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Abstract 

Optimisation of a Novel Hydrogel for the Treatment of Cerebral 

Aneurysms - Sarah Brady 

Approximately 1-6% of adults have a cerebral aneurysm. Treatments include clipping and 

coiling; however, over 20% of coiled aneurysms recur. A novel bioactive glass-alginate 

hydrogel has been optimised to fill the aneurysm and prevent recurrence.  

For successful aneurysm embolization, the hydrogel must be injectable and set in situ, as well 

as meeting other design requirements, including; injectability, strength, adhesiveness, 

radiopacity and cytocompatibility.  

The hydrogel was optimised by examining the effect alginate concentration, chemical 

composition and molecular weight has on the hydrogel’s properties. The glass was acid 

washed which improved homogeneity of the hydrogel and reduced glass agglomeration. The 

glass and GDL content were optimised and resulted in a hydrogel with a higher compressive 

strength compared to in situ gelling alginates reported in the literature. The addition of EDC 

and NHS improved the adhesive strength of the hydrogel without the need for cell attaching 

peptides. In vitro analysis showed cells can adhere and proliferate in direct contact with the 

hydrogel and its eluent. Proliferation was dose dependent and likely caused by silica ions and 

gluconic acid released. Although endothelial cells attached to the surface of the hydrogel, this 

was minimal. Platelet adhesion to the hydrogel was also marginal. The hydrogel was 

sterilised and radiopacity was improved, but with a loss in compressive strength. In vivo 

analysis indicated that issues occur in delivering this material into an aneurysm, though this 

hydrogel can be effectively used as an embolization treatment that supports the formation of 

a neointima layer.  

This work highlights the influence each component has on the hydrogel’s properties. 

Although this hydrogel was optimised for the treatment of cerebral aneurysms, the hydrogel 

is highly tuneable and would be suitable for a range of embolic applications. This bioactive in 

situ gelling hydrogel would also be suitable for tissue engineering and therapeutic drug 

delivery.    
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Chapter 1. Introduction  

A cerebral aneurysm is an irregular out-pouching of a cerebral artery. It is estimated that 1% 

to 6% of the adult population has a cerebral aneurysm [1]. A ruptured aneurysm can lead to a 

stroke, resulting in disability or death. Treatments such as placing a clip at the neck of the 

aneurysm (clipping) or filling the aneurysm with wire coils (coiling) are currently used to 

prevent an aneurysm from rupturing. However, there are a number of problems associated 

with these procedures. Clipping the aneurysm involves a craniotomy and carries the risks of 

infection and scarring. In the United States, the most common treatment method for cerebral 

aneurysms is coiling. However, recurrence is common, happening in 20.8% of endovascular 

coiling cases, indicating that it is a suboptimal treatment method [2]. 

Liquid embolic materials have emerged as a promising option for the treatment of cerebral 

aneurysms. These materials are injected into the aneurysm, which allows the treatment to be 

minimally invasive. This has the advantage of reduced patient pain, recovery time and rate of 

infection. Liquid embolics also have the advantage of conforming to the irregular shape of the 

aneurysm and providing a complete embolization due to its ability to completely fill the 

aneurysm dome, reducing the risk of recurrence. However; many liquid embolic materials 

that have been tested have drawbacks such as rapid polymerisation, leaching of toxic organic 

solvents and complicated or prolonged delivery of the material [3]–[5].  

Hydrogels are a possibility for the treatment of aneurysms as they have the ability to set in 

situ and are typically biocompatible. However, hydrogels typically have a low mechanical 

strength and degrade over time. Although mechanically stable hydrogels can be produced, 

they are usually covalently cross-linked which can affect the biocompatibility of the hydrogel 

[6]–[8]. 

To overcome the low inherent strength of hydrogels, inorganic materials such as bioactive 

glasses, salts and ceramics particles have been added to various compositions. To date, these 

composites have been extensively examined for the use in hard tissue applications due to 

their ability to calcify and promote bone cell growth. Yet, research to date on inorganic 

polymer composites has shown promising use in soft tissue applications. These composites 

are also designed to degrade overtime in order to permit new tissue growth [9]–[14].  

1.1. Aim 

The aim of this project is to optimise the composition of a hydrogel for the use as a cerebral 

aneurysm filler. The initial hydrogel will be composed of alginate, novel bioactive glass 

particles and glucono-delta lactone (GDL). 
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It is envisaged that the delivery procedure will involve inflating a balloon adjacent to the 

aneurysm neck, as is commonly carried out with endovascular coiling procedures (see Figure 

1.1.1). This will ensure that the hydrogel does not leak into the surrounding vasculature 

during injection. The hydrogel will be injected into the aneurysm through a micro-catheter.  

 

Figure 1.1.1 Schematic of a novel hydrogel being injected through a microcatheter into a cerebral aneurysm with 
a compliant balloon placed across the neck [15] 

To optimise the compressive strength, sample volume conservation, working time and 

hardening time of the hydrogel, three alginates with varying concentration, molecular weight 

and chemical composition will be examined.  

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-

Hydroxysuccinimide (NHS) will be examined in increasing increments, to increase the bond 

strength of the hydrogel. The bond strength, compressive strength, sample volume 

conservation, working time and hardening time of the hydrogel will be tested of the final 

composition. 

In vitro analysis will be carried out by examining the cytotoxicity of the hydrogel eluent on 

bovine aortic endothelial cells and bovine aortic smooth muscle cells. Direct contact testing of 

the hydrogel with bovine aortic endothelial cells will also be carried out. To test for 

thrombotic potential, the hydrogel will be placed in contact with whole human blood to 

determine if platelets adhere to the surface. The hydrogel will also be injected into an 

aneurysm flow model to see how it performs when physiological blood flow and pressure is 

applied.  

As bioactive glasses usually form an apatite layer in vivo, the hydrogel will be tested after 

storage in simulated body fluid to determine if the hydrogel calcifies. X-ray Diffraction, 

Fourier Transform Infrared spectroscopy and von Kossa staining will be carried out to 

examine if an apatite layer is present. 
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The optimum sterilisation technique for each component of the hydrogel will be determined, 

whilst the radiopacity of the hydrogel will be assessed and optimised to aid visualisation of 

the gel under fluoroscopic imaging. 

Finally, in vivo testing of the optimum hydrogel will be carried out to assess the efficacy of the 

delivery mechanism and the effectiveness of this treatment modality for cerebral aneurysm 

treatment.



 

 

6 
 

  



Chapter 2. Literature Review 

7 
 

Chapter 2. Literature Review 

2.1. Cerebral Vascular Structure and Cerebral Aneurysms 

2.1.1. Cerebral Vascular Structure 

The blood supply to the human brain comes from two pairs of arteries; the right and left 

internal carotid and the right and left vertebral arteries. The vertebral arteries join to form 

the basilar artery. The Circle of Willis is a ring of arteries which is formed when the basilar 

artery joins with the internal carotids. The Circle of Willis is found at the base of the brain and 

is composed of 3 pairs of arteries; the anterior, middle and posterior artery. These arteries 

divide into smaller arteries and arterioles [16]. The normal diameters of these cerebral 

arteries, when non-diseased are shown in Table 2.1.1. 

Table 2.1.1 Normal diameters of cerebral arteries [17] 

 Artery  Normal diameters (mm) 

Internal Carotid 3.7-4.5 

Vertebral 0.9-4.1 

Basilar 2.7-4.3 

Anterior cerebral 1.2-2.4 

Middle cerebral 1.8-3.1 

Posterior cerebral 1.4-2.4 

Arteries are composed of three layers, the intima, the media and the adventitia (Figure 2.1.1). 

The media and adventitia layers are thinner in cerebral arteries compared to those found 

elsewhere in the body. The innermost layer, the intima, is composed of endothelial cells 

attached to a basement membrane and an internal elastic lamina (IEL). Cerebral arteries have 

no external elastic lamina (EEL) which is compensated for by the thicker IEL. Endothelial 

cells do not provide much mechanical support to the cerebral artery but play a role 

protecting the vessel against haemodynamic forces and control exchanges between the blood 

and the brain. Platelets do not adhere to the surface of an intact endothelium, therefore 

inhibiting thrombus formation. The next layer is the muscular media. This is separated from 

the intima by the IEL [16] [18]–[20]. The media layer itself is composed of: 

1. Elastin fibres 

2. Vascular smooth muscle cells  

3. Collagen fibres  

The elastin fibres provide elasticity to cerebral arteries and vascular smooth muscle cells 

allow the vasoconstriction and vasodilation of the cerebral arteries. Cerebral arteries have a 

larger number of smooth muscle cells compared to that of extracranial arteries. The final 
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layer, the adventitia, is mainly made of collagen fibres. In healthy arteries, this layer ensures 

that there is no enlargement of the cerebral artery. Collagen fibres are constantly degrading 

and reforming. In healthy subjects collagen has a half-life of approximately two months and 

can withstand pressures up to 10 times that of blood pressure [16] [19] [21]. 

 

Figure 2.1.1 Comparison of the layers of intracranial and extracranial arteries [22] 

2.1.2. Cerebral Haemodynamics 

Cerebral perfusion pressure (CPP) is defined as the difference between the incoming mean 

arterial pressure and the intracranial pressure (pressure inside the skull due to cerebrospinal 

fluid) [23] [24]. CPP averages 70-85mmHg, with normal mean arterial pressure ranging 80-

100mmHg and intracranial pressure ranging 5-10mmHg [25]. Between a CPP of 50mmHg 

and 160mmHg, blood flow is auto regulated and maintained at approximately 700ml/min, 

but can range from 550-930ml/min [16] [19] [24] [26]. Auto regulation is a myogenic 

response controlled by smooth muscle cells, which cause constriction and dilation of the 

vessels depending on the pressure. Therefore, CPP directly affects the cerebral blood flow 

when the perfusion pressure is outside the normal range. However, blood flow has been 

shown to vary throughout the brain [16] [26] [27]. CPP below 50mmHg may cause cerebral 

ischemia, with cell death occurring at 5mmHg [28].  

Blood viscosity ranges from 3.28mPa.s to 4.33mPa.s [29]. Blood viscosity can also have an 

effect on blood flow as seen in the Hagen-Poiseuille equation (Equation 2.1.1), which can be 

used as an estimate for calculating cerebral blood flow [16] [26] [30]. 

Equation 2.1.1 Hagen-Poiseuille equation [30] 

𝐶𝑒𝑟𝑒𝑏𝑟𝑎𝑙 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 (𝑄) =  
∆𝑃𝜋𝑟4

8𝜇𝐿
 

Where, 

∆P = the change in pressure (Pa) 

r = the arteries internal radius (m) 

μ = viscosity (Pa.s) 

L = the length between the two pressures (m) 
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2.1.3. Mechanical Properties of Cerebral Arteries 

Varying mechanical properties of cerebral arteries are reported in the literature. This is due 

to experimental variances such as testing in vivo and ex vivo, deformation mode (compressive, 

tensile, uniaxial, biaxial, etc.), experimental set-up, time since tissue excision, tissue hydration 

state, temperature and storage medium [31]. Another source of variance in results is the 

source of the cerebral tissue. A study by Monson et al. set out to determine the importance 

that source and size of cerebral blood vessels has on the mechanical properties. For this 

study, middle cerebral arteries (MCA) and small cortical cerebral vessels were obtained from 

autopsy and surgery. It should be noted that the average age of the autopsy subjects was 

twice that of surgical subjects. As uniaxial tension is the most common loading of arterial 

tissue, the cerebral vessels were extended longitudinally until failure. Table 2.1.2, shows 

mechanical properties that were obtained [32]. These results indicate that the time since 

tissue excision, patient age and source greatly affects the results and should be taken into 

consideration when examining data.  

Table 2.1.2 Results obtained by Monson et al. (* standard deviation was not calculated when n<3) [32]. 

 Maximum Modulus 

(MPa) 

Yield 

Strain 

Yield Stress 

(MPa) 

Ultimate 

Strain 

Ultimate 

Stress (MPa) 

Autopsy – 

Cortical 

31.07 ±12.91 1.25 ±0.05 4.33 ±2.16 1.27 ±0.05 4.75 ±2.18 

Surgical – 

Cortical 

19.30 ±6.92 1.38 ±0.13 3.60 ±1.06 1.42 ±0.12 4.07 ±1.24 

Autopsy – MCA 18.18 ±9.03 1.32* 2.52* 1.41* 3.23* 

Analysis methods of the results obtained can also cause large variances in reported 

mechanical properties. The stress-strain response of a blood vessel is generally observed to 

be non-linear, but in fact it has two distinctly linear regions. This was highlighted by Dr. 

Ebrahimi, who showed that the tangent modulus of the lower region (up to 50% strain) of 

cerebral arteries is generally 0.2-0.6MPa. The upper, higher strain region is much stiffer with 

a tangent modulus of 2-6MPa [19]. These results show a significantly lower stiffness 

compared to the results of Monson et al., emphasising the large variances that can occur in 

reported results.   
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2.2. Cerebral Aneurysms 

A cerebral aneurysm (CA) is an irregular out pouching of a cerebral artery [17]. 

2.2.1. Cerebral Aneurysm Structure 

Many histological studies have shown either a lack of or a fragmented elastic layer 

throughout the aneurysm sac, with a broken media layer. In general, the aneurysm wall 

mainly consists of the adventitia layer and intima layer with collagen and fragmented internal 

elastic lamina remaining between these layers, as shown in Figure 2.2.1 [20] [33]. The 

endothelial layer of the aneurysm is often irregular with visible gaps between these cells [34]. 

 

Figure 2.2.1 Comparison of the cellular structure of cerebral arteries and an aneurysm wall [35] 

Aneurysm wall thickness has been reported as 16-400µm, with 78% of aneurysms having a 

varied thickness throughout the aneurysm [21] [36]. This is compared to the even wall 

thickness found in the basilar artery and middle cerebral artery which have a mean thickness 

of 600±120µm and 510±80µm, respectively [37].  

2.2.2. Cause of Cerebral Aneurysm Formation and Rupture 

It is generally thought that a combination of factors lead to a CA formation and eventually 

cause rupture, these factors include; hypertension, smoking-induced vascular changes, blood-

flow dynamics, wall shear stresses (WSS), intrasaccular pressure, arterial wall composition, 

cell populations, and signalling pathways [1] [38]. 

CA formation is more common, compared to extracranial aneurysms, due to cerebral arteries 

thin walls and the absence of an external elastic lamina. Cerebral arteries also commonly 

have medial defects. An example of these medial defects is at bifurcations where the intima is 

thicker causing intimal pads. At these intimal pads there is a breakdown of the media. 

However, other medial defects are common throughout the cerebral vascular system [20].  
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Haemodynamic factors are also likely to cause aneurysms or be a factor in formation of a CA 

where medial defects are present and cause an aneurysm to rupture. Three haemodynamic 

factors are associated with blood flow through cerebral arteries; impact/dynamic, WSS and 

pressure [39]. Impacting/dynamic forces are caused by a perpendicular impact of blood. The 

dynamic pressure of the fluid is converted to static pressure where the flow impact occurs. 

WSS is caused by the friction of blood flow as it moves parallel to cerebral arteries. Wall shear 

stress in aneurysms range from 5-13Pa with the maximum stress occurring at the neck of the 

aneurysm [40]. Aneurysms usually occur in the Circle of Willis where arteries are tortuous 

and branching [41]. To be more precise, they generally occur at curved areas or bifurcations 

of the artery where high pressures and stresses occur [39]. Haemodynamic stresses are likely 

to be largest at bifurcations, due to the high impact force caused by central streams having a 

higher velocity, which may damage the internal elastic membrane. Once the membrane is 

damaged the arteries stretch in response to the pressure caused by blood flow [20] [35] [39]. 

CFD modelling has shown that the pressure within an aneurysm is higher compared to the 

parent artery caused by blood velocity being lower within the aneurysm. The pressure within 

the aneurysm is higher in aneurysms found at bifurcations compared to that of sidewall 

aneurysms [41].  

Often cerebral arteries are required to undergo vascular remodelling due to injury caused by 

haemodynamic forces. Inflammation during vascular remodelling is also thought to be a 

contributing factor in cerebral aneurysm rupture. This is due to an increase in macrophages 

found in ruptured and un-ruptured aneurysms. Macrophages can produce the cytokine 

matrix metalloproteinases (MMP). MMP effects tissue development and remodelling, 

particularly MMP-9 which in excessive amounts can cause the degradation of elastin and 

collagen. The increase in the presence of macrophages will likely result is an abnormal 

remodelling of the artery and the progression of an aneurysm [42]–[44]. 

The development of an aneurysm can be broken up into four stages; commencement, growth, 

stabilisation and/or rupture [45]. A study by Selimovic et al used computational methods to 

recreate the four stages of an aneurysm life cycle [38]. To simulate the commencement stage, 

elastin was caused to degrade from a circular patch of the arterial wall. There is an increase 

in collagen fibres, following the loss of elastin, as the artery tries to regain homeostasis. The 

collagen fibre adapts and a CA evolves, this is due to the further degradation of elastin caused 

by the wall shear stresses [38].  

A rupture occurs when there is a tear in the aneurysm. These tears can be large, causing an 

often fatal bleed or a small tear which causes a leak that can be repaired surgically. Rupture 

of a CA usually happens at the top (fundus) of the aneurysm with approximately 85% of 

ruptures reported here [46]. Either the larger aneurysm or the proximal aneurysm will 
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rupture first when more than one aneurysm exists, due to an increased intra-aneurysmal 

pressure. It is uncertain why aneurysms grow or the rate at which they grow but it has been 

shown that slower growing aneurysms have a lower risk of rupture [21] [47].  

Computational fluid dynamic (CFD) models have shown aneurysms with complex flow 

patterns with a number of vortices are more likely to rupture compared to aneurysms with a 

single vortex. High intra-aneurysm pressure may cause rupture in low flow aneurysms [48] 

[49]. 

It has been shown that both high and low wall shear stresses can cause an aneurysm to form 

and rupture [31] [50]. Low WSS, caused by a reduced blood flow, can induce the formation of 

thrombi resulting in inflammation and endothelial apoptosis and wall remodelling. High WSS 

and a high WSS gradient can cause damaged to the elastic lamina, endothelium and a loss of 

smooth muscle cells [5] [39] [51]. 

CAs may also be associated with genetics, with approximately 10-12% of all aneurysms being 

associated with genetic factors. It is suggested that a genetic factor can result in weakened 

type III and V collagen in cerebral arteries. The symmetry of the Circle of Willis can also affect 

hemodynamic pressures and the symmetry may be a genetic factor. It is generally advised 

that people with 2 or more immediate relatives with a CA to undergo screening [1] [21] [35].  

Certain conditions have been found to result in increased incidences of CA formation. These 

include; Fibro-muscular dysplasia, Marfan’s syndrome, Elhers-Danlos syndrome type IV, 

arteriovenous malformations of the brain, and autosomal dominant polycystic kidney 

disease. Autosomal dominant polycystic kidney disease has a large association with CAs, with 

5-40% of patients having a single CA, and 10-30% having multiple aneurysms [1] [35].  

The risk of an aneurysm rupturing is generally based on haemodynamics and aneurysm 

location, grow rate, height, diameter and neck width [21] [35] [38] [45] [48] [49]. Other 

factors such as patient gender and age can influence rupture. Smoking has been shown to 

have the greatest influence on aneurysm rupture [52].  

2.2.3. Mechanical Properties of Cerebral Aneurysms 

Cerebral aneurysm walls are stiffer than healthy cerebral arteries. This is likely due to the 

structural differences; aneurysms consist of only collagen whereas cerebral arteries have 

both collagen and elastin [20]. When thin strips of 6 aneurysms were mechanically tested 

under uniaxial extension, the neck of aneurysms exhibited an average stress of 1.2MPa and 

are stiffer than the fundus, where tearing occurred at an average stress of 0.5MPa [53].  
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2.2.4. Cerebral Aneurysm Classification 

CAs are usually classified by their size, shape and location. The size of an aneurysm is 

important as it is used to determine whether an aneurysm will likely rupture and the 

treatment that the patient will undergo. The various aneurysm sizes are usually described 

qualitatively; micro, small, medium, large, giant, supergiant [54]. However, these are usually 

grouped together under the titles small, large and giant aneurysms, the size ranges are shown 

in Table 2.2.1. 

Table 2.2.1 Classification of aneurysm by size [55] 

Classification Diameter 

Small aneurysm Less than 11mm 

Large aneurysm 11mm to 25mm 

Giant aneurysm Larger than 25mm 

Giant aneurysms are rare, with approximately 5% of cerebral aneurysms being larger than 

25mm in diameter [56].  

Cerebral aneurysms are usually seen in three shapes; saccular, fusiform, and dissecting 

(Figure 2.2.2) [54]. Saccular aneurysms are also called berry aneurysms due to their shape. 

59% of saccular aneurysms are round and 24% oval in shape. When a saccular aneurysm is 

fully developed it will tend to have a thin wall and a narrow neck connecting to the artery 

[57]. In women, the aneurysm neck is usually larger compared to aneurysms found in men. 

43% of saccular aneurysms are thin at the neck, with thickness varying through the 

aneurysm body, 22% have a uniform thickness, 18% have a thick neck and 17% have a thick 

fundus [21].  

Fusiform aneurysms are more commonly found in the abdominal aorta rather than in 

cerebral arteries, with approximately 0.1% of cerebral aneurysms having a fusiform shape 

[57] [58]. Fusiform aneurysms occur when an artery expands circumferentially, dilating the 

artery.  

A dissecting aneurysm has a similar exterior shape to a fusiform aneurysm, however, it is 

formed when blood enters the media layer of the artery wall through a tear in the intima 

layer [59].  
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Figure 2.2.2 Three aneurysm shapes; Saccular, fusiform and dissecting [60] 

The final aneurysm classification is the location of the CA. Location is another deciding factor 

for the type of treatment of the CA, as certain aneurysms may only be treated endovascularly 

due to location deep with the cerebral arteries. Location is usually described by its 

association with an intracranial branch vessel [54] [61]. Figure 2.2.3 shows the Circle of 

Willis with the most common locations of CAs and approximately how often they occur at 

each location. It can be seen that most aneurysms occur in the anterior, internal carotid and 

middle cerebral arteries. 

 

Figure 2.2.3 Circle of Willis with the common locations of cerebral aneurysms [62] 

2.2.5. Diagnosis of Cerebral Aneurysms 

Some CAs are not discovered until they rupture and lead to a subarachnoid haemorrhage. 

Subarachnoid haemorrhages have been described by patients as the “worst headache of my 

life”.  

In some cases aneurysms can be diagnosed due to certain symptoms. As CAs grow they can 

exert a force on surrounding nerves, leading to cranial-nerve palsies, third nerve palsy or 

brain stem compression [55]. Hitting the nerve can cause: 
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 A sudden severe headache 

 Nausea/vomiting 

 Seizures 

 Loss of consciousness  

 Light sensitivity/ difficulty seeing 

 Drooping eye lid  

Patients with a suspected subarachnoid haemorrhage or unruptured aneurysm must undergo 

a computed tomography scan (CT) or magnetic resonance imaging (MRI) to confirm the 

diagnosis. There has been an increase in the number discovered before rupturing in recent 

years due to the improvement of non-invasive imaging [1] [55].  

2.2.6. Prevalence of Cerebral Aneurysms and Rupture 

It is unknown exactly how common CAs are, as they are not regularly checked for, but it is 

estimated that 1-6% of the entire population have a CA. This number is based on aneurysms 

found by accident, diagnosis, due to aneurysms rupturing and through autopsy [1] [35] [63]. 

CAs are more common in women (55-65%) and Asian and Finnish populations [35] [64]. 

Approximately 30% of people with one aneurysm have multiple aneurysms [35]. 

Up to 50% of aneurysms rupture during a person’s lifetime [1]. However, it is generally noted 

that only between 0.1-1% of small aneurysms (<7mm) rupture [38]. 

2.2.7. Risks Associated with Aneurysm Rupture 

An aneurysm ruptures when the tensile stress exerted on the aneurysm’s walls exceeds the 

strength of the wall tissue. A ruptured aneurysm can cause many severe complications 

including; 

 Subarachnoid haemorrhages (SAH) 

 Disability 

 Death 

When a SAH stroke occurs, blood enters the subarachnoid space and requires immediate 

treatment. 1 in 10,000 people in the USA experience a SAH stroke caused by a ruptured 

aneurysm, with 35-50% of these resulting in death. SAHs are twice as likely to occur in 

women as in men and are most common in people aged between 55 and 60. 2-4% of CAs that 

rupture bleed again within the first 24 hours. There is a continued risk for the next 4 weeks, 

with approximately 15-30% re-rupturing. Patients who have had a bleed are 10 times more 

likely to suffer a subsequent haemorrhage [21] [35] [61] [65].  

Hydrocephalus occurs in 15-20% of patients with a SAH stroke. Cerebral vasospasm is 

another complication of a SAH stroke, resulting in issues such as loss of speech, vision or 
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motor control, paralysis and death. Incidences of cerebral vasospasm result in a higher 

mortality rate within the 3 to 12 days following the haemorrhage [1] [63].  

Up to 15% of SAH strokes are a result of an aneurysm. There is a 45% mortality rate for 

people who suffer a stroke from a ruptured aneurysm. Approximately 25-30% of the people 

who survive the stroke will have a disability [1] [38]. Around 10% of patients with a ruptured 

aneurysm die before reaching medical attention. Of those who do survive, many present in a 

coma or with neurological problems [63]. 
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2.3. Cerebral Aneurysm Treatments 

The aneurysm’s size, shape and location and the patients’ age and health are all taken into 

consideration when determining the best course of aneurysm treatment. 

Aneurysm treatments can be broken into three categories; observation, surgical and 

endovascular treatments.  

2.3.1. Observation 

Active observation without any other treatment is used if the risk of aneurysm rupture is low 

or if the risk of treatment outweighs the benefits. The patient will be examined regularly to 

determine if there are any changes in the aneurysm. If changes in the aneurysm are present 

the course of treatment may change. In certain cases the patient will also be prescribed 

medication to reduce blood pressure [1] [66] [67]. 

2.3.2. Surgical Treatment 

Surgical treatments are either clipping the aneurysm or parent vessel sacrifice.  

2.3.2.1. Clipping 

Clipping the aneurysm requires a neurosurgeon to perform a craniotomy. A craniotomy 

requires the patient to be under general anaesthesia and a lumbar drain to be placed to 

remove excess cerebrospinal fluid. A skin incision is performed to expose the skull and burr 

holes are drilled to allow the portion of skull to be removed. The dura mater, the brains 

protective layer, is then opened to gain access to the brain. The aneurysm must be freed if 

held by connective tissue. A clip is placed at the neck of the aneurysm to exclude the 

aneurysm from the blood flow, as shown in Figure 2.3.1. Following clipping, the aneurysm is 

punctured to insure total occlusion and the craniotomy is closed [68]. 

 

Figure 2.3.1 Clip Ligation of a Cerebral Aneurysm [1] 
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These clips are made from MRI compatible metal alloy, such as titanium [1] [68]. Clipping of 

an aneurysm can be performed on both ruptured and unruptured aneurysms [69]. 

Successful clipping of an aneurysm has a morbidity rate of 3-15.7% and a mortality rate of 1-

3%. These percentages do not include the chances of technical failures which are incomplete 

occlusion (5.2%) and SAH (0.26%) [1]. However, the chances of recurrence after aneurysm 

clipping is low with reports showing rates up to 2.9% [69].  

There are many risks associated with such an invasive surgery such as infection, allergy to 

anaesthesia, swelling of the brain, vasospasm and stroke [68]. 

2.3.2.2. Parent Vessel Sacrifice 

Parent vessel sacrifice is only used as a last resort for giant aneurysms when clipping and 

endovascular treatment is considered too risky. Coil occlusion, clip occlusion and detachable 

balloon embolization are used [56] [70].  

To gain a better understanding of the aneurysm neck and direction of blood flow, a three-

dimensional reconstruction of the aneurysm is found using a catheter-based angiography. It 

is important that after giant aneurysms are treated, the aneurysm is excluded from blood 

flow but the neural tissues preserve their function. Depending on the patient’s age and the 

location of the aneurysm, morbidity and mortality rates of unruptured giant aneurysms are 

between 20 and 45%. Risks with parent vessel sacrifice is delayed ischemia and the 

formation of new aneurysms due to induced stress on the artery [56] [71] [72]. 

2.3.3. Endovascular Embolization Treatment 

Endovascular embolization of the aneurysm dome is a minimally invasive treatment to block 

the flow of blood into the aneurysm. Endovascular treatments of aneurysms can be carried 

out with coils, hybrid coils, flow diverters, intrasaccular devices and polymers [5] [61].  

2.3.3.1. Coiling 

In 1995 the Food and Drug Administration (FDA) approved the Guglielmi Detachable Coil 

(GDC), designed by Boston Scientific. Since then endovascular treatment of aneurysms, such 

as coiling, has become the primary method of treating an unruptured aneurysm, with 

approximately 42,500 aneurysms being coiled in the USA in 2013 [1] [73].  

Coiling an aneurysm can be completed by a neuroradiologist or a neurologist with the patient 

under general anaesthesia. Coiling an aneurysm involves inserting a guiding catheter 

followed by micro-catheter from the femoral artery, at the patients’ groin, to the site of the 

aneurysm. The coil is then pushed through the micro-catheter into the aneurysm. This coil 

then fills the aneurysm, blocking of blood flow, as shown in Figure 2.3.2 [1].  
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Figure 2.3.2 Coiling an aneurysm using a Guglielmi detachable coil [5] 

The ideal healing of aneurysms treated with coils has been observed through 

histopathological studies. In the first week a thrombus forms within the aneurysm dome. This 

is caused by stasis due to the presence of the coils. This is followed by macrophages, 

fibroblasts, foreign body giant cells and inflammatory cells attaching to the clot and 

proliferating. Fibroblasts begin to differentiate into myofibroblasts. By week 2, fibrin usually 

begins to cover the coils and a thin fibrin membrane forms across the neck of the aneurysm. 2 

to 4 weeks following treatment the coils are covered in fibrin. Fibroblasts, myofibroblasts, 

inflammatory cells and macrophages continue to invade the clot within the aneurysm. The 

fibrin layer at the neck of the aneurysm usually thickens. After 3 months, no inflammatory 

cells or myofibroblasts should be present in the aneurysm dome. Fibroblasts and endothelial 

cells have migrated and proliferated across the neck of the aneurysm. Endothelialisation of 

the aneurysm neck can occur by the movement of endothelial cells and the circulation of 

endothelial progenitor cells (EPCs). These cells can adhere, differentiate and proliferate 

across the treated aneurysm neck. EPCs, formed from bone marrow, are found in low 

numbers in the bloodstream [74] [75]. After one year the dome is filled with connective 

tissue and is completely occluded from the parent artery by a layer of fibrous tissue and 

endothelial cells [75]. 

The strength and compliance of the coil is important as recurrence can be observed due to 

the compaction of the coil with arterial blood flow [76]. This compaction leaves the neck of 

the aneurysm susceptible to growth, as shown schematically in Figure 2.3.3. This compaction 

is due to the low coil packing density, poor thrombus formation and incomplete neointimal 

formation. It is assumed that these coils will cause a thrombus to form in the aneurysm dome 

and undergo the ideal healing discussed previously. This will improve the mechanical 

strength of the coils and will continue to improve with the granulation of tissue present 

between the coils. However, this rarely occurs in bare metal coils [5] [75] [77]–[79]. One 

study has shown a compaction of 28% of coiled aneurysms within 6 months of coiling [80]. 

Recurrence rate have been reported to be 20.8% - 33.6% depending on aneurysm size and 

packing density [1] [2] [75].  
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Figure 2.3.3 Recurrent aneurysm formation [5] 

Coils are made from biocompatible soft materials such as platinum, tungsten and nitinol, in 

the form of a fine wire. This wire can be of varying diameter, which determines the coils 

primary structure. The fine wire, of the selected metal, is wound around a mandrel to form a 

spring like structure. This is the coils secondary structure and can vary by the number of 

times the coil is wound and the diameter. This spring is then shaped into its final form 

(tertiary structure), such as helical or spherical. Depending on the type of coil used and the 

skill of the clinician, coiling of the aneurysm fills between 20% and 73% of the aneurysm 

[81].  

The number of coils varies depending on aneurysm size with an average of 4.6 coils used to 

treat small aneurysms and an average of 8.2 coils for medium aneurysms [82]. Compliant 

balloons and various stents can be placed across the neck of the aneurysm during coiling in 

an attempt to achieve an increased coil packing density [73]. Balloon assisted coiling is 

especially used in the case of wide neck aneurysms to stop coil migration through distal 

arteries during aneurysm embolization. For this, the micro-catheter is placed at the aneurysm 

fundus and the balloon catheter is placed across the aneurysm neck. The balloon is inflated 

while the coils are being placed and can be deflated and reflated as needed between coil 

placements to reduce the chance of cerebral ischemia and allow angiography to be carried 

out. Once the aneurysm is coiled the balloon is deflated and removed [70].  

The Raymond-Roy Occlusion Classification (RROC) can be used to describe how successful 

the occlusion of the aneurysm is. The RROC is broken into Class I, Class II and Class III. Class I 

indicates a complete occlusion of the aneurysm dome and neck, Class II is used to describe an 

aneurysm with a residual neck and Class III is used when the aneurysm dome is not occluded 

successful. Typically, aneurysm occlusion rates are discussing number or percentage of 

aneurysm that are completely occluded (Class I) [83]. Coils have a lower occlusion rate of 

77.6% compared to the clipping which can achieve a 92.5% occlusion rate. As a result, the 

risk of a SAH in coiled aneurysms is higher than those of clipped aneurysms [1] [2]. Despite 
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this, endovascular coiling has become the gold standard due to reduced risk associated with 

the procedure and reduced operating and recovery times [61].  

The minor risks associated with endovascular treatment are reactions to the material, groin 

hematomas, infections and pseudo-aneurysms. Major risks are arterial dissection (0.7%) 

parent-artery occlusion (2%) and thromboembolic phenomena (2.4%). There is also a risk of 

aneurysm rupture caused by advancing the catheter too far, which happens in 1-2.7% of 

patients, of which, 30-40% die. Loose coils migrating into the surrounding vasculature can 

also occur (see Figure 2.3.4) and result in parent artery occlusion resulting in ischemic stroke 

[84]. Overall, for endovascular aneurysm coiling, there is a mortality rate of between 1.1 and 

1.5% and a morbidity rate of 3.7-5.3% [1]. 

 

Figure 2.3.4 Risks associated with aneurysm coiling [5] 

Generally, aneurysms are treated by endovascular coiling but up to 15% of aneurysms are 

unable to be treated by endovascular coiling as their location makes it too difficult to access 

via catheter [1] [85]. Aneurysms are also typically not coiled if the patient has intracerebral 

or subdural hematomas, a large neck-to-dome ratio, an artery incorporated into the 

aneurysm dome, a fusiform aneurysm, an aneurysm that is filled with a clot, if the aneurysm 

is a giant aneurysm or if the aneurysm is in an unfavourable location, such as the middle 

cerebral artery. If one or more of these instances occurs an alternative course of treatment, 

such as clipping, is chosen [85] [86]. 

2.3.3.2. Hydrogel Coated Coils 

Coils used for the treatment of CAs can be coated with a hydrogel to reduce the chances of 

recurrence. The hydrogel coating on the coils can expand up to 900% which improves the 

packaging density of the aneurysm. Typically, the hydrogel coating is made with polyglycolic 

acid (PGA) or poly(lactic-co-glycolic) acid (PLGA). Surgery time is increased when using coils 

coated with a hydrogel as they are stiffer than bare coils. Hydrogel coated coils are inserted in 

the same manner as uncoated coils [5] [87].  
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Coating coils with a bioactive hydrogel encourages an inflammatory response which 

encourages clot organisation and maturation. It is also thought to induce neointimal 

formation [78].  

A study by Fareed et al found that recurrence rates with coils without hydrogel coatings were 

13 to 33% [87]. To attempt to overcome this they coated a platinum coil with a hydrogel that 

expands to its maximum capacity in 20 minutes, after coming in contact with blood. They 

inserted these coils into 3 patient’s aneurysms and found they had reduced recurrence and 

packing rates between 35% and 72%. This was higher than the 30 – 32% seen in bare coils. 

Reinges et al induced aneurysms in rabbits and inserted hydrogel coated coils into these 

aneurysms. After 12 months they found that the loops of the coils were adhering to 

themselves and created a smooth surface at the neck of the aneurysm. In this study they 

found that the aneurysm was completely occluded and leading to full wall healing [78]. 

One disadvantage associated with the use of hydrogel coated coils is that the coil may become 

stuck in the micro-catheter as its coating expands [88]. Recurrence rates remain high due to 

the degradation rate of the polymer coating being faster than that of thrombus formation [5]. 

To overcome this non-resorbable coils coated with a poly(ethylene glycol) hydrogel have 

been designed to provide a permanent occlusion [89]. 

2.3.3.3.  Flow Diverters 

Flow diverters are a newer treatment designed to cause a blood flow redirection which 

should cause aneurysm thrombosis without the need for coiling. Flow diverters are flexible 

devices similar in structure to stents that conform to the shape of the parent vessel [5] [70].  

A flow diverter is placed across the neck of the aneurysm, causing blood stagnation within the 

aneurysm and promoting thrombus formation [5]. Complete closure of the aneurysms with 

flow diverters is unpredictable, generally occurring between 6 weeks and 6 months following 

the placement of the flow diverter [90] [91].  

Flow diverters most commonly are used for the treatment of fusiform and side wall wide 

neck aneurysms. These flow diverting stents are made of a self-expanding, cylindrical high-

coverage mesh. Metal coverage varies depending on the flow diverter design but can range 

from 20-35% [92]. Flow diverters have been made of braided nitinol strands of woven 

platinum tungsten and cobalt chromium strands [93] [94].  

A study of 26 patients showed a mortality rate of 4% and a morbidity rate of 15% [93]. 

Concerns of the flow diverter covering unobserved artery side branches during stent 

placement remain [95]. An increase in intra-aneurysm pressure has also been observed with 

flow diverters, which causes a delayed aneurysm rupture. This increase has been postulated 
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to be caused by a decrease resistance in blood inflow than outflow when the diverters are not 

placed correctly and resistance in the parent artery [96]–[98].  

2.3.3.4. Intrasaccular Flow Disrupter 

Intrasaccular flow disrupter, such as the Woven EndoBridge (WEB), is a flow diverter that is 

placed in the sac of the aneurysm. The device is made of nitinol wire that is braided into a 

‘globular shell shape’. A concave shape at the base of the device is intended to avoid 

thrombosis on the device. Platinum markers are used to hold the shape and for visualisation 

purposes. The device is placed into the aneurysm through a micro-catheter and is detached 

distally using an electro-thermal system (Figure 2.3.5). The WEB device is designed to attach 

to the aneurysm wall like a stent. The device has high-attenuation mesh that reduces blood 

flow in the aneurysm, which allows the device to be used in both ruptured and unruptured 

aneurysms [99] [100]. However, this device may cause issues as the device should be of 

similar size and shape as the aneurysm to ensure the aneurysm does not recur [101]. Studies 

involving this device have resulted in the dual layer version of the WEB device being removed 

from the market and replaced by a single layer device. The evidence suggests the WEB device 

has not reduced aneurysm recurrence compared to aneurysm coiling [73] [102]–[104].  

 

Figure 2.3.5 a) Woven EndoBridge (WEB) dual layer device b) WEB single layer [104] 

2.3.3.5. Balloon-Assisted liquid Embolization 

Liquid embolization can be carried out with Onyx® 500, a non-adhesive material that was 

developed for the treatment of CAs, shown in Figure 2.3.6. Onyx® is made of 20% ethylene 

vinyl alcohol (EVAC) which is dissolved in dimethyl sulfoxide (DMSO). Onyx® also contains 

30% (w/v) tantalum to improve radiopacity. This is a micronized tantalum powder with a 

maximum particle size of 22µm but with 68% of the powder having a particle size <5.5µm 

[105]. This composition must be mixed for 20 minutes prior to injection. This treatment 

involves inserting a balloon-assisted micro-catheter adjacent to the patient’s aneurysm. This 

micro-catheter and balloon must be DMSO compatible, which limits the surgeons catheter 

and balloon choice. The balloon is then inflated and tested to ensure it is in the correct 

position. A syringe is filled with Onyx® and injected through the micro-catheter. A rate of 
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0.1mL/minute is used to inject the Onyx®. An injection rate quicker than 0.5ml/min has been 

shown to have angiotoxic effects caused by the presence of DMSO in the Onyx® solution. The 

EVAC component of the material polymerizes in contact with blood due to the diffusion of the 

DMSO. To allow the material to precipitate the injection should be stopped and the balloon 

deflated every 0.2 to 0.3mL. Failure to inject the material correctly can cause arterial necrosis 

and induce vasospasms. Vessel damage can also be caused by the numerous cycles of inflating 

and deflating the balloon. Once the aneurysm is filled, the balloon is then deflated and 

removed. The micro-catheter is left in place for 10 minutes to ensure the material sets within 

the aneurysm. In total, it takes approximately 90 minutes to complete an aneurysm treatment 

with Onyx® [3] [5] [70] [88] [106] [107].  

 

Figure 2.3.6. Balloon-assisted Onyx® embolization [70] 

One study carried out on 97 patients found a morbidity rate of 8.3% and a mortality rate of 

2.1% associated with this procedure. 11% of patients who have undergone this treatment 

have needed retreatment [70].  

The FDA has issued a safety communication with the use of Onyx® for cerebral AVMs as the 

catheter commonly became trapped in the Onyx® gel as it set [108].  

2.3.3.6. N-butyl cyanoacrylate 

N-butyl cyanoacrylate is usually used for the treatment of cerebral arteriovenous 

malformations (AVM), though it has been examined for embolization of cerebral aneurysms. 

N-butyl cyanoacrylate becomes a solid adhesive material when in contact with blood. This 

polymer induces thrombosis which helps with occlusion of aneurysms and AVMs [109] [110]. 

However, N-butyl cyanoacrylate is thought to be too adhesive as it can block the tip of the 

catheter during injection and cause the catheter to adhere to the embolized aneurysm [91] 

[107] [111]. 
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2.4. The Ideal Aneurysm Treatment Device 

A number of studies discuss various aspects of an ideal aneurysm treatment but none provide 

a complete picture [3] [5] [112]–[114]. Combining these studies, the design requirements for 

the ideal aneurysm treatment device/therapy can be determined. Ideally the device is 

initially a liquid material that sets within the aneurysm dome and should be: 

 Mechanically stable over time and have adequate mechanical properties 

 Injectable 

 Adhesive 

 Biocompatible 

 Sterilisable 

 Radiopaque 

2.4.1. Optimum Mechanical Properties for an Embolic Agent 

A CFD model by Wang et al. was used to show that a liquid embolic agent reduced the risk of 

aneurysm rupture as it eliminates jet flows and causes a uniform distribution of pressure and 

WSS, whereas coils only reduced these factors [115]. FEA has shown that increasing the 

Young’s modulus of an aneurysm thrombus, up to 1MPa, decreases the wall shear stresses in 

the aneurysm as it can “absorb” the stress caused by blood flow. A Young’s modulus of 

1.0MPa decreased the wall shear stresses by up to 100% compared to a thrombus with a 

lower Young’s modulus of 0.05MPa [116] [117]. Although these studies made assumptions 

such as a homogenous artery wall that undergoes linear elastic deformation and that the 

thrombus was homogenous, these results indicate that a full occlusion with a material that 

can reduce hemodynamic forces within the aneurysm are advantageous and will reduce the 

risk of rupture. Although wall shear stresses play a role in aneurysm rupture, intrasaccular 

pressure is thought to be the leading factor in aneurysm rupture. A material that completely 

occludes the aneurysm would reduce these pressures, provided the material does not induce 

stresses due to excessive expansion [5]. 

The material should be mechanically stable over time as this both maintains support and 

allows endothelialisation of the aneurysm neck. It has been suggested that the mechanical 

stability of the material may be more important to aneurysm closure than the bioactivity of 

the material, as a stable surface is required for endothelialisation [5]. Onyx® has shown 

improved endothelialisation of the aneurysm neck compared to coiled aneurysms. This is 

likely due to the material completely filling the aneurysm and providing a stable surface for 

the cells to migrate across [118] [119]. Stiffness can also affect cell attachment; fibroblasts, 

endothelial cells and smooth muscle cells proliferate on and move towards areas of stiffer 

materials [120] [121]. Cell migration is important for wound healing and relies on adhesion 

and traction [122]. Cell attachment is caused by focal adhesion points that anchor the cell to 

the material. It has been shown that cells form more stable focal adhesions and a more 
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organised F-actin when seeded onto stiffer gels. Cells also show an increase in spreading on 

stiff materials [120] [123] [124]. Therefore, the mechanical properties of a biomaterial can be 

as influential in determining cell proliferation and differentiation as the chemical properties 

[123]–[126]. Depending on their composition, hydrogels can provide both chemical and 

mechanical stimulus for cell growth [127]. 

Ideally, the mechanical properties of the device should also be similar to the native tissue, as 

a mismatch in mechanical properties can result in inflammation, fibrosis or necrosis [5] 

[128]. Without the formation of a thrombus, coiled aneurysms typically become compressed 

over time. Coils with clots have a compressive strength of approximately 4.24±1.26kPa [129]. 

Although no maximum strength or stiffness of a material for embolization has been discussed 

in the literature two materials for aneurysm embolization with high strengths are Onyx®, 

which has compressive strength of approximately 3MPa [130] and a poly(propylene glycol) 

diacrylate and pentaerythritol tetrakis (3-mercaptopropionate) (PPODA–QT) material, which 

was examined for the treatment of cerebral aneurysm and has a Young’s modulus of 

approximately 2MPa [3]. Although these materials do not have the same material properties 

as the cerebral artery, these results indicate that high strength and stiffness materials can be 

tolerated and used for the treatment of cerebral aneurysms. Overall, the materials 

compressive strength and strain should not be excessively high as this may lead to the 

transfer of stress to the aneurysm wall. At a minimum, the strength of the hydrogel should be 

able to withstand hypertensive blood pressure which is 160mmHg (22kPa) and should not 

fracture and a low strain. 

Neither swelling nor shrinking of the hydrogel after injection is ideal. Shrinkage will cause a 

gap between the material and the aneurysm wall which may cause the material to migrate or 

the aneurysm to grow. Excessive swelling may exert pressurisation on the aneurysm wall, 

resulting in rupture. Small amounts of swelling may be tolerable and may reduce the chance 

of recanalization [131]. 

The structure of the device should not affect the blood flow patterns in the parent artery. 

Sharp edges may cause turbulent flow in the parent artery, which should be avoided [5]. A 

smooth and complete closure of the aneurysm neck is preferred.  

2.4.2. Injectability of an Embolic Agent 

The embolization of an aneurysm using a device that can be placed into the aneurysm dome 

endovascularly has the advantage of reducing patient pain and surgery time [5] [6]. Injectable 

biomaterials that form in situ will likely conform to the shape of the dome and completely fill 

and occlude the aneurysm. This has the advantage of not relying on unpredictable blood 

clotting mechanisms to stabilise the aneurysm [112]. 
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Due to the narrow and treacherous nature of the cerebral vascular system, only micro-

catheters can be used to endovascular treatment of cerebral aneurysms. Typically 0.021” 

(1.6F) to 0.027” (2.1F) distal inner diameter micro-catheters are used for aneurysm coiling. 

Larger, 0.033” (2.5F) distal inner diameter micro-catheters, are used with the WEB device 

[73]. These microcatheters are supplied in several lengths typically ranging from 90cm to 

150cm [132]. 

The materials viscosity and the micro-catheters inner diameter and length can affect the force 

required to inject a material. If the material is to be injected easily into the aneurysm, the 

restrictions of current market micro-catheters inner diameter and length need to be taken 

into consideration.  

The material must have an injection time that is sufficiently long to fill the aneurysm without 

blocking the microcatheter. Then, the material must harden after injection to ensure it does 

not migrate into the parent artery. Typically, embolic materials are injected into the 

aneurysm with a balloon across the neck of the aneurysm in order to ensure no material 

migration occurs. For this reason, the material should harden within 5 minutes of injection, as 

a balloon inflated in the cerebral vasculature for longer periods will likely result in 

irreversible cerebral ischemia [3] [133].  

2.4.3. Adhesive Properties of the Embolic Agent 

Materials that adhere to the aneurysm wall would be an advantage as it would reduce the risk 

of the material migrating due blood flow or high pressures [112]. They also may improve the 

distribution of the stress, caused by blood flow, across the aneurysm wall. Yet, the material 

should not adhere to the microcatheter or the balloon. This is a common problem in 

embolization with the adhesive material cyanoacrylate [91] [107] [111]. As a result, the 

material ideally should be selectively adhesive, adhering only to selective functional groups 

on the natural artery and not to the synthetic surfaces of the microcatheter and balloon. 

Catheters are typically made of silicone, polyvinyl chloride, polytetrafluoroethylene (PTFE) or 

latex rubber [134]. Balloons are made of a variety of materials including latex, polyethylene 

terapthelate and polyolefin copolymer [135] [136].  

2.4.4. Biocompatibility  

Biological evaluation must be carried out to ensure there is no toxic effect, either locally or 

systemically, when the device is in contact with the body. The intended use of the product 

dictates which testing is required to ensure a device is biocompatible. Biocompatibility is “the 

ability of a material to perform with an appropriate host response in a specific application” 

[137]–[139]. The appropriate host response depends on the materials application, but 

generally it should not induce cytotoxicity or carcinogenesis [139].  
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The International Standard Organization (ISO) has written the standard for the evaluation of 

the biocompatibility of medical devices (ISO 10993). This standard is used to select testing to 

be carried out to determine the biocompatibility for each device. In some cases, literature 

may already exist showing the biocompatibility of some, or the entire device, and in this case 

a reduced amount of testing is required. The type of test selected for each medical device 

depends on factors such as the location of the device, if it is surface contact or implanted and 

the duration the device is in contact with the body. Examples of these tests include [137] 

[138]: 

 Haemocompatibility 

 Cytotoxicity 

 Immunotoxicity 

Haemocompatibility testing examines how the material interacts with the components of 

blood. Typically, this involves examining whether platelets adhere to the surface of the 

material and if there is formation of a thrombus. Platelet adhesion to certain embolization 

treatments, such as coils, is an advantage as it improves the strength and reduces blood flow 

within the aneurysm [88] [140]. For the majority of vascular devices, however, platelet 

adhesion is seen as a disadvantage as it can cause thrombus formation and result in 

irreversible ischemia [141]. Haemolysis is the damaging of erythrocytes (red blood cells) and 

must also be examined for biomaterials [142].  

Cytotoxicity testing examines if the material or its eluent is toxic to surrounding cells and 

tissues. For an item to be considered non-cytotoxic the percentage of cells remaining after 

testing must be above 70% compared to that of the control cells [143] [144]. 

Immunotoxicity examines whether the material will cause tissue damage, typically by an 

inflammatory response [145]. An inflammatory response usually occurs following the 

implantation of a device. Initially there is an acute inflammatory response which typically 

lasts a maximum of a week. An acute inflammatory response involves the movement of 

neutrophils, monocytes and macrophages to the site of injury. Phagocytosis by neutrophils 

and macrophages may occur, but this is not always the case with biomaterials due to the size 

difference. This may be followed by a chronic inflammatory response. In some cases, the 

chronic inflammatory stage can last several months. This is typically necessary for wound 

healing but may result in a negative effect on tissue remodelling and should be avoided where 

possible for vascular devices. In the case of aneurysm treatments, inflammation cause can a 

further remodelling of the aneurysm wall and results in a weakened aneurysm. Chronic 

inflammation is when lymphocytes, macrophages and plasma cells are found at the site of 

injury. Macrophages often coalesce to form foreign body giant cells. As 5µm is the largest 

particle size that can be engulfed during phagocytosis, a material with a larger surface area 
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will often stimulate frustrated phagocytosis. This involves the release of leukocyte products, 

in an attempt to degrade the material. The final stage of the immune response is the 

formation of a fibrous capsule which occludes the material from the surrounding tissue. The 

immunotoxic response of the material is usually determined by the intensity and duration of 

the inflammatory response. Tissue necrosis occurs when an implant causes a toxic reaction, 

resulting in cell death. This response indicates the material is not biocompatible [139] [145]–

[151]. 

2.4.5. Sterilisation of Medical Devices 

Devices intended for implantation must be able to withstand sterilisation. Before sterilisation 

the manufacturing of the device must be carried out in a clean room, which is a controlled 

environment with a low number of potential contaminants, according to the FDA Good 

Manufacturing Practices guidelines [152]. 

Not every sterilisation type is suitable for each device and testing must be carried out to 

determine a suitable type of sterilisation for each component of a device [153] [154]. The 

sterilisation type selected must not damage the product, as it may chemically and physically 

alter the material. The type of sterilisation selected must also insure an acceptable sterility 

level called the Sterility Assurance Level (SAL) of a minimum 10-6 (a maximum of one device 

per million is non-sterile) [155] [156]. 

There are many types of sterilisation used to remove microorganisms, pyrogens, spores and 

bacteria from a medical device. These sterilisation types can be either physical or chemical 

and some examples are: 

 Wet/Steam sterilisation 

 Dry heat sterilisation 

 Gas sterilisation – Ethylene oxide, formaldehyde and hydrogen peroxide 

 Irradiation – gamma and e-beam 

 Sterile filtration 

Wet/Steam sterilisation requires using a pressurised autoclave to expose the product to 

temperatures between 121⁰C to 134⁰C. Steam sterilisation is a quick process; only requiring 

3 to 15 minutes depending on the product and temperature. However, a quarantine time 

post-sterilisation is required as the product has to dry and allow to return to ambient 

temperatures. Wet/steam sterilisation should not be used on certain materials, such as 

hydrophobic materials, powders and corrosive materials [157] [158]. Typically, materials are 

packaged in a material which allows appropriate steam penetration while acting as microbial 

barrier, such as Tyvek® [159]. 
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Ethylene oxide (EtO) sterilisation is one of the most commonly used methods of sterilisation. 

EtO sterilisation has advantages such as not discolouring packaging or products, can be used 

on products that degrade at high temperatures and does not damage electrical components 

[160]. EtO can be used to sterilise both the surface of products and products sealed in gas 

penetrable packaging. Other gases such as steam formaldehyde and hydrogen peroxide can 

be used for sterilisation. EtO has many advantages over these other gases. It can be used at 

elevated temperatures to reduce sterilisation time, is permeable and is relatively molecularly 

stable [154]. There are disadvantages associated with the use of EtO sterilisation such as 

residues being left in some materials. This is caused by the material absorbing EtO and 

releasing it slowly over time. Usually, sterilised materials have a quarantine period following 

sterilisation as EtO is neurotoxic. Depending on the polymer type, EtO residues can be high, 

as EtO reacts with the polymers functional groups. These polymers need extended quarantine 

periods and the residual EtO level needs to be examined [155] [161]–[164]. 

Both gamma ray and electron beam (e-beam) radiation can be used to sterilise medical 

devices. Gamma and e-beam irradiation has the advantage of not requiring a quarantine time 

after sterilisation; it can be used to sterilise dense materials and can be used on closed 

products without a need for increased temperature. E-beam is a quicker sterilisation method 

compared to gamma rays; however, it is less effective for dense materials. Gamma and e-

beam irradiation carries disadvantages such as discolouration of some products and it can 

degrade polymers [155] [165]. The amount of degradation can be reduced by lowering the 

irradiation dose, placing the samples in a vacuum during irradiation or irradiating at low 

temperatures [166]. Most countries accept an exposure of 25kGy of gamma rays for a product 

to be considered sterile but lower doses can be used on degradable material once sterility 

assurance level is confirmed [155] [167]. 

Sterile filtration is an aseptic technique that can be used on liquid materials which are 

unsuitable for other forms of sterilisation. This involves passing the liquid through a filter, or 

a number of filters, to remove all microorganisms from the solution [168] [169]. Sterile 

filtering through a 0.2µm filter is ideal for polymers as it has no apparent effect on their 

structure. However, this is not often feasible as it is time consuming, difficult to achieve for 

high viscosity materials and needs to be completed in a sterile environment [156].  

2.4.6. Radiopacity of Embolic Agents 

Typically, fluoroscopy is used during the treatment of aneurysms. Fluoroscopy uses low 

intensity X-rays to identify radiopaque material. Therefore, aneurysm treatment devices must 

also be radiopaque to allow the material to be placed with minimal invasiveness [170]. CT is 

also a commonly used tissue imaging technique that allows a non-invasive three dimensional 

visual reconstruction and segmentation of soft tissues [7].  
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Contrast agents are low viscosity dyes that have been developed to be injected into blood 

vessels to allow the vasculature to be visualised. These contrast agents can be both ionic and 

non-ionic. A number of these contrast agents have been approved for medical use in cerebral 

vasculature. These include; Ultravist (Bayer Healthcare), Isovue (Bracco Imaging) and 

Hexabrix (Mallinckrodt Imaging) [171]. Contrast agents have been mixed with embolization 

materials to improve their radiopacity [110] [172] [173]. Though, they can affect the usability 

of the embolization material depending on their ionic nature, additives and viscosity [171]. 

Other additives such as tantalum powder have been added to embolization materials such as 

Onyx® to improve radiopacity [110]. However, tantalum can increase the viscosity of the 

material and cause permanent skin discolouration [174].  

Although the ideal radiopacity of a material is not discussed in the literature, a material must 

have a sufficient radiopacity to be easily observed during placement. The radiopacity of a 

material can be too high and make it difficult to determine if the aneurysm is fully occluded. 

2.4.7. Summary 

Summarising the above criteria, for the hydrogel to be injected safely into the aneurysm and 

perform as a suitable embolization material, the hydrogel should; 

 Have sufficient mechanical strength to withstand 22kPa (160mmHg) of compression, 

which relates to hypertensive blood pressure, while distributing stress across the 

wall of the aneurysm [16].  

 Not shrink or excessively expand, to ensure the material does not migrate or cause 

aneurysm rupture. Small amounts of expansion (<10%) of the material will likely be 

tolerated by the aneurysm wall, without protruding and blocking the parent artery 

 Be injectable through a microcatheter (ideally 2.1F distal inner diameter and a length 

of 1.5m) into the aneurysm to allow for a minimally invasive procedure.  

 Have a working time between 10 and 30 minutes.  

 Have maximum hardening time of 5 minutes, as this is the maximum time a balloon 

can be inflated in the cerebral vasculature without causing irreversible cerebral 

ischemia [133]. 

 Ideally adhere to the aneurysm wall to reduce the chance of migration of the hydrogel 

and aneurysm recurrence.  

 Not result in any cytotoxic effect to the surrounding vasculature.  

 Be sufficiently radiopaque to be observed by fluoroscopy, in order for the hydrogel to 

be injected in a minimally invasive manner. 

 Platelets should not adhere to the material and result in thrombus formation. 
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A design review table can be formed from this discussion, as shown in Table 2.4.1. 
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Table 2.4.1 Design review table 

Compressive 

Strength 

>22kPa? 

Is the material 

size conserved? 

(<10% 

expansion with 
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Is the 

hydrogel 

injectable? 

Working 
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Hardening 

time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No 

  



 

34 
 

 

  



Chapter 2. Literature Review 

35 
 

2.5. Novel Aneurysm Treatment 

The aim of this work is to design a material that will fulfil the criteria of Table 2.4.1 From 

Section 2.4, it can be deduced that an injectable material, such as a hydrogel, may be 

applicable.  

2.5.1. Hydrogels  

A hydrogel is described as being a three-dimensional water-swollen, cross-linked polymeric 

structure. Hydrogels are generally biocompatibility materials that can be tailored to have 

various mechanical properties and degradation rates. The varying mechanical properties 

allow hydrogels to be biomimetic and can induce cell proliferation as a result of physical cues 

[7] [175] [176].  

Hydrogels were the first materials specifically designed for human use. Although the term 

hydrogel was first reported around 1900, the first hydrogel for medical use (the contact lens), 

was not created until 1960. Since then, hydrogels have been produced in various forms, such 

as scaffolds, adhesives, carriers for cells and delivering drugs [6] [177].  

Hydrogels are hydrophilic which is shown by their ability to hold a large amount of water 

[175] [176]. Swelling occurs as the material absorbs water as a result of osmotic forces. A 

swelling equilibrium is reached when the cross-links cause a retraction force [176]. The high 

permeability allows the transfer of necessary nutrients and oxygen through the hydrogel 

structure [5] [178]. 

Hydrogels can be classified by their type of cross-linking or by the type of polymer chain used 

[175] [176]. Cross-linking of polymers can occur by either physical or chemical linking of 

macromolecular chains. Physical cross-linking of polymer chains causes the connections to be 

strong or weak and can be reversed if needed. Reversible cross-links are utilized when a 

biodegradable material is required, such as in tissue engineering and drug delivery. Chemical 

cross-linking of polymer chains is strong and permanent. Chemical cross-linking is typically 

achieved by addition of covalent cross-linking agents, which are generally cytotoxic [7] [175] 

[176] [179].  

Types of physical cross-links are chain entanglement and secondary interactions such as 

electrostatic forces, hydrogen bonds, hydrophobic interactions and ionic bonds. Ionic gelation 

occurs when cross-linking divalent and trivalent cations come into contact with anionic 

polymers [176] [179].  

Types of chemical cross-links are polymerization, radiation, small-molecule cross-linking and 

polymer-polymer cross-linking [179]. 
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Hydrogels can also gel due to combined chemical and physical stimuli. pH, ions and chemical 

compositions are examples of such chemical stimuli. Physical stimuli include temperature, 

pH, light and ion content [180].  

Both natural and synthetic polymers can be used to form a hydrogel. Natural polymers tend 

to be biocompatible, however, they tend to have a low and variable mechanical strength and 

have a high batch inconsistency which limits their use [175] [176] [181]. Despite this, natural 

polymers have been extensively used in hydrogels, such as gelatin, collagen, fibrin, 

hyaluronate, alginate, agarose and chitosan [7]. Examples of synthetic polymers are 

polycaprolactone (PCL), polyethylene glycol (PEG), poly(acrylic) acid (PAA), poly(lactic) acid 

(PLA), poly(glycolic) acid and their copolymer PLGA. Synthetic polymers tend to have a 

higher strength than natural polymers, however, they tend not to be as biocompatible [7] 

[175] [176] [181]. 

It is important that both the hydrogel and its degradation products do not cause an adverse 

chronic immune response. Hydrogels are generally considered to be biocompatible. Cells do 

not adhere to hydrogels due to their hydrophilic surfaces and surrounding tissues are not 

irritated by them, as the hydrogel can mimic the tissue flexibility, which limits the foreign 

body response [176]. When designing a hydrogel it is important to take 5 factors into 

consideration for biocompatibility [7] [182]: 

1. Degradation rates 

2. Bioadhesion 

3. Bioactivity 

4. Transport/release of bioactive molecules 

5. Mechanical properties 

Hydrogels can undergo controlled degradation due to hydrolysis, proteolysis, 

disentanglements and environmental triggers. Controlled degradation rates are an ideal 

characteristic for cell transporting biomaterials. Due to these characteristics, hydrogels are 

used in various medical devices such as drug delivery, wound dressings, contact lenses and 

tissue engineering scaffolds [7] [175] [176].  

Bioadhesion and bioactivity are important factors for tissue engineering scaffolds in that they 

control how the cells will attach, differentiate and proliferate on the biomaterial [7]. 

Ideally, hydrogel’s should have similar mechanical properties to the surrounding native 

tissue. The mechanical properties of hydrogels are controlled by the type of polymer used, as 

different polymers have varying chain rigidity. The type of cross-linking and cross-linking 

density will also greatly affect the strength and biocompatibility of the hydrogel [7] [182]. 
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To increase deliverability and minimise trauma, the hydrogel should gel under physiological 

conditions. Ideally, the hydrogel will be injectable, lending itself to minimally invasive 

delivery techniques, which can reduce the pain and recovery time for the patient. Injectability 

and gelation under physiological conditions can usually be achieved by in situ forming 

hydrogels. Current in situ forming hydrogels are either cross-linked by physical reactions 

such as a change in pH or temperature and introduction of ions, but these usually have poor 

mechanical properties. Chemical reactions, such as Michael-type addition, can be used to 

improve the mechanical properties but such hydrogels usually have a reduced 

biocompatibility [6] [180] [183] [184]. In situ forming hydrogels have been of considerable 

interest as they allow currently invasive techniques to be accomplished in a non-invasive 

manner. In situ forming hydrogels allow for delivery of acellular and cellular scaffolds directly 

into defects. These hydrogels can provide a complete filling of the defect, which can improve 

tissue repair. These hydrogels are also more efficient, with higher cell and growth factor 

survival rates compared to materials processed prior to implantation. In situ forming 

hydrogels are also used in drug delivery as they allow the drugs to be delivered directly to the 

site, where required. The rate of gelation is important as fast gelation is optimal for delivering 

cells and drugs but a slower gelation may be needed to fill irregularly shaped defects [6] 

[180] [183] [184]. 

Alginate hydrogels that are cross-linked with multivalent ions are in situ gelling hydrogels 

that are typically biocompatible, as they are natural polymers. Alginates and their ability to 

form hydrogels are discussed in more detail below.  
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2.5.2.  Alginate 

2.5.2.1. Alginate Structure 

Alginate, also called alginic acid, is polysaccharide found in the cell walls of brown seaweeds 

[109]. Alginate is a linear polymer, containing blocks of β-ᴅ-mannuronic acid (M-block), α-L-

guluronic acid (G-block) and regions of alternating structure (GM-blocks). Alginates M-block 

units are in a 4C1 chair conformation and the G-blocks are in a 1C4 chair confirmation. Alginate 

polymers are formed when the monomers join at the 4C1 and 1C4 position, which gives the M-

block its flat polymer shape and the G-block a buckled shape, as shown in Figure 2.5.1 [185] 

[186].  

 

Figure 2.5.1 M-block (A), G-block (B) and alternating GM-blocks (C) of alginate [187] 

Alginate is usually described by its chemical composition (M/G ratio or monad, diad and triad 

sequences) and molecular weight. There are four diad sequences (MM, GM, MG, and GG) and 

eight triad sequences (MMM, MMG, MGM, MGG, GMM, GMG, GGM and GGG) [188] [189]. If the 

alginate has a higher G-block content the hydrogel will be strong and brittle. If the M-block 

content is larger than the G-block content the hydrogel will be weak but flexible. Increasing 

the G-block length generally increases mechanical properties, due to an increased rigidity of 

the chains [190]–[192]. The average length of the G is found using Equation 2.5.1. 

Equation 2.5.1. Equation to determine the average G-block length [188] 

�̅�𝐺>1 =  
𝐹𝐺 − 𝐹𝑀𝐺𝑀

𝐹𝐺𝐺𝑀
 

Where, 

NG>1 = Average G-block length 

FG = Frequency of the G-block 

FMGM = Frequency of the triad MGM 

FGGM = Frequency of the triad GGM 
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Alginate’s chemical composition (M/G ratio) and its molecular weight can vary greatly 

depending on the location the alginate was collected and the extraction and purification 

process. Table 2.5.1 shows the effect location has on the chemical composition of some 

alginates. Average alginate molecular weights range from 20kDa to 500kDa [193] [194]. The 

molecular weight and M/G ratio greatly affects the compressive strength, viscosity, gel 

uniformity and gelation rate of the hydrogel [195] [196]. 

Table 2.5.1 Varying chemical composition of alginate from various locations [194] 

Species Origin FG FM M/G FMM FGG FGM FMG 

Laminaria digitata Norway 0.41 0.59 1.44 0.43 0.25 0.16 0.16 

Laminaria japonica China 0.35 0.65 1.86 0.48 0.18 0.17 0.17 

Macrocystis pyrifera Argentina – – 1.17 – – – – 

Laminaria hyperborea 

(stipe) 

Norway 0.71 0.29 0.41 0.17 0.59 0.12 0.12 

Laminaria hyperborea 

(leaf) 

Norway 0.51 0.49 0.96 0.34 0.36 0.15 0.15 

Laminaria digitata France  0.40 0.60 1.5 – – – – 

Laminaria digitata Morocco 0.47 0.53 1.12 0.47 0.41 0.06 0.06 

Alginate generally has a high viscosity at low concentrations due to intramolecular 

electrostatic repulsion [181]. Despite alginate’s high viscosity, it has the ability to be injected 

through micro catheters as it is a shear thinning material [197].  

Alginate is removed from algae by using hydrochloric acid, followed by washing, filtering and 

neutralizing the solution with an alkaline buffer. This process can be repeated to further 

purify the alginate by removing phenols and endotoxins. Sodium alginate is precipitated by 

adding the alginate solution to alcohol, such as ethanol or methanol [109] [198].  

2.5.2.2. Alginate Hydrogels 

Alginate is commonly used in hydrogels as it is cheap, biocompatible, easily purified, and can 

form a gel under physiological conditions. Alginate has the ability to form a gel by ionic cross-

linking when introduced to multivalent ions, covalently cross-linked or by acidification below 

its pKa value of 3.38 for mannuronic acid and 3.65 for guluronic acid. Alginate can be 

processed in soft and elastic materials of different forms, such as gels, fibres, foams and 

nanoparticles [188] [190] [193] [199].  

Cells and platelets do not adhere to alginate due to its high hydrophilicity and negative charge 

[188]. The molecular weight, M-block and G-block content also affects the biocompatibility of 

the alginate. Alginates with a high G-content or with a high molecular weight do not usually 

cause a chronic immune response. High M-content alginates have been seen to causes 
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cytokine production by monocytes. An increased cytokine production can cause the 

inflammatory stage to be prolonged. Alginate with a molecular weight below 20kDa can cause 

lower molecular weight M-block material to leak, causing cytokine production and therefore 

should be avoid for use as a biomaterial [151] [188].  

Alginate binds preferentially with divalent ions in the following order Pb2+ > Cu2+ > Cd2+ > 

Ba2+ > Sr2+ > Ca2+ > Co2+, Ni2+, Zn2+ > Mn2+ [200]. These cations generally bind preferentially to 

the G-block forming a three-dimensional “egg-box” structure when cross-linked, see Figure 

2.5.2 [190]. The “egg-box” structure is caused by the cations coordinating with monomer 

moieties which cause inter-chain complexes between alginate strands. Ca2+ will only cross-

link with the G-block of alginate, and therefore will not gel 100% M-block alginates. While 

Ba2+ and Sr2+ bind both with the M-block and the G-block of alginate, which produces stronger 

gels [188] [201]. Despite forming a weaker hydrogel, Ca2+ is preferred to Ba2+ and Sr2+ as it has 

a reduced cellular toxicity [188] [195].  

 

Figure 2.5.2 Ionic gelation between the anionic alginate groups and Ca2+ to form the ”egg-box” structure [198] 

Ionic alginate cross-linking can occur by diffusion or in situ gelation. Gelation by diffusion 

involves the alginate solution being placed in a reservoir of the multivalent ions. A typical 

source of cations for forming alginate hydrogels is the highly soluble calcium chloride salt 

(CaCl2). This method produces an inhomogeneous gel caused by rapid gelation, with the 

cross-linking density being highest on the surface of the hydrogel. This method is generally 

only used in the formation of gel beads. In situ gelation involves mixing an alginate solution 

and GDL with a non-soluble (at neutral pH) cation source, such as calcium carbonate (CaCO3). 

GDL, as it hydrolyses, will lower the pH of the solution and cause Ca2+ to dissociate from the 

alkaline CaCO3, resulting in a slow, controlled gelation of the alginate. A slow gelation causes a 

strong and homogenous gel to form. In situ gelling alginates are ideal for tissue engineering as 

they allow the hydrogel to be implanted by a minimally invasive surgery, they have improved 

mechanical properties and can be moulded in situ to the required shape [188] [191] [193] 

[195] [201] [202]. 
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The crosslinking density can be controlled by varying the ion content and alginate 

concentration. An increase in crosslinking density can greatly increase the gelation and 

strength of alginate and stability of the hydrogel. Alginate concentration can also greatly 

affect the viscosity of the hydrogel due to an increase in chain entanglements [191] [203] 

[204].  

Studies have also shown that the M-blocks and G-blocks do not alone play a role in alginate 

gelation, as pure MGM sequence alginate was shown to gel with the addition of calcium ions. 

However, this did not produce as strong a gel as G-block only calcium alginates [205] [206].  

It is generally considered that the gelation of alginate with Ca2+ ions is a 3 step process and 

varies depending on molecular weight see Figure 2.5.3. Step 1 involves individual alginate 

chains shrinking/collapsing, which causes an initially decrease in viscosity. As there is more 

flexibility in alginate chains with a high molecular weight, they can shrink further causing a 

greater decrease in viscosity than low molecular weight chains. A monocomplex between Ca2+ 

ions and the G-block of the alginate is formed causing an alginate intramolecular attraction. 

Step 2 involves the formation of egg-box dimers. Step 3 sees a decrease in molecular size for 

high molecular weight alginates, whereas the short molecular weight chains continue to grow 

in molecular size. It is suggested that due to low molecular weight alginate’s short chains 

there is an inter-cluster association. High-molecular weight alginates form individual clusters. 

It is also suggested that calcium binds more easily in Step 3 compared to Step 1 and 2, as the 

egg-box structure has been formed [207]. 

   

Figure 2.5.3 Three steps involved in the binding of calcium to (a) short chain (low molecular weight) alginate and 
(b) long chain (higher molecular weight) alginate [207] 

In vivo, ionically cross-linked alginate hydrogels decrease in strength and swell due to a loss 

of crosslinks as the Ca2+ ions in the hydrogel exchange with sodium ions in blood but alginate 

is otherwise stable at physiological pH and temperature [188] [198] [203]. Alginates can 

degrade in a solvent with a pH below 5 or greater than 10. If the pH is below 5, degradation 
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occurs by proton-catalysed hydrolysis. ß-alkoxy-elimination occurs at a pH above 10. 

Enzymes such as alginate lyase or depolymerases can also degrade alginate, but they are not 

found in humans. Alginate lyase causes scissions in the polymer chains by ß-elimination 

[208]. Alginate hydrogels formed with ions like barium are more stable long term under 

physiological conditions [209]. 

Alginate can also be covalently cross-linked, to produce a more stable hydrogel. 

Methacrylated alginates can be produced using carbodiimide chemistry. These alginates can 

then cross-link in the presence of UV light or a photo initiator [188] [191]. Thermally setting 

alginates have also been used by polymerising N-isopropylacrylamide (NIPAAm) with 

sodium alginate which has the ability to gel at approximately 32⁰C [191]. 

Alginates are hydrophilic and have a negative charge, which makes cell attachment difficult. 

Although alginate alone cannot adhere to cells, covalent bonding and carbodiimide chemistry 

can be used to increase the alginates adhesive properties. One example is covalently attaching 

RGD (Arginine-Glycine-Aspartic acid), a peptide found in the extracellular matrix (ECM) 

proteins, to the alginate by the addition of (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride) (EDC) and N-Hydroxysuccinimide (NHS), discussed in more detail in section 

2.5.3 [188]. 

Alginate beads have been used for drug delivery and to encapsulate cells. The basic method is 

achieved by producing a cell/alginate mixture by dripping the alginate cell solution from a 

needle into a CaCl2 solution. Other methods such as using an electrostatic potential, vibrating 

capillary jets and rotating capillary jets have been developed to produce smaller beads and 

control bead size. The cells remain viable due to the alginates limited cell adhesion properties 

and gelation under mild conditions [181] [188] [202]. 

Alginate foams have been used in tissue engineering and wound healing due to their 

macroporous scaffolds allowing an increase in cell invasion and the transfer of nutrients 

through the hydrogel. Foam alginates are typically formed by freeze drying the cross-linked 

alginate or by the passage of gases through the hydrogel. Alginate foams loaded with cells 

have been used in repairing soft tissue, the regeneration of bone and to encourage 

angiogenesis. Acellular alginate foams can be used for sustained local delivery of drugs and 

growth factors [181] [188]. 

Alginate fibres have been used in wound healing and tissue engineering. Macrofibres can be 

produced by extruding an alginate solution into a solution of multivalent ions. Microfibers 

can be produced by electrospinning [188] [191].   
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In situ gelling alginates allow for alginate to be minimally invasively implanted into the body. 

Alginate/cell mixtures have been injected with a calcium sulphate or a calcium carbonate 

with GDL for the repair of bone defects [181]. As mentioned, a significant disadvantage of 

these hydrogels is their poor mechanical properties and stability in vivo due to calcium 

exchange with sodium in blood [191] [197] [202]. These gels can often require a prolonged 

gelation time to produce a homogenous material [202]. 

2.5.3. EDC and NHS 

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) is a water soluble 

carbodiimide. This is a zero length cross-linker that has the ability to form amide bonds 

between carboxylic and amine groups without becoming part of the amide bond [193] [210] 

[211]. As EDC is water soluble and no other (potentially toxic) solvents are required in the 

reaction [212].  

EDC, in the presence of carboxylic acid, forms an o-acylisourea intermediate. EDC reacts with 

the carboxyl group of mannuronic acid in alginate. This intermediate undergoes a 

nucleophilic attack and forms a stable amide bond when in contact with primary amines. 

However, if there is an excess of EDC or a lack of primary amines, the unstable o-acylisourea 

hydrolyses to form a stable N-acylurea, which can’t form an amide bond. Therefore, an 

increased amount of EDC will be required to increase the bond strength. However, EDC has 

been found to have cytotoxic effects in mice in high concentrations (>12.9mg/ml) [213]. N-

Hydroxysuccinimide (NHS) is typically added to a hydrogel with EDC as it reduces the rate of 

hydrolysis, therefore reducing the production of N-acylurea, while allowing amide bond 

formation [212] [214]–[216]. This allows for a reduced EDC content without compromising 

the bond strength and, in turn, a reduction in any possible cytotoxic effects [214] [217]. The 

EDC and NHS reaction can be seen in Figure 2.5.4. 
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Figure 2.5.4 EDC and NHS coupling reaction [218] 

The water content and pH can vary the time required for the adhesion to occur. The 

activation of the EDC/NHS reaction is most effective in a pH of 4.5-7.2 [219]. 

2.5.4. Glass 

Glass is a hard, amorphous, brittle material made by fusing one or more oxides [138]. The 

glass transition temperature (Tg) is the temperature at which the glass melt moves from a 

liquid state to a solid state [220]. Below the Tg the material is considered a glass. The glass 

transition temperature is associated with the passage of glass through a temperature range 

where the thermal coefficient of expansion exhibits a large change in slope [221]. Glass can be 

produced by either a melt-quench frit or by a sol-gel process [222].  

A melt-quench glass is formed by weighing out the correct mole/weight fraction of the glass 

ingredients. The ingredients are then added to a platinum or ceramic crucible and placed in a 

high temperature furnace at a specified temperature for a specified amount of time. Typically, 

the mixture is heated to between 1200 and 1500⁰C. Platinum crucibles are more commonly 

used to insure there is no oxide contamination from the ceramic crucible. After this specified 

amount of time, the melted glass is quickly quenched by pouring into water. The produced 

glass frit has granules of different sizes that can be ground into a powder [223] [224]. 

Crystallisation can occur if the glass is not cooled rapidly enough. However, potassium oxide, 

magnesia and boron oxide can be added to the glass formulation to reduce the crystallisation 

[220]. 

A sol-gel technique can be used to produce a bioactive glass without requiring the high 

temperatures needed for a melt quench. Sol-gel materials can be achieved by gelling colloidal 

powders by varying the pH or by the hydrolysis and condensation of the metal alkoxide 
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followed by drying. Sol-gel produces a more bioactive material as the surface area, particle 

size and particle morphology can be controlled [225] [226].  

The materials used to produce a glass can be divided into different roles; the glass former, 

modifier and intermediate [221]. Formers are oxides that may be used alone to form glass. 

For example; silica oxide is used as the glass former in silicate glass. More than one material 

can be used as a glass former in one glass [221]. Typically, glasses are formed in either an 

octahedral, tetrahedral or triangle structure. Silica oxide glasses are formed when the SiO4 

tetrahedron is connected to the neighbouring SiO4 tetrahedron by Si-O-Si bonds, giving it a 

high network connectivity (NC) [221] [224]. 

The NC is described by the number and arrangement of the bridging oxygens (BO) and non-

bridging oxygen (NBO) bonds. The Qn notation is used to describe the number of BO per 

tetrahedron in the glass, where n is the number of bridging ions. As discussed, silica glass is 

typically formed in a silicon-oxygen tetrahedron structure, of one cation surrounded by four 

oxygen ions. This gives silica glass a coordination of 4 (Q4). Each of these oxygen atoms is 

connected to two silicon atoms. In this respect, silica glass has a high degree of order with all 

four corners of the tetrahedron structure being linked but this is a disordered network with 

broad ring distribution. The Si-O-Si structure can be varied to introduce further disorder to 

the structure. This can affect the properties of the glass, such as chemical resistance and 

strength. NBO’s are formed by the addition of glass modifiers to the glass and this decreases 

the connectivity of the glass network. A fully linked tetrahedron glass theoretically has a 

structure of Q4 and a glass with no bridging oxygens is described as Q0 [221] [224] [227].  

Alkali oxides, such as calcium and sodium can act as glass modifiers and break the Si-O-Si 

bridge to form non-bridging oxygens. This break occurs in the glass structure as the bridging 

oxygen anion attempts to charge to balance the positive charge introduced by modifying 

cation (e.g. Ca2+, Na+). The addition of calcium oxide (CaO) to a glass composition increases 

the number of NBOs and, therefore, decreases the NC, see Figure 2.5.5. This addition allows 

the glass the undergo acid dissolution, as NBOs are hydrophilic [221] [224] [228].  
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Figure 2.5.5 Silica glass with bridging non-bridging oxygens as a result of the addition of a glass modifier (Ca2+) 
[229] 

Non-silica glasses can dissolve in high or low pH solutions and, in certain cases, may even 

dissolve in water. Aluminium-silica glasses undergo dissolution in acidic solutions as the acid 

attacks the Al-O bonds. The Si/Al ratio must be high in order for the glass to be degradable by 

acid. A Si/Al mole ratio between 3:1 and 2:1 has been shown in glass with cement-forming 

ability to produce a cement that has a reasonable setting time. A mole ratio above 3:1 does 

not set and below a mole ratio of 2:1 will give a setting time below 10 minutes. As gallium and 

aluminium glasses are often structurally similar, it can be assumed that gallium-silica glasses 

will undergo the same dissolution [221] [228]. Calcium or sodium ions not only play an 

important role in charge balancing NBOs but are important in increasing the network 

connectivity in glass with trivalent ions, such as aluminium-silica glasses. A silica glass 

network with aluminium ions requires calcium or sodium to charge balance the network and 

results in a tetrahedral coordination. Excess calcium or sodium will interrupt the network, 

causing NBOs to occur [228] [230]. This indicates the importance not only in the Si/Al ratio 

but the Al/Ca ratio of the glass composition. 

Some oxides such as aluminium oxide (Al2O3) and gallium oxide (Ga2O3) cannot form a glass 

unless mixed with another glass former. This occurs due to the gallium or alumina 

substituting for part of the silica (former) in the glass network. These oxides also can act as 

modifiers in the network and, therefore, is called an intermediate [221] [224] [231].  

The random network model of Zachariasen suggests that glass is a random assembly of 

oxygen polyhedral. A central glass cation is surrounded by oxygen atoms to form this 

polyhedral. The random network theory is three-dimensional and composed of Q3 and Q4 

units only. However, it is also possible to produce glasses with a predominantly Q1 and Q2 

structure [221] [228]. 
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2.5.4.1. Bioactive Glass 

A bioactive material is described as a material that is designed to elicit, modulate or induce a 

specific biological activity. A bioactive glass is an amorphous inorganic solid that displays 

bioactive characteristics. The glass is not adhesive but can form a chemical bond with hard 

and soft tissues in appropriate in vivo and in vitro conditions [138].  

Bioactive glasses, such as Bioglass™ (45S5), are designed to cause biological activity. 

However, the level of the bioactive response depends on the quantity of ions released from 

the glass and the types of ions being released [232] [233].  

Bioactive glasses, like all glasses, have an amorphous structure but typical network 

connectivity of 2 or 3 to allow ions to be released from the glass [224] [234]. Silicon dioxide 

(SiO2) and phosphorous pentoxide (P2O5) are generally used as the network formers in 

bioactive glasses. Examples of commonly used network modifiers are Na+, K+, Ca2+ and Mg2+ 

[77] [224]. Due to the reduced network connectivity the glass can be dissolved in water or 

acid, which allows ions to be continuously released over time. The ions released from the 

glass can affect cell proliferation and mineralisation [224] [235]. Ions typically released from 

bioactive glasses, such as calcium and strontium have been shown to stimulate osteoblast 

differentiation and proliferation. Silver and gallium are used for their antibacterial properties 

[224] [236]. Bioactive glasses have been shown to improve vascularization, by upregulating 

growth factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth 

factor (bFGF) and causing endothelial cells and fibroblasts to proliferate. It is thought that the 

silica ions released from the glass are the main contributing factor to this [10] [11] [224] 

[237]–[243]. 

Research into bioactive glass was started in 1969 by Larry Hench. This research found that a 

silicate-based material that had an amorphous structure could form a strong bond with bone. 

This was due to the formation of an apatite layer, a component in hard tissues, caused by the 

release of calcium and phosphate ions. This glass can then be resorbed during bone 

formation. Due to the calcium and phosphate of the glass being similar to those found in 

hydroxyapatite of bone, the glass does not disturb the surrounding tissue [220] [224] [244]. 

Larry Hench’s bioactive glass composition, Bioglass® 45S5, is still used in the commercially 

available products PerioGlas® and NovaBone® [222]. Bioglass® 45S5 has a network 

connectivity of 2.11, which allows it to be dissolved in body fluids [224]. Extensive research 

has been carried out examining the use of bioactive glass for hard tissue applications such as 

bone repair and dentistry [244].  

It has been shown that soft tissues can bind to the surface of bioactive glasses [12] [243] 

[245]. The binding mechanics of soft tissue to glass are currently unknown [244]. Though 
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binding of hard tissue to bioactive glass is encouraged by the formation of a hydroxyapatite 

layer on the surface of the glass, the binding of soft tissue to bioactive glass is thought to be 

encouraged by the ions released from the bioactive glass influencing the cellular process 

[238].   

Bioactive glasses can be sintered into porous scaffolds, processed into glass fibres and used 

as a bioactive coating on implants [224] [228] [232]. Bioactive glasses have been used to 

strengthen and improve the bioactivity of hydrogels and scaffolds. Such hydrogels include, 

PEG hydrogels fillers for bone tissue repair and alginate hydrogels scaffolds for bone tissue 

and periodontium regeneration [239] [246]–[249]. Varying the glass content can be used to 

vary the strength and gelation rate in acid based cements [228].  

2.5.5. Glucono Delta-Lactone 

Glucono Delta-Lactone (GDL) is a water soluble crystalline powder that acts as an acidifier. 

GDL is formed by removing water from gluconic acid and when hydrolysed, GDL forms 

gluconic acid. Hydrolysis of GDL is a slow reaction that continues until there is a balance 

between gluconic acid and its delta-lactone ester [250]. 

GDL has been used to form acid gels and ionically cross-linked alginate hydrogels. For 

ionically cross-linked alginates, smaller amounts of GDL can be used to cause the slow and 

homogenous gelation of alginate hydrogels, as the slow decrease in pH causes a slow release 

of multivalent ions such as calcium from calcium ceramic sources, such as hydroxyapatite, 

calcium carbonate and calcium sulphate [199] [251] [252]. GDL can also be used to control 

the rate of gelation, as an increased GDL content causes a faster decrease in pH and greater 

release rate of multivalent ions [252].  
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2.6. Novel Hydrogel 

The novel hydrogel optimised in this thesis is composed of alginate, a novel bioactive glass 

and glucono delta-lactone. 

As discussed, alginate has the ability to form a gel when in contact with multivalent ions. The 

novel glass used in this hydrogel is a gallium-calcium-silicate glass [253]. The role of the glass 

in this hydrogel is to deliver a steady release of these multivalent ions, controlling the rate of 

gelation and the strength of the hydrogel, see Figure 2.6.1. The bioactive glass contains 

calcium and gallium which can both cross-link alginate. Calcium’s cross-link mechanisms are 

discussed in 2.5.2 and gallium is shown in Figure 9.3.1. The more stable the glass the slower 

the rate of gelation. A glass that contains more ions will form a more highly crosslinked 

hydrogel.  

 

Figure 2.6.1 Gelation of the alginate using multivalent ions released from the bioactive glass 

The role of GDL in the novel hydrogel is to acidify the solution. This in turn releases 

multivalent ions, contained in the glass, allowing them to cross-link with the alginate. The 

gelation rate of the hydrogel can be tightly controlled by both the composition of the glass 

phase and the ratio of constituent components of the gel. An increased amount of GDL results 

in increased acidity, causing a more rapid glass ion release and a more rapid gelation. 
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2.7. Rationale of work 

The aim of this work is to design a hydrogel that fits the criteria of Table 2.4.1. In order to fit 

these criteria, the hydrogel’s composition must be fully analysed and optimised. This analysis 

and optimisation will be carried out in the following manner: 

1. Ideally, this hydrogel will have a strength similar to the surrounding vasculature but 

at a minimum its compressive strength must exceed hypertensive blood pressure of 

22kPa. The hydrogel should not shrink or degrade over time to ensure that the 

aneurysm does not recur and to provide a stable structure to allow cells to migrate 

across. The hydrogel will be injectable through a microcatheter (2.1F distal inner 

diameter and a length of 1.5m) to ensure the aneurysm treatment can remain 

minimally invasive. As discussed, an alginate hydrogel’s strength, size conservation 

and viscosity/injectability can be affected by its chemical composition and molecular 

weight. The concentration of the alginate used in a hydrogel will also greatly affect 

these properties. To examine the effect of these factors on the hydrogel, two alginates 

of different molecular weights and chemical composition will be examined at four 

concentrations. In order to determine the optimum alginate type and concentration; 

the hydrogels compressive strength, sample size conservation, working time, 

hardening time and injectability will be assessed. GPC and NMR will be used to 

determine each alginate’s molecular weight and chemical composition. The viscosity 

of each alginate will also be examined at the four concentrations.  

 

2. One of the alginates will be gamma irradiated, to examine the effect that this change 

in the molecular weight from radiation has on the hydrogel properties.  

 

3. When the optimum alginate is determined, the glass and GDL content can be modified 

to further optimise the material. Changes to the content of these elements will likely 

affect the strength, sample size conservation, injectability and working and hardening 

time of the hydrogel due to changes in the hydrogel’s cross-linking density. Each of 

these characteristics will be fully assessed. Increasing the glass content may also 

improve the radiopacity of the hydrogel and this will also be examined. 

 

4. Current aneurysm treatments do not adhere to the aneurysm wall without adhering 

to the micro-catheter or balloon. This can cause many issues and restraints on the 

treatment procedure. However, a treatment that adheres to the aneurysm will likely 

reduce the chance of aneurysm recurrence and revascularisation caused by blood 

ingress between the aneurysm wall and the hydrogel. The addition of EDC and NHS 

has been used to improve the adhesive strength of alginate hydrogels. However, it is 



Chapter 2. Literature Review 
 

51 
 

uncertain how it will affect the overall properties of the hydrogel. To examine this, 

EDC and NHS will be added at increasing concentrations to the hydrogel composition 

and the effect it has on the hydrogel’s bond strength will be examined. Subsequently, 

the effects of EDC and NHS on the hydrogel’s strength, sample size conservation, 

working and hardening time and injectability will be examined. 

 

5. The hydrogel and its eluent should not have a cytotoxic effect on the surrounding 

vasculature. Components from the hydrogel, such as ions released from bioactive 

glass, can have both positive and negative influences on the surrounding tissue. To 

examine this, bovine aortic endothelial cells will be dosed with the hydrogel’s eluent 

at increasing concentrations and its effect evaluated by examining metabolic activity 

and cell number.  

 

6. As this is an implanted device, each component of the hydrogel must be sterile. The 

optimum sterilisation technique for each component of the hydrogel will need to be 

determined. The effect that sterilisation has on each individual component of the 

hydrogel and the hydrogel as a whole will be determined by examining the strength, 

sample size conservation, bond strength, working and hardening time and 

injectability of the hydrogel. GPC and DTA will be used to evaluate the effects of 

sterilisation on the components structure. Sterilisation typically has negative effects 

on alginate and bioactive glass. If necessary, the hydrogels composition will be 

modified to accommodate for the effects of sterilisation.  

 

7. Bioactive glass and calcium alginate hydrogels are typically used to promote 

formation of bone. In cerebral vasculature, a material that causes calcification of 

tissue will have a negative effect, including a prolonged immune response or stroke. 

Testing will be carried out to determine if the material calcifies under in vivo 

conditions. This will be determined using von Kossa staining, XRD and FTIR.  

 

8. Once sterilised, direct contact testing can be carried out without the problems of 

contamination. Bovine aortic endothelial cells will be placed in direct contact with the 

hydrogel. This will be done to assess cell attachment and spreading which will give an 

indication of whether endothelialisation of the hydrogel will occur in vivo. 

 

9. The radiopacity of the hydrogel will need to be evaluated and, if required, improved 

for endovascular treatment. Tantalum can be added to the hydrogel to increase its 

radiopacity in two ways; the addition of tantalum powder to the hydrogel 
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composition or the addition of tantalum oxide to the bioactive glass. Both of these 

methods will be examined and the effect they have on the radiopacity, mechanical 

properties and setting times of the hydrogel will be determined.  

 

10. Platelet adhesion will be examined to determine if the material is thrombogenic. This 

will be carried out by placing whole human blood in contact with the hydrogel for 1 

hour. The samples will be stained to determine if platelets adhere and become 

activated in the presence of the material. 

 

11. In vivo testing will be conducted to evaluate the injectability and the effectiveness of 

this material for treating cerebral aneurysms. This will be carried out by embolizing 8 

rabbit’s vessels using the hydrogel or a control (coils). The general health of the 

rabbits will be examined by monitoring their blood and weight. After 30 days, the 

rabbits will be euthanized and histopathology will be used to examine the surround 

tissue. 

 

12. Alginate hydrogels typically have a high viscosity. To reduce the force required to 

inject the material; a deliver device will be designed. Ideally, this will allow the 

material to be injected easily and at a controlled rate.  
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Chapter 3. Background Theory  

3.1. Alginate Classification 

3.1.1. Gel Permeation Chromatography 

Gel permeation chromatography (GPC) is a form of size exclusion chromatography that is 

commonly used to determine the molecular weight of alginate. A GPC consists of a pump 

which pushes the solvent through the instrument, an injection port for adding the polymer 

samples to the columns, columns to hold the stationary phase and detectors for monitoring 

the polymer chains as they move through the columns. These columns are composed of 

porous particles to separate the molecules. First the polymer is dispersed in a mobile phase 

to cause the molecular chains to coil up on themselves to form sphere-like structures. The 

molecules are added to a mobile phase and pumped through the columns. The small 

molecular weight chains form small spheres, while the largest molecular weight chains form 

the largest spheres. The molecules are separated as the pores in the columns are of varying 

sizes. The largest molecules cannot pass through the pores and exit the column, while the 

small molecules move through the pores into the next column and the process is repeated. 

This means that the large molecular weight chains are eluted from the column first and 

plotted followed by the next molecular weight chains [254]. 

3.1.2. Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique that can be used 

to determine the molecular structure of a sample. NMR involves applying an external 

magnetic field to a nuclei. As nuclei are electrically charged, there can be a transfer of energy. 

The transfer of energy takes place at a wavelength, which is related to a frequency. The 

frequency that this energy transfer takes place at can be effected by electron shielding 

(chemical shift) and the orientation of the neighbouring nuclei (spin-spin coupling). There 

are several types of NMR analysis, but the two most common are proton NMR (1H-NMR) and 

carbon NMR (13C-NMR). A NMR spectrum is produced, which can be used to determine a 

sample’s molecular structure [255] [256]. 

1H-NMR spectra can be used to determine the chemical composition of alginate. 

Equations, stated in ASTM standard F2259-10 are used to integrate the intensities of the 

signals produced by alginate; A, B1, B2, B3, B4 and C, shown in Figure 3.1.1 [257]. These 

equations are used to find the diad and triad sequences discussed in 2.5.2.  
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Figure 3.1.1 Example of the 1H NMR Spectrum of Alginate Used for Quantitative Analysis [257] 

Examples of these equations are Equation 3.1.1 and Equation 3.1.2 which are used to 

calculate FG and FM respectively. 

Equation 3.1.1 Equation for calculating FG [257] 

𝐹𝐺 =
𝐺

𝑀 + 𝐺
 

Equation 3.1.2 Equation for calculating FM [257] 

𝐹𝑀 =
𝑀

𝑀 + 𝐺
 

Where 

G = 0.5(A+C+0.5(B1+B2+B3)) 

M = B4+0.5(B1+B2+B3) 

 

3.2. Glass Characterisation 

3.2.1. Differential Thermal Analysis  

Differential thermal analysis (DTA) can be used for determining the glass transition 

temperature (Tg), crystallisation onset temperature (To), crystallisation peak temperature 

(Tp) and liquidis temperature (Tl), as shown in Figure 3.2.1. Tg is the temperature the glass 

melt transforms into a non-crystalline structure upon rapid cooling. To and Tp are the 

temperature associated with crystallisation of the glass upon heating. These temperatures 

are important if the glass is going to be processed at high temperatures following formation. 

The Tl is the melting point of the glass. A DTA measures the temperature difference (ΔT) 
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between the sample of glass (Ts) and a thermally inert reference sample (Tr). A DTA curve is 

produced where the temperature difference is plotted against voltage [238] [258] [259].  

 

Figure 3.2.1 Schematic of a DTA curve indicating glass transition (Tg), crystallisation onset (To), crystallisation 
peak (Tp) and liquidis (Tl) temperature [259]  

3.2.2. X-ray Diffraction  

X-ray Diffraction (XRD) of glass powder can be used to determine whether a glass is 

crystalline or amorphous. X-ray beams are known to diffract when they pass through a 

crystal and this knowledge is used in XRD to compare crystalline and amorphous materials. 

An XRD typically consist of an X-ray source, a sample stage, an X-ray detector and slits to 

focus the X-ray beam. During XRD, X-rays are produced in a cathode ray tube and directed 

towards the sample which is on a sample stage. A diffraction pattern is produced when the 

conditions of Bragg’s Law is satisfied (nλ = 2dsinθ). The XRD scans the samples through a 

range of 2θ angles to ensure all possible diffraction directions are accounted for. This 

diffraction pattern is then detected, counted and plotted in terms of intensity versus degrees-

2θ [260]. 

Amorphous materials such as glass, will show a broad amorphous hump/peak but no sharp 

peaks such as those observed in crystalline structures, as shown in Figure 3.2.2 [261]. 

However, XRD can produce inaccurate results due to limitations on detectable crystalline 

structure size [262]. 
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Figure 3.2.2 XRD pattern of amorphous (SiO2 glass) and crystalline (Quartz and Cristobalite) material [261] 

3.2.3. Particle Size Analysis 

Particle size analysers use laser diffraction to measure the size of the particles. A laser passes 

through a fluid containing the particles and the particles cause the laser to diffract. Large 

particles passing the laser cause the light to diffract at small angles relative to the beam and 

small particles cause the light to scatter at large angles, see Figure 3.2.3. Mie theory of light 

scattering is used to calculate the size of the particles. The particle size is calculated assuming 

the particle is a sphere, with the particle size being reported at a volume equivalent sphere 

diameter. Therefore, errors in measurements can occur when examining non-spherical 

particles [263]. 

 

Figure 3.2.3 Scattering of light with large and small particles [264] 

3.2.4. X-ray Photoelectron Spectroscopy 

X-ray photons colliding with a sample cause photoelectrons to be released. This displaced 

photoelectron is filled by an electron from a higher level which causes either X-ray 

fluorescence or the de-excitation processes. X-ray photoelectron spectroscopy (XPS) is used 

to determine the electron binding energy using the kinetic energy of the displaced 

photoelectron. The electron binding energy can be found using information about the 

element and atomic level that the photoelectron was emitted from [265]. The electron 

binding energy relates to the oxidation state or charge of the atom. The binding energies are 
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shown as chemical shifts when graphed. The surface network connectivity of glass can be 

determined using XPS [266].  

3.2.5. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) can be used to examine the physical shape and surface 

texture of fine particles, such as glass. A fine probe is used to focus electrons at the surface of 

the sample. These electron energies can reach tens of thousands of eV. The electron 

interaction between the beam and the sample can cause two types of interactions; elastic 

interactions and inelastic interactions. Elastic interactions are a result of the deflection of the 

incident electron by electrons from the outer shell of similar energy of the sample. Elastic 

scattered electrons are backscattered through an angle of ≥90⁰. The interactions have a 

negligible energy loss and are useful for imaging and compositional information. Inelastic 

interactions are caused by significant energy lost. The amount of energy lost varies with the 

binding energy of the sample and the whether the electrons are excited. Inelastic interactions 

are used to see surface texture and roughness. The probe scans across the sample in a raster 

or a pattern of parallel lines to produce a signal from the electrons. The signal from each 

position of the electron probe is amplified. The ratio between the dimensions of the image 

and the area scanned on the sample is used to determine the magnification [267] [268].  

3.2.6. Fourier-Transform Infrared Spectroscopy 

The molecular structure of a sample can be found using Fourier-Transform Infrared 

spectroscopy (FTIR). When infrared radiation is passed through a sample some is absorbed 

while the rest is transmitted. The absorption levels relate to the frequency of vibrations 

between atomic bonds. The absorption and transmittance levels can be used to produce a 

spectrum that determines the molecular structure, as no two molecules have the same 

spectrum. An Attenuated Total Reflection (ATR) accessory allows the surface of the sample to 

be examined [269]. 

3.2.7. Zeta Potential 

The zeta potential of a glass is the difference in electrical potential between the dispersion 

medium and the stationary layer of fluid attached to the glass particle. Zeta potential relates 

to the repulsion between adjacent particles where a glass with a higher zeta potential 

(positive or negative) will have a reduced amount of agglomerations [225]. The zeta potential 

of molecules is measured by applying an electrical field to a solution containing molecules. 

This electric field causes the molecules to move and the velocity of this is measured using 

light scattering measurements. The zeta potential of these molecules can be determined from 

their velocity [270].  
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3.2.8. Nitrogen Adsorption/Desorption 

Nitrogen adsorption/desorption is used to characterise particle surface area and the pore 

volume of porous materials such as glass. The two most commonly used methods using 

nitrogen absorption are the Brunauer-Emmett-Teller (BET) method and the Barrett-Joyner-

Halenda (BJH) method [271]. 

The BET method is the standard method used to determine particle surface area [271]. BET 

can only be used to determine the surface area of disperse, nonporous, macroporous or 

mesoporous solids. Solids which may absorb the gas cannot be examined reliably. The BET 

equation calculates the amount of adsorptive gas required to complete a monolayer on the 

external and internal pore surface of a solid. The gas used must be able to be physically 

absorbed by weak bonds at the solid’s surface and can be desorbed with an increase in 

pressure [272]. Multilayer nitrogen adsorption can occur at liquid nitrogen temperature 

[271]. The sample is cooled under a vacuum to cryogenic temperature and dosed with an 

adsorptive gas. After dosing, the pressure is brought to equilibrium and the quantity of gas 

adsorbed is calculated. This is repeated and the sample is dosed in increments, see Figure 

3.2.4. The quantity of gas absorbed at each pressure gives an adsorption isotherm that can be 

used to find the quantity of gas required to form a monolayer [273]. The amount of gas 

absorbed (v) is plotted against the relative pressure (p/p0) to give the adsorption isotherm. 

The BET equation (Equation 3.2.1) is used to determine the volume absorbed in a monolayer 

(vm) [272]. 

Equation 3.2.1 Brunauer-Emmett-Teller method equation used to determine particle surface area[274] 

𝑝

𝑣(𝑝0 − 𝑝)
=  

1

𝑣𝑚𝑐
+  

𝑐 − 1

𝑣𝑚𝑐

𝑝

𝑝0
 

Where, 

p = equilibrium pressure of the gas 

p0 = saturation pressure of the gas 

p/p0 = relative pressure 

v = volume of gas absorbed at standard pressure 

vm = volume of gas absorbed in one unimolecular layer 

c = BET parameter 

When the results of the BET equation are plotted against the relative pressure, a straight line 

should be given between a relative pressure of 0.05 and 0.3. Using the slope of the line and 

the intercept, both the monolayer amount (vm) and BET parameter (c) can be calculated. The 

specific surface area (as) is the calculated using Equation 3.2.2 [272].  
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Equation 3.2.2 Specific surface area of a solid using the Brunauer-Emmett-Teller method[272][275] 

𝑎𝑠 =  𝑣𝑚𝑎𝑚𝑁𝑎 

Where, 

vm = volume of gas absorbed in one unimolecular layer 

am = molecular cross-sectional area 

Na = Avogadro’s number 

BET method is generally recognised as being over-simplified. BET assumes that the 

adsorption of one site is independent of neighbouring sites and that lateral interactions 

between absorbed molecules do not exist. Therefore, they first acts as a site for the molecules 

of the second layer and so on. All layers above the first layer are assumed to behave like 

liquids. The absorption system and operational temperature affects the location and extent of 

the linear region [271] 

The Barrett-Joyner-Halenda method (BJH) is used to determine the pore volume and area in 

porous solids, this is done by examining the desorption of gases from porous samples. By 

extending the BET process, the gas can be allowed to condense in the pores of the sample (see 

Figure 3.2.4). An increase in pressure can cause gas to condense, causing the pores to fill with 

liquid. The pressure is then reduced in increments which cause the condensed gas to 

evaporate. The pore volume, size and area can be calculated using by observing the 

adsorption and desorption of the gas [273]. Equation 3.2.3 is used to calculate the pore 

volume [276].  

Equation 3.2.3 Barrett-Joyner-Halenda method equation to determine the pore volume and area in porous solids 
[276] 

𝑉𝑝𝑛
=  𝑅𝑛∆𝑉𝑛 −  𝑅𝑛𝑐∆𝑡 ∑ 𝐴𝑝𝑗

𝑛−1

𝑗=1

 

Where, 

Vpn = Pore volume 

Rn = r2
pn/(rkn + Δtn)2  

ΔVn = observed volume of gas desorbed 

c = constant 

Δt = change in thickness of the physically adsorbed layer 

Apj = pore area from where the adsorbed gas is desorbed 

The BJH method assumes that all pores are cylindrical [276]. 
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Figure 3.2.4 Formation of monolayer for determining a particle surface area and pore volume using the 
Brunauer-Emmett-Teller method and Barrett-Joyner-Halenda method [273]

3.3. Examination of the Hydrogel 

3.3.1. Storage Media 

3.3.1.1. Deionised Water 

Water contains impurities in the form of negatively and positively charged ions. Ions with a 

positive charge are called cations and with a negative charger are called anions. Water can be 

deionised using ion exchange resins [277].  

3.3.1.2. Simulated Body Fluid 

Simulated body fluid (SBF) is an acellular liquid with a similar pH and ion concentration of 

those found in human blood plasma. SBF is commonly used to examine the effects that ions in 

blood have on biomaterials in vitro, such as surface apatite formation [278].  

Kokubo’s c-SBF is commonly used in the examination of ion exchange and apatite formation 

on alginate hydrogels [279] [280]. Table 3.3.1 shows the ion concentration of human blood 

plasma and SBF described by Kokubo et al. There are difference in the ion concentration of 

chloride (Cl-) and bicarbonate (HCO3-) of c-SBF compared to blood plasma. Two SBFs (r-SBF 

and n-SBF) have been prepared with improved ion concentrations; however, r-SBF has been 

shown to easily precipitate and n-SBF has shown to produce the same results in apatite 

formation as c-SBF. Both c-SBF and n-SBF are stable for up to 4 weeks when refrigerated 

[281] [282].  
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Table 3.3.1 Typical ion concentration of blood plasma and Simulated Body Fluid (c-SBF, r-SBF and n-SBF) 

 Ion Concentration (mM) 

 Blood 

plasma 

c-SBF r-SBF n-SBF 

Sodium (Na+) 142.0 142.0 142.0 142.0 

Potassium (K+) 5.0 5.0 5.0 5.0 

Magnesium (Mg2+) 1.5 1.5 1.5 1.5 

Calcium (Ca2+) 2.5 2.5 2.5 2.5 

Chloride (Cl-) 103.0 147.8 103.0 103.0 

Bicarbonate (HCO3-) 27.0 4.2 27.0 4.2 

Hydrogen phosphate 

(HPO-) 

1.0 1.0 1.0 1.0 

Sulphate (SO-) 0.5 0.5 0.5 0.5 

pH 7.2-7.4 7.4 7.4 7.4 

3.3.1.3. Phosphate Buffered Saline 

Phosphate buffered saline (PBS) is a water-based buffer salt solution. The ion concentrations 

of potassium and sodium are similar to that of human blood plasma, see Table 3.3.2 [283].  

Table 3.3.2 Typical ion concentration of blood plasma and Phosphate Buffered Saline 

 Ion Concentration (mM) 

 Blood 

plasma 

PBS 

Phosphate (PO-) 1 10 

Sodium (Na2+) 142.0 137.0 

Potassium (K+) 5.0 2.7 

pH 7.2-7.4 7.4 

3.3.2. Homogeneity and Radiopacity 

X-ray Microtomography (XMT) is a non-destructive method of visualising the internal 

structure of X-ray opaque materials. An XMT passes X-rays through the material being 

examined and these X-rays are attenuated according to the density and atomic number of the 

material. The XMT produces cross-sectional images from varying angles that are used to 

reconstruct a 3D image of the sample. XMT can also be used in 2D for determining the 

radiopacity of materials when compared to standard materials [284]. 

3.3.3. Compression and Tensile Testing 

The mechanical properties of a hydrogel can be determined, among other techniques, by 

compression and tensile testing the hydrogel. 
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The stress-strain graph produced when a sample is compressed or tensile tested can be used 

to find the ultimate strength of the material, which is the maximum stress reached followed 

by failure. The yield strength and modulus of elasticity can also be found. The yield strength 

shows the maximum stress that can be applied to the hydrogel without permanent 

deformation of the hydrogel. Modulus of elasticity, also called Young’s modulus is the ratio of 

stress to strain for the linear range, see Figure 3.3.1 [285].  

 

Figure 3.3.1 Stress-Strain graph [286] 

Mathematically, normal stress can be found using Equation 3.3.1, normal strain can be found 

using Equation 3.3.2 and Young’s modulus can be found using Equation 3.3.3 for a linear 

elastic material. 

Equation 3.3.1 Normal stress equation 

𝜎 =
𝐹

𝐴𝑂
 

Where, 

σ = Normal stress 

F = Applied load 

AO = Original cross-sectional area 

Equation 3.3.2 Normal strain equation 

휀 =  
∆𝐿

𝐿𝑂
 

Where, 

ε = Normal strain 

ΔL = Change in length 

LO = Original length 
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Equation 3.3.3 Young's modulus equation 

𝐸 =  
𝜎

휀
 

Where, 

E = Young’s modulus 

σ = Normal stress 

ε = Normal strain 

 

Normal stress and strain does not take into account the changes of materials length or cross 

sectional area during testing. This can result in errors when there are large changes to the 

length and cross sectional area during testing. These errors can be reduced by calculating the 

materials true stress (�̅�) and strain (휀)̅, where the instantaneous length and cross sectional 

area are determined throughout testing, rather than the original used for normal stress and 

strain [287]. Determining the true stress and strain of a material can be difficult as the length 

and cross sectional area needs to be continuously monitored throughout testing [288]. 

As discussed previously, biological tissue does not produce a typically linear stress-strain 

response. To overcome this, a secant modulus of elasticity or an incremental modulus of 

elasticity can be determined. The secant modulus of elasticity considers the stress at a certain 

strain to be proportional to the strain at that level. An incremental modulus of elasticity 

considers increments of stress are proportional to increments of strain [289]. 

Other aspects of experimental set up, such as strain rate and sample hydration and 

temperature can affect the results obtained when examining the compressive and tensile 

strength of a material, particularly viscoelastic materials such as polymers [287].  

3.3.4. Rheology/Working and Hardening Time 

Determining the working time of a material is important as the polymer must be shaped or 

injected before this time. The working time is defined here as the time measured from the 

start of mixing, during which it is possible to manipulate the hydrogel without causing 

damage. The setting time is defined here as the time it takes the hydrogel to set, such that it 

can hold a 17kPa load [290] [291]. The hardening time is defined as the time difference 

between the working and setting time. 

Rheology is often used to determine the gel point of a cross-linked polymer such as alginate. 

The gel point is when the alginate is cross-linked and moves from a liquid to a solid. There are 

two different methods used to determine the gel point; the storage and loss modulus cross 

method and the Winter-Chambon criterion [290] [292]. 
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 The storage and loss modulus cross method considers the gel point as being the time, when 

graphed, that the complex storage/elastic (G’) and loss/viscous (G”) modulus cross. However, 

there is an issue with determining the gel point from this method as it is frequency 

dependent. Weak gels are highly frequency dependent and the G’ increases with an increase 

in frequency. Strong, highly cross-linked gels show little frequency dependency [292] [293].  

The Winter-Chambon criterion is frequency independent. The loss tangent of the hydrogel is 

found at varying frequencies using Equation 3.3.4 [292] [294] [295]. 

Equation 3.3.4 Winter and Chambon loss tangent [296] 

𝑡𝑎𝑛𝛿 =  
𝐺"

𝐺′
= tan (

𝑛𝜋

2
) 

 

Where  

n = the relaxation exponent.  

The relaxation exponent (n) must be a value between 0 and 1 as a completely viscous liquid 

would have a value of 1 and a completely elastic solid would have an n value of 0. A decrease 

in n value indicates an increase in the viscoelastic behaviour of the material [296]. 

The varying loss tangents, as a function of frequency, are graphed against time and the gel 

point is considered the time when there is a single intercept, see Figure 3.3.2 for graphed 

example [292] [294] [295]. 

 

Figure 3.3.2 Example of gel point found using Winter-Chambon criterion [292] 

3.3.5. Bond Strength 

Three ASTM standards are in place for determining the bonding or adhesive strength of a 

tissue adhesive. These standards are 

  ASTM F2255 – 03 Standard Test Method for Strength Properties of Tissue Adhesives 

in Lap-Shear by Tension Loading.  
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This method involves a porcine skin graft being glued to two test fixtures. The tissue 

adhesive is then placed uniformly between the two test fixtures and allowed set for 1 

hour at 37⁰C in PBS. A load of 1-2N is placed on the bond area for this hour. The test 

fixtures are then placed into the testing machines grips and a load is applied with the 

long axis at a cross-head speed of 5mm/min [297].  

  ASTM F2256 – 03 Standard Test Method for Strength Properties of Tissue Adhesives 

in T-Peel by Tension Loading.  

This method involves two sections of porcine skin graft to be cut to an equal size, 

25mm x 150mm. The adhesive is placed uniformly on the pig skin to cover an area of 

25mm x 125mm. The adhesive is allowed set with a weight of 5-10N applied to the 

bond area. After the required amount of time, the porcine skin graft is clamped to the 

testing machine using the 25mm of unbonded area (Figure 3.3.3). The specimen is 

tested at a cross-head speed of 250mm/min [298]. 

 

Figure 3.3.3 Schematic of a T-peel test [298] 

  ASTM F2258 – 03 Standard Test Method for Strength Properties of Tissue Adhesives 

in Tension.  

For the method two square pieces of porcine skin graft (25mm x 25mm) at glued to 

the surface of two specimen holders. The adhesive is the placed between the 

specimen holders and allowed set for 1 hour. The specimen holder is then attached to 

the testing machine (Figure 3.3.4) and is tested at a cross-head speed of 2mm/min. 
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Figure 3.3.4 Schematic of the bond strength test using ASTM F2258-03[299]

3.4. Cell Culture  

According to ISO 10993, the examination of cytotoxicity of the medical device can be carried 

out by conducting an elution test, direct contact testing or by an agar diffusion test. The 

elution test involves taking the eluent of the material and adding it at different concentrations 

to cell cultures. Direct contact testing involves placing the cells in direct contact with the test 

material. Agar diffusion testing involves placing agar between the cells and the test material, 

as agar will allow eluent to diffuse through to the cells. Cell death or growth is then examined. 

Generally, there is a correlation between these cell culture assays and what happens to the 

device in vivo [98]. For an item to be considered non-cytotoxic the percentage of cells 

remaining after testing must be above 70% compared to that of the control cells [99]. 

Two common methods of quantifying cell proliferation is using metabolic assays such as 

resazurin blue or by counting cells stained with a nucleic acid binding dye such as DAPI [300].  

3.4.1. Staining cells 

3.4.1.1. Resazurin Blue 

Resazurin blue, also known as alamarBlue® is used to evaluate the metabolic function of cells 

to assess cellular health. Resazurin blue is non-toxic, water-soluble and permeates through 

cell membranes. Resazurin blue is a non-fluorescent dye that is reduced to a pink highly 

fluorescent resazurin with a transfer of electrons. Mitochondrial and cytoplasm enzymes 

such as reductases and dehydrogenanase are thought to be responsible for this exchange of 

electrons [301]. There are limitations to using this type of assay as metabolic activity of cells 

naturally varies greatly throughout its lifecycle [300]. However, quiescing the cells prior to 

examining the metabolic activity can reduce this variance. 
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3.4.1.2. DAPI 

4′,6-diamidino-2-phenylindole (DAPI) is a fluorescent stain used to label DNA to allow the 

nucleus of cells to visualized using a fluorescent microscope [302]. This can be used to image 

cells and complete a cell count. 

3.4.1.3. Phalloidin 

Phalloidin is used to label the F-actin of the cytoskeleton to examine cell attachment and level 

of spreading (an indicator of cellular health) [303]. 

3.5. Platelet Activation 

According to ISO 10993-4, all materials that will be in contact with blood must be 

haemocompatibility tested [304]. For an implant to be considered completely biocompatible, 

platelets would not adhere to the surface of the material, as platelet adhesion is the first step 

of the coagulation cascade [18]. Materials that cause platelet adhesion and result in thrombus 

formation are a major complication concerning vascular implants [141]. Although in some, 

cases such as coiled aneurysms and certain embolization materials, the formation of a clot is 

advantageous and it further supports the material and provides a more complete occlusion 

[88] [140]. Proteins are typically adsorbed on to the surface of a device after implantation, 

followed by the adhesion of platelets. A device’s chemical composition, topography, surface 

charge and tension can affect the adsorption of proteins and platelet adhesion [18] [305]. 

Proteins such a fibrinogen and albumin are adsorbed within minutes from blood onto the 

surface of a material. Ideally, a material will adsorb more albumin as the protein is more 

haemocompatible and reduces platelet adhesion and activation [305]–[308].  

Platelets are anucleated fragments of blood cells found in blood and are in a discoid shape in 

their resting non-activated state [309] [310]. The typical diameter of a platelet in its discoid 

shape is 2-3 µm [311]. Platelets do not adhere to the surface of an intact endothelium but 

adhere to the surface of injured endothelial cells, exposed ECM or when a foreign material is 

introduced and become activated [312]. Cells in their activated state are seen in 4 states; 

dendritic, spread dendritic, spread and fully spread, as shown in Figure 3.5.1 [310].  
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Figure 3.5.1 Platelets in their (i) resting/non-activated state, (ii) spreading (dendritic, spread dendritic, spread 
and fully spread) state and (iii) attached state [310] 

3.5.1. Platelet Adhesion 

In accordance with ISO 10093-4, a positive and negative control is required to examine 

platelet adherence [304]. This is due to blood being delicate and experimental set-up may 

cause activation prior to and during the experiment. Blood is typically collected in tubes that 

contain sodium citrate, as sodium citrate chelates the extracellular calcium and reduces the 

chances of the blood coagulating [313] [314]. Although this chelater still allows for the 

platelets to activate it typically is a at a reduced amount [141] [313]–[316]. A positive control 

will also be necessary for assuring the sodium citrate has not affected the results. 

Although ISO 10993-4 indicates that both human and animal blood is acceptable for 

examination, blood composition is species specific and may result in an under or over 

estimation of platelet attachment [317].  

3.5.2. Staining Cells 

3.5.2.1. CD62P 

P-selectin (CD62p) is a glycoprotein that is found in the α-granules of platelets. Once the 

platelet is activated, α-granules move to the periphery of the cells. PE-CD62P can stain the α-

granules and therefore can be used to examine if the platelet is activated [318] [319].  

3.5.2.2. Phalloidin 

As platelets have no nucleus, DAPI cannot be used to count the number of cells adhered to the 

surface of the material. Phalloidin is typically used to stain the F-actin of the platelets to allow 

the number of adhered cells to be counted and the shape to be assessed [310] [319].
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3.6. In vivo Analysis 

3.6.1. Aneurysm formation 

Animal selection for an in vivo study is important. There is a large variance across each 

species such as blood pressure, blood flow rate, metabolic rate and vessel size. Cost is 

commonly taken into consideration, with small animals such as mice, rats, rabbits and guinea 

pigs typically having reduced maintenance costs compared to dogs or pigs. Dogs, rats, pigs, 

rabbits and monkeys have all been used for examining the treatment of cerebral aneurysm 

with various devices. Larger animals such as pigs and dogs have vasculature dimensions 

similar to that of humans but results from these models show increased thrombus formation 

compared to humans. Rabbits have a similar coagulation system to humans and have been 

used in increasing amounts for the study of aneurysm treatments [320] [321]. 

Natural aneurysm formation in animals is extremely rare. For in vivo testing, the aneurysm 

will have to be induced. This can be done surgically or by an enzymatic method of inducing 

the aneurysm. Surgical models involve grafting a venous pouch using the external jugular 

vein. This is typically grafted at the common carotid artery at a lateral wall or a bifurcation. 

Enzymatic models involve placing enzymes in contact with the common carotid artery. 

Typically, elastase or papain is used. Elastase induced aneurysm occur due to the elastase 

causing injury to the artery and triggering an inflammatory response. This induced 

inflammation is thought to cause degradation of the elastin and collagen of the artery which 

results in the formation of an aneurysm. Papain is able to degrade elastic fibers and collagen 

without relying on an inflammatory response [320]. 

3.6.2. Histopathology 

Histopathology is carried out to examine sections of tissue, such as those of animals involved 

in an in vivo study. These sections can be used to test for presence of changes or 

abnormalities such as inflammation, endothelial cell proliferation, and necrosis. For a 

histopathology study, a biopsy or section of tissue is fixed onto a glass slide. The samples are 

stained and examined under a microscope. Haematoxylin and Eosin (H&E) and the 

Verhoeff/van Geison stain are two commonly used stains to examine details of the tissue 

[322]. 

H&E stain is used to stain tissue structures. Haematoxylin contains aluminium salts and is a 

basic dye (positively charged) that reacts with basophilic (negatively charged) cells, such as 

nucleic acid. Eosin on the other hand is an acidic dye that stains acidophilic tissue 

components. Haematoxylin is a blue stain and Eosin stains pink [323].  

Elastic fibres of histology samples are stained using the Verhoeff/van Geison stain. Samples 

are initially stained with a hematoxylin-ferric chloride-iodine solution which overstains the 
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sections. The samples are the differentiated and counterstained with a Van Gieson solution. 

The stain colour varies for the tissue being stained. Elastic fibers are a blue-black, collagen is 

red and muscle is orange. Van Geison stains the cytoplasm yellow [324]. 
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Chapter 4. Materials and Methods 

4.1. Alginate  

The hydrogel was tested at four varying alginate concentrations; 0.5%, 2.5%, 4.5% and 6.0% 

(w/v). The alginate concentrations were determined using design of experiments. Two 

alginate purification techniques were used to produce two varying alginates. A sample of 

alginate produced by Technique 2 was sent for gamma irradiation. 

4.1.1. Alginate Purification 

All reagents used were purchased from Sigma-Aldrich (Wicklow, Ireland), unless stated 

otherwise. Two different alginate purification techniques were used to produce two different 

molecular weight hydrogel compositions. 

 

Technique 1: 8g of alginic acid was dissolved in 400ml of deionised water (DI). The alginate 

pH was raised to 7.0 by adding the required amount of a 0.5M potassium hydroxide (KOH), 

20mmol/l sodium chloride (NaCl) solution. The alginate was then precipitated by adding 

200ml of methanol per 100ml of alginate. The alginate was filtered through a 500µm sieve 

after 10 minutes. The alginate was then freeze-dried. 

 

Technique 2: 9g of alginic acid sodium salt from brown algae was dissolved in 900ml of 

1mmol/l sodium Egtazic acid (EGTA). The solution was then filtered through 11µm and 

2.5µm filter paper, respectively. The alginate was then precipitated on ice by reducing the pH 

to 1.5 by adding the required quantity of a 2M hydrochloric acid (HCl), 20mmol/l NaCl 

solution. The alginate was decanted through a 500µm stainless sieve and stirred 30 minutes 

in 200ml of a 0.01M HCl, 20mmol/l NaCl solution and decanted again. This stirring and 

decanting was repeated three times. To remove proteins the alginate was stirred for 30 

minutes in 100ml of a 0.01M HCl, 20mmol/l NaCl solution with 20ml of chloroform and 5ml 

of buthanol, and collected in a 500µm stainless sieve. This washing and collecting was 

repeated three times. 350ml of DI was added and the pH was raised to 7.0 by adding the 

required quantity of a 0.5M KOH, 20mmol NaCl solution. The alginate was stirred in a 

solution of 20ml chloroform and 5ml of buthanol per 100ml of alginate and centrifuged at a 

rate of 5000rpm for 5 minutes. The alginate was then separated using a pipette from the 

chloroform/buthanol solution. This washing and centrifuging was repeated once. Finally, the 

alginate was precipitated by adding 200ml of ethanol per 100ml of alginate and filtered after 

10 minutes. The alginate was then washed twice with 50ml of diethyl ether and freeze-dried 

[325]. 
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After freeze drying the required amount of alginate was added to 12ml of DI to produce the 

required alginate concentration, for example a 4.5% alginate concentration was prepared by 

adding 540mg of freeze-dried alginate to 12ml of DI. 

4.1.1.1. Gamma Irradiation 

A sample of the freeze dried alginate from Technique 2 (see Section 4.1.1) was gamma 

irradiated by Synergy Healthcare (Westport, Ireland) at 25kGy over 114 minutes, to sterilise 

the alginate and to achieve a third molecular weight. 

4.1.2. Design of Experiments 

Design of experiments was carried out using Design Expert 9 (Stat-Ease, Minneapolis, USA). 

4.1.3. Alginate Classification 

4.1.3.1. Gel Permeation Chromatography 

GPC was carried out using a liquid chromatography system (Agilent 1200, USA) equipped 

with a Suprema Linear GPC column (PSS, Germany). The mobile phase used consisted of 0.1M 

disodium hydrogen phosphate containing 0.5g/L of sodium nitrate buffered to pH 9.0. All 

samples were injected at a concentration of 1mg/mL and at a flow rate of 0.5mL/min. 

Pullulan polysaccharide standards were injected to construct a calibration curve. 

Pullulan is a straight chain polysaccharide of maltotriose units. This is not an ideal standard 

as it can overestimate the molecular weight but this standard is typically used as a standard 

for alginate when using a refractive index detector. Other standards are stated in the 

literature; however, these use a UV detector. No alginate standards provide 100% accurate 

values of molecular weight but do provide a comparative standard to which other 

researchers can compare samples [326]–[329]. 

4.1.3.2. Nuclear Magnetic Resonance Spectroscopy  

1H-NMR of the alginate was tested using a modified version of the standard ASTM F2259–10. 

The alginate solution was prepared by mixing the alginate to 0.1% (w/v) in DI. 1M HCI was 

used to bring the alginate pH to 5.6 and the alginate solution was stored in a water bath at 

100°C for 1 hour. 1M HCl was used to further adjust the pH of the alginate to 3.8. The solution 

was stored again in a water bath at 100°C for 30 minutes. The pH was then raised to 7.0 using 

1M NaOH and the alginate was freeze dried. The alginate was then re-dissolved in 5ml of 99% 

D2O and freeze dried overnight. 12mg of alginate was dissolved in 1 ml of D2O and placed in a 

NMR tube. The NMR of the alginate was carried out using a Bruker Advance 400 

(Massachusetts, USA) at 80°C. 64 scans were carried out using a 2s relaxation delay. The 

produced graph is then used to calculate the alginates diad and triad sequences as per ASTM 

F2259-10. 
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4.1.4. Viscosity 

The viscosity of each alginate at varying concentrations was determined at 24⁰C using a SV-

10 tuning forks Vibro Viscometer (A&D Company, Japan) running a sine wave formation at a 

constant frequency of 30Hz and amplitude of less than 1mm. This viscometer measures up to 

10,000mPa.s. 

4.2. Glucono Delta Lactone 
D-(+)-Gluconic δ-lactone (GDL) was purchased from Sigma-Aldrich (Wicklow, Ireland). The 

GDL particle size was reduced by grinding 30g at 500rpm for 5 minutes using 5mm zirconia 

balls in a planetary ball mill (Pulverisette 6 classic Mono planetary ball mill, Fritsch GmbH, 

Germany). 

4.3. Glass 

4.3.1. Glass Production 

The gallium-silicate glass had a composition of    

0.33SiO2•0.18Ga2O3•0.23CaO•0.11P2O5•0.15CaCl2 [253]. The glass frit was produced by 

melting the raw materials (see Table 4.3.1) in a platinum 10% rhodium crucible at 1480°C for 

1 hour. The molten mixture was then shock quenched into water. A glass powder was then 

produced by grinding 30g of glass frit using 15mm diameter zirconia balls in a planetary ball 

mill (Pulverisette 6 classic Mono planetary ball mill, Fritsch GmbH, Germany) at 500rpm for 

10 minutes. Particles over 500µm were removed by sieving the glass powder through a 

500µm sieve. 7.5g of the <500µm particles were mixed with 22.5ml of DI and milled using 

5mm zirconia balls in a planetary ball mill at 500rpm for 10 minutes. The glass mixture was 

dried in the oven at 130⁰C  

Table 4.3.1 Novel bioactive glass constituents (grams) 

Raw 

Materials: 

SiO2 Ga2O3 CaCO3 Ca(H2PO4)2.H2O CaCl2 

Mass (g): 19.8 33.76 12.00 27.72 16.64 

4.3.2. Glass with Tantalum Production 

The gallium-silicate glass with added tantalum for radiopacity, had a composition of 

0.33SiO2•0.18Ga2O3•0.19CaO•0.11P2O5•0.15CaCl2•0.04TaO. The glass frit was produced in 

the same way as discussed in Section 4.3.1. 

4.3.2.1. Acid Washing Treatment of Glass 

To acid wash the glass, 7g of ground glass was stirred in 280ml of 2 vol.% acetic acid for 1 

hour. The glass was then centrifuged at 5,000rpm for 5 minutes and the supernatant was 

removed. The glass was then stirred in 560ml of DI for 1 hour and then centrifuged at 
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5,000rpm for 5 minutes. The glass was then separated by centrifugation and dried in a 

convection oven at 160⁰C for 1.5 hours.  

4.3.3. Glass Analysis 

4.3.3.1. Differential Thermal Analysis  

DTA was carried out using a Stanton Redcroft STA 1640 (Rheometric Scientific, England). A 

minimum of 30mg of the glass sample was placed in a platinum crucible. A matched blank 

platinum crucible was used as the inert reference sample. The sample was heated to 900⁰C at 

a rate of 10⁰C/min. RSI Orchestrator software was used to monitor the ΔT and to calculate 

the Tg of the glass. 

4.3.3.2. X-ray Diffraction 

XRD of the powdered glass sample was carried out using a Brucker D8 Advance XRD (Bruker, 

Billerica, USA). The sample was examined at a range of 10⁰<2θ<80⁰ at a step size of 0.05⁰ and 

a step time of 10 seconds. 

4.3.3.3. Particle Size Analysis 

Particle size analysis was carried out using a 632.8 nm He-Ne laser Malvern Mastersizer S 

(Malvern, UK). Particles were pre-sonicated for 15 seconds and analysed in DI. Laser 

obscuration was in the range 10-15% and particles were analysed in the range 0.05µm to 

900µm. 

4.3.3.4. X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) was completed in the Materials and Surface Science 

Institute, University of Limerick, Limerick, Ireland by Fathima Laffir. XPS was carried out on 

glass powders in a Kratos Axis 165 Spectrometer (Kratos Analytical, Manchester, UK) using 

monochromatic Al Kα radiation of energy 1486.6eV. Surface charge was efficiently 

neutralised by flooding the sample surface with low energy electrons. C1s peak at 284.8eV 

was used as the charge reference in determining the binding energies. Elemental analyses 

were obtained from a survey spectrum scanning the entire binding energy and then high 

resolution spectra were taken at a number photoelectron transitions, including O1s, Ga2p and 

Si2p, with a 20eV pass energy. The Ga2p region was chosen instead of the more commonly used 

Ga3d region to avoid interference of the Ga3d peaks with the O2s peak. Photoelectrons were 

collected at a normal take off angle relative to the sample surface. Construction and peak 

fitting in the narrow range spectra used a Shirley type background and the synthetic peaks 

were of a mixed Gaussian-Lorenzian type.  
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4.3.3.5. Field emission scanning electron Microscope 

Glass samples were embedded in graphene resin, attached to sample stubs and analysed 

using a Hitachi S5500 (Hitachi, Tokyo). Images were captured at 100,000X magnification. An 

accelerating voltage of 25kV and a current of 4300nA were applied. FE-SEM analysis was 

carried out by Dr. Eoin Fox in Dublin City University. 

4.3.3.6. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

Glass samples were analysed using a Spectrum 100 ATR-FTIR (Perkin Elmer, Waltham, USA) 

equipped with Grams Analyst data analyser. All spectra were obtained between 600 and 

4000cm-1 at 4cm-1 resolution after averaging four scans. 

4.3.3.7. Zeta Potential Measurements 

Zeta potential measurements were performed at 25°C in DI using a Zetasizer NanoZS 

(Malvern Instruments, Malvern, UK). The values reported are averages of three 

measurements, each measurement consisting of an average of > 30, 10 second runs. 

4.3.3.8. Nitrogen Adsorption/Desorption Measurements 

Nitrogen Adsorption/Desorption Measurements was completed by Serguei Belochapkine at 

the Materials and Surface Science Institute, University of Limerick, Limerick, Ireland. The 

Brunauer, Emmett and Teller (BET) surface area and porosimetry analysis was measured by 

nitrogen gas adsorption in a Micrometrics Gemini V gas adsorption analyser. The pore size 

distribution and pore volume were estimated using the Barrett-Joyner-Halenda (BJH) scheme 

[276]. 

4.4. Preparing Hydrogel 
1.2ml of the required alginate was mixed with the required glass and GDL content. The initial 

glass and GDL content were determined during previous testing [330][331]. 9.2 Appendix B 

(page290) details the hydrogel formulas examined.   

4.5. EDC and NHS 
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-

Hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (Wicklow, Ireland). The EDC 

and NHS were used as received. 

A 1:1 EDC:NHS ratio (w/w) was used as this has been shown previously to cause alginate 

bonding [332] [333]. 

4.6. Examination of the Hydrogel 

4.6.1. Storage Medium 

For the results to be comparable the samples were stored in DI; however, this is not 

comparable to the effects of the sample in vivo, as calcium ions typically exchange with the 
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sodium ions of blood. To overcome this some samples were tested after storage in simulated 

body fluid. Although not exactly the same as blood, SBF is a better storage medium for 

estimation of in vivo strengths. As SBF is only stable for a maximum of 4 weeks at 4⁰C, 

samples will also be tested after storage in phosphate buffered saline (PBS) as it allows the 

samples to be stored for an extended amount of time at 37⁰C. 

5 samples (10mm diameter and 14mm height) were stored together in 16.5ml of the varying 

storage mediums. 

4.6.1.1. Simulated Body Fluid 

All reagents used were purchased from Sigma-Aldrich (Wicklow, Ireland). To ensure the 

temperature was kept at 36.5⁰C throughout producing the SBF a temperature controller (IC 

901, Eliwell, Italy) was used to set the temperature of the liquid using a thermistor (NTC, 

Eliwell, Italy) and a silicon heating mat (100 x 150mm, Radionics, Ireland). The temperature 

must be as exact as possible throughout the preparation, as temperature affects pH.  

cSBF was produced by following the method specified by Kokubo et al. [281]. 700ml of DI 

was placed in a plastic beaker with a stirring bar and placed on top of a magnetic stirrer and 

heating mat. The DI was heated to 36.5⁰C. The thermistor and a thermometer were placed in 

the DI to monitor and control the temperature and the beaker was covered with Parafilm. The 

following agents were added slowly allowing each to fully dissolve before adding the next; 

8.035g sodium chloride (NaCl), 355mg sodium hydrogen carbonate (NaHCO3), 225mg 

potassium chloride (KCl), 231mg di-potassium hydrogen phosphate trihydrate (K2HPO4. 

3H2O), 311mg magnesium chloride hexahydrate (MgCl2.6H2O), 39ml 1M-HCl, 292mg calcium 

chloride (CaCl2), 72mg sodium sulphate (Na2SO4). 200ml of DI was added and the 

temperature was allowed to adjust to 36.5⁰C. Approximately 6.7g of Tris-hydroxymethyl 

aminomethane ((HOCH2)3CNH2) was added slowly until the solution had a pH of 7.40 at a 

temperature of 36.5⁰C. The solution was added to a volumetric flask. The beaker used, 

stirring bar, thermometer and thermistor was washed with DI and the washings were also 

added to the volumetric flask. The solution was allowed cool to 20⁰C and DI was added until 

the solution had a final volume of 1000ml.  

4.6.1.2. Phosphate Buffered Saline 
PBS tablets were purchased from Sigma-Aldrich (Wicklow, Ireland). PBS was produced by 

dissolving one tablet in 200ml of DI, as per user’s instructions. 

4.6.2. X-ray Microtomography 

XMT was carried out using a Phoenix Nanotom S (GE Measurement & Control Solutions, 

Billerica, USA). A voltage of 80kV and a current of 220µA were maintained to achieve a voxel 

size of 4.30µm. 3D-XMT was used to examine the agglomeration size and distribution 
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throughout the hydrogel by taking a 3D image, isolating a 4.725mm3 of the image of the 

hydrogel and reconstructing it using VGStudio Max (Volume Graphics, Heidelberg, Germany). 

2D-XMT images were used to determine the radiopacity of the hydrogel and ImageJ was used 

for comparing the radiopacity of the hydrogel to a 99% aluminium step wedge. This work 

was carried out in Waterford Institute of Technology by Brendan Phelan. 

4.6.2.1. ImageJ 

The mean greyscale value was measured using ImageJ software (National Institute of Health, 

MD). Note: 255=White and 0=Black. 

4.6.3. Volume Conservation 

To examine whether the hydrogel’s volume was conserved over time, the hydrogel sample 

volume was measured after 1, 3 and 7 days. The novel hydrogel was mixed and poured into a 

cylindrical mould (10mm diameter and 14mm height). The hydrogel was left to set for 1 hour 

and incubated in the required medium (DI, PBS or SBF) at 37°C for the required amount of 

time. After the required time the hydrogel dimensions were measured using callipers. 

‘Volume conservation’ was calculated by calculating the change in volume compared to the 

original (pre-incubated) volume. 

4.6.4. Compression Testing 

To examine the mechanical properties of the novel hydrogel, unconfined compression testing 

was carried out. The compression test samples were made as described in Section 4.6.3. After 

storage at 37⁰C for the required amount of time, the hydrogel sample was compressed using a 

mechanical testing machine (Zwick Roell, Z005, Germany) equipped with a 5kN load cell. A 

0.005N pre-load was applied. The samples were compressed up to 70% strain at a crosshead 

speed of 2mm/min. 
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Figure 4.6.1 Hydrogel sample following compression testing 

4.6.5. Tensile Testing 

Tensile testing samples were prepared by preparing rectangular shaped hydrogel samples in 

a mould (40 mm x 15m x 2mm). Once set the samples were cut into a dogbone shape (width 

4mm, length 20mm) and stored in SBF. After storage at 37⁰C for the required amount of time 

the hydrogel sample was tensile tested using a mechanical testing machine (Zwick Roell, 

Z005, Germany) equipped with a 5kN load cell. The samples were tensile tested until failure 

at a crosshead speed of 2mm/min, which is specified in ASTM D3039 – 14 Standard Test 

Method for Tensile Properties of Polymer Matrix Composite Materials. 

4.6.6. Rheological Gelation Time 

Rheology is typically used to determine the gelation point of the hydrogel. However, due to 

the nature of the hydrogel, the gelation point could not be determined using rheology and it 

was decided to examine these using an alternative method. The results from rheology testing 

can be seen in Appendix 9.4.1.  

4.6.7. Working and Hardening Time 

The working and setting time of each alginate was determined using a modified version of 

ISO 9917. 

To find the working time, the timer was started at the start of mixing the hydrogel sample. 

Once mixed, the hydrogel was placed in a cylindrical holder and every minute was stirred 

with a spatula. The end of the hydrogel’s working time was considered as the time when the 

hydrogel was no longer fluid enough to return to the shape of the cylindrical holder 

(diameter 10mm, height 5mm) after stirring. 
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The setting time was found by starting the timer at the point of mixing the hydrogel and 

placing a circular indenter (diameter: 6mm, weight: 20g) on the sample every 60 seconds. 

The hydrogel was considered set when it held the indenter without causing an indentation in 

the hydrogel, see Figure 4.6.2. 

 

Figure 4.6.2 Setting Time testing jig 

The hardening time is defined as the difference between the working time and setting time of 

the hydrogel. 

4.6.8. Bond Strength 

4.6.8.1. Bond Strength Testing Clamp Design 

As stated in the ASTM standard F2255-03, when examining the bond strength of the material, 

a tissue and adhesive material sample should have a width of 25mm [297]. The length of the 

of the sample is not specified, however, ATSM standard F2258-03 “Strength Properties of 

Tissue Adhesives in Tension” states that the sample specimen must be square with 

dimensions of 25mm X 25mm [299]. It was decided to use the square sample to correlate 

with the two standards.  

To insure that each sample of the hydrogel was 25mm x 25mm, a plate with a square hole of 

this size was designed to act as a template. The plate could be placed on the porcine skin 

graft, the hydrogel could then be added evenly and the template was removed. 

Two plates with a width of 30mm and a length of 60mm were designed to glue the porcine 

skin graft to. This was a brushed stainless steel to ensure that porcine skin graft would 

adhere to the surface.  

Two clamps were also designed, these would attach to the mechanical testing machine while 

keeping the plates parallel to one another.  

Drawings for each component can be seen in Appendix 9.4.3. 
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4.6.8.2. Bond Strength Testing 

The bond strength was tested in accordance to ATSM standard F2255-03, which is used to 

examine the strength properties of adhesives in Lap-Shear. It was decided to carry out bond 

strength testing according to ASTM F2255-03 as the adhesive will be experiencing shear 

stress in vivo.  

To prepare the samples, 25mmx25mm sections of porcine xenograft (131703-01 Ez-Derm 

9x10 cm Patches non-perforated, Fannin Limited) were glued, using cyanoacrylate to 

stainless steel, plates and allowed set for 20 minutes. 25mmx25mm of the hydrogel was then 

placed between the porcine graft sections and a weight was placed on the plates. A weight of 

between 1–2 Newton is described in ATSM F2255-03. However, this strength was too large 

and caused the hydrogel to move from between the plates before setting. It was therefore 

decided to use a smaller weight of 0.5N which has been used in previous bond strength 

testing studies [332] [334]. The hydrogel was tested following storage at 37⁰C for 1 hour. The 

optimum concentration was subject to further testing by examining the bond strength of 

storage in SBF at 37⁰C for 1 hour and 24 hours. The bond strength of the hydrogel to tissue 

was determined using a mechanical testing machine (Zwick/Roell, Z005, Germany) equipped 

with a 5kN load cell. The samples were tested to failure at a cross-head speed of 5mm/min, 

Figure 4.6.3. The bond strength was the peak force exhibited. 

 

Figure 4.6.3 Bond strength test set-up  

4.6.9. Deliverability 

To examine the deliverability of the hydrogel through a micro-catheter, the force required to 

inject the hydrogel through a 2.1F micro-catheter (Headway® microcatheter, MicroVention 

Terumo, USA) was measuring using a mechanical testing machine (Zwick/Roell, Z005, 

Germany), see Figure 4.6.4. The effects of the syringe size and flow rate were examined. The 

crosshead speed varied depending on the syringe size and required flow rate. 
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Figure 4.6.4 Testing the force required to inject the hydrogel through a microcatheter 

The hydrogels that could be delivered through a micro-catheter were injected into an 

aneurysm model with physiological blood pressure and flow, discussed in detail in Section 

4.6.9.1. A 5mm diameter compliant balloon (Scepter C compliant occlusion balloon catheter, 

MicroVention Terumo, USA) was inflated adjacent to the aneurysm neck, to facilitate 

placement. 

4.6.9.1. Flow Model 

An aneurysm model was purchased from Elastrat (Genève, Switzerland). This model (H+N-S-

A-005) has two sized aneurysms; aneurysm 1 is spherical and has a diameter of 10-11mm 

and a neck of 2.5x2.5mm and aneurysm 2 has a diameter of 10mm, a height of 16.5mm and a 

neck of 2.5x2.5mm. 

A pulsatile flow pump for large animals (Harvard Apparatus, Massachusetts, USA) was used 

to pump the liquid through the aneurysm model. This pump is used to control the pressure 

and the flow rate of the system. The flow rate and pressure can be modified by a combination 

of the pump rate (rpm) and the stroke volume. A water reservoir was placed above the pump 

to provide a base pressure, 

A pressure transducer (DTX-plus, BD Medical systems, Utah, USA) was placed at the inlet and 

the outlets of the aneurysm model in order to monitor the pressure in the system and to 

calculate the flow rate. The pressure transducer was wired to a bridge (NI 9949 RJ-50, 

National Instruments, USA). This bridge was then connected to a bridge analog input (NI 

9237, National Instrument, USA) in order to graph the signal. The flow model set-up is shown 

in Figure 4.6.5. 
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Figure 4.6.5 Aneurysm flow model set-up 

The flow rate was calculated using the Hagen-Poiseuille equation (Equation 2.1.1). There are 

some limitations involved with this equation as it requires the inner diameter of the artery in 

order to calculate flow. However the inner diameter changes throughout the aneurysm 

model. In order to minimise this error, the same diameter tubing was used at the aneurysm 

model inlet and the outlet. Larger tubing had to be used at the inlet and the outlet of the 

pump due to the pumps design but this did not affect the flow rate as the pressure was 

calculated before and after this tubing change. 

A custom LabVIEW program was used to produce a graph of the pressure in the aneurysm 

model and to calculate the flow. The LabVIEW program can be seen in Appendix 9.4. The 

program had to be calibrated to convert the voltage signal, read by the bridge, to blood 

pressure (mmHg). To calibrate this, the pressure transducer was connected to a container of 

water and the pressure was found at increasing height increments using Equation 4.6.1. 

Equation 4.6.1 Equation to calculate pressure 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (
𝑁

𝑚2
) =  𝜌𝑔ℎ 

 

Where, 

⍴ = density of the fluid. Water has a density of 1000kg/m3 

g = gravity (9.8066m/s2) 

h = height of the bucket (m) 

 

Table 4.6.1 shows the voltage readings of the NI 9237 compared to the calculated pressure 

(R2=0.9979). The calculated pressure was an average of 4.25 times larger than that of the of 
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the voltage found using the NI 9237 and therefore the signal was multiplied by this in order 

to calculate the pressure in the aneurysm model.  

Table 4.6.1 Pressure readings at increasing heights to calibrate physiologically correct flow model 

Height 

(m) 

Calculated 

pressure (N/mm2) 

Calculated 

pressure (mmHg) 

Bridge reading 

(v) 

Calibration factor 

 

0.5 4905 36.79 8.23 4.47 

0.75 7357.5 55.18 12.74 4.33 

1 9810 73.58 17.47 4.21 

1.25 12262.5 91.97 22.23 4.14 

1.5 14715 110.36 25.74 4.29 

1.75 17167.5 128.76 30.85 4.17 

2 19620 147.15 34.78 4.23 

2.25 22072.5 165.54 37.95 4.36 

2.5 24525 183.94 44.24 4.16 

 

The literature presents three solutions that have a similar viscosity of blood [335]–[337]. The 

viscosity of the solutions was tested at 37⁰C in order to find a solution with a similar viscosity 

to that of blood. A 36:64 water glycerol solution had a viscosity of 4.15mPa.s, which was the 

most similar to that of blood (3.28mPa.s to 4.33mPa.s [29]). The solution was heated to 37⁰C, 

placed in the water reservoir and pumped throughout the system. 

4.7. In Vitro Analysis 

Initially, a resazurin blue assay was carried out to assess the metabolic activity of the bovine 

aortic endothelial cells (details in 4.7.3). As this only indicates cellular metabolic activity, 

rather than exact cell numbers, cells were dosed 20% and 100% eluent and were stained 

with DAPI and Phalloidin in order to determine the specific cell numbers (discussed further 

in 4.7.4). 

The cell culture medium, DMEM, is free of lipids, proteins and growth factors. As a result of 

this, DMEM was supplemented with 10% foetal bovine serum (FBS) and 1% Penicillin-

Streptomycin (PS) for high serum DMEM and 0.5% FBS and 1% PS for low serum DMEM. The 

same batch of FBS and PS were used. All reagents for cell culture were purchased from Sigma-

Aldrich (Wicklow, Ireland). 

4.7.1. Preparation of Eluent 

Hydrogel samples were prepared in cylindrical silicone moulds (Ø15 mm, height: 1 mm) and 

allowed to set for one hour before being placed in 2.75 ml of DMEM cell culture media (as per 

ISO10993-5) with 1 vol.% penicillin-streptomycin (Sigma Aldrich, Wicklow, Ireland). Samples 
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were stored in 24 well plates for both 24 hours and 48 hours before being filter through a 

0.22µm sterile filter. The eluent was supplemented to 10 vol.% FBS for high serum eluent and 

0.5 vol.% FBS for low serum eluent. 

4.7.2. Eluent Dosing 

To examine the effects of the eluent on the BAEC cells, the elution media was added to the 

cells at varying concentrations of eluent (0, 20, 40, 60, 80, 100 vol.%) mixed with 

corresponding non-eluent media and incubated for 24 and 48 hours. Each concentration was 

analysed using both high serum and low serum media. 

 

Figure 4.7.1 96 well plate dosed with varying concentrations of eluent 

4.7.3. Metabolic Activity 

Bovine aortic endothelial cells (BAECs) were cultured in high serum DMEM until they formed 

a sub-confluent monolayer (37˚C, 5% CO2). The cells were then seeded at 1,800 cells per 

100µl of high serum media in a 96 well plate and incubated for 24 hours. The high serum 

media was then aspirated off and 100µl of low serum media was added to each well and 

incubated for a further 24 hours, in order to quiesce the cells. Following this, the cells were 

stained with resazurin blue. Resazurin sodium salt was purchased from Sigma-Aldrich 

(Wicklow, Ireland). 100 µL of resazurin blue solution (0.01 mg/mL media) was placed per 

well. This was removed at 4.5 hours and analysed in order to provide an initial cellular 

activity profile. The cells were then dosed with the eluent as described in Section 4.7.2. After 

24 hours the metabolic activity of the cells was again examined using resazurin blue. Cell 

growth was calculated as a percentage of untreated control cells using Equation 4.7.1. Cell 

growth was normalised for starting cell number and untreated cell growth. Resazurin blue 
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was measured using a fluorescent plate reader with an excitation 560nm, emission of 590nm 

and a bandwidth of 10nm. 

Equation 4.7.1 Cell metabolic activity (% Growth) determined using resazurin blue 

% 𝐺𝑟𝑜𝑤𝑡ℎ =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒540𝑛𝑚𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒540𝑛𝑚𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
 

4.7.4. Cell Counting 

Glass coverslips were sterilised and placed in each well of a 6 well plate. The cells were then 

seeded at 50,000 cells per 2.5ml and incubated for 24 hours in high serum DMEM until they 

formed a sub-confluent monolayer (37˚C, 5% CO2). The high serum media was then aspirated 

off and the cells were quiesced by adding 2.5ml of low serum media to each well and 

incubated for a further 24 hours. Following this, the cells were dosed with 2.5ml of the eluent 

as described in 4.7.2. The cells were then stained using Phalloidin and DAPI for imaging and 

counting. 

4.7.4.1. Phalloidin 

The cells were fixed by placing 400µl of 3.7% formaldehyde in PBS solution to each well. The 

formaldehyde solution was removed after 5 minutes and washed three times with 300µl of 

PBS. The cells were permeabilized by placing 300µl of a 0.1% Triton X-100 in PBS solution to 

each well and left for 3 minutes. The Triton X-100 solution was removed and the cells were 

washed 3 times with PBS. 200µl of 1% Phalloidin in DMSO was then added to each well and 

left for 40 minutes. The Phalloidin was removed and the cells were washed, again, with PBS 

three times. 

4.7.4.2. DAPI 

Following Phalloidin stain, the cells were stained with DAPI. 5mg/ml of DAPI was diluted in 

DI. 300µl of the diluted DAPI was added to each well and left for 5 minutes. The DAPI was 

removed and each well was washed 3 times with PBS. 

4.7.4.3. Microscopy 

Images of the cells were taken using a fluorescence microscope (BX51, Olympus, MA, USA) 

using Cell^F software. 

4.7.4.4. Image J 

ImageJ software (National Institutes of Health, MD) was used for counting DAPI stained cells 

using the “Analyze Particles” feature. The Watershed feature was also used prior to counting 

to ensure each cell was counted individually. 
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4.7.5. Inductively Coupled Plasma – Atomic Emission Spectroscopy 

Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP) was carried out to 

determine the gallium, calcium and silica ions released from the hydrogel into the eluent. 

100µl of eluent was removed from each eluent and diluted to 50ml in 1M HNO3. Each sample 

was run with a minimum of three calibration concentrations for each elemental standard. 

ICP-AES was carried out on a Liberty 220 Emission Spectrometer (Agilent, Santa Clara, USA) 

at a coil power of 1.1kW using argon gas as a carrier 

4.8. Ion dosing 
Cells were dosed with each of the individual ions for 24 hours. Cell metabolic activity was 

examined and cell counts were carried out as described previously (Section 4.7.3 and Section 

4.7.4).  

Due to the acidic nature of the ion solutions, the sodium bicarbonate (NaHCO3) levels of the 

DMEM was increased by adding to 370mg/100mL. This content was selected to effectively 

buffer the pH when the ions and GDL were added, unless otherwise stated. The ion solutions 

were prepared in the following methods. Calculations are shown in Appendix 9.4.4. 

4.8.1. GDL 

83mg/mL of GDL was added to the high NaHCO3 DMEM. This was allowed to dissolve and 

added to the cells at the required concentration. 

4.8.2. Calcium 

Calcium chloride (CaCl2) was added at a concentration of 1.9mg/mL in the high NaHCO3 

DMEM. This was allowed to dissolve and added to the cells at the required concentration. 

4.8.3. Gallium 

Gallium is a hard acid that can drop the pH of a solution to 2 when the gallium content is 

above 100mM. Gallium is insoluble at a neutral pH and neutralising a solution will cause the 

gallium to precipitate forming amorphous gallium hydroxide. Certain forms of gallium are 

insoluble in a aqueous solution [338]. These restrictions make ion dosing with gallium 

difficult. 

Gallium chloride and gallium nitrate are two forms of gallium that are soluble in aqueous 

solution but cause a large decrease in pH. As DMEM contains chloride, gallium chloride was 

used in order to provide more accurate results. However, it should be noted that gallium 

chloride is more acidic than gallium nitrate. Cells were dosed with solutions of gallium nitrate 

and gallium chloride solutions at the required concentrations. 

Gallium nitrate (Ga(NO3)3) solution was prepared by adding 4.3mg/ml of Ga(NO3)3 to the high 

NaHCO3 DMEM. This solution had a pH of 6.8. 
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Gallium chloride (GaCl3) solution was prepared by adding 0.7ml/ml of a 0.703M GaCl3 

solution to the high NaHCO3 DMEM. This solution had a pH of 6.0. 

4.8.4. Silica 

Most forms of silica ions are also insoluble in aqueous solutions. To examine the effects of 

silica ions on the cells, silicic acid was added at a concentration of 0.5mg/mL in the high 

NaHCO3 DMEM. This was allowed to dissolve and added to the cells at the required 

concentration.

4.9. Sterilisation 

4.9.1. Autoclaving 

Alginate was weighed in an amber vial and sealed in an autoclave bag. The vial was not sealed 

with a cap, to allow for adequate steam penetration. The samples were autoclaved at 121⁰C 

for 15 minutes using a SX-700E autoclave (Tomy, California, USA). 

4.9.2. Gamma Irradiation 

As discussed previously, the damage caused by gamma irradiation can be reduced by storing 

the samples under cold conditions during irradiation. Glass, GDL, EDC and NHS were sealed 

separately in screw cap vials. The vials were added to a dry ice box, along with 20kg of dry ice 

pellets. The samples were then gamma irradiated by Synergy Healthcare (Westport, Ireland) 

at a minimum dose of 15.7kGy and a maximum dose of 20.2kGy (for approximately 

7minutes/kGy), to effectively sterilise the powder samples. 

4.10. Direct Contact testing 

4.10.1. Cells on Slide 

Coverslips were sterilised by placing them under a UV lamp for 1 hour. The coverslips were 

then placed at the bottom of each well of a 6 well plate. BAECs were then seeded at 90,000 

cells per 2.5ml in each well and incubated for 24 hours. A higher density of cells was used 

compared to previous analysis in order to achieve a confluent layer and encourage cell 

movement. The high serum media was then aspirated off and the cells were quiesced by 

adding 2.5ml of low serum media to each well and incubated for a further 24 hours. Cell 

seeded coverslips were then removed from 6 well plates. 

The hydrogel was sterilised, mixed and poured into a well of a fresh 6-well plate. Cell seeded 

coverslips were then placed on top of each hydrogel prior to the end of working time. When 

being placed on the hydrogel, the coverslips were inverted to ensure the cells were directly in 

contact with the hydrogel. 2.5ml of DMEM was placed on the hydrogel and the samples were 

incubated for 1, 3 and 7 days. The media was initially changed after 24 hours and every 48 

hours thereafter. 
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After the required amount of time, the cells were stained using DAPI and Phalloidin and 

counted, as described previously. 

4.10.2. Cells Seeded on the Hydrogel 

The hydrogel was sterilised, mixed and set in a 6 well plate. Once the hydrogel was set, 

90,000 cells per 2.5ml was added to each well and incubated for 1, 3 and 7 days. The media 

was initially changed after 24 hours and every 48 hours thereafter. 

After the required amount of time, the cells were stained and counted, as described 

previously.

4.11. Calcification 

4.11.1. Sample Preparation 

Bioactive glass samples (without any alginate) were stored in both DI and SBF separately for 

7 days. The samples were then dried at 170⁰C for 1.5 hours. 

Alginate and bioactive glass hydrogel samples were prepared by mixing 1.2ml of 4.5% 

alginate with 13.8% (w/v) of glass, 8.3% (w/v) of GDL and 0.83% (w/v) of EDC and NHS. The 

mixed samples were placed in moulds (ᴓ = 15mm, height = 1mm) and allowed set for one 

hour. The samples were stored in SBF for 7 days and then lyophilized. 

As a control, hydroxyapatite and alginate samples were prepared. The samples were 

prepared in the same manner but 13.8% hydroxyapatite (Sigma-Aldrich, Wicklow, Ireland) 

was used as a replacement for bioactive glass with 8.3% (w/v) of GDL. 

4.11.2. X-ray Diffraction 

XRD was carried out as described in 4.3.3.2. 

4.11.3. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

Samples were analysed using a Perkin Elmer Spectrum Two with a diamond universal ATR 

accessory (Perkin Elmer, Waltham, USA) equipped with Grams Analyst data analyser. All 

spectra were obtained between 450 and 4000cm-1 at 4cm-1 resolution after averaging four 

scans. A force of 85N was applied to each sample. 

4.11.4. Von Kossa Staining  

Samples were Von Kossa stained by placing samples in a 1% silver nitrate solution (Sigma-

Aldrich, Wicklow, Ireland) in DI for 20 minutes under Blak-Ray B-100 UV light (UVP, Upland, 

CA). The silver nitrate was removed and the samples were washed several times with DI. Any 

unreacted silver nitrate was removed by soaking the samples in 5% sodium thiosulfate 

(Sigma-Aldrich, Wicklow, Ireland) in DI for 5 minutes. The samples were then washed again 

using DI.  
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4.12. Platelet Adhesion 
4.12.1. Positive Control 

For a positive control, a Thermo Scientific Nunclon Delta plate (Thermo Fisher, USA) is used. 

The Nunclon Delta plate is a hydrophilic polystyrene that promotes platelet adhesion. 

4.12.2. Negative Control 

For a negative control, clean coverslips are placed at the bottom of a 6 well plate. 1ml of 

Sigmacote® (Sigma Aldrich, Ireland) was added to each well and left for 30 minutes. After 30 

minutes the Sigmacote® was removed and the coverslips/wells were left to dry overnight. 

The coverslips/well were then washed with DI and left to dry overnight. Sigmacote® is a 

siliconizing reagent that will cause glass to become hydrophobic. This hydrophobicity will 

limit platelet adhesion. 

4.12.3. Hydrogel Sample 

The hydrogel was sterilised, mixed and poured into a well of a fresh 6 well plate. 

4.12.4. Platelet Adhesion 

40ml of whole blood was collected into a blood collection tube with sodium citrate. 1.5ml of 

citrated whole human blood was placed into each well and stored at 37⁰C for 1 hour. After 1 

hour the blood was removed and 1.5ml of a 3% bovine serum albumin/PBS solution was 

added to each well. The bovine serum albumin/PBS solution was used as a blocking agent to 

reduce background noise caused by the fluorescent stain. The samples were left for 1 hour at 

room temperature. After an hour the media was aspirated off and the samples were gently 

washed with PBS. 

4.12.5. Platelet staining 

4.12.5.1. CD62P 

A PE-CD62P solution is prepared by dilution 1/100 in PBS. 300µl of PE-CD62P was added to 

each well and incubated at 37⁰C for 15 minutes. The stain was removed and the samples 

were washed 3 times using PBS. 

4.12.5.2. Phalloidin 

Cell fixing, permeabilising and Phalloidin staining was carried out as per Section 4.7.4.1.  

4.12.5.3. Platelet imaging 

Platelets were imaged and analysed as per Section 4.7.4.3 and 4.7.4.4.  

4.13. In Vivo Study 

4.13.1. Hydrogel packaging and sterilisation 

Each component of the hydrogel was weighed out and packaged into glass vials in a Class 100 

cleanroom. The uncapped vials of alginate were packaged into an autoclave pouch and 
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autoclaved. The bioactive glass, GDL, EDC and NHS were packaged into a foil pouches and 

gamma irradiated at 15.7 – 20.2kGy on dry ice.  

4.13.2. In vivo Study 

The in vivo study was carried out by an interventionalist in CBSET, Inc., Lexington, 

Massachusetts, USA. This study involved creating aneurysms in 8 female New Zealand White 

(NZW) rabbits. The following information details the method of creating the aneurysms and 

treating the rabbits. Fluoroscopy was used for visualisation purposes throughout the 

aneurysm creation and treatment. Unless otherwise stated, the rabbits were euthanized 30 

days following treatment and histology was carried out to examine the success of the 

treatment. 

4.13.3. Aneurysm Creation  

Each rabbit received antiplatelet therapy (40mg of aspirin) for 3 days prior to and up to 14 

days post aneurysm creation. The antiplatelet therapy was required to reduce the chance of 

thrombotic events. The rabbits were anesthetised using a combined injection of 35mg/kg 

ketamine and 5mg/kg xylazine, which was administered subcutaneously. Throughout the 

procedure, the rabbits had Isoflurane as an inhalant anaesthesia and IV fluids. Aneurysms 

were created at either 66 or 90 days prior to treatment. Variance was caused by treatment 

time. 

The right common carotid artery (RCCA) was exposed by an incision in the rabbit’s neck and 

an introducer sheath was placed into the artery. A balloon was placed and inflated to isolate 

the proximal carotid artery. Porcine elastase (8 units/mg, 25mg/ml) was mixed with a 

contrast agent, for visualisation purposes and injected through the introducer sheath. This 

was left in place for 10-20 minutes and aspirated off with a syringe. The balloon was deflated 

and removed with the introducer sheath. The RCCA was ligated and the incision at the neck 

was closed with sutures. The procedure used here to create the aneurysm is similar to those 

of other studies examining aneurysm embolization [321][339][340].  

4.13.4. Embolization Treatment 

The rabbits were approximately 7 months old when the embolization device was delivered 

and weighed between 3.68kg and 4.80kg. The rabbits did not receive antiplatelet therapy 

prior to treatment. The rabbits were anesthetised as discussed in 4.13.3 Aneurysm Creation. 

Incisions were cut in the left and right hind leg of the animals to place the microcatheter and 

balloon in the femoral artery. If only a microcatheter was used, the incision was cut in the left 

hind leg. 

The hydrogel was used as the test material and platinum coils were used as a comparative 

control device. Due to limited success in occluding the rabbit’s aneurysm, the hydrogel was 
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examined for the use of renal artery embolization. The treatment each rabbit received is 

shown in Table 4.13.1. The difficulties of treating cerebral aneurysm with the hydrogel will be 

discussed in more detail in results. Although not ideal, results from renal artery embolization 

will provide an indication on the safety of the hydrogel in vivo and if neointima formation is 

likely to occur. The structure of the kidneys can be found in Appendix 9.5.9. 

Rabbit 1 and Rabbit 2 were treated with the hydrogel formula used in Section 9.5.4.4. Rabbit 

3 – Rabbit 7 were treated with the hydrogel in Section 5.6. For treatment with the hydrogel; 

the timer was started and the hydrogel was mixed. To deliver the hydrogel, a microcatheter 

(0.027” Renegade HI-FLO microcatheter, Boston Scientific) was placed over a guidewire into 

the aneurysm or renal artery. A balloon (Over-the-Wire Fogarty Thru-Lumen Embolectomy 

Catheter, Edwards) was placed at the neck of the aneurysm. A balloon was used for 

embolization of one renal artery; another animal was embolized with no balloon. The 

guidewire was removed and the microcatheter was filled with the hydrogel. The balloon was 

inflated and the hydrogel was injected into the aneurysm see Table 4.13.1. The balloon 

inflation/injection time relates to the end of the hydrogel’s working time. After the relevant 

time, the balloon was deflated (Table 4.13.1). Variance in times was due to issues with 

injectability that will be discussed in more detail in the results. The balloon and 

microcatheter were removed and a post-treatment angiogram was carried out. 

For treatment with the coils; a microcatheter was placed over a guidewire into the aneurysm 

or renal artery. The guidewire was removed and the coils were placed through the 

microcatheter into the aneurysm. The microcatheter was removed and contrast agent was 

injected to examine if occlusion was achieved.  

After treatment, the femoral artery was ligated and the hind legs were closed with sutures. 

Table 4.13.1 Embolization treatment and hydrogel delivery times for each rabbit 

Rabbit Treatment Area 

treated 

Balloon inflation/Injection 

time (since start of mixing) 

(MM:SS) 

Total time balloon 

was inflated 

(MM:SS) 

1 Hydrogel Aneurysm 17:00 02:37 

2 Hydrogel Aneurysm 14:26 04:55 

3 Hydrogel Aneurysm 20:30 08:00 

4 Hydrogel Aneurysm 23:00 08:00 

5 Hydrogel Aneurysm 23:00 02:00 

6 Hydrogel Renal Artery 23:55 06:40 

7 Hydrogel Renal Artery 23:00 N/A 

8 Coil Aneurysm and 

Renal Artery 

N/A N/A 
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4.13.5. Observation 

Blood samples were taken and the rabbits’ weights were monitored post treatment to ensure 

the rabbits were healthy. 

4.13.6. Euthanasia 

The rabbits were anesthetised using a combined injection of 30mg/kg ketamine and 3mg/kg 

xylazine, which was administered subcutaneously. Throughout the euthanasia procedure, the 

rabbits had Isoflurane as an inhalant anaesthesia and an IV of Heparin and Nitroglycerin 

which was administered as needed. An overdose of euthanasia solution or a potassium 

chloride solution by IV was administered to euthanize the rabbits. 

4.13.7. Tissue Collection and Histology 

Histology samples were taken, stained and examined by a pathologist at CBSET Inc. The areas 

to be examined were dissected from the surrounding tissue and stored in 10% neutral 

buffered formalin until histology could be carried out. 

The treated sites of 4 rabbits were examined. The treated sites were resin-processed. 

Longitudinal sections of the aneurysms and cross-sections of the renal arteries and kidneys 

were examined. To examine the treated sites, each sample stained with Haemotoxylin and 

Eosin (H&E) and Verhoff/van Gieson elastin stain and examined using light microscopy. 

4.14. Statistical Analysis 

Student T-test and ANOVA with Bonferroni’s post hoc test was carried out using IBM SPSS 

(IBM, Armonk, NY). Asterisks will be used to indicate the p-value, where * indicates a value of 

P ≤ 0.10, ** indicates a value of P ≤ 0.05, *** indicates a value of P ≤ 0.01 and **** indicates a 

value of P ≤ 0.001. 
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Chapter 5. Results and Discussion 

5.1. Effect of Molecular Weight and Chemical Composition 

In this section, the alginate concentration, molecular weight and chemical composition (M/G 

ratio) were varied and the effect that this variation had on the hydrogel’s mechanical 

properties, sample volume conservation and deliverability were determined. The alginates 

produced by the two techniques were characterised and examined at 4 concentrations. The 

four alginate concentrations used in this study were determined using Design Expert 9. The 

two methods of producing these alginates are discussed in Section 4.1.1. 

Following characterisation of the two alginates; the hydrogel’s viscosity, compressive 

strength, sample volume conservation, working time, hardening time and deliverability were 

determined at the 4 varying alginate concentrations; 0.5%, 2.5%, 4.5% and 6.0%. The glass 

and GDL content of the hydrogel were kept constant at 4.6% (w/v) and 4.15% (w/v), 

respectively, unless otherwise stated. This glass and GDL content were determined from 

testing conducted previously [330] [331]. 

5.1.1. X-ray diffraction  

Figure 5.1.1 shows XRD spectra of the bioactive glass. From the spectra it is clear that the 

bioactive glass used in the hydrogel is fully amorphous, with no evidence of crystallisation.  

 

Figure 5.1.1 X-ray diffraction of the bioactive glass 

5.1.2. Gel Permeation Chromatography 

GPC was carried out to examine the molecular weight of the two alginates. Figure 5.1.2 shows 

the GPC results of the two alginates produced. Technique 1 produces an alginate with a low 
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molecular weight of 60kDa, while Technique 2 produced an alginate with a greater molecular 

weight of 700kDa.  

 

Figure 5.1.2 GPC of alginates  

5.1.3. Nuclear Magnetic Resonance Spectroscopy 

The 1H-NMR spectrum (Figure 9.5.1) was used to determine the guluronic acid (FG) and 

mannuronic acid (FM) fractions of the alginate. Table 5.1.1 shows the 1H-NMR results, 

calculated using the equations discussed in Section 3.1.1. The 60kDa alginate is a High-G 

alginate with an average G-block length of 7.08. The 700kDa is a High-M alginate with a much 

shorter average G-block length of 3.59. 

Table 5.1.1 Alginate chemical composition 

Molecular weight FG FM M/G FGG FMM FMG �̅�𝐆>𝟏 

60kDa 0.52 0.48 0.92 0.38 0.33 0.14 7.08 

700kDa 0.37 0.63 1.7 0.18 0.45 0.18 3.59 

5.1.4. Viscosity 

The viscosity of the ungelled alginate, without the addition of glass or GDL, can be seen in 

Figure 5.1.3. The viscosities of both the 60kDa and 700kDa alginate are similar at each 

alginate concentration tested and the viscosity increases with increasing alginate 

concentration. The 6.0% alginate concentration of both alginates has a viscosity greater than 

10,000mPa.s, which is the upper limit of the viscometer used. Alginate’s viscosity typically 

increases greatly with small increases of alginate concentration [341] [342].  
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Figure 5.1.3 Viscosity of 60kDa and 700kDa alginate at four increasing concentrations (n=5) 

5.1.5. Compressive Strength 

Figure 5.1.4 and Figure 5.1.5 examines the effect of alginate concentration and incubation 

time has on the compressive strength and incremental modulus of the resultant hydrogels. In 

this case, compressive strength and incremental modulus, between 30-50% strain, is 

examined for the 60kDa alginate at 4 varying alginate concentrations; 0.5%, 2.5%, 4.5% and 

6.0%. The samples were tested following storage in DI at 37⁰C for 1, 3 and 7 days. Typical 

stress strain graphs for each sample are shown in the appendix (Figure 9.5.3-Figure 9.5.6). 

There is no significant increase in the strength or incremental modulus of the hydrogel over 

time for the 0.5% and 2.5% alginate, as shown in Figure 5.1.4 and Figure 5.1.5. There is a 

significant increase over time for the 4.5% and 6.0% alginate concentrations. This suggests 

that the hydrogel is highly cross-linked for the lower alginate concentrations, however, cross-

linking continues for a minimum of 7 days for the higher alginate concentrations, presumably 

as a result of a continued release of cross-linking ions from the glass phase. 

Only the 4.5% and 6.0% alginate concentration samples fractured when compressed after 

storage for 1, 3 and 7 days, which likely accounts for the large standard deviation. No other 

samples tested fractured up to 70% strain. This fracturing may be caused by the gel initially 

having an inhomogeneous structure due to a lack of crosslinking ions to accommodate the 

higher alginate concentration.  
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Figure 5.1.4 Compressive stress and strength up to 70% strain for the 60kDa (High-G) alginate following storage 
at 37⁰C in DI (n=5) 

 

Figure 5.1.5 Incremental modulus (30-50% strain) of the 60kDa (High-G) alginate following storage at 37⁰C in DI 
(n=5) 

As with the 60kDa alginate, the 700kDa alginate samples fracture after 1, 3 and 7 days 

storage at an alginate concentration of 4.5% and 6.0%. However, it can be seen in Figure 5.1.6 

and Figure 5.1.7 that there is a significant increase in both compressive strength and 

incremental modulus over the 7 days of storage for each concentration examined when 

compared to day 1. This may suggest gelation of the M-block occurs later then the gelation of 

the G-block. This may suggest that G-block cross-linking ions such as calcium are released 

from the glass before M-block cross-linking ions such gallium. 
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Figure 5.1.6 Compressive stress and strength up to 70% strain of the 700kDa (High-M) alginate following storage 
at 37⁰C in DI (n=5) 

 

Figure 5.1.7 Incremental modulus (30-50% strain) of the 700kDa (High-M) alginate following storage at 37⁰C in 
DI (n=5) 

Figure 5.1.8 and Figure 5.1.9 examine the effect of alginate molecular weight and 

concentration on the compressive strength and incremental modulus of the resultant 

hydrogels after 7 days of incubation. It can be seen that both hydrogels exhibited strengths 

greater than 22kPa, which is important if the material is to withstand the compressive forces 

of blood flow. A significant difference in the strength and incremental modulus is seen 

between the two different molecular weight alginates at a 2.5% alginate concentration, with 

the 700kDa alginate generally having an increased strength at each concentration. Typically, 

the High-G alginate has the highest strength and stiffness at low alginate concentrations 
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[343]; however, this is not observed here and this variation is likely caused by the increased 

molecular weight of the High-M alginate, providing strength through increased chain 

entanglement.  

The hydrogel’s strength increases for alginate concentrations 0.5% to 2.5% and, overall, is at 

its highest when the alginate concentration is 2.5%. It has been observed elsewhere that the 

strength increases with a continued increase in alginate concentration [109] [202], however, 

this is not seen here. In contrast, here the strength is seen to reduce at alginate 

concentrations greater than 2.5%. It is hypothesised that this may be due to a shortage of 

ions available for crosslinking. This shortage may be caused by a lack of relative increase in 

the glass or GDL content of the hydrogel with the increase in available chains. This shortage 

of ions will likely result in a hydrogel with a low strength caused by a reduced cross-linking 

density or an inhomogeneous hydrogel with areas of varying cross-linking density.  

 

Figure 5.1.8 Compressive stress and strength up to 70% strain of the 60kDa and 700kDa following storage in DI 
at 37⁰C for 7 days (n=5) 
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Figure 5.1.9 Incremental modulus (30-50% strain) of the 60kDa and 700kDa following storage in DI at 37⁰C for 7 
days (n=5) 

To test this hypothesis and to examine the effects of increasing the crosslinking density, by 

increasing the availability of crosslinking ions, the 4.5% and 6.0% alginate concentration of 

the 700kDa alginate were tested with increasing glass contents (9.2% and 13.8%), shown in 

Figure 5.1.10 and Figure 5.1.11. The 700kDa alginate was examined here as it provided the 

highest compressive stress with the 4.6% glass content. Typical stress-strain graphs can be 

seen in Figure 9.5.11. 

Increasing the glass content provided a significant increase in the strength and incremental 

modulus of the hydrogel at both a 4.5% and 6.0% alginate concentration. There is no 

significant difference in the strength when the glass content is increased from a 9.2% glass 

content to the 13.8% glass content. This is likely due to the GDL content of the alginate not 

being increased. This may cause the solution to not acidify sufficiently to cause a sufficient 

release of multivalent ions from the glass. 
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Figure 5.1.10 Compressive strength of the 4.5% and 6.0% 700kDa alginate with an increased glass content 
following storage for 1 day in DI at 37⁰C 

 

 

Figure 5.1.11 Incremental modulus (30-50% strain) of the 4.5% and 6.0% 700kDa alginate with an increased 
glass content following storage for 1 day in DI at 37⁰C 

5.1.6. Volume Conservation 

In Figure 5.1.12 a considerable shrinkage of the samples at a 0.5% and 2.5% alginate 

concentration is observed when stored in DI for 7 days. The 4.5% alginate maintains the 

samples volume (<5% expansion), while the 6.0% expands considerably (~60%). There is a 

significant difference between the alginates’ volumes at the 2.5% alginate concentration, 
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where the 700kDa shrinks 23% more compared to the 60kDa alginate. This is likely caused 

by the increased physical cross-linking density provided by an increased chain entanglement.  

 

Figure 5.1.12 Size conservation after 7 days of 60kDa and 700kDa alginate at varying concentration with 4.6% 
glass and 4.15% (w/v) GDL (n=5) (n=5) 

5.1.7. Working and Hardening Time 

Figure 5.1.13 compares the working time of the 60kDa and the 700kDa alginate at 4 

concentrations. As discussed previously, there is an optimum working time limit of between 

10 and 30 minutes. The 60kDa is within this working time limit at each concentration, with 

working time decreasing linearly with increasing alginate concentration (R2= 0.91). The 

700kDa also decreases linearly with increasing alginate concentration (R2= 0.94), however, 

only the 4.5% and 6.0% alginate concentrations are within the working time limits for this 

alginate. The hydrogel’s working time decreases at a rate of 1 minute per 1% increase in 

alginate concentration for the 60kDa alginate and a 4 minutes decrease per 1% increase in 

alginate concentration for the 700kDa alginate. 
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Figure 5.1.13 Working time of 60kDa and 700kDa alginate at varying concentration with 4.6% glass and 4.15% 
(w/v)GDL (n=5) 

The hardening time, shown in Figure 5.1.14, shows a linear decrease with increasing alginate 

concentration for the 700kDa alginate (R2= 0.93). Both the 60kDa and 700kDa alginate are 

only within the required hardening time requirements at the 4.5% and 6.0% alginate 

concentrations. 

 

Figure 5.1.14 Hardening time of 60kDa and 700kDa alginate at varying concentration with 4.6% glass and 4.15% 
(w/v) GDL (n=5) 
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5.1.8. Deliverability 

The deliverability of the hydrogel was examined by injecting the hydrogel through a 3F 

micro-catheter. The 0.5% alginate concentration of both the 60kDa and 700kDa was not 

sufficiently viscous (41-44mPa.s) to stay in the aneurysm when blood flow was applied. Both 

the 2.5% and 4.5% of the 60kDa and 700kDa could be injected through the micro-catheter up 

to 20 minutes following mixing. However, the 6.0% alginate concentration of the 60kDa and 

700kDa alginate was too viscous (>10,000mPa.s) and could not inject through the 3F micro-

catheter 2 minutes following mixing the hydrogel.  

5.1.9. Discussion 

From the GPC (Figure 5.1.2) and 1H-NMR (Table 5.1.1) results it is clear that the two alginate 

manufacturing techniques produce two alginates with vastly different molecular weight and 

chemical composition. The alginate produced by Technique 1 is a low molecular weight 

(~60kDa), High-G alginate (Fg = 0.52) and the alginate produced using Technique 2 is a high 

molecular weight (~700kDa), High-M alginate (Fm = 0.63). 60kDa is an extremely low 

molecular weight compared to alginates discussed in the literature, while the 700kDa is 

extremely high [194] [202] [344] [345]. 

Small molecular weight chains (600Da) are visible in the 60kDa GPC results (Figure 5.1.2) 

which are absent from the 700kDa alginate. This may be caused by small polyphenol chains 

remaining in the 60kDa alginate that may have been removed from the 700kDa during the 

chloroform wash of the alginate during purification [346]. Failure to remove these small 

chains may cause an immune response as they are not involved in the gelling of the alginate 

and can leak from the hydrogel [347]. 

Viscosity typically relates to the molecular weight of the alginate [348]. However, it can be 

seen in Figure 5.1.3 that although the 700kDa alginates molecular weight is significantly 

greater than the 60kDa alginate, the viscosities are similar at each concentration. This may be 

caused by the different M/G ratio of the two alginates as the 60kDa alginate has a High-G 

content, with higher G content alginates typically being stiffer and more viscous [189] [349] 

[350]. It has been shown that varying the alginate purification method results in alginates 

with significantly different viscosities, when the alginates starting molecular and chemical 

composition was constant. The varying alginates and purification methods used here may 

have an additional effect on the viscosity of the alginate due to variances in residual salts and 

impurities and the resulting pH of the alginate solution [191] [346] [351].  

As discussed previously, the strength of the hydrogel increased when the alginate content 

was increased from a 0.5% alginate concentration to a 2.5% alginate concentration and 

decreases with a further increase in alginate concentration. This is likely caused by a shortage 
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of cross-linking ions, reducing the cross-linking density. Figure 5.1.10 shows that increasing 

the glass content resulted in an increase in strength for the 4.5% and 6.0% alginate 

concentration suggesting that increasing the cross-linking density will provide the expected 

increase in strength.  

Typically, the alginate with a high G-block content would provide the highest hydrogel 

strength due to increased chain stiffness and ions preferentially binding with G-blocks [349]. 

However, this is not observed to be the case here (Figure 5.1.8). As discussed previously, this 

may be caused by the significant increase in molecular weight of the 700kDa alginate 

providing an increase in chain entanglements, as both the M/G ratio and molecular weight 

can affect the strength of the hydrogel [186]. The effect of this variation on the incremental 

modulus (Figure 5.1.9) is reduced compared to that of the strength. This may be associated 

with alginates of a High-G content being stiffer [352]. It has also been suggested that the MG-

blocks of alginate can also bind with Ca2+ ions [353] [354]. From Table 5.1.1 it can be seen 

that the 700kDa alginate has an increased MG-block compared to the 60kDa alginate which 

may contribute to the strength increase observed.  

The results of the 700kDa alginate show a significant increase in strength of the hydrogel 

from 1 to 7 days of storage. Typically, ionically cross-linked hydrogels degrade over time, 

unless stored in solutions containing cross-linking ions [209]. This observed increase is likely 

due to the continued release of ions from the glass phase, which has previously been 

observed to occur in Glass Polyalkonate Cements (GPCs) [228]. 

The sample volume reduces (shrinks), following storage for 7 days in DI, at an alginate 

concentrations of 0.5% and 2.5% and expands at higher alginate concentrations of 4.5% and 

6.0%. It is suggested that at the lower alginate concentration (<2.5%) there is an increased 

cross-linking density. An increased cross-linking density causes an increase in the elastic 

forces that can resist the swelling caused by water molecules diffusing into the hydrogel. As 

the alginate concentration increases, without an increase in available cross-linking cations, 

the cross-linking density decreases which allows water to diffuse into the hydrogel, 

increasing the samples size. These results are similar to results observed by Kuo et al [209], 

where increasing the cross-linking density caused shrinkage of the sample. This theory is 

supported by evidence presented in Figure 5.1.10, which shows that increasing the glass 

content causes an increase in strength, indicating that lack of availability of cross-link ions in 

the lower glass content results in a lower cross-link density. In the application, significant 

shrinking of the sample, as observed at a 0.5% and 2.5% alginate concentration, may cause 

blood ingress and recurrence when used as an aneurysm filler and significant expansion of 

the hydrogel may cause the aneurysm to rupture or blockage of the parent artery. Of the 

alginates tested, an alginate concentration of 4.5% causes the least change in sample volume 
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and suggests this alginate concentration with the glass and GDL content provided is the 

optimum cross-linking density to conserve the hydrogel volume. 

Figure 5.1.13 shows that the 60kDa alginate has the shorter working time; while Figure 

5.1.14 shows that the 700kDa alginate has the faster hardening time. This may be caused by 

the 60kDa alginate’s increased G-block content, as multivalent ions preferentially bind with 

the G-block of alginate to form an egg-box dimer. As the hydrogels reach the end of the 

working time it is likely that the formation of egg-boxer dimers is reduced and the molecular 

weight of the alginate has a more dominant effect on the hydrogel. This suggests that the 

chemical composition of the alginate predominantly affects the working time of the hydrogel 

and the molecular weight of the alginate predominantly affects the hardening time [207]. 

Increasing the alginate concentration increases the chain entanglements and available 

locations for cross-linking, causing a reduction in working time and hardening time.  

In situ forming alginate hydrogels have a wide range of gelation times, varying from 2 – 200 

minutes, varying with alginate type, alginate concentration, cross-linker type and 

concentration. The hydrogel produced is within the wide gelation rate range but has a higher 

strength than hydrogels with similar gelation rates [195] [202] [344] [355] [356].  

The viscosity of the ungelled alginate affects the deliverability of the hydrogel. The injected 

hydrogel’s viscosity must be sufficient to stay within the aneurysm with applied blood flow 

while not being too viscous that it requires excessive force to inject through a micro-catheter. 

The hydrogels with an initial alginate viscosity of 2000-9000mPa.s (2.5% and 4.5% alginate 

concentrations) are injectable through a 3F micro-catheter. Hydrogels with an alginate of an 

initial viscosity >10,000mPa.s could not inject through a micro-catheter. 

It can be seen from the results that the alginate molecular weight, chemical composition and 

concentration affects compressive strength, viscosity, working time, hardening time and 

deliverability of the hydrogel. The cross-linking density of the hydrogel is also important to 

control the strength and volume conservation. At a 0.5% alginate concentration there is likely 

a shortage of alginate chains and an excess of cations. At 4.5% and 6.0% alginate 

concentrations there is a shortage of cross-linking ions and, as a results, there are alginate 

chains that are not completely cross-linked. The gelation rate of the hydrogel can be easily 

controlled by the alginate concentration, with is indicated by the linear decrease in working 

and hardening times. This may be an advantage if the gelation rate needs to be altered; 

however the effects alginate concentration has on strength, size conservation and 

injectability need to be taken into consideration. The hydrogels tested can be used for a wide 

range of applications; however, only the 4.5% alginate concentration of the 60kDa and 

700kDa alginate met the requirements discussed for the use of the hydrogel as a cerebral 
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aneurysm filler. These requirements are shown in Table 5.1.2. It was decided to only continue 

testing with 700kDa due to this alginate producing a higher strength hydrogel compared to 

the 60kDa. 
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Table 5.1.2 60kDa and 700kDa alginate design review table 

Sample 

Alginate 

Concentration 

Compressive 

Strength 

>22kPa? 

Is the material 

size conserved? 

(<10% 

expansion with 

no shrinkage) 

Is the 

hydrogel 

injectable? 

Working 

Time 

between 

10 and 

30 

mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

60kDa 

0.5%  Yes No No No No TBD TBD TBD TBD TBD 

2.5%  Yes No Yes No No TBD TBD TBD TBD TBD 

4.5%* Yes Yes Yes Yes Yes TBD TBD TBD TBD TBD 

6% Yes No No Yes Yes TBD TBD TBD TBD TBD 

700kDa 

0.5%  Yes No No No No TBD TBD TBD TBD TBD 

2.5%  Yes No Yes No No TBD TBD TBD TBD TBD 

4.5%**  Yes Yes Yes Yes Yes TBD TBD TBD TBD TBD 

6%  Yes No No Yes Yes TBD TBD TBD TBD TBD 

** Provided improved compressive strength (277 kPa) compared to * (257 kPa) after 7 days. 
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5.2. Effect of Gamma Irradiation of Alginate 

In order to examine a third molecular weight with no change to chemical composition, a 

sample of the 700kDa alginate was gamma irradiated at 25kGy. Gamma irradiation was 

selected as it has been shown to cause chain scissions while sterilising the alginate [357]. The 

samples were gamma irradiated at 25kGy as it is the accepted dose for complete sterilisation. 

The molecular weight, chemical composition, viscosity, compressive strength, volume 

conservation, working time, hardening time and deliverability were examined to determine 

the effects that gamma irradiation has on the alginate and hydrogel produced.  

The results of the non-irradiated 700kDa (High-M) alginate were discussed previously in 

Section 5.1. The gamma irradiated alginate was tested under the same conditions and 

alginate concentrations as the 60kDa (High-G) and 700kDa (High-M) alginate. 

5.2.1. Gel Permeation Chromatography 

Figure 5.2.1 shows that gamma irradiation of the alginate causes a large decrease in the 

alginate molecular weight. This decrease is likely due to scissions in the glycosidic bonds, as 

observed elsewhere [217] [357]–[359].  

 

Figure 5.2.1 GPC of gamma irradiated and non-irradiated (700kDa - High-M) alginate 

Using Equation 5.2.1 it was calculated that gamma irradiation causes approximately 2.88 

chain breaks per molecule.  

Equation 5.2.1 Chain Breaks per Molecule [357] 

𝑁 =
𝑀𝑜

𝑀
− 1 

 

Where; 
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Mo = original molecular weight   

M = molecular weight of the alginate following irradiation  

5.2.2. Nuclear Magnetic Resonance Spectroscopy 

It has been observed elsewhere that gamma irradiation can cause a change in the M/G ratio 

of alginate at a lower rate of irradiation [357]. In this case, Table 5.2.1 shows that gamma 

irradiation has no significant effect on the chemical composition of the alginate tested here. 

However, there is a shortening in the average G-block length due to a reduction in the MGM-

block. 

Table 5.2.1 Alginate chemical composition 

 Molecular 

weight 

FG FM M/G FGG FMM FMG �̅�𝐆>𝟏 

Gamma irradiated 

alginate 

180kDa 0.37 0.63 1.7 0.18 0.45 0.18 3.59 

Non-irradiated 

alginate 

700kDa 0.37 0.63 1.7 0.18 0.45 0.18 2.68 

5.2.3. Viscosity 

Gamma irradiation of the alginate has a large effect on the alginate viscosity, shown in Figure 

5.2.2. Although the alginate viscosity increases with increasing alginate concentration, there 

is a significant difference in viscosity at each concentration when compared to the non-

irradiated alginate.  

 

Figure 5.2.2 Viscosity of the gamma irradiated and non-irradiated alginate at four increasing concentrations 
(n=5) 
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5.2.4. Compressive Strength 

Figure 5.2.3 and Figure 5.2.4 shows that the reduced molecular weight causes a significant 

decrease in compressive strength and incremental modulus after storage for 7 days. There is 

a linear reduction in hydrogel strength with increased alginate concentration for the 180kDa 

(R2 = 0.90). As with the 60kDa and 700kDa, this strength decreases with increasing alginate 

concentration was not expected and may be caused by a number of reasons such as reduction 

in chain entanglements, cross-linking density, swelling of the hydrogel or an increase in chain 

ends. The gamma irradiated alginate is still providing the required strength (22kPa) at 6.0% 

alginate concentration despite a significant decrease in strength. 

 

Figure 5.2.3 Compressive stress up to 70% strain of the gamma irradiated and non-irradiated alginate following 
storage in DI at 37⁰C for 7 days (n=5) 
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Figure 5.2.4 Incremental modulus (30-50% strain) of the gamma irradiated and non-irradiated alginate following 

storage in DI at 37⁰C for 7 days (n=5) 

5.2.5. Volume Conservation 

Figure 5.2.5 shows a shrinking of the alginate at 0.5% and 2.5% for both alginates. There is 

also an expansion of both the alginate at 4.5% and 6.0% alginate concentration. Although 

there is a significant difference the irradiated and non-irradiated sample at the 2.5% and 

6.0% alginate concentration, the change in volume remains significant when compared to the 

original sample size. The alginate concentration of 4.5% provides the minimum change in 

volume after 7 days. 

 

Figure 5.2.5 Gamma irradiated and non-irradiated alginate size conservation after 7 days (n=5) 
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5.2.6. Working and Hardening Time 

Gamma irradiation causes a significant increase in the working time of the hydrogel, see 

Figure 5.2.6. The gamma irradiated alginate working time decreases linearly with increased 

alginate concentration (R2 = 0.91) but remains outside the working time requirements at 

each alginate concentration tested.  

 

Figure 5.2.6 Gamma irradiated and non-irradiated alginate working time (n=5) 

It can be seen in Figure 5.2.7 that the gamma irradiated alginate hardening time also 

decreases linearly (R2 = 0.91) but remains outside the hardening time requirements.  

 

Figure 5.2.7 Gamma irradiated and non-irradiated alginate hardening time (n=5) 



Chapter 5. Results and Discussion 

114 
 

5.2.7. Deliverability 

The hydrogels produced with the gamma irradiated alginate at each concentration tested 

could inject through a micro-catheter but did not exhibit the required viscosity to remain in 

the aneurysm when blood flow was applied. 

5.2.8. Discussion 

Gamma irradiation has no significant effect on the alginate chemical composition but greatly 

affects the molecular weight. This decrease in alginate molecular weight is likely caused by a 

scission of glycosidic bonds occurring during gamma irradiation [357]. There was 

approximately 2.88 chain breaks per molecule, which has been closely observed elsewhere 

for a 25kGy dose [357]. 

The decrease in alginate molecular weight shows a significant decrease in the ungelled 

alginates viscosity (Figure 5.2.2). This has been previously observed and is caused by a 

decrease in chain entanglements [195] [202] [346] [360].  

Along with a significant decrease in alginate viscosity, gamma irradiated alginate exhibits 

strengths significantly decreased when compared to the non-irradiated alginate. As with the 

60kDa and 700kDa, the hydrogels strength was expected to increase with increasing alginate 

concentration. This was not seen here, with the hydrogel’s strength linearly decreasing with 

increasing alginate concentration. This may be caused by a combination of factors with the 

reduced molecular weight. The results indicate that the cross-linking density is reduced with 

increasing alginate concentration, as the hydrogel swells. The reduction in molecular weight 

will likely reduce steric hindrance, providing an increased number of available carboxylic 

bonds, resulting in a lack of sufficient cross-linking cations at a lower alginate concentration 

than its high molecular weight counterpart. A further increase in the alginate concentration 

reduces the hydrogel’s cross-linking density further. This lower cross-linking and hydrogel 

swelling will reduce physical cross-links caused by chain entanglements. Another possible 

explanation is the reduced molecular weight of the alginate may have an increased number of 

“weak spots” caused by an increase in chain ends. [175] [361] [362] [359].  

The volume change of the hydrogel is likely related to the hydrogel’s cross-linking density. It 

can be seen in Figure 5.2.5 that the gamma-irradiated alginate hydrogel has no significant 

difference in volume change at 0.5% and 4.5% compared to the non-irradiated alginate 

hydrogel. However, the shrinkage at a 2.5% alginate concentration and the expansion at a 

6.0% alginate concentration are significantly reduced in the gamma irradiated alginate. The 

similar shrinkage of approximately 80% in both the gamma irradiated and non-irradiated 

samples at a 0.5% alginate concentration suggests that both hydrogels have a high cross-

linking density and have reduced in size the maximum amount permitted by the hydrogel. At 
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a 2.5% concentration, the gamma irradiated alginate has a reduced volume change compared 

to the non-irradiated samples. This is likely caused by a decrease in cross-linking density. 

This increased expansion of the hydrogel would be expected to continue, though this does not 

occur. This may be caused by the ion release from the gamma irradiated hydrogel being 

increased compared to the non-irradiated sample. This may cause the cross-linking ion 

content of the storage medium to increase, which would reduce sample volume change [363]. 

Figure 5.2.6 and Figure 5.2.7 shows a significant increase in the working time and hardening 

time of the gamma irradiated alginate hydrogel compared to the non-irradiated alginate 

hydrogel at each concentration tested. There is a greater difference in the hardening time 

between the gamma irradiated alginate hydrogel and non-irradiated alginate hydrogel 

compared to the working time. This correlates with the previous hypothesis that the 

alginates molecular weight has a predominate effect on the hardening time of the hydrogel. 

The gelation of the alginate is likely caused by the ionic cross-linking of the alginate chains 

and the physical chain entanglements. As 180kDa has a reduced number of chain 

entanglements, steric hindrance is reduced which allows ionic gelation to occur at a quicker 

rate compared to a high molecular weight alginate. However, high molecular weight alginates 

have increased chain entanglements to increase their viscosity, without the requirement of 

ionic cross-linking [195]. The reduced steric hindrance is likely improving the working time 

of the gamma irradiated hydrogel. However, the hardening time of the alginate relies on the 

hydrogel to have a sufficient strength to hold 17kPa. The gamma irradiated alginate will likely 

require an increase in ionic cross-linking density compared to that of the 700kDa alginate due 

to reduced chain entanglements. This is achieved by the release of ions from the bioactive 

glass over time. 

The decrease in strength, increase in working time and hardening time and poor injectability 

of the resulting hydrogel at each concentration does not fulfil the requirements of the 

hydrogel for the use as a cerebral aneurysm treatment. The strength, working time, 

hardening time, viscosity and deliverability of the hydrogel with the gamma irradiated 

alginate may be improved by increasing the alginate concentration, glass and GDL content. 

However, other methods of sterilisation such as filtration or autoclaving, discussed in Section 

2.4.5, may be a more cost effective solution for sterilising the alginate. The gamma irradiated 

alginate may have other uses in applications which allow a greater working and hardening 

time and where strength is not required to be as high, such as cell and growth factor delivery, 

nerve regeneration and wound healing [61] [191]. Due to the results shown in Table 5.2.2, for 

this particular application, it was decided to continue testing with the non-irradiated 700kDa 

High-M alginate at an alginate concentration of 4.5%.  
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Table 5.2.2 Gamma irradiated and non-irradiated alginate design review 

Sample 

Alginate 

Concentration 

Compressive 

Strength 

>22kPa? 

Is the 

material 

size 

conserved? 

(<10% 

expansion 

with no 

shrinkage) 

Is the 

hydrogel 

injectable? 

Working 

Time 

between 

10 and 

30 mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

Gamma 

irradiated 

alginate 

0.5%  Yes No No No No TBD TBD TBD TBD TBD 

2.5%  Yes No No No No TBD TBD TBD TBD TBD 

4.5%  Yes Yes No No No TBD TBD TBD TBD TBD 

6% Yes No No No No TBD TBD TBD TBD TBD 

Non-

irradiated 

alginate 

0.5%  Yes No No No No TBD TBD TBD TBD TBD 

2.5%  Yes No Yes No No TBD TBD TBD TBD TBD 

4.5%  Yes Yes Yes Yes Yes TBD TBD TBD TBD TBD 

6%  Yes No No Yes Yes TBD TBD TBD TBD TBD 
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5.3. Effect of Acid Washing Glass and Increasing Glass Content 

The hydrogel tested to date had visible agglomerations/clumps of glass; producing an 

inhomogeneous hydrogel, which is commonly observed [239] [364]. In an attempt to increase 

the homogeneity of the hydrogel it was decided to examine the effects of acid washing the 

glass, as this has been shown to reduce agglomerations in other glass containing composites 

[228][365]. From the results discussed in Section 5.1 and 5.2, it was decided to use the 

700kDa alginate at a 4.5% alginate concentration and the effects of varying the glass and GDL 

content were examined. The results of the untreated glass have been examined in Section 5.1 

and will be compared here to the acid washed glass. 

5.3.1. Particle size analysis 

Figure 5.3.1 shows the particle size analysis of the acid washed glass and untreated glass. 

Acid washing the glass reduced the relative quantity of the fine particles. 

 

Figure 5.3.1 Particle size analysis of untreated and acid washed glass 

5.3.2. Nitrogen Adsorption/Desorption Measurements 

The nitrogen adsorption results (Table 5.3.1) indicates an increased BET calculated surface 

area of the acid washed glass particles compared to that of the untreated glass. Nitrogen 

adsorption results, calculated by BJH, indicate an increased pore diameter and decreased 

pore volume, which would indicate a widening and decrease in depth of the pores, most likely 

indicating some surface erosion. 
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Table 5.3.1 Brunauer Emmett Teller (BET) adsorption and Barrett-Joyner-Halenda (BJH) desorption pore volume 
analysis. 

 BET Surface 

Area (m2/g): 

BJH Pore 

Volume (cc/g): 

BJH Pore Radius 

(nm): 

Untreated Glass 2.375 0.009 1.5466 

Acid washed Glass 2.552 0.007 1.9399 

5.3.3. Zeta Potential Measurements 

Acid washing was shown to decrease the negative zeta potential on the glass surface (Table 

5.3.2) which in the case of glasses is indicative of increased hydrophilicity.  

Table 5.3.2 Zeta potential measurements of untreated and acid washed glass. 

 Zeta (mV): Zeta Stdev: 

Untreated Glass -18.8 0.603 

Acid Washed Glass -9.31 0.276 

5.3.4. X-Ray Photoelectron Spectroscopy 

Quantitative XPS was carried out on untreated and acid washed glass to characterise the 

surface properties. It can be seen in Figure 5.3.3 that the surface Ca/Ga ratio decreases from 

1.5 in the untreated glass to 0.3 in the acid washed glass, indicating that calcium is being 

preferentially leached from the surface of the glass particles, which is a noted result of acid 

washing glass [228]. This may also indicate migration of the Ga3+ from the internal structure 

to the surface of the glass, as the Ga/Si ratio increases from 0.94 to 1.5 with acid washing. A 

significant decrease in the surface Ca/P ratio is observed after acid washing the glass. This 

reduction from 2.2 to 0.49 will likely have a significant effect on the potential formation of a 

hydroxyapatite layer on the surface of the glass [366].  

Table 5.3.3 Composition (atomic %) from XPS of untreated and acid washed glass 

Sample: O Ga Ca Si P C 

Untreated Glass 55.4 5.7 8.7 6.0 3.9 20.4 

Acid Washed Glass 58.6 9.0 2.9 5.8 5.9 17.7 

Figure 5.3.2 shows the high resolution O1s XPS spectra for the untreated and acid washed 

glasses, indicating a peak at 531.4eV for the untreated sample and 532.0eV for the acid 

washed sample. This shift in O1S to a higher binding energy with acid washing indicates a 

higher glass network connectivity (NC) of the acid washed glass surface. Deconvolution of 

these peaks into their bridging oxygen (BO, 532.0 eV) and non-bridging oxygen (NBO, 531.0 

eV) components indicates a considerably lower non-bridging oxygen content on the surface 

of the acid washed sample. The ratio of non-bridging oxygens to bridging oxygens on the 

surface of the untreated glass are calculated as 1.1, indicating a Q2 type surface structure, 

however, after acid treatment this decreases to 0.1, indicating a shift to a higher NC type 
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surface structure (Q3/Q4). This higher network connectivity may be the result of silica 

condensation or repolymerisation in the surface layer following removal of the divalent 

calcium ions, which usually acts as a network modifier. Similar results were observed by 

Tsomaia et al. in aluminosilicate glasses [367]. 

 

Figure 5.3.2 High resolution O1s spectra for untreated and acid washed glass. 

Deconvolution of the O1s spectra also gives a third component peak (> 533eV) that can be 

assigned to Si-OH groups [368]. There is a doubling of the content of silanol groups on the 

acid washed glass surface compared to the untreated sample, which is likely to account for 

the improved homogeneity of the resultant hydrogel sample. 

From Figure 5.3.3 it can be seen that the surface Ga2p signal is 1118.2eV for the untreated 

glass and 1118.6eV for the acid washed glass. These results are both higher than that of β-

Ga2O3 (1117.9eV) [369], which contains an equal mixture of tetrahedral and octahedral 

gallium oxide. The binding energy, however, is lower than that of Ga(PO)4 (1119.3 eV) [370], 

which has a tetrahedral, charge balanced four coordinate structure. This indicates that the 

surface composition of the acid washed glass has a greater level of tetrahedral gallium 

compared to octahedral gallium. 
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Figure 5.3.3 High resolution Ga2p3/2 spectra for untreated and acid washed glass. 

From Figure 5.3.4 three peaks can be observed, with the higher binding energy peaks being a 

result of overlap with the Ga3p binding energies and only the lower Si2p peak (~102eV) being 

related to the silicate structure. A slight shift in Si2p peak (102.3eV to 102.8eV) is observed 

with acid washing. The Ga2p is also shifted to higher binding energies with acid washing. The 

positive shift in binding energy of both Ga2p3/2 and Si2p peak can be viewed as reinforcement 

of the network with more polymerised Si4+ and charge balanced Ga3+ species. 

 

 

Figure 5.3.4 Si2p X-ray Photoelectron Spectroscopy trace for untreated and acid washed glass 

Using Equation 5.3.1 and the method outlined by Sekita et al. we can estimate the percentage 

of gallium ions tetrahedrally coordinated on the untreated glass surface as 74%, leaving 26% 
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in an octahedral coordination [371]. These calculations use assumptions that are not valid for 

the acid washed sample as we are unsure how much gallium remains after acid washing. 

From the OS1 and Ga2p3/2 shifts it is likely that an increased number of gallium ions are 

tetrahedrally coordinated on the surface of the acid washed glass. 

Equation 5.3.1 Estimation of the % of tetrahedrally coordinated ions 

𝑟(𝑂0) =
𝑛(𝑂0)

𝑛(𝑂0)+𝑛(𝑂−)
=

4×𝑛(𝑆𝑖,𝐺𝑎)−𝑛(𝑂)

𝑛(𝑂)
  

  

Previously it has been seen that in aluminosilicate glasses, chemically similar aluminium ions 

are observed to convert from tetrahedral to octahedral upon reaching this acid leached silica 

rich surface layer. As galliumsilicate glasses are similar to aluminosilicate glass, a similar 

result was expected but it is not seen here. This further adds to the increase in network 

connectivity of the glass [365] [372]. 

5.3.5. Fourier Transform Infrared Spectroscopy  

ATR-FTIR shows an asymmetric stretching of a Si-O-Si at ~1070cm-1 and a hydroxyl peak at 

3,500cm-1, which is completely absent in the untreated sample (Figure 5.3.5). This indicates 

that increased hydroxylation of the surface may have occurred, correlating with the XPS and 

zeta potential results. This might be expected due to treatment of a silica glass surface with 

an acidic proton donor. 

 

Figure 5.3.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy of acid washed glass particles 

5.3.6. Field Emission Scanning Electron Spectroscopy  

FE-SEM at 100,000x magnification, shown in Figure 5.3.6, indicates a considerably rougher 

surface topography for the acid washed glass, compared to the untreated glass surface. This 
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correlates well with the pore radius found using nitrogen adsorption/desorption results 

(Table 5.3.1). 

 

Figure 5.3.6 Field Emission Scanning Electron Microscopy of a) untreated glass and b) acid washed glass at 
X100k. 

5.3.7. Compressive Strength 

Figure 5.3.7 and Figure 5.3.8 compares the compressive strength and incremental modulus of 

the hydrogels produced with untreated and acid washed glass, following storage in DI at 37⁰C 

for 1, 3 & 7 days.  

There is a significant difference in strength between hydrogels produced using untreated and 

acid washed glasses. At day 1 and day 7 the acid washed glass hydrogel is significantly 

stronger than that of the non-acid washed glass; however the opposite is the case for day 3. It 

is uncertain what is causing this but it may be the varied kinetics of the release of ions from 

the glass surface. The acid washed glass has an increased gallium surface content which may 

account for the improved strength at day 1. At day 3, however, there may be an outflow of the 

calcium ions from the hydrogel of the acid washed glass. The untreated glass may continue to 

strengthen due to the higher calcium surface content providing a higher ion concentration 

and the later release of gallium. At day 7 there is a significant decrease in the hydrogel’s 

strength with the untreated glass. This is likely caused by the glass agglomerations causing 

areas of varying cross-linking density that reduces the hydrogel’s strength, which is 

commonly observed for inhomogeneous hydrogels. As the cross-linking density increases 

overtime, the hydrogel will have areas with increasing strength variation. The lower cross-

linked areas are likely acting as weak spots in the hydrogel [356] [373]–[376]. 
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Figure 5.3.7 Compressive stress up to 70% strain of the acid washed and untreated glass following storage at 
37⁰C in DI (n=5) 

 

Figure 5.3.8 Incremental modulus (30-50% strain) of the acid washed and untreated glass following storage at 
37⁰C in DI (n=5) 

5.3.8. Working and Hardening Time 

Figure 5.3.9 and Figure 5.3.10 show that acid washing the glass causes the working and 

hardening time of the hydrogel to be outside the requirements. To improve this, the hydrogel 

was examined with increasing glass and GDL contents. 

There is no significant change in working time with an increase in glass and 4.15% (w/v) GDL 

content. As the GDL acidifies the solution to release the ions from the bioactive glass, an 

increase in GDL is likely needed to maintain the acidic environment with the increasing alkali 
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ions released at an increased glass content. There is a linear decrease in working time with 

increasing glass content for both the 6.25% (w/v) (R2 = 0.97) and 8.3% (w/v) (R2 = 0.88) GDL 

content. The working time can be decreased by approximately 10 seconds per 0.045% (w/v) 

increase in GDL content. 

 

Figure 5.3.9 Acid washed glass working time with varying glass and GDL content (n=5) 

Figure 5.3.10 shows the hardening time of the hydrogel with varying glass and GDL content. 

The hydrogel is within the required hardening time limits at each tested glass content, when 

the GDL content is 8.3% (w/v). This is not the case for the other GDL contents tested. 

Although there is a linear decrease in working time with increasing GDL content, this is not 

observed for the hardening time. At the 4.15% (w/v) GDL content, the 9.2% glass content 

causes a significant increase in hardening time. There is also a significant increase in 

hardening time with the 13.8% glass content with 6.25% (w/v) compared to the 4.6 and 

9.2% glass content. Yet there is no significant difference compared to the 13.8% glass content 

with 4.15% (w/v) of GDL. This may be caused by increased glass content releasing an 

increased alkali ion content. This would increase the pH and slow the release of further ions. 
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Figure 5.3.10 Acid washed glass hardening time with varying glass and GDL content (n=5) 

5.3.9. Compressive Strength  

Although the 4.6% and 9.2% glass content were within the working and hardening time 

limits with 8.3% (w/v) of GDL, increasing the glass content has been shown to increase the 

strength of the resultant hydrogel (Figure 5.1.10) and will likely increase the radiopacity due 

to the presence of high density gallium [377]. To examine this further the acid washed glass 

was increased to the highest content of 13.8%. Figure 5.3.11 and Figure 5.3.12 shows that the 

increase in the glass and GDL content provides a significant increase in the compressive 

strength and incremental modulus of the hydrogel. 
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Figure 5.3.11 Compressive stress up to 70% strain of the acid washed glass with varying glass and GDL content 
following storage at 37⁰C in DI (n=5) 

 

Figure 5.3.12 Incremental modulus (30-50% strain) of the acid washed glass with varying glass and GDL content 
following storage at 37⁰C in DI (n=5) 

To examine the effects of strength when there is an availability of external cations for ion 

exchange, as there would be in vivo, the samples were compressed following storage in both 

PBS and SBF at 37⁰C for 1, 3 and 7 days. Figure 5.3.13 and Figure 5.3.14 shows that the 

compressive strength and the incremental modulus of the hydrogel decrease significantly in 

the ionic media compared to DI. Typical stress-strain graphs are shown in Appendix 9.5.2.1 

(Figure 9.5.12 - Figure 9.5.15). The strength of the hydrogel continues to increase over time 

in all media. However, it should be noted that this increase is only significant following 
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storage in DI. The strength in each storage medium tested exceeds the minimum strength 

required of the hydrogel. 

 

Figure 5.3.13 Compressive stress up to 70% strain of 13.8% acid washed glass with 8.3% (w/v) GDL following 
storage at 37⁰C in varying media (n=5) 

 

Figure 5.3.14 Incremental modulus (30-50% strain) of 13.8% acid washed glass with 8.3% (w/v) GDL following 
storage at 37⁰C in varying media (n=5) 

5.3.10. Volume Conservation 

There is an expansion of the sample volume when the acid washed glass content is 4.6% with 

4.15% (w/v) GDL and a shrinking of the sample with the glass and GDL content is increased, 

as seen in Figure 5.3.15. This is caused by an increase in cross-linking density. 



Chapter 5. Results and Discussion 

128 
 

 

Figure 5.3.15 Acid washed glass with varying glass and GDL content size conservation (n=5) 

However, the shrinking of the samples decreases at each time point when the hydrogel is 

stored in either PBS or SBF, seen in Figure 5.3.16. 

 

Figure 5.3.16 13.8% acid washed glass with 8.3% (w/v) GDL content size conservation after storage in varying 
media (n=5) 

5.3.11. Homogeneity 

Figure 5.3.17 shows the compression testing samples with both untreated and acid washed 

glass. Visibly, it seems that the acid washed glass produces a more homogenous sample. 3D 

XMT was carried out to examine the internal structure and agglomeration size. 
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Figure 5.3.17 a) untreated glass compression testing sample and b) acid washed glass compression testing 
sample 

Figure 5.3.18 shows the 3D XMT images of the hydrogel with 4.6% untreated glass with 

4.15% (w/v) GDL (a), 4.6% acid washed glass with 4.15% (w/v) GDL (b) and 13.8% acid 

washed glass with 8.3% (w/v) GDL (c). 

 
Figure 5.3.18 Sample 3D XMT a) hydrogel with 4.6% untreated glass content and 4.15% (w/v) GDL b) hydrogel 

with 4.6% acid washed glass content and 4.15% (w/v) GDL c) hydrogel with 13.8% glass content and 8.3% (w/v) 
GDL 

From Table 5.3.4 it can be seen that acid washing the glass greatly reduces the average and 

maximum particle cluster volume. The untreated glass has larger particle clusters, due to 

increased agglomeration of the glass particles. 

The hydrogel with acid washed glass has an increased number of agglomerates and reduced 

agglomerate size, resulting in a more homogenous sample compared to the non-acid washed 

glass sample. This increased homogeneity may contribute to the increased strength observed. 

A 3-fold increase in the acid washed glass content, from 4.6% to 13.8%, with a 2-fold increase 

in GDL content, increases the number of agglomerates; however, there is only a 2.2-fold, as 

opposed to a 3-fold, increase in observable agglomerates in the XMT. This suggests that the 

increased GDL is breaking down the glass or reducing the size of the agglomerates to <5µm 

(the minimum size visible using XMT).  

The maximum glass agglomerate diameter for the untreated glass (ᴓ1.44mm) is 44% larger 

than that of the acid washed glass (ᴓ1.0mm). The larger untreated glass agglomerates would 
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inhibit injection through a 3F catheter (ᴓ1.0mm), therefore, the catheter size would have to 

be increased to a 4.4F catheter (ᴓ1.47mm) in order to inject without blocking the catheter. 

This larger catheter size would make navigation through the tortuous cerebral vasculature 

more difficult. 

Table 5.3.4 Sample 3D XMT analysis. 

Sample   

 Particle cluster 

volume (mm3) 

No. of visible 

particle 

clusters 

Max particle 

cluster diameter 

(mm) 

Average Max 

4.6% untreated glass (a) 0.0046 0.3654 423 1.4474 

4.6% acid washed glass (b) 0.00128 0.1347 1177 0.9621 

13.8% acid washed glass (c) 0.00136 0.1931 2628 1.0007 

5.3.12. Radiopacity 

The radiopacity of the hydrogel was examined in a 5mm wide Eppendorf tube using 2D 

microtomography. Figure 5.3.19 compares a coil (A), the hydrogel with 4.6% acid washed 

glass with 4.15% (w/v) GDL (B), the hydrogel with 13.8% acid washed glass with 8.3% (w/v) 

GDL (C) and a 99% aluminium step wedge with an increasing thickness of 1mm, 2mm and 

3mm. 

 

 

Figure 5.3.19 2D microtomography of a) a coil b) hydrogel with 4.6% glass content and 4.15% (w/v) GDL c) 
hydrogel with 13.8% glass content and 8.3% (w/v) GDL and a 99% aluminium step wedge 

The mean grey scale values were measured using ImageJ (black = 0 and white = 255). It can 

be seen from the results in Table 5.3.5, that increasing the glass content causes an increase in 

the radiopacity of the hydrogel. The hydrogel with 13.8% acid washed glass with 8.3% 

(w/v)GDL has a similar grey scale value to that of the coil and an equal value to 3mm of 99% 

aluminium.  

Table 5.3.5 Mean grey value. 

Sample Mean 

Greyscale 

Greyscale 

Value 

Equivalent 

aluminium 
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Value range thickness  

Coil (A) 146.7 125 - 199 3.20mm  

4.6% acid washed 

glass (B) 

178.4 166 - 188 2.20mm 

13.8% acid washed 

glass (C) 

159.2 142 - 190 2.99mm 

1mm Step 207.7 204 - 211 1.00mm 

2mm Step 183.3 178 - 187 2.00mm 

3mm Step 159.9 152 - 165 3.00mm 

5.3.13. Discussion 

The particle size of the bioactive glass reduced after acid washing. This was supported by the 

results from nitrogen adsorption/desorption measurements and would indicate that the 

surface of the glass is eroded, likely caused by the acidic pH. 

Pore size results indicate that acid washing increased pore diameter, see Table 5.3.1. The 

pore size of the acid washed glass samples are approaching mesopore diameter (2-50nm). 

Mesoporous bioactive glasses are typically produced by a sol-gel method and have surface 

areas ranging from 200 – 1000 m2/g. The acid washed glass here has a greatly reduced 

surface area compared to sol-gel derived bioactive glasses. Although it was not examined 

here, increasing the acetic acid concentration or acid washing time could potentially increase 

the porosity of the glass particles. This may improve the use of melt quench glasses, as 

mesoporous glasses have an improved drug uptake and are being investigated for the 

delivery of various therapeutics [378]. 

Zeta potential measurements indicate an increase in hydrophilicity. This increased 

hydrophilicity of the glass can be attributed to an increase in the protonation of the silanol 

groups and an increase in Ga3+ on the surface of the glass particles which is expected 

following acid washing [379] [380].   

X-ray photoelectron spectroscopy (XPS) indicated a decrease in calcium content and an 

increase in gallium on the surface of the acid treated glass and an increase in surface 

connectivity. Glasses which have silanol (Si-OH) groups on their surfaces tend to form 

hydrogen bonds with water, making them hydrophilic [381]. However, when glasses are 

fractured or ground their surface may become oxygen deficient due to fracture of Si-O bonds, 

making hydroxylation more difficult and hence initial hydrophobicity likely. The heat of 

liquefaction of water, at 44kJ/mol, is a value that has been used in the literature as a measure 

of the hydrophilicity/hydrophobicity of a surface site. Sites that are stronger that 44kJ/mol 

are considered hydrophilic, while those weaker than 44kJ/mol are considered hydrophobic 

[382]. The recondensation of the silicon observed on the surface of the acid washed glass is 
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likely increasing the number of high energy bonds, such as three coordinated silicon sites 

(60-200kJ/mol), which have the strongest adsorption, and decrease non-bridging oxygen 

sites (40-100kJ/mol) and 2 membered ring sites (20-100kJ/mol) [382] [383]. This in turn 

allows an increased silanol formation on the surface of the glass, resulting in better 

adsorption and hydrophilicity. 

Carbon was observed on the surface of the bioactive glass by XPS. This has been seen 

previously on the surface of bioactive glasses and was caused by the adsorption of 

hydrocarbon impurities [384]. 

As shown in previous studies on aluminosilicate glasses, acid washing reduces the surface 

calcium concentration [365]. However, previous studies did not show a significant increase in 

compressive strength due to acid washing [385]. Additionally, previous studies on 

aluminosilicate glass indicated the increased presence of octahedral modalities on the surface 

following acid washing, which was not observed in this study with the use of gallium silicate 

glasses [367]. 

After 7 days there is a significant increase in strength for the hydrogel containing the acid 

washed glass. This is likely due to an increase in Ga3+ ions on the surface of the acid washed 

glass compared to the higher Ca2+ content on the surface of the untreated glass. Trivalent ions 

have been shown to produce mechanically stronger hydrogels compared to divalent ions 

[235] [386] [387] which may contribute to the increased strength observed. The increase in 

strength may also be caused by an increased homogeneity of the hydrogel, or a combination 

of both factors.  

An increase in network connectivity will reduce the dissolution rate of the glass, which 

accounts for the increase in working and hardening time of the hydrogel with the acid 

washed glass. At a glass content of 4.6% and 4.15% (w/v) of GDL both the working time and 

hardening time of the hydrogel is outside the requirements for its intended application. 

However, once the glass and GDL content of the hydrogel is increased, the working time and 

hardening time of the samples decrease. At a glass content of 13.8% with a GDL content of 

8.3% (w/v), the hydrogel is within the working and hardening time limits. 

Due to increased working and hardening time associated with the acid washing, the glass and 

GDL content of the hydrogel had to be increased. Increasing the acid washed glass and GDL 

content further increases the strength of the produced hydrogel. This increase in strength is 

caused by an increase in availability of cross-linking ions, as shown in Section 5.1. To the best 

of the author’s knowledge, the compressive strength of the hydrogel reported here is 

stronger than any in situ forming ionically cross-linked alginate hydrogels previously 

reported. In situ forming ionically cross-linked alginate hydrogels typically have strengths 
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ranging from 5 – 800kPa, with strengths varying with alginate type, cross-linker, storage 

media and time [202] [356] [388] [389]. This high strength is of a great significance, 

especially when taking into consideration the injectability and the short working and setting 

time of the hydrogel.  

A significant difference is observed in the strength and incremental modulus of the hydrogel 

when stored in both SBF and PBS compared to DI. This was expected and is due to an ion 

exchange of the Ca2+ with the Na+ present in the PBS and SBF [203]. Although there is a 

significant decrease in strength, the strength of the hydrogel is still above that of the 

minimum strength required for this application. The incremental modulus of the hydrogel is 

also increased which will likely cause a reduced transfer of stress to the aneurysm wall. 

The sample volume expands in aqueous solutions when the acid washed glass content is 4.6% 

with 4.15% (w/v), while the 13.8% acid washed glass with 8.3% (w/v) GDL samples shrink 

(see Figure 5.3.15). This is due to a combination of the increase of available cross-linking 

ions, as discussed previously, and the presence of trivalent ions. It has been previously 

observed that divalent ions produce a looser network that encourages swelling compared to 

trivalent ions [387]. Storage of the sample in SBF or PBS significantly decreases the sample 

shrinkage due to the exchange of ions causing a reducing of a cross-linking density. However, 

shrinkage of samples is still larger than would be desired for an aneurysm filler. 

3D XMT results show that acid washing the glass produces a more homogenous hydrogel 

with an increased number of smaller glass agglomerates observed.  

2D image by X-ray microtomography shows that increasing the glass content produces a 

hydrogel sample with a radiopacity equivalent to that of 2.99mm of 99% aluminium when 

the hydrogel thickness is 5mm. This radiopacity will allow the hydrogel to be easily observed 

once fully injected. However, the hydrogel’s radiopacity may cause issues during the initial 

stages of injection or if leakage into the parent vasculature occurs when the thickness of the 

hydrogel is reduced. 

It was previously discussed in Section 5.1.8 (page 103) that the untreated glass would inject 

through a 3F micro-catheter, however, the results shown here would suggest that the 

untreated glass particles would need the catheter size to be increased to a 4.4F catheter. This 

may be a result of the agglomerations size being reduced by breaking during injection 

through the micro-catheter. However, this is not ideal as it likely required an increase in force 

to inject. Catheters currently used for treating cerebral aneurysms typically have an inner 

diameter of 0.021” or 0.027”. Further optimisation of the hydrogel may be necessary to allow 

an easy injection of this hydrogel through these reduced catheter dimensions [73]. 
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These results indicate that surface treating the bioactive glass overall improves the hydrogels 

homogeneity. The increase in hydrophilicity of the surface of the glass reduces the size of the 

glass agglomerations. The increase in network connectivity and decrease in agglomerations 

allow for the glass and GDL content to be increased. The increase in these components of the 

hydrogel, in combination with the improved homogeneity, results in a high strength 

radiopaque hydrogel that can be formed by in situ gelation. Although the combination of 

bioactive glass and alginate has produced materials with higher strengths, these were 

scaffolds produced by 3D printing or lyophilisation and would not be suitable for 

endovascular treatment [248] [390]. The results of sample volume conservation, however, 

show that increasing glass cause a reduction in sample size. Shrinkage or expansion may 

cause the hydrogel to migrate or the aneurysm to rupture, respectively and consequently 

volume conservation of the hydrogel will need to be improved. It can be observed that in 

Table 5.3.6 that the hydrogel produced using a 13.8% acid washed glass with 8.3% (w/v) of 

GDL fulfils most of the requirements specified, though material size conservation is less than 

ideal.  
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Table 5.3.6 Untreated and acid washed glass design review 

Glass and GDL 

content 

Compressive 

Strength 

>22kPa? 

Is the material 

size conserved? 

(<10% 

expansion with 

no shrinkage) 

Is the 

hydrogel 

injectable? 

Working Time 

between 10 

and 30 mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

4.6% untreated 

glass with 

4.15% (w/v) 

GDL 

Yes No* Yes Yes Yes TBD TBD TBD No TBD 

4.6% acid 

washed glass 

with 4.15% 

(w/v) GDL 

Yes No Yes Yes Yes TBD TBD TBD No TBD 

13.8% acid 

washed glass 

with 8.3% (w/v) 

GDL 

Yes No Yes Yes Yes TBD TBD TBD Yes TBD 

*Will likely expand after storage in SBF as shown with the 4.6% acid washed glass with 4.15% (w/v) GDL (see Figure 5.3.15) 
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5.4. Effect of the Addition of EDC and NHS 

Ideally, the hydrogel should be able to bond to the aneurysm wall to reduce the chance of 

aneurysm recurrence and the migration of the hydrogel into the parent artery and through 

the cerebral vasculature [112]. Adhesion of the hydrogel to the aneurysm wall would also 

reduce WSS within the aneurysm, reducing the risk of rupture. EDC and NHS were added to 

the hydrogel samples to examine whether the bond strength of the hydrogel could be 

increased. The alginate concentration, glass content and GDL content have been optimised 

(see Table 5.3.6, page 135) and are kept constant at 4.5% 700kDa High-M alginate, 13.8% 

acid washed glass and 8.3% (w/v)of GDL for each sample tested.  

5.4.1. Bond Strength 

The bond strength of the alginate after 1 hour was examined with an increasing EDC and NHS 

content shown in Figure 5.4.1. There was a linear increase when the EDC and NHS content 

was increased from 0% to 0.83% (w/v) (R2 = 0.997) and linear reduction in bond strength 

when the EDC and NHS content were increased past 0.83% (w/v) (R2 = 0.957).  

  

Figure 5.4.1 Bond strength of the hydrogel with varying EDC and NHS content with repeats after 1 hour (n=5) 

Following testing of the samples under dry conditions, they were tested after storage in SBF 

for 1 hour and 1 day. After 1 hour storage in SBF, a significant difference between 0% and 

0.83% (w/v) of EDC and NHS is observed. However, after 1 day storage in SBF, it is observed 

that bond strength increase significantly compared to 1 hour in SBF and a significant 

difference in bond strength observed with the addition of 0.83% (w/v)of EDC and NHS to the 

hydrogel, as seen in Figure 5.4.2.  
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Figure 5.4.2 Bond strength of the hydrogel with 0% and 0.83% (w/v) EDC and NHS following storage in SBF at 
37⁰C (n=5) 

5.4.2. Working and Hardening Time 

The working time of the hydrogel significantly increases with the addition of 0.83% (w/v) of 

EDC and NHS, as seen in Figure 5.4.3, however, the working time is still within the limits for 

this application. 

 

Figure 5.4.3 Working time of the hydrogel with 0% and 0.83% (w/v) EDC and NHS (n=5) 

There is no significant change to the hardening time of the hydrogel when EDC and NHS are 

added, seen in Figure 5.4.4. 
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Figure 5.4.4 Hardening time of the hydrogel with 0% and 0.83% (w/v) EDC and NHS (n=5) 

5.4.3. Compressive Strength 

Figure 5.4.5 and Figure 5.4.6 show that the addition of 0.83% (w/v) of EDC and NHS reduces 

the compressive strength and incremental modulus of the hydrogel at each time point 

examined. However, compressive strength still greatly exceeds the minimum strength 

required for this application. 

 

Figure 5.4.5 Compressive stress up to 70% strain of the hydrogel with 0% and 0.83% (w/v) EDC and NHS after 
storage at 37⁰C in DI (n=5) 
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Figure 5.4.6 Incremental modulus (30-50% strain) of the hydrogel with 0% and 0.83% (w/v) EDC and NHS after 
storage at 37⁰C in DI (n=5) 

Figure 5.4.7 and Figure 5.4.8 shows the compressive strength and incremental modulus of the 

hydrogel sample, with 0.83% (w/v) of EDC and NHS, after storage in varying media at 37⁰C 

for 1, 3 and 7 days. Typical stress-strain graphs are shown in Appendix 9.5.2 (Figure 9.5.16 - 

Figure 9.5.18). From these figures it can be seen that there is a significant difference when the 

hydrogel is subjected to ion exchange. However, the hydrogel’s minimum strength after 7 

days exceeds the strength required by the hydrogel for this application. There is a significant 

increase in the strength over time for the samples stored in DI. However, only a slight and 

insignificant increase in strength over time is observed for the samples stored in SBF and 

PBS. 
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Figure 5.4.7 Compressive stress up to 70% strain of hydrogel with 0.83% (w/v) EDC and NHS after storage at 
37⁰C in varying media (n=5) 

 

Figure 5.4.8 Incremental modulus (30-50% strain) of the hydrogel with 0.83% (w/v) EDC and NHS after storage 
at 37⁰C in varying media (n=5) 

The strength of the hydrogel was tested after 30 days storage in both DI and PBS at 37⁰C. As 

discussed previous, SBF is not considered stable after 28 days and was therefore not used as 

a storage medium at 7 days. The strength of the hydrogel continued to increase in both media 

but was significantly higher for samples stored in DI at each time point examined as shown in 

Figure 5.4.9. 
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Figure 5.4.9 Compressive stress up to 70% strain of hydrogel with 0.83% (w/v) EDC and NHS after storage at 
37⁰C in varying media (n=5) 

5.4.4. Volume Conservation 

Figure 5.4.10 shows that there is a continued shrinking of the hydrogels up to 7 days. The 

samples stored in DI shrink significantly compared to those stored in PBS and SBF. This is 

likely due to the exchange of calcium ions with sodium present in the ionic solutions. This 

exchange reduces the hydrogels cross-linking density and causes a decrease in hydrogel 

shrinkage, as discussed previously. 

 

Figure 5.4.10 Volume conservation of the hydrogel with 0.83% (w/v) of EDC and NHS after storage in varying 
media 
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However, it can be seen in Figure 5.4.11 that the shrinking of the samples ceases following 7 

days, with the volume change between the samples stored for 7 days and 30 days, in both DI 

and PBS, being insignificant.  

 

Figure 5.4.11 Volume conservation of the hydrogel with 0.83% (w/v) of EDC and NHS after storage in varying 
media 

5.4.5. Deliverability 

The samples tested with the addition of 0.83% (w/v) of EDC and NHS would inject through a 

3F micro-catheter into the aneurysm model. Although the hardening time of the hydrogel is 

close to the time limit, the hydrogel remained in the model once the balloon was deflated, 

approximately 25 minutes after mixing. The addition of EDC and NHS to the hydrogel did not 

cause the hydrogel to adhere to the balloon when being injected. 
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Figure 5.4.12 Hydrogel injected in to the aneurysm model with physiological flow applied 

5.4.6. Discussion 

EDC and NHS has been used to cross-link alginate with RGD peptides and dopamine to 

improve cell adhesion [193] [333]. It has also been used to produce cross-linked collagen and 

collagen-alginate gels [391]–[394]. The results here show that the EDC and NHS amide bond 

formation can improve the bond strength of an alginate hydrogel to a porcine skin graft 

without the addition of peptides or polymers. In general, the aneurysm wall mainly consists 

of the adventitia layer and intima layer with exposed collagen, which will likely allow this 

cross-linking will occur in vivo to the aneurysm wall [20] [33]. 

Typically, the bond strength of hydrogels increase with an increase in EDC and NHS content 

[395] [396]. However, in this study we observe a dose dependent increase in bond strength 

with additions of EDC and NHS up to 0.83% (w/v) and a dose dependent decrease in bond 

strength with additions exceeding 0.83% (w/v). This may indicate two types of fracture 

occurring within the hydrogel, causing this dual response. The first type of fracture may be an 

adhesive failure caused by breaking in the bonds between the porcine skin graft and the 

hydrogel, which is likely happening for the hydrogel with less than 0.83% (w/v) EDC and 

NHS content (Figure 9.5.19). The bond strengths of the hydrogels produced here are of 

similar values to those observed by Cohen et al at 0.83% (w/v) of EDC after 1 hour [395]. 

The second type of fracture may be a cohesive failure caused by reduced strength of the 

hydrogel with increased EDC and NHS content. In this case, the hydrogel will fracture prior to 

de-bonding of the hydrogel from the porcine skin graft. The hydrogel’s strength can be seen 

to decrease with the addition of 0.83% (w/v) of EDC and NHS (Figure 5.4.5), which may be 

decreasing further with increasing EDC and NHS content. The cohesive failure was seen after 

bond strength testing in Figure 9.5.20. 
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It can be seen in Figure 5.4.1 and Figure 5.4.2, the hydrogel exhibits a bond strength to the 

porcine skin graft even without the addition of EDC and NHS (0%). It has been shown that 

bioactive glass without the addition of an adhesive has the ability to bond with soft and hard 

tissue [223] [397] [398].  

The pH of the solution can also affect the bond strength of the hydrogel, as the EDC and NHS 

coupling reaction takes place between a pH range of 4.5-7.2 and, therefore, is typically 

performed in a pH buffer [219]. This suggests why there is a slight increase in the strength of 

the hydrogel with 0.83% (w/v) of EDC and NHS when it is placed in SBF, as SBF is a 7 pH 

buffer. The strength continues to increase up to 24 hours which has been likely due to the 

continued production of amide bonds, which has been previously observed for the coupling 

of amines and carboxyl group [216]. 

It has been shown in the literature that the pH of the solutions with varying EDC and NHS 

contents have a pH of approximately 6 [214] [395]. When the pH of DI was tested with the 

addition of 8.3% (w/v) GDL, it decreased from 7 to 4. The pH was further decreased with the 

addition of 0.83% (w/v) of NHS to 3.6, however, when 0.83% (w/v) of EDC was added the pH 

increased to 5.5. It was also tested with NHS alone, which dropped the pH to 4 and the EDC, 

again, increased the pH to 6.6. When tested alone the EDC decreased the pH of DI from 7 to 

6.8. This suggests that EDC acts as a buffer. 

The addition of 0.83% (w/v) of EDC and NHS causes a significant increase in the hydrogel’s 

working time, seen in Figure 5.4.3. This increase may be caused by the increase in pH with 

the addition of the EDC. This increase in pH would reduce the ability of cross-linking ions to 

be released from the glass and this decrease in available cross-linking ions would increase the 

hydrogel working time. Figure 5.4.4 shows no significant difference in the hydrogel’s 

hardening time with an addition of 0.83% (w/v) of EDC and NHS. Overtime, the hydrogel’s pH 

may continue to decrease due to the continued hydrolysis of GDL. Once the buffering capacity 

of the EDC is exceeded, there is likely an increase the degradation of the glass and the release 

of cross-linking ions. 

Similar to the results shown in Section 5.3.9, a reduced strength is observed when the 

hydrogel is stored in SBF and PBS (Figure 5.4.7). However, Figure 5.4.9 shows the strength 

continues to increase over time. This reduction was expected and has been observed 

elsewhere due to the exchange of Ca2+ ions with Na2+ ions of the ionic media. Although, unlike 

in these hydrogels that strength reduces over time due to this continue exchange, the 

hydrogel here increases due to the continuous ion release from the bioactive glass. It has also 

been observed that trivalent ions, such as Nd3+, do not exchange with sodium ions present in 

the media, reducing degradability of alginate hydrogels [203] [387].  
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Again, the samples shrink over time; however, the shrinkage is decreased when the hydrogel 

is stored in PBS and SBF due to the reduction in cross-linking density caused by the exchange 

of calcium ions for sodium. The sample size stays consistent from 7 days up to 30 days. It 

would be expected there would be a continued shrinkage as the strength increases, due to an 

increased cross-linking. However, this did not occur and was also observed by Kuo et al 

which indicated an equilibrium with the aqueous environment [209].  

The results show that the presence of EDC and NHS can improve the bond strength of the 

hydrogel to porcine skin graft. This will likely be advantageous in vivo. These results indicate 

that small changes in pH can affect the ion release from bioactive glasses. In this hydrogel, the 

reduced ion release resulted in a hydrogel with a slower gelation rate and a reduced strength. 

However, the reduced cross-linking density decreases the sample volume shrinkage which 

will be required for successfully embolization the aneurysm. Table 5.4.1 shows that the 

hydrogel with 0.83% (w/v) of EDC and NHS still meets the criteria of an aneurysm treatment 

but with improved adhesive strength compared to that with 0% EDC and NHS. 
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Table 5.4.1 0% and 0.83% (w/v) EDC and NHS design review 

EDC and 

NHS 

content 

Compressive 

Strength 

>22kPa? 

Is the material 

size conserved? 

(<10% expansion 

with no 

shrinkage) 

Is the 

hydrogel 

injectable? 

Working Time 

between 10 

and 30 mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

0% Yes No Yes Yes Yes Yes* TBD TBD TBD TBD 

0.83% 

(w/v) 

Yes No Yes Yes Yes Yes** TBD TBD TBD TBD 

* has a bond strength of 37kPa and ** has a bond strength of 85kPa after storage for 24 hours in SBF
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5.5. In Vitro Analysis 

Three varying hydrogel formulations have been shown to be potentially useable as an 

aneurysm embolization treatment (see Table 5.1.2 page 107 and Table 5.4.1 on page 147). 

Although acid treatment improved the radiopacity and strength of the hydrogel and reduced 

the number of agglomerations, it had an effect on the surface properties of the glass which 

may, in turn, affect the ion release rate from and cellular response to the hydrogel. Eluent A 

and Eluent B will allow for the comparison of the untreated and acid washed glass. Eluent C 

will contain 0.83% (w/v) of EDC and NHS, which will allow the effects of EDC and NHS to be 

examined. The hydrogel formulations of which eluents are to be tested are shown in Table 

5.5.1. BAECs were dosed for 1 day with 24 hour and 48 hour hydrogel eluent, as discussed in 

4.7.  

Table 5.5.1 Hydrogel content for cell culture 

Eluent Alginate 

concentration 

Glass type Glass 

content 

GDL 

content 

EDC and NHS 

Content 

A 4.5% 700kDa 

alginate 

Original, untreated 

glass  

13.8% 8.3% (w/v) 0% 

B 4.5% 700kDa 

alginate 

Acid washed glass 13.8% 8.3% (w/v) 0% 

C 4.5% 700kDa 

alginate 

Acid washed glass 13.8% 8.3% (w/v) 0.83% (w/v) 

5.5.1. Resazurin Blue Assay 

Figure 5.5.1 shows, with the 24 hour eluent, a linear decrease (R2 = 0.97) in cell activity up to 

60%, followed by a linear increase in cell activity from 60-100% eluent dose. A significant 

difference in cell activity is observed for the 48 hour eluent. The cell activity contradicts that 

of the 24 hour eluent, where the cell activity increases linearly to 230% (R2 = 0.92) at 60% 

dose, beyond which a decrease is observed, although not a significant decrease.  
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Figure 5.5.1 BAEC cell activity for cells dosed with eluent A at different eluent concentrations (n=3) 

Figure 5.5.2 shows Eluent B causes a decrease in cell activity with 20% of the 24 hour eluent. 

The cell activity increases with increasing dose to 60%, then there is a significant decrease 

from 60% to 100% eluent dose. The 48 hour eluent shows a significant increase in cell 

activity for each dose, that increases linearly with increasing dose to a maximum of 332% (R2 

= 0.92). 

 

Figure 5.5.2 BAEC cell activity for cells dosed with eluent B at different eluent concentrations (n=3) 

There is an initial decrease in the cell activity with a 20% dose of the 24 hour and 48 eluent, 

however, increasing the dose causes a linear increase of the cell metabolic activity for both 
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the 24 hour (R2 = 0.95) and 48 hour (R2 = 0.97) eluent. There is no significant difference 

compared to Eluent B when dosed with the 24 hour eluent up to a 80% dose. At a 100% dose 

Eluent C has an increased metabolic activity. This difference is caused by a decrease in 

metabolic activity of Eluent B, which may be caused by cell death or the cells reaching 

confluency. It can be seen in that the addition of 0.83% (w/v) of EDC and NHS (Figure 5.5.3) 

reduces the cell metabolic activity compared to the cells with 0% (w/v) of EDC and NHS 

(Figure 5.5.2) at each concentration for the 48 hour eluent. This is increasingly evident with 

increasing dose, where at 100% there is a decrease from 332% to 257%. This difference in 

metabolic activity between Eluent B and Eluent C when dosed with the 24 hour and 48 hour 

eluent may suggest that the EDC has a delayed release from the hydrogel, as EDC can be toxic 

to cells in high concentrations [214]. 

 

Figure 5.5.3 BAEC cell activity for cells dosed with eluent C at different eluent concentrations (n=3) 

5.5.2. Cell Counting 

The results of cell counting using DAPI staining follow the same trend as the results of cell 

metabolic activity for the 24 hour Eluent A, shown in Figure 5.5.1. However, the 48 hour 

eluent at a 20% and 100% dose causes an increase in metabolic activity but a decrease in cell 

number is shown. It is unclear what may be causing this discrepancy, though it may be caused 

by cell death following an increase in metabolic activity due to a lack of nutrients or 

insufficient dosing time.  

Overall, there is a significant decrease in cell number at 20% dose and an increase at a 100% 

dose (Figure 5.5.4). The cell viability of the cells dosed with 20% of the 24 hour and 48 hour 

eluent is below the acceptable described in ISO 10993 where 70% cell viability is the limit. It 
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is unclear which eluent dose will correlate to the effect in vivo, yet these results indicate that 

this hydrogel composition will not be usable for the treatment of cerebral aneurysms.  

  

Figure 5.5.4 BAEC cell number change (%) of cells dosed with varying concentrations of eluent A (n=3) 

Figure 5.5.5 shows the change in cell numbers for the cells dosed with varying amount of 

Eluent B. With both the 24 hour and 48 hour eluent, there is an increase in cell numbers with 

increasing eluent concentration; however, there is no significant difference in cell numbers 

with 24 hour and 48 hour eluent. Again there is a discrepancy between metabolic activity and 

cell number, in this circumstance it’s a decrease in cell metabolic activity compared to cell 

number at a 20% and 100% 24 hour eluent dose. There is no increase in cell number at a 

20% eluent dose compared to the control, which may indicate the reduction in metabolic 

activity is caused by the cell undergoing cell cycle arrest to cease apoptosis. At 100% eluent 

dose, there may be insufficient nutrient in the media to accommodate the increase in cell 

number. Although there is no significant difference in the 24 hour and 48 hour eluent at a 

100% concentration cell number, the 48 hour eluent likely has an increase in glucose 

released from the hydrogel to support these cells. The cells may also be reaching confluency 

and undergoing contact inhibition [399] [400]. 
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Figure 5.5.5 BAEC cell number change (%) of cells dosed with varying concentrations of eluent B (n=3) 

Figure 5.5.6 also shows that although there is initially cell death with the cells dosed with 

20% of the 24 hour eluent, however, there is still >70% of cells viable. The cell number then 

increases with increasing eluent concentration. The 20% 48 hour eluent dose has a decreased 

metabolic activity compared to that of cell number. This is likely due to the cell cycle arrest 

again due to a lack of nutrients to accommodate the increase in cell number or insufficient 

dose time to see significant cell growth, similar to the results of Eluent A and Eluent B. 

 

Figure 5.5.6 BAEC cell number change (%) of cells dosed with varying concentrations of eluent C (n=3) 
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5.5.3. ICP 

Figure 5.5.7 shows no significant difference in the ion released from Eluent A after 24 and 48 

hours. 

 

Figure 5.5.7 ICP of eluent A (n=3) 

Figure 5.5.8 shows the ICP results of Eluent B shows a significant increase in the release of 

Ga3+ after 48 hours.  

 

Figure 5.5.8 ICP of eluent B (n=3) 

Figure 5.5.9 shows no significant increase in ion release between the 24 hour and 48 hours 

Eluent C. There is a significant difference in Ga3+ content at 48 hours between Eluent B and C 
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but no difference in the release of Ca2+ and Si4+. A significant difference is observed between 

the release of Ca2+ from Eluent A and Eluent C at 48 hours. 

 

Figure 5.5.9 ICP of eluent C (n=3) 

5.5.4. Ion dosing 

To examine the effects of the ions released from the hydrogel, BAECs are dosed with gallium, 

calcium and silica individually at the average content shown by ICP. As the gluconic acid 

content in the eluent was not determined, the cells were dosed with the GDL content of the 

hydrogel. 

5.5.4.1. Gallium 

Figure 5.5.10 shows a significant decrease in cell metabolic activity with cells dosed with 

varying concentrations of gallium chloride. By at 40% gallium chloride concentration there 

was a high cytotoxic effect of the gallium chloride on the BAECs. 
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Figure 5.5.10 BAEC cell activity for cells dosed with gallium chloride at different eluent concentrations (n=3) 

These cytotoxic effects of gallium chloride was also shown in cell number (see Figure 5.5.11), 

which correlate with cellular activity data (Figure 5.5.10). 

 

Figure 5.5.11 BAEC cell number change (%) of cells dosed with varying concentrations of gallium chloride (n=3) 

Although this does not affect the biocompatibility of the hydrogel, it should be noted that the 

cellular activity of the BAECs at a 6.72mM concentration is below the ISO 10993 limit of 70% 

cell activity (see Figure 5.5.10). However, as gallium chloride is extremely acidic, it was 
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decided to dose the BAEC’s with gallium nitrate. This also results in a significant decrease in 

cell metabolic activity, see Figure 5.5.12. 

 

Figure 5.5.12 BAEC cell activity for cells dosed with gallium nitrate at different eluent concentrations (n=3) 

Cell number had decreased significantly at each concentration, as shown in Figure 5.5.13. 

This reduction in cell number at each concentration is significantly reduced compared to the 

number of cells indicated by the cell activity Figure 5.5.12. Oxidized resazurin blue is 

converted to a fluorescent pink, which is possibly caused by the metabolisms consumption of 

oxygen [401]. This increase in metabolic activity is likely caused by the increase in oxygen 

consumption of the cells due the effects of nitric oxide [402]. 
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Figure 5.5.13 BAEC cell number change (%) of cells dosed with varying concentrations of gallium nitrate (n=3) 

5.5.4.2. Calcium 

Figure 5.5.14 shows the metabolic activity of the BAEC’s dosed with calcium remained above 

the 70% limit. However, the metabolic activity decreased slightly with increased calcium 

concentrations.  

 

Figure 5.5.14 BAEC cell activity for cells dosed with calcium chloride at different eluent concentrations (n=3) 

However, Figure 5.5.15 shows when the cells were dosed with 100% calcium chloride 

solution, there were significant levels of cell death, of 49% compared to the control. 
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Figure 5.5.15 BAEC cell number change (%) of cells dosed with varying concentrations of calcium chloride (n=3) 

5.5.4.3. Silica 

Cells dosed with silica showed a significant increase in cell metabolic activity Figure 5.5.16 

 

Figure 5.5.16 BAEC cell activity for cells dosed with silicic acid at different eluent concentrations (n=3) 

Figure 5.5.17 shows that the increase in metabolic activity is likely caused by an increase in 

cell number, where the cell number increased 50% compared to that of the control. 
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Figure 5.5.17 BAEC cell number change (%) of cells dosed with varying concentrations of silicic acid (n=3) 

5.5.4.4. Glucono-Delta-Lactone 

There is a significant increase in cells dosed with 20% and 100% GDL. A slight increase was 

seen in cell activity when dosed with 40%-80% GDL; however, this was not a significant 

increase (see Figure 5.5.18). This indicates that the increase in cell metabolic activity is not 

dose dependent for GDL. 

 

Figure 5.5.18 BAEC cell activity for cells dosed with GDL at different eluent concentrations (n=3) 

This plateau was also seen in cell number. Figure 5.5.19 shows that at a 20% concentration 

there was an increase in cell number that was maintained with increasing GDL 

concentrations. 
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Figure 5.5.19 BAEC cell number change (%) of cells dosed with varying concentrations of GDL (n=3) 

5.5.5. Discussion 

There was varying results for cell metabolic activity when dosed with each of the 24 hour 

eluents. There was no significant change in metabolic activity when comparing the 20% and 

100% dose of Eluent A and Eluent B (Figure 5.5.1 and Figure 5.5.2), while Eluent C (Figure 

5.5.3) causes a dose dependent increase. However, eluent dosing shows a significant increase 

in metabolic activity when dosed with each 48 hour eluent compared to the 24 hour eluent. 

Yet, there was no significant increase in the number of cells when comparing 24 and 48 hour 

eluent at a 100% concentration. This may be caused by resazurin blue typically over 

estimating the number of cells due to the changes in metabolic activity of cells during their 

life cycle [300]. The 24 hour dosing time may also not have been sufficient time to see this 

increase in cell numbers, as doubling time of endothelial cells in vitro ranges from 18 - 67 

hours [403] [404]. In the presence of growth factors, cells metabolic activity increases to 

accommodate the energy required for cells to proliferate but the increase in cell number is 

not seen immediately [399]. Although there is no significant difference in ion content 

between the 24 hour and 48 hour eluent, there may be an increase in gluconic acid. Gluconic 

acid can be metabolised as glucose by cells [405]. This increase in glucose may be facilitating 

the increase in glucose uptake typically caused by growth factor stimuli [399]. If there are 

insufficient nutrients to accommodate the increase in metabolic activity caused by growth 

factors, the cells will undergo apoptosis [399]. A lack of glucose or nutrients in the cell culture 

media may be causing the plateau or reducing the metabolic activity in the 24 hour Eluent A 

and Eluent B cells (Figure 5.5.1 and Figure 5.5.2). The decrease in cell metabolic activity with 

the 24 hour eluent compared to the 48 hour eluent may also be caused by the slightly acidic 

pH of the eluent. The pH of the eluent is lower at 24 hours compared to that of the 48 eluents 



Chapter 5. Results and Discussion 

162 
 

due to the neutralising effect of the alkali ions. A decrease in extracellular pH can reduce cell 

proliferation or result in apoptosis [406] [407]. 

Although there was no significant change in ion concentrations released from the hydrogel 

over time, there was a slight increase. This suggests there is a continued release of ions from 

the glass which is improving the hydrogel’s strength over time. Eluent A (untreated glass) has 

a greater release of Ga3+ and Ca2+ compared to eluent B (acid washed glass). This decrease in 

release of ions is likely caused by the increase in network connectivity of the acid washed 

glass, as discussed in Section 5.3. Eluent C has the lowest release of ions which may be caused 

by the increase in pH due to the addition of EDC and NHS, as the release of ions from the 

bioactive glass is reliant on an acidic environment. The ion quantity in the eluent is 

significantly higher compared to ions typically released from bioactive glasses such as 

Bioglass 45S5 this is likely caused by alginates ion exchange with sodium in ionic media 

[408]. The typical calcium content found in blood serum is 2.45mM and the synovial fluid 

surround the human knee joint has a calcium content of a minimum 4mM [409] [410]. The 

calcium content of the eluent both greatly exceeds these values. 

There is a general trend observed of a dose dependent increase in both cell metabolic activity 

and cell number at each eluent examined. The increase in cell metabolic activity with 

increasing eluent concentration suggests there are growth stimulation factors being caused 

by the ions released from the hydrogel. To examine this dose dependent increase further, 

BAEC were dosed with GDL and gallium, calcium and silica ions individually at the average 

concentration each was released from the hydrogel. 

Gallium was shown to cause cell death, evident in both cell metabolic activity (Figure 5.5.10 

and Figure 5.5.12) and cell number (Figure 5.5.11 and Figure 5.5.13). It has been previously 

shown that gallium has caused a decrease in cell numbers with increasing gallium content 

[411]–[413]. These cytotoxic effects may be caused by gallium’s interference with cells 

mitochondria and iron uptake. Apoptosis of cells stored in gallium nitrate for 24 hours has 

been shown, with effects on the mitochondria evident at 2 hours. However, the cause of 

changes is cells mitochondria in the presence of gallium is still unknown [414].  

Transferrin is a protein that transports iron. Typically, the iron content is approximately 

3.3µg/ml, with only one third of available iron binding sites occupied by iron (Fe3+). Fe3+ ions 

are extremely similar to Ga3+ ions and for this reason can bind to transferrin when gradually 

exposed to blood [338]. Cellular activity reduces Fe3+ to Fe2+, however, gallium does not exist 

in a valence state of 2+ and therefore cannot partake in the oxidoreductase reduction [415]. 

Due to this, gallium can be cytotoxic to iron dependent cells. This provides gallium with 
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antitumor properties as it causes iron deprivation in malignant cells, which have a high iron 

requirement [414].  

Although there is a significant decrease in cell number and metabolic activity in vitro, the 

effects in vivo may not be as damaging. This is due to gallium binding to the larger quantities 

of transferrin found in blood and a larger supply of iron. Only one third of transferrin has iron 

bound to it, providing unoccupied binding sites for gallium without decreasing iron content 

of serum. Gallium can precipitate to become gallate in whole blood and can be excreted by the 

body [338]. Studies have shown that gallium injected both intravenously and subcutaneously 

results in an increase in blood clearance and urinary excretion of gallium ions but did not 

have toxic effects [338]. A solution of 25mg/ml of gallium nitrate has also been approved by 

the FDA for the treatment of hypercalcemia, which greatly exceeds the amounts released by 

the hydrogel here [414]. Gallium may reduce inflammation in vivo, which was not examined 

here. This is due to gallium’s anti-inflammatory and immunosuppressive activity [338] [416]. 

Also, the pH of the media when dosing the cells with gallium had to remain slightly acidic, as 

gallium can precipitate at a neutral pH, as discussed in Materials and Methods 4.8.3. As 

discussed previously, an acidic extracellular pH results in cell apoptosis. 

There was an increase in cell death when dosed with gallium nitrate compared to gallium 

chloride. This may be due to the increased nitric oxide levels as excessive amounts of nitric 

oxide can induce apoptosis of endothelial cells by oxidative degradation [417] [418].  

There was a significant increase in both cell metabolic activity (Figure 5.5.16) and cell 

number (Figure 5.5.17) when dosed with up to 3mM silica content. Following this there was a 

plateau. Calcium shows a significant decrease in cell number (Figure 5.5.15) with only 49% of 

cell viable after dosing with 17mM of calcium. Extensive research using Bioglass® and other 

calcium silicate based cements show that these glasses increase the expression of vascular 

endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF). This resulted in 

proliferation of endothelial cells and tubule formation, indicating angiogenesis [131] [183] 

[241] [408] [419] [420]. It was determined that the increase in cell proliferation was likely 

caused by the silica ions present, as there was a minimal increase in calcium ions found in the 

eluent [131] [183] [241]. Intracellular and extracellular calcium content is vital for cell 

survival and proliferation but the levels of calcium found in the eluent likely exceed the 

amounts required [421]. There is a 17mM release of calcium ions from the hydrogel. While 

calcium alginate hydrogels have shown similar or increased release of calcium, these high 

levels may induce hypercalcemia, as hypercalcemia is classed as a 0.25mmol/l increase in 

calcium ions of blood [422]–[425]. However, there is no significant difference in the number 

of ions released from the hydrogel at 24 and 48 hours for each eluent which may suggest that 

any hypercalcemia will only be temporary.  
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Figure 5.5.18 and Figure 5.5.19 show a slight increase and a plateau in the metabolic activity 

of the cells and the cell number when dosed with increasing amounts of GDL. The GDL 

hydrolysis likely results in an increase in glucose, which has been shown to cause cell 

proliferation [426], however, without an increase in cell growth factors there may not be a 

requirement for the increase in glucose by the cells. 

Individual ion dosing did not see cell numbers increase as high as eluent dosing. This may be 

caused by several interactions between the ions and glucose released by the hydrogel. These 

possible synergistic effects were not examined. When examining the ions individually, there 

was no increase in the gluconic acid content with increasing ion content. This may have 

reduced cell proliferation due to a lack of glucose which supports the energy requirements of 

the proliferating cells. Finally, changes in pH were not taken into consideration, which may 

have a significant moderating effect on increased cellular activity. The 24 hour eluent had a 

decreased pH compared to the 48 hour eluent which can result in variations to that which 

would be experienced in vivo.  

There are limitations to the cytotoxicity testing carried out here. The cells tested here are 

bovine aortic endothelial cells rather than human cerebrovascular cells, which is the cell line 

that the hydrogel would come in contact with in vivo. Also, the eluent dose that will exist 

under in vivo conditions is unknown. The testing carried out here is static (unlike in vivo) and 

the media was not changed over the 24 hour period. In vivo there will be a continued supply 

of blood significantly diluting the eluent concentration and reducing the possible damage 

caused by a reduction in pH. The hydrogel, at the neck of the aneurysm, will be exposed to 

blood flow which will likely decrease the eluent ion concentration and pH compared to the 

hydrogel in contact with the fundus of the aneurysm. 

Overall, these results indicate that acid washing the glass particles causes a positive response 

in terms of the proliferation of BAEC, compared to the non-treated glass. This is likely caused 

by the increase in network connectivity of the glass. Typically, bioactive glasses are designed 

to have a lower network connectivity to allow for the dissolution of the glass and to promote 

hydroxyapatite formation. In the hydrogel here, an increased network connectivity reduced 

the release of gallium and calcium ions (Figure 5.5.7 and Figure 5.5.8). The results of 

individual ion dosing have shown that both calcium and gallium cause cell apoptosis in a dose 

dependent manner. There was no significant change in the release of silica from the hydrogel, 

which has been shown to likely be a cause of the overall cell proliferation (Figure 5.5.17) of 

Eluent A, Eluent B and Eluent C. Figure 5.5.19 indicates that GDL is likely supporting the 

energy requirements of the proliferating cells. Figure 5.5.9 shows that Eluent C has a reduced 

release of gallium, calcium and silica ions from the hydrogel. Although the reduction release 

of gallium and calcium is reducing cell apoptosis, there is a reduced amount of the cell 
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proliferation silica. EDC and NHS were also added in the hydrogel formula for Eluent C, which 

may have a cytotoxicity response such as those exhibited in mice [213]. This combination is 

likely resulting in the decrease in cell proliferation of cells dosed with Eluent C. These results 

indicate that the ions released and the rate at which these ions are released from the 

hydrogel can have an effect of cell growth. 

Increases in both endothelial and smooth muscle cells will likely have a positive effect on the 

procedural outcome with this aneurysm filler, by encouraging cell growth across the neck of 

the aneurysm. Encouraging cell growth across the neck of the aneurysm will completely 

occlude the aneurysm from the parent artery and reduce the chance of aneurysm rupture. 

Apoptosis of smooth muscle cells and endothelial cells is exhibited during the formation of 

aneurysms; therefore it is likely that the proliferation of these cells will strengthen the 

aneurysm fundus. Strengthening of the aneurysm dome will reduce aneurysm growth and 

rupture if aneurysm recurrence occurs due to the compaction of the hydrogel or 

recanalization [34] [427]–[429].  

The cells dosed with Eluent A, at lower concentrations, cause an unacceptable level of cell 

death and therefore would not be an acceptable treatment for cerebral aneurysms. There was 

no significant difference in the cells dosed with Eluent B and C; however, in both cases there 

was increased cell proliferation at higher eluent concentrations. Endothelial cell proliferation 

is preferable as proliferation at the neck of the aneurysm greatly reduces the chances of 

recurrence in coiled aneurysm, as the aneurysm is separated from the parent artery [75] 

[430] [431]. However, excess endothelial cell proliferation within the aneurysm body may 

cause recanalization of the aneurysm. Endothelial cell proliferation, particularly at the wall of 

the aneurysm, may cause the aneurysm to recur. The hydrogel composition used for eluent C 

is therefore the optimum concentration for this application as it causes cell proliferation, 

which may induce endothelialisation of the neck of the aneurysm, while adhering to the 

aneurysm wall to reduce the chances of recurrence associated with recanalization of the 

aneurysm [432]–[435]. Appendix 9.5.3 shows bovine aortic smooth muscle cells (BASMCs) 

dosed with Eluent C. The results show that this hydrogel is also non-cytotoxic to BASMCs. 
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Table 5.5.2 Design review table with in vitro analysis results 

* has a bond strength of 37kPa and ** has a bond strength of 85kPa after storage for 24 hours in SBF 

 

Sample Compressive 

Strength 

>22kPa? 

Is the 

material size 

conserved? 

(<10% 

expansion 

with no 

shrinkage) 

Is the 

hydrogel 

injectable? 

Working 

Time 

between 10 

and 30 

mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

Eluent A Yes No Yes Yes Yes Not 

examined 

No TBD TBD TBD 

Eluent B Yes No Yes Yes Yes Yes* Yes TBD TBD TBD 

Eluent C Yes No Yes Yes Yes Yes** Yes TBD TBD TBD 
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5.6. Optimising Sterilisation Techniques 

As discussed previously in Section 2.4.5 (page 29), there are many options for material 

terminal sterilisation. However, not all materials can undergo each sterilisation due to the 

effects on the material properties. Ethylene oxide and other chemical sterilisation techniques 

should not be used for neurovascular devices unless residue levels are examined after 

sterilisation due to their neurotoxicity and possible carcinogenic properties [436]. 

Several sterilisation techniques have been outlined in the literature for sterilising alginate 

such as dry heat, autoclaving, gamma irradiating, filtering and UV sterilisation. Sterilisation 

by filtration causes minimal damage to the alginate but is time consuming and difficult to 

achieve consistent batches when packaged dry [156]. UV sterilisation has been shown to not 

produce consistent reduction in endotoxin levels [436]. Dry heat requires exposure to higher 

temperatures for a prolonged period of time compared to autoclaving and, as a result, causes 

increased polymer degradation [437] [438]. Section 5.2 has shown that gamma irradiation 

significantly decreases the molecular weight of the alginate. Gamma irradiating the alginate 

on dry ice does reduce the irradiation induced damage but still significantly reduced the 

hydrogel strength [439]. As a result, it was decided to autoclave the dry alginate powder. 

Autoclaving may not be ideal for steam penetration but it will likely reduce the damage of the 

alginate due to the reduced temperature of the autoclave compared to dry heat sterilisation 

[440]. 

The powder components of the hydrogel (i.e. glass, GDL, EDC and NHS) must also be 

terminally sterilised. Glass can be sterilised by dry heat sterilisation due to its high Tg but 

GDL, EDC and NHS have melting points of 153⁰C, 115⁰C and 95⁰C, respectively. For effective 

dry heat sterilisation the material should be heated to 170⁰C for 1 hour or 160⁰C for 2 hours 

and 121⁰C for 15 minutes for steam sterilisation. These temperatures are above the melting 

point of these materials and therefore neither technique can be used for sterilisation [441]. 

Due to these restrictions, it was decided to gamma irradiate the powder samples on dry ice in 

order to minimise damage, which has been shown to reduce damage to samples during 

irradiation [166]. 

5.6.1. Alginate Sterilisation 

Although the specific endotoxin level is not stated, raw alginate typically has a high endotoxin 

level. It has been shown that the purification technique used to produce the 700kDa alginate 

(Technique 2) does significantly reduce the endotoxin levels but likely not enough to achieve 

the levels required by the FDA for neurovascular devices [346]. Therefore, the alginate will 

likely need an increased amount of terminal sterilisation to reduce endotoxin levels, which 

will cause an increased reduction in the molecular weight of the alginate. 
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To reduce the initial endotoxin levels present in the alginate and to provide a material 

suitable for preclinical testing, an ultrapure alginate was purchased from FMC biopolymer. 

The alginate is a medium viscosity with high M-block content of 55%, a molecular weight of 

254kDa and a known endotoxin level of 26EU/g. A 4.5% alginate concentration would give an 

endotoxin level of 1.17 EU/ml. This alginate will be referred to as MVM. 

Analysis from this point forward will continue with the hydrogel composition of 4.5% 

alginate, 13.8% glass, 8.3% (w/v) of GDL and 0.83% (w/v) EDC and NHS, unless otherwise 

stated. Although Table 5.5.2 shows the hydrogel with both 0% (w/v) and 0.83% (w/v)of EDC 

and NHS having potential use as an aneurysm treatment, the addition of 0.83% (w/v) of EDC 

and NHS improved the adhesive strength and reduced cell proliferation which may reduce 

recanalization.  

5.6.1.1. Compressive Strength 

Figure 5.6.1 shows there is a significant difference between the compressive strength of the 

700kDa alginate and the MVM at day 1, due to the increased G-block content. However, with 

further cross-linking of the hydrogel over time, the hydrogels have compressive strengths 

that are not significantly different. The strength of both hydrogels significantly increases from 

1 to 7 days. 

 

Figure 5.6.1 Compressive stress up to 70% strain of the 700kDa alginate and the ultrapure medium viscosity 
(MVM) alginate after storage at 37⁰C in DI (n=5) 

There is a significant difference in the incremental modulus of the hydrogel at each time point 

(Figure 5.6.2), where the MVM is significantly stiffer than the 700kDa alginate. This was 

expected due to the increased content of stiff G-blocks [442]. The increased stiffness caused 
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by the increased G-block may cause the material to undergo brittle failure. However, it may 

also provide a hydrogel with an increased strength after sterilisation.  

 

Figure 5.6.2 Incremental modulus (30-50% strain) of the 700kDa alginate and the ultrapure medium viscosity 
(MVM) alginate following storage at 37⁰C in DI (n=5) 

BAEC’s were also dosed with the eluent of the hydrogel using the MVM alginate and showed 

no cytotoxic effects (Appendix 9.5.4.2). These results indicate the MVM alginate is a suitable 

alternative as a replacement for the 700kDa alginate.  

As the MVM alginate still had an endotoxin level greater than the acceptable amount and as 

medical devices must be terminal sterilised after packaging, the alginate was autoclaved. 

Autoclaving causes a 3-log reduction in endotoxin levels with would give the alginate a final 

endotoxin content of 0.00117 EU/ml at a 4.5% concentration, which is below the maximum 

endotoxin level of 0.06EU/ml specified by the FDA [443]. 

Figure 5.6.3 and Figure 5.6.4 shows that the compressive strength and incremental modulus 

of the hydrogel decreased when the alginate was autoclaved. This was due to chain scissions 

reducing the molecular weight of the alginate (see Section 5.6.4.1). It has been previously 

shown that increasing the alginate concentration can increase the hydrogel’s strength if there 

is a sufficient glass and GDL content (see Figure 5.1.10). As there is a high glass and GDL 

content it was decided to examine the effects of an increased alginate concentration. 

Increasing the alginate concentration of the hydrogel to 6.75% increased the strength but a 

further increase to a 9% alginate concentration reduced the strength. This is likely caused by 

an inhomogeneous gel being produced due to a lack of cross-linking ions, as was previously 

observed in Section 5.2. Inhomogeneity may also be the cause of the increase in standard 

deviation observed. 
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Figure 5.6.3 Compressive strength up to 70% strain of the alginate before and after autoclaving at varying 

concentrations following storage for 1 day in DI at 37⁰C (n=5) 

There is no significant decrease it the incremental modulus of the 4.5% alginate after 

autoclaving (Figure 5.6.4). Similar results have been observed in high G-block alginates, as 

the stiffness is usually a results of the length of the G-block [192]. Increasing the alginate 

content up to 6.75% causes an increase in the incremental modulus, likely due to an 

increased cross-linking density. The compressive strength decreases at 9% alginate 

concentration which indicates a lack of available cross-linking ions. 

 

Figure 5.6.4 Incremental modulus (30-50% strain) of the alginate before and after autoclaving at varying 
concentrations following storage for 1 day in DI at 37⁰C (n=5) 
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There is a significant change in the volume conservation of the hydrogel. The 6.75% alginate 

concentration has the lowest and most suitable volume change of the hydrogels tested. The 

expansion of the 9% alginate concentration further indicates that there is a lack of the ions 

available for cross-linking. 

 

Figure 5.6.5 Alginate size conservation after 1 day following storage for 1 day in DI at 37⁰C (n=5) 

5.6.1.2. Injectability 

To examine the injectability of the hydrogel, it was injected through a 150mm 2F 

microcatheter, 5, 15 and 20 minutes from the start of mixing. Figure 5.6.6 shows the force 

required to inject the hydrogel after 5 and 15 minutes. Results from 20 minutes were omitted 

as the hydrogel at a 6.75% alginate concentration would not inject through a microcatheter. 

As the hydrogel was not set within 20 minutes it will likely leak into the surrounding 

vasculature once the balloon is deflated, if the hydrogel was injected at 15 minutes. Due to 

this, the hydrogel alginate concentration will need to be reduced to cause a reduction in 

viscosity and allow injection up to the end of working time.  
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Figure 5.6.6 Force required to inject 6.75% autoclaved MVM hydrogel through a microcatheter 5 and 15 minutes 
after mixing 

The 4.5% autoclaved MVM alginate would inject through the microcatheter but, as shown in 

Figure 5.6.5, the samples volume decreased significantly after 1 day. This suggests that the 

cross-linking density was above the required amount. To reduce the cross-linking density the 

4.5% autoclaved MVM alginate was tested with a 9.2% glass content and 6.25% (w/v) of GDL. 

These samples maintained their size after 1 day and had strength exceeding 22kPa so it was 

decided to continue testing with this hydrogel formulation. Figure 5.6.7 shows that the force 

required to inject the hydrogel was greatly reduced. 

 

Figure 5.6.7 Force required to inject the hydrogel at various compositions through a microcatheter 5 and 15 
minutes after mixing 
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5.6.2. Powder Components Sterilisation 

The powder components of the hydrogel (glass, EDL, EDC and NHS) were gamma irradiated 

on dry ice. The minimum and maximum gamma irradiated doses were 18.8kGy and 20.5kGy, 

respectively. 

5.6.2.1. Compressive Strength 

The results in Figure 5.6.8 show the effects low temperature gamma irradiation of the 

powder components has on the compressive strength of the hydrogel. It can be seen that 

gamma irradiation has no effect on the compressive strength of the hydrogel.  

 

Figure 5.6.8 Compressive strength up to 70% strain of the hydrogel with individual components sterilised using 
low temperature gamma irradiation following storage for 1 day in SBF at 37⁰C (n=5) 

5.6.3. All Components Sterilised 

5.6.3.1. Compressive Strength 

Due to the low volume change and ease of injectability of the hydrogel it was decided to 

continue testing the hydrogel with a 4.5% alginate concentration of the autoclaved MVM 

alginate with 9.2% glass and 6.25% (w/v) of GDL. Figure 5.6.9 and Figure 5.6.10 show that 

the compressive strength and the incremental modulus of the hydrogel increase over time 

when all the components are sterilised. Figure 9.5.27 shows typical stress-strain graphs. The 

strength is significantly decreased from that of the non-sterilised 700kDa and MVM alginate 

(Figure 5.6.1 and Figure 5.6.2), though the change in storage media is likely contributing to 

these results. However, the hydrogel still greatly exceeds the 22kPa required and increases 

over time. 
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Figure 5.6.9 Compressive strength up to 70% strain of the sterilised hydrogel with 4.5% alginate following 
storage in SBF at 37⁰C (n=5) 

 

Figure 5.6.10 Incremental modulus (30-50% strain) of the sterilised hydrogel with 4.5% alginate following 
storage in SBF at 37⁰C (n=5) 

5.6.3.2. Sample Size Conservation 

Typically, as the strengths of the hydrogel increases there is a decrease in sample volume 

expansion. Figure 5.6.11 shows that these samples slightly increase in volume after storage in 

SBF. However, there is not significant increase over time.  
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Figure 5.6.11 Sterilised hydrogel with 4.5% alginate size conservation (n=5) 

5.6.3.3. Tensile Strength 

The tensile strength is significantly reduced by autoclaving the alginate, however, the 

strength continues to increase over time. As the strength of the hydrogel increases, the strain 

at which the hydrogels fail increases, indicating the hydrogels are become more ductile over 

time. The 4.5% MVM alginate fails at a strain of 29.45±7.8 % at day 1 and 43.6±5.2 % at day 7. 

The 4.5% autoclaved MVM alginate hydrogels are stiffer, failing before 20% strain for each 

sample tested.  

 

Figure 5.6.12 Ultimate tensile strength of the non-sterilised and sterilised hydrogel with 4.5% alginate following 
storage in SBF at 37⁰C (n=5) 
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5.6.3.4. Bond Strength 

Sterilising the hydrogel components has no significant effect on providing a high bond 

strength, as shown in Figure 5.6.13. Unlike the non-sterilised hydrogel, the sterilised hydrogel 

failed cohesively rather than adhesively. This is likely due to the reduced strength observed 

(Figure 5.6.12). 

 

Figure 5.6.13 Bond strength of the hydrogel before and after sterilisation following storage for 1 day in SBF at 
37⁰C (n=5) 

5.6.3.5. Working and Hardening Time 

Figure 5.6.14 shows that only sterilising the EDC and NHS powder component has an effect 

on the hydrogel’s working time. The gamma irradiation is likely not reducing the network 

connectivity of the bioactive glass or increasing the rate of hydrolysis of the GDL, as both of 

these would result in a quicker release of cross-linking ions and a likely reduction in working 

time. EDC and NHS have been previously shown to increase the working time of the hydrogel 

(Figure 5.4.3). These results suggest that the gamma irradiation causes an increase in the 

buffering effect of the EDC, resulting in an increased pH. 
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Figure 5.6.14 Working time of hydrogel with individual components sterilised using low temperature gamma 
irradiation (n=5) 

Figure 5.6.15 shows no significant change in hardening time when each of the powder 

components were sterilised. Although sterilising the EDC and NHS causes an increase in 

working time, it is not evident in the hardening time. This may due to the continued decrease 

in pH with the hydrolysis of GDL allowing the glass to release sufficient ions to cross-link the 

hydrogel, similar to the results shown previously for EDC and NHS hardening time in Figure 

5.4.4. 

 

Figure 5.6.15 Hardening time of hydrogel with individual components sterilised using low temperature gamma 
irradiation (n=5) 
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The MVM alginate has a significant reduced working time compared to the 700kDa alginate. 

The working time results presented here support the hypothesis in Section 5.1, that the 

chemical composition has an increased effect on the working time compared to the molecular 

weight. Sterilising the hydrogel components increases the working time. This is likely due to 

the increase caused by the sterilised EDC and NHS (as seen in Figure 5.6.14) and a decrease in 

molecular weight but it is still within the time limits.  

 

Figure 5.6.16 Hydrogels working time (n=5) 

The MVM alginate has the quickest hardening time, likely due to the increases in G-block 

content of the alginate (see Figure 5.6.17). There was no significant difference in the hydrogel 

hardening time when comparing the 4.5% MVM alginate with the 4.5% autoclaved alginate. 

This is likely due to the chemical composition of the alginate remaining the same after 

sterilisation.  
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Figure 5.6.17 Hydrogels hardening time (n=5) 

5.6.4. Chemical and structural analysis 

5.6.4.1. Gel Permeation Chromatography 

GPC showed that autoclaving the alginate causes a reduction in the molecular weight of the 

alginate from 254kDa to 200kDa. This gives a number of 0.27 breaks per molecule. 

5.6.4.2. Differential Thermal Analysis 

Although not significant, there is a slight decrease in the glass transition temperature of the 

glass after sterilisation, as shown in Figure 5.6.18. 

 

Figure 5.6.18 Glass transition temperature of glass 
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5.6.5. Discussion 

A low endotoxin level is required for a material to be used in neurovascular devices. 

Ultrapure alginates, such as those available from FMC biopolymer, provide a low endotoxin 

level at a high molecular weight. The lower endotoxin level of the MVM alginate will reduce 

the levels of terminal sterilisation required to bring the alginate within the 0.06EU/ml limit 

specified by the FDA. The results of the 700kDa and MVM alginate hydrogels further support 

the hypothesis that a low G-block alginates strength can be compensated for with a higher 

molecular weight alginate, as discussed in Section 5.1.  

As expected, autoclaving alginate causes a significant decrease in the molecular weight and 

strength of the produced hydrogel. However, the effect is less damaging to the alginate 

compared to gamma irradiation, which has been shown here and reported elsewhere [357] 

[437] [443]–[445]. The strength can be increased with an increased alginate concentration 

(Figure 9.5.28) but it remains significantly reduced compared to non-sterilised alginate. 

However, this increase in concentration causes an increase in viscosity and results in a 

hydrogel that cannot be safely injected into the cerebral vasculature. Although there was a 

reduction in molecular weight compared to the 700kDa alginate, the 6.75% autoclaved MVM 

alginate supplied had a higher G-block content and an increased concentration. Both these 

properties can result in an increased viscosity, which increases the force required to inject 

the hydrogel. Appendix 9.5.4.4 shows that the 6.75% MVM alginate with all sterilised 

components produces a high strength hydrogel that may be appropriate for embolization 

through larger microcatheters. 

To improve the injectability of the hydrogel, the alginate concentration was decreased to 

4.5%. The cross-linking density of the hydrogel increased with a decrease in alginate 

concentration, indicated by the sample volume change. This increased cross-linking density 

will likely have a high strength, though a high strength is redundant if the hydrogel cannot 

remain within the aneurysm due to shrinkage. To improve the hydrogels volume 

conservation, by reducing the cross-linking density, the glass and GDL content of the hydrogel 

were reduced.  

Reducing the hydrogel’s alginate concentration to 4.5% autoclaved alginate with 9.2% glass, 

6.25% (w/v) of GDL and 0.83% (w/v) of EDC and NHS decreases the force required to inject 

the hydrogel. A material that does not require a high pressure to inject is needed as it reduces 

the chance of migration of the catheter, the catheter rupturing and unexpected embolization 

[7]. This force of approximately 19N (1080kPa), 15 minutes after mixing, is lower than other 

injectable shear-thinning biomaterials designed for endovascular embolization [109] [112]. 
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However, it likely requires a higher force to inject compared to contrast agents or Onyx® due 

to the significant differences in viscosity.  

Figure 5.6.9 shows that the hydrogel with the reduced alginate concentration, glass content 

and GDL content does have a significantly reduced compressive strength (compared to the 

sterilised hydrogel in Appendix 9.5.4.4). Despite these decreases, the hydrogel still has a 

sufficiently high strength. Figure 5.6.11 shows that this reduction in cross-linking density 

improves the size volume conservation of the hydrogel. However, the results to date have 

shown that as the hydrogel’s strength increases, the sample volume reduces. The opposite is 

occurring here, with the sample insignificantly expanding from day 1 to day 7. This may 

suggest a reduced rate of cross-linking over time with the hydrogel, which is supported by 

the insignificant increase in strength of the hydrogel from day 3 to day 7 (Figure 5.6.9). It is 

unclear what is causing this reduction in cross-linking of this hydrogel with time.  

Compression testing, working time and hardening time testing of the hydrogels show that 

gamma irradiation of the powder components on dry ice does not significantly affect the 

hydrogel. Although there is a significant increase in the working time of the hydrogel with 

gamma irradiated EDC, the hydrogel is still within the working time limits. This increase in 

working time may be caused by the improved dissolution of EDC causing a decrease in pH. 

This improved dissolution may be caused by a partial degradation of EDC. The hydrogel with 

4.5% MVM alginate has tensile strength that exceeds those of typical alginate hydrogels 

[127]. However, this strength is greatly decreased when the components of the hydrogel are 

sterilised. Overall, there is a continued increase in strength over time due to a continued 

release of cross-linking ions.  

The tensile strength of Onyx has been shown to range from 3.5kPa to 40kPa [446]. The 

hydrogel produced here after sterilisation has a tensile strength 7.7kPa to 27.3kPa. The 

tensile strength of the hydrogel will likely suffice as in vivo the hydrogel will likely not be 

subjected to high tensile forces, as the two main hemodynamic forces acting on the hydrogel 

will be compressive stress and shear stress caused by blood flow [447].  

There was no significant change in the bond strength of the hydrogel after gamma irradiation 

(Figure 5.6.13). This was not expected due to the reduced compressive and tensile strength 

but may be due to the reduced viscosity allowing the hydrogel to fill irregularities on the skin 

surface, as observed by Foox et al [217]. 

Overall, there is a significant decrease in the strength of the material after sterilisation due to 

the reduced molecular weight of the hydrogel. However, this reduction in strength is 

compensated for by an improved sample volume conservation. Overall, the results show an 

improved hydrogel usability, as the strength still greatly exceeds the minimum strength 
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required. The working and hardening time are still within the set limits and the hydrogel 

strengths are, at a minimum, maintained over time. This meets the design review criteria 

(Table 5.6.1). 
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Table 5.6.1 Design review table with the hydrogel sterilised 

 

Hydrogel 

Compressi

ve 

Strength 

>22kPa? 

Is the material 

size conserved? 

(<10% expansion 

with no 

shrinkage) 

Is the 

hydrogel 

injectable? 

Working Time 

between 10 and 

30 mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

4.5% 700kDa 

alginate with 

non-sterilized 

powders 

Yes No Yes Yes Yes Yes Yes TBD TBD TBD 

4.5% MVM 

alginate with all 

sterilized 

powders 

Yes Yes Yes Yes Yes Yes Yes Yes TBD TBD 
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5.7. Calcification Results  

Calcification of the hydrogel when placed in simulated body fluid will be examined with the 

optimised sterile hydrogel, shown in Table 5.6.1 (page 183). The composition is 4.5% 

autoclaved MVM alginate with low temperature gamma irradiated glass at 9.2% 

concentration, 6.25% (w/v) GDL and 0.83% (w/v)EDC and NHS. Calcification is usually 

determined by XRD, FTIR or SEM [448]. As standard SEM microscopy cannot be carried out 

on water swollen hydrogels, it was decided to examine the calcification of the hydrogel by 

FTIR, XRD and von Kossa staining [449]. 

A hydrogel that does not result in calcification is not a design requirement set out in Section 

2.4; however, calcification of soft tissue can occur in the presence of bioactive glasses. This 

calcification of the tissue can result in a prolonged inflammatory response and negative soft 

tissue remodelling. The transfer of nutrients and waste can also be hindered by an apatite 

layer. Due to these factors, it would be an advantage in the treatment of soft tissue defects if 

this material remained amorphous [450]–[452]. 

5.7.1. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

Figure 5.7.1 shows the FTIR peaks of glass particles after storage in DI and SBF. There are no 

additional peaks located from 890 – 1300cm-1 between the glass stored in DI and SBF. These 

peaks indicate the network connectivity of the glass, with the network connectivity 

increasing with increasing peak wavelength. As the bioactive glass has a network connectivity 

of 3, it is assumed the peak at 930cm-1 is associated to this [366] [453]–[457]. 

Peaks at approximately 550cm-1 typically indicate the presence of a P-O bending vibration. 

However, these are usually dual peaks and indicate a crystalline apatite layer. As there is only 

a signal broad peak, the strong sharp peak at 550cm-1 is assigned to the Si-O-Si bending or 

rocking [453] [458]. The peak at 930cm-1 also decreases after storage in SBF, typically this 

increases with the formation of hydroxyapatite due to the increase presence of phosphate 

[459].  

Small peaks are observed in the SBF samples that are not present in the glass stored in DI. 

The peaks at 1550cm-1 and 1640cm-1 on the glass after storage in SBF are likely caused by C-

O asymmetric stretching due to the carbonation of the calcium present in glass [456]. Peaks 

present at 3000cm-1 and 3200cm-1 are likely water vibrations, which may suggest the glass 

particles were not dried for a sufficient amount of time after storage or is water bound to the 

surface [460] [461]. 

A comparison of a typical FTIR of hydroxyapatite (Figure 9.5.30) compared to the bioactive 

glass stored in SBF (Figure 5.7.1) would indicate that there is not calcification of the hydrogel. 
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Hydroxyapatite typically has a number of phosphate bands seen between 500cm-1 and 

1110cm-1, which are not observed in the FTIR of the bioactive glass. A broad peak at 

approximately 3500cm-1 would indicate the presence of an O-H group, as this is not seen in 

the samples stored in SBF, it would indicated that there is not carbonated hydroxyl apatite 

layer [456]. 

 

Figure 5.7.1 FTIR of glass after storage in DI (black line) and SBF (blue line) for 7 days 

Figure 5.7.2 shows FTIR of raw alginate and the alginate – bioactive glass hydrogel after 

storage in SBF for 7 days. FTIR shows a strong broad peak at 3242cm-1, which relates to the 

alginates hydroxyl O-H bonds stretching, which is expected between 3000 and 3600cm-1. 

Strong peaks at approximately 1594cm-1 which corresponds with the asymmetrical 

stretching of carboxylic groups. Medium sharp peaks at 1408cm-1 correspond with 

symmetrical stretching of carboxyl groups. Strong sharp peaks at 1027cm-1 show C-O-C 

stretching [462]–[466]. Peaks at 1000-1300cm-1 can indicate the presence of guluronic and 

mannuronic acid in the alginate [247]. 
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Figure 5.7.2 Raw alginate and alginate – bioactive glass hydrogel after storage in SBF FTIR 

Figure 5.7.2 shows there is a reduction in the alginate peaks of the hydrogel after being 

stored in SBF and lyophilized. However, there is no significant change in peak location. 

Hydroxyapatite shows strong peaks at 1400-1550cm-1 (carbonate) which is observed in the 

hydrogel following storage in SBF but this may also be attributed to the cross-linking of the 

alginates carboxyl groups. However phosphate peaks 900-1200cm-1 and 450-500cm-1 are not 

seen, indicating no calcification of the hydrogel occurs [235] [452] [467] [468].  

5.7.2. X-Ray Diffraction 

Figure 5.7.3 shows the glass has a broad amorphous peak after storage in both DI and SBF for 

7 days. The sample stored in SBF has two sharp peaks at 22⁰ and 41⁰. These peaks could 

indicate the presence of hydroxyapatite. However, the peaks are not broad such as those 

observed in hydroxyapatite XRD spectra and the broad 100% peak of apatite at 

approximately 32⁰ is not present. This may indicate crystalline structures forming but may be 

remnants of SBF on the bioactive glass sample after drying [469]–[472].  
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Figure 5.7.3 XRD of glass after storage in DI and SBF 

Figure 5.7.4 shows that the bioactive glass – alginate hydrogel remains amorphous after 

storage in SBF. The hydroxyapatite – alginate sample, as expected, shows crystalline peaks 

that are associated with hydroxyapatite [473]. 

 

Figure 5.7.4 XRD of hydrogels after storage in SBF for 7 days 

5.7.3. Von Kossa Staining 

Von Kossa stain reacts with phosphate and can be used to determine calcification [448]. 

Calcification can be seen a dark brown or black areas caused a reaction between the silver 

nitrate and phosphate under UV light [474]. Figure 5.7.5 shows the bioactive glass – alginate 
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hydrogel stains negatively using the Von Kossa stain, suggesting there is no phosphate 

present on the surface of the hydrogel.  

 

Figure 5.7.5 Bioactive glass - Alginate hydrogel after Von Kossa staining 

As expected, the hydroxyapatite - alginate hydrogel shows a strong presence of phosphate on 

the surface of hydrogel after soaking in SBF, as the Von Kossa stain remains after washing, as 

seen in Figure 5.7.6 [475]. 

 

Figure 5.7.6 Hydroxyapatite - Alginate hydrogel before (a) and after (b) Von Kossa staining     

5.7.4. Discussion 

Typically, glasses and hydrogels, after storage in SBF, have strong splitting peaks between 

450cm-1 and 600cm-1 which relate to a P-O bending vibration. Hydroxyapatite also typically 

has a broad hydroxyl peak and carbonate peaks, which together is an indication of a 

crystalline apatite layer [453] [476] [477]. FTIR results show that neither the bioactive glass 

nor the hydrogel have the typical characteristics of hydroxyapatite after storage in SBF. 

There is a clear presence of a dark brown – black stain present on the hydroxyapatite-

alginate hydrogel. This is caused by a reaction between the silver nitrate and phosphate in 

the presence of UV light. In contrast to this, the bioactive glass-alginate hydrogel has no 

macroscopic dark brown – black spots on the surface. This would indicate that there is no 

calcium phosphate layer on the surface of the hydrogel. 

Although SEM can produce more reliable results when examining the formation of 

calcification, these hydrogel samples cannot be observed by the technique. The results from 
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FTIR, XRD and von Kossa staining indicate that calcification of these hydrogels is unlikely to 

occur.  

Bioactive glasses are commonly used for repair of bone defects due to ability to form an 

apatite layer. Apatite of bioactive glass is initiated by the exchange of cations in the glass with 

hydrogen in body fluid. Silica dissolves from the glass network resulting in –Si-OH bonds. 

These –Si-OH bonds repolymerise to form a silica-rich layer. Calcium and phosphate ions 

move from inside the glass particles and form a calcium phosphate layer on the silica-rich 

layer. This precipitation is due to the incorporation of hydroxide and carbonate [259]. 

Apatite formation can depend on the NC of the glass, with the likelihood of apatite formation 

reducing with increasing NC. It is suggested that glasses with a network connectivity above 

2.4 will not form an apatite layer, unless the glass contains a high silica content or the 

presence of a fluoride. This is due to the rate and amount of ions released will affect the 

formation of an apatite layer [224] [366] [457] [478] [479]. To achieve this high network 

connectivity of this bioactive glass, the calcium content of the bioactive glass is used to charge 

balance the gallium present. This would imply that a certain amount of calcium has remained 

in the glass. The reduction of apatite formation with the addition of gallium to a bioactive 

glass has been observed previously [480][481]. Calcium is also required to ionically cross-

link the alginate. As apatite formation depends on the amount and release rate of calcium, 

among other ions, it is clear that the required rate has not been met by this hydrogel.  

Although the production of an apatite layer is crucial for the binding of bioactive glasses to 

bone, it is suggested that binding of soft tissue is influenced by the both an apatite layer and 

ions released from the glasses interfering with cellular behaviour [238]. Results from Section 

5.4 have shown that the hydrogel produced here has the ability to bind with soft tissue and 

this bond strength can be increased by the presence of EDC and NHS. Although the bond 

strength may be reduced compared to a hydrogel that forms an apatite layer, the reduced 

chance of inflammation is of a greater advantage.  
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Table 5.7.1 Design review table 

Hydrogel 

Compressive 

Strength 

>22kPa? 

Is the material 

size conserved? 

(<10% expansion 

with no 

shrinkage) 

Is the 

hydrogel 

injectable? 

Working Time 

between 10 

and 30 mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

4.5% MVM 

alginate with 

sterilized powders 

Yes Yes Yes Yes Yes Yes Yes Yes TBD TBD 
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5.8. Direct Contact Analysis 

As the hydrogel is sterile, direct contact testing can be examined without the risk of 

contamination. The hydrogel may directly contact endothelial cells in three different ways; 

directly contacting endothelial cells lining the aneurysm dome, migration of cell from the 

parent artery wall or blood based progenitor cells attaching to the surface of the hydrogel. 

The hydrogel composition examined in this section is a 4.5% autoclaved MVM alginate with 

low temperature gamma irradiated glass at 9.2% concentration, 6.25% (w/v) GDL and 0.83% 

(w/v) EDC and NHS. The composition was optimised in Section 5.6 

5.8.1. Direct Contact of Hydrogel with Endothelial Cells on a Coverslip 

To examine if cells lining the aneurysm dome will survive in direct contact with the hydrogel 

and to determine if cells will migrate from the parent artery, endothelial cells were seeded 

onto a slide and the slide was placed on the hydrogel (described in detail in Section 4.10.1). 

The surface properties and stiffness of the hydrogel is likely quite different from that of the 

surface of the well plate. As the material properties and stiffness of the surface that cells are 

seeded on can greatly affect cell attachment and proliferation, no control was used. Although 

these results are not comparable to typical in vitro cell growth, the results indicate if direct 

contact of the hydrogel to the cells will result in a cytotoxic effect.  

Figure 5.8.1 shows that the number of cells on the slide increased significantly from 1 to 7 

days. These results suggest the hydrogel is not causing a significant cytotoxic effect, similar to 

the results of the cells when dosed with the hydrogel eluent (Section 5.5).  

 

Figure 5.8.1 Number of cells per cm2 on the slide in contact with the hydrogel (n=3) 
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At day 1, 3 and 7, no cells were seen on the hydrogel adjacent to the slide, suggesting that 

cells would not migrate from the slide to the hydrogel (see Figure 5.8.2). However, at day 3 

and day 7, cells were seen in patches across the hydrogel, as shown in Figure 5.8.3. This 

suggests that the cells are possibly migrating and adhering in patches on the surface of the 

hydrogel.  

 

Figure 5.8.2 Cells on the slide in contact with the hydrogel 7 days after seeding 

 

Figure 5.8.3 Cells on the hydrogel after a) 3 days and b) 7 days 

5.8.2. Cells Seeded Directly onto the Hydrogel 

Again, no control was used to compare the growth or attachment of the cells. However, the 

number of seeded cells is approximately 9000/cm2 and these results can be used to quantify 

the number of cells that adhere. 

Approximately 22% of the cells seeded directly onto the hydrogel adhered to the surface of 

the hydrogel. These results indicate that initial cell attachment to the surface of the hydrogel 

is poor. Figure 5.8.4 shows that the number of cells adhered to the surface of the hydrogel 

significant increases over time.  
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Figure 5.8.4 Number of cells per cm2 on the hydrogel (n=3) 

5.8.3. Discussion 

The hydrogel does not significantly induce apoptosis in cells seeded on a slide and placed in 

contact with the hydrogel. In fact, the cells are shown to proliferate. These results correlate 

with the results of eluent dosing (Section 5.5), where cells are likely proliferating due to the 

ions and gluconic acid released from the hydrogel. The hydrogel’s surfaces are typically 

highly porous, with pore sizes ranging from 5-200nm. These pores allow the nutrients from 

the media and waste to diffuse through the hydrogel which facilitates cell growth [181]. 

Surfaces with carboxyl groups, when seeded with cells, have also been shown to result in 

increased cell proliferation and hydroxyl groups have been shown to provide an increase in 

oxygen, vital for cell growth [482]. 

Cells were not seen to spread from the glass coverslip to the hydrogel at day 1, yet at day 3 

and day 7 cells were seen in clusters across the hydrogel (Figure 5.8.3). Similar cell 

agglomerations have been seen previously on other hydrogels and it has been suggested that 

the cells were weakly attached to the hydrogel but due to strong cell-cell interactions there is 

a clustering of cells [483]. The cells here appear to be attached to the surface of a particle 

approximately 200µm in diameter. Particles of this size were seen in acellular hydrogels; see 

Figure 9.5.31, which are likely agglomerations of the bioactive glass. This may indicate that 

the cells are migrating from the coverslip to the bioactive glass and adhering. This migration 

may be caused by the mechano-chemical sensing of the cells [7]. The presence of the glass 

may also be encouraging cell attachment as bioactive glass and its ions, such as calcium and 

silica, have also been shown to increase soft tissue bonding and cell attachment [244] [484]–
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[486]. Negative zeta potential has also been shown to increase cell attachment, likely due to 

an increase in surface hydrophobicity [225][379].  

Despite a limited number of cells migrating from the surface of the glass slide to the hydrogel, 

Figure 5.8.4 shows that cells can adhere to the surface of this alginate hydrogel. This variation 

in results may be caused by the cells preferencing the stiffness of the glass coverslip 

compared to the lower stiffness hydrogel. However, when the cells are directly seeded on the 

hydrogel they adhere. Cells typically do not adhere to alginate hydrogels as they are unable to 

interact due to a lack of receptors that recognise alginate. Alginate’s hydrophilic nature 

furthermore does not allow serum protein adsorption that would promote cell attachment 

[181] [487] [488]. This improved cell attachment may be caused by the improved strength of 

this hydrogel compared to typical alginate hydrogels. The presences of ions, such as silica, 

that improve cell attachment are likely present throughout the hydrogel and may be another 

explanation for the cell attachment. In vivo, a reduced pH can increase the adhesive abilities 

of endothelial cells. The slightly decreased pH of the media caused by the hydrogel may be 

contributing to adhesive strength of the endothelial cells here [489]. 

The number of cells on the surface of the hydrogel increases over time. This may be caused by 

the continued release of ions and gluconic acid from the hydrogel promoting cell 

proliferation. This may also be caused by the strength of the hydrogel increasing over time as 

endothelial cells have been shown to proliferate on stiffer substrates [120] [123] [124]. As 

the hydrogel strengthens, the cells are likely forming stronger attachments by focal adhesions 

to the surface of the hydrogel and spreading. At day 1, when focal adhesions are weak, the 

cells may be washed from the surface of the hydrogel during the fixation and staining 

process. As the cell adhesion to the surface of the hydrogel strengthens over time, the cells 

are likely to withstand this process and remain attached to the surface of the hydrogel. This 

may also explain why cells were seen in agglomerations on the hydrogel when the cells were 

seeded on a coverslip. This may result in a variance of the number of cells seen attached in 

vivo, due to the presence of a shear stress with constant blood flow. The results here indicate 

that despite the typical inert properties of alginate hydrogels, the presence of bioactive glass 

can result in the attachment of cells to the surface of an alginate hydrogel. These improved 

cell attachment properties may result in the attachment and proliferation of endothelial and 

smooth muscle cells in vivo. This attachment and proliferation will likely reduce the risk of 

aneurysm rupture post treatment, as endothelialisation or neointima formation across the 

neck of the aneurysm will result in a complete occlusion. 
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5.9. Radiopacity 

As discussed, the hydrogel needs to be sufficiently radiopaque in order to effectively deliver 

the hydrogel into the aneurysm endovascularly. Section 5.3 has shown an improved 

radiopacity due to the increased glass content; however, the glass content has since been 

reduced during sterilisation (Section 5.6). The hydrogel’s radiopacity can be increased by the 

addition of contrast agents (as discussed in Section 2.4.6) or inclusion of radiopaque ions into 

the glass phase of the hydrogel, such as tantalum and barium. Tantalum powder is added to 

Onyx® at a 30% w/v concentration and to N-butyl cyanoacrylates at varying concentrations 

depending on the desired radiopacity [105] [174]. Tantalum improves the radiopacity but is 

not ideal as it can stain the skin and produce artefacts at high concentrations under 

fluoroscopy imaging [174]. In an attempt to overcome this, calcium oxide was partially 

replaced with tantalum oxide in the bioactive glass formulation. The resultant glass 

significantly reduced the strength and increased the working and hardening times of the 

resultant hydrogel (results are shown in Appendix 9.5.8). Due to these negative results, it was 

decided to examine the effects that tantalum powder had on the hydrogel.  

The hydrogel composition tested will be 4.5% autoclaved MVM alginate with low 

temperature gamma irradiated glass at 9.2% concentration, 6.25% (w/v) GDL, 0.83% (w/v) 

EDC and NHS and tantalum powder (0%, 20%, 30%, 40%).  

5.9.1. Radiopacity 

To increase the radiopacity of the hydrogel, tantalum powder was added to the hydrogel at 

three concentrations; 20%, 30% and 40% (w/v). The radiopacity of the hydrogel was tested 

at 4 hydrogel thicknesses, as shown in Figure 5.9.1. 

 

Figure 5.9.1 Hydrogel radiopacity samples  
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Fluoroscopy images (Figure 5.9.2) of the hydrogel under a full radiosurgery test phantom 

skull show that hydrogel with 0% tantalum is indecipherable. Increasing the tantalum 

content and thickness of the hydrogel samples improves the radiopacity.  

  

Figure 5.9.2 Fluoroscopy images hydrogel samples of various tantalum content and thickness under a skull model 
from a) front view and b) side view 

The hydrogel with 40% tantalum was injected, under fluoroscopy, through a 150mm long 

2.1F microcatheter into an aneurysm model with an iodine filled balloon inflated across the 

neck. Figure 5.9.3 shows the aneurysm before injection, while the hydrogel was being 

injected and once the aneurysm was filled. The hydrogel was clearly detectable during 

injection and visibility improved as the aneurysm continued to fill. Although not as 

radiopaque as other embolization liquids such as Trufill or Onyx®, the radiopacity was 

acceptable according to neuroradiologist, Dr. Alan O’Hare (Beaumont Hospital).  

 

Figure 5.9.3 Fluoroscopy images of the hydrogel with 40% tantalum a) before, b) during and c) after injection 
into an aneurysm model. A balloon inflated with iodine contrast is placed at the neck of the aneurysm. 

5.9.2. Compressive Strength 

The addition of tantalum to the hydrogel significantly reduces the strength and incremental 

modulus of the hydrogel, as shown in Figure 5.9.4 and Figure 5.9.5. Although there is a 

significant reduction in strength, the hydrogel still greatly exceeds the strengths required to 
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withstand hypertensive blood pressure. The hydrogel, with the addition of 40% tantalum, 

also continues to increase in strength over time. 

 

Figure 5.9.4 Compressive strength up to 70% strain of the hydrogel with 0% and 40% (w/v) tantalum following 
storage for 1, 3 and 7 days at 37⁰C in SBF (n=5) 

 

Figure 5.9.5 Incremental Modulus (30-40% strain) of the hydrogel with 0% and 40% (w/v) tantalum following 
storage for 1, 3 and 7 days at 37⁰C in SBF (n=5) 

5.9.3. Sample Size Conservation 

Figure 5.9.6 shows that there is no significant difference between hydrogels with 0% and 

40% tantalum content at day 1 or day 3. At day 7, the hydrogel with the addition of 40% 

tantalum is significantly decreased in volume compared to the hydrogel with 0% tantalum. 
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The 40% tantalum samples at day 1 are at the maximum acceptable expansion (10%) though 

by day 1 the expansion is sufficiently reduced. 

 

Figure 5.9.6 Hydrogel with 0% and 40% tantalum size conservation after storage for 1, 3 and 7 days at 37⁰C in 
SBF (n=5) 

5.9.4. Working and Hardening Time 

The addition of tantalum to the hydrogel had no significant effect on the hydrogel’s working 

or hardening time, as shown in Figure 5.9.7.  

 

Figure 5.9.7 Working and hardening time with 0% and 40% (w/v) tantalum content (n=5) 
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5.9.5. Discussion 

As expected, increasing the content of tantalum powder in the hydrogel increased its 

radiopacity. Contrast agents can be added to the hydrogel to further improve the radiopacity, 

though they will likely increase the viscosity of the hydrogel and increase the force required 

to inject the hydrogel into the aneurysm.  

Although the hydrogel has an increased tantalum powder content compared to Onyx®, the 

hydrogel does not appear to be as radiopaque (Figure 9.5.32). This may be caused by the 

variations in tantalum powder. The tantalum powder used for the hydrogel has a particle size 

of approximately 44µm. Onyx® uses a micronized tantalum powder with a maximum particle 

size of 22µm but with 68% of the powder having a particle size <5.5µm [105]. This reduced 

particle size may allow for an increased quantity of tantalum and a more homogenous 

distribution of the tantalum powder through the Onyx® solution. 

The addition of the metallic tantalum particles are likely inducing weak spots in the hydrogel, 

which may account for this reduction in strength, see Figure 5.9.4. However, the hydrogel’s 

strength exceeds the minimum requirement of 22kPa and continues to increase in strength 

over time. [19]. 

The anomaly that occurs with the size conservation in the 0% tantalum does not occur with 

the 40% tantalum content hydrogel, as the volume reduces overtime with increasing cross-

linking density. The sample volume by day 7 is a 2% expansion, if maintained over time, as is 

shown to do after 7 days in Figure 5.4.11, will reduce possible pressure on the aneurysm wall 

while providing a high aneurysm dome fill. 

For the hydrogel with the addition of 40% tantalum; working and hardening times are within 

the hydrogel’s design limits. Although there was a significant decrease in strength of the 

hydrogel, the radiopacity of the hydrogel was greatly improved by the addition of 40% 

tantalum. Table 5.9.1 shows that the hydrogel has met the requirements set out for the 

optimum hydrogel for the treatment of cerebral aneurysms. 
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Table 5.9.1 Design review table 

Hydrogel 

Compressive 

Strength 

>22kPa? 

Is the material 

size conserved? 

(<10% 

expansion with 

no shrinkage) 

Is the 

hydrogel 

injectable? 

Working Time 

between 10 

and 30 mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque? 

Is the material 

haemocompatible? 

0% tantalum Yes Yes Yes Yes Yes Yes Yes Yes No TBD 

40% tantalum Yes Yes Yes Yes Yes Yes Yes Yes Yes TBD 

 

  



Chapter 5. Results and Discussion 

203 
 

5.10. Platelet Adhesion 

Platelets adhering to the surface of a biomaterial in the cerebral vasculature is typically 

unwanted as it can result in ischemia. To examine if platelets adhere and become activated, 

whole human blood was placed on the hydrogel. 

Platelet adhesion can be hindered due to sodium citrate in blood collection tubes or induced 

by vigorous pipetting during experiments. To ensure the experimental set up does not affect 

platelet adhesion and activation, a positive and negative control is used. A 6 well plate is used 

as a positive control and a coverslip coated with a siliconizing agent is used as a negative 

control. The positive, negative and hydrogel samples were stored for 1 hour at 37⁰C with 

1.5ml of whole human blood. 

Dynamic testing provides results more applicable to in vivo, as blood flow can affect the 

adhesion of platelets as blood flow rate and shear rate and stress can influence platelet 

adhesion. However, experimental set up can be difficult as various tubing materials and 

roughness can induce platelet adhesion [18] [312] [318]. For this reason static testing was 

carried out in this study to examine platelet adhesion to the hydrogel, although 

acknowledged that the results may differ from those obtained in vivo.  

5.10.1. Positive Control 

Figure 5.10.1 shows platelets attached in both their non-activated (red arrows) and activated 

state (white arrows). The majority of platelets adhering to the surface of the well plate are in 

their activated state, which can be differentiated from the non-activated platelets by their 

larger diameter (>3µm). Shape is another indication of platelet activation as the cells lose 

their spherical shape and the filaments and α-granules move to the platelets periphery. It can 

be seen in the activated platelets that the fluorescence intensity is increased at the periphery 

of the platelets.  
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Figure 5.10.1 Platelet attachment to the surface of the positive control (  indicates non-activated platelets,  

indicates activated platelets) 

5.10.2. Negative Control 

A significant reduction in adhered platelets can be seen in the negative control. Of the 

platelets that did adhere, the majority remained in their non-activated state (Figure 5.10.2C 

and Figure 5.10.2D). Some of the adhered platelets have a diameter >3µm, which suggest they 

could have become activated during pipetting. 
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Figure 5.10.2 Platelet attachment to the surface of the negative control (  indicates non-activated platelets,  

indicates activated platelets) 

5.10.3. Hydrogel Sample 

Imaging platelet adhesion and activation on the hydrogel was difficult due to the hydrogel 

adsorbing the blood and the fluorescent stains. Blood adsorption caused difficulties in 

focusing the microscope, as platelets in the foreground and background of the image 

appeared as large circular shape. This makes it difficult to differentiate from activated 

platelets, as shown in Figure 5.10.3A. The hydrogel adsorbing the stains caused a large 

background intensity to be present in the images, which again is difficult to differentiate from 

the platelets with a lower fluorescence intensity.  

Even so, it can be seen in Figure 5.10.3A-D that the majority of distinguishable platelets are a 

small (<3µm) circular shape, indicating the majority are non-activated platelets. The 

significant number of non-activated platelets adhering to a surface is unusual but is likely 

caused by the platelets present in the blood adsorbed by the hydrogel and not by the platelets 

adhering to the hydrogel.  
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Figure 5.10.3 Platelet attachment to the surface of the hydrogel (  indicates non-activated platelets,  indicates 

activated platelets, indicates unfocused platelet) 

5.10.4. Discussion 

Materials in contact with whole blood may trigger reactions such as inflammation or platelet 

adhesion [482]. Platelet adhesion and activation is typically a quick response, occurring 

within 3-5 minutes on the surface of platinum coils and a shear thinning biomaterial designed 

for aneurysm occlusion [112]. 

Alginate does not typically adsorb proteins that encourage platelet adhesion, such as 

fibrinogen as it can’t be adsorbed by carboxyl groups due to their negative charge and 

interactions with water [482]. Although the addition of calcium to the alginate to produce a 

hydrogel can encourage platelet adhesion, which is evident from its use as a wound dressing 

[490] [491]. In addition to calcium, the hydrogel discussed here also contains silica and 

gallium ions, both of which have also been shown to encourage platelet adhesion and 

activation. Results have shown the silica containing bone substitute material had an 

increased number of platelets adhering and activating [318] [492]. However, thrombus 

formation for gallium was dose dependent and decreased at 0.2ppm [380]. Despite the 

hydrogel containing these ions, platelet adhesion and activation appeared to be reduced 

compared to that of the control. These variations may be caused by the bioactive glass having 

a hydrophobic surface, which can reduce platelet attachment [310] [380]. Although the 
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calcium, gallium and silica content of the hydrogel is unknown, the calcium content of wound 

dressing hydrogel is known to be approximately 100mg/l [493]. 

The GDL and EDC components of the hydrogel will likely have an effect on platelet adhesion 

to the hydrogel. The GDL component of the hydrogel has been used to reduce coagulation 

[494]. EDC and NHS has also been shown to have a dose dependent effect on platelet 

attachment, with concentrations about 10% decreasing platelet attachment [495].  

The apparent reduced amount of platelet adhesion is highly advantageous for the use of a 

material intended for vascular applications. As the hydrogel does not rely on thrombus 

formation to provide a complete occlusion, platelet adhesion is not required. Platelet 

adhesion and activation would likely have a negative effect, with a clot forming at the neck of 

the aneurysm. A thrombus in this location may result in irreversible ischemia. Although low, 

the risk of procedural clot formation still remains since thromboembolic events can occur 

from blood stagnation due to the presence of the catheter and balloon [306] [496]. Table 

5.10.1 indicates that the hydrogel fulfil the requirements of a cerebral aneurysm treatment. 
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Table 5.10.1 Design review table 

Hydrogel 

Compressive 

Strength 

>22kPa? 

Is the material 

size conserved? 

(<10% 

expansion with 

no shrinkage) 

Is the 

hydrogel 

injectable? 

Working 

Time 

between 10 

and 30 mins? 

Hardening 

Time 

<5 mins? 

Is the 

material 

adhesive? 

Is the  

material 

cytocompatible? 

(>70% cell 

viability) 

Is the  

material 

sterilisable? 

 

Is the 

material 

suitably 

radiopaque

? 

Is the material 

haemocompatible? 

4.5% MVM 

alginate with 

sterilised 

powders 

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
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5.11. In vivo Analysis 

To examine the injectability in vivo and the biological response to the hydrogel, eight rabbits 

were embolized with either the hydrogel or by coiling. Aneurysms were created either 66 or 

90 days prior to treatment, as discussed in more detail in Section 4.13.3 (page 89). The 

hydrogel was injected into the vessel through a microcatheter with a balloon inflated during 

treatment, unless otherwise stated. Due to limited success in delivering the hydrogel into the 

aneurysm it was decided to place the hydrogel in renal arteries to assess if the material had 

any toxic effects. The treatment each rabbit underwent and location is shown in Table 5.11.1. 

After fully unsuccessful treatment the animals were euthanized immediately. Rabbits which 

were treated successfully were euthanized after 28 days and histology was carried out of the 

treated area.  

Table 5.11.1 Embolization treatment tested for each rabbit 

Rabbi

t 

Treatment Hydrogel used 

(Section) 

Area 

treated 

1 Hydrogel 6.75% autoclaved MVM alginate, 13.8% glass, 

100mg GDL and 0.83% (w/v) EDC/NHS (9.5.4.4) 

Aneurysm 

2 Hydrogel 6.75% autoclaved MVM alginate, 13.8% glass, 

100mg GDL and 0.83% (w/v) EDC/NHS (9.5.4.4) 

Aneurysm 

3 Hydrogel 4.5% autoclaved MVM alginate, 9.2% glass, 

6.25% (w/v) GDL, 0.83% (w/v) EDC/NHS and 

40% tantalum(5.9) 

Aneurysm 

4 Hydrogel 4.5% autoclaved MVM alginate, 9.2% glass, 

6.25% (w/v) GDL, 0.83% (w/v) EDC/NHS and 

40% tantalum(5.9) 

Aneurysm 

5 Hydrogel 4.5% autoclaved MVM alginate, 9.2% glass, 

6.25% (w/v) GDL, 0.83% (w/v) EDC/NHS and 

40% tantalum(5.9) 

Aneurysm 

6 Hydrogel 4.5% autoclaved MVM alginate, 9.2% glass, 

6.25% (w/v) GDL, 0.83% (w/v) EDC/NHS and 

40% tantalum(5.9) 

Renal 

Artery 

7 Hydrogel 4.5% autoclaved MVM alginate, 9.2% glass, 

6.25% (w/v) GDL, 0.83% (w/v) EDC/NHS and 

40% tantalum(5.9) 

Renal 

Artery 

8 Coil N/A Aneurysm 

and Renal 

Artery 
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Overall, of the rabbits that were successfully treated, there was no evidence of significant 

weight changes in the rabbits. There was also no indication of toxicity post treatment when 

examining kidney and liver enzymes and haematology. The delivery of the hydrogel and the 

results obtained from each rabbit are detailed below.  

5.11.1. Rabbit 1 – Aneurysm Treated with Hydrogel 

The hydrogel was injected 17 minutes after mixing but was not visible by fluoroscopy. It was 

uncertain if this was caused by poor radiopacity or the material was too viscous to be injected 

through the microcatheter. To gain a better understanding, a new hydrogel was prepared and 

the microcatheter was replaced. The hydrogel was injected at the earlier time of 15 minutes 

after mixing but again was not visible. The balloon and microcatheter were removed and an 

angiograph was carried out. The angiograph showed that the aneurysm was partially 

occluded which may have been caused by the hydrogel or thrombus formation due to blood 

stagnation. The rabbit was sutured and brought to recovery. Later that day the rabbit woke 

but with cognitive difficulties. This suggests the material had migrated downstream. The 

animal was euthanized that day and no histology was carried out after this. This suggests that 

the material was not sufficiently radiopaque to be observed by fluoroscopy.  

5.11.2. Rabbit 2 – Aneurysm Treated with Hydrogel 

To increase the radiopacity, the water component of the hydrogel was replaced with the 

contrast agent Omnipaque™. The hydrogel was injected into the aneurysm 14.5 minutes after 

mixing. Again, the hydrogel was not visible and the animal was euthanized on the table (non-

recovery). No histology was carried out on Rabbit 2. 

5.11.3. Rabbit 3 – Aneurysm Treated with Hydrogel 

To improve the radiopacity and injectability of the hydrogel, the hydrogel was reformulated 

(discussed in 5.9). To ensure the balloon was successfully occluding the aneurysm, the 

microcatheter was placed within the aneurysm and a balloon was placed across the neck. The 

balloon was inflated and contrast agent was injected into the aneurysm dome. No contrast 

agent was seen to leak from the aneurysm (Figure 5.11.1). The balloon was deflated until 

required for embolization of the aneurysm.  
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Figure 5.11.1 A) Aneurysm B) Balloon inflated with Omnipaque™ occluding the aneurysm filled with 
Omnipaque™ 

The addition of tantalum and the reduced alginate concentration improved visualisation and 

injectability of the hydrogel (Figure 5.11.2B). However, during injection the material was 

seen to leak from the proximal side of the balloon and migrate downstream. It was 

determined that this leaking may be caused by an increase in intrasaccular pressure during 

injection of the material causing the balloon to deform and the material to migrate (Figure 

5.11.2C). The balloon was deflated and no hydrogel was observed within the aneurysm dome 

(Figure 5.11.2D). 
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Figure 5.11.2 A) Balloon inflated with Omnipaque™ at the neck of the aneurysm B) Hydrogel being injected 
through the microcatheter into the aneurysm dome C) Balloon deformation D)No hydrogel observed post 

treatment 

In order to fully utilise this non-recovery animal, the hydrogel was injected again at a later 

time (23 minutes after mixing began). This later time was used to allow the material to 

become more viscous, which may reduce the chance of material migration. The aneurysm 

was completely filled with the hydrogel with no migration during injection observed, as 

shown in Figure 5.11.3.  
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Figure 5.11.3 Hydrogel within the aneurysm dome 

The rabbit was euthanized on the table (non-recovery) due to the previous migration of the 

material. No histology samples were taken for Rabbit 3. 

5.11.4. Rabbit 4 – Aneurysm Treated with Hydrogel 

In an attempt to reduce intrasaccular pressure, the balloon was placed so that the lumen of 

the balloon was in the dome of the aneurysm. The purpose of this positioning of the balloon 

was to allow blood from the aneurysm to travel through the lumen and reduce the pressure 

within the dome. This method proved successful as the aneurysm dome was filled with the 

hydrogel without migrating during injection. After 8 minutes the balloon was deflated and the 

material remained in place. However, the balloon lumen had become trapped in the material 

and required some force to remove it, see Figure 5.11.4A. During removal of the balloon, 

some of the hydrogel was removed and migrated, Figure 5.11.4B. It is likely that some 

material had been forced into the balloon lumen and had become attached to the hydrogel in 

the aneurysm dome, causing migration during removal. 
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Figure 5.11.4 A) Balloon lumen trapped in aneurysm filled with hydrogel B) Hydrogel migrating downstream 

Again, the rabbit was deemed to be non-recovery and was further utilised for acute delivery 

data. The hydrogel was injected again, in a similar manner to further assess if this method of 

embolization is more successful. The hydrogel was injected again after 23 minutes but the 

balloon was deflated earlier, at 5 minutes following inflation. It can be seen in Figure 5.11.5 

that the hydrogel remained in place and the balloon was successfully removed. Although the 

rabbit had to be euthanized, this result showed that the hydrogel can be used to occlude an 

aneurysm. 

 

Figure 5.11.5 Aneurysm fully occluded with hydrogel 

5.11.5. Rabbit 5 – Aneurysm Treated with Hydrogel 

Due to the hydrogel being delivered in Rabbit 4 with the balloon lumen inside the aneurysm, 

it was decided to attempt this procedure again. Figure 5.11.6 shows that the hydrogel filled 

the aneurysm without migrating downstream. However, while the balloon was being 
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removed a small string of the hydrogel was released from the balloon lumen and travelled 

downstream. The animal was immediately euthanized but histology was carried out. 

 

Figure 5.11.6 Hydrogel being injected into the aneurysm  

Histology showed a small amount of unorganized fibrin-thrombus at the fundus of the 

aneurysm dome (Figure 5.11.7). This was likely caused by blood being trapped behind the 

hydrogel during injection and not caused by blood migrating to behind the hydrogel. 

 

Figure 5.11.7 Histology of the aneurysm treated with the hydrogel 

5.11.6. Rabbit 6 – Renal Treated with Hydrogel 

Due to limited success with aneurysm embolization it was decided to carry out terminal 

kidney embolization with the hydrogel on Rabbit 6. The hydrogel was injected 23 minutes 

after mixing and the balloon was deflated 2 minutes after inflation. The hydrogel remained in 

place and showed a good occlusion of the vessels with no material migration (Figure 5.11.8). 
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Figure 5.11.8 Kidney and renal artery embolized with hydrogel 

The hydrogel remained in the kidney for 30 days without causing a toxic response to the 

rabbit. At 30 days, the animal was euthanized and the kidney and renal artery were 

examined. As shown in Figure 5.11.9, the kidney had a length of 31mm and a width of 

approximately 20mm. The NZW rabbit left kidney typically has a length of 38-40mm and a 

width of 22-28mm at 8 months [497]. These results show a 25% decrease in the length and a 

32.5% reduction in the width of the kidney. 

 

Figure 5.11.9 Macroscopic image of the left kidney treated with the hydrogel 

Dissection of the kidney showed that during embolization, the material had filled numerous 

interlobular, arcuate and intralobular arteries, distal and glomerular afferent arterioles and 

capillary tufts. This indicates that the material was able to be delivered into small vasculature 

and remain for a minimum of 30 days. A near-complete occlusion was achieved with 
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neointima formation evident. Mild recanalization (<20%) was observed in the occluded 

vessels but there was no evidence of necrosis or inflammation caused by the device.  

5.11.7. Rabbit 7 – Renal Artery Treated with Hydrogel 

Rabbit 7 had its renal artery embolized with the hydrogel. No balloon was used for 

embolization of Rabbit 7. Figure 5.11.10A shows the hydrogel is clearly visible during 

injection. Figure 5.11.10 shows the kidney embolized with the hydrogel. 

 

Figure 5.11.10 A) Hydrogel being injected into kidney B) Kidney embolized with hydrogel 

30 days after initial treatment, the rabbit was euthanized. Renal artery enlargement (30 x 

60mm) was macroscopically observed in Rabbit 7. Embolization of the renal artery with the 

hydrogel in Rabbit 7 exhibited similar results to Rabbit 6. Though, embolization in rabbit 6 

resulted in necrosis of the perirenal adipose tissue, with notable inflammation and fibrosis in 

that area. This was likely caused by the embolization of the renal artery and not related to the 

hydrogel.  

5.11.8. Rabbit 8 – Renal Artery and Aneurysm Treated with Coil 

Rabbit 8 had coils placed in both an aneurysm and the kidneys renal artery. Figure 5.11.11 

shows the coils could successfully occlude the aneurysm. 
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Figure 5.11.11 Aneurysm A) during and B) after coiling  

Histology showed that after 30 days, neointimal formation, organizing haemorrhage and non-

endothelialized fibrin thrombus in the aneurysm treated with the coils (see Figure 5.11.12). 

There was no adverse response, such as inflammation or necrosis, observed in the aneurysm. 

As discussed in Section 2.3.3.1, this is the ideal healing response of a coiled aneurysm. 

 

Figure 5.11.12 Histology of coiled aneurysm 

To embolize the renal artery of the kidney, coils were placed within the rabbit’s renal artery, 

as shown in Figure 5.11.13. 
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Figure 5.11.13 Coil within renal artery 

After 30 days the rabbit was euthanized and dissected. The size of the right kidney is smaller 

than the left and has a length between 33-37mm and a width of 24-27mm [497]. The kidney 

treated with the coils had a length of 29mm and a width of approximately 19mm after 30 

days, as shown in Figure 5.11.14. This is a 21.5% reduction in the length and 34% reduction 

in the width of the kidney. 

 

Figure 5.11.14 Macroscopic image of right kidney 

Histology samples of the renal artery treated with the coils showed renal cortical necrosis, 

near-complete occlusion and mature neointima.  
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5.11.9. Discussion 

Initially, the material was too viscous and insufficiently radiopaque. The viscosity was 

reduced by modifying the hydrogels alginate, glasses and GDL content and the radiopacity 

was improved by the addition of tantalum. These changes to the hydrogel significantly 

improved the deliverability and visibility of the hydrogel into the aneurysm. Despite these 

changes, no surviving rabbit’s aneurysm could be embolized with the hydrogel as small 

amounts of material migrated during injection[5]. The results show that modifications to 

traditional embolization methods can improve the deliverability of the hydrogel, with the 

hydrogel successfully occluding the aneurysm in three of the trials.  

Migration of liquid embolic material during injection is common, even with the presence of a 

balloon across the aneurysm neck [119] [498] [499]. This is likely caused by intrasaccular 

pressure causing the non-compliant balloon to compact, which was observed in Rabbit 3. In 

this study we have shown that placing the lumen of the balloon into the aneurysm can reduce 

intrasaccular pressure and improve injectability. Yet, issues can occur if the lumen of the 

balloon becomes trapped within the set hydrogel. Although not examined, the hydrogel is 

likely migrating into the balloon lumen during injection. The hydrogel within the balloon 

lumen and the hydrogel within the aneurysm dome are likely setting together. In this case, 

the entrapment of the lumen in the hydrogel may be reduced by using a balloon with a 

reduced lumen inner diameter. This reduced inner diameter will likely allow blood to migrate 

into the lumen, while the more viscous hydrogel remains in the aneurysm. Other studies have 

also shown that the injection of embolic materials can be improved by placing a stent across 

the aneurysm neck during injection [5] [118] [500] [501] 

Kidney embolization results indicate that the hydrogel has no toxic response on the host. 

Although inflammation and tissue necrosis were observed, they were caused by the 

successful embolization of the arteries and not in response to the hydrogel [502]–[504] 

A mild amount of recanalization was observed in the renal artery embolization with the 

hydrogel. Recanalization is not ideal in aneurysm treatments as it may cause recurrence of 

the aneurysm. Recanalization is common in aneurysms treated with coils with rates are as 

high as 25.5% in initially fully occluded coiled aneurysms [434] [505].  

Neointima formation was observed in the renal artery embolization with the hydrogel and 

with the coils. Neointima formation is an advantage in embolization as it will occlude the 

treated area from the parent artery [172] [506]. Results in aneurysm studies with embolic 

agents have varying success of neointima formation present 30 days after treatment [118] 

[500] [507].  
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5.12. Design of Injection Device 

To improve ease of injecting the hydrogel, a syringe must be designed. 

The force required to inject a material through a catheter can be calculated using the Hagen-

Poiseuille equation 

Equation 5.12.1 Hagen-Poiseuielle equation 

𝐹 =  
128𝑄𝜇𝐿𝐴

𝜋𝐷4
 

Where;  

Q = the volumetric flow rate (m3/s) 

µ = the dynamic viscosity of the material (Pa.s) 

 L = the catheter length (m) 

D = the diameter of the needle/catheter (m) 

A = the syringe plunger area (m3) [112] [508].  

This equation is useful to predict the force required to inject Newtonian fluids at various 

viscosities with varying flow rates, syringes and catheters. However, alginate is a Non-

Newtonian fluid that undergoes shear thinning and, therefore, it is difficult to predict the 

changes in force at increasing viscosities and flow rates [197]. However, it is clear from the 

equation that increasing the flow rate, fluid viscosity, catheter length and syringe size will 

cause an increase in force required to inject the material. The largest change to the force 

required will be caused by varying the diameter of the catheter used.  

5.12.1. Testing Commercially Available Syringes 

Standard push syringes are available in various volumes with the syringe plunger area 

typically increasing with an increase in syringe volume. Increasing plunger areas result in an 

increase in force to inject a material. Alternatively, for a larger syringe plunger area, a 

reduction in the flow rate can allow a material inject through the same catheter at a similar 

force.  

To examine the effect syringe size and flow rate has on the force required to inject the 

hydrogel, the hydrogel was injected through a 2.4F catheter from a 1ml and 3ml syringe. 

Figure 5.12.1 shows that the injection force required to inject the hydrogel from a 1ml 

syringe at 0.5ml/min rate was 60N. The hydrogel could not be injected through the 3ml 

syringe at 0.5ml/min rate and therefore the flow rate was reduced to 0.1ml/min. The 

hydrogel could inject at this flow rate with a force of 44N.  
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Figure 5.12.1 Injecting 4.5% MVM alginate hydrogel through a 2.4F catheter 

5.12.2. Design of Syringe 

In order to fill a medium sized aneurysm, approximately 2ml of hydrogel will be required. 

The results in Figure 5.12.1 show that in order to inject the hydrogel from commercially 

available syringes, the flow rate must be reduced or a multiple number of 1ml syringes must 

be used. Due to the hydrogel having a working and setting limit, a reduction in flow rate to 

reduce the force is not ideal. Use of numerous syringes would not be ideal either, as an air 

bubble could be introduced into the cerebral vasculature while changing the syringes. 

Therefore, a syringe was designed to have a 5mm diameter, similar to the 1ml syringe, and a 

longer length to increase the syringe volume to 2.4ml.  

A threaded plunger syringe was designed as this is commonly used in syringes designed to 

inject high viscosity materials, as the injection force required is reduced compared to a 

typical push syringe. This design also helps control the injection rate of the material [509]–

[512]. This may allow for injection rate to be increases and reduce surgery time. Drawings of 

the syringe are shown in Appendix 9.5.10. 

The results to date have shown the hydrogel mixed to a volume of 1.2ml. However, in order to 

fill the aneurysm a 2ml hydrogel is required. To examine this, testing was carried out when 

the hydrogel’s components were doubled in weight. The results of scaling up the hydrogel 

volume indicate that increasing the hydrogel volume has no negative effect on the 

performance of the hydrogel. The results are shown in Appendix 9.5.10.1. 
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Chapter 6. Project Discussion 

The hydrogel produced here is shown to incorporate a combination of the advantages of in 

situ gelling alginate hydrogels with the advantages of bioactive glasses. In situ gelling alginate 

hydrogels allow the treatment of vascular defects in a minimally invasive manner while 

providing a high occlusion rate. Alginate hydrogels typically lack sufficient mechanical 

properties and stability for embolization, however, the incorporation of bioactive glass allows 

for the slow release of cross-linking ions that result in a high strength homogenous hydrogel 

that is stable overtime. The incorporation of bioactive glasses can also promote cell growth 

and adhesion, which is lacking from typical calcium alginate hydrogels.  

It can be seen from the results of Section 5.1 and 5.2 that molecular weight, chemical 

composition and concentration of alginate can significantly affect the compressive strength, 

viscosity, working time and hardening time of a hydrogel. Typically, alginates with a High-G 

content will have a higher compressive strength compared to High-M alginates, however, it 

can be seen in Figure 5.1.8 and Figure 5.1.9 that a high molecular weight can be used to 

compensate for the lower strength typically observed with a High-M alginate. This difference 

is likely due to two different cross-linking mechanisms involved. For the High-G, low 

molecular weight alginate, the cross-linking is likely caused by ionic cross-linking. A 

considerable portion of the cross-linking of the High-M and high molecular weight alginates is 

likely caused by the increased chain entanglements. 

The results from 5.2 show that gamma irradiation of alginate can significantly decrease the 

strength and viscosity of the produced hydrogel. The working time and hardening time of the 

hydrogel is also significantly increased. These effects are caused by the decrease in chain 

entanglements, resulting from a reduction in molecular weight. This further shows that 

molecular weight can greatly affect the produced hydrogel when using a High-M content 

alginate. The results from Section 5.2 show that gamma irradiation of alginate is not a 

suitable sterilisation technique for the specific intended use of this hydrogel.  

Acid washing of the glass phase can affect the surface properties and reduce the 

agglomeration of glass powders. This results in a hydrogel with a strength higher than that 

which has been reported in the current literature for in situ forming alginate hydrogels. This 

was likely caused by the increase in trivalent ions on the surface of the glass particles and a 

better dispersion of glass particles resulting in a more homogenous hydrogel. 

The results show that the hydrogel is highly tuneable by varying the alginate type and 

concentration, glass content and GDL content. The surface properties of the bioactive glass 

are also a key component in the resulting hydrogel. Although the working time and hardening 
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time of the hydrogel decreases linearly with the increase in alginate concentration, glass and 

GDL content, this is not observed for the strength. This is due to longer term interaction such 

as the cross-linking density of the hydrogel. An increase in alginate concentration will require 

an increase in glass and GDL to produce a sufficient ion content. Excessive glass content will 

result in an inhomogeneous hydrogel due to the agglomeration of glass particles. An increase 

in GDL will decrease the pH further, which may result in significant inflammation and cell 

apoptosis.  

For the hydrogel to have a suitable sample volume conservation and injectability, the 

strength of the hydrogel has to be reduced. This is due to the strength of the hydrogel 

increasing with increasing alginate concentration and cross-linking density. Increasing the 

alginate concentration results in a highly viscous hydrogel that requires an excessive force to 

inject from a micro-catheter. Increasing the cross-linking density causes water molecules to 

be removed from the hydrogel due to an increase in elastic forces and results in a loss of 

volume [209]. The injectability can be improved by reducing the alginate concentration, 

though the glass and GDL content must be optimised to reduce sample expansion. 

EDC and NHS have been used to improve the cell adhesive and bond strength of alginate by 

cross-linking alginate with peptides or other polymers. Due to the in situ gelation of the 

hydrogel discussed here, the EDC and NHS can provide the formation of an amide bond 

during gelation to the surface of the aneurysm wall. 

The ions released from this hydrogel encourage cell proliferation in a dose-dependent and 

exposure duration-dependent manner. The results show that the gallium ions released from 

the glass phase are likely having a cytotoxic effect but this is mediated by cell proliferative 

ions such as silicon and the gluconic acid released from the hydrogel.  

Cells typically do not adhere to the surface of alginate hydrogels. Results here show that the 

addition of bioactive glass and EDC and NHS to alginate cause the hydrogel to adhere to tissue 

and encourage cells to attach to the hydrogel surface.  

In addition to improving volume conservation and injectability, the strength of the hydrogel 

will have to be forfeited to improve the bond strength, sterility and radiopacity of the 

hydrogel. As the hydrogel had an initial high strength, these reductions in strengths still 

resulted in a hydrogel that greatly exceeds the minimum strength requirement. The resulting 

hydrogel fulfils each requirement of the “Ideal aneurysm treatment device” described in 2.4 

(page 25). 
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6.1.1. Comparison of the Optimum Composition to Other Aneurysm Treatments 

A range of injectable polymer formulations have been developed for soft tissue applications 

but many contain toxic monomers, activators and free radicals. The gelation rate of the 

hydrogel described here is slow compared to other alginate hydrogels [201] [357], which 

allows the hydrogel to be delivered and set, within a clinically applicable time frame.  

For an aneurysm filler to be effective it should have sufficient strength in order to behave in a 

similar manner to native cerebral tissue; diverting flow, withstanding stresses caused by 

arterial expansion and contraction and haemodynamic forces (static, dynamic and shear). A 

calcium alginate gel that was designed for embolization was reported to have a compressive 

strength of 124kPa at 60% strain [109]. Onyx®, a material approved for the treatment of 

cerebral aneurysms in Europe, has been observed to have a compressive strength of 3MPa 

after 5 days [130]. However, Onyx® sets rapidly when in contact with blood, which reduces 

the strength and adhesive properties of the material. The optimised hydrogel in this study 

exhibits an incremental modulus of up to 472kPa and a compressive strength of 146kPa after 

storage in SBF for 1 day. Both the incremental modulus and strength increase to 581kPa and 

271kPa respectively after 7 days. Although it is not equal in strength to Onyx® or the 1MPa 

modulus which is likely to reduce WSS (indicated by CFD), it may act to support the existing 

tissue in its function, without transferring excessive stress to the damaged tissue. This novel 

material also has a greater mechanical integrity than the currently used coil technology, 

where coils with clots have a compressive strength of approximately 4.24±1.26kPa.Though 

these strengths are not optimal, coils continue to function in this mechanical environment 

[76] [80] [129].  

Figure 5.6.12 shows the hydrogel has a significantly reduced tensile strength compared to 

cerebral vasculature and aneurysms, discussed in Section 2.1.3 and 2.2.3. This strength will 

have to be improved for the use applications such as the treatment of myocardial infarctions. 

Though, for the treatment of cerebral aneurysms the strength of the hydrogel will likely 

suffice.  

An advantage of Onyx® as an aneurysm treatment compared to that of coils is that it greatly 

reduces the vortices, jet flows and WSS stress within the aneurysm without relying on 

thrombus formation. It is thought that all of these are factors contribute to aneurysm rupture 

[48]–[50]. It is likely that the produced novel glass-alginate hydrogel will have the same 

advantages as Onyx® due to the complete embolization of the aneurysm.  

Onyx® can cause angiotoxic effects due to the presence of DMSO in the Onyx® solution if not 

injected at the correct rate. The novel hydrogel discussed here does not require the diffusion 

of inorganic solvent in order to gel. This hydrogel can also be injected in 5 minutes and does 
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not require a repeated inflation or deflation of the balloon. This provides a significant 

advantage of reducing toxicity, surgery time and possible vessel damaged caused by repeated 

balloon inflation.  

The release of multivalent ions from the glass and gluconic acid from the hydrogel has been 

shown to support cell proliferation. This is ideal for an aneurysm filler as it would encourage 

endothelialisation of the neck of the aneurysm, causing the aneurysm to fully occlude from 

the parent artery. This may also improve the strength of the wall of the aneurysm, as 

aneurysm walls typically have a fragmented endothelial layer. However, an excessive 

proliferation of endothelial cells may cause recanalization of the aneurysm. While Onyx® and 

hydrogel coated coils have been shown to cause remodelling at the neck of the aneurysm, 

endothelialisation is not always observed with bare coils [78] [446]. The literature does not 

indicate an aneurysm treatment, like the novel hydrogel, that can promote cell proliferation.  

Neither Onyx® nor bare coils are adhesive to the aneurysm wall. Here, the addition of 0.83% 

(w/v) of EDC and NHS increased the adhesion of the hydrogel to a porcine skin graft. This is 

advantageous as it may reduce the chance of recurrence of the aneurysm and inhibit blood 

flowing behind the embolic material. 

As with Onyx® and other injectable aneurysm treatment materials, the novel hydrogel was 

seen to migrate from the aneurysm dome during injection [119] [498]. However, the 

hydrogel was successful delivered into aneurysm non-recovery animals. The hydrogel was 

injected into the renal artery for kidney embolization and the material was found to 

successfully embolize the renal artery, with material found in the micro-vasculature. The 

material was shown to have sufficient mechanical properties to embolize the arteries while 

supporting neointima formation.  
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Chapter 7. Conclusion and Future Work 

7.1. Conclusions 

 Ion releasing bioactive glass can be used to cross-link alginate, resulting in a high 

strength material. The continued release of ions from glass causes an increase in 

strength over time. This continued release of ions results in a hydrogel with a 

compressive strength of 2,645 kPa, higher than any reported for in situ gelling 

alginate hydrogels. 

 

  Alginate concentration, molecular weight and chemical composition affect the sample 

volume conservation, viscosity, strength, deliverability, working and hardening time 

of the novel hydrogels such that: 

o  The hydrogel working time is predominantly governed by the chemical 

composition of the alginate. 

o The hydrogel hardening time is predominantly governed by the molecular 

weight of the alginate. 

o High G-block alginates have a high strength and viscosity, even at a low 

molecular weight. 

o The strength and viscosity of a high M-block alginate can be compensated for 

by increasing the alginate’s molecular weight. 

 

 The surface properties of glass particles can be modified by acid washing. This has an 

effect on the particle size, surface topography, pore size, surface ion content and 

surface network connectivity. These modifications on the surface properties of the 

glass can reduce glass particle agglomeration due to decreased hydrophobicity. In the 

case of this hydrogel, modification of the surface ion content resulted in a higher 

strength hydrogel. 

 

 The inclusion of EDC and NHS in the hydrogel can significantly increase the bond 

strength of the alginate hydrogel to a porcine skin graft in 1 day without the addition 

of RGD peptides or collagen.  

 

 The strength of the hydrogel must be sacrificed to improve the injectability and to 

achieve volume conservation. 

 

 The quantity and release rate of ions from bioactive glass can affect cell viability. In 

the case of bioactive glasses, the release quantity and rate can be controlled by the 



Chapter 7. Conclusion and Future Work 

228 
 

network connectivity of the glass and the glass surface ion content. Gallium and 

calcium can have cytotoxic effects on endothelial cells but these effects can be 

mediated by the release of cell proliferative ions such as silica.  

 

 The damaging effect that gamma irradiation has on glass, GDL, EDC and NHS can be 

reduced if the material is irradiated at low temperatures. 

 

 The addition of glass to an alginate hydrogel can improve the ability of cells to adhere 

to the surface. This may be caused by the presence of silica ions or a reduction in the 

hydrophilicity of the alginate due to the hydrophobic glass ions.  

 

 The hydrogel can be effectively used as an embolization treatment and encourage 

neointima formation without causing any material related inflammation. 
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7.2. Future Work 

 Acid washing the surface of the glass increased the surface area and pore diameter of 

the glass. Prolonged acid washing times may further increase the pore diameter. This 

increase may allow the glass particles to be loaded with therapeutic ions, which if 

incorporated into the hydrogel, could be used for the direct delivery of therapeutics to 

the required site. 

 

 Production of glass particles by sol-gel will allow for a more controlled particle size. 

This may further improve the strength of the hydrogel, as these particles are more 

likely to be evenly distributed throughout the hydrogel.  

 

 The radiopacity of the hydrogel was improved by the addition of tantalum powder; 

however, it reduced the hydrogel’s strength. Other methods may improve the 

radiopacity without having the same negative effects on strength. These include other 

forms of tantalum, contrast agents and tantalum containing bioactive glass. The use of 

a tantalum with a smaller particle size may allow a reduced quantity of tantalum with 

a better dispersion. No contrast agents were tested to date but have been shown to 

successfully increase the radiopacity of other polymers. Although tantalum was added 

to the glass, replacing calcium, it caused negative results likely due to an increased 

glass network connectivity. Partially replacing gallium or silica in the glass 

composition may provide a glass with acceptable ion release rates and an increased 

radiopacity.  

 

 For clinical applications, the hydrogel will have to remain sterile from production to 

injection. Not alone will sterility need to be maintained in its packaged form, but 

every effort will need to be made to maintain sterility during mixing. For this, a sterile 

mixing device will need to be designed. 

 

 Time will likely have a negative effect on the packaged components of the hydrogel, 

particularly the alginate, which is delicate and liable to degradation. Shelf-life studies 

should be completed to examine if the properties of the hydrogel, particularly the 

strength, working time and hardening time, change over a typical product shelf-life.  

 

 The hydrogel’s properties can be vastly modified by varying the alginate, glass and 

GDL content. For this application, increasing these components has a negative effect 

on the injectability. However, larger catheters may be used in other embolization 

techniques. These increased catheter sizes will allow for the alginate concentration to 
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be increased, which will increase the hydrogel’s strength particularly if the glass and 

GDL concentration is also suitably increased. Examining the hydrogel’s injectability, 

strength and setting time at various concentrations should be examined to determine 

its usability for a range of other applications.   

 

 Polymerase chain reaction of BAECs dosed with the hydrogel’s eluent and the 

individual ions may provide a better insight mechanism by which the eluent 

encourages cell attachment and proliferation. This will allow tailoring of the hydrogel 

to improve the biocompatibility of the hydrogel. The ion content and release rate 

from the hydrogel could be controlled through further surface modification of the 

bioactive glass or increasing/decreasing the glass and GDL content. 

 

 Incorporating small amounts of thermal responsive cross-linkers into the hydrogel, 

such as PNIPAAm, may improve its usability for cerebral aneurysm applications by 

resulting in an initial thermally induced partial gelation/thickening upon delivery, 

thereby reducing the chance of material migration during delivery. 

 

 In vitro or in vivo studies with a stent or flow diverter, rather than a compliant 

balloon, at the neck of the aneurysm may improve the injectability of the material, as 

it will reduce intrasaccular pressure.  

 

 The design of a partially covered retrievable stent may sufficiently reduce blood flow 

to allow the material to be injected and set, while reducing intrasaccular pressure and 

trap any material that migrates. 
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Chapter 9. Appendix  

9.1. Appendix A 

9.1.1. Publications and Presentations  

9.1.1.1. Optimisation of a Novel Glass-Alginate Composite for Treatment of Cerebral 
Aneurysms 

Optimisation of a Novel Glass-Alginate Hydrogel for the Treatment of Intracranial 

Aneurysms 

S.A. Bradya, E.K. Foxa, C. Lallyb, O.M. Clarkina 
aSchool of Mechanical & Manufacturing Engineering, Dublin City University, Dublin 9, Ireland 

bMechanical & Manufacturing Engineering, Trinity College Dublin, Dublin 2, Ireland 

Abstract 

The current gold standard for aneurysm treatment is endovascular coiling. However, 

recurrence is observed in over 20% of cases. A novel hydrogel has been developed to treat 

aneurysms. This hydrogel is composed of a polymeric alginate, a novel ion releasing glass and 

glucono-delta-lactone. This is an internally setting alginate hydrogel, wherein the setting rate 

can be controlled by both the glass and the alginate chemistry. The aim of this work is to 

examine the effect of each component of the hydrogel and optimise the composition of the 

hydrogel, specifically the alginate molecular weight, M/G ratio and concentration. The effects 

of gamma sterilisation will also be examined. The results show that alginate concentration, 

chemical composition and molecular weight affect the compressive strength, working time, 

hardening time and deliverability of the hydrogel. Gamma irradiation of the alginate reduces 

the molecular weight, which has a negative effect on the usability of this hydrogel. 

Keywords 

Alginate, molecular weight, chemical composition, concentration, hydrogel, intracranial 

aneurysm  

1. Introduction 

An intracranial aneurysm is an irregular 

out-pouching of a cerebral artery. It is 

estimated that 1% to 6% of the adult 

population has an intracranial aneurysm 

(Brisman et al., 2006). A ruptured 

aneurysm can lead to stroke, resulting in 

disability or death. Treatments such as 

clipping and coiling are currently used to 

prevent an aneurysm from rupturing; 

however, there are a number of problems 

associated with these. Clipping the 

aneurysm involves a craniotomy and 

carries the risks of infection and scarring 

(Brisman et al., 2006). In the United States, 

the most common treatment method for 

intracranial aneurysms is coiling. 

However, recurrence is common, 

happening in 20.8% of endovascular 

coiling cases (Crobeddu, Lanzino, Kallmes, 

& Cloft, 2012), indicating that it is a 

suboptimal treatment method. 

In this study we explore the possibility of 

delivering a hydrogel which will fill the 

aneurysm more completely and prevent 

rupture. This novel hydrogel composite is 

composed of a polymeric alginate, a novel 

ion releasing glass and glucono-delta-

lactone (GDL). 
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Ideally, the hydrogel should adhere to the 

aneurysm wall preventing migration and 

aneurysm recurrence. Additionally, the 

hydrogel must be able to withstand a 

compressive stress of at least 22kPa, 

which relates to hypertensive blood 

pressure (Cipolla MJ, 2009). The envisaged 

hydrogel delivery procedure will involve 

inflating a compliant balloon adjacent to 

the aneurysm neck, as with endovascular 

coiling. The novel hydrogel will then be 

injected through a micro-catheter into the 

aneurysm whilst the inflated balloon 

prevents leakage of the filler into the blood 

stream (see Figure S 1). To allow for 

delivery, an optimum working time of 

between 10 and 30 minutes has been 

determined by clinical observation (Brady 

et al. 2017) It has been determined that 

the novel hydrogel must be set within 5 

minutes of injection (based on the 

maximum inflation time for a balloon in 

the cerebral vasculature. A balloon inflated 

for greater than 5 minutes may result in 

cerebral ischemia (Kim Nelson & Levy, 

2001). The alginate sterility must also be 

considered and this can ordinarily be 

achieved by moist heat sterilization, 

gamma-irradiation or ethylene oxide 

sterilization (Munarin, Bozzini, Visai, 

Tanzi, & Petrini, 2013).  

Alginate is a polysaccharide composed of 

β-ᴅ-mannuronic acid (M) and α-ι-

guluronic acid (G), giving alginate an M/G 

block structure. Alginate has the ability to 

gel when cross-linked with multivalent 

ions. Alginate is typically described in 

terms of molecular weight and the M/G 

ratio. G-rich alginates are stiffer and more 

brittle than M-rich alginates (Morais et al., 

2013). 

The role of the glass in this hydrogel is to 

deliver a steady release of multivalent 

ions, controlling the rate of gelation and 

the strength of the hydrogel. The more 

stable the glass the slower the rate of 

gelation. A glass that releases a higher 

quantity of ions will form a stronger 

hydrogel. Bioactive glasses have also 

traditionally been used to deliver 

therapeutic ions, which encourage cell 

growth and extracellular matrix 

production. This hydrogel formulation 

could also, in the future, be used to deliver 

therapeutic ion doses. 

GDL is a lactone that hydrolyses in water 

to form a gluconic acid, its role in the novel 

hydrogel is to acidify the solution. This in 

turn releases multivalent ions, contained 

in the glass, allowing them to cross-link 

with the alginate. The gelation rate of the 

hydrogel can be tightly controlled by both 

the composition of the glass phase and the 

ratio of constituent components of the gel. 

An increased amount of GDL results in 

increased acidity, causing a more rapid 

glass ion release and a more rapid 

gelation.  

The aim of this work is to individually vary 

the concentration of two different 

alginates, with similar viscosities but 

differing molecular weights and M/G 

ratios and to examine the effect on the 

mechanical properties, sample volume 

conservation, working time, hardening 

time and deliverability of a hydrogel. We 

hypothesise that the strength of the 

hydrogel will increase with increasing 

alginate concentration but the sample size 

will reduce over time due to the increased 

cross-linking density. Although alginate is 

a Non-Newtonian liquid that undergoes 

shear thinning, there will likely be a large 

increase in viscosity with increasing 

alginate concentration and this will affect 

the deliverability of the hydrogel. In 

addition, the effect of a reduction in 

molecular weight by sterilisation on the 

most suitable alginate is subsequently 

examined. Gamma irradiation is known to 
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greatly reduce the molecular weight of 

alginate and will likely cause a significant 

reduction in the hydrogel’s strength. This 

will also reduce the viscosity which may 

help with the deliverability of the 

hydrogel. Gamma irradiation will be 

chosen as a possible sterilisation 

technique for future work, provided there 

is a positive outcome of these results. This 

optimisation is designed to improve the 

novel hydrogel’s performance for the 

treatment of cerebral aneurysms.  

2. Material and Methods 

2.1.  Materials  

2.1.1. Alginate Purification 

All reagents used were purchased from 

Sigma-Aldrich (Wicklow, Ireland), unless 

stated otherwise. Two different techniques 

were used to produce the two different 

potassium alginates; a medium viscosity 

High-G content alginate (MVG) and a 

medium viscosity High-M content alginate 

(MVM). The hydrogel was purified from a 

sodium salt and alginate to a potassium 

alginate to reduce the endotoxin levels 

found in the supplied alginate (Dusseault 

et al., 2006). All acid/base solutions were 

made up in 20 mmol/L of NaCl in 

deionised water (DI), unless stated 

otherwise. 

MVG was produced by dissolving 8g of a 

sodium salt from brown algae in 400 mL of 

DI. The alginate pH was raised to 7.0 by 

adding a 0.5 M potassium hydroxide 

(KOH). The alginate was then precipitated 

by adding 200 mL of methanol per 100 mL 

of alginate. The alginate was filtered 

through a 500 µm sieve after 10 minutes. 

The alginate was then freeze-dried. 

MVM was produced by dissolving 9 g of 

sodium alginate was dissolved in 900 mL 

of 1 mmol/L sodium EGTA. The solution 

was then filtered through 11 µm and 2.5 

µm filter paper respectively. The alginate 

was then precipitated on ice by reducing 

the pH to 1.5 using a 2 M hydrochloric acid 

(HCl). The alginate was decanted through 

a 500 µm stainless sieve and stirred 30 

minutes in 200 mL of a 0.01 M HCl solution 

and decanted again. This stirring and 

decanting was repeated three times. To 

remove proteins the alginate was stirred 

for 30 minutes in 100 mL of a 0.01 M HCl 

solution with 20 mL of chloroform and 5 

mL of 1-butanol, and collected in a 500 µm 

stainless steel sieve. This washing and 

collecting was repeated three times. 350 

mL of DI was added and the pH was raised 

to 7.0 by adding a 0.5 M KOH. The alginate 

was stirred in a solution of 20 mL 

chloroform and 5 mL of 1-butanol per 100 

mL of alginate and centrifuged at a rate of 

5,000 rpm for 5 minutes. The alginate was 

then separated using a pipette from the 

chloroform/1-butanol solution. This 

washing and centrifuging was repeated 

once. Finally, the alginate was precipitated 

by adding 200 mL of ethanol per 100 mL 

of alginate and filtered after 10 minutes. 

The alginate was then freeze-dried.   

A sample of the porous freeze-dried solid 

MVM alginate was gamma irradiated at 

Synergy Healthcare (Westport, Ireland) by 

exposing the sample to a cobalt 60 source 

until a final irradiation dose of 25kGy was 

achieved. 

The required amount of freeze-dried 

alginate, to make the required alginate 

concentration, was then added to 12 mL of 

DI.   

2.1.2. Glass 

The glass had a mole fraction composition 

of 

0.33SiO2•0.18Ga2O3•0.23CaO•0.11P2O5•0.

15CaCl2. A glass frit of this composition 

was produced by melting the appropriate 

raw materials in a platinum 10% rhodium 

crucible at 1480 °C for 1 hour. The molten 

mixture was then shock quenched into 
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water. A glass powder was then produced 

by grinding 30 g of glass frit using 15 mm 

diameter zirconia balls in a ball mill 

(Pulverisette 6 classic Mono planetary ball 

mill, Fritsch GmbH, Germany) at 500 rpm 

for 10 minutes. Particles over 500 µm 

were removed by sieving the glass powder 

through a 500 µm sieve. 7.5 g of the <500 

µm particles were ground in 22.5 mL of DI 

using 5 mm zirconia balls in a ball mill at 

500 rpm for 10 minutes. The glass mixture 

was dried in the oven at 130 ºC. 

2.1.3. Glucono-Delta-Lactone 

D-(+)-Gluconic acid δ-lactone was 

purchased from Sigma Aldrich. The GDL 

particle size was reduced by grinding 30 g 

at 500 rpm for 5 minutes using a ball mill. 

Particle size analysis is shown in Figure S 

2. 

2.1.4. Hydrogel preparation 

The required amount of freeze-dried 

alginate was dissolved in 1.2 mL of DI. The 

novel hydrogel was produced by mixing 

4.6% of glass powder, 50 mg of GDL with 

the 1.2 mL of the alginate solution for 1 

minute, unless otherwise stated. Design 

Expert 9 (Stat-Ease, Minneapolis, USA) 

was used to determine the four alginate 

concentrations to be tested; 0.5%, 2.5%, 

4.5% and 6.0%.  

2.2.  Methods 

2.2.1. Alginate Characterisation 

Gel permeation chromatography (GPC) 

and nuclear magnetic resonance 

spectroscopy (1H NMR) were carried out 

as follows in order to characterise the 

alginates produced. 

GPC was carried out using a liquid 

chromatography system (Agilent 1200, 

Agilent, USA) equipped with a Suprema 

Linear GPC column (PSS, Germany). The 

mobile phase used consisted of 0.1 M 

disodium hydrogen phosphate containing 

0.5 g/L of sodium nitrate buffered to pH 9. 

All samples were injected at a 

concentration of 1 mg/mL, at a flow rate of 

0.5 mL/min. Pullulan standards were used 

to construct the calibration curves as 

alginate standards are not available. This 

is not an ideal standard as it can 

overestimate the molecular weight 

(Andersen, Strand, Formo, Alsberg, & 

Christensen, 2012). However, they are 

commonly used in determining molecular 

weights of alginates with a refractive index 

detector (Aida, Yamagata, Watanabe, & 

Smith, 2010; Barbetta, Barigelli, & Dentini, 

2009; Ding, Zhou, Zeng, Wang, & Shi, 

2017).  

1H NMR analysis of the potassium alginate 

was carried out using a modified version 

of the standard ASTM F2259–03. The 

alginate solution was prepared by mixing 

the alginate to a 0.1% (w/v) in DI. HCl was 

used to bring the alginate pH to 5.6 and the 

alginate solution was stored in a water 

bath at 100 °C for 1 hour. HCl was used to 

further adjust the pH of the alginate to 3.8. 

The solution was stored again in a water 

bath at 100°C for 30 minutes. The pH was 

then raised to 7 using NaOH and the 

alginate was freeze dried. The alginate was 

then dissolved in 5 mL of 99% D2O and 

freeze dried overnight. 12 mg of alginate 

was dissolved in 1 mL of D2O and placed in 

a NMR tube. The NMR of the alginate was 

tested using a Bruker Advance 400 

(Bruker, Massachusetts, USA) at 80°C. 64 

scans were carried out using a 2s 

relaxation delay. The M-block, G-block and 

alternating block sequences content were 

then calculated as per the equations in 

ASTM F2259-03 using the produced 

spectrum. 

2.2.2. Viscosity 

The viscosity of each alginate at varying 

concentrations was determined at 24ºC 

using a SV-10 tuning forks Vibro 

Viscometer (A&D Company, Japan) 
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running a sine wave formation at a 

constant frequency of 30Hz and amplitude 

of less than 1 mm. The viscometer 

measures up to 10,000 mPa.s. 

2.2.3. Volume Conservation 

To examine whether the 1.2 mL hydrogel 

volume was conserved over time, the 

samples volumes were measured after 

storage in 20 mL of DI for 1, 3 and 7 days. 

The hydrogel was mixed and poured into a 

cylindrical mould (10 mm diameter and 14 

mm height). The hydrogel was left to set 

for 1 hour and incubated in DI at 37°C for 

the required amount of time. After the 

required time the hydrogel was removed 

from the DI and dimensions were 

measured using callipers. ‘Volume 

conservation’ was calculated by 

calculating the change in volume 

compared to the original (pre-incubated) 

volume. 

2.2.4. Compression testing 

To examine the mechanical properties of 

the novel hydrogel, compression testing 

was carried after storing the novel 

hydrogel for 7 days in DI. The compression 

testing samples were made as described 

above. After the required amount of time 

the hydrogel sample was compressed 

using a mechanical testing machine (Z005, 

Zwick Roell, Germany) equipped with a 5 

kN load cell. A 0.005 N pre-load was 

applied. The samples were compressed up 

to 70% strain at a crosshead speed of 2 

mm/min. 

2.2.5. Working and Hardening Time 

The working and setting time of each 

alginate was determined using a modified 

version of ISO 9917. The setting time was 

found by mixing the hydrogel and placing 

a circular indenter (diameter: 6 mm, 

weight: 20 g) on the sample every 60 

seconds. The hydrogel was considered set 

when it held the indenter without causing 

an indentation in the hydrogel. 

The working time was determined by 

stirring the hydrogel every 1 minute until 

the hydrogel would not return to its 

original shape. 

The hardening time is defined as the 

difference between the setting time and 

working time of the hydrogel. 

2.2.6. Deliverability 

The deliverability of each alginate was 

tested by injecting the hydrogel by hand at 

the varying alginate concentrations 

through a 3F micro catheter, using a quick 

stop syringe. 

The optimum hydrogel was then injected 

through a 2.7F micro-catheter into a 

silicone side wall aneurysm, (neck size of 

2.5 x 6 mm, model H+N-S-A-005, Elastrat, 

Switzerland). A pulsatile blood pump 

(1423, Harvard Apparatus, Mass., USA) 

was used to pump a 36:64 water:glycerol 

solution through the aneurysm and to 

provide physiologically correct blood 

pressure (140/80 mmHg) and flow rates 

(700 mL l/min). The pressure was 

measured at the aneurysm inlet and outlet 

using pressure transducers (DTX Plus 

Disposable Pressure Transducer, Argon) 

which was amplified using a bridge 

analogue input (NI9237, National 

Instrument) and the pressure was 

monitored using LabView. A 5 mm 

diameter balloon (Trek, Abbott) was 

inflated adjacent to the aneurysm neck, to 

facilitate placement. 

2.2.7. Statistical analysis 

Student T-tests (p<0.05) and ANOVA with 

Bonferroni’s post hoc test was carried out 

using IBM SPSS (IBM, Armonk, NY). 
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3. Results 

3.1. Effect of alginate molecular 

weight and chemical composition 

3.1.1. Alginate Characterisation 

GPC was carried out to determine the 

molecular weight (MW) of each alginate 

and 1H NMR spectra of the alginates were 

used to determine the guluronic acid (FG), 

mannuronic acid (FM) and alternating 

block (FGM) fractions, which were 

calculated as per ASTM F2259 – 03. 

Table 1 gives the calculated results of the 

alginates produced; see Figure S 3 and 

Figure S 4 for graphs. MVG produced a low 

molecular weight (60kDa) alginate with a 

High-G content. MVM produced a high 

molecular weight (700kDa) alginate with a 

High-M content. 

3.1.2. Volume Conservation 

The volume of the samples with a low 

alginate concentration reduced in size, see 

Figure 1. A 4.5% alginate concentration 

approximately maintains its size or slightly 

expands (<5%) whilst the samples at the 

6.0% alginate concentration expanded 

after 7 days. 

 

Figure 1 Volume conservation after storage for 7 days in 

DI at 37°C (n=5) 

3.1.3. Viscosity 

Both alginates have a similar viscosity at 

each concentration and the viscosity 

increases with increasing alginate 

concentration (Figure S 5). Both the 

alginates have viscosity greater than 

10,000 mPa.s at the 6.0% alginate 

concentration.  

3.1.4. Compression testing 

Both hydrogel compositions at each 

concentration far exceed the minimum 

compressive strength (22 kPa) required.  

 
Figure 2 (a) Compressive stress up to 70% strain and (b) 

Incremental modulus (30 to 50% strain) of the alginates at 

the 4 concentrations after storage for 7 days in DI at 37°C 

The strength of the hydrogel was observed 

to increase from 0.5% to 2.5% alginate 

concentration. This was expected to 

continue with increased alginate 

concentration, as observed elsewhere 

(Draget, Skjåk Bræk, & Smidsrød, 1994; C 

K Kuo & Ma, 2001; Becker, Kipke, & 

Brandon, 2001), however, this is not 

observed here. The decreased strength 

observed at 4.5% and 6.0% may be caused 

by shortage of cross-linking cations. As 

there is no increase in GDL or glass 

content there will be no increase in ion 

availability to cross-link with increasing 

number of chains provided by the 

increased alginate concentration.  

Figure 3 shows that increasing the glass 

content increases the modulus and 

strength of the hydrogel at a 4.5% alginate 

concentration. Increasing the glass content 

from 4.6% to 9.2% more than doubles 

both the strength and modulus of the 

Sample 
Molecular 

weight 
FG FM M/G FGG FMM FGM �̅�𝐆>𝟏 

MVG 60kDa 0.52 0.48 0.92 0.38 0.33 0.14 7.08 

MVM 700kDa 0.37 0.63 1.7 0.18 0.45 0.18 3.59 
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hydrogel, with no further increase being 

observed with further glass addition 

(13.8%). This may be increased further 

with an increase in GDL content.  

 
Figure 3 (a)Compressive stress up to 70% strain and (b) 

Incremental modulus (30 to 50% strain) of 4.5% and 6.0% 

MVM alginate with 50 mg GDL and an increased glass 

content after storage for 1 day in DI at 37°C (n=5) 

3.1.5. Working Time and Hardening 

Time  

Figure 4 shows the working and hardening 

time of each composition. For both 

alginates only the 4.5% and 6.0% alginate 

concentrations are within the required 

working and hardening time. There is an 

approximately linear decrease in working 

time for the MVG and MVM alginate (R2 = 

0.91 and R2 = 0.94, respectively) and 

hardening time for the MVM alginate (R2 = 

0.93) with increasing alginate 

concentration. As there is no significant 

difference between the 0.5% and 2.5% 

hardening time (p < 0.05), there is not a 

linear reduction for the MVG alginate. 

 
Figure 4 Alginate a) working and b) hardening time (n=5) 

3.1.6. Deliverability 

The alginate concentration of 0.5% (either 

MVG or MVM) gave insufficient viscosity 

(41-44mPas) to remain in the aneurysm 

when blood flow was applied. The 2.5% 

and 4.5% alginate concentration of both 

MVG and MVM alginates (<10,000 mPa.s) 

would inject through the micro-catheter 

easily, up to 20 minutes after mixing. The 

MVG and MVM alginates at 6.0% alginate 

concentration (>10,000 mPa.s) would not 

inject through the micro-catheter, blocking 

it 2 minutes after mixing the hydrogel. 

As the 4.5% concentration of the MVM 

alginate had the correct strength, sufficient 

volume conservation, and correct working 

and hardening times it was selected to 

inject into the aneurysm model. With the 

balloon inflated and the flow pump on, the 

hydrogel was injected into the 10 mm 

aneurysm with a 2.5x2.5 mm neck two 

minutes before the end of the working 

time (22 minutes after mixing). The 

hydrogel was fully injected by the working 

time and the balloon remained inflated for 

two minutes. The hydrogel stayed within 

the aneurysm and remained in the 

aneurysm with no perceptible erosion 

once the balloon was deflated for the time 

tested (30 minutes). 

3.2.  Effect of Gamma Irradiation 

As previously stated, the MVM alginate 

was the more suitable of the two alginates 

examined for treatment of cerebral 

aneurysms and hence was selected for 

gamma irradiation. A sample of the 

alginate was gamma irradiated by Synergy 

Healthcare (Westport, Ireland) at 25kGy to 

examine the effects of a change in 

molecular weight alone and for 

sterilisation purposes. 

3.2.1. Alginate Characterisation 

GPC and 1H NMR showed that gamma 

irradiation causes a reduction in alginate 
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molecular weight to 180kDa without a 

change to the alginate chemical 

composition (Table 1).  

3.2.2. Volume Conservation 

Figure 5 shows that, again, the lower 

irradiated alginate concentrations shrink 

in volume whilst the 6.0% alginate 

concentration increases in volume over 7 

days for both alginates. The 4.5% alginate 

concentration has minimal expansion in 

volume. 

 
Figure 5 Volume conservation after storage for 7 days in 

DI at 37°C (n=5) 

3.2.3. Viscosity 

The results show that gamma irradiation 

reduces alginate viscosity, with values 

ranging from 2.83 to 86.43 mPa.s. The 

viscosity increases by approximately 6.25 

mPa.s for each 1% increase in alginate 

concentration for the gamma irradiated 

alginate, see Figure S 8. 

3.3. Compression testing 

Reduction in molecular weight caused by 

gamma irradiation greatly affects the 

compressive stress and incremental 

modulus of the hydrogel compared to the 

non-irradiated sample (p > 0.05). Although 

the gamma irradiated alginate has a 

compressive strength that exceeds the 

limit discussed in the introduction (22 

kPa), the incremental modulus of the 

alginate decreases with increasing alginate 

concentration and at each concentration 

has a decreased strength compared to the 

non-irradiated alginate, see Figure 6.  

 
Figure 6 (a) Compressive stress up to 70% strain and (b) 

Incremental modulus (30 to 50% strain) of irradiated and 

non-irradiated alginate compositions after storage for 7 

days in DI at 37°C 

3.3.1. Working Time and Hardening 

Time  

The reduction in molecular weight of the 

gamma irradiated alginate significantly 

increases the working and hardening time 

(p > 0.05), see Figure 7. The working and 

hardening times decrease linearly with 

increasing alginate concentration for both 

irradiated and non-irradiated samples, i.e. 

R2 = 0.91, 0.91 and R2 = 0.91, 0.92, 

respectively. However, at each 

concentration test, the gamma irradiated 

alginate is not within the time limits for its 

intended application. 

 

 
Figure 7 Hydrogel a) working and b) hardening 

time (n=5) 

3.3.2. Deliverability 

None of the gamma irradiated alginate 

concentrations had sufficient viscosity to 

remain in the aneurysm when blood flow 

was applied, similar to that of the 0.5% 
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alginate concentration of the non-

irradiated alginate.  

4. Discussion  

From the GPC and 1H NMR results we can 

see that two different alginates were 

produced, a MVM with a high molecular 

weight and a MVG with a low molecular 

weight. Though the molecular weight of 

the MVG alginate is over ten times less 

than that of the MVM alginate, the 

viscosities are similar (Figure S 5). This is 

not typical but may be due to differences 

in M/G ratios and G-block length, with 

higher G content and length alginates 

being typically stiffer and more viscous 

compared to alginates with a High-M 

content (Jothisaraswathi & Rengasamy, 

2006; Nedovic & Willaert, 2013; Schmid, 

Fariña, Rehm, & Sieber, 2016; Smith & 

Miri, 2011). It has been shown that varying 

the alginate purification method results in 

alginates with significantly different 

viscosities. The varying alginates and 

purification methods used here may have 

an additional effect on the viscosity of the 

alginate due variances in residual salts and 

impurities and the resulting pH of the 

alginate solution (Dusseault et al., 2006; K. 

Y. Lee & Mooney, 2012; McHugh, 2003).  

It is clear from the results that the cross 

linking density of the hydrogel is 

important to control the strength and 

volume conservation. At the 0.5% alginate 

concentration there is likely a shortage of 

alginate chains and an excess of cations. At 

a 4.5% and 6.0% alginate concentration 

there is a shortage of cross-linking ions 

and, as a result, there are alginate chains 

that are not optimally cross-linked. 

The sample volume conservation exhibits 

results similar to those described by Kuo 

et al (Catherine K Kuo & Ma, 2008). At a 

0.5% and 2.5% alginate concentration the 

samples shrink and the 4.5% and 6.0% 

alginate concentration samples expand 

(Figure 1). This may be due to the 

hydrogel’s cross-linking density 

decreasing with increasing alginate 

concentration as a result of the glass 

content, and hence ion content, remaining 

constant. The lower concentration 

alginates have an increased cross-linking 

density. This increased cross-linking 

increases the elastic forces that can resist 

the swelling caused by water molecules 

diffusing into the hydrogel. As the 

concentration increases the cross-linking 

density decreases allowing water to 

diffuse through the hydrogel and swell. 

Neither significant shrinkage nor 

expansion is desired, as shrinkage may 

contribute to aneurysm recurrence and 

excessive sample expansion may cause 

aneurysm rupture. Samples produced 

from 4.5% alginate concentration exhibit 

minimal swelling, which suggests that this 

alginate concentration provides a cross-

linking density that provides a high 

strength while conserving sample volume. 

For both the MVG and MVM alginate the 

incremental modulus and compressive 

strength increase from 0.5% to 2.5% 

alginate concentration (Figure 2). The 

incremental modulus and compressive 

strength then decreases with further 

increased alginate concentration (≥2.5%). 

The decrease above 2.5% alginate was 

unexpected and may be due to a shortage 

of cross-linking ions. This shortage of ions 

may reduce the cross-linking density and 

result in an inhomogeneous hydrogel that 

is prone to fracture. To explore this 

further, the glass content was increased. 

This increased the strength for the 4.5% 

and 6.0% alginate concentration whereby 

the increase in cations provided a higher 

cross-linking density (Figure 3). For each 

of the concentrations, the MVM alginate 

had the highest modulus and compressive 

strength for each alginate concentration. 
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Typically, the High-G alginate would have 

the higher strength (Draget et al., 1994); 

however, the increased molecular weight 

of the MVM alginate may compensate for 

the lower G-block content and provides 

increased entanglements. 

Though the MVG alginate has the shortest 

working time, the MVM alginate has the 

shortest hardening time at each alginate 

concentration (Figure 4). This indicates 

that the working time is governed mostly 

by the chemical composition of the 

alginate with a High-G content providing a 

decreased working time. The hardening 

time of the alginate is governed mainly by 

the molecular weight of the alginate with a 

high molecular weight alginate having 

decreased hardening time. Increasing the 

alginate concentration of each alginate 

provides an increased number of ionic 

cross-linking locations and increased 

likelihood of chain entanglements, causing 

working and hardening time to reduce in 

each hydrogel.  

The deliverability of the hydrogel can be 

determined from the viscosity, with 

ungelled alginates up to 9,000 mPa.s being 

injectable through a micro-catheter. For 

the intended applications of this hydrogel; 

the strength, conservation of sample 

volume, working time and hardening time, 

along with the deliverability of this 

hydrogel must be considered. The 4.5% 

concentration of the MVM alginate met 

each of the requirements and was tested in 

an aneurysm model with physiological 

pressures. This hydrogel remained in the 

aneurysm without migrating. 

Gamma irradiation of the MVM alginate 

was shown to have no effect on the M/G 

ratio of the alginate. However, it does 

cause scissions of the glycosidic bonds, 

which reduces the molecular weight of the 

alginate.  

As expected, viscosity was seen to 

decrease with gamma irradiation of the 

MVM alginate, as expected, due to 

decreased chain entanglements (Dusseault 

et al., 2006; C K Kuo & Ma, 2001; Ouwerx, 

Velings, Mestdagh, & Axelos, 1998; 

Popeski-Dimovski, Rendevski, & Mahmudi, 

2012). 

From the alginate working and hardening 

time data it can be seen that the gamma 

irradiated alginate has the longest working 

and hardening time due to the High-M 

content and low molecular weight having a 

reduced number of ionic cross-linking 

locations (Popeski-Dimovski et al., 2012). 

Although usability of the gamma irradiated 

alginate may be improved by increasing 

alginate concentration and optimising the 

glass and GDL content, an alternative 

method of sterilization may be more 

efficient, such as sterilisation by filtration 

in a sterile manufacturing environment. 

A range of injectable polymer formulations 

have been developed for soft tissue 

applications but many contain toxic 

monomers, activators and free radicals. 

The gelation rate of the hydrogel described 

here is slow compared to other alginate 

hydrogels (Larsen, Bjørnstad, Pettersen, 

Tønnesen, & Melvik, 2015; Lee et al., 

2003), which allows the hydrogel to be 

delivered and set, within a clinically 

applicable time. 

Though GDL can be used with alginate to 

produce acid gels, this is likely not the case 

with the current hydrogel due to the high 

strengths and relatively rapid gelation 

rates observed. The addition of GDL 

results in a reduced pH during setting, 

which may affect the hydrogel’s 

biocompatibility. The pH of the storage 

medium drops by 0.50 with the 4.5% High-

M alginate. However, the presence of alkali 

ions in the bioactive glass has a 

neutralizing effect over 24 hours. It should 
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be noted that this temporary reduction in 

pH, as occurs with many synthetic 

biomaterials, may result in an increased 

inflammatory and fibrotic response in vivo 

(Edgar et al., 2016). 

For an aneurysm filler to be effective it 

should have sufficient strength in order to 

behave similarly to native cerebral tissue; 

diverting flow and withstanding 

haemodynamic stresses caused by arterial 

expansion and contraction and blood flow 

forces (static, dynamic and shear). A low 

elastic modulus is required to insure stress 

caused by blood flow is not transferred to 

the damaged tissue, causing aneurysm 

rupture. A calcium alginate gel that was 

designed for embolization was reported to 

have a compressive strength of 124kPa at 

60% strain (Becker et al., 2001). Onyx®, is 

a non-adhesive material approved for the 

treatment of cerebral aneurysms in 

Europe, has been observed to have a 

maximum compressive strength of 3 MPa 

(Ohyama, Ko, Miura, Iwata, & Taki, 2004). 

However, Onyx® sets rapidly when in 

contact with blood, which combined with 

the slow injection rate, is not ideal for 

placement.  

The optimised hydrogel in this study 

exhibits a compressive strength of 280 

kPa. Although it is not equal in strength to 

Onyx®, it may act to support the existing 

tissue in its function, without transferring 

excessive stress to the damaged tissue. 

The optimised hydrogel reported herein 

has higher incremental modulus and 

compressive strength compared to those 

of other ionically cross-linked alginate 

hydrogels described in the literature at 

similar alginate concentrations and 

chemical compositions (Becker et al., 

2001; C K Kuo & Ma, 2001). This novel 

material reported herein likely has a 

greater mechanical integrity than the 

currently used coil technology that can 

compact with blood flow, which though 

not optimal, continues to function in this 

mechanical environment (Gallas et al., 

2009; Sluzewski et al., 2004). 

Agglomerates were clearly visible in the 

hydrogel both during and after setting, 

which may affect consistency of strength 

and setting, therefore, future testing will 

be carried out to minimise these 

agglomerates. The adhesive nature of the 

hydrogel will also be examined as this is 

important to reduce aneurysm recurrence. 

Further optimisation of the sterilisation 

techniques for each hydrogel component 

of the hydrogel will also need prior to 

commercial application. 

5. Conclusion 

From the results it can be seen that 

alginate concentration, molecular weight 

and chemical composition affect the 

sample volume conservation, viscosity, 

strength, deliverability, working and 

hardening time of the novel hydrogels. An 

alginate with an increased molecular 

weight and High-M content provides a 

hydrogel with an increased working time 

and decreased hardening time while 

providing the required strength which is 

advantageous for a cerebral aneurysm 

filler. Alginates with a viscosity between 

2,000 mPa.s and 9,000 mPa.s can be 

injected through a micro catheter while 

providing sufficient viscosity to remain 

within an aneurysm without migration. 

Sterilisation by gamma irradiation causes 

a reduction of molecular weight which 

decreases the alginate’s viscosity and 

strength and increases the hydrogel’s 

working and hardening time. This is 

undesirable for the treatment of cerebral 

aneurysms. For this application, an 

alternative, less aggressive method of 

sterilisation will be required. 
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Supplementary Material 

 

Figure S 1 Schematic of novel hydrogel being injected into 
a cerebral aneurysm [17] 

 

 

Figure S 2 Particle Size Analysis of GDL purchased from 
sigma before and after grinding 

Effect of alginate molecular weight and 

chemical composition 

Alginate Characterisation 

 

 
Figure S 31H NMR of MVG and MVM alginate 

 

Figure S 4 GPC of MVG and MVM alginate 

 

Figure S 5 Viscosity of the alginates at each of the four 
concentrations (n=5) 

Effect of Gamma Irradiation 
Alginate Characterisation 

 
Figure S 6 1H NMR of gamma irradiated and non-

irradiated alginate 

The GPC, Figure S 7, shows that gamma 

irradiation causes scissions of the 

glycosidic bonds, reducing the molecular 

weight of the alginate.  

 

 
Figure S 7 GPC of gamma irradiated and non-irradiated 

alginate 

 

Using Equation S1 it was calculated that 

gamma irradiation causes approximately 

3.3 chain breaks per molecule.  
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𝑁 =
𝑀𝑜

𝑀
− 1 

Equation S 1 Calculating chain breaks per molecule 

 

Where Mo is the original molecular weight 

and M is the molecular weight of the 

alginate following irradiation. 

 

 
Figure S 8 Viscosity of alginates at each of the four 

concentrations (n=5) 

 

 

  



Chapter 9. Appendix 

270 
 

9.1.1.2. Surface Modification of a Novel Glass for an Optimised Dispersion and Strength 
of an Injectable Alginate Composite  

Surface Modification of a Novel Glass to Optimise Strength and Deliverability of an 

Injectable Alginate Composite 

S.A. Brady1, E.K. Fox1, F.R. Laffir2, B. Phelan3, A. O’Hare4, C. Lally5, O.M. Clarkin1 
1School of Mechanical & Manufacturing Engineering, Dublin City University, Dublin 9, Ireland 

2Materials and Surface Science Institute, University of Limerick, Limerick, Ireland 
3South Eastern Applied Materials Research Centre, Waterford Institute of Technology, Waterford, Ireland 

4Department of Neuroradiology, Beaumont Hospital, Dublin, Ireland 
5Mechanical & Manufacturing Engineering, Trinity College Dublin, Dublin 2, Ireland 

 

Abstract 
It is estimated that 1% to 6% of the adult population have an intracranial aneurysm. Aneurysm 

coiling is the current preferred treatment method; however, over 20% of coiled aneurysms 

recur. A novel glass-alginate composite hydrogel has been developed to treat aneurysms, which 

is designed to completely fill the aneurysm space and prevent aneurysm recurrence. This 

hydrogel is composed of a polymeric alginate, a novel bioactive glass and glucono-delta-lactone. 

This novel injectable hydrogel exhibits characteristics suitable for the treatment of cerebral 

aneurysms. However, poor hydrophilicity of the glass phase results in inhomogeneity and 

agglomerate formation within the composite, resulting in sub-optimal deliverability and 

strength. This study examines the effect of surface modification of the glass particles using an 

acid washing technique, designed to increase glass surface hydrophilicity resulting in a 

homogeneous sample. This study found that acid washing of the glass not only decreased 

agglomeration and inhomogeneity but also lengthened working times and increased strength of 

the resultant hydrogel. This lengthened working time, allowed for an increased glass content 

and, as a result, further increased compressive strength and radiopacity of the resultant 

hydrogel. Glass particle size analysis revealed that the relative quantity of fine particles was 

reduced. Surface analysis of the glass particles revealed an increase in hydrophilic silanol 

groups and increased surface network connectivity. These factors, combined with a decreased 

surface calcium and increased surface gallium content are postulated as the likely reasons for 

the observed increased strength, working time and hardening time. 

     Keywords: Alginate, bioactive glass, surface modification, silanol, hydrogel, intracranial aneurysm

 

1. Introduction 

1% to 6% of the adult population has an 

intracranial aneurysm (IA), which is an 

irregular out-pouching of a cerebral artery. 

A ruptured aneurysm can lead to stroke, 

causing disability or death. Current 

treatments involve clipping or coiling the 

aneurysm. Clipping the aneurysm involves 

a craniotomy and carries the risks of 

infection and scarring [1]. In the United 

States the most common treatment of IA’s 

is coiling, however, the biggest problem 

with coiling is aneurysm recurrence, 

which happens in 20.8% of endovascular 

coiling cases [2]. We propose the 

possibility of using a hydrogel which will 

fill the aneurysm and prevent rupture. To 

fill the aneurysm with this novel hydrogel, 

a compliant balloon will be inflated 

adjacent to the aneurysm, as with 

endovascular coiling (Figure 1). The novel 

hydrogel will then be injected through a 

micro-catheter into the aneurysm whilst 

the inflated balloon prevents leakage of 
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the unset filler into the blood stream. To 

allow for delivery, an optimum working 

time of between 10 and 30 minutes has 

been determined for the novel hydrogel, 

based on discussion with clinical 

collaborators. In addition, the novel 

hydrogel must be set within a maximum of 

5 minutes following injection, based on the 

maximum inflation time for a balloon in 

the cerebral vasculature. A balloon inflated 

for greater than 5 minutes will result in 

cerebral ischemia [3]. 

 

Figure 1 Schematic of novel hydrogel being injected into a 

cerebral aneurysm [4] 

This novel hydrogel composite is 

composed of a polymeric alginate, a novel 

bioactive glass and glucono-delta-lactone 

(GDL).     

Alginate is a polysaccharide composed of 

β-ᴅ-mannuronic acid (M) and α-ι-

guluronic acid (G), giving alginate a M/G 

block structure. Alginate has the ability to 

gel when cross-linked with certain 

multivalent ions. Alginate is typically 

described in terms of molecular weight 

and the M/G ratio.  G-rich hydrogels are 

stronger than M-rich hydrogels, but are 

more brittle [5]. 

The role of the glass particles is to supply 

multivalent ions and control the rate of 

gelation and strength of the hydrogel. A 

more stable glass will slow the rate of 

gelation and one that releases more ions 

into solution will form a more highly 

cross-linked hydrogel. 

GDL is a lactone that hydrolyses in water 

to form a gluconic acid. Its role in the novel 

hydrogel is to acidify the solution. This in 

turn encourages release of multivalent 

ions from the glass, allowing them to 

cross-link with the alginate.  

Gelation of the hydrogel can be controlled 

by both the composition of the glass phase 

and the ratio of constituent components of 

the hydrogel.   

However, it was observed that the novel 

hydrogel produced had agglomerates 

caused by the glass clumping together, 

which is commonly observed [6]. This 

study examines the effect of acid washing 

on the structure and composition of the 

glass sample and the effect that this 

surface modification has on agglomeration 

formation, sample homogeneity, 

compressive strength, working time, 

hardening time and deliverability of the 

hydrogel samples. The study uses the 

modified surface and compositional 

characteristics to optimise the hydrogel 

formulation for use in the treatment of 

cerebral aneurysms. 

2. Materials & Methods 

2.1.  Alginate Production 

All reagents used were purchased from 

Sigma-Aldrich. Alginate was produced and 

purified by dissolving 9g of sodium 

alginate in 900ml of 1mmol/l sodium 

EGTA. The solution was then filtered 

through 11µm and 2.5µm filter paper 

respectively. The alginate solution was 

precipitated on ice by reducing the pH to 

1.5 using a 2M hydrochloric acid (HCl), 

20mmol/l sodium chloride (NaCl) 

solution. The alginate was decanted 

through a 500µm stainless steel sieve and 

stirred for 30 minutes in 200ml of a 0.01M 

HCl, 20mmol/l NaCl solution and decanted 

again. This stirring and decanting was 

repeated three times. To remove proteins 

the alginate was stirred for 30 minutes in 

100ml of a 0.01M HCl, 20mmol/l NaCl 

solution with 20ml of chloroform and 5ml 
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of buthanol, and collected in a 500µm 

stainless sieve. This washing and collecting 

was repeated three times. 350ml of 

deionised water (DI) was added and the 

pH was raised to 7.0 by adding a 0.5M 

potassium hydroxide (KOH), 20mmol NaCl 

solution. The alginate was stirred in a 

solution of 20ml chloroform and 5ml of 

buthanol per 100ml of alginate for 30 

minutes and centrifuged at a rate of 

5000rpm for 5 minutes. The alginate was 

then separated using a pipette from the 

chloroform/buthanol solution. This 

washing and centrifuging was repeated 

once. Finally, the alginate was precipitated 

by adding 200ml of ethanol per 100ml of 

alginate and filtered after 10 minutes. The 

alginate was then freeze-dried. 0.54g of 

the freeze dried alginate was added to 

12ml of DI to produce a 4.5% alginate 

solution.  

2.2. Glass 

The bioactive glass had a composition of 

0.33SiO2•0.18Ga2O3•0.23CaO•0.11P2O5•0.

15CaCl2. The glass frit was produced by 

melting the raw materials in a platinum 

10% rhodium crucible at 1480°C for 1 

hour. The molten mixture was then shock 

quenched into water. A glass powder was 

then produced by grinding 30g of glass frit 

using 15mm zirconia balls in a planetary 

ball mill (Pulverisette 6 classic Mono, 

Fritsch GmbH, Germany) at 500rpm for 10 

minutes. Particles over 500µm were 

removed by sieving the glass powder 

through a 500µm sieve. 7.5g of the 

<500µm particles were mixed with 22.5ml 

of DI and milled using 5mm zirconia balls 

in a ball mill at 500rpm for 10 minutes. 

The glass mixture was dried in the oven at 

180ºC. 

2.3. Acid Washing Treatment of Glass 

7g of glass was stirred in 280ml of 2 vol.% 

acetic acid for 1 hour. Glass was then 

centrifuged at 5,000 RPM for 5 minutes 

and the supernatant was removed.  The 

glass was then stirred in 560ml of DI for 1 

hour and then centrifuged at 5,000 RPM 

for 5 minutes. Glass was then separated 

and dried in a convection oven at 160˚C for 

1.5 hours.  

2.4. Glucono-Delta-Lactone 

D-(+)-Gluconic acid δ-lactone was 

purchased from Sigma Aldrich. The GDL 

was reduced by grinding 30g at 500rpm 

for 5 minutes using a ball mill and 15mm 

zirconia balls (Pulverisette 6 classic Mono 

planetary ball mill, Fritsch GmbH, 

Germany).  

2.5. Hydrogel preparation 

The novel hydrogel was produced by 

mixing 4.6% of glass powder, 50mg of GDL 

with 1.2ml of alginate for 1 minute, unless 

otherwise stated. Potassium alginate 

solutions were made up in bulk prior to 

mixing. 

2.6. Alginate Classification  

Gel permeation chromatography (GPC) 

and proton nuclear magnetic resonance 

spectroscopy (1H-NMR) was carried out to 

determine the molecular weight and 

chemical composition of the alginate 

respectively. 

GPC was carried out on the alginate using 

a liquid chromatography system (Agilent 

1200, Agilent, USA) equipped with a 

Suprema Linear GPC column (PSS, 

Germany). The mobile phase used 

consisted of 0.1M disodium hydrogen 

phosphate containing 0.5g/l of sodium 

nitrate buffered to pH 9. All samples were 

injected at a concentration of 1mg/ml and 

at a flow rate of 0.5ml/min. Pullulan 

standards were injected to construct a 

calibration curve. 

1H-NMR of the potassium alginate was 

tested using a modified version of the 

standard ASTM F2259–03. The alginate 



Chapter 9. Appendix 

273 
 

solution was prepared by mixing the 

alginate to a 0.1% (w/v) in DI. HCI was 

used to bring the alginate pH to 5.6 and the 

alginate solution was stored in a water 

bath at 100°C for 1 hour. HCl was used to 

further adjust the pH of the alginate to 3.8. 

The solution was stored again in a water 

bath at 100°C for 30 minutes. The pH was 

then raised to 7 using NaOH and the 

alginate was freeze dried. The alginate was 

then dissolved in 5ml of 99% D2O and 

freeze dried overnight.  12mg of alginate 

was dissolved in 1 ml of D2O and placed in 

a NMR tube.  

The NMR of the alginate was tested using a 

Bruker Advance 400 (Bruker, 

Massachusetts, USA) at 80°C. 64 scans 

were carried out using a 2s relaxation 

delay. The M/G ratios were then calculated 

as outlined in ASTM F2259–03. 

2.7.  Particle Size Analysis  

Particle size analysis was carried out using 

a 632.8nm He-Ne laser Malvern 

Mastersizer S (Malvern Instruments, 

Malvern, UK). Particles were pre-sonicated 

for 15 seconds and analysed in a DI 

dispersion medium. Laser obscuration was 

in the range 10-15% and particles were 

analysed in the range 0.05 µm to 

900.00µm.  

2.8.  Working and Hardening Time 

 The working time (WT) and setting time 

(ST) of each alginate was determined 

using a modified version of ISO 9917. The 

setting time was found by mixing the 

hydrogel and placing a circular indenter 

(diameter: 6mm, weight: 20g) on the 

sample every 1 minute. The hydrogel was 

considered set when the hydrogel held the 

indenter without causing a permanent 

indentation. The WT was determined by 

stirring the hydrogel every 1 minute until 

the hydrogel would not return to its 

original shape. The hardening time (HT) is 

defined as the difference between ST and 

WT of the hydrogel. 

2.9.  Compression Testing 

To examine the mechanical properties of 

the novel hydrogel, compression testing 

was carried after storing the novel 

hydrogel for 1, 3 and 7 days in DI. The 

novel hydrogel was mixed and poured into 

a cylindrical mould (10mm diameter and 

14mm height). The hydrogel was left to set 

for 1 hour and stored in DI at 37°C for the 

required amount of time. After the 

required amount of time the hydrogel 

sample was compressed using a 

mechanical testing machine (Z005, 

Zwick/Roell, Germany) equipped with a 

5kN load cell. A 0.005N pre-load was 

applied. The samples were compressed up 

to 70% strain at a crosshead speed of 

2mm/min. 

2.10. Nitrogen 

Adsorption/Desorption 

Measurements 

Accelerated surface area and porosimetry 

measurements were carried out by 

nitrogen gas adsorption in a Micromeritics 

Gemini V gas adsorption analyser 

(Micromeritics, Ottawa, Canada). The 

surface area was then calculated using 

Brunauer, Emmett and Teller (BET) and 

pore size distribution and pore volume 

were estimated using the Barrett-Joyner-

Halenda (BJH) scheme [7]. 

2.11. Zeta Potential Measurements 

Zeta potential measurements were 

performed at 25°C in DI using a Zetasizer 

NanoZS (Malvern Instruments, Malvern, 

UK). The values reported are averages of 

three measurements, each measurement 

consisting of an average of >30, 10 second 

runs.  
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2.12. X-Ray Photoelectron 

Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) 

was carried out on glass powders in a 

Kratos Axis 165 Spectrometer (Kratos 

Analytical, Manchester, UK) using 

monochromatic Al Kα radiation of energy 

1486.6eV. Surface charge was efficiently 

neutralised by flooding the sample surface 

with low energy electrons. C 1s peak at 

284.8eV was used as the charge reference 

in determining the binding energies. 

Elemental analyses were obtained from a 

survey spectrum scanning the entire 

binding energy and then high resolution 

spectra were taken at a number 

photoelectron transitions, including O1s, 

Ga2p and Si2p, with a 20eV pass energy. The 

Ga2p region was chosen instead of the 

more commonly used Ga3d region to avoid 

interference of the Ga3d peaks with the O2s 

peak. Photoelectrons were collected at a 

normal take off angle relative to the 

sample surface. Construction and peak 

fitting in the narrow range spectra used a 

Shirley type background and the synthetic 

peaks were of a mixed Gaussian-Lorenzian 

type. 

2.13. Attenuated Total Reflectance-

Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) 

Glass samples were analysed using a 

Spectrum 100 ATR-FTIR (Perkin Elmer, 

Waltham, USA) equipped with Grams 

Analyst data analyser. All spectra were 

obtained between 600 and 4000cm-1 at 

4cm-1 resolution after averaging four 

scans.  

2.14. Field emission scanning electron 

spectroscopy (FE-SEM) 

Glass samples were embedded in 

graphene resin, attached to sample stubs 

and analysed using a Hitachi S5500 

(Hitachi, Tokyo). Images were captured at 

100,000X magnification. An accelerating 

voltage of 25kV and a current of 4300nA 

were applied. 

2.15. X-ray Microtomography 

X-ray Microtomography (XMT) was 

carried out using a Phoenix Nanotom S (GE 

Measurement & Control Solutions, 

Billerica, USA) in order to determine the 

homogeneity and radiopacity of the glass 

particles in the hydrogel. A voltage of 80kV 

and a current of 220µA were maintained 

to achieve a voxel size of 4.30µm. A 

4.725mm3 image was taken for 3D XMT. 

To determine the radiopacity of the 

samples, ImageJ (National Institutes of 

Health, MD) was used to find the mean 

greyscale value of the 2D XMT samples. 

Note: 255=White and 0=Black. 

2.16. Deliverability 

The optimised hydrogel composition was 

injected through a 3F micro-catheter into a 

silicone side wall aneurysm (neck size of 

2.5 x 2.5mm, model H+N-S-A-005, Elastrat, 

Switzerland)(Figure S1). A pulsatile blood 

pump (1423, Harvard Apparatus, 

Holliston, USA) was used to pump a 36:64 

water:glycerol solution through the 

aneurysm and to provide physiologically 

correct blood pressure (120/80mmHg) 

and flow rates (700ml/min). The pressure 

was measured at the aneurysm model inlet 

and outlet using pressure transducers 

(DTX Plus Disposable Pressure 

Transducer, Argon, Plano, USA) which 

were amplified using a bridge analogue 

input (NI9237, National Instrument, 

Austin, USA) and the pressure was 

monitored using LabView (National 

Instruments). A 5mm diameter balloon 

(Trek, Abbott) was inflated adjacent to the 

aneurysm neck, to facilitate placement. 

2.17. Statistical analysis 

Student T-test (p<0.05) and ANOVA with 

Bonferroni’s post hoc test was carried out 

using IBM SPSS (IBM, Armonk, NY). 
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3. Results 

3.1.  Alginate Classification  

Table 1 shows the molecular weight and 

chemical composition of the alginate 

determined by the GPC and 1H-NMR. From 

the results we can see that the sample is a 

high-M content high molecular weight 

alginate. 

Table 1 Molecular weight and chemical composition of the 

potassium alginate 

Molecular 

weight 

FG FM M/

G 

FGG FMM FGM 

700kDa 0.3

7 

0.6

3 

1.7 0.1

8 

0.4

5 

0.1

8 

3.2.  Particle Size Analysis  

The particle size of the acid washed glass 

indicates a bimodal particle distribution, 

with acid washing decreasing the relative 

quantity of fine particles and decreasing 

the size of larger particles (Figure S2). 

3.3.  Working and Hardening Time    

Acid washing the glass resulted in a 63% 

increase in WT and a 42% increase in HT, 

see Figure 2. This increased WT and HT 

brings the hydrogel outside the clinically 

relevant time limits, discussed previously. 

 
Figure 2  a) Working time and b) hardening time of 4.6% 

untreated and acid washed glass (n=5) 

However, WT and HT can be reduced by 

increasing the glass and GDL content, as 

displayed in Figure 3. Increasing the glass 

and GDL content to 13.8% and 100mg, 

respectively, brings the acid washed glass 

hydrogel within the WT and HT limits for 

this application. This reduction in WT and 

HT is attributed to the increase of available 

cross-linking ions, associated with the 

increased glass and GDL content. 

 
Figure 3  a) Working time and b) hardening time for 

increasing acid washed glass and GDL content (n=5) 

3.4.  Compression testing 

Acid washing of glass particles 

significantly increases the compressive 

strength of the resultant hydrogel after 7 

day of incubation, see Figure 4.  

 

Figure 4 Compressive strength of untreated and acid 

washed glass following storage for 7 days in DI at 37ºC 

(n=5) 

Further increase of the glass and GDL 

content increases the strength of the 

resultant hydrogel over 6.5 times, as seen 

in Figure 5. The increase in strength is 

likely caused by the increased cross-link 

density of the hydrogel due to an 

increased ion concentration, as with the 

hydrogel WT and HT. 
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Table 2 Brunauer Emmett Teller (BET)1 adsorption and Barrett-Joyner-Halenda (BJH)2 desorption pore volume analysis. 

Sample: Surface Area1 

(m2/g): 

Pore Volume2 

(cc/g): 

Pore Radius2 

(nm): 

Untreated Glass 2.375 0.009 1.5466 

Acid washed Glass 2.552 0.007 1.9399 
 

 

 
Figure 5  Compressive strength of varying acid washed 

glass contents following storage for 1, 3 and 7 days in DI at 

37ºC (n=5) 

3.5.  Nitrogen Adsorption/Desorption 

Measurements 

The nitrogen adsorption/desorption 

results (Table 2) indicates an increased 

surface area of the acid washed glass 

particles compared to that on the 

untreated glass. Nitrogen adsorption 

results, calculated by BJH, indicate an 

increased pore diameter and decreased 

pore volume, which would indicate a 

widening of the pores and a decrease in 

depth, most likely indicating some surface 

erosion. 

3.6. Zeta Potential Measurements 

Results from the zeta potential 

measurements are outlined in Table 3. 

Results indicate a decrease in the negative 

zeta potential of the acid washed glass, 

which is indicative of increased 

hydrophilicity. This increased 

hydrophilicity can be attributed to an 

increase in the protonation of the silicate 

groups on the surface of the glass particles 

following acid washing [8].  

 

Table 3 Zeta potential measurements of untreated and 

acid washed glass. 

3.7.  X-Ray Photoelectron 

Spectroscopy 

Quantitative XPS was carried out on 

untreated and acid washed glass. Table 4 

indicates the elemental composition with 

some carbon and nitrogen contamination, 

most likely from the atmosphere. The 

surface Ca/Ga ratio decreases from 1.5 in 

the untreated glass to 0.3 in the acid 

washed glass, indicating that calcium is 

being preferentially leached from the 

surface of the glass particles. This may also 

indicate migration of Ga3+ from the 

internal structure to the surface of the 

glass, as the Ga/Si ratio is also observed to 

increase from 0.9 to 1.5 with acid washing. 

Figure 6 depicts high resolution O 1s XPS 

spectra for the untreated and acid washed 

glasses, indicating a peak at 531.4eV for 

the untreated sample and 532.0eV for the 

acid washed sample. This shift in O1S to a 

higher binding energy with acid washing 

indicates a higher glass network 

connectivity (NC) of the acid washed glass 

surface. Deconvolution of these peaks into 

their bridging oxygen (BO, 532.0eV) and 

non-bridging oxygen (NBO, 531.0eV) 

components indicates considerably lower 

non-bridging oxygen content on the 

surface of the acid washed sample. The  

 

Sample: Zeta (mV): Zeta Stdev: 

Untreated Glass -18.8 0.603 

Acid Washed 

Glass 

-9.31 0.276 
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Table 4  Composition (atomic %) from XPS of untreated and acid washed glass 

Sample: O Ga Ca Si P C 

Untreated Glass 55.4 5.7 8.7 6.0 3.9 20.4 

Acid Washed Glass 58.6 9.0 2.9 5.8 5.9 17.7 

 

ratio of non-bridging oxygens to bridging 

oxygens on the surface of the untreated 

glass is calculated as 1.1, indicating a Q2 

type surface structure, however, after acid 

treatment this decreases to 0.1, indicating 

a shift to a higher network connectivity 

type surface structure (Q3/Q4). This higher 

network connectivity may be the result of 

silica condensation or repolymerisation in 

the surface layer following removal of 

divalent calcium ions, which usually act in 

a network modifying role.  Similar results 

were observed by Tsomaia et al. in 

aluminosilicate glasses [9]. 

 
Figure 9.1.1 High resolution O 1s spectra for untreated 

and acid washed glass   

Further deconvolution of the O 1s spectra 

gives a third component peak (> 533eV) 

that can be assigned to  Si-OH groups [10]. 

There is doubling of the content of silanol 

groups on the acid washed glass surface 

compared to the untreated sample and 

likely to account for the improved 

homogeneity of the resultant hydrogel 

sample. 

From Figure 7 it can be seen that the 

surface Ga2p signal is 1118.2eV (untreated) 

and 1118.6eV (acid washed), which are 

both higher than the reported values of β- 

 

 

Ga2O3 (1117.9eV) [11], which contains an 

equal mixture of tetrahedral and 

octahedral gallium oxide. The binding 

energy, however, is lower than that of the 

reported values of Ga(PO)4 (1119.3eV) 

[12], which has a tetrahedral, charge 

balanced four coordinate structure. This 

indicates a surface composition with a 

greater level of tetrahedral gallium 

compared to octahedral gallium. 

 
Figure 7 High resolution Ga 2p3/2 spectra for untreated 

and acid washed glass 

  From Figure 8 we can see the surface Si2p 

signal , in which three peaks can be 

observed, with the higher binding energy 

peaks being a result of overlap with the 

Ga3p binding energies and only the lower 

Si2p peak (~102eV) being related to the 

silicate structure. A slight shift in Si2p peak 

(102.3eV to 102.8eV) is observed with acid 

washing. The Ga2p is also shifted to higher 

binding energies with acid washing. The 

positive shift in binding energy of both Ga 

2p3/2 and Si 2p peak can be viewed as 

reinforcement of the network with more 

polymerised Si and Ga species. 
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Figure 8 Si2p X-ray Photoelectron Spectroscopy trace for 

untreated and acid washed glass 

Using Equation 1 and the method outlined 

by Sekita et al. we can estimate the 

percentage of gallium ions tetrahedrally 

coordinated on the untreated glass surface 

as 74%, leaving 26% in an octahedral 

coordination [13]. These calculations use 

assumptions that are not valid for the acid 

washed sample as we cannot be certain 

the quantity of gallium remaining in the 

surface of the glass after acid washing. 

From the O1s and Ga2p3/2 shifts it is likely 

that an increased number of gallium ions 

are tetrahedrally coordinated on the 

surface of the acid washed glass. 

𝑟(𝑂0) =
𝑛(𝑂0)

𝑛(𝑂0)+𝑛(𝑂−)
=

4×𝑛(𝑆𝑖,𝐺𝑎)−𝑛(𝑂)

𝑛(𝑂)
 (1) 

 

Contrary to this observation, previously it 

has been seen that in aluminosilicate 

glasses, chemically similar aluminium ions 

are observed to convert from tetrahedral 

to octahedral upon reaching this acid 

leached silica rich surface layer [14]. 

3.8.  Fourier transform infrared 

spectroscopy (FTIR) 

ATR-FTIR showed an asymmetric 

stretching of a Si-O-Si at ~1070 cm-1 and a 

hydroxyl peak at 3,500 cm-1, which is 

completely absent in the untreated sample 

(Figure S4). This indicates that increased 

hydroxylation of the surface may have 

occurred, correlating with the XPS results. 

This might be expected due to treatment of 

a silica glass surface with an acidic proton 

donor. 

FE-SEM at 100,000x magnification 

indicates a considerably rougher surface 

topography for the acid washed glass, 

compared to the untreated glass surface 

(Figure S5). This correlates well with the 

pore radius found using nitrogen 

adsorption results (Table 2). 

3.9. Radiopacity 

Figure 9 shows a 2D image of a platinum 

aneurysm coil (A), the hydrogel 4.6% acid 

washed glass with 50mg GDL (B), the 

hydrogel with 13.8% glass with 100mg 

GDL (C) and 1-3mm 99% aluminium step 

wedge. 

 
Figure 9  2D X-ray Microtomography of hydrogel 

samples 

Table 5 shows the mean grey values 

(MGV) calculated using ImageJ. It can be 

seen that the radiopacity of the hydrogel 

increases with increasing glass content. 

This increase in glass content to 13.8% 

produces a hydrogel with a radiopacity 

equivalent to 2.99mm of 99% aluminium. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 9. Appendix 

279 
 

Table 5 ImageJ calculated mean grey values 

Sample MGV Gray Value range Equivalent 

aluminium 

thickness  

Coil (A) 146.7 125 - 199 3.20mm  

4.6% acid washed glass (B) 178.4 166 - 188 2.20mm 

13.8% acid washed glass (C) 159.2 142 - 190 2.99mm 

1mm Step 207.7 204 - 211 1.00mm 

2mm Step 183.3 178 - 187 2.00mm 

3mm Step 159.9 152 - 165 3.00mm 

 

3.10. Homogeneity 

 
 Figure 10 Sample 3D X-ray Microtomography of (a) 4.6% 

untreated glass with 50mg GDL(b) 4.6% acid washed glass 

with 50mg GDL(c) 13.8% acid washed glass with 100mg 

It can be seen in the 3D XMT images 

(Figure 10) that both the untreated glass 

(Figure 10a) and acid washed glass (Figure 

10b and 10c) samples contain 

agglomerates. From the agglomerate size 

results (Table S1) both the maximum and 

average particle for the 4.6% untreated 

glass with 50mg GDL (a) is larger than that 

of both 4.6% acid washed glass with 50mg 

GDL (b) and 13.8% acid washed glass with 

100mg GDL (c). This suggests the 

untreated glass is agglomerating more 

compared to that of the acid washed glass. 

The hydrogel with acid washed glass has 

an increased number of agglomerates and 

reduced agglomerate size, resulting in a 

more homogenous sample. This increased 

homogeneity may contribute to the 

increased strength observed. A 3-fold 

increase in the acid washed glass content, 

from 4.6% to 13.8%, with concomitant 

increase in GDL content, increases the 

number of agglomerates; however, there is 

only a 2.2-fold, as opposed to a 3-fold, 

increase in observable agglomerates in the  

 

 

XMT. This suggests that the increased GDL 

is breaking down the glass or reducing the 

size of the agglomerates to below the 

detectable size (<5µm). The maximum 

glass agglomerate diameter for the 

untreated glass (ᴓ1.44mm) is 44% larger 

than that of the acid washed glass 

(ᴓ1.0mm). The larger untreated glass 

agglomerates would inhibit injection 

through a 3F catheter (ᴓ1.0mm), 

therefore, the catheter size would have to 

be increased to a 4.4F catheter (ᴓ1.47mm) 

in order to inject without blocking the 

catheter. This larger catheter size would 

make navigation through the tortuous 

cerebral vasculature more difficult. 

3.11. Deliverability 

With the balloon inflated and the solution 

flowing at physiological pressure and flow 

rate, the hydrogel was injected into the 

10mm (2.5x2.5mm neck) aneurysm of 

the silicone model two minutes before the 

end of the hydrogel WT (22 minutes after 

mixing). The hydrogel was fully injected by 

the WT and the balloon remained inflated 

for two minutes. The hydrogel stayed 

within the aneurysm for the 30 minutes 

tested once the balloon was deflated. 

4. Discussion 

Acid washing of the glass particles results 

in a prolonged WT and HT. The prolonged 

WT and HT are likely due to the decreased 

surface calcium content and increased 
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surface network connectivity. This 

increased WT and HT is outside the 

clinically applicable time limits for this 

specific application. However, due to an 

increased hydrophilicity and particle 

dispersion caused by acid washing, the 

glass content of the hydrogel can be 

increased. This resulting increase in 

available ions reduces the WT and HT, 

which can be further reduced with an 

increase in GDL content, bringing the 

composite within the required WT and HT 

requirements.  

Increased strength observed in the set 

hydrogel composites are likely due to the 

increased quantity of trivalent gallium ions 

on the surface of the glass and the reduced 

calcium content. This increase may also be 

caused by the increased homogeneity of 

the hydrogel.  The strength can be further 

increased by increasing the glass and GDL 

content of the hydrogel. This increased 

strength is caused by the increase of 

available ions for an improved cross-

linking density. The strength of this 

produced hydrogel is similar to that of a 

current embolization treatment, Onyx®, 

which has a compressive strength of 3MPa 

[15]. 

Pore size of acid washed glass samples are 

approaching mesopore diameter (2-

50nm), indicating that further acid 

treatment may tailor the pore size for the 

purpose of delivery of various 

therapeutics. From particle and surface 

analysis techniques it seems that this 

increased hydrophilicity is mainly caused 

by the increased surface concentration of 

silanol groups. 

As shown in previous studies on 

aluminosilicate glasses, acid washing 

reduces the surface calcium concentration 

[14]. However, previous studies did not 

show a significant increase in compressive 

strength due to acid washing [16]. 

Additionally, previous studies on 

aluminosilicate glass indicated the 

increased presence of octahedral 

modalities on the surface following acid 

washing, which was not observed in this 

study with the use of gallium silicate 

glasses [9]. 

Glasses which have silanol (Si-OH) groups 

on their surfaces tend to form hydrogen 

bonding with water, making them 

hydrophilic [17]. However, when glasses 

are fractured or ground their surface may 

become oxygen deficient due to fracture of 

Si-O bonds, making hydroxylation more 

difficult and hence initial hydrophobicity 

likely. The heat of liquefaction of water, at 

44kJ/mol, is a value that has been used in 

the literature as a measure of the 

hydrophilicity/hydrophobicity of a surface 

site. Sites that are stronger that 44kJ/mol 

are considered hydrophilic, while those 

weaker than 44kJ/mol are considered 

hydrophobic. The recondensation of the 

silicon observed on the surface of the acid 

washed glass is likely increasing the 

number of high energy bonds, such as 

three coordinated silicon sites (60-

200kJ/mol), which have the strongest 

adsorption, and decrease non-bridging 

oxygen sites (40-100kJ/mol) and 2 

membered ring sites (20-100kJ/mol) 

[18][19]. This in turn allows an increased 

silanol formation on the surface of the 

glass, resulting in better adsorption and 

hydrophilicity. 

2D XMT showed that increasing the glass 

content produces a hydrogel sample with a 

radiopacity equivalent to that of 2.99mm 

of 99% aluminium. 3D XMT results show 

that acid washing the glass produces a 

more homogenous hydrogel with smaller 

agglomerates of glass.  

This reduced agglomerate size allows the 

hydrogel to be injected into the aneurysm 

through a 3F catheter. Catheters currently 
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used for treating cerebral aneurysms 

typically have an inner diameter of 0.021” 

or 0.027”. Further optimisation of the 

hydrogel may be necessary to allow an 

easy injection of this hydrogel through 

these reduce catheter dimensions [20]. 

5. Conclusion 

Acid washing of the gallium silicate glass 

increases wettability and allows better 

mixing with an alginate solution. The 

resultant hydrogel has a prolonged 

working and hardening time and forms a 

hydrogel with a higher compressive 

strength. The longer working and 

hardening time may be reduced by 

increasing glass and GDL content to reduce 

them to within the clinically applicable 

limits. This in turn increases the hydrogel’s 

compressive strength and radiopacity. 

Acid washing of the glass has an effect on 

the particle size, surface topography, pore 

size, surface ion content and surface 

network connectivity, all of which likely 

have an effect on the working and 

hardening time of the resultant hydrogel. 

The increased compressive strength 

observed is likely an effect of the reduced 

divalent ion content of the surface and 

increased trivalent ion content, resulting 

in more complete and homogenous cross-

linking of the alginate hydrogel. 
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9.1.1.3. Bioengineering in Ireland Conference 2015. 

Development of a novel hydrogel filler to treat cerebral aneurysms; Determination of 

the influence of molecular weight and alginate concentration 

Sarah Brady1, Caitríona Lally1, Eoin K. Fox1 and Owen M. Clarkin1 
1School of Mechanical and Manufacturing Engineering, Dublin City University, Dublin 9. 

It is estimated that 1-6% of the adult population have a cerebral aneurysm (1). Aneurysm 

treatments include clipping and coiling, however, recurrence occurs in 20.8% of 

endovascular coiling cases (2). A novel hydrogel, called EnduraGel, has recently been 

developed at DCU to treat aneurysms and prevent rupture. This hydrogel is composed of a 

polymeric alginate, a novel bioactive glass and glucono-delta-lactone. The role of the 

bioactive glass is to control the working and setting time as well as to encourage bioactivity of 

the gel.  

The aim of this work is to optimise the composition of the hydrogel, specifically the alginate 

molecular weight (MW) and concentration, to achieve the most suitable mechanical 

properties, and injectability.  

Two MW alginates, denoted low molecular weight (LMW) and high molecular weight (HMW), 

have been tested at three different concentrations. Design Expert was used to determine the 

best concentrations to be tested. The mechanical properties of the alginate were found by 

compression testing of cylindrical samples (height 14mm and diameter 10mm). Injectability 

was determined by injecting the hydrogel through a microcatheter into an aneurysm flow 

model.  

After 7 days the LMW alginate had compressive strengths of 273 kPa, 634 kPa and 257 kPa 

for the three increasing concentrations whilst the HMW alginate had compressive strengths 

of 380 kPa, 966 kPa and 277 kPa. The reduced compressive strengths at higher alginate 

concentrations are unexpected and may result from a shortage of available crosslinking 

cations. An increase in the glass and/or GDL content for these increased alginate content gels 

may counteract this issue. 

Work to-date indicates that both concentration and MW have an effect on the performance of 

the hydrogel with concentration having the greatest influence. Although the two lowest 

alginate concentrations have greater compressive strengths for both MWs, they do not inject 

as well as the higher concentration and generally flow out of the aneurysm. It can be seen 

from the compression, that the HMW gives improved performance. 

Future work will include testing the setting and working times of the hydrogel and further 

examining why the HMW alginates have lower compressive strengths. Working times will be 
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determined using a MFR 2100 Micro Fourier Rheometer (GBC Scientific, Victoria). Setting 

times will be determined by indention in increments of 1 minute (modification of ISO9917). 

FTIR will be carried out on the high concentration alginate to determine the number of free 

carboxylic groups present compared to the number of bound carboxylic groups. 
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9.1.1.4. UK Society for Biomaterials Conference 2015. 

DETERMINATION OF THE INFLUENCE OF GAMMA IRRADAITION, MOLECULAR WEIGHT 

AND ALGINATE CONCENTRATION ON THE PROPERTIES OF A NOVEL HYDROGEL FOR 

VASCULAR APPLICATIONS 

Sarah Brady, Caitríona Lally, Eoin K. Fox and Owen M. Clarkin 

School of Mechanical & Manufacturing Engineering, Dublin City University, Glasnevin, Dublin 9, Ireland 

Corresponding author: sarah.brady33@mail.dcu.ie – 1st year Research Masters Student 

Introduction 

A novel injectable hydrogel, called EnduraGel™, has been developed to prevent cerebral 

aneurysm rupture. The hydrogel will be injected through a microcatheter into the aneurysm. 

To allow for delivery of the gel, an optimum working time has been identified of between 10 

and 30 minutes. The hydrogel must be set within 5 minutes of injection to prevent cerebral 

ischemia. In addition the gel must be capable of withstanding hypertensive blood pressure 

levels (22kPa, 180 mm Hg), to be a suitable filler for cerebral aneurysms. 

The aim of this work is to optimise the gel composition, specifically the alginate molecular 

weight (MW) and concentration, to achieve the most suitable mechanical properties, 

injectability, working and hardening time.  

Materials and Methods 

This hydrogel is composed of alginate, bioactive glass and glucono-delta-lactone. Three MW 

alginates, denoted low molecular weight (LMW), mid-molecular weight (MMW) and high 

molecular weight (HMW), have been tested at four increasing alginate concentrations; A, B, C 

and D. The LMW alginate is a G-rich alginate (FG= 0.52) and the HMW alginate is an M-rich 

alginate (FG= 0.37). The MMW was achieved by gamma irradiating solid HMW alginate at 

25kGy.  

The MW of each alginate was determined by GPC. The working and setting time were 

established using a modified version of ISO9917. The hardening time is defined as the time 

difference between the working and setting time. Mechanical properties were found by 

compression testing cylindrical samples (ø-10mm, h-14mm) to failure. The injectability was 

tested by injecting the gel through a 2F microcatheter. 

Results and Discussion 

Figure 1(a) shows that each of the hydrogels exceeds the minimum compressive strength 

required. As per reptation theory, it was expected that the strength increase would continue 

for Concentration C and D, however this was not the case. This decrease in strength may be 

due to an increased alginate concentration with no increase in the GDL or glass content, 

causing a shortage of crosslinking cations. The strength may be increased by increasing the 

glass content. Although the gamma irradiated alginate has a mid-molecular weight, its 

compressive strength is greatly reduced compared to the LMW and HMW alginate. The 
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lowered strength compared to the HMW alginate may be a result of scissions of the glycosidic 

bonds during gamma irradiation (1). The lower strength compared to the LMW alginate may 

be caused by the lower G-Block ratio. 

 

For the LMW and HMW alginate, Concentration C and D are within the working and 

hardening time limits, shown in Fig 1 (b) and (c). Each concentration of the MMW alginate is 

outside the working and hardening time limits. Anecdotally, the MMW alginate clearly has a 

lower viscosity compared to that of both the HMW and LMW alginate. This reduction in 

viscosity may cause the increase in working and hardening time. 

During injection testing it was found that Concentration D would not inject through the 

microcatheter as it was too viscous. Concentration A was not viscous enough and would most 

likely not remain in the aneurysm when blood flow is applied. Both Concentrations B and C 

could be injected through the microcatheter.  

Conclusions 

Each of the alginate concentrations have compressive strengths above the minimum required 

strength. Concentrations C and D of both the LMW and HMW alginates have working time and 

hardening times within the required limits, however, Concentration D does not inject through 

the microcatheter. Therefore of the gels studied Concentration C of the HMW is the optimum 

alginate for this application. 
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9.1.1.5. UK Society for Biomaterials Conference 2016. 

OPTIMISED DISPERSION AND STRENGTH OF AN INJECTABLE GLASS-ALGINATE 

COMPOSITE 

Sarah A. Brady1, Fathima R. Laffir2, Brendan Phelan3, Caitríona Lally4, Owen M. Clarkin1 
1School of Mechanical & Manufacturing Engineering, Dublin City University, Dublin 9, Ireland 

2Materials and Surface Science Institute, University of Limerick, Limerick, Ireland 
3South Eastern Applied Materials Research Centre, Waterford Institute of Technology, Waterford, 

Ireland 
4 Mechanical & Manufacturing Engineering, Trinity College Dublin, Dublin 2, Ireland 

Corresponding author: sarah.brady33@mail.dcu.ie – 2nd year Research Masters Student 

Introduction 

A novel injectable hydrogel has been developed to fill cerebral aneurysms and prevent 

rupture. The hydrogel will be injected through a microcatheter into the aneurysm. To allow 

for delivery of the hydrogel, an optimal working time has been identified of between 10 and 

30 minutes. The hydrogel must be set within 5 minutes to prevent cerebral ischemia. In 

addition, the gel must be capable of withstanding hypertensive blood pressure (22 kPa, 160 

mm Hg). This hydrogel is composed of alginate, bioactive glass and glucono-delta-lactone 

(GDL). 

We have previously identified the optimum hydrogel composition with the required working 

and hardening time and compressive strength. However, this hydrogel had agglomerates 

caused by the glass clumping together. This study examines the effect acid washing has on the 

structure and composition of the glass and the influence such surface modification has on 

homogeneity, working time, hardening time and compressive strength with a view to further 

optimising the hydrogel formulation for use in cerebral aneurysm treatment. 

Materials and Methods 

The alginate used is a High-M (Fm = 0.63) 700 kDa potassium alginate. The glass has a 

composition of 0.33SiO2•0.18Ga2O3•0.23CaO•0.11P2O5•0.15CaCl2 and is acid washed by 

stirring 7 g of glass in 280 ml of 2 vol.% acetic acid for 1 hour. This is then centrifuged at 

5,000 RPM for 5 minutes and the supernatant is removed. The glass is then stirred in 560 ml 

of DI for 1 hour and centrifuged again. The glass is separated and dried at 160 ˚C for 1.5 

hours. The novel hydrogel is produced by mixing the glass powder and GDL with 1.2 ml of 4.5 

% alginate for 1 minute. Potassium alginate solutions were made up in bulk prior to mixing. 

Surface modification of the glass was determined using X-Ray Photoelectron Spectroscopy 

(XPS) and 3D X-ray Microtomography (XMT). The working and setting time were established 

using a modified version of ISO9917. The hardening time is defined as the time difference 

between the working and setting time. Mechanical properties were found by compression 

testing cylindrical samples (ø-10 mm, h-14 mm) to failure.  
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Results and Discussion 

The surface Ca/Ga ratio decreases from 1.53 in the untreated glass to 0.32 in the acid washed 

glass, indicating that calcium is being preferentially leached from the surface of the glass 

particles. This may also indicate migration of the Ga3+ from the internal structure to the 

surface, as the Ga/Si ratio increases from 0.94 to 1.5 with acid washing. The XPS spectra 

produces a peak at 531.3 eV for the untreated sample and 531.8 eV for the acid washed 

sample. This shift in O1S to a lower binding energy with acid washing indicates a higher glass 

network connectivity (NC) on the acid washed glass surface. This higher network 

connectivity may be the result of silica condensation or repolymerisation in the surface layer 

following removal of divalent calcium ions. Further deconvolution of the Si-OH groups (533 

eV) indicates a doubling of the content of silanol groups on the acid washed glass surface 

compared to the untreated glass 

XMT results show that both the untreated and acid washed glass particles clump, however, 

the untreated glass produces larger agglomerates compared to that of the acid washed glass. 

The acid washed glass hydrogel has an increased number of particle clusters which causes a 

more homogenous hydrogel with an even distribution of glass particles.  

Acid washing the glass resulted in an increase in working time from 22 to 34 minutes and an 

increase in hardening time from 4 to 9 minutes. Increased working and hardening times are 

likely due to decreased surface calcium content and increased surface NC. The increased 

homogeneity and reduced agglomerates allows the glass content of the hydrogel to be 

increased which can reduce the working and hardening time. 

Acid washing of the glass particles significantly increases the compressive strength of the 

resultant hydrogel. Increased strength of the hydrogel is likely due to the increased quantity 

of trivalent gallium ions on the surface of the glass and the reduced calcium content, though 

improved particle bonding and dispersion cannot be ruled out as a contributory factor in 

increasing strength. The strength of the hydrogel can be further increased with an increase in 

glass and GDL content. 

Conclusions 

Acid washing of the glass increases wettability and allows better mixing with an alginate 

solution. Acid washing also has an effect on the surface ion content and surface network 

connectivity, all of which have an effect on the working and hardening time of the resultant 

hydrogel. The resultant gel has a longer working and hardening time and forms a gel with a 

higher compressive strength. The longer working and hardening time allowed for an 

increased glass content, which in turn increased the hydrogel’s compressive strength. 
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9.1.1.6. RSC Biomaterials Special Interest Group Annual Meeting 2017 

IMPROVED ADHESIVE STRENGTH OF A NOVEL ANEURYSM FILLER 

Sarah A. Brady1, Caitríona Lally2, Owen M. Clarkin1 
1 School of Mechanical & Manufacturing Engineering, Dublin City University, Dublin 9, Ireland 

2 Mechanical & Manufacturing Engineering, Trinity College Dublin, Dublin 2, Ireland 

email: sarah.brady33@mail.dcu.ie 

INTRODUCTION 

The current gold standard for treating cerebral aneurysms is endovascular coiling; however, 

over 20% of these treated aneurysms recur. Coiled aneurysms recur due to poor packing 

density and the inability of coils to adhere to the aneurysm wall. 

A novel hydrogel with mechanical properties capable of withstanding arterial blood pressure 

has been developed to fill and occlude the aneurysm. This hydrogel is composed of a 

polymeric alginate, a novel bioactive glass (Ga2O3-CaO-SiO2-P2O5-CaCl2) and glucono-delta-

lactone. The aim of this work is to improve the hydrogel’s adhesive strength to natural tissue 

by the addition of N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) 

and N-Hydroxysuccinimide (NHS). Once an optimum EDC/NHS content was found, the 

cytotoxic effect of the hydrogel on bovine aortic endothelial cells (BAEC) was assessed.  

MATERIALS AND METHODS 

The adhesive strength to a skin xenograft was tested in accordance with ATSM F2255-03. 

EDC and NHS were added to the hydrogel in 1:1 (w/w) ratio and tested at five increasing 

contents; 0mg, 5mg, 10mg, 20mg and 100mg.  

Resazurin blue elution assays were performed to examine the cells metabolic activity with 

the optimum EDC and NHS content. DAPI staining was used to examine the cells viability. 

RESULTS 

The adhesive strength of the hydrogel increased from 0mg to 10mg EDC/NHS. However, 

there was a decrease in adhesive strength for EDC/NHS contents above 10mg. Mechanical 

testing showed the addition of EDC/NHS caused a reduction in strength. These results 

combined may indicate two types of fracture occurring; adhesive failure occurring for the 

hydrogel with <10mg EDC/NHS content and a cohesive failure caused by reduced strength of 

the hydrogel with increased EDC/NHS content. As the 10mg EDC and NHS content was 

optimum, further adhesive strength testing after 1 day of storage was carried out. This 

showed a continued increase in adhesive strength with time. 

BAEC metabolic activity increases with increasing concentrations of eluent. However, 

addition of 10mg of EDC/NHS reduced BAEC proliferation. DAPI staining showed that the 

change in cell metabolic activity is caused by a change in the number of viable cells.  
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9.2. Appendix B 

Table 9.2.1 Hydrogel formulae for corresponding sections 

Section Alginate 

concentration 

(w/v 

(mg/1.2ml)) 

Glass content 

(w/v 

(mg/1.2ml))  

GDL content 

(w/v 

(mg/1.2ml)) 

EDC and NHS 

content 

(w/v 

(mg/1.2ml)) 

Tantalum 

(w/v 

(mg/1.2ml)) 

5.1 0.5% (6mg)  

60kDa alginate 

4.6% (55mg) 

Original, 

untreated glass  

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.1 2.5% (30mg) 

60kDa alginate 

4.6% (55mg) 

Original, 

untreated glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.1 4.5% (54mg)  

60kDa alginate 

4.6% (55mg) 

Original, 

untreated glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.1 6% (72mg) 

60kDa alginate 

4.6% (55mg) 

Original, 

untreated glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.1 0.5% (6mg) 

700kDa alginate 

4.6% (55mg) 

Original, 

untreated glass  

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.1 2.5% (30mg) 

700kDa alginate 

4.6% (55mg) 

Original, 

untreated glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.1 4.5% (54mg)  

700kDa alginate 

4.6% (55mg) 

Original, 

untreated glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.1 6% (72mg) 

700kDa alginate 

4.6% (55mg) 

Original, 

untreated glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.2 0.5% 

(6mg)180kDa 

alginate 

4.6% (55mg) 

Original, 

untreated glass  

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.2 2.5% (30mg) 

180kDa alginate 

4.6% (55mg) 

Original, 

untreated glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.2 4.5% (54mg)  

180kDa alginate 

4.6% (55mg) 

Original, 

untreated glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.2 6% (72mg) 4.6% (55mg)  4.15% (50mg) 0% (0mg) 0% (0mg) 
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180kDa alginate Original, 

untreated glass 

5.3 4.5% (54mg)  

700kDa alginate 

4.6% (55mg) 

Acid washed 

glass 

4.15% (50mg) 0% (0mg) 0% (0mg) 

5.3 4.5% (54mg)  

700kDa alginate 

13.8% (166mg) 

Acid washed 

glass 

8.3% (100mg) 0% (0mg) 0% (0mg) 

5.4 4.5% (54mg)  

700kDa alginate 

13.8% (166mg)  

Acid washed 

glass 

8.3% (100mg) 0% (10mg) 0% (0mg) 

5.5 4.5% (54mg)  

700kDa alginate 

13.8% (166mg) 

Original, 

untreated glass 

8.3% (100mg) 0% (0mg) 0% (0mg) 

5.5 4.5% (54mg)  

700kDa alginate 

13.8% (166mg) 

Acid washed 

glass 

8.3% (100mg) 0% (0mg) 0% (0mg) 

5.5 4.5% (54mg)  

700kDa alginate 

13.8% (166mg) 

Acid washed 

glass 

8.3% (100mg) 0.83% 

(10mg) 

0% (0mg) 

5.6 4.5% (54mg)  

MVM alginate 

13.8% (166mg) 

Acid washed 

glass 

8.3% (100mg) 0.83% 

(10mg) 

0% (0mg) 

5.6 4.5% (54mg)  

Autoclaved MVM 

alginate 

13.8% (166mg) 

Acid washed 

glass 

8.3% (100mg) 0.83% 

(10mg) 

0% (0mg) 

5.6 4.5% (54mg)  

Autoclaved MVM 

alginate 

9.2% (110mg) 

gamma 

irradiated acid 

washed glass 

6.25% (75mg)  

gamma 

irradiated 

0.83% 

(10mg) 

gamma 

irradiated 

0% (0mg) 

5.7 4.5% (54mg)  

Autoclaved MVM 

alginate 

9.2% (110mg) 

gamma 

irradiated acid 

washed glass 

6.25% (75mg) 

gamma 

irradiated 

0.83% 

(10mg) 

gamma 

irradiated 

0% (0mg) 

5.8 4.5% (54mg)  

Autoclaved MVM 

alginate 

9.2% (110mg) 

gamma 

irradiated acid 

washed glass 

6.25% (75mg) 

gamma 

irradiated 

0.83% 

(10mg) 

gamma 

irradiated 

0% (0mg) 

5.9 4.5% (54mg)   

Autoclaved MVM 

9.2% (110mg) 

gamma 

6.25% (75mg) 

gamma 

0.83% 

(10mg) 

40% 

(480mg) 
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alginate irradiated acid 

washed glass 

irradiated gamma 

irradiated 

5.10 4.5% (54mg)  

Autoclaved MVM 

alginate 

9.2% (110mg)  

gamma 

irradiated acid 

washed glass 

6.25% (75mg) 

gamma 

irradiated 

0.83% 

(10mg) 

gamma 

irradiated 

0% (0mg) 

5.11 6.75% (81mg)  

Autoclaved MVM 

alginate 

13.8% (166mg) 

gamma 

irradiated acid 

washed glass 

8.3% (100mg) 

gamma 

irradiated 

0.83% 

(10mg) 

gamma 

irradiated 

0% (0mg) 

5.11 4.5% (54mg)  

Autoclaved MVM 

alginate 

9.2% (110mg) 

gamma 

irradiated acid 

washed glass 

6.25% (75mg) 

gamma 

irradiated 

0.83% 

(10mg) 

gamma 

irradiated 

40% 

(480mg) 
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9.3. Appendix C 

Gallium is a semi-metallic ion that is trivalent in aqueous solutions. This ion has been used in 

a wide variety of treatments such as bone resorption, cancer and autoimmune diseases. 

Gallium has also been incorporated in materials due to its antibacterial and anti-tumour 

effects [338].  

Gallium has been shown to cross-link alginate, as shown in Figure 9.3.1. The strength of 

gallium-alginate hydrogels can be improved by the addition of bioactive glass and vice versa 

[239] [240].  

 

 
Figure 9.3.1 Predicted mechanism of gallium ions cross-linking alginate [239] 
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9.4. Appendix D 

9.4.1. Rheology 

9.4.1.1. Materials and Methods 
Rheology of the hydrogel was carried out from the time of mixing, at room temperature, on a 

Micro Fourier Rheometer (MRF 2100, GBC Scientific Equipment, Victoria, Australia) at a 

frequency range of 0.5Hz – 200Hz and an amplitude of 0.4mm. The time was measured from 

the start of mixing using a stopwatch. 

9.4.1.2. Storage and Loss Cross Point 

There were several issues with the results when determining the gel point using the storage 

and loss method. The gel point should be relatively similarly when tested at different 

frequencies; however, this was not the case.  

Figure 9.4.1shows the gel point determined at a frequency of 40Hz, which gives one crossing 

point at 7 minutes.  

 

Figure 9.4.1 Gel point of the 0.5% 700kDa alginate at a frequency of 40Hz 

However, when the frequency is reduced to 5Hz the graph produced has several crossing 

points (Figure 9.4.2). Although there is a crossing point at approximately 6 minutes, this time 

is likely too short to be the gelling point of a low viscosity material such as the 0.5% 700kDa 

alginate. This problem was evident in all materials tested.  
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Figure 9.4.2 Gel point of the 0.5% 700kDa alginate at a frequency of 5Hz 

At higher concentrations of alginate there was no cross over point at any frequency. As the G” 

is below the G’ it suggests that the gel point was reached before the sample was tested 

(Figure 9.4.3 and Figure 9.4.4). These results do not correlate with what was physically 

observed or the results obtained using methods outlined in ISO 9917. It is also evident in 

each graph that either the G’ or the G” line produced is a wave when the line should be 

straight.  

 

Figure 9.4.3 Gel point of the 4.5% 700kDa alginate at a frequency of 40Hz 
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Figure 9.4.4 Gel point of the 4.5% 700kDa alginate at a frequency of 5Hz 

9.4.1.3. Winter-Chambon Criterion 

Issues are also present when testing the gel point using the Winter-Chambon method. The 

Winter-Chambon method should indicate the gel point of a material by the crossing point of 

linear viscoelastic curves (see Figure 3.3.2). 

Figure 9.4.5 shows that, again, there are waves produced by the graph rather than lines. This 

causes the results to show several gel points.  

 

Figure 9.4.5 Gel point of the 0.5% 700kDa using the Winter-Chambon Criterion 
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Figure 9.4.6 shows that the hydrogel with a 4.5% alginate concentration has not reached its 

gel point by the end of the test. This result does not correlate with Figure 9.4.3 and Figure 

9.4.4 that suggests the gel point has already passed.  

 

Figure 9.4.6 Gel point of the 4.5% 700kDa using the Winter-Chambon Criterion 

9.4.1.4. Discussion  

The results from the storage and loss cross point method may suggest the hydrogel is setting 

in two parts. The original cross point may show when the hydrogel is homogenous. After this 

there is a continued cross-linking of the hydrogel; however, this is not a homogenous cross-

linking and the more viscous material of the hydrogel is being pushed towards the rheometer 

plates, which caused a ‘slipping’. This ‘slipping’ is only seen in the lower frequencies as the 

plates of the rheometer moves at a higher amplitude, which allows the more viscous material 

to move outwards. 

Due to the wave results for each sample, the Winter-Chambon criterion could not be used to 

calculate the gel point of the hydrogel. The relaxation exponent of the hydrogel could not be 

calculated as there was no clear gel point determined.  

These results suggest that neither the storage and loss cross point nor the Winter-Chambon 

criterion can be used to determine the gel point of this hydrogel. 
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9.4.2. Flow Model 
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9.4.3. Bond Strength 

 

Figure 9.4.7 Drawing of clamp used to keep the plate parallel 



Chapter 9. Appendix 

301 
 

 

Figure 9.4.8 Drawing of the plate with template for placing hydrogel 
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Figure 9.4.9 Drawing of the plates used for bond strength testing
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Figure 9.4.10 Assembly drawing of the bond strength testing clamp with plate



Chapter 9. Appendix 

304 
 

9.4.4. Ion Dosing Calculations 

9.4.4.1. Calcium  

The average calcium content of the hydrogels eluent is 17mM or 0.68mg/mL. 

𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

𝐶𝑎𝑙𝑐𝑖𝑢𝑚 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
 =  

110.98𝑔
𝑚𝑜𝑙

40.078𝑔
𝑚𝑜𝑙

 = 2.77 

2.77 ×
0.68𝑚𝑔

𝑚𝑙
= 1.88𝑚𝑔/𝑚𝐿 

9.4.4.2. Gallium  

The average gallium content of the hydrogels eluent is 16.8mM or 1.17mg/mL. 

𝐺𝑎𝑙𝑙𝑖𝑢𝑚 𝑛𝑖𝑡𝑟𝑎𝑡𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

𝐺𝑎𝑙𝑙𝑖𝑢𝑚 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
 =  

255.74𝑔
𝑚𝑜𝑙

69.723𝑔
𝑚𝑜𝑙

 = 3.67 

3.67 ×
1.17𝑚𝑔

𝑚𝑙
= 4.3𝑚𝑔/𝑚𝐿 

9.4.4.3. Silicon 

The average silicon content of the hydrogels eluent is 5mM or 0.14mg/mL. 

𝑆𝑖𝑙𝑖𝑐𝑖𝑐 𝑎𝑐𝑖𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
 =  

96.113𝑔
𝑚𝑜𝑙

28.0855𝑔
𝑚𝑜𝑙

 = 3.422 

3.422 ×
0.14𝑚𝑔

𝑚𝑙
= 0.5𝑚𝑔/𝑚𝐿 
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9.5. Appendix D 

9.5.1. Effect of Molecular Weight and Chemical Composition 

9.5.1.1. 1H-NMR 

 

 

Figure 9.5.1 1H-NMR spectra of the 60kDa and 700kDa alginate  
   

 

Figure 9.5.2 1H-NMR spectra of the non-irradiated (700kDa) and gamma irradiated (180kDa) alginate 
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9.5.1.2. Typical Stress-Strain graphs 

 

Figure 9.5.3 Typical stress-strain graph of a 0.5% concentration of the 60kDa (High-G) alginate following storage 
for 1, 3 and 7 at 37⁰C in DI 

 

Figure 9.5.4 Typical stress-strain graph of a 2.5% concentration of the 60kDa (High-G) alginate following storage 
for 1, 3 and 7 at 37⁰C in DI 
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Figure 9.5.5 Typical stress-strain graph of the 4.5% concentration of the 60kDa (High-G) alginate following 
storage for 1, 3 and 7 at 37⁰C in DI 

 
Figure 9.5.6 Typical stress-strain graph of the 6.0% concentration of the 60kDa (High-G) alginate following 

storage for 1, 3 and 7 at 37⁰C in DI 
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Figure 9.5.7 Typical stress-strain graph of a 0.5% concentration of the 700kDa (High-M) alginate following 
storage for 1, 3 and 7 at 37⁰C in DI 

 

Figure 9.5.8 Typical stress-strain graph of the 700kDa (High-M) alginate following storage for 1, 3 and 7 at 37⁰C 
in DI 
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Figure 9.5.9 Typical stress-strain graph of a 4.5% concentration of the 700kDa (High-M) alginate following 
storage for 1, 3 and 7 at 37⁰C in DI 

 
Figure 9.5.10 Typical stress-strain graph of a 6.0% concentration of the 700kDa (High-M) alginate following 

storage for 1, 3 and 7 at 37⁰C in DI 
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Figure 9.5.11 Typical stress-strain graph of the 700kDa (High-M) alginate with varying glass content following 

storage for 1 at 37⁰C in DI  
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9.5.2. Effect of Acid Washing Glass and Increasing Glass Content 

9.5.2.1. Typical Stress-Strain graphs 

 

Figure 9.5.12 Typical stress-strain graph of the acid washed glass (4.6% content) following storage for 1, 3 
and 7 days at 37⁰C in DI 

 
Figure 9.5.13 Typical stress-strain graph of the acid washed glass (13.8% content) following storage for 1, 3 
and 7 days at 37⁰C in DI 
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Figure 9.5.14 Typical stress-strain graph of the acid washed glass (13.8% content) following storage for 1, 3 
and 7 days at 37⁰C in PBS 

 

Figure 9.5.15 Typical stress-strain graph of the acid washed glass (13.8% content) following storage for 1, 3 
and 7 days at 37⁰C in SBF 
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9.5.2.2. Effect of the Addition of EDC and NHS 

 

Figure 9.5.16 Typical stress-strain graph of the hydrogel with 0.83% (w/v) of EDC and NHS following 
storage for 1, 3, 7 and 30 days at 37⁰C in DI 

 

Figure 9.5.17 Typical stress-strain graph of the hydrogel with 0.83% (w/v)  of EDC and NHS following 
storage for 1, 3, 7 and 30 days at 37⁰C in PBS 
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Figure 9.5.18 Typical stress-strain graph of the hydrogel with 0.83% (w/v) of EDC and NHS following 
storage for 1, 3, 7 and 30 days at 37⁰C in SBF 
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9.5.2.3. Bond Strength Testing 

 

Figure 9.5.19 Adhesive failure of hydrogel with 0.83% (w/v) of EDC and NHS 

 

Figure 9.5.20 Cohesive failure of hydrogel with 0% (w/v) of EDC and NHS 
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9.5.3. In Vitro Analysis 

Figure 9.5.21 shows that BASMCs dosed with Eluent C. There was no significant difference 

between the cells dosed with 24 hour eluent or 48 hour eluent. There was a significant 

increase in cell metabolic activity when dosed with 60% of the 24 hour and 48 hour eluent. 

Compared to the BAECs, there is an increase in 24 hour eluent up to 60% and a decrease in 

48 hour eluent at 80% and 100%.  

 

Figure 9.5.21 BASMC cell activity for cells dosed with Eluent C at different eluent concentrations (n=3) 

There is a slight decrease in cell number with cells dosed with 20% 24 hour eluent, as shown 

in Figure 9.5.22. There was a significant increase in cell number of cells dosed with 48 hour 

eluent. Overall, increasing the eluent concentration caused cell proliferation. There is no 

significant difference in cell number of BASMCs dosed with 24 hour eluent compared to 

BAECs. But there was a slight decrease in cell number compared to BAECs dosed with 48 

hour at 20%. 
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Figure 9.5.22 BASMC cell number change (%) of cells dosed with varying concentrations of Eluent C (n=3) 

  



Chapter 9. Appendix 

318 
 

9.5.4. Optimising Sterilisation Techniques 

9.5.4.1. Alginate Sterilisation 

 

Figure 9.5.23 Typical stress-strain graph of the hydrogel with various components sterilised following storage for 
1, 3 and 7 days at 37⁰C in DI 
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9.5.4.2. BAEC’s Dosed with MVM Alginate Hydrogel 

There was a significant increase in cells dosed with 48 hour eluent compared to the 24 hour 

eluent between 40% and 100%. Overall, the cell activity increased with increasing eluent 

concentration (see Figure 9.5.24). Similar increases in metabolic activity were observed for 

BAECs dosed with the 700kDa alginate hydrogel (Figure 5.5.3). 

 

Figure 9.5.24 BAEC cell activity for cells dosed with the hydrogel with MVM alginate at different eluent 
concentrations (n=3) 

There was no significant difference between the cells dosed with 24 hour and 48 hour eluent, 

as shown in Figure 9.5.25. There was a significant decrease (p < 0.05) in the BAECs cell 

activity with the MVM alginate when compared to the 700kDa alginate; however, there were 

no cytotoxic effects on the BAECs. There is a significant difference between metabolic 

activities observed when the cells are dosed with the eluent compared to cell number. Similar 

results were seen previously (Section) and is likely due to there being insufficient time for 

considerable cell growth between the cells being dosed and counted. 
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Figure 9.5.25 BAEC cell number change (%) of cells dosed with varying concentrations of the hydrogel with MVM 
alginate (n=3) 

This reduction in cell number may be caused by a change in ions released from the hydrogel. 

The compressive strength results indicate a high cross-linking density, which may reduce the 

quantity of ions release from the hydrogel. Although there is a reduction in cell proliferation 

of the BAEC, the reduced endotoxin levels and M-block content will likely reduce the chances 

of chronic inflammation or infection in vivo [513]. 
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9.5.4.3. Typical Stress-Strain Graphs 

 

Figure 9.5.26 Typical stress-strain graph of the hydrogel with all components sterilised with 4.5% alginate 
following storage for 1, 3 and 7 days at 37⁰C in SBF 

 

Figure 9.5.27 Typical stress-strain graph of the hydrogel with all components sterilised with 6.75% alginate 
following storage for 1, 3 and 7 days at 37⁰C in SBF  
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9.5.4.4. 6.75% Autoclaved MVM alginate  

 

Figure 9.5.28 Compressive strength up to 70% strain of the sterilised hydrogel with 6.75% alginate following 
storage in SBF at 37⁰C (n=5) 

 

 

Figure 9.5.29 Incremental modulus (30-50% strain) of the sterilised hydrogel with 6.75% alginate following 
storage in SBF at 37⁰C (n=5)  
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9.5.5. Direct Contact Testing 

 

Figure 9.5.30 FTIR of hydroxyapatite powder [514] 
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9.5.6. Direct Contact Testing 

Figure 9.5.31 shows an acellular hydrogel stained with DAPI. Dark spots are seen throughout 

the hydrogel with a diameter of approximately 200µm. These are likely agglomerations of 

bioactive glass in the hydrogel. As these agglomerations appear as dark spots, the surface of 

the glass is likely not adsorbing the stain and interfering with the number of cells observed. 

The hydrogel itself is seen to adsorb the stain and have a low fluorescence intensity.  

 

Figure 9.5.31 Acellular DAPI stained hydrogel 
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9.5.7. Radiopacity 

  

Figure 9.5.32 Fluoroscopy images of an Iodine contrast agent and Onyx® under a skull model 
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9.5.8. Effect of the Addition of Tantalum 

To increase the radiopacity of the hydrogel, the calcium oxide content of the glass was 

partially replaced with tantalum oxide, see Section 4.3.2 for composition. Tantalum was 

selected as it is biocompatible and radiopaque [515] [516]. From the results of Section 5.1 

and 5.2 it was decided to test the effect of tantalum glass on the hydrogel with the 700kDa 

High-M alginate at a 4.5% alginate concentration. We have shown that increasing the glass 

content can increase the hydrogels strength and so the tantalum glass content was varied to 

further examine the effects increased glass has on the hydrogel strength and the radiopacity 

of the hydrogel. The GDL content of the hydrogel remained at 4.15% (w/v) for each sample. 

9.5.8.1. X-ray Diffraction 

Figure 9.5.33 shows that addition of tantalum to the glass does not cause crystallisation of the 

glass. 

 

Figure 9.5.33 X-ray diffraction of tantalum glass 

9.5.8.2. Compressive Strength  

Figure 9.5.34 shows the hydrogel’s compressive strength following storage in DI at 37⁰C after 

1, 3 and 7 days. Increasing the glass content of the hydrogel significantly increases the 

compressive strength of the hydrogel. However, after 7 days, the hydrogel does not have the 

minimum strength required (22kPa) at each glass content tested. 
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Figure 9.5.34 Compressive strength of 700kDa alginate with varying glass content following storage in DI at 37⁰C 
(n=5) 

Figure 9.5.35 compares the tantalum glass to the original glass used in Section 5.1 using a 

4.5% alginate concentration, 4.6% glass content with 4.15% (w/v) of GDL. There is a 

significant decrease in compressive strength at each time point.  

 

Figure 9.5.35 Compressive stress up to 70% strain of tantalum glass and original glass following storage in DI at 
37⁰C for 7 days (n=5) 

9.5.8.3. Volume Conservation 

Figure 9.5.36 shows there is a large increase in sample volume following storage in DI at 37⁰C 

for 7 days. The samples stored for 7 days showed the smallest increase in size, showing that 
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cross-linking is continuing over time. The mean sample volume does decrease with 

increasing glass content but not significantly. The minimum expansion of the hydrogel is 

85%. 

 

Figure 9.5.36 Tantalum glass with 4.5% alginate size conservation following storage in DI at 37⁰C for 7 days 
(n=5) 

9.5.8.4. Discussion 

The significantly reduced strength of hydrogel with the tantalum glass, compared to the 

original glass, may be caused by a reduction in cross-linking density of the alginate. The 

addition of tantalum to glass has also previously been shown to increase the network 

connectivity of the glass [517] [518]. Therefore, the reduced strength may be a caused by the 

reduced release of cross-linking ions from the bioactive glass caused by an increase in the 

glasses network connectivity. 

Further evidence of the weak cross-linking of the alginate is shown in the volume 

conservation results (Figure 9.5.36). As discussed in Section 5.1.9, alginate hydrogels swell 

when there is a weak cross-linking of the hydrogel.  

Due to the significant decreased strength of the hydrogel, with the strength not reaching the 

minimum strength required after 7 days, and the significant increase in sample volume it was 

decided to not complete any further testing with this glass and return to testing with the 

original glass. 
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9.5.9. Kidney Embolization 

The kidney is an organ which maintains the volume and composition of the body’s fluids. The 

blood supply to the kidneys is through the renal artery. The renal artery divides into the 

interlobar arteries. As the interlobar arteries enter the renal tissue, the shape of the arteries 

becomes arc-like; these arteries are the arcuate arteries. The microvasculature of the kidneys 

is composed of afferent arterioles that divide into cortical radial arteries which supply blood 

to the glomerular tufts. Efferent arterioles are present to drain the glomeruli [519] [520].  

 

Figure 9.5.37 A) Structure of the kidney and B) the major blood vessels of the kidney [520] 

Renal artery embolization is carried out as a treatment for numerous problems such as renal 

cancer, vascular malformations or to medicate complications from a renal transplant. Renal 

artery embolization typically involves embolizing the vessels of the kidney. This is carried out 

by using an embolic agent and in some cases the addition of a coil in the main renal artery. 

Several embolic agents are used for the embolization of renal arteries. Examples of these are 

ethanol, PVA particles, microspheres and Gelfoam [521] [522].  
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9.5.10. Design of injection device 
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9.5.10.1. Hydrogel Scale-up 

In order to have a sufficient amount of material to fill the microcatheter dead space and the 

aneurysm, the hydrogel volume will need to be approximately 2ml. The work to date has 

been completed using 1.2ml of the hydrogel.  

To insure there is no change to the hydrogel when scaled up (increased volume), the 

compressive strength and hydrogel’s working and hardening times were examined when the 

hydrogel’s alginate, glass, GDL, EDC and NHS contents were doubled (by weight). There was 

no change to the alginate concentration. 

 A reduced strength due to an inhomogeneous gel was expected due to the larger volume to 

mix, however, Figure 9.5.38 shows that there was no significant change in strength at 1 and 3 

days. A significant increase in strength was seen at day 7. The cause of this increase in 

strength is unknown. It was not expected that the cross-linking density would be affected by 

the scaling up process. 

 

Figure 9.5.38 Compressive stress up to 70% strain of the hydrogel mixed at a 1.2ml and 2.4ml volume following 
storage at 37⁰C in DI (n=5) 

Figure 9.5.39 shows the increased volume had no significant effect on the hydrogels working 

or hardening time. 
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Figure 9.5.39 Hydrogels working and hardening time mixed at a 1.2ml and 2.4ml volume (n=5) 

 

 


