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Abstract 
 

Brain aneurysms are blood vessel wall deformations that affect 240 million people 

worldwide and their rupture causes the death of a fourth of the patients each year. 

Current brain aneurysm treatments, like surgical clips or coils, allow only partial 

aneurysm occlusion and partial blood vessel wall reconstruction. These treatments 

stay in the patient ad vitam, thus having a high risk of causing vessel wall inflammation. 

To address these issues, our approach is catheter-based delivery of an injectable, 

hyaluronic acid-based material that is compatible with radiographic and magnetic 

resonance medical imaging techniques. This material can be used to plug saccular 

brain aneurysms and induce vascular regeneration. To make our PHA hydrogels 

visible via brain imaging techniques to assess correct delivery and provide a control 

of the aneurysm degradation overtime, 50 mg/mL of tantalum powder (Ta) was 

incorporated to PHA hydrogels. To assess whether PHA hydrogel matches the 

compressive resistance of vessel walls, compressive moduli of 5, 7.5, and 10% PHA 

hydrogels without or with 50 mg of Ta per g of PHA were measured. The compressive 

moduli of 5, 7.5, and 10% PHA hydrogels without or with 50 mg of Ta per g of PHA 

increased with weight percent and were comprised within a 50 to 100 kPa range, which 

is the range of brain tissues’ compressive moduli. To verify the biocompatibility of PHA 

hydrogels with blood vessels, the cell viability of human umbilical vein endothelial cells 

(HUVEC) in contact with medium infused for 24 hours with 5, 7.5, and 10% PHA 

hydrogels without or with 50 mg of Ta per g of PHA was quantified. The viability of 

HUVEC exposed to 5, 7.5, and 10% PHA hydrogels without or with 50 mg of Ta per g 

of PHA was a 100%. These data point out that injectable 5 and 7.5% PHA hydrogels 

with compressive moduli similar to brain tissues and good viability with endothelial 

cells can be made to potentially plug brain aneurysms.
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Chapter 1: Motivation and literature review 
 

1.1 Overview 

Around 240 million people worldwide and 6.5 million in the United 

States (US) live with at least one unruptured brain aneurysm1,2. 

Moreover, approximately 6,500 Americans have aneurysms rupture 

each year, with half resulting in death because of brain hemorragies2. 

Popular treatments like coils and surgical clips efficiently seal aneurysms 

but they are costly, and they do not systematically make aneurysms 

disappear3,4. Moreover, many patients need second interventions 

because of aneurysm rupture or displacement of the treating tool, which 

increases the already-high costs2,3.    

To address these issues, our novel approach is catheter-based 

delivery of an injectable, biodegradable, hyaluronic acid-based material 

that is compatible with radiographic and magnetic resonance medical 

imaging techniques, that can be used to plug saccular brain aneurysms 

and induce vascular regeneration. 

This introductory chapter describes the anatomy of brain blood 

vessels and aneurysms, and current treatments for brain aneurysms. 

Then, components of our novel hyaluronic-based biomaterial are 

discussed, including how it improves upon current treatments. 
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1.2 Properties of brain blood vessels 

1.2.1 Blood vessel structure 

Brain vessels consist of 3 layers that provide both elasticity and 

rigidity and which are, from inner to outer, the tunica intima (which 

includes the internal elastic lamina), the tunica media and the tunica 

adventitia (Figure 1)5,6. The structure of brain vessels is different from 

extracranial vessels because the former have a thinner layer of smooth 

muscle cells constituting their tunica media and are surrounded by 

cerebrospinal fluid instead of connective tissue7. 

 

Figure 1: Anatomy of a human artery. Hematoxylin and Eosin staining 

of a transverse section of a human artery. The A: tunica intima; B: 

internal elastic lamina; C: tunica media; D: external elastic lamina E: 

tunica adventitia are observed. Image taken using an optical microscope 

with a 20x objective of a Ward’s Science slide, ref 470182-752. Scale 

bar = 0.03 mm. 

0.03 mm 

A 

B 
C 

D 
E 
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1.2.2 Composition of blood vessels  

Blood vessels, which are composed of cells and structural proteins, 

are divided into three main layers: tunica intima, tunica media, and tunica 

adventitia. The tunica intima is the inner layer of blood vessels. This 

lamina is composed of a layer of endothelial cells on a foil of proteins 

and macromolecules called the basement membrane8. These 

endothelial cells - also called the endothelium – minimize the friction with 

blood and are covered by the glycocalyx, which is an ensemble of  

proteoglycans, glycoproteins, and glycosaminoglycans9,10. The 

glycocalyx protects the endothelial cells and mediates their interaction 

with blood cells and their permeability to water and macromolecules5,6. 

Exterior of the tunica intima lays the tunica media, which is composed of 

a layer of smooth muscle cells7. The proteins of the glycocalyx also relay 

the changes in shear pressure and stress to the smooth muscle cells 

layer, which adjust their structure to the pressure, resulting in changes 

in the internal diameter of the vessel10. The tunica adventitia is mainly 

composed of fibroblasts that produces growth factors to regulate cellular 

growth and inflammatory response 11.  

Many proteins and glycosaminoglycans are interspersed within the 

cell layers of the vessel. The main proteins found in the vascular wall are 

collagen, elastin and fibronectin8. Hyaluronic acid, a glycosaminoglycan, 

is also a major component of different parts of blood vessels. For 

example, in the smooth muscle cell layer, hyaluronic acid forms a 

scaffold for white blood cell adhesion12, while in the glycocalyx, 

hyaluronic acid provides structure to endothelial cells and facilitates 
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vascular permeability10. Fibronectin is found in the basement membrane 

and in the tunica adventitia of blood vessels. Fibronectin proteins form a 

network that regulates the accumulation of other proteins, such as 

collagen types I and III8. Elastin is primarily localized to the tunica media 

and is the principal component of the elastic laminae, which gives 

structure and elasticity to the vessel wall8. Vascular structural proteins 

can also vary in composition depending on the function and localization 

of the vessel5,8. For example, the primary collagen types encountered in 

brain arteries are collagen III, IV and VI13. However, the specific 

composition varies depending on the type of cerebral arteries. For 

example, Dong et al.14, studied the brain of 6 middle aged deceased 

subjects and demonstrated that collagen I is predominant in the tunica 

adventitia and intima of leptomeningeal arteries, while collagen III is 

moderately present in the tunica adventitia. Conversely, in grey and 

white matter capillaries, collagen III was present in relatively high 

quantities but collagen I was only faintly present and only traces of 

collagen IV found14.  

1.2.3 Mechanical properties of and experienced by blood vessels 

Blood vessels both exhibit mechanical properties and undergo 

mechanical forces under physiological conditions. The tensile modulus 

of human brain arteries is approximately 21 MPa and the one of human 

brain veins is approximately 2.3 MPa15,16. This huge difference in tensile 

modulus between arteries and veins is due to the different percentage 

of elastin, which is greater in arteries15. Compressive modulus of brain 
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arteries is approximately 10 MPa whereas the compressive modulus of 

brain veins is around 4 MPa.17 

The walls of blood vessels also undergo many types of mechanical 

constraints, including shear stress. Wall shear stress and shear pressure 

in brain arteries have been assessed by mechanical testing or 3D 

simulation. Kulscar et al.18 studied three women between 44 and 58 and 

reported that their average shear stress of brain arteries was 10 Pa. Xiao 

et al.19 found that shear pressure in brain arteries is in average 180 Pa 

in healthy brain arteries and 160 Pa in arteries presenting brain 

aneurysms.  

1.3 Brain aneurysm formation and aneurysm types 

1.3.1 Brain aneurysm formation 

An aneurysm is a deformation of blood vessels, where a bulge forms 

due to weakening in the vessel wall. Aneurysm formation starts with 

accelerated blood flow20,21, which may be caused by smoking, 

hypertension, and/or flow constraints at an arterial bifurcation, leading to 

high wall shear stress 7,20,21. Indeed, during the formation of brain 

aneurysms, wall shear stress is at least 5 fold greater than the average 

wall shear stress of healthy brain arteries (around 40 to 60 Pa), 

according to Kulscar et al18. Wang et al.22 found that in cerebral 

aneurysms, artery wall shear stress is lower than in healthy arteries, 

around 0.2 Pa in brain carotid artery22. Another study found that wall 

shear stress is 1.5 folds higher in healthy brain arteries than in 

aneurysms (6 Pa in aneurysms and 9 Pa in health artery) but found no 

difference in shear pressure (between 106 and 220 Pa in aneurysms and 
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between 104 and 270 Pa in health arteries)19. A third study found a low 

wall shear stress in cerebral aneurysms at arteries between 0.76 and 

2.55 Pa23. These data, though statistically significant, however, come 

from 3D reconstructed aneurysm models and not in vivo data19,22. 

Abnormally high blood flow leading to increased vessel wall shear 

stress in blood vessels triggers collagen and extracellular matrix (ECM) 

reconstruction by smooth muscle cells (SMCs) and endothelial cells7,20. 

The first step of restructuring is the detection of increased wall shear 

stress by the glycocalyx, a network of glycoproteins and proteoglycans 

coating the endothelium9, which triggers the release of macrophage 

chemotactic protein-1 (MCP-1). MCP-1 then recruits macrophages, 

which release cytokines and matrix metalloproteinases21. Among the 

former, interleukin 1β (IL-β) participates in blocking collagen synthesis, 

while tumor necrosis factor-β (TNF-β) induces SMCs to migrate to the 

tunica intima and contributes to the activation of matrix 

metalloproteinases (MMPs) released by macrophages7,20,21.    

As a result of these events, SMCs are disjointed21, collagen fibers 

are reoriented, and the tunica intima thins (Figure 2). Collagen fibers are 

reoriented because collagen type changes, from mainly types III, IV and 

VI to mostly types I and V7,20. Aneurysm growth occurs after these 

structural changes because collagen fibers extend thanks to their 

reorientation20. Frösen et al.20 presented aneurysm growth as 

inflammation driven: macrophages produce growth factors like TGF-β, 

which facilitate smooth muscle cells growth and simultaneously, through 

a series of immune mechanisms, recruit more macrophages, thus 
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maintaining inflammation, smooth muscle cell dysregulation, and 

ultimately, aneurysm growth. 

 

Figure 2: Structural modifications in the tunica intima at an arterial 

bifurcation. (Top) In healthy blood vessels, the tunica adventitia (TA) 

contains fibroblasts (FB) and lays on the tunica media which contains 

organized layers of smooth muscle cells (SMCs). The medial layer itself 

sits on the tunica intima which is composed of the internal elastic lamina 

(IEL), a basement membrane (BM) and an organized layer of endothelial 

cells (ECs). (Bottom) When increased blood flow triggers tissue 

deformation, it damages the basement membrane, the internal elastic 

lamina and the smooth muscle cells. The cellular debris recruits immune 

cells (WBC) that start inflammation, which will drive aneurysm growth.  

1.3.2 Types of cerebral aneurysms 

 When cerebral aneurysms are fully formed, different types can be 

observed (Figure 3). Aneurysms are generally comprised between 5 and 

10 mm24. Micro (Figure 3A) and giant (Figure 3B) aneurysms are 

characterized by their size which measure less than 2 mm and more 

than 25 mm, respectively2,25. Saccular (Figure 3C) and fusiform (Figure 

3D) aneurysms are defined by their location at the bifurcation of an 
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artery. Saccular aneurysms are like pockets that can be distinguished 

from the vessel core, whereas fusiform aneurysms are swellings within 

the vessel. The position of the aneurysms allows them to relocate thinner 

vessels to fuel the aneurysms25, such as how tumor-mediated 

stimulation of angiogenesis26.  

 

Figure 3: Main brain aneurysm types. Aneurysms are classified based 

on their locations and sizes. Normal aneurysm size is between 2 mm 

and 25 mm in diameter. (A) Under this threshold, they are defined as 

micro aneurysms, while (B) giant aneurysms fall above. (C) Aneurysms 

located at bifurcations of blood vessels, but outside the vessel, are 

denoted as saccular aneurysms. (D) Aneurysms at bifurcations of blood 

vessels, but located inside one of the branches of the bifurcation, are 

named fusiform aneurysms. 

1.4 Current treatments 

The current aneurysm treatments are medical devices that are 

place inside or around the neck of the aneurysm to stop blood from 

flowing inside aneurysms and prevent aneurysm rupture. The most used 

treatments include surgical clips, coils, stents, and liquid fillers, which 

are discussed below. 
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1.4.1 Surgical clipping 

Surgical clipping requires an open skull surgery to access and 

block the aneurysm with a clip, which restores normal blood circulation 

in the main vessel (Figure 4). Patients treated with surgical clips have 

high survival rates. For example, in the United Kingdom (UK) cohort of 

an international subarachnoid aneurysm trial, Molyneux et al.4 reported 

that, 10 years after surgical clipping, 79% of the 835 patients were alive. 

In addition, clipping is suited to most brain aneurysms types25 and 

patients can be treated even if their aneurysm is ruptured27. In a study 

by Raper et al.27, six patients who were initially treated with coils had 

aneurysm ruptures, but surgical clipping fully closed these ruptured 

aneurysm necks. 

 

Figure 4: Representation of a surgical clip on a saccular aneurysm 

neck. The surgical clip pinches the aneurysm neck to prevent blood from 

going in the aneurysm and causing aneurysm rupture. 

Unfortunately, surgical clipping can be expensive. For example, 

the average cost of the clipping procedure in the US was $24,000 in 

20083. In a 20-year cost comparison of surgical clipping procedures, 

Engele et al.28, found that clipping costs are hospital-dependent, vary 

between $20,000 and $80,000, and can be up to 30% more expensive 

than coiling28. Moreover, clipping requires an open surgery of the skull, 
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which increases chances of complications29. Hoffman et al.30 studied 

7036 patients, half of the patients were treated with coils and the other 

half with clips, finding that patients with clips were 20% more likely to be 

readmitted at the hospital, 90 days after treatment, than patients with 

coils30. In summary, clips have a high successful aneurysm closure rate, 

even in patients with ruptured aneurysms, and are suited to most 

aneurysm types. However, clips are expensive, require an invasive 

surgical procedure, and may result in a higher readmission rate.   

1.4.2 Coiling 

Coiling is a minimally invasive aneurysm treatment that consists 

in inserting a wire-containing catheter, also known as a coil, in a vessel 

near the aneurysm and coiling the wire to fill the aneurysm31 (Figure 5). 

To reinforce the vessel wall, stents can be inserted along with coils (see  

1.4.3 Stent subsection below)25. Stents are often inserted before 

coils, because they help in the process of coiling within complex giant 

and fusiform aneurysms25. 

 

Figure 5: Representation of the insertion of a coil in a saccular 

aneurysm. A micro catheter is inserted in a patient blood vessel to 

deploy and coil (a wire) into the aneurysm to prevent blood from flowing 

inside the aneurysm. 
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Coiling is efficient and less invasive than surgical clipping. The 

International Subarachnoid Aneurysm Trial recorded the recovery rates 

of 2,143 patients with coils or stents-treated aneurysms4. In the UK 

cohort of this trial, Molyneux et al.4 observed that, 10 years after surgical 

clipping, 83% of the 809 patients were alive. In a similar study conducted 

in the United States, Hoffman et al.30 recounted that of 8,564 patients, 

with half treated with coils and half with clips, those treated with coils had 

less severe 30-day readmission issues than patients treated with 

clipping. Unfortunately, costs for coiling procedures are high and vary 

across hospitals and regions. Engele et al.28 compared coiling and 

clipping costs during 20 years at various locations in the US, and found 

that while  coiling is 10 to 30% less expensive than clipping, coling prices 

can vary from $13,000 to $83,000. Moreover, coils can also induce 

thrombosis, blood clot formation, and inflammation32. Taken together, 

coiling is a minimally invasive procedure that has a good aneurysm 

closure success rate, but it is expensive and can cause inflammation and 

blood clot formation. 

1.4.3 Stents  

A stent is a medical device shaped as a tube and made of a 

network of wire (Figure 6). Stents are mostly used for stent-assisted 

coiling; however, covered stents can be used on their own to treat 

aneurysms25. Stents are inserted in patients the same way coils are: a 

microcatheter is introduced in a vein or artery up to the aneurysm 

location, where the stent is deployed through expansion of a balloon at 

the end of the microcatheter33. Stents allow aneurysms to disappear due 
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to the gradual formation of a blood clot in the aneurysm, on the surface 

of the stent. The combination of the clot and the mesh of the stent 

support the formation of new tunica intima layer and then the 

reconstruction of the vessel walls32. In general, stenting is an effective 

procedure, with a previous study reporting that 70% of patients had a 

complete occlusion of their aneurysm after a year and 92% of patients 

had 90% of their aneurysm occluded after a year33. However, this 

procedure often requires taking anticoagulant medication to fluidify blood 

to prevent blood clot formation33. In an American study on 153 patients, 

Fiorella et al.33 reported that subjects were administered an 

anticoagulant a week before the procedure and at least 3 months after 

the procedure or ad vitam aeternam, as needed. 

 

Figure 6: Representation of a stent. A stent is a medical device made 

of a network of metal wires. 

As mentioned previously, there are many clinical procedures that 

combine the use of stents and coils to heal aneurysms (Figure 7). The 

best-known technique is called stent jail coiling (Figure 7A). This 

technique consists in inserting a stent using a microcatheter, removing 

the catheter, and then inserting a coil with another microcatheter. 

However, when the microcatheter for coil deployment is removed, there 
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is a risk of accidentally moving the stent. To solve this, another technique 

called semi-jailing (Figure 7B) is used. In this method, the stent is only 

half deployed prior to insertion of the coil. After the coil’s microcatheter 

is removed, the stent catheter is fully deployed34.  

 

Figure 7: Representative schematics depicting stent types. A: Stent 

jail coiling: a stent is deployed with a microcatheter, then a coil is 

inserted. B: Semi-jailing technique: a stent is half deployed with a 

microcatheter, then a coil is inserted, and finally the stent is fully 

deployed. C: Y stenting: two stents are inserted in the main artery and 

through each branch of the bifurcation, and then is inserted a coil that 

leans on them from inside the aneurysm. D: Waffle cone technique: a 

stent is deployed from the main artery to the neck of the aneurysm and 

then a coil is inserted in the aneurysm and leans on the stent. E: Flow 

diverter stent: a stent is deployed through the aneurysm. F: Covered 

stent: a stent covered by expendable polymers is deployed through the 

aneurysm. 

 

Another stenting method, called the Y-stenting technique (Figure 

7C), is used for intracranial aneurysms located at bifurcations. As the 

main vessel splits into two branches at a bifurcation, two stents are 

inserted into the main vessel in this method, where one stent is placed 

in the main vessel and another in one branch of the bifurcation. Then, at 

least one coil is inserted in the neck of the aneurysm and the coil lies on 

the two stents35. Unfortunately, the Y technique is not appropriate for 

wide-neck aneurysms at bifurcations. As such, the waffle cone technique 



14 
 

(Figure 7D) is used. For the efficiency of this method, the maximum 

diameter of the stent must be larger than the neck of the aneurysm. 

Compared to the Y technique which uses two stents, the waffle cone 

only uses one, which reduces the risks of thrombosis and stenosis (blood 

clot formation and vessel narrowing)36, but the technique requires a high 

dexterity to correctly position the stent25. 

For fusiform aneurysms, which are located at bifurcations but are 

in the main artery or vein and thus, cannot be treated with the Y stenting 

technique, flow diverter stents (Figure 7E) are utilized. Flow diverter 

focus and direct the blood flow in a straight line, while reinforcing the 

vessel wall25. Covered stents (Figure 7F) are a subgenre of flow diverter 

stents that are covered by a layer of expendable polymer as 

polyurethane37 or expanded polytetrafluoroethylene38. This polymer 

layer completely prevents the blood from flowing in the aneurysm and, 

compared to the uncovered network of wires of flow diverter stents, 

reduces the risk of blood clot formation25.  

Stent-assisted coiling allows for treatment of brain aneurysms in 

intracranial locations including at the basilar trunk, middle cerebral 

arteries, or carotid bifurcations33. One of the most difficult locations in 

which a stent can aid in the treatment of a brain aneurysm is around the 

circle of Willis, which is a strategic point of brain blood circulation as four 

of the main brain arteries are joined there39. Repairing the vasculature in 

this location is crucial for maintaining brain tissue integrity39. In a study 

of 25 patients with aneurysms on arteries of the circle of Willis, Schob et 

al.32 used 0.017 inch microcatheters to deliver stents and coils in 
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proximal and distal segments of Willis’s Circle arteries in fusiform and 

saccular aneurysms. After 3 months, 63% of aneurysms were fully 

occluded and 85% were partially occluded32.  

Taken together, stents are minimally invasive and reinforce blood 

vessel walls either alone or to enable coiling in a wide range of aneurysm 

types that may not be candidates for treatment by clipping or simple 

coiling. However, stents can require taking anticoagulant medication, 

can cause inflammation or thrombosis, stay forever in the patients, and 

for most stent types, do not totally heal nor rebuild the blood vessel 

wall25,32. 

1.4.4 Liquid fillers 

Liquid fillers, or embolic agents, are liquid polymers mixed with 

imaging agents, which allow the procedure to be monitored by 

angiography. The mix is inserted into aneurysms through catheters and 

spontaneously solidify in contact with blood40. Similar to coiling, this 

technique does not require open surgery of the skull and uses standard 

tools as a balloon catheter to block blood flow and a microcatheter to 

insert the embolic agent (Figure 8). Unlike coiling, liquid fillers can fit 

asymmetrical aneurysms thanks to their liquid state25. The most studied 

liquid filler is the Onyx embolization agent by Medtronic. Onyx is 

composed of ethylene vinyl alcohol copolymer for aneurysm filling, 

DMSO for polymer solubilization, and tantalum powder for imaging41. 

Several small clinical studies have been conducted with Onyx. For 

example, Chalaoui et al.42 found that 13 out of 16 patients had a 

successful occlusion of their aneurysm, including patients with ruptured 
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aneurysms. Another study reported that liquid fillers do not cause 

inflammation and thrombosis, contrary to coils43. However, one major 

risk of embolization agents is the potential of filler fragmentation by blood 

flow40.  

 

Figure 8: Method of insertion of a liquid filler. A: A balloon catheter 

is inserted to block the blood flow. B: The filler, in its liquid state, is 

injected with a microcatheter. C: The balloon catheter is withdrawn, 

which enables the blood to flow back into the vessel. D: When the liquid 

filler enters in contact with blood, it solidifies.  

1.5 Conclusion & Clinical Need 

Cranial aneurysms are deformations of brain blood vessels that 

form because of increased blood flow pressure7,21 and if left untreated, 

can rupture and lead to death.   
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Table 1: Comparison of brain aneurysm treatments 

Treatment 
Name 

Success 
Rate 

Drawbacks Advantages 
Referen-

ces 

Surgical 
Clipping 

78% of 
1,000 
patients at 
10 years 
did not 
undergo 
brain or 
motor 
function 
damages 
after 
surgery 

- Of 7,000 
patients, 
20% more 
90 days 
readmission 
than coiling 

- Open skull 
surgery 

- Blood vessel 
wall is not 
rebuilt 

- Available for 
many 
aneurysm 
types 

- Better than 
coil to stop 
hemorrhages 
definitely 

4,25,27,30 

Coiling 

82% of 
1,000 
patients at 
10 years 
did not 
undergo 
brain or 
motor 
function 
damages 
after 
surgery  

- Can cause 
inflammation 
or 
thrombosis 

- blood vessel 
wall is not 
rebuilt 

- Minimally 
invasive 

4,25,30,43 

Stent 
Assisted 
Coiling 

92% of 153 
patients 
had a 90% 
aneurysm 
occlusion 
after a year 

- Can require 
taking 
anticoagulan
t medication 

- Can cause 
inflammation 
or 
thrombosis 

- blood vessel 
wall is not 
rebuilt 

- Minimally 
invasive 

- Support the 
reconstructio
n of the 
vessel wall  

32,33 

Liquid 
Fillers 

81% of 
successful 
aneurysm 
blockage 
(16 
patients) 

- Risk of 
fragmentatio
n by blood 
flow 

- Recent so 
do not have 
success 
rates over 
time 

- Minimally 
invasive 

- Do not cause 
inflammation 
or 
thrombosis 

- Adapted to 
asymmetrical 
aneurysms 

25,40,43 
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Current treatments allow partial vessel wall reconstruction and 

stop aneurysm growth by blocking the blood flow from going in the 

aneurysm, but either require open skull surgery, can cause thrombosis 

and inflammation, or can be fragmented by blood flow (Table 1) 28,31,33,42. 

Thus, there is a need for a minimally invasive treatment that does not 

cause inflammation, that promotes wound repair, and is safely resorbed 

by the body. In this work, we propose a novel solution, that is 

noninvasive, non-cytotoxic, angiogenesis enhancing and resorbable, 

which will provide an improved solution to treat brain aneurysms.                                                               

Chapter 2: Novel method for potential aneurysm 

treatment 

2.1 Introduction and treatment characteristics 

Previously, we established the characteristics of an ideal 

treatment for brain aneurysms, which include being safe and 

biocompatible, inducing wound regeneration and angiogenesis, being 

resorbable, being visible with non-invasive imaging techniques to 

provide follow-ups, and being minimally invasive. As such, our own 

solution, which is depicted in Figure 9, is inspired by these 

characteristics. Briefly, our treatment will be introduced in patients as a 

liquid, via a 1 mm thick catheter, after blocking blood flow in the vessel 

at the site of the aneurysm with a balloon catheter. The liquid solution, 

comprising pentenoate hyaluronic acid (PHA), dithiothreitol (DTT) as the 

crosslinker, lithium phenyl-2,4,6 trimethylbenzoylphosphinate (LAP) as 

the photo-initiator, and phosphate buffered saline (PBS), will then be 
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safely crosslinked in the aneurysm with 365 nm UV light delivered 

through a 1 mm thick pigtailed diode catheter. The whole process is 

expected to take between 5 and 8 minutes and is applicable to 

aneurysms with a 1.5 dome to neck ratio, which means that, optimally, 

the diameter of the aneurysm must be one and a half times wider that 

the diameter of the aneurysm neck. Resorption will be tracked by 

imaging with x-ray tomography by tracking the tantalum powder added 

in the hydrogel material.  

 

Figure 9: Injection method and functioning of our material. PHA/Ta: 

our material made of pentenoate hyaluronic acid and tantalum powder. 

A: First, a balloon catheter is inserted in the main vessel to prevent blood 

from flowing in the aneurysm. B: Then, a microcatheter is used to inject 

the PHA in its liquid state. C: PHA is crosslinked with a 365 nm UV light 

for two minutes to form a hydrogel. The balloon catheter is withdrawn. 

D: Because the aneurysm is not fueled by blood, it dies over time and as 

it degrades, the PHA degrades with it while enhancing blood vessel 

reconstruction. 

Finally, our HA-based material favors wound repair and 

angiogenesis and is expected to be safely resorbed, in theory within 28 



20 
 

days44,45. In the following sections, the choice of our materials will be 

justified.  

2.1.1 Potential wound repair and resorption of HA 

Our goal is to treat aneurysms by introducing a material within the 

aneurysm that isolates the aneurysm from blood flow and promotes 

aneurysm resorption and regeneration of the vessel wall. Hyaluronic 

acid (HA) was chosen because previous studies showed that HA is 

degradable and promotes wound healing. You et al.44 utilized hydrogels 

consisting of one layer of poly lactide-co-glycolide mixed with HA 

hydrogels between two layers of 5 weight percent (wt%) or 10 wt% HA 

to fill ruptured bones and demonstrated that in 28 days the 3-layer 

hydrogels were fully resorbed. Similarly, Hertegård et al.45 made 

hyaluronic acid hydrogels to help wound regeneration, and noticed total 

HA resorption after 25 days. 

Deng et al.46 used chitosan and hyaluronic acid hydrogels to 

repair abdomen wounds in rabbits. The authors noticed wounds treated 

with the hydrogels exhibited an increase in cytokines that promote 

angiogenesis, a 2.5-fold increase in thickness of newly formed tissues 

compared to wounds without hydrogel, and activated M2 macrophages, 

which indicates fibrogenesis. Hong et al.47 observed the scaring rates of 

rabbits wounds covered with HA hydrogels. After 14 days, wounds 

covered by hyaluronic acid hydrogels were 58% smaller than at day one, 

whereas wounds without it were, at day 14, only 28% smaller than day 

1. Supporting this observation, the authors found the presence of 

transforming growth factor beta-1 (TGF-β1), which starts the skin healing 
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procedure, at day 7 in the wound with hyaluronic hydrogels; however, 

this growth factor was not observed in control wounds (i.e., wounds 

without hydrogel) until day 14. Ghose et al.48 studied the effects of HA 

on the proliferation of endothelial cells from livers of mice. They noted 

that endothelial cells with 10 mg/mL of HA grow in 48 hours two times 

faster than endothelial cells alone. They also quantified angiogenic 

factors expression in 48 hours of these endothelial cells with 10 mg/mL 

of HA and observed an increase of by 4-fold, 7-fold, and 8-fold with HA 

compared to control, of vascular endothelial growth factor, catenin β, and 

vascular endothelial growth factor receptor 1, respectively48.  

The literature above shows that HA is a resorbable polymer that 

promotes wound healing. On one hand, it will be a good material to 

enhance wound healing of the vessel wall at the neck of the aneurysm. 

On the other, HA will be an appropriate material because it will be 

resorbed along with the aneurysm.   

2.1.2 Safe crosslinking and photo-initiating 

Our treatment will be injected into an aneurysm as a liquid 

solution of PHA. Thus, once PHA is delivered in the aneurysm, to solidify 

is with UV light, a photo-initiator – a chemical that reacts to UV light - is 

needed. Among all the photo-initiators, LAP was chosen for its low 

toxicity and low radical production, as justified by the studies below. 

Fairbanks et al.49 studied the effects of two combinations of LAP 

concentrations and exposure times to 10 mW/cm2 of 365 nm UV light on 

human neonatal foreskin fibroblast. The combinations were 2.2 mM of 

LAP/ 1 min UV exposure and 0.22 mM LAP/ 10 min UV exposure. Cells 
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survival rates after 24 hours in contact with hydrogels (so with LAP and 

after UV exposure) were 95±2% and 96±2%, respectively. The first 

combination showed that standard concentrations of LAP are not 

harmful to cells, at least during the first 24 hours of contact. The second 

combination showed that cells can survive 10 min of exposure to 10 

mW/cm2 of 365 nm UV light without being damaged49.  

Nguyen et al.50 found similar results by exposing human primary 

renal proximal tubule epithelial cells to solutions of 0.008, 0.04, 0.2, and 

1 mg/ml of LAP and to 86, 342, or 855 mJ/cm2 350-400 nm UV radiation. 

They noticed that the intensity of the UV light did not impact cell health 

but the growing concentrations of LAP did. While 0.008, 0.04, and 

mg/mL of LAP led to 92.5%, 85.4%, and 78.9% of cell survival, 1 mg/mL 

of LAP resulted in 67.1% of cell survival. Nguyen et al.50 also 

investigated the liberation of NAD+ radicals by the UV light activation of 

LAP, and concluded that it increased with LAP concentration and 

decreased with UV exposure intensity and wavelength. Apparently, an 

exposure of 855 mJ/cm2 of 350-400 nm UV light combined with 0.01 

mg/mL of LAP release nearly 0% of radicals50. 

McCall et al.51 specifically investigated the formation of radicals 

during 10 mW/cm2 365 nm crosslinking of LAP during 5 minutes. They 

reported that the concentration of acrylate radicals from 1 mM LAP was 

1.82 mM and the concentrations of thiol-ene radicals from 0.1, 1, and, 

10 mM LAP were respectively 0.11, 0.13, and 0.27 mM. Then they 

evaluated the impact of these radicals on several proteins as TGFβ, 
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lysozyme or collagenase 3, and concluded that at these 10-1 mM 

concentrations there was no bioactivity loss and no impact on cells51.  

These studies shed light on the good survival rates of cells in 

contact with LAP, which makes it an appropriate photo-initiator to start 

the crosslinking reaction of PHA into hydrogels.  

2.1.3 Easy and safe imaging  

Because PHA hydrogels are transparent, to non-invasively 

assess with X-rays that our treatment is properly injected in patients, an 

imaging agent is necessary. X-rays for brain imaging are safe and used 

in several procedures as fluoroscopy or computed tomography52,53. 

Fluoroscopy is a continuous imaging technique that uses X-Rays to 

provide images during a procedure. It is a well-known and FDA approved 

method which has various applications as blood vessel visualization, 

catheter insertion or stent visualization during aneurysm surgery41,53. 

Conlin et al.52 used computed tomography of the brain of a patient to find 

the source of their headache. 

There are many different possible biocompatible imaging agents 

for X-rays such as bismuth chelate54, iodine, ferrous sulfate, tantalum, 

copper sulfate55.  Roberts et al.56 observed that tantalum (Ta) offers a 

better imaging contrast than iodine above 80 kVp, while Rathnayake et 

al.57 reported that tantalum brings more contrast and details with dual 

contrast dual energy computed tomography, compared to bismuth. 

Moreover, tantalum was used in the Onyx embolization agent41, which 

is a marketed product that aims to fill aneurysms, repair them and allow 

follow up by computed tomography imaging.  
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Table 2: Concentrations of tantalum as an imaging agent found in 

the literature 

Contrast agent Used in Concentration 
Referen-
ce 

Carboxybetaine 
zwitterionic 

Tantalum oxide 
nanoparticles 

Rat blood vessels 138 mg Ta/mL 

58 

Zwitterionic forms of 
tantalum oxide 
nanoparticles 

Rat blood vessels 190 mg Ta/mL 

56 

Tantalum oxide 
nanoparticles 

Rabbit blood 
vessels 

240 mg Ta/mL 

59 

Tantalum oxide 
nanoparticles 

Rabbit enteric 
blood vessels 

16 mg Ta/mL 
57 

Tantalum’s safety and biocompatibility has been evaluated in 

several studies. Roberts et al.56 used tantalum oxide nanoparticles 

(injected in Lewis rats at 300 mg Ta/kg) as imaging agents and found 

that the total nanoparticle retention in naïve Lewis rats was 1.49% 48 

hours post-injection, which shows that most of the tantalum injected gets 

out of the body after 2 days ; thus, tantalum does not pollute the body. 

Wang et al.60 used porous tantalum as a bone replacement. The 

researchers demonstrated that tantalum in contact with osteoblasts for 

8 days did not affect cell proliferation, and tantalum in contact with bones 

in vivo increased bone regeneration and collagen type I secretion. 

Different tantalum concentrations found in the literature have 

been compiled in Table 2. In blood vessels, most tantalum 
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concentrations used are around 200 mg of Ta per mL56,58,59. However, 

FitzGerald et al.58 reported that the concentration of tantalum introduced 

was diluted by at least a factor 10 by the blood stream, so most 

concentrations are around 10 or 20 mg Ta/mL. Rathnayake et al.57 

reported using concentrations around 1 mg Ta/mL, in studies where 

blood dilution was not a factor. Due reports from previous literature, we 

plan to move forward with using 5 mg Ta/mL as a low concentration and 

50 mg Ta/mL as a high concentration in our novel aneurysm treatment. 

These studies show that X-rays can be used to safely image the 

brain. Tantalum powder is an imaging agent that will make PHA visible 

on X-rays, thus allow non-invasive monitoring of PHA injection in 

aneurysms. 

 

2.2 Materials & Methods 

2.2.1 Materials 

Hyaluronic acid (HA; 40 kDa) was purchased from Lifecore 

Biomedical, Chaska, MN, United States. N,N-dimethylformamide (DMF; 

≥99.8%), 4-(dimethylamino) pyridine, ≥99%, 1M sodium hydroxide 

(NaOH; ≥97.0%), 4-pentenoic anhydride 98%, sodium chloride (NaCl; 

≥99%), acetone (≥99.5%), 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid 

sodium salt, D2O, tantalum powder (Ta; 60 to 100 mesh), dithiothreitol 

(DTT; ≥95%), and lithium phenyl-2,4,6 trimethylbenzoylphosphinate 

(LAP; ≥95%) were purchased from Sigma-Aldrich, Saint-Louis, MO, 

United States. Phosphate-buffered saline (PBS, 1X), Tween-20 (50% 

solution), and Triton X-100 were purchased from Thermo Fisher 
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Scientific, Waltham, MA, United States. Primary human umbilical vein 

endothelial cells (HUVEC; normal); HUVEC culture medium, and growth 

factors were purchased from ATCC, Manassas, VA, United States. 

Calcein-AM (4 mM in DMSO), Ethidium homodimer III (EthD-III; 2 mM in 

DMSO/H2O), and AccuGreen DNA assay kit (including dye, buffer, and 

DNA standards) were purchased from Biotium, Fremont, CA, United 

States. Alamar blue dye was purchased from Bio-Rad, Hercules, CA, 

United States. 

2.2.2 PHA synthesis 

To create PHA, hyaluronic acid (1 g) was dissolved in 200 mL of 

DI water at room temperature. DMF was added to the water at a 2:3 ratio 

of DMF:DI water and stirred at 250 rpm until completely dissolved. Then, 

250 mg of 4-(dimethylamino)pyridine were dissolved in the HA solution. 

Pentenoic anhydride (2.4 mL) was added in 10 times. The pH was the 

adjusted to pH 8-9 by addition of 1 M NaOH and stirred overnight at room 

temperature. NaCl (5 g) were dissolved in the HA solution. The solution 

was precipitated by addition of 2 L of acetone and centrifuged at 6,000 

g for 3 minutes 3 times. The pellets were dissolved in DI water and 

dialyzed for 2 days in dialysis tubing (MWCO: 6-8 kDa, VWR, Radnor, 

PA). The pH of the solution was then adjusted to 7.4 with NaOH, 

lyophilized to dryness, and stored as a lyophilized powder at -20°C until 

use.  

2.2.3 PHA structural analysis 

PHA was dissolved in 3 mg/mL of D2O. Then 1 mg/mL of 3-

(trimethylsilyl)propionic-2,2,3,3-d4 was added and the solution was put 
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in a glass NMR tube. The sample was then run on an NMR 500 with the 

software VNMRJ (Agilent, Santa Clara, California). The NMR was tuned 

and shimmed, then a proton spectrum was collected and analyzed with 

the software MestReNova (MestReLab Research, La Coruna, Spain). 

The concentration mmol of pentenoate per gram of PHA was calculated 

with the following equation: 

. 

The concentration of mmol of pentenoate per gram of PHA is the integral 

of pentenoate divided by the quantity of PHA in the sample tested, to 

obtain the number of alkene chemical groups, standardized by the 

quantity of TMSP over the integral of TMSP. 

2.2.4 PHA hydrogels formation 

Lyophilized PHA was dissolved in PBS overnight at 4°C, to make 

5 wt%, 7.5 wt% and 10 wt% PHA solutions. Meanwhile, a solution of 1.3 

mg/mL LAP and 2 mg/mL DTT, dissolved in 1X PBS, was made and 

shielded from light. The PHA and LAP/DTT solutions were then 

combined 1:1 to create 5 wt%, 7.5 wt%, and 10 wt% PHA solutions. For 

hydrogels containing tantalum (Ta), Ta powder was added to the 

PHA/LAP/DTT solution to form solutions of 50 mg of TA per mL of PHA. 

Solutions were pipetted into a 1 mm thick rubber mold sandwiched 

between 2 glass slides and placed under a 365 nm UV light at 9 mW/cm2 

for 2 minutes to form hydrogels. 
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2.2.5 Viscosity and flow 

Liquid PHA solutions (5 wt%, 7.5 wt%, and 10 wt%) were 

fabricated with the same protocol as PHA hydrogels but were not 

crosslinked. Viscosity was determined with a 40 mm cone with a 2° angle 

on a Discovery Hybrid Rheometer-2 (TA Instruments, New Castle, 

Delaware). Flow was evaluated by pushing liquid PHA solutions (5 wt%, 

7.5 wt%, and 10 wt%) through a 1 mm diameter catheter, and 

qualitatively classifying them between “flow” and “no flow”. 

2.2.6 Mechanical testing 

PHA hydrogels (5 wt%, 7.5 wt%, and 10 wt%) were fabricated as 

described previously and punched out into 6 mm of diameter circles with 

a biopsy punch. Hydrogels were soaked in 1X PBS at 37°C overnight. 

Swollen hydrogels diameters were measured via a micrometer. 

Compressive elastic moduli were determined with 8 mm parallel plates 

on a Discovery Hybrid Rheometer-2 (TA Instruments, New Castle, 

Delaware) using a strain rate of 5 μm/s (~0.25% strain/s) until 20% strain 

and at 25°C, as described by Kiyotake et al.61 Before each measure, a 

0.1 N axial force was applied to ensure the hydrogel and instrument were 

in contact. The compressive elastic moduli were calculated for the 

portion of the slope where strain rates were 10 to 20%.  

2.2.7 Swelling capacity 

PHA hydrogels were fabricated as described previously and 

punched out into 6 mm of diameter circles with a biopsy punch. 

Fabricated weights were then recorded. Hydrogels were soaked in 1X 

PBS at 37°C overnight and then the swollen weights of the hydrogels 
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were recorded. Hydrogels were frozen at -20°C for 30 minutes, 

lyophilized overnight, and dry weights were recorded. The swelling 

capacity was estimated with two different parameters: 

  

 

Absorption and swelling ratio both indicate how much fluid PHA can 

absorb, though the swelling ratio gives a supplementary information on 

the absolute fluid intake of PHA from its dry for to its hydrogel form.   

2.2.8 Tantalum visibility in hydrogels 

To assess tantalum visibility within the hydrogels, dental X-rays 

of 10 wt% PHA hydrogels with and without 50 mg/mL of tantalum were 

taken with a Pro X dental X-ray unit (Planmeca, Finland). Images with 

hydrogels only, as well as hydrogels covered by 47 mm high ballistic gels 

(to simulate brain tissue) or hydrogels covered by 47 mm high ballistic 

gels and 4.8 mm thick PLA covers (to simulate both brain tissue and 

skull), were taken with an exposure time of 0.080 seconds, at 7 kV and 

8 mA. The intensity of tantalum particles in hydrogels was quantify with 

ImageJ by analyzing the intensity of hydrogels per mm2 with the 

following formula: 
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2.2.9 Cell upkeep 

Human umbilical vein endothelial cells (HUVEC) were cultivated 

in vascular cell basal medium with the following endothelial growth 

factors (ATCC, Manassas, VA): 5 ng/mL of rhVEGF, 5 ng/mL of rhEGF, 

5 ng/mL of rhFGF basic: 5 ng/mL, 15 ng/mL of rhIGF-1, 10 mM of L-

glutamine, 0.75 Units/mL of heparin sulfate, 1 µg/mL of hydrocortisone, 

50 µg/mL of ascorbic acid, and 2% fetal bovine serum. The cells were 

maintained at 37°C with 5% of CO2 and 95% humidity. For all assays, 

cells were used between passages 7 and 9. 

2.2.10 Cell assays 

To create hydrogels for cell culture assays, lyophilized PHA was 

sterilized with ethylene oxide gas for a 12-hour cycle (AN74i, Anderson 

Anprolene, Haw River, NC) prior to solubilization. LAP and DTT were 

sterile filtered. Tantalum powder was sterilized in a sterilizer at °C for 

minutes. Under a biosafety cabinet, the sterilized PHA, LAP, DTT, and 

TA was crosslinked to form 5 wt%, 7.5 wt%, and 10 wt% hydrogels with 

and without 50 mg/mL of tantalum, as described previously. Hydrogels 

were soaked in sterile HUVEC culture medium overnight. Meanwhile, 

HUVECs were seeded at the density of 30,000 cells/cm2 in 48-well 

plates and allowed to attach overnight. The next day, the medium 

soaked with the hydrogels was pipetted into the cell-laden well plates. 

Three wells were assigned to each condition. Two plates with the same 

conditions were made, one to perform the assay on day 1 and the other 

on day 3.  
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2.2.11 Live dead assay 

To assess the viability of the HUVECs after 1 or 3 days, a Live-

Dead dye solution was prepared with a 2 µM calcein AM/4 µM EthD-III 

concentration in PBS. PBS with 0.05% of Tween and 0.05% of Triton X-

100 (PBSTT; 200 µL/well) was added to two wells to make positive 

controls. Cells cultured in medium only (i.e., no contact with hydrogels) 

were used as negative controls. Medium was removed from all the wells. 

To eliminate residual medium, 300 µL/well of PBS was added to the 

wells, then removed. Live-Dead dye solution was added in each well, 

incubated 15 minutes at 37°C, and replaced by 300 µL/well of PBS for 

imaging. Three images of each well at different locations were taken with 

the 10X objective of a Nikon eclipse TS 100 fluorescence microscope. 

To assess viability, the number of live and dead cells were determined 

according to the following definitions:  

Number of live cells: number of cells stained with calcein AM. Number 

of dead cells: number of cells stained with EthD-III. 

 

2.2.12 Statistical analysis 

All data are presented as mean ± S.D. (standard deviation) from 

at least n=3 experiments. Two-way ANOVA was applied to evaluate the 

differences between treated and control groups. For all the tests, the 

level of significance was p < 0.05. 
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2.3 Results 

2.3.1 Characterization of PHA 

To create an injectable, biodegradable, hyaluronic acid-based 

material for vascular occlusion of brain blood vessel aneurysms, 

pentenoate-modified hyaluronic acid (PHA) was first synthesized (Figure 

10). The formation of pentenoate groups that characterize PHA was 

assessed by the presence of hydrogen proton NMR peaks at 6.25 ppm 

with D2O solvent (Figure 11). The amount of pentenoate groups was 

0.607 mmol of pentenoate per gram of PHA, which confirmed the good 

quality of the synthetized PHA. 

 

 

Figure 10: Formation of PHA. Chemical reaction for PHA synthesis. 

Hyaluronic acid (HA) is combined with pentenoic anhydride under 

slightly basic conditions (pH 8-9), to obtain pentenoate hyaluronic acid 

(PHA).  
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Figure 11: 1H-NMR for PHA Characterization. The peak at 0.25 ppm 

indicates the presence of TMSP. The peak around 5 ppm indicates the 

presence of the water. The peak at 6.25 ppm indicates the presence of 

pentenoate. The ratio of pentenoate mmol per gram of PHA was 0.607 

mmol of pentenoate/g of PHA .   

2.3.2 Viscosity of PHA solutions 

The liquid solution of PHA/LAP/DTT must have a good flow 

through a surgical catheter to be delivered to the site of an aneurysm. 

Viscosity is an indicator of flow which is proportional to it. The viscosity 

of 5 wt%, 7.5 wt%, and 10 wt% PHA hydrogels increased with increasing 

weight percent and respectively was, at a shear rate of 10 s-1 0.053 ± 

0.015 Pa.s, 0.161 ± 0.012 Pa.s, and 0.391 ± 0.047 Pa.s (Figure 12A). 

To interpret and support these findings, flow of liquid PHA solution was 

further assessed by injecting liquid solutions of PHA/LAP/DTT through a 

surgical catheter of one mm diameter.   

A 
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Figure 12: Viscosity and capacity to go through a catheter of our 40 
kDa PHA/Tantalum material. (A) The viscosity of 5 wt%, 7.5 wt%, and 
10 wt% PHA hydrogels increased with increasing weight percent. (B) 
With or without tantalum the material could flow through a catheter of 1 
mm of diameter when it is composed of 5 wt% and 7.5 wt% of PHA. 
However, 10 wt% PHA with and without tantalum could not flow through 
a 1 mm diameter catheter. 

Solutions of 5 wt% and 7.5 wt% of PHA with DTT and LAP without 

and with 50 mg/mL of tantalum powder flowed through the surgical 

catheter without resistance, whereas solution of 10 wt% of PHA with DTT 

and LAP could not flow through the catheter, regardless of the presence 

or absence of tantalum powder (Figure 12B). 

B 

A 
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2.3.3 X-rays to assess tantalum visibility 

During the procedure and once in the patient, surgeons must 

assess PHA hydrogels correct placement in of aneurysms. Thus, the 

visibility of tantalum powder within PHA hydrogels was checked with 

dental X-rays of PHA hydrogels (Figure 13). PHA hydrogels (10 wt%) 

were formed by combining PHA with LAP and DTT and 0, 5, or 50 mg 

Ta / mL PHA and exposing them to a 365 nm UV light for 2 minutes 

(Figure 14). The 10 wt% PHA hydrogels with 50 mg/mL group had more 

Ta flakes and they were more homogeneously distributed than in the 10 

wt% PHA hydrogels with 5 mg of ta per mL of PHA, whereas controls 

(just PHA) had no tantalum flakes in them. The intensity per mm2 of 

tantalum powder increased proportionally with the concentrations of 

tantalum. The intensity per mm2 increased from 0.22 to 0.92 between 

the 10 wt% PHA hydrogels without tantalum and 10 wt% PHA hydrogels 

with 50 mg of Ta per mL of hydrogel. When ballistic gel and a PLA cover 

were added to the top of hydrogels, to simulate brain tissues and the 

skull, respectively, tantalum flakes were still visible in hydrogels. 

Importantly, the intensity per mm2 of tantalum powder was not 

decreased by the presence of the ballistic gels, nor by the PLA cover 

simulating the skull. The intensity of PHA hydrogels with 50 mg of Ta per 

mL of PHA was still 0.92 units/mm2. The quantitative analysis was 

corroborated by the qualitative observation of X-ray images.  
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Figure 13: Tantalum visibility in dental X-rays depending on 

tantalum concentration and cover on top of PHA. Tantalum flakes 

are circled and triangled in red. The intensity per mm2 of tantalum 

powder increased proportionally with the concentrations of tantalum. 

The intensity per mm2 of tantalum powder was not decreased by the 

presence of 47 mm high ballistic gels simulating brain tissues, not by the 

4.8 mm thick PLA covers simulating the skull. The pattern was due to 

the superposition of ballistic gel and PLA.  

  

0.22 

0.74 0.61 0.92 

0.92 0.36 

0.13 0.22 0.92 
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2.3.4 Mechanical properties of hydrogels 

PHA hydrogels were formed by combining PHA with LAP and 

DTT and 0 or 50 mg of tantalum per mL of PHA were added. Hydrogels 

were crosslinked by exposing them to a 365 nm UV light for 2 minutes 

(Figure 14). Hydrogels of different weight percentages of PHA in PBS 

were made: 5 wt%, 7.5 wt%, and 10 wt%. All the hydrogels were 

transparent, 1 mm thick, and had a negligible quantity of bubbles.  

 

Figure 14: PHA hydrogels formation. To obtain hydrogels, PHA is 

combined with DTT (cross-linker) and LAP (photo-initiator) under a 365 

nm UV light for 2 minutes. 

To assess the stiffness of the 5 wt%, 7.5 wt%, and 10 wt% PHA 

hydrogels and their capacity to reinforce vessels walls, the compressive 

moduli were characterized by applying a 0.01 N force axially and 

gradually increasing with a 5 μm/s strain rate until 20% of strain (Figure 

15). For hydrogels without tantalum the compression moduli were 

increased proportionally to hydrogel weight percent. The moduli were 

respectively 48 ± 15, 68 ± 13, and 97 ± 12 kPa for the 5 wt%, 7.5 wt%, 
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and 10 wt% PHA hydrogels, where 7.5 wt% and 10 wt% PHA hydrogels 

had significant differences (p<0.05). Similarly, the compression moduli 

were increasingly proportional to weight percent in the 50 mg/mL 

tantalum group. The moduli were respectively 42 ± 7, 58 ± 10, and 75 ± 

22 kPa for the 5 wt%, 7.5 wt%, and 10 wt% PHA with 50 mg of Ta per 

mL of PHA groups. There was no significant difference between the 

tantalum and no tantalum groups.   

  

 Figure 15: Mechanical characterization of 40 kDa 5 wt%, 7.5 wt%. 

and 10 wt% PHA hydrogels (n=12) with absence or presence of 

tantalum powder (50 mg/mL). (P)HA = Pentenoate-modified hyaluronic 

acid, T = tantalum powder, ns: non-significant. Compression moduli of 5 

wt%, 7.5 wt%, and 10 wt% percent weight PHA hydrogels with and 

without tantalum exhibited increasing moduli with increasing weight 

percentages.  

  

ns 
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2.3.5 Swelling Capacity 

Swelling capacity is an important parameter to know because it 

indicates how much the material will swell when it encounters biological 

fluids and thus, we could adjust the quantity of PHA to deliver in 

aneurysms. To assess the swelling capacity of 5 wt%, 7.5 wt%, and 10 

wt% PHA hydrogels without and with 50 mg of Ta/g of PHA, their water 

absorption and swelling ratios were measured. Water absorption 

(swollen weight mg/fabricated weight mg) of 5 wt%, 7.5 wt%. and 10 wt% 

PHA hydrogels was increasingly proportional to weight percent and 1.7 

± 0.33, 1.9 ± 0.17, and 2.4 ± 0.14, respectively (Figure 16).  

 

Figure 16: Water absorption of 40 kDa 5 wt%, 7.5 wt%. and 10 wt% 
PHA hydrogels (n=12) with absence or presence of tantalum 
powder (50 mg/mL). (P)HA=(Pentenoate) Hyaluronic acid, T= tantalum 
powder. **: p < 0.01.   Water absorption ([swollen weight mg/fabricated 
weight mg]) of 5 wt%, 7.5 wt%, and 10 wt% percent weight PHA 
hydrogels with and without tantalum exhibited increasing moduli with 
increasing weight percentages.  

Water absorption values for the tantalum groups were respectively 

1.9 ± 0.27, 2.5 ± 0.35, and 2.5 ± 0.13 for 5 wt%, 7.5 wt%, and 10 wt% 

PHA hydrogels with 50 mg of Ta per mL of hydrogel. No significant 
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difference was observed between the tantalum and no tantalum 

groups, except for 7.5 wt% hydrogels, where the tantalum group was 

1.5 times more absorbent. 

The swelling ratio ([swollen weight mg/dry weight mg) of 5 wt%, 7.5 

wt%, and 10 wt% PHA hydrogels was inversely proportional to weight 

percent in the no tantalum group, but not significantly (Figure 17). The 

ratios were 33 ± 8%, 23 ± 5%, and 20 ± 4% for 5 wt%, 7.5 wt%, and 10 

wt% PHA hydrogels. Similarly, the swelling ratio of 5 wt%, 7.5 wt%, and 

10 wt% PHA hydrogels with 50 mg of Ta per mL hydrogel, was inversely 

proportional to weight percent. The ratios were 25 ± 5%, 23 ± 4%, and 

23 ± 9% for 5 wt%, 7.5 wt%, and 10 wt% PHA hydrogels.  

  

Figure 17: Swelling ratio (swollen weight mg/dry weight mg) of 40 kDa 5 

wt%, 7.5 wt%. and 10 wt% PHA hydrogels (n=12) with absence or 

presence of tantalum powder (50 mg/mL). (P)HA=(Pentenoate) Hyaluronic 

acid, T= tantalum powder, ns: non-significant.  

  

ns 
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2.3.6 Cell Viability 

To assess the cytocompatibility of PHA hydrogels with human 

umbilical vein endothelial cells (HUVEC), a calcein AM/EthD-III live dead 

assay was done (

 

Figure 18).  
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Figure 18: Cell viability of human umbilical vein endothelial cells 
(HUVEC) after 24 hours in contact with PHA hydrogel-soaked 
medium. ****: p < 0.0001. A to H: Representative images depicting live, 
dead, and composite images of HUVEC after 24 and 72 hours in contact 
with HUVEC medium soaked for 24h with (A) 5 wt%, (B) 7.5 wt%, (C) 10 
wt%, (D) 5 wt%+50 mg/mL Ta, I 7.5 wt%+50 mg/mL Ta, (F) 10 wt%%+50 
mg/mL Ta PHA hydrogels and negative control: (G) no PHA in the 
medium, (H) positive control: no PHA in medium and cells were killed. 
Green: calcein AM, red: ethidium homodimer three (EthD-III). Live cells 
were stained with calcein AM. Dead cells were stained with EthD-III. 
Graphs representing (I) cell viability (number of live cells/ total number 
of cells) and (J) cell area (average area in mm2 of n=21 cells per 
condition) of HUVEC from the live dead assay. Viability was 100% for all 
conditions. Cell area of no tantalum group was smaller than the cell area 
of the tantalum group and smaller than the control. 

The cell viability (number of live cells/ total number of cells) of 

HUVEC from the live dead assay were 100% for all conditions.  

2.4 Discussion 
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Current  brain aneurysm treatments, such as surgical clip and 

coils, allow only partial aneurysm occlusion and partial blood vessel wall 

reconstruction and these treatments stay in the patient ad vitam, thus 

having a high risk of vessel wall inflammation4,25,32. To address these 

issues, our approach is catheter-based delivery of an injectable, 

biodegradable, hyaluronic acid-based material that is compatible with 

radiographic and magnetic resonance medical imaging techniques, that 

can be used to plug saccular brain aneurysms and induces vascular 

regeneration. In these studies, pentanoate hyaluronic acid was 

synthesized, characterized with proton NMR, and crosslinked into 5, 7.5, 

and 10% PHA hydrogels. Flow through a 1 mm of diameter catheter of 

liquid 5 and 7.5% PHA solutions with and without 50 mg of tantalum 

powder per gram of PHA was laminar, whereas flow of liquid 10% PHA 

solutions with and without tantalum was turbulent and slow. To enable 

the visibility of PHA hydrogels in patients, tantalum powder was added 

inside the hydrogels. X-rays confirmed that 50 mg of tantalum powder 

per gram of PHA allowed the gels to be seen under PLA and ballistic 

gels simulating brain tissues and the skull. The compressive elastic 

moduli of 5 wt%, 7.5 wt%, and 10 wt% PHA hydrogels exhibited 

increasing moduli with increasing weight percentages and were 

respectively 48 ± 15, 68 ± 13, and 97 ± 12 kPa for the no tantalum group, 

and 42 ± 7, 58 ± 10, and 75 ± 22 kPa for the tantalum group. Viability of 

HUVECs at 24 hours in vascular cell medium infused with 5 wt%, 7.5 

wt%, and 10 wt% PHA hydrogels, without and with 50 mg of tantalum 

powder per gram of PHA, was 100%.  
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Compressive moduli were measured to evaluate the stiffness of 

the 5 wt%, 7.5 wt%, and 10 wt% PHA hydrogels and their capacity to 

reinforce vessels walls. Compressive moduli of 5 wt%, 7.5 wt%, and 10 

wt% 40 kDa PHA hydrogels increased proportionally to weight percent, 

in a range of 50-100 kPa. These results demonstrated that the more 

crosslinked PHA was, the more resistant to shear stress because more 

chains of PHA were bound together creating more crosslinked PHA 

hydrogels62. Burdick et al.63 reported that the compressive moduli of 5 

and 10% 50 kDa PHA hydrogels were respectively 40 and 75 kPa, which 

is coherent with our results. Toh et al.64 also found that hyaluronic acid 

hydrogels of increasing weight percent had increasing compressive 

moduli, though their range was lower than this present study because 

their crosslinking degrees were lower. Compressive moduli of 5 wt%, 7.5 

wt%, and 10 wt% PHA hydrogels with tantalum also increased 

proportionally to weight percent in the same range, but for the same 

weight percent, each modulus in the tantalum group was lower than the 

one of the no tantalum group, although not significantly. Contrary to our 

results, Hu et al.65 found that addition of tantalum carbide nanoparticles 

to poly diacetone acrylamide hydrogels increased their compressive 

moduli significantly. The difference between studies could be due to the 

difference of structure and properties of the materials used.  

Importantly, our experimental compressive moduli range was 

similar but slightly superior to brain tissues’ compressive moduli. Rashid 

et al.66 found compressive moduli of brain tissue between 10 and 20 kPa, 

but they were cutting whole brains and analyzing their compressive 
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moduli, not testing vessels. The softness of whole brain tissues might 

decrease the general compressive moduli66.  Another study found that 

compressive moduli of blood vessels were between 200 and 600 kPa67. 

These numbers were higher than our results; however, the compressive 

moduli reported were the average of the whole body, where blood flow 

speed can be ten times higher than in the brain, which could explain the 

higher compressive moduli68,69. 

Water absorption was measured to calculate the maximal fluid 

intake of PHA hydrogels to later include this parameter in our 

calculations of the quantity of PHA to inject in hydrogels. Water 

absorption, which was measured as the swollen weight of the hydrogel 

relative to its fabricated weight, increased with weight percent in 5, 7.5, 

and 10% PHA hydrogels. The same trend was observed for 5, 7.5, and 

10% PHA hydrogels with tantalum and the results had the same order 

of magnitude. These findings correlate with the fact that the more 

crosslinked hydrogels are, the more it structure has pores in which water 

can be stored64. These results allow for the determination how much fluid 

can be absorbed by PHA hydrogel. As PHA is expected to behave the 

same way in blood because PBS and blood have similar pH and main 

ionic constituants70, PBS was utilized to determine water absorbance in 

these studies. For instance, PHA 10% have an absorption rate of 2.5. 

Thus, when delivering the PHA hydrogel, it is expected that the quantity 

of 10% PHA to inject in a patient’s aneurism must be diminished by 2.5 

times to prevent overpopulating the aneurysm site with material.  
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Similarly to water absorption, swelling ratio was measured to 

evaluate the total fluid intake of PHA between its swollen and dry forms.  

The swelling ratio, which was calculated from the swollen weight of the 

hydrogel minus the dry weight of the hydrogel divided by the dry weight, 

of 5%, 7.5%, and 10% percent weight PHA hydrogels without tantalum, 

exhibited decreasing moduli with increasing weight percentages. These 

results were expected because this ratio includes dry PHA which doesn’t 

have water and indicates that more PHA is crosslinked, the more its 

organized structure allows water to be withdrawn from it, but also the 

more it can re-absorb water. Burdick et al.63, reported that the swelling 

ratio of 5, 10 and 20% 50 kDa PHA hydrogels were decreasing with 

increasing weight percentages. The swelling ratio of 5 wt% compared to 

the 7.5 wt%, and the 5 wt% compared to the 10 wt% PHA hydrogels with 

50 mg of tantalum per mL of PHA, were also decreasing with increasing 

crosslinking rate, which is coherent to the results of the no tantalum 

group. The swelling ratio helps to determine how much PHA hydrogels 

swell from their dry form to calculate the amount PHA that needs to be 

made for storage and shipping.  

The liquid solution of PHA/LAP/DTT must have a good flow 

through a surgical catheter to be delivered to the site of an aneurysm, 

flow that is indicated by PHA hydrogels viscosity. The viscosity of 5 wt%, 

7.5 wt%, and 10 wt% PHA hydrogels increased with increasing weight 

percent and respectively was shear rate of 10 s-1 00.053 ± 0.015 Pa.s, 

0.161 ± 0.012 Pa.s, and 0.391 ± 0.047.  Kiyotake et al.61 found a similar 

viscosity of 8 Pa.s at a shear rate of 10 s-1 for 4 wt% PHA hydrogels. Kim 
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et al.71 found that viscosity of HA hydrogels increased with increasing 

weight percent. Viscosity results correlated with the fact that 5 wt% and 

7.5 wt% PHA hydrogel solutions could flow easily through a 1 mm of 

diameter catheter, whereas 10 wt% PHA hydrogel solutions were more 

difficult to deliver through the catheter. As such, we believe that 5 wt% 

and 7.5 wt% PHA liquid hydrogels could be easily delivered into 

aneurysm sites and crosslinked in place. However, delivery of 10 wt% 

PHA solutions may prove more challenging and would likely need 

chemicals that modify its viscosity to be useful in clinic. 

Correct placement of PHA hydrogels in aneurysms was assessed 

with dental X-rays of PHA hydrogels. Our x-ray images of 10 wt% PHA 

hydrogels with 5 or 50 mg Ta/mL showed that tantalum flakes are visible 

in x-rays pictures of these hydrogels, whereas PHA hydrogels without 

tantalum could not be differentiated from the background. However, 

when 10 wt% PHA hydrogels with 5 mg Ta/mL are covered with ballistic 

gels and PLA to simulate brain tissues and the skull72, tantalum flakes 

are barely visible, whereas tantalum flakes are visible in 10 wt% PHA 

hydrogels with 50 mg Ta/mL. The comparison of the intensity per mm2 

of tantalum flakes showed that the intensity of tantalum flakes in the 50 

mg/mL group was 2.5 greater compared to the intensity of the Ta flakes 

in the 5 mg/mL group. Other studies used 138 mg/mL to 240 mg/mL of 

tantalum to image rat and rabbit blood vessels; however, in these 

studies, tantalum was directly injected into the bloodstream, which 

diluted the material by a factor ten. Thus, the actual tantalum 

concentrations in blood were between 14 and 25 mg/mL, which is the 
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same order of magnitude than ours56–59. It means that our material must 

be seen in vivo through the skull and brain tissues. Thus, we could 

monitor the injection non-invasively and provide follow-up to determine 

whether the treatment was working.      

PHA hydrogels need to be compatible with HUVEC because 

blood vessels are coated with these cells.  Our results demonstrate that 

HUVECs in contact for 24 hours with cell medium infused with our 

material had a survival rate of a 100%. It means that our material does 

not induce cell death in vitro. Kim et al.73 put mesenchymal stem cells in 

HA hydrogels and reported a viability of 72% after two days. Kang et al.74 

showed that osteoblasts treated with 10 μg/mL of tantalum nanoparticles 

had a 20% increased viability, compared to non-treated osteoblasts. 

Measures of cell area showed that average areas of 5 wt%, 7.5 wt%, 

and 10 wt% PHA hydrogels without tantalum have cell areas that are at 

least two times smaller than cells treated with controls only. However, 

the areas of HUVECs treated with PHA hydrogels containing tantalum 

were similar to the areas of cells exposed to medium only. These results 

might mean that the presence of PHA reduces cell area, but cells area 

may also be smaller because the cells are dividing. Balla et al.75 studied 

the morphology of human fetal osteoblasts cultivated on porous 

tantalum, and found that cells had a traditional shape, were spread, and 

formed cellular micro-extensions as filopodia.   
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Chapter 3: Conclusions and recommendations  

3.1 Conclusions 

Brain aneurysms are deformations of brain blood vessel walls. In 

the United States, one out of 50 people have at least one unruptured 

aneurysm, with up to 50% of rupture hazard depending on the location 

of the aneurysm1,2. Aneurysm rupture causes brain hemorrhages that 

are lethal for half of the patients or lead to brain function losses for two 

third of  the surviving patients2. Current treatments as surgical clip and 

coils allow partial aneurysm occlusion and partial blood vessel wall 

reconstruction and these treatments stay in the patient ad vitam, thus 

having a high risk of vessel wall inflammation4,25,32. To address these 

issues, our approach is catheter-based delivery of an injectable, 

hyaluronic acid-based material that is compatible with radiographic and 

magnetic resonance medical imaging techniques. This material can be 

used to plug saccular brain aneurysms and induce vascular 

regeneration. To assess whether PHA hydrogel matches the 

compressive resistance of vessel walls, compressive moduli of 5, 7.5, 

and 10% PHA hydrogels without or with 50 mg of Ta per g of PHA were 

measured. The compressive moduli of 5, 7.5, and 10% PHA hydrogels 

without or with 50 mg of Ta per g of PHA increased with weight percent 

and were comprised within a 50 to 100 kPa range, which is the range of 

brain tissues’ compressive moduli. There was no significant difference 

between the compressive moduli of PHA hydrogels with or without 

tantalum powder. To verify the biocompatibility of PHA hydrogels with 

blood vessels, the cell viability of human umbilical vein endothelial cells 
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(HUVEC) in contact with medium infused for 24 hours with 5, 7.5, and 

10% PHA hydrogels without or with 50 mg of Ta per g of PHA was 

quantified. The viability of HUVEC exposed to 5, 7.5, and 10% PHA 

hydrogels without or with 50 mg of Ta per g of PHA was a 100%. These 

data point out that injectable 5 and 7.5% PHA hydrogels with 

compressive moduli like brain tissues and good viability with endothelial 

cells can be made to potentially plug brain aneurysms.  

To conclude, we proposed a possible brain aneurysm treatment 

that can be injected in brain aneurysms via a microcatheter without 

opening patients’ skulls, can be imaged with X-rays to ensure correct 

placement, has a compressive resistance close to blood vessels’ 

resistance, and has a high cell viability. 

3.2 Recommendations 

 This study has shown promising results for the treatment of 

brain aneurysms with a minimally invasive method that promotes cell 

regeneration. However, further research is required to validate some 

results and test the treatment in vivo. 

 First, the assessment of HUVEC proliferation by comparing cell 

growth over time would highlight PHA’s impact on cell growth and our 

treatment’s capacity to enhance cell regeneration. To earn more 

information on cell regeneration, a scratch assay can be done. It consists 

in cultivating cells in contact with PHA infused medium, scratching the 

cells to form a line, and observing how fast the line is filled with cells 

compared to the same experiment with cells that were not in contact with 
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PHA. The expected results would be to see that PHA hydrogels enhance 

cell proliferation. 

  Furthermore, the evaluation of PHA hydrogels degradation would 

confirm that PHA disappear progressively, along with the disappearance 

of the aneurysm and the reformation of the blood vessel well. To test this 

property, it could be interesting to crosslink PHA in an aneurysm model 

and then expose it to a constant flow of water with the speed of blood 

flow in one of the main cerebral arteries and monitor the degradation 

time of PHA.   

Finally, it is necessary to test this treatment in an aneurysm 

model, either in vivo if all the required authorizations are obtained, or in 

a 3D bio-printed model. In the literature, most animals used to make 

aneurysm models were rabbits76,77, rats78,79, and pigs80–82. Regardless 

of the animal used, the aneurysms were induced by infusion with 

elastase which concentration and origin varied depending on the 

model76,78,79, or mechanically induced by cutting an artery and inserting 

a clamp or a patch of another organ to form the aneurysm sac77,82 , or 

by combining both techniques80,81. In such models, delivery of PHA and 

crosslinking could be tested. Then, cytotoxicity and cell regeneration 

could be evaluated, and PHA and aneurysm degradations could be 

monitored. 
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