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ABSTRACT

Background: Major vascular trauma requires immediate restoration of perfusion, yet conduit 
options for large-vessel reconstruction are limited. Autologous veins are poorly matched to 
the caliber of the aorta and iliac arteries and may be unavailable in polytrauma, whereas 
synthetic grafts are biologically inert, prone to neointimal hyperplasia, and vulnerable to 
infection in contaminated fields. Decellularized xenogeneic scaffolds have been proposed as 
tissue-engineered vascular grafts (TEVGs) but remain underexplored for large-diameter ap-
plications. This study aimed to develop a rapid perfusion-based decellularization protocol for 
porcine aortic scaffolds, evaluate the effects of glutaraldehyde (GA) crosslinking, and char-
acterize the resulting mechanical properties as a first step toward a large-diameter TEVG for 
emergency vascular reconstruction. Material and Methods: Twelve porcine thoracic aortic 
segments were processed into three paired groups: untreated, decellularized, and decellular-
ized plus GA-crosslinked. Decellularization used recirculating perfusion with sequential 1% 
Triton X-100 and 1% sodium dodecyl sulfate and was confirmed by hematoxylin and eosin 
staining. Results: Decellularization significantly decreased the ultimate tensile stress com-
pared to native tissue (4.09 ± 0.25 MPa vs. 5.34 ± 0.41 MPa, p < 0.0001) and also lowered 
Young’s modulus (p = 0.0024), but it did not affect failure strain (p = 0.7881). GA crosslinking 
brought the ultimate stress back to levels similar to native tissue (5.16 ± 0.71 MPa, p = 0.8352) 
and increased Young’s modulus beyond native values (5.93 ± 0.84 MPa, p = 0.0005), although 
it significantly reduced failure strain (p = 0.0006). Histological analysis confirmed complete 
nuclear removal with preserved fibrillar matrix structure. Conclusions: Rapid perfusion-
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INTRODUCTION

Traumatic vascular injury is a life- and limb-threatening 
emergency in which prompt restoration of perfusion is 
decisive for outcome; rapid decisions regarding hemor-
rhage control and limb-threatening ischemia directly de-
termine survival and functional outcomes.1 Vascular inju-
ries predominantly result from penetrating mechanisms 
in urban settings and blunt trauma in rural areas, with the 
latter associated with higher mortality and limb amputa-
tion rates.2 Anatomically, the extremities are involved in 
44% of cases, followed by abdominal, thoracic, and cervi-
cal vessels.3 Injuries to major vessels are particularly chal-
lenging, requiring rapid diagnosis, prompt hemorrhage 
control, and timely restoration of distal perfusion to im-
prove survival and reduce limb loss.1

Endovascular techniques have seen growing adop-
tion in vascular trauma management, with the clearest 
benefit demonstrated in blunt aortic injury, where stent 
graft repair offers procedural and outcome advantages 
over open surgery.4,5 Studies have described endovas-
cular treatment of arterial and venous injuries,6,7 and 
these approaches are particularly valuable in anatomi-
cally challenging regions such as the thoracic aorta and 
subclavian artery, where hybrid or definitive stent graft 
repair may be favored.3,8 However, the overall evidence 
base remains limited, and stent grafts may inadequately 
address local tissue damage and concomitant nerve or 
vein injuries, while raising concerns regarding long-
term patency and durability.4,5

Conduit selection depends on injury location, wound 
contamination, and vessel caliber. Current trauma guide-
lines recommend autologous vein for smaller vessels and 
synthetic interposition grafts for emergency definitive re-
pair of larger vessels.1,9 The great saphenous vein is the 
preferred conduit for extremity injuries and remains the 
first choice when available, despite its susceptibility to 
thrombosis, intimal hyperplasia, atherosclerosis, and in-
fection; its use, however, is effectively limited to small- 
and medium-caliber reconstruction.10,11 

Although autologous vessels are generally preferred, 
their use in major vessel trauma is limited: the great sa-
phenous vein is poorly matched to the diameter of the aorta 
and iliac arteries, harvesting a suitable conduit may delay 
revascularization in hemodynamically unstable patients, 
and previous surgery, anatomical variation, or associated 
injuries may further restrict autologous tissue availabil-
ity.12 In damage-control surgery and polytrauma, suitable 
autologous conduits may be unavailable or impractical to 
harvest because of associated extremity injuries, the need 
to minimize operative time, and hemodynamic instability, 
making immediate reconstruction reliant on readily avail-
able vascular substitutes.13–15

When autologous conduits are unavailable, artifi-
cial vascular grafts represent a practical alternative; the 
ideal graft must satisfy several requirements, including 
biocompatibility, adequate mechanical strength, appro-
priate permeability, and resistance to thrombosis.12 Syn-
thetic grafts, particularly expanded polytetrafluoroethyl-
ene (ePTFE) and polyethylene terephthalate (Dacron), are 
therefore commonly used when immediate reconstruction 
is required.16 For larger diameters (>6 mm) these grafts 
are well established in clinical practice; however, they are 
biologically inert, undergo little physiological remodeling 
or endothelialization, and show reduced long-term pa-
tency owing to compliance mismatch and thrombus for-
mation on the synthetic surface.17 

Their principal mode of mid-term failure is neointimal 
hyperplasia (the accumulation of smooth-muscle cells 
and extracellular matrix within the intima) triggered by 
endothelial injury at implantation and compounded by 
compliance mismatch and anastomotic stress, ultimately 
producing luminal stenosis and distal ischemia.12,18 Be-
yond these biological limitations, synthetic conduits must 
also meet biomechanical requirements such as sufficient 
elasticity, compliance, fatigue resistance, and suture re-
tention strength.19

Synthetic grafts are also problematic in contaminated 
or infected fields. Prosthetic graft infection, typically aris-
ing from bacterial colonization, is a serious complication 

based decellularization followed by GA crosslinking yielded large-diameter porcine aortic 
scaffolds with tensile strength restored to native levels and increased stiffness, at the cost of 
reduced extensibility. These findings establish a biomechanical basis for further development 
of decellularized porcine aortic conduits as off-the-shelf large-diameter TEVGs, pending in 
vivo evaluation of remodeling, patency, and infection resistance.
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that may cause thrombosis, anastomotic disruption, re-
current hemorrhage, or graft failure, and frequently re-
quires surgical explantation, carrying substantial mortal-
ity and morbidity.16,20,21 

The limitations of both autologous and synthetic con-
duits have driven interest in tissue-engineered vascular 
grafts (TEVGs), which aim to combine immediate avail-
ability with superior host integration and regenerative po-
tential.19–21 Decellularized xenogeneic scaffolds represent 
a compelling biological platform for this purpose: by se-
lectively removing cellular components while preserving 
the native extracellular matrix architecture, they provide 
a structural template conducive to host cell infiltration, 
attachment, and tissue remodeling.22–24 Their essentially 
unlimited availability and freedom from donor-site mor-
bidity are additional practical advantages, and xenogeneic 
processing substantially attenuates the risk of immune 
or inflammatory responses.22–24 Despite these properties, 
TEVGs have been developed predominantly as small-di-
ameter substitutes,25,26 and although decellularized human 
and porcine aortic tissues have shown promise as large-
diameter scaffolds,27–29 this application remains substan-
tially underexplored relative to its potential clinical value 
in emergency and complex arterial reconstruction.22,24,30,31

This study therefore aimed to develop a rapid perfu-
sion-based decellularization protocol for porcine aor-
tic scaffolds, evaluate the effects of glutaraldehyde (GA) 
crosslinking, and characterize the resulting mechanical 
properties as a first step toward a large-diameter TEVG 
for emergency vascular reconstruction.

MATERIALS AND METHODS

All experimental procedures, including tissue harvesting, 
perfusion-based decellularization, glutaraldehyde cross-
linking, and biomechanical testing, were performed in the 
Regenerative Medicine Laboratory at the Center for Ad-
vanced Medical and Pharmaceutical Research (CCAMF) in 
Târgu Mureș, Romania.

TISSUE HARVEST AND SPECIMEN PREPARATION

Twelve thoracic aortic segments were harvested from por-
cine donors from a local slaughterhouse and transported 
to the laboratory on ice for subsequent analysis within the 
first 6 h (Figure 1A).32 Perivascular adipose and loose con-
nective tissue were removed under sterile conditions, and 
each aorta was rinsed in phosphate buffer solution (PBS) 
to clear residual luminal blood. To reduce bias caused by 
regional and intersegment differences in the aortic wall, 

three adjacent specimens were taken side by side from the 
same aortic region of each donor. Each specimen was as-
signed to one of the three study groups: untreated control 
(‘Native’), decellularized specimens (‘Decell’), and decel-
lularized specimens then crosslinked with glutaraldehyde 
(‘Decell+GA’).

PERFUSION DECELLULARIZATION

Perfusion-based decellularization was performed follow-
ing the protocol described by Massaro et al.,23 adapted for 
porcine thoracic aorta. Each aortic segment was ligated at 
both ends to Luer connectors with ligatures and incorpo-
rated into a recirculating perfusion circuit consisting of 
flexible tubing, a reservoir bottle containing the working 
solution, and a Masterflex L/S peristaltic pump (Cole-Par-
mer Instrument Co.) operated at a flow rate of 250 ml/min  
(Figure 1C, D). Solutions were perfused through the ves-
sel lumen in the direction of physiological flow. Because 
the thoracic aortic wall is substantially thicker than the 
carotid artery for which the original protocol was devel-
oped, the number of detergent perfusion cycles was dou-
bled to ensure complete decellularization. The protocol 
comprised an initial 10-min saline wash to clear residual 
blood, followed by four successive 1-h perfusion cycles 
with 1% Triton X-100, four successive 1-h cycles with 1% 
sodium dodecyl sulfate (SDS), and a final series of four 
cycles of 15 min of saline washes to remove residual de-
tergent. All steps were conducted at room temperature 
under sterile conditions. Decellularization was indicated 
grossly by the transition from native vascularized tissue 
to an opaque, off-white acellular conduit with preserved 
tubular geometry (Figure 1E).

To confirm and validate the efficacy of decellulariza-
tion, a 5-mm ring was excised from each conduit before 
and after processing and fixed in 10% neutral-buffered 
formalin. Paired native and decellularized samples were 
processed routinely, paraffin-embedded, and stained with 
hematoxylin and eosin (H&E). Sections were examined 
under light microscopy to assess the removal of cellular 
and nuclear material, with successful decellularization 
defined as the absence of intact nuclei within a preserved 
extracellular matrix architecture.

MECHANICAL TESTING

Uniaxial tensile testing to failure was performed using a 
CellScale BioTester 5000 (CellScale Biomaterials Testing) 
(Figure 1). Specimen thickness and width were measured 
using a digital thickness gauge (Mitutoyo 547-500S, Ka-
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wasaki) with a protocol validated previously.33–35 Ulti-
mate tensile stress, strain at failure, and Young’s modu-
lus, defined as the slope of the linear elastic region of the 
stress–strain curve, were calculated for each specimen 
according to the literature.36,37 Mechanical testing and 
thickness measurement were performed with the opera-
tor/analyst blinded to group allocation; specimens were 
coded and tested in randomized order, and stress–strain 
parameters were computed from instrument output be-
fore decoding. Between harvest and testing, all specimens 
were kept hydrated in PBS and were never frozen. Native 
specimens were tested fresh within 6 h of harvest. De-
cellularized specimens were tested on completion of the 
perfusion protocol, following 1 h of equilibration in PBS. 
Decell+GA specimens were tested after 24 h of GA immer-
sion and a subsequent PBS rinse. All mechanical testing 
was performed at room temperature.

GLUTARALDEHYDE CROSSLINKING

A subset of decellularized conduits was crosslinked by 
immersion in 0.6% GA solution for 24 h at room tem-
perature. This concentration lies within the range es-
tablished for clinical bioprosthetic tissue fixation and 
was selected to provide adequate collagen crosslinking 
while limiting the concentration-dependent cytotoxic-
ity and calcification associated with higher GA exposure. 
Moreover, the 24-h immersion was chosen to ensure 
transmural penetration and uniform fixation of the full-
thickness aortic wall.38,39

STATISTICAL ANALYSIS

Statistical analyses were performed using IBM SPSS soft-
ware (IBM). Continuous variables are expressed as mean 
± standard deviation. The normality of data distribution 

�
FIGURE 1.  Workflow for the development of large-diameter tissue-engineered vascular grafts from porcine thoracic aorta, comprising 
tissue harvest (A), uniaxial tensile testing to failure (B), perfusion-based decellularization (C, D), and progression of the processed conduit 
to crosslinking and biomechanical evaluation (E).
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was assessed using the Shapiro–Wilk test. Comparisons 
among the three groups (Native, Decell, and Decell+GA) 
were performed using one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test for multiple 
pairwise comparisons. A two-sided p value of <0.05 was 
considered statistically significant.

RESULTS

The geometric and mechanical properties of all 12 speci-
mens per group are summarized in Table 1.

Wall thickness decreased modestly but significantly 
after decellularization compared with native specimens  
(p = 0.0366), and this difference persisted after GA cross-
linking (p = 0.0321) (Figure 2). Decellularization alone 
markedly reduced ultimate tensile stress relative to na-
tive tissue (p < 0.0001), whereas GA crosslinking reversed 
this deficit: ultimate stress in the Decell+GA group recov-
ered to 5.16 ± 0.71 MPa, a value statistically indistinguish-
able from native aorta (p = 0.8352) and significantly higher 
than the decellularized-only group (p = 0.0008) (Figure 2).  
Stiffness and extensibility followed an inverse, crosslink-

TABLE 1.  Biomechanical properties of native, decellularized, and glutaraldehyde-crosslinked 
porcine thoracic aorta

Biomechanical characteristics Porcine aorta

Native Decell Decell+GA

Thickness (mm) 1.51 ± 0.15 1.37 ± 0.14 1.37 ± 0.09

Strain (%) 124.25 ± 11.61 121.25 ± 12.61 105.33 ± 8.83

Ultimate stress (MPa) 5.34 ± 0.41 4.09 ± 0.25 5.16 ± 0.71

Young’s modulus (MPa) 4.96 ± 0.42 4.12 ± 0.25 5.93 ± 0.84

�
FIGURE 2.  Geometric and mechanical properties of native, decellularized, and GA-crosslinked porcine aortic specimens. (A) Wall thick-
ness; (B) width; (C) ultimate (failure) stress; (D) failure strain; (E) elastic modulus.
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ing-dependent pattern. Strain at failure was preserved af-
ter decellularization (p = 0.7881) but fell significantly after 
crosslinking, relative to both native tissue (p = 0.0006) and 
the decellularized group (p = 0.0038) (Figure 2). Corre-
spondingly, Young’s modulus was lowest in the decellular-
ized group, significantly below native (p = 0.0024), and rose 
markedly after crosslinking to exceed both the decellular-
ized (p < 0.0001) and native (p = 0.0005) values (Figure 2). 

The specimen-level stress–strain curves (Figure 3) 
were consistent with these group-level metrics. Native 
specimens exhibited the characteristic J-shaped response 
of the arterial wall, with a compliant low-strain toe region 
followed by progressive stiffening, reaching peak stresses 
at strains of 110–140% (Figure 3). Decellularized speci-
mens retained the overall non-linear profile but displayed 
a delayed, more abrupt transition into the stiff collagen-
dominated region and clustered at lower peak stresses 
(Figure 3), reflecting the reduction in ultimate strength 
quantified in Figure 2 and Table 1. After GA crosslinking, 
the curves shifted upward and to the left, with steeper 
terminal slopes and peak stresses returning to the native 
range, but failure occurring at lower strains (Figure 3), 
consistent with the increased modulus and reduced ex-
tensibility observed at the group level.

H&E staining confirmed effective decellularization with 
preservation of matrix architecture (Figure 4). The native 
aortic wall showed densely packed eosinophilic collagen 
and elastin fibers interspersed with numerous elongated 
basophilic nuclei aligned along the fiber axis (Figure 4). 
After perfusion-based decellularization, nuclei were ab-
sent throughout the wall, indicating comprehensive re-
moval of cellular material (Figure 4). This clearance was 
achieved without matrix collapse: the eosinophilic fibril-
lar network remained intact and retained its native wavy 
organization, albeit with a looser, more porous architec-
ture and enlarged interfibrillar spaces, an expected conse-
quence of cell extraction.

DISCUSSION

This study demonstrates that a rapid perfusion-based de-
cellularization protocol using sequential 1% Triton X-100 
and 1% SDS produces structurally modified porcine aortic 
scaffolds whose mechanical properties are substantially 
restored and, in some respects, enhanced by subsequent 
GA crosslinking. Three findings stand out: decellulariza-
tion reduced wall thickness and impaired tensile strength 
and stiffness; crosslinking restored ultimate stress to na-
tive levels and raised stiffness above native values; and 
failure strain, preserved through decellularization, was 
significantly reduced by crosslinking, reflecting a trade-off 
between structural reinforcement and extensibility. These 
observations are considered below against the literature 
on decellularized scaffolds, crosslinking strategies, and the 
biomechanical requirements of large-diameter grafts.

The reduction in wall thickness (p = 0.0366) is consis-
tent with removal of cellular mass and disruption of ex-
tracellular-matrix microarchitecture reported after deter-

�
FIGURE 3.  Representative uniaxial stress–strain curves for native, 
decellularized, and decellularized-plus-crosslinked (Decell+GA) 
porcine aortic specimens, illustrating the J-shaped hyperelastic 
response.
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gent processing of vascular tissue.27–29 The accompanying 
falls in ultimate stress (p < 0.0001) and Young’s modu-
lus (p = 0.0024) are in keeping with disruption of colla-
gen-fiber organization and loss of cellular load-bearing, 
and they mirror the extended toe region and lower peak 
stresses seen in the decellularized stress–strain curves. 
Importantly, failure strain was preserved, indicating that 
the scaffold retains the extensibility needed for anasto-
motic suturing and accommodation of pulsatile loads.

A central challenge in decellularized scaffold develop-
ment is that processing conditions influence the degree 
of extracellular matrix disruption.27–29 The rapid proto-
col used here – sequential anionic (SDS) and non-ionic 
(Triton X-100) detergents under perfusion – was de-
signed to minimize processing time while achieving cell 
removal, reflecting the clinical priority of rapid scaffold 
availability in trauma. The mechanical changes observed 
are consistent with the known denaturing effect of SDS 
on collagen crosslinks and proteoglycan content; corre-
lating these changes with specific matrix alterations will 
require histological and biochemical characterization of 
residual DNA, collagen architecture, and glycosamino-
glycan content.

Crosslinking, however, significantly reduced failure 
strain (Figure 2D), denoting a meaningful loss of exten-
sibility. Reduced compliance is a recognized consequence 
of GA fixation and has clinical relevance, given that com-
pliance mismatch at anastomoses is a key driver of neo-
intimal hyperplasia and mid-term failure in synthetic 
prostheses.12,18 Residual cytotoxicity and a propensity for 
calcification are further well-documented drawbacks of 
GA that may impair recellularization and durability.38,39 

More recently, our team proposed riboflavin-mediat-
ed UVA irradiation (UVA/R) as a novel, efficient, and safe 
crosslinking method for cardiovascular tissue.37,40–43

The biomechanical profile of the crosslinked porcine 
aortic scaffold, with ultimate stress restored to native lev-
els and stiffness exceeding that of native tissue, suggests 
that the construct possesses the tensile integrity required 
to withstand arterial hemodynamic loading and suturing 
forces, addressing key biomechanical prerequisites for 
vascular graft function.19 From a clinical perspective, the 
large caliber of the porcine aorta makes it inherently suit-
ed as a large-diameter conduit, circumventing the diam-
eter mismatch that precludes use of the saphenous vein 
for aortic or iliac reconstruction.12 Its biological composi-

�
FIGURE 4.  Histological confirmation of decellularization. Representative H&E-stained sec-
tions of native and decellularized porcine thoracic aorta. Boxed regions are shown at higher 
magnification on the right. Scale bars: 100 µm (left) and 50 µm (right).
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tion may also confer resistance to infection in contami-
nated traumatic wounds, where prosthetic graft infection 
remains a feared complication requiring surgical explan-
tation and carrying substantial mortality.16,20,21 The rapid 
decellularization protocol used here is consistent with the 
operational constraints of damage-control surgery, where 
minimizing time to reconstruction is essential.

A key theoretical advantage over ePTFE and Dacron 
is the potential for host cell infiltration and progressive 
tissue remodeling enabled by the preserved extracellular 
matrix scaffold.22–24 If recellularization and endothelial-
ization occur in vivo, the risk of neointimal hyperplasia, 
the primary mechanism of synthetic graft failure, may be 
substantially reduced.18 

Beyond emergency large-vessel trauma, a decellular-
ized, crosslinked TEVG holds promise across several vas-
cular reconstruction settings where conventional con-
duits fall short.44–47 It offers a valuable alternative when 
no suitable autologous vein is available – whether con-
sumed by prior bypass, of inadequate caliber, or absent 
– and avoids the long-term mechanical fatigue and in-
fection susceptibility that limit synthetic grafts.45 Such a 
biological, recellularization-competent conduit is equal-
ly advantageous in oncovascular surgery, where en bloc 
tumor resection mandates segmental venous or arterial 
reconstruction in patients with abdominal aortic aneu-
rysm, often in contaminated or irradiated fields,46,47 and 
in hemodialysis access reconstruction, where infection 
resistance and the avoidance of additional venous har-
vest are particularly desirable.44 This hypothesis requires 
validation in long-term in vivo models, and long-term 
patency data will be essential before clinical translation 
can be considered. 

A further consideration specific to xenogeneic scaffolds 
is residual immunogenicity, dominated by the galactose-
α1,3-galactose (alpha-Gal) epitope, against which hu-
mans carry high-titer natural antibodies and which drives 
hyperacute rejection of unmodified porcine tissue.48 Two 
aspects of the present protocol are relevant. Perfusion 
decellularization, and anionic detergents such as SDS in 
particular, substantially reduce alpha-Gal burden, yet de-
cellularization alone does not eliminate alpha-Gal or the 
spectrum of non-Gal xenoantigens retained within the 
extracellular matrix, therefore scaffold acellularity cannot 
be equated with immunological acceptability.49 GA cross-
linking attenuates antigen presentation largely by mask-
ing rather than removing epitopes; residual alpha-Gal 
has been quantified even in clinically implanted GA-fixed 
bioprostheses and has been implicated in calcification and 
structural degeneration.50

LIMITATIONS

The present study has several limitations. The mechani-
cal evaluation was limited to uniaxial tensile testing, which 
does not fully replicate the multiaxial stress state experi-
enced by arterial grafts under pulsatile hemodynamic load-
ing; suture retention strength, burst pressure, and com-
pliance under physiological pressures were not assessed. 
Decellularization was not histologically or biochemically 
verified in the current report, and quantification of re-
sidual DNA content, collagen architecture, and glycosami-
noglycan preservation will be required to confirm scaffold 
quality. The study was performed ex vivo, and in vivo host 
response, remodeling capacity, and long-term patency re-
main to be evaluated. The absence of standardized testing 
protocols for large-diameter TEVGs further complicates 
direct cross-study comparison and underscores the need 
for consensus methodology in this emerging field.

CONCLUSIONS

This preliminary study demonstrates that rapid perfu-
sion-based decellularization of porcine aortic tissue, fol-
lowed by GA crosslinking, produces large-diameter scaf-
folds with tensile strength restored to native levels and 
stiffness above native values, supporting their structural 
suitability as vascular conduits. These results establish 
a biomechanical foundation for further development of 
decellularized porcine aortic scaffolds as off-the-shelf 
large-diameter TEVGs, with future studies required to as-
sess in vivo performance, host remodeling, long-term pa-
tency, and infection resistance in preclinical models.
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