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Abstract

Intracranial aneurysm is a cerebrovascular disease, characterized by an artery dilation in the
brain. An aneurysm is prone to rupture, which causes a life-threatening subarachnoid hemor-
rhage. The major drawbacks of the current treatments, open surgical clipping and endovascu-
lar therapy, are the invasiveness of the surgery and the high recurrence and retreatment rates,
respectively. In situ forming injectable hydrogels have emerged as a promising approach to
overcome the current drawbacks. Ideally, the embolic agent should (1) permanently and com-
pletely occlude the aneurysm, (2) be implanted via a minimally invasive surgery, (3) be safe
for the patient, and (4) promote the endothelialization at the aneurysm neck. In this thesis, in
situ photopolymerizable hydrogels based on poly(ethylene glycol) dimethacrylate (PEGDMA)
were developed for the treatment of intracranial aneurysms. The thesis was divided into four
main studies, addressing the above-mentioned requirements.

First, PEGDMA hydrogels were developed and characterized according to polymer molecu-
lar weight and concentration. Denser covalently cross-linked hydrogel networks were obtained
by decreasing the molecular weight and increasing the polymer concentration. It was demon-
strated that PEGDMA hydrogels of 6 kDa molecular weight at a concentration of 15 wt% meet
the physical and mechanical requirements of aneurysm embolic agent. More specifically, their
compressive elastic modulus and compliance cover the range of native aneurysm tissue and their
minimal swelling behavior avoids protrusion in the parent artery and limits stresses applied on
the aneurysm wall. The fatigue-resistance of the hydrogels under pulsatile flow-induced load-
ings was subsequently evaluated within in vitro models fabricated by casting polydimethylsilox-
ane (PDMS) around 3D printed water-soluble sacrificial molds. The hydrogels withstood the
5.5 million cycles, corresponding to an implantation of two months in vivo, without protrusion
or migration into the parent artery and maintained their weight and elastic modulus. However,
slight roughness of 2 to 10 um in depth due to erosion was noticed at the hydrogel surfaces
compared to 2 pm for non-mechanically loaded hydrogels.

In the second part, the in vitro proof-of-concept of photopolymerizable hydrogels implemen-
tation into intracranial aneurysms models using the same microcatheters as in clinical practice
was validated. The PEGDMA precursors exhibited a low viscosity allowing their injectability
through 430 pm microcatheters. The addition of iodinated contrast agent as solvent enabled
the precursors to be visible under fluoroscopy during the injection and directly after photopoly-
merization. Furthermore, the precursors polymerized in a controlled manner within less than 8
minutes by visible light illumination using a customized light-conducting microcatheter. The
hydrogel precursors are, therefore, appropriate to ensure the minimal invasiveness of the surgi-
cal technique.
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In the third part, the biocompatibility of the precursors was assessed in vitro and in an in vivo
systemic toxicity study in rats. The obtained results revealed that the PEGDMA precursors did
not trigger any acute or delayed toxicity and did not induce thrombus formation or inflamma-
tion. Additionally, the polymerized hydrogels did not affect the endothelial cells survival after
one week of contact and did not induce any cell adhesion.

Finally, the biofunctionalization of PEGDMA hydrogels with gelatin methacrylate (GelMA)
was proposed as a strategy to promote the in sifu endothelialization. The incorporation of
GelMA into PEGDMA network significantly improved the endothelial cell migration, adhesion
and spreading on the hydrogel surfaces and a cellular network was formed after one week of
culture. The adherent cells on the hybrid hydrogels were then exposed to laminar flow in a mi-
crofluidic channel and withstood the shear stresses. Moreover, the biofunctionalization did not
affect the mechanical properties and fatigue-resistance while the swelling characteristics were
reduced and the viscosity and photopolymerization time were increased.

The overall results showed that the photopolymerizable PEGDMA-based hydrogels possess
the appropriate properties to be a promising candidate for intracranial aneurysms treatment. In
vivo safety and efficacy studies are required to confirm these promising results.

Keywords: intracranial aneurysms, hydrogels, poly(ethylene glycol) dimethacrylate, photopoly-

merization, minimally invasive implantation, elastic modulus, fatigue, swelling, endothelializa-
tion.
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Résumé

Un anévrisme intracranien est une maladie cérébrovasculaire caractérisée par une dilatation
d’une artere du cerveau. Un anévrisme peut se rompre, provoquant une hémorragie sous-
arachnoidienne potentiellement mortelle. Les traitements actuels, a savoir chirurgicaux (clip)
et endovasculaires (coil), présentent chacun des inconvénients spécifiques; pour les premiers le
caractere invasif et pour les seconds les taux élevés de récurrence et de retraitement. Les hydro-
gels injectables se solidifiant in situ se sont révélés étre une approche prometteuse pour pallier
ces inconvénients. Idéalement, I’agent embolique devrait (1) occlure completement et défini-
tivement 1’anévrisme, (2) étre implanté de maniere mini-invasive, (3) €tre sans danger pour
le patient, et (4) promouvoir 1’endothélialisation du collet de I’anévrisme. Dans cette these,
des hydrogels photopolymérisables in situ basés sur le poly(éthylene glycol) diméthacrylate
(PEGDMA) ont été développés pour le traitement des anévrismes intracraniens. Cette these est
divisée en quatre études répondant aux exigences mentionnées ci-dessus.

Tout d’abord, les hydrogels PEGDMA ont été développés et caractérisés en fonction du poids
moléculaire et de la concentration du polymere. Des réseaux réticulés de maniere covalente ont
été obtenus en diminuant le poids moléculaire et en augmentant la concentration de polymere.
Il a été démontré que les hydrogels PEGDMA avec un poids moléculaire de 6 kDa et une con-
centration de 15 wt% répondent aux exigences physiques et mécaniques d’un agent embolique.
Plus précisément, leur module élastique de compression et leur compliance couvrent ceux du
tissu natif et leur comportement de gonflement minimal empéche la protrusion dans I’artere
et limite les contraintes appliquées sur la paroi de I’anévrisme. La résistance a la fatigue des
hydrogels sous chargements pulsatiles induits par flux a ensuite été évaluée dans des modeles
in vitro fabriqués en coulant du polydiméthylsiloxane (PDMS) autour de moules sacrificiels
hydrosolubles imprimés en 3D. Les hydrogels ont résisté aux 5.5 millions de cycles, correspon-
dant a une implantation de deux mois in vivo, sans protrusion ni migration dans I’artere et ont
conservé leur poids et leur module élastique. Toutefois, une 1égere rugosité de 2 a 10 ym de
profondeur due a I’érosion a été observée aux surfaces de 1’hydrogel comparé a 2 um pour les
hydrogels non chargés mécaniquement.

Par la suite, la preuve de concept de I’implantation des hydrogels photopolymérisables a été
validée in vitro dans des modeles d’anévrismes intracraniens en utilisant les mémes micro-
cathéters qu’en clinique. Les précurseurs PEGDMA présentent une faible viscosité permettant
leur injectabilité dans des microcathéters de 430 pum de diametre interne. L’ajout d’un agent
de contraste i0dé en tant que solvant a permis aux précurseurs d’étre visibles sous fluoroscopie
pendant I’injection et directement apres la photopolymérisation. De plus, les précurseurs ont
polymérisé de maniere controlée en moins de 8 minutes par illumination de lumiere visible par



le biais d’un microcathéter conducteur de lumiere. Les précurseurs d’hydrogels sont donc ap-
propriés pour garantir le caractere mini-invasif de la technique chirurgicale.

Puis, la biocompatibilité des précurseurs a été évaluée in vitro et dans une étude in vivo de
toxicité systémique chez le rat. Les résultats obtenus ont révélé que les précurseurs PEGDMA
n’ont pas déclenché de toxicité aigué ou retardée et n’ont pas induit de formation de caillots
ou d’inflammation. De plus, les hydrogels polymérisés n’ont pas affecté la survie des cellules
endothéliales apres une semaine de contact et n’ont induit aucune adhésion cellulaire.

Enfin, la biofonctionnalisation des hydrogels PEGDMA avec de la gélatine méthacrylée (GelMA)
a été proposée pour promouvoir I’endothélialisation in situ. L’ incorporation de GelMA dans le
réseau PEGDMA a considérablement amélioré la migration, 1’adhésion et 1’étalement des cel-
lules endothéliales sur les surfaces de 1’hydrogel et un réseau cellulaire s’est formé apres une
semaine de culture. Les cellules adhérentes sur les hydrogels hybrides ont été ensuite exposées
a un flux laminaire dans un canal microfluidique et ont supporté les contraintes de cisaillement.
De plus, la biofonctionnalisation n’a pas influencé les propriétés mécaniques ni la résistance
a la fatigue des hydrogels tandis que le comportement de gonflement a diminué et la viscosité
ainsi que le temps de photopolymérisation ont augmenté.

Les résultats globaux ont montré que les hydrogels photopolymérisables basés sur le PEGDMA
possedent les propriétés appropriées pour étre un candidat prometteur pour le traitement des
anévrismes intracraniens. Des études in vivo d’innocuité et d’efficacité sont nécessaires pour
confirmer ces résultats prometteurs.

Mots-clés: anévrismes intracraniens, hydrogels, poly(éthylene glycol) diméthacrylate, pho-

topolymérisation, implantation mini-invasive, module élastique, fatigue, gonflement, endothélial-
isation.
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Chapter 1

State of the Art

1.1 Intracranial aneurysms

An intracranial aneurysm (IA) is a cerebrovascular disease and a substantial health care burden.
The overall prevalence of having one or multiple IAs has been estimated to 2-4% worldwide
[1]. TA is an abnormal and weak dilation of part of the arterial wall resulting in a bulging on
the artery in the brain, typically at the bifurcations of arteries in the circle of Willis. The circle
of Willis, represented in Figure 1.1, is the arterial anastomotic ring that supplies blood to the
brain and connects the left internal carotid artery (ICA), right ICA, and vertebrobasilar circu-
lation by communicating arteries [2]. The anterior communicating artery is the most frequent
IA location (35%), followed by the ICA (30%, including the carotid artery, the posterior com-
municating artery and the ophthalmic artery) and the middle cerebral artery (22%) [3]. IAs are
classified by type and size. The three main types of IAs are saccular (counting for 90% of the
IAs), fusiform and dissecting aneurysms. The size of aneurysms ranges from small ones (under
10 mm, representing 90% of the IAs) up to giant ones (up to 50 mm). Smoking (2.2 to 3.1x in-
crease), alcohol consumption (2x rise) and hypertension (2.5x rise) are the most significant risk
factors for the formation of an aneurysm [4]. Moreover, elderly patients, women and patients
with aneurysm family history are more prone to develop an aneurysm [1].

Unruptured aneurysms often remain asymptomatic, which makes their detection difficult before
rupture. Over the past decades, the diagnosis has been improved due to the greater availability
and sensitivity of imaging techniques, such as magnetic resonance imaging (MRI) or computed
tomography (CT). The most feared complication of an IA is rupture, leading to bleeding into
the subarachnoid space, named a subarachnoid hemorrhage (SAH). The incidence of ruptured
aneurysms is low, approximately 0.5% per year. However, mortality due to SAH is between 40
and 50% and severe morbidity between 10 and 20% [5]. 85% of the SAH cases are caused by
aneurysm rupture [6].

The pathogenesis of the formation, growth, and rupture of IAs has been widely investigated
during the past few decades but remains incompletely understood and controversially debated.
Nevertheless, the interactions between the wall’s mechanobiology, the hemodynamic forces and
the inflammatory responses seem to be critical factors [7]-[13]. It is crucial to understand the
mechanisms leading to the development and rupture of aneurysms to optimize the treatments.
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FIGURE 1.1: (A) Bottom view of the brain [14]. (B) Circle of Willis: the arterial anastomotic ring that
supplies blood to the brain. (C) Representation of a saccular aneurysm (Adapted with permission from

[15]).

1.1.1 Mechanobiology of the arterial wall

Cerebral arteries are composed of three layers: the tunica intima, the tunica media and the
tunica adventitia, as illustrated in Figure 1.2. The intima consists of a single layer of endothe-
lial cells (ECs) lining the vessel lumen surrounding by a basement membrane underlying loose
connective tissue. The tunica intima is separated from the tunica media by the internal elastic
lamina (IEL), a layer of elastic fibers. The tunica media is composed of layers of smooth muscle
cells (SMCs) embedded in an extracellular matrix (ECM) rich in elastin and collagen fibers and
glycosaminoglycans (GAGs). The adventitia is made up of a collagen-rich ECM, fibroblasts,
vasa vasorium and perivascular nerves [16], [17].

The ECM components in the tunica media and the internal elastic lamina are considered as
the main contributors to the structural vessel integrity and viscoelasticity and mostly determine
the arterial mechanical properties. More particularly, smooth muscle cells play an essential
role in the contractility of the vascular wall. The elastic fibers give elasticity and collagen fibers
provide tensile strength and stiffness [11]. The load-bearing characteristic of the arteries is dom-
inated by the elastin fibers (elastic modulus of 0.2 to 0.6 MPa) under physiological pressures
and low strains (lower than 50%) and by the collagen fibers (elastic modulus of 2 to 6 MPa) for
higher strains [17], [18]. GAGs are highly hydrated making them gelatinous ground substances
and allow to resist compressive stresses and the tissue to diffuse nutrients [19]. Besides, the
vascular cell content (ECs, SMCs and fibroblasts) is responsible for collagen regulation which
is primordial for arterial wall integrity and recovery [20].
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Intracranial arteries have the same structural composition as extracranial arteries. However, they
present some differences. They are muscular-type arteries characterized by a well-developed in-
ternal elastic lamina, a lack of elastin fibers and smooth muscle cells in the tunica media, no
external elastic lamina and a thinner adventitia [21]. These differences make the intracranial
arteries more vulnerable to aneurysm formation and rupture than other arteries [7].

Tunica adventitia
External elastic lamina

Tunica media

Vascular lumen - Internal elastic lamina = Endothelial cells
Tunica intima <@ Smooth muscle cells
A Cerebral artery = Fibroblasts
— Elastin fibers
Collagen fibers

O Vasa vasorium

— Thinner adventia

Absence of EEL

Lack of elastin fibers and SMCs
— Thicker IEL

B Intracranial artery

FIGURE 1.2: Structural composition of (A) a cerebral artery and (B) an intracranial artery. Intracranial
arteries are characterized by a thicker internal elastic lamina, a lack of elastin fibers and smooth muscle
cells in the tunica media, no external elastic lamina and a thinner adventitia.

1.1.2 Hemodynamics

Cerebral arteries are continuously subjected to hemodynamic stresses due to blood flow’s pul-
satile nature [22]. Cyclic circumferential stresses oy are generated by the arterial wall distention
by transmural pressure. The mean stresses can be calculated by Laplace’s relation (1.1) and are
around 100-150 kPa. Shear stresses 7, are flow-induced tangential frictional forces acting on
the vessel wall. Wall shear stresses can be calculated by Poiseuille’s formula (1.2) and range
from 1 to 5 Pa. Residual stresses o, are also exerted to the arterial wall. The different forces are
illustrated in Figure 1.3.

aP
_ oz 11
(o] 7 ( )
4
ry = G (1.2)
Ta

where P is the transmural pressure, h is the deformed wall thickness, a is the deformed luminal
radius, p is the blood viscosity and Q is the volumetric flow rate.
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FIGURE 1.3: Hemodynamic stresses induced on cerebral arteries: circumferential stresses, shear stresses
and residual stresses.

1.1.3 Pathogenesis of intracranial aneurysms

The aneurysm formation is initiated by a disruption of the hemostatic balance, triggered by
high wall shear stresses [23], [24], environmental factors (such as smoking or hypertension)
[4] or genetic factors [25], [26]. This causes dysfunction and phenotypical modulations of ECs
and SMC:s to pro-inflammatory phenotype [27], [28], promoting inflammation and ECM break-
down. The infiltration into the tunica media of inflammatory cells such as macrophages and
mast cells [29]—[31] releases matrix metalloproteinases (MMPs) [32] and pro-inflammatory cy-
toxines, respectively. The inflammatory cascade leads to arterial wall morphological changes
and remodeling [33] including degeneration of internal elastic lamina, degradation of ECM pro-
teins [34], thinning of the tunica media and apoptosis of SMCs, resulting in aneurysm forma-
tion. Figure 1.4 illustrates the different steps of the IA formation. The interconnections between
arterial wall structural composition, hemodynamics and inflammation are also associated with
the progression and rupture of an aneurysm.
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FIGURE 1.4: Pathogenesis of intracranial aneurysms involving environmental and genetic factors, the
mechanobiology of the wall, the hemodynamic forces and the inflammatory responses.

1.2 Current treatments of intracranial aneurysms

The patient’s knowledge of having an IA is an essential source of stress and anxiety due to the
risk of rupture. Therefore, disease management needs to be optimal. Conventional treatments
for IAs are open surgical clipping or endovascular management.

1.2.1 Open surgical clipping

Open surgical clipping is an invasive surgery performed under general anesthesia. It consists of
a craniotomy, removal of a part of the skull to expose the brain, followed by the placement of a
metal clip across the aneurysm neck, as represented in Figure 1.5.A. The metal clip aims to seal
off the aneurysm from the blood flow permanently.
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B

FIGURE 1.5: (A) Surgical clipping: placement of a metal clip across the aneurysm neck. (B) Endovas-
cular coiling: packing of detachable coils into the aneurysmal sac through the microcatheter (Adapted
with permission from [15]).

1.2.2 Endovascular therapy

From the early 1990s, endovascular techniques have been increasingly developed and used due
to the minimal invasiveness of the procedure and nowadays have been considered the gold-
standard in IA treatment. A microcatheter is navigated from the femoral artery to the aneurysm
and detachable coils are deployed and packed into the aneurysmal sac, as illustrated in Figure
1.5.B. The coils induce thrombosis in order to isolate the aneurysm from the blood flow. The
procedure is performed under fluoroscopy guidance. Extensive studies such as Internal Sub-
arachnoid Trial (ISAT) [35], [36] or Barrow Ruptured Aneurysm Trial [37]-[40] have demon-
strated better outcomes, in terms of mortality and morbidity, for coiling-treated patients com-
pared to clipping. However, the recanalization is more frequent for coiling-treated aneurysms
due to the compaction of coils, causing the need for re-treatment. The long-term aneurysm sta-
bility after coiling embolization is strongly correlated to the volume occlusion [41], [42]. Coils
usually fill less than 35% of the total aneurysmal volume [43], which leaves room for coils
compaction and thrombus formation within the aneurysm and explains the high recanalization
rate.

Assisted coiling

Adjunctive devices such as balloon or stent are used to improve the coiling technique, in par-
ticular for wide-necked aneurysms [44]. Balloon or stent-assisted coiling refers to the inflation
of a balloon or the deployment of a stent across the neck of the aneurysm to block it dur-
ing coils placement. The goal of adjunctive devices is to prevent the coils prolapse into the
parent artery [45]. In the Analysis of Treatment by Endovascular Approach of Nonruptured
Aneurysms (ATENA) study, the mortality, morbidity and complications rates did not differ for
coiling only and balloon-assisted coiling [46]. Similarly, no significant differences regarding
the complications, the clinical outcomes and the mortality rate were found for stent-assisted
coiling. However, meta-analysis and systematic reviews have found that the occlusion rate is
lower in stent-assisted coiling compared to simple coiling, the progressive thrombosis rate is
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higher and the recurrence rate is lower [47]-[49]. Moreover, stent-treated patients have to un-
dergo antiplatelet therapy.

Flow diverters

Flow diverters are high porous stent-like endovascular devices, mostly used for complex IAs,
such as giant, large, wide-necked and fusiform aneurysms [50], [51]. Their high porosity struc-
ture is designed to reduce both inflow and outflow within the aneurysm and favor the blood flow
along the parent vessel. Thus, intrasaccular thrombosis is promoted and neointimal growth is
induced at the aneurysm neck, resulting in the parent artery remodeling. For large and giant
aneurysms, flow diverters have demonstrated a higher occlusion rate and less recurrence com-
pared to conventional stents. The morbidity rate was similar for both techniques [52]. Like for
stents, long-term antiplatelet therapy is required.

Flow disruptors

Intrasaccular flow disruptors are self-expanding braided mesh devices, aiming to modify the
blood flow at the aneurysm neck, inducing fast intrasaccular thrombosis [53]. Examples are
Woven EndoBridge (WEB, Microvention), Medina and Artisse (Medtronic). One main advan-
tage is that flow disruptors do not require antiplatelet therapy. The safety and effectiveness of
the technique have been validated [54], [55], in particular for wide-neck bifurcations aneurysms
[56] but might be limited for the irregular shape of IAs.

Bioactive coiling

Hydrogel-coated coils are detachable metal coils covered with a hydrogel polymer, such as
AZUR (Terumo Medical Corporation) or HydroCoil (Microvention). Due to the expansion of
the hydrogel by four times in size in the presence of blood, the aneurysm occlusion rate is in-
creased [57]. Studies have shown that hydrogel coiling treatment had lower recurrence rate and
higher occlusion rate than standard coils and similar adverse events and morbidity rates [58]-
[61].

Bioactive polymer coils were also developed by coating of bioabsorbable polyglycolic/polylactic
acid (PGLA) copolymers, such as Matrix (Boston Scientific Neurovascular), or incorporation
of polyglycolic acid (PGA) polymer, such as Cerecyte (Cardiva Medical Inc.). These poly-
mers modified-coils aim to accelerate thrombus formation and fibrous tissue deposition at the
aneurysm neck, demonstrated in vivo [62], [63]. Nevertheless, recurrence, recanalization and
retreatment outcomes were similar between bioactive and platinum coils [64], [65].

Liquid embolic agents

Liquid embolic agents have also been developed [66] and two types are currently commer-
cially available. One is acrylic glues, composed of n-butyl-2-cyanoacrylate (n-BCA), which
polymerize within seconds in contact with an anionic environment like blood [67], such as Tru-
fill (DePuySynthes) and Histoacryl (Braun). The other is solvent-based agents composed of a
copolymer of ethylene-vinyl alcohol dissolved in dimethyl sulfoxide (DMSO) [68]. When ex-
posed to blood, the solvent dissipates and the polymer precipitates within minutes. Such liquid
embolic agents are Onyx-500HD (ev3 Neurovascular) and PHIL (MicroVention). These liquid
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embolic agents aim to augment the volume occlusion rate, due to their liquid state allowing fill-
ing any forms and sizes of aneurysms. However, the main limitations are their self-solidifying
properties in contact with blood, the risk of leakage and downstream migration that may cause
arterial occlusion and ischemic stroke. Also, the microcatheter can be trapped into the solid
state agent [69]. Moreover, the DMSO solvent can cause vasospam and angionecrosis if in-
jected too fast or in high volume [70].

The different treatments, with their advantages and drawbacks, are summarized in Table 1.1.

Treatment Advantages Drawbacks

Open surgical clipping Low recurrence and high oc- High invasiveness and poor
clusion rates outcomes

Simple coiling therapy Low invasiveness High recurrence rate and low

occlusion rate

Balloon-assisted coiling

Low invasiveness

High recurrence rate and low
occlusion rate

Stent-assisted coiling

Low invasiveness and low re-

Lower occlusion rate and an-

currence rate tiplatelet therapy
Flow diverters Low invasiveness, high occlu-  Antiplatelet therapy
sion and low recurrence rates
Flow disruptors Low invasiveness Unadapted for irregular-

shaped aneurysms

Hydrogel-coated coiling

Low invasiveness, low recur-
rence and high occlusion rates

Similar adverse events and
morbidity rates than coils

Bioactive polymer coiling

Accelerate fibrous tissue de-
position

Similar recurrence, recanal-
ization and retreatment rates
than coils

Liquid embolic agents

Low invasiveness and fill all
aneurysms

No control of the solidifica-
tion and solvent toxicity

TABLE 1.1: Advantages and drawbacks of the different treatments for cerebral aneurysms.

1.3 Requirements for the ideal embolic material for intracra-
nial aneurysm embolization

All the current IA treatments aim to occlude the aneurysm to reduce the blood flow into the
aneurysm sac and isolate the aneurysm from the parent vessel by neointima formation at its
neck. However, there is still no ideal treatment on the market. Not only developing such a
novel and ideal embolic material is challenging, but also defining precise requirements since no
clear consensus exists yet. The requirements are established in accordance with the literature
and surgeons guidelines and divided into mechanical and physical, implantation and biological
aspects.
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1.3.1 Mechanical and physical requirements

The embolic agent must match the mechanical properties of the IAs due to the continuous in-
teractions between the embolic agent and the blood. The embolic agent must withstand the
hemodynamic forces exerted by the blood flow without failure or permanent deformation, im-
plying the embolic agent to have sufficient mechanical strength and elasticity [71]-[74]. The
embolic agent’s compliance should also match the compliance of the cerebrovasculature to
ensure normal physiological flow [75], [76]. The embolic agent’s geometry should be consis-
tent with the intracranial aneurysm shape [76] to minimize the disturbances and instabilities of
the flow dynamics responsible for aneurysm growth and rupture [77]. Furthermore, the forces
exerted by the embolic agent on the aneurysm wall should be minimal to prevent rupture. The
embolic agent should completely occlude the aneurysm sac and be stable, meaning no migration
or fragmentation, since the mechanical stability at the aneurysm neck seems to be a pivotal ap-
proach to improve the embolic agent performance [78]. Finally, all these characteristics should
be maintained over time due to the permanent implantation of the embolic agent. Therefore, the
fatigue resistance of the embolic agent is indispensable.

1.3.2 Implantation requirements

Nowadays, minimally invasive approaches are preferred due to better outcomes, smaller scars,
shorter postoperative hospital stay, lower cost and fewer complications [79]. The embolic agent
should hence be easily delivered through microcatheters, preferably 430 pm inner diameter
microcatheters, corresponding to those used in 95% of endovascular cases.

In the case of balloon-assisted techniques, despite that a balloon can remain inflated and block
the flow in the parent artery for as long as 18 consecutive minutes [80], the solidification of the
embolic agent should remain as short as possible, 10 minutes at most, ideally a few seconds, to
reduce the risk of ischemic stroke and vessel injury. The embolic agent solidification also needs
to be totally controllable.

Finally, the radiopacity of the embolic agent is a crucial consideration for monitoring its real-
time implantation, since endovascular therapy is performed under fluoroscopic imaging [81].
Ideally, few or any artifacts should be left by the embolic agent during the follow-up imaging.

1.3.3 Biological requirements

Like all medical devices, the embolic material must be safe for the patient, implying to be bio-
compatible, non-toxic and sterilizable. The embolic agent should not promote thrombus forma-
tion since intrasaccular aneurysm thrombosis can be unorganized and unstable and hence cause
ischemic strokes due to the thrombus protrusion in the parent artery lumen or dislodgement of
the intrasaccular thrombus [82]. Moreover, the antiplatelet medication should be avoided. In-
flammation plays a role in the aneurysm pathogenesis [29], thus the embolic agent should not
trigger inflammatory effects. Ideally, the embolic agent should promote neointima tissue growth
across the aneurysm neck, leading to the complete exclusion of the aneurysm from the parent
vessel. This process, called in situ endothelialization, has emerged as a promising solution for
aneurysm healing [83].
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1.4 Emerging approaches

In response to the shortcomings of current treatments, the development of novel preclinical
embolic agents has received a great deal of attention [84], [85]. Many researchers have focused
on biomaterials for vascular embolization; however, only a handful of embolic agents were
specifically designed for IAs. The following section presents the emerging approaches for IAs
embolization, including shape-memory polymer foams and in situ forming hydrogels.

1.4.1 Shape-memory polymer foams

Shape-memory polymer (SMP) foams have emerged as an embolization device alternative over
the past two decades [86]-[88]. SMP foams can change their shape in response to an external
stimulus. For aneurysm embolization, the SMP foam is deformed from its initial shape to a tem-
porary compressed shape to be delivered through a catheter and expanded to fill the aneurysm
volume upon blood contact. Polyurethane-based SMP foams present suitable characteristics for
aneurysm occlusion. The foams can expand ten times their crimped diameter within a few min-
utes, without applying excessive radial forces, even when the foam is 50% oversized [89], [90].
This expansion enables significant packing density into the aneurysm [91]. The incorporation
of tungsten particles allows the foam to be radiopaque [92] and the tunable porous structure of
the foam permits cellular infiltration and neointima formation [86]. In vivo studies in porcine
aneurysm model have demonstrated the foam’s biocompatibility and minimal inflammatory re-
sponse [92], [93]. Furthermore, rapid and superior healing by forming a complete endothelial
layer across the aneurysm neck was observed for foam-treated aneurysms compared to coils
[94].

Nonetheless, since SMP foams are not delivered in the liquid phase but in a compact form,
they are limited by the need of pre-forming them to comply with the patient-specific aneurysm
dimensions.

1.4.2 In situ forming hydrogels

During the past two decades, in situ gelling systems have also raised interest as IA embolic
agents, due to their ability to be injected in liquid phase filling any shape and size of aneurysm
and to solidify in situ via various stimuli, such as temperature, pH, ionic strength, chemical
reaction or light irradiation. Hydrogels also present the advantage of being composed of high
water content and not organic and potentially toxic solvents compared to current clinical em-
bolic agents. In situ forming hydrogels for aneurysm embolization include:
* alginate-based ionic cross-linked systems [95]-[98];
* poly(N-isopropylacrylamide) and poly(ethylene glycol) (PNIPAM-PEG) [99] and chitosan-
based [100], [101] thermosensitive gels;
* PEG and poly(urethane sulfide sulfamethazine) (PEG-PUSSM) pH-triggered gels [102];
 poly(propylene glycol) diacrylate and pentaerythritol tetrakis(3-mercaptopropionate)
(PPODA-QT) chemically cross-linked systems [103]-[106];
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* poly(NIPAAm-co-HEMA-acrylate) with poly(NIPAAm-co-cysteamine)) (NHA-NC) and
poly(NIPA Am-co-cysteamine-vinylsulfone) with poly(NIPA Am-co-cysteamine) (NCVS-
NC) dual chemically and physically cross-linked gels [107];
* poly(ethylene glycol) diacrylate (PEGDA) [97] and gelatin with polyamine [108] pho-
toactivated hydrogels.
Although these in situ gelling systems present promising outcomes in vitro and in vivo compared
to current treatments, none of them have been approved for clinical applications up to date.
Moreover, hydrogels present several limitations. For systems triggered by factors based on
the difference between in vitro and in vivo such as temperature, pH and ionic strength, the
hydrogels may prematurely solidify along the microcatheter or later dilute in the aneurysm
causing adverse consequences. Photoactivated hydrogels require a specific optical device for in
situ illumination.

1.5 Hydrogels

1.5.1 Biomedical hydrogels

Hydrogels are three-dimensional hydrophilic polymer networks, which can absorb and retain
large amounts of water or biological fluids [109]. Due to their high water content and similarity
in structure to the ECM of biological tissues, hydrogels have gained considerable interest as
suitable materials for biomedical applications, such as drug delivery [110]-[112], cell encapsu-
lation [113], [114] and tissue engineering [115]-[117]. A wide variety of hydrogels have been
developed from natural or/and synthetic polymers, cross-linked by physical or/and chemical
interactions. The advantages and drawbacks of the hydrogels according to their type and cross-
linking are summarized in Table 1.2.

Historically, hydrogels were pre-formed outside the patient and implanted using invasive surg-
eries. However, in the late 90s, advances in chemistry and materials science allow developing
injectable and in situ forming hydrogels [110]. The hydrogel precursor is injected through a
minimally invasive manner and solidify in situ by a stimulus such as temperature, pH, chemical
reaction or light irradiation.

11
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Classification  Description Advantages Drawbacks

Natural Derived from proteins Biocompatibility, low Low mechanical prop-
polymers (such as col- cytotoxicity, bioactivity, erties, expensive, ill-
lagen and elastin) and biodegradability, simi- defined, batch-to-batch
polysaccharides  poly- larity to physiological variation, difficult to
mers (such as alginate, environment tune properties
heparin, chitosan and
hyaluronic acid)

Synthetic Derived from synthetic Strong mechanical prop- Bio-inert, potential toxi-
polymers  (such as erties, easy to produce, city, side reactions
PHEMA, PVA, PEG, highly reproducible,
poloxamers and PAAm)  well-defined, ease of

tuning properties

Physical Cross-linked by physi- No reactive groups re- Weak interactions, low
cal interactions such as quired for 3D network mechanical properties,
ionic interactions, hydro- cross-linking reversible network, diffi-
gen bonding, hydropho- cult to tune properties
bic interactions, entan-
glements bonding and
crystallization

Chemical Cross-linked through co-  Strong interactions, im-

valent chemical bonds proved mechanical prop-
erties, irreversible and

stable network

TABLE 1.2: Classification of the hydrogels according to their type (natural or synthetic) and cross-
linking (physical or chemical) and their advantages and drawbacks [118]-[120].

1.5.2 Photopolymerization

Photopolymerization is a process, initiated by photo-irradiation, of the formation of covalently
cross-linked hydrogels. Photopolymerization presents many advantages: minimal heat release,
high reaction rates at ambient or physiological conditions and spatial and temporal control over
polymerization [121], [122]. Contrary to other stimuli, the photo-irradiation is easily controlled
by switching on and off the light, enabling the user to define a specific location and time for the
irradiation [123]. Therefore, photopolymerizable hydrogels are an attractive material to treat
IAs. The hydrogel precursor can be injected through a microcatheter conducting the light and
be cured in situ once the surgeon estimates that the precursor completely fills the aneurysm.

Multifunctional monomers and pre-polymers functionalized with photo-reactive groups are
used to form photopolymerizable hydrogels [124]. Pre-polymers are preferred over monomers

12
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because of a more homogeneous network [125] and a greater biocompatibility. The photo-

reactive groups conjugated to the polymer backbone or termini are typically acrylate or methacry-
late, due to the high reactivity of their double-bonded carbon C=C. The polymerization is gen-

erally initiated by a photoinitiator (PI), which absorbs photons at a specific wavelength and

forms radicals. The radicals react with the unsaturated groups and induce propagation and

chain growth. The main steps of the free radical photopolymerization mechanism are shown in

Figure 1.6.

Initiation PI + hv —> PI* PI: photoinitiator, PI *: excited PI
Pr* —— I + I I., I’ : radicals
M + I —> M M: monomer

Propagation Ma + Me —— Muue

Terminaison Mne + Mpe ——>  Muwp recombination

Mne + Mpe — > Mn + Mp disproportionation

FIGURE 1.6: Mechanism of free radical photopolymerization.

Water-solubility, non-cytotoxicity and efficient absorbance within the visible region are re-
quired for the photoinitiators used for biomedical hydrogels. Irgacure 2959 (2-hydroxy-1-(4-
(2-hydroxyethoxy)phenyl)-2-methylpropan-1-one) is the most widely used water-soluble pho-
toinitiator for biomedical applications. However, Irgacure 2959 has a limited water solubility
and low efficiency in the UV-A spectral range (315-400 nm). Visible-light sensitive photoinitia-
tors present several advantages over UV including less cytotoxicity and greater depth of poly-
merization [126]. Consequently, water-soluble photoinitiators sensitive to visible light have
been recently developed [127], such as lithium acylphosphinate (LAP) [128], VA-086 [129],
bisacylphosphine oxide (BAPO) [130], [131], monoacylphosphine oxide (MAPO) [132] and
eosin [133]. Their chemical structures are represented in Figure 1.7.
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FIGURE 1.7: Chemical structures of photoinitiators used for biomedical hydrogels.

1.5.3 Photopolymerizable PEG-based hydrogels

Poly(ethylene glycol) (PEG), one of the synthetic polymers approved by the FDA for different
specific clinical applications, has been extensively investigated due to its hydrophilicity, bio-
compatibility, non-immunogenicity and ease of chemical modification to tailor its properties. A
wide range of PEG-based hydrogels has been developed, including PEG acrylamide, vinyl sul-
fone, maleimide, acrylate or methacrylate. Among the different cross-linking methods to form
PEG hydrogels, chemical cross-linking is generally selected due to the formation of more sta-
ble hydrogels. Photopolymerization is the most common mechanism of covalently cross-linked
PEG hydrogels, in particular PEG diacrylate (PEGDA) and dimethacrylate (PEGDMA). Their
mechanical properties are relatively good and, most importantly, can be easily tuned by varying
the monomer concentration, molecular weight and water content [134].

However, the bioinert nature of PEG hydrogels remains one of its main drawbacks. Conse-
quently, the introduction of bioactivity into PEG hydrogels has been widely investigated to
promote the regeneration of native tissues [135]. More specifically, the strategies to enhance
in situ endothelialization focused on the adhesion, differentiation and proliferation of ECs and
endothelial progenitor cells (EPCs) on the embolic agents [83], [136]-[138]. To that end, sev-
eral approaches inspired by mimicking the ECM were developed for PEG-based hydrogels,
including the incorporation of:
* Cell adhesive proteins such as fibronectin [139], collagen [140], [141] or gelatin [142],
[143];
* Cell adhesive peptides derived from ECM proteins, such as RGD [144], [145], YIGSR or
REDV [146] peptides;
* GAG:s such as heparin [147]-[149] or hyaluronic acid [150], [151];
* Growth factors such as vascular endothelial growth factor (VEGF) [152] or basic fibrob-
last growth factor (bFGF) [153];
* Others molecules such as aptamers [154] or magnetic molecules [155].
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1.5.4 Required properties and related characterization methods

Photopolymerizable hydrogels for IA treatment must fulfill all the requirements detailed in
Paragraph 1.3. These requirements specified for each property by their threshold value are
summarized in Figure 1.8 and their characterization methods have been listed in Table 1.3.
Although the required properties were divided into mechanical and physical, implantation and
biological aspects, it is important to point out the interrelation between most of these properties.

Mechanical and physical requirements

Stiffness
.

200.KPa
150 kPa
.

Fatigue-resistance

1 monthe

Compliance

Qeelusion o 3912%/mmHg

100% 0% go;

224 kPa

Rupture pressure

Swelling

Biological|requirements

100 mPa.s

Cell viability

Curing time

Cell adhesion Sterilizable

o
0% 0%

Inflammatory Thrombogenic

FIGURE 1.8: Target properties of photopolymerizable hydrogels for the treatment of intracranial
aneurysms
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Chapter 1. State of the Art

Properties

Specifications

Characterization methods

Have elasticity similar to
those of [As

Young modulus E = 0.2-0.6 MPa [17]

Compression test [95], [98], [108]

Withstand the
namic stresses

hemody-

Compressive strength o > 100-150
kPa, rupture strain € > 10-15% [22]

Compression test [95], [98], [108], burst
pressure test [156], [157]

Have compliance similar to
those of [As

Compliance C = 3-12%/mmHg [158]

Strains measurements in burst test by ex-
tensometer [76] and Doppler ultrasound
[159], [160]

Exert minimal forces on the
TA wall

Rupture pressure P < 224 kPa [161]

Stresses measurements in burst test using
tracking markers and computational test
[89]

Have a consistent geometry
with the IA shape

Volume swelling ratio SR ~ 0%

Weight analysis [97], [101], [104], [107],
Dimensions changes [98]

Be stable over time

Degradation rate ~ 0%

Weight loss over time in vitro [107] and in
vivo [101], [102]

Occlude completely the

aneurysm

Occlusion volume ~ 100%

Embolization in in vitro models [97],
[107], [108] and in vivo [96], [99], [102],
[105]-[107]

Be resistant to fatigue

Non-significantly different
moduli over time Ey =~ E,,onins

Young

Compression test over time [104], cyclic
uniaxial tensile loading [162]

Be injectable through 430
pm microcatheters

Precursor viscosity ;1 < 100 mPa.s
[163]

Rheology [95], [98], [100]-[103], [107],
injectability through microcatheters with
syringe pump [95], [98]

Cure fast and controllably

Photopolymerization time t < 10 min
[80]

Tube inversion [102], stir bar [97], rheol-
ogy [101], [103], [104]

Be radiopaque

Visible under fluoroscopy

Fluoroscopy observation in vitro [101] and
in vivo [96], [99], [101], [102], [105]

Be biocompatible

Cell viability > 70% [164]

Live/Dead assay [102], [107], MTT assay
[107], in vivo testing and histology [95],
[96]

Be sterilizable

Same material properties before and
after sterilization

Chemical structure, mechanical integrity,
and biocompatibility evaluation [165]

Be non-thrombogenic

Activated partial thromboplastin time
APTT > 100 s, Prothrombin time PT
> 37 s, Fibrinogen < 1 g/L [166],
[167]

Platelet, hematology, complement system,
coagulation and thrombosis assays [164],
[168]

Be non-inflammatory

Absence of inflammatory cells

In vivo testing and histology [96], [101]

Induce endothelialization

Cell adhesion, spreading and prolifer-
ation

Cell adhesion assay, in vivo testing and his-
tology [101], [105], [106]

TABLE 1.3: Required properties for photopolymerizable hydrogels used for the treatment of intracranial
aneurysms and their related specifications and characterization methods.
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Chapter 2

Scope of the thesis

2.1 Motivation

The intracranial aneurysm rupture causes a life-threatening subarachnoid hemorrhage. The ma-
jor drawbacks of the current treatments, open surgical clipping and endovascular therapy, are the
invasiveness of the surgery and the high recurrence and retreatment rates, respectively. It would
be fundamental to have a minimally invasive and long-term durable treatment. In sifu forming
injectable hydrogels have emerged as a promising approach to overcome the current drawbacks
since their precursor can be injected in liquid form and solidify in situ. In particular, photopoly-
merizable hydrogels are beneficial for their spatio-temporal control over polymerization. The
ideal embolic agent should satisfy demanding requirements, as following: (1) permanently and
completely occlude the aneurysm, (2) be implanted via a minimally invasive surgery, (3) be safe
for the patients, and (4) promote the endothelialization at the aneurysm neck.

2.2 Objectives

The present thesis aims at developing in situ photopolymerizable hydrogels for the treatment of
intracranial aneurysms. To achieve that, the four following aims, each of which is a subject of a
chapter, are addressed:

1. Develop fatigue-resistant hydrogels with mechanical properties matching those of the
native aneurysm tissue and with minimal swelling behavior (Chapter 3).

2. Validate the proof-of-concept of a photopolymerizable hydrogel implementation into an
in vitro aneurysm model under fluoroscopy (Chapter 4).

3. Evaluate the biocompatibility and thrombogenicity of the precursor and hydrogel
(Chapter 5).

4. Promote in situ endothelialization potential of the hydrogels by biofunctionalization
(Chapter 6).

The four specific aims of this thesis are summarized in Figure 2.1.
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In situ photopolymerizable hydrogels for intracranial aneurysms treatment

Develop a fatigue-resistant hydrogel

with mechanical properties matching

those of native aneurysm tissue and
with minimal swelling behavior

Validate the proof-of concept of
photopolymerizable hydrogels
implementation into in vitro
aneurysms models

Evaluate the biocompatibiliy
and thrombogenicity of
the precursor and hydrogel

Promote the in situ endothelialization
potential of hydrogels
by biofunctionalization

FIGURE 2.1: Overall objective and specific aims of the present thesis.
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Chapter 3

Pulsatile flow-induced fatigue-resistant
photopolymerizable hydrogels for the
treatment of intracranial aneurysms

This chapter is based on the following publication: O. Poupart, R. Conti, A. Schmocker, L.
Pancaldi, C. Moser, K.M. Nuss, M.S. Sakar, T. Dobrocky, H. Griitzmacher, PJ. Mosimann, and
D.P. Pioletti, “Pulsatile Flow-Induced Fatigue-Resistant Photopolymerizable Hydrogels for the
Treatment of Intracranial Aneurysms,” Frontiers in Bioengineering and Biotechnology, vol. 8§,
no. January, pp. 1-12, 2021 [169].

3.1 Abstract

An alternative intracranial aneurysm embolic agent is emerging in the form of hydrogels due
to their ability to be injected in liquid phase and solidify in sifru. Hydrogels have the ability
to fill an aneurysm sac more completely compared to solid implants such as those used in coil
embolization. In this work, we investigate the potential of poly(ethylene glycol) dimethacrylate
(PEGDMA) hydrogels as embolic agent due to their favorable and tunable mechanical prop-
erties. The long-term integrity and stability of such hydrogels need to be evaluated to avoid
implant compaction and aneurysm recurrence over time. To that end, molecular weight and
polymer content of the hydrogels were tuned to match the elastic modulus and compliance of
aneurysmal tissue while minimizing the swelling volume and pressure. The hydrogel precur-
sor was injected and photopolymerized in an in vitro aneurysm model, designed by casting
polydimethylsiloxane (PDMS) around 3D printed water-soluble sacrificial molds. The strains
applied by the hydrogels on the aneurysm wall, measured by digital image correlation (DIC),
significantly diminished compared to aneurysm models without hydrogel. The hydrogels were
then exposed to a fatigue test under physiological pulsatile flow, inducing a combination of cir-
cumferential and shear stresses. The hydrogel withstood 5.5 million cycles and no significant
weight loss of the implant was observed nor did the polymerized hydrogel protrude or migrate
into the parent artery. Slight surface erosion defects of 2 to 10 um in depth were observed after
loading compared to 2 m maximum for non-loaded hydrogels. According to these results, our
fine-tuned photopolymerized hydrogel is expected to withstand the physiological conditions of
an in vivo implant study.
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Chapter 3. Pulsatile flow-induced fatigue-resistant photopolymerizable hydrogels for the
treatment of intracranial aneurysms

Keywords: Pulsatile fluid flow-induced loading, intracranial aneurysms, polyethylene glycol
dimethacrylate, hydrogels, fatigue, erosion

3.2 Introduction

An intracranial aneurysm is an outpouching of a cerebral artery which may be present in approx-
imately 4% of the population [3]. Aneurysm rupture is associated with a high rate of mortality
and severe morbidity, thereby requires effective treatment [5]. Endovascular therapy, essen-
tially coil embolization, may be performed acutely after an aneurysm rupture or electively to
prevent bleeding. The treatment goal is the complete and permanent occlusion of the aneurysm
while maintaining patency of the parent artery. Despite tight packing, usually less than 35%
of the total aneurysmal volume is filled with coils [43]. This low packing density leaves room
for thrombus remodeling and coil compaction, which may consequently lead to aneurysm re-
canalization and thus make the aneurysm prone to (re)rupture. Long-term stability is strongly
correlated with the embolization volume ratio [41], [170]. In addition, certain aneurysm mor-
phologies (i.e. broad-necked aneurysms) may require advanced endovascular techniques like
balloon-assisted, or stent-assisted coiling, and flow-diversion. However, compared to simple
coiling, these techniques are associated with longer procedure times, higher peri-interventional
risks, increased cost and require experienced operator skills.

To overcome the limitations of the current endovascular techniques, the optimal embolic agent
should (1) completely fill the aneurysm, (2) demonstrate long-term stability, (3) not protrude or
migrate into the parent vessel and (4) match the mechanical properties of the aneurysmal wall
and surrounding tissues (Figure 3.1.B) [71].

In the past decade, various alternative embolic agents with improved packing density includ-
ing hydrogel-coated coils [58], shape memory polymer foams [92], [94] and in situ forming
hydrogels have been reported [97]-[99], [105], [107], [108]. Photopolymerizable hydrogels
provide better spatial and temporal curing control compared to hydrogels responsive to chem-
ical, temperature or pH stimuli [171] and allow to fill any shapes in situ. Photopolymerizable
poly(ethylene glycol) dimethacrylate (PEGDMA) hydrogels have been studied for a wide range
of tissue engineering applications [172], however their use for intracranial aneurysm emboliza-
tion is limited [97]. In this work, we investigate whether photopolymerized PEGDMA-based
hydrogels may be a potential candidate as a long-term embolic agent for intracranial aneurysms.
Mechanical characterization and fatigue resistance tests of the photopolymerized hydrogel are
required to demonstrate long-term integrity and stability before proceeding to in vivo testing.

The swelling pressure and volume ratio of the hydrogels are critical factors. Since aneurysm
rupture can occur when wall stresses exceed tissue strength, hydrogel swelling and expansion
must be sufficient to fill the cavity but as minimal as possible to avoid exerting excessive pres-
sure against the aneurysm wall or protruding into the parent artery to avoid thromboembolic
complications (Figure 3.1.C). On the other hand, premature hydrogel degradation, deformation
or shrinkage may favor aneurysm recurrence [173], underlying the importance for the polymer
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3.3. Materials and methods

to withstand the continuous dynamic biomechanical load related to pulsatile blood flow [72].
Ideally, the compliance, mechanical strength and elasticity of the hydrogel should match those
of the parent artery [75], [76]. In other words, preservation of the photopolymerized hydrogel’s
original shape, weight and mechanical properties is crucial to ensure long-term results [174].

In this study, molecular weight and polymer content of PEGDMA hydrogels were adjusted
to fulfill the requirements of aneurysm embolic agents. Their swelling and mechanical proper-
ties were tested in static conditions and their fatigue resistance was evaluated within an in vitro
aneurysm model dynamically stimulated by a pulsatile flow.

Current treatment: Requirements Potential risks

Coil embolization
Aneurysmal wall rupture

due to swelling pressure

1&2

Physical degradation
due to mechanical loading

Proposed solution: @ Completely fill the aneurysm or hydrogel shrinkage
In situ photopolymerized
hydrogel embolization (2) Demonstrate long-term stability

@ Not protrude and migrate

into the parent vessel Protrusion and migration

into the parent vessel

@ Match the mechanical due to hydrogel expansion

properties of the surrounding
native tissue

A B C

FIGURE 3.1: (A) Proposed solution of using in situ photopolymerized hydrogel for intracranial
aneurysm embolization instead of coil embolization. (B) Requirements and (C) Potential risks of such a
solution.

3.3 Materials and methods

3.3.1 Sample preparation
Materials

PEGDMA 2 and 6 kDa were synthesized from poly(ethylene glycol) (PEG, M,, = 2000 and
6000 g/mol) purchased from Sigma Aldrich (Merck, Switzerland) according to a previously re-
ported procedure with subtle modifications [175]. The 'H-NMR spectrum revealed a degree of
methacrylation beyond 90%. PEGDMA 20 kDa was purchased from Polysciences (Germany).
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The light-sensitive and water-soluble photoinitiator, known as poly(ethylene glycol) substituted
bis(acyl)phosphane oxides (PEG-BAPO), was synthesized by phospha-Michael addition, as
previously reported [131].

The iodine-based contrast medium Accupaque (350 mg/ml, GE Healthcare, Chicago, IL, United
States) was provided by the Bern University Hospital and the intravenous fat emulsion Intralipid
20% was purchased from Sigma Aldrich (Merck, Switzerland).

Hydrogel synthesis and preparation

PEGDMA (10, 15 or 20 wt%) with the molecular weights of 2, 6 or 20 kDa and PEG-BAPO (0.1
wt%) were dissolved in equivalent weight concentrations of phosphate buffered saline (PBS)
and Accupaque. The hydrogel precursors were homogenized by Vortex and degassed using a
vacuum pump. Then, the precursors were sterilized through a 0.22 pm syringe-filter (Rotilabo,
Car Roth, GmbH). Finally, intralipids (5 wt%) were added to the precursors. Hydrogels were
termed PEGDMAak-b, where a represents the molecular weight, k = kDa and b the concentra-
tion of PEGDMA polymer. All samples were illuminated for 10 min at a wavelength of 405 nm
and an intensity of 15 mW/cm?.

3.3.2 Material characterization
Swelling ratios

Hydrogel precursor samples were photopolymerized either in cylindrical molds before being
extracted or within intracranial aneurysm models and kept inside them. The samples were im-
mersed in PBS at 37°C and 5% CO,, resulting in either a free swelling or constrained swelling
with the exposure to the PBS solvent only at the aneurysm neck. The swelling study was per-
formed during one month and the weight and volume swelling ratios, SR,, and SR,;, at the
time point t were determined using the following formulas:

SRw [%] = 100(w;-wq)/wg
SRvol [%] = 100(V-V)/Vq

where wg, Vg, w; and V, correspond to the weight and volume of the samples after synthesis and
the weight and volume of the swollen samples after an immersion of a duration t, respectively.
Volumes are calculated with Archimedes’ principle by immersing the samples in extra pure
hexane (99+%, Fisher Chemical) for free swelling and in pure ethanol for constrained swelling
to avoid the PDMS swelling in hexane.

Swelling pressure

The pressure exerted by the swollen hydrogels was measured using a confined compression
setup [176]. After synthesis, 0.1 N pre-load was applied on the sample to ensure proper con-
finement. The chamber was filled with PBS to enable the swelling of the samples and the load
was monitored while keeping the displacement constant during 48h to reach the equilibrium
swelling. The swelling pressure was defined as the maximum pressure reached during the test.
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Mechanical testing

Mechanical properties of the hydrogels were evaluated using an Instron E3000 linear mechani-
cal testing machine (Norwood, MA, USA) equipped with a 250 N load cell.

Hydrogel samples were compressed to 50% applied strain at a constant speed of 0.1 mm/s. Load
and displacement were recorded and the elastic modulus E was calculated by linear regression
of the true stress-strain curve between the strains of 10% to 20%. Samples were immersed in
PBS and placed in the incubator at 37°C and 5% CO2. After different immersion time points,
the same compression test was repeated.

As-prepared hydrogels (after synthesis) were also compressed to 80% applied strain. Failure
stress and strain were defined as the maximum stress and strain, respectively, before hydrogel
breaking. The compliance of the hydrogels was determined and defined as the strains applied
under pressures between 10.5 and 16 kPa, corresponding to the physiological systolic blood
pressure (80-120 mmHg).

3.3.3 Implantation of the hydrogel in an in vitro intracranial aneurysm
model

Design of in vitro intracranial aneurysm model

The in vitro intracranial aneurysm model was designed by casting polydimethylsiloxane (PDMS)
around 3D printed water-soluble sacrificial molds. Specifically, molds were first produced from
polyvinyl alcohol (PVA, Digitec, Ultimaker Natural PVA filament, 2.85 mm) using a 3D printer
(Ultimaker 3, Netherlands). A thin layer of water was applied on the PVA molds to smooth
the surface. Secondly, polydimethylsiloxane (PDMS, Dow Corning, Sylgard 184) with a 10:1
mixture of base to cross-linker was prepared and degassed in a vacuum chamber before being
casted into the assembled PVA molds. The assembly was squeezed with a vise grip at room
temperature for 24h and then placed at 60°C for 1h to achieve complete PDMS curing. Finally,
the assembly was placed in an ultrasonic water bath at 65°C for 3 days to enable the PVA molds
to dissolve. Figure 3.2 shows the different fabrication steps and an example of in vitro intracra-
nial aneurysm model.

The elastic modulus of the models was determined by a traction assay using tensile molds
in Teflon designed according to ASTM D412 [177]. In addition, the wall thickness of the
aneurysm and the parent vessel was measured at 4 different locations for each model using a
caliper with a measurement accuracy of 0.02 mm.
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FIGURE 3.2: Different steps of the in vitro intracranial aneurysm model fabrication by casting PDMS
around 3D printed water-soluble sacrificial PVA molds.

Implantation and pulsatile fluid flow-induced loading

To test the performance of the hydrogel, the hydrogel precursor was photopolymerized for 10
min in the aneurysm model using an optical glass fiber (105 pm, 0.22 NA, 1.5 m, ThorLabs,
Newton, NJ, United States), proximally connected to an illumination module composed of 405
nm, 200 mW light power laser diodes [178]. The intensity at the tip of the fiber was 15 mW/cm?.
The aneurysm model was connected to an in vitro flow system which was filled with a mixture
of glycerol and water in a 1:1.78 ratio with 0.134% PicroSirius Red dye to mimic the light-
absorbing properties of human blood. A peristaltic pump (Masterflex, ColeParmer, Vernon
Hills, IL, United States) was used to generate a pulsatile flow and set to 220 ml/min to simulate
human internal carotid artery flow rate [179]. The intracranial arterial pressure (91.2 + 9.6
mmHg [180]) was induced by a vertical 1.2 m liquid column.

Aneurysm wall strains assessment by digital image correlation

The strains applied by the hydrogels on the wall of the in vitro intracranial aneurysms models
were measured by digital image correlation (DIC) technique by using VIC-3D system (Corre-
lated Solutions, Inc. Irmo, SC, USA). The in vitro models were sprayed randomly with graphite
(GRAPHIT 33, Kontakt Chemie) to make a speckle pattern with random distribution and high
contrast. The hydrogels were exposed to at least 10 cycles of loadings induced by the pulsatile
flow. The analysis of the displacements fields and the Von Mises strains was performed on 10
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loading cycles and the average and maximal strains for each cycle was calculated. Maximal
strains were calculated as the 99*" quantile value of one cycle.

Fatigue test and characterization after long-term loading

The hydrogels were dynamically loaded at 2.3 Hz by the pulsatile fluid flow system for one
month, corresponding to 5.5 million cycles in total. After the cyclic loadings, the aneurysm
model was dismantled to collect the hydrogel sample. To evaluate the performance of the
hydrogel, (i) the sample was weighed, (i1) the surface profile of the hydrogels examined under
3D laser scanning microscopy (VK-X200 Keyence with a 50x lens) and (iii) cylindrical samples,
obtained by a 5 mm diameter punch, were compressed using the mechanical test as described
above. The results were compared to the hydrogel in the as-prepared state (after synthesis) and
to the hydrogel in the swollen state (after one month of swelling).

3.3.4 Statistical analysis

Each experiment was performed in triplicate or more and the statistical data analysis was per-
formed with MATLAB (Mathworks, Natick, MA, United States). All data are expressed as
mean + standard deviation. One-way analysis of variance (ANOVA) was used for compari-
son. P < 0.05 was considered as a significant result (denoted as *) and p > 0.05 non-significant
(denoted ns). p < 0.01 was denoted as ** and p < 0.001 as **%*.

3.4 Results

3.4.1 Effect of PEGDMA molecular weight

PEGDMA hydrogels with different polymer molecular weights (2, 6 and 20 kDa) and a con-
centration of 10% expressed a different volume swelling ratio and elastic modulus.

The swelling ratio increased with the PEGDMA molecular weight and remained stable over the
course of the experiment of 28 days (Figure 3.3.A). In free conditions, PEGDMAZ2k-10 samples
showed a slightly decreased volume (-12 + 2%), while PEGDMAG6k-10 and PEGDMA20k-10
samples manifested slightly (13 4= 1%) or extremely (151 £ 6%) increased volume swelling, re-
spectively. The swelling ratio was significantly reduced within the constrained aneurysm model
compared to free samples (e.g. 58% vs. 151% for PEGDMA20k-10, respectively), due to the
limited medium absorption into the network of the hydrogel. This swelling behavior has led to a
slight shrinkage of the hydrogel at the neck (PEGDMAZ2k-10), a moderate (PEGDMAG6k-10) or
excessive (PEGDMA20k-10) protrusion of the hydrogel into the parent artery. This observation
was confirmed when loading the hydrogel under fluid flow, as shown in Figure 3.3.C.
PEGDMAG6k-10 hydrogels demonstrated a higher elastic modulus compared to hydrogels with
a lower or higher molecular weight (Figure 3.3.B). PEGDMA?20k-10 hydrogels withstood the
maximal applied strain of 80% without failure whereas PEGDMA 2k and 6k failed under com-
pression at a stress of 108 £ 19 kPa and 179 £ 15 kPa and an applied strain of 54 £ 4% and 65
£ 1%, respectively.
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FIGURE 3.3: (A) Volume swelling ratio in free and constrained (within the aneurysm model) condi-
tions, revealing a significant increase of the volume swelling ratio when increasing PEGDMA molecular
weight. Statistically significant differences are only displayed between the free and constrained swelling
conditions. (B) Compressive elastic modulus of the hydrogels demonstrating higher elastic modulus for
PEGDMAG6k-10 compared to 2 to 20 kDa hydrogels. (C) Direct visualization of the hydrogels within
the intracranial aneurysm model after one week of fluid flow-induced loading showing slight shrinkage
of the PEGDMAZ2k-10 hydrogel at the neck and excessive protrusion of the PEGDMA20k-10 hydrogel.

3.4.2 Effect of PEGDMA polymer content

The swelling ratio increased with the polymer content (Figure 3.4.A), particularly in free con-
ditions. PEGDMAG6k-20 hydrogels reached a maximal swelling pressure of 365 + 31 kPa, a
three-fold increase compared to hydrogels of equal molecular weight but with a polymer con-
tent of 10-15 wt% where a pressure inferior to 100 kPa was measured (Figure 3.4.B). Increasing
the polymer content increases the mechanical properties of the hydrogels (Figure 3.4.C). The
compressive elastic modulus was 125 + 13, 280 + 33 and 507 £ 7 kPa for 10, 15 and 20% of
PEGDMAGK, respectively. The failure stress also increased while the applied strain at rupture
did not vary: PEGDMAG6k at 10, 15 and 20% failed under compression at a stress of 179 £ 15
kPa, 480 + 127 kPa and 507 4 125 kDa and an applied strain of 65 + 1%, 72 + 7% and 64 +
2% respectively. Compliance, under physiological pressures, was 7.37 4+ 1.07, 7.25 4+ 1.18 and
4.12 £ 0.60 % for 10, 15 and 20% polymer content, respectively (Figure 3.4.D).
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FIGURE 3.4: (A) Volume swelling ratio in free and constrained (within the aneurysm model) swelling
conditions, showing a significant increase of the volume swelling ratio when increasing PEGDMA con-
centration. Statistically significant differences are only displayed between the free and constrained
swelling conditions. (B) Maximal pressure induced by the swollen hydrogels increases when increasing
the polymer content. (C) Strain-stress curve of the compression test, revealing a significant increase
of the elastic modulus with the polymer content. (D) Compliance of the hydrogels under physiologi-
cal pressures (80-120 mmHg). Box plots depicted mean (white line) and values at 80 and 120 mmHg
(bottom and top of the box). PEGDMAG6k-10 and PEGDMAGk-15 hydrogels have a significant higher
compliance than PEGDMAG6k-20 hydrogels.
* parent artery tissue data from literature [17], [158], [161]

3.4.3 Invitro aneurysm models characterization

The mean vessel diameter and wall thickness of the in vitro models designed was 4.14 + 0.069
mm and 330 4 56 pm, respectively. The mean aneurysm diameter and wall thickness of the
aneurysm was 8.45 £ 0.189 mm and 374 + 64 um, respectively. These values and those
reported in humans are provided in Table 3.1 for comparison. In addition, the tensile elastic
modulus was measured to be 0.662 £ 0.068 MPa, which is similar to human brain aneurysmes,
determined to range from 0.2 to 0.6 MPa under strains lower than 50% [31]. The expansion and
contraction of the in vitro model was observed under pulsatile flow.

27



Chapter 3. Pulsatile flow-induced fatigue-resistant photopolymerizable hydrogels for the
treatment of intracranial aneurysms

PDMS model From the literature

Parent vessel Wall thickness [pm] 330 4+ 56 460 £+ 60 [181]
Diameter [mm)] 4.14 £ 0.069 4.66 £+ 0.78 [182]
Aneurysm  Wall thickness [pm] 374 + 64 70 to 530 [183]
Diameter [mm)] 8.45 4+ 0.189 3to 10 [184]

TABLE 3.1: Dimensions in our PDMS models compared to human values reported in the literature.

3.4.4 Evaluation of aneurysm wall strains after hydrogel implantation

In this work, the central region of the wall aneurysm model was considered for the strains
measurement by DIC, as shown in Figure 3.5.A. The mean and maximum strain per cycle on
the aneurysm wall are presented in Figures 3.5.B and 3.5.C, respectively. The implantation
of the hydrogels significantly decreased the strains applied on the aneurysm wall. Moreover,
increasing the polymer content and therefore the stiffness of the hydrogels also decreased the
mean and maximum strain per cycle on the aneurysm wall. A two to four-fold decrease was
calculated compared to the untreated aneurysm model (without hydrogel) (p < 107'2).

28



3.4. Results

Von Mises Strain [%] - Lagrange
0.5 1.5

No
hydrogel

Von Mises Strain [%]

Lagrange
0.25 0.5

0.75

PEGDMA I PEGDMA Jll PEGDMA
6k-20 6k-15 6k-10

one cycle
A
. . 1.4
N *
$12
Fosp - s :
o % 1 =
S 025} s
= 508 .
£ 02} . e
S 06+
5015 —_— £ .
=7 . 8
2 04y T E
0.1 = __ = —
—— 0.2 L
B C

FIGURE 3.5: (A) DIC imaging showing the Von Mises strains fields for the duration of one loading cycle.
Scale bars are 0-2% with a 0.125 increment between colors for the model without hydrogel (control) and
0-1% with a 0.0625 increment between colors for the models with PEGDMAGk hydrogels. (B) Mean
strain and (C) Maximum strain per cycle calculated on 10 cycles, showing a significant decrease when
the hydrogels are implanted into the in vitro aneurysm model compared to an empty aneurysm model.

3.4.5 Fatigue-resistance after pulsatile fluid flow-induced loading

Figure 3.6.A demonstrates the PEGDMAG6k hydrogels with 10 and 15% content over one month
of loading induced by blood substitute pulsatile fluid flow. The different hydrogels completely
occluded the aneurysm sac without protruding or migrating excessively into the parent artery.
No geometric distortion or signs of macroscopic damage was apparent.

The weight and elastic modulus variations of the hydrogels after the flow-induced loading are
presented in Figures 3.6.B and 3.6.C. After 5.5 million cycles, there was no significant weight
difference between the hydrogel in the as-prepared state and the loaded hydrogel for both poly-
mer contents. However, the weight of swollen hydrogels was significantly lower (p=0.0399
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and 0.0376 for 10 and 15% polymer concentration, respectively) than after one month of load-
ing. Moreover, a slight decrease in the elastic modulus after cyclic loading was noticed, i.e.
approximately 5% for PEGDMAG6k-10 and 10% for PEGDMAG6k-15, although this remained
non-significant compared to the as-prepared hydrogels (p=0.394 and 0.2111 for 10 and 15%
polymer concentration, respectively). The profile of the hydrogels surface that was in con-
tact with the blood substitute is shown in Figure 3.7.A. As-prepared and swollen hydrogels
presented a smooth surface with minor defects of maximum 2 pm in depth, whereas loaded
hydrogels demonstrated unorganized and heterogeneous roughness, with defects ranging from
2 to 10 pm in depth, as shown in Figure 3.7.B.
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FIGURE 3.6: (A) Direct visualization of the hydrogels within the intracranial aneurysm model during

one month of pulsatile fluid flow-induced loading showing complete occlusion without protrusion, mi-

gration, geometric distortion nor signs of macroscopic damage. (B) Weight and (C) Mechanical property

variations, normalized to the as-prepared state of the hydrogel, after one month of swelling and one
month of fluid flow-induced loading (n=3).
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FIGURE 3.7: (A) Magnified microscopic view showing the surface profile of hydrogels in the as-

prepared state (left), after one month of swelling (middle) and one month of fluid flow-induced loading

(right). (B) Roughness profile of PEGDMAG6k-15 hydrogel in the as-prepared state and after one-month
of fluid flow induced loading, the latter revealing defects in the range of 2 to 10 pm in depth.

31



Chapter 3. Pulsatile flow-induced fatigue-resistant photopolymerizable hydrogels for the
treatment of intracranial aneurysms

3.5 Discussion

To our knowledge, the present study is the first to assess the fatigue-resistance under physio-
logical pulsatile flow of photopolymerizable hydrogels for intracranial aneurysm embolization.
PEGDMA hydrogels, according to their polymer molecular weights (2, 6 and 20 kDa) and
concentrations (10-20%), were selectively fine-tuned to fulfill the requirements of intracranial
aneurysm embolic agent. The main finding of our work is that PEGDMA hydrogels of 6 kDa
molecular weight at a concentration of 15% seem to be appropriate to withstand the continu-
ous interactions with the blood flow. In fact, under pulsatile flow within an in vitro aneurysm
model during one month, these hydrogels exhibited (1) a complete occlusion, (2) an integrity
and stability due to the preservation of their shape, weight and mechanical properties, despite
slight surface erosions, (3) a minimal swelling volume avoiding protrusion in the parent artery
and a low swelling pressure limiting stresses applied on the aneurysm wall, and (4) an elastic
modulus and compliance covering the range of native aneurysm tissue.

3.5.1 Hydrogel swelling and mechanical characterization

Molecular weight of polymers is known to affect the mechanical properties of hydrogels [185].
The present study is consistent with and supplements PEGDMA hydrogels characterization
reported in literature [186], [187]. An increase in polymer molecular weight decreases the
cross-linking density of the hydrogel network, favoring the water diffusion through the long
chains of polymer. This leads to an increase in the volume swelling ratio and a decrease in the
elastic modulus. The elastic modulus of PEGDMAZ2k-10 hydrogels, however, was unexpectedly
lower compared to PEGDMA6k-10 hydrogels. For all hydrogels, the photoinitiator PEG-BAPO
concentration was fixed at 0.1 wt% for biocompatibility purposes, meaning the same amount
of formed radicals. The hydrogel network is formed by a free radical polymerization of the
methacrylate functional groups. PEGDMAZ2k-10 hydrogels have a higher number of methacry-
late groups due to their shorter chain length. Consequently, the ratio between the produced
radicals and the methacrylate groups is lower with PEGDMA2k-10 compared to PEGDMA6k-
10. Moreover, the mobility and diffusivity of the pendant double bonds are more restricted for
short chain length [188]. This might limit further crosslinking and favor the termination reac-
tions over chain propagation. We believe that both differences in the radicals-to-methacrylate
groups ratio and kinetics of the photopolymerization can explain the lower elastic modulus for
PEGDMA2k compared to PEGDMAGk. Low polymer molecular weight (2 kDa) adds brittle-
ness to the hydrogel, as revealed by mechanical failure at stresses lower than the 100-150 kPa
threshold of circumferential stresses driven by the blood pressure [22].

The swelling and mechanical properties are also influenced by the concentration of polymers
[185]. At similar molecular weight (6 kDa), increasing the polymer content increases both the
elastic modulus and the volume swelling ratio, which is in line with previous reports [175],
[185], [189], [190]. Hydrogels with a high polymer content have a denser covalently cross-
linked network in the as-prepared state, entailing a lower mesh size and more squeezed polymer
chains. The swelling equilibrium is reached when the osmotic driving forces are balanced with
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the elastic retraction forces. When increasing the polymer concentration, the osmotic pressure
also increases [191] and drives solvent molecules into the hydrogel network. Due to their same
molecular weight, the hydrogels reached the same swelling equilibrium and same mesh size in
their swollen steady state. This implies that the hydrogels with high polymer content absorb
more water and swell more to give the network more freedom to expand. PEGDMA hydrogels
of 6 kDa molecular weight at a concentration of 10 to 20% far withstood physiologic blood
pressures of 10.5-16 kPa (80-120 mmHg) and circumferential stresses of 100-150 kPa. Up to
50% strain, the load-bearing characteristic of arteries is dominated by elastin fibers, which re-
sults in the elastic modulus ranging from 200 to 600 kPa [17]. The compressive elastic modulus
of the hydrogels, ranging from 125 to 507 kPa, thereby covers the range of the native tissue,
except slightly lower for a concentration of 10%. Close mechanical properties for the hydrogel
and the native tissue ensure stresses caused by blood flow to be gradually transfer to the tissue
and to minimize the blood flow disturbances [71]. The compliance match of the hydrogels and
the native tissue (3-12%/100 mmHg under physiological pressures [158]) suggests also that the
blood flow at the interface between the hydrogel and the surrounding tissue should not be dis-
turbed [75], [76].

The swelling pressure results indicate that the PEGDMA6k-20 hydrogels, due to their increased
volume swelling of 25%, apply a pressure significantly higher than the critical rupture pressure
of human cerebral arteries of 224 + 60 kPa [161]. This would imply that PEGDMAG6k-20
hydrogels would not be suitable for aneurysm embolization. It is worth mentioning that these
results are in contrast to the results obtained by Hwang et al., where an expansion of 150 to
200% of a shape memory foam did not induce critical circumferential stresses [89]. It should
also be noted that in our swelling pressure test the hydrogels were fully confined, correspond-
ing to the worst-case scenario. The swelling pressure might therefore be lower in semi-confined
conditions such as within an aneurysm. Furthermore, the hydrogels reached their swelling equi-
librium after 24h of swelling, involving that the pressurization rate is very low compared to the
one used for the determination of human cerebral arteries rupture pressure [161]. Thus, the
aneurysm tissue could possibly bear this gradual pressure.

Finally, we need to acknowledge that the in vitro characterization was performed under fairly
idealized conditions. However, this aimed to identify the hydrogels which fulfill the mechanical
requirements in static conditions and exclude those inducing potential risks such as protrusion
for PEGDMA20k-10 or excessive pressures for PEGDMAG6k-20. The appropriate hydrogels
were then exposed to a fatigue test within aneurysm models to characterize them in more real-
istic conditions.

3.5.2 Invitro intracranial aneurysm models

Silicone aneurysms models are commonly used to test new devices [192], because they exhibit
better transparency, resistance and navigability compared to others materials such as flexible
resins like TangoPlus or VeroClear [193]. The technique developed herein has been used to
fabricate intracranial aneurysm models in previous studies. However, several layers of PDMS
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were dip-coated or painted on the sacrificial mold [194], [195], making the technique time-
consuming and not reproducible. Moreover, in the previously mentioned studies, the thickness
of the wall was not stated or too thick (600-800 pm). Replicas manufactured by Elastrat com-
pany (Geneva, Switzerland) are based on this technique. Although the models mimic the shape
and curvature of the human vasculature, the models are very expensive (=~ $1000/model), thick
and stiff. The advantage of our model is the one-step casting method, the thin aneurysmal wall
obtained mimicking that of real tissue, as well as similar dimensional and mechanical properties
compared to native tissue not to mention a very affordable manufacturing price (=~ $10/model).

In addition, the use of PVA as sacrificial mold has two main benefits. PVA is a water-soluble
polymer at 65°C, thereby no toxic solvent is required for the dissolution of the sacrificial mold.
Moreover, the biocompatibility of our model is not affected by the potentially infiltrated and
non-dissolved PVA into the PDMS model due to the biocompatibility of PVA polymer. Com-
paratively, numerous studies have used acrylonitrile butadiene styrene (ABS) for the sacrificial
mold which dissolves in xylene [196] or acetone [197].

Although the geometry of the in vitro aneurysm model used in our experiments is too simple
and linear to simulate complex microcatheter navigation or deployment of devices, its mechan-
ical properties are much closer to human tissue characteristics and thereby better suited for the
long-term assessment of intrasaccular hydrogel implants. Moreover, the technique of casting
PDMS around PVA sacrificial molds could be adapted to replicate more tortuous geometries as
in the human vasculature.

3.5.3 Aneurysm wall strain decrease with hydrogels implantation

In this study, the DIC technique was used to measure the displacements and strains fields be-
cause it is more suitable for small displacements and it is a contactless technique, contrary to
others strain measurement techniques such as interferometric or strain gauges [198]. A few
studies have used the DIC technique to understand the mechanical behavior of the aneurysms
[199], [200]. Nonetheless, the aneurysm wall strains and stresses are mostly assessed by nu-
merical simulations, where a significant reduction of the aneurysm wall strains and stresses was
observed when coils are inserted [201]. In the same way, the present study showed that the
implantation of hydrogels into an aneurysm substantially reduces the displacements and strains
applied on the aneurysm wall. Hydrogels with close elastic modulus to the one of the aneurysm
model (PEGDMAG6k-20) showed lower displacements and strains than PEGDMA6k-10 hydro-
gels. This hence confirms the importance of the match between mechanical properties of the
hydrogels and the aneurysm tissue, as specified previously. The reduction of aneurysm wall
strains by the hydrogel implantation could diminish the aneurysm rupture risk.

A limitation of our work is that only the central region of the aneurysm was considered. Others
aneurysmal regions such as the neck and the dome would be of interest to investigate. Moreover,
the swelling process was not included in this study, as the strains field was measured directly
after photopolymerization. As mentioned previously, the hydrogels applied a certain pressure
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due to the swelling process. The swelling impact on the aneurysm wall strains could also be
examined by DIC technique.

3.5.4 Fatigue resistance of hydrogels

The present study evaluated the in vitro fatigue resistance of the hydrogels by assessing the
mechanical loss, residual mass and surface profile after mechanical loading. The hydrogels
were subjected to a loading induced by pulsatile fluid flow for one month. This duration was
determined according to the time needed for neoendothelial cells to grow over coils which gen-
erally occurs 4 weeks following implantation [202]. Long-term fatigue of hydrogels is often
studied under prolonged static or cyclic uniaxial loading [203]. It is important to highlight that,
in this work, the load-bearing ability of the hydrogels was tested under more realistic loading
conditions, combining pulsatile circumferential stretch and fluid shear stresses. Indeed, similar
circulating systems were used in previous in vitro studies to reproduce realistic blood flow and
therefore closely simulate circumferential and wall shear stresses [204]-[206].

The results after 5.5 million cycles of pulsatile flow loading pointed that the hydrogels have
a great integrity and stability owing to the preservation of their shape, weight and elastic mod-
ulus. However, mechanical loading has induced roughness and erosion of the hydrogel surface
that was in contact with the fluid. The weight of the loaded hydrogels was not significantly
different from the as-prepared hydrogels but higher than the one-month swollen hydrogels. We
hypothesize that it might be due to an alternating of swelling and erosion cycles. In fact, when
the hydrogel has reached its swelling equilibrium weight, the hydrogel surface erodes, which
decreases the hydrogel weight and enables to start again the swelling process [207]. Surface
erosion, forming roughness defects and micro-cracks of several microns, induces a small in-
crease in porosity [208]. This change of the surface microstructure enhances the permeability
and water absorption of the hydrogels [209], [210], which might explain the increase of weight
swelling ratio after loading and hence after erosion. A further analysis of the erosion phenom-
ena could confirm these results.

Erosion of a material is generally characterized by the residual mass and mechanical properties
loss [208], [211] but the surface profile has not been studied. Our findings suggest that mass
and mechanical loss are not sufficient to conclude regarding the erosion phenomena. Thus, an
important implication of our findings is that the characterization of the surface might be of pri-
mary interest for the fatigue resistance evaluation.

A question associated with the erosion is its impact on the long-term efficiency of hydrogels
as embolic agents. Even so roughness defects of loaded hydrogels are relatively low (less than
10 pm), the risk of hydrogel fragments moving downstream and thus the risk of stroke should
not be underestimated. Another concern is that the erosion might be faster in blood. Indeed, one
limitation is that the fatigue study we performed was in a fluid composed of PBS and glycerin
without degradation enzymes. Nevertheless, the erosion process could also be advantageous to
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increase the hydrogel pores size and thus cell penetration [212], which could foster the endothe-
lialization of the hydrogel surface along the aneurysm neck.

A limitation of our work is that the fatigue resistance was studied only for a short duration
(one month at 2.3 Hz corresponding to an implantation of 2 months in vivo) compared to years
of implantation of an embolic agent in an aneurysm. However, an endothelial layer generally
forms at the implant surface within one month of implantation, acting as a physical barrier to
prevent direct contact between the blood and the implant [202]. In case of cell adhesive proper-
ties, the hydrogels might hence be protected at its surface by the endothelial layer. Nonetheless,
these properties should be further studied to determine whether the exclusion of the aneurysm
from the parent artery by endothelialization will reduce the risks caused by fatigue loading.

Furthermore, we need to acknowledge that although the hydrogels remained within the aneurysm
model, the adhesion of the hydrogel to the endothelial tissue cannot be elucidated in the con-
text of the present study and needs to be further investigated in order to avoid migration of
the hydrogel into the artery. For this, an in vivo study in an elastase-aneurysm model in rab-
bits will examine the tissue adhesion as well as clinical safety and long-term efficiency of the
photopolymerizable hydrogels as embolic agent.

3.6 Conclusion

Photopolymerizable PEGDMA hydrogels of 6 kDa molecular weight at a concentration of 15%
demonstrated mechanical properties and compliance consistent with the native aneurysm tissue
while presenting a minimal swelling volume and pressure. The hydrogels considerably reduced
the displacements and strains on the aneurysm wall compared to untreated aneurysm models.
The hydrogels were able to withstand 5.5 million cycles of pulsatile flow loading in an in vitro
aneurysm model without a significant change in shape, mechanical properties or weight loss,
despite slight surface erosion. This might enable neoendothelial cells to proliferate and lead to
permanent sealing at the neck. In vivo studies are required to confirm these results and evaluate
the long-term integrity and stability of such hydrogels, as well as their tissue adhesion properties
in true physiological conditions.
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Chapter 4

In vitro implementation of
photopolymerizable hydrogels as a
potential treatment of intracranial
aneurysms

This chapter is based on the following publication: O. Poupart, A. Schmocker, R. Conti, C.
Moser, K.M. Nuss, H. Griitzmacher, P.J. Mosimann, and D.P. Pioletti, “In vitro Implementation
of Photopolymerizable Hydrogels as a Potential Treatment of Intracranial Aneurysms,” Fron-
tiers in Bioengineering and Biotechnology, vol. 8, no. April, pp. 1-13, 2020 [178].

4.1 Abstract

Intracranial aneurysms are increasingly being treated with endovascular therapy, namely coil
embolization. Despite being minimally invasive, partial occlusion and recurrence are more fre-
quent compared to open surgical clipping. Therefore, an alternative treatment is needed, ideally
combining minimal invasiveness and long-term efficiency. Herein, we propose such an alterna-
tive treatment based on an injectable, radiopaque and photopolymerizable poly(ethylene glycol)
dimethacrylate (PEGDMA) hydrogel. The rheological measurements demonstrated a viscosity
of 6.53 + 2.77 mPa.s and 16.83 £ 4.07 mPa.s for 10 and 15% PEGDMA, allowing the hy-
drogel precursors to be injected through 430 pm inner diameter microcatheters. Photorheology
revealed fast hydrogel solidification in less than 8 minutes due to the use of a new visible pho-
toinitiator. The addition of an iodinated contrast agent in the precursor contributed to the visi-
bility of the precursor injection under fluoroscopy. Using a customized light-conducting micro-
catheter and illumination module, the hydrogel was implanted in an in vitro silicone aneurysm
model with tortuous anatomy. Specifically, in situ fast and controllable injection and photopoly-
merization of the developed hydrogels is shown to be feasible in this work. Photopolymerizable
hydrogels are expected to be promising candidates for future intracranial aneurysm treatments.

Keywords: intracranial aneurysms (IA), injectable hydrogels, in situ photopolymerization, light-
conducting microcatheter, poly(ethylene glycol) dimethacrylate
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4.2 Introduction

Intracranial aneurysms are saccular dilatations or outpouchings of brain arteries that are prone
to rupture, causing death or severe morbidity in over half of the patients [213]. While mini-
mally invasive endovascular therapy has many advantages and is increasingly being performed,
the risk of IA recurrence remains higher compared to surgical clipping [36], [214], [215]. Ad-
junctive devices such as flow diverting stents may decrease this risk by promoting endothelial
growth at the neck of the IA [216] but currently require dual anti-platelet medication to avoid
parent artery thrombosis, thereby increasing the risk of bleeding. Device compaction [217],
inflammation [218] and intra-saccular clot remodeling [219] appear to play a decisive role in
healing and recurrence. Therefore, a liquid agent capable of (i) selectively filling the entire
aneurysm, (i1) reversing the chronic inflammatory wall changes, (iii) preventing thrombosis,
and (iv) attracting endothelial cells could eliminate the current drawbacks of endovascular ther-

apy.

Using liquid embolic agents to treat aneurysms is not a new concept [66]. They allow the
whole volume of aneurysms of any shape or size to be filled. The main limitation lies in their
self-solidifying properties once in contact with blood, risk of spillage and downstream migra-
tion that may cause arterial occlusion and ischemic stroke. The risk of microcatheter entrapment
within the solid agent, particularly with fast polymerizing substances such as acrylic glues, is
also significant [69]. While non-adhesive ethyl-vinyl-alcohol (EVOH) copolymer agents pre-
cipitate over several minutes [68], the dimethyl sulfoxide (DMSO) solvent they contain can
induce vasospasm and angionecrosis depending on the concentration and volume injected [70],
[220], which is especially harmful if left to stagnate in such a restricted space as an aneurysm.
Moreover, leakage and solidification in the parent artery remains a serious potential complica-
tion, even with balloon assistance.

Injectable in situ forming hydrogels have raised considerable interest for biomedical applica-
tions [221]-[223], including as potential novel embolic agents for aneurysms or transcatheter
embolization. The liquid precursors of these hydrogel-based embolic agents have been trig-
gered to solidify in situ by different stimuli, such as temperature [99], [224], [225], pH [102],
chemical reaction [107], [226], [227] or light irradiation [97], [108]. Compared to the others
stimuli, light-induced photopolymerization allows better spatial and temporal control of the cur-
ing [171], [228]. This control is essential to avoid any premature gelation or later dilution that
could occur with temperature-sensitive, pH-sensitive and chemically-crosslinked types. To our
knowledge, only a few studies have developed photopolymerizable hydrogels for IA treatment.
Ishikawa et al. [108] have reported ex situ photopolymerization of hydrogels in an aneurysm
model whereas Barnett et al. [97] described in situ photopolymerization of hydrogels in a sac-
cular aneurysm model using 2.8 French-microcatheter (700 pm inner diameter).

To demonstrate the feasibility of in vitro implementation of photopolymerizable hydrogels,

many requirements need to be taken into consideration. First, it has to exhibit low viscosity
to be injectable through a microcatheter with an inner diameter of 430 pm, such as those used
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for coil delivery in current clinical practice. Second, the hydrogel needs to be radiopaque to
be visible under fluoroscopy. Furthermore, despite evidence that a balloon can remain inflated
and block the flow in the parent artery for as long as 18 consecutive minutes [80], photopoly-
merization time should remain as short as possible, 10 minutes at most, ideally a few seconds,
to diminish the risk of ischemic stroke and vessel injury. Finally, use of light in the visible
spectrum to induce photopolymerization should be preferred over ultraviolet emission to avoid
possible damage to encapsulated cells, host tissues or DNA [229], [230] and allow deeper light
penetration within a highly absorbing medium such as blood.

Photopolymerizable polyethylene glycol dimethacrylate (PEGDMA) hydrogels have been widely
used for tissue engineering [172]. Indeed, PEGDMA hydrogels present many advantages such
as tunable mechanical properties, ease of chemical conjugation and biocompatibility. Herein,
we describe the use of a radiopaque photopolymerizable hydrogel obtained from PEGDMA
mixed with clinically approved iodinated contrast medium and a next-generation visible light-
sensitive and water-soluble photoinitiator, known as poly(ethylene glycol) substituted bis(acyl)-
phosphane oxides (PEG-BAPO) [131]. To address the challenge of inserting a photoactivable
hydrogel into an intracranial aneurysm, we also present the development of a light-conducting
microcatheter (inner lumen of 430 sm) combined with an illumination module to guide visible
light to the aneurysm. We hereby report a proof-of-concept study to treat intracranial aneurysms
with photopolymerizable hydrogels under fluoroscopy in a realistic flow model (Figure 4.1).
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FIGURE 4.1: Schematic illustration of the different steps of the new treatment concept. (1) Positioning

of the light-conducting microcatheter in the aneurysm and inflation of the balloon at the neck. (2) Rinsing

of the aneurysm with contrast agent. (3) Injection of the hydrogel precursor. (4) 405 nm illumination
and photopolymerization of the hydrogel. (5) Removal of the microcatheter and balloon.

4.3 Materials and Methods

4.3.1 Materials

All the chemicals were purchased from Sigma Aldrich (Merck, Switzerland). The reactions
were performed under inert atmosphere of dry Argon using Schlenk techniques. Dry solvents
were drawn from a commercial solvent drying system (Innovative Technology PURESOLV).
The reaction flasks were dried in an oven overnight at 120°C before use. PEGDMA 6 kDa was
prepared from poly(ethylene glycol) (PEG, M,, = 6000 g/mol) using a modified procedure from
the previously reported one [175], as shown in Figure 4.2.A. The polymer (50 g) was loaded
in a three necked 500 ml round bottomed flask equipped with an adapter for the Schlenk line
and a Dean Stark condenser. The polymer was dissolved in 200 ml of toluene. The mixture
was stirred at 600 rpm and warmed to 160°C. The mixture was refluxed for one hour and every
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15 minutes an aliquot of 25 ml of solvent was removed using the Dean-Stark condenser. Af-
ter 100 ml of solvent were removed, the mixture was cooled down to room temperature. Dry
dichloromethane (100 ml) was added to the mixture followed by Et3N (distilled from CaCl2,
stored in a Schlenk under Argon, 1.1 eq. for every OH) and methacrylic anhydride (distilled
from CaCl2, stored in a Schlenk under Argon, 1.5 eq. for every OH). The mixture was pro-
tected from light and stirred at room temperature for 5 days. Subsequently, it was purified by
filtration over a neutral alumina plug. The polymer was coagulated into diethyl ether and dried
under high vacuum. The white powder was obtained in quantitative yield and characterized as
the desired product via 'H-NMR. The degree of functionalization was evaluated by integration
of the 'H-NMR resonances. The chemical structure of PEGDMA was confirmed using infrared
spectroscopy (FT-IR, Bruker Tensor 27, Germany) in the infrared radiation range of 4000-400
cm~! with a resolution of 4 cm~! and 256 scans.

The 1odine-based contrast medium Accupaque (350 mg/ml, GE Healthcare, Chicago, Illinois,
US) was provided by the Bern University Hospital. Intralipid 20%, an intravenous fat emul-
sion, was purchased from Sigma Aldrich (Merck, Switzerland). The PEG-BAPO photoinitia-
tor (PI) was synthetized by phospha-Michael addition of bis(mesitoyl)phosphane (BAP-H) to
poly(ethylene glycol) methyl ether methacrylate (PEGMEM) followed by oxidation with aque-
ous HyOs, as previously reported [131]. The synthesis of PEG-BAPO is shown in Figure 4.2.B.
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FIGURE 4.2: (A) Synthesis of PEGDMA polymer. (B) Synthesis of PEG-BAPO photoinitiator.

4.3.2 Hydrogel precursors preparation

The hydrogel precursor was prepared by dissolving PEGDMA (10 or 15 wt%) in equivalent
weight concentrations of phosphate buffered saline (PBS) and Accupaque350. Since PEG-
BAPO PI was shown to be more efficient (higher curing rate) than other commercially available
water-soluble photoinitiators like Irgacure2959 [131], we decided to add this (0.1 wt%) to the
formulation. These hydrogel precursor formulations were homogenized by Vortex for 5 min,
degassed using a vacuum pump and then passed through a 0.22 um syringe-filter (Rotilabo,
Carl Roth, GmbH) for sterilization. Finally, intralipids (5 wt%) were added to the hydrogel
precursor to enhance light-scattering and increase the polymerized volume during subsequent
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illumination [231]. The precursors were named PEGDMAG6k-10 and PEGDMAG6k-15 for 10
and 15 wt% polymer concentration, respectively.

4.3.3 Injectability of the hydrogel precursors

The rheological properties of the hydrogel precursors were assessed with a modular compact
rheometer 102 (Anton Paar, Peseux, Switzerland) by an oscillatory time sweep with a strain
oscillation of 5% at a frequency of 1 Hz applied during 5 min. The dynamic viscosity was cal-
culated as the average of the real part of the complex viscosity. The viscosity of the precursors
was then compared with two reference samples, namely water and Accupaque350.

An injection test was also performed through a 430 pm inner diameter microcatheter (Echelon
10, Medtronic, Dublin, Ireland) using a 3 ml syringe connected to a syringe pump at a flow rate
of 1 ml/min (Harvard Apparatus, Cambridge, MA, US).

4.3.4 Radiopacity of precursor and hydrogels

Using pulsed fluoroscopy (7.5-10 p/s) and serial angiography snapshots (70 kV, 23 mA) on a
HDR flat detector monoplane system (154 pm pixel size, 16-bit digitization depth, Siemens
Artis Zee, Erlangen, Germany), the radiopacity of 2 mm-thick samples of liquid precursor was
assessed and compared to an equal volume of solid as-prepared hydrogel (immediately after
polymerization) and swollen hydrogel (after incubation in PBS for 36 hours). The results were
compared to pure Accupaque350 and to a single lumen occlusion balloon (Scopernicl5, Balt,
Montmorency, France) containing two radiopaque markers.

4.3.5 Photopolymerization

The kinetics of the hydrogels photopolymerization was evaluated by photorheology. The light
from a 405 nm wavelength light laser diode was coupled to the modular compact rheometer 102
and a parallel 25 mm diameter disc configuration was used. 200 ul of the hydrogel precursor
was tested directly after hydrogel preparation. A strain oscillation of 5% at a frequency of 10
Hz was applied and the temperature fixed at 37°C. Samples of 300 pm thickness were illumi-
nated with a light intensity of 15 mW/cm? at 405 nm. The evolution of the storage modulus G’
was recorded during 405 nm irradiation. The polymerization was considered complete when G’
reached a plateau level. The time required to reach 95 % of the plateau level of G’ was defined
as polymerization time, noted tys, as previously reported [187].

The volume of photopolymerized samples was also evaluated in function of the illumination
time. A constant volume of the precursors was placed in an aneurysm mold of 8 mm in diam-
eter and illuminated by a glass optical fiber connected to a laser diode controller (ThorLabs,
Newton, NJ, US) at 405 nm and 15 mW/cm?, as shown in Figure 4.9. The polymerized samples
were then extracted from the aneurysm mold, immersed in PBS and dried to remove unreacted
components and weighed.
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4.3.6 In vitro aneurysm model

The feasibility of hydrogel injection, photopolymerization and implantation was evaluated in an
in vitro aneurysm model shown in Figure 4.3. Since approximately 30% of IAs develop on the
internal carotid artery, where flow rate and turbulence in the aneurysm are higher compared to
more frequent aneurysm locations such as the anterior communicating or middle cerebral artery
[232], we decided to model a paraophthalmic IA to simulate the worst hemodynamic conditions.
The setup consisted of a wide necked, 5 x 6 mm left carotid ophthalmic aneurysm made of soft
silicone (Elastrat, Geneva, Switzerland), connected to a peristaltic pump (Masterflex 7523-37,
ColeParmer, Vernon Hills, IL, US) and head pump (Masterflex 7036-30, ColeParmer, Vernon
Hills, IL, US) using 9.7 mm inner diameter silicone tubings (Masterflex 96410-36, ColeParmer,
Vernon Hills, IL, US). The pump parameters were set to 1 Hz and 220 ml/min to mimic human
internal carotid artery flow rate [233]. Additionally, a vertical 1.2 m liquid column inducing
a constant pressure of 12 kPa (90 mmHg) to mimic intracranial arterial pressure conditions
(91.2 £ 9.6 mmHg) [180] was implemented. The system was filled with a blood substitute
composed of 36 vol% glycerol in water and PicroSirius Red dye (0.134 wt%) to match blood
viscosity [234] and light absorbance, respectively. The dye concentration was determined using
the Beer-Lambert law.

Liquid column

U
\
___ Bifurcation
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FIGURE 4.3: (A) Schematic illustration of the in vitro setup to evaluate the feasibility of the implan-
tation. The peristaltic pump induced a pulsatile flow of 220 ml/min at 1 Hz. The height of the liquid
column ensured a constant pressure of 12 kPa to the system. A parallel bifurcation channel, representing
collateral shunting or outflow in the head and neck during balloon inflation at the aneurysm neck was
added to dissipate over-pressurization and avoid bursting or displacing the balloon when inflated. The
input represents access to the internal carotid artery through which a 9 French introducer sheath and an 8
French guiding catheter were placed, followed by navigation of the light-conducting microcatheter and
balloon to the aneurysm site. (B) Schematic illustration of the in vitro aneurysm model, showing its
dimensions and tortuous geometry.

4.3.7 In vitro proof-of-concept of the implementation

In order to bring light to the aneurysm to photopolymerize the hydrogel precursor in situ, two
optical glass fibers (105 pm, 0.22 NA, 1.5 m, ThorLabs, Newton, NJ, US) were wrapped with
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heat shrunk hydrophilic tube (Vesta, Lubrizol Company, Corona, CA, US) along the outer sur-
face of a microcatheter typically used for IA coiling (Headway 17, MicroVention, Tustin, CA,
US). The tip of the optical fibers was fixed to match the distal marker of the microcatheter and
connected proximally to an illumination module composed of 405 nm, 200 mW light power
laser diodes (Fibotec Fiberoptics GmbH, Meiningen, Germany), as shown in Figure 4.4. First,
a 9F introducer sheath (Radifocus Introducer II, Terumo, Tokyo, Japan) and 8F guide catheter
(Machl, Boston Scientific, Marlborough, MA, US) were inserted in the input tubing. Under
fluoroscopic guidance, the light-conducting microcatheter was placed in the aneurysm sac fol-
lowed by the placement of an inflatable balloon (Scopernicl5, Balt, Montmorency, France) at
the neck of the aneurysm. The balloon was inflated, with a solution of Accupaque350 for ra-
diopacity and black ink to prevent light from polymerizing leaked material in the parent artery.
The blood substitute was flushed out from the aneurysm cavity with a contrast agent injected
through the microcatheter under submaximal balloon inflation, in order to minimize light ab-
sorption caused by red dye and therefore maximize photopolymerization efficiency. The hydro-
gel precursor PEGDMAG6k-10 was injected under blank roadmap fluoroscopy using a dedicated
3 ml syringe wrapped in aluminum foil (to avoid premature polymerization caused by ambient
light) until the contents of the aneurysm were completely replaced and started to leak out down-
stream. After sealing the neck with maximal balloon inflation, the precursor was illuminated
by the optical fibers for 8 min. Following photopolymerization, the microcatheter was removed
under balloon inflation to avoid fragmentation followed by progressive balloon deflation and
removal.
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FIGURE 4.4: (A) Illumination module to which the optical fibers are connected. (B) Schematic of the
light-conducting microcatheter from different views (i) overall, (ii) side and (iii) front view.

4.3.8 Statistical analysis

Each experiment was performed in triplicate or more and each statistical evaluation was done
with MATLAB (Mathworks, Natick, MA, United States). All data are expressed as mean +
standard deviation. One-way analysis of variance (ANOVA) was used for comparison. P < 0.05
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was considered as a significant result (denoted as *) and p > 0.05 non-significant (denoted ns).
p < 0.01 was denoted as ** and p < 0.001 as ***,

4.4 Results

4.4.1 Characterization of PEGDMA polymer

The degree of functionalization of PEGDMA was found by 'H-NMR integrals to be over 90%.
The functionalisation of the PEG with methyl methacrylate ending units was confirmed by the
FT-IR spectra, shown in Figure 4.5, recorded on the purified product. The signal arising from
the C=0 stretching methyl methacrylate substituent was visible at 1715.85 cm™!. A peak at
841.20 cm~! was also observed, corresponding to the C=C bending. Thus, the methacrylation
functionalisation of the PEG polymer was confirmed by FT-IR.
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FIGURE 4.5: FT-IR spectra of PEGDMA polymer.

4.4.2 Injectability of hydrogels precursors

The dynamic viscosity at room temperature (23°C) of the precursors PEGDMAG6k-10 and
PEGDMAG6k-15 and the contrast agent Accupaque350 were 6.53 £ 2.77, 16.83 £ 4.07 and
18.30 £ 4.85 mPa.s, respectively (Figure 4.6.A). Increasing the polymer concentration increases
the dynamic viscosity of the precursor. The water viscosity of 1 mPa.s from literature was used
as reference. Comparatively, PEGDMAG6k-10 and PEGDMAG6k-15 precursors viscosity was
significantly higher than water (p=0.026 and 0.0025, respectively) but significantly lower than
Accupaque350 value for PEGDMAG6k-10 (p=0.022) and similar for PEGDMAG®6k-15 (p=0.71).
In addition, viscosities of other liquid embolic agents, such as Onyx or PHIL, currently used
in endovascular therapy, range from 16 to 72 mPa.s [235]. The injectability of the precursors
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through a microcatheter of 430 um inner diameter and 1.5 m length was confirmed by a syringe
pump injection test, as shown in Figure 4.6.B.
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FIGURE 4.6: (A) Dynamic viscosities of Accupaque350, water and hydrogel precursors by rheology
measurements (n=3). (B) Injectability of the Accupaque350, water and hydrogel precursors through a
microcatheter of 430 pm inner diameter and 1.5 m length using a syringe pump.

4.4.3 Radiopacity of hydrogels precursors

The 2 mm-thick samples observed under fluoroscopy are shown in Figure 4.7. The radiopacity
was compared with pure Accupaque350 and the two radiopaque markers of a single lumen
occlusion balloon. The PEGDMAGk-10 precursor and as-prepared polymerized hydrogel were
clearly visible under fluoroscopy, although less radiopaque than pure contrast agent, since the
hydrogels are composed of 50% Accupaque and 50% PBS. As expected, the iodinated content
of the hydrogel was no longer visible after 36 hours of incubation in PBS.
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o000

FIGURE 4.7: Radiography snapshot of a deflated balloon with its two proximal and distal radiopaque
markers, pure contrast agent, hydrogel precursor, as-prepared hydrogel and swollen hydrogel.

4.4.4 Photopolymerization of hydrogels

As shown in Figure 4.8.A., the photopolymerization kinetics can be determined by photorheol-
ogy with the evolution of the storage modulus G’ over 405 nm illumination time. The cross-
linking reaction and thus the propagation phase is identified by the rapid increase of G’ while
the termination phase is characterized by the G’ plateau level. Photorheology measurements
showed that the PEGDMA hydrogel precursors with 10 and 15% concentration completely
polymerized after 8 min 15 s & 1 min 36 s and 4 min 38 s & 8 s, respectively, under a 405
nm illumination at 15 mW/cm?, as shown in Figure 4.8.B. Therefore, increasing PEGDMA
content significantly shortens the polymerization time. As comparison, PEGDMAG6k-10 hy-
drogels with the commercially available LAP photoinitiator, polymerized in 10 min + 6 s £
25 s, which is significantly longer than with PEG-BAPO photoinitiator (p=0.0321) and higher
than the threshold of 10 min for intracranial aneurysms. Therefore, PEG-BAPO demonstrated
a higher photo-reactivity than LAP.

When intralipids were added (5 wt%), the photopolymerization time tg; was non-significantly
reduced to 7 min + 38 s == 1 min 16 s and 4 min 23 s &+ 45 s for PEGDMAG6k-10 and
PEGDMAG6k-15 hydrogels (p=0.6318 and 0.6004, respectively). However, the addition of in-
tralipids to the formulation has a significant impact on the polymerized volume of the hydrogels.
As displayed in Figure 4.9, after the same 405 nm illumination time, the volume of the hydro-
gels samples was significantly higher with intralipids in the precursor formulation.
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FIGURE 4.8: (A) Representative curve of the storage modulus G’ evolution during the photopolymer-

ization of PEGDMA hydrogels. (B) Photopolymerization time of PEGDMA hydrogels measured by

photorheology (n=3), revealing a significant shortening of photopolymerization time when increasing
the PEGDMA concentration and a non-significant decrease when adding intralipids.
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FIGURE 4.9: (A) 8 mm diameter aneurysm mold filled with hydrogel precursor and illuminated by a
glass optical fiber. (B) PEGDMAG6k-10 polymerized samples after different times of 405 nm illumina-
tion. (C) Weight of PEGDMAGk-10 polymerized samples in function of the 405 nm illumination time
with and without intralipids (n=3), showing a significant increase of the sample weight when adding

intralipids.
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4.4.5 In vitro proof-of-concept of implementation

The light-conducting microcatheter (Figure 4.4.B.) was subjectively stiffer than the standard
clinical microcatheter, due to the heat shrink tube wrapping around the glass optical fibers along
the outer surface but this did not affect the navigation inside the silicone model and also ensured
mechanical protection of the fibers. After positioning the balloon at the aneurysm neck in the
parent vessel, the distal tip of the microcatheter (distal radiopaque marker) was placed inside
the aneurysm within a few minutes, as shown in Figure 4.10.B. Figure 4.11 shows the optical
fiber illumination in situ.

Fluoroscopically controlled balloon inflation was easily achieved (Figure 4.10.B.) followed by
contrast agent injection to rinse the blood substitute volume out of the aneurysm cavity. Subse-
quently, the hydrogel precursor was injected through the microcatheter with a similar resistance
to a regular contrast injection, according to the experienced neuro-interventionalist performing
the injection (PJM) and depicted in Figure 4.10.C. The aneurysm was considered to be com-
pletely filled by the hydrogel precursor after all the contrast agent was replaced under blank
map fluoroscopy (initially no contrast visible followed by negative contrast [white aspect] dur-
ing contrast agent removal and finally positive contrast [black aspect] as the precursor filled the
cavity). Direct visual inspection was used to confirm the complete filling of the aneurysm. A
small residual inflow from the parent artery in the aneurysm was observed, despite maximal
balloon inflation at the junction between the balloon and the microcatheter. This inflow was
probably due to the rigidity and low compliance of the silicone model, a feature not generally
observed in physiological conditions, unless the balloon leaks or is not sufficiently inflated.
To match physiological conditions, the pump parameters were adapted until flow was almost
stopped (25 ml/min) while the balloon was inflated. Despite this corrective measure, we ob-
served some leakage of the precursor in the parent vessel and ophthalmic artery. The optical
fibers connected to the illumination module were then used to illuminate the aneurysm with 25
mW/cm? of light at 405 nm. After 8 minutes of continuous in situ illumination of the hydrogel
precursor (in a darkened room with no ambient light), the microcatheter was removed under flu-
oroscopy without fragmenting the hydrogel, suggesting minimal adhesion to the microcatheter.

radiopaque markers of the
parent artery light-conducting microcatheter
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ophthalmic
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FIGURE 4.10: Subtracted (A) and (B-D) unsubtracted fluoroscopic images showing (A) contrast agent
injection into the model to visualize the dimensions of the parent artery, aneurysm and ophthalmic artery;
(B) guide catheter, inflated balloon (slightly prolapsing in the aneurysm) and light-conducting micro-
catheter in place; (C) injection of the hydrogel precursor through the microcatheter and (D) polymerized
hydrogel after 8 minutes of 405 nm illumination and removal of the light-conducting microcatheter.
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FIGURE 4.11: Optical fiber in situ illumination through the microcatheter in the aneurysm.

Figure 4.12 shows the progressive deflation and removal of the balloon and solidified pho-
topolymerized hydrogel in situ in almost physiological hemodynamic conditions.
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FIGURE 4.12: Unsubtracted fluoroscopic images of (A) deflation and (B-D) progressive removal of the

balloon. Note that radiopacity is reduced compared to (A) due to slow residual inflow of blood substitute

during polymerization. Recycled contrast agent after re-establishment of blood flow throughout the
model is visible on (C) and (D).

4.5 Discussion

The present study is, to the best of our knowledge, the first to demonstrate the feasibility of in
situ implementation using the same microcatheters as in clinical practice, as well as photoacti-
vation and polymerization of hydrogels to treat intracranial aneurysms.

A major strength of our work is the development of low viscosity precursors injectable through
the same microcatheters as those used for coiling i.e. with an inner diameter of 430 pm (1.7
French outer diameter). In comparison, the injectability of precursors until now was feasible
through 4 to 6 French-catheters (1.33 to 2 mm outer diameter) [99], [107], [108], [224], [226],
[236]. A pH-sensitive hydrogel was injected through a 2 French-catheter (490 pm inner di-
ameter) [102], but so far we found no evidence of a similar or alternative hydrogel injectable
through a 1.7 French-microcatheter or smaller. The viscosity of the precursors was affected
by the PEGDMA concentration since higher concentration of polymer increases the precursor
viscosity. The iodinated contrast agent also influenced the viscosity. By using other clinically
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approved but less viscous contrast agents, it might be possible to further reduce resistance to in-
jection in small microcatheters. Accupaque300 (GE Healthcare) or Visipaque270 (Nycomed),
notably, have a viscosity at 20°C of 11.6 and 11.3 mPa.s, respectively, corresponding to a drop
of almost 40%. Although both polymer concentration and iodinated contrast agent addition
increase the viscosity of the precursors, it is worth mentioning that the precursors viscosity was
still in the range of current injectable radiopaque agents viscosity and that their injectability
through 430 pm microcatheters was validated.

Radiopacity of the hydrogel is indispensable for aneurysm embolization. In this study, the
addition of 50 wt% iodinated contrast agent in the composition allowed both precursor and
hydrogel to be radiopaque. It has been shown that hydrogel radiopacity remains acceptable
under fluoroscopy with 20-25 wt% iodinated contrast medium [97], [99], [100], [102]. In other
words, we could further decrease the radiopaque agent content in our formulation and hence
viscosity, without significantly altering the fluoroscopic visibility of the liquid precursor. It is
known that iodinated contrast agents are subject to leak to the surrounding environment [237],
as it was demonstrated for our hydrogel over the following days due to the immersion process
(Figure 4.7). In contrast to coiling or clipping [46] or use of EVOH agents [238] where artifacts
are usually observed after treatment, the fast leakage of iodine has the potential to increase the
quality of follow up imaging on Computed Tomography (CT) or Magnetic Resonance Imaging
(MRI). The intra-aneurysmal content might become easier to evaluate in terms of recurrence
without the need for follow up digital subtraction angiography (DSA), which requires arterial
catheterization and still carries a small but relevant risk of iatrogenic ischemic stroke [239].

A further novelty of our approach is the use of a new type of water-soluble photoinitiator that
is activated by visible light and allows the hydrogel to completely photopolymerize within 8
minutes for PEGDMAG6k-10 and 5 min for PEGDMAG6k-15. The presence of higher number
of methacrylate groups in PEGDMAGk-15 hydrogels explained the shorter photopolymeriza-
tion time. For biomedical applications, Irgacure2959 remains the most widely used water-
soluble photoinitiator. Its major drawbacks are longer polymerization times, approximatively
25 minutes for 6kDa PEGDMA hydrogels [187], and the need for ultraviolet light, which may
damage the DNA of the encapsulated cells or host tissues [229], [230]. Lithium phenyl2,4,6-
trimethylbenzoylphosphinate (LAP) has recently appeared as a promising water-soluble pho-
toinitiator sensitive to visible light for biomaterials. However, according to the photorheology
results, LAP was found less photoreactive than PEG-BAPO. Other water-soluble visible pho-
toinitiators, such as 2,2-azobis[2- methyl-n-(2-hydroxyethyl)propionamide] (VA-086) or eosin,
used in tissue engineering [240] might also be of interest but were not assessed herein. In-
tralipids were added to the composition for their intrinsic scattering properties. These particles
did not decrease the polymerization time but improved the volume of polymerized hydrogels.
It should be noted that the photorheology bench test we performed was on thin samples (300
pm thickness) under homogeneous illumination using 405 nm light over the whole surface of
the sample. The effect of light scattering particles becomes significant when the sample is poly-
merized in depth and when light is not homogeneously distributed [231]. This was confirmed
by our test in the aneurysm mold, corresponding to polymerization in volumes similar to those
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of intracranial aneurysms. Therefore, adding intralipids seems to enhance light distribution
and photoactivation in complex environments such as a human brain aneurysm. In addition to
the photopolymerization kinetics, it would also be relevant to determine the conversion rate by
spectroscopy techniques, such as FT-IR and NMR.

A handful of studies have focused on the embolization of IAs using chemical and physical
cross-linked hydrogels [99], [107], [226], usually limited by premature gelation or later di-
lution. Takao et al. [99] managed to embolize a wide-necked lateral wall aneurysm using a
thermo-reversible hydrogel but with the drawback of solidifying into the microcatheter during
delivery, rendering their applicability in humans unlikely. Consequently, a further benefit of
the photopolymerizable hydrogel we have developed is the controllability of its solidification.
Indeed, photoactivation can be triggered precisely by the operator by selectively switching the
illumination module on. Moreover, it is theoretically possible to implement a feedback loop
coupled to sound to monitor the solidification process by using light of a different wavelength
through the same optical fiber [241].

The relevance of silicone aneurysms models for in vitro studies to test new devices, such as
coils, stents or embolic agents was previously confirmed in multiple studies [242]. Similar
in vitro pulsatile flow setups for aneurysm embolization (ranging from 100 to 300 ml/min)
were developed in a few studies [107], [108]. A patient-specific carotid ophthalmic aneurysm
silicone model enabled us to assess real-life navigation of the light-conducting microcatheter
prototype, despite limitations such as the absence of endothelial lining or natural elastic and
lubricity conditions. Nonetheless, microcatheterization of the aneurysm and visible light emis-
sion in situ was feasible in physiologically-approaching hemodynamic conditions. Although
a similar optical system was developed by Barnett et al. [97] using a commercially available
Excimer laser catheter sheath attached to a UV connection box for aortic and saccular aneurysm
treatment, its minimal diameter of 0.9 mm limits its use for [As, not to mention the danger of
UV light previously discussed. Pushing an optical fiber through the inner lumen of a 430 um
microcatheter proved to be extremely time consuming in our experience and almost impossible
in case of curvy or loopy anatomy. The risk of breaking the optic fiber was high, as well as the
risk of vessel wall perforation related to the absence of radiopaque marker at the distal tip. The
heat shrink tube ensured mechanical protection of the fibers but increased the bulkiness of the
microcatheter. Braiding the optical fibers directly in the plastic wall of the microcatheter would
be an elegant way to ensure mechanical protection without increasing the overall diameter.

A limitation of our implementation system is that it is difficult to rinse the blood out of the
aneurysm entirely with the precursor and to keep the latter trapped inside to fill the whole vol-
ume before photoactivation. It is also challenging to avoid blood contamination from residual
inflow during balloon inflation that could hinder the polymerization process. We tried to solve
this issue by inflating the balloon in a submaximal fashion so that the precursor could be in-
jected at a rate higher than the residual blood inflow until it leaked out into the parent artery, at
which point the balloon was inflated to obtain complete sealing of the neck. It remains to be
shown whether this technical feature is applicable in a real clinical situation.
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4.6 Conclusion

Our study reveals the potential of photopolymerizable hydrogels for intracranial aneurysm treat-
ment. The developed hydrogels were shown to have a low viscosity enabling injection through
430 pm microcatheters, to solidify within less than 8 minutes using visible light and to be ra-
diopaque under fluoroscopy. The proof-of-concept of in situ implementation of the hydrogel
was validated in a realistic flow model of a human brain aneurysm replica, using a customized
light-conducting microcatheter. While this new type of liquid embolic agent has the poten-
tial to overcome the limitations of current endovascular implants, in vivo studies are needed
to confirm these preliminary results and to evaluate other key features, such as clinical safety,
thrombogenicity, tissue adherence, endothelialization and long-term durability.
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Chapter 5

Toxicity evaluation of photopolymerizable
poly(ethylene glycol) dimethacrylate-based
precursors and hydrogels

5.1 Abstract

In the search for the ideal material for intracranial aneurysms embolization, in sifu injectable
photopolymerizable hydrogels are promising candidates. Hydrogels based on poly(ethylene
glycol) dimethacrylate (PEGDMA) have been proposed due to their injectability, favorable me-
chanical properties and resistance to fatigue. However, their safety to be injected and pho-
topolymerized in situ still needs to be demonstrated. This work thereby aims to evaluate the
biocompatibility and thrombogenicity of the hydrogel precursor and assess the cytotoxicity of
the polymerized hydrogels. To that end, in vitro cell viability and platelet aggregation assays
were performed before moving to an in vivo systemic toxicity study in rats. The new visible
photoinitiator PEG-BAPO was found biocompatible for concentrations below 0.1%. In vitro
tests suggested that the precursors are biocompatible and do not induce platelet aggregation.
The in vivo study in rats proved that PEGDMA hydrogel precursor up to 30 wt% concentration
did not trigger any acute or delayed toxicity, thrombus formation or inflammation, even if 15
times the volume of the aneurysm was injected intravenously. Additionally, polymerized hy-
drogels did not affect the endothelial cells survival and did not support cell adhesion on their
surfaces. Therefore, PEGDMA photopolymerizable hydrogels are expected to be biocompati-
ble if injected for intracranial aneurysms treatment.

Keywords: biocompatibility, thrombogenicity, intracranial aneurysms (IAs), photopolymeriz-
able hydrogels
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5.2 Introduction

Endovascular therapy is nowadays the gold-standard in the treatment of intracranial aneurysmes.
Although solid coils remain the most common procedure, the use of adjunctive endovascular
devices or liquid embolic agents are also emerging [45], [66]. On the one hand, adjunctive en-
dovascular devices such as stents, flow diverters or disruptors have a lower recurrence rate than
coils. Nevertheless, these devices require anti-platelet medication and are based on promoting
fast intrasaccular aneurysm thrombosis, which may cause ischemic strokes due to the thrombus
protrusion in the parent artery lumen or dislodgement of the intrasaccular thrombus [82]. On
the other hand, liquid embolic agents can completely fill the aneurysm volume compared to
the current coils, but also present significant limitations. First, off-target embolization due to
spontaneous solidification in contact with blood is a serious complication since it may cause
arterial occlusion and ischemic stroke. Second, the microcatheter can be entrapped within the
solid embolic agent which makes difficult the retrieval of the microcatheter and even break the
microcatheter tip [69]. Finally, precipitating agents contain dimethyl sulfoxide (DMSO) solvent
which have shown to cause vasospasm and induce angionecrosis if injected too fast [70].

In order to address the shortcomings of the current treatments, novel types of liquid embolic
agents are being developed [163]. Among them, in situ injectable hydrogels are of great in-
terest. Their controllable solidification [171] could reduce the risk of off-target embolization.
Moreover, their high water content and structural similarity to the extracellular matrix (ECM)
of biological tissues [121] could lower their toxicity and thrombogenicity. Particularly, hydro-
gels based on poly(ethylene glycol) (PEG) are commonly used in tissue engineering applica-
tions [172] due to their hydrophilicity, non-toxicity, favorable mechanical properties and ease
of chemical modification.

Herein, photopolymerizable hydrogels based on PEGDMA were developed with the aim of
treating intracranial aneurysm. Previous works have demonstrated that the implementation
and mechanical properties of PEGDMA hydrogels make them a promising candidate [169],
[178]. Nonetheless, the safety of these biomaterials needs to be taken into consideration and be
demonstrated in order to meet regulatory requirements. Indeed, the hydrogel precursor must be
biocompatible and safe to be injected in its liquid state as a fraction of the precursor is bound to
leak into the blood flow, even under balloon assistance. Moreover, the polymerized hydrogels
must also be non-toxic, following ISO-10993 guidance (Figure 5.1).

This study is hence devoted to the evaluation of (1) the in vitro cell viability and platelet aggre-
gation in contact with the PEG-BAPO photoinitiator and PEGDMA precursor, (2) the in vivo
systemic toxicity of the precursors in rats to identify any acute or delayed toxicity, thrombus
formation or inflammation and (3) the in vitro biocompatibility and cell adhesive properties of
the polymerized hydrogels.
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FIGURE 5.1: (1) Injection of the hydrogel precursor into the intracranial aneurysm, where leakage into

the parent artery is bound to be expected even under balloon assistance. (2) 405 nm illumination to

polymerize the hydrogel precursor. (3) Formation of the polymerized hydrogel and removal of the light-

conducting microcatheter and balloon. (4) Biocompatibility of the precursor and hydrogel for the sur-
rounding endothelial cells and absence of thrombus formation.

5.3 Materials and methods

5.3.1 Materials

PEGDMA was synthesized from poly(ethylene glycol) (PEG, M,, = 6000 g/mol) purchased
from Sigma Aldrich (Merck, Switzerland) according to a modified procedure from Lin-Gibson,
Bencherif, Cooper, et al. [175]. The iodine-based contrast medium Accupaque (350 mg/ml, GE
Healthcare, Chicago, IL, United States) was provided by the Bern University Hospital and the
intravenous fat emulsion Intralipid 20% was purchased from Sigma Aldrich (Merck, Switzer-
land). Poly(ethylene glycol) substituted bis(acyl)phosphane oxides (PEG-BAPO) photoinitiator
was synthesized by phospha-Michael addition [131]. Human umbilical vein endothelial cells
(HUVEC) were purchased from ATCC and EGM Endothelial Cell Growth Medium BulletKit
(Lonza, Switzerland) was used for the cell culture and experiments.

5.3.2 Hydrogels preparation

The PEGDMA hydrogel precursor was composed of 10-30 wt% of PEGDMA with the molecu-
lar weight of 6 kDa and 0.1 wt% PEG-BAPO in equivalent weight concentrations of phosphate
buffered saline (PBS) and Accupaque. The hydrogel precursors were homogenized by Vortex
and degassed using a vacuum pump. Then, the precursors were sterilized through a 0.22 ym
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syringe-filter (Rotilabo, Car Roth, GmbH). Finally, intralipids (5 wt%) were added to the pre-
cursors. The nomenclature used in the following was PEGDMAG6k-a, where a represents the
polymer concentration (10-30 wt%). All samples were illuminated for 10 min at a wavelength
of 405 nm and an intensity of 15 mW/cm?.

5.3.3 Evaluation of the biocompatibility and thrombogenicity of the hy-
drogels precursors

Cytotoxicity of PEG-BAPO photoinitiator

The cell proliferation in contact to PEG-BAPO photoinitiator at different concentrations (0.5,
0.1 and 0.05 w/v%) was determined using MTS assay (Cell Titer 96-Aqueous One Solution Cell
Proliferation Assay, Promega). Bovine chondrocytes were cultured on a 96-well plate with 100
1 of culture medium in each well and incubated for 72h for cell attachment and confluence. The
culture medium was aspirated and 100 pl photoinitiator solution was put in contact with cells
during 1, 4 and 72 hours. 10 pl CellTiter was added and the plate was incubated for 90 minutes.
The absorbance at 490 nm was then measured using a microplate reader (Wallac 1420 Victor2,
PerkinElmer). Wells without PEG-BAPO solutions were considered as positive controls.

Cell viability assay

The cytotoxicity of the PEGDMAG6k-10 precursor was investigated by cell viability assay. Hu-
man umbilical vein endothelial cells (HUVEC) were cultured on a 96-well plate with 10’000
cells/well and 100 pl of culture medium in each well. HUVEC were incubated for 48h and
evaluated for cell attachment and confluence. The culture medium was aspirated and 100 pul of
different conditions of precursor was put in contact with cells during one week. Constant con-
centrations of 0.1, 0.5, 1, 2.5, 5 and 10 vol% were tested. Three rounds of serial dilutions of the
precursor were also performed. For each of the dilution rounds, pure precursor was placed in
contact with HUVEC for 10 min, aiming to simulate the contact of HUVEC with the precursor
during the injection and photopolymerization, 10 min being the maximum polymerization time
required for aneurysm application. Then, the precursor was diluted at three different speeds,
as shown in Figure 5.2, corresponding to the potential dilution of the precursor into the blood
stream during leakage in the parent artery. To evaluate the cell viability after several time points
(24h, 72h and 168h), the medium was aspirated and each well was filled with 100 pl of PBS
with 10 vol% PrestoBlue assay (A13261, Life Technologies). The culture medium was replaced
every 3 days. The fluorescence at 595 nm was measured by a microplate reader (Wallac 1420
Victor2, PerkinElmer) after 30 min of incubation. Wells without precursor were considered as
positive controls.
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FIGURE 5.2: Progressive and instantaneous dilutions of the precursor to simulate the possible leakage
of precursor into the blood flow.

Platelet aggregation assay

Platelet aggregation, for different concentrations of the PEGDMAG6k-10 precursor ranging from
0.1 to 10 vol%, was determined as previously described [243]. Briefly, healthy human blood
samples were centrifuged for 15 min, 200 g at room temperature (RT) and platelet-rich plasma
(PRP) was collected. Blood samples were centrifuged again for 15 min, 500 g at RT and platelet
poor plasma (PPP) was collected. 20 ul of different concentrations of precursor was put in
a 384-well plate and 20 ul of PRP was added in each well. The plate was agitated for 15
min, 1200 RPM at RT. The absorbance at 595 nm was measured and platelet aggregation was
determined by normalization with Tyrode buffer (0% aggregation) and PPP (100% aggregation).
Collagen I (Molab, ref 0203009) at 5 p1g/ml was also used as positive control since collagen is
a subendothelial thrombogenic protein responsible for platelet activation and aggregation.

In vivo evaluation of the hydrogel precursor toxicity

The in vivo study was approved by the Veterinary Office of the Canton of Zurich, Switzerland
and followed the Swiss Animal Care Guidelines. The systemic toxicity of the hydrogel pre-
cursors was evaluated in healthy female Han Wistar rats for 21 days. Four animals per group
(body weight BW 220-300 g) were included in the study and randomly assigned to the treatment
groups. Two groups of hydrogel precursors were tested: PEGDMA with a molecular weight of
6 kDa at 10 and 30 wt% concentration (PEGDMAG6k-10 and PEGDMA6k-30 groups). Admin-
istration of saline (0.9% NaCl) was used as control. After the acclimatization phase of 7 days
at least, the hydrogel precursor was injected intravenously under anesthesia into the tail vein
during 60 s at a dosage of 0.09 ml/100g BW. This dosage was fixed by assuming that 5 times
the volume is required to properly fill the aneurysm and this volume was tripled to mimic an
accidental overdose. Hence, the equivalent of 15 times the aneurysm volume was injected as
safety factor.
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Blood samples were taken directly before and after injection and at day 3, 7 and 21 after in-
jection for hematology and biochemistry analysis in order to identify acute or delayed toxicity
and thrombus formation. Hematology variables included hematocrit, hemoglobin, red blood
cell count (RBC), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin con-
centration (MCHC), mean corpuscular volume (MCV), leukocytes count, platelets count, mean
platelet volume and plateletcrit. Biochemistry parameters included total bilirubin, urea, crea-
tinine, albumin, alkaline phosphatase, aspartate aminotransferase (ASTA), alanine aminotrans-
ferase (ALTA) and gamma glutamyltransferase (GGT). After 3 weeks, the rats were sacrificed
and subjected to gross necropsy. Heart, abdominal aorta, vena cava, liver, adrenals, kidneys,
skin, spleen, muscle, brain, ovaries, lungs, bronchi and femur bone marrow were weighted and
full organ histology was performed.

5.3.4 Evaluation of the biocompatiblity of the polymerized hydrogels
Cytotoxicity of polymerized hydrogels

To examine the possible toxicity of the solid, polymerized PEGDMA6k-10 hydrogels, HUVEC
were cultured on a 48-well plate with 100 000 cells/well and 1 ml of culture medium in each
well. The cells were incubated during 24 hours for cell attachment and confluence. Cell strain-
ers (70 pm pluriStrainers, pluriSelect) were laid on the top of the wells and hydrogel samples
were placed in the strainers. Since unreacted particles, mainly the radicals, can be released in
the blood stream during hydrogel swelling process and have a negative impact on cell viability,
we assessed their impact with a PrestoBlue assay immediately after polymerization (as-prepared
hydrogels) and after 1 day of incubation in PBS (swollen hydrogels). The culture medium was
replaced every 3 days.

Cell adhesion on hydrogel surfaces

The cell adhesive properties of the hydrogel surfaces were evaluated. PEGDMAG6k-15 hydro-
gels were directly photopolymerized on a 96-well plate and incubated in PBS for 2h and then in
culture medium for 12h to remove unreacted components prior to cell seeding. HUVEC were
seeded on the surface of the hydrogels at a density of 20 000 cells/cm? and incubated prior
to immunostaining assays. One day following the seeding, non-adherent cells were removed
by washing several times with PBS and adherent cells were fixed using 4% paraformaldehyde
solution for 10 min and permeabilized in 0.2% Triton X-100 for 10 min. The cytoskeleton
of HUVEC was labeled with Alexa Fluor 488 phalloidin fluorescent dye (Life Technologies)
and the nucleus with DAPI fluorescent dye. Fluorescent images were acquired using inverted
fluorescence microscope (Nikon Eclipse Ts2R with 10x lens).

5.3.5 Statistical Analysis

Each experiment was performed in triplicate or more and the statistical data analysis was per-
formed with MATLAB (Mathworks, Natick, MA, United States). All data are expressed as
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mean + standard deviation. One-way analysis of variance (ANOVA) was used for compari-
son. p < 0.05 was considered as a significant result (denoted as *) and p > 0.05 non-significant
(denoted ns). p < 0.01 was denoted as **.

5.4 Results

5.4.1 Biocompatibility and thrombogenicity of the precursors
Cytotoxicity of PEG-BAPO photoinitiator

The cytotoxic effects of the PEG-BAPO photoinitiator solutions at different concentrations are
shown in Figure 5.3. PEG-BAPO did not trigger a significant decrease of the cell viability for
concentrations lower than 0.1% compared to the control without photoinitiator. However, when
the cells were exposed to 0.5% PEG-BAPO, the cell survival significantly decreased to 11.59
4+ 1.58 and 2.62 £ 1.35 after 1 and 72h of exposure, respectively. Low concentrations of PEG-
BAPO (< 0.1%) seem hence to be non-toxic for the cells. Accordingly, a concentration of 0.1%
was used for all precursors and hydrogels in the following.
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FIGURE 5.3: Cell viability after 1, 24 and 72h of contact with different concentrations of PEG-BAPO
photoinitiator (n=3).

Cytotoxicity of the hydrogel precursor

As displayed in Figure 5.4, the PEGDMAG6k-10 hydrogel precursor was diluted to different
concentrations, ranging from 0.1 to 10%. The viability assay showed that a concentration of 10
vol% lead to 49.65 £ 3.77% cell death after 3 days of contact, which was non significantly dif-
ferent after 1 week of contact. For concentration lower than 5 vol%, the viability increased after
3 days and a decrease was noticed after 1 week. The cell viability was higher than 70% over
one week in contact of precursors at concentrations lower than 5 vol%. Similarly, incubation of
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HUVEC cells with pure PEGDMAG6k-10 precursor during 10 min (representing the worst-case
scenario with the most toxic concentration of leaked precursor in the parent artery during bal-
loon inflation and in situ illumination) did not negatively impact viability, as shown for the serial
dilutions at different speeds. This result suggests that longer contact time of low concentration
precursor (<5 vol%) is highly unlikely to be toxic under realistic in vivo conditions.
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FIGURE 5.4: HUVEC viability after 1, 3 and 7 days of contact with different concentrations and dilutions
of PEGDMAG6k-10 hydrogel precursor (n=4).

Platelet aggregation of the hydrogel precursor

Platelet aggregation was measured for different concentrations of PEGDMAG6k-10 precursor,
ranging from 0.1 to 10 vol% and compared with Tyrode buffer as negative control and Collagen
I and PPP, as positive controls, as shown in Figure 5.5. The assay indicated the aggregation of
the precursor at different concentrations are not significantly different from the negative control,
where the platelets did not aggregate. The negative values of aggregation might be explained
by the sampling variations (n=3 donors, 3 samples/donor). Therefore, for concentration lower
than 10 vol%, the PEGDMAO6k-10 precursor seems not to induce any platelet aggregation.
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FIGURE 5.5: Platelet aggregation of different concentrations of PEGDMAG6k-10 hydrogel precursor
(n=3).

In vivo systemic toxicity of the precursors in rats

* General clinical examination and body weight

The systemic toxicity of the PEGDMAG6k-10 and PEGDMAG6k-30 precursors was evaluated in
rats over a period of 21 days. No alterations in the animals well-being were noticed during
the daily general clinical examination. Additionally, the body weight of the rats was monitored
throughout the 21 days of the in vivo study. The gain in body weight of rats treated with
PEGDMAG6k-10 and PEGDMAG6k-30 groups did not show significant difference compared with
the control group, as shown in Figure 5.6.
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FIGURE 5.6: Gain in body weight of the rats during the experimental study, showing no variations
between the treated and control groups (n=4).

The absolute values for all hematological and biochemical variables for control, PEGDMA6k-
10 and PEGDMAG6k-30 groups are summarized in Tables 5.1, 5.2 and 5.3 (Supplemental data),
respectively.

* Hematological analysis

The results of the normalized hematological variables are presented in Figure 5.7. The results
were normalized to the ones before injection (day O pre-injection). Hematological variables of
treated groups were not significantly different than the control group, except isolated cases. For
instance, a significant decrease in the platelets count and plateletcrit levels at day 3 was noticed
for PEGDMAG6kK-30 group. Overall, no marked variations were noticed over the 21 days.

* Biochemical analysis

The results of the normalized biochemical blood variables are presented in Figure 5.8. Simi-
lar to hematological parameters, the biochemical blood analysis did not reveal any significant
differences, except a decrease of urea at days 3 and 7 and a decrease of ALT at day 7 for
PEGDMAG6k-30 group. Directly after injection and after 21 days, all biochemical blood param-
eters of PEGDMAG6k-10 and PEGDMAG6k-30 precursor groups were not significantly different
than the control group.
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FIGURE 5.7: Normalized hematological variables to the ones before injection, showing no marked vari-
ations over the 21 days of the PEGDMAG6k-10 and PEGDMAG6k-30 groups compared to the control (*
Statistically significant differences p < 0.05) (n=4).
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(* Statistically significant differences p < 0.05) (n=4).

* Histopathological examination

After sacrifice, the animals organs presented normal morphology and no sign of necrosis. Fur-
thermore, the organ weight to body weight ratio calculated after 21 days of injection was com-
parable between treated and untreated groups for heart, liver, spleen, brain, lungs, kidneys and
adrenals (Figure 5.9). The histopathological examination was carried out for the major organs
and revealed no changes in their cellular structure. No signs of thrombosis, inflammation reac-
tion, tissue damage or necrosis was found for all organs of treated and control groups.
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FIGURE 5.9: Organ weight to body weight ratio at 21 days after injection (n=4).

5.4.2 Biocompatibility of polymerized hydrogels

Beyond a week of contact with HUVEC, polymerized as-prepared and swollen PEGDMA6k-10
hydrogels exhibited a viability of 89.78 £ 14.65 and 97.65 + 8.33%, respectively, as shown in
Figure 5.10.A. The cytotoxicity of the as-prepared and swollen hydrogels was not significantly
different. Potential unreacted particles into the polymerized hydrogels, such as radicals, did not
show significant negative effects on the metabolic activity of the cells.

The cell adhesion on the polymerized hydrogel surface was also studied. The assay indicated
that only a few cells were attached to the hydrogel surface after 1 day of incubation, as shown
in Figure 5.10.B.
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FIGURE 5.10: (A) HUVEC viability measured by PrestoBlue assay after 1 week of direct contact with
as-prepared and swollen PEGDMAG6k-10 hydrogels (n=3). (B) Microscopic image of immunostaining
assay for PEGDMAG6k-10 hydrogels after 1 day of HUVEC adhesion.
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5.5 Discussion

The present study aimed to evaluate the toxicity of the precursors and hydrogels, mainly com-
posed of PEGDMA polymer and a novel visible photoinitiator PEG-BAPO, designed for the
treatment of intracranial aneurysms. Our work validates the safety of the injection in the neuro-
and cardiovascular system of the PEGDMA precursor at a concentration up to 30% and sug-
gested that PEGDMA hydrogel is biocompatible for the surrounding endothelial cells.

Since leakage of the hydrogel precursor into the parent artery is virtually inevitable and should
be expected during the injection within the aneurysm, biocompatibility and non-thrombogenicity
of the PEGDMA hydrogel precursor are essential. Compared to precipitating embolic agents
containing potentially toxic DMSO [244], the photoactive PEGDMA hydrogel precursor we
have developed consists of solvents already in clinical use, PBS and Accupaque. The biocom-
patibility of PEGDMA pre-polymer and PEG-BAPO photoinitiator components present in the
formulation was, however, important to investigate. Our results showed that the cell survival
was not negatively affected in contact to PEG-BAPO photoinitiator at a concentration below
0.1%. Specific tests were designed to simulate the dilution of the precursor into the blood
stream. No toxicity for endothelial cells and no platelet aggregation were found. Additionally,
contrary to chemical, temperature- or pH-sensitive hydrogel precursors that have a high risk of
spontaneously polymerizing in the parent artery in case of leakage, our light-sensitive precursor
is selectively polymerized on demand with visible light avoiding the risk of spontaneous poly-
merization. However, a limitation of our in vitro study is that the PEG-BAPO and precursor
were not exposed to visible light illumination. Studies have demonstrated that the cell survival
was not reduced after 10 min of 365 or 480 nm light exposure [245], [246]. Moreover, the use
of 405 nm visible light was selected in this work to prevent the risks of phototoxicity induced
by UV light [229], [230].

To supplement our in vitro results indicating that the precursor should be harmless if injected
into the blood stream and determine potentially harmful effects, the systemic toxicity of the
PEGDMAG6k-10 and PEGDMAG6k-30 precursors were further tested in vivo in rats by intra-
venous injection. The rodents were the preferred animal model for this study as it was rec-
ommended in ISO 10993-11. A safety factor was applied to the volume of injected precursor,
corresponding to 15 times the aneurysm volume.

First, the evaluation of hematological variables enables the identification of adverse effects of
foreign substances on the blood constituents, in particular red blood cells, platelets and leuko-
cytes. Out of all the hematological variables assessed in this study, the PEGDMAG6k-10 precur-
sor did not show any significant variations throughout the 21 days after injection while only iso-
lated changes were noticed for PEGDMAG6k-30 precursor. The decrease of both platelet count
and plateletcrit 3 days after the injection suggested that platelets have been excessively con-
sumed [247]. After 7 days, the simultaneous augmentation of MCHC and reduction of MCV re-
vealed contradictory effects. These variations were minor as MCHC and MCV showed normal
values for the other time points. The hematological effects are hence unclear for PEGDMA6k-
30 precursor, but seemed not substantially negative.
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Second, the biochemical parameters are also useful to assess the liver functionality, since the
liver plays a key role in the drug metabolism, involving the biotransformation and excretion of
toxic exogenous substances. Alkaline phosphatase, GGT, ASTA and ALTA were used to test
liver injury [248] and did not reveal any adverse alterations. No changes in the level of total
bilirubin and albumin, two biomarkers of the liver function [248], also indicated that the liver
is not affected by the precursors injection. Moreover, creatinine and urea, investigated in this
study, are the standard biomarkers of kidney injury diagnosis [249]. The significant low level
of urea for PEGDMAG6k-30 group 3 and 7 days after injection might involve a higher kidney
function. The functions of vital organs, such as the liver and the kidney, thereby seem not con-
siderably affected by the overdose injections of PEGDMAG6k at a concentration of 10 and 30%.
Third, the organ weight to body weight ratio is also a proper indicator of the toxicity of a sub-
stance [250] and is mainly associated to atrophy or hypertrophy of an organ. Out of all the
organs investigated in the study, the weight analysis did not show abnormalities, which cor-
roborates with the preceding hematological and biochemical analysis. The histopathological
analysis is consistent and supplements the toxicity study, revealing neither thrombosis nor in-
flammatory reactions.

Finally, the in vivo toxicity results imply that 6 kDa PEGDMA precursor up to 30% concen-
tration do not trigger any acute or delayed toxic, thrombogenic and inflammatory effect and
therefore is safe to be injected in the neuro- and cardiovascular systems.

With regard to the polymerized hydrogels, in vitro cell viability assay suggested that the hy-
drogels in the solid state are biocompatible as the hydrogels did not trigger any cytotoxicity
for the endothelial cells, according to the ISO 10993-4 guidance. Moreover, the cell adhesion
assay confirms that PEGDMA hydrogels are bioinert and do not induce any cell attachment
[251]. This bioinert nature is due to the hydrophilicity of the PEGDMA polymer enabling
protein adsorption repelling [252], [253]. On the one hand, this property could avoid platelet
aggregation and thrombus formation at the hydrogel surface. On the other hand, the absence of
cell adhesion could limit the endothelialization at the aneurysm neck. Finally, cytotoxicity and
thrombogenicity of the hydrogels have to be further studied and confirmed in vivo, which we
will test in an elastase aneurysm model in rabbits [254].

5.6 Conclusion

In the present study, the injection of PEGDMA photopolymerizable hydrogel precursors into
the neuro- and cardiovascular systems, in overdose conditions, was demonstrated to be safe in
vivo. PEGDMA precursors did not induce any acute or delayed toxicity, thrombus formation or
inflammatory response. The polymerized PEGDMA hydrogels were also found to be biocom-
patible for endothelial cells and did not promote cell adhesion in vitro. Future work will involve
an in vivo study in elastase-induced aneurysms in rabbits to evaluate the implantation, safety
and long-term performance of the PEGDMA hydrogels.
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5.8 Supplementary data

Control group \ 0 pre 0 post 3 7 21
Hematocrit [%] 42.65 +0.94 40.80 +1.33 4090+ 1.43 40.75+1.71 44.65+ 047
Hemoglobin [g/dI] 1437 +£049 13.75+046 13.71+0.5 13.56+0.62 1498 +0.22
RBC [x10°¢/pul] 7.65+0.15 728+0.17 723+£0.15 7274+0.12 7.954+0.09
MCH [pg] 19 19.3 £0.48 19 193 £048 18.7+ 048
MCHC [g/dl] 33.65 £ 047 33.65 +0.47 33.65+ 047 33.65+0.47 33.55+0.53
MCV [fl] 56 +1.41 5595 +142 56.65+1.25 573+095 56.1+143
Leukocytes count [x10%/ul] | 13.17 £0.82 13.324+0.85 13.82 +0.86 13.84 4294 12.52 +1.24
Platelet count [x103/ul] 77533 +£95 742.65+82 977.9+97 983.95+59 841.25+ 64
Mean platelet volume [fl] 7.6 +0.16 7.64 £021 7.53+0.17 7.53+0.13 7.7 +0.29
Plateletcrit [%] 0.59+0.08 057+0.07 074+£0.09 0.74+0.06 0.654+0.05
Albumin [g/1] 47.00+3.56 41.95+3.35 4855+3.85 48.95+£393 51.55+543
Alkaline Phosphate [U/1] 109.65 £ 12 93.6 £ 12 111.05 £ 26 112 £ 24 111.1 £17
Creatinine [pmol/1] 36.33+3 31.7+4 36.35+ 1 394+5 39.55+5
Urea [mmol/1] 5.55 +0.25 5.6 £0.49 588+0.65 639+0.73 6.68 +1.18
ASTA [U/] 80.33 £ 16 72.75 £ 15 774 + 17 98.85 + 23 99.05 £+ 36
ALTA [U/] 37.65 7 32.85+7 41.63 +£9 4525+ 5 503+ 12
GGT [UN] <3 <3 <3 <3 <3
Total bilurin [gmol/1] <2.5 <2.5 <2.5 <2.5 <2.5

Body weight [g]

|

285.50 =24 286.75 £24 29225 +24 31250 %27

TABLE 5.1: Absolute values of the control group for all variables at day O pre and post-injection, 3, 7
and 21 after injection.
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PEGDMAG6k-10 group | Opre 0 post 3 7 21
Hematocrit [%] 43254+096 39.54+2.38 40 + 1.41 42 +1.41 46.25 £ 2.5
Hemoglobin [g/dI] 1455 £0.61 13.25+0.7 13.4 £0.48 14 4+ 0.45 15.1 =047
RBC [x10°/pul] 774 +£034 7.054+043 7.05+024 7384+028 7.824+0.37
MCH [pg] 18.75 £ 0.5 18.75 £ 0.5 19.25 £ 0.5 19 19.25 £ 0.5
MCHC [g/dl] 34 +1.15 3375+ 0.5 3375+ 05 33.5+£0.58 334+ 141
MCV [fi] 56 = 1.41 56 £ 1.41 565+ 1 56.5 +0.58 59.25 +4.03
Leukocytes count [x103/ul] | 13.48 £2.66 13.83 £4.1 12,154+ 1.59 13.63 +£2.26 12.15 + 3.53
Platelet count [x10/pl] 727 £ 149 74325+ 155 880.25 £ 161 964.5 +262 781 4+ 197
Mean platelet volume [fl] 7.83 £ 0.51 7.78 +0.46 7454+029 7384+0.19 8.18 £1.18
Plateletcrit [%] 0.57 £ 0.1 0.58 +0.13 0.66 £+ 0.13 0.72 £ 0.2 0.64 +=0.19
Albumin [g/1] 4375 +1.89 3550+332 44504208 4650+1.73 47.50+3
Alkaline Phosphate [U/1] 119.75 £ 36 97 £ 26 105.5 4+ 38 99.5 £+ 31 103.75 £ 22
Creatinine [pmol/1] 37.25+£5 2925 +4 3533 +£2 34 £2 4025 £2
Urea [mmol/1] 6.48 £+ 0.53 5.8 +0.28 5907+ 1.77 650+146 7.65+0.77
ASTA [U/] 76 £ 7 59+4 75.75 £ 10 74 £2 90 £+ 23
ALTA [U/N] 355+ 11 31.67 +£2 40.25 +7 385+6 3025+6
GGT [UN] <3 <3 <3 <3 <3
Total bilurin [pmol/1] <2.5 <2.5 <2.5 <2.5 <2.5
Body weight [g] \ - 283.25 £18 280.75 £ 16 289 + 15 310.25 £ 20

TABLE 5.2: Absolute values of the PEGDMAG6k-10 group for all variables at day O pre and post-
injection, 3, 7 and 21 after injection.
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5.8. Supplementary data

PEGDMAG6k-30 group \ 0 pre 0 post 3 7 21
Hematocrit [%] 44 +2.16 30+4.69 39.754+126 41.25+1.26 44 + 1.83
Hemoglobin [g/dI] 14.63 +£0.85 12.85+1.44 13.43 +0.61 14.15 4+ 0.5 14.98 + 0.54
RBC [x10°/pul] 7.6 £0.59 6.68 + 0.98 6.9 +043 7.28 +0.33 7.76 £ 0.24
MCH [pg] 19.25 £ 1.26 195+ 1 195 + 1 19.25 £ 0.5 19.25 +0.96
MCHC [g/dl] 33.54+0.58 33.254+0.5 34 +0.82 34.5 + 0.58 34 +0.82
MCV [fi] 58 £1.41 5825+ 1.89 57.75+236 56.75+1.71 56.75+1.71
Leukocytes count [x10%/ul] | 8.1 + 1.44 7.5+ 1.87 9.9 +222 8.55 +2.06 94+19
Platelet count [x10/pl] 9935+ 159 8575+ 166 9235+ 116 1084.75+ 195 965.25+ 155
Mean platelet volume [fl] 743 +£0.15 735+£024 758 £0.17 7.5 +£0.35 7.4 +£0.12
Plateletcrit [%] 0.73+£0.11 0.63£0.11 0.7 £ 0.08 0.81 =0.13 0.72 £ 0.12
Albumin [g/1] 46.50 +£2.08 35.50+4.36 4525+299 46.50+480 51.25+5.68
Alkaline Phosphate [U/1] 159.5 + 39 122.5 £ 27 139.5 + 31 128.25 £ 24 113.75 £ 42
Creatinine [pmol/1] 311 26 £ 5 31 +£2 3525+4 3443
Urea [mmol/I] 6.13+0.64 573+£0.81 548+0.34 5.3 +£0.65 7.35 + 3.49
ASTA [U/] 90.25 + 18 60.75 £ 6 80 +4 81+9 87.25 + 19
ALTA [U/N] 46.5 3 37+4 3875+ 6 3775 £ 11 455+5
GGT [U/] <3 <3 <3 <3 <3
Total bilurin [pmol/1] <2.5 <2.5 <2.5 <2.5 <2.5
Body weight [g] \ - 28275 £20 284.254+24 29225+ 21 314.25 £ 22

TABLE 5.3: Absolute values of the PEGDMAG6k-30 group for all variables at day O pre and post-
injection, 3, 7 and 21 after injection.
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Chapter 6

Improving cell adhesive properties of
photopolymerizable PEGDMA hydrogels
by biofunctionalization with GelMA

6.1 Abstract

The regeneration of an endothelium layer at the aneurysm neck after implantation, called in situ
endothelialization, seems to be essential for aneurysms healing. Endothelial cells migration,
adhesion and proliferation as well as endothelial progenitor cells homing and differentiation are
mechanisms promoting the endothelium growth. In this work, we propose the biofunctional-
ization of poly(ethylene glycol) dimethacrylate (PEGDMA) hydrogels by gelatin methacrylate
(GelMA) as a strategy to enhance their bioactivity. The influence of GelMA concentration was
evaluated in terms of cell adhesion and migration, compressive modulus, swelling characteris-
tics, resistance to fatigue under pulsatile flow, viscosity and photopolymerization time. It was
found that the endothelial cells migrated, adhered, spread and formed a cellular network after
one week of culture on the hybrid hydrogels composed of 5% GelMA and 10% PEGDMA. In
comparison, neat PEGDMA hydrogels did not promote any cell adhesion. The incorporation of
GelMA into PEGDMA network significantly improved the cell adhesive properties of the hy-
drogels. The mechanical properties of the hybrid hydrogels were unchanged and matched the
elastic modulus and compliance of aneurysmal tissue. In addition, the hydrogels withstood 5.5
million cycles without significant loss of weight or elastic modulus. The swelling characteristics
were significantly reduced, reaching almost no swelling. Moreover, the hybrid hydrogel pre-
cursor demonstrated to be injectable through 430 m microcatheters and polymerizable within
8 min of visible illumination. Further research is however necessary to confirm the in situ en-
dothelialization potential of the PEGDMA-GelMA hydrogels.

Keywords: endothelialization, bioactivity, cell adhesion and migration, gelatin methacrylate,
hybrid hydrogels, intracranial aneurysms
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biofunctionalization with GelMA

6.2 Introduction

The healing of intracranial aneurysms seems to be facilitated by the regeneration of a confluent,
mature and healthy layer of endothelium in order to completely exclude the aneurysm from the
parent artery [83], [255]. The endothelium plays a central role in maintaining hemostasis and
regulating inflammation and thrombosis [256], [257]. The endothelialization serves as a phys-
ical barrier to prevent direct contact between the blood and the embolic agent, thereby prevent
thrombosis and restore endothelium function. Endothelialization of the embolic agent can be
achieved in vitro or in situ. In vitro endothelialization consists of endothelial cells (ECs) or en-
dothelial progenitors cells (EPCs) seeding and surface modifications prior implantation. In situ
endothelialization occurs by ECs migration, adhesion and proliferation and by circulating EPCs
homing and differentiation into mature ECs after implantation in vivo [258]-[260], as displayed
in Figure 6.1. In situ endothelialization is preferred over in vitro due to tedious and costly cell
seeding, impracticality in case of emergency and high risks of contamination of the latter [83].

Several strategies have been developed on platinum coils to accelerate the in sifu healing re-
sponse of the aneurysm by coating bioabsorbable polyglycolic/polylactic acid (PGLA) copoly-
mers or incorporating polyglycolic acid (PGA) polymer. These bioactive coils have demon-
strated a fibrous tissue deposition at the aneurysm neck in vivo [62], [63], but the recurrence,
recanalization and retreatment outcomes were not improved compared to platinum coils [64],
[65]. Flow diverters also aim to induce endothelial cell growth along the device [216], however
this technique is associated with long-term antiplatelet therapy.

Hydrogels have been tremendously used in the field of tissue engineering and regenerative
medicine [261]. Notably, naturally-derived hydrogels possess inherent bioactive properties, pro-
moting cell attachment and tissue regeneration [262]. In previous papers, we have proposed an
in situ photopolymerizable hydrogel based on poly(ethylene glycol) dimethacrylate (PEGDMA)
to treat intracranial aneurysms. Nonetheless, the synthetic origin of PEGDMA polymer imparts
its bioinert nature and limits the cell attachment. As a result, various ECM-mimetic bioac-
tive modifications, such as ECM-derived peptides and proteins, glycosaminoglycans (GAGs)
and growth factors have arisen to overcome the lack of bioactivity of PEG [135]. Among the
biofunctionalizations, gelatin is frequently used as ECM-derived protein as it is obtained by hy-
drolysis of collagen, the most abundant ECM protein. Gelatin as well as methacrylated gelatin
(GeIMA) contain numerous arginine-glycine-aspartic acid (RGD) adhesive peptide sequences
and matrix metalloproteinase (MMP) sequences, favoring cell attachment and remodeling, re-
spectively [263], [264]. The incorporation of GeIMA into PEGDMA hydrogels has shown cell
adhesive properties enhancement [142], [143].

Here, we explore the in sifu endothelialization potential of PEGDMA hydrogels by incorpo-
ration of GeIMA. The cell adhesive properties of the hydrid hydrogels in static and dynamic
conditions were assessed according to GelMA concentration into the PEGDMA network, as
well as the cell migration. In addition, the physical and mechanical properties of the hybrid
hydrogels were evaluated by swelling, compression, fatigue testing while the injectability and
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photopolymerization kinetics were determined by photorheology.

Directly after implantation Weeks after implantation

1 ECs migration,
adhesion and proliferation
2 EPCs homing

endothelial cells neointima formation and differentiation

//"_\ )
circulating endothelial /

progenitor cells (EPCs)

polymerized hydrogel

FIGURE 6.1: After several weeks of implantation, the polymerized hydrogels should promote neointima

formation at the aneurysm neck to completely exclude the aneurysm from the parent artery. In situ

endothelialization occurs by ECs migration, adhesion and proliferation and by circulating EPCs homing
and differentiation into mature ECs.

6.3 Materials and Methods

6.3.1 Materials

Poly(ethylene glycol) (PEG, M,, = 6000 g/mol), gelatin from porcine skin (Type A, bloom 300)
and methacrylic anhydride were purchased from Sigma Aldrich (Merck, Switzerland). The
1odine-based contrast medium Accupaque (350 mg/ml, GE Healthcare, Chicago, IL, United
States) was provided by the Bern University Hospital. Poly(ethylene glycol) substituted bis(acyl)
phosphane oxides (PEG-BAPO) photoinitiator was synthesized by phospha-Michael addition
[131]. Lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP) photoinitiator was purchased
from Sigma-Aldrich (Merck, Switzerland). Human umbilical vein endothelial cells (HUVEC)
were purchased from ATCC and EGM Endothelial Cell Growth Medium BulletKit (LLonza,
Switzerland) was used for the cell culture and experiments.

6.3.2 PEG and gelatin methacrylation

PEGDMA was synthesized from PEG according to a modified procedure [175].

The methacrylation of gelatin was performed according to an established protocol [265]. Briefly,
gelatin was dissolved at 10 w/v% in PBS at 60°C. After complete dissolution, 4 g of methacrylic
anhydride was added dropwise to the solution and stirred for 3h at 55°C. The solution was di-
luted several times with PBS to terminate the reaction. The solution was dialyzed in deionized
water (diH;O) for 24h to remove methacrylic acid byproducts and then lyophilized and stored
at 4°C before use. The degree of functionalization of GeIMA was found by 'H-NMR integrals
to be around 75%.
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6.3.3 Hydrogels preparation

The precursors were prepared with a constant total polymer concentration of 15 wt%. PEGDMA
and GelMA were mixed at 15:0, 14:1, 12.5:2.5, 10:5 and 0:15 ratios in equivalent weight con-
centrations of PBS and Accupaque at 37°C (to avoid spontaneous solidification of GelMA).
5 wt% Intralipids were added as well as 0.5 v/v% acetic acid to reduce the phase separation
between PEGDMA and GelMa [142]. PEG-BAPO (0.1 wt%) or LAP (0.02 wt%) were used as
photoinitiators. These weight concentrations are equivalent to 0.7 pgmol/g for both photoinitia-
tors. The nomenclature used for the hybrid hydrogels was: PEGDMAXx-GelMAy where X is the
PEGDMA concentration and y the GeIMA concentration.

6.3.4 Cell adhesion on hydrogel surfaces

Hydrogels were directly photopolymerized on a 96-well plate and incubated in PBS for 2h
and then in culture medium for 12h to remove unreacted components prior to cell seeding.
HUVEC were seeded on the surface of the hydrogels at a density of 20’000 cells/cm? and in-
cubated prior immunostaining assays. One and 7 days following the seeding, non-adherent
cells were removed by washing several times with PBS and adherent cells were fixed using
4% paraformaldehyde solution for 10 min and permeabilized in 0.2% Triton X-100 for 10
min. The cytoskeleton of HUVEC was labeled with Alexa Fluor 488 phalloidin fluorescent
dye (Life Technologies) and the nucleus with DAPI fluorescent dye. Fluorescent images were
acquired using inverted fluorescence microscope (Nikon Eclipse Ts2R with 10x lens). Cells
were counted at different positions of the surface and an interpolation was performed to calcu-
late the number of cells per cm? of surface.

To assess the cell adhesion under flow, channel models were designed in SolidWorks (Das-
sault Systemes, France) specifically to match the sticky-Slide I Luer and represented in Figure
6.2. Briefly, the models consisted of a channel of 5 mm wide to simulate a vessel and a cavity
of 4 mm diameter to place the hydrogel. The channel models were fabricated in poly(methyl
methacrylate) (PMMA) due to its biocompatibility, ease of sterilization and transparency. The
channel model was stuck to the sticky-Slide I Luer (Ibidi) and connected to a peristaltic pump
(Ismatec ISM597D, IDEX Corporation, Lake Forest, IL, United States) at a flow rate of 24
ml/min. The same immunostaining assay was repeated after passage of flow for 24h.
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FIGURE 6.2: (A) Drawing of the channel models. (B) Illustration of the assembly of the designed
channel model and the sticky-Slide I Luer (Ibidi GmHg).

6.3.5 Cell migration

Cell migration assay was performed on 6 cm petri dishes. A 5 mm diameter cylindrical hydrogel
was placed at the center of the petri dish and fixed with a metallic clamp. 20 ul of HUVEC were
placed at four points of the petri dish, approximately 1.5 cm away from the hydrogel, as shown
in Figure 6.3. After 1h for the cells to attach, 5 ml of culture medium was added in the petri
dish. HUVEC at the interface with PEGDMA10-GeIMAS hydrogels were observed after 1, 2,
5 and 8 days using inverted microscope (Nikon Eclipse Ts2R with 4x lens). Giemsa surface
staining was performed after 8 days of culture to better observe the hydrogel interface.

petri dish

HUVEC cells

hydrogel

metallic clamp

FIGURE 6.3: Cell migration setup.
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6.3.6 Hydrogel physical and mechanical characterization
Swelling ratios

Hydrogel precursor samples were photopolymerized either in cylindrical molds before being
extracted or within intracranial aneurysm models and kept inside them. The samples were im-
mersed in PBS at 37°C and 5% CO,, resulting in either a free swelling or constrained swelling
with the exposure to the PBS solvent only at the aneurysm neck. The swelling study was per-
formed during one month and the weight and volume swelling ratios, SR,, and SR,;, at the
time point t were determined using the following formulas:

SRw [%] = 100(W;-wq)/wg
SRvol [%] = 100(V-V)/V,

where wg, Vo, w; and V, correspond to the weight and volume of the samples after synthesis and
the weight and volume of the swollen samples after an immersion of a duration t, respectively.
Volumes are calculated with Archimedes’ principle by immersing the samples in extra pure
hexane (99+%, Fisher Chemical) for free swelling and in pure ethanol for constrained swelling
to avoid the PDMS swelling in hexane.

Swelling pressure

The pressure exerted by the swollen hydrogels was measured using a confined compression
setup [176]. After synthesis, 0.1 N pre-load was applied on the sample to ensure proper con-
finement. The chamber was filled with PBS to enable the swelling of the samples and the load
was monitored while keeping the displacement constant during 48h to reach the equilibrium
swelling. The swelling pressure was defined as the maximum pressure reached during the test.

Mechanical testing

Mechanical properties of the hydrogels were evaluated using an Instron E3000 linear mechani-
cal testing machine (Norwood, MA, USA) equipped with a 250 N load cell.

Hydrogel samples were compressed to 50% applied strain at a constant speed of 0.1 mm/s. Load
and displacement were recorded and the elastic modulus E was calculated by linear regression
of the true stress-strain curve between the strains of 10% to 20%. Samples were immersed in
PBS and placed in the incubator at 37°C and 5% CO,. After different immersion time points,
the same compression test was repeated.

As-prepared hydrogels (after synthesis) were also compressed to 80% applied strain. Failure
stress and strain were defined as the maximum stress and strain, respectively, before hydrogel
breaking. The compliance of the hydrogels was determined and defined as the strains applied
under pressures between 10.5 and 16 kPa, corresponding to the physiological systolic blood
pressure (80-120 mmHg).
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Fatigue test and characterization after long-term loading

The hydrogels were implanted into in vitro aneurysm models and dynamically loaded at 2.3
Hz by a pulsatile fluid flow system for one month, corresponding to 5.5 million cycles of cir-
cumferential stretch and shear stresses in total, as previously detailed [169]. After the cyclic
loadings, the aneurysm model was dismantled to collect the hydrogel sample. To evaluate the
performance of the hydrogel, the sample was weighed and cylindrical samples, obtained by a 5
mm diameter punch, were compressed using the mechanical test as described above. The results
were compared to the hydrogel in the as-prepared state (after synthesis) and to the hydrogel in
the swollen state (after one month of swelling).

6.3.7 Precursor characterization
Injectability of the hydrogel precursor

The rheological properties of the hydrogel precursor were assessed with a modular compact
rheometer 102 (Anton Paar, Peseux, Switzerland) by an oscillatory time sweep with a strain
oscillation of 5% at a frequency of 1 Hz applied during 5 min. The dynamic viscosity was
calculated as the average of the real part of the complex viscosity.

Photopolymerization

For photorheology, the light from a 405 nm wavelength light laser diode was coupled to the
modular compact rheometer 102 and a parallel 25 mm diameter disc configuration was used.
200 p1 of the hydrogel precursor was tested directly after hydrogel preparation. A strain oscil-
lation of 5% at a frequency of 10 Hz was applied and the temperature fixed at 37°C. Samples of
300 pm thickness were illuminated with a light intensity of 15 mW/cm? at 405 nm. The evolu-
tion of the storage modulus G” was recorded during the 405 nm irradiation. The polymerization
was considered complete when G’ reached a plateau level. The time required to reach 95 %

of the plateau level of G” was defined as polymerization time, noted tg5, as previously reported
[187].

6.3.8 Statistical analysis

Each experiment was performed in triplicate or more and the statistical data analysis was per-
formed with MATLAB (Mathworks, Natick, MA, United States). All data are expressed as
mean + standard deviation. One-way analysis of variance (ANOVA) was used for compari-
son. p < 0.05 was considered as a significant result (denoted as *) and p > 0.05 non-significant
(denoted ns). p < 0.01 was denoted as ** and p < 0.001 as **%*,
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6.4 Results

6.4.1 Cell adhesion on hydrogel surfaces
Influence of photoinitiator type

The influence of the photoinitiator type, PEG-BAPO and LAP, on the cell adhesion was stud-
ied, as shown for PEGDMA10-GelMAS hydrogels in Figure 6.4. Endothelial cells on the LAP
hydrogel surfaces had an elongated shaped-cytoskeleton whereas cells on the PEG-BAPO hy-
drogel surfaces had round shape. Both hydrogels presented cells on their surface, however only
LAP hydrogels enabled the adhesion and spreading of cells. Thus, the photoinitiator type has an
unexpected impact on the cell adhesive properties. Accordingly, LAP photoinitiator was used
for all hydrogels in the following.

PEG-BAPO LAP

FIGURE 6.4: Microscopic images of immunostaining assay according to the photoinitiator type (PEG-
BAPO or LAP) for PEGDMA10/GelMAS hydrogels, after 1 day of HUVEC adhesion. The cytoskeleton
of HUVEC is stained in green and nucleus in blue (n=3).
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Influence of GelMA concentration into PEGDMA network

PEGDMA hydrogels were biofunctionalized with GelMA, at a concentration from 1 to 5%,
for a total polymer concentration of 15%. The cell adhesion was investigated at 1 day and 1
week after cell seeding, as displayed in Figure 6.5. The incorporation of GeIMA into PEGDMA
network improved the cell adhesive properties of the hydrogels. HUVEC were observed at the
surfaces of hydrogels comprising GelMA at a concentration below 2.5% after 24h. However,
the cells had a round shape and hardly no cells were present after one week. For GelMA
concentration of 5%, the hydrogels surfaces exhibited elongated cells after one day. The number
of cells on the PEGDMA10-GelMAS hydrogels surfaces were comparable to the surfaces of
neat GeIMA15 hydrogels. After one week of culture, HUVEC formed a cellular network on
the hydrogels surfaces. However, this network was less dense for PEGDMA10-GeIMAS hybrid
hydrogels than neat GeIMA15 hydrogels.

Influence of fluid flow

The cell attachment of PEGDMA10-GelMAS hydrogels was also evaluated after 24h of culture
medium flow. Figure 6.6 shows adherent HUVEC at the interface channel/hydrogel and on
the hydrogel surface. Due to the roughness of the channel surface, the cells did not attach to
the channel, except at the boundaries. Cells were observed at the interface channel/hydrogel
and on the hydrogel surface, before and after exposure to flow. Although slightly less cells
were observed after 24h of flow than before the passage of flow, the cell adhesive properties of
PEGDMA10-GelMAS hydrogels seem to support the shear stresses induced by the fluid flow.

6.4.2 Cell migration

The migration of HUVEC towards the PEGDMA10-GeIMAS5 hydrogels was observed over
8 days of culture, as displayed in Figure 6.7.A. The cells significantly migrated towards the
hydrogels, as an increase of the cells distribution around the hydrogels was observed. Figure
6.7.B. shows the cells distribution around the hydrogel after 8 days of culture. The morphology
of the cells around the hydrogel were not altered compared to far from the hydrogel and cells
were also observed under the hydrogel.
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FIGURE 6.5: (A) Microscopic images of immunostaining assay according to the GelMA concentration

into the hydrogels, after one day and one week of HUVEC adhesion. The cytoskeleton of HUVEC is

stained in green and nucleus in blue. (B) Number of cells per cm? according to the GelMA concentration
into the hydrogels, after one day and one week of HUVEC adhesion (n=3).
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24h of flow

hydrogel

FIGURE 6.6: Microscopic images of immunostaining assay at the interface the channel/hydrogel and on
the hydrogel surfaces, before and after 24h of fluid flow. The cytoskeleton of HUVEC is stained in green
and nucleus in blue.

hydrogel

FIGURE 6.7: (A) Microscopic images of HUVEC around PEGDMA10-GelMAS hydrogels, showing a

migration of the cells, in function of the culture time. (B) Macroscopic (left) and microscopic (center and

right) images around the PEGDMA10-GelMAS hydrogel after 8 days of culture, showing that HUVEC
migrated below the hydrogel.
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6.4.3 Hydrogel physical and mechanical characterization

Note that, in this part, the results were compared with results of PEGDMAG6k-15 hydrogels ob-
tained in the Chapter 3.

The mechanical properties and swelling characteristics of the PEGDMA-GelMA hybrid hy-
drogels were evaluated to determine the influence of GelMA incorporation and compare with
neat PEGDMA and GelMA hydrogels.

Figure 6.8.A revealed a significant reduction in volume swelling ratio when increasing GelMA
concentration. In constrained swelling, PEGDMA15 samples exhibited a slightly increased
volume (9 £+ 7%), PEGDMA10-GeIMAS reached a volume swelling ratio of 1 4+ 3%, while
GelMA15 manifested a slightly decreased volume (-11 £ 6%). Accordingly, the swelling pres-
sure also significantly diminished when increasing GelMA concentration (Figure 6.8.B).

The elastic modulus of PEGDMA15 and PEGDMA10-GelMAS hydrogels were not signifi-
cantly different, around 280 kPa, as shown in Figure 6.8.C. The elastic modulus of GeIMA15
hydrogels was almost three times lower with 95 = 11 kPa. In addition, the compliance was
not significantly different for PEGDMA15 and PEGDMA10-GeIMAS5 samples (Figure 6.8.D).
PEGDMA1S5, PEGDMA10-GelMAS and GelMA15 samples failed under compression at a
stress of 480 + 127 kPa, 461 4+ 145 kPa and 278 + 89 kPa and an applied strain of 72 +
7%, 60 £ 6% and 61 £ 4%, respectively.

The incorporation of a low concentration of GelMA (5%) into the PEGDMA network reduced
the swelling behavior but did not affect the hydrogel mechanical properties.
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FIGURE 6.8: (A) Volume swelling ratio in free and constrained (within the aneurysm model) swelling
conditions, revealing a significant decrease of the volume swelling ratio when incorporating GelMA
into PEGDMA network. Statistically significant differences are only displayed between the free and
constrained swelling conditions. (B) Maximal pressure induced by the swollen hydrogels, demonstrating
a decrease of the swelling pressure when increasing GeIMA concentration. (C) Strain-stress curve of the
compression test, showing a significant lower elastic modulus of GelMA15 hydrogels. (D) Compliance
of the hydrogels under physiological pressures (80-120 mmHg). Box plots depicted mean (white line)
and values at 80 and 120 mmHg (bottom and top of the box).
* parent artery tissue data from literature [17], [158], [161]

The fatigue resistance of the PEGDMA10-GeIMAS hydrogels was subsequently assessed over
one month of loading induced by pulsatile fluid flow. The hydrogels did not protrude or mi-
grate into the parent artery and no signs of macroscopic damage was apparent (Figure 6.9.A).
The weight and elastic modulus of PEGDMA10-GelMAS hydrogels were similar after 5.5 mil-
lion cycles compared to the as-prepared state (Figures 6.9.B and 6.9.C). However, a significant
decrease of the weight was measured between as-prepared and swollen hydrogel.
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FIGURE 6.9: (A) Direct visualization of the hydrogels within the intracranial aneurysm model during

one month of pulsatile fluid flow-induced loading showing complete occlusion without protrusion, mi-

gration, geometric distortion nor signs of macroscopic damage. (B) Weight and (C) Mechanical property

variations, normalized to the as-prepared state of the hydrogel, after one month of swelling and one
month of fluid flow-induced loading (n=3).

6.4.4 Precursor characterization

Note that, in this part, the results were compared with results of PEGDMAGk-15 hydrogels ob-
tained in the Chapter 4.

The viscosity of the PEGDMA10-GelIMAS hydrogel precursor was evaluated by rheology. The
dynamic viscosity of the precursor was measured to be 32 + 6 mPa.s at 37°C and 233 £ 20
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mPa.s at 22°C, as shown in Figure 6.10.A. The precursor was significantly affected by the tem-
perature (p=8.10~?), the precursor being more viscous when the temperature decreased. In com-
parison with PEGDMA15 precursor, the incorporation of 5% GelMA in 10% PEGDMA hydro-
gels significantly increased the viscosity of the precursor at 37°C (p=0.0396), but PEGDMA10-
GelMAS hydrogel was still injectable through 430 pm microcatheters.

The biofunctionalization of PEGDMA hydrogels with 5% GelMA significantly increased the
time of photopolymerization from 4 min 23 s £ 45 s to 7 min 35 s 4= 20 s, as shown in Figure
6.10.B.
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FIGURE 6.10: (A) Dynamic viscosity of PEGDMA15 and PEGDMA10-GelMAS hydrogels at 22 and
37°C. (B) Time of photopolymerization of PEGDMA15 and PEGDMA10-GeIMAS5 hydrogels measured
by photorheology.

6.5 Discussion

In the present study, a biofunctionalization of PEGDMA hydrogels with GeIMA was proposed
to promote the hydrogels bioactivity and, to a larger context, the in situ endothelialization. The
main finding of our work is that the incorporation of a low concentration of GeIMA (5%) into
PEGDMA network improves the bioactivity of the hydrogels without significantly affecting the
mechanical properties. GeIMA modified the swelling and implantation properties, however the
hybrid hydrogels meet the requirements for intracranial aneurysms embolic agents.

The endothelium layer growth at the hydrogel surfaces is a key aspect for the long-term success
of the embolic agent implantation [258]. PEG hydrogels have been widely used in biomaterials.
However, their lack of bioactivity and cell attachment sites [266], which was confirmed by our
endothelial adhesion results, limits their use for tissue engineering and regenerative medicine.
Many researches on PEG biofunctionalizations, such as collagen [140], [141], gelatin [142],
[143], fibronectin [139], heparin [147] or vascular endothelial growth factor (VEGF) [152],
have shown to foster cell attachment. Gelatin was chosen due to their biocompatiblity, abil-
ity to be modified with photocrosslinkable methacrylamide groups as well as better solubility
and lower antigenicity compared to collagen [263], [267]. Our study on the cell adhesion by
the incorporation of GeIMA into PEGDMA hydrogels is consistent with recent studies [142],
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[143], revealing a significant improvement of the cell adhesive properties. This enhancement
is related to the presence in GelMA polymer of many RGD peptides sequences, identified as
integrin-binding domains [268]. The cell adhesion assay in static conditions allowed us to
identify the minimal GeIMA concentration favoring cell adhesion. PEGDMA-GelMA hybrid
hydrogels made of at least 5% GelMA showed cell attachment and spreading on their surfaces
over one week of culture.

The hybrid hydrogels composed of 10% PEGDMA and 5% GelMA were then subjected to
laminar shear stresses induced by fluid flow for one day, to assess if the cell adhesion will sup-
port the blood flow. It is important to highlight that the fluid shear stresses have differential
effects on endothelial cell proliferation, survival, function and structure [269]. Indeed, the en-
dothelial cells sense the hemodynamic forces and convert the mechanical stimuli into cellular
signals [270]. This mechanotransduction mechanism allows maintaining the vascular home-
ostasis [271]. The preliminary results showed that the adherent cells withstood the flow. Nev-
ertheless, it should be noted that the test was not performed under physiological conditions. A
flow rate of 24 ml/min was set with the dynamic setup in order to avoid consequent volumes of
culture medium. This flow rate was 10 times lower than the human intracranial arteries flow rate
[233], inducing shear stresses of around 85 mPa, also significantly lower than the physiological
shear stresses ranging from 1 to 5 Pa in intracranial arteries. Low shear stresses are associated
to endothelial cell dysfunction and apoptosis [272]-[274] whereas higher shear stresses to the
detachment of the endothelial cells [275]. Therefore, it would be of interest to study a range of
shear stresses to determine if the endothelial cells also withstand higher shear stresses.

Although hybrid hydrogels composed of PEGDMA and GelMA polymers demonstrated proper
adhesive properties and suitable support for the endothelial cells to migrate, the present study
cannot determine whether these hydrogels would promote the endothelialization at the aneurysm
neck. Indeed, the cell adhesion and migration were studied only for one week. An extensive
evaluation should be performed to determine the proliferation of cells under flow conditions for
longer culture times. Moreover, a limitation of our work is that the hydrogels surfaces were
seeded with endothelial cells, which will not be the case in a real clinical situation. A pulsatile
flow bioreactor system could be developed by coating the microchannel developed in this work
for cells to attach and form an endothelial layer. A peristaltic pump enabling an average flow
rate and shear stresses could be connected to the system to simulate closer physiological condi-
tions.

It is worth mentioning that the effects of the photoinitiator type on cell attachment were unex-
pected. Numerous published data reported the influence of the photoinitiator on polymerization
kinetics, mechanical properties or biocompatibility properties [128], [130], but to our knowl-
edge, none have studied the impact on cell adhesion. Since the polymerized hydrogels were
washed in PBS and culture medium prior cell seeding, potentially toxic unreacted products, in
particular radicals, should have been removed. The molar concentration for both PEG-BAPO
and LAP was similar, hence the number of produced radicals were equivalent and thus cannot
explain the differences in cell adhesion.
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A question associated with the incorporation of GelMA into the PEGDMA hydrogel network
is its impact on others properties such as the mechanical, physical and implantation properties.
Since all the hydrogel properties are interrelated, the minimal GelMA concentration promoting
cell adhesion (5%) was chosen to limit changes in others properties. The present study is con-
sistent with and supplements the PEGDMA-GeIMA hybrid hydrogels characterization reported
in literature [142], [143], [276]. When incorporating GeIMA into PEGDMA network, the vol-
ume swelling ratio and swelling pressure were lower than neat PEGDMAT1S5 and higher than
GelMAL1S5. This can be explained by the biodegradability of GeIMA polymer [267] due to the
presence of MMP-sensitive degradation sites. The GelMA biofunctionalization was found to
not influence the mechanical properties of the hydrogels. A recent study demonstrated that the
tensile properties of hybrid hydrogels were enhanced compared to neat PEGDMA hydrogels
[142]. In this work, we have focused on the characterization of compressive properties. The
hybrid hydrogels exhibited an elastic modulus and compliance, covering those of the native
aneurysm tissue and far withstood physiological blood pressures and circumferential stresses.
Subsequently, the fatigue resistance of the hybrid hydrogels was also evaluated under pulsatile
flow-induced loadings for one month. The results between neat PEGDMA and hybrid hydro-
gels were similar. PEGDMA10-GelMAS hydrogels preserved their shape, weight and elastic
modulus after 5.5 million of cycles.

It was indispensable to also assess the injectability and photopolymerization time to ensure the
minimal invasiveness and fast solidification of the technique. GelMA is known to be a ther-
mosensitive polymer, with an upper critical solution temperature (UCST) of 25-35°C [277].
This explains the significant increase of the dynamic viscosity at room temperature compared to
37°C. Although the incorporation of GelMA into PEGDMA network makes the PEGDMA10-
GelMAS precursor more viscous, their viscosity at 37°C is in the range of current liquid em-
bolic agents [235]. Therefore, the precursor should be stored at 37°C before being injected
into aneurysms through 430 pym microcatheters. Due to the effect of the photoinitiator type
on cell adhesion, LAP was used as photoinitator for hybrid and GeIMA hydrogels. LAP is
less photoreactive than PEG-BAPO, which explains the longer time of photopolymerization of
PEGDMA10-GelIMAS hydrogels. The hybrid hydrogels still satisfy the threshold of 10 minutes
of solidification required for intracranial aneurysm treatment.

6.6 Conclusion

The present study demonstrated that the biofunctionalization of PEGDMA hydrogels with
GelMA significantly enhanced the bioactivity of the hydrogels. The endothelial cells adhered
and spread to the hybrid surfaces forming a cellular network after one week of culture, whereas
neat PEGDMA hydrogels did not promote any cell adhesion. The cells also migrated towards
the hydrogels surfaces. Moreover, the mechanical properties were not influenced by GelMA
incorporation and the hydrogels were resistant to 5.5 million cycles of loading induced by pul-
satile flow. Others properties such as swelling, viscosity and photopolymerization time, were
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significantly changed but without negative impacts on the success of the implantation into in-
tracranial aneurysms. Nonetheless, the in sifu endothelialization potential of the PEGDMA-
GelMA hybrid hydrogels must be thoroughly investigated in closer physiological conditions
and for longer period of times.
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Chapter 7

Conclusion and Perspectives

7.1 Summary of findings

The overall objective of this work was to develop an in situ photopolymerizable hydrogel for the
minimally-invasive treatment of intracranial aneurysms (IAs). In situ forming hydrogels have
been investigated as IAs embolic materials during the last two decades, but no standard defini-
tion of the ideal IA embolic material has clearly been approved yet. The first step of this work
was thereby to identify and establish clear specifications to develop an ideal embolic material, in
accordance with the literature and surgeons guidelines. The present thesis focused accordingly
on four major axes: (1) the development and characterization of fatigue-resistant hydrogels, (2)
the implantation of the hydrogels into aneurysm models, (3) the evaluation of the safety of the
precursor and hydrogel and (4) the enhancement of the cell adhesive properties of the hydrogels.

The first part of this thesis (Chapter 3) aimed at optimizing the swelling behavior and mechan-
ical properties of the hydrogels and assessing their fatigue-resistance. Poly(ethylene glycol)
dimethacrylate (PEGDMA) hydrogels were characterized according to their molecular weights
(2 to 20 kDa) and concentrations (10 to 20 wt%). Denser covalently cross-linked hydrogel net-
works were obtained by decreasing the molecular weight and increasing the polymer concentra-
tion, which was consistent with published data. PEGDMA hydrogels of 6 kDa molecular weight
at a concentration of 10 to 15 wt% presented the optimal properties to serve as an aneurysm em-
bolic agent. Their elastic modulus and compliance covered the range of native aneurysm tissue
of 200 to 600 kPa. Moreover, the hydrogels withstood the physiological blood pressures of
approximately 15 kPa as well as the circumferential stresses of 100-150 kPa. The hydrogels
also presented a minimal swelling volume ratio avoiding protrusion in the parent artery and a
low swelling pressure preventing excessive aneurysm wall stresses. These characteristics make
the optimized hydrogels promising candidates for IA embolization and therefore were further
examined in dynamic conditions. To that end, in vitro aneurysms models, mimicking the di-
mensions and mechanical properties of human aneurysms, were fabricated by casting PDMS
around 3D printed water-soluble sacrificial PVA molds. Subsequently, the hydrogels were pho-
topolymerized in the aneurysm model and dynamically loaded by a pulsatile flow inducing
circumferential and shear stresses. The strains applied on the aneurysm wall, measured by dig-
ital image correlation, were significantly reduced compared to untreated aneurysm model. The
hydrogels were then exposed to a realistic fatigue test of 5.5 million cycles of circumferential
and shear stresses, corresponding to an implantation of two months in vivo. The shape, weight
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and mechanical properties of the selected hydrogels were preserved over the cyclic loading.
Slight erosion defects were observed at the surface in contact with the blood substitute fluid.
The fatigue resistance of the optimized hydrogels confirms their promising long-term integrity
and stability into intracranial aneurysms.

The second part (Chapter 4) was devoted to validate the proof-of-concept of the photopoly-
merizable hydrogel implementation into an aneurysm model from a clinical standpoint. The
rheology results demonstrated that the low viscosity of the precursors, composed of PEGDMA
6 kDa at 10 to 15%, enabled their injectabilitiy through 430 m microcatheters. The new visible
photoinitiator PEG-BAPO allowed to reach a complete polymerization in less than 8 minutes of
visible light illumination. Higher concentration of PEGDMA polymer increased the precursor
viscosity but shortened the polymerization time. The addition of iodinated contrast agent in the
precursor solution was associated with its visibility under fluoroscopy during delivery and after
polymerization. A specifically customized light-conducting microcatheter was fabricated by
fixing optical fibers along the outer surface of a microcatheter and was connected to an illumi-
nation module. The light-conducting microcatheter enables the solidification to be temporally
and spatially controlled, in contrast to conventional liquid embolic agents. The implementa-
tion of the hydrogel into an in vitro aneurysm model with tortuous anatomy in flow conditions
was successfully achieved. The appropriate implantation properties of the developed hydrogel
precursors combined with the use of the light-conducting microcatheter ensures the minimal
invasiveness of the A embolization with photopolymerizable hydrogels.

The third part (Chapter 5) focused on the evaluation of the toxicity of the PEGDMA-based
precursors and hydrogels. The biocompatibility of the hydrogel precursor was investigated by
specific in vitro endothelial cell viability and platelet aggregation assays to simulate the pre-
cursor dilution into the blood flow. It was found that the precursor was not toxic and did not
induce thrombus formation. The in vivo study in rats corroborated these results. An intravenous
injection in overdose conditions (15 times the aneurysm volume) of precursor PEGDMA 6 kDa
at a concentration up to 30% did not cause any acute or delayed toxicity, thrombogenicity or
inflammation after 3 weeks. Subsequently, in vitro cytotoxicity assays suggested that the poly-
merized hydrogels did not affect the endothelial cells survival after one week of contact. It
was also confirmed that PEGDMA hydrogels did not promote any cell adhesion. According to
these results, PEGDMA photopolymerizable hydrogels seem to be biocompatible if injected for
intracranial aneurysm treatment.

Finally, the fourth part of this thesis (Chapter 6) investigated the in sifu endothelialization po-
tential of the PEGDMA photopolymerizable hydrogels by incorporation of gelatin methacrylate
(GeIMA). The in vitro assays revealed that the endothelial cells migrated, adhered, spread and
formed a cellular network after one week of culture on the hybrid hydrogels composed of 10%
PEGDMA and 5% GelMA, whereas neat PEGDMA hydrogels did not promote any cell adhe-
sion. The hybrid hydrogels were then exposed to shear stresses induced by laminar flow for one
day. The adherent endothelial cells withstood the flow. The biofunctionalization of PEGDMA
with GelMA significantly improved the cell adhesive properties of the hydrogels. The GelMA
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incorporation did not affect the mechanical properties and fatigue-resistance of the hydrogels.
The swelling characteristics were significantly reduced, reaching almost no swelling. Moreover,
the hybrid hydrogel precursor demonstrated to be injectable through 430 psm microcatheters and
photopolymerizable within 8 min of visible illumination. The enhancement of the bioactivity of
the PEGDMA-GelMA hydrogels could promote the endothelialization at the aneurysm neck.

7.2 Perspectives and future work

7.2.1 Towards further characterization of hydrogels

The mechanical properties of the hydrogels is of great importance to withstand the continuous
interaction with the blood. Although these properties were optimized to match those of native
aneurysm tissue, a more detailed investigation on several aspects is required. The fatigue-
resistance is, among others, a key property of the hydrogel since the embolic agent is subjected
to many years of cyclic loading. Although the hydrogel possess a great integrity and stability
over 5.5 million cycles, the fatigue-resistance evaluation needs to be extended to a longer load-
ing time. It is worthwhile to thoroughly examine the erosion phenomena observed in our study.
This entails to expose the hydrogels to fluid flow for different time points and to determine
the number of cycles initiating the erosion. Furthermore, our hypotheses on the erosion con-
sequences, namely the stroke risk due to possible hydrogel fragments moving downstream or
the promotion of cell adhesion and endothelialization, need to be verified. Finally, the erosion
observation in this research work paves the way towards erosion study for others applications
such as the synovial fluid flow in cartilage [278].

The hydrogel adhesion to the endothelial tissue also needs to be further investigated to avoid
hydrogel migration into the parent artery, particularly for wide-necked aneurysms, and enhance
the hydrogel integration with the surrounding tissue. This involves bovine or porcine arteries
tissue samples preparation and adhesion and tear strength tests. It would also be of interest
to study the degradation and porosity of the hydrogels, which could foster the endothelium
regeneration.

7.2.2 Towards pulsatile flow bioreactor system

Further research could also be proposed on the development of a pulsatile flow bioreactor.
Casting PDMS around PVA sacrificial molds provides an efficient technique to fabricate in vitro
aneurysm models and could be adapted to replicate more tortuous geometries of aneurysms and
even patient-specific geometries. These in vitro models have a great potential to be customized
to a pulsatile flow bioreactor system. Endothelial cells could be seeded on the vessel surfaces
thanks to the biocompatibility and sterilization of both materials used in the fabrication process.
The system driven by a peristaltic pump enables to simulate realistic hemodynamic conditions,
combining circumferential and shear stresses. The bioreactor could hence be used to assess the
endothelialization of the hydrogel surfaces for longer period of times and closer physiological
conditions.
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7.2.3 Towards in vivo embolization and clinical implantation

The implementation of photopolymerizable hydrogels was successfully achieved in in vitro
aneurysms models and an in vivo pilot study in elastase-induced aneurysms in rabbits is cur-
rently on-going. Some improvements and challenges need to be explored, mainly in the design
of the light-conducting microcatheter and in the photopolymerization process.

The light-conducting microcatheter prototype we have developed enables in vitro implemen-
tation, but its simple design could be improved. First, it is known that glass material surfaces
initiate blood coagulation [279]. Although protected by the heat shrink tube, the glass-made
optical fiber fixed to the microcatheter might cause blood coagulation at its tip, which can pre-
vent the light diffusion. Consequently, coatings to prevent blood clotting could be used such
as liquid perfluorocarbons coatings [280]. Second, in the developed implantation approach, the
aneurysm embolization is estimated in function of the radiopacity of the hydrogel precursor. It
is of interest to integrate a pressure sensor at the microcatheter tip to assess the pressure applied
on aneurysm wall during the precursor delivery and thereby avoid excessive pressure which
could cause aneurysm rupture. Finally, an optimal solution is to directly braid the optical fiber
in the plastic wall of the microcatheter.

The photopolymerization of our precursor was achieved within 8 minutes, which was lower than
the threshold of 10 minutes established from the clinical point of view. However, it is preferred
to decrease this polymerization time to several seconds or less than a minute, to reduce the risks
of ischemic stroke and vessel injury. Consequently, further research should be performed to
reduce this time, by modification of the PEG-BAPO photoinitiator, using others photoinitiators
or employing a light-diffusing optical fiber tip [281] to homogeneously distribute the light in the
aneurysm volume. Besides, it is of interest to monitor the polymerization process by employing
a feedback loop using light of a different wavelength through the same optical fiber [241], to
ensure a complete curing of the hydrogel. Moreover, it was found difficult to rinse blood out of
the aneurysm, which would challenge the photopolymerization due to the visible light absorp-
tion of blood [282]. Although our implementation was performed using blood substitute fluid
with light absorption similar to the one of blood, the implantation needs to be confirmed in real
clinical situation.

Finally, the proposed photopolymerizable hydrogels also hold great potential for other transar-
terial embolization therapies, such as arteriovenous malformations and vascular tumors.
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