
Abstract. Background/Aim: Cardiovascular diseases are one
of the most common causes of morbidity and mortality in the
world. In the case of severe arteriosclerotic damage, surgical
treatment is necessary. Although the use of autologous vessels
is still considered to be the gold standard, sufficient
autologous vessels for transplantation are lacking. Materials
and Methods: In the present study, histological examination
and in vitro cytotoxicity analysis according to DIN EN ISO
10993-5 were performed on a newly developed porcine
vascular graft from a decellularized aorta. A conventional
bovine graft was used as control. Results: The ex vivo-
histological analysis revealed the effectiveness of a new
purification process on the microstructure and the removal of
xenogeneic antigen-bearing structures in the new vessels.
Furthermore, cell viability and cytotoxicity assays revealed
full cytocompatibility. Conclusion: The novel graft shows no
structural damage and gets completely decellularized by the
purification process. Superior cytocompatibility, compared
with the bovine-derived vascular graft, was demonstrated.

Cardiovascular diseases like cerebral, coronary and
peripheral artery diseases are one of the most frequent causes
of morbidity and mortality, especially in industrialized
nations (1, 2). The luminal narrowing of the vessels and the

resulting insufficient supply of the downstream organs and
tissues with oxygen and nutrients, as well as the potential
complete vascular occlusion or spontaneous vascular rupture,
are preceded by frequent arteriosclerotic changes in the
vessels (3, 4). The presence of a manifest cardiovascular
disease can dramatically increase, e.g., both the risk of the
emergence of a heart attack and a stroke (5). Depending on
the exact location and extent of the occlusion, various
therapy options are possible. In addition to conventional drug
therapy, various surgical methods are common, especially for
high-grade occlusions. This includes percutaneous
transluminal angioplasty (PTA) or, for the coronary vessels,
percutaneous coronary intervention (PCI), as well as
thrombo-endarterectomy (TAE) with and without additional
repair patch, but also direct vascular replacement by
inserting an interposal or bypass surgery (6, 7). 

Restoring blood flow through the installation of a bypass
system is often the preferred method, particularly in the case
of long occlusions. There are various options available to the
surgeon when choosing the bypass material. In addition to
autologous transplants from the patient´s own vessels, this also
includes homografts, processed xenografts, completely
synthetic and biohybrid grafts. Autologous grafts are still
considered the gold standard for interventional vascular
replacement today, as they allow for the best clinical outcomes
(8, 9). Depending on the location of the vascular stenosis, age,
general health and comorbidities of the patient, different
vessels can be used. In addition to the great saphenous vein
and the saphenous vein, the internal thoracic artery as well as
the ulnar artery and the radial artery or the right gastroepiploic
artery are among the generally preferred transplants for the
different indications in bypass surgery (8, 10). 

As an endogenous material, autologous transplants come
with the advantage of a naturally satisfactory immunological
acceptance after implantation (11). In their original capacity
as vessels, these transplants have good hemodynamic and
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hemocompatible properties, which are also associated with
reduced thrombogenicity. Nevertheless, autologous vascular
grafts also come with some limiting complications. In addition
to further atherosclerotic changes in the bypasses, that can
occur within the graft post transplantationem, this also
includes platelet activation and thrombosis of the conduits as
well as occluding intraluminal hyperplasia of the intima,
particularly in the anastomotic areas of the transplants (12-14).
Furthermore, pre-existing degenerative processes such as
varicose degeneration or intramural calcifications, which can
be already present in many of the patients who typically
require bypass surgery, can render the vessels unusable for a
transplant (15). In addition, the size of the vessels intended for
transplantation sometimes does not match the required vessel
size and is therefore also unsuitable. 

In the late 1940s, alloplastic grafts made of synthetic
materials such as polyester and polyethylene terephthalate
(PET; Dacron®) or expanded polytetrafluoroethylene
(ePTFE®) were introduced to vascular surgery (16, 17). Even
if autologous vessels are the most common transplant
material, synthetic bypasses are an alternative that is still in
use, in particular for the replacement of large-volume vessels
like the aorta or superior or inferior vena cava or when
autologous grafts are not available (17, 18). A great advantage
of these alloplastic grafts is their “off the shelf” availability,
even with different diameters and lengths, whereas the
surgeon is largely dependent on the patient’s anatomical
conditions when using the body’s own vessels. By
additionally coating the inside of the graft with different
glycosaminoglycans or proteins, like heparin, the patency rate
can be significantly improved, so that these grafts are
classified as a therapy option equivalent to autologous veins
in selected indications (17, 19, 20). At the same time,
synthetic grafts in particular for the replacement of small-
lumen vessels (<6 mm) have a higher risk of thrombotic
occlusions or intimal hyperplasia due to bad graft compliance
mismatch, which results in poor long-term opening rates (21-
24). Furthermore, synthetic vascular graft materials are still
associated with a higher risk of infection in the graft area (21,
22). Additionally, complications can occur due to the
expansion of the grafts over time, as well as due to the mostly
inadequate tissue integration of the alloplastic vessels (15).

With xenogeneic vessels, a further alternative to vascular
transplantation was created in parallel to synthetic materials.
One of the biggest problems to solve was the immune
reaction of the recipient to the foreign material of the
xenogeneic transplant. This issue could be initially overcome
by using proteolytic enzymes to remove the cellular donor
material in combination with chemical tanning processes of
the remaining collagen structure via formaldehyde or
dialdehyde (25). The resulting decellularized extracellular
matrix scaffolds are in use in various vascular surgery
indications, today especially in shunt surgery (25-27). The

low risk of infection in particular, is one of the biggest
advantages of xenogeneic transplants, in addition to their
almost unlimited “off the shelf” availability and various
lengths available (28). 

As already mentioned, every animal donor tissue must
first undergo a special purification process before it is
suitable for implantation in the human organism. The most
important potential causes for a failure of the scaffolds after
their transplantation are an increased proinflammatory
immune defense reaction of the recipient, altered mechanical
properties as well as inadequate or faulty cellular integration
(29). For this reason, the manufacturing process has to
address the removal of antigen-afflicted structures through a
thorough decellularization process and withal, not to destroy
the structural integrity of the remaining collagen framework.
Various manufacturing protocols have been tried in the past
with the aim of achieving this balance between purification
and structure retention (30-32).

Aim of the study is a newly developed xenogeneic vascular
graft material based on native collagen obtained from the
aorta of pigs. The processing protocol on which the
production of this graft is based has last been established for
purification of dental collagen-based biomaterials. Therefore,
as part of this study, it should be investigated whether the
procedure is also suitable for the purification of xenogeneic
vascular grafts. The aim of the present study was an initial
histological assessment of the decellularized graft and to test
the cytocompatibility of the newly developed graft material.
Established in vitro procedures were used to analyze the
cytocompatibility under the test conditions of DIN EN:ISO
10993-5 (33-35). As control, an already commercially
available collagen-based vessel graft (XenoSure®, LeMaitre
Vascular, Vaughan, ON, Canada) was additionally brought in. 

Materials and Methods

Manufacture of the new collagen-based vascular graft. The porcine
aortas required for production were obtained from adult pigs after
slaughter. The uppermost layer of the adventitia was carefully
removed and the aortas prepared in this way were stored in 0.1 M
ethylenediaminetetraacetic acid (EDTA; Carl Roth, Karlsruhe,
Germany) solution. The decellularization process required several
chemical treatment steps, which are described hereafter. At first, the
samples were cleaned in demineralized water for one hour and then
incubated in sodium hypochlorite solution (0.5%) (Bioanalytic
GmbH, Freiburg, Germany) for 10 min. The samples were then
incubated in TSP buffer (pH 7.4; PanReac AppliChem ITW
Reagents, Darmstadt, Germany) for a further 60 min. Afterwards,
the aortas were treated with hydrogen peroxide (TH. Geyer,
Renningen, Germany) for another hour. This step was followed by
incubation in 0.02 M phosphoric acid (PanReac AppliChem ITW
Reagents, Darmstadt, Germany) for 19 h. For the final step, the
samples were incubated in TSP buffer (pH 7.4) for 3 h.
Decellularized samples were kept in a 0.1 M EDTA and 3% sodium
chloride (Carl Roth, Karlsruhe, Germany) at 4˚C. 
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Histological analysis. An initial histological analysis was carried
out to enable a primary assessment of the effects of the previously
described decellularization process on the vascular grafts. Initially,
samples of both the decellularized and untreated aortas as well as
the control material were fixed in 4% formalin 48 hours at room
temperature. The fixed samples were then dehydrated and treated
with xylene for following paraffin embedding (Merck KGaA,
Darmstadt, Germany). 

Using a rotary microtome (SLEE, Mainz, Germany), 3-5 μm
thick pieces were cut from the embedded samples. These pieces
were dewaxed and stained with an H&E staining kit (Clin-Tech,
Guildford, UK) according to the manufacturer`s protocol. Paraffin
sections of the XenoSure® vascular patch (LeMaitre Vascular) were
made according to the same protocol. Histological analysis was then
performed and microscopic images of the stained sections were
taken with an AxioCam 305 color digital camera connected to a
light microscope Axioscope 5 in combination with the ZEN Core
software (all: Zeiss, Oberkochen, Germany). 

In vitro experiments.
Cytocompatibility analysis: The cytocompatibility analysis was
carried out in accordance with the requirements of DIN EN ISO
10993-5:2009/-12 2012. The individual steps in cell culture and
sample treatment necessary for the test preparation as well as the
assay protocols have already been described in detail in earlier
publications and are therefore briefly summarized (33, 34). RM-A
test samples [polyurethane film with 0.1% zinc
diethyldithiocarbamate (ZDEC) (Hatano Research Institute, Food
and Drug Safety Center, Japan)] were used as positive controls.
Titanium Grade 4 platelets were chosen as negative controls. An
already commercially available collagen-based vascular transplant
(XenoSure®, LeMaitre Vascular) served as reference material for
the newly developed xenogeneic vessel graft. To produce the
required extracts, both the samples and the positive and negative
controls were embedded in extraction medium at 37˚C, 5% CO2 and
95% humidity for 72±2 h. The produced extracts were then
transferred to L-929 mouse fibroblasts, purchased from the
European Collection of Cell Cultures, ECACC (Salisbury, UK) and
incubated for further 24 h under standard cell culture conditions
(37˚C, 5% CO2 and 95% humidity). An XTT cell viability assay
(Roche Diagnostics, Mannheim, Germany) and a cytotoxicity LDH
assay (BioVision, Milpitas, CA, USA) were carried out afterwards.
Blank values were subtracted from all obtained values .

Live-dead staining. For Live-Dead staining, both samples and
controls were seeded with L-929 fibroblasts. In accordance with the
corresponding ISO protocol, 2.4×105 cells in 1 ml cell medium were
added into each well of a 12-well-plate (surface-area/medium ratio
was 5.65 cm2/ml). As for the cytocompatibility analysis, RM-A
served as a positive control and titanium grade 4 platelets as a
negative control. The assays were carried out after 24 h of incubation
under cell culture conditions (37˚C, 5% CO2 and 95% humidity).
After staining, the samples were examined under an inverted
fluorescence microscope (Nikon ECLIPSE Ti-S/L100, Nikon GmbH,
Düsseldorf, Germany) equipped with a filter for the simultaneous
detection of red and green fluorescence. The pictures were taken
under the use of 4×, 10×, and 20× objective magnifications.

Statistics. Statistical analysis was carried out by applying ANOVA
combined with a Tukey’s multiple comparisons test using GraphPad

Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA).
Statistical differences were considered significant if the p-values were
less than 0.05 (*p≤0.05). A statistically high significance was defined
for p-values less than 0.01 (**p≤0.01) or less than 0.001 (***p≤0.001).
The data are presented as mean values±standard deviation.

Results

Histological analysis. The histological analysis revealed that
the novel vessel graft material showed the tissue-specific
three-layer structure of vessel walls, consisting of (a) tunica
intima, (b) tunica media and (c) tunica adventitia that were
clearly identifiable before and after the purification process
(Figure 1). In the non-purified sample, in addition to the
elastic and collagen fibres of the extracellular matrix, the
cells of the donor tissue were clearly visible in all layers of
the vessel wall (Figure 1B-D). In addition, the lumen of so-
called vasa vasorum (V.V.) were observable within the tunica
adventitia of the non-purified graft (Figure 1D). 

Furthermore, the novel vessel graft was examined after
decellularization according to the purification protocol
(Figure 1E-G). It was seen that the elastic and collagen fibres
of the graft have been preserved and their structural integrity
has not been disturbed by the purification process. The fibres
appeared in all layers of the vessel in the tissue-typical
longitudinal orientation after decellularization. At the same
time, no remaining cells were microscopically detected.
Additionally, a distinction between the tunica intima and
tunica media was complicated due to the lack of the intima-
typical intraluminal endothelial cell layer even after
purification (Figure 1E).

In addition, the XenoSure® vascular patch (LeMaitre
Vascular) was examined histologically (Figure 2). In contrast
to the newly developed vascular graft, there was no
histological subdivision of the tissue into several physiologic
layers for the patch, but a consistently uniform connective
tissue structure (Figure 2A). The collagen fibres present in
the tissue matrix did not run in a uniform longitudinal
direction, but rather showed a non-uniform course, especially
in the outer areas of the patch (Figure 2B). Furthermore,
several remaining native cells were seen within the purified
patch (Figure 2B and C). 

Live-dead staining. Both transplants showed extensive green
fluorescent cells, similar to the negative control (Figure 3).
Living cells could be detected both on the surface of the
samples (directly) and next to the materials (indirectly)
(Figure 3). On the newly developed vessel graft, fewer
fibroblasts seemed to have grown adherently than on the
control graft XenoSure® (LeMaitre Vascular), indicating a
potentially decreased adhesion of vital cells on the surface
of the novel graft (Figure 3I-P). As expected, the RM-A
positive control showed almost exclusively red fluorescent
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and rounded dead cells and only very few living fibroblasts
(Figure 3A-D).

Cytocompatibility assays. According to DIN EN ISO 10993,
the nontoxic range for biomaterials necessary for the
assessment of cytocompatibility was defined for values ≥70%
compared to the blind control for XTT assays and for values
≤130% compared to the blind control for LDH assays (34,
36). In the assays carried out, the values in the group of the
novel vascular graft were within the defined non-toxic ranges
(Figure 4). Therefore, an adequate cytocompatibility was
assumed. In the XTT assay, the newly developed graft differed
significantly (***p<0.001) from the reference materials and
showed significantly (p≤0.001) higher cell viability than that
measured in the group of the XenoSure® graft (LeMaitre
Vascular), which did not reach the required non-toxic area in

this assay (Figure 4A). In the LDH test, the values in the
groups of both grafts, as well as in the group of the blank
sample and the negative control, were within the non-toxic
range. At the same time, no significant differences were shown
for the values of the grafts among each other or in comparison
to the titanium grade 4 negative control group (Figure 4B).

Discussion

Up to date, autografts are the gold standard for the
interventional treatment of cardiovascular diseases but are
nevertheless often limited in use due to pre-existing
degenerative alterations or mismatches between the size of
the available vessels in the patient and the size necessary for
the transplantation. Therefore, the use of autogenous grafts
is not always available, thus creating a need for suitable
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Figure 1. Representative microscopic images of the novel vascular graft, won from porcine aorta. (A) Overview of the vascular graft material
showing its three-layer structure (HE-staining, “total scan”, 100× magnification, scalebar=1 mm). (B-G): Detailed representation of the tunica
intima, tunica media, and tunica adventitia of the non-purified donor tissue (B-D) and the purified graft material (E-G). Microstructure including
loose collagen (green asterisk) and elastic fibers (green arrows) is visible. (HE-stainings, 20× magnifications, scalebars=50 μm). TI: Tunica intima;
TM: tunica media; TA: tunica adventitia; VV: vasa vasorum.



alternatives. Alloplastic grafts, such as those made from PET
or PTFE may come with an “off the shelf” availability and
with variable sizes and diameters, but are also associated
with higher infection risks and graft compliance mismatches,
along with resulting thrombotic occlusions or intimal
hyperplasia (21-24). Furthermore, as they are made from
synthetic materials, they lack bioactivity and are therefore
limited in their ability of sufficient tissue integration,
associated with possible long-term complications. A
promising combination of an “off the shelf” availability in
different sizes, low infection risks, and good tissue
integration due to given bioactivity lies within the use of
xenogeneic grafts. These conduits have to undergo complex
purification processes in order to remove remaining
xenogeneic antigens, as they can trigger inflammatory
immune responses and may result into a transplantation
failure (30-32). Beside the removal of potential antigen

bearing structures within the graft, the ideal purification
process should not have a negative effect on the overall
biocompatibility of the material nor on the basic structure,
as it is essential for a sufficient tissue integration and
functionality of the graft (37).

In this context, the aim of the present study was to
examine the ultrastructure and the cytocompatibility of a
newly developed xenogeneic vascular graft originating from
the porcine aorta compared with a commercially available
bovine pericardium-based collagen patch (XenoSure®,
LeMaitre Vascular). Initially, histological sections were made
to examine the quality of the purification of both medical
devices. Afterwards, cytocompatibility analysis consisting of
indirect XTT - and LDH - assays as well as direct testing
using Live-Dead staining were carried out. 

Through the histological analysis, both the structural
differences of the investigated grafts and the different effects

Pantermehl et al: Cytocompatibility of a Vascular Porcine Aortic Patch

67

Figure 2. Representative microscopic images of the XenoSure® vascular patch. (A) Overview of the vascular graft material (HE-staining, “total
scan”, 100× magnification, scalebar=2 mm). (B) and (C): Detailed representation of the ultrastructure of the graft material (HE-staining, B: 20×
magnification, scalebar=100 μm; C: 40× magnification, scalebar=50 μm). Black arrows=cells.



of the respective decellularization processes could be
assessed. The novel vascular graft was produced from a
porcine aorta and therefore, has its typical trilaminar
structure, consisting of a tunica intima, tunica media and
tunica adventitia with different distribution of elastic and
collagen fibers (38-40). The histological images made before
and after the purification of the material indicate a complete
decellularization of the transplant with preservation of the
native connective tissue and its trilaminar structure (Figure
1). However, a microscopic distinction between the tunica
intima and the tunica media was no longer possible after the
purification, as the monolayer of endothelial cells, typical for
the tunica intima and its only microscopic distinguishable
characteristic, was completely removed from the remaining
ECM. The bovine pericardium of the XenoSure® vascular
patch (LeMaitre Vascular), on the other hand, has an almost
uniform tissue structure with overlapping collagen bundles,
showing a wavy appearance and directed in various
directions. The overall structure of the patch is in general
homogenous and without any multi-layered differentiations.
In addition, the histological analysis of the XenoSure® patch

revealed several remaining cells and cell remnants, even
after the purification of the native material (Figure 2).

Based on these structural differences, it is assumable that
the two investigated grafts show distinct patterns of tissue
integration and therefore, in their long-term outcome after
transplantation. In fact, various tissue integration processes
were observed in an initial in vivo study of the two
biomaterials (41). 

The novel porcine aortic patch showed a distinctly
different integration pattern of the XenoSure® patch. The
novel aortic graft induced only a mildly and physiological
inflammatory tissue reaction and can therefore be assumed
as biocompatible. The tunica adventitia of the aortic patch
exhibited a rapid cell-mediated degradation were
macrophages and multinucleated giant cells (MNGCs) were
seen. During the analysis of the tunica media, a primary
invasion with mononuclear cells, followed by a replacement
with more complex tissue, based on mainly macrophages,
fibroblasts, and blood vessels could be observed. This
indicates that cellular migration into this patch is sufficient.
Both into the tunica media and especially within the region
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Figure 3. Live-Dead staining (4×, 10× and 20× magnification) and microscopic images (right column, 10× magnification) of L-929 fibroblasts on,
RM-A (toxic) positive control (A-D), titanium grade 4 negative control (E-H), the XenoSure® Graft (XS) (I-L) and the novel aortic patch (AP) (M-
P) (scale bars: 4× magnification=500 μm, 10× and 20× magnification=100 μm).



of the former tunica adventitia, mimicking the vasa vasorum
in this layer of native vessels. Thus, leading to a promising
long-term tissue integration that supplies the graft with
nutrients and biomolecules. The XenoSure® control graft, on
the other hand, showed a homogenous tissue reaction at both
sides of its implantation bed, complaint with its monolayered
overall structure. The foreign body reaction was similar to
the aortic patch in terms of cell types and population; hence,
also deemed biocompatible. However, and in contrast to the
novel porcine-based graft, cellular remigration and
vascularization were mainly shown in the superficial layers
of the XenoSure® patch. The centre of the biomaterial stayed
mostly cell free, thus indicating a significantly delayed or
completely absent remigration of this areas. These
observations were reported before in the context of
pericardium-based biomaterials (33, 35). However, the
mainly superficial cell invasion of the biomaterial in addition
to the insufficient and slow revascularization is a well-known
drawback of pericardium-based biomaterials, as it inhibits a
fast tissue integration and might be a considerable factor for
occurring complications after implantation including graft
infections (33, 35).

The persistence of the extracellular matrix is necessary to
create a scaffold for colonization by the patient’s own cells
in vivo after implantation or in vitro via tissue engineering
(42, 43). In this context, it is notable that the molecules,

making up the ECM, are similar across species lines and do
not lead to an exaggerated immune response (44). 

The investigated novel vascular graft was completely
decellularized after the purification process (Figure 1E-G).
It can be assumed, that this cell-free biomaterial does not
induce an exaggerated immune-mediated inflammatory
response after implantation. An initial approval of this
assumption was reached within the aforementioned in vivo
investigation with a demonstrated mild inflammatory tissue
response and no immune-modulated rejection of the graft
(41). In the case of the XenoSure® patch, on the other hand,
several remaining cells of the bovine donor could be
identified within the material (Figure 2B-C). Therefore, an
immune-mediated rejection of the graft after implantation
could be expected and even though it was not reported in
vivo and clinically, a related reaction can still happen as
these studies were not conducted for prolonged timepoints.
Moreover, even if the cellular remnants do not induce an
immune reaction, risk of bovine disease transmission (e.g.,
bovine spongiform encephalopathy) is of concern. 

However, these aforementioned observations lead to some
interesting questions, e.g., whether every cellular remnant is
responsible for a distinct foreign body reaction, which
antigen-bearing epitopes may be especially detected and how
the applied decellularization process affects the
immunogenicity of the cell residuals. Depending on whether
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Figure 4. Photometric levels of (A) Sodium 3,3’-[1(phenylamino)carbonyl]-3,4-tetrazolium]-3is(4-methoxy-6-nitro) benzene sulfonic acid hydrate
(XTT)-assay for cell viability and (B) lactate dehydrogenase (LDH)-assay for cytotoxicity analysis. Both assays were carried out under use of L929
fibroblasts. Obtained values are normalized against blind control. Mean values and standard deviation are represented. Dotted lines indicate
thresholds that should not be exceeded (LDH) or undershot (XTT). Significant differences were marked accordingly (*p≤0.05, **p≤0.01, **p≤0.001).
(XS: XenoSure® Graft; AP: Aortic Patch).



enzymatic, physical or chemical purification protocols and
which substances are used, the individual processes have
different effects on the decellularization as well as on the
mechanical and structural properties of the material (42, 43,
45). In this context, modern decellularization protocols are
not only focusing on the removal of residual donor cells, but
on the purification of DNA remnants and especially
Galactose-α-1,3-galactose (α-Gal) epitopes. The latter is
stated to be mainly responsible for hyperacute rejections
especially in xenotransplantation and is expressed by most
species, with exceptions of humans and some primates (42,
46). Thereby, every purification method comes with its own
benefits and drawbacks. Chemical purification with sodium
dodecyl sulphate (SDS), e.g., has a sufficient cell removal
efficiency, but is inconclusive in terms of DNA purification
(42, 46). Physical methods like freezing of the materials are
effectively disrupting cell membranes, allowing a
subsequently removal of the cellular contents by multiple
washing or rinsing steps. On the other hand, these methods
may be inefficient in terms of the purification of dense
tissues, as the subsequent washing solution may fail to reach
cellular components within deeper layers of the material
(42). Enzymatic approaches like the use of DNAse may be
very efficient in the elimination of DNA debris but need
additional solutions to disrupt intact cell membranes and may
be difficult to wash off the tissues afterwards (42). Therefore,
the search for a sufficient and most effective purification
process is still ongoing, as even the exact determination of
all exaggerated immune response triggering epitopes and
proteins stands still at its beginning, as identifying them is
complex and still not fully understood (47). With the
observed complete removal of cell residuals ex vivo and the
precedent in vivo investigations, demonstrating mild
immunogenic tissue reactions within the first 4 months post
implantationem, the purification protocol applied on the
novel vascular graft seems to be an effective approach for
creating an immunological inert biomaterial. Nevertheless,
further efforts should focus on long-term investigations as
well as on an effective identification of potential remaining
antigenic structures, capable of triggering an immunogenic
mediated rejection of the biomaterial. 

In the XTT and the LDH assay, the values of the novel
porcine patch showed a clear cytocompatibility of the
material. Thereby, the graft differed significantly from the
blank sample in both assays. Furthermore, the new
developed graft differed highly significantly from the
XenoSure® patch (LeMaitre Vascular), which could not
reach the tolerance range of this assay (XTT) as defined for
cytocompatibility. 

In Live-Dead staining, almost exclusively vital and
adherent cells could be displayed for both materials,
indicating a good cell survival and adhesion of the
fibroblasts to the material surfaces. Furthermore, more

fibroblasts adhered to the bovine pericardial patch than to the
novel porcine graft. However, no significant number of dead,
non-adherent cells could be detected on either of the two
materials. The clearly shown high cell viability in the
staining confirms the result of the indirect cytocompatibility
assays. Therefore, a sufficient cytocompatibility of the novel
graft after purification can be assumed. Thereby, the
decellularization process removed the antigenic material of
the donor animal from the remaining connective tissue
framework of the aorta, without changing the structure,
quality or composition of the material to such an extent that
it had a negative effect on its cytocompatibility. Therefore,
it could be expected that the process used in this study comes
with at least the same quality as similar purification
processes in terms of its influence on the cytocompatibility
of decellularized xenogeneic vascular grafts, such as
enzymatic treatment with Trypsin or mechanical
decellularization via freeze-thaw of the material (48-50).

While the values for the XTT-assay of the newly developed
transplant were clearly above the necessary threshold for
cytocompatibility, the XenoSure® Patch (LeMaitre Vascular),
already commercially available and used in vascular surgery,
did not reach the required limit. A possible explanation for
this result could be the manufacturing process and storage of
this material. In order to improve the degradation rate and the
mechanical properties of the collagen structure in the patch,
it was subjected to chemical cross-linking using
glutaraldehyde (GA) in the manufacturing process (51).
Glutaraldehyde has been a widely used cross-linker since the
1980s, especially for the production of medical-grade
biomaterials (52). However, it should be noted that GA cross-
linked collagen materials may come with a poorer
biocompatibility, lower cell viability and adhesion than
collagen-based materials produced using no or other cross-
linking procedures (53-58). Furthermore, the patch is also
supplied in liquid glutaraldehyde and has to be rinsed
repeatedly before implantation. It is possible that the
XenoSure® (LeMaitre Vascular) samples analysed in the XTT
assay could have been negatively influenced by the GA
residues, even after rinsing. However, no remarkable negative
effects on the cell viability were measured in the LDH assay
or the Live-Dead staining.

The XenoSure® patch is a commercially and clinical
established xenogeneic biomaterial with several
cardiovascular indications. So far, no remarkable negative or
cytotoxic effects are documented for its application. The
mild inflammatory reactions post implantationem, as
observed in the aforementioned in vivo study including the
patch, seem to underline its sufficient biocompatibility (41).
However, neither these in vivo investigations nor the current
available clinical data to the material are suitable for
sufficient long-term statements to the compatibility and
degradation behaviour of the patch. Therefore, as with the
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novel porcine graft, further investigations and long-time
studies are needed to obtain comprehensive information for
both biomaterials.  

The present study marks the beginning of extensive
further investigations and continuous improvements of the
developed vascular graft. It was possible to examine and
confirm the cytotoxic safety and functionality as well as the
ECM-maintaining properties of the new purification process
on a decellularized porcine aorta. Nevertheless, beside the
need of the aforementioned long-term in vivo as well as
clinical analysis of the graft, several other interesting further
questions should be in the focus of future investigations.

The blood-medical device dynamic interface in
cardiovascular medicine has great influence on the service
life of the implanted device; and hence, on the patient’s
safety (59). In vascular surgery, a direct interface between
the implant and the blood can cause implant/organ damage,
as well as intimal hyperplasia and thrombosis (60). A
colonization of endothelial cells on the surface of the
cardiovascular biomaterial can shield the implant, providing
a remodelling potential. An endothelial cell layer acts as an
interface between the blood flow and the surrounding tissue
and has a significant regulatory influence on vasodilation and
constriction, thrombus formation, and fibrinolysis as well as
inhibition and stimulation of the vascular muscle cells (61-
63). Furthermore, the integration of smooth muscle cells
within the implanted conduits is of crucial importance for an
adequate contraction and dilatation of the tissue (64).
Although decellularized xenogeneic conduits have a higher
potency for endothelialisation than alloplastic grafts, not all
studies reported adequate endothelialisation as it heavily
depends on the purification processes of the decellularized
grafts and the preservation of their ECM adhesion
components, that are important for the settlement of
endothelial cells (59). Endothelialisation can be investigated
in vitro and in vivo through different methods, including
histochemical and immunohistochemical analyses of the
endothelium (59). Further relative investigation of this novel
aortic patch should be performed. If the hemocompatibility
is deemed not sufficient, surface functionalization or cellular
seeding prior to implantation can increase the potency of
endothelialisation (65). 

Depending on whether enzymatic, physical, or chemical
purification protocols and which substances are used, the
individual processes have different effects on the
decellularization as well as on the mechanical and structural
properties of the material (42, 43, 45). In this context, three
of the primarily considered components of the remaining
tissue are collagen, elastin, and glycosaminoglycans (GAGs).
Collagen is elemental to provide mechanical strength and
structure stability (66). Elastin, on the other hand, plays an
important role for extensibility and recoil of the tissue. These
are properties with a certain importance for the functionality

of pericardial or vascular tissues (67, 68). GAGs are, as part
of the soluble protein fraction of the ECM, especially
involved into the viscoelastic behaviour and hydration of
several tissues (69). Histologically, both the collagen and the
elastin fibres appear sustained within the materials, thus
indicating a gentle purification process and therefore a
sufficient recellularization capacity. However, Gratzer et al.
stated in a previous study that the absence of collagen and
GAGs in the ECM affects cell-integrin binding sites, making
collagen more vulnerable for degradation (37). Thus, it can
be crucial for the recellularization and endothelialisation of
the vascular graft. Further analysis of the GAGs preservation
should be carried out. Additionally, PCR analyses can provide
further insights on the DNA content of the purified patches
to avoid the transmission of disease and/or implant rejection. 

Furthermore, a direct clinical comparison of the novel
graft with other xenogeneic transplants as well as with
synthetic and autologous conduits should be sought in terms
of long-term patency, mechanical properties, and the risk of
infection, in order to prove the potential equality or
superiority of the newly developed porcine graft.

In order to be able to satisfactorily cover the need for
transplants of different lumens, the application of the
purification process should be extended to different
xenogeneic vessels. Especially for grafts with lumina >6
mm, there are little to no sufficient alternatives that can
match autologous vascular grafts (70, 71). Synthetic
transplants of this size are often associated with an increased
risk of failure, as satisfactory reendothelialization is still
difficult and inadequate, which leads to an increased
tendency to thrombosis and inflammation-related
intraluminal hyperplasia (15, 71, 72). Thus, the purification
of a naturally occurring xenogeneic small-lumen vessel and
subsequent targeted recellularization in vitro appears to be a
promising approach, that is already being tested with various
manufacturing processes (30, 73, 74). 

Consequently, the primary goal of the following
investigations will be to exploit the full potential of the novel
porcine vascular graft.
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