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stimulate aneurysm development (Campa et al., 1987; Carmo et 
al., 2002; Isenburg et al., 2007), and therefore loss of elastin is be-
lieved to be the main characteristic of aneurysms. 

In the last years, aneurysm development has been increasing-
ly linked to impaired collagen homeostasis (Lindeman et al., 
2010). However, studies based on the analysis of collagen con-
tent in AAA tissue showed discordant results, observing a de-
crease (McGee et al., 1991), an increase (He and Roach, 1994; 
Rizzo et al., 1989) or no changes (Gandhi et al., 1994) in collagen 
content. Collagen crosslinking has been shown to be increased in 
AAA (Carmo et al., 2002; Lindeman et al., 2010; Wågsäter et al., 
2013), and alterations in collagen microarchitecture in AAA and 
Marfan’s syndrome tissue resulted in tissue mechanical failure 
(Lindeman et al., 2010). However, the exact role of collagen in 
aneurysm pathophysiology and whether the loss of elastin func-
tion or collagen crosslinking or their combination triggers the pa-
thology is still unknown. 

To optimize treatment and better understand aneurysm patho-
physiology, several in vivo animal models have been developed 

1  Introduction

Abdominal aortic aneurysm (AAA) is a life-threatening and of-
ten asymptomatic cardiovascular disease consisting of an abnor-
mal dilation of the aorta owing to vessel wall weakening, which 
develops until rupture. The prevalence of AAA is ≈ 5% in men 
and ≈ 1% in women older than 60 years (Golledge and Norman, 
2011); rupture carries a 90% overall mortality (Giugliano et al., 
2018; Upchurch and Criado, 2009).

The etiology and pathogenesis of aneurysms are poorly under-
stood. It seems that aneurysm formation is associated with a signif-
icant increase in stiffness of the arterial wall compared to healthy 
tissue in both AAA (He and Roach, 1994; MacSweeney et al., 
1992; Sonesson et al., 1997; Vande Geest et al., 2006) and cerebral 
aneurysms (Robertson et al., 2015). Mechanical properties of the 
arterial wall, such as stiffness, depend on extracellular matrix com-
position, particularly on the amount, orientation, and crosslinks of 
elastin and collagen fibers (Gasser et al., 2012). In fact, reduction 
and degradation of elastin in end-stage AAA have been shown to 
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position, structure, and biomechanical properties. Another study 
focused on the phenotype of SMCs isolated from porcine carotid 
arteries that were treated with collagenase and elastase and cul-
tured in a steady-flow bioreactor for 12 days (Riches et al., 2013). 
The phenotype of the isolated SMCs showed changes compara-
ble to end-stage AAA samples in terms of rhomboid morphology, 
increased spread area, senescence, and impaired proliferation. 
This approach allows SMC dysfunction studies, especially fo-
cusing on early stage aneurysm development. On the other hand, 
absence of physiological pulsatile hemodynamics and non-signif-
icant diameter changes were reported. 

Based on the limitations of the other ex vivo models, we con-
sider that an ex vivo aneurysm model that closely resembles the 
in vivo situation and conditions, such as in vivo hemodynam-
ics and native blood vessel structure and characteristics, is still 
missing. Therefore, the aim of this study was to develop a nov-
el ex vivo aneurysm model based on stiffening and subsequent 
culturing of porcine carotid arteries. It has been shown that the 
pathogenesis and etiology of aneurysms is only minimally de-
pendent on their location within the vasculature (Tanweer et al., 
2014). Due to the similarities in structure and characteristics be-
tween the aortic and carotid wall and because carotid arteries are 
considered good models of AAA in other ex vivo (Riches et al., 
2013) and in vivo (Patelis et al., 2017) experiments, carotid arter-
ies were used in this study. 

Stiffening of biological tissues can be induced experimental-
ly by exploiting photochemical-based processes using, for exam-
ple, Rose Bengal (RB), a xanthene dye that can be activated by 
green light or by ultrasound (Bekesi et al., 2017; Cherfan et al., 
2013; Salinas et al., 2017; Xu et al., 2015). Upon activation, RB 
can create covalent bonding of structural proteins such as cross-
links in collagen molecules, leading to tissue stiffening. Treat-
ment of ex vivo carotid arteries with RB activated by ultrasound 
is assessed in this study with regard to its ability to induce ar-
terial wall stiffening and, ultimately, aneurysm formation. First, 
the acute effect of different concentrations of RB in combination 
with different ultrasound frequencies on the mechanical proper-
ties of native porcine carotid arteries was evaluated in order to 
select the best combination. Second, achievement of aneurysm 
formation was evaluated in terms of long-term response of ca-
rotid arteries to RB-ultrasound treatment in the pulsatile ex vivo 
vascular bioreactor. Finally, to demonstrate the feasibility of test-
ing endovascular devices in the platform and to assess whether 
the device has influence on the further development of the aneu-
rysm, a pilot study was performed in which a stent graft was im-
planted in a treated carotid artery cultured in the ex vivo vascular 
bioreactor.

2  Animals, materials and methods

All porcine common carotid arteries used in the experiments 
were obtained from Dutch Landrace pigs, 5-7 months old, 
weighing 100-110 kg, from a local slaughterhouse, following the 
routine slaughtering procedure. Each carotid artery was obtained 
from a different pig.

over the years to mimic aneurysm onset, progression and rupture. 
Patelis et al. (2017) and Lysgaard Poulsen et al. (2016) reviewed 
the main in vivo models of AAA, underlining the high number of 
animal models used for this purpose. 

In rodent animal models, aneurysms are induced by using por-
cine pancreatic elastase (Mao et al., 2015; Nuki et al., 2009), cal-
cium chloride infusion (Isenburg et al., 2007), implantation of 
xenografts, angiotensin II infusion in knockout mice (Trachet et 
al., 2016) or by creating transgenic models (Lysgaard Poulsen 
et al., 2016). These models have good reproducibility, elastase 
leads to fast dilatation, calcium chloride and angiotensin II mod-
els induce aneurysms without arterectomy, and formation of an 
intraluminal thrombus is commonly obtained in the xenograft 
models. However, all these models require major surgery and are 
technically difficult in addition to being time-consuming, costly, 
and unsuitable for device testing because of the rodent vessels’ 
different size and morphology (Lysgaard Poulsen et al., 2016). 
Therefore, these models are mainly used to investigate the patho-
logical mechanisms. 

For interventional testing, non-rodent larger animal models 
were introduced. In these models, aneurysms are mainly induced 
chemically, with elastase, collagenase (or combinations of both) 
(Czerski et al., 2013) or calcium chloride, or mechanically by us-
ing grafts or patches (Lysgaard Poulsen et al., 2016). In chemi-
cally induced models, aneurysm formation is achieved in terms 
of elastin disruption and diameter dilatation only when a com-
bination of elastase, collagenase and angioplasty is used. Long-
term studies have not yet been reported. In the mechanical an-
eurysm models, anatomical characteristics can be reproduced, 
and some pathological similarities to aneurysms in patients were 
found, but no further enlargement of the aneurysm can be ob-
tained.

In addition to the limitations of the rodent and non-rodent an-
imal models mentioned above, the use of in vivo animal mod-
els implies ethical issues, time- and money-consuming proto-
cols, high complexity of the model, and poor controllability of 
the experiments. Considering the limitations of in vivo models 
and the 3R principle, ex vivo aneurysm models using slaughter-
house tissue could be a valuable alternative that could reduce 
in vivo animal models (Lysgaard Poulsen et al., 2016; Patelis et 
al., 2017), overcoming limitations and disadvantages of in vi-
vo studies while including biological response and physiolog-
ical environment, which are limited or absent in in vitro test-
ing. Moreover, ex vivo aneurysm models could provide a tool to 
study aneurysms at early phases of the disease, which is other-
wise not possible since tissue is mostly only harvested after an-
eurysm rupture. 

Recently, different ex vivo aneurysm models have been de-
scribed. In one of these models, PTFE grafts were dilated to cre-
ate an aneurysmal scaffold seeded with stromal vascular fraction 
cells and cultured in a bioreactor for 14 days (Touroo and Wil-
liams, 2012). The development of a tissue-engineered aneurysm 
model was supported by the formation of a layer of smooth mus-
cle cells (SMCs). This model could be used as a testing platform 
for endovascular devices, however the lack of native tissue is a 
limitation because of the absence of physiological tissue com-
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2.1  Acute effect of RB-ultrasound treatment on  
arterial distensibility 
2.1.1  Carotid artery preparation
In the slaughterhouse, the carotid arteries were immediate-
ly flushed after dissection with cold phosphate-buffered saline 
(PBS, Sigma-Aldrich, Zwijndrecht, The Netherlands at 4°C) to 
remove blood. They were subsequently stored in PBS on ice until 
their arrival in the laboratory within 1 h after slaughter. Upon ar-
rival, the carotid arteries were trimmed to remove the surrounding 
connective tissue while submerged in cold PBS.

2.1.2  Experimental groups
Prepared carotid arteries (n ≥ 3 per group) were divided into  
8 groups (Tab. 1). Each artery underwent distensibility testing 
within 3 h of isolation and was then treated with RB and/or ultra-
sound. Distensibility testing was repeated within 1 h on the treat-
ed arteries to evaluate the effect of the RB-ultrasound treatment. 
In each group, a different combination of RB concentration and 
ultrasound (US) frequency was used (Tab. 1). The chosen concen-
trations of RB have been previously reported as non-cytotoxic in 
photochemical tissue bonding applications (Barton et al., 2012; 
Xu et al., 2015). The clinically most used and easily available  
ultrasound frequencies were selected for testing. 

2.1.3  RB-ultrasound treatment 
Carotid arteries were mounted proximally and distally in a sup-
port chamber and filled with RB solution (0.1% or 1% w/v RB in 
PBS; Rose Bengal sodium salt, dye content 95%, Sigma-Aldrich, 
Zwijndrecht, The Netherlands) using a 10 mL syringe without a 
needle (BD Plastipak™, Fisher Scientific, Landsmeer, The Neth-
erlands). RB solution was allowed to diffuse into the vessel wall 
for 3 min before the vessel underwent sonication treatment for  
2 min, using an ultrasound machine (SSD-2000, Aloka, Tokyo, 
Japan) equipped with a 3.5 or 7.5 MHz probe. 

2.1.4  Distensibility testing protocol
Mechanical properties of untreated and treated porcine carotid 
arteries were evaluated and compared in terms of distensibility. 
Each artery was mounted on connectors in a dedicated setup and 
stretched to 150%, which is the physiological pre-stretch of por-
cine carotid arteries in vivo (Boekhoven et al., 2014). The artery 
was maintained at room temperature in a PBS bath during the test. 
Fixed volumes of PBS were injected with a syringe at 0.1 mL/s 

until a pressure of around 160 mmHg was reached. Pressure val-
ues inside the artery were recorded by a pressure transducer (BD 
P10EZ, Becton Dickinson, Sandy, Utah, USA) and the signal was 
transmitted to a PC through a pressure amplifier (Picas, Peekel In-
struments BV, Rotterdam, The Netherlands) and a breakout box 
(NI BNC-2090, National Instruments, Austin, Texas, USA). 

At the end of the test on the untreated artery, RB-ultrasound 
treatment was performed on the vessel while mounted in the ves-
sel chamber of the setup. The distensibility test was then repeated 
on the treated carotid artery following the same protocol. 

2.1.5  Data analysis and statistics
Distensibility of the arteries was analyzed by comparing the nor-
malized change in volume (compared to initial volume of flu-
id present in the artery) and the measured hydrostatic pressure. 
Distensibility values represent the slope of the normalized vol-
ume versus the hydrostatic pressure curve for physiological pres-
sure values at or above 90 mmHg. Data is expressed as mean ± 
SEM. Two-tailed paired Student’s t-test was used to analyze dis-
tensibility differences between untreated and treated arteries, and  
P < 0.05 was considered statistically significant.

2.2  Long-term response of carotid arteries to  
RB-ultrasound treatment
2.2.1  Carotid artery preparation
In the slaughterhouse, harvested porcine common carotid arteries 
(n = 8) were directly flushed with ice-cold sterile modified Krebs 
solution (Krebs-Henseleit solution supplemented with 10-1 mM 
papaverine (Sigma Aldrich, St. Louis, MO, USA), 0.05 mM 2- 
mercaptoethanol (Gibco™, LifeTechnologies, Bleiswijk, The 
Netherlands), 2% antibiotic penicillin-streptomycin (10,000 U/ 
mL, Gibco™), 0.6% antimycotic amphotericin B (0.75 ng/mL, 
Gibco™)) and transported immediately to the lab on ice in sterile 
jars containing modified Krebs solution. In a laminar flow hood, 
vessels were gently trimmed to remove excess connective tissue, 
minimizing damage to the endothelium, and segments of 6 cm 
length were cut while submerged in fresh, cold, sterile modified 
Krebs solution. Half of the prepared vessels (n = 4) were treat-
ed with sterile-filtered (0.22 µm, Fisher Scientific, Landsmeer, 
The Netherlands) 1% w/v RB solution and 3.5 MHz ultrasound 
frequency before being placed in the bioreactor. Previous results 
showed that this combination is the most effective to stiffen the 
arterial tissue.

Tab. 1: Experimental groups for testing the acute effect of Rose Bengal-ultrasound treatment on arterial distensibility 
Combinations of RB concentrations and US frequencies.

  Ultrasound (US) frequency

  0 MHz 3.5 MHz 7.5 MHz

RB 0 % untreated RB0.0US3.5 (control) RB0.0US7.5 (control)

 0.1 % RB0.1US0 (control) RB0.1US3.5 RB0.1US7.5

 1 % RB1.0US0 (control) RB1.0US3.5 RB1.0US7.5
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the inlet of the vessel using an ultrasonic flow sensor (Sono TT 
and OEM Flow Measurement Board, Em-tec GmbH, Finning, 
Germany).

Ultrasound imaging
An ultrasound machine (Esaote Picus Pro with arterial analyz-
er Art.Lab, Esaote Europe, The Netherlands) equipped with a 
linear probe (7.5 MHz acquisition frequency) was used to per-
form ultrasound imaging. Diameter estimation was achieved up-
on determination of inner and outer borders of the artery with in-
house developed software (based on Loizou et al., 2009). Shape, 
straightness and intima-media-adventitia layer structure were 
qualitatively analyzed in post-processed ultrasound images. 

Histology
At the end of the culture, rings of the proximal and distal part of 
the cultured vessels (n = 4 per group) were cut, embedded in Tis-
sue-Tek O.C.T. Compound (Sakura Finetek USA Inc, Torrance, 
California, USA) and snap frozen in isopentane solution (2-Meth-
ylbutane, Sigma Aldrich, St. Louis, MO, USA). 5 µm-thick sec-
tions were cut with a cryostat (SLEE MNT, SLEE medical Gm-
bH, Mainz, Germany), mounted on a glass slide and stained for 
collagen and elastin, using a commercially available kit (Modi-
fied Verhoeff Van Gieson Elastic Stain Kit, Cat. HT25A Sigma 
Aldrich, St. Louis, MO, USA). All sections were examined under 
an optical microscope (Eclipse TE300, Nikon) at a magnification 
of 4x, and digital pictures (CMEX-3 Digital Microscope Cam-
era DC.3000c, Euromex Microscopen BV, Arnhem, The Nether-
lands) were taken. 

2.2.5  Statistics 
To calculate the diameter change, diameter values were normal-
ized to diameter at day 1, which is the timepoint at which the 
vasoconstriction due to the harvesting procedure is recovered; 
therefore, the diameter value is comparable to the in vivo con-
dition. Diameter changes were expressed as mean ± SEM. Two-
way ANOVA analysis was used to evaluate the influence of time 
and treatment on diameter. Post-hoc comparisons using Bonfer-
roni correction were used to determine significant differences be-
tween groups per timepoint. P < 0.05 was considered statistically 
significant.

2.3  Device assessment – pilot study
A pilot study was performed to assess the feasibility of testing en-
dovascular devices in the ex vivo aneurysm model. A porcine ca-
rotid artery (n = 1) was cultured in the ex vivo vascular bioreactor 
following the protocol above after treatment with 1% RB solution 
and 3.5 MHz ultrasound frequency. After the artery was cultured 
for 6 days, a 5 mm x 12 mm stent graft (Jostent GraftMaster®, Ab-
bott Vascular Inc., Santa Clara, California, USA) was delivered 
over a guidewire and deployed at 16 atm in the distal segment of 
the cultured carotid artery under ultrasound guidance. The artery 
was then further cultured for 4 days to reach a total of 10 days of 
culture. During culture, hemodynamics data were acquired hour-
ly, and ultrasound imaging was performed daily. Histological 
analyses were performed at the end of the culture.

2.2.2  Experimental setup
Porcine carotid arteries (n = 8) were cultured in a pulsatile ex  
vivo vascular bioreactor for 10 days (day 0: start of culture, day 
9: end of culture) under physiological hemodynamics at a tem-
perature of 38°C, 100% humidity, and 5% CO2 (Vanerio et al., 
2019a). The arteries were divided into 2 experimental groups: 
control group (n = 4), consisting of untreated arteries, and treated 
group (n = 4), consisting of arteries treated with 1% RB solution 
and 3.5 MHz ultrasound frequency. During culture, hemodynam-
ic parameters were measured continuously and acquired hourly, 
while ultrasound imaging was performed daily. 

2.2.3  Culture protocol in ex vivo vascular bioreactor
A previously described custom developed ex vivo vascular bio-
reactor was used (Vanerio et al., 2019a). The bioreactor consists 
of a reservoir chamber, in which fresh medium is stored, an in-
house developed circulation pump, which pumps the fresh me-
dium from the reservoir into a first compliance chamber, which 
dampens pressure and flow curves, a vessel culture chamber, in 
which an artery can be placed, and a Windkessel model (vari-
able resistance-compliance chamber-variable resistance) to rep-
licate the vascular impedance of the systemic circulation, which 
is connected back to the reservoir. 

Briefly, under a laminar flow hood, the artery was mount-
ed on connectors and positioned in the vessel culture chamber 
equipped with an ultrasound window for vessel imaging. Cul-
ture medium was pumped from the reservoir into the lumen of 
the artery by the in-house developed pump, and pulsatile phys-
iological hemodynamics were set using the compliance cham-
bers and adjustable resistances. Connection between the reser-
voir and the vessel culture chamber allowed for external per-
fusion of the artery. A medium refreshment circuit provided  
2 mL/min of fresh medium. 

All arteries were cultured in Dulbecco’s Modified Eagle’s Me-
dium containing 1 g/L D-glucose, 25 mM HEPES, 1mM pyru-
vate, 4mM L-glutamine (Gibco™ DMEM, low glucose, pyruvate, 
HEPES, Gibco, LifeTechnologies, Bleiswijk, The Netherlands) 
supplemented with 50 µM 2-mercaptoethanol (2-Mercaptoeth-
anol (50 mM) Gibco™), 10% fetal bovine serum (Gibco™), 
1% antibiotic penicillin-streptomycin (Penicillin-Streptomycin 
(10,000 U/mL) Gibco™), antimycotic amphotericin B (0.75 ng/
mL, Amphotericin B, Gibco™), vascular endothelial growth fac-
tor (VEGF 2.5 ng/mL, PeproTech Inc., Rocky Hill, NJ, USA) and 
xanthan gum (0.66 g/L, Fisher Scientific, Landsmeer, The Neth-
erlands) to mimic blood-like viscosity. 

Upon start of the culture, a physiological longitudinal pre-
stretch of 150% was applied to the arteries. After a warm-up 
phase of 3 h, in which the pressure was gradually increased to 
120/80 mmHg, the flow rate was set to achieve a physiological 
shear stress value of 2.4 Pa (Vanerio et al., 2019a). 

2.2.4  Data analyses
Hemodynamics 
Pressure values were measured up- and downstream of the ves-
sel using pressure transducers (RT2000 system, Argon Medical 
Devices Netherlands B.V.), and the flow rate was measured at 
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(n = 4), one cycle (660 s) of pressure curves at the start and at 
the end of the culture is shown in Figure 2. At day 2, the pres-
sure curves of the control and treated groups overlap in the pulsa-
tile physiological range of 120/80 mmHg (Fig. 2A). On the con-
trary, at day 9 the pressure curve of the treated group shows an 
increased mean pressure and reduced pulsatility, defined as dif-
ference between the maximum and the minimum pressure values, 
compared to the untreated control group (Fig. 2B), although the 
pressure curves remain in the physiological range.

Geometry change of the vessels was evaluated during culture 
in terms of diameter change of proximal and distal segments of 
control (n = 4) and treated (n = 3) arteries (Fig. 3). The proximal 
segments show a statistically significant increase in diameter over 
time in both treated and control arteries (p < 0.0001). Moreover, 
the diameter of treated arteries is significantly increased com-
pared to control arteries at days 3, 5 and 8, reaching a value of 
1.36 (Fig. 3A). In the distal segments (Fig. 3B), an increase in di-
ameters is observed over time in both treated and control groups 
(p < 0.0001). The diameter increase of treated arteries is signifi-
cantly greater (reaching 2.15) compared to the untreated controls 
(reaching 1.26) at all timepoints (p < 0.0001).

Vessel wall structure and composition were analyzed by dai-
ly ultrasound imaging, and histology was performed at the end of 
the culture on proximal and distal segments. Figure 4 shows ultra-
sound and histology images of a representative untreated control 
(n = 4, Fig. 4A) and a treated (n = 3, Fig. 4B) artery after being 
cultured for 10 days. 

Elastin and collagen Verhoeff-Van Gieson (VVG) staining of 
untreated control arteries shows that the vessel wall presents a 
compact structure and physiological extracellular matrix in both 
distal (Fig. 4A-a) and proximal segments (Fig. 4A-b). Rectilin-
ear morphology and physiological vessel wall structure of con-
trol arteries is also visible in ultrasound imaging (Fig. 4A-c). In 

3  Results

3.1  Effect of RB-ultrasound treatment 
on arterial distensibility 
Distensibility of porcine carotid arteries was compared before and 
after treatment with RB and ultrasound by analyzing the slope of 
the normalized volume in the artery versus the hydrostatic pres-
sure curve above 90 mmHg (Fig. 1). Treatment with either only 
RB without ultrasound activation (RB0.1US0, RB1US0) or with 
only ultrasound without RB infusion (RB0US3.5, RB0US7.5) 
did not result in a significant change in distensibility compared to 
the untreated situation. The distensibility of arteries treated with 
both RB and ultrasound was significantly decreased compared to 
the distensibility of the same arteries before treatment, except for 
the combination of 1% RB and 7.5 MHz ultrasound, which was 
not statistically significant. To compare the different groups, the 
distensibility ratio defined as ratio between the distensibility be-
fore the treatment and the distensibility after the treatment was 
calculated. The distensibility ratio of the RB1US3.5 group was 
the highest, although not statistically significantly different from 
the other groups (data not shown), and was used in further exper-
iments.

3.2  Long-term response of carotid arteries to  
RB-ultrasound treatment
Treated porcine carotid arteries (n = 4, RB 1% US 3.5 MHz) and 
untreated control arteries (n = 4) were cultured in the ex vivo vas-
cular bioreactor for 10 days and compared in terms of hemody-
namics, vessel geometry, wall structure and composition. All ar-
teries showed the same trend within their group except for one of 
the treated arteries, which is presented separately at the end of the 
paragraph because of the divergent response that was observed. 

For the other treated arteries (n = 3) and the untreated controls 

Fig. 1: Distensibility values comparing arteries treated with combinations of different concentrations of Rose Bengal  
(RB: 0, 0.1, 1%) and ultrasound frequencies (US: 0, 3.5, 7.5 MHz)
Control groups treated with either RB or ultrasound show no statistically significant difference of distensibility between arteries before and 
after the treatment. A statistically significant decrease of distensibility is observed in arteries after treatment with both RB and US, with the 
exception of RB1US7.5. Values are displayed as mean ±SEM; *p < 0.05; **p < 0.001.
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Fig. 2: Pressure curves at day 2 and 9 measured in porcine carotid arteries cultured in the ex vivo vascular bioreactor, comparing 
control group (n = 4) and treated group (n = 3)
(A) No differences are noticeable at day 2 between controls and treated arteries. (B) Increase of mean pressure is shown in treated carotids 
compared to controls at day 9. 

Fig. 3: Diameter change of proximal and distal porcine carotid arteries during culture in the ex vivo vascular bioreactor, 
comparing control group (n = 4) and treated group (n = 3)
(A) Slight difference in increase of proximal diameter in treated arteries compared to controls over time. Statistically significant increase in 
diameter over time for both control and treated arteries (p < 0.0001). (B) Statistically significant difference in increase of distal diameter in 
treated arteries compared to controls at all timepoints and over time in both control and treated arteries (p < 0.0001). Values are displayed 
as mean ±SEM.

Fig. 4: Histology and ultrasound images of control and treated 
vessels at day 9 of culture in the ex vivo vascular bioreactor
(A) Untreated control arteries: Verhoeff-Van Gieson (VVG) staining 
shows physiological structure in both (a) distal and (b) proximal 
segments; (c) physiological vessel morphology and structure are 
visible in ultrasound imaging. (B) Treated arteries: VVG staining 
shows (a) separation of the vessel wall layers in the distal  
segments and (b) loose wall structure in the proximal segments;  
(c) changes in vessel morphology are shown by ultrasound 
imaging. VVG: Collagen fibers are stained red; elastin fibers are 
stained black; scale bar: 500 µm.
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compact and regular tissue structure in the middle segment (Fig. 
5A-b), and presence of empty spaces and elastin disruption in 
the extracellular matrix of the proximal segment (Fig. 5A-c). At 
day 9, ultrasound imaging displays the presence of the stent graft 
in the distal part, predominantly straight morphology and phys-
iological vessel wall layer structure (Fig. 5B). In Figure 5C, the 
stent graft implanted in the carotid artery is shown. No macro-
scopic response of the vessel to the stent was noted.

4  Discussion

In this study, we developed a novel ex vivo aneurysm-like model 
by wall stiffening of cultured native porcine carotid arteries with 
sono-activated RB. 

First, the immediate effect of different combinations of so-
no-activated RB on the mechanical properties of porcine carotid 
arteries was investigated. The distensibility values of the tested 
carotid arteries were comparable to previously reported values 
(Roy et al., 2005). A possible explanation of the observed dif-
ferences in distensibility of the vessels among the groups before 
treatment is ascribed to inter-subject variability. A statistically 
significant decrease of distensibility was observed only in arter-
ies that were treated with both RB and ultrasound. To our knowl-
edge, this is the first study showing that sono-activated RB can 
be used to stiffen biological tissues. This method could be further 
explored for applications where photo-activation is not possible, 
for example, for in situ collagen crosslinking of deep tissue that 
cannot be reached by light non-invasively.

A similar effect was previously established using RB in com-
bination with photo-activation, for example in photochemi-
cal tissue bonding applications (Cherfan et al., 2013; Lauto et 

contrast, in treated arteries, VVG staining showed separation of 
the vessel wall layers, disorganization of the elastin fibers in the 
distal segments (Fig. 4B-a), and moderate disruption of the ex-
tracellular matrix, resulting in loose structure with visible spaces 
between elastin fibers in the proximal segments (Fig. 4B-b). Ul-
trasound images of the treated vessels display a curvature of the 
vessel and increased wall thickness (Fig. 4B-c). 

A divergent response was observed in one of the treated por-
cine carotid arteries compared to all other arteries within the 
same experimental group and to controls, summarized in Figure 
S11. In terms of hemodynamics, at the end of the culture the pres-
sure curve of the divergent, treated artery showed a high increase 
of mean pressure, absence of pulsatility, and values of pressure 
above the physiological range of 120/80 mmHg (Fig. S1A-b1) 
compared to the other treated and untreated arteries. Vessel ge-
ometry assessment revealed a large increase in diameter in both 
distal (Fig. S1B-a1) and proximal segments (Fig. S1B-b1). Over 
time, the vessel lost its straight morphology, and separation of the 
vessel wall layers occurred, leading to bulge development (Fig. 
S1C1). VVG staining showed loose wall structure with visible 
spaces in the distal segment (Fig. S1D-a1). Massive disruption 
of the extracellular matrix and bulge formation was observed 
close to the proximal segment (Fig. S1D-b1). Tissue growth and 
moderate disruption of the extracellular matrix was visible in the 
proximal segment (Fig. S1D-c1).

3.3  Device assessment – pilot study
A stent graft was successfully implanted in the distal part of a 
treated carotid artery at day 6 and cultured for 4 days in the ex vi-
vo vascular bioreactor. Elastin and collagen VVG staining shows 
compact and overall regular extracellular matrix structure and 
fragments of the stent graft in the distal segment (Fig. 5A-a), 

Fig. 5: Stent graft implanted in the ex vivo aneurysm model 
(A) VVG staining shows compact structure and stent fragments in distal (a), physiological structure in middle (b), and damage of  
the extracellular matrix in proximal (c) segments. (B) Physiological morphology and stent graft implanted in the distal segment, visible  
with ultrasound imaging at day 9. (C) Carotid artery with implanted stent graft at the end of the culture. VVG: Collagen fibers are  
stained red; elastin fibers are stained black; scale bar: 500 µm.

1 doi:10.14573/altex.1906253s
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ceeding 150%, especially in distal segments, already after 3 days 
of culture. In the divergent vessel, both proximal and distal di-
ameter increases reached values of 200% and almost 300% for 
proximal and distal segments, respectively. 

The aneurysm-like pathological appearance of the treated ar-
teries is supported by ultrasound imaging and histological find-
ings. Untreated control vessels showed physiological morphol-
ogy while treated vessels showed curved morphology, probably 
due to extracellular matrix damage, which can lead to elonga-
tion and subsequent curvature. Elastin and collagen play a role 
in retaining tissue structure, and therefore alterations in their net-
works can lead to changes in the morphology. The pronounced 
s-shaped morphology of the divergent vessel visible in the ultra-
sound images could be due to buckling because of the high pres-
sure values in the artery. Moreover, a noticeable bulging with de-
lamination of the layers resembling dissection and aneurysm-like 
lesions in vivo was observed in the same vessel. Nevertheless, 
ultrasound images of carotid arteries cultured in the ex vivo vas-
cular bioreactor cannot directly be translated and compared to ul-
trasound images taken in vivo because in vivo the arteries are sur-
rounded by tissue, which limits the displacement or the curvature 
of the artery during the progression of the pathology, while in ex 
vivo systems, where no surrounding tissue is present, displace-
ment and curvature can occur. 

Elastin and collagen staining confirmed the ultrasound evi-
dence by showing delamination of vessel wall layers distally and 
loose extracellular matrix structure in the proximal segments of 
the treated vessels. Histology of the cultured treated arteries pre-
sented several similarities to in vivo human and animal aneurys-
mal tissue. The observed distal separation of vessel wall layers 
can be related to dissection lesions in humans and animals (Chen 
et al., 2009). The proximal loose structure of the extracellular 
matrix with numerous lacunae may reveal disruption, fragmenta-
tion and degeneration of elastin fibers as observed in aneurysms 
and dissections in in vivo animal models (Isenburg et al., 2007; 
Li et al., 2016; Ren et al., 2016) and human biopsies (Chen et al., 
2009). In the divergent treated vessel presenting bulge formation, 
extracellular matrix corresponding with the bulging segment was 
greatly disrupted. A clear difference that is noticeable when com-
paring in vivo aneurysm and dissection histology with treated ar-
teries is the absence of a thrombus due to the fact that no blood is 
included in our ex vivo model.

The stiffening treatment was applied to the entire vessel, lead-
ing to a significant increase of the distal diameter and in the di-
vergent case to severe enlargement of both proximal and distal 
diameters. In all treated vessels, histological analyses showed 
differences in aneurysm and dissection-like characteristics be-
tween proximal and distal segments. It is known that mechani-
cal properties, extracellular matrix composition, and passive be-
havior of carotid arteries differ when comparing proximal and 
distal segments (García et al., 2012; Sokolis et al., 2011). We 
speculate that the reason why aneurysm-like lesions are locat-
ed in the proximal segments is related to the elastic nature of 
the segment, while dissection-like lesions are located mostly in 
the distal parts due to the muscular nature of that part. However, 
the specific influence of the different vessel segments on pathol-

al., 2010; O’Neill et al., 2007; Vanerio et al., 2019b). In pho-
tochemical tissue bonding, the reaction between RB and green 
light causes covalent bonding of structural proteins, leading to 
crosslinking of collagen molecules. In our case, sono-activa-
tion, instead of photo-activation, was proposed to avoid the use 
of green light sources, which are costly, more invasive, and re-
quire safety measures (Vanerio et al., 2019b). Our finding sup-
ports the hypothesis that photo- and sono-activation of RB in-
duce similar reactions and mechanisms, eventually leading to 
similar stiffening outcomes. Although the precise mechanism of 
interaction between ultrasound and sono-sensitizers (e.g., RB) is 
unknown, other studies have suggested that cavitation caused by 
ultrasound induces chemical activation of sono-sensitizers, lead-
ing to free radical formation (Hiraoka et al., 2006; Nakonechny 
et al., 2013). Free radicals can react with amino acids, which 
can trigger crosslinking of collagen fibers, similar to what is 
observed in RB photoactivation. The lack of change in disten-
sibility when one of the parameters (ultrasound or RB) is ab-
sent demonstrates that sono-activation and subsequent stiffening 
take place only when both stimuli are present. Lower RB con-
centrations seem to lead to a lesser distensibility decrease, which 
could be explained by having less RB in the vessel wall avail-
able for collagen crosslinking. 

The combination RB1US3.5 was selected for the long-term 
culturing studies because it showed the most significant decrease 
of distensibility. It is not clear why the combination RB1US7.5 
showed a non-significant decrease of distensibility. Since a high-
er US frequency is characterized by lower tissue penetration 
depth, this may have led to only partial activation of RB and 
therefore to less collagen crosslinking, resulting in a lesser de-
crease of distensibility. To test this hypothesis, quantification of 
collagen crosslinking needs to be performed.

In a next step, porcine carotid arteries were treated with so-
no-activated RB and subsequently cultured for 10 days in a vas-
cular bioreactor. At the end of the culture, treated arteries showed 
a slightly higher mean pressure and lower pulsatility compared 
to controls, which was very pronounced in the divergent treated 
artery. This increase of mean pressure could be caused by a nar-
rowing of the lumen of the tubes distally because of accumula-
tion of detached cells or because of an increase of medium vis-
cosity due to the possible secretum of the SMCs, although no 
blockage was observed. The decrease of pulsatility in the treated 
vessels can be considered a consequence of dilation of the ves-
sels as, at a similar flow rate, the relative volume increase in the 
vessel during a single stroke contributes less to the total artery 
volume when the artery is already dilated. The ratio between the 
volume of the single stroke and the maximum artery volume is 
lower for higher artery volume, resulting in smoothening of the 
pressure curves. 

The main distinctive characteristic of aneurysms is arterial di-
lation, which is considered to be aneurysmal when the artery di-
ameter reaches 150% of the original diameter (Johnston et al., 
1991; Nordon et al., 2011). In our untreated control vessels, a 
small increase in diameter, below 150%, was observed over time, 
which is probably caused by adaptation of the vessel to the new 
environment. Treated vessels showed increases in diameter ex-
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pared to vessels cultured without monocytes (unpublished da-
ta). Although the replacement of the culture medium with blood 
in the system could be interesting to investigate thrombus for-
mation, applications like aneurysms coiling, and to be able to 
better compare histological results to in vivo data, this would 
require the use of anticoagulants, which does not represent a 
completely physiological condition since, for example, they af-
fect the endothelial layer. 

The feasibility of assessing endovascular devices in our ex vi-
vo aneurysm-like model was demonstrated in a pilot study. The 
ex vivo vascular bioreactor proved suitable for sterile insertion, 
deployment and culture of a stent graft in a native vessel. The 
procedure was easier to perform than it would have been in an 
animal and allowed daily analysis, which is usually not possible 
in an animal. The sample showed a slower aneurysm progres-
sion compared to RB-ultrasound treated arteries without a stent 
graft. These outcomes provide the first experience of testing a 
medical device in an ex vivo pathological model, bringing ex vi-
vo models closer to real clinical settings and possibly leading to 
a reduction of in vivo animal studies. More studies will be need-
ed to let the true pathology evolve further before being able to 
study these interventions. This pilot study paves the way for test-
ing devices for longer time periods, which would allow a better 
comparison with in vivo human and animal data and assessing 
novel devices and treatment approaches, such as pharmacoki-
netics and scaffold-cell interaction in in situ tissue engineering 
approaches, possibly by partly modifying the system or the de-
vice insertion. 

In conclusion, this study first demonstrates that RB activat-
ed by ultrasound induces stiffening of porcine carotid arteries. 
Culturing of treated arteries leads to the induction of aneurysmal 
characteristics that are similar to the in vivo pathology. This mod-
el provides a promising tool to reduce in vivo animal experiments 
for studying aneurysm onset and progression and can be used for 
testing early stage devices or drugs.
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