pericardium showed the presence of cellular
carbon residues (C) and lead traces; the latter is contained in the citrate solution for sample preparation. A, D and E original magnification 4000 x ; B original magnification 2000 x ; C

and F original magnification 80,000 X .

Table 1
Comparison of thickness and mechanical function of decellularized bovine pericardium.

Mesh Tissue Thickness (mm)  Tensile Stress (N)  Extension (%)
Bioripar” (n = 4) 0.50 + 0.04 22.9 + 6.8* 25.7 £ 6.1
Tutomesh® (n = 5)  0.50 * 0.05 7.7 3.9 18.5 + 5.6

n = number of specimens; * = p < 0.05.

Our results indicate that the here presented novel decellularization
process well preserved the integrity of collagen fibers and mechanical
properties of the tissue compared to the native bovine pericardium. In
fact, the aim of any decellularization process is to remove cells and their
debris preserving the structure and the composition of the native ex-
tracellular matrix. These features are of critical importance, since the
denaturation of extracellular matrix and collagen could negatively in-
fluence the cellular response. In our novel Bioripar’ biomesh, both
Verhoeff-Van Gieson and Masson's Trichrome stains confirmed the
maintenance of collagenous and elastic extracellular matrix compo-
nents after decellularization. Moreover, results from TEM experiment
showed that the decellularized pericardium retained its original
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morphology as well as a regular distribution of collagen fibers with its
characteristic d-banding (around at 0.4-0.5 pm) as in the native peri-
cardium. These observations were corroborated by results from the
uniaxial tensile test and the and burst test, demonstrating that Bioripar”
biomesh, independently of strip direction, displayed approximately
three-fold more tensile strength than Tutomesh®. Moreover, Tutomesh®
biomesh failed the test of burst strength, as did Bioripar” one. However,
the burst test provides a mechanical response of the mesh, although
evaluation of mechanical properties in different directions is not ap-
plicable (Todros et al., 2017).

Although the results of the present study appear encouraging, a few
limitations are documented. In particular, the complex in vivo en-
vironment and the different and variable forces applied within the
human body may differ and vary in distinct districts with a marked
interindividual variability. Moreover, the evaluation of the tensile stress
and resistance of the biomesh in vitro doesn’t fully represent the re-
modeling process occurring after implantation in vivo, when cells po-
pulate decellularized extracellular matrix of a scaffold, with consequent
de novo collagen and protein deposition. For these reasons, in vivo
studies are currently ongoing on a murine model to understand both the
biocompatibility of the mesh, in terms of it integration with
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Table 2
Bursting strength test.

Bursting strength (KPa)

560 = 0
180 + 19

3)
3)

Bioripar” (n
Tutomesh” (n

n = number of specimens for mesh.

* Bioripar® did not burst at the maximal scale value.

surrounding native tissue, and its mechanical properties.

In conclusion, the decellularization process here described allowed
us to obtain a new bovine pericardium-derived biomesh, named
Bioripar’, with an almost complete decellularization, a good preserva-
tion of both extracellular matrix structure as well as of the mechanical
properties of native bovine pericardium. These results strongly support
the use of Bioripar® in regenerative surgery. Further preclinical studies
are needed to validate the efficacy of Bioripar’ biomesh as engineered
scaffold in several fields, including post-surgical breast reconstruction.
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