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Abstract: This study was aimed at generating data for designing a potential method to prevent
the rupture of the abdominal aortic aneurysm (AAA). We found that the mechanical strength and
stiffness of blood vessel walls was enhanced by the crosslinking of adventitial collagen through a
photochemical process promoted by ultraviolet-A (UV-A) radiation. The experiments were carried out
on samples isolated from 25 normal porcine aortas. The adventitial layer was separated from the other
layers and exposed to UV radiation of 365-nm wavelength, in the presence of a riboflavin compound
as the photosensitizer. Mechanical testing of 30 specimens, prior to and after exposure, indicated
an increase in both strength (ultimate stress) and stiffness (Young’s modulus) of the adventitial
specimens following irradiation. The crosslinking process also led to an enhanced resistance to
experimental collagenolysis, as determined on six specimens. At this phase of conceptual design, we
suggest that by applying this method to an aneurysmal dilated wall region, the stabilization of tunica
adventitia may delay or prevent the rupture of the aneurysm and, with further investigation and
refinement, can become a therapeutic strategy for arresting the progression of AAA.

Keywords: aneurysmal rupture; adventitial collagen; photochemical crosslinking; mechanical
reinforcement; proteolytic resistance; designing therapeutic strategies

1. Introduction

In spite of an impressive volume of experimental research, extensive published literature
on its pathophysiology and therapeutic strategies, and a significant number of related clinical
trials, the abdominal aortic aneurysm (AAA) remains a pathological condition associated
with high morbidity and mortality rates. An aortic aneurysm is commonly described as the
localized degenerative weakening of the aortic wall, leading to the formation of an irreversibly
progressing dilatation (bulge) that exceeds the diameter of the normal aorta by at least 1.5 times,
i.e., to≥3 cm in diameter. The wall’s regional spontaneous rupture at the level of the bulge can
trigger massive bleeding into the retroperitoneal or abdominal cavities, with fatal consequences
for the patients, unless an effective medical intervention is immediately available.

Currently, repair surgery is the only treatment for AAAs, applicable preventively for
aneurysms larger than 5 to 5.5 cm in diameter, and to ruptured aneurysms in emergency
settings. There are two types of the procedure, the traditional open surgical repair (OSR) and
the newer endovascular aneurysm repair (EVAR) surgery, which both are associated with
satisfactory perioperative mortality rates, although some postoperative complications and the
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occasional need for re-interventions are still present [1–5]. Intensive research has been dedi-
cated lately to a more in-depth understanding of the pathogenesis of AAA, and to develop
non-surgical treatment approaches, such as pharmacologic or cellular therapies [3,4,6–8], and
is anticipated that novel strategies for treating AAA will emerge in the near future.

There is no therapeutic option available now for the patients having small aneurysms
(<5 cm in women, <5.5 cm in men) and for those deemed unfit for surgical intervention.
As there is no benefit of early repair surgery of small AAAs, the current guidelines for
these patients recommend [4] surveillance with size monitoring through ultrasonographic
imaging techniques to be carried out repeatedly at various intervals that are selected in
accordance with the size attained by the aneurysm. However, screening as such will
not reduce aneurysmal degeneration, and it has been associated with certain detrimental
outcomes [9,10]. It is becoming evident that an ideal therapeutic strategy for such cases,
which would preferably be applicable to larger AAAs too, should be a procedure that is
able to arrest the aneurysmal progression, ideally with minimal surgical invasiveness.

Based strictly on mechanical considerations, an AAA can alternatively be defined
as the failure of the aortic wall material to withstand the dynamic forces associated with
relentless exposure to the pulsatile flow of arterial blood. Ultimately, the aneurysmal
rupture is a mechanical event.

The two structural proteins that determine mechanical characteristics of blood vessel
walls are elastin and collagen, and their contribution to mechanical performance is evaluated
in terms of elasticity, stiffness, and strength. In the mammalian connective tissues, collagen
is approximately 1000 times stiffer and 6000 times stronger than elastin, while elastin is
10 times more extensible than collagen [11]. It is therefore commonly assumed [11,12] that the
elastin fibres provide high extensibility (strain) and efficient elastic-strain storage properties
(resilience, compliance), which are the source of stretchiness and recoil characteristics. The
strength and stiffness (rigidity) are provided by the collagen fibres.

We report here the development of a method aimed at mechanically reinforcing the
aortic adventitial collagen through its chemical crosslinking induced by ultraviolet-A (UV-A)
radiation (wavelength 365 nm) in the presence of riboflavin 5′-phosphate monosodium salt
(as a photosensitizer). In principle, mechanical reinforcement can prevent a wall’s rupture.
It is also expected that the crosslinking process will stabilize the collagen against enzymatic
degradation. The procedure was inspired by the photochemical crosslinking of the eye’s
corneal collagen [13–16], currently a safe primary treatment for keratoconus, an ophthalmic
pathological condition of unknown mechanism that leads to severe visual impairment. While
the collagen crosslinking cannot cure the condition, it is able to arrest its progression, and it
has become a routine procedure in ophthalmology. In an attempt to extend the method to
treating other segments of the eye, we have previously demonstrated [17,18] in ex-vivo animal
(ovine) tissue that the UV-A-induced crosslinking of tarsal collagen led to increased mechanical
strength and stiffening of the tissue and could become a suitable treatment for floppy eyelid
syndrome and other cases of eyelid laxity. Further research on rodent tarsal tissue [19] and
cadaveric human tarsal tissue [20,21] has confirmed the radiation-induced stiffening effect.

Exposure to electromagnetic radiation has been investigated previously as a therapy for
certain vascular conditions. Photodynamic therapy (PDT) with visible and near-infrared laser
radiation (wavelengths, 500–850 nm) in the presence of photosensitizers such as methylene
blue, indocyanine green (ICG) or phthalocyanines has been proposed for inhibiting intimal
hyperplasia leading to restenosis [22–24]; it was suggested that PDT can generate collagen
crosslinks that may induce resistance to enzymes and fibroplasia [25]. Laser soldering with
830-nm radiation in the presence of ICG enhanced the strength of arterial segments in rats after
exposure to elastase [26]. The only PDT experiments to date (660-nm wavelength, methylene
blue as photosensitizer) involving an aneurysm animal model have revealed the lack of wall
mechanical strengthening in the aneurysmal aorta [27]. The effect of irradiation with the UV-B
region of ultraviolet radiation (280–320 nm, no photosensitizer) has been investigated in the
mouse angiotensin-II model [28], suggesting a decreased incidence of aneurysmal rupture,
which was explained by the expansion of regulatory T cells leading to reduction of an inflam-
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matory process. Low-level laser therapy (LLLT) was another method investigated for arresting
the progression of AAA. This is based on the so-called “photobiomodulation”, a controversial
treatment applied mostly to blood or skin using laser-delivered visible (600–650 nm) and
near-infrared (over 700 nm) radiation in the absence of photosensitizers. Applying 780-nm ra-
diation at low irradiance in animal tissue or angiotensin-II models, researchers at The Hebrew
University in Jerusalem have noticed a reinforcement of the aortic wall potentially leading to
prevention of aneurysmal rupture, which was explained by enhancement of the biosynthetic
activity of smooth muscle cells resulting in increased production of elastin and collagen, and
by attenuating the deterioration of mitochondrial membrane potential [29–33].

The present study is different in that it makes use of the irradiation with UV-A light
for the in situ strengthening of adventitial collagen as a potential method to attenuate the
aneurysmal growth by preventing or delaying the rupture of a weakened aortic wall, thus
essentially arresting the progression of the aneurysm. Our proposed process is purposely
and entirely based on the photochemical crosslinking of collagen.

2. Materials and Methods
2.1. Materials

Riboflavin 5′-phosphate monosodium salt (henceforth, RF) was supplied by Cayman
Chemicals (Ann Arbor, MI, USA), and its solution in saline (0.1% w/v) was used as a
photosensitizer. Collagenase type I (255 U/mg), and neutral buffered formalin (10% w/w,
~3.5–4% w/w formaldehyde) were purchased from Thermo Fisher Scientific (Rockford, IL,
USA). All other chemicals and reagents were supplied by MilliporeSigma (St Louis, MO,
USA) and local suppliers (Australian Biostain P/L, ProSciTech, POCD; all in Australia).
High-purity water (Milli-Q or equivalent) was used in all experiments.

The porcine aortas were procured from Highchester Meats Pty. Ltd. (Gleneagle, QLD,
Australia), an abattoir unit that operates under the Australian Code of Practice of Animal
Welfare Standards for Livestock Processing Establishments, having been harvested from
cadavers of 20-week old pigs (of the variety “beacon pigs”) on the day of collection. It is to
be mentioned that the animals had been sacrificed for commercial purposes, and the aortas
would have been discarded if not used in this study.

2.2. Sample Preparation

Twenty-five aortas from the abdominal region were used in this study. For the mechan-
ical testing, the samples were maintained fresh. For the other evaluations, the aortas were
stored in a freezer and thawed when necessary. The aorta specimens were processed by
first removing the extraneous adipose and loose connective tissue debris from the external
surface using surgical scissors. One cut was then performed along the longitudinal axis of
each aortic tube, in order to obtain flat rectangular sheets. A surgical scalpel was used to
make an initial cornerwise-interstitial incision between adventitia and media layers, and
the adventitial layer was carefully dissected and peeled off by hand. Following additional
removal of medial tissue residues adhering to the internal surface, the specimens were
stored for no longer than 30 min in saline at room temperature prior to irradiation.

2.3. Treatment with Formalin

The samples were treated with neutral buffered formalin (10%) for 20 h at room
temperature for two purposes: (a) For fixation prior to histological processing, the treated
samples were then washed and stored in phosphate buffered saline (PBS) at 4 ◦C; (b) For
the collagenolytic degradation experiments and also for mechanical testing, each treated
sample was washed in 100 mL water for 24 h, with gentle shaking and 5 water exchanges
throughout, and then used in experiments.

2.4. Histology

The formalin-fixed specimens, both full-thickness aortic wall and the isolated layers,
were placed in plastic tissue processing cassettes and processed for a duration of 9 h in the
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Tissue-Tek® VIP® 6 Tissue Processor (Sakura Finetek, Torrance, CA, USA). The processed
samples were embedded in paraffin with the region of interest facing down. Sections (4-µm
thick) were cut with a Leica RM2234 microtome (Leica Biosystems, Nussloch, Germany) and
collected onto labelled SuperFrost Plus slides (Menzel-Gläser, Braunschweig, Germany). The
slides were stained with haematoxylin and eosin (H&E) in a Tissue-Tek Prisma® autostainer
(Sakura Finetek, Torrance, CA, USA), and coverslipped on the attached automated coverslip-
per. The slides were then imaged using an Olympus VS120 Slide Scanner (Olympus, Sydney,
Australia) using the Olympus OlyVIA™ software. Except for the initial fixation in formalin,
the histological processing and imaging were carried out at the Histology & Microscopy Core
Facility of the Translational Research Institute, Brisbane, Australia.

2.5. Irradiation Procedure

Rectangular strips of the adventitia of about 7 cm × 3 cm were soaked in RF solution
for 30 min at room temperature. Each specimen was then irradiated with UV-A radiation
of 365-nm wavelength produced by the UV Curing System OmniCure 1500 (Excelitas Tech-
nologies Corp., Waltham, MA, USA). The irradiance at the exposure site was monitored with
the radiometer Dymax ACCU-CAL 50 (Dymax Corp., Torrington, CT, USA). The required
irradiance was achieved by adjusting the distance between the radiation source and target.
Each side of the specimen was exposed to an irradiance of 45 mW/cm2 for 10 min.

2.6. Mechanical Testing

An Instron Materials Testing System Model #5943 (Instron, Norwood, MA, USA),
equipped with a 50-N load cell, was used to measure uniaxially the tensile properties of
isolated adventitia specimens (n = 30), prior to and after irradiation. Before measurements,
each specimen was soaked in phosphate-buffered saline (PBS) for at least 1 h at room
temperature. Strips (1 cm × 3 cm) were cut, and their thickness and width were measured
with a digital calliper (Digimax Global Inc., Toronto, ON, Canada). Thirty measurements for
each set of samples (non-irradiated and irradiated) were carried out along the longitudinal
direction at a set gauge distance of 16 mm and a speed of 10 mm/min. The values for
Young’s moduli were computed from the recorded stress-strain plots in the linear region.
All mechanical tests were performed by only one researcher.

2.7. Experimental Collagenolysis

Non-irradiated and irradiated adventitial samples, 6 specimens of each, were rinsed
3 times in 100 mL water for 1 h with gentle shaking, and then each placed in a 2-mL
Eppendorf tube, and lyophilized in a freeze drier/vacuum concentrator (Alpha 1–2 LDplus,
Martin Chris GmbH, Osterode, Germany). Washed formalin-treated treated specimens
(n = 6) were processed in the same manner. The weight of the resulting solid material
was recorded in all cases. A solution containing 20 U/mL (~0.08 mg/mL) collagenase
was prepared in Tris buffer (0.05 M, pH 7.4) containing calcium chloride (10 mM) and
sodium azide (0.02%), and 1 mL of this solution was added to each tube. The tubes were
mounted on an orbital shaker and shaken at 240 rpm for 48 h at 37 ◦C and then centrifuged
at 10,000 rpm for 10 min at 4 ◦C. The solid deposits in each tube were rinsed 3 times in
water (1 mL) with gentle shaking for 10 min, followed by centrifugation after each rinsing.
After lyophilization, the measured weight values of the deposits were used to estimate the
percentage of weight loss due to enzymatic degradation.

2.8. Statistical Processing

When applicable, the results were expressed as mean values ± standard error of the
mean. For their statistical comparisons, the GraphPad® Prism software (Version 6.0) was
used to carry out the unpaired 2-tailed t-test (mechanical evaluation, 30 samples), or the
unpaired Mann–Whitney 2-tailed nonparametric test (enzymatic degradation, 6 samples).



Designs 2022, 6, 5 5 of 14

3. Results

Tunica media was easy to distinguish and could be conveniently separated from the
adventitia (Figure 1), as noted also by other investigators [34]. Gross histological analysis
(Figure 2) indicated that the isolated adventitia was completely separated from the media,
however, residual patches of medial tissue could still be noticed on the medial side of it.
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A typical individual stress-strain plot recorded by the mechanical tester indicates
unequivocally an irradiation-induced strengthening effect (Figure 3). The tensile mea-
surements involving a larger number of samples (n = 30) showed a difference between
irradiated and non-irradiated adventitial specimens concerning both stiffening (Young’s
modulus) and strengthening (ultimate stress, i.e., the maximum load at the time of rupture)
(Figure 4). This suggests that a structural reinforcing due to the crosslinking of adventitial
collagen can delay the mechanical failure of the irradiated wall, as compared to a non-
irradiated one. Noticeably, the values measured in this study for the tensile strength are
in the range reported for the human aortic wall [35]. In a separate mechanical assessment,
the ultimate tensile stress of adventitial samples treated with formaldehyde (as a formalin
solution) was found to be ~2.6 times higher than that of untreated specimens, but only
~1.6 higher than that of UV-irradiated specimens. In spite of the more extensive effect of
chemical crosslinking, crosslinking with formaldehyde is fundamentally different from
photocrosslinking, regarding both chemistry and reaction conditions.
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The effect of the crosslinking process was further assessed by measuring quantitatively
the weight loss caused by the in-vitro collagenolytic degradation in the untreated samples,
and in the UV-irradiated samples. As seen in Figure 5, the exposure to UV-A radiation
was able to stabilize the adventitial tissue against enzymatic degradation. In a separate
experiment, chemical crosslinking with formaldehyde resulted also in the enhancement
of proteolytic resistance, the weight loss being ~3 times less than that recorded for UV-
irradiated samples. This can be regarded as an indication that a crosslinking process is
a common denominator underlying the effects observed both upon exposure to UV-A
radiation and after formaldehyde treatment.
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4. Discussion

According to the current knowledge of the pathophysiology of AAA [1–5], the domi-
nant characteristics of the disease include inflammatory cell infiltration, degradation and
impaired remodelling of the extracellular matrix (ECM), and depletion of medial smooth
muscle cells (SMCs). Associated events or contributing factors may include neovascular-
ization of the tunica media, endothelial dysfunction, atherosclerosis, thrombus formation,
wall calcification, oxidative stress, altered blood flow dynamics, genetic predisposition,
environmental agents, and patient-related factors.

Of significant relevance to our study is the issue of degradation and alteration of
elastin and collagen as the ECM components in media and adventitia induced by elevated
proteolytic activity of enzymes, such as elastases, matrix metalloproteinases (MMPs),
cysteine and serine proteases, and cathepsins. Based on seminal publications [1,36–44],
the following simplified scenario can be conceptualized. The normal aortic tunica media
is composed of concentric layers of SMCs, an intricate network of elastic fine fibres and
fenestrated lamellae interspersed with collagen fibrils and a proteoglycan matrix, and
bundles of collagen. In the healthy wall, media is a major contributor to its mechanical
properties. The normal tunica adventitia consists of collagen fibrils interspersed with
elastic lamellae, blood vessels, nerves, and certain cell populations. Following the massive
loss of medial elastin and a partial loss of collagen due to aneurysmal degeneration,
collagen from medial outer regions and adventitia is recruited in order to take over the load
generated by the pulsatile blood flow. Because this process becomes gradually inefficient, an
enhanced turnover of fibrillary “repair” collagen commences as a compensatory deposition
of remodelled collagen, leading to the reinforcement and thickening of the adventitia. At
this stage, the wall’s collagen content would indicate at any given time the net effect of
ongoing turnover vs. ongoing degradation. While both elastolytic dissipation of elastin
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(reflected in a significant drop of the elastin-to-collagen ratio) and depletion of SMCs
advance steadily within the medial layers, the degradation of adventitial collagen is largely
balanced by its repair. A point in time comes, however, when the capacity of collagen
for neosynthesis and remodelling is overwhelmed by the degradation processes, and the
altered collagen fibres no longer can contribute efficiently to maintaining the strength of
the aneurysmal wall, leading to its sudden and catastrophic rupture. We may therefore
conclude that the mechanical failure of the aneurysmal wall is the result of the mechanical
failure of adventitial collagen. Indeed, it has been asserted [41,45] that the loss of elastin in
the media does not actually affect the wall integrity, and the mechanical support for the
aneurysmal wall is confined to the adventitia.

The prominent role played by the adventitial collagen was fundamental to the devel-
opment of our proposed strategy. To enhance the strength of remaining collagen prior to
mechanical failure appears as a rational approach for delaying or preventing the rupture.
Additional premises may substantiate the validity of such strategy and justify the choice of
adventitia as a target, as itemized in the paragraphs below.

(a) The level of crosslinking of the collagen in aneurysmal wall tissues was shown to
be elevated [46–48], which suggests that the remodelled repair collagen itself is in a
crosslinked state. This natural, enzyme-controlled crosslinking process of the remod-
elled adventitial collagen could be aimed at providing the mechanical reinforcement
needed to withstand the excessive pressure load induced by the loss of elastin and
SMCs in the media. In fact, the terminal failure of the aneurysmal wall is believed
to be a consequence of changes in the microarchitecture of the collagen network [49],
rather than being caused by an ineffective natural crosslinking.

(b) In diabetic experimental animals and post-mortem diabetic human tissue, it was found
that arterial stiffness and remodelling were related to the non-enzymatic crosslinking
of collagen through a natural process based on the advanced glycation end products
(AGEs). The level of glycation-induced crosslinking of collagen was significantly
higher in the aortic collagen when compared to other regions of the body, and it
was associated with the stiffening of the vessel’s wall [50–56]. At the same time,
a statistically significant negative association between diabetes and AAA has been
demonstrated in a number of studies [57–60]. A legitimate conclusion would be that
the stiffening of the aortic wall in diabetic patients due to crosslinking of collagen is
one of the reasons for a delayed rupture of their aneurysms. This is another supporting
premise for our proposed strategy.

(c) An additional justification for selecting adventitia as the primary target in the method
we report here comes from vascular surgery. Eversion endarterectomy consists of
the debridement and removal of the intima and the media (or part of it) in order to
treat lesions (e.g., atheromatous plaques or blockages) inside arteries and reduce their
recurrence. Although it was mainly adventitia left onto the lumen side, the extant
studies [61–64] have shown that no “false” aneurysms were formed postoperatively,
and the strength level of endarterectomized walls was similar to that of full walls
or even enhanced. The observed increased collagen content after endarterectomy
suggests a deposition process of repair collagen. These findings may confirm an
important contributory role of the adventitia to the mechanical performance of the
aortic wall. While the knowledge of AAA is being continually re-evaluated and
enriched, the prominent role of adventitial collagen in the evolution of the disease
appears to be a safe presupposition underlying our investigation.

Similarly to the lysyl oxidase (LOX)-promoted physiologic crosslinking of collagen
that occurs naturally in the vertebrate organisms, the purposeful extraneous crosslinking
of collagen by chemical or physical means, either in vitro or ex vivo [17–21,65–76], also can
stabilize its network by enhancing the mechanical characteristics and the resistance to pro-
teolytic degradation. It is a process frequently used in tissue engineering and regenerative
medicine research. Photochemical crosslinking implies the use of electromagnetic radiation
of a specific wavelength to induce crosslinking reactions in collagen after its irradiation in
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situ, and it can be applied for therapeutic purposes. The presence of either a photosensitizer
or a photoinitiator is essential in the crosslinking system: upon being excited energetically
by radiation, it triggers a chain of free-radical-based reactions resulting in the formation of
covalent crosslinks within the collagen molecular matrix. A commonly employed radiation
is the region A of the ultraviolet (UV-A) radiation with wavelengths between 320 and
400 nm, although the more energetic regions UV-B and UV-C have been also experimented
with in some applications. As mentioned earlier, the only approved therapeutic procedure
based on UV-A-induced crosslinking belongs to ophthalmology and refers to a treatment
for keratoconus [13–16]. Our present study shows that the UV-A-induced crosslinking of
adventitial collagen promoted by a suitable photosensitizer can lead both to an increase in
strength and stiffness and to a reduction of the collagenolytic degradative effects.

The fate of elastin, the other essential protein in the vessel wall structure, following the
UV irradiation of the adventitia is also relevant. Elastin is inherently a highly crosslinked
biopolymer as a result of natural elastogenesis involving the LOX-mediated crosslinking of
the precursor tropoelastin [77–79]. In fact, the lack of an elastin’s turnover and its half-life
of over 70 years in vertebrates are attributed to remarkably stable natural crosslinks [79].
Although the formation of further crosslinks in elastin is unlikely, UV-A radiation may
still cause scission of the existing natural crosslinks (mainly desmosine and isodesmosine
structures) [80,81]. However, at the time of applying the irradiation to an aneurysmal wall,
elastin would be significantly depleted in both media and adventitia. Besides, there is little
likelihood that the low irradiance and short time of exposure to UV-A radiation will cause
additional damage to the elastin macromolecules.

Aortic elastin has been a strategic target in the development of a non-surgical, pharma-
cological approach to arresting the progression of aneurysmal degeneration. The proposed
treatment was based on the remarkable biological properties of natural polyphenols, in
particular of pentagalloylglucose (PGG) [82,83], and it was initiated by investigators at
Clemson University, SC, USA [70,84–87]. It is known that the hydrolyzable vegetable
tannins display a specific tendency to associate non-covalently with proteins [88–90], in a
process that is particularly effective in proline-rich proteins such as collagen and elastin.
It is assumed, albeit not entirely correctly, that the process is a “crosslinking” reaction
accomplished through complexation, rather than through covalent linkages. It was re-
ported that aortic elastin can be stabilized against elastolysis by treatment with tannins
such as tannic acid [84], PGG [70,83,85–87], and epigallocatechin gallate [91], presumably
due to blockage by complexation of the elastin’s hydrophobic sites that are the target for
enzymatic attack. More recently, research has been focused on establishing strategies for
delivering PGG to the aorta [92–94], and on assessing its therapeutic potential in animal
AAA models [95–100].

In our experiments, the enhancement of mechanical characteristics of the adventitial
layer was associated with a satisfactory level of statistical significance (p < 0.002). This
was in spite of (a) potential effects of absorption, scattering, reflections and refraction of
radiation caused by both chemistry and morphology of the adventitial tissue components;
and (b) the fact that not all chemical reactions triggered by the irradiation are necessarily
conducive to crosslinking of collagen. In our early experiments that involved irradiation of
the whole vessel wall, mechanical enhancement was hardly noticeable upon evaluation
in the mechanical tester (results not included), an indication that the structural complex-
ity of peri-adventitial tissues and medial layers could have contributed to the decay of
radiation preventing its penetration farther than adventitia. The results for enzymatic
degradation had also an acceptable level of statistical significance in our present study
(p < 0.005). However, the weight loss after experimental collagenolysis is still substantial in
the irradiated samples. As the conditions of the experiments are likely different from the
in vivo conditions, a comparison with what actually happens in aneurysmal adventitia is
not conclusive based on these preliminary data.

Our results were compared in this study to those provided by treating the adventitial
specimens with formaldehyde, a known effective crosslinking agent for proteins [66]. It



Designs 2022, 6, 5 10 of 14

reacts with the ε-amino groups of lysine and hydroxylysine residues, leading to imine
intermediates that form crosslinks with tyrosine, asparagine and glutamine residues. Being
a more efficient process than the photochemically induced crosslinking, the chemical
crosslinking with formaldehyde resulted in stronger effects on both mechanical strength
and proteolytic resistance of the adventitial tissue. Due to the toxicity of formaldehyde
and the most crosslinking agents in use, and because of the long reaction times required,
the chemical treatment is not an option for in situ applications directed at the blood
vessel walls. Here, we have used this comparison only to confirm that the crosslinking of
collagen can indeed generate such effects on the mechanical properties and the resistance
to enzymatic degradation.

A beneficial outcome in the long term of the proposed strategy requires further de-
velopmental work, such as finding a type of radiation that might be a more effective
penetrant than UV-A radiation. We are currently investigating the crosslinking effect of
the visible radiation (400–700 nm) on adventitial tissue in the presence of low-cytotoxicity
photosensitizers including RF (maximum absorption at ~447 nm), rose bengal (~546 nm),
azure B (~650 nm), or methylene blue (~668 nm). Another important issue is the method of
radiation delivery with minimally invasive surgical intervention. The laparoscopic fibre
optics technology can offer a valid option for delivering the radiation beam to the patient’s
aortic wall, preceded by laparoscopic administration of the photosensitizer solution onto
the targeted surface. An alternative worth considering would be delivery by lasers that
emit in the visible region, such as helium-neon lasers (543.5 nm and other wavelengths),
argon ion lasers (488 nm, 514.5 nm), krypton ion lasers (530.9 nm, 647.1 nm), ruby laser
(694.3 nm), Nd:YAG laser (frequency-doubled, 532 nm), and many others. Considering
the large surface area of the vessel wall that must be covered by irradiation, the delivery
technique through lasers will have to incorporate the raster scanning of the beam across
the target area.

5. Conclusions

The exposure of aortic tunica adventitia to UV-A radiation increases its mechanical
strength and stiffness, based on a photochemical crosslinking process involving the tissue
collagenous components. Application of this technique to an aneurysmal dilated region
of the abdominal aorta should be considered as a potential strategy aimed at delaying or
preventing the rupture of the aneurysmal bulge. With further developmental designing
and refinements, the method can make a genuine contribution to the AAA therapeutic
armamentarium.
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