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Abstract 
Embolic materials for the treatment of hypervasularised tumours are often non-degradable 

hydrogels. In this thesis alginate hydrogel microspheres were synthesised and tested as a 

potential biodegradable embolic agent. Degradation and compressibility were shown in vitro to 

be dependent on the mannuronic acid to L-guluronic acid ratio, which was attributed to the 

affinity of calcium to bind to the different alginate monomers. The microspheres were shown 

to be deliverable and compatible with non-ionic radiopaque contrast media.  
 

An in vivo sheep uterine artery embolisation model demonstrated that the same microspheres 

could be delivered to the desired site with ease. Histological analysis of the section at 1, 4 and 

12 weeks showed both degraded and non-degraded microspheres. Generally, the microspheres 

were well tolerated by the body, with thrombi occuring due to the embolism, but not the 

material itself. Where no thrombus was observed the microspheres showed no signs of 

degradation. However, when cellular infiltration and degradation was noted it was often 

associated with embolism induced thrombus. This suggested that the alginate gel was 

compatible with the blood vessels, but the microsphere degradation was as a result of the 

embolism which initiated a thrombus. It was concluded that the microspheres could be 

described as semi-permanent as they showed signs of thrombus driven biodegradation, but full 

degradation did not occur within a timescale that would allow for the vessel to be intentionally 

recanalised. No difference between high G and high M micropsheres were noted in vivo. The 

alginate microspheres also demonstrated doxorubicin delivery capabilities in vitro with similar 

binding and diffusion constants to doxorubicin loaded DC BeadTM. This result was confirmed 

in vivo with a mouse xenograft study. 
 

A cell assay was developed to directly assess the drug delivery capability of microspheres in 

vitro. This assay was then used to assess various drug combinations from loaded DC BeadTM. 

The combination that exhibited the greatest cytotoxicity was rapamycin and doxorubicin. This 

combination was loaded into single microspheres which were characterised with respect to 

their elution properties. The presence of a second drug did not significantly affect the elution 

of the first. Following on from the in vitro tests, the dual loaded microspheres were also tested 

in a mouse xenograft model, but did not show any benefits compared to doxorubicin alone.  
 

By building on the success of embolic and drug eluting microspheres, the conclusions made 

within this thesis have shown that hydrogel microspheres can be modified to offer more 

sophisticated ways of treating tumours. 
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1 Introduction 

1.1 Tumours  

The term tumour is synonymous with neoplasm and is used generically to describe a 

growth that has occurred due to the abnormal proliferation of cells (neoplasia) (Pierce, 

1998). The growth will contain functional (parenchymal) cells and connective tissue 

(stroma) like any other tissue. The development of a tumour begins when a cell, within a 

normal population, sustains a genetic mutation that increases its propensity to proliferate 

(Weinburg, 1997). Neoplastic cells proliferate faster than normal cells, but do not 

necessarily go through the cell cycle faster than their normal counter parts (Pierce, 1998). 

Since decreased cell cycle time is not the sole reason for tumour growth, the loss of 

homoeostatic mechanisms such as contact inhibition, cell differentiation or maturation, 

lead to an increased proliferation rate that is greater than cell death, thus increasing the 

neoplasm size (Tororise, 2005).  

 

A neoplasm was described by Willis as “a mass, the growth of which is incoordinate with 

the surrounding tissue and that persists in the absence of inciting stimuli” (Willis, 1967). In 

the presence of stimuli, some cells may proliferate causing tissue to become hyperplastic 

and upon the removal of the stimuli return to normal; this growth is not defined as a 

tumour. The breast, for example, becomes hyperplastic during pregnancy due to hormone 

release. Post pregnancy, the gland returns to its normal size (Pierce, 1998). Metaplasia, the 

replacement of one cell type with another, can also be induced by stimuli. Smoking can 

cause lung respiratory cells to change to squamous epithelial cells (Pierce, 1998). Upon the 

termination of smoking, the cells will revert back. Unlike metaplasia and hyperplasia, cells 

in a neoplasm will not revert back once the stimulus is removed. This not only makes the 

cause and effect relationship for tumours more difficult to ascertain, but since the inciting 

agent is gone, the mass of cells becomes the target of therapy. Tumours can be described as 

being either benign or malignant. 

1.1.1 Benign Tumours 

Benign tumours tend to be slow growing and do not spread to other parts of the body 

through metastasis; a process by which tumour cells disseminate to distant sites to establish 

discontinuous secondary colonies (Schwab, 2001). Benign tumours do not usually result in 
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death, but can prove fatal if the position of the tumour puts pressure on an organ or it 

produces toxic levels of hormones.  

 

As a benign tumour is generally self contained, it does not invade the surrounding tissue, 

but as it grows the surrounding tissue is compressed. The expansion compresses the thin 

walled capillaries of the normal parenchyma, causing atrophy; the normal cells die and 

only connective tissue and stroma remain. This is compressed and forms a capsule around 

the tumour (see Figure 1.1).  

 

Benign neoplasm cells are well organised and closely resemble the cells of the normal 

tissue. They may synthesise products that the host cells would normally produce, but 

normally in lower quantities. When the tumour becomes large however, the huge cell 

numbers can result in a toxic level of molecules being produced. A tumour of the beta cells 

of Islets of Langerhans, for example, may release enough insulin to induce hypoglycaemia 

(Komminoth et al., 2004). 

 

In certain locations the effects of a benign tumour can be fatal; however, the vast majority 

of benign tumours cause little or no damage to the host.  

 
Figure 1.1 Schematic of a) benign and b) malignant tumour cells in healthy tissue. A benign 
tumour is generally self contained and does not invade the surrounding tissue, but as it grows the 
surrounding tissue is compressed. In contrast, malignant tumour cells can invade the surrounding 
tissue and replace it with more malignant cells. (Adapted from Weinburg, 2007). [Original in 
Colour] 

Tumour cells 
 
Normal cells 
 
Endothelial cells 

Fibrous capsule 
(compressed 
connective tissue 
and stroma) 

A. Benign B. Malignant 
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1.1.2 Malignant Tumours 

The cells in malignant tumours are far less differentiated than benign tumour cells. Those 

that are poorly differentiated are described as anaplastic and cannot be defined 

histopathologically. The degree of differentiation can vary, from closely mimicking the 

original cells with subtle differences, to not resembling the function or appearance at all. If 

the tissue shows early signs of poorly differentiated cells limited to a tissue type, it is said 

to exhibit signs of dysplasia; an abnormality in maturation of cells within a tissue 

(Weinberg, 1997). If the cells are very abnormal in their appearance the tumour may be 

termed in situ cancer. These cells, if malignant, can invade the surrounding tissue and 

organs and replace them with more malignant cells (see Figure 1.1). If the malignant 

tumour invades and sheds cells in the blood or lymph, the renegade cells are likely to form 

metastatic tumours throughout the body. The original tumour is called the primary tumour 

and the resulting metastases are secondary tumours in distant organs that can continue to 

invade and metastasise. Metastases are almost always multiple and distributed, 

consequently this makes them harder to treat. Malignant cancer becomes lethal when a 

vital organ or process is disrupted through malignant tumour invasion.  

 

Solid tumours are categorised from stage I to IV at the initial diagnosis according to the 

extent of the progression (Hellman et al., 1997).  Stage I describes a small tumour in its 

original site, stages II and III describe the intermediate steps; being large and involving 

more lymph nodes than stage I. Stage IV describes tumours that have metastasised 

throughout the body (Visel 2006; Hellman et al., 1997).  The choice of therapy will depend 

on the type and stage of cancer. 

1.2 Embolisation Therapy 

Thanks to advances in catheter design, imaging techniques and biomaterial devices a 

relatively new way to treat tumours has been developed. The technique, therapeutic 

embolisation, is the intentional introduction of an embolic material into a targeted blood 

vessel in order to reduce or obstruct the blood flow (Kumpe et al.,  2002; Pelage et al., 

2004b) (Figure 1.2). If the blocked blood vessel is feeding an abnormal growth, then the 

tumour size can be reduced (Fleetwood et al., 2002). The procedure has an effect, because 

the occlusion starves the tumour of the blood that it requires to survive. When starved of 

blood, the abnormal growth(s) develop into scar tissue and die. 
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Figure 1.2 Therapeutic embolisation is the intentional introduction of an embolic material 
into a targeted blood vessel in order to reduce or obstruct the blood flow. This figure 
shows a histological slide of a liver artery occluded by embolic microspheres (Bead Block) 
post embolisation. (Image courtesy of Biocompatibles UK Ltd.) 
 

The patient can usually have the procedure performed as an out patient, thereby making the 

treatment more economical and less distressing than surgery. In order to perform this 

minimally invasive procedure, an interventional radiologist will make an incision in a 

relevant artery and feed a catheter to the area that needs embolising (Pelage et al., 2004b) 

(Figure 1.3). The procedure is performed using a fluoroscope (a low dosage X-ray 

machine) connected to a video camera, so that real time progress can be seen. The position 

of the catheter tip is located using a radiopaque contrast medium that is injected through 

the catheter. Once in position, the embolisation material is injected through a microcatheter 

to the desired location (Kumpe et al., 2002; Pelage et al., 2004b). The technique is less 

traumatic than conventional surgical methods and is used to control a number of clinical 

indications such as arterial venous malformations, small benign tumours and aneurysms. 

Solid organ embolisation (SOE) is the general term for the embolisation of specific organ 

whereby an organ is target. Common specific organ targets include renal arterial 

embolisation (RAE), splenic arterial embolisation (SAE), liver (hepatic) arterial 

embolisation (LAE / HAE), portal vein embolisation (PVE) and uterine fibroid 

embolisation (UFE). RAE is generally used to limit the blood loss during renal tumour 

removal (Kalman et al., 1999). SAE is often performed to manage traumatic splenic 

injuries (Haan et al. 2004). LAE / HAE are used to treat hypervascularised tumours 

located within the liver fed by the hepatic artery. PVE has been used to induce growth of 

the future liver remnant before resection (Abdalla et al., 2001). UFE has been particularly 

successful in the treatment of uterine fibroids (painful benign tumours found in the uterus) 

and is a common out-patient procedure performed everyday around the world (Goodwin et 

al., 1998; Pelage et al., 2004b; Goedken et al., 2003). The surgical removal of fibroids is a 

traumatic experience requiring long recovery times. Prior to UFE it was common for 
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cross section 

Vessel wall in 
longitudinal 
section 
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women to undergo a hysterectomy when fibroids became too painful and affected their 

normal daily life (Goedken et al., 2003). A hysterectomy exposes a patient to the standard 

anaesthetic and risks of major surgery, including allergies to anaesthetic, open wound 

infection, pneumonia and excessive external or internal bleeding (Nakaura et al., 2008). 

These are effects are minimised with UFE. 

 

 
Figure 1.3 Schematic of a uterine fibroid embolisation procedure using poly(vinyl alcohol) 
(PVA) microspheres (Bead Block) (Reused with permission - Copyright © Link Studio, 
LLC, All rights reserved.) [Original in Colour] 
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The choice of embolic agent depends on the desired level of occlusion down the vascular 

tree and permanency (Golzarian et al., 2006a). For example, it would be unwise to use 

small particulate or liquid agents to embolise a trauma as they could reach the capillary 

level and cause significant non-target ischemia (shortage of the blood supply to an organ) 

and infarction (blockage of blood vessels). The length of time the occlusion is needed 

dictates whether temporary or permanent agents are required. For traumatic injuries a 

temporary agent may be appropriate to allow healing to occur before the recanalisation of a 

vessel (Kumpe et al., 2002). 

 

Embolisation is not without its problems. A common side effect, post embolisation 

syndrome, consists of low level fever, pain, nausea or vomiting (Pelage et al. 2007). The 

symptoms persist for a few days and require only supportive therapy. Another potential 

significant problem is non-target embolisation, which occurs when normal vessels are 

occluded due to technical failure of a device or if the device refluxes out of the embolised 

vessel into the parent vessel (Greenfield et al., 1978). Non-target embolisation can lead to 

the wrong vessels being occluded, resulting in damage to healthy tissue or organs. Patients 

may also be allergic to the iodinated contrast media causing nephrotoxicity and 

thromboembolic complications (i.e. internal embolism due to a blood clot) (Englander et 

al., 2007). In addition, the embolisation is not always successful first time, either all of the 

tumour vasculature is not occluded or angiogenesis (formation of new blood vessels, 

Figure 1.4) can occur so repeated embolisation treatments may be needed (Varker et al., 

2007) . 

 

An approximate timeline for the embolisation process is shown in Figure 1.4. The 

cessation of blood flow will cause thrombus formation within a blood vessel. The 

thrombus will soon be invaded by macrophages, endothelium and smooth muscle cells 

whilst cellular reorganisation occurs. With time, new channels can form within the 

thrombus, allowing blood flow to continue. Necrosis occurs in tissue surrounding the 

occlusion due to loss of blood flow. 
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Figure 1.4 Schematic showing a simplified embolisation timeline on the arterial scale. The 
schematic shows a longitudinal slice through the artery and the histology image shows an 
arterial cross section (shown by dotted line on schematic) of the process described in the 
schematic from a Bead Block sheep uterine embolisation study. The time after 
embolisation at which the tissue sample was removed is shown below the histology slide. 
(Constructed using information and images provided by Biocompatibles UK Ltd. [Original 
in Colour] 
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1.2.1 Embolisation Materials 

Table 1.1 shows currently available embolisation materials, manufacturer and specific 

indication of materials used for solid organ embolisation (Pelage et al., 2007). Particles 

and microspheres are considered here. 

 

Poly(vinyl alcohol) (PVA) particles are created as shavings from blocks or sheets of 

compressed inert plastic sponge (Golzarian et al., 2006b; Pelage, 2004a). They are 

commercially available in a range of sizes from 45-2000 μm in diameter. PVA particles 

offer a permanent embolisation, whilst Gelfoam® (a water insoluble gelatine variant) is 

used off label (outside the scope of approved device use), as a non-permanent embolisation 

device (Siskin et al., 2000). Supplied in sheets or powder form (40-60 μm particles), 

Gelfoam slurries can be created by cutting the foam into small particles and loading them 

into a syringe with contrast medium. Smaller “shaved” Gelfoam fragments can be 

forcefully mixed into a jelly. This mix is then injected through the catheter to the desired 

embolisation point. The duration of the embolisation is variable and resorption of the 

material may occur in days, weeks or even months (Golzarian et al., 2006b). 

 

At a microscopic level, PVA particles are irregular and clump together, which ultimately 

leads to proximal embolisation when injected into a vessel. The clumping nature also lends 

itself to catheter occlusion, which is a major disadvantage (Laurent et al., 1996). The 

dilution of the particles in the contrast media can also have an effect on embolisation 

(Choe et al., 1997). For example, a lower density mix can lead to more distal embolisation, 

whilst higher density mixtures can create a log-jam of particles that may break up over 

time leading to incomplete embolisation. Various sizes of particles allow for different size 

vessels to be embolised with the most common sizes being 250-355 and 355-500 μm, 

allowing embolisation to occur at the small arterial level (Kumpe et al., 2002). Smaller 

particles are suitable for more distal embolisation when it is the interventional radiologist’s 

intention to produce tissue necrosis, i.e. tumour embolisation. 
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Table 1.1 Embolisation materials used for solid organ embolisation (Pelage et al., 2007). 
Device Companies Indication* 
Embolisation particles   
Gelatin sponge Caps Recherche, 

Ethicon, Rusch 
Pilling, 

SOE, RAE, SAE, 
LAE, UFE 

PVA particles Boston Scientific, 
Cook 

SOE, RAE, SAE, 
LAE, PVE, UFE 

Embolisation microspheres   
Tris-acryl microspheres 
(Embosphere®) 

Biosphere Medical SOE, RAE, SAE, 
LAE, PVE, UFE 

PVA microspheres (Bead Block®)  Biocompatibles SOE, RAE, SAE, 
LAE, UFE 

PVA microspheres (Contour SE®) Boston Scientific SOE, RAE, SAE, 
LAE, UFE 

Polyphosphazen (EmbozeneTM) CeloNova 
BioSciences 

SOE 

Charged or loaded microspheres   
Hepasphere® Biosphere Medical SOE 
DC Bead®  Biocompatibles SOE, LAE, HCC 
Radioactive microspheres   
90Y glass microspheres 
(Therasphere®) 

Nordion SOE, HCC, CRM 

90Y resin based microspheres (SIR-
spheres) 

Sirtex SOE, HCC, CRM 

Liquid embolisation agents   
Ethanol  SOE, RAE, PVE 
Ethylene vinyl alcohol in DMSO 
(Onyx®) 

ev3 AVM 

Acrylic glue (Histoacy, Trufill) B-Braun, Cordis SOE, LAE, PVE 
Lipiodol ultrafluid Guerbet PVE 
Coils   
0.035 / 0.038 coils and microcoils Boston Scientific, 

Cook 
SOE, RAE, SAE 

* SOE: Solid organ embolisation; RAE: renal artery embolisation; SAE: splenic artery 
embolisation; LAE: liver artery embolisation; UFE: uterine fibroid embolisation; PVE: portal vein 
embolisation; TACE: transarterial chemoembolisation; HCC: hepatocellular carcinoma; CRM: 
colorectal metastases; AVM: arteriovenous malformations.. 
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Distal embolisation (smaller blood vessel blockage downstream from the catheter) tends to 

employ particles or microspheres as the embolic material (Golzarian et al., 2006a). Some 

fundamental differences have been noted between PVA microspheres and particles. PVA 

particles do not produce an immediate full mechanical occlusion, but they adhere to the 

vessel wall. This leads to a slow blood flow in the vessel, which activates an immune 

response causing thrombus formation and platelet growth (Siskin et al., 2000). The 

permanence of PVA particles as a material is well established, but the vessel occlusion is 

not necessarily permanent. This is because recanalisation can occur in the portion of the 

vessel containing thrombus (from inflammation) between the PVA particles (Golzarian et 

al., 2006b). In addition to the recanalisation, undesired clumping of the embolic material in 

the vessel may also result in a false angiographic endpoint (Pelage, 2004a). PVA 

microspheres have been developed to address the shortcomings of PVA particles. For these 

reasons microspheres rather than particles will be the embolic investigated in this study 

(Figure 1.5). 

 

 
A) Particles 

 
B) Microspheres 
Figure 1.5 Schematic showing A) particles and B) microspheres in a vessel. A) Particles 
can clump causing occlusion proximal to the desired point with smaller particles 
penetrating beyond B) Calibrated microspheres do not tend to clump and can reach the 
desired embolisation point. (Reused with permission - Copyright © Prof. A. Lewis, 
Biocompatibles, All rights reserved.) [Original in Colour] 
 

Microspheres are defined as being within the size range 0.1 - 2000 μm (< 0.1 μm the 

spheres are defined as nano spheres) and are used in a variety of medical applications: as 

bulking agents, to treat urinary incontinence, as drug delivery systems, as dermal fillers, 

and in embolisation therapy (Lewis et al., 2006a). When used in embolisation, 

Vessel
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microspheres are less prone to catheter clogging than particles, due to their spherical shape 

and compressibility (Pelage et al., 2002). Microspheres are typically sold commercially 

between 100 – 1000 μm for embolisation therapy (Arshady, 1999a) and can be synthesized 

in a number of ways.  

 

Suspension polymerisation is a common method of synthesising microspheres above 100 

μm (Tuncel et al., 2003). The process involves two immiscible solvents and monomer that 

exhibit preferential solubility in one. When stirred, the monomer phase can form a 

microdroplet suspension in the other phase, the size and shape of which will depend on 

stirrer speed, shaft type and polymer concentration (amongst other variables). An initiator, 

soluble in the phase without the monomer, is then added to the stirring mixture and 

polymerisation commences, fixing the polymer in the microdroplet (microsphere) shape. 

The microspheres formed are a range of sizes and can be sorted into desirable distributions 

by sieving. There are variations on this method including emulsion and precipitation 

polymerisation to form microspheres (Arshady, 1999b). 

 

Microspheres can also be produced by a simple extrusion method. This involves dropping 

a polymer from a syringe or similar extrusion device into a hardening or crosslinking 

solution (Arshady, 1999b). This sets the polymer and forms a microsphere. Double 

capillary extrusion devices can allow for microspheres with a core and shell to be produced 

(Pollauf et al., 2006). Microfluidic methods, a technique that injects polymer through 

micron scale channels to form droplets within an immiscible medium, have also been used 

to produce hydrogel microspheres (Rivest et al., 2007; Laurent et al., 2008).  

 

1.2.2 Ideal Embolic Device 

 

The ideal occlusion technique is one that allows for accurate guidance and delivery to the 

target with low risk of injury to normal structures. When a new embolic device is 

developed it must address the following points (Golzarian et al., 2006a): 

 

• Radiopacity: The radiologist must be able to visualise the device. Consequently, it is 

important for an embolic device to mix with a radiopaque contrast mediium in an even 
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suspension so that is can be easily visualised as it is delivered. The device need not form a 

good suspension with contrast media if it is radiopaque itself.  

• Deliverability: The device must be deliverable through microcatheters used to perform the 

procedures. It must allow a consistency of delivery that is independent of user variability. 

• Catheter occlusion: The device cannot block the catheter through which it is delivered as 

this is not only inconvenient for the radiologist, but it shows that the device may clump and 

occlude a non-targeted vessel.  

• Compressibility: A device should have a degree of compressibility in order to lend itself to 

reach a variety of vessel sizes.  

• Non-target occlusion recovery: Ideally the device should be recoverable in the event of 

complications or non-target embolisation (no product currently carries this claim). 

• Predictable occlusion. The physical occlusion should be reproducible and predictable. 

Ideally, the occlusion should be rapid so the interventional radiologist can quickly assess 

whether they have embolised the right area to the desired extent.  

• Biocompatibility: The device should also be well tolerated by the body and not be toxic. 

Any inflammation induced by the device’s constituent materials is undesirable since this 

may cause further unwanted, unpredictable embolisation.  

1.2.3 Biocompatibility 

The biocompatibility of a microsphere is important when it is used as a medical device in 

the body. Specifically biocompatibility has been defined as….  

 

“…the ability of the device to perform its intended function, with the desired 

degree of incorporation in the host, without eliciting any undesirable local or 

systemic effects in that host.” (Williams, 2008)  

 

In the case of embolisation devices, an appropriate host response would be a non-toxic 

cessation of blood flow causing vessel occlusion, leading to clotting within the blood 

vessels. The clotting cascade is a process which initiates thrombosis; the formation of a 

blood clot. In an embolic situation this should occur mostly due to the stagnation of the 

blood and not a direct response to the surface of the embolic material (Burbank, 2004). 

Unless precautions are taken to make a material biocompatible, the introduction of a 

foreign material into the body can elicit an immunological response, which in turn can 

cause complications such as rejection, device failure and chronic pain (Dee et al., 2003). 

An embolic device also needs to exhibit biocompatibility by showing tissue compatibility 
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without causing a foreign body response due to the constituents of the material. The 

foreign body response is common when devices are implanted into the body and is initiated 

quickly post implantation. Proteins will immediately adsorb to the surface of a non-

biocompatible foreign body and after 1-5 days macrophage cells will attach to the proteins 

on the foreign material (Santavirta et al., 1999). Since these cells cannot ingest the implant 

they form large multinuclear giant cells and release cytokines which signal other cells to 

the site within 5-14 days (Babensee et al., 1998; Anderson 2004). The result is a fibrous 

capsule characterised by a layer of macrophage cells between the collagen sac and foreign 

body (Anderson 2004). The extent and rate of foreign body response is dependent on the 

shape and material of the device (Babensee et al., 1998). Hydrogels are materials that have 

a reputation for good biocompatibility (Peppas et al., 1986) and this is one of the reasons 

they are used so often in embolisation devices. 

1.2.4 Hydrogels 

Embolisation microspheres are typically hydrogels, since these materials offer the physical 

and chemical properties required of an embolisation device. Hydrogels are water swollen, 

covalently or ionically cross-linked structures of hydrophilic polymers (Peppas et al., 

2004a). Examples of commonly used hydrogels in biomaterials are listed in Table 1.2 

(Hoffman, 2002). A hydrogel polymer backbone is hydrophilic, but crosslinking the 

backbone prevents the hydrogel from being completely water soluble (Figure 1.6). The 

structure, a three dimensional cross-linked hydrophilic polymer network, allows for water 

to rapidly bind to and swell the gel, but not completely dissolve it.  

 

Hydrogels possess some unique properties that make them suitable for microsphere 

embolisation. For example, hydrogels exhibit low interfacial tension with surrounding 

biological fluids (i.e. a poorly differentiated interface) and the freedom of movement that 

the polymer chains have in the super hydrated environment, minimises the driving force 

for protein adsorption and cell adhesion (Park et al., 1993). Consequently, the surrounding 

tissue experiences minimal mechanical and frictional irritation and therefore lowers the 

probability of infections and thrombus formation. Hydrogels are also suitable for 

embolisation due to their inherent compressibility. Although some hydrogels have poor 

mechanical strength when hydrated, some are robust enough to endure delivery down a 

catheter in order to be used in embolisation (Lewis et al., 2006). Common commercially 

available embolisation microspheres are described in the next section (1.2.5-1.2.8).
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Table 1.2 Hydrophilic polymers used to synthesise hydrogel matrices (Hoffman, 2002) 
Natural polymers and their derivatives  
Anionic polymers:  
hyaluronic acid, alginic acid, pectin, carrageenan, chondroitin sulfate, dextran sulfate 
Cationic polymers:  
Chitosan, polylysine 
Amphipathic polymers:  
Collagen (and gelatin), carboxymethyl chitin, fibrin 
Neutral polymers:  
dextran, agarose, pullulan 
Synthetic polymers (+/- crosslinkers)* 
Polyesters:  
PEG-PLA-PEG, PEG-PLGA-PEG, PEG-PCL-PEG, PLA-PEG-PLA, PHB, poly(PF-co-
EG)+/-acrylate end groups, poly(PEG / PBO terephthalate) 
Other polymers:  
PEG-bis-(PLA-acrylate), PEG+/-CDs, PEG-g-P(AAm-co-Vamine), PAAm, 
poly(NIPAAm-co-AAc), poly(NIPAAm-co-EMA), PVAc / PVA, PNVP, P(MMA-co-
HEMA) 
*Abbreviations: CD, cyclodextrin; EMA, (ethyl methacrylate); HEMA,  (hydroxyethyl meth-crylate); 
MMA, (methyl methacrylate); PAAm, (polyacrylamide polyacrylonitrile); PBO, poly(butylene oxide);  PCL, 
polycaprolactone; PEG, poly(ethylene glycol); PF, (propylene fumarate); PHB, poly(hydroxy butyrate); 
PLA; poly(lactic acid); PLGA, poly(lactic-co-glycolic acid); PNIPAAm, poly(N-isopropyl acrylamide); 
PNVP, poly(N-vinyl pyrrolidone); PVA, poly(vinyl alcohol); PVAc, poly(vinyl acetate);  
 

 

 

 

 
Figure 1.6 Schematic showing the crosslinking of hydrophilic polymers to form a hydrogel 
(adapted from Lee et al., 2007). A hydrogel polymer backbone is hydrophilic, but 
crosslinking the backbone prevents the hydrogel from being completely water soluble. 
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1.2.5 Bead Block  
Bead Block micropsheres are modified PVA hydrogel microspheres. They are synthesised 

from a PVA macromer, functionalized under acidic conditions with n-

acryloylaminoacetaldehyde dimethylacetal (NAAADA). This modified PVA macromer is 

reacted with 2-acrylamido-2-methylpropanesulfonate sodium salt (AMPS) to produce a 

crosslinked network. An overview of the synthesis is given below (Gonzalez, 2006): 

 

The microspheres are formed by suspension polymerisation. This process involves two 

immisible phases which form an emulsion when stirred. The aqueous phase, PVA 

macromer, ammonium persulfate (APS) and AMPS, is mixed with an organic phase (butyl 

acetate and cellulose acetate butyrate (CAB) stabiliser). The speed of the stirrer will 

determine the size of the aqueous droplets formed in the organic phase. Whilst the 

solutions are stirring, tetramethylethylenediamine (TMEDA) is added to the organic phase 

and forms radicals (R·) with the APS in the aqueous phase at the organic / aqueous 

interface. Radicals are then generated in the aqueous phase consisting of the modified PVA 

macromer and AMPS. This crosslinks the PVA macromer and fixes the size of the 

microspheres. Insoluble co-polymer PVA hydrogel microspheres are formed through this 

redox initiated radical reaction (Figure 1.7). A distribution of microsphere sizes is 

produced from this batch production process. The microspheres are therefore sieved into 

various size ranges. Bead Block has a CE Mark and 510k clearance from the Food and 

Drugs Administration (FDA). Bead Block is intended for the embolisation of 

hypervascularised tumours and arteriovenous malformations.  
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Figure 1.7 Reaction showing the crosslinking reaction of functionalized PVA with AMPS 

(functionalised PVA) (AMPS) 
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1.2.6 DC Bead  

Bead Block contains a specific proportion of PVA:AMPS to provide certain 

physiochemical properties. DC Bead is another microspherical embolisation agent, in 

which the amount of AMPS compared to PVA has been increased (Gonzalez., 2006). This 

improves the ability of the DC Bead to interact with positively charged species. 

 

It is possible to load DC Bead with positively charged chemotherapeutics such as 

doxorubicin through ion exchange with the negatively charged sulfonate groups (Lewis et 

al., 2006b; Lewis et al., 2007). The uptake of doxorubicin in the microspheres has been 

studied using confocal microscopy (Lewis et al., 2007). These studies have shown that the 

majority of the doxorubicin resides in the outer layers of the microsphere (Gonzalez et al, 

2007). This is probably due to the radical transfer occurring on the organic / aqueous 

barrier during synthesis; propagating a high inclusion of the negatively charged AMPS 

groups on the microsphere surface. The doxorubicin-AMPS bond is strong enough not to 

be disrupted in deionised water, but in a system with ions (i.e. blood and tissue) the drug 

will be released through an ion exchange mechanism. The release rate of the drugs from 

the microspheres has been shown to be retarded using DC Bead (Gonzalez et al, 2007; 

Lewis et al., 2007; Lewis et al., 2006b). In this capacity, DC bead makes a good drug 

delivery vehicle (Lewis et al., 2006b).  This product has a CE Mark for doxorubicin or 

irinotecan loading. In Europe, DC Bead is intended to be loaded with doxorubicin for the 

purpose of i) embolisation of vessels supplying malignant hypervascularised tumour(s) and 

ii) delivery of a local, controlled, sustained dose of doxorubicin to the tumour(s). 

Irinotecan loading for DC Bead is indicated for the treatment of patients with metastatic 

colorectal cancer. 

1.2.7 Embosphere 

Embosphere is a calibrated microsphere produced from an acrylic polymer and 

impregnated with porcine gelatine. Embosphere was the first commercial spherical 

embolisation agent available for UFE. The method is described by Laurent and co-workers 

(Laurent et al., 1996). The process involves an aqueous solution (pH 6.5) of N-acryloyl-2-

amino-2-hydroxymethylpropane-1,3 diol (hydrophilic trisacryl monomer) and of N,N-9-

methylene-bis-acrylamide being heated to 57 °C. Subsequently, a peroxide (ammonium 

persulfate) and a polymerization initiator (N,N,N9,N9-tetramethylenediamine) are added. 
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Gelatin is then added to the aqueous solution of trisacryl monomer, after which the 

solution becomes emulsified in paraffin oil. Glutaraldehyde is then added and the mixture 

is incubated at 25 °C for 18 hours. The batch is then neutralised at 25 °C in the presence of 

sodium borohydride solution To obtain microspheres of different sizes, the 

physicochemical conditions of the synthesis were varied. 

1.2.8 Contour SE 

Contour SE are modified PVA microspheres with a porous core produced by Boston 

Scientific, USA. The details regarding their manufacture are not revealed in the literature, 

but patents suggest that the likely synthesis uses PVA mixed with alginate that is added 

dropwise into a bath which crosslinks the alginate into microspheres with PVA polymer 

trapped within the gel. The crosslinked alginate gel microspheres are quickly moved to a 

reactor vessel with an agent that crosslinks the PVA within the alginate gel microsphere. 

These microspheres are transferred to a dissolution chamber when the alginate is dissolved 

away upon the removal of the alginate crosslinker, leaving a porous PVA microsphere 

(Lanphere et al., 2004). The microspheres are then sieved into various size fractions. 

1.3 Alginate: An Embolic Material? 

The merits of alginate as an embolic or chemoembolic material are investigated in this 

thesis. The properties of alginate are described below. 

1.3.1 Structure 
Alginic acid or its alginate salt is a polysaccharide derived from brown algae. Isolated in 

the 1880s, alginate was discovered by Edward Stanford (Stanford, 1883), but the structure 

remained elusive until the 1930s when Nelson and co-workers suggested that it was a 

polymeric uronic acid consisting largely of D-mannuronic acid (M) residues (Figure 1.8) 

(Nelson et al., 1930). In 1955, using paper chromatography, it was further shown that L-

guluronic acid (G) (Figure 1.8) was also a major component of alginate (Fischer et al., 

1955). Interestingly, Stanford was adamant that nitrogen was a major constituent in 

alginate, which is a probable reason for the length of time it took to discover the correct 

structure (Stanford, 1883). This could possibly have been due to a high number of 

impurities, such as proteins, in the samples he collected. 
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Figure 1.8: Structures of A) β-D-mannuronic acid (M) and B) α-L-guluronic acid (G) 

 

The ratio of these two monomers depends on season, species and the depth at which the 

seaweed was harvested (Davis et al., 2003). Seaweed harvested in warmer waters is found 

to have higher G content alginate, whilst colder sea algae are higher in M. Different 

regions of the algae also have differing M:G ratios. Areas containing high G alginate are 

more rigid (stem or stipe) and the blades (leaves) are more flexible with higher M content 

(Onsøyen 1997; Draget et al., 2005). 

 

Polymannuronic acid forms flat ribbon like structures and contains two diequatorially 

linked β-D-mannuronic acid residues in the chair formation. The molecular repeat is 

10.35Å (Atkins et al., 1973a). However, polyguluronic acid forms a buckled rod structure 

with two diaxially linked α-L-guluronic acid residues in the chair formation. The molecular 

repeat here is just 8.7 Å and therefore corresponds to the 1C chair formation (Atkins et al., 

1973b). 

 

X-ray crystallography studies of the mannuronic rich and guluronic rich alginates showed 

that G residues in homopolymeric blocks were in the 1C4 conformation*, whilst the M 

residues have the 4C1 conformation (see Figure 1.9) (Atkins et al., 1970). From this, four 

glycosidic linkages are possible; diequitorial (MM), diaxial (GG), equatorial axial (MG) 

and axial equatorial (GM). Using statistical mechanical calculations (keeping the 

guluronate residues in the 1C4 conformation) Smidsrød reproduced viscosity data showing 

that stiffness increased in the order MG<MM<GG (Smidsrød et al., 1996). This was not 

the case when the G residue was in any other conformation. This observation was later 

confirmed using 13C NMR spectroscopy (Grasdalen et al., 1977; Grasdalen et al., 1978). 

This small difference between the two homopolymeric blocks defines the characteristics 

and properties of gels made from alginate.  
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Figure 1.9 Preferred ring conformations of β-D-mannuronic (M) α-L-guluronic (G). 

 
*The first numeral (sometimes written as superscript) indicates the number of the ring 
carbon atom above the “seat of the chair (C),” and the second numeral (subscript) indicates 
the number of the ring carbon atom below the plane of the seat (spanned by C-2, C-3, C-5, 
and the ring O). 

 

The GG diaxial linkage in G-blocks restricts rotation around the glycosidic bond keeping 

the G-block section buckled, whereas the M-block sections are free to rotate around the 

diaxial bonds yielding the flat ribbon-like conformation (Figure 1.10). These 

conformations are responsible for the ability of alginate to gel.  
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Figure 1.10: The alginate chain sequence. The coloured line schematically represents the 
chain (see Figure 1.12). The GG diaxial linkage in G-blocks restricts rotation around the 
glycosidic bond keeping the G-block section buckled, whereas the M-block sections are 
free to rotate around the diaxial bonds yielding the flat ribbon-like conformation 

1.3.2 Alginate Gels 
When alginates are exposed to certain free multivalent cations (most commonly M2+) 

chelation between chains occurs. The M2+ ions act as a crosslinker between alginate chains 

and is the basis of alginate gelling. This binding is rapid, so homogeneous gels are rarely 

achieved with direct mixing of the two. Haug and Smidsrød confirmed that G rich 

alginates have a higher affinity for divalent cations when compared to the lower G 

containing counterparts (Haug et al., 1965) (Table 1.3). The selectivity co-efficient, K was 

calculated using Equation 1.2 for the reaction shown in Equation 1.1: 

    

M (4C1)* G (1C4)* 
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M(Alg)2(gel) + 2Na+
(aq) ↔ 2NaAlg(gel) + M2+

(aq) 

where: M = divalent cation 
Equation 1.1 

K= [M2+
(gel)][Na+

(aq)]2 / [Na(gel)]2[M2+
(aq)] 

Equation 1.2 
 

The buckled shape of the linked G monomers is responsible for the higher G affinity for 

the divalent metal. A divalent cation can reside in the buckled conformation of the alginate 

like an egg in an egg box (Grant et al., 1973). In guluronic acid, the ring oxygen and the 

axial O-1 form a spatially favourable environment with –COO- (see Figure 1.11), as 

opposed to the equatorial O-1 which occurs in mannuronic acid residues (Atkins et al., 

1973a). In order to begin gelation, a threshold of about 24 G block residues are required to 

align in order to form a gel matrix (Steginsky  et al., 1992). Figure 1.11 shows the egg box 

model for a calcium ion binding to two homopolymeric α-L-guluronate residues. This 

model is based on NMR studies of La2+ complexes of related compounds. Its lack of steric 

accuracy has been highlighted by 2D NMR and X-ray diffraction. The egg-box model 

however persists and is a good way to understand the gelling and ion chelation properties 

of alginate. The Ca2+ not only binds to a single alginate chain, but crosslinks with other 

alginate chains to form a gel. This has been illustrated in Figure 1.12. 

1.3.3 Alginate Chain Degradation 
The degradation rate of the alginate chain is affected by pH (Haug et al., 1963). Below pH 

5 (Moe et al., 2006), alginate polymer chains can undergo proton catalysed hydrolysis 

where the 1, 4 - glycosidal linkages are cleaved, thereby reducing the polymer chain 

length.  Above pH 10, β-elimination of the glycosidic bond can also occur (Haug et al., 

1963). The degradation rate therefore increases rapidly at high pH values; hydrolysis 

degradation is largely irreversible and results in increasingly lower Mw. Heating the 

alginate inevitably enhances the polymer breakdown by increasing the rate of the reactions 

described above (Haug et al., 1967). 

 

The degradation of alginate polymer chains can also occur through alginate lyases; these 

also operate through β-elimination which is yet to be fully understood (Wong et al., 2000). 

Alginate lyase is naturally produced in some marine animals and bacterial strains, but 

mammals do not produce it endogenously, so consequently this cannot be a mechanism of 

degradation for implanted alginate devices in humans (Aston et al., 2007). 
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Table 1.3 Selectivity coefficient for two alginates with differing M:G ratios (Haug et al., 

1965). 

 

Metal ions L. digitata 
M:G = 1.60 

L. hyperborea 
M:G = 0.45 

Cu2+ - Na+ 230 340 
Ba2+ - Na+ 21 52 
Ca2+ - Na+ 7.5 20 
Co2+ - Na+ 3.5 4 
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Figure 1.11 “Egg box” model showing a calcium ion binding with two homopolymeric 
units of α-L-guluronate residues (Smidsrød et al., 1965). The calcium ion sits within the 
buckled g residues like an egg in an egg-box. 

 

 

          
Figure 1.12. When alginates are exposed to calcium ions, chelation between chains 
occurs. The Ca2+ ions act as a crosslinker between alginate chains and is the basis of 
alginate gelling. The “egg-box model” was given to this system because the calcium ion 
crosslinks the chains by sitting within the buckled shape of GG residues (illustrated here as 
jagged lines); much like an egg in an egg box. (Adapted from Grant et al., 1973) 
 

   Ca2+
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Studies using gamma and UV irradiation and ultra sonic baths have shown that alginate 

degradation follows first order kinetics (Wasikiewicz et al., 2005). With the exception of 

ultrasonication these degradation techniques are important as they are common sterilisation 

techniques. The time required for degradation is the shortest for UV, but gamma irradiation 

is the most efficient at degrading alginate in terms of the delivered energy. 

 

In order to use alginate in the body, it needs to be sterile. Since common sterilisation 

techniques degrade lower molecular weight alginate it would have to be prepared under 

aseptic conditions using sterile filtered alginate solutions. This would be more cumbersome 

than conventional techniques, but would ensure the product did not degrade prematurely. 

1.3.4 Alginate Gel Dissolution 
Alginate gels can also dissolve by losing the divalent crosslinking cations in an ion-

exchange reaction or chelation reaction. This reduces crosslinking until eventually the 

alginate is a free polymer chain that can dissolve. This degradation is semi-permanent. If a 

suitable crosslinking ion is supplied to the alginate it will re-crosslink, but the shape of the 

gel will have changed. It is imperative that these two types of degradation are distinguished 

as both the mechanism and results are very different. For the purposes of this thesis 

alginate chain degradation by hydrolysis will from now on be referred to as alginate 

degradation and the ion-exchange mechanism that eventually leads to the dissolving of the 

alginate with be known as alginate gel dissolution (Figure 1.13). 

 

 

   
A) Alginate chain degradation   B) Alginate gel dissolution 

Figure 1.13 Types of alginate degradation. A) Alginate chain degradation: In this model 
the polymer backbone (black lines) is broken down and reduced in size. B) Alginate gel 
dissolution: In this model the crosslinking ions (red line) are being removed leaving the 
backbone (black line) intact. 
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Accelerated dissolution of the alginate polymer chains can be achieved by the addition of a 

chelating agent or calcium scavenger. Common examples are ethylene glycol-bis (β-

aminoethylether)-N,N,N’,N’–tetraacetic acid (EGTA), lactate, citrate and phosphate 

(Gombotz et al., 1998). These compounds preferentially bind to the calcium thus removing 

it from its position as a cross-linker in the alginate gel. A high concentration of ions such 

as Na+ or Mg2+ will undergo an ion exchange reaction with the crosslinking ion and also 

lead to dissolution.  

 

Divalent cation affinity for alginate is shown in Figure 1.14. The difference in affinity can 

be explained using a theory that larger ions might better fit a binding site with distant 

functional groups (Davis et al., 2003). 

 
Pb2+ > Cu2+ > Cd2+ > Ba2+ > Sr2+ > Ca2+ > Co2+ > Ni2+ > Mn2+ > Mg2+ 

Highest affinity for alginate          Lowest affinity for alginate 

Figure 1.14 Affinity of various divalent ions for alginate (Laminaria digitata) (Haug et al., 
1965). The further the ion is shown towards the left, the higher affinity it has for alginate  
 

Those ions that have a higher affinity for alginate form more stable gels, whilst those with 

the lowest, form very loose, unstable gels. 

 

Alginate microspheres are likely to degrade in the human body by one of the two 

mechanisms: dissolution of the crosslinking calcium ions or the breaking of the glycosidic 

bond at 37º C. The dissolution of calcium ions could occur through the ion exchange of 

single valent ions (e.g. K+ and Na+) from the blood or due to natural calcium chelators, 

thereby allowing the alginate chains (and consequently microspheres) to dissolve. 

Accelerated glycosidic bond breakage occurs with increasing temperatures and the 

molecular weight of alginate solutions has been shown to decrease at room temperature. 

Degradation in this capacity is therefore likely in the human body at 37º C, unless the 

glycosidic bond cleavage is restricted by the divalent crosslinking calcium ion.  

1.3.5 Biocompatibility of Alginates 
Alginate is regarded by the FDA as being in a group of compounds that are GRAS 

(Generally Regarded As Safe). The oral administration of alginate, often as a tablet 

excipient, has shown little in the way of immunoresponses and is reported as non-toxic and 

biodegradable (George et al., 2006). Alginate is also well established in the biomedical 
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industry as a wound dressing and anti-reflux remedy (Dornish et al., 2006). There has been 

some debate about the biocompatibility of different M / G ratios of alginate; some studies 

have found immunostimulatory activities with high G content, whilst other studies show 

high M to induce a greater foreign body response (Klöck et al., 1997). It is more than likely 

that it is the purity that ultimately affects the response of the body to alginate gels; this is 

due to the removal of immune response-invoking endotoxins and proteins (Becker et al., 

2001; Orive et al., 2002)). The intravenously administered forms of crude alginate have 

been reported to induce fibrosis and foreign body reaction, whilst other purified alginates 

show little or no immunoresponse around alginate implants (Becker et al., 2001). 

Companies such as NovaMatrix (formerly Pronova) and CellMed and now produce ultra 

pure pharmaceutical grade alginate with numerous purifications steps and it is generally 

accepted that purified alginate as a material induces a minimal inflammatory respose 

(Becker et al., 2001). 

1.3.6 Alginate as a Biodegradable Embolic Device 

Although microspheres based on PVA and other polymeric materials are inert, their 

permanence is not always desirable for the patient being treated (especially when used to 

embolise tumours in reproductive areas i.e. uterine fibroid embolisation (UFE)). Currently 

permanent embolisation microspheres cannot be removed without surgery of the embolised 

vessels. A biodegradable microsphere might address these drawbacks. This thesis will 

investigate the use of high viscosity alginate as a biodegradable embolisation compressible 

microsphere. The alginate microspheres described above will be compared to some other 

embolics on the market, which were described in sections (1.2.5-1.2.8). 

1.4 Common Tumour Therapies 

Aside from a few novel therapies such as embolisation, benign neoplasms are usually 

removed by surgery, whereas malignant cancers are treated with surgery, radiotherapy or 

chemotherapy depending on the stage or location. 

1.4.1 Surgery 

Surgery is the oldest therapy used to remove growths. Once excised, the tumour, if 

malignant, can be examined for a layer of unaltered cells enclosing the malignant ones. 

This check is performed to ensure that all of the cancerous cells have been removed; 

however complete removal cannot be guaranteed (Parchment, 1997). The surgeon may be 
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forced to cut out a lot of healthy tissue to ensure that the microscopic extensions of 

malignant cells are removed. The removal of surrounding healthy tissue can impede the 

functionality of the tissue and also affect the physical appearance of the patient. A 

compromise must be made between how much healthy tissue to remove and the confidence 

in complete cancer removal. Sometimes the tumour invades vital tissue, which cannot be 

removed without severely harming the patient (Parchment, 1997). Also, if the cancer has 

metastasised widely throughout the body it cannot be removed by surgery. The surgical 

removal of tumours involves risks associated with performing surgery, as described in 

section 1.2 (Nakaura et al., 2008).  

1.4.2 Radiation Therapy 

The aim of radiation therapy (radiotherapy) is to destroy cells whilst maintaining the 

integrity of the normal tissue (Maher, 2005). This aim is achieved by treating a patient 

within a range known as the therapeutic ratio (Figure 1.15). If a tumour is treated within 

the therapeutic ratio, eradication or reduction should be achieved with minimal injury to 

surrounding normal tissue and structures.  

 

During radiotherapy, cells are exposed to ionising radiation from external or implanted 

sources. Radiation is most toxic to proliferating cells, because the resulting damage causes 

cell death during attempted mitosis. However, radiation does not discriminate between 

normal cells and cancerous cells and therefore damages both (Maher, 2005). But, because 

cancerous tumour cells are rapidly and constantly dividing, it is these cells that are more 

susceptible to cell death (Schneider, et al. 2003). Malignant cells and their normal 

counterparts use the same processes for cell division and because of this, radiotherapy kills 

healthy cells as well as tumour cells. Particularly affected are rapidly dividing cells e.g. 

hair follicles, oral gastrointestinal epithelium and haematopoietic tissue in the bone 

marrow. The common side effects of radiotherapy are associated with the death of these 

fast dividing cells: hair loss (hair follicle toxicity), infection and haemorrhage (bone 

marrow toxicity), diarrhoea (gut mucosa toxicity) and mucositis (oral mucosa toxicity). 

Chronic toxicity of slowly renewing tissue (e.g. liver and kidney) may take years to show 

the effects in the clinic and since damage to this tissue is irreversible, the cumulative 

administered radiation dose is limited by this toxicity (Parchment, 1997). Susceptible 

tissues to chronic toxicity are shielded during radiotherapy whenever possible (Parchment 

1997). Radiotherapy has been shown to be associated with an increase in secondary 



1 Introduction 

 - 40 - 

malignancies, particularly in long term survivors (Delfino et al., 2006). Non-targeted 

radiation should therefore be avoided if at all possible. 

 

The likelihood that the cell will die from radiation depends on the phase of the cell cycle, 

that the cell is in at the time of radiation (Figure 1.16). The cell is considered to be most 

sensitive during the late G2 and M phases of the cell cycle because there is not time for the 

cellular damage to be repaired before mitosis (Parchment, 1997). If the same cell is in the 

G1 or S phase, the cell is less likely to die as the damage can be repaired before mitosis 

(Maher, 2005). The cellular damage caused by radiation is an indirect result of the 

ionisation of chemicals in the cell to produce reactive species. Oxygen is the predominant 

molecule that mops up the free electrons from the ionising radiation and cytotoxicity is 

primarily due to the resulting active oxygen species such as hydrogen peroxide (H2O2), 

superoxide anion (O2·-), and hydroxyl radicals causing DNA damage or inducing apoptosis 

(Parchment, 1997). Regions of tumours can have low levels of oxygen (hypoxia); this is 

due to poor blood perfusion or poorly developed microvasculature (Höckel et al., 2001). 

Consequently, the cancer cells can be more resistant to radiotherapy since there is less 

oxygen to form reactive radicals from and as a result, larger doses of radiation can be 

required. Hypoxic radiotherapy addresses this issue by reducing the percentage of oxygen 

that the patient receives so healthy tissue can be more resistant to radiation damage 

(Delfino et al., 2006). Some cancer cells are difficult to treat with radiotherapy; these cells 

are known as radiorestistant. Radioresistance may be intrinsic to the cancer cells or 

induced by exposure to several lower doses of radiation (Shu et al., 1998; Luckey, 1996).  

 

External beam radiation therapy (EBRT) relies upon a high energy X-ray beam capable of 

penetrating human tissue to a depth of 6 inches. One of the major problems with EBRT is 

the inability to confine the lethal radiation to the malignancy and thereby avoid destroying 

healthy tissue. The breathing and movement of the patient during the procedure 

exacerbates the problem. To address this issue, intensity modulated radiation therapy 

(IMRT) and stereotactic radiotherapy attempt to focus high intensity radiation towards the 

tumour and away from healthy tissue. Conformity and accuracy allow the malignant tissue 

to be exposed to a higher dose than the non-malignant tissue (Delfino et al., 2006).  
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Figure 1.15 Sigmoidal curve of tumour control and complications (A) dose for tumour 
control with minimal complications (B) maximum radiotherapy dose with significant 
complications (Maher, 2005). If a tumour is treated within the therapeutic ratio, 
eradication or reduction should be achieved with minimal injury to surrounding normal 
tissue and structures. [Original in Colour] 
 

 

 
Figure 1.16 Schematic of the simplified cell cycle. (Priestman, 1977) The cell cycle 
consists of four distinct phases: G1 phase (initial resting phase), S phase (synthesis), G2 
phase (second resting phase or pre-mitotic phase) and M phase (mitosis). 
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Another method employed to avoid radiation damage to healthy tissue is brachytherapy. 

Brachytherapy places a radioactive source inside or next to the area that needs therapy 

using an ultrasound guided needle. This allows a greater radiation dose to the target with 

limited toxicity to surrounding structures (Schwab, 2001). Cancers with well defined 

margins with low risk of metastatic spread are the most suitable for brachytherapy (e.g. 

stage I or II prostate cancer) (Stewart et al., 2007). 

 

Surgery and radiotherapy can often eradicate primary or localised disease, but may 

ultimately fail because the cancer has metastasised (Pratt et al., 1994a). Chemotherapy, the 

systemic administration of anticancer drugs through the blood system, can be used to 

address these issues. 

1.4.3 Chemotherapy 

Chemotherapy can be defined as the treatment of a disease using chemicals (Pitot, 2002). 

Ideally, cancer chemotherapy specifically targets neoplastic cells whilst minimising the 

effect to healthy normal cells. (Pitot, 2002). Sparked by an insightful observation in World 

War II, chemotherapy is used to treat and, in some cases, cure cancers. During World War 

II, soldiers were exposed to mustard gas after a ship was destroyed following an air-strike. 

The report noted that soldiers had an overwhelming depletion of the rapidly dividing white 

blood cells. These observations led a team at Yale researching mustard gases to question 

whether this group of cytotoxic agents could destroy a tumour before it killed the host 

(Hirsch, 2006). Further experiments with mustard gases showed an anti-tumour effect in 

mice transplanted with tumours of lympoid tissue. This began the search for other drugs 

that were more prolific in destroying cancer cells than the host (Meyers, 2007). The 

chronology of the discovery of commonly used chemotherapeutics can be seen in Figure 

1.17. 

 

Most chemotherapeutic drugs fall within one or more of four main categories: 

antimetabolites, topoisomerase inhibitors, alkylating agents and antimicrotubule 

(antimitotics) agents (Hellman et al., 1997; Rowinsky, 2005; Pratt et al., 1994a-c). 

Chemotherapy works best against cells actively progressing through the cell cycle by 

interfering with the synthesis or function of DNA, RNA or proteins; preventing the cancer 

cell from successfully undergoing mitosis (Steel et al., 2007; Parchment, 1997).  
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Figure 1.17 Chronology for the development of some of the anticancer drugs currently in 
use today. Cyt. Arab.: cytosine arabinoside. BCNU: bis-chloronitrosourea. (Adapted from 
Baguley 2002). 
 

1.4.3.1 Antimetabolites 

Antimetabolites inhibit cell growth and cause cell death by interfering with the DNA of the 

cancerous cells. This is achieved by the drug incorporating itself into the DNA itself or by 

inhibiting enzymes that help construct DNA during cell division (Li, 2005). 

Antimetabolites are structurally related to the metabolites such as vitamins and amino acids 

that propagate the biochemical reactions in a cell (Sikic, 2003). Their structural similarity 

allows them to compete for the binding sites of metabolites in enzymes or become 

incorporated into DNA. Common examples of antimetabolites include: 

 

Methotrexate: an antifolate that blocks the enzyme dihydrofolate reductase (DHFR), which 

converts folic acid into tetrahydrofolate (Figure 1.18). Tetrahydrofolate is a coenzyme 

required for the synthesis of purines such as adenine and guanine; two of the nucleotides 
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required in DNA replication (Hellman et al., 1997; Pratt et al., 1994b; Adamson et al., 

2005). 

 
Gemcitabine (Gemzar): a fluorinated nucleotide analogue of cytidine, undergoes metabolic 

activation to difluorodeoxycitidine triphosphate which interferes with DNA synthesis and 

repair (Sikic, 2003). 
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Figure 1.18 Folic acid and methotrexate (MTX) differ by a methyl group and amine in 
place of a hydroxyl group. This similarity allows MTX to form a complex with 
dihydrofolate reductase (DHFR) preventing the conversion of folic acid to tetrahydrofolate 
(a precursor for purine synthesis) (Pratt et al., 1994b).  
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Figure 1.19 The similar chemical structure of 5-fluorouracil, uracil and thymine. The 
structures differ by a single hydrogen atom, fluorine atom or methyl group. This similarity 
allows fluorouracil to incorporate itself into DNA and RNA in the place of thymine or 
uracil, inhibiting DNA synthesis in dividing cells. 
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5-Fluorouracil (5-FU): a pyrimidine analogue that interrupts the enzyme thymidylate 

synthase (TS). TS facilitates the synthesis of deoxythymidine monophosphate (dTMP) 

which is required for DNA replication and repair. By blocking TS, 5-FU reduces the ability 

of the cell to repair and replicate DNA (Noordhuis et al., 2004). 5-Fluorouracil also 

incorporates itself into DNA and RNA in the place of thymine or uracil, inhibiting DNA 

synthesis in dividing cells (Zhang et al., 2008). The structural similarities between 5-FU 

and the nucleosides uracil and thymine can be seen in Figure 1.19. 

1.4.3.2 Topoisomerase Inhibitors 

Topoisomerases are enzymes that temporarily relieve the strain that builds up within and 

between the DNA helices as the genetic material of a cell is replicated temporarily cleaving 

and rejoining one (topoisomerase I) or two (topoisomerase II) strands of DNA (Figure 1.20 

and Figure 1.21).  

 

Drugs that inhibit these enzymes prevent replication, which leads to cell death. Common 

topoisomerase inhibitors include: 

 

Camptothecins (e.g. irinotecan and topotecan), are topoisomerase I inhibitors. These 

stabilize the topoisomerase I-DNA complex and prevent the re-ligation of the single-strand 

breaks created by the enzyme, which are converted to double-strand breaks upon the 

collision with a replication fork during the S-phase (Robert et al., 1998). 

 

Anthracyclines (e.g.daunorubicin (daunorycin) and doxorubicin (adriamycin)), are 

multifaceted chemotherapeutics. One of their modes of action is topoisomerase II 

inhibition. Doxorubicin stabilizes the topoisomerase II / DNA complex after it has broken 

the DNA chain for replication, preventing the DNA double helix from being resealed and 

thereby stopping the process of replication (Cummings, 1993). 
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Figure 1.20 Schematic of topoisomerase I breaking and rejoining DNA strands. i) 
Topoisomerase I recognises the sequence and binds to the DNA ii) The DNA backbone is 
cut. iii)  One strand rotates about the other relieving tension in the chain. iv) Re-ligation 
reaction v) enzyme turnover. 
 

 
Figure 1.21 Schematic of topoisomerase II breaking and rejoining DNA strands. i & ii) 
both strands bind to topoisomerase II. iii & iv) Both backbones are broken in one DNA 
chain (red) and the other DNA chain (blue) passes through the gap. v & vi) The DNA 
chain is rejoined and the enzyme is recycled. 
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1.4.3.3 Alkylating Agents 

Alkylating agents have the ability to substitute alkyl groups for the hydrogen atoms on 

some organic compounds. The alkylation of nucleic acids, primarily DNA, is the cytotoxic 

action for most alkylating agents. Following alkylation the altered DNA may cross-link 

between strands or with itself, due to its new alkyl side groups (Haskell, 1995). This 

interferes with DNA replication and RNA transcription. The nitrogen mustard, 

mechlorethamine, is an alkylating agent which alkylates the DNA base guanine through a 

ethylenimmonium ion intermediate (Figure 1.22). The new alkylated side chain in guanine 

will interfere with DNA replication, rendering the cell unable to replicate (Haskell 1995; 

Pratt et al., 1994b). Cisplatin, a planar platinum complex with two ammonia molecules 

and chloride atoms in a cis configuration, is another example of an alkylating agent that 

forms intra- and inter-strand and crosslinks at the N-7 position of guanine in DNA (Callery 

et al., 2002). 

 

1.4.3.4 Antimicrotubule (Antimitotics) Agents 

Microtubules are protein polymers that form part of the cytoskeleton responsible for 

various aspects of cellular morphology and movement (Pratt et al., 1994c). The 

microtubules are mostly composed of a protein, tubulin, which polymerises or 

depolymerises as needed. The drugs discussed here, act by disrupting the equilibrium 

between the free tubulin dimers and microtubules, causing cell cycle arrest in the M phase 

of the cell cycle. 

 

Vinca alkaloids; vincristine, vinblastine and vindesine: Synthetic or isolated from plants, 

the vinca alkaloids bind to free tubulin dimers and disrupt the polymerisation / 

depolymerisation equilibrium; resulting in the net dissolution of microtubules (Figure 1.23) 

(Pratt et al., 1994c).  

 

Taxanes; pacilitaxel (taxol), docetaxol: In contrast to the vinca alkaloids, the taxanes affect 

microtubules by shifting the equilibrium in the direction of assembly (Pratt et al., 1994c). 

This results in the stabilisation cytoplasmic microtubules and the formation of abnormal 

bundles of microtubules. 
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Figure 1.22 Mechanism of alkylating agent nitrogen mustard leading to alkylation of 
guanine in DNA. Alkylated guanine, incorporated into DNA strands can covalently attach 
to another guanine via a similar mechanism causing a cross link in the DNA (Haskell, 
1995; Pratt et al., 1994b). The new alkylated side chain in guanine will interfere with DNA 
replication, rendering the cell unable to proliferate. 
 

 
Figure 1.23 Disruption of microtubule equilibrium by addition of vinca alkaloids. The 
vinca alkaloids binding to the free tubulin dimers decrease the pool of available dimers 
available for polymers, shifting the equilibrium right; causing microtubule disassembly 
and a reduction in microtubule length (Pratt et al., 1994c). The equilibrium disruption 
causes cell cycle arrest in the M phase of the cell cycle. 
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1.4.3.5 Hormonal Therapy  

Prostate and breast cancer, although not shown to be initiated by hormones, have been 

shown to be hormone dependent (Rowlands, 1985). This line of therapy inhibits the 

production or activity of hormonally dependent tumours. For example, breast cancer is 

known to require the female hormone oestrogen to grow (Kellen, 1996). Aromatase is an 

enzyme that synthasises oestrogen and by targeting aromatase the production of oestrogen 

can be reduced, thereby reducing a stimulus for tumour growth. Letrozole and anastrozole 

are two compound currently used to treat breast cancer via this mechanism. However, 

other crucial steps in the oestrogen stimulating growth process can be addressed. 

Tamoxifen, for example, competitively binds to oestrogen receptors on tumours and other 

tissues and is prescribed to treat oestrogen dependent breast cancer (Nussey et al., 2000).  

 

Other hormonal therapies employ the chemical castration of suppression hormones such as 

oestrogen, progesterone and testosterone by gonadotropin releasing hormone analogues. 

Cancers sensitive to these horomones have been shown to reduce in size after chemical 

castrastion has taken place.  

 

Hormonal therapies do not only include the suspression of hormones, some actively 

increase the amount of hormones, which have been shown to instigate a cytotoxic effect. It 

is believed that the excess hormones can result in a negative feedback loop, inhibiting the 

production of other hormones, although the complete mechanisms are unclear (DeVita et 

al, 2005). 

1.4.4 Chemotherapeutic Drugs Considered in this Thesis 

This section describes some of the mechanisms and pathway of action of specific 

chemotherapeutic considered in this thesis. 

1.4.4.1 Doxorubicin 

Doxorubicin is a compound from the family of anthracyclines, all derived from different 

species of Streptomyces (Pratt et al. 1994d). Specifically doxorubicin is from the soil 

microbe Streptomyces peucetius and carries the trade name Adriamycin® (named after the 

Adriatic Sea which is close to where the soil sample was taken). Anthracyclines are 

characterised by having a four ring structure that is linked, via a glycosidic bond, to 
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daunosamine, an amino sugar (see Figure 1.24). The four ringed part of the structure acts 

as a fluorescing chromophore giving doxorubicin its strong red colour (Bakker et al., 

1995). Doxorubicin is active against a broad range of solid tumours such as those arising in 

the breast, bile ducts, endometrial tissue, the oesophagus and liver, osteosarcomas, soft-

tissue sarcomas and non-Hodgkin’s lymphoma (Gewirtz 1999). 

 
Anthracyclines have shown a host of mechanisms through which they exert cytotoxic 

action (Table 1.4). The intercalation of doxorubicin into DNA is well documented as a 

mode of action of the drug. The positively charged amino acid group of doxorubicin binds 

strongly to the negatively charged sugar DNA backbone at cellular pH (Bakker et al., 

1995). The polycyclic chromophore in doxorubicin adds π- stacking and van der Waals 

stability between the hydrophilic stacked base pairs within DNA (Pickering et al., 2004) 

(Figure 1.25). Many intercalating antitumour drugs have been shown to induce double 

strand beaks in DNA and although the mechanism is not fully understood, intercalators are 

thought to somehow interfere with topoisomerase II aided DNA strand breakage and 

reunion (Pratt 1994d; Gewirtz 1999). 

 

Doxorubicin can also demonstrate cytotoxicity by creating free radical species through 

electron transport (Bakker et al., 1995). Doxorubicin is reduced by a variety of quinine 

reductases resulting in the superoxide anion, O2·-. The process occurs via a one or two 

electron reduction process yielding semi or dihydroquinone derivatives (Pratt 1994d). Free 

oxygen radicals can oxidise proteins, lipids and nucleic acid and potentially cause DNA 

strand scission (Ramos et al., 2001). One of the side effects of doxorubicin, cardiotoxicity, 

is thought to be due to the hydroxyl radical generated. This reactive species (easily created 

from superoxide anions) may be especially prone to cardiotoxicology because levels of 

critical detoxifying enzymes (superoxide dismutase) are lower in the heart than in other 

organs (Pratt, 1994d). 

 

Although some argue that the drug must be inside the cell to elicit cytotoxicity (Gewirtz, 

1999), doxorubicin binding to cell membranes has been demonstrated, thereby affecting a 

variety of cell functions. There is also some evidence that doxorubicin toxicity is mediated 

by alkylating and crosslinking DNA strands, although much of the data supporting this is 

at elevated doxorubicin concentrations (Gewirtz, 1999).  
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Figure 1.24: Structure of some anthracyclines. Anthracyclines are characterised by having a 
four ring structure that is linked, via a glycosidic bond, to daunosamine, an amino sugar. 
Daunorubicin, idarubicin and doxorubicin differ by the groups present at positions R1 and R2. 
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Figure 1.25 Diagrammatic model of the intercalation of doxorubicin (DOX; R1: OH, R2: 
OCH3)) into DNA showing that local unwinding of the helical structure must occur (black 
dotted circle) as base pairs are moved apart by the presence of doxorubicin. (Adapted 
from Pratt, 1994d). 
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Table 1.4 Mechanism of action of anthracyclines (Bakker et al., 1995). 

 
Mechanism Effect 

Intercalation between base pairs of DNA 
and RNA 

Inhibition of DNA replication 
 

DNA interstrand crosslinking Inhibition of DNA replication 
Cleavable complex formation with 
topoisomerase I/II 

Single and double strand DNA breaks 

Free radical formation Destruction of macromolecules, DNA and 
RNA breaks 

Enzyme inhibition Inhibition of DNA / RNA synthesis 
inhibition of (synthesis of) detoxifying 
enzymes. 

Binding to membranes Alteration of membrane function 
DNA alkylation Destruction of DNA 
 

1.4.4.2 Rapamycin 

 
 

Figure 1.26 Chemical structure of rapamycin, a macrocyclic lactone produced by 
streptomyces hydgrocopicus. 

 

Otherwise known as sirolimus, rapamycin is a macrocyclic lactone (Figure 1.26) produced 

by streptomyces hydgrocopicus. It is an immunosuppressant agent that is conventionally 

used to prevent immunological rejection in organ transplantations, but it has also been 

shown to have anti-cancer effects by decreasing cell proliferation. 

 

Although the mechanism of action of rapamycin is not entirely clear, it is known that the 

drug interferes with several cell growth related signal pathways (Chan 2004).  Rapamycin, 

when bound to the cytoplasmic receptor FK506- binding protein-12 (FKBP12) acquires 



1 Introduction 

 - 53 - 

activity not expressed by either component of the complex in isolation (Easton et al. 2005). 

The FKBP12 receptor not only positions rapamycin in the optimal orientation to interact 

with the mTOR (mammalian target of rapamycin) proteins, but also supplies structural 

determinants that contribute to the affinity and specificity of the interaction thereby 

inactivating mTOR (Easton et al. 2005). mTOR transduces signals that initiate the 

synthesis of ribosomal proteins, the translation of specific mRNAs and the generation of 

cyclin dependent kinases. All these events promote the progression of the cell cycle. In 

particular the G1 / S phase is tightly regulated by protein kinases, if mTOR is inhibited (by 

rapamycin / FKBP12), it follows that cyclin dependent kinase protein synthesis is 

inhibited, thereby limiting cell cycle progression (Marx et al., 1995). Since rapamycin is 

thought to prevent cell cycle progression, rather than actively destroy cells, it is often 

described as a cytostatic rather than a cytotoxic drug. 

 

1.4.4.3 Irinotecan and topotecan 

Irinotecan and topotecan are synthetic analogues of camptothecins (a naturally occurring 

alkaloid from the chinese Camptotheca Acuminata tree bark and stem). Poor solubility 

precluded direct campothecin efficacy and consequently solubility enhancing functional 

groups were added to create irinotecan and topotecan modifications (Supko et al., 2003) 

(Figure 1.27). Topotecan and irinotecan have shown good responses in preclinical studies 

for colon carcinoma, rhabdomyosacrcoma, neuroblastoma, osteosarcoma and brain 

tumours (Tscuchida et al., 2005) 

 
Camptothecin   Irinotecan   Topotecan 

Figure 1.27 Chemical structures of camptothecin, irinotecan and topotecan. Poor 
solubility precluded direct campothecin efficacy and consequently solubility enhancing 
functional groups were added to create irinotecan and topotecan. 
 

The camptothecins are susceptible to hydrolysis, which opens the lactone ring to give an 

inactive carboxylate derivative. Both irinotecan and topotecan are topoisomerase I 

inhibitors, the compounds both form a complex with DNA and topoisomerase I, preventing 
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the rejoining of the single stand break; preventing replication (see section 1.4.3.2) 

(O’Leary et al., 1998). The camptothecin derivatives are thought to bind to the enzyme 

through hydrogen bonding via the lactone ring, which explains why the carboxylate form is 

inactive. The oxygen on the adjacent ring is believed to bind to the cytosine base in DNA 

(Redinbo et al., 1998).  

 

Irinotecan, unlike topotecan, is a pro-drug and the removal of the piperidino-piperidine 

side chain by carboxylesterase leads to the formation of the active metabolite SN-38 

(Figure 1.28). However, this conversion appears relatively inefficient in man (Rivory, 

2007). 

 
Irinotecan      SN-38 

Figure 1.28 Conversion of pro-drug irinotecan to active metabolite SN-38. Irinotecan is a 
pro-drug and the removal of the piperidino-piperidine side chain by carboxylesterase 
leads to the formation of the active metabolite SN-38. 
 

carboxylesterase 
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1.5 Targeted Chemotherapy and Drug Delivery 

As discussed, chemotherapy is not specific to only cancer cells and the cell cycles of 

normal cells are also susceptible to attack by the same mechanisms. The damage to normal 

cells can be limited if the chemotherapy is targeted towards the cancer cells. The targeting 

can be due to the chemistry of the drug and therapies such as monoclonal antibodies are 

used to take advantage of the differences between cancerous and normal cells. 

Trastuzumab (Herceptin®) and bevacizumab (Avastin®)) are monoclonal antibodies that 

specifically bind to antigens over-expressed in cancer cells to induce an immunological 

response or deliver an active conjugate. This method of treatment is, however, very and 

sometimes prohibitively, expensive (Vanchieri, 2005). 

 

If a non-targeted chemotherapeutic drug is administered orally or intravenously it will 

remain in the body until the target is reached or it is excreted. This means that only a 

percentage of the original dose reaches the target cancer cells; the excess is likely to 

interact and kill normal cells or degrade. Monoclonal antibodies are not the only method 

for targeting a particular area. Other, cheaper, targeted delivery methods make use of 

polymeric systems to control the delivery of a drug. These systems require the delivery 

device to be located close to the target area. By loading a polymer that can slowly elute 

drug into its surroundings, a localised, rather than systemic, dose can be administered. This 

dose can be higher than normally tolerated as the whole body is not exposed to the drug.  

 

The localised administration of chemotherapeutics from a device needs a controlled release 

rate. In an ideal situation the required dose would be released at a constant rate over a 

required time period (Figure 1.29) (Heller et al., 2004; Brannon-Peppas, 1997). However, 

this is very difficult to achieve and often a compromise must be made between causing 

non-target cell reactions (i.e. unwanted side effects) and treating the symptoms using a 

repeated dose schedule as shown in Figure 1.30 (Heller et al., 2004; Brannon-Peppas, 

1997). 
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Figure 1.29 Ideal drug release. After administration the drug achieves the desired effect 
due to a continuous amount of drug being available. If too much drug was available there 
would be a risk of side effects, too little and there would be no effect at all. The red line 
represents the ideal case. [Original in Colour] 
 
 
 
 

 
Figure 1.30 Repeated dose situation. After administration there is a burst of drug 
available, this may induce side effects. As the drug is absorbed or metabolised by the body 
the amount of drug drops until the amount has no effect. Consequently, the drug is 
achieving the desired effect for a shorter period of time. The process is repeated upon the 
next administration. Lower or higher doses may be used, but the drug may have no effect 
or more severe side effects respectively. [Original in Colour] 
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Ideally, a device would elute drugs following a zero order release profile (Hillery, 2001a; 

Heller et al., 2004). In drug delivery, a zero order release profile refers to a system where 

the amount of drug released is constant over time; thus maintaining an effective drug 

concentration the body for prolonged periods (Hillery, 2001b; Heller et al., 2004). Even if 

the device is zero order release and maintains a safe and therapeutic drug concentration in 

the blood, the absorption of the drug by the body can vary. The drug can be metabolised by 

the body, naturally degraded and bound to non-target molecules at different rates. For these 

reasons, achieving constant sustained therapy still offers a significant challenge to the 

pharmaceutical industry. 

 

There are many polymer based drug delivery systems and they are often split into three 

categories: diffusion, reservoir / membrane and biodegradable devices (Heller et al., 2004; 

Dash et al., 1998; Hillery, 2001b; Thombre et al., 1990). 

1.5.1 Diffusion Delivery 

In diffusion delivery the drug moves from an area of higher drug concentration through the 

pores or polymer chains in the delivery matrix to an area of lower concentration down a 

concentration gradient (Figure 1.31) (Dash et al., 1998; Hillery, 2001b; Brannon-Peppas, 

1997). In diffusion systems the elution medium floods the device and drug diffuses from 

the matrix. The elution depends on the drug solubility and both chemical and physical 

matrix drug interactions (Hillery, 2001b; Kuehler, 2005). Diffusion systems can be split 

into reservoir and matrix systems.  

1.5.1.1 Diffusion Controlled Matrix System 

In diffusion controlled matrix systems, the progression of the drug through the matrix will 

be determined, on a macroscopic level, by the physical restrictions of the matrix pore size 

and on a molecular level by the interactions between it and the polymer chains (Thombre et 

al., 1990). Factors such as ionic strength and pH will affect the solubility of the drug and 

the matrix drug interactions, consequently altering the release rate of the drug from the 

matrix (Brannon-Peppas, 1997; Gonzalez 2006). This is particularly relevant since body 

fluids have high ionic strengths and variable pHs. Intelligent manipulation of the drug 

delivery system can take advantage of these physiological changes and so elution begins 

when the system is exposed them. For example, some devices target the stomach and are 

designed to release drug when the device reaches the low pH of the stomach (Shishu et al., 
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DRUG

DRUG

DRUG

Drug saturated core 

Release limiting 
coating/membrane 

2007). Examples of commercial diffusion controlled matrix systems are shown in Table 

1.5. 

 

Swelling drug delivering devices are a variation of matrix diffusion systems and are 

usually made from hydrophilic polymers (hydrogels) that swell when water is absorbed. 

The water allows the drug to dissolve and the expansion of the polymer increases the pore 

size, facilitating the diffusion of the drug (Kuehler, 2005). Changes in pH and temperature 

can shrink or swell the polymer (Yuk et al., 1995; Vakkalanka et al., 1996), causing a 

reduction or acceleration in drug elution. The swelling method is commonly used in tablets 

taken orally, but is also used in stent coatings (Sousa et al., 2003; Colombo, 1993)  

 

 
Figure 1.31 Diffusion delivery in a matrix system: At time zero, the drug is uniformly 
dispersed in the delivery matrix and as time increases, the drug will elute due to the 
concentration gradient between the device and solution / body. The rate elution is 
controlled by matrix drug interactions (adapted from Brannon-Peppas, 1997; Kuehler, 
2005; Hillery, 2001b; Dash et al., 1998). [Original in Colour] 
 

 

Figure 1.32 In a membrane reservoir device, the drug sits in the core of the device with 
elution controlled by the surrounding membrane. The release rate of the drug is controlled 
by drug solubility, membrane diffusivity and membrane thickness (adapted from Brannon-
Peppas, 1997; Kuehler, 2005; Hillery, 2001b; Dash et al., 1998). [Original in Colour] 
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Table 1.5 Examples of commercial diffusion controlled reservoir and matrix devices. 
Device type Route Company 

Reservoir devices   
Subdermal implant (Norplant) Parenteral Wyeth-Ayerst Laboratories. 
Conjunctive sac implant (OcusertTM) Ocular ALZA 
Vaginal insert (Cervidil®)  Vaginal Forest Pharmaceuticals 
Matrix   
Transdermal Patch (Cordipatch®) Transdermal Schwarz Pharma 
Cattle Growth Implant (Compudose®) Parenteral ELANCO 
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1.5.1.2 Diffusion Controlled Reservoir System 

In a membrane reservoir device, the drug sits in the core of the device with elution 

controlled by the surrounding membrane (Figure 1.32). The rate of diffusion from the 

reservoir through the membrane part of a device can be calculated using Fick’s law 

(Hillery, 2001b).  Fick’s law states that the rate of diffusion across a membrane is 

proportional to the difference in concentration on each side of the membrane (Equation 

1.3) (Narashimham, 2000). The release of the drug is dependent on factors such as 

membrane pore size, surface area and thickness, all of which are incorporated into Fick’s 

law. Examples of commercial diffusion controlled reservoir systems are shown in Table 

1.5. 

 

dm/dt = (Dk/h) A ΔC    

Equation 1.3 Fick’s Law

where: 

D = diffusion coefficient of drug 

within membrane 

A = available surface area 

ΔC = concentration difference 

 

k = partition coefficient of the 

drug into the membrane 

h = membrane thickness 

 

1.5.1.3 Biodegradable Polymer Delivery 

Biodegradable (or bioerodible) delivery systems can accelerate the drug diffusion by the 

controlled breakdown of the polymeric matrix. If polymer breakdown is slow compared to 

drug diffusion, then the system is analogous to a non-erodible system (Thombre et al., 

1990).  Polymer degradation can occur if the system is exposed to chemicals, enzymes or a 

change in pH (Kuehler, 2005; Thombre et al., 1990) Common degradable polymer systems 

used for drug delivery are poly(lactic acid), poly(lactic-co-glycolic acid), polyanhydrides, 

poly(ortho esters), and poly(phosphoesters) (Park et al., 1993). The biodegradable delivery 

sytsems with the highest commercial success are poly(lactic acid) and poly(lactic-co-

glycolic) polymer devices that release a hormone analogue for the treatment of prostate 

cancer (Heller et al., 2004). 
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Drugs can also be directly attached to the polymer matrix using biodegradable linkages. 

The degradation rate of the polymer will affect the release rate of the drug (Park et al., 

1993; Thombre et al., 1990). 

1.5.1.4 Other Delivery Systems 

There are many other drug delivery systems including responsive systems (insulin 

delivery) (Peppas, 2004b), polyelectrolyte complexes (gene therapy) (Oupický et al., 

2002), polymeric micelles (hydrophobic molecule delivery) (Huh et al., 2005) and 

inventive combinations of two or more of the systems described. 

 

As discussed, a fast elution can lead to side effects and a slow elution may yield no effect, 

therefore a sustained controlled release is desirable. In order to achieve the ideal controlled 

situation, combinations of the methods described above are being explored to limit and 

control drug elution from polymeric devices. 

 

Even simple drug elution devices use more than one delivery system that can affect the 

release profile of the drug from its matrix. For example, doxorubicin delivery from DC 

Bead (Biocompatibles UK Ltd.) is effectively diffusion delivery controlled by the ionic 

concentration of the elution medium (Gonzalez 2006). The delivery has been shown to be 

diffusion controlled since the drug will elute quickly into a solution with a low doxorubicin 

concentration and slower as the solution becomes more concentrated. The solution must 

have an ionic component to exchange with the ionically bound doxorubicin. In a solution 

of distilled water, no doxorubicin will elute. In addition, a slight membrane effect may also 

exist in doxorubicin loaded DC Beads since there may be higher concentration of 

negatively charged groups on the exterior of the bead that further retards release (Lewis,  

2006b). 

 

1.5.2 Direct Delivery of Chemotherapeutics 

1.5.2.1 Nano-scale Devices 

In order to treat a tumour with a drug eluting device, it must be placed in the area in which 

the drug is required (i.e. near the tumour). Some technologies (e.g. Thermodox®) utilise 

the Enhanced Permeability and Retention effect of tumours to deliver nano-scale 
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formations of drugs.  This involves creating drug loaded nano sized particles, typically 

liposomes, into the blood stream. Due to the size of the nanoparticles they are prone to 

diffuse through the poor vasculature of tumours. The blood vessels in the tumour are 

irregular in shape, dilated, leaky or defective, and the endothelial cells are poorly aligned 

(Iyer 2006). Since the particles diffuse through the leaky vasculature of the tumour, drug is 

delivered at the tumour site. Poor lymphatic drainage is also likely to enhance this effect 

(Duncan et al., 1998; Iyer 2006). 

1.5.2.2 Chemoembolisation 

Another method of local delivery can be achieved by loading an embolisation device with 

a chemotherapeutic. If embolisation is used along with a chemotherapeutic drug, it is 

known as chemoembolisation. Chemoembolisation can expose a hyper vascularised 

tumour to two treatments simultaneously; a reduction in blood supply and localised 

chemotherapy. The targeted delivery of a chemotherapeutic from a microsphere at the site 

of embolisation can offer reduced systemic exposure (fewer side effects) and the 

possibility of higher dosage at the desired site (Varela et al., 2007). Transarterial 

chemoembolisation (TACE) is a procedure in which chemotherapy is administered directly 

into the tumour via the supplying blood vessel and prevented from flowing away from the 

site once the vessel is blocked (embolised). However, conventional TACE still releases a 

high concentration of drug into the systemic circulation, which accounts for many of the 

complications associated with the procedure. It is thought that using drug loaded 

microspheres instead of a drug solution can overcome some of the side effects associated 

with conventional TACE (Gonzalez et al., 2006). 

 

From a physician’s perspective, drug loaded microspheres can additionally offer some 

practical safety and handling advantages over conventional TACE. Conventional TACE 

raises some safety concerns due to potential handling exposure from the toxic actives 

delivered under pressure and leakage of toxic actives occurring. If spillage does occur with 

drug loaded microspheres, the chemotherapeutic is contained within the microsphere and 

does not leak out. Also, catheter corrosion from drug solutions is not as much of a concern 

with microsphere delivery as it is with conventional TACE (Gonzalez et al., 2006). A 

drawback associated with drug loaded microspheres for chemoembolisation is the 

limitation of chemotherapeutics to those that can be loaded into the embolic microspheres. 
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These limitations are due to technical issues associated with getting the drug into the 

microspheres or inappropriate release profiles (too fast or slow).  

 

1.6 Combining Therapies to Improve Efficacy 

Chemoembolisation is a good example of using two treatments within one technique. 

Currently, the most common combination therapy is radiation and chemotherapy in some 

scheduled administration regime (Hellman et al., 1997). In addition, improvements in 

chemotherapy have been shown by administering a combination of drug types rather than a 

single drug alone.  

 

The combination of different drugs is also a preferred option for cancer therapy. Different 

chemotherapeutics affect different biochemical pathways within the cell, thus increasing 

the likelihood of cell death (Ackland et al., 1998). The rationale behind the effectiveness of 

combination therapy is the inhibition of several pathways involved in the maintenance and 

function of essential biomolecules (Devita et al., 1975; Powis, 1985). The potential 

inhibitions are shown in Figure 1.33. In combination chemotherapy drugs may be used to 

block one biochemical step after another (sequential blockade); block two pathways at the 

same time (concurrent inhibition); or damage both the biochemical pathway and block its 

repair mechanism (complementary inhibition) (Devita et al., 1975). However, 

chemotherapeutics should be combined with caution as some combinations have been 

shown to diminish the efficacy of treatment (Voigt et al. 2000; Cecifia  1997). 

 

The combination of two or more antitumour drugs are commonly used for example, in the 

treatment of, amongst others, ovarian (Harries et al., 2002), prostate (Rashid et al., 2006), 

colorectal (Grothey et al., 2004) and uterine cancer (Nagat et al., 2000). 

 

The ultimate treatment for tumours is the specific targeting of cancer cells with negligible 

effect on normal cells. Using localised delivery and embolisation, this ideal is a step closer. 

By combining current and new technologies and treatments the toxic effects can be 

gradually minimised, allowing for more successful treatments. Recent studies using 

doxorubicin loaded microspheres to embolise HCC, showed a significant reduction in 

adverse drug-related effects when compared to conventional TACE (Watkinson, 2008). 
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Figure 1.33 Schematic of potential types of inhibition by drugs in combination to produce 
metabolic blockage at multiple sites (Devita et al., 1975). A and B are biological molecules 
that are converted to C, through a combination of steps. The pathways can be inhibited by 
drugs. In combination chemotherapy drugs may be used to block one biochemical step 
after another (sequential blockade); block two pathways at the same time (concurrent 
inhibition); or damage both the biochemical pathway and block its repair mechanism 
(complementary inhibition). 
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1.7 Thesis Aims. 

Embolic devices are varied (Golzarian, 2006) and new materials are in constant 

development. Calibrated microspheres are one format of embolisation device that is now 

finding favour. All of the currently marketed microspherical devices in the EU and US are 

made from synthetic materials, none of which carries the claim of being “bio-degradable” 

in the long or short term. 

 

The benefits of biodegradable, deliverable, embolisation microspheres could be far 

reaching. For example, a biodegradable gelatine sponge Gelfoam®, has demonstrated the 

ability to preserve fertility after being used “off-label” (outside the scope of device 

approval) to perform uterine artery embolisation procedures (Stancato-Pasik et al., 1997). 

However, the degradation of Gelfoam® materials in vivo, relies predominantly on 

enzymatic breakdown (Ohta et al., 2007). Since enzyme levels may vary from individual 

to individual, the degradation rate cannot be predicted accurately. Another problem 

associated with Gelfoam is the inconsistency of the particles. A Gelfoam slurry is prepared 

by the pharmacist or in the theatre either by milling or cutting the gelatin sponge into 

smaller pieces. The process is inconvenient, time consuming and lacks conformity; 

creating irregularly shaped and variable particle sizes. The problems of irregular particle 

shapes (discussed in section 1.2.1) are compounded by the risks of unknown particle size, 

that could cause off-target embolisations. 

 

The aims of this thesis were to address these problems by synthesising calibrated, 

degradable and human enzyme resistant microspheres made from a material that could 

offer an alternative to Gelfoam or permanent embolic devices currently available. The 

device was tested to meet all the requirements described in section 1.2.2. The material that 

was studied for this purpose was high molecular weight, purified alginate. The degradation 

of the material was explored first in vitro, followed by an in vivo study using a sheep 

uterine embolisation model.  

 

As discussed, the benefits of targeted drug delivery could improve the efficacy of alginate 

microspheres as a device used to treat tumours. The loading and eluting kinetics of drug 

loaded alginate microspheres were compared to permanent PVA microspheres (chapter 2) 

currently on the market in order to determine whether an alginate microsphere could act as 
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a chemoembolic as well as an unloaded embolic. Doxorubicin, currently used in clinical 

trials (within PVA microspheres) for the treatment of HCC using drug loaded 

microspheres, was used as a model drug.  

 

Drawing from current practices within the oncology world and the benefits of combination 

therapy, the final part of the thesis seeked to produce an embolic (alginate or PVA 

microsphere) that could deliver two drugs to the site of embolisation rather than one. 

Several common chemotherapeutics were investigated and compared using two cancer cell 

lines.  

 

In summary, the aims of this thesis were to synthesise degradable alginate hydrogel 

microspheres in a viable size range with desirable properties for delivery to an 

embolisation point. The criteria discussed in section 1.2.2 were used as a measure of 

alginate hydrogel as an embolic device. It was hoped that a working biodegradation model 

could be established in vitro to inform us of the likely degradation in vivo. This model, 

combined with compression and catheter delivery data was used to determine the 

difference, if any, between two types of alginate hydrogel microsphere to biodegradation 

and deliverability in vitro. Following the in vitro work the susceptibility of the same two 

types of alginate hydrogel to biodegradation, deliverability was determined in an 

appropriate in vivo model. Comparisons between the two methods were made and 

additional information such as tissue response were also be observed. The ability of 

alginate microsphere to load and deliver a model drug was also determined in vitro.  

 

A drug eluting microsphere cell based assay to assess the effect of different drug eluting 

microspheres on a number of tumour cells was constructed. This assay assessed the 

efficacy of a combination of two drugs eluted from microspheres. The most successful 

combination was loaded into a single microsphere and used in a nude mouse xenograft 

tumour model to assess efficacy. 
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2 Alginate Gel Microspheres: A Biodegradable Embolic? 

2.1 Introduction 

The potential benefits of a degradable microsphere include the potential recanalisation of 

vessels and the elimination of the need to remove the device once its function has been 

performed. Calibrated degradable alginate hydrogel microspheres could offer a 

biodegradable embolic that could fulfil these requirements in addition to the requirements 

of the ideal embolic device (section 1.2.2). To this end, calibrated degradable alginate 

embolic hydrogel microspheres made were synthesised and evaluated. Both high G and 

high M microspheres were developed and any differences regarding synthesis, 

deliverability, contrast media compatibility and the nature of degradation of in-vitro were 

noted. The drug loading and elution characteristics of alginate microspheres were also 

assessed both in vitro and in vivo to see if they could be considered for chemoembolisation 

as well as embolisation device. 

2.2 Materials 

2.2.1 Alginate Sources  
 
Initially, lower quality commodity alginate (Sigma Aldrich, UK) was used to develop some 

of the methods described in this study. Prior to use, some of the impurities were removed 

from the commodity alginate by precipitating the alginate solution in ethanol, acid and then 

passing the solution through a 0.45 µm filter. The solution was not tested for purity, but the 

colour change from brown to white suggested that some of the impurities had been 

removed (see Figure 2.1).  

 

In later experiments, once a method for microsphere synthesis has been established, ultra-

pure high molecular weight alginate powder (CellMed AG, Alzenau, Germany) was used. 

Two types of alginate were tested; high M (68%) (M) and high G (60%) (G). The G 

alginate is extracted from laminarea hyperboria seaweed, harvested off the coast of 

Namibia. The M, from laminarea pallida, was harvested from North Korea. The alginate is 

extracted from the dried seaweed through a series of ethanol / acid precipitations and 

filtrations. The final product is characterised as ultra-pure by having an endotoxin level 
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<0.2 ppm. The molecular weight of the alginate is particularly high at >800,000 kDa. 

Unless otherwise stated, the alginate solutions used were 0.6% (w/v) dissolved in saline.  

 

Due to differences in molecular weight, 3% (w/v) lower quality alginate was needed to 

make a solution of comparable viscosity to 0.6% (w/v) ultra-pure CellMed alginate in 

saline.  

 

 
Figure 2.1 Photograph of Sigma alginate powder as received (left) and purified (right). 
The solution was not tested for purity, but the colour change from brown to white 
suggested that some of the impurities had been removed. 

2.3 Methods 

2.3.1 Microsphere Synthesis Apparatus 
 
Alginate gel microspheres were synthesised using an “air-knife” method. This system 

(CellMed AG, Germany) employs a jet of air that cuts the alginate solution into small 

droplets (Figure 2.2). The high pressure air was directed towards a constant stream of 

alginate solution which had been forced through a syringe needle. To prevent the alginate 

solution drying out, the air jet was hydrated by being bubbled through 200 mL distilled 

water in a Duran bottle. The small droplets formed by the air-knife fell into a solution of 

divalent metal chloride (M2+Cl2) ions which crosslinked the alginate solution to form 

alginate hydrogel microspheres. A schematic and photograph of the apparatus is shown in 

Figure 2.2. 

2.3.2 Microsphere Synthesis Parameters 
A number of factors can be altered on the air-knife apparatus, these include: alginate 

solution injection rate (controlled by plunger speed), air flow rate, needle size and air flow 

director size. These variables were altered to determine the effect of each factor on the size 

and shape of the alginate hydrogel microsphere produced. The injection plunger speed was 

varied from 2.4 to 6.3 mm min-1. The air flow rate was varied from 2.8 L min-1 to 6 L min-1. 
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The needle size was kept at 0.7 µm, the air flow director at 2.5 mm and the outer ring at 

1.2 mm. 

 

The effects of the air pressure and syringe plunging speed on microsphere size were all 

investigated using 3% (w/v) purified alginate (Sigma, UK). The aim of these experiments 

was to understand the effect of the air-knife settings so microspheres of a desired size 

could then be generated from high-grade alginate (CellMed AG, Germany), with minimal 

waste. 

 

 

 

 

 
Figure 2.2 Schematic and photograph of the air-knife apparatus (CellMed AG, Germany) 
for alginate gel microsphere manufacture. This system employs a jet of air that cuts the 
alginate solution into small droplets. High pressure air is directed towards the stream of 
alginate solution which has been forced through a syringe needle. The small droplets 
formed by the air-knife fall into a solution of calcium chloride (CaCl2). The calcium ions 
crosslink the alginate solution and form alginate hydrogel microspheres. 
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Using high-grade alginate 500 - 700 μm calcium alginate hydrogel microspheres were 

synthesised by dissolving alginate solution in saline (0.6%, w/v; CellMed AG, Germany). 

The solution was injected from a 3 mL syringe and passed through a 1 mm needle at a rate 

of 10 mL min-1. The air, hydrated by bubbling through water, was delivered at a rate of 7 L 

min-1
, using a nozzle diameter of 250 μm and was directed using a 2500 μm flow director. 

The droplets of alginate solution were allowed to fall into a 200 mL bath of CaCl2 (100 

mM; Sigma Aldrich, UK) and NaCl (100 mM; Sigma Aldrich, UK) and were left for 30 

minutes to cross-link. The resulting microspheres were rinsed in Ringer’s solution (B. 

Braun, UK) using a 5 μm sieve. 

2.3.3 Microsphere Size and Morphology 
 
The size distribution, size change and shape of the microspheres were all determined using 

an Olympus BX50F4 phase contrast microscope at x 4 magnification. When some 

difficulty in observing hydrogel microspheres was encountered (due to high water content 

rendering the microspheres transparent) the phase contrast plate was manipulated so 

objects could be imaged with greater clarity. Images were taken using an attached 

Olympus ColorView® digital camera which was controlled using analySIS® (Olympus Soft 

Imaging Solutions) software. Once recorded, objects in the image could be measured using 

a calibrated calliper tool in the software. By using this tool on several fields of view, the 

size distribution of the microspheres could be calculated.  

2.3.4 Compressibility of Alginate Microspheres 
 
The compressibility of the alginate microspheres was compared to other embolisation 

microspheres on the market. Both alginate microspheres (M and G) were compared to: 

 

• Bead Block (Biocompatibles UK Ltd., Farnham, UK) 

• DC Bead (Biocompatibles UK Ltd., Farnham, UK.) 

• Contour SE (Boston Scientific, MA, USA)  

• Embosphere (Biosphere, MA, USA) 

 

Compressibility (or the resistance to compressibility) is a useful in vitro test that can be 

used to assess the elasticity of an embolic microsphere (Lewis 2006a). This information 

can also be used to infer the deliverability of the bead through a catheter, its robustness and 
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resistance to fragmentation. There is no standard method to determine the compressibility 

although all methods are a variation based on measuring the force expressed when a 

microsphere is compressed at a constant rate (Lewis 2006a; Chan et al. 2008).  

 

All compression tests were performed using an Instron Material Testing Systems Model 

4411 (Instron, Canton, MA, USA). This system comprised of a vertical probe to measure 

the force exhibited onto the probe when it is lowered onto a sample (Figure 2.3). The force 

was measured using a load cell connected to Series IX software (Instron, Canton, MA, 

USA) via a computer. A monolayer of microspheres was pipetted on the Instron plate and 

excess loading solution was removed using a tissue. During method development the 

modifier probe was set to different heights above the monolayer of beads until a fixed 

height of 1.2 mm was used for all samples (the reason for the chosen height is discussed in 

section 2.4.2). The load cell used was 50 N and the modulus was measured from the 

gradient of stress / strain graph calculated at 8-16% compression strain on the software. 

 

 
Figure 2.3 Schematic of compression apparatus. The system comprises of a vertical probe 
(A) that measures the force exhibited onto the probe via a load cell (B) when it is lowered 
onto a layer of microspheres (C). The data is processed in a detector (D) and processed 
using software on a computer (E). 
 

The sensitivity of the Instron 4411 was not sufficient to assess smaller microspheres (< 900 

µm). Therefore larger microspheres (900 – 1200 µm) were used to develop the method and 

to perform the final analysis. Larger commercial microspheres were purchased from the 

relevant supplier, whilst larger alginate microspheres were synthesised. Alginate was 

dissolved in saline: (0.6%, w/v, CellMed, Germany) and injected through a 1 mm needle at 

an injection rate of 10 mL min-1. The air flow rate was 5 L min-1
, the nozzle diameter was 

250 μm and the air flow director was 2500 μm. Depending on the experiment, the droplets 

of alginate solution were allowed to fall into a 200 mL bath of either CaCl2 or BaCl2 (100 
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mM; Sigma Aldrich, UK) and NaCl (100 mM; Sigma Aldrich, UK) and were left for 30 

minutes to cross-link.  

 

The effect of microsphere made from 1.2 % (w/v) alginate solution was explored by 

assessing the compressibility of microspheres. The microspheres were synthesised using 

the same conditions as for the 0.6% (w/v) microspheres. 

 

In addition, the effect of autoclaving the alginate microspheres for various lengths of time 

on compressibility was analysed to assess the ability of the microspheres to withstand 

sterilisation techniques. The autoclaving was performed in a desktop autoclave (Priorclave, 

UK) at 121°C for a period of 40 or 100 minutes. Alginate microspheres (1 mL, n=6) were 

washed in 3 mL distilled water and autoclaved in 0.9% (w/v) 3 mL saline (B. Braun, UK). 

2.3.5 Contrast Mediium Compatibility with Alginate Gel Microspheres. 
 
Contrast medium (usually mixed with saline) is used in the delivery of the embolic 

material so that the radiologist can view the injection using the fluoroscope. It is important 

that the contrast medium does not affect the physical dimensions or structural integrity of 

the embolic. 

 

Calcium alginate gel microspheres (1 mL) were placed in a vial and roller mixed with 

aliquots of commonly used commercially available contrast medium (2 mL) at room 

temperature. The contrast media tested were Visipaque (iodixanol), Omnipaque (iohexol), 

Niopam (iopamidol) and Iomeron (iomeprol). Images of the microspheres were taken on 

an Olympus BX50F4 microscope equipped with a Colorview III camera (Olympus, Japan) 

after 30 minutes and assessed for any size change, fragmentation or degradation using the 

analysis software package. 

2.3.6 Catheter Delivery of Alginate Microspheres 
 
The ability to deliver a microsphere through a microcatheter is essential for use in an 

embolisation therapy capacity. An interventional radiologist would normal use a 2.7 Fr 

microcatheter to deliver this size microsphere to the embolisation destination; therefore a 

similar catheter was used to assess the microsphere delivery (2.7 Fr Progreat™, Terumo 

Japan). The microspheres were delivered in both saline (B. Braun, UK) and distilled water 
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mixed with contrast medium to a 50:50 ratio. The ratio of microspheres to delivery 

medium was 1 mL: 9 mL. 

 

Each suspension was placed on a roller mixer for 5 minutes. The ssuspensions were tested 

to ensure that an even microsphere suspension over a 30 s time period could be achieved. 

Prior to microsphere delivery, approximately 3 mL of saline (0.9%) wash was flushed 

through the syringe to wet the catheter. Half the sample volume was drawn into a 10 mL 

(reservoir) luer lock syringe. The reservoir syringe was connected to a 3 mL (delivery) 

syringe via a three way connector. The air was removed and the solution was mixed 

between the two syringes. The microspheres were then delivered through the catheter from 

the 3 mL syringe and the deliverability was assessed using a 0-5 scoring system (0 

indicating a saline like delivery and 5 indicating a complete blockage). The microspheres / 

solution were mixed again using the reservoir syringe and the delivery syringe, and then 

delivered for a second time. This was repeated until the reservoir syringe was empty. The 

catheter was then flushed with saline and the process was repeated with the second half of 

the microsphere / solution mix. 

 

The microspheres were kept for image analysis using an Olympus BX50F4 microscope 

equipped with a Colorview III camera (Olympus, Japan) and analySIS software. 

2.3.7 In Vitro Dissolution of Calcium Crosslinked Alginate Gel Microspheres 
 
The in vitro degradation experiment was designed to simulate the embolisation 

environment in vivo. The temperature was set to 37°C to mimic body temperature and the 

microspheres were exposed to Ringer’s solution (B. Braun, UK). Since the degradation 

mechanism may be driven by ionic exchange, it was important to expose the microspheres 

to a physiologically relevant solution. Ringer’s solution closely resembles the sodium, 

potassium and calcium salt concentrations found in blood serum. In vivo, the microspheres 

will be compacted in a blood vessel and the resulting embolisation environment is not 

exposed to a large blood flow. This effect was accounted for by exposing the microspheres 

to a minimal volume (1 mL) of Ringer’s solution.   

 

Alginate microspheres (G and M) were measured out (0.5 mL) in Ringer’s solution in a 

pre-weighed 5 μm pore membrane insert (Ultrafree-MC PVDF durapore; Millipore, UK). 
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Ringer’s solution (1 mL) was added to the insert and was placed into a 2 mL 

microcentrifuge tube (Millipore, UK). The sample was sealed and placed in an incubator at 

37°C and removed at 24 hr, 48 hr, 72 hr, 1 wk, 4 wk and 12 wk time points for analysis. A 

schematic of this is shown in Figure 2.4. 

 

 
 
Figure 2.4 Schematic representing the steps involved for the in vitro analysis of alginate 
gel microsphere dissolution. Alginate microspheres (G and M) were measured out (0.5 
mL) in Ringer’s solution in a pre-weighed 5 μm pore membrane insert. Ringer’s solution 
(1 mL) was added to the insert and was placed into a 2 mL microcentrifuge tube 
(Millipore, UK). The sample was sealed and placed in an oven (37°C). At 24 hr, 48 hr, 72 
hr, 1 wk, 4 wk and 12 wk time points the Ringer’s solution was removed (using a 
centrifuge) for Ca2+ analysis and the microspheres were weighed and sized. The Ringers 
solution was replaced with 1 mL fresh solution. [Original in Colour] 
 

2.3.8 Removal of Excess Ringer’s From Microspheres.  

At the desired time point the microcentrifuge tube (with insert) was centrifuged (JOUAN 

CR312, Paris, France) at 300G for 5 minutes. The extracted solution in the bottom of the 

microcentrifuge tube was kept for further calcium content analysis. The insert and 

microspheres were immediately weighed at each time point using a calibrated digital 

microbalance, before fresh Ringer’s solution was added (1 mL). 

2.3.9 Microsphere Calcium Elution: Ion Chromatography 

Ion chromatography (IC) is a technique that can measure and discriminate between ions in 

a solution. The basic setup and components of an ion-exchange system are shown in Figure 

2.5. It can be used to detect anions and cations, although not simultaneously, at very low 

concentrations. The amount of a particular ion present is detected by measuring a change 

in conductivity due to the ions as they exit the column. Deionised water with a resistance 
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of >18MΩ, is used to prepare the mobile phase to reduce noise. IC is a very sensitive 

technique. The detection limit for simple inorganic anions and cations is approximately 10 

μg L-1 based on an injection volume of 50 μL (Weiss, 2004). 

 

The column packing contains ion-exchange resins bonded to inert polymeric particles 

(typically 10 µm diameter), which are negatively or positively charged depending on ion 

detection required. A small amount of organic ionic material (e.g. methyl sulfonic acid 

(MSA)), is required to facilitate exchange. The cation-exchange with a sulfonic acid group 

reaction is shown in Equation 2.1. 

 

R-SO3-H+
(s) + Mx+

(aq) ↔ R-SO3- Mx+
(s) + H+

(aq) 

Equation 2.1 Ionic equilibrium set up on an ion exchange column for IC. R represents the 
rest of the ion change resin backbone. 

 

The presence of additional exchange ions (MSA) increases the conductivity of the mobile 

phase and this background conductivity signal is reduced using a small current (<100 mA) 

from a suppressor. The strength of ionic interactions determines the time that the ionic 

species takes to be detected. Figure 2.6 shows the ion exchange mechanism and how this 

corresponds to conductivity change over time.  

 

 

 
Figure 2.5 Basic components of ion chromatography. 
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Figure 2.6 A simplified example of ion exchange mechanism of ions (Li+, Na+ and K+) on 
the column and how this corresponds to conductivity change over time. Li ions have the 
lowest affinity for the column and therefore are eluted first. Sodium ions interact with the 
column longer and are therefore eluted later and since there are more sodium ions than 
lithium ions a larger increase in conductivity is recorded. Potassium has the greatest 
affinity for the column and is eluted last. The time of elution and conductivity intensity 
relate to the ion type and amount of ion present. [Original in Colour] 
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Because of its sensitivity, IC was used to determine the small amounts of calcium ions 

eluted from the alginate microspheres. The Ringer’s solution collected at each time point 

was subjected to calcium analysis using the following method. Ion chromatography was 

performed on a Dionex DX600 using a IonPac® CS17 4 x 250 mm column, IonPac® CG17 

4 x 50 mm guard column, CSRS 4 mm suppressor (40 mA) and a mobile phase consisting 

of 10mM methyl sulphuric acid (MSA) in >18 MΩ resistance water at flow rate of 1 mL 

min-1. A 1 ppm and 1000 ppm standard was injected every 10 injections to monitor peak 

shift or size variation. 

2.3.10 Microsphere Calcium Content: Elemental Analysis 
 
The total calcium content of the alginate microspheres at 0 and 12 weeks was determined 

by freeze drying 0.5 mL of microspheres overnight. The lyophilised microspheres were 

sent to Medac Ltd. (Egham, UK) for calcium content analysis using inductively coupled 

plasma - optical emission spectroscopy (ICP-OES)  

 

ICP-OES involves an electromagnetically induced plasma source used to detect trace 

metals. The electrons in the metals present in the sample are excited by the high 

temperature (5,000 – 10,000 K) plasma source. When the electrons decay back to their 

lower energy level they emit characteristic wavelengths of light. By quantifying the 

intensity of the characteristic light emitted, the amount of a specific metal present can be 

quantified. 

 

The plasma source is formed by a plasma torch situated in water cooled radio frequency 

(r.f.) housing. As power is supplied to the r.f load coil from the generator, oscillating 

electric and magnetic fields are established at the end of the torch. As flowing gases are 

introduced into the torch, the r.f. field is activated and when a spark is applied the gas in 

the coil region is made electrically conductive through ionisation. This sequence of events 

forms the high temperature plasma. The sample is carried into the plasma as a solution via 

a pump and nebuliser, where it is converted into a fine spray and mixed with a carrier gas 

such as argon. Once the sample aerosol is introduced into the ICP torch, it is completely 

desolvated and the elements in the aerosol are converted first into gaseous atoms and then 

ionized towards the end of the plasma. The ions recombine and lose electrons repeatedly in 

the plasma, giving off the characteristic wavelengths of the elements involved. The 
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emission from the metals present is detected and quantified. This technique was used to 

detect the amount of calcium present in dried samples at 0 and 12 weeks. 

2.3.11 UV-Vis Spectroscopy Analysis of Drug Loading / Elution 
 

Ultra violet (UV) and visible spectrophotometry was utilised to determine the 

concentration of drugs within a solution to determine the drug elution from a microsphere. 

It is a sensitive technique, typically yielding a lower detection limit of 10-4 – 10-5 M. A vast 

number of inorganic, organic and biochemical species absorb UV and visible radiation and 

the intensity of the absorption can be used as a quantitative measure of the amount of 

species present using the Beer-Lambert law (Equation 2.2). 

 

A = εbc       

Equation 2.2 Beer-Lambert Law 

 where        A = Absorbance 
         ε = Molar absorptivity constant (L mol-1 cm-1) 
         b = Path length (cm) 
         c = Concentration of species (mol L-1) 
 

The choice of wavelength observed to assess concentrations is chosen by scanning the 

analyte across the UV-Vis spectrum and choosing a wavelength that is strongly absorbed 

and ideally, different to other species present in the solution. UV-vis spectrophotometry 

was used to analyse doxorubicin elution. A scan of doxorubicin is shown in Figure 2.7 and 

a strong peak at 483 nm is observed. Consequently changes in this peak absorbance can be 

used to follow doxorubicin concentration changes when it is depleted through drug loading 

or increased through drug elution. 

 
The Beer-Lambert law is limited to relatively low analyte concentrations. At 

concentrations (usually >0.01 M), the average distance between molecules is diminished to 

a point where a species will interact and affect the charge distribution of a nearby 

molecule. This affects the ability of the altered molecule to absorb at a specific wavelength 

and causes the absorbance to deviate from the linear Beer-Lambert law (Figure 2.8).  The 

lower limit of the law is determined by the setup and sensitivity of the apparatus used. 
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Figure 2.7 UV-Vis scan of doxorubicin in saline from 300-600 nm. The peak absorbance 
(dashed red line) occurs at 483 nm. [Original in Colour] 
 

 
 
Figure 2.8 Illustration of the Beer-Lambert law. Up to a certain concentration (typically 
0.01 M) the absorbance of a species at a specific wavelength is proportional to the 
concentration. The relationship deviates from linearity above a particular concentration. 
[Original in Colour] 
 

 
 
Figure 2.9 Schematic showing: A) the components required for a simplified setup for UV-
Vis spectroscopy B) a probe that can be dipped into a sample in place of the cuvette 
sample holder. Light from the source is directed to the probe using fibre optics. The light is 
reflected back by a mirror and the absorbance fed back to the detector through the fibre 
optic. [Original in Colour] 
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A typical setup for detecting UV-Vis absorbance is shown in Figure 2.9. The sample does 

not necessarily need to be in a cuvette for analysis. The UV-Vis measurement made in this 

thesis also used a fibre optic probe (Varian, UK) that could be dipped into a sample 

solution. 

 

2.3.12 Loading Alginate Microspheres with Doxorubicin 

Alginate microspheres (high M) were measured out into 1 mL aliquots and distributed into 

vials (n=3). The excess solution was removed by pipette to leave a slurry of microspheres.  

 

Each vial had 10 mL doxorubicin (6 mg mL-1 distilled water) added and was roller-mixed 

for three hours. Samples of the solution (100 µL) were taken at various time points and 

diluted by a factor of 100 in distilled water. The absorbance of the solutions was taken at 

483 nm and compared to a standard curve to ascertain the concentration of the solution. 

The difference between the starting concentration of the doxorubicin solution and the 

concentration at a given time point was used to determine how much doxorubicin had been 

loaded into the millilitre of microspheres. After 24 hours the remaining loading solution 

was removed and the microspheres were washed four times with 10 mL distilled water. 

The loaded microspheres were also viewed under an Olympus BX50F4 optical microscope 

and the size of the microspheres was determined by a Colorview III camera (Olympus, 

Japan) and analySIS software (n=100). 

2.3.13 Doxorubicin Elution from Alginate Microspheres 

The doxorubicin loaded alginate microspheres (high M; n=3) were pipetted into 900 mL 

stirring elution media (a 70:30 mix of d.H2O:EtOH with 20% w/v KCl). The absorbance of 

the solution at 483 nm was taken every 10 minutes for three hours using the UV/Vis probe. 

After three hours the solution was removed and the alginate microspheres were washed 

with distilled water for imaging. 

2.3.14 In vivo Mouse Pancreatic Carcinoma Xenograft Comparison of Doxorubicin 

Eluting Microspheres. 

This study was performed to ascertain if the chemoembolisation microspheres could be 

used to treat a pancreatic tumour using the microspheres as a direct sustained delivery 

system. The microspheres were delivered to the tumour site using a Hamilton syringe. The 

objective was to demonstrate that both doxorubicin loaded alginate microspheres and DC 
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Bead would result in a reduction in tumour burden in nude mice. The results will inform of 

any differences between the two hydrogel microspheres and whether the nude mice 

experience any toxic effects as determined by weight loss and / or mortality. 

 

The in vivo study was performed on adult female nude mice (Taconic M & B, Ry, DK) 

with full ethics approval (LAGeSo (State Office of Health and Social Affairs) Berlin) by 

EPO Exp. Pharmacol. & Oncol. GmbH, Robert-Rössle-Str.10 13122 Berlin-Buch, 

Germany. 

2.3.14.1 Sample Preparation for Mouse Xenograft Study 

Both DC Bead and alginate microspheres (100 - 300 µm, 1 mL; n=3) were loaded to a 

doxorubicin concentration of 25 mg mL-1, lyophilised (freeze dried) and sterilised via 

gamma sterilisation (Isotron PLC, UK). Alginate solution (3 mL, 0.6% w/v, CellMed) was 

added directly to the lyophilised loaded DC Bead as a viscosity modifier in order to 

prevent the microspheres being forced out of the injection site. However a solution of 

alginate could not be used with the alginate microspheres because the calcium ions within 

the alginate microspheres gelled the alginate solution within 5 minutes rendering it 

undeliverable (see Figure 2.10). Consequently, the alginate microspheres were hydrated in 

1 mL sterile water and mixed with 2 mL unloaded alginate microspheres to ensure that the 

dilutions for both microspheres were the same. A control group (n=3) was injected with 

unloaded DC Bead and alginate solution in the same proportions as the doxorubicin loaded 

microspheres. 

 
Figure 2.10 Doxorubicin loaded alginate microspheres (left) and unloaded alginate beads 
(right) after mixing with 0.6% alginate solution. The vials could be inverted and the gel 
remained in the “bottom” of the vial. [Original in Colour] 
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2.3.14.2  Mouse Xenograft Study Procedure 

PSN-1 cells (human pancreatic carcinoma cell line) were prepared from an in vitro passage 

for subcutaneous transplantation. At day 0, 1 x 107 cells were injected under the skin of 

nude mice and five days later, the tumours became palpable (2 - 3mm). The microspheres 

were injected adjacent to the subcutaneous growing tumour.  

 

The total injection volume of sample injected close to the tumour was 100 µL. The size of 

the tumour was directly measured with callipers (calculated as: π/6 x (large diameter) x 

(small diameter)2) and the body weight of each mouse was determined twice a week. The 

mice were followed for 25 days and animals were euthanized earlier if they developed 

tumours larger than 10% of their body weight. 
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2.4 Results and Discussion 

2.4.1 Microsphere Synthesis 
 
The alginate gel particles synthesised using the air-knife apparatus were spherical in shape 

and had narrow size distribution as seen in the three batches made using different air knife 

settings in Figure 2.11 and Figure 2.12. A narrow size distribution has the advantage that it 

allows the microspheres to be used in an embolisation capacity where only vessels of a 

desired size will be occluded. Calibrated microspheres are sold with a 200-300 µm 

distribution, which is far greater than the distribution of the alginate microspheres 

produced (see Figure 2.12). Theoretically, calibrated microspheres should allow for a 

better control of the occlusion level and penetration into the tissue (Laurent et al., 2006), 

although there does seem to be a limit to which the distribution has an effect. A recent 

study compared microspheres with a normal distribution in size range (+/- 100 µm) with 

microspheres of a much narrower size distribution. A difference in distribution within the 

vasculature of the sheep was not noted (Laurent et al., 2008). The alginate microspheres 

produced are inside the industrial standard range (+/- 200 µm) and can therefore be thought 

to be of a suitable size distribution without the need for the extra step of sieving to a 

desired size fraction.  

 

Figure 2.12 demonstrates that the hydrated air flow rate has the greatest effect on the 

alginate microsphere size. A higher air flow causes the stream of alginate to be cut into 

smaller droplets; corresponding to smaller microspheres when crosslinked in solution. The 

syringe plunger speed has no effect on the microsphere size and this was confirmed at 

lower syringe speeds (Table 2.1) (Bonferroni corrected Student’s t-test, p>0.05). This 

could be due to the high viscosity of the alginate solution limiting the rate at which it can 

flow from the syringe, regardless of injection speed. These variables were not explored in 

more detail since it was not necessary to understand the effects of all variables; simply to 

produce microspheres of a desired size. Having established the effect of the air-knife 

controls, the alginate was switched to the higher purity CellMed alginate to produce 

microspheres for testing. 
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Table 2.1 Effect of syringe plunger speed below 4.4 mm min-1 on microsphere size (other 
variables: Needle size: 0.7mm; Air flow director: 2500 µm; Outer ring: 1200 µm; Air 
flow: 2.8 L  min-1;Alginate: 3% sigma) 
 

Alginate injection speed (mm min-1) 2.4 3.2 4.4 
Mean microsphere size (µm); (number 

of microspheres sized) 848 (33) 844 
(47) 844 (58) 

Standard Deviation 32 22 21 
 
 
 

   
Figure 2.11 Optical microscope images of three batches of alginate microspheres 
synthesised using different settings on the air-knife apparatus. [Original in Colour] 
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Figure 2.12: Various size distributions of alginate microspheres synthesised using 
different air-knife apparatus settings. Both the air flow and syringe plunger speed were 
changed (see legend). The fixed settings were: airflow ring diameter: 2500 µm; needle 
diameter: 250 µm; syringe size: 5 mL, nozzle diameter: 1200 µm. [Original in Colour] 
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To obtain an alginate solution of similar viscosity to the 3% w/v Sigma alginate solution, a 

solution of only 0.6% w/v CellMed alginate was required. The viscosity for 3% w/v Sigma 

alginate 0.6% CellMed were 0.18 +/- 0.1 and 0.23 +/- 0.1 Pa.s (mean +/- range) 

respectively. This was attributed to the difference in molecular weight and highlights the 

need for care and concern when comparing alginates from different sources. Moreover, the 

Sigma alginate did not name the seaweed species nor did it state the M:G ratio. The 

information given on viscosity was vague (20-40 cP) so any physical differences observed 

in the microspheres could not be assigned to a specific aspect of the alginate. In contrast, 

the CellMed alginate is well characterised and purified, allowing for better control and 

assignment of physical properties (see Table 2.3). For these reasons, further alginate 

microsphere analysis was performed using CellMed alginate to produce high purity 

alginate gel microspheres. The microspheres produced to be analysed for both in vitro 

(chapter 2) and in vivo (chapter 3) degradation studies were synthesised in two batches 

using high M (mean diameter: 506 µm +/ 21 (SD); n=100) and high G (mean diameter: 

506 µm +/- 18(SD); n=100) CellMed alginate under aseptic conditions.  

 

Table 2.2 Characterisation information provided with CellMed AG alginate. 

Parameter CellMed (High G) CellMed (High M) 
Species Laminaria hyperborea Laminaria pallida 

pH 7.1 7.0 
Viscosity 43 mP.s 38 mP.s 

Amino acid content 4.6 ng mg-1 1.1 ng mg-1

Heavy metal content 15 ppm 15 ppm 
Sulphur 42 ppm 37 ppm 

Phosphate 12 ppm 20 ppm 
Chloride 0 ppm 0 ppm 

Endotoxin content <50 I.U. g-1 <50 I.U. g-1

Molecular weight 387000 1100000 
M:G ratio 68:32 40:60 

2.4.2 Compression Testing: Method Development 

The modulus of a material can be calculated from the gradient of a stress / strain graph, 

preferably at a linear portion of the slope. In Figure 2.13, the black line represents a typical 

curve generated from the compressibility of the hydrogel microspheres using the technique 

described in section 2.3.4. A variable within this compressibility method was the point on 

the stress / strain graph where the modulus gradient is taken. Tangents A, B and C in 

Figure 2.13 are all equally valid points to take the gradient but will yield different results.  
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Figure 2.13 Typical stress/strain curve generated from compressing a monolayer of 
hydrogel microspheres using the Instron 4411. A, B and C represent equally valid points to 
take the gradient but will yield different modulus results. [Original in Colour] 
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Figure 2.14 Modulus (at different probe heights) of hydrogel microspheres taken at 8-16% 
of the strain on a stress/strain curve (mean +/- SD; n=6). Despite the microspheres being 
different sizes (DC Bead: 910 µm; Bead Block: 962 µm; Alginate: 1070 µm), the modulus 
(gradient) remains relatively consistent when set to 1.1 mm or above. This was due to the 
probe not passing beyond the linear part of the stress / strain graph at lower probe 
heights. [Original in Colour] 
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The strain at which the gradient is taken can be set at a fixed point using the Instron 

software (between 8 and 16%), but this still remains ambiguous if the size of the 

microsphere varies. This can result in different moduli being calculated. During method 

development, this issue was addressed by varying the height of the probe to establish the 

gradient (modulus) the program would calculate. As shown in Figure 2.14, despite the 

microspheres being different sizes (DC Bead: 910 µm; Bead Block: 960 µm; Alginate: 

1070 µm), the modulus (gradient) remains relatively consistent when set to 1.1 mm or 

above. If the probe was set below 1 mm the modulus taken at 8-16% strain began to 

increase markedly. This was due to the probe not passing beyond the linear part of the 

stress / strain graph. Consequently, 1200 µm was set as the height for the probe, since this 

yielded the most consistent results due to greater likelihood of the gradient being taken 

from the linear part of the graph. 

2.4.3 Compressibility of Alginate Microspheres 
 
The compressibility methodology showed a large variability in the modulus value from day 

to day experiments. This variation was assigned to the temperature and humidity 

fluctuations in the laboratory. To accommodate this, DC Bead and Bead Block 

microspheres were used as a standard to compare the alginate microspheres against. Figure 

2.16 shows the modulus or resistance to compressibility, of M and G alginate microspheres 

against commercially available embolic microspheres. The modulus trend for Bead Block, 

Embosphere and Contour, was consistent with data obtained by Lewis and co-workers 

(Lewis et al., 2006a).  

 

There is no statistical significant difference between the modulus of G and M alginate 

microspheres in the experiment show in Figure 2.15 (Bonferroni corrected Student’s t-test, 

p>0.05) however, when data from all experiments are combined a difference is shown 

(Bonferroni corrected Student’s t-test, p<0.05). In addition, differences were observed in 

later experiments (Figure 2.17) (Bonferroni corrected Student’s t-test, p<0.05). The 

corrected p-value may be high for the commercial comparison experiment as there were a 

high number of multiple t-tests and the Bonferroni correction is a conservative statistical 

correction which can show more false negative results (Narum, 2006). 
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Figure 2.15 Modulus of M and G alginate microspheres alongside commercially available 
embolic microspheres. (n=6; +/- SD). Alginate microspheres are most similar in 
compressibility to Bead Block (Bonferroni corrected Student’s t-test, p>0.05 (G); p>0.05 
(M). Both types of alginate microsphere were significantly different to Contour SE 
(Bonferroni corrected Student’s t-test, p<0.05 (G); p<0.05 (M)) and DC Bead (Bonferroni 
corrected Student’s t-test, p<0.05 (G); p<0.05 (M)), but only M microspheres were 
significantly different to Embosphere (Bonferroni corrected Student’s t-test, p>0.05 (G); 
p<0.05 (M)). The comparable compressibility of the alginate microspheres to Bead Block 
suggests that the deliverability should be similarly facile 
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In terms of comparison to current embolic microspheres on the market, the alginate 

microspheres are most similar in compressibility to Bead Block (Bonferroni corrected 

Student’s t-test, p>0.05 (G); p>0.05 (M). Both types of alginate microsphere were 

significantly different to Contour SE (Bonferroni corrected Student’s t-test, p<0.05 (G); 

p<0.05 (M)) and DC Bead (Bonferroni corrected Student’s t-test, p<0.05 (G); p<0.05 (M)), 

but only M microspheres were significantly different to Embosphere (Bonferroni corrected 

Student’s t-test, p>0.05 (G); p<0.05 (M)). The comparable compressibility of the alginate 

microspheres to Bead Block suggests that the deliverability should be similarly facile 

(Lewis et al., 2006a).  

 

Several variables were explored to understand the factors that affected the compressibility 

of the alginate microspheres. The alginate solution concentration used to produce 

microspheres was doubled to see if the modulus could be increased. However, this had no 

effect (Bonferroni corrected Student’s t-test, p>0.05) on the compressibility of the 

microspheres (see Figure 2.16). Increasing the alginate solution concentration further to 

3% caused the viscosity to rise dramatically and the resulting solution was too viscous to 

make microspheres.  

 

The lack of any modulus change was rationalised by considering the low levels of alginate 

in the microsphere. Alginate microspheres are approximately 98 % water and although the 

alginate concentration was doubled, this corresponded to an actual increase of polymer in a 

microsphere mass by about 2 %. This small increase in polymer mass had no impact on the 

rigidity of the microspheres. 

 
Another approach to manipulate the compressibility properties of alginate microspheres 

was to change the cross-linking from calcium to barium which has an affinity for alginate 

(Haug et al., 1965). Barium microspheres were synthesised using the same method as 

calcium cross-linked microspheres using barium chloride rather than calcium chloride. The 

modulus of both alginate microspheres was shown to increase when barium was used as a 

crosslinking ion instead of calcium (Bonferroni corrected Student’s t-test, p<0.05 (M); 

p<0.05 (G)). The difference between calcium and barium crosslinked microspheres was 

larger for M microspheres (Figure 2.17).  
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Figure 2.16 Modulus of M alginate microspheres made from 0.6% and 1.2% alginate 
solution. DC Bead and Bead Block presented for comparison. (n=6; +/- SD). The alginate 
solution concentration used to produce microspheres was doubled to see if the modulus 
could be increased. However, this had no effect (Bonferroni corrected Student’s t-test, 
p>0.05) on the compressibility of the microspheres. 
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Figure 2.17 Modulus of M and G alginate microspheres when crosslinked with calcium 
and barium ions. DC Bead and Bead Block present for comparison. (n=6; +/- SD). The 
modulus of both alginate microspheres was shown to increase when barium was used as a 
crosslinking ion instead of calcium (Bonferroni corrected Student’s t-test, p<0.05 (M); 
p<0.05 (G)). The difference between calcium and barium crosslinked microspheres was 
larger for M microspheres (Figure 2.17). 

p > 0.05 
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The difference between the two microspheres could be explained by considering some 

recent work published by Mørch and co-corkers (Mørch et al., 2006). The Norwegian 

group hypothesise that whilst calcium shows an affinity for G and MG blocks, barium 

preferentially binds to G and M blocks (Mørch et al., 2006). Since a high number of G and 

MG junctions are present in the G microspheres, a tight network of alginate polymers is 

formed with calcium. The M microspheres offer fewer G blocks and MG junctions, 

resulting in a weaker calcium microsphere, but when barium is added the M block can be 

utilised in a crosslinking fashion. The same is true in G microspheres, but to a lesser 

extent. 

 

The effect of heat sterilising calcium alginate microspheres was investigated to see if the 

conditions would alter their compressibility. Autoclaving the alginate microspheres at 

121°C for 40 minutes had no significant effect on the modulus (Figure 2.18), but after 100 

minutes a significant decrease was observed (p<0.05). Heat sterilisation did change the 

compressibility properties of the calcium alginate gel microspheres. M microspheres 

showed a larger decrease (40% of modulus at t=0) compared to G (70% of modulus at 

t=0). This difference may occur because the affinity for the crosslinking ions is different 

for both alginates; resulting in different calcium elution from both gels. To determine 

whether the modulus decrease was due to calcium ion elution (alginate dissolution) or 

chain length breakdown (alginate degradation) the same experiment was repeated with 

barium instead of calcium. If a decrease in modulus was noted, no conclusion could be 

drawn regarding the mechanism of observed microsphere softening. If, however, the 

modulus remained the same for barium crosslinked microspheres, it would indicate that the 

change was due to calcium elution; since calcium has a lower affinity for alginate. As seen 

in Figure 2.19 the modulus remained the same for barium crosslinked microspheres 

(Student’s t-test (0 min c.f. 100 min) p>0.05 (M); p>0.05 (G)), suggesting that heating for 

100 minutes at 121°C dislodged the calcium crosslinking ions rather than degrading the 

alginate chains themselves. This is not to say that the alginate chains were not broken 

down, but the molecular weight is very high and a limited number of glycosidic breakages 

may not affect the compressive properties of the gel if the crosslinked integrity of the gel 

remain intact (as in the barium crosslinked case). However, when crosslinking ions are 

lost, the reduction in compressive strength may be exacerbated if the alginate chains are 

shorter.  
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Figure 2.18 Modulus of M and G alginate microspheres when crosslinked with calcium 
and autoclaved at 121°C for 0, 40 and 100 minutes. (n=6; +/- SD) (Student’s t-test 0 
minutes c.f. 100 minutes: (M) *p<0.05; (G) **p<0.05). A significant difference in modulus 
was noted between autoclaving for 0 and 100 minutes for both microspheres.  
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Figure 2.19 Modulus of M and G alginate microspheres when crosslinked with barium and 
autoclaved for 0, 40 and 100 minutes. (n=6; +/- SD) (Student’s t-test 0 minutes c.f. 100 
minutes:  (M) *p>0.05; (G) **p>0.05). No significant difference in modulus was noted 
between autoclaving for 0 and 100 minutes for both microspheres. 
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The compressibility of the microspheres differed slightly between the two types of 

alginate, but the compressibility remained within the limits of those commercially 

available. The compressibility was modified by changing the crosslinking ion or exposing 

the microspheres to heat, but the effects observed were minimal. Despite improved 

resistance to autoclaving using barium as a crosslinking ion, the ion is toxic in certain 

concentrations and would not be desirable in a free ion form in the body (Foster et al., 

2005). However, the barium ions did not appear to dislodge from their crosslinking 

positions even when extensive heating was applied, so free ion toxicity may not be a 

concern. The levels of crosslinking ions eluting could be determined in future studies by 

performing ion chromatography on the supernatant. Autoclaving at 121°C did make the 

alginate microspheres less resistant to compressibility, but the chemical properties of the 

altered microsphere are unknown. In future studies these could be assessed using nuclear 

magnetic resonance (NMR), to measure any rearrangement of the molecular structure of 

the alginate chain, or gel permeation chromatography (GPC) to measure any change in the 

alginate molecular weight. 

2.4.4 Contrast Media Compatibility with Alginate Gel Microspheres. 

To investigate the compatibility of alginate microspheres with contrast media, the 

microspheres were mixed with commonly used contrast media and monitored for any size 

change or fragmentation. 

 

After 30 minutes exposure to a selection of contrast media, no fragmentation of the 

microspheres was observed and only a minimal average size change was observed (15-6 

µm; 2.9-1.2%, Bonferroni corrected Student’s t-test, p<0.05 all samples) compared with 

the microspheres in 10 mM calcium chloride. The size distribution of the microspheres in 

various contrast agents can be seen in Figure 2.20. This small size change should have no 

impact on deliverability, since these changes are within one standard deviation of the 

microsphere size variation. This variation is also well within the accepted industrial range 

(200 µm). 
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Figure 2.20 Size distribution of alginate microspheres after 30 minutes exposure to a 
number of commonly used contrast media compared to control (blank 10 mM CaCl2).Only 
a minimal average size change was observed (15-6 µm; 2.9-1.2%, Bonferroni corrected 
Student’s t-test, p<0.05 all samples) compared with the microspheres in 10 mM calcium 
chloride. This small size change should have no impact on deliverability, since these 
changes are within one standard deviation of the microsphere size variation. This 
variation is also well within the accepted industrial range (200 µm). [Original in Colour] 
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2.4.5 Catheter Delivery of Alginate Microspheres 

The compressibility analysis of the alginate microspheres indicated that the delivery should 

be similar to microspheres already on the market. However whilst the compressibility was 

similar, the compressibility method does not establish the robustness, fragmentation 

potential or elastic recovery speed of the microspheres. In order to establish these 

properties, it was necessary to test the microspheres in a clinically relevant scenario. This 

was achieved by forcing the microspheres through a 2.7 Fr microcatheter that is used in 

embolisation procedures. Images of the alginate microspheres post delivery can be seen in 

Table 2.4. 

 

In both saline / omnipaque 350 and water / omnipaque 350 delivery solutions, the alginate 

microspheres delivered smoothly, with only slightly more resistance than saline (score = 

2). There was slightly more resistance (score = 2.5) on the second and third deliveries 

(without saline washes) and this was attributed to the presence of microspheres in the 

catheter. Concerns about the microspheres swelling and blocking the catheter mid-

procedure were alleviated by waiting 1-2 minutes between injections (no significant 

difference in pressure was noticed). No fragmentation of the microspheres was observed 

post delivery and the shape remained spherical (Table 2.3). Generally there was no 

difficulty in delivering either type of alginate microspheres. 

2.4.6 In vitro Microsphere Degradation: Size and Weight Change  

In order to monitor the degradation of microspheres without damaging the sample (e.g. 

freeze drying), the hydrated weight of the microspheres needed to be determined. The 

accurate hydrated weight of a small volume of hydrogel microspheres is difficult to 

measure due to the nature of hydrogels and the method used to remove the initial excess 

water. Excess “free”, unbound water can be removed from the hydrogels by leaving the gel 

to dry or by wicking the “free” water away. Both of these techniques are associated with 

high error as the “free” water and gel bound water are not discreet and the point at which 

all the “free” water is removed is subjective. With large samples the experimental error 

associated with the unknown amount of water removal is insignificant compared to the 

total weight of the sample. The error can be also be minimised if a large number of 

samples are tested. However, in these experiments, conducted to monitor the change in 

hydrated microspheres over 12 weeks, the samples were too few and small to reduce error 
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in this way. Consequently another method was required to remove a fixed amount of 

solution for calcium elution analysis, whilst keeping the spheres hydrated. A centrifuge 

based method was used to remove the water. The centrifuge offered a fixed force to 

remove the solution from each sample. The centrifugation did not alter the shape or deform 

the alginate microspheres as shown in Figure 2.21. 
 

 
Table 2.3 Phase contrast images of G and M microspheres pre- and post delivery through 
a 2.7 Fr catheter in water and saline delivery solutions. No fragmentation of the 
microspheres was observed post delivery and the shape remained spherical The high M 
microspheres in saline / omnipaque 350 could not be visualised under the optical 
microscope post delivery regardless of phase type or light intensity. This was due to the 
microspheres having the same refractive index as the solution. When the solution was 
removed the microspheres looked whole and no fragmentation could be seen by eye. 
[Original in Colour]  
 

 As made in 10mM Ca2+ 
modified Ringer solution 

Post delivery water / 
omnipaque 350 

Post delivery saline / 
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(see legend) 

 

 

 
Figure 2.21 Microscope images of alginate microspheres. A) As made B) After 5 minutes 
at 300G. The centrifugation did not alter the shape or deform the alginate microspheres. 
[Original in Colour] 

A B 
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The size change of the microsphere can be seen in Figure 2.22. Initially, the size increases 

over the first few days, but decreases back to the original size after 4 weeks and then drops 

below the original size after 12 weeks. The hydrated weight change follows similar trend 

as the size change (Figure 2.23). Over the first few days the hydrated weight increased, it 

plateaued at a maximum weight, and then dropped at the 12 week (84 day) time point. It 

appears from both sets of data that the microspheres initially swell and then reduce from 

the swollen size between 4 and 12 weeks. The M microspheres appear to swell more than 

their G counterparts. 

 

2.4.7 In vitro Degradation: Calcium Content and Release 
The amount of calcium released into the Ringer’s solution from 0.5 mL of microspheres 

increased over 12 weeks (see Figure 2.24). During the first eight days however, both 

alginate types followed similar calcium elution profiles. After eight days the amount of 

calcium eluted from M beads was greater than that released from G. This can be explained 

by considering the environment in which the calcium inhabits. Initially, all of the loosely 

bound calcium ions are released into the 1 mL of Ringer’s solution. However, when all the 

loosely bound calcium is eluted, the release of the more tightly bound calcium is 

determined by the environment in which it resides. Greater calcium loss from the M 

alginate is expected since the binding affinity of calcium to the M section of the polymer is 

weaker than the stronger binding to the “egg-box” shaped G residue. Over a prolonged 

time period, the G alginate gel microspheres retained more calcium ions. 

 

The total calcium content (% dried weight) at the beginning (control) and after 12 weeks 

exposure to the in vitro embolisation conditions can be seen in Figure 2.25. The amount of 

calcium in the microsphere dried weight was 1.6% lower than the control over the 12 

weeks for M microspheres, compared to a drop of 1.3% for G. The data are limited to two 

replicates and conclusions must be considered with caution; the data can be used to support 

similar trends in other data. The greater drop in calcium content for M microspheres is 

consistent with the calcium elution data. This again suggests that M microspheres eluted 

more calcium than G. 
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Figure 2.22 Change in M and G alginate gel microspheres diameter in 1 mL Ringer’s 
solution at 37°C for 12 weeks (mean +/- SD (n=100)). The Ringer’s solution was removed 
and replaced at each time point. Initially, the size increases over the first few days, but 
decreases back to the original size after 4 weeks and then drops below the original size 
after 12 weeks. 
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Figure 2.23 Percentage change in M and G alginate gel microspheres hydrated weight in 
1 mL Ringer’s solution at 37°C for 12 weeks (mean, error bars:  max / min, (n=3). The 
Ringer’s solution was removed and replace at each time point. Over the first few days the 
hydrated weight increased, plateaued at a maximum weight, and then dropped at the 12 
week (84 day) time point. 
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Figure 2.24 Total calcium released from 0.5 mL alginate gel microspheres (M and G) into 
1 mL Ringer’s solution over 12 weeks measured by ion chromatography (IC). (mean, error 
bars:  max / min, (n=3)). Both alginate types followed similar calcium elution profiles 
during the first eight days. After eight days the amount of calcium eluted from M beads 
was greater than that released from G. This can be explained by considering the 
environment in which the calcium inhabits. Initially, all of the loosely bound calcium ions 
are released into the 1 mL of Ringer’s solution. However, when all the loosely bound 
calcium is eluted, the release of the more tightly bound calcium is determined by the 
environment in which it resides. Greater calcium loss from the M alginate is expected 
since the binding affinity of calcium to the M section of the polymer is weaker than the 
stronger binding to the “egg-box” shaped G residue. Over a prolonged time period, the G 
alginate gel microspheres retained more calcium ions. 
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Figure 2.25 Calcium content (% dried weight) of alginate gel microspheres (M and G) at 
the beginning (control) and end (12 weeks) of the experiment (mean; error:  max / min 
(n=2)). The amount of calcium in the microsphere dried weight was 1.6% lower than the 
control the over the 12 weeks for M microspheres, compared to a drop of 1.3% for G. This 
indicates that M microspheres eluted more calcium than G. 
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2.4.8 In vitro Degradation: Analysis of Calcium Elution and Microsphere Size Change   
 

For both microspheres, the size (and weight) increase over the first three days correlates 

with an increase in the amount of calcium ions eluting from the microspheres (Figure 

2.26). After three days, further calcium elution fails to correspond to an increase in 

microsphere size and after fours week the continued calcium elution results in a decrease in 

microsphere size (Figure 2.26).  

 

This behaviour can be explained by considering two factors acting simultaneously. Firstly, 

the microsphere will decrease in size as the alginate backbone dissolves away from the 

hydrogel. In order to achieve dissolution, the chain must be detached from any crosslinking 

calcium. Concurrently, the microsphere will increase in size if the crosslinking ions are 

eluted because the alginate chains will have more freedom to move; effectively swelling 

the gel. During the swelling period (Figure 2.26) the calcium is eluting from the 

crosslinking sites allowing the microspheres to swell, but because there are still many 

crosslinking sites within the microsphere filled with calcium, this limits alginate backbone 

solubility. During the period where no size change is observed (3 days to 4 weeks) it is 

conceivable that the swelling and alginate dissolution are cancelling each other out in 

terms of observable size changes. However, after 4 weeks, the dissolution is greater 

because there are fewer calcium ions to restrict dissolution; resulting in a decrease in 

microsphere size. 

 

The size and weight change data shows the G microspheres swelling less than the M 

microspheres; most likely due to the higher density of G crosslinking sites, restricting the 

ability of the gel to swell. With fewer crosslinking ions, the alginate polymer backbone is 

less restricted and allows the M microspheres to swell more. 
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Figure 2.26 Calcium elution plotted against the microsphere size from both microspheres. 
Concentrations at which the microspheres are showing a change in size are shaded grey. 
For both microspheres, the size increase over the first three days correlates with an 
increase in the amount of calcium ions eluting from the microspheres. After three days, 
further calcium elution fails to correspond to an increase to microsphere size and after 
fours week the continued calcium elution results in a decrease in microsphere size.  
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 After 12 weeks the size and hydrated weight of the microspheres is lower than at the 

beginning of the experiment. This indicates that either some of the alginate polymer has 

dissolved or the microsphere has shrunk due to greater crosslinking. The latter is unlikely 

to be true since the crosslinking ions were eluted, indicating that the polymer backbone has 

dissolved. Whether the dissolution is due to lack of crosslinking ions or a smaller alginate 

backbone due to heat degradation is unclear. No difference between the size of the two 

microsphere types after 12 weeks was identified, because the distribution of data points is 

large for both samples thus making a comparative conclusion difficult. Although, at 12 

weeks, the mean hydrated weight data from the M microspheres was more narrowly 

distributed, and showed a 10% greater weight loss than G, suggesting the gel dissolution 

has progressed further for M microspheres; despite the sizes being the same.  

 

It is clear that both microspheres after four to twelve weeks are decreasing in size 

indicating some mechanism for degradation or more likely, dissolution. A comparable 

system, developed by Brøndsted and co-workers, used N,N-dimethylacrylamide, N-t-

butylacrylamide, and acrylic acid hydrogels crosslinked with azo compounds. They 

showed swelling and signs of degradation in vivo in relation to the reduction of the 

crosslinker (Brøndsted et al., 1992). Within the body, assuming the alginate is not 

degraded by inflammatory cells, it seems that permanency for high molecular weight high-

purity alginate gel would depend on the ability of the microspheres to elute and absorb the 

crosslinking ions. 

 

In the in vitro embolisation environment, the microspheres have shown some calcium 

crosslinking ion loss. The calcium ion loss varies with the ratio of M:G monomers within 

the alginate. This observation, if manipulated, could be used to control the alginate gel 

microsphere degradation / dissolution by adjusting the M:G ratio. Clearly, over the twelve 

weeks incubation period, the elution of calcium had an impact on the size and weight 

change of the alginate microspheres. The M microspheres were quicker to swell than their 

G counterparts. This swelling property could be advantageous in an embolisation role; 

offering a product that once in place swells slightly to fill the blood vessel more tightly.  

 

The subtle cross-linking ion release kinetics of the two different alginate gel microspheres 

seemed to have some impact on their compressibility. Both showed similar moduli to Bead 

Block, but M microspheres continually showed a lower modulus when compared to G. The 



2 Alginate Gel Microspheres: A Biodegradable Embolic? 

- 104 - 

higher affinity of calcium for G residues binds the chains together with greater force, a 

force that gives the microsphere greater resistance to deformation. The weaker bound 

calcium in an M environment cannot hold the chains together with as much force. Both 

alginate polymers however do have a significant G monomer content (high G – 60%; high 

M 32%), which may explain why larger differences in compressibility were not observed.  

 

A simplified accelerated aging protocol can be used to correlate the duration of time a 

polymer could withstand breakdown at 37 °C after performing an experiment at a higher 

temperature for a much shorter time period (Hemmerich, 1998).  

 
TIMET1 = TIMERT / 2((T

1
-T

RT
)/10)       

Equation 2.3 Simplified accelerated aging equation 

 

where  TIMET1 = Time at oven ageing temperature 
  TIMERT = Time at room (ambient / use / storage) temperature  

T1   = oven aging temperature,  
TRT   = room temperature  (ambient / use / storage) 

 
Using Equation 2.3, one can calculate that heating the microspheres to 121 °C for 40 and 

100 minutes is the equivalent of keeping the polymer at 37°C for approximately 9 and 24 

days respectively. The actual time calculated is likely to be longer since the results from 

this equation are generally conservative. After 40 minutes autoclaving at 121 °C the 

alginate microspheres tested did not show any significant change in compressibility. Using 

eqn 2.1 it can be inferred that after 9 days, the compressibility of the alginate microspheres 

will not change in the body due to temperature. Nine days is long enough for the 

microsphere to perform its function as an embolic and embolise the vessel (Table 2.4) 

(Lang, 1981).  

 

The lack of compressibility change after autoclaving the microspheres for 40 minutes, 

shows a valid method of heat sterilisation. However, since a physical change does occur 

after 100 minutes, one cannot be certain how much closer to this change the microspheres 

are after 40 minutes heat treatment. If the microspheres were to be used after a 40 minute 

121°C autoclave cycle, they would be closer to the degradation point where compression is 

compromised. This would be an unacceptable unknown, but could be addressed if the 

exact point between 40 and 100 minutes in the autoclave cycle where compressibility 

changes could be established. The loss of compressibility is not an issue with barium 
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crosslinked beads, but barium is toxic at certain concentrations and therefore may present 

toxicity problems of its own. 

 

Table 2.4 Occlusion times and potential to restore the blood vessel of embolic materials 
used in transcatheter embolisation (Lang, 1981). 
 

Material Vessel Size Duration of 
occlusion 

Potential for restoring 
vascular continuity 

Autologous blood clot Branch artery 8-24 h Excellent 
Gelfoam Particles Arterioles 2 – 3 weeks Good 
Gelfoam powder Capillary bed ≥ 3 weeks Poor  
Ivalon (PVA, 
dehydrated particles) Small Arteries Semi- 

permanent Limited 

 

In vitro degradation began to be observed after four to twelve weeks under pseudo 

embolisation conditions. Lang (1981) composed a table of the occlusion times and 

potential to restore the blood vessel for embolic materials used in transcatheter 

embolisation (Table 2.4). Although this table illustrates data for the occlusion of arteries of 

different sizes, it is clear that four to twelve weeks degradation is long enough to maintain 

the occlusion, but is probably too late to enable restoration of vascular continuity within 

that blood vessel.  

 

Compared to the 2-3 week degradation time of Gelfoam, the in vitro degradation of four to 

twelve weeks may mean that these alginate microspheres may be too permanent to restore 

vascular connection. However, patients commonly express worries about foreign materials 

remaining in the body in uterine fibroid embolisation (Reynolds, 2007) and whilst this may 

or may not be a physiological problem, reduction of additional angst for the patient is 

desirable. An embolic, made from what could be considered a natural material, which can 

perform its function and then be degraded and excreted from the body over time, could be 

attractive to the patient. The alginate microspheres tested here could offer this potential. 

The microspheres are robust enough to be delivered through a 2.7 Fr catheter without 

fragmentation and have shown the beginnings of degradation after four to twelve weeks; 

long enough for full occlusion to be achieved. 

 

The in vitro degradation model in a simulated embolisation environment appears to be a 

novel method which, although it may need modification, is a useful tool in assessing the 

degradation characteristics of degradable embolisation devices, prior to in vivo studies. 
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Some groups have used silicone vascular models to simulate intracranial aneurysms and 

arteriovenous fistulae to assess coil delivery and compare different shaped coils with 

regards to the character of the physical occlusions (Murphy et al., 2000; Sugui et al., 

2003). Other groups have focused on the delivery and compressibility in vitro of 

microspheres (Laurent et al., 1996; Lewis et al., 2006a), but there are no reported in vitro 

embolisation models that attempt to mimic the conditions a device will experience post 

embolisation. The likely reason for this is the difficultly in accurately recreating the 

biological and physical conditions that a device would be exposed to. The degradation 

model explored here did not account for the biological molecules and processes that the 

alginate microspheres would experience in the body. It attempted to recreate the physical 

conditions that an embolic microsphere would be exposed to i.e. low fluid volumes and 

body temperature. Perhaps the reason that no models exist is that in vivo data offers the 

simplest way to obtain this information. However, economical and ethical factors are 

driving more in vitro tests to be pursued and correlations with in vivo data to be drawn 

(Pinholster, 1993).  

 

When designing the model it was thought that the degradation dynamics of a degradable 

embolic microsphere would be affected by two factors: the composition and volume of the 

liquid and temperature. No information was available to determine how much fluid an 

embolic device would be exposed to before or after the artery had undergone thrombosis. 

The volume chosen, (1 mL) was thought to be large enough to allow a sink for degradation 

products to be collected, but small enough to keep the dissolution kinetics close to a 

limited volume environment, such as an embolised artery. The model had the capacity to 

demonstrate the dissolution of the alginate microspheres at 37 °C within a limited volume 

of biologically relevant solution. The alginate microsphere size change was attributed to 

alginate backbone dissolution facilitated by the calcium elution which is likely to be a 

process followed in vivo. However, it is important to recognise that the accuracy of the 

model is limited by how closely the volume relates to what would be relevant in vivo. The 

model could be modified to more closely resemble in vivo kinetics by using a volume of 

Ringer’s solution that more accurately represents the volume in vivo. For example, if the 

microspheres were exposed to a larger volume of biological fluid in vivo, dissolution may 

occur more quickly, due to increased calcium elution. Conversely, a lower volume could 

retard calcium elution and restrict alginate degradation.  
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The lack of biological components within this model again urges caution when assessing 

the clinical relevance of these data, but when viewed with these caveats the data can be 

used to assess whether pre-clinical models are worth pursuing. Had the data revealed that 

the microspheres degraded within a day of simulated embolisation a more robust 

microsphere would certainly need to have been developed. However, the data suggests that 

the alginate microsphere begins to degrade after four to twelve weeks in vitro. The next 

chapter allows an in vitro / in vivo comparison to be made as the microspheres will be 

assessed in a sheep uterine study. These observations can be fed back into the in vitro 

model for improvements that could more closely represent the in vivo situation. 

2.4.9 Loading Alginate Microspheres with Doxorubicin 

To investigate whether alginate microspheres could be used as a drug delivery device, 

doxorubicin was loaded as a model drug and compared to loaded DC Bead both in vitro 

and in vivo. 

 

The optical micrographs (Figure 2.27) show the microspheres turning from transparent to 

deep red when they are loaded with doxorubicin. Upon storage in distilled water, the 

solution did not turn red, showing that doxorubicin has a higher affinity for the alginate 

microspheres than the freely dissolved aqueous form. The binding of doxorubicin to the 

alginate reduced the mean size of the alginate microspheres (see Figure 2.28) by 18% 

(Student’s t-test, p<0.05). The decrease in bead size with drug loading was attributed to the 

less hydrophilic nature of doxorubicin compared to alginate. This could displace water 

molecules from the hydrogel, resulting in shrinkage. A similar phenomenon has been 

observed with doxorubicin and irinotecan loaded hydrogels (Lewis et al, 2007; Taylor et 

al. 2007). 

 

The loading profile of the alginate microspheres analysed using UV-vis spectroscopy can 

be seen in Figure 2.29. The microspheres loaded 39.6 (+/- 3.3) mg mL-1 (+/- SD) 

doxorubicin over 24 hours. Doxorubicin has a pKa of 8.3, which means that 95% of the 

amine groups are protonated in a doxorubicin solution at neutral pH; resulting in a positive 

charge (Cashman et al., 2003). Alginate has a number of negatively charged carboxylate 

groups on the polymer backbone at neutral pH (Dumitriu, 2002). It was expected that the 

binding between doxorubicin and alginate would be ionic due to the opposite charges that 

doxorubicin and alginate exhibit. 
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Figure 2.27 Light microscopy images of alginate microspheres. A) Unloaded (as made) B) 
Loaded with doxorubicin. The loaded microspheres have turned red; confirming the 
loading of doxorubicin. [Original in Colour] 
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Figure 2.28 Size distribution of alginate microspheres; as made and loaded with 
doxorubicin (n=100). The binding of doxorubicin to the alginate reduced the mean size of 
the alginate microspheres (see Figure 2.28) by 18% (Student’s t-test, p<0.05). The 
decrease in bead size with drug loading was attributed to the less hydrophilic nature of 
doxorubicin compared to alginate. This could displace water molecules from the hydrogel, 
resulting in shrinkage. [Original in Colour] 
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Figure 2.29 Doxorubicin loading profile for 1 mL alginate microspheres over 24 hours. 
(n=3; mean +/- SD). The microspheres loaded 39.6 (+/- 3.3) mg mL- (+/- SD) doxorubicin 
over 24 hours. Doxorubicin has a pKa of 8.3, which means that 95% of the amine groups 
are protonated in a doxorubicin solution at neutral pH; resulting in a positive charge 
(Cashman et al., 2003). Alginate has a number of negatively charged carboxylate groups 
on the polymer backbone at neutral pH (Dumitriu, 2002). It was expected that the binding 
between doxorubicin and alginate would be ionic due to the opposite charges that 
doxorubicin and alginate exhibit. [Original in Colour] 
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2.4.10 Doxorubicin Elution from Alginate Microspheres 

To determine the elution kinetics of doxorubicin from alginate microspheres, the 

doxorubicin was extracted under the same conditions used by Gonzalez (2006). This 

allowed the elution kinetics to be compared with a microsphere already undergoing clinical 

trials (Lecioni et al., 2009). The elution profile of 1 mL alginate microsphere into 900 mL 

elution media can be seen in Figure 2.30. The alginate microspheres eluted all of the 

doxorubicin within two and a half hours.  

 

The elution profile was modelled to first order kinetics using m0 – m = mo(1 – e-kt); where 

mo is the total drug loading, m = drug left in the microspheres after time t and k is the first 

order equilibrium constant. The first order fit curves can be seen in Figure 2.31. The 

equilibrium constant k, was calculated to be 0.03 min-1. 

 

Adopting the Fickian diffusion model (discussed in chapter 1 section 1.3.2), by following 

the mathematical approximations described by Equation 2.4 - Equation 2.6, the diffusion 

coefficient in spherical systems can be calculated when the release fraction (F) is >0.6 and 

<0.85 (Ritger et al., 1987; Gonzalez et al., 2006). The single equation used to describe the 

elution profile is complex, so it is therefore practical to use two equations to describe the 

early and later stages of elution (Richards, 1985). When the release fraction is >0.6 

Equation 2.4 is used and when F<0.8 Equation 2.5 is used to obtain B. Using B, the 

diffusion coefficient, D, can be calculated using Equation 2.6. The diffusion coefficient, D 

depends on the drug / microsphere interaction and the eluting media used (Gonzalez et al., 

2006). 

F= (1-6/π)e-Bt    (F>0.6)   

Equation 2.4 
Bt = 2π – πF/3 - 2 π√(1- πF/3)   (F<0.85)   

Equation 2.5 
B = π2D2 / r2        

Equation 2.6 
where:         F  = Fraction of drug released after time t          B  = constant (s-1) 
        D = diffusion coefficient (cm2 s-1)                t  = time (s) 
         r = average radius of microsphere (cm) 
 
The appropriate graphs were plotted to obtain constant, B, shown in Figure 2.32. The 

calculated constants B and D are shown in Table 2.5.
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Figure 2.30 Doxorubicin elution profile from alginate microspheres into 900 mL elution 
media (70:30 mix of d.H2O:EtOH with 20% w/v KCl.) Expressed as a percentage of total 
dose. (n=3; +/- SD). 
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Figure 2.31 Doxorubicin elution profile for alginate microsphere and fitting to first order 
release model. (n=3; +/- SD). 
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Figure 2.32 Plots of elution time against rearrangements of 1) Equation 2.5 to obtain the constant 
B as the gradient of the slope and 2) Equation 2.4 to obtain –B as the gradient. Using B, the 
diffusion coefficient, D, can be calculated using Equation 2.6. The diffusion coefficient, D depends 
on the drug / microsphere interaction and the eluting media used (Gonzalez et al., 2006). The 
calculated constants B and D are shown in Table 2.6 
 

F= (1-6/π)e-Bt     (F>0.6)   Equation 2.4 
 

Bt = 2π – πF/3 - 2 π√(1- πF/3)   (F<0.85)  Equation 2.5 
  

B = π2D2 / r2       Equation 2.6 
    

where:         F  = Fraction of drug released after time t          B  = constant (s-1) 
        D = diffusion coefficient (cm2 s-1)                t  = time (s) 
         r = average radius of microsphere (cm) 
 
Adopting the Fickian diffusion model (discussed in chapter 1 section 1.3.2), by following the 
mathematical approximations described by Equation 2.4 - Equation 2.6, the diffusion coefficient in 
spherical systems can be calculated when the release fraction (F) is >0.6 and <0.85 (Ritger et al., 
1987; Gonzalez et al., 2006). The single equation used to describe the elution profile is complex, so 
it is therefore practical to use two equations to describe the early and later stages of elution 
(Richards, 1985). When the release fraction is >0.6 Equation 2.4 is used and when F<0.8 Equation 
2.5 is used to obtain B.  

 

Table 2.5 Binding and diffusion constants for alginate microspheres 

Average 
radius, cm 

B (s-1); 
(F>0.6) 

B (s-1); 
(F<0.85) 

D (cm2 s-1); (F 
>0.6) 

D (cm2 s-1); 
(F <0.85) 

0.028 0.0009 0.0006 7.15E-08 4.77E-08 
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The elution profile was shown to be a close fit to first order kinetics. The elution media 

used contained an excess of ions and a percentage of ethanol to simulate full sink 

conditions. The close first order fit indicates that the excess K+ ions and solubilised drug 

are not affecting the drug elution rate; indicating an environment with effectively sink 

conditions (Gonzalez et al., 2006). It can be reasonably thought that the alginate-

doxorubicin binding, doxorubicin-doxorubicin binding and doxorubicin solubility were the 

three key interactions in the system controlling the elution rate. Doxorubicin solubility is 

unlikely to be the rate limiting step for two reasons: 

 

i) The concentrations of doxorubicin in the elution media after 100% elution 

are too low to limit elution because the doxorubicin solubility is too high to 

be rate limiting. 

ii) Doxorubicin does not elute into distilled water from the alginate 

microspheres indicating that release mechanism is due to ion-exchange. 

 

The equilibrium constant could therefore be considered as a measure of the alginate - 

doxorubicin interaction released by ion exchange or diffusion. As shown by Gonzalez, the 

ionic concentration impacts on the elution rate; therefore the equilibrium constant can only 

be compared to drug delivery devices in the same medium (Gonzalez et al., 2006).  The 

equilibrium constant for alginate microspheres, 0.03 min-1, is very similar to doxorubicin 

loaded DC bead of a similar size (0.04 min-1), eluted under the same conditions (Gonzalez 

et al., 2006). The diffusion coefficients are of a similar order of magnitude (Table 2.6). 

Considering these data, one can conclude that the alginate microspheres and DC Bead have 

similar binding and elution kinetics. Consequently, it would be expected that alginate 

microspheres should elute doxorubicin in a similar fashion to DC Bead in vivo.  

 
Table 2.6 Binding and diffusion constants for doxorubicin loaded alginate microspheres 
and DC Bead (Lewis et al., 2006b). 
 
 

Microsphere D (cm2 s-1); (F >0.6) D (cm2 s-1); (F <0.85) 
Alginate 7.15 x 10-8 4.8 x 10-8 

DC Bead 4.5-7. 3 x 10-8 6.0 x 10-8 

 

It is worth noting that the alginate microspheres could not be imaged post elution because 

they lost their structure and merged into a loose gel upon sieving. It was not clear whether 
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this was due to calcium elution in the large volume of elution media or removal of the 

calcium in another way. It is possible that the calcium may have been replaced by 

doxorubicin upon loading and when the doxorubicin is eluted due to potassium ion 

exchange the gel simply dissolves because there is no crosslinker to hold the chains 

together. This theory could be tested in future studies by assessing any calcium elution 

upon doxorubicin loading using IC. It may also offer a useful delivery tool that degrades 

once the device had delivered the entire drug loaded within it. This was not pursued 

further. 

2.4.11 In vivo Mouse Pancreatic Carcinoma Xenograft Comparison of Doxorubicin 

Eluting Microspheres. 

DC Bead and alginate microspheres were investigated as direct drug delivery devices for 

treating pancreatic carcinoma seeded onto nude mice. The work was carried by specialists 

at EPO-gmbh, Berlin. An alginate solution was injected along with the microspheres to 

prevent movement from the intended location. There were no reported problems with the 

injection of 100 µL microsphere / alginate around the tumour. The microspheres remained 

in place and the effect of the drug eluting microspheres was monitored by measuring the 

tumour size and monitoring animal weight. 

 

The untreated tumour showed a steady increase in tumour size over 14 days, after which 

the mouse was terminated for ethical reasons (the tumour was > 10% that the total body 

weight). In comparison to the increasing tumour size of the control mouse, both 

doxorubicin loaded microspheres began to decrease the size of the tumour until 14 days, 

when the tumour size began to increase again. At 21 days the tumour was back to its 

original size and after 25 days the tumour was larger than at the beginning of the 

experiment (see Figure 2.33). There appears to be no difference between the microsphere 

types in terms of reduction in tumour volume. The similar elution constants determined in 

vitro appear to correlate with comparable behaviour in vivo. The microspheres not only 

reduced tumour volume at an equivalent rate, but the tumour size began to increase again 

at the same time point. The reason for the growth could be attributed to the drug fully 

eluting from the microsphere or tumour resistance to doxorubicin.  

 

Neither doxorubicin loaded microsphere type showed any adverse toxic effects on the 

general health of the mouse, assessed by monitoring the mouse weight (Figure 2.34). The 
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control mice showed signs of toxicity after 14 days, once the tumour had quadrupled in 

size. Generally, the mice treated with loaded alginate microspheres appeared to be slightly, 

though not significantly, heavier than the DC Beads counterparts, though it is not clear 

why this would be. In this study the total dose applied was around 0.8 mg, which 

corresponds to 42 mg kg-1. For comparison, CD1-mice have LD50 and LD10 doses of 70 

and 11 mg kg-1 injected intravenously (Bertazzoli et al. 1985). As no toxic effects were 

observed, it can be concluded that the dose was being slowly released at sub-toxic 

concentrations, yet still enabling an initial effect on tumour size. 

 

This in vivo analysis not only demonstrates that the binding constants and elution 

coefficient determined in vitro correlate to real life models, but show that the microspheres 

could be used in a direct injection capacity. There was no difference between the two 

microspheres with regards to efficacy in tumour volume reduction, but the alginate 

microspheres may be advantageous over DC Bead because they could be considered to be 

semi-permanent drug delivery devices. However, the alginate microspheres could not be 

delivered in alginate solution, due to gelling, which may limit the applications. The semi-

permanent nature of the alginate microsphere may be advantageous in direct delivery 

procedures as it may give comfort to those being treated that the device will not stay in 

place forever. The knowledge that the degradation product will eventually be 

monosaccharides or low Mw oligomers that are excreted is reassuring for patients 

(Nishikawa et al., 2008; Recum et al., 1999). 
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Figure 2.33 Body weight of nude mice with human pancreatic carcinoma xenograft after 
direct injection of control, doxorubicin loaded alginate microspheres (25 mg mL-1) and 
doxorubicin loaded DC Bead (25 mg mL-1) (n=3; mean +/- SD). In comparison to the 
increasing tumour size of the control mouse, both doxorubicin loaded microspheres began 
to decrease the size of the tumour until 14 days, when the tumour size began to increase 
again. At 21 days the tumour was back to its original size and after 25 days the tumour 
was larger than at the beginning of the experiment). There appears to be no difference 
between the microsphere types in terms of reduction in tumour volume. The reason for the 
growth could be attributed to the drug fully eluting from the microsphere or tumour 
resistance to doxorubicin. 
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Figure 2.34 Body weight of nude mouse with human pancreatic carcinoma xenograft after 
direct injection of control, doxorubicin loaded alginate microspheres (25 mg mL-1) and 
doxorubicin loaded DC Bead (25 mg mL-1) (n=3; mean +/- SD). Neither doxorubicin 
loaded microsphere type showed any adverse toxic effects on the general health of the 
mouse, assessed by monitoring the mouse weight. The control mice showed signs of 
toxicity after 14 days, once the tumour had quadrupled in size. As no toxic effects were 
observed, it can be concluded that the dose was being slowly released at sub-toxic 
concentrations, yet still enabling an initial effect on tumour size. 
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2.5 Conclusions 

In conclusion, calibrated alginate gel microspheres can be synthesised with a narrow size 

distribution of a desired size using the air-knife apparatus. The microspheres produced 

were shown to be suitable for embolisation. When compared to commercially available 

microspheres, both high M and high G microspheres showed moduli most similar to Bead 

Block, indicating that the modulus was sufficiently high to be used as an embolisation 

device. The microspheres were also compatible with a variety of contrast media used 

commonly in embolisation techniques. Both microspheres could also be delivered though a 

2.7 Fr catheter without fragmentation or deformation. 

 

Generally the high M microspheres were less rigid than high G. However using barium as 

a crosslinking ion significantly increased the rigidity of the high M microspheres, but had 

little impact on the rigidity high G microspheres. This was attributed to barium showing an 

affinity for the G and M blocks, whereas calcium favoured G and GM blocks. Calcium 

crosslinked alginate microspheres can be autoclaved for 40 minutes without affecting the 

rigidity of the microspheres, but a 100 minute exposure caused the microspheres to have a 

lower modulus. Barium crosslinked alginate microspheres could be autoclaved for 100 

minutes without compromising the microsphere rigidity. It was suggested that higher 

binding constant of barium meant that heating the system did not dislodge the crosslinking 

ion as it did with calcium ions; resulting is a reduction in sphere rigidity. The G 

microspheres retained more rigidity than the M microspheres after heat sterilisation. This 

was also consistent with the easier calcium ion displacement for M microspheres. 

 

The in vitro model used to simulate the physical embolisation environment showed 

alginate microspheres began to degrade between four to twelve weeks. The degradation 

was attributed to the alginate polymer dissolving as calcium cations were eluted from the 

microspheres. The high M microspheres showed faster calcium release after 8 days than 

high G microspheres, which was responsible for the alginate chains swelling and 

dissolving at a faster rate.  

 

Whilst both alginate microspheres showed the ability to be delivered to the desired site 

without any difficulty, the length of time it took the microspheres to degrade in vitro 
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suggested that the occluded vessel would have been blocked too long before the 

microspheres degrade to allow for successful recanalisation. 

 

The alginate microspheres were also shown to have potential as a chemoembolic 

microsphere. The microsphere quickly loaded doxorubicin and when eluted under the same 

conditions, the alginate microspheres showed similar binding coefficients and elution 

constant for doxorubicin as DC Bead. This similarity was shown in the nude mouse 

pancreatic cancer xenograft model showing no difference in the rate that a pancreatic 

tumour shrinks when exposed to doxorubicin loaded alginate microspheres or DC Bead. 

This was attributed to the similar elution (k), binding (B) and diffusion (D) constants for 

doxorubicin and the polymers. 

 

In summary, the alginate microspheres tested in vitro did not show fast enough degradation 

to recover an embolised vessel. However, the alginate microsphere did show all the 

attributes necessary to be considered as a semi-permanent chemo-embolisation device. The 

physical properties were similar to Bead Block, whilst the drug eluting properties were 

akin to DC Bead both in vitro and in vivo. The semi-permanent nature shown by the 

alginate microsphere may be advantageous in embolic or direct delivery procedures as it 

may give comfort to those being treated that the device will not stay in place permanently, 

unlike non-biodegradable devices. 

 

The next chapter describes a sheep embolisation model that was used to assess the 

handling and degradation kinetics of alginate microspheres in vivo. This also allows the 

results from the in vitro degradation model in this chapter to be compared to those in vivo. 
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3 An Evaluation of Alginate Microspheres in a Sheep Uterine 
Artery Embolisation Model.  

3.1 Introduction 

The previous chapter has shown that when tested in vitro, high molecular weight alginate 

microspheres lose some of the cross-linking calcium ions and begin to degrade or dissolve 

after four to twelve weeks. This in vitro model does not however, fully simulate all the 

conditions found in vivo (Pinholster, 1993). The results from the previous chapter and the 

literature (Becker et al., 2001) suggest that alginate gel microspheres have the desired 

properties for a semi-permanent device that would perform its role as an embolic or drug 

delivery device and then degrade in the longer term. To test this further an in vivo model 

was required. This chapter aims to determine the susceptibility high M and G alginate 

microspheres to biodegradation and deliverability in a sheep model. In addition, the tissue 

response to the microspheres was be analysed. The embolisation procedure and 

histological preparation was performed by specialist at Biomatech, France. The 

histological slides and experimental data were sent back to the UK for my analysis. 

3.2 Materials 

3.2.1 Alginate Microsphere 

Alginate microspheres used in the procedure were prepared as described in section 2.3.1. 

The same batches were used in vivo to allow for in vitro / in vivo comparisons to be made. 

Both high G and high M alginate microspheres were tested. The alginate microspheres (1 

mL) were prepared under aseptic conditions using sterile equipment. 

3.2.2 Animals 

The animals used in this study were female sheep aged between 2 and 5 years. The breed 

was Blanche du Massif Central. The sheep each weighed between 40-60 kg at the 

beginning of the study. 

Although in mammals there are no specific alginate lyases, the alginate gel microspheres 

will be exposed to a host of enzymes, proteins, pH changes and blood factors that have not 

been accounted for in vitro. In this respect the in vivo model is far more representative of 

the environment the microspheres are likely to encounter in human use. Just as in vitro data 

cannot be a substitute for in vivo data, the animal model cannot be seen to fully represent 
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the human model (Perel et al., 2007). It does however, provide a closer resemblance to 

how the device will work in a human being. For this reason the choice of animal is very 

important and since the primary role of the microsphere is a physical one, a closely 

matching vascular network is required. A sheep model was selected as the anatomy of 

arterial blood supply and vessel size of the sheep uterus is similar to that of the human 

female (Pelage et. al. 2002). The study was conducted by Biomatech, France and was 

approved by Biomatech Ethical Committee prior to implementation. The animals were 

kept in conditions which conformed to the requirements of farm animals under ECC 

directive 86/906. Food was provided daily and water was freely available. 

 

The overall aims of the in vivo feasibility study were to assess how easy the alginate 

microspheres were to handle in a clinical setting and to determine the general safety, 

dispersion and degradation rate of the embolic when administered into the uterine artery of 

a sheep. In order to demonstrate these criteria, the handling, distribution, tissue 

compatibility and degradation rate were all assessed. The handling of the alginate gel 

microspheres was determined by the interventional radiologist during the procedure. 

Tissue compatibility and degradation were determined post mortem by assessing the tissue 

of the animals 1, 4 and 12 weeks after embolisation. Microsphere distribution and location 

studies were performed using the 1 week sample.  

 

The study did not fully embolise the uterus as this may have impeded assessment of the 

other factors or caused premature death, by inducing too much tissue necrosis. 

3.3 Methods 

3.3.1 Group Assignment 

Five non-pregnant sheep were randomly assigned to one of the following groups (see 

Table 3.1). Depending on the group, alginate gel microspheres remained in the uterine 

artery of the sheep for 1, 4 or 12 weeks. One animal, with one bead type in each artery, 

was used for the 1 week group as it was important to ensure that the microspheres were 

still present and had not degraded after 7 days. If the microspheres degraded in less than 1 

week there would be no reason to sacrifice further animals at 4 and 12 weeks. It was 

thought, based on the results of chapter 2, that this was unlikely so only 1 animal per group 

was used. 
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No control group was required because the aims of the study did not require a healthy 

sheep for comparison. A sheep without treatment would not have offered any extra useful 

information. A positive control, showing inflammation was not required as inflammatory 

and foreign body responses are well documented. 

Table 3.1 Table showing the number of uterine arteries (n) used in each test group and the 
corresponding microspheres to be injected. 
 

Microsphere type 
Duration of live exposure to alginate gel microsphere  

1 week 4 weeks 12 weeks 
High G n=1 n=2 n=2 
High M n=1 n=2 n=2 

3.3.2 Pre-treatment 

In order to obtain an arterial size in sheep similar to that of a woman with uterine fibroids, 

hormonal control was required (Pelage et. al. 2002). The menstrual cycle of the sheep was 

controlled by inserting a sponge impregnated with 40 mg Chronolone (Chrono-gest® 

Esponge; Laboratoire Intervet, France) inside the vagina of the animal. After thirteen days 

the sponge was removed, and an intramuscular injection of 500 IU of serum derived 

gonadotropin (Chrono-gest® PMSG; Laboratoire Intervet, France) was administered to 

achieve ovulation. Pelvic angiography and embolisation of the uterine arteries was then 

performed within 24 hours of the injection. The animals were fasted 24 hours prior to the 

procedure. 

3.3.3 Pre-injection Procedure: Location of Uterine Arteries 

For the procedure, a 6-F introducer was placed percutaneously or with a surgical approach 

in the femoral artery under sterile conditions. A 4-F straight pigtail catheter (Optitorque 

Radifocus; Terumo) with a PTFE guide wire 0.035’’ (Medtronic) was placed at the level of 

the iliac bifurcation to perform aortography and to identify the ovarian and uterine arteries 

(these are shown in Figure 3.1). Figure 3.1 shows the image of a monitor connected to a 

fluoroscope (Philips BV212) during one of the embolisation procedures. The location of 

the artery can be seen because the contrast medium injected through the catheter was 

opaque to X-rays. Positioning the catheter in the correct place involves an injection of 

contrast medium (VisipaqueTM 320, Amersham Health, UK) to view the overall vascular 

network, followed by further injections as the catheter is moved further into the selected 

artery (Figure 3.1). Selective catheterisation of the internal iliac arteries was performed 

using a femoral-cerebral Simmons catheter (Radifocus, Terumo) or equivalent and super 
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selective catheterisation of the uterine artery was performed by the same catheter with a 

guide wire (Radifocus, Terumo). A smaller catheter (2.7 Fr microcatheter) was used if the 

uterine artery diameter required it. 

 

3.3.4 Injection Procedure: Delivery of Microspheres 

Prior to injection the microspheres were mixed with contrast agent (VisipaqueTM 320, 

Amersham Health, UK). The microspheres (1 mL) were suspended at a dilution of 1/10 in 

a 50:50 mixture of contrast agent and saline to provide a final volume of 10 mL. Two 10 

mL syringes (one empty and one with microspheres in solution) were connected using a 3-

way stop cock and the solution was mixed again. The solution was equally distributed 

between each syringe. Each syringe, containing 0.5 mL microspheres, was used to 

embolise one uterine artery. The injection was performed slowly under fluoroscopic 

control using a 10 mL syringe with the catheter placed distally into the uterine artery at the 

level of the uterine arch (Pelage et al., 1999). A schematic of the microsphere preparation 

is shown in  

Figure 3.2 for clarity. 

 

At the time of the embolisation procedure the ease of application and handling was 

evaluated using a sliding scale from 0 to 4 (0 - System fails to meet requirements 

(inadequate); 4 - System exceeds requirements by far (excellent)). Any adverse effects at 

the time of embolisation were noted. Embolisation was stopped when the full volume of 

microspheres was injected. The volume of microspheres, duration of the injection and 

microsphere type injected were recorded. 

 

After injection of the embolic agent, the catheter was purged with approximately 3 mL of 

saline to ensure all the microspheres had been administered. An angiogram was performed 

immediately after the procedure to confirm that full occlusion was not achieved. 

3.3.5 Termination Procedure 

Depending on the group to which the animal was assigned, sacrifice occurred 1, 4 or 12 

weeks post implantation. Termination was conducted by lethal injection of the barbiturate, 

pentobarbital (Dolethal®, VETOQUINOL, France) and the uterus was removed. The uterus 

was frozen at –20 °C for 30 minutes for sectioning. 
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Figure 3.1 Live monitor connected to fluoroscope (Philips BV212) showing selective 
catheterisation of the uterine and ovarian artery system at the iliac bifurcation. The contrast 
medium assists the radiologist in positioning the catheter prior to injecting the microspheres. 
Sheep femur and spine are labeled to aid orientation. [Original in Colour] 
 

Figure 3.2 Schematic of alginate microsphere preparation prior to injection. 1) 4.5 mL saline 
and 4.5 mL contrast media was added to a vial of 1 mL alginate microspheres. 2 & 3) the 
mixture was withdrawn into a 10 mL syringe and 4) split into two 5 mL syringes using a three 
way stop cock. 5) Each 5 mL syringe was injected into a uterine artery via a microcatheter. 
[Original in Colour] 
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3.3.6  Analysis of Tissue Post Mortem 

After the uterus was removed, the external aspect of the organ was examined and recorded. 

The extent of necrosis and inflammation was evaluated based on a three-grade scale: grade 

0 (absent), grade 1 (moderate = less than 50% of the surface) and grade 2 (extensive = 

more than 50% of the surface). Three areas of the uterus were observed (cervix, body and 

horns). A sample of a removed uterus with areas labelled can be seen in Figure 3.3.  

 

 
 

Figure 3.3 Removed sheep uterus. The horn, body and cervix are labelled. [Original in 
Colour] 

 

3.3.7 Histology 

Histology, the study of the microscopic structure of biological materials and the ways in 

which individual components are structurally and functionally related (Stevens et al., 

2005), was used in this thesis to observe the interaction of alginate embolisation 

microspheres with tissue in vivo. In order to be able to view samples histologically, 

sections are fixed in order to crosslink or precipitate proteins and prevent degradation. The 

fixing method specific to this study is described in section 3.3.9. 

 

Since cells are virtually colourless, the samples were stained so the different components 

could be observed. Hematoxylin (purple / black) and eosin (red) (H & E) are commonly 

used in combination due to the low cost and reliability. The nuclei of cells stain purple or 

black (depending on thickness of slice and hematoxylin formulation) and most components 

of the cell cytoplasm are stained pink / red. The resolution of a paraffin sample can be 0.2 

µm, but is typically 0.6 µm (Stevens et al., 2005). Cellular responses such as tissue 
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necrosis or immune responses can be observed using histology. Typically, the presence of 

lymphocytes, plasma cells, macrophages, fibrin or fibrous tissue can indicate an immune 

response to a foreign body. The histological appearance of lymphocytes depends on their 

activity; the inactive T-cell for example, can be of two morphological types. The first is a 

small lymphocyte (6-7 µm) that contains barely visible cytoplasm and a rounded nucleus, 

the second type, a large granular type (7-10 µm), contains discernable cytoplasm 

containing granules. Immune response stimulated T-cells are larger than the inactive cells 

(>10 µm) with a large nucleus and convoluted appearance. Plasma cells, fully 

differentiated immunoglobulin secreting B cells, have large rounded nuclei, sometimes 

with discernable speckled chromatin pattern in a cartwheel or clockface pattern (Stevens et 

al., 2005). 

 

Macrophages have many different roles in the immune response, but most commonly they 

can form populations used for phagocytosis to remove unwanted material. These cells have 

round morphology but may vary depending on their site and function. 

 

Fibroblasts are characterized by a large oval nucleus, a large nucleolus and tapering spindle 

shaped morphology. These cells produce fibrous (fibrocollagenous) tissue, which is made 

up predominantly of collagen fibres. The fibres are usually haphazardly arranged and of 

varying thickness. These are usually inconspicuous in H & E preparations (Stevens et al., 

2005).  

3.3.8 Histology of Arteries 

Arteries can be described as either pulmonary or systemic. Pulmonary arteries carry 

deoxygenated blood from the heart to the lungs, whereas systemic arteries carry 

oxygenated blood from the heart to the rest of the body. The general cellular structure of 

arteries can be seen in Figure 3.4. An artery consists of three layers: (tunica) intima, 

(tunica) media and (tunica) adventia; the most prominent of which is the media which 

consists of smooth muscle cells (Marieb et al., 2007). 

 

The systemic arteries are defined as either elastic or muscular based on size. The elastic 

arteries are generally greater than 1 cm, whilst muscular arteries are usually between 0.1 to 

10 mm (Marieb et al., 2007; Stevens et al., 2005). The elastic arteries are subjected to 

higher pressure and are adapted to smooth out surges in the blood flow (Marieb et al., 
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2007). The internal and external elastic lamina (underlying layer of fibrocollagenous 

tissues) within the arterial wall provides the resilience to smooth out the pressure 

differences. Muscular arteries by contrast are not exposed to such pressure surges and are 

devoid of most of their elastic sheets (Stevens et al., 2005). The smallest branches of the 

arterial tree, aterioles, generally range from 0.03 to 0.4 mm. The arterioles are composed of 

the endothelial cells lying on a basement membrane, with a fine internal elastic lamina on 

the larger arteries (Stevens et al., 2005). The size of the uterine arteries embolised in this 

study was around 600 µm, which means that the arteries are on the cusp of muscular 

arteries and arterioles as defined here. Elastic tissue may or may not be present in arteries 

of this size. 

 

 
Figure 3.4 The general cellular structure of arteries. An artery consists of three layers: 
(tunica) intima, (tunica) media and (tunica) adventia; the most prominent of which is the 
media which consists of smooth muscle cells. (Courtesy of Ghesquiere, 2006) 

3.3.9 Histopathological Preparation of Tissue 

For each level (of the cervix, body and horn segment) one slice was fixed in 10% buffered 

formalin and the second slice was fixed in Carnoys fixative. Carnoys fixative consists of 

60% ethanol, 30% chloroform and 10% gluteraldehyde and was used because formalin has 

been reported to dissolve alginate gels (Becker et. al 2000). Formalin was still also used as 

higher sample resolution can be obtained. Tissue sections (5 µm) were prepared using a 
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microtome and mounted onto a microscope slide. Removal of paraffin from the tissue was 

performed by heating the slide and placing in sequential rehydration baths for 2 minutes: 

two times in xylene followed by two times in 100%, 96%, 80%, 70%, 50%. 30% ethanol 

and finally distilled water. The slide was then dipped sequentially into an eosin, 

hemotoxylin  and safrannin O baths followed by a final rehydration before putting a cover 

slip on the slide prior to microscopy. Eosin stains the red blood cells orange / red and 

cytoplasm and collagen pink. Haemotoxylin stains are often used in conjunction with eosin 

since the latter does not stain the nuclei, whereas haemotoxylin stains them a brilliant blue. 

Safrannin O stains the cartilage and mucin orange to red. These stains were used to 

highlight cellular and extra cellular features within the tissue to facilitate the 

histopathological analysis. The histological images were taken using an Olympus BX50F4 

phase contrast microscope with an attached Olympus ColorView® digital camera, which 

was controlled using analySIS® (Olympus Soft Imaging Solutions) software. 

3.3.9.1 Histopathological Analysis: Microsphere Distribution 

The histological slides were used to determine the distribution of the microspheres within 

the uterus. Samples fixed with Carnoy’s solution were evaluated for the distribution of the 

microspheres by counting the number of microspheres in a particular uterine layer 

(perimetrium, myometrium and endometrium (see Figure 3.5). The myometrium consists 

of smooth muscle cells and supporting stromal and vascular (arterial) tissue (Schünke et 

al., 2006). The endometrium consists of a single layer of columnar epithelium, resting on a 

layer of connective tissue interdispersed with uterine glands (Schünke et al., 2006). The 

arteries supplying the blood become smaller the deeper into the tissue they penetrate 

following the endo<myo<peri size pattern (Pelage et al., 1999). The approximate diameter 

of the occluded arteries was also recorded.  

3.3.9.2 Histopathological Analysis: Microsphere Degradation 

Using the histological slides, the microspheres were noted for signs of degradation in 

relation to the length of time that they had been in the animals. Possible signs of 

degradation or resorption included i) the presence of vacuoles in the microsphere surface, 

ii) the presence of matter within the cytoplasm of giant cells, iii) the reticular aspect of the 

microsphere. Images and descriptions are reported in the results section. 
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Figure 3.5 A: An example histological slide of the endo-, myo- and perimetrium 
containing arteries embolised with Bead Block (Blue spheres). The dashed lines 
distinguish between the endo-, myo- and peri-metrium. Embolised and unoccluded arteries 
are labelled.  B: Schematic of uterus. The position of the cervix, uterus, endometrium, 
myometrium and peri-metrium are labelled to aid orientation of the histological slide in A. 
(Image:  courtesy of Biocompatible.s, UK Ltd.). [Original in Colour] 
 
 

  
Figure 3.6 Diagram showing the method used to determine how spherical the lumen and 
consequently the microsphere blocking the artery were. The length of the largest diameter 
was divided by the shorted diameter. The closer the resulting number is to unity the more 
spherical the artery is. [Original in Colour] 
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3.3.9.3  Histopathological Analysis: Microsphere Deformation 

To assess the extent to which microspheres were deformed, the ratio of longest / shortest 

length in the arteriole hole was measured for all time points (Figure 3.6). Any arteries that 

showed no sign of microsphere presence were not used in this analysis. The lengths were 

measured in pixels directly from the JPEG file using MB-Ruler 3.5 (Markus Bader). 

3.3.9.4 Histopathological Analysis: Tissue Response to Microspheres 

The samples were evaluated for microsphere induced tissue responses by looking for the 

presence of cells indicative of a foreign body inflammatory response. Specifically, the 

presence of polymorphonuclear cells (neutrophils, eosinophils), lymphocytes, macrophages 

and giant cells were looked for and the presence of any recorded. Fibrin and fibrous tissue 

were also looked for as a sign of foreign body reaction. The extent of tissue damage from 

the microspheres was evaluated on the micro scale by looking for signs of haemorrhage, 

necrosis and tissular degradation. In addition any recanalisation was recorded if neovessels 

were observed. 

3.3.9.5 Histopathological Analysis: Tissue Necrosis 

Due to coagulative necrosis of the proteins within them, necrotic cells are eosinophilic, 

increasing the uptake of eosin (Newman et al., 2003; Strayer et al., 2008). Some nuclei 

exhibit karyolysis (fading of the nuclei) and karyorrhexis (nuclear disintegration). 

Infiltration of the tissue with neutrophils can also be seen, indicating that the necrotic cells 

have released signals initiating acute inflammation. Platelets and fibrin may be observed 

due to release of pro-thrombotic factors by the necrotic tissue (Strayer et al., 2008). The 

tissue samples were be examined for signs of necrosis. 
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3.4 Results and Discussion 

3.4.1 Microsphere Delivery and Handling 

The data presented in chapter two demonstrated facile deliverability of the microspheres 

down a 2.7 Fr catheter. However, in the clinic conditions differ from the laboratory. 

Consequently, the opinion of the radiologist performing the procedure is a more relevant 

assessment of whether the microspheres could be used routinely for embolisation.  

 

All radiologists graded both microsphere types as good with regards to their ease of 

handling and application (Table 3.2). This was consistent with the in vitro assessment. In 

addition the embolisation times were very similar for all injections (≈ 10 s); another 

demonstration of facile delivery. Further analysis of the data showed that any variation in 

the duration of injection was attributable to the surgeon that performed the injection on the 

day rather than to the microspheres themselves (Bonferroni corrected Student’s t-test, 

p<0.05; Figure 3.7). Moreover, regardless of the interventional radiologist used, had there 

been a blockage the time taken to inject the microspheres would have increased noticeably 

compared to the average for that user. No catheter blockages occurred during any of the 

procedures. 

 

It has been noted that during embolisation procedures the material can flow back from the 

treated artery into a non-target artery; this phenomenon is known as embolic reflux 

(Greenfield et al., 1978). The conditions under which reflux was demonstrated in 

laboratory animals include: (1) low flow states, (2) over vigorous flushing, (3) selective 

contrast injections, and (4) placement of embolic material too proximally (Greenfield et. 

al. 1978); all of which are operator or animal dependent and not due to the embolic used. 

Overall, the handling and delivery of the microspheres in this study was good and 

consistent with no adverse reflux effects. No adverse reflux effects were observed at the 

time of embolisation for all arteries treated. Whilst this does not yield any extra 

information about the alginate microspheres as an embolic, it does confirm the competency 

of the interventional radiologists and the validity of the animal model used. 
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Table 3.2 Ease of handling score†, reflux score†, duration of embolisation and volume 
injected for high G and M alginate microspheres in sheep uterine arteries. All radiologists 
graded both microsphere types as good with regards to their ease of handling and 
application. The embolisation time and volumes were very similar for all injections. 
 

Microsphere 
type 

Ease of 
application 

and handling†

Adverse reflux 
effects at the 

time of 
embolisation† 

Duration of 
embolisation 

(seconds) 

Microsphere/ 
solution volume 

injected (mL) 
Left Right Left Right 

G Mean 3.00 3.00 *9.75 11.20 5.00 5.00 
SD 0.00 0.00 1.79 2.93 0.32 0.32 

M  Mean 3.00 3.00 10.00 8.80 4.90 4.90 
SD 0.00 0.00 3.79 2.86 0.20 0.20 

 

†Scoring system: 0 - System fails to meet requirements (inadequate); 1 - System does not perform 
as expected (poor); 2 - System meets requirements (fair); 3 - System exceeds requirements (good); 
4 - System exceeds requirements by far (excellent). (mean +/- SD; n=5) 
 
*The duration of an injection value from one of the animal (left artery, G beads, 12 week group) 
was excluded from the analysis as the high value was attributable to the learning curve for the 
microsphere administration and not linked to the microspheres. 
 

 

 

0

2

4

6

8

10

12

14

16

Dr. A. Dr. B.
Radiologist

In
je

ct
io

n 
tim

e 
(s

ec
on

ds
)

p<0.05

 
Figure 3.7 Average time for microsphere injection into sheep uterine artery during an 
embolisation procedure by different radiologists (n ≥ 10; mean +/- SD;). Analysis of the 
data showed that any variation in the duration of injection was attributable to the surgeon 
that performed the injection on the day rather than to the microspheres themselves 
(Bonferroni corrected Student’s t-test, p<0.05). 
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The macroscopic effect of the injection after 1, 4 and 12 weeks was analysed for signs of 

necrosis (a reddening of the tissue). Moderate signs of necrosis (<50% of the surface) were 

observed for both microsphere types after 1 week, but not after 4 and 12 weeks. Necrosis 

was only observed in the horns and there was no difference between the two microsphere 

types. The specific location of the necrosis indicated that a large proportion of the 

microspheres were delivered to the arteries feeding the uterine horn.   

3.4.2 Histopathological Analysis 

The microsphere samples fixed in formalin solution were generally a lot lighter in colour 

when stained than those fixed in Carnoy’s solution (Figure 3.8). The alginate had not 

degraded in the formalin fixation process so these samples could also be used to assess 

microsphere degradation.  

 

Generally, microspheres were detected in one of four environments. The microsphere was 

found either completely occluding an artery (Figure 3.9) or within an artery surrounded by 

white space (Figure 3.10). The white space is likely to be due to the microsphere 

dehydrating during the processing step (Laurent et. al. 2004). It is also possible that the 

white space may have been filled with a thrombus that has been removed during 

processing (i.e. microtome slicing). The third environment where the presence of 

microspheres was detected was the observation of a circular space left behind within an 

artery. The presence of a microsphere was shown by the compression of the intima and 

media arterial layers; non-embolised arteries of a similar size have thicker walls and non-

circular elastic lumen (Figure 3.11). In some instances the presence of a microsphere was 

apparent through the observation of a circular gap in the thrombus within an artery (Figure 

3.12). The microspheres were sometimes observed in a combination of these situations and 

were not always observed individually. Sometimes a longitudinal cut of an artery would 

reveal a line of microspheres and on occasion there was evidence of a cluster of 

microspheres were detected in a larger artery. 
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Figure 3.8 A histological section of a sheep uterine artery containing alginate  
microspheres fixed in, A) Carnoy’s and B) Formalin, fixative. Stain: H & E / safrannin O. 
The alginate microsphere is always a reddish colour when Carnoy’s’ fixative is  used, but 
a light pink colour when fixed in formalin. [Original in Colour] 
 
 

 

 
Figure 3.9 Alginate microsphere 
completely occluding artery in 
histological section of sheep uterus. 
Stain: H & E / safrannin O. [Original in 
Colour] 
 

 
Figure 3.10 Alginate microsphere within 
an artery surrounded by white space in 
histological section of sheep uterus. 
Stain: H & E / safrannin O. [Original in 
Colour] 

 
 

   
Figure 3.11 A) Circular space left behind within an artery shows the presence of a 
microsphere in a histological section of sheep uterus. The presence of a microsphere was 
shown by the compression of the intima and media. B) By comparison, unembolised 
arteries of a similar size have thicker walls and non-circular lumen. [Original in Colour] 

microsphere microsphere 

A) Carnoy’s B) Formalin 

A B 
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Figure 3.12 The presence of a microsphere was apparent through the observation of a 
circular gap within the thrombus within an artery in histological section of sheep uterus. 
Stain: H & E / safrannin O. [Original in Colour] 
 
 

 
Figure 3.13 Longitudinal cut of embolised sheep uterine artery revealing a line of alginate 
microspheres in histological section. Stain: H & E / safrannin O. [Original in Colour] 
 

 
Figure 3.14 Evidence of cluster of microspheres in a larger sheep uterine artery in 
histological section. Stain: H & E / safrannin O. [Original in Colour] 
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The alginate microspheres within the arterial lumen are not necessarily spherical because 

the slice cannot always be taken perpendicular to the artery. Microspheres may seem 

elongated or misshapen if the section had been taken at a non-perpendicular angle. In 

addition odd shapes may be observed if the slice was taken at an arterial junction. Also, the 

processing of the tissue and thin histology sections mean that the likelihood of observing a 

microsphere is small and consequently only few microspheres were observed in all of the 

sections. It is worth noting that the lack of any microspheres does not necessarily mean that 

any were lost through degradation 

 

A typical slide is shown in Figure 3.15 with some common features labelled. The pink 

colour in this image represents eosinophilic material. The deep pink encircling the larger 

arteries represents the cytoplasm of smooth muscle cells (SMC), which can be seen as a 

distinct layer; the lumina media (insert Figure 3.15). The endothelial cells (labelled E) can 

almost be resolved to reveal the intima layer. Blood cells are visible within some of the 

arterioles (A), but not within the arteries that the microspheres occupy. The blood cells can 

be lost through processing, so the absence of them does not necessarily mean that they 

were not present; although remnants usually remain. A vein (V) containing blood cells has 

been highlighted in this image; the walls are much thinner than arteries.  

 

The white gap surrounding the microspheres is attributed to shrinkage of the microsphere 

during the processing; most likely due to the dehydration steps (Laurent et. al. 2004). This 

cannot be attributed to degradation as it commonly occurs in histological analysis of 

permanent embolics (Pelage et. al., 2002). The creases (marked C in Figure 3.15) in the 

microspheres are also attributed to processing. The thin nature of the samples (5µm) can 

wrinkle when the section is cut or transferred onto the microscope slide. The difference in 

material properties between the microsphere and the rest of the section may be responsible 

for the microspheres folding independently of the tissue and falling out during processing.  
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Figure 3.15 Histological slide of sheep uterus horn. Fixed in Carnoy’s solution Stain: H & 
E / safrannin O. Arteries (A) and veins (V) are all labelled. Artefacts from processing (W, 
C) are also visible. Insert: the deep pink encircling the larger arteries represents the 
cytoplasm of smooth muscle cells (SMC) in the lumina media. The endothelial cells can 
almost be resolved (E). Scale bar: 200 µm. [Original in Colour] 
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3.4.2.1 Microsphere Deformation 

The results comparing high G to high M microsphere deformation within the arteries can 

be seen in Figure 3.16. No statistical difference (Student’s t-test, p-value >0.05) was 

demonstrated in the deformability between high G and high M microspheres at all time 

points.  

3.4.2.2 Depth of Penetration 

The depth of penetration of the microspheres has been shown to be largely dependent on 

the compression characteristics of the material (Bilbao et al., 2008; Lewis 2006a). The 

analysis of penetration after 1 week showed that no microspheres were found in the largest 

peri-myometrium arteries and all had lodged in smaller arteries found in the myometrium 

and endometrium (see Figure 3.17). The majority of microspheres were found in the 

myometrium for all cases. The number of samples was too few to analyse the results 

further, but it can be said that 600µm microspheres can be used to reach myometrial and 

endomyometrial arteries. Microspheres were found in vessels from 250-1000µm; 

corresponding to a >50% compression in the case of smaller arteries. Despite differences 

observed in vitro, overall the high G microspheres showed no significant difference to the 

high M microspheres in vivo with respect to deformation and depth of penetration. 
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Figure 3.16 Deformation of high M and high G microspheres found 1, 4 and 12 weeks 
after sheep uterine artery embolisation. Deformation is measured as the ratio of largest 
diameter: smaller diameter ratio. Spherical microsphere (i.e. no deformation) = 1. The 
average for all groups is also shown. (n=3-30; mean +/- SD) 
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Figure 3.17 Depth of penetration of high M and high G microspheres found 1 week after 
sheep uterine artery embolisation. The location of the uterus in which the embolised 
arteries were observed is shown. Generally the arteries decrease in size in the the order of 
perimeterium>myometrium>endometrium. For both microsphere types the majority were 
found within myometrial arteries with a few in the endometrium. (n=21 (high G), n=18 
(high M)). 
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3.4.2.3 One week: High M Microspheres 

Evidence of high M microspheres was shown after 1 week embolisation. Gaps left by high 

M microspheres in thrombus were clearly visibly, as were circular arteries with 

compressed arterial walls (Figure 3.18 and Figure 3.19). Physical evidence of the alginate 

microspheres was also detected as a smooth pink disc; some discs were different shades of 

pink (Figure 3.20). The discs were generally circular in shape although conformation to the 

vessel was also generally seen. Evidence of surface roughness was shown, particularly in 

arteries with thrombus formation Figure 3.21. Thrombus containing arteries also displayed 

inflammatory cells concentrated around the area of the thrombus, not the microsphere 

(Figure 3.22). There were signs of cellular infiltration on the surface of the microsphere, 

but again this was most prevalent when the microsphere was next to a thrombus formation 

(Figure 3.23b). When flush against the arterial wall, cells were not shown to infiltrate as 

much into the edge of the microsphere (Figure 3.23a). There were no obvious signs of 

necrosis. 

3.4.2.4 Four weeks: High M Microspheres 

After four weeks the microspheres were still observed within the uterine arteries as holes 

or physical material, both misshapen and spherical (Figure 3.24). Some cellular infiltration 

was noted alongside thrombus formation. There were no obvious signs of necrosis. 

3.4.2.5 Twelve weeks: High M Microspheres 

The microspheres were still observed after twelve weeks as holes and physical alginate 

material. Cellular infiltration was apparent (Figure 3.25) and microspheres were mostly 

misshapen (Figure 3.26). When microspheres were found in arteries associated with 

thrombus, inflammatory cells were observed. In one artery some alginate material was 

observed within the thrombus clearly being digested by macrophages (Figure 3.27). 

However, at this time point arteries occluded by a microsphere, with no cellular infiltration 

or thrombus can still be observed (Figure 3.28). There were no obvious signs of necrosis. 
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Figure 3.18 Histological slide of sheep uterus body 1 week post embolisation with M 
microspheres. Fixed in Carnoy’s solution. Stain: H & E / safrannin O. Scale bar: 1000 µm 
Evidence of high M microspheres (M) within thrombus in arteries in the centre of image 
are shown. [Original in Colour] 
 

M M M 
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Figure 3.19 Histological slide of sheep cervix 1 week post embolisation with M 
microspheres. Fixed in Carnoy’s solution. Stain: H & E / safrannin O. Scale Bar 1000 µm. 
Evidence of high M microspheres (M) within arteries in the centre of image are shown. 
[Original in Colour] 

M 
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Figure 3.20 Histological slide of sheep uterus horn 1 week post embolisation with M 
microspheres. Fixed in Carnoy’s. Stain: H & E / safrannin O. Scale bar: 1000 µm.  High 
M microspheres (M) within arteries is observed. M* is a different shade of pink to the 
other microspheres. [Original in Colour] 
 

 

 

  
Figure 3.21 Histological slide of sheep uterus horn 1 week post embolisation with M 
microspheres. Fixed in Carnoy’s solution. Stained with H & E and safrannin O. Scale bar: 
200 µm.  Evidence of high M microspheres (M) within arteries is shown. The rough edges 
of the microsphere can be seen. [Original in Colour] 
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Figure 3.22 (Main image) Histological slide of sheep uterus horn 1 week post 
embolisation with high M microspheres. Fixed in Carnoy’s solution. Stain: H & E / 
safrannin O. Scale bar: 100 µm. Inflammatory cell accumulation around embolised vessel 
thrombus A) Thrombus and inside vessel lumen. Larger granular lymphocytes can be seen 
(arrows) Scale bar: 10 µm. B) Outside the vessel wall. Small lymphocytes can be observed 
migrating to the area of the vessel thrombus. Scale bar: 10 µm. [Original in Colour] 
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Figure 3.23 Histological slides of sheep uterus horn 1 week post embolisation with M 
microspheres Fixed in Carnoy’s solution. Stain: H & E / safrannin O. Scale bar: 10 µm A) 
When flush against the arterial wall, cells were not shown to infiltrate as much into the 
edge microsphere B) When the microsphere was next to a thrombus formation the extent of 
cellular infiltration on the surface of the microsphere was more severe. [Original in 
Colour] 
 

 
Figure 3.24 Histological slide of sheep uterus horn 4 weeks post embolisation with high M 
microspheres. Fixed in formalin solution. Stain: H & E / safrannin. Scale bar: 1000 µm. 
[Original in Colour]  

A B 
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Figure 3.25 Histological slide of sheep cervix 12 weeks post embolisation with M 
microspheres. Fixed in Carnoy’s solution. Stain: H & E and safrannin O. Scale bar: 100 
µm. Inflammatory cell accumulation around embolised vessel thrombus (dotted line) 
Insert: Cellular infiltration into the microspheres can be observed (arrows).[Original in 
Colour] 
 
 

   
Figure 3.26 Histological slides of sheep uterus horn 12 weeks post embolisation with M 
microspheres (mag x10). Fixed in Carnoy’s solution. Stained with H & E and safrannin O. 
[Original in Colour] 
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Figure 3.27 Histological slides of sheep uterus horn 12 weeks post embolisation with high 
M microspheres. Fixed in Carnoy’s solution. Stain: H & E and safrannin O. Scale bar 20 
µm. Alginate material (asterisk) is observed being digested by macrophages and giant 
cells (dotted lines). Insert: Location of material in relation to artery and high M 
microspheres. [Original in Colour] 
 
 

 
Figure 3.28 Histological slides of sheep uterus horn 12 week post embolisation with high 
M microspheres. Fixed in formalin solution. Stain: H & E and safrannin O. Scale bar: 100 
µm. At this time point arteries occluded by a microsphere, with no cellular infiltration or 
thrombus can still be observed. [Original in Colour] 
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3.4.2.6 One week: High G Microspheres 

Evidence of the presence of high G microspheres was shown after 1 week embolisation. 

Gaps left by high G microspheres in thrombus were clearly visible as were circular arteries 

with compressed arterial wall (Figure 3.29). The discs were generally circular in shape 

although conformation to the vessel was also generally seen. Evidence of surface 

roughness was shown with cellular infiltration into the microsphere surface (Figure 3.30). 

As with the high M microspheres, inflammatory cells were shown again to be specific to 

embolisation induced thrombosis (Figure 3.33).When flush against the arterial wall, cells 

were not shown to infiltrate as much into the edge of its microsphere (Figure 3.31). 

 
The image in Figure 3.32 is an example of high G microspheres that have been within a 

uterine artery for a week. The four microspheres are within a single artery sectioned 

longitudinally. Signs of thrombosis and inflammatory cell response can be observed 

(Figure 3.32 insert). There were no obvious signs of necrosis. 

 

3.4.2.7 Four weeks: High G Microspheres 

The presence of G microspheres within the occluding arteries can be seen in Figure 3.34 

and Figure 3.35. Some of the microspheres are not spherical and are jagged, angular 

(Figure 3.34) or crescent shaped (Figure 3.35). This may be due to other unseen 

microspheres that have been lost during the processing, since many of the defects are 

curved. The misshapen nature of the microspheres may however be due to degradation. 

Some signs of cell infiltration can be seen in Figure 3.35. There were no obvious signs of 

necrosis. 

 

3.4.2.8 Twelve weeks: High G Microspheres 

The high G microspheres were still visible after 12 weeks (Figure 3.36). Examples of 

spherical and misshapen microspheres within the section can be observed. Although there 

are large gaps within some arteries, a microsphere would have been needed to maintain the 

structural integrity of the vessel. Consequently these gaps can be assumed to have been 

made by high G microspheres with or without thrombi. Some microspheres were observed 

with cellular infiltration (Figure 3.37). There were no obvious signs of necrosis. 
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Figure 3.29 Microspheres (M) present in histological slides of sheep body 1 week  post 
embolisation with G alginate microspheres for 1 week. Fixed in A) Carnoy’s solution and 
B) formalin solution. Stain: H & E and safrannin O Scale Bar: 200 µm [Original in 
Colour] 
 

 
Figure 3.30 Evidence of microspheres (M) within artery in a histological slide of sheep 
uterus body post embolisation with G alginate microspheres for 1 week.. Fixed in Carnoy’s 
solution. Stain: H & E and safrannin O. Insert: Evidence of surface roughness (arrows) 
was found alongside cellular infiltration into the microsphere surface (arrow heads). Scale 
bars: large image, 200 µm; insert, 20 µm. [Original in Colour] 
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Figure 3.31 Microsphere (M) present within artery in a histological slide of sheep uterus 
horn post embolisation with G alginate microspheres for 1 week. Fixed in Carnoy’s 
solution. Stain: H & E and safrannin O. No evidence of surface roughness or cellular 
infiltration into the microsphere surface can be seen. Scale bar 200 µm [Original in 
Colour] 
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Figure 3.32 Microspheres (M) within an artery in a histological slide of sheep cervix post 
embolisation with G alginate microspheres for 1 week. Fixed in formalin. Stain: H & E 
and safrannin O. The four microspheres are within a single artery sectioned 
longitudinally. Insert: thrombus (dotted line) alongside inflammatory cells (arrows). Scale 
bars: large image, 200 µm; insert, 20 µm [Original in Colour] 
 

 

 

 

 

 

 

 

M
M

M

M



3 An Evaluation of Alginate Microspheres in a Sheep Uterine Artery Embolisation Model. 

- 152 - 

 

 

 

 

 

 
Figure 3.33 Histological slide of sheep uterus cervix showing thrombus (dotted line) 
specific inflammatory response to high G microsphere (M) within an artery in a 1 week 
post embolisation 1 week.Fixed in Carnoy’s solution. Stain: H & E and safrannin O. 
Evidence of surface roughness was found alongside cellular infiltration (arrowheads) into 
the microsphere surface Insert: inflammatory cell response to thrombus. Scale bars: large 
image, 200 µm; insert, 20 µm [Original in Colour] 
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Figure 3.34: Evidence of microspheres (M) within artery in a histological slide of sheep 
uterus horn 4 weeks post embolisation with G alginate microsphere. Fixed in Carnoy’s 
solution. Stain: H & E and safrannin O. Microspheres are not spherical and are jagged 
and angular.  Scale bar: 1000 µm. [Original in Colour] 
 

M 

M 

M

Myometrium 

Endometrium 

Perimetrium 



3 An Evaluation of Alginate Microspheres in a Sheep Uterine Artery Embolisation Model. 

- 154 - 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.35 Microspheres (M) within artery in a histological slide of sheep uterus body 4 
weeks post embolisation with G alginate microspheres. Fixed in Carnoy’s solution. Stain: 
H & E and safrannin O. Microspheres are not spherical and are crescent shaped.  Scale 
bar: 500 µm. [Original in Colour] 
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Figure 3.36 Microspheres (M) within artery in a histological slide of sheep uterus body 12 
weeks post embolisation with G alginate microspheres. Fixed in Carnoy’s solution. Stain: 
H & E and safrannin O. Scale bar: 500 µm. [Original in Colour] 
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Figure 3.37 Histological slide of sheep cervix 12 weeks post embolisation with G 
microspheres. Fixed in Carnoy’s solution. Stain: H & E and safrannin O. Inflammatory 
cell accumulation around embolised vessel thrombus. Insert: Cellular infiltration (arrows) 
into the microspheres can be observed. Scale bars: large image, 200 µm; insert, 20 µm. 
[Original in Colour] 
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3.4.2.9 Summary of High G and High M Histological Analysis 

At all time points, both types of microsphere were observed within arteries post mortem. 

Therefore it can be concluded that both alginate microspheres are not fully degradable 

within 12 weeks. It was difficult to ascertain the level of microsphere degradation 1, 4 and 

12 weeks post-implantation in vivo. This was partly due to the colour of the microspheres; 

at the end of processing they were often a similar colour to thrombus or granular tissue. In 

addition, degradation could not be monitored by size as the sectioning was effectively 

random so microspheres could not be shown to have been sliced at the largest diameter, 

thereby making any comparison void.  

 

Cellular infiltration and surface roughness was observed at all time points, for both 

microsphere types. This showed that this method of degradation was not time or 

microsphere specific. Generally, if cellular infiltration did occur, the site was often located 

near signs of thrombus. In addition, at all time points, round smooth microspheres were 

found in the lumen of arteries without signs of thrombus, inflammatory cells or 

degradation. This demonstrates that the microspheres were not degrading simply due to 

their presence within the arterial systems.  

 

The thrombus associated inflammatory cell infiltration and microsphere surface roughness, 

combined with the observation of unaffected microspheres at all time points, suggest that a 

microsphere can undergo degradation, but this does not necessarily happen. By considering 

embolisation microspheres arranged linearly in a blood vessel, these observations can be 

explained. The microsphere at the front of the line is exposed to the blood, the forming 

thrombus and the resulting inflammatory response. This is also true of the most proximal 

microsphere. Once the inflammatory cells have begun to respond to the thrombus, the 

microspheres may be subject to inflammatory cell infiltration and degradation. Those 

microspheres in the centre of the line, which are not in the vicinity of a thrombus, are not 

subject to this method of degradation and consequently remain unaltered. The 

reorganisation of tissue and microsphere degradation makes the system dynamic and in 

time allows previously unexposed microspheres to become an accidental target for 

inflammatory cells. Consequently both pristine and misshapen microspheres can be seen at 

all time points. 
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Generally good tissue compatibility was observed at all time points, although some 

inflammatory cells were noted. It appears that the microspheres themselves did not initiate 

the inflammatory response as a material; it was the embolisation caused by the 

microsphere that elicited the response. Very few signs of inflammatory cells were observed 

around the surface of the alginate gel embolic, indicating good tissue compatibility. 

Histologically, there were no obvious signs of necrosis.  

 

Generally no differences between the microsphere types were observed; although from 

initial observations illustrated in Figure 3.15 - Figure 3.36 may suggest that the high M 

microsphere is perhaps more deformable than high G by the artery in which it resides. 
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3.5 Conclusions 

The radiologists who performed the in vivo sheep uterine artery embolisation showed that 

the microspheres could be delivered without any problems. This ease of delivery can be 

attributed to some or all of the following factors: a) the spherical nature of the device b) the 

slightly compressible element of the microsphere and c) the uniform size. There is a lot of 

evidence suggesting that microspheres are preferential to particles due to the tendency of 

the latter to clump and block both the catheter and blood vessels in the wrong place 

(Pelage 2002). The alginate microspheres did not block the catheter and were delivered 

without difficulty every time. The delivery time was shown to be influenced by the 

operator and not the device. Some embolisation of the arteries was achieved as reddening 

was noted on the uterus horn for both microspheres after 1 week. The reddening was not 

noticed at later time point, indicating that the area had re-established a blood supply. 

 

The alginate gel microspheres elicited a negligible surface inflammatory response. The 

ultra-high purity of the alginate, as shown in other applications, showed very good tissue 

compatibility within the sheep model. Tissue compatibility is important to embolisation 

since an excessive inflammatory reaction may cause the destruction of a vessel wall (Kwak 

2005). Although, an embolic material that causes minor inflammation may not be a 

disadvantage since it could help to stimulate the clotting cascade in embolisation. Should 

this stimulation be required, a less pure alginate could be used (Becker et al., 2001). 

 

At all time points both microspheres were observed post mortem. Therefore it can be 

concluded that both alginate microspheres were not fully degradable within 12 weeks. It 

could not be established to what extent the microspheres degraded, if at all. Where 

inflammatory cell degradation was observed, it was often associated with thrombus, but 

where no thrombi were detected the microspheres were often found in a non-degraded 

state; even after 12 weeks. 
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4 Development of a Cytotoxicity Assay for Analysis of Drug 
Eluting Microspheres 

4.1 Introduction 
This chapter describes the development of an assay to assess cell viability when 

doxorubicin is eluted directly from the embolic microsphere into the cellular environment. 

The development of an in vitro cell based assay was needed to assess the efficacy of a drug 

eluted directly from a microsphere. The results presented in chapter 2 have shown that 

there are only very small differences between alginate microspheres and the sulfonated 

PVA microsphere DC Bead as a chemoembolic with respect to the elution kinetics of 

doxorubicin. Since DC Bead is well characterised and established as an embolic, the cell 

viability assay development in this study was developed using DC Bead (Gonzalez, 2006; 

Gonzalez et al., 2007; Lewis et al., 2006b). Doxorubicin loaded DC Beads are currently 

used to chemoembolise HCC with benefits for certain patients (Lecioni et al., 2009). Since 

this relationship had already been established, doxorubicin loaded DC Bead and human 

liver carcinoma (HepG2) cells were used to develop the cell based assay. HepG2 cells are 

an immortalised cell line taken from a hepatocellular carcinoma (ATCC, Product 

Description, HB-8065). HepG2 (human hepatocellular carcinoma) cells were chosen 

because drug eluting embolisation microspheres are used to treat patients with HCC. The 

results yielded from this in vitro assay may indicate whether a microsphere loaded with a 

particular drug could offer improved efficacy over another drug loaded microsphere. This 

will be explored in later chapters. Liver cancer is the fifth most common cancer in the 

world and its incidence is increasing worldwide and is the main cause of death among 

these patients in Europe (Marelli et al., 2006). Approximately 500 000 cases of HCC are 

diagnosed each year and it is the third leading cause of cancer-related deaths. Until 

recently, the reported prognosis of HCC was poor and most patients died within one year 

regardless of the treatment they received. The stage at diagnosis determines the likelihood 

of survival. Those with intermediate to advanced stage HCC are eligible for 

chemoembolisation. Whilst conventional TACE has been shown to improve survival, 

TACE with microsphere has shown lower systemic exposure (Marelli et al., 2006; Lecioni 

et al. 2009). 

 



4 Development of a Cytotoxicity Assay for Analysis of Drug Eluting Microspheres 

 - 161 - 

4.2  Materials and Methods 

4.2.1 Tissue culture 

All tissue culture work was conducted under aseptic conditions in category 2 tissue culture 

facilities in laminar flow biological safety cabinets (University of Brighton, UK) using pre-

sterilised equipment. 

4.2.2 HepG2 Cell Line 

HepG2 cells, an immortalised cell line taken from the hepatocellular carcinoma of a white, 

15 year old male (ATCC, Product Description, HB-8065), are endothelial in appearance 

and have a predisposition to clump together when cultured in flask. HepG2 cells were 

purchased frozen from ATCC (HB-8065, UK). Unless otherwise stated the medium used to 

grow HepG2 cells was: (Minimal Essential Medium (MEM), PAA, (E15-825); 10% Fetal 

Bovine Serum, PAA, (A15-144); 1% Non-essential Amino Acids (NeAA), Biowhittaker 

Europe (BE13-114E)). 

4.2.3 Cell Maintenance 

4.2.3.1 Passaging 

Following removal of medium, cells were detached from the T75 (NUNCTM, Denmark) 

flask using 10 mL trypsin-EDTA (1x) (PAA, L11-004) and incubated (37°C, 5% CO2) for 

10-15 minutes. The detachment of the cells was confirmed using a microscope and 

medium (20 mL) was immediumtely added to deactivate the trypsin. The cell suspension 

was centrifuged at 300 g for 5 minutes using a centrifuge (Heraeus, Multifuge 3S). 

Following the removal of medium / trypsin-EDTA the cell pellet was re-suspended in 1 

mL medium. An aliquot of this pellet (100 μL) was diluted in PBS as necessary to 

determine the cell number in the pellet using a haemocytometer. Viable cell number was 

assessed by trypan blue (0.5 %; Sigma, UK) exclusion (20 μL mL-1 medium). The 

remaining 900 μL of the cell suspension was then diluted in medium as necessary for the 

assay, or reseeded at a seeding of 1:4-1:6. 

4.2.3.2 Seeding for Cytotoxicity Assay 

For most assays, each well of a 96 well plate was seeded with 20,000 cells. HepG2 cells 

were diluted to give 100,000 cells mL-1 in medium (stock solution). Using an eight channel 

multiwell pipette, 200 μL of cells suspension was added to each well of a sterile flat 
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bottomed 96 well plate (Cellstar®, 655180) and incubated for 20 h (37°C, 5% CO2). 

Medium  was then removed and replaced with 200 µL of increasing doxorubicin 

concentrations in media (see section 4.2.3.3) or 200 µL medium with drug loaded 

microsphere(s) (see section 4.2.3.4)  

 

In order to establish a standard curve of cell number vs. cytotoxicity, the concentration of 

cells in the stock solution was diluted and seeded at 0, 6250, 12500, 25000, 50000 and 

100000 cells per well. 

4.2.3.3 Free Drug Cytotoxicity Assay 

The effect of escalating free doxorubicin concentrations (0.0018, 0.09, 0.18, 0.9, 9.2, 18.4, 

92, 184, 920 and 1840 nM) were assessed by adding 200 µL doxorubicin (supplied by 

Biocompatibles UK Ltd) in the relevant medium to the pre-prepared wells containing 

20,000 cells. Once the drug had been added, the wells were incubated with doxorubicin for 

24, 48 or 72 h. Cytotoxicity was determined using MTS and LDH assays described below 

(sections 4.2.4 and 4.2.5). 

4.2.3.4 Drug Eluting Microsphere Drug Assay 

Microspheres were placed directly into the wells in contact with the cells. However, it was 

necessary to assess whether the microspheres having direct contact with the cells would 

have an effect on the cell viability. This was achieved by placing 1, 2, 3 and 10 

microspheres within the same well and monitoring for any change in cell viability using an 

MTS assay over 24, 48 and 72 hours. Loaded doxorubicin microspheres (20 mg mL-1; DC 

Bead) were carefully counted (1, 3 and 10 microspheres) into 200 μL of fresh medium in 

the pre-prepared wells of 96 well plate. Cell viability was determined using both the LDH 

and MTS assays over 24, 48 and 72 hours.  

4.2.4 LDH Cytotoxicity Assay 

Lactate dehydrogenase (LDH) is an enzyme that catalyses the interconversion of pyruvate 

and lactate with concurrent interconversion of the reduced and oxidised versions of 

nicotinamide adenine dinucleotide (NADH and NAD+) (Figure 4.1) (Koolman et al., 

2005). LDH is a stable enzyme normally found in the cytosol of all cells, but rapidly 

releases into the supernatant upon damage of the plasma membrane. The LDH assay 
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measures the amount of LDH released from lysed cells. The measurement of LDH was 

determined using a commercial LDH assay (Promega, UK). This measures LDH, by 

exposing it to lactate and NAD+, which upon contact is converted to pyruvate and NADH. 

The addition of diaphorase (an electron acceptor) and a tetrazolium salt (INT) to the 

solution converts any NADH present (due to LDH facilitated conversion) to a red soluble 

product; the absorbance of which is proportional to the number of lysed cells (Nachlas, et 

al., 1960). This process is shown in Equation 4.2 and Equation 4.3. The amount of this 

formazan product is measured by absorbance at 490 nm and is proportional to the number 

of compromised cells. The method was adopted to determine the number of viable cells 

after exposure to a drug by measuring the amount of LDH released from the remaining 

viable cells after the dead cell debris had been washed away. The viable cells membranes 

were compromised by freezing.  

4.2.4.1 LDH Assay Method 

At the desired time point medium was carefully aspirated from the wells and washed with 

200 μL sterile PBS three times in order to remove any residual doxorubicin, LDH and left 

over cell debris. Medium (without phenol red) (200 μL) was added to each well before the 

plate was subjected to  -80ºC for one hour; this intentionally compromised all of the cell 

membranes, releasing all lactate dehydrogenase enzymes from the remaining live cells. 

Upon removal from the freezer the plate was promptly placed in an incubator under 

standard conditions (37ºC, 5% CO2) for thirty minutes. A 50 μL aliquot of the supernatant 

was removed from all the wells into respective fresh wells, followed by 50 μL of the LDH 

assay substrate mix (Promega, UK). The fresh plate was left at room temperature in the 

dark. After 30 minutes, 50 μL of stop solution (acetic acid (1M)) was added to terminate 

the reaction. The plate absorbance of each well at 490nm was then determined using a 

plate reader (Biotek). If the reading was too high (>2) the solution was diluted by taking 75 

μL supernatant and 75 μL phenol red free (PRF) medium. The percentage of compromised 

cells was calculated using Equation 4.1. A schematic of the LDH assay is show in Figure 

4.1. 

   (sample absorbance – medium absorbance)  
viable cells (%)  =             x 100 

   (control absorbance – medium absorbance)  

 Equation 4.1 Cell viability calculation for LDH assay. Absorbance measured at 490nm. 
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Figure 4.1 Lactate dehydrogenase (LDH) is an enzyme that catalyses the interconversion 
of pyruvate and lactate with concurrent interconversion of NADH and NAD+.  
 

1.  NAD+ + lactate    pyruvate + NADH 

Equation 4.2 

         diaphorase 

2.  NADH + INT    NAD+ + formazan (red) 

Equation 4.3 

Equations showing the general reactions of the LDH assay. NAD+ is converted to NADH 
by the oxidation of lactate to pyruvate (catalysed by LDH). Diaphorase, in the second step, 
uses the NADH and H+ to catalyse the reduction of the tetrazolium salt to its red formazan 
product. 
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4.2.5 MTS Cytotoxicity Assay 

The metabolism in viable cells produces reducing compounds such as the reduced forms of 

nicotinamide adenine dinucleotide (NAD+; reduced form NADH) or nicotinamide adenine 

dinucleotide phosphate (NADP+; reduced form NADPH). The MTS assay is based on the 

fact that these reducing compounds pass their electrons to an intermediate electron transfer 

reagent that can reduce the tetrazolium product ((3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt)), MTS, into an 

aqueous, soluble formazan product. The conversion of MTS into aqueous, soluble 

formazan is accomplished by dehydrogenase enzymes found in metabolically active cells 

(Figure 4.2). This mostly happens in mitochondria and so the assays are therefore largely a 

measure of mitochondrial activity. At death, cells rapidly lose the ability to reduce 

tetrazolium products. The production of the coloured formazan product, therefore, is 

proportional to the number of viable cells in culture.  

4.2.5.1 MTS Assay Method 

At the designated time point, the medium (with or without microspheres) was aspirated and 

the cells were washed three times with 200 μL PBS to remove any residual drug or 

microspheres. Cell culture medium (100 μL) was added to the wells followed by 20 μL 

MTS solution (Promega, UK). The cells were incubated for 2 h (37°C, 5% CO2) and gently 

agitated before the absorbance at 490 nm was recorded using a Biotek plate reader. 

Medium only and untreated cell readings were taken as controls. Cell viability was 

calculated using Equation 4.4. 

 
    (sample absorbance – medium absorbance)  

 viable cells (%)  =             x 100 
   (control absorbance – medium absorbance)  

 

Equation 4.4 Cell viability calculation for MTS assay. Absorbance measured at 490nm. 
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Figure 4.2 Conversion of MTS to the reduced formazan product. The metabolism in viable 
cells produces reducing compounds such as the reduced forms of nicotinamide adenine 
dinucleotide (NAD+; reduced form NADH) or nicotinamide adenine dinucleotide 
phosphate (NADP+; reduced form NADPH). The cytotoxicity assay is based on the fact 
that these reducing compounds pass their electrons to an intermediate electron transfer 
reagent that can reduce the tetrazolium product ((3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt)), MTS, into an 
aqueous, soluble formazan product. The conversion of MTS into aqueous, soluble 
formazan is accomplished by dehydrogenase enzymes found in metabolically active cells 
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4.3 Results and Discussion 

4.3.1 Free Doxorubicin Cytotoxicity 

The LDH kill curve obtained using free doxorubicin showed a decrease in cell viability 

with drug concentration increase. The cell viability also decreased for the same 

concentration after a longer exposure (Figure 4.3). At higher concentrations (>18 nM) 

maximum toxicity was exhibited after 48 hours, whereas lower concentrations showed a 

continued effect as time increased. Larger error bars were associated with 24 hour time 

points compared to 48 and 72 hours. 

 

Below 184 nM concentrations of doxorubicin, the MTS free doxorubicin kill curve showed 

a similar trend to the LDH kill curve with cell viability generally decreasing at higher 

concentrations and longer times. Above 184 nM a deviation from the decreasing cell 

viability trend was observed at all time points (Figure 4.4). As the concentration increases 

above 184 nM the cell viability increases for all time points  Qualitatively, there did not 

appear to be more cells present in the wells exposed to 1840 nM doxorubicin compared to 

those exposed to 184 nM when viewed under a microscope. However, at higher 

concentrations the cells were shown to contain doxorubicin by their red colour even after 

washing (Figure 4.5). Doxorubicin intercalates with DNA which is seen in Figure 4.5A by 

the highly coloured red nuclei; the location of DNA. Doxorubicin also binds to cellular 

membranes (Bakker et al., 1995) this can also be observed in Figure 4.5A. The staining 

was not so prevalent at lower concentrations and consequently neither the nuclei nor the 

membranes stained red (Figure 4.5B). Since doxorubicin has a strong and broad 

absorbance peak at 483 nm and it was still present in the cells during the absorbance 

reading, it could absorb light at 490 nm and interfere with the MTS assay; suggesting a 

higher cell number. To test this theory, following the MTS assay, medium (100 µl) was 

removed from the sample into a fresh 96 well plate and the scan was repeated. This left the 

doxorubicin “stained” cells in the original well. At the higher concentrations >184 nM, the 

absorbance was shown to be lower than the initial concentrations. This suggests, therefore, 

that the increase seen in absorbance at the higher doxorubicin concentrations can be 

attributed to the presence of doxorubicin in the cells (Figure 4.5).  
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Figure 4.3 HepG2 cell viability determined by LDH assay after 24(Δ), 48(□) and 72( ) h 
exposure to various free doxorubicin concentrations. (mean +/- SD; n=6) HepG2 cells 
showed a decrease in viability at higher doxorubicin concentrations and after longer 
exposure times. 
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Figure 4.4 HepG2 cell viability determined by MTS assay after 24(Δ), 48(□) and 72( ) h 
exposure to various free doxorubicin concentrations. (mean +/- SD; n=6) Below 184 nM 
concentrations HepG2 cells showed a decrease in viability at higher doxorubicin 
concentrations and after longer exposure times. However, as the concentration increases 
above 184 nM the cell viability increases as well for all time points. 
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Figure 4.5 Optical micrograph of HepG2 cells after exposure to A) 1841 nM and B) 184 
nM doxorubicin for 48 h. (arrows indicate nuclei). Doxorubicin intercalates with DNA 
which is seen in (A) by the highly coloured red nuclei; the location of DNA. Doxorubicin 
also binds to cellular membranes this can also be observed in (A). The staining was not so 
prevalent at lower concentrations and consequently the nuclei nor the membranes stained 
red (B). Scale bar 200 µm [Original in Colour] 
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Figure 4.6 Overlay of 48 and 72 hours MTS assay using 100 µl supernatant in fresh wells 
compared to original wells with cells in. Insert: close up of 184-1841 nM concentrations. 
(n=6; +/- SD). At the higher concentrations (>184  nM), the absorbance was shown to be 
lower than the scans of the wells with cells in. This suggests, therefore , that the increase 
seen in absorbance at the higher doxorubicin concentrations may be attributed to the 
presence of doxorubicin in the cells. [Original in Colour] 
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Below 18 nM the doxorubicin in the cells were at too low concentrations to interfere with 

the assay since there was no difference between the cell viabilities with or without cells 

present. In addition, the increase in cell viability was not noted for the LDH assay at the 

higher concentrations, again attributed to the doxorubicin stained cells not being directly 

measured. To ensure that this interference was not a future problem the supernatant was 

removed and scanned separately rather than the scanning the cells directly when 

conducting the MTS assay. 

4.3.2 Unloaded Microsphere Assay 

With a HepG2 cell kill curve from free doxorubicin established and both LDH and MTS 

assays proven to measure cell viability, the assay was repeated using unloaded DC bead. 

Increasing the number of unloaded microspheres did not have a significant (p=0.8; 

ANOVA: Single Factor) impact on the cell viability for HepG2 cells after exposure for 24, 

48 or 72 h; (Figure 4.7). In some cases the cell viability was greater than 100% and in 

others lower. There was no relationship between the cell viability and microsphere number 

or time. The variability was thought to be intrinsic to the assay. If the unloaded 

microspheres had shown a significant detrimental effect on cell viability then it would not 

be possible to add the microsphere to the well without affecting the results of the assay. It 

suggests there are no toxic leachables from the microspheres and that the microspheres 

cause no mechanical trauma leading to cell death. The lack of any effect on cell growth is 

likely to be due to the vague interface at the PVA hydrogel surface which is responsible for 

its biocompatible properties and physical damage to the cells (Peppas et al., 1986). This 

result is crucial to developing an in vitro model that can assess cell viability to drug eluted 

directly from the microspheres.  

4.3.3 Doxorubicin Loaded Microsphere Assay 
In order to ascertain the viability of cells exposed to doxorubicin loaded microspheres, 

HepG2 cells were exposed to doxorubicin eluting DC Beads. The resulting kill curves can 

be seen in Figure 4.8 for LDH assay and Figure 4.9 for MTS. Both microsphere assays 

showed a similar trend regarding number of microspheres and time. By increasing the 

number of microspheres in a well, cell viability was reduced, but not in a linear fashion. 

Both increasing the microsphere number and time decreased the cell viability. The MTS 

shows higher cell viability than the LDH assay for a particular microsphere number, 

particularly at the earlier time points. 
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Figure 4.7 Cell viability (calculated using MTS assay) of HepG2 cells, after exposure to 
1,2,3 or 10 unloaded microspheres for 24, 48 and 72 h (mean +/- SD; n=6). No effect on 
cell viability was observed. 
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Figure 4.8 Cell viability (calculated using LDH  assay) of HepG2 cells after exposure to 1, 
3 or 10 doxorubicin eluting microspheres for 24, 48 or  72 h (mean +/- SD; n=6). Cell 
viability decreases both with increasing time and number of microspheres. 
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Figure 4.9 Cell viability (calculated using MTS  assay) of HepG2 cells after exposure to 1, 
3 or 10 doxorubicin eluting microspheres for 24, 48 or  72 h (mean +/- SD; n=6). Cell 
viability decreases both with increasing time and number of microspheres. 
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4.3.4 Comparison Between LDH and MTS Assays 

There are some differences between the LDH and MTS assays for both the free drug and 

drug eluting microsphere. The difference is most pronounced at the 24 hour time point and 

can be explained if one considers the method, sensitivity or mechanism of each assay. This 

can be seen in Table 4.1 where the percentage difference for the microsphere assays is 

shown. Both assays used a washing step to remove dead cell debris and proteins. The MTS 

reagent was added directly to the remaining cells, whilst the LDH assay first compromised 

the leftover cell membranes by freezing. However since both assays were conducted post 

washing they were using the same number of cells. Therefore the difference must be within 

the mechanism of the assays. 

 

Table 4.1 Difference in % cell viability from MTS and LDH doxorubicin microsphere 

assay 

Number of 
microspheres 1 3 10 

  Time / h  Difference in cell viability (%) 
24 14.5 20.0 24.1 
48 11.0 5.9 1.7 
72 1.1 0.5 1.5 

 

The MTS assay measures mitochondrial activity and many different conditions can 

increase or decrease metabolic activity. Doxorubicin has been shown to inhibit 

mitochondrial respiration (Zhimin et al., 2006; Cardosa et al., 2008). It is thought that 

inhibition of the mitochondrial respiration induces active oxygen related cell death. 

Reactive oxygen species that can be generated within the mitochondria can also damage 

mitochondrial components (Fotagis, 2006). Therefore a cytotoxicity assay based on 

mitochondrial activity could show different signs of cell viability than a membrane based 

assay. The difference between the cytotoxicity assays indicate that the membrane integrity 

is compromised, allowing LDH to leak out be washed away during the wash step. The 

results suggest that the mitochondria are still somewhat active in these leaky cells. This 

indicates a time lag between mitochondrial poisoning and apoptosis or membrane 

breakdown.  
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Figure 4.10 Number of HepG2 cells and corresponding absorbances when MTS (□) and 
LDH assays (♦) are used. Trendlines are shown with corresponding R2 values. The MTS 
assay is linear (R2 = 0.995) over the whole range of cell numbers whereas the LDH shows 
a logarithmic relationship (R2 = 0.982). (mean +/- SD; n=8) 
 

 

It is also possible that the difference in results may be due to the assay sensitivities. If the 

cell number is plotted against absorbance for both assay types, the MTS assay shows 

linearity up to 100,000 HepG2 cells (Figure 4.10). The MTS assay is linear (R2 = 0.995) 

over the whole range of cell numbers whereas the LDH shows a logarithmic relationship 

(R2 = 0.982). A difference in 10,000 cells at higher cell concentrations of the LDH assay 

will show less of a difference in absorbance than MTS. This error could explain the 

difference in the two assays especially when higher cell numbers are expected (i.e. at 

earlier time points). 

 

The differences in the assays should be remembered when analysing the data especially at 

the earlier time points, when the factor affecting the result is most significant. Crucially, 

although the number of viable cells varies depending on which assay is chosen, both assays 

showed a similar trend to the free drug and drug eluting microsphere set-up.  
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4.4 Conclusions 

A cytotoxicity assay has been developed to assess the efficacy of a drug loaded 

microsphere on HepG2 cells. This assay has been demonstrated to show similar trends for 

both LDH and MTS assays; however differences between the two were noticed. MTS is a 

good measure of mitochondrial activity and although some repair can occur, if 

mitochondria is poisoned then apoptosis is a likely result, (Dobrynina et al., 2004). MTS is 

probably a better assessment of cell viability in this assay since it is linear over a wider 

range than LDH.  

 

There was no effect on HepG2 cell number when placed in contact with unloaded DC 

Bead. This result is valid for one to ten microspheres and allowed the assessment of the 

doxorubicin DC Bead to be established on HepG2 cells. Doxorubicin was shown to 

interfere with assay result due to its ability to absorb at around 483 nm. As a result of these 

observations the supernatant of the well was taken after incubation with MTS so the 

cellular binding of doxorubicin did not interfere with the assay. Interference was only 

shown when cells were exposed to free drug concentrations above 10 nM. 

 

An assay was established that allowed the embolic microsphere to be placed in contact 

with cells and the effect of drug elution on cell viability to be established. This assay can 

be used to assess the effect of escalating drug doses on various cell lines from 

chemoembolics over time.. 

 

In order to determine cell viability of drug eluting microspheres in vitro, some other groups 

have exposed the cells to the aliquots of a drug eluted in a separate vial (Liu et al., 1999). 

The method developed here offers a simple way to compare different drug combinations 

from drug eluting microspheres. It is used to this effect in the next chapter. 

 



5 Drug Eluting Combinations 

 - 176 - 

5 Drug Eluting Combinations 

5.1 Introduction 
The benefits of drug combinations were discussed in chapter one; these benefits could be 

combined with localised drug delivery by eluting two drugs from microspheres. Current 

combination therapy, whilst it can offer a reduction in the levels of drugs required and 

combat some forms of drug resistance, it does not have the benefits associated with 

directed delivery or slow elution. By loading the drugs into microspheres, the drugs could 

be directly delivered to the tumour site and expose the tumour to localised combination 

therapy with controlled drug elution. This chapter seeks use the cytotoxicity assay 

developed in chapter four and mouse tumour xenograft study to determine whether a 

greater decrease in tumour cells can be achieved with a dual loaded microsphere. The 

assay determined tumour (HepG2 and PSN1) cell viability in vitro for various drug 

combinations loaded drug loaded microspheres. The reasons for using HepG2 cells are 

discussed in section 4.1. The second cell line, PSN1 (human pancreatic carcinoma), was 

chosen to assess the dual drug loaded microsphere effect on pancreatic cancer. Although 

pancreatic cancer accounts for only 2.5% of new cases, it is responsible for 6% of cancer 

deaths each year (Jemal et al., 2007). Less than 5% of patients with the condition survive 

longer than five years. In three clinical trials in which patients with locally advanced 

(Stage II, III, or IV (TNM classification of malignant tumours) pancreatic carcinoma were 

randomized to either observation or combination chemotherapy, the median survival 

periods averaged 3.5 months in the observation group and 4.5 months in the chemotherapy 

group (Stephens et al., 1997; Andersen et al., 1981; Frey et al., 1981; Mallinson et al., 

1980). The combination of chemotherapy with external beam radiation therapy in 

randomised clinical trials has yielded a median survival of up to 11.5 months (with 

associated toxicities) (Moertel et al., 1981; Klaassen et al., 1985). More recently, 

gemcitabine as a single agent showed a median survival of 5.7 months; by contrast, 5-

fluorouracil showed a median survival of 4.4 months (Burris et al., 1997). New therapies 

are needed to treat this condition and the direct injection of drug loaded microspheres 

could offer a new way of treating this disease.  

 

Four drugs were investigated in this chapter: doxorubicin, irinotecan, topotecan and 

rapamycin. The first three can be loaded into DC Bead by ion-exchange mechanism 

(Gonzalez 2006; Small et al., 2008). Doxorubicin loading was described in the chapter 2 
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and section 5.2.1 describes a similar loading procedure for irinotecan and topotecan. 

Rapamycin loading was more complex owing to its low solubility and non ionic nature. As 

rapamycin loading has not been reported in the literature, the loading and eluting process is 

described and evaluated. Upon deciding a suitable drug combination, the elution kinetics of 

both drugs from a single microsphere was investigated.  

 

Both assays in the last chapter showed a similar trend and the MTS assay exhibited higher 

sensitivity over a wider range. Consequently, the MTS assay was used to assess the 

efficacy of drug combinations. The aim is to find a significant reduction in cell viability 

and to determine if this difference is as a result of the drugs working in synergy. The 

efficacy of the best combination was tested in vivo using a mouse xenograft model. 



5 Drug Eluting Combinations 

 - 178 - 

5.2 Methods 

5.2.1 Loading Irinotecan or Topotecan into DC Bead 

Unloaded DC Bead were measured into 1 mL aliquots and allowed to settle for 10 minutes. 

The excess solution was removed and 5 mL of drug solution (6 mg mL-1) was added. The 

vial containing the microspheres and drug solution were placed on a roller mixer overnight. 

The irinotecan loaded microspheres turn a turquoise colour upon loading and the topotecan 

green. The binding of these drugs to DC Bead has already been studied and total loading 

was assumed to have taken place since studies have shown that 100% loading within 2 h 

(Gonzalez 2006; Small et al., 2008). 

5.2.2 Loading Rapamycin into DC Bead 

Rapamycin has very poor water solubility, it does not form an ionic salt and is not 

positively charged; consequently it cannot be loaded into DC Bead as simply as other ionic 

drugs.  

 

A method was developed to load rapamycin into the microsphere using dimethyl sulfoxide 

(DMSO). A schematic of this is shown in Figure 5.1. An aliquot of DC Bead (1 mL) was 

washed five times with 1 mL DMSO. Rapamycin solution (1 mL of 60 mg mL-1 in DMSO) 

was added and placed on a roller-mixer for 10 minutes. The solution was removed and the 

remaining microsphere slurry was washed five times with 10 mL deionised water. The 

loading of rapamycin was determined using UV-Vis spectrometry. The maximum peak 

absorbance of rapamycin occurs at 280 nm (Lambda 25 UV, Perkin Elmer) in DMSO 

(Figure 5.2). By using a standard curve it is possible to calculate the concentration of a 

rapamycin solution.  

5.2.3 Rapamycin Loading 

To assess total rapamycin loading, aliquots of rapamycin loaded loaded beads (0.3 mL, 

n=3) were washed with 1 mL DMSO 4 times to extract the rapamycin loaded into the 

beads. DMSO (1 mL) was added to the extracted rapamycin solution (4 mL). A scan of this 

solution in 5 mL DMSO was performed (Lambda 25 UV, Perkin Elmer) and the 

corresponding concentration was calculated using the equation obtained from a standard 

curve. 
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Images of the beads were taken before and after loading using an Olympus BX50F4 

microscope equipped with a Colorview III camera (Olympus, Japan) to assess any colour, 

size or shape change as a result of the drug loading process. 

5.2.4 Rapamycin Elution 

Rapamycin elution was determined by UV analysis (see section 2.3.11). Microspheres (10, 

20 or 30) were counted into vials (n=3) and the excess solution was removed using a 

pipette. PBS (2 mL) was added to the vials which were then placed in an oven set to 37°C. 

The absorbance at 280 nm was recorded using a UV probe at 0.25, 0.75, 24, 48 and 72 h. 

The absorbance was compared against a standard rapamycin solution in PBS.  

 

The microspheres were imaged with a Colorview III camera (Olympus, Japan) after 72 h 

elution. The sizes of the rapamycin drug core (described in results section 5.3.2) and 

microsphere diameter were measured using analySIS software. 

5.2.5 Drug Combinations: Effect on Cell Viability 

The effects of drug loaded microspheres on cell viability were determined using the assay 

developed in chapter 4. HepG2 and PSN1 cells were exposed to a combination of two drug 

loaded microspheres and compared to the cell viability of exposure to a single drug loaded 

microsphere. The plates were placed in an incubator (37°C, 5% CO2) and the drug(s) were 

allowed to elute from the microspheres into the cell culture medium for 24, 48 and 72 

hours. The cell viability of drug loaded microspheres was tested using the MTS assay. 

Differences in cell viabilities were analysed using a Boferroni Student’s t-Test with a p 

value of < 0.05 being defined as significantly different. The drug eluting microspheres 

were tested in the combinations shown in Table 5.1. 

 

PSN1 cells were purchased frozen from ECACC (94060601, UK). They were maintained 

and seeded as HepG2 (section 4.2.3) except the medium used was RPMI (PAA, E15-840); 

10% Fetal Bovine Serum, PAA, (A15-144). PSN1 cells were derived from pancreatic 

adenocarcinoma tissue and are epithelial in morphology. They appear to have two stable 

morphologies within the tissue culture environment; flattened and spherical. 
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Table 5.1 Combinations of drug loaded microspheres tested on PSN1 and HepG2 cells. 
 

 Irinotecan Topotecan Rapamycin 

Doxorubicin    

Irinotecan    

Topotecan    

 

 

 
 
Figure 5.1 Schematic showing loading procedure to incorporate rapamycin into DC Bead. 
An aliquot of DC Bead is washed five times with DMSO, whereupon the microsphere 
swells. Rapamycin solution is added. The solution is then removed and the remaining 
microsphere slurry is washed with water. [Original in Colour] 

 

 
 
Figure 5.2 UV-Vis scan of rapamycin in DMSO. A trio of large absorbance peaks are 
observed around 270 – 293 nm. The strongest absorbance is at 280 nm  
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5.2.6 Confocal Microscopy and Immunohistochemical (IHC) Theory 

Confocal microscopy was performed using a Leica TCS SP5 confocal with a Leica 

DMI6000 inverted microscope and analysed using Leica LAS AF software. The technique 

is based on the principle that out of focus light on microscope can be rejected by the 

presence of a pin-hole on the front of the detector. Light from a laser illuminates a small 

section of a sample. The light is absorbed by fluorophores (either intrinsically present in 

the sample or artificially added to label targets) and the emitted fluorescence is collected 

by the detector. Although the intensity of emitted light from out of focus planes is smaller 

that the in focus plane, it can still cause blurring and reduction in image quality. Light from 

out of focus planes is reduced by the addition of a pinhole in front of the detector (Figure 

5.3) (Müller, 2006; Harvarth, 1999). 

 

Using confocal microscopy the cross-section of a cell can be viewed and the location of 

specific cell molecules can be observed with high resolution if they are bound to 

fluorescent tags. Using immunocytochemistry, fluorescent tags can be attached to cell 

molecules using antibodies. The antibodies are specific to the cell molecules by inoculating 

an animal (commonly a rabbit or sheep) with the cellular molecule that will be tagged and 

then harvesting serum from which a specific antibody can be extracted (Stevens et al., 

2005). A secondary antibody with a fluorescent tag can be then bound to the original 

antibody so the location of the target cell molecule can be observed using confocal 

microscopy (Harvarth, 1999).  
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Figure 5.3 Confocal microscopy setup. The laser illuminates a small area of the sample. 
The sample upon absorbing the laser light fluoresces and emits through the dichroic 
mirror, which allows only specific wavelengths through. With the pin hole in place, only 
fluorescence from the focal plane (thick black line) can reach the detector; light from the 
other planes is blocked (grey lines) (adapted from: Müller, 2006; Harvarth, 1999). 
[Original in Colour] 
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5.2.7 Immunohistochemical (IHC) Staining Method 

HepG2 cells (20,000) were seeded on an 8 well chambered microscope slide (Fisher, UK; 

CBR-166-390E) well and incubated overnight to adhere to the slide surface for 18 h. The 

following morning the cells were incubated with media with 5% FCS for 12 hours, they 

were then left overnight in FCS free media. After washing with PBS (x3), drug solutions 

(200 µl) in PBS were added to the wells for 60 minutes. The solutions tested contained 

doxorubicin (0.01 mg mL-1), rapamycin (0.01mg mL-1), and doxorubicin / rapamycin 

together (0.01 mg mL-1 of each). The cells were then washed with PBS (x4) and fixed in 

3.7% formalin for 60 minutes. After further washing with PBS (x3) to remove excess 

formalin, 1mL of blocking buffer solution was added (0.7% glycerol, 0.2% Tween-20, 2% 

BSA in PBS). The buffer solution was removed and the chambers were incubated at 4°C 

overnight with 1:100 dilution of NF-kB p65 antibody in blocking buffer. The cells were 

washed again with blocking buffer (x3). The cells were then incubated in the dark at room 

temperature for one hour in FITC-coupled secondary antibody (1:200) in blocking buffer. 

The secondary antibody was removed using a wash buffer (0.7% glycerol, 0.4% Tween-20, 

2% BSA in PBS) (x3). The chambers were then left at RT in the dark for an hour in wash 

buffer. The wash buffer was then removed and the cells were mounted in vectashield 

containing DAPI and examined using fluorescence microscopy. DAPI or 4',6-diamidino-2-

phenylindole is a fluorescent stain that binds strongly to DNA; consequently it is used to 

identify the nuclei in cell samples. A Leica TCS SP5 confocal microscope with a Leica 

DMI6000 inverted microscope was used to view the samples. Excitation at 405 nm was 

used and light between 414 and 589 nm was absorbed to reveal DAPI staining. The 

secondary antibody bound to NF-kB was excited at 496 nm and light captured at 

wavelengths between 510 and 566 nm. To observe the location of doxorubicin the cells 

were excited at 488, 496 and 514 nm and wavelengths between 610 and 733nm were 

captured. The images were analysed and recorded using Leica LAS AF software. 

5.2.8 Loading Rapamycin and Doxorubicin into the Same Microsphere 

Loading doxorubicin and rapamycin into the same microsphere was achieved by 

sequentially loading the rapamycin and doxorubicin using the techniques described above. 

Rapamycin needed to be added to the microsphere first because it is minimally soluble in 

water so would not elute when doxorubicin was loaded. If doxorubicin was added first the 

loaded doxorubicin would elute into the DMSO used to load rapamycin; causing lower 
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doxorubicin loading. DC Bead (500-700 µm, 1 mL) were loaded with 20 mg rapamycin 

and 25 mg doxorubicin. 

5.2.9 Eluting Rapamycin and Doxorubicin from the Same Microsphere 

Doxorubicin and rapamycin were eluted from the same microsphere and compared to the 

elution of single drug loaded microspheres. Drug loaded microspheres (1 mL) were eluted 

into 400 mL PBS and agitated. The elution was detected using UV absorbance at 483 

(doxorubicin) and 278 nm (rapamycin).  

 

When both drugs were used in combination both drugs absorbed at 278 nm. The ratio of 

278 nm to 483 nm absorbance for doxorubicin was determined at a range of 

concentrations. The amount of rapamycin eluted was calculated when both drugs were 

present by determining the amount doxorubicin (from the absorbance at 483 nm) and 

subtracting the pre-determined corresponding absorbance at 278 nm. The remaining value 

corresponded to the 278 nm absorbance due to rapamycin.  

5.2.10 Rapamycin and Doxorubicin Microspheres in Mouse Xenograft Study 

The in vivo study was performed on adult female nude mice (Taconic M & B, Ry, DK) 

with full ethics approval (LAGeSo (State Office of Health and Social Affairs) Berlin) by 

EPO Exp. Pharmacol. & Oncol. GmbH, Robert-Rössle-Str.10 13122 Berlin-Buch, 

Germany. 

 

Three batches of DC Bead microspheres (1 mL; n=3) were loaded to a doxorubicin 

concentration of 25 mg mL-1, a rapamycin concentration of 20 mg mL-1 and a combination 

of both. All samples were lyophilised (freeze dried) and sterilised via gamma sterilisation 

(Isotron PLC, UK). Alginate solution (3 mL, 0.6% w/v, CellMed) was added directly to the 

lyophilised microspheres as a viscosity modifier in order to prevent the microspheres being 

forced out of the injection site. A control group (n=3) was injected with unloaded DC Bead 

and alginate solution in the same proportions as the drug loaded microspheres. 

 

The in vivo mouse xenograft study work was conducted by specialists at EPO Exp. 

Pharmacol. & Oncol. GmbH, Robert-Rössle-Str.10 13122 Berlin-Buch, Germany. PSN-1 

cells (human pancreatic carcinoma cell line) were prepared from an in vitro passage for 

subcutaneous transplantation. At day 0, 1 x 107 cells were injected under the skin of nude 
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mice and five days later, the tumours became palpable (2-3mm). The microspheres and 

alginate solution were injected adjacent to the subcutaneous growing tumour.  

 

The total injection volume of sample injected close to the tumour was 100 µL. The size of 

the tumour was directly measured with callipers (calculated as: π/6 x (large diameter) x 

(small diameter)2) and the body weight of each mouse was be determined twice a week. 

The mice were followed for 25 days and animals were euthanized earlier if they developed 

tumours larger than 10% of their body weight. 
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5.3 Results and Discussion 

5.3.1 Loading Ionic Drugs 

Irinotecan and topotecan were successfully loaded into DC Bead as indicated by the colour 

change (see Figure 5.4). The loading was 30 mg mL-1 for each camptothecin microsphere 

and doxorubicin was loaded with 22.7 mg mL-1.  

   
Figure 5.4 A) Doxorubicin B) irinotecan and C) topotecan loaded microspheres viewed 
under an optical microscope. [Original in Colour] 

5.3.2 Loading Rapamycin 

Rapamycin was loaded successfully into DC Bead using the method described. Figure 5.5 

shows the microspheres before and after loading. The total loading, determined by 

extraction and UV analysis was 21.3 +/- 1.6 mg mL-1 (+/- SD). The size of the 

microspheres increased by only 12 µm (2%). Rapamycin appears to be crystallised inside 

the microsphere, which turned a light opaque blue due to the white appearance of 

rapamycin and blue tint of DC Bead. Rapamycin has low solubility in water which 

encouraged the rapamycin to precipitate inside the micro sphere. In the short term 

rapamycin stays within the microsphere upon washing with water suggesting that the 

rapamycin is trapped within the sphere around the PVA backbone. After storage in water 

for a few weeks, a small amount of rapamycin dissolves from the microsphere until the 

saturation point is reached, leaving a central rapamycin core (Figure 5.6). To avoid 

unwanted elution the loaded microspheres were stored dry or in minimal volume of water. 

 
Figure 5.5 Optical micrographs of A) unloaded and B (phase 0) and C) (phase 3) 
rapamycin loaded microspheres. [Original in Colour]. 
 

A B C 

A B C 
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Figure 5.6 Optical micrograph of rapamycin loaded microsphere after being stored in 
distilled water. [Original in Colour]. 

5.3.3 Rapamycin Elution 

The elution curve for 10, 20, and 30 loaded rapamycin microspheres into 2 mL PBS is 

shown in Figure 5.7. It was observed that the number of microspheres present affects the 

total amount of rapamycin released, with 10, 20 and 30 microspheres eluting an average 

(+/- SD) of 11.1 +/- 0.3 µg, 24.2 +/- 1.2 µg and 32.1 +/- 2.8 µg in total after 72 h. The 

elution curves in Figure 5.7 indicate that elution is slowing down slightly over time. This 

could be due to the drug already eluted reducing the rapamycin concentration gradient 

between the solution and the loaded microsphere; thereby reducing the drive for rapamycin 

to disssolve. The solubility of rapamycin in water is 2.6 µg mL-1 and the elution profiles 

clearly exceed this solubility (Simamora et al. 2001). It is possible that some residual 

DMSO within the microsphere is allowing rapamycin solubility to increase. It is also 

possible that the DMSO is being released as the rapamycin elutes. 

 

If the elution data is normalised, then the elution appears to be about the same for all 

microspheres, although a little slower for the 10 microsphere group. An observation, 

demonstrated in Figure 5.8 shows that the rapamycin core in the centre of the microspheres 

is smaller after 72 h for 10 microspheres than 30. This qualitative observation was 

quantified by measuring the ratio of rapamycin core size to microsphere size (Figure 5.9). 

The ratio of drug core shows an inverse correlation with the total number of microspheres 

eluted into 2 mL. A difference between 30, 20 or 10 microspheres was shown (single 

factor ANOVA; p<0.05). This difference was determined to be different using between 30 

microspheres and the other two groups (Bonferroni corrected p-values (p < 0.05 (10-30 

microspheres); p < 0.05 (20-30 microspheres). No significant difference was realised 

between 10 and 20 microspheres (Bonferroni corrected p-value > 0.05), this could have 

been due to the subjective human error establishing exactly where the core diameter ended, 

resulting in large variations in the measurements. The size of the rapamycin microspheres 

ΔT 
 

d.H2O 

Core 
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cores was different depending on the number of microspheres in the system. The smaller 

cores of the 10 microspheres indicate that more rapamycin has dissolved per microsphere, 

compared to the 30 microspheres. By comparing this data with figure 5.7., it can be seen 

that the 10 microsphere elution slows down more than the 20 or 30 microspheres; this may 

be due to the lower availability of rapamycin on the surface of the drug core.  

 

Figure 5.7 Total 
amount of rapamycin 
eluted into 2 mL PBS 
from 10, 20 and 3 
microspheres loaded 
with rapamycin. 
(mean +/- SD; n=3) 

 

   
Figure 5.8 Rapamycin loaded microspheres after 72 hours elution. The insert highlights 
the difference in the rapamycin core size for 10, 20 and 30 microspheres. [Original in 
Colour] 
 

 
Figure 5.9 Ratio of the 
diameter of rapamycin core in a 
DC Bead to the DC Bead 
diameter. (Stats: difference 
determined using 1-way 
ANOVA (p= 0.023); difference 
between groups determimed 
using Bonferroni corrected p-
value from Student’s t-test (p < 
0.05 (10-30 microspheres); p < 
0.05 (20-30 microspheres)). 
[Original in Colour]               
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5.3.4 Combinations: HepG2 Cell Viability 

The outcome of HepG2 cell viability due to the combination of all microspheres with 

doxorubicin loaded microspheres can be seen in Figure 5.10 to Figure 5.13. When 

irinotecan loaded microspheres are combined with doxorubicin microspheres the cell 

viability of HepG2 the effect after 24 hours is the same (Bonferroni corrected Student’s t-

test, p > 0.05) as a single irinotecan loaded microsphere. However, after 48 and 72 hours 

the effect is the same as a single doxorubicin loaded microsphere (Bonferroni corrected 

Student’s t-test, p > 0.05 and p > 0.05 respectively) (Figure 5.10). In contrast, the 

topotecan loaded microspheres exhibited an increase in cell viability when combined with 

doxorubicin than either microsphere alone (Bonferroni corrected Student’s t-test, p > 0.05 

(not significant), p > 0.05 (not significant) and p < 0.05 24, 48 and 72 h respectively) 

(Figure 5.11). When doxorubicin was used in combination with rapamycin a further 

decrease in cell viability was observed at all time points. A decrease of 14.5% (Bonferroni 

corrected Student’s t-test, p > 0.05 (not significant)) was observed after 24 hours, 12.9% 

(Bonferroni corrected Student’s t-test, p < 0.05) after 48 hours and 0.7% (Bonferroni 

corrected Student’s t-test, p< 0.05) after 72 hours (Figure 5.12).  

 

The combination of the camptothecins: irinotecan and topotecan showed no significant 

decrease or increase in cell viability after 24, 48 and 72 hours when compared to a 

topotecan loaded microspheres alone (Bonferroni corrected Student’s t-test, p > 0.05) 

(Figure 5.13).  

 

The combinations of camptothecins with rapamycin were slightly different. Irinotecan and 

rapamycin in combination showed no difference to irinotecan alone after 24 hours 

(Bonferroni corrected Student’s t-test, p > 0.05), but a decrease of 20.8% and 11.3% was 

demonstrated after 48 and 72 hours (Bonferroni corrected Student’s t-test, p < 0.05 and p > 

0.05 (not significant) respectively) (Figure 5.14). Whereas, topotecan in combination with 

rapamycin (Figure 5.15) showed no change in cell viability after 24 or 48 hours 

(Bonferroni corrected Student’s t-test, p > 0.05). After 72 hours a small decrease in cell 

viability (0.8%) for the combination was noticed (Bonferroni corrected Student’s t-test, p > 

0.05 (not significant)).  
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Figure 5.10 HepG2 cell viability when exposed to doxorubicin (red), irinotecan 
(turquoise), and a combination of both (white) microspheres after 24, 48 and 72 hours 
(mean +/- SD, n=7). P values correspond to a Bonferroni corrected t-test between the 
combination cell viability and the indicated single drug eluting bead. The assay was 
repeated and similar trends were observed. [Original in Colour] 
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Figure 5.11 HepG2 cell viability when exposed to doxorubicin (red), topotecan (green), 
and a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, 
n=7). P values correspond to a Bonferroni corrected t-test between the combination cell 
viability and the indicated single drug eluting bead. The assay was repeated and similar 
trends were observed. [Original in Colour]. 
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Figure 5.12 HepG2 cell viability when exposed to doxorubicin (red), rapamycin (blue), 
and a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, 
n=7). P valves correspond to a Bonferroni corrected t-test between the combination cell 
viability and the indicated single drug eluting bead. The assay was repeated and similar 
trends were observed. [Original in Colour]. 
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Figure 5.13 HepG2 cell viability when exposed to irinotecan (turquoise), topotecan 
(green), and a combination of both (white) microspheres after 24, 48 and 72 hours (mean 
+/- SD, n=7). P valves correspond to a Bonferroni corrected t-test between the 
combination cell viability and the indicated single drug eluting bead. The assay was 
repeated and similar trends were observed.  [Original in Colour] 
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Figure 5.14 HepG2 cell viability when exposed to rapamycin (blue),irinotecan (turquoise), 
and a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, 
n=7). P valves correspond to a Bonferroni corrected t-test between the combination cell 
viability and the indicated single drug eluting bead. The assay was repeated and similar 
trends were observed. [Original in Colour] 
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Figure 5.15 HepG2 cell viability when exposed to rapamycin (blue), topotecan (green), 
and a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, 
n=7). P valves correspond to a Bonferroni corrected t-test between the combination cell 
viability and the indicated single drug eluting bead. The assay was repeated and similar 
trends were observed. [Original in Colour] 
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5.3.5 Combinations: PSN1 Cell Viability 

The results for PSN1 cell viability when exposed to various microsphere combinations are 

described in this section. When irinotecan loaded microspheres were combined with 

doxorubicin microspheres the cell viability of PSN1 cells increased after 24 hours by 

10.8% (Bonferroni corrected Student’s t-test, p > 0.05 (not significant)), showed no 

difference after 48 h (Bonferroni corrected Student’s t-test, p > 0.05 (not significant)) and a 

small increase of 1.2% (Bonferroni corrected Student’s t-test, p < 0.05) after 72 hours 

(Figure 5.16). Topotecan and doxorubicin showed no difference to doxorubicin after 24, 48 

and 72 hours (Bonferroni corrected Student’s t-test, p > 0.05) (Figure 5.17). The 

combination of rapamycin and doxorubicin microspheres showed a significant decrease in 

PSN1 cell viability for 24 and 48 hours, but not after 72 hours (Bonferroni corrected 

Student’s t-test, p > 0.05, p < 0.05 and p > 0.05, after 24, 48 and 72 hours respectively). 

(Figure 5.18). 

 

The camptothecins, irinotecan and topotecan in combination showed no difference in 

PSN1 cell viability when compared to individual treatments after 24, 48 or 72 hours 

(Bonferroni corrected Student’s t-test, p > 0.05) (Figure 5.19). When combined with 

rapamycin, irinotecan showed no difference after 24 hour, but did show a decrease of 

19.1% after 48 hours (Bonferroni corrected Student’s t-test, p < 0.05) and 15.9% decreases 

after 72 hours (Bonferroni corrected Student’s t-test, p < 0.05) (Figure 5.20). Topotecan in 

contrast, showed a decrease after 24 and 48 h of 14.9% (Bonferroni corrected Student’s t-

test, p > 0.05 (not significant)) and 4.0% (Bonferroni corrected Student’s t-test, p < 0.05), 

but an increase of 6.1% (Bonferroni corrected Student’s t-test, p < 0.05) after 72 hours 

(Figure 5.21). 
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Figure 5.16 PSN1 cell viability when exposed to irinotecan (turquoise),doxorubicin (red), 
and a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, 
n=7). P valves correspond to a Bonferroni corrected t-test between the combination cell 
viability and the indicated single drug eluting bead. The assay was repeated and similar 
trends were observed. [Original in Colour] 
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Figure 5.17 PSN1 cell viability when exposed to doxorubicin (red), topotecan (green) and 
a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, n=7). 
P valves correspond to a Bonferroni corrected t-test  between the combination cell 
viability and the indicated single drug eluting bead. The assay was repeated and similar 
trends were observed. [Original in Colour] 
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Figure 5.18 PSN1 cell viability when exposed to doxorubicin (red), rapamycin (blue) and 
a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, n=7). 
P valves correspond to a Bonferroni corrected t-test between the combination cell viability 
and the indicated The assay was repeated ans similar trends were observed. [Original in 
Colour] 
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Figure 5.19 PSN1 cell viability when exposed to irinotecan (turquoise), topotecan (green) 
and a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, 
n=7). P valves correspond to a Bonferroni corrected t-test between the combination cell 
viability and the indicated single drug eluting bead. [Original in Colour] 
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Figure 5.20 PSN1 cell viability when exposed to rapamycin (blue),  irinotecan (turquoise) 
and a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, 
n=7). P valves correspond to a Bonferroni corrected t-test  between the combination cell 
viability and the indicated The assay was repeated ans similar trends were observed. 
[Original in Colour] 
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Figure 5.21 PSN1 cell viability when exposed to rapamycin (blue),  topotecan (green) and 
a combination of both (white) microspheres after 24, 48 and 72 hours (mean +/- SD, n=7). 
P valves correspond to a Bonferroni corrected t-test  between the combination cell 
viability and the indicated single drug eluting bead. [Original in Colour] 
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5.3.6 Cell Viability: Discussion 

The data obtained from the screening experiment is summarised in Table 5.2 and  

 

Table 5.3. In this table the effects on HepG2 and PSN1 cell viability are compared to the 

single drug eluting microsphere with the closest value. This allows for an overview of the 

results and successful combinations to be easily identified.  
 
Table 5.2 Summary of drug loaded microsphere combinations tested. The effect on HepG2 
cell viability compared to the single drug eluting microsphere with the closest value; +: 
increase in cell viability, -: decrease in cell viability tested, =: no difference. 

A) HepG2 

HepG2 Time (hours) 
24 48 72 24 48 72 24 48 72 

Drug Irinotecan Topotecan Rapamycin 
Doxorubicin = = = + + + - - - 
Irinotecan    = = = = - - 
Topotecan       = = + 

 
 
Table 5.3 Summary of drug loaded microsphere combinations tested. The effect on PSN1 
cell viability compared to the single drug eluting microsphere with the closest value; +: 
increase in cell viability, -: decrease in cell viability tested, =: no difference. 

B) PSN1 

PSN1 Time (hours) 
24 48 72 24 48 72 24 48 72 

Drug Irinotecan Topotecan Rapamycin 
Doxorubicin + = + = = = - - - 
Irinotecan    = - = = - - 
Topotecan       - - + 

 

5.3.6.1 Topotecan and Irinotecan Combination: 

Due to the chemical similarity of irinotecan and topotecan and related method of action, 

one might expect the addition of another drug to decrease the cell viability at all time 

points. However in this study, topotecan and irinotecan generally showed no increase in 

cytotoxicity towards both HepG2 and PSN1 cells at all time points (except for a slight 

decrease of 2.5% in cell viability at 48 h for PSN1 cells). The lack of combined action 

observed in this study may be due to the similar mechanism of the two drugs; the inhibition 

of topoisomerase I. Since the pathway to cell death is stimulated via the same mechanism, 

the addition of a different topoisomerase I inhibitor did not lead to sequential blockade, 
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concurrent inhibition or complimentary inhibition. In fact, the inhibition becomes 

competitive. Since irinotecan needed to be cleaved into SN-38 by carboxylesterases to be 

active, it is plausible that the topotecan forms a complex with the topoisomerase I before 

irinotecan converts into the active form. This conversion must be occurring to some degree 

as toxicity is observed with irinotecan alone for both cell types. However, the conversion 

must be occurring fairly slowly as cell viability below 60% is not observed until 72 hours 

exposure has occurred; by comparison cell viability is 43% (HepG2) and 63% (PSN1) after 

24 hours exposure to topotecan loaded microspheres. It is perhaps the case that topotecan 

is too prevalent and effective for any irinotecan, once converted into SN-38, to have any 

noticeable effect. 

 

Despite irinotecan and topotecan having a similar structure, they do show different activity 

against different types of tumours (Von Hoff., 1996). Clinical studies have focused on 

colorectal cancer for irinotecan, whilst for topotecan early clinical development focused on 

ovarian cancer (Jonsson et al., 2000). Different activity has also been observed in different 

experimental tumour systems (Houghton et al., 1995; Lokich, 2001). These differences hint 

towards slightly difference mechanisms, in gastrointestinal tumours irinotecan has a large 

effect, whereas SN-38, the active metabolite, is inactive (Jonsson et al., 2000). This 

indicates some inherent activity from the pro-drug irinotecan. 

 

The lack of any complimentary or synergistic effects of the topotecan and irinotecan 

combination on PSN1 and HepG2 cells meant that it was not considered as an option to 

pursue in this study. In addition to the lack of drug combination activity observed here 

some researchers have reported toxicity issues with this combination, although these may 

have been resolved using a microsphere as a controlled delivery device. Rodriguez-

Galindo and colleagues (2006) reported that the use of the combination of topotecan and 

irinotecan in a phase I trial for refractory solid tumours has shown unacceptable higher 

gastrointestinal and haematological toxicity than irinotecan or topotecan alone. The cause 

of the toxicity was not discussed in the paper, but it is conceivable that these toxicities may 

be reduced if local delivery was used. Even so, there was no indication that a benefit would 

be realised from the preliminary screening study. In order to determine whether the lack of 

any further cytotoxicity was due to the high efficacy of topotecan compared to the 

comparatively slow conversion of irinotecan into SN-38, lower topotecan concentrations 

could be investigated that may not mask the effect of irinotecan. 
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5.3.6.2 Topotecan and Doxorubicin Combination 

Combining doxorubicin and topotecan drug eluting microspheres showed no effect on the 

PSN1 cell line and an antagonistic effect on the HepG2 cells. There appears to be no 

advantage to using this combination as a localised drug delivery device as opposed to 

doxorubicin loaded microspheres alone. In fact, there may be a disadvantage to using the 

combination for HepG2 cells since the combination encouraged growth in vitro compared 

to doxorubicin alone. Contrary to the results presented here, some reports in the literature 

report that topoisomerase I and II inhibitors used in combination can have a 

complementary effect. Cecifia and co-workers (1997) showed that inhibition of 

topoisomerase I by topotecan induces a compensatory increase in topoisomerase IIα (one 

of two topoisomerase isomers) and sensitivity to etoposide (a topoisomerase II inhibitor). 

The increase of topoisomerase II levels can increase cell kill induced by topoisomerase II 

poisons (Dowlati et al. 2001). However, whilst it has been shown that topotecan can 

increase the cytotoxicity of etoposide in sequential combination, others report that the 

simultaneous exposure to anthracyclines and camptothecins has shown antagonism in cell 

culture (Bertand et al., 1992; Eder et al., 1998). For these reasons several studies 

investigating the dosing regime of topoisomerase I and II inhibitors have been conducted 

(Seiden et al., 2002). The effects of sequential and simultaneous dosing have been 

confirmed in vivo using a mouse xenograft model using epotoside and irinotecan / 

topotecan (Pommier et al., 2005). Similar results were obtained by Kim and colleagues 

(1992) on xenografts generated from a variety of cell lines working with irinotecan and 

doxorubicin. 

 

It has been suggested in other studies that secondary events beyond the formation of the 

cleavable drug-DNA-topoisomerase II may be important to the expression of anthracycline 

lethality (Schneider et al. 1989). The mechanism of antagonism between camptothecin and 

the topoisomerase II inhibitor etoposide was investigated by Kaufmann (1991), who found 

that the diminished toxicity of etoposide was not due to camptothecin interfering with the 

formation topoisomerase II-DNA complexes (Kaufmann, 1991). It was shown however, 

that camptothecin dependent inhibition of nucleic acid synthesis was the reason for the 

diminished toxicity, although the mechanism is not entirely understood (Kaufmann, 1991).  
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This combination was not pursued further due to potential antagonistic effects. The 

microspheres have a reservoir of the drug and release them at a slowed rate simultaneously 

that cannot be controlled by the oncologist. As noted, the simultaneous use of 

topoisomerase I and topoisomerase II inhibitors can reduce overall cytotoxicity and reduce 

the effectiveness of the therapy.  

5.3.6.3 Irinotecan and Doxorubicin Combination 

With HepG2 cells in this study, the effect of doxorubicin was neither enhanced nor 

diminished upon the addition of irinotecan. There appears to be no therapeutic benefit 

using the microspheres tested. An antagonistic effect was not seen, but this may be due to 

the lower potency of irinotecan compared to topotecan.  

 

The PSN1 cells did show signs of antagonism after 24 hours and 72 hours, indicating again 

that nucleic acid synthesis may be being blocked by a camptothecin which may reduce the 

frequency of the scenario (DNA and RNA synthesis) where doxorubicin, in its 

topoisomerase II inhibitory mode, can be cytotoxic. 

 

Both the lack of any sign of synergy and the indicatory signs of antagonism were reasons 

not to pursue this drug eluting combination.    

5.3.6.4 Rapamycin and Camptothecins Combination 

The combination of rapamycin and irinotecan decreased the total number of viable cells 

compared to either drug alone after 48 and 72 h for both cell types. Neither cell line 

demonstrated a decrease after 24 hours. Geoerger (2001) showed additional cytotoxicity 

when rapamycin and irinotecan were combined in the treatment of brain tumour cells in 

vitro, but did not allude to a mechanism. Whilst no literature has been published offering 

an explanation as to the rapamycin and irinotecan synergy, both drugs have been shown to 

be active through different pathways, thus making additional cell death conceivable.  

 

Interestingly, the more potent camptothecin analogue, topotecan did not show any signs of 

synergy with HepG2 cell and was antagonistic after 72 h. The PSN1 cells did show 

additional cell death when exposed to topotecan and rapamycin, but like HepG2 the 

combination exhibited antagonism after 72 h. Again, no literature could be found 

commenting on a likely combined mechanism.  
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5.3.6.5 Rapamycin and Doxorubicin Combination 

At all time points the combination of rapamycin and doxorubicin showed signs of synergy 

for both PSN1 and HepG2 cells lines. Rapamycin and doxorubicin showed a decrease in 

cell viability for both cell types at all time points and whilst some interesting results were 

shown with other drug combinations, such as the increase in cell viability upon the 

combination of topotecan and doxorubicin with HepG2 cells, it was decided to pursue the 

rapamycin / doxorubicin combination as this consistently showed a complementary 

relationship.  

 

The complementary action of rapamycin and doxorubicin has been discussed in the 

literature, but no definitive mechanism has been established. One mechanism of synergy 

suggested is the activation and inactivation of nuclear factor κβ (NF-κβ). NF-κβ is a 

transcription factor that plays an important role in cell survival, cell proliferation and 

immune responses via expression of its target genes (Paul, 2002). The mammalian NF-κβ 

consists of five family members: NF-kB1 (p105 and p50), NF-kB2 (p100 and p52), RelA 

(p65), RelB and c-Rel. Without stimulus, the NF-κβ dimer (e.g. p50 and p65) interacts 

with an inhibitory protein (IκB) in the cytoplasm that prevents it entering the nucleus (Tai 

et al., 2000). The classical pathway is normally triggered in response to cytokines or 

microbial / viral infections that activate the Iκβ kinase (IKK) complexes. The Iκβ protein is 

then phosphorylated and degrades rapidly (ubiquitination) allowing the liberated NF-κβ 

dimer to enter the nucleus (Chen et al., 1996). See Figure 5.22 for a schematic of this. 

 

A second activation pathway is triggered by certain members of the tumour necrosis factor 

(TNF) cytokine family through IKKs that activate NF-κβ2 (p52:RelB) dimers (Escárcega, 

2007).  

 

In its free form, NF-κβ can enter the nucleus and activate the expression of target genes 

that encode cytokines, growth factors, cell adhesion molecules and pro- and anti-apoptotic 

proteins. The activation of NF-κβ induces genes whose products prevent programmed cell 

death; being necrotic or apoptotic. Cell survival activity is exerted by NF-κβ through 

several anti-apoptotic proteins. (Escárcega, 2007).  
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Antitumour agents can activate NF-κβ through phosphorylation and subsequent 

degradation of Iκβ (Akihiro Tomida, 2002; Cun-Yu Wang, 1999). To prove this notion, 

mutant forms of IκB called super repressors (resistant to signal induced phosphorylation 

and degradation) have been shown to inhibit NF-κβ activation induced by various 

chemotherapeutics (Akihiro Tomida, 2002).  

 

 
 
Figure 5.22 NF-κβ activation schematic (www-rohan.sdsu.edu/~thuxford/Research.html) 
N.F-κβ is a transcription factor that plays an important role in cell survival, cell 
proliferation and immune responses via expression of its target genes (Paul, 2002). The 
mammalian NF-κβ consists of five family members: NF-kB1 (p105 and p50), NF-kB2 
(p100 and p52), RelA (p65), RelB and c-Rel. Without stimulus, the NF-κβ dimer (e.g. p50 
and p65) interacts with an inhibitory protein (IκB) in the cytoplasm that prevents it 
entering the nucleus (Tai et al., 2000). The classical pathway is normally triggered in 
response to cytokines or microbial / viral infections that activate the Iκβ kinase (IKK) 
complexes. The Iκβ protein is then phosphorylated and degrades rapidly (ubiquitination) 
allowing the liberated NF-κβ dimer to enter the nucleus (Chen et al., 1996). 
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NF-κβ is generally regarded as an anti-apoptotic mediator, particularly towards cancer 

cells, although it has been shown to promote cell death on occasion. This is generally what 

was observed in cancer cells, in which NF-κβ activation usually inhibits apoptosis induced 

by doxorubicin (Wang et al., 2002.). However, doxorubicin-induced apoptosis of isolated 

cardiomyocytes (heart muscle cells) proceeds through activation of NF-κβ (Wang et al., 

2002). 

 

Although, doxorubicin activates NF-κB in cancer cells (Arlt et al., 2001) it also induces 

cell death through a variety of methods (e.g. intercalation with DNA). How precisely 

doxorubicin activates NFκB remains unknown, but enhanced phosphorylation and 

degradation of the inhibitory domain seem not to be involved (Wang et al., 2002.). Death-

inducing ligands such as TNFα or the cytotoxic drug doxorubicin have been shown to 

activate an NFκB-dependent program that may rescue cells from apoptosis induction, 

conferring drug resistance (Jeremias et al., 1998). It is widely described that inhibition of 

NFκB transcriptional activity sensitises many tumour cells to death inducing stimuli, 

including therapeutic agents (Romano et al., 2004).  

 

NF-κB activity can be reduced using rapamycin. Rapamycin very specifically binds to 

FKBP51 and inhibits its isomerase activity, which is required for function of the IKK 

kinase complex (Giordano et al., 2006). Therefore, it is reasonable to assume that it 

counteracts NF-κB activation by affecting the IKK cofactor (Giordano et al., 2006). The 

finding that rapamycin reduces the phosphorylating activity of IKK on its IκB (Romano et 

al., 2004) substrate supports this hypothesis.  

 

This inhibition of doxorubicin activated nuclear factor (NF)-κB/Rel nuclear activity has 

been shown by rapamycin; enhancing the apoptosis of melanoma cells and childhood acute 

lymphoblastic leukaemia cells (Romano et al. 2004; Giordano et al., 2006). Rapamycin 

used in combination with doxorubicin has also been shown to reverse doxorubicin 

resistance in prostate cancer cells (Grünwald et al., 2002). For these reasons, evidence of 

NF-κB activation and attenuation were investigated using immunohistochemical staining. 
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5.3.7 Rapamycin and Doxorubicin: Immunohistochemical (IHC) Staining 

5.3.7.1 Untreated Cells 

The NF-κβ mechanism of synergy was investigated using immunohistochemical (IHC) 

staining. For all cells the location of nuclei was confirmed using DAPI staining. Untreated 

cells, with no stimulus for NF-κβ, showed fluorescence labelled NF-κβ mostly in the 

cytoplasm with minimal fluorescence in the nuclei (Figure 5.23). This confirmed that NF-

κβ was mostly in its Iκβ bound and therefore inactive form. The 2° antibody showed no 

indication of non-target binding since no fluorescence was observed when the fixed cells 

were exposed to only this antibody.  

5.3.7.2 Doxorubicin Treated Cells 

In the free doxorubicin treated cells, bright and distinct NF-κβ tagged fluorescence was 

observed in the nuclei of some cells, indicating NF-κβ stimulation (Figure 5.24). The 

activated NF-κβ tended to be on the periphery of a cell population with the unstimulated 

cells in the centre of the cluster. In smaller cell clusters a larger proportion of the cells 

appeared to have fluorescent nuclei (NF-κβ stimulation). 

5.3.7.3 Rapamycin Treated Cells 

The rapamycin treated cells, like doxorubicin seemed to induce NF-κβ activation on the 

periphery of the mass of cells, leaving the NF-κβ in the centrally located cells inactive 

(Figure 5.25) 

5.3.7.4 Rapamycin and Doxorubicin Treated Cells 

The rapamycin and doxorubicin combination did not show any activation or deactivation 

that was dissimilar to either drug alone; again peripheral cell were more frequently NF-κβ 

active than those in the middle of the cell mass (Figure 5.26). 
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Figure 5.23 Two fields of view of untreated HepG2 cells using confocal microscopy. The 
location of NF-κβ is shown in 1A and 2A and the corresponding DAPI stained nuclei can 
bee observed in 1B and 2B. Untreated cells, with no stimulus for NF-κβ, showed 
fluorescence was due to labelled NF-κβ mostly in the cytoplasm with minimal fluorescence 
in the nuclei. This confirmed that NF-κβ was mostly in its Iκβ bound and therefore inactive 
form. [Original in Colour] 

1A 1B 

2A 2B 
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Figure 5.24 Two fields of view of doxorubicin treated HepG2 cells using confocal 
microscopy. The location of NF-κβ is shown in 1A and 2A and the corresponding DAPI 
stained nuclei can bee observed in 1B and 2B. Bright and distinct NF-κβ tag fluorescence 
was observed in the nuclei of some cells, indicating NF-κβ stimulation. [Original in 
Colour] 
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Figure 5.25 Two fields of view of rapamycin treated HepG2 cells using confocal 
microscopy. The location of NF-κβ is shown in 1A and 2A and the corresponding DAPI 
stained nuclei can bee observed in 1B and 2B. Bright and distinct NF-κβ tag fluorescence 
was observed in the nuclei of some cells, indicating NF-κβ stimulation. [Original in 
Colour]
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Figure 5.26: Two field of view of rapamycin and doxorubicin treated HepG2 cells using 
confocal microscopy. The location of NF-κβ is shown in 1A and 2A and the corresponding 
DAPI stained nuclei can bee observed in 1B and 2B. Bright and distinct NF-κβ tag 
fluorescence was observed in the nuclei of some cells, indicating NF-κβ 
stimulation.[Original in Colour] 
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5.3.8 Immunohistochemical (IHC) Staining 

The IHC showed that peripheral cells of a cell mass were more susceptible to NF-κβ 

activation due to the presence of rapamycin or doxorubicin. There was no obvious pattern 

showing greater NF-κβ activity towards a particular drug. The central cells may not have 

been exposed to the drugs, due to the inability of the drugs to penetrate to the centre of the 

cell mass; this was investigated by monitoring the location of doxorubicin. The fluorescent 

capacity of doxorubicin allowed the degree of drug penetration into the cell cluster to be 

observed. Figure 5.27 show the fluorescence of doxorubicin found in all nuclei; indicating 

that the passage of the drugs to the central body of the cells was not inhibited and therefore 

drug transport did not seem to be the reason. A similar study could not be performed with 

rapamycin as it does not fluoresce. 

 

Doxorubicin in the nucleus of unstimulated cells was of a similar intensity to the NF-κβ 

stimulated cells, but this may not necessarily indicate that all cells were exposed to 

doxorubicin for the same time period. If the doxorubicin cell interaction equilibrium was 

quickly established and the amount of doxorubicin in the nucleus was saturated rapidly, 

then the cells with inactive NF-κβ could have been exposed to the drug for a shorter time 

period. It is interesting to note that generally, the stimulated cells appear to have a strong 

doxorubicin band around the nucleus, whereas the unstimulated cells have a more blurred 

edge (Figure 5.28). Whether this a time dependent process is unclear, but it may be a way 

to track the time period for which a cell has been exposed to doxorubicin.  

 
At the concentrations and exposure times studied there were no signs of rapamycin 

blocking NF-κβ activity and offering a mechanism for the synergy observed. This may be 

the mechanism by which synergy occurs (references above), but the time scale or 

concentrations may be different. It can be concluded that NF-κβ activation occurred from 

both rapamycin and doxorubicin after 1 hour exposure to 40 µg each drug, but mostly on 

the periphery of cell groups. Doxorubicin was shown to penetrate to the cell that showed 

no NF-κβ activity so drug transport was not thought to be a reason for inactivation. The 

combination of rapamycin and doxorubicin showed no difference in NF-κβ activation 

compared to either drug alone. 
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Figure 5.27 Field of view of doxorubicin treated HepG2 cells using confocal microscopy. 
The location of NF-κβ is shown in A and the location of doxorubicin is shown in B. 
[Original in Colour] 
 

 

       

     
 
Figure 5.28 Close up on fields of view of HepG2 cells in Figure 5.27. The cells with NF-κβ 
stimulated appear to have a strong doxorubicin band around the nucleus, whereas the 
unstimulated cells have a more blurred edge. [Original in Colour] 
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5.3.9 Rapamycin and Doxorubicin in a Single Microsphere 

Both rapamycin and doxorubicin could be loaded into the same microsphere. The dual 

loaded microspheres, when viewed under a microscope, show both the rapamycin core and 

red tint from doxorubicin (Figure 5.29). This image shows doxorubicin still binds to the 

sulfonate groups on the polymer backbone, whilst rapamycin is precipitated around the 

backbone in the core. The presence of the other drug does not appear to demonstrate a 

significant change in elution profile (Figure 5.30). This confirms that the mechanisms of 

drug elution are different. Doxorubicin has been shown to be an ionic exchange (Gonzalez 

2006), whereas rapamycin appears to be solubility driven (section 5.3.3).  

 

The viability of HepG2 cells was established when exposed to a single dual drug loaded 

microsphere or two individually loaded microspheres. The resulting cell viability showed 

comparable values at all time points whether the drugs were in separate microspheres or a 

single device (Bonferroni corrected Student’s t-test p>0.1 for all time points) (Figure 5.31 

to Figure 5.33); this again supports the observation that the elution is similar whether the 

microspheres are dual loaded or not.  

 

 

 
Figure 5.29 Light micrograph demonstrating rapamycin, doxorubicin and dual loaded DC 
Bead, with edge of dual loaded microsphere expanded. [Original in Colour] 

Rapamycin only Doxorubicin only Dual loaded
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Figure 5.30 Drug elution from rapamycin and doxorubicin dual loaded microspheres (0.5 

mL) into 400 mL PBS. (mean +/- SD; n=3) 
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Figure 5.31 HepG2 cell viabilities after 24 hour exposure to dual loaded microsphere or 
individually loaded equivalent (mean +/- SD, n=4). 
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Figure 5.32 HepG2 cell viabilities after 48 hour exposure to dual loaded microsphere or 
individually loaded equivalent. (mean +/- SD, n=4). 
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Figure 5.33 HepG2 cell viabilities after 72 hour exposure to dual loaded microsphere or 
individually loaded equivalent. (mean +/- SD, n=4). 
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5.3.10 Rapamycin and Doxorubicin Microspheres in Mouse Xenograft Study 

The results from the mouse xenograft study can be seen in Figure 5.34 and Figure 5.35. 

The control mice showed an increase in tumour size over 9 days (day 5 to 14) after which 

the mice were euthanised due to the tumour mass being > 10% of their body mass. Weight 

loss was observed at day 14 and was interpreted as a sign of sickness due to the tumour 

burden. The results show that doxorubicin (25 mg mL-1) in DC Bead reduced the tumour 

size to a minimum of 0.1 cm3 over 13 days (day 18) post injection. After this time point the 

tumour increased in size again. No signs of toxicity due to doxorubicin were observed as 

determined by mouse weight. Rapamycin loaded microspheres (20 mg mL-1) showed no 

change in tumour size over the first 9 days (day 14). A marked increase in tumour size was 

observed after 13 days (day 18). The mice were euthanised following this time point due to 

the tumour mass being > 10% of their body mass. The mice demonstrated a decrease in 

weight at day 14 even though the tumour size remained constant. This suggests that the 

weight decrease may be due to the toxicity of rapamycin; not tumour burden. The weight 

continued to decline at later time points, as the tumour size increased. Rapamycin is 

described as a cytostatic drug and this effect can be seen prior to day 18, where the tumour 

neither increases nor decreases in size. This indicates that the drug is reaching enough cells 

within the tumour to prevent measurable growth. The increase in tumour size at day 18 

may be due to the drug fully eluting from the microspheres and therefore failing to exhibit 

a cytostatic effect. Rapamycin (20 mg mL-1) and doxorubicin (25 mg mL-1) combination 

microspheres reduced the tumour size in a comparable fashion to the doxorubicin-only 

microspheres until day 18. In contrast to rapamycin alone, the drug combination 

microspheres did not show any signs of toxicity. 

 

Dual loaded microspheres did not show any improvement compared to doxorubicin alone 

over the time period observed. Had the study been longer perhaps continued reduction 

would have resulted. However this assumption needs to be tested in future experiments. 

The study did show a reduction in mouse toxicity for combination compared to rapamycin 

loaded microspheres. Rapamycin toxicity has also been noted, as determined by weight in 

rat studies (Whiting et al., 1991). The mechanism for rapamycin toxicity reduction using 

the combination was not determined, but a group has noticed in yeast that elevated 

oxidative stress, a mechanism of doxorubicin activity, modify mTOR complexes and 

prevents rapamycin binding (Davis et al., 2008). This mechanism may be preventing the 
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rapamycin being toxic to the healthy mouse cells. Alternatively the rapamycin and 

doxorubicin molecules may be interacting with each other, preventing some drug action. 
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Figure 5.34 Body weight of nude mice with human pancreatic carcinoma xenograft after 
direct injection of control, doxorubicin loaded DC Beads (25 mg mL-1), rapamycin loaded 
DC Beads (20 mg mL-1)  and dual loaded DC Bead (25 mg mL-1 doxorubicin; 20 mg mL-1 

rapamycin ) (mean +/- SD; n=3) signs of toxicity due to doxorubicin were observed as 
determined by mouse weight. The mice demonstrated a decrease in weight at day 14 even 
though the tumour size remained constant. This suggests that the weight decrease may be 
due to the toxicity of rapamycin; not tumour burden. The weight continued to decline at 
later time points, as the tumour size increased. In contrast to rapamycin alone, the drug 
combination microspheres did not show any signs of toxicity. [Original in Colour] 
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Figure 5.35 Tumour size after direct injection of control, doxorubicin loaded DC Beads 
(25 mg mL-1), rapamycin loaded DC Beads (20 mg mL-1)  and dual loaded DC Bead (25 
mg mL-1 doxorubicin; 20 mg mL-1 rapamycin ) (mean +/- SD; n=3). The control mice 
showed an increase in tumour size over 9 days (day 5 to 14) after which the mice were 
euthanised due to the tumour mass being > 10% of their body mass. Doxorubicin (25 mg 
mL-1) in DC Bead reduced the tumour size to a minimum of 0.1 cm3 over for 13 days (day 
18) post injection. After this time point the tumour increased in size again. Rapamycin is 
described as a cytostatic drug and this effect can be seen prior to day 18, where the tumour 
neither increases nor decreases in size. This indicates that the drug is reaching enough 
cells within the tumour to prevent measurable growth. The increase in tumour size at day 
18 may be due to the drug fully eluting from the microspheres and therefore failing to 
exhibit a cytostatic effect. Rapamycin (20 mg mL-1) and doxorubicin (25 mg mL-1) 
combination microspheres reduced the tumour size in a comparable fashion to the 
doxorubicin-only microspheres until day 18.. [Original in Colour]  
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5.4 Conclusions 

This chapter evaluated some drug combinations using the assay developed in chapter four. 

Combinations of topotecan, irinotecan and doxorubicin eluted from microspheres did not 

show signs of complementary activity at most time points of both cell types. Antagonism 

was shown with topotecan and doxorubicin on hepG2 cells. Some difference between the 

cell type and response to single drugs combinations was observed. The combination of 

doxorubicin and rapamycin was shown to enhance cytotoxicity when compared to either 

drug alone. This was observed at all time points.  

 

It was demonstrated that rapamycin could be loaded into a microsphere and the elution was 

shown to be solubility controlled. It was also shown that doxorubicin and rapamycin could 

be loaded into the same microsphere without affecting the loading or elution profile of the 

other. Rapamycin, a non-ionic drug, showed solubility controlled elution that did not affect 

ion-exchange controlled elution of doxorubicin. The complementary killing efficacy shown 

by the single loaded beads used in combination was also demonstrated when the drugs 

were eluted from the same microsphere. The NF-κβ mechanism of synergy was explored 

using IHC, but NF-κβ activation was not conclusively shown to be different for either drug 

or the combination. 

 

The in vitro results did not show the same effect in the in vivo model and showed a similar 

effect to doxorubicin alone over 21 days. The apparent toxicity of rapamycin alone was 

reduced when compared to the combination. Clearly, the combination has some effect on 

toxicity and perhaps indicates some signs of synergy.  

 

Combining doxorubicin and rapamycin in a delivery device was shown to enhance tumour 

cell death in vitro, but only showed the same reduction in tumour burden as doxorubicin 

alone in vivo. The combination did however, shown reduced systemic toxicity compared to 

rapamycin alone, although this is not a benefit as doxorubicin showed no toxicity alone. It 

would be interesting to repeat the mouse xenograft study with multiple injections to see if  

the tumour burden could be sent into remission faster than doxorubicin alone. 
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6 Conclusions, General Discussion and Future Work 
 

Hydrogel microspheres have been shown to be a viable method of treating tumours on 

several counts. Perhaps one of the most sophisticated is chemoembolisation, where the 

microspheres can act on two fronts; restricting blood supply and locally eluting 

chemotherapeutic to the tumour. This thesis has shown that whilst this technology is well 

established as a technique for cancer therapy, there are still possible improvements to be 

made. In addition, the technology has been shown to be transferable and could be used 

simply as a drug delivery device in other area. With regards to pancreatic cancer, the 

microspheres would need to be delivered to the pancreas. The pancreas is surrounded by 

many other organs which need to be avoided. Dug loaded microspheres could be delivered 

using endoscopic ultrasonography (EUS) guided injection. EUS is a medical procedure in 

which endoscopically directed ultrasound is used to obtain images of the internal organs or 

tumours in the chest and abdomen. It can be used to guide the injection of drugs or 

materials into or around the located tumours. It has been shown that EUS alone (94%) is 

more sensitive than CT scan (69%) and magnetic resonance imaging (83%) for detecting 

pancreatic lesions, especially when they are smaller than 3 cm (Tscucida et al., 2005). A 

phase I trial in 2000, delivered a cyto-implant into the pancreatic tumour using EUS guided 

fine needle injection (FNI) and showed an overall median survival of 13.2 months with a 

range of 4.2 to >36 months (Chang et al., 2000). A recent study performed at 

Massachusetts General Hospital (MGH) used EUS-guided injections to deliver Oncogel (a 

biodegradable gel containing paclitaxel) to the pancreas. The study concluded that EUS-

guided injection of OncoGel into the pancreas showed no evidence of pancreatitis was 

observed. The technique was shown to be a potential option for minimally invasive local 

treatment of unresectable pancreatic cancer (Brugge et al., 2005). 

 

The alginate microspheres did offer similar advantages to current technologies regarding 

drug delivery and deliverability, but also showed the potential to be semi-permanent 

devices. This may not be an advantage when treating late stage HCC, where the treatment 

is currently palliative, but in non-life threatening situations, such as UFE, permanency is 

not desired. Knowledge that the embolic will eventually degrade may bring some 

reassurance to those undergoing an embolisation procedure.  
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The alginate microspheres were shown to perform most of the tasks required of the ideal 

embolisation device (section 1.2.2). The microspheres were shown to be compatible with 

contrast medium which provides the radiopacity that is necessary for embolisation 

procedure. The deliverability and lack of catheter occlusion were demonstrated both in the 

in vitro tests and observed by the radiologists during the sheep embolisation procedure. 

When tested using the Instron apparatus, compressibility was shown to be most similar to 

Bead Block, a successful embolic that is currently used in UFE procedures today. Tissue 

compatibility was demonstrated in the histological analysis of the microspheres, with most 

inflammation attributed to thrombosis from the embolisation effect not the material. The 

non-target occlusion recovery and predictable occlusion were two desired properties of the 

ideal embolic device that were not tested. Predictable occlusion can be inferred from the 

compressibility and delivery data, but was not explicitly shown. Non-target occlusion 

recovery is not offered by any currently available embolic microspheres, but may be 

possible with alginate. Since the crosslinking ion is calcium, a calcium chelator such as 

EDTA or sodium citrate could be injected to scavenge the crosslinker. The fluid dynamics 

may not be suitable for the dissolution of the gel, but would certainly warrant further study. 

 

Some differences between the alginate types were detected regarding the microsphere 

characteristics. The two alginate types tested (high M and high G) showed some slight 

differences in compressibility in vitro. Both showed similar moduli to Bead Block, but M 

microspheres continually showed a lower modulus when compared to G. The differences 

were attributed to the calcium crosslinking interactions with each monomer. The higher 

affinity of calcium for G residues yields stronger crosslinking, which gives the 

microsphere greater resistance to deformation. The weaker bound calcium in an M 

environment consqequently is more deformable due it its weaker crosslinking potential. 

The crosslinking affinity for different monomers also explained the differences in 

degradation in vitro. The M microspheres, for example, eluted more calcium after 4 weeks 

than G, resulting in larger swelling. The M:G ratio is a key element of alginate, which 

affects the rigidity and robustness of the gel and is an important property of alginate when 

considered for medical applications. Both alginate polymers, however, do have a 

significant G monomer count, which may explain why larger differences in compressibility 

were not observed. These differences in compressibility not only have an effect on the 

deliverability of the microspheres through a microcatheter, but also on the depth of 

penetration into the vessel. A highly compressible microsphere such as Contour SE can be 
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pushed further into the vessel over time than a stiffer microsphere such as Embosphere 

(Laurent et al. 2008). The depth of penetration is important, especially with microspheres 

that may degrade. A swollen or degraded microsphere may shift or be pushed further down 

the vascular tree; resulting in unwanted embolisations.  

 

No other model has been reported in the literature that mimics polymer degradation 

specifically for embolisation devices. The in vitro degradation experiments described here 

demonstrated a method for determining the degradation in an embolisation environment. 

Like all in vitro models, it needs refinement to bring it closer to the in vivo situation, but 

the results did detect a difference between the two microspheres. The model can continue 

to be improved through an iterative process that relates the volume of solution that the 

microspheres should be exposed to at various embolisation sites. This could be determined 

to more accurately predict in vivo behaviour. 

 

Future studies building on the data collected here could investigate the effects of more 

extreme M:G ratios on physical properties and degradation, although obtaining these 

samples may be difficult as the material is a biopolymer and is determined by the seaweed 

species. These studies, if achievable, could allow the degradation kinetics to be tuned 

further so that the degradation time could be reduced; allowing for a degradation timeline 

where recanalisation can occur. It is likely that compressibility would be affected so would 

need to be measured as well in such studies. 

 

Alginate microspheres also showed potential as a chemoembolic or direct drug delivery 

device. Alginate microspheres could be loaded with doxorubicin, which eluted in a similar 

fashion to doxorubicin loaded DC Bead. DC Bead is an embolisation device that has 

shown benefits when used as a chemoembolic in high risk patient with HCC compared to 

conventional TACE (Lecioni, 2009). The similarity of the binding and diffusion constants 

confirmed that the profiles were very similar. In addition the in vivo tumour size changes 

were not distinguishable from each other, supporting the similar elution kinetics 

observation. The dose delivery would have been toxic to the mice had it been delivered in 

a free drug form intravenously, however because the drug was eluted slowly at sub toxic 

levels an effect was still observed on tumour size.  
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Aside from showing good handling in a clinical setting, the sheep embolisation study 

showed that the microspheres elicited a negligible surface inflammatory response. This 

was attributed to the ultra-high purity of the alginate. At all time points both microspheres 

were observed post mortem, although some were observed in what appear to degraded 

geometries. Therefore it can be concluded that alginate microspheres are not fully 

degradable in the body within 12 weeks. It could not be established to what extent the 

microspheres degraded, if at all. Some of the difficulties associated with determining 

microsphere degradation were due to the colour of the microspheres being close to that of 

the vessels in which they resided and therefore being indistinguishable from granular 

tissue. Future in vivo work using alginate gel microspheres should use dyed alginate 

microspheres for clarity of analysis, but the dye itself should induce no inflammatory 

response. 

 

Overall the biodegradation dynamics of the alginate microspheres appear to be controlled 

by crosslinker elution and thrombus facilitated inflammatory cellular breakdown. These 

are relatively difficult factors to predict in an embolisation procedure. Variations in 

vascular networks and blood flow will cause the microspheres to be exposed to varying 

degrees of thrombus and blood volumes. This makes the degradation difficult to predict. 

Whilst altering the M:G ratio may allow for some part of the degradation mechanism (loss 

of crosslinker) to be controlled, the unpredictable nature of the vascular network will 

dominate the degradation mechanism. For a predictable degradation, body temperature 

may be a better stimulus for material degradation as this is constant. Ideally such a material 

would not respond to variations in enzyme concentrations or blood flow volumes. 

Biodegradable materials are currently being researched using an array of natural and 

synthetic polymers for a host of medical applications from drug delivery to resorbable 

scaffolds. Research on degradable polymers for medical devices is slower than the 

permanent polymer counterparts as they must fulfil more stringent requirements. In 

addition to potential problems of toxic contaminants from processing, the toxicity of 

degradation products and subsequent metabolites must be determined (Kohn et al., 2004). 

Whilst biopolymers, such as alginate, do present problems of their own such as organism 

dependent chain length / constitution, high molecular weight alginate gel microspheres 

have show promise in the field of semi-permanent embolisation. 
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Improvements in treating tumours with hydrogel microspheres were also indicated when 

DC Bead was loaded with two complementary chemotherapeutic agents. This observation 

was achievable due to the development of a microsphere drug eluting assay. This assay 

showed that unloaded DC Bead was not cytotoxic to the cells and consequently could be 

loaded with drug and used to monitor cell viability as a function of free drug as it eluted 

from the microsphere; in contrast to aliquots of free drug. Other problems, such as drug 

interference, were resolved during the development of the assay. This assay, used as a 

screening study for various drug loading combinations, showed that rapamycin and 

doxorubicin enhanced cell death when used in combination at all time points tested for 

PSN1 and HepG2 cell lines. Other drug combinations showed minimal complementary 

activity or antagonistic effects. 

 

Once established as a viable combination, both rapamycin and doxorubicin were 

successfully loaded into single beads and elution was determined to be the same as for 

individually loaded microspheres. The lack of interference in the elution profile of both 

drugs was attributed to the different elution mechanisms; doxorubicin has previously been 

shown to be ion-exchange, but rapamycin was determined in this thesis to be solubility 

driven. Along with the benefits of combination therapy and localised delivery, the 

combination microsphere would offer advantages to the radiologist as two complementary 

drugs could be administered simply, safely and in a single procedure (Gonzalez, 2006). 

 

The mechanism of synergy between doxorubicin and rapamycin is still being determined in 

the scientific community and efforts were made in this thesis to show whether the NF-κβ 

pathway is responsible for the drug interaction. Activation of the NF-κβ pathway was 

observed for both drugs and in combination. Consequently no conclusions on the 

mechanism could be ascertained. This may be due to the time the cells were exposed to the 

drugs for or concentrations of rapamycin and doxorubicin. Further studies into this 

mechanism could be conducted by investigating these two variables. Although, this is not 

the only possible mechanism through which both drugs could synergise. Often determining 

the mechanism can aid the choice, concentration and ratio of drugs used in combination.  

 

Whilst the combination microsphere showed great promise in vitro, the mouse xenograft 

model did not show greater efficacy than the doxorubicin only loaded microspheres. 

Several cases of rapamycin and doxorubicin synergy have been shown in vitro and 
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doxorubicin and rapamycin have been considered as synergistic for certain cells lines and 

have been successful enough in vivo to warrant clinical trials (Piguet et al., 2008;Romano 

et al. 2004). The therapy has shown such efficacy that recruitment for a phase I clinical 

trial has occurred to assess a soluble rapamycin analogue in combination with pegylated 

liposomal doxorubicin to treat resistant solid malignancies (Picus, 2009) Due to these 

successes, further long term mouse xenograft studies looking at repeat injections or using 

doxorubicin resistant tumours be needed to fully establish whether the combination 

microsphere shows the same effect in vivo before the combination microsphere is 

dismissed as a therapy option. The reduction in toxicity observed in the mouse study 

compared to rapamycin alone shows that the combination is having some effect, although 

the reasons are unclear.  

 

It has been suggested that the effectiveness of drug combinations could be dependent on 

the timing of administration and ratios of the drugs used (Adlard et al. 2001; Cheung et al. 

2006). The ratio of doxorubicin to rapamycin could be optimised to give the maximum 

drug enhancement in future studies. The Chou-Talalaly combination index equation could 

also be used to assess the degree of drug synergy between different rapamycin and 

doxorubicin amounts loaded into the microsphere (Chou, 2006). Using the microsphere 

assay other drug combinations, concentrations and ratios could be easily tested; providing 

they can be loaded into the microsphere. 

 

By building on the success of embolic and drug eluting microspheres, the conclusions 

made within this thesis have shown that hydrogel microspheres can be modified to offer 

more sophisticated ways of treating tumours. Whether microspheres act through direct 

delivery, embolisation or chemoembolisation, the next generation of products could be 

semi-permanent biodegradable devices or combination reservoirs for dual drug delivery. 

However they are utilised, the data in this thesis offers potential improvements in targeted 

drug delivery towards reducing the size and tenacity of malignant tumours. The future 

studies suggested within this chapter could build on the work in this thesis to further 

develop and advance tumour management though more sophisticated medical devices. 
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