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ABSTRACT 
Drug-eluting bead trans-arterial chemo-embolisation (DEB-TACE) is a minimally invasive 

interventional treatment for intermediate stage hepatocellular carcinoma (HCC). Drug 

loaded microspheres, such as DC Bead™ (Biocompatibles UK Ltd) are selectively 

delivered via catheterisation of the hepatic artery into tumour vasculature. The purpose of 

DEB-TACE is to physically embolise tumour-feeding vessels, starving the tumour of 

oxygen and nutrients, whilst releasing drug in a controlled manner. Due to the reduced 

systemic drug exposure, toxicity is greatly reduced. Embolisation-induced ischaemia is 

intended to cause tumour necrosis, however surviving hypoxic cells are known to activate 

hypoxia inducible factor (HIF-1) which leads to the upregulation of several pro-survival and 

pro-angiogenic pathways. This can lead to tumour revascularisation, recurrence and poor 

treatment outcomes, providing a rationale for combining anti-angiogenic agents with TACE 

treatment. Local delivery of these agents via DEBs could provide sustained targeted therapy 

in combination with embolisation, reducing systemic exposure and therefore toxicity 

associated with these drugs. 

This thesis describes for the first time the loading of the DEB DC Bead and the radiopaque 

DC Bead LUMI™ with the tyrosine kinase inhibitor vandetanib. Vandetanib selectively 

inhibits vascular endothelial growth factor receptor 2 (VEGFR2) and epidermal growth 

factor receptor (EGFR), two signalling receptors involved in angiogenesis and HCC 

pathogenesis. Physicochemical properties of vandetanib loaded beads such as maximum 

loading capacity, effect on size, radiopacity and drug distribution were evaluated using 

various analytical techniques. Drug release was characterised using multiple in vitro models 

and compared with other traditional TACE drugs and in vivo pharmacokinetics. A hypoxic 

chamber was used to mimic embolisation induced ischaemia in order to assess the effect of 

hypoxia on the response of both HCC and endothelial cells to vandetanib. Finally, 

vandetanib loaded beads were evaluated in preclinical models of HCC. 

The feasibility and characteristics of loading and release of vandetanib from radiopaque 

DEBs were demonstrated, and the product was shown to meet specifications in terms of 

physical properties, handling and performance. Vandetanib suppresses proliferation and 

induces apoptosis in HCC cells and endothelial cells in vitro, without signs of hypoxia-

induced drug resistance. Vandetanib-eluting beads have been evaluated in pre-clinical 

studies and found to be safe with durable drug release from beads. The data produced in this 

thesis has supported the transition of the product to first-in-human clinical trials. 
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1 CHAPTER ONE: INTRODUCTION 

1.1 Hepatocellular Carcinoma: epidemiology and risk factors 
Primary liver cancer, or hepatocellular carcinoma (HCC), is the 6th most common 

human tumour type worldwide, causing an estimated 746,000 deaths in 2012 [1]. Whilst 

the incidence of many cancer types has been either stable or declining in recent years, 

liver cancer incidence and mortality rose between 2003 and 2012 among American men 

and women [2]. The greatest risk factor for developing HCC is chronic infection with 

hepatitis B and C viruses. The disease is prevalent in eastern Asia and sub-Saharan 

Africa due to high incidence of hepatitis B virus (HBV) infection, alongside exposure to 

aflatoxin, a carcinogenic contaminant found on staple foods of these regions. Incidence 

of HCC in the USA and UK is increasing in parallel with the spread of hepatitis C 

(HCV) infection. Other risk factors include heavy consumption of alcohol leading to 

alcoholic liver disease, smoking tobacco, diabetes, and more rarely, metabolic disorders 

such as Wilson’s disease [3]. The sustained liver damage caused by these factors can 

lead to cirrhosis over time. The exact molecular mechanism by which these risk factors 

lead to HCC remains only partly understood, however the presence of cirrhosis in the 

liver is strongly linked to the development of cancer; an established background of liver 

disease is present within 70-90% of HCC patients [4]. Prevention of cirrhosis caused by 

hepatitis viruses using antiviral therapy can in turn prevent the onset of HCC, however 

once cirrhosis is established, the use of antivirals has no effect on HCC development 

[5]. 

1.2 The liver in health and disease 
The liver is a large, heterogeneous organ that provides a multitude of essential functions 

to the human body, including the uptake and metabolism or storage of proteins, amino 

acids, carbohydrates, lipids, vitamins, cholesterol, and bile acids [6]. It receives a dual 

blood supply from the hepatic artery and portal vein, whose arterioles and venules along 

with bile ducts feed into hexagonal lobules (Figure 1.1) [7]. Liver tissue is comprised of 

many cell types, of which the majority are hepatocytes, providing most of the liver's 

functionality. Hepatocytes are separated from the various ducts and blood vessels by 

specialised sinusoidal endothelial cells (SEC) that filter incoming blood with the help of 

small pores named fenestrae. Other biologically important cell types include phagocytic 
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Kuppfer cells, biliary epithelial cells, and hepatic stellate cells (HSC). Both SEC and 

HSC are known to play major roles in liver pathology, including cirrhosis [8].  

Figure 1.1 Anatomy of the liver. A) Gross anatomy showing dual blood supply. 
B) Histological view of a sinusoid. Multiple sinusoids form a hexagonal lobule 
that drains into the central vein. Adapted from Cancer Research UK/Wikimedia 
commons; Frevert et al. (2005) [9] under creative commons license. 
https://creativecommons.org/licenses/by/2.5/legalcode Original in colour. 

A 

B 

Lobule 

https://creativecommons.org/licenses/by/2.5/legalcode
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1.2.1 Cirrhosis 
Cirrhosis is an often irreversible scarring of the liver tissue as a result of sustained liver 

damage, due to excessive alcohol intake, viral hepatitis infection, non-alcoholic 

steatohepatitis (NASH), aflatoxin exposure or certain genetic disorders. Activation of 

HSC induces fibrosis, which in turn leads to reduced liver function as a consequence of 

architectural distortion and decreased hepatocellular mass [10]. The continued cycles of 

liver damage and repair increases the likelihood that a cancer causing mutation will 

arise. Cirrhosis is present in 80-90% of HCC cases, although the relative risk of 

developing HCC depends on the underlying cause of the cirrhosis [11]. Screening of 

cirrhotic patients is therefore critical in the early detection of HCC and the best chance 

of administering curative therapy. 

1.2.2 Mechanisms of hepatocarcinogenesis 
Several signalling pathways have been implicated in the pathogenesis of HCC. In a 

summary by Whittaker and colleagues, growth factor mediated angiogenic signalling, 

the mitogen-activated protein kinase (MAPK) pathway, the mechanistic target of 

rapamycin (mTOR) pathway and the Wnt/β-catenin pathway are among the major 

players identified [12]. Of these, there has been a great deal of interest in angiogenic 

factors such as vascular endothelial growth factor (VEGF) and epidermal growth factor 

(EGF) and the pathways they stimulate as potential therapeutic targets for many tumour 

types [13, 14]. 

1.2.3 Angiogenesis 
Angiogenesis is the process of formation of new blood vessels from cellular elements of 

pre-existing vessels. All mammalian cells require access to the vascular network for 

delivery of oxygen, nutrients and the removal of metabolic wastes. As such, the 

maximum distance between a healthy cell and a blood vessel is 200 μm – limited by the 

diffusion distance of oxygen [15]. Tumours too require a supply of oxygen to sustain 

neoplastic growth, however the speed of this growth is often greater than the rate at 

which cells can effectively respond to the need for oxygen and induce angiogenesis. 

Heterogeneous regions of hypoxia are common within solid tumours, which poses a 

challenge in terms of treatment as hypoxia confers a resistance to radiotherapy and 

chemotherapy and can promote the survival of aggressive phenotypes [16]. 

Tumour cells respond to hypoxia by activating a family of transcription factors known 

as hypoxia inducible factors (HIF). HIF is a highly conserved, heterodimeric DNA 



4 
 

binding protein, consisting of two subunits, α and β [17]. The activity of HIF is 

regulated by levels of the HIF-α subunit. Three isoforms of HIF-α have been identified 

in mammals, of which HIF-1α is the best characterised. HIF-1α is constitutively 

expressed, but is subject to oxygen-dependent hydroxylation and ubiquitination that 

leads to its degradation in the proteasome. In the absence of sufficient oxygen, HIF-1α 

is stabilised, and translocates to the nucleus where it becomes transcriptionally active. 

Along with other members of the HIF family, HIF1-α is responsible for the regulation 

of over half of the hundreds of genes that respond to hypoxia [18]. 

 

Figure 1.2 The VEGF pathway. Reproduced with permission from Hoeben et al. 
(2004). 

VEGF is one of the genes influenced by HIF-1α. It encodes a family of pro-angiogenic 

factors, of which VEGF-A is the most important. VEGF-A is a heparin-binding 

homodimeric glycoprotein, which binds to specific tyrosine kinase receptors, VEGFR-

1, VEGFR-2 and VEGFR-3 (Figure 1.2). Binding of VEGF to VEGFR-2 results in the 

autophosphorylation of tyrosine residues, creating binding sites for additional proteins, 

including phospholipase C (PLCγ1). This leads to the activation of protein kinase C, 

which in turn activates Ras. The Ras/Raf/MEK/Erk pathway leads to activation of 

transcription factors involved in increasing cell proliferation. VEGFR-2 

phosphorylation also leads to the activation of the Akt/PKB pathway, promoting cell 
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survival and permeability, and the MAPK pathway, leading to increased cell migration 

[15].  

With pathological angiogenesis playing an important role in cancer, a concentrated 

research effort into anti-angiogenic therapy has yielded the discovery of several agents 

which have proven efficacious in clinical trials (Table 1.1). The rationale for this type of 

approach in the context of HCC has been justified with several studies looking into the 

expression of VEGF, EGF and their receptors in liver tumours. VEGF has been shown 

to be expressed in human HCC cell lines, and the expression is significantly increased 

in hypoxic conditions [19]. Furthermore, liver expression of VEGF mRNA was found 

to be increased in HCC compared to other liver diseases, and in cancerous tissue 

compared to extra-tumoural tissue [20].  

Table 1.1 Examples of currently approved cancer therapies targeting the 
VEGFR pathway 

Drug name Approved indications Mechanism of action 

Bevacizumab (Avastin®) Metastatic colorectal cancer, 
non-small cell lung cancer 

Monoclonal antibody: 
Binding to VEGF 

Sorafenib (Nexavar®) 
 

Unresectable HCC, advanced 
renal cell carcinoma 

Inhibition of VEGFR, Platelet 
derived growth factor 
(PDGFR), Raf kinases 

Sunitinib (Sutent®) 
 

Advanced renal cell 
carcinoma, gastrointestinal 

stromal tumour 

Inhibition of VEGFR, 
PDGFR, c-KIT 

Vandetanib (Caprelsa®) 
 Medullary thyroid cancer Inhibition of VEGFR-2, 

EGFR, RET proto-oncogene 

1.2.4 The EGFR pathway 
EGF and its receptor EGFR are overexpressed in several cancer types, including HCC 

[21], which is associated with a poor prognosis [22]. Binding of ligands to EGFR causes 

homo-dimerisation or hetero-dimerisation of the receptor followed by tyrosine trans-

phosphorylation of the receptor subunits. This allows binding of proteins via their Src 

homology 2 (SH2) domains, which in turn induces downstream signalling pathways 

involved in the stimulation of cell growth, proliferation, survival and differentiation. 

Increases in cell proliferation and survival are mediated by the RAS/ERK pathway and 

the PI3 kinase/AKT pathway, which lead to the activation of proteins that facilitate 

mitosis and protein synthesis, as well as increased expression of inhibitor of apoptosis 

proteins (IAPs) [23]. Stimulation of HCC cell lines with EGF has been shown to 

increase their proliferative ability and invasive properties [22]. 
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Whilst EGFR mutations are common in non-small cell lung cancer (NSCLC) and may 

confer susceptibility to EGFR inhibitors [24], such mutations are rare in HCC [25, 26]. 

The EGFR inhibitors erlotinib and gefitinib have been evaluated in human HCC cell 

lines, inducing growth inhibition, cell cycle arrest and apoptosis, possibly as a 

consequence of ERK1/2 and AKT inhibition and suppression of anti-apoptotic proteins 

Bcl-2 and Bcl-X(L) [27-29].  

1.2.5 Physiology of liver tumours 
Primary HCCs are heterogeneous, and often poorly differentiated. They may be 

massive, multinodular, diffuse, or pedunculated in macroscopic appearance. Whilst 

variations in tumour histology do not usually offer a prognostic indication, 

microvascular infiltration is highly predictive of a poor outcome [16]. HCCs are usually 

asymptomatic until the tumour has grown to a significant size in terms of available 

treatment options. There are several staging systems available for assessing the stage of 

HCC progression and guiding potential therapeutic approaches, usually named after 

their place of origin, for example Cancer of the Liver Italian Program (CLIP), Hong 

Kong Liver Cancer (HKLC) or The Barcelona Clinic for Liver Cancer (BCLC). Whilst 

there is ongoing debate as to which of these provides the most accurate staging in terms 

of prognosis and suitability of the indicated treatment, the BCLC system (Figure 1.3) is 

the most widely used [30]. It integrates elements of the Child-Turcotte-Pugh (CTP) 

score, a measure of the degree of liver dysfunction based on biochemical and clinical 

markers, and the Okuda system, which takes into account tumour size. 

Whilst early-stage HCCs may respond well to surgical resection, orthotopic liver 

transplantation (OLT) or percutaneous ablation, intermediate to advanced stage HCC is 

much more difficult to treat. The BCLC system here recommends a shift towards more 

palliative treatments, aimed at decreasing tumour burden and prolonging survival of the 

patient (Figure 1.3). 
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1.3 Treatment for intermediate unresectable HCC: TACE 
Trans-arterial (chemo)-embolisation (TA(C)E) is a technique commonly used to treat 

unresectable HCC. It is an image-guided procedure in which an interventional 

radiologist injects a chemotherapeutic agent along with an embolic material via the 

hepatic artery to the blood vessels feeding the liver tumour, blocking off its blood 

supply and delivering a targeted dose of drug to the tumour site (Figure 1.4). The 

benefits to this treatment are many-fold, exploiting the fact that many liver tumours are 

hypervascular [31], yet embolization of the blood vessels supplying them does not 

damage the healthy tissue thanks to the liver’s dual blood supply. Up to 90% of HCC 

tumours are supplied by the hepatic artery [32, 33]. TACE can be performed by infusing 

a mixture of ethiodised oil (Lipiodol®) and chemotherapeutic drug followed by embolic 

particles such as poly(vinyl alcohol) (PVA) fragments or gelfoam, however more 

recently TACE using specifically designed Drug-eluting Beads (DEB) has become a 

popular treatment choice. DEB are size calibrated particles, usually spherical, capable of 

HCC 

Very early stage 
Single HCC <2cm, 
carcinoma in situ 

  

Early stage 
1 HCC or 3 nodules 
<3cm, PS 0 

Intermediate stage: 
Multinodular, no 

PVT, PS 0 

Advanced stage: 
Metastases, PVI, 

PS 0-2 

Terminal stage 

1 HCC 3 nodules <3cm 

Portal pressure, 
bilirubin 

Contraindication 
to transplant 

Normal No Yes 

Increased 

Resection OLT PEI/RFA TACE Sorafenib Symptomatic 

treatment 

Curative treatments Palliative treatments 

Figure 1.3 The Barcelona Clinic for Liver Cancer Staging System / treatment 
algorithm. PS = performance status; PVT = portal vein thrombosis; PVI = portal 
vein invasion; OLT = orthotopic liver transplant; PEI = percutaneous ethanol 
infusion; RFA = radiofrequency ablation; TACE = Transarterial 
chemoembolization. 
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incorporating chemotherapeutic drugs either mechanically or by ionic interaction, and 

of releasing the drug in a sustained, local manner once delivered to the tumour. This 

allows embolisation and drug delivery in a single step, with reduced systemic toxicity 

[34].  

Table 1.2 lists a selection of drug-loadable microsphere products currently available in 

Europe for the treatment of hypervascular tumours (HCC or liver metastases). These 

microspheres are non-absorbable, permanent medical devices, therefore they must be 

composed of biocompatible materials, which should be somewhat compressible (low 

elastic modulus) in order to facilitate delivery of the product through microcatheters. 

The size range of the microsphere can be selected based on the diameter of the vessel to 

be embolised. Microspheres are supplied unloaded or “bland”, allowing the physician 

the choice of performing embolisation without drugs or loading their choice of drug into 

the beads (most commonly doxorubicin for HCC or irinotecan for colorectal carcinoma 

liver metastases) [35].  

 

 

Figure 1.4 Schematic of TACE using Drug-eluting Beads. Reproduced with 
permission from Biocompatibles UK Ltd. Original in colour. 
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Table 1.2 Composition and properties of drug-eluting embolic microspheres on 
the market in Europe.  

 

DC Bead®, a DEB manufactured by Biocompatibles UK Ltd, are microspheres 

composed of a PVA hydrogel, with size ranges available from 70 – 700 μm. The 

hydrogel is modified to contain negatively charged sulfonate groups, which allow the 

beads to be ‘loaded’ by forming interactions with oppositely-charged drugs, for 

example the hydrochloride salts of doxorubicin or irinotecan [39]. These interactions are 

strong enough so that the drug will not be released from the bead in de-ionised water, 

Product Name 
(Manufacturer) 

Composition Sizes (µm) Specific properties 

Embozene 
Tandem (Boston 
Scientific 
Coroporation) 

Drug-loadable 
microspheres, 
HydroGel core 
with Polyzene-F 
coating 

40, 75, 100 
Tightly size 
calibrated. 9% 
size decrease 
after dox loading 
[36] 

50mg/ml dox/iri loading 
capacity 
 

HepaSphere 
Microspheres 
(Merit Medical 
Systems, Inc.) 

Sodium acrylate 
alcohol 
copolymer,  drug-
eluting 
microspheres 

30–60 (120–240 
reconstituted*), 
50–100 (200–
400), 100–150 
(400–600), 150–
200 (600–800) 

*Dry microspheres swell 
4x after reconstitution 
(drug solution or saline) 
Loads 75mg dox per vial 
(25mg microspheres). 
Irregular appearance after 
loading [36]. 
Elastic modulus 9.64 ± 
2.46 kPa [37] 

LifePearl (Terumo 
Europe) 

Polyethylene 
glycol drug-
eluting 
microspheres 

100, 200, 400 
24% size decrease 
after dox loading 
[36] 

37.5mg/mL dox, 50mg/mL 
iri loading capacity 
 

DC Bead 
(Biocompatibles 
UK Ltd.) 

PVA hydrogel 
microspheres 

70-150, 100–300, 
300–500, 500–
700 
20% size decrease 
after dox loading 
[36] 

37.5mg/mL dox, 50mg/mL 
iri loading capacity 
Elastic modulus 0.58 ± 
0.21 MPa [38] 

DC Bead LUMI 
(Biocompatibles 
UK Ltd.) 

Iodinated PVA 
hydrogel 
microspheres 

70-150, 100-300 
No significant size 
change after drug 
loading [38] 

X-ray visible 
37.5mg/mL dox, 50mg/mL 
iri loading (recommended 
doses) 
Elastic modulus 28.8 ± 2.8 
MPa [38] 
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however in the presence of ions (for example blood and tissue) an ion exchange 

mechanism allows the drug to exit the bead slowly. This allows for a targeted 

combination of ischaemia caused by the occlusion of the blood vessels and a controlled 

and sustained dose of cytotoxic drug as it elutes from the bead, helping to control 

tumour growth. 

In the PRECISION V trial, DEB-TACE has shown a benefit over conventional TACE 

in terms of improved objective response in patients with Child-Pugh class B bilobar 

disease and recurrent disease [40]. Additionally, due to the beads’ efficiency in 

sequestering doxorubicin from solution and the subsequent slow release, the amount of 

drug reaching circulation is reduced. This leads to significant reductions in serious liver 

toxicity compared to conventional TACE, with significantly increased local drug 

concentrations at the tumour site [41]. However, tumour regrowth after treatment 

remains an issue. The hypoxia caused by embolisation induces an angiogenic response, 

encouraging the revascularisation of tumours and a possible gain in metastatic potential 

[42]. 

In studies conducted in both animal models and human HCC patients, increased HIF-1α 

levels in plasma and in liver tumour tissue samples have been reported following TACE 

treatment. This is thought to be a consequence of embolisation-induced hypoxia [43, 

44]. A study on HCC treated by TACE [45] identified an increased proliferation of 

endothelial and tumour cells correlated with ischaemic necrosis. Increased levels of 

VEGF in both liver tumours and plasma samples after TACE treatment has been widely 

documented [43, 46, 47]. Elevated levels of VEGF in plasma post-TACE are associated 

with the development of metastases [48], as well as other adverse prognostic outcomes 

such as poor treatment response and shorter survival times [49-51]. 

In terms of systemic treatment, conventional cytotoxic drugs such as doxorubicin have 

shown little effectiveness in the treatment of HCC [52]. Attention has been focussed 

therefore on the development of targeted drug therapies that specifically interfere with 

molecular processes implicated in the disease [53]. At present, the only targeted drug 

therapy approved for HCC is sorafenib, a multi-targeted tyrosine kinase inhibitor. Its 

primary mechanism of action is via the inhibition of VEGFR, and consequent disruption 

of angiogenic processes in the tumour. Sorafenib has shown significant benefits to 

progression free survival (PFS) and overall survival (OS) compared to placebo in 



11 
 

clinical trials [54]. Several other small molecule tyrosine kinase inhibitors are currently 

under investigation as systemic treatments for HCC. Similarly, monoclonal antibodies 

targeted against VEGF are being evaluated as treatment candidates [55]. However, the 

use of these agents is associated with some significant toxicity, including an increased 

risk of haemorrhage [56]. 

It is perhaps unsurprising that the combination of TACE with targeted therapies, 

specifically anti-angiogenic drugs, is being evaluated by several groups [57-60]. Its 

prospective benefits come from the evidence that TACE induces a strong hypoxic 

response, including an upregulation of angiogenic factors such as VEGF. Research 

indicates that this effect can take place within a few hours after a procedure [61]. 

Concurrent or post-treatment administration of anti-angiogenic drugs could counteract 

this surge of VEGF, in theory slowing down the re-vascularisation process and 

improving treatment outcomes. 

At present, the angiogenesis inhibitors are administered orally to give a systemic 

therapy. There has been some discussion as to the optimal timing of systemic therapy in 

relation to the TACE procedure. In a study where sorafenib was given 1-3 months after 

TACE, there was no significant improvement to survival, whereas the results of a phase 

2 trial where sorafenib treatment was delivered sooner after TACE (1 week) response 

rates were improved [62]. Recently, results of an exploratory phase 2 trial again 

examining the combination of sorafenib with TACE have been published (the SPACE 

trial). Oral sorafenib treatment or placebo started on day 1, and DEB-TACE with 

doxorubicin loaded beads (DEBDOX) was performed 3–7 days later. There was no 

difference in the primary endpoint of median time to progression (TTP), however the 

authors noted that duration of sorafenib treatment in this setting may be critical to 

improving treatment outcomes, as subgroup analysis saw a link between longer 

sorafenib treatment and improved TTP [63, 64]. Observations from the GIDEON 

registry (Global Investigation of Therapeutic Decisions in Hepatocellular Carcinoma 

and of Treatment with Sorafenib), a prospective, observational study, have shown a link 

between improved response and having TACE and sorafenib concurrently, compared 

with separately [65]. A future randomised trial of TACE plus sorafenib administered 

continuously versus sequentially will help to validate these findings, but evidence 

suggests that anti-angiogenic therapy delivered via DEBs could provide the benefits of 
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the combination therapy in the optimal timeframe whilst reducing toxicity that can 

cause some clinical trial patients to discontinue treatment. 

1.4 Novel DEB platforms: radio-opaque beads 
Radiopacity (or radiodensity) refers to the absorption of x-rays by elements, and is 

related to the density and atomic number of the element – heavier atoms absorb more x-

rays. Contrast agents incorporating the radiodense atoms iodine or barium are 

commonly used in medical imaging to provide contrast in x-ray or CT scans, to 

visualise vasculature for example. DEB-TACE is an image guided procedure, in which 

interventional radiologists employ the use of a non-ionic iodinated contrast agent to 

visualise the blood vessels feeding the tumour, and give an indication of the endpoint of 

angiographic stasis. However, the embolic microspheres themselves are not visible 

under x-ray, meaning the exact delivery site and embolic endpoint cannot be completely 

visualised, something that had been identified as a limitation by physicians carrying out 

TACE procedures. This motivated the development of inherently radiopaque embolic 

materials by a number of methods: adsorption of Lipiodol (an ethiodised oil commonly 

used as a contrast agent in cTACE) into beads [66, 67], precipitation of radiopaque 

substances within a polymer matrix [68], and covalent attachment of iodinated species 

[69].   

Biocompatibles UK Ltd has developed a radiopaque version of the existing DC Bead 

platform, marketed as DC Bead LUMI® (LC Bead LUMI® in the USA) which at the 

time of writing is approved in Europe, Canada and the US for intra-arterial embolisation 

treatment of liver tumours. After the PVA microspheres are synthesised, they undergo 

an acetylation reaction with a triiodonated benzyl moiety [70]. This renders the beads 

inherently radiopaque, meaning intra- and post-procedural imaging feedback is made 

possible. This could lead to improvements in delivery and post-procedure follow-up and 

reduce the risk of off-target embolisation. 

The addition of the iodinated moiety also alters the properties of the beads in terms of 

their capacity to load drugs [38]. The increased solid content of the bead leads to a 

higher density of binding sites that has been shown to significantly increase the loading 

capacity of DC Bead LUMI with doxorubicin and irinotecan, compared with DC Bead.  

This gives the possibility of achieving higher intratumoral doses alongside imageability, 
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making DC Bead LUMI an attractive platform in the development of novel drug-eluting 

devices for TACE.   

1.5 Towards development of an anti-angiogenic DEB – drug 
candidate selection 

 Small molecule multi-tyrosine kinase inhibitors have attracted a lot of interest recently, 

given the approval of sorafenib (Nexavar®, Bayer-Onyx) for the treatment of HCC. 

Table 1.3 outlines a selection from a broad list of options that have been considered for 

mTKI loading into DEBs, taking into account drug structure, properties and mode of 

action. 

Sorafenib drug-eluting peptide nanocomposites [71] and poly(lactide-co-glycolide) 

microspheres [72, 73], both with magnetic resonance imaging (MRI) capability have 

been described for intra-arterial delivery to treat HCC. Poly(D,L-lactic acid) 

microspheres have also been prepared and loaded with either sorafenib or together with 

cisplatin and showed that the drug combination had a faster release rate [74] and was 

more efficacious in cell assays [75] compared to either drug alone. Lahti et al. (2015, 

2017) described the off-label loading of LC Bead with both sorafenib [76] and sunitinib 

[77] but both processes were inefficient. Fuchs et al. (2015) have reported on a much 

more comprehensive appraisal of sunitinib loading into DC Bead [78], correlation of in 

vitro release with in vivo pharmacokinetics [79] and evaluation of anti-tumour effects in 

a rabbit VX2 embolisation model [80]. Whilst these studies show great promise and 

demonstrate feasibility for the locoregional delivery of mTKIs from DEBs, concerns 

remain over the severe toxicity of sunitinib in the liver [81] and alternative suitable 

mTKI candidates have been sought. 

Table 1.3 Selection of mTKIs and their mode of action and properties 
(*information sourced from www.drugbank.ca or individual drug FDA labels) 

Compound Mode of Action  Properties* 

Axitinib 
Potent VEGF inhibitor, inhibits breast cancer 
growth, prevents neoangiogenesis in 9L 
tumours, activity in refractory met renal cell 

DMSO + DMF soluble 
Solubility of over 0.2 μg/mL in aq 
media with a pH 1.1-7.8, pKa 4.8 

Bosutinib 
Active inhibitor of Bcr-Abl, inhibits tumour cell 
growth, angiogenesis, growth factor 
expression 

DMSO + EtOH soluble, poorly 
water soluble 
Basic pKas 8.04, 4.80, 3.77 

Canertinib 
diHCl 

Potent pan-erbB tyrosine kinase inhibitor, 
irreversible TK inhibitor, radiosensitiser 

10 mg/mL water solubility, 
DMSO ≥ 5.6 mg/mL, logPc 3.05 

Dasatinib 
 

SRC and BCR/ABL tyrosine kinase inhibitor, Lyn 
& Src kinase inhibitor 

Very poorly water soluble 
(0.0128 mg/mL), pKas 3.1, 6.8, log 
P 1.8 



14 
 

Compound Mode of Action  Properties* 

Dovitinib 
mTKI of fibroblast growth factor receptor 
(FGFR) 3, inhibits tumour growth in xenograft 
models of colon cancer 

DMSO soluble, poorly EtOH 
soluble 

Erlotinib 
HCl 
 

Targets EGFR TK, potent inhibitor of JAK2-
V617F. “Tarceva” approved for NSCLC, 
pancreatic and others 

Slight water and methanol 
solubility, pKa 5.42, logP 2.7 

Gefitinib 
 EGFR TK inhibitor. “Iressa” approved for NSCLC 

Solubility 0.027 mg/mL, sparingly 
water soluble at pH3, pKas 5.4, 
7.2, logP 3.2 

Imatinib 
methane-
sulfonate 
 

Inhibits particular TK enzymes, used to 
decrease bcr-abl TK activity. Gleevec®, 
indicated for chronic myelogenous leukemia, 
GI stromal tumours 

DMSO and water soluble, poorly 
EtOH soluble, logP 3 

Lapatinib 
toluene- 
sulfonate 
 

EGFR and HER2/neu dual TK inhibitor, potent 
EGFR kinase inhibitor, can restore tamoxifen 
sensitivity. “Tykerb®” for advanced  met 
breast cancer 

Poorly water soluble (0.0223 
mg/mL), DMSO soluble, logP 5.4 

Nilotinib 
 

Selective BCR-ABL inhibitor and of 
proliferation of haematopoietic cells in CML 
and ALL. TK inhibitor Ph I in CML “Tasigna®” 

Poorly water (0.00201 mg/mL) 
and poorly EtOH soluble, DMSO 
soluble, logPc 4.51 

Pazopanib Selective multi-targeted TK inhibitor, targets 
VEGFR, PDGFR and c-kit 

Limited solubility in warm DMSO, 
poorly water soluble (0.0433 
mg/mL) logPc 3.59 

Sorafenib 
toluene-
sulfonate 
 

Biaryl urea inhibits ERK pathway and 
angiogenesis by targeting VERGFR-2 and 
PDGRF-b. “Nexavar®” approved renal cell 
carcinoma and HCC 

Poorly water (0.00171 mg/mL) 
and EtOH soluble, DMSO soluble, 
log P 3.8 

Sunitinib 
Malate 
 

Selective inhibitors of MTKs, inhibits FLT3-ITD 
phosphorylation, CSF-1 rK. 
“Sutent®” for renal cell carcinoma 

Water soluble at pH 1.2-6.8, 
fluorescent, weak base pKa 8.95, 
logP 5.2 

Vandetanib 
 

VEGFR-dependent tumor angiogensis 
inhibitor, EGFR & RET-dependent proliferation 
inhibitor. “Zactima®” for follicular, medullary, 
anaplastic, adv/met papillary thyroid cancer 

DMSO soluble, poorly water 
soluble (0.008 mg/mL), soluble at 
lower pHs, logPc 5.01 

Vatalanib 
DiHCl 

Selective inhibitor for VEGFR-1&2 TK+ PDGFR-
b, c-KIT & c-FMS 

Water soluble (10 mg/mL), 
DMSO soluble (85 mg/mL) 

 

1.5.1 Vandetanib 
When selecting a targeted agent for evaluation in a DEB product, vandetanib, developed 

by AstraZeneca, emerged as a candidate following technical and in vivo feasibility 

studies in collaboration with Biocompatibles. As a novel multiple tyrosine kinase 

inhibitor (mTKI), vandetanib has a desirable pharmacological profile, targeting two 

known pathways implicated in liver cancer: VEGFR and EGFR.  
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The molecule, an orally bioavailable 4-anilinoquinazoline, has at least one positively 

charged amine group at physiological pH which enables its interaction with the 

negatively charged sulfonate group within DC Bead (Figure 1.5). Vandetanib has a long 

half-life of 19 days [82], which is a benefit for sustained local delivery. Furthermore, 

vandetanib exposure is unaffected in patients with mild to severe hepatic impairment 

and the drug is well tolerated in these patients, meaning it is suitable for patients with 

liver damage which often accompanies HCC [83]. 

1.5.1.1 Mechanism of action 
Vandetanib selectively inhibits vascular endothelial growth factor receptor 2 (VEGFR-

2), epidermal growth factor receptor (EGFR), and rearranged during transfection (RET) 

tyrosine kinase (Figure 1.6) [82]. Vandetanib forms key hydrogen bonds with the ATP 

binding pocket competitively displacing ATP, and interacts with an adjacent 

hydrophobic pocket that also provides potency and selectivity.  As a consequence target 

kinase activity and downstream signalling is inhibited [84].  

Vandetanib is considered to be an angiogenesis inhibitor, given its activity in the VEGF 

pathway, interrupting key processes required for formation of blood vessels such as 

endothelial cell migration and proliferation. EGFR is also implicated in angiogenesis, 

and has been identified as an oncogene owing to its involvement in cell proliferation, 

inhibition of apoptosis, migration, adhesion and invasion [85]. The RET proto-oncogene 

encodes a tyrosine kinase protein, which is necessary for correct development of the 

nervous system and kidneys. Mutations in RET that cause the protein to be 

constitutively active can lead to neuroendocrine tumours, of which medullary thyroid 

cancer is the most common [86]. 

Figure 1.5 The chemical structure of vandetanib. 
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1.5.1.2 In vitro and in vivo evaluation in hepatocellular carcinoma 
Vandetanib potently inhibits VEGF EGF and bFGF-stimulated endothelial cell 

proliferation in vitro, as well as endothelial tubule formation [84, 87, 88]. Vandetanib 

also inhibits the proliferation of a range of HCC cell lines in vitro, including HepG2 

cells, and induces apoptosis as determined by cell cycle analysis. Furthermore, it has 

been demonstrated to inhibit the migration and invasion of HCC cells, which could have 

implications in preventing metastasis [27, 87]. 

Inoue et al. (2012) investigated the effects of vandetanib on tumour progression and 

survival in mice bearing liver tumours [87]. Vandetanib treatment not only significantly 

Figure 1.6 Mechanism of action of vandetanib. Vandetanib potently inhibits 
(solid line) VEGFR-2 and also has been shown to inhibit, with lower affinity 
(dashed lines) VEGFR-3 and EGFR. 
Abbreviations: EGFR, epidermal growth factor receptor; MAPK, mitogen-
activated protein kinase; MEK, MAPK/extracellular signal–related kinase 
kinase; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3 
kinase; PKC, protein kinase C; VEGFR, vascular endothelial growth factor 
receptor. Reproduced with permission from Morabito et al., 2009. Original in 
colour. 
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suppressed tumour growth and tumour vascularity in a dose dependent manner, but also 

seemed to have an inhibitory effect on intrahepatic metastasis, with drug treated mice 

having significantly fewer tumour nodules compared to control mice. Tumour bearing 

mice receiving 75 mg/kg vandetanib treatment had a significantly prolonged survival 

time compared to control, however all mice eventually perished as a result of tumour 

growth [87].  

Recently, vandetanib-complexed biodegradable nanoparticles have been described [89] 

which showed in vitro activity against human umbilical vein endothlial cells 

(HUVECs). The nanoparticles were conjugated with a tumour-homing peptide motif 

and more effectively inhibited growth of HCC xenografts when given intravenously, as 

compared with oral vandetanib at 30 mg/kg. This work demonstrated the potential for 

improved outcomes using targeted delivery of vandetanib, which could potentially be 

augmented when combined with the embolic effect of DEBs. 

Vandetanib is currently approved for the treatment of advanced medullary thyroid 

cancer, however clinical trials have taken place to assess its efficacy in other cancer 

types such as NSCLC, breast cancer, kidney cancer and HCC [90-92]. In a randomised, 

phase II, double-blind, placebo-controlled study, the efficacy and safety of vandetanib 

in patients with unresectable advanced HCC was evaluated. Whilst there was no 

statistically significant difference in tumour stabilisation rate (total of complete 

response, partial response and stable disease rates after 16 weeks), there was a 

suggestion of improvement in progression –free survival (PFS) and overall survival 

(OS) [93]. 

Common adverse events associated with the oral delivery of vandetanib include 

diarrhoea and rash, which can occasionally be severe. Prolongation of the QT interval 

(alteration in cardiac rhythm) has also been observed [94]. Significant side effects limit 

the oral use of vandetanib in cancer treatment, however local delivery of vandetanib via 

DEB could reduce the concentration of vandetanib in the plasma, thereby minimising 

the associated risks. Biocompatibles UK Ltd have carried out preliminary feasibility 

studies using vandetanib-loaded DC Bead in a rabbit VX2 liver cancer model [95]. 

Compared to rabbits treated with oral vandetanib, the concentration of the drug in the 

plasma of rabbits treated with vandetanib-eluting beads was significantly reduced 
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throughout the duration of the experiment. This was coupled with an equivalent anti-

tumour effect to both oral drug and doxorubicin-eluting beads (Figure 1.7).  

Furthermore, histological analysis of vandetanib-bead treated liver showed that the 

region of necrosis extended outside the tumour capsule. This is a result not previously 

seen with DEBDOX, but has been observed with DC Bead loaded with sunitinib, 
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Figure 1.7 Results of a feasibility study of vandetanib-loaded DC Bead in 
rabbits bearing VX2 liver tumours. A) Vandetanib plasma concentrations in 
animals given oral vandetanib vs vandetanib beads. B) Average proportions of 
viable (pink), necrotic (grey) or fibrotic (black) tumour in each treatment 
group. DCV= vandetanib loaded DC Bead; Bland = unloaded dc Bead; DC-
DOX = doxorubicin loaded DC Bead. Hagan et al., (2016). Original in colour. 
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another mTKI [80]. This characteristic could provide added benefit to vandetanib-bead 

therapy by encompassing zones where micro-metastases are located, addressing 

common sites of tumour recurrence. Indeed, ablation zones created by radiofrequency 

ablation that extend past the tumour margin are known to reduce tumour recurrence 

[96]. Caution would be needed in establishing a safe dose of vandetanib that does not 

compromise healthy liver tissue.  

This potent anti-tumour activity of vandetanib combined with embolisation warrants 

further investigation. Exploiting hypoxia in cancer is a topic which has received a lot of 

attention. Treatment with drugs that exhibit elevated potency in hypoxic conditions or 

interact with the molecular pathways involved in hypoxia is a desirable and selective 

approach.    

1.6 The challenge of hypoxia 
Hypoxia is a deficiency in the supply of oxygen to tissues, the threshold of which 

depends on the normal oxygen tension of the organ in question. In the healthy liver, a 

range of oxygen tensions are found depending on distance from the source of oxygen 

rich blood: the branches of the hepatic artery. In fact, this oxygen gradient contributes to 

the zonation of the liver parenchyma and differentiation of hepatocytes to create the 

heterogeneous structure and function of the lobules [97]. In perivenous regions of the 

normal healthy liver the oxygen tension can be as low as 4%, however despite this a 

hypoxic response is not triggered [98]. In disease states such as HCC, hypoxia can be an 

inherent feature of the tumour and results in stabilisation of HIF [99]. Treatment by 

embolotherapy will then further deprive the target tissues of oxygen. Hypoxia is a 

stressful condition for cells which therefore activates pathways involved in survival. For 

tumour cells, whose controls over growth and apoptosis are already deregulated, these 

conditions can further promote switching on of aggressive phenotypes, leading to poor 

prognosis [100]. As well as upregulation of angiogenic factors as described previously, 

hypoxia can promote metastasis, proliferation, radioresistance, and importantly, 

chemoresistance [101]. 

1.6.1 Hypoxia related drug resistance 
The observation that hypoxia contributes to resistance to chemotherapeutics has been 

documented for some time. More recently, the mechanisms behind the cellular changes 
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responsible for this resistance have been elucidated, and HIF has been found to be 

responsible for several of these changes [102], summarised in Figure 1.8. 

Of importance to HCC and this study are the mechanisms of resistance to doxorubicin, 

the current drug of choice for DEB combination therapy, and mechanisms of resistance 

to tyrosine kinase inhibitors.  

Figure 1.8 Summary of HIF-1 mediated mechanisms of drug resistance and 
implicated proteins. P-glycoprotein (P-gp) and Multi-drug resistance protein 
(MRP) are ABC transporters which pump drugs out of cells. Topoisomerase II 
(TOP2) enzymes are required for successful DNA replication and are the target 
of anthracycline drugs such as doxorubicin. In resistant cells, TOP2 may be 
reduced in content or mutated such that its inhibitors are no longer effective. 
HIF-1 can downregulate pro-apoptotic proteins via tyrosine kinase signalling 
cascades. Finally, HIF-1 can regulate a shift to anaerobic metabolism, 
activating proteins involved in glycolysis such as pyruvate dehydrogenase 
kinase 1 (PDK1) and the glucose transporter GLUT-1. Glycolytic activity has 
been associated with increased resistance to chemotherapy in several cancer 
types. 

1.6.1.1 Hypoxia and resistance to doxorubicin 
Doxorubicin is an anthracycline antibiotic whose mechanism of action is intercalation 

with DNA and disruption of DNA replication via interference with the topoisomerase II 

enzyme [103]. One possible mechanism of doxorubicin resistance in cancer cells is drug 

efflux by the P-glycoprotein (P-gp) transporter [104]. This transporter is encoded by the 

multi-drug resistance gene (MDR1), which has been shown to be directly regulated by 

HIF-1. Interference with HIF-1 attenuated hypoxia-induced MDR1 expression in vitro 

[105]. However, whilst primary HCC cell lines previously untreated with 
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chemotherapeutic agents showed resistance to doxorubicin in vitro [106] low levels of 

the P-gp transporter were found in these cell lines pointing to additional mechanisms of 

resistance. Bowyer demonstrated for the first time that culturing HepG2 cells in hypoxic 

conditions bestowed added resistance to doxorubicin [107], and that combining 

doxorubicin with rapamycin (an agent known to interfere with HIF-mediated signalling 

pathways) in DEB was more effective in controlling tumour growth in a mouse 

xenograft model of HCC than either treatment alone.  

In a review summarising mechanisms of HCC resistance to doxorubicin [108] it is 

mentioned that both the PI3/Akt and MEK/ERK pathways could be implicated. As 

previously stated, these are pathways downstream of the targets of many tyrosine kinase 

inhibitors including vandetanib. Indeed, erlotinib, an EGFR tyrosine kinase inhibitor, 

enhanced sensitivity to doxorubicin in HCC cell lines [29]. However, this was not the 

case with sorafenib, which when combined with doxorubicin produced an antagonistic 

effect on toxicity in Hep3B cells [109]. Vandetanib has been shown to interfere with P-

gp transporters, reversing doxorubicin resistance in certain cells [110]. Further studies 

combining doxorubicin with vandetanib in HCC cells, in both normoxic and hypoxic 

conditions, could demonstrate whether there is any synergism between the two drugs 

against HCC and in the setting of TACE. However the literature has shown that the 

mechanisms of doxorubicin resistance and cross-talk between signalling pathways are 

complex and researchers/clinicians should be cautious of antagonistic effects. 

1.6.1.2 Hypoxia and tyrosine kinase inhibitors 
The proposed benefit of tyrosine kinase inhibitors targeting angiogenic pathways is that 

they diminish the ability of tumours to respond to inherent hypoxia by inhibiting 

neovascularisation [111]. It has been demonstrated that the drugs may themselves 

induce hypoxia in tumours by this mechanism [112]. Combined with the ischaemic 

effect of TACE, this means that it is extremely important that a TKI-DEB candidate is 

effective in hypoxic conditions.  

There are few studies available in the literature that examine the effect of hypoxia on 

the activity of TKIs, however Ahmadi and colleagues set out to test the effects of 

several TKIs on a panel of cancer cell lines including colorectal cancer, non-small cell 

lung cancer, breast and renal carcinomas [113]. The study identified that some TKIs 

showed either increased or reduced inhibitory activity in hypoxic conditions, however 
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this varied considerably depending on the cell line. Across the cell line panel vandetanib 

was shown to be either equipotent or mildly more effective in hypoxia. Of note, 

sorafenib was significantly less effective in hypoxia, but this was not associated with 

the degree of hypoxia-induced changes in RAF/MEK/ERK signalling [113]. Hypoxia 

consistently conferred resistance to sorafenib across a panel of HCC cell lines, coupled 

with increased expression of VEGF, GLUT-1 and P-gp. Sensitivity was restored by 

treatment with an inhibitor of HIF-1α accumulation. Evidence of hypoxia-induced 

resistance to sorafenib was also seen in a clinical setting in HCC, with sorafenib 

resistant tumours having significantly higher HIF-1α nuclear expression compared with 

untreated and sorafenib sensitive tumours [114]. 

Other VEGFR inhibitors, including vandetanib, have been found to suppress HIF-1α 

expression via inhibition of Akt and ERK signalling pathways [115, 116]. Similarly, the 

EGFR inhibitor gefitinib was found to suppress HIF-1α induction in hypoxia by 

inhibiting PI3/Akt mediated protein translation [117]. Nevertheless, this effect has not 

been studied in HCC cell lines. 

In an orthotopic rat model of HCC, hypoxia of the liver was induced by hepatic artery 

ligation (HAL) and combined with valatanib, a VEGFR inhibitor under development. 

Those rats receiving the combination of HAL and valatanib had significantly better 

survival times and reduced tumour growth. Hypoxic conditions were also shown to 

sensitise endothelial cells to the inhibitory effects of valatanib on tubular-structure 

formation [118]. 

Whilst in general it seems that tyrosine kinase inhibitors show good anti-tumour activity 

in hypoxia, the literature shows that this is dependent on the cell line and the targets of 

the drug. Despite sorafenib being the only of these candidates to be clinically approved 

for HCC and thus perhaps the obvious candidate, evidence of hypoxia-induced 

resistance is cause for concern and could be one possible explanation for the lack of 

success in clinical trials combining TACE and sorafenib [63]. Examining the effect of 

vandetanib on HCC cell lines in both normoxic and hypoxic conditions will allow 

screening of potential mechanisms of resistance (or sensitivity) and provide information 

on its suitability. Although the preliminary rabbit VX2 study on vandetanib eluting 

beads has already shown promising results, in vitro studies will allow a deeper 
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understanding of the mechanisms of vandetanib and hypoxia in combination on cells 

derived from human HCC. 

 

1.6.2 Modelling hypoxia in vitro  
The standard condition for culturing cells is 21% oxygen. However, this does not reflect 

the true oxygen concentration in tissues. In normal healthy liver, oxygen tension (pO2) 

is significantly lower than atmospheric oxygen tension, such that 5% oxygen may be 

considered ‘physoxic’ (physiological normoxia) [119]. In liver tumours, pO2 can be as 

low as 6 mmHg  (<1% O2) [120]. In order to examine the effect of embolisation-

induced hypoxia and provide better translational data from in vitro to in vivo and 

beyond, it is necessary to culture cells at relevant oxygen tensions. One option for 

modelling hypoxia is by using cobalt chloride, which chemically stabilises HIF-1/2α in 

normoxia. True hypoxic conditions are made possible with incubators or sealed glove 

boxes that allow the control of oxygen concentration [121]. 

1.7 Methods of pre-clinical evaluation of drug-eluting beads: in vitro 
and in vivo models of HCC 

1.7.1 Cell culture 
Several immortalised cell lines derived from HCC tumours are available for use in in 

vitro studies, differing in their characteristics in terms of morphology and biology. For 

the purposes of this work, the cells described below were used. 

HepG2 cells were derived from a 15 year old Caucasian male. There is a lack of 

consensus in the literature as to whether the tumour of origin was a true HCC or a 

hepatoblastoma (a pediatric hepatic malignancy), however HepG2 are frequently used 

to model HCC in vitro due to an absence of viral infection. The cells are adherent and 

have an epithelial morphology, a mutation in the β-catenin gene as well as deregulation 

of cell growth and survival pathways [122]. Reported expression of EGFR in HepG2 

cells is variable, but in general seems to be low in comparison with other HCC cells 

[123, 124]. Expression of EGFR and VEGFA genes has been found to be 

downregulated in HepG2 cells compared to hepatocytes [125]. Despite this, treatment 

with EGF enhances HepG2 proliferation, migration and promotes survival of drug 

resistant cells [85, 126], and constitutive activation of EGFR in HepG2 cells has been 



24 
 

observed [127]. Due to phenotypic differences between HepG2 and other HCC cell 

lines [128], it is important to include other cell lines in the evaluation of drug response. 

Hep3B cells are an HCC cell line derived from an 8 year old male, and are adherent and 

epithelial in nature. These cells produce polypeptides of the hepatitis B virus surface 

antigen [129]. Hypoxic conditions are known to stimulate VEGF expression in Hep3B 

cells [130], and they are thought to stimulate their own growth in an autocrine manner 

via EGF expression [131]. 

JHH6 cells are an undifferentiated HCC cell line derived from a 57 year old Japanese 

female. The morphology is undifferentiated compared to HepG2, and as such represents 

a more aggressive model of HCC [132]. 

An obvious limitation of using HCC cells alone to examine the response to an anti-

angiogenic drug is that most of their inhibitory effects are exerted upon endothelial cells 

expressing VEGFR, with the disruption of blood supply to tumour cells as an indirect 

consequence. In the case of vandetanib, the inhibition of EGFR also directly affects the 

tumour cells, impeding proliferation [87]. Human umbilical vein endothelial cells 

(HUVECs) can also be used in culture as a model of endothelial cell response to anti-

angiogenic drugs. However, to evaluate the full effect of the drug, the effect on tumour 

growth in the proper environment must be studied. 3D cell culture models may be 

employed to more accurately model the tumour microenvironment, for example tumour 

cell spheroids are more representative of in vivo tumours in terms of their cell 

morphology, heterogeneity, and presence of hypoxic gradients [133]. 3D models of 

HCC cells incorporating co-culture with HUVECs have demonstrated differences in 

aggressiveness, cellular signalling, and response to anti-angiogenic drugs compared 

with 2D cultures [134, 135].  Ultimately, investigational treatments should be evaluated 

in animal models to provide the best indication of response in a representative tumour 

environment.  

1.7.2 Mouse models 
Mice are one of the most commonly used species for early in vivo studies, and there are 

several methods available to model HCC. As summarised in a review by Heindryckx et 

al., mice may develop HCC by chemical induction, genetic modification (allowing 

analysis of the effect of over-expression of various oncogenes) or they may be 
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implanted with human HCC cells in order to create an ectopic or orthotopic xenograft 

[136]. 

Mouse models are most suitable when evaluating compounds intended for systemic 

delivery. Selective intra-arterial interventions such as TACE are impossible to perform 

due to the size of the animal. However, ectopic xenograft models have been used in the 

past to demonstrate control of tumour growth via subcutaneous tumour-adjacent 

application of DEB [137, 138]. Despite the obvious limitations of this model, it is 

relatively inexpensive and easy to set up as it does not require anaesthesia or surgical 

procedures. It can give information about the efficacy of drugs when released locally 

from a DEB and allows post-mortem analysis of excised treated tumours. In order to 

evaluate the combination of embolisation (and therefore hypoxia) and local drug release 

in an orthotopic model, a larger animal must be used to model treatment of HCC by 

TACE. 

1.7.3 Woodchuck model 
The eastern woodchuck can be infected with the Woodchuck hepatitis virus (WHV) 

which can cause chronic hepatitis and subsequent HCC in these animals. The 

woodchuck is a useful model for studying viral carcinogenesis and has been used to 

evaluate both anti-angiogenic therapies and embolotherapy [139-141]. 

1.7.4 Rabbit VX2 model 
VX2 tumours are derived from a virus-induced papilloma of rabbits, first described by 

Shope and Hurst in 1933. When VX2 cells or tumour fragments are injected into the 

rabbit liver, they produce fast-growing, hypervascular malignancies which due to their 

similarities to HCC have been used extensively as a model for this disease. 

Furthermore, VX2 cells and HepG2 cells have been shown to respond in a similar 

manner to several chemotherapeutic agents, including doxorubicin and tyrosine kinase 

inhibitors [142]. As the rabbit is large enough to be successfully catheterised via the 

hepatic artery, VX2 liver tumours have also been treated by TACE in numerous studies 

[143-145]. 

1.8 Summary 
In summary, intermediate HCC is a disease with a poor prognosis and a severe lack of 

effective therapies. The current standard of care, TACE, yields poor response rates 

which may be due in part to hypoxic regions within the tumour. Hypoxia can be both 
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inherent and induced by embolisation and is associated with chemoresistance (including 

doxorubicin) and poor outcome. Targeted therapies such as mTKIs may provide 

improved treatment responses but are limited by significant systemic toxicities. 

Vandetanib is a multi-tyrosine kinase inhibitor which targets two pathways implicated 

in HCC, the VEGFR pathway and the EGFR pathway. Delivery of vandetanib via drug-

eluting beads could result in a high, sustained dose of vandetanib local to the tumour 

coupled with embolisation induced necrosis. The anti-angiogenic and anti-proliferative 

effects of vandetanib could have benefits in controlling tumour growth and recurrence, 

therefore investigation into its mechanism of action when delivered locally via DEB is 

warranted. 

1.9 Aims of the thesis 
This thesis aims to investigate whether delivering the TKI vandetanib locally via DEB 

in a TACE procedure is feasible and effective to treat liver tumours, despite hypoxic 

conditions induced by embolisation. This will require development of an optimised 

vandetanib-loaded bead prototype, evaluation of its characteristics and performance as 

an embolic product, and assessment of the effect of embolization induced hypoxia on 

the efficacy of vandetanib in the setting of HCC. 

The ideal DEB candidate will be:  

 Easily produced, handled and delivered via microcatheter 

 Visible under CT 

 An efficient and predictable embolic 

 Sustained release of the drug which is active in hypoxia 

 Well tolerated with negligible systemic side effects 

 Effective at killing tumours and inhibiting angiogenesis 

In order to evaluate the DEB formulations, the in vitro loading and release of 

vandetanib from beads of different sizes and chemical formulations will be profiled 

using HPLC to detect vandetanib in elution medium. Vandetanib loaded beads will be 

characterised for size changes, handling, drug-bead interaction, and drug distribution 

using tests developed at Biocompatibles UK Ltd. Data generated on novel, more 

representative in vitro elution models will be compared with in vivo PK data as it 

becomes available. 
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To assess the activity of vandetanib in hypoxic conditions, cell viability assays and 

apoptosis detection assays will be carried on a panel of HCC cell lines and endothelial 

cells at 1% and 21% oxygen. Changes in protein expression in these cells will be 

measured by Western blot and other molecular biology techniques to give insight into 

the mechanism of action. Finally, vandetanib loaded beads will be evaluated in a mouse 

xenograft model of HCC for efficacy and assessment of biological response. 

In summary, the aims of the thesis are to: 

• Characterise the physicochemical properties of vandetanib loaded DEBs in order 

to find the optimal formulation; 

• Evaluate the mechanism of vandetanib release from beads in various elution 

models and assess similarities to in vivo  pharmacokinetics; 

• Examine the effects of vandetanib on HCC and endothelial cell proliferation and 

apoptosis in hypoxia and normoxia; 

• Analyse changes in expression of relevant proteins in these cells; 

• Test vandetanib beads in a mouse xenograft model of HCC. 
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2 CHAPTER TWO: PHYSICOCHEMICAL 

CHARACTERISATION OF VANDETANIB LOADED 

BEADS 

2.1 Introduction  
As a treatment for hepatic malignancies, Drug-eluting Beads (DEB) have a dual 

mechanism of action: the physical embolisation of blood vessels leading to ischaemic 

insult to the target lesion, and the delivery of the chemotherapeutic agent to the tumour 

site [39]. The balance of which function is the primary mode of action (PMOA) may 

vary depending on the drug used and the way in which the product is delivered. For 

example, interventional radiologists may aim to achieve full stasis of blood flow when 

injecting beads, suggesting a high degree of embolisation, or they may aim to leave a 

small amount of residual flow in order to facilitate the release of the drug from the 

beads or leave the opportunity for retreatment [146-148]. In either case, the functions of 

the DEB should complement each other. Therefore, when creating a drug loaded bead it 

is important to establish that the process of loading the drug does not have a significant 

negative impact on the physical properties of the bead that allow it to perform as an 

embolic device [149, 150]. Furthermore, it must be ensured that the drug will perform 

as intended when loaded and released from the bead. Kerr (1987) was one of the first to 

propose the ideal attributes of a drug-eluting microparticle for regional cancer treatment 

[151]. The features to be considered were: 

 Particle delivery 

 Particle size 

 Particle composition 

 Drug – particle compatibility 

 Drug type 

 Drug dose 

 Drug release profile. 

Interplay between these factors affects the final characteristics of the product, as will be 

discussed in greater detail below. 
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2.1.1 Drug loading capacity and bead interactions 
Maximum drug loading capacity can depend on the chemical structure of the bead and 

the size and chemical properties of the drug molecule, for example the number of 

positively charged sites. As an example, DC Bead is capable of loading approximately 

45 mg of doxorubicin per mL of beads. Doxorubicin HCl has one positive charge at pH 

7, and also may exhibit pi-pi stacking which could influence its interactions within the 

beads [152].  
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Figure 2.1 Ionic interaction between DC Bead (L groups are present in DC 
Bead LUMI) and vandetanib (top); structure of the ionised forms of 
vandetanib at different pH (middle); theoretical proportion of the various 
forms of vandetanib present with pH (bottom). Adapted from 
chemicalize.org. Original in colour. 
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Figure 2.1 shows the proposed interaction between the structure of DC Bead and the 

protonated vandetanib molecule. During the loading process, drug molecules are 

adsorbed into the bead and form ionic interactions between positively charged sites and 

negatively charged sulfonate groups present on the DC Bead polymer structure. This 

also leads to the displacement of water from the beads which may lead to a decrease in 

bead size [152].  

The theoretical maximum binding capacity of DEB may be estimated knowing the 

percentage content of sulfur by elemental analysis of beads and converting this to a 

value in moles. Assuming a 1:1 (mol:mol) binding ratio, as was observed with 

irinotecan and DC Bead [153], the theoretical drug binding capacity is equivalent to the 

amount of sulfonate present in 1 mL of beads. DC Bead LUMI has a significantly 

higher solid content than DC Bead (~35% vs ~5% respectively), and therefore has a 

much higher theoretical maximum capacity due to the presence of a greater weight 

percent of sulfonate binding groups incorporated per unit volume of hydrated beads 

[38]. However, not all binding sites may be accessible due to the cross-linked structure 

and reduced interstitial water content of the beads, thus the theoretical maximum 

capacity is likely an overestimation. Additionally, the binding ratio may not always be 

1:1. Mitoxantrone, an anthraquinone antineoplastic, possesses two positively charged 

amines, which means each drug molecule has the potential to occupy two binding sites 

in the bead [39]. This has several implications: not only is the maximum loading 

capacity decreased compared with doxorubicin, but this stronger interaction retards drug 

elution rate and decreases bead diameter to a greater extent than singly charged drugs 

(Figure 2.2) [39, 154].  
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Drugs that do not possess a positive charge may also be loaded into beads, but the 

process is more complex. Sorafenib loading into DC Bead has been reported but the low 

solubility of the drug in aqueous media requires a loading process of several sequential 

sessions of loading from low drug concentration solution to achieve sufficient quantities 

of loaded drug [155]. This can be overcome by use of a DMSO swelling process in 

which drug dissolved in DMSO can be used to swell the beads, followed by a 

precipitation step as the drug swollen beads are immersed in water [156]. This however, 

leaves the drug in a microprecipitated form in which its elution is dependent upon the 

dissolution of the particulates. The partial ethanol solubility of sorafenib can be used to 

produce suitable loading solutions in ethanol:water mixtures in which the drug can be 

exchanged into the bead matrix. Sorafenib however, unlike, many other mTKIs, is not 

protonated at neutral pH and relies upon strong hydrogen bonding of the amines on the 

urea group to interact with carboxylate residues at its target site. This may also provide 

a source of interaction between drug and bead to ensure controlled release. 

Vandetanib exhibits pH-dependent solubility, meaning that in order to prepare 

vandetanib solution for loading into DEB, the pH must be acidic. This alters the charge 

state of the molecule as can be seen in Figure 2.1: as pH decreases below 6.8, the 

proportion of vandetanib molecules with two positive charges will increase, thereby 

shifting the bead-binding ratio to 2:1 and decreasing drug loading capacity. Finding an 

500 µm 

Doxorubicin 25 mg/mL 

 

500 µm 

Mitoxantrone 20 mg/mL 

Figure 2.2 300-500 µm DC Bead loaded with A) 25 mg/mL doxorubicin, B) 20 
mg/mL mitoxantrone. Mitoxantrone binds to two sulfonate groups in the 
hydrogel structure, pulling the network closer together and decreasing bead 
diameter. Reproduced with permission from Biocompatibles UK Ltd., data on 
file. Original in colour. 
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optimum balance between capacity and solubility will be an important task when 

developing the formulation of a vandetanib loaded DEB. 

The distribution of drugs within beads following loading is something that can be 

visualised under optical microscopy in the case of coloured compounds such as 

doxorubicin, or confocal microscopy for fluorescent drugs [157, 158]. Distribution and 

quantitation of drugs in DEB has also been analysed by using Fourier-transform 

infrared spectroscopy (FTIR) in vivo [159]. In an ideal scenario, the drug will be evenly 

distributed throughout the bead, indicating efficient loading, and a more gradual and 

sustained release compared to a bead for which only its surface is coated. Vandetanib is 

mostly colourless in solution and therefore loaded beads cannot be distinguished from 

unloaded beads under optical microscopy. Furthermore, it does not possess a 

fluorophore hence cannot be mapped using confocal microscopy. Alternative methods 

will need to be sought to map vandetanib distribution in beads, for example FTIR or 

scanning electron microscopy coupled with elemental analysis (SEM-EDX). 

2.1.2 Size/compressibility 
Bead size range is an important factor in several aspects of DEB-TACE therapy 

including effects on elution rate, tumour penetration efficiency and potential adverse 

events [66, 160]. In initial clinical evaluations of DC Bead, larger sized beads (500-700 

µm) were favoured due to similarity in size with other commonly used embolic particles 

in cTACE as well as safety concerns, as small particles are known to present a greater 

risk of extrahepatic distribution, for example to the spleen or lung [40, 161, 162]. In 

recent years there has been a trend amongst interventional radiologists to opt for the 

smaller size ranges (100-300 µm) when performing DEB-TACE [163]. This is due to 

clinical observations of more distal penetration of smaller beads into the tumour 

vasculature which would suggest a greater coverage in terms of embolic effect and drug 

release, a concept which has been demonstrated in vivo with DC Bead M1 (70-150 µm) 

[66, 164]. There is some discrepancy in the literature as to whether use of smaller bead 

sizes leads to fewer or more adverse events [164], however it has been observed that 

particles of around 40 µm pose a risk of potentially fatal complications resulting from 

off-target embolisation [165, 166]. This highlights the requirement for careful 

angiographic planning and good delivery technique when using smaller size 

microspheres. 
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As previously mentioned, loading DC Bead with drugs displaces water from the beads 

leading to a reduction in diameter [39], and the extent of this shrinkage can vary 

depending on the structure of the drug being loaded [152]. Moreover, the water loss 

caused by drug loading also affects the elastic modulus of the beads, rendering them 

less compressible as drug dose increases [149, 153, 167]. As well as penetration 

efficiency, this characteristic may have implications for the delivery for larger size 

microspheres, as less compressible beads may be more prone to blockage in smaller 

internal diameter microcatheters. When considering the compressibility of the DEB, it 

has been shown that due to its increased solid content, DC Bead LUMI is about 100-

fold less compressible than DC Bead; however this did not cause a significant 

difference in penetration efficiency in an in vitro embolisation model [70]. It will be 

important to investigate the extent to which DC Bead and DC Bead LUMI size range 

changes when loaded with vandetanib, and if penetration efficiency is affected, when 

considering protoype selection. 

2.1.3 Radiopacity 
The concept and prospective benefits of the radiopaque version of DC Bead, DC Bead 

LUMI, have been previously introduced in the first chapter of this thesis. Figure 2.3 

demonstrates the alterations performed in order to render DC Bead inherently 

radiopaque. Instead of the blue dye RB4, a 2,3,5-triiodobenzyl moiety is added to the 

beads, resulting in a beige coloured microsphere visible under X-Ray imaging [70]. 

DC Bead LUMI has been previously optimised in terms of iodine content and resulting 

radiopacity to allow visualisation of embolised vessels in vivo [70]. Therefore, it is 

important to ensure that loading of DC Bead LUMI with vandetanib does not exhibit 

any quenching effect on the radiopacity of the beads, or any detrimental effect on their 

handling and administration, perhaps due to a further increase in rigidity or density. 



35 
 

2.1.4 Summary 
Table 2.1 summarises the physicochemical characteristics that should be evaluated and 

considered in the development of a vandetanib eluting bead, and common methods of in 

vitro evaluation. Drug release will be investigated in detail in chapter three of this 

thesis.  

Figure 2.3 Comparison of DC Bead (marketed as LC Bead in USA) and 
radiopaque Beads (DC/LC Bead LUMI) preparation and appearance. 
Reproduced from Duran et al., Theranostics (2016). Original in colour. 
https://creativecommons.org/licenses/by-nc/4.0/legalcode 
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Table 2.1 Desired characteristics of DEBs and their evaluation methods.  

Characteristic Description Evaluation methods 
Maximum loading 
capacity 

The maximum amount of drug that can be loaded per unit 
volume of beads (usually mg/mL). Must be adequate to 
deliver a sustained therapeutic dose to the target tissue. 

Beads are loaded in excess. Residual drug in the depleted 
loading solution is quantified by the appropriate analytical 
method.  

Drug release The rate at which drug is released from the beads. The drug 
should be capable of being close to, if not completely 
released from the beads in an appropriate time frame to 
attain a consistent therapeutic dose in the tissue. 

Drug release into elution medium (usually PBS) over time is 
measured with sequential sampling and analysis to give a 
dissolution profile. Different in vitro set-ups resulting in 
varied hydrodynamic conditions alter the release kinetics to 
suit requirements (confirming batch uniformity vs prediction 
of in vivo release) (See chapter 3) 

Size/compressibility Bead size range and compressibility has an effect on the 
penetration efficiency of the product. Smaller beads will 
embolise more distal blood vessels, but they can also 
present a risk of off-target embolisation. 

Optical microscopy is used in combination with calibrated 
sizing software to obtain size distribution of a bead sample. 
Compressibility (elastic modulus) of a single bead can be 
determined using a nanoindentation system, or bespoke in 
vitro models can estimate penetration distance. 

Radiopacity (DC Bead 
LUMI) 

DC Bead LUMI has been designed to aid interventional 
radiologists in visualising the product during and after the 
DEB-TACE procedure. Beads must be visible under X-
Ray/CT. 

Micro-CT can be used to quantify attenuation of beads when 
embedded in agarose ‘phantoms’.  

Handling and 
deliverability 

Aspects related to the handling of the product by the 
physician and the delivery during the DEB-TACE procedure. 
Beads should have a sufficiently long suspension time in 
contrast agent, and be able to be delivered through a 
suitable catheter without blockage. 

Handling studies in the lab aim to simulate the preparation 
and use of beads in the clinic. Suspension time in contrast 
agent and ease of catheter delivery is tested against 
specifications and may be confirmed by several operators. 



 
 

37 
 

2.1.5 Aims of this chapter 
• Establish the maximum vandetanib loading capacity of DC Bead and DC Bead 

LUMI. 

• Assess changes in bead size following vandetanib loading. 

• Examine drug-bead interactions and drug distribution within beads. 

• Quantify the radiopacity of vandetanib loaded DC Bead LUMI by micro-CT 

analysis. 

• Identify the optimal formulation of a vandetanib loaded DEB in terms of its 

physicochemical properties. 

2.2 Materials and Methods 

2.2.1 Materials 
Table 2.2: List of materials, suppliers and storage conditions. 

Material Supplier Storage 

Vandetanib powder (C22H24BrFN4O2) Astra Zeneca 
-20°C, protected from 
light 

0.1M Hydrochloric acid (HCl) Fluka Ambient 
1M Sodium Hydroxide (NaOH) Fisher Scientific Ambient 
DC Bead™ Biocompatibles 4°C in PBS 
DC Bead LUMI™ Biocompatibles 4°C in 0.9% NaCl 
Trifluoroacetic acid (CF3COOH) Sigma Aldrich Ambient 
Methanol (CH3OH) Romil Ambient 
Agarose Sigma Aldrich Ambient 
OCT compound (Tissue Tek) Sakura Ambient 
Omnipaque™ 350 contrast agent 
(Iohexol) 

GE healthcare Ambient 

Phosphate buffered serology saline 
(PBSS) 

Source 
Bioscience 

Ambient 

 

2.2.2 Physicochemical analysis methods 
2.2.2.1 HPLC method for quantification of vandetanib concentration in solution 
Quantification of vandetanib in aqueous solutions (drug loading solution, elution 

medium etc.) was performed on Waters Acquity HPLC/UPLC systems with UV 

detection using the parameters listed in Table 2.3.  
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Table 2.3 Instrument parameters for the analysis of vandetanib by HPLC. 

  

For each run, duplicate injections of two standards of 100 ± 10 µg/mL were used to 

calculate a calibration factor using the following equation: 

 

Thereby allowing the calculation of the concentration of vandetanib in the unknown 

sample: 

 

Column Thermo Scientific Hypersil GOLD C18 3µm 4.6 x 150 mm 

Detector 
wavelength 

254 nm 

Mobile Phase 
Mobile Phase A: 0.1% v/v TFA in purified water 

Mobile Phase B: 0.1% v/v TFA in methanol 

Mobile phase 
flow rate 

1.0 mL/min 

Method Type Gradient 

Gradient 
Parameters 

Time (min) %A %B Curve 

Initial 70 30 Initial 

22 48 52 6 

22.1 70 30 6 

30 70 30 6 
 

Injection 
volume: 

5 µL 

Run Time 30 minutes 

Wash solvent Methanol 

Purge solvent Methanol:Water (50:50) 
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The method was validated previously at Biocompatibles for accuracy, precision, 

specificity, limit of detection, limit of quantitation, linearity, range and robustness. 

2.2.2.2 Vandetanib solution preparation 
Vandetanib has an isoelectric point (pI) of 11.46 and is poorly soluble in water, 

however solubility can be increased by decreasing the pH. Drug solutions were prepared 

at a concentration of 15-20 mg/mL in acidified water, with the exception of solutions 

prepared at pH 6.8 where the maximum concentration achieved was 5 mg/mL. 

Vandetanib powder was weighed into a volumetric flask. 0.1 M HCl was added to 70% 

(to target pH 4.8 or below) or 50% (to target pH 6.8) of the total desired volume of 

solution to dissolve the vandetanib powder. The pH was adjusted to the desired value by 

dropwise addition of 1 M NaOH and checked using a calibrated pH meter (Orion Star). 

Vandetanib precipitate was re-dissolved with the aid of sonication in an ultrasonic bath 

(Fisher) if necessary. The solution was made up to the final volume with ultra-pure 

deionised water. The concentration was confirmed by HPLC using the method 

described in section 2.2.2.1. 

2.2.2.3 Drug loading into beads 
The desired amounts (settled volume) of DC Bead or DC Bead LUMI were measured 

using a graduated measuring tube and transferred into glass vials for drug loading. Prior 

to loading, any packing solution (saline) present was carefully removed from the beads 

using a glass pipette, leaving only hydrated beads. The appropriate amount of 

vandetanib solution was added directly into the vials containing the beads. During drug 

loading, beads were placed on a shaker plate (IKA Basic) at 420 rpm for a minimum of 

2 hours. In order to calculate the dose successfully loaded into the beads, the depleted 

loading solution was collected and the beads were washed 3 times in 5 mL deionised 

water. The washing solution was collected and combined with the depleted solution, 

then analysed by HPLC to quantify total unbound drug using the method described in 

section 2.2.2.1. 

2.2.2.4 Bead size determination 
Bead size analysis was performed on a sample of beads on a microscope slide using an 

optical microscope (Olympus BX50) with an attached camera (Colorview III). Images 

were taken of beads at 4x or 10x magnification depending on bead size range. Stream 

software (Olympus) had been previously calibrated to convert pixels to micrometres at 

each magnification, and was used to manually draw horizontal lines across each bead, 
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n=200 per sample. The line lengths (converted to µm) were exported to Microsoft Excel 

for data processing. 

2.2.2.5 Bead penetration testing  
The embolisation model (Figure 2.4) is an in-house benchtop test system developed at 

Biocompatibles UK, previously described by Lewis et al. (2016) [164]. It consists of a 

specially milled Delrin® base with a shallow gradient, over which a glass plate is 

secured resulting in an interstitial space whose height decreases gradually. Beads may 

be injected into the system via a Y haemostasis port at the widest end of the taper, 

which is also supplied with a flow of saline or water from a reservoir of calibrated 

height that generates a pressure of approximately 40 mmHg, which is equivalent to 

average pressure in arterioles feeding tumours [168].  

Figure 2.4 The embolisation model. A) Schematic of operation. Flow at a 
pressure of 40 mmHg is maintained by an elevated reservoir. Interstitial space 
between the Delrin block and the glass plate ranges from 555 µm to 25 µm. 
Beads are injected slowly via an injection port and are propelled by flow to a 
blocking point determined by size and mechanical properties. B) (Inset) General 
overview of the model.  
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The purpose of the model is to compare both size range and to a certain extent 

compressibility of different bead samples. Beads are injected under flow and pass 

through the model until they are trapped by the decreasing height of the gap. Knowing 

the gradient of the base, it is possible to calculate the height of the gap in the model at a 

given distance from the injection point. This was also previously confirmed using 

uncompressible basalt microspheres of known diameter.  

The embolisation model was used to compare the penetration efficiency of DC Bead 

LUMI loaded with vandetanib at different doses (30 mg/mL and 100 mg/mL) to 

unloaded DC Bead LUMI. Lyophilised product was used in keeping with the final 

product format selected for in vivo models. Beads were hydrated in 5 mL of purified 

water for 30 minutes. 3 mL of water was then removed and the remaining bead slurry 

was suspended in 18 mL of Omnipaque 350 contrast agent. 3 mL of bead suspension 

was transferred into a 3 mL syringe via 3-way connector. With purified water as the 

flowing phase to avoid drug elution, small amounts of the bead suspension were 

injected into the embolisation model using an 18G needle. When a clear band of beads 

was observed in the model, the flow was stopped and the distance was measured of the 

distal and proximal embolisation endpoints. Two injections were performed for each 

sample. 

2.2.2.6 X-ray Micro-Computer Tomography for radio-opacity analysis 
Unloaded LUMI and LUMI loaded with vandetanib at concentrations of 30, 60 and 100 

mg/mL were uniformly suspended in 1% agarose solution in nunc tubes. µ-CT 3D 

scanning was performed to quantify individual bead radiopacity in Hounsfield units 

(HU) of each bead in the sample (minimum 6000 beads). µ-CT analysis was performed 

by Reading Scientific Services Ltd., Reading, UK. The full protocol and instrument 

parameters are detailed in the appendix.  

2.2.2.7 Mapping drug distribution – SEM-EDX  
Scanning electron microscopy coupled with energy dispersive x-ray spectroscopy 

(SEM-EDX) was used to map vandetanib distribution in DC Bead LUMI. To prepare 

beads for analysis, they were embedded in Tissue-Tek optimum cutting temperature 

compound (Sakura, USA) on liquid nitrogen and transferred to -80°C to ensure 

thorough freezing. Embedded samples were sectioned in a cryostat (Leica) in 10µm 

thick sections. For SEM, sections were mounted on stubs with carbon pads, then coated 

with 4nm platinum using a Quorum Q150T turbo molecular-pumped sputter coating 
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system. SEM imaging was carried out on a Zeiss SIGMA FEG-SEM scanning electron 

microscope equipped with an Oxford Instruments 80mm² X-Max energy dispersive X-

ray analysis system. Elemental mapping and spectra were acquired for iodine, bromine, 

fluorine and sulfur on radiopaque unloaded beads and radiopaque beads loaded with 

vandetanib at maximum capacity. 

2.2.2.8 FTIR analysis of drug loaded beads 
DC Bead LUMI loaded with vandetanib at 15, 30, 45, 60 or 95 mg/mL were embedded 

and sectioned into 10 µm slices as described in section 2.2.2.7. The sections were 

mounted on zinc selenide crystal windows. These were subjected to FTIR microscopy 

point analysis at the centre of 10-15 different beads per sample using a Spotlight 400 

FTIR system (Perkin Elmer). The spectra (from 4000-750 cm-1) were collated and the 

position of the S=O stretching frequency around 1040-1050 cm-1 was averaged for each 

sample. The effect of differing concentrations of drug loading on the stretching 

absorption of the sulfonate binding groups on the beads could then be evaluated. 

2.2.2.9 Evaluation of suspension, handling and delivery of vandetanib loaded DC 
Bead LUMI 

A series of evaluations were conducted to ensure that loading of vandetanib into the 

beads did not adversely affect their handling and delivery through a microcatheter. DC 

Bead LUMI (70-150 µm) was loaded with 100 mg/mL of vandetanib as described in 

section 2.2.2.3, excess loading solution removed with a glass pipette and the bead slurry 

(1 mL) mixed with 9 mL of contrast agent (Omnipaque™ 350, GE Heathcare, Oslo, 

Norway). After transferring into a 20 mL Luer-lok™ syringe (BD Plastipak, Temse, 

Belgium) a three-way stopcock (Discofix®, B.Braun, Melsungen, Germany) was 

attached to the syringe and another syringe attached to enable transfer between them to 

allow suspension of the beads. The beads were then transferred 20 times between two 

syringes to form a uniform suspension of beads in contrast agent. Suspension time was 

measured by the time it took for 25 % of the solution to be free from beads, i.e. time 

taken for the top of the bead suspension to fall to 75 % of the internal height of the 

syringe (n=3).  The suspension was passed through a 2.4 Fr catheter (Progreat®, 

Terumo Corp., Tokyo, Japan) and the beads assessed visually for any signs of 

deformation of their shape or presence of fragmentation using optical microscopy as 

described in section 2.2.2.4.   

2.2.2.10 Statistical analysis 
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Statistical analysis was carried out in Excel, Graphpad Prism, or Minitab. Student’s t-

test or ANOVA was used to compare groups of normally distributed data, Mann 

Whitney test was used to compare non-Gaussian data.  

2.3 Results 

2.3.1 Maximum vandetanib loading capacity in DC Bead and DC Bead 
LUMI 

At acidic pH, positively charged amines on vandetanib molecules interact with 

negatively charged sulfonate groups within the microsphere hydrogel network, enabling 

drug loading. From the theoretical prediction shown in Figure 2.1, the major vandetanib 

microspecies, a 2+ charged form and a 1+ charged form, are predominant at pH 2.1 and 

pH 6.8 respectively, with a 50:50 proportion of each form predicted at pH 4.4. 

Vandetanib solutions were prepared at each of these pHs and added to beads in excess 

to assess the effect on maximum loading capacity. 

Maximum vandetanib capacity increased with pH (proportion of 1+ form) as expected, 

with maximum capacity at 30 mg/mL for DC Bead and 135 mg/mL for DC Bead LUMI 

(Figure 2.5). Initial analysis of depleted loading solution from DC Bead showed a 

higher than expected loading efficiency, but with subsequent washes in water the actual 

loading dose was found to be lower suggesting that some drug was weakly associated 

with the bead surface and able to be removed with water. This effect was less 

pronounced with DC Bead LUMI. Below maximum capacity, a loading efficiency of > 

Figure 2.5 Maximum vandetanib loading capacity of DC Bead (black bars) and 
DC Bead LUMI (grey bars). A) Amount of vandetanib loaded into 1 mL of 
beads (starting volume) Mean ± SD, N=5; B) Mean vandetanib dose density 
(mg/mL of beads) after adjustment for loading-induced bead volume changes. 
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99 % was achieved after 2 hours of incubation with loading solution suggesting fast 

adsorption of vandetanib into beads. <0.5% of the dose was recovered in water washing 

steps suggesting efficient binding below maximum capacity. When considering the 

respective chemical compositions of both beads, the theoretical maximum loading 

capacity based upon the content of sulfonic acid drug binding residues is higher for both 

DC Bead and DC Bead LUMI than the actual experimentally determined maximum 

drug binding capacity. For DC Bead, the maximum amount of drug loaded varied from 

81-91.2 % of the theoretical, compared to 74.5-80.4 % for DC Bead LUMI, both 

dependent upon the pH of the loading solution (Table 2.4).  

Table 2.4 Comparison of theoretical and experimental vandetanib maximum 
loading capacity (max. cap.) for DC Bead and DC Bead LUMI. Estimated 
binding site occupation = experimental / theoretical max. cap. % 

 DC Bead DC Bead LUMI 

pH 
Theoretical 
max. cap. 
(mg/mL) 

Experimental 
max. cap. 
(mg/mL) 

Estimated 
binding site 

occupation (%) 

Theoretical 
max. cap. 
(mg/mL) 

Experimental 
max. cap. 
(mg/mL) 

Estimated 
binding site 

occupation (%) 
2.1 18.4 16.8 91 81.2 65.3 80 
4.4 27.6 23.9 87 121.9 90.8 74 
6.8 37 29.8 81 162.5 128.4 79 

2.3.2 Effect of vandetanib loading on bead size and morphology 
 After loading with vandetanib, beads retained a smooth, spherical appearance (Figure 

2.6). Average bead diameters before and after loading are displayed in Table 2.5. 

Loading DC Bead at maximum vandetanib capacity caused a significant decrease in 

mean diameter of 35 % (Mann Whitney test, p < 0.0001) as well as a narrowing of the 

size distribution (Figure 2.7). The size reduction corresponded with a reduction in 

settled bead volume of over 60 %. The size decrease showed a trend with  decreasing 

pH, resulting in beads loaded at pH 2.1 being significantly smaller than beads loaded at 

pH 6.8 (Mann Whitney test, p < 0.0001). In contrast, the mean diameter of DC Bead 

LUMI loaded at maximum capacity did not significantly decrease at any pH (Figure 

2.7), despite a 15 % reduction in the settled bead volume at pH 6.8 only.  
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Table 2.5 Average bead diameters (µm) and standard deviation of the mean of DC Bead 

and DC Bead LUMI before and after loading with maximum capacity of vandetanib. p 

value denotes outcome of Mann Whitney test between diameter of unloaded beads and 

loaded beads, n = 200 per sample.  

 

 
DC Bead diameter (µm) DC Bead LUMI  diameter (µm) 

Unloaded pH 2.1 pH 4.4 pH 6.8 Unloaded pH 2.1 pH 4.4 pH 6.8 

Median 121.8 75.1 79.5 83.6 100.9 105.6 106.3 99.5 

Mean 122.4 77.2 80.2 83.1 102.5 104.4 107 101 

Standard 
deviation 18.8 12.4 11.2 10.5 17.3 17.1 16 15.57 

p value - <0.0001 <0.0001 <0.0001 - 0.438 0.021 >0.999 

Figure 2.6 DC Bead (70-150µm) before (A) and after (B) loading with 30 
mg/mL vandetanib; DC Bead LUMI (70-150µm) before (C) and after (D) 
loading with 100 mg/mL vandetanib. Scale bars 100 µm. Original in colour. 
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2.3.3 Bead penetration testing 
Unloaded DC Bead LUMI, and LUMI loaded with vandetanib at 30 or 100 mg/mL were 

assessed for penetration distance in the embolisation model. Unloaded beads and 30 

mg/mL vandetanib beads had a similar penetration range, whereas 100 mg/mL beads 

penetrated slightly further in the model (Figure 2.8). This is consistent with a slight 

decrease in size of DC Bead LUMI when loaded at a 100mg/mL dose (range, 60-130 

μm). A representative image of beads in the model is shown in supplementary Figure 

S1. 

Figure 2.7 Frequency histograms of A) DC Bead and B) DC Bead LUMI size 
range after maximum vandetanib loading at various pH. N=200 beads per 
sample. Original in colour. 
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2.3.4 Vandetanib distribution within beads  
Attempts to analyse vandetanib distribution in DC Bead LUMI by FTIR were not 

validated due to deformation of bead sections during analysis leading to ‘edge-effect’ 

artefacts (see Figure 2.9). Dehydration of the sample over time led the edges of bead 

sections to curl inwards, which would have given a false intensity of any drug related 

signal in this area due to increased density. Several approaches were taken in an attempt 

to prevent bead shrinkage, including coating slides in poly-L-lysine to promote 

adhesion, quick freezing in liquid N2 vs gradual freezing, varying bead size or section 

thickness, and passing water vapour over the section during analysis, but unfortunately 

none were successful. Therefore, the technique of SEM-EDX was used to study drug 

distribution.   

Figure 2.8 DC Bead LUMI penetration distance in the embolisation model. 
Unloaded beads and beads loaded with 30 or 100 mg/mL vandetanib were 
injected between two glass plates of decreasing gap height under hydrostatic 
pressure. The gap height was recorded at the stopping point of the front edge of 
the beads (distal embolisation point) and the rear edge (proximal embolisation 
point). Bars represent the range of the bead distribution (average of 2 injections 
per sample).  
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Scanning electron microscopy showed the sectioned internal structure of DC Bead 

LUMI to be homogeneous and devoid of any visible pores (Figure 2.10 (a)). SEM-EDX 

analysis was used to detect vandetanib distribution in sectioned sample loaded at 

maximum capacity of 135 mg/mL. Bromine was selected as the element of interest for 

the drug distribution, being present in vandetanib molecules but not in DC Bead LUMI. 

The sulfur and iodine distributions were also mapped to gain insight into the bead 

internal structure. Elemental mapping revealed that bromine was evenly distributed 

throughout the sectioned beads (Figure 2.7(b)), the bromine peak seen in the EDX 

spectrum (arrow, Figure 2.7(e)) being absent in the spectrum for control (unloaded) 

beads (supplementary Figure S1). Sulfur and iodine distributions also appeared to be 

evenly distributed within the bead structure (Figure 2.7(c) and (d)).The table insert in 

Figure 2.7(e) shows there is an excellent agreement between the measured weight 

percent of elements by EDX compared with the theoretical calculated weight percentage 

expected based upon 135 mg/mL loading of vandetanib into DC Bead LUMI, the latter 

which possesses 177 mg/mL iodine [70].  

A B 

Figure 2.9 Optical micrographs of sectioned DC Bead LUMI in OCT compound. 
A) Shortly after sectioning, B) the same beads within minutes after sectioning 
demonstrating curling of bead edges (black arrow). 
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Figure 2.10 (a) Scanning electron microscopy image of a sectioned vandetanib-
loaded DC Bead LUMI sample; (b) bromine elemental mapping distribution 
image; (c) sulfur elemental mapping distribution image; (d) iodine elemental 
mapping distribution image; (e) EDX elemental spectrum showing bromine peak 
for the vandetanib loaded bead and elemental analysis (table inset). Original in 
colour. 
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2.3.5 Evaluation of drug-bead interactions using FTIR spectroscopy 
FTIR spectroscopy was used to investigate the interaction between vandetanib and DC 

Bead LUMI. As the dose of vandetanib loaded into DC Bead LUMI was increased, the 

frequency of the S=O stretch from the sulfonate groups of the beads was seen to shift 

steadily to lower wavenumber (Figure 2.11). This is indicative of an increasing 

interaction between drug and bead as all of the bead binding sites become progressively 

occupied. Samples loaded using a target loading of 60 mg/mL at pH 6.8, 4.4 and 2.1 

gave rise to similar S=O stretching frequencies at 1041.6 cm-1, 1040.3 cm-1 and 1040.4 

cm-1 respectively.  

2.3.6 Radio-opacity of vandetanib loaded beads 
Micro-CT analysis of DC Bead LUMI shows it to possess an inherent radiopacity due to 

the triiodobenzyl moieties attached to the bead structure [70], giving rise to a baseline 

radiopacity of 4454 ± 225 Hounsfield Units. The level of radiopacity is seen to increase 

Figure 2.11 Effect of vandetanib loading dose on the S=O stretching 
frequency from bead sulfonate groups as determined by FTIR spectroscopy. 
Mean of at least 10 beads per sample ± SEM. 
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linearly with increasing loading of vandetanib into the beads (Figure 2.12) until at a 

loading of 100 mg/mL of vandetanib, the radiopacity is seen to have increased by 621 

Hounsfield Units. 

2.3.7 Suspension, handling and delivery of vandetanib loaded DC Bead 
LUMI 

When DC Bead LUMI loaded with 100 mg of vandetanib was suspended in Omnipaque 

350 (section 2.2.2.8) the beads formed a uniform suspension and showed no signs of 

bead agglomeration.  The bead suspension did not adhere onto the surface of the vial 

and was easily transferred into a syringe for delivery.  The average time in suspension 

within the syringe was >6.5 mins which is more than sufficient for practical usage. The 

bead suspension was delivered through a 2.4 Fr microcatheter with ease and there was 

no occurrence of catheter blockage during bead delivery. The beads remained spherical 

with no signs of fragmentation post-delivery (Supplementary Figure S3). 

 

Figure 2.12 Effect of vandetanib loading into DC Bead LUMI on radiopacity of 
the beads. μ-CT 3D scanning was performed to quantify individual bead 
radiopacity in Hounsfield units (HU) of beads suspended in agarose. Bars 
represent mean of all beads in a single scan of the sample (>6000 beads per 
sample) ± SD. **** = p<0.0001 by 1 way ANOVA + Holm-Sidak's multiple 
comparisons test between doses. 
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2.4 Discussion 
Drug candidates that have been loaded into DC Bead have conventionally been water 

soluble cationic salt forms that allow for diffusion and ion-exchange into the 

anionically-charged hydrogel matrix of the bead [137, 149, 150, 169, 170]. MTKIs 

represent a group of small molecules with widely differing structures that impact drug 

solubility, lipophilicity and ionization potential. Different process strategies may 

therefore be required when considering how to load sufficient amounts of these 

compounds in an efficient way into the bead matrix, and subsequently what 

intermolecular drug-bead interactions will control the release of the molecule.  

2.4.1 Influence of vandetanib charge states on bead properties 
Vandetanib is prepared in acidic solution in order to solubilise the drug for DEB 

loading. Based on the theoretical ionisation of vandetanib in solution at different pH 

(Figure 2.1) and therefore the relative concentrations of different vandetanib charge 

forms, the drug loading maximum capacity should be influenced by the pH of the 

loading solution, which was confirmed in this study (Figure 2.5). For both DC Bead and 

DC Bead LUMI, there was a positive relationship between pH of the loading solution 

and the maximum amount of vandetanib that could be loaded into the beads. This is due 

to the fact that as pH decreases, a greater proportion of vandetanib molecules in solution 

have 2 positive charges, and can therefore occupy 2 sulfonate binding sites within the 

beads, shifting towards a 2:1 binding ratio. This reduction in availability of sulfonate 

groups results in a reduced maximum loading capacity at low pH.  

This effect also played a role in bead morphology. Shrinkage upon loading is expected 

as a consequence of water displacement and would usually be correlated with the loaded 

dose. However, when DC Bead was loaded with excess vandetanib, beads loaded at pH 

2.1 had a significantly smaller median diameter than those loaded at pH 6.8, despite 

containing less vandetanib. This is in keeping with previously observed effects of 

loading mitoxantrone, which has 2 positively charged sites, and thus exerts an increased 

shrinking effect on DC Bead which is suggested to be an effect of contraction of the 

hydrogel network by interacting with multiple sites [39].  

The drug-bead charge-charge interaction through the sulfonate groups was confirmed by 

the shift of the S=O stretching frequency to lower wavenumber with increasing drug 

dose, a phenomenon also observed for both doxorubicin and irinotecan binding to DC 
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Bead [152, 171, 172]. Interestingly, when 60 mg/mL loading was performed at pH 2.1, 

4.4 and 6.8, the S=O frequency was seen not to change significantly, even though at this 

dose DC Bead LUMI is only at about 50% binding capacity. At pH 2.1, the second 

charge residing on the quinazoline ring system would not be expected to interact as 

strongly as that on the piperidine ring as indicated by the lack of change in the S=O 

stretching frequency.  

2.4.2 Prototype selection – radiopaque or non-radiopaque? 
Initially both DC Bead and DC Bead LUMI were considered as candidate platforms for 

a vandetanib DEB. DC Bead is widely used and information and experience about its 

use in chemoembolisation is well documented in the literature giving a good 

understanding of the platform [173]. However, there are some limitations of using DC 

Bead to create a preloaded DEB product. DC Bead had a lower maximum capacity than 

DC Bead LUMI, but significant bead shrinkage upon drug loading lead to a high final 

dose density. Between 13.5 and 34 % of vandetanib loaded DC Beads were below 70 

µm in diameter, which would not meet specification for a 70-150 µm product, whereas 

> 98 % of LUMI beads fell within the 70-150 µm diameter range. Fatal pulmonary 

embolisms have been previously reported as a result of off target embolisation with 40-

120 μm microspheres [166], so having a large proportion of small microspheres may 

represent a safety concern. To account for bead shrinkage, the volume of starting 

material for DC Bead would need to be at least double that of DC Bead LUMI to 

produce an equivalently dosed product, making the process somewhat inefficient. DC 

Bead LUMI proved to be largely resistant to loading induced size changes regardless of 

dose or pH, leading to a predictable loading process.  

In terms of handling, DC Bead LUMI is denser and less compressible than DC Bead, 

however this has not been shown to negatively impact ease of use [38]. The higher 

density of LUMI necessitates suspension in pure contrast agent rather than the 50:50 

contrast/water mix traditionally used for DC Bead, but similar suspension times are 

achieved for both products [36, 38].  

Basic comparative in vitro drug release evaluation between DC Bead and DC Bead 

LUMI was also performed during the optimisation phase of vandetanib DEB 

development, which will be discussed in depth in the following chapter. Considering the 

existing advantages discussed for the radiopaque platform, including improved intra and 
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post procedural feedback [38, 174, 175], it was decided that this platform would be 

taken forward for the development of the vandetanib DEB. 

2.4.3 Properties of radiopaque vandetanib beads 
The data presented in this study has confirmed that DC Bead LUMI has desirable 

physicochemical characteristics suitable for use as a DEB delivering an anti-angiogenic 

compound. Firstly, maximum vandetanib loading capacity is high, reaching maximum 

doses of 135 mg/mL at pH 6.8 and even when decreasing pH to maintain vandetanib 

solubility doses of 100 mg/mL are still feasible. The oral dose that showed an 

improvement in overall survival in a Phase 2 trial on advanced HCC was 100 mg per 

day [93]. With the localised release made possible with DEB, this drug dose should in 

theory be sufficient to reach therapeutic concentrations within the liver, and retreatment 

with subsequent doses of vandetanib beads is possible with reduced risk of systemic 

exposure. 

SEM-EDX elemental mapping of bromine revealed that vandetanib appeared to be 

evenly distributed throughout the bead structure, showing homogenous loading. In 

theory, this should promote controlled release of the drug, via gradual diffusion of 

vandetanib molecules from the centre of the beads. It would be of interest to repeat the 

elemental mapping periodically throughout the drug release process to confirm if drug 

remains homogenously distributed (film diffusion control) or forms a concentration 

gradient from the centre (internal depletion layer model) [176]. However, this may 

require use of a more sensitive detection method as it was only possible to detect 

bromine from vandetanib in maximally loaded bead samples by SEM-EDX.  

In terms of vandetanib bead imageability, increasing loading of vandetanib also leads to 

a proportional increase in the radiopacity of the DC Bead LUMI (Figure 2.12) which is 

not attributable to a densification of the internal structure as the mean diameter of the 

beads are essentially unchanged with drug loading (Figure 2.7). The existence of a 

bromine atom on the vandetanib structure is the likely source of the added radiopacity 

[177], which increases by approximately 25-26 Hounsfield units per mg of radiodense 

atom (iodine and bromine) present.  

The handling properties of the radiopaque vandetanib beads were evaluated and found 

to be suitable for its use as an embolic agent, having a suspension time of over 5 

minutes in Omnipaque 350 contrast agent and no instances of catheter blockage. 



55 
 

Evaluation in alternative contrast agent formulations will be necessary in the future to 

confirm compatibility. Structural integrity was maintained throughout the suspension 

and delivery process; the beads remained spherical with no signs of fragmentation. The 

effect of vandetanib loading on bead compressibility was not directly measured with a 

nanoindentation system, however the embolisation model showed that bead penetration 

distance was not decreased with drug loading inferring a similar compressibility. In fact, 

100 mg/mL beads penetrated slightly further in the model than unloaded beads, which 

rather than being due to increased compressibility is more likely to be due to a slight 

decrease in size range in vandetanib beads that had been previously lyophilised, gamma 

sterilised and rehydrated, in keeping with preparation protocols for in vivo studies. The 

effect of this sterilisation method on other final product properties has not been 

discussed in this thesis, but has since been shown to be minimal (Biocompatibles 

unpublished data).   

2.5 Conclusion 
The data presented in this chapter together with clinical trends have guided the 

development of the final vandetanib DEB product in terms of its chemistry, preparation, 

dose and size range. Optimisation of the loading process and the final dose density of 

the product were performed by gradually increasing the pH of the loading solution to 

increase the proportion of singly charged vandetanib molecules, until the solution was 

no longer stable. By this method, an optimum pH range was selected of 4.6-4.8. 

Knowing the maximum loading capacity of DC Bead LUMI in this range, a target dose 

of 100 mg/mL was selected. The size range selected for the product is 60-160 μm. This 

is in following with current trends in DEB-TACE as previously mentioned and positive 

clinical experience with smaller bead sizes, including improved rates of complete 

response [178] and favourable safety profile [179]. More distal tumour penetration of 

vandetanib DEB is desirable for optimum tumour coverage of the drug.  

DC Bead LUMI can be efficiently loaded with vandetanib whilst maintaining bead 

integrity and properties suitable for use as an embolisation agent, which warrants its 

further characterisation as an anti-angiogenic DEB. 
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2.6 Supplementary figures 

Figure S 1 Vandetanib loaded DC Bead LUMI in the embolisation model. The 
beige coloured beads are faintly visible as a band (red arrow). Future versions 
of the embolisation model may be crafted with black material to aid contrast 
with radiopaque beads, which lack a brightly coloured dye. Original in colour. 
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Figure S 2 SEM-EDX analysis of unloaded DC Bead LUMI. A) Electron 
microscopy image of bead section showing region of interest for EDX 
spectrum. B) Elemental analysis of bromine distribution showed some 
background signal. C) EDX spectrum for unloaded beads, showing absence of 
bromine peak. Original in colour. 
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Figure S 3 Vandetanib loaded radiopaque beads (100 mg/mL) A) Before 
handling B) After contrast suspension and delivery through a 2.4 Fr catheter as 
detailed in section 2.2.2.9. Beads remain intact and spherical after delivery. 
Original in colour. 
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3 CHAPTER THREE: EVALUATION AND COMPARISON 

OF IN VITRO MODELS OF DRUG RELEASE FROM 

BEADS 

3.1 Introduction 

3.1.1 Modelling drug release from DEB in vitro  
Chapter 711 of the United States Pharmacopeial convention provides guidance on 

standardised methods to provide information about drug release from oral dosage forms, 

such as the USP II or IV dissolution apparatus. However, as yet no standardised in vitro 

method exists for determining drug release from parenteral dosage forms such as drug-

eluting beads. The drug release profile from DEB has implications in both the safety 

and efficacy of the product, and yet remains one of the most difficult aspects to model 

in vitro in a representative manner. A single centre, randomised trial comparing 

doxorubicin loaded beads with bland beads for embolisation treatment of 92 HCC 

patients recently reported no significant benefit in overall survival when adding 

doxorubicin [180]. The study sparked debate in the interventional radiology community 

as to the robustness of the findings, due to a small patient population and heterogeneity 

of patients in terms of previous treatments and disease stage [181]. However, it remains 

necessary to elucidate potential reasons for ambiguity in the treatment benefit of chemo-

embolisation, whether it be a poor choice of drug (doxorubicin) [182] or an incomplete 

or slow release of drug from beads in vivo leading to sub-clinical concentrations of drug 

reaching tumour cells as has been previously suggested [138]. 

Drug release from DC Bead and DC Bead LUMI is based on ion exchange [183]. Upon 

contact with biological fluids, small cations exchange with the positively charged drug 

molecules in the microsphere matrix. The rate controlling mechanisms for different 

drugs, for example doxorubicin and irinotecan, have been found to vary based on 

differing molecular interactions between drug and bead [184], which explains 

differences in release rates observed in vitro and in vivo. Figure 3.1 shows the 

appearance of DC Bead LUMI after loading with each drug, and their chemical 

structures. Doxorubicin binds via a primary amine group, which is expected to interact 
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more strongly with the beads than irinotecan’s tertiary amine. As discussed in chapter 2, 

vandetanib possesses two potential binding sites, which affects drug loading capacity in 

DEB and may affect drug release rate. Detailed investigation and modelling on release 

mechanisms has not as yet been carried out on the radiopaque DC Bead LUMI, whose 

increased hydrophobicity and solid content have been shown to slightly retard drug 

release compared with standard DC Bead [38]. Determining the mechanism and kinetics 

of release of the candidate compound, vandetanib, from DC Bead and DC Bead LUMI 

will aid in predicting in vivo pharmacokinetic behaviour under varied hydrodynamic 

conditions. 

In vitro DEB release models were the topic of a paper investigating DC Bead loaded 

with sunitinib seeking to compare in vitro release with in vivo pharmacokinetic data 

[78]. The findings that not one in vitro model corresponded perfectly to the in vivo 

situation points to the fact that drug release from DEB during TACE is a multiphasic 

process (Figure 3.2). Many in vitro elution set-ups begin with a ‘pre-occluded system’ 

representing the post administration phase of DEB-TACE, which does not account for 

the drug that may be released during the delivery phase. The beads must be mixed with 

contrast agent before delivery, which in itself can induce a small degree of drug elution 

from the surface layers of the beads. The bead/contrast suspension is then slowly 

delivered in small bursts at a rate of around 1mL of suspension per minute in order that 

Figure 3.1 Optical micrographs of DC Bead LUMI loaded with A) doxorubicin, 
B) vandetanib and C) irinotecan, and their respective chemical structures. 
Circled amine groups represent ionic bead-binding sites for each drug. Scale 
bar = 500µm. Original in colour. 
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the beads are carried by the blood into the high flow areas (normally the tumour when it 

is hypervascular in nature) and distribute into the distal arterioles without premature 

proximal blockage (phase 1). If the drug-bead interaction is weak there may be a burst 

of drug release during this phase as the beads are surrounded by ion-rich blood which is 

an effective medium for the sequestration of drug. Beads will fill vessels distally and 

compact until they form a cast within the vessel architecture and flow between and 

around the beads is slowed to near stasis (phase 2). Finally the stagnated blood between 

the beads will eventually clot to form an occlusive mass, and ions from the surrounding 

tissues will diffuse into the mass and exchange for the drug bound to the bead 

reservoirs, leaving the drug to diffuse into the surrounding tissues by mass transfer 

(phase 3).  

3.1.2 Existing models for measuring in vitro drug release from DEB 
The most commonly used methods for evaluating drug release from microspheres are 

systems based on USP apparatus, namely USP II (paddle) and USP IV (flow through 

cell) types. Figure 3.3 displays schematic diagrams of each apparatus. DEBs are placed 

in vessels containing an elution medium, usually PBS, which is sampled periodically 

and drug content quantified by UV spectroscopy or HPLC. In USP II type apparatus, 

beads are free flowing, and therefore drug release is rapid. Full drug release may be 

1
2

3

Microcatheter

Hepatic vessel

Tumour

Drug-eluting
Beads

Figure 3.2 Phases of the embolization process from leaving the catheter and free 
flowing in the blood stream (1) to distribution and bead compaction into the 
tumour arteriole network (2), to formation of an occlusive mass, with near 
blood stasis and longer-term drug diffusion from the beads, through the vessels 
and into the tumour and surrounding parenchyma (3). Original in colour. 
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limited by the elution medium becoming saturated, which can be avoided by using 

pseudo-sink conditions, e.g. replacing saturated medium periodically with fresh 

medium. This method has little similarity in terms of hydrodynamics to the in vivo 

situation, therefore the release profile is unlikely to correlate well with pharmacokinetic 

data. In USP IV flow through cells, beads are not stirred and rest on top of a layer of 

glass beads, which create laminar flow. Flow of elution medium is not restricted, 

leading to similar release profiles to USP II type apparatus [78]. These methods are 

capable of discriminating between different bead chemistries, sizes and drug types, and 

are useful in a quality control setting to test batch to batch uniformity. 

Attempts at improving in vitro in vivo correlation (IVIVC) for DEB release models have 

led to the conception of the T cell method (Figure 3.3C) [185-187] whereby beads are 

C) T cell 

Figure 3.3 In vitro set-ups for modelling drug release from DEB. A) USP II, B) 
USP IV and C) T cell dissolution apparatus. 

Dosage 
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A) USP II - Paddle B) USP IV - Flow through cell 



63 
 

contained in a reservoir at the base of a ‘T’ apparatus and as such are not directly 

exposed to the flowing phase of medium, instead, the drug release is more diffusion 

based, with the flow of medium above also creating a convection zone that mimics 

distant blood vessels. With this method, level A IVIVC was achieved with clinical 

doxorubicin-loaded DC Bead (DEBDOX) pharmacokinetic data, however this was only 

for the first 24 hours post-embolisation. Indeed, DEBDOX clinical data show that 

doxorubicin in plasma is at very low levels at 24 hours post embolisation [41] after 

which it is expected that release occurs primarily through diffusion into the target liver 

tissue. Swaine et al. (2016) have recently described a flow through method that has 

been adapted to mimic tight packing of beads in a blood vessel, with a very low (0.1 

mL/ min) flow rate, which may enable closer correlation with phase 2 of drug release 

[188].   

As plasma drug levels are not representative of actual drug release from DEB in the 

final phase (phase 3), drug concentration in the target tissue following DEB-TACE in 

vivo may be estimated by homogenising tissue samples and subjecting them to 

analytical techniques such as liquid chromatography - mass spectrometry (LC-MS), but 

results are usually heterogeneous and are limited in their accuracy due to the difficulty 

of distinguishing between true tissue drug concentrations and drug that still remains 

within implanted beads in the sample. Obtaining spatiotemporal information on phase 3 

drug distribution is also a challenge due to the destructive nature of the analysis, 

therefore there has been interest in developing alternative techniques to assess drug 

distribution in tissue. Namur et al. (2010), was the first to attempt to quantify 

doxorubicin concentrations in tissue sections following implantation of DEB and 

demonstrate the spatial distribution of doxorubicin over time [159]. This method was 

based on fluorescence microscopy, exploiting the fact that doxorubicin has intrinsic 

fluorescence. These studies indicated that doxorubicin had a diffusion distance from a 

single implanted DEB of at least 600µm. This work was repeated by Dreher et al. 

(2012), who studied the temporal changes in drug distribution with greater resolution, 

finding that maximum doxorubicin concentrations in embolised tissue were reached at 1 

hour post embolisation and decreasing thereafter [66]. Despite this early peak, 

doxorubicin has been detected in embolised swine liver up to 90 days after 

administration, highlighting the longevity of drug release from beads (or perhaps 

preferential drug retention in necrotic tissues) [159, 189].  Alternative methods for 
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detection of non-fluorescent drugs include mass spectrometry imaging [158] and Raman 

spectroscopy. The ability to model tissue drug distribution in vitro would avoid the need 

for costly animal studies, however mimicking tissue diffusion in vitro can be 

challenging due to the multitude of biological effects that can influence drug behaviour: 

protein binding, elimination, efflux, and biological barriers. A preliminary model using 

an alginate agarose gel was recently used to model doxorubicin elution from DEB via 

confocal microscopy [190], with promising results. 

3.1.3 Aims of this chapter 
The aim of this chapter is to carry out an investigation into the drug release properties of 

the proposed vandetanib loaded radiopaque beads, using simple USP type apparatus as 

well as more novel bespoke set-ups aimed at modelling early phase and later phase 

elution. Vandetanib release profiles were compared with other commonly used drugs, 

doxorubicin and irinotecan, to investigate the effect of chemical properties on drug 

release. The in vitro models were evaluated for their ability to predict in vivo 

pharmacokinetics through comparison with available pre-clinical data.  

In summary, the aims of the work described in this chapter were: 

• Examine the effect of prototype parameters (dose, size, pH) on vandetanib 

elution rate 

• Use different in vitro elution models to examine early and late phase release for 

different drugs 

• Evaluate the suitability of the models for in vitro in vivo correlation (IVIVC)  

3.2 Materials and Methods 

3.2.1 Materials 
Unless otherwise specified, beads used in the experiments were DC Bead or DC Bead 

LUMI (radiopaque bead) in the size range 70-150 µm (Biocompatibles UK Ltd). Beads 

were drug loaded at the required dose as previously described by immersion and 

agitation in solutions of vandetanib (Astra Zeneca, UK), irinotecan (ScinoPharm, 

Taiwan) or doxorubicin (Hisun, China).   

3.2.2 Basic in vitro drug release assay 
In order to characterise vandetanib release from beads, a model similar to the USP II 

apparatus was used. Beads were added to amber jars containing PBS (Source 
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Bioscience, Nottingham, UK), stirring via magnetic stirrer bar at 200 rpm.  At 

determined time points, stirring was stopped to allow beads to settle before removing a 

5 mL sample of PBS for vandetanib quantification by HPLC as described in section 

2.2.2.1. 5 mL of fresh PBS was replaced after each time point. Variables studied 

included bead chemistry, dose, loading pH, bead size and pH of the PBS. 

Statistical comparison of elution curves was performed by calculating the f1/f2 

difference/similarity factors, in the DDSolver excel add in [191]. The difference factor 

f1 is a measure of the relative error between two curves, while the similarity factor f2 is a 

measure of the similarity in the percent of dissolution between two curves. These two 

factors can be respectively defined by: 
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where Rt, Tt are the percentage dissolved of the reference and test profile respectively at 

time point t and n is the number of sampling points. Current FDA guidelines [192] 

suggest that two profiles can be considered similar if f1 is less than 15 (0–15) and f2 is 

greater than 50 (50–100), which is equivalent to an average difference of 10% at all 

sampling time points. 

3.2.3 Drug leaching in contrast agent 
Drug elution from vandetanib loaded DC Bead LUMI (70–150 μm) suspended in 

contrast agent (Omnipaque 350, GE Healthcare) was investigated by taking aliquots of 

the delivery media supernatant over a period of 24 h and analysing them using the 

HPLC method described in section 2.2.2.1 to determine the amount of vandetanib eluted 

(n=3). The chromatographic peak was also analysed to determine if there was any drug 

degradation during this period. Data for doxorubicin and irinotecan loaded DC Bead 

LUMI using similar methodology was accessed from Biocompatible’s data on file.  
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3.2.4 Vascular Flow System elution 
A silicon vascular cast, termed the vascular flow system (VFS), had been previously 

designed and produced at Biocompatibles for the purposes of demonstrating DEB 

delivery (Figure 3.4). The internal diameter of the channels diminishes from 4000 to 

900 μm. The size of DEB used were 70-150 μm, so in order to create the effect of 

embolisation, inserts of 65 μm mesh (Sefar AG) were placed at the end of target 

channels during delivery. Pre-warmed PBS (Source Bioscience) was constantly pumped 

through the system via a peristaltic pump at 120 mL/min, representing the lower range 

Figure 3.4 Vascular flow model set up for evaluating drug release from DEB. A) 
Schematic depicting the elution model. Bead suspensions are delivered at a 
constant rate via syringe pump and microcatheter into the vascular flow model. 
The catheter is positioned to selectively target the lower two channels, which are 
blocked at the end with microporous mesh. PBS from a reservoir maintained at 
37°C is pumped through the model via peristaltic pump, and is either collected 
from the outlets of the blocked channels for drug content analysis, or 
recirculates through the remaining channels back to the reservoir. B) Vandetanib 
loaded beads delivered into the model. C) Doxorubicin loaded beads in the 
model. Original in colour. 
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of hepatic arterial flow rate. A microcatheter (Progreat® 2.4 F, Terumo, Belgium) was 

steered in one of the channels prior to its first bifurcation (red arrow, Figure 3.4A), 

whereby the outlet filters became the target embolisation sites, the remainder of the 

outlets being recirculated back into the PBS reservoir. The beads were prepared for 

delivery via the microcatheter into the model following parameters used in pre-clinical 

studies. 0.15 mL of drug loaded beads was suspended in contrast agent (Omnipaque 

350, GE Healthcare) in a 3 mL syringe immediately prior to delivery. Bead drug doses 

and suspension ratios are listed in Table 3.1 and were selected based on pre-clinical 

study protocols to facilitate comparison. A syringe pump was used to inject the bead 

suspension at 1 mL/minute to ensure reproducible delivery times. Delivery was paused 

to mix and re-suspend beads in the syringe when necessary. After delivery was 

complete, the delivery syringe and catheter were flushed three times with deionised 

water to ensure the full dose was delivered. At set time points, eluent passing through 

the occluded channels was collected in pre-weighed glass vials for 5 seconds (or 10 

seconds in the case of a low flow rate). Between sampling times, eluent was allowed to 

flow into a separate container. After eluent collection, the vials were weighed to 

determine the eluent volume, which allowed calculation of the flow rate at each time 

point. The eluent was then analysed by UV spectroscopy (483 nm, DOX; 369 nm, IRI) 

or HPLC (VAN) to quantify drug content. The total amount of drug collected in the 

separate container was also calculated.  

Drug Dose density Suspension ratio 

Doxorubicin 37.5 mg/mL 1:10 

Irinotecan 50 mg/mL 1:10 

Vandetanib 100 mg/mL 1:20 

Table 3.1 Dose densities and contrast suspension ratios of drug loaded radiopaque DEB 

used in the vascular flow elution model 

3.2.5 Extended release flow through model 
Drug release from radiopaque beads was also profiled in a slow rate, flow through cell 

open loop system as described in [188] (Figure 3.5). Beads were loaded at the same 

dose densities as described in Table 3.1. Drug loaded beads (1 mL settled volume) were 

sandwiched between two filter membranes in an elution cell, submerged in a water bath 

maintained at 37 °C. PBS was pumped through the system at a flow rate of 0.1 

mL/minute, in order to mimic slow residual blood flow after embolisation. Detection of 
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drug concentration in the eluent over time was performed by automated UV 

spectroscopy of eluent passing through a flow through cuvette. (Dox, 483 nm; Iri, 369 

nm; Van, 330 nm) Drug concentration was calculated from absorbance data using 

standards of known concentration for each drug.  

3.2.6 Pre-clinical procedure and in vitro in vivo correlation (IVIVC) 

3.2.6.1 In vivo studies 
For IVIVC, pharmacokinetic data was used from pre-clinical studies of radiopaque 

DEB-TACE in healthy swine, sponsored by Biocompatibles UK Ltd and conducted by 

staff at MPI Research (Mattawan, Michigan, USA). Embolisation procedures were 

performed by a CAQ trained radiologist in experimentally naïve male domestic 

Yorkshire crossbred swine (farm pigs, weights 53.5 – 66.5 kg at randomisation), as 

previously described [193]. The research centre is AAALAC accredited and the study 

conformed to USDA Animal Welfare Act (9 CFR parts 1, 2 and 3) and the ‘Guide for 

the Care and Use of Laboratory Animals’, Institute of Laboratory Animal Resources, 

National Academy Press, Washington, D.C, 2011. The protocols were approved by the 

Institutional Animal Care and Use Committee (IACUC).  

Study Number Test articles Number of Animals 

MPI 2279-008 1mL LUMIVAN 100mg/mL 8 

MPI 2279-010 1mL LUMIDOX 37.5 mg/mL 
1mL LUMIRI 50 mg/mL 

3 
3 

Table 3.2 Study details of evaluation of drug loaded radiopaque beads in swine. 

Figure 3.5 Schematic of the slow flow through cell elution model. 
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In brief, each DEB under investigation as detailed in Table 3.2 was mixed with 

Omnipaque 350 and suspended by transferring between two syringes through a 3-way 

stopcock. Bead suspension was aliquoted into a 3 mL syringe for delivery through the 

microcatheter to allow for better control and re-suspended regularly to prevent 

sedimentation. Access and selection of the main hepatic artery was achieved using a 2.7 

Fr microcatheter (Progreat®, Terumo Japan). An arterial branch that fed around 50% of 

the liver volume was identified and an angiogram of the lobe(s) taken.  With the 

catheter in position at the target location, the selected DEB was administered slowly 

under continuous fluoroscopy, evaluating changes in vascular flow rate and appearance 

of reflux or non-target embolisation of the beads (inferred from visible contrast flow).  

The maximum volume was administered for all animals (target volume 1 mL of 

sedimented beads).  Dosing occurred in the left lateral lobe or left median lobe for all 

animals.  After all images were obtained, all guides, catheters, and the sheath were 

removed and the femoral artery ligated; the muscle and subcutaneous tissues were 

closed with absorbable sutures and the skin was closed with skin glue.   

Blood samples were collected from all animals via the jugular or ear vein for 

determination of the plasma concentrations of doxorubicin, irinotecan, or vandetanib. 

Drug quantification in plasma was performed by World Wide Clinical Trials (WWCT, 

Texas, USA) or York Bioanalytical Solutions (YBS, York, UK) using validated liquid 

chromatography and tandem mass spectrometry (LC-MS/MS) methods. Samples were 

collected pre-dose and at selected intervals following administration, up to 14 days. 

Individual doxorubicin, irinotecan, and vandetanib plasma concentration-time profiles 

from treated animals were analysed using model independent methods in Phoenix® 

WinNonLin® software (Certara, USA). For each animal, the following toxicokinetic 

parameters were determined: maximum observed plasma concentration (Cmax), time of 

maximum observed plasma concentration (Tmax), and area under the plasma 

concentration-time curve (AUC). The AUC from time 0 to 336hr (AUC0-336hr), the AUC 

from time 0 to the time of the final quantifiable sample (AUCTlast), and the AUC from 

time 0 to infinity (AUCINF) were calculated by the linear trapezoidal method for all 

animals with at least three consecutive quantifiable concentrations. Half-life values 

(T1/2) were reported for each plasma concentration-time profiles that had sufficient 

plasma concentrations in the terminal elimination phase (at least three samples not 

including Tmax) and an adjusted R2 of ≥ 0.9.  
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3.2.6.2 In vitro in vivo correlation methods 
Two approaches for IVIVC were used depending on the elution model being evaluated. 

For the early phase VFS model, the effect of drug elimination was considered less 

important due to the short duration (30 minutes) of the experiment. Therefore, a simple 

point to point comparison was made between plasma AUC calculated with the 

trapezoidal method, plotted against % cumulative release in vitro, in order to assess 

correlation. 

For the later phase flow through elution data, a convolution method was used to convert 

in vitro dissolution profile to a predicted plasma profile using the method described by 

Qureshi [194]. The amount of drug released between time points (amt (mg)) was 

calculated and a first order elimination model was applied to determine drug elimination 

over time using the following equations: 

Elimination rate constant   

 

The sum of the drug amount remaining (in mg) for each time point was then converted 

to a predicted plasma concentration (C) in ng/mL: 

 

Where Vd is the volume of distribution of the drug expressed in L/kg. Volume of 

distribution refers to the ratio between the total amount of drug in the body and the 

concentration of drug seen in the plasma, which varies according to the degree of uptake 

into various tissues. Bioavailability was considered to be 100% due to intra-arterial 

administration, therefore was not accounted for in the equation.  

T1/2 and Vd for vandetanib and irinotecan in swine were obtained from calculated values 

reported in the pre-clinical study reports for LUMIVAN and LUMIRI. These values 

were not able to be calculated for LUMIDOX, therefore T1/2 and Vd for doxorubicin in 

swine were obtained from the literature [195]. Average pig body weights in kg were 

obtained from the pre-clinical study reports. 
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AUC of the predicted and actual plasma profiles between t=0 and the last shared time 

point for which C>0 were calculated using the trapezoidal method in Prism software. 

3.3 Results 

3.3.1 Vandetanib release from beads in the basic USP-II type model 
3.3.1.1 Effect of bead chemistry 
The elution of vandetanib from DC Bead and DC Bead LUMI into PBS was analysed 

using an in vitro USP type II dissolution model, using 0.3 mL aliquots of beads that had 

been loaded at equivalent dose densities of 40 mg/mL at pH 4.4 (12 mg per aliquot). 

This was taking into account bead shrinkage in the case of DC Bead and represents the 

final dose density per volume rather than the target loading dose. Drug release showed a 

rapid burst phase in the first 2 hours, after which it began to plateau (Figure 3.6). The 

total percentage release of vandetanib over the test period was higher from DC Bead 

than from DC Bead LUMI, achieving on average 85 % drug release in 24 hours, 

compared to an average of 50 % from DC Bead LUMI. Due to DC Bead LUMI being 

selected as the preferred platform for reasons discussed in chapter 2, subsequent studies 

were focused on the parameters affecting vandetanib release from these radiopaque 

beads. 

3.3.1.2 Effect of loading pH – DC Bead LUMI 

Figure 3.6 Vandetanib release from DC Bead [●] and DC Bead LUMI [■] as A) 
amount released in mg; B) percentage of available dose. 0.3 mL aliquots of 
beads (70-150 µm) containing equivalent of 12 mg vandetanib were stirred in 1 
L PBS, pH 7. Mean ± SD, n=3. *The curves are significantly different by f1/f2 
test (f1=48.12, f2=24.44). Original in colour. 

* 
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There was not a significant difference in elution rate when comparing DC Bead LUMI 

that had been loaded at the same dose but at different pH, as confirmed by f1 test (f1 < 15 

for all comparisons). All samples reached plateau at approximately 60 % elution, after 

26 hours (Figure 3.7).  

3.3.1.3 Effect of bead size range – DC Bead LUMI 
As expected due to a lower surface area to volume ratio, the initial rate of vandetanib 

release was slower from DC Bead LUMI of a larger size range (300-500 µm, mean 

diameter 350 µm) compared to 100-300 µm or 70-150 µm (Figure 3.8). However, the 

percentage release at 24 hours was similar for each size range (~60%). There was not a 

significant difference in elution rate between 100-300 µm and 70-150 µm beads, whose 

mean diameters are 130 µm and 100 µm respectively (f1 = 7.67).  

Figure 3.7 Effect of the vandetanib loading solution pH on A) amount B) 
percentage drug release. 0.5 mL of beads were loaded with 30 mg vandetanib 
(60 mg/mL) at pH 2.1 [●], 4.4 [■] or 6.8 [▲]. Mean ± SD, n=3. Original in 
colour. 

Figure 3.8 Effect of bead size range on A) amount B) percentage drug release. 
0.5 mL of beads of diameter range 70-150 µm [●], 100-300 µm [■] or 300-500 
µm [▲]were loaded with 30 mg vandetanib (60 mg/mL). Mean ± SD, n=3. 
*300-500µm elution curve is significantly different to 100-300µm (f1=41.68, 
f2=38.14). Original in colour. 

* 



73 
 

3.3.1.4 Effect of vandetanib dose density – DC Bead LUMI 
The vandetanib loading dose of DC Bead LUMI was positively correlated with the 

release rate (Figure 3.9). High dose vandetanib beads released drug more quickly than 

lower dose beads, but also released a greater proportion of the available dose in the 

given time frame, suggesting that a high drug concentration gradient between the DEB 

and the elution medium encouraged drug transport. It is noted that the overall 

percentage release achieved in this experiment was lower than previous results with 

similar doses, which is likely due to minor protocol differences; fewer early sampling 

points were taken and a smaller sampling volume of 1 mL was used therefore less fresh 

PBS was replaced during the experiment, which may have led to increased medium 

saturation.  

3.3.1.5 Effect of elution medium pH – DC Bead LUMI 
In order to assess whether incomplete vandetanib elution was a result of poor drug 

solubility in PBS, the experiment was repeated using PBS that was adjusted to pH 5 

using HCl. Reducing the pH of the elution medium to 5 slightly increased the elution 

rate of vandetanib from DC Bead LUMI, achieving on average 60% total release 

compared with 48% at neutral pH. The release profiles were compared using f1/f2 

analysis and revealed to be significantly different (f1=29.76, f2=47.56). 

 

 

 

Figure 3.9 Effect of vandetanib loading dose on A) amount and B) percentage 
drug release. 1 mL of beads (70-150 µm) were loaded with 25, 50, 75 or 100 mg 
vandetanib. Mean ± SD, n=3. Original in colour. 
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3.3.2 Early phase drug release (contrast suspension and VFS model) 
The drug release profile obtained using the VFS elution model representing the first 30 

minutes of bead administration is shown in Figure 3.11(A-B). The elution rate peaks 

within the first 5 minutes, demonstrating a ‘burst’ effect which is clearly more 

pronounced with irinotecan than with vandetanib or doxorubicin. The accumulation of 

beads in the channel ends led to a dramatic decrease in eluent flow rate passing through 

the occlusive bead mass, which corresponded with the drop in elution rate (Figure 

3.11(C)). The flow rate profile was similar for each DEB tested. The amount of drug 

released over 30 minutes corresponded to approximately 9% of the total dose for 

irinotecan, 2.6% for doxorubicin and 2.1% for vandetanib.  

Figure 3.10 The effect of the pH of the elution medium on the released fraction 
of vandetanib from DC Bead LUMI. 0.3 mL beads containing 12 mg vandetanib 
(40 mg/mL) were stirred in 1 L of PBS at pH 5 [■] or pH 7 [●]. Mean ± SD, 
n=3. *Curves are significantly different by f1/f2 test (f1=29.76, f2=47.56). 
Original in colour. 

* 
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In order to examine the relationship between early phase elution kinetics and drug 

leaching in contrast agent, the beads were suspended in Omnipaque 350 and drug 

concentration in the supernatant was quantified. The amount of vandetanib released 

from the beads into the contrast medium 15 min after mixing was 3.3 mg, which 

Figure 3.11 (A) Drug dose release profile with time during the administration 
phase using the VFS; (B, inset) Data expressed as cumulative percentage 
release; (C) Representative flow rate profile as measured by volume of eluent 
exiting occluded channels over time – data from LUMIVAN. Mean ± SD, n=3. 
Original in colour. 
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increased to just 3.5 mg in total after 24 h storage representing 3.5% of the loaded dose.  

The drug was seen to be unaltered and remained within specification, >98.0% purity 

with no single impurity >0.2%. This shows that a bead suspension could be potentially 

prepared in advance and stored overnight without significant elution of drug into the 

delivery medium and without risk of drug degradation. On the other hand, irinotecan is 

quickly leached from the beads upon mixing with contrast agent, and the amount 

released continues to increase with extended storage, from 1.9% (t=0) to 10.8% (t=4h). 

Therefore, irinotecan loaded beads are recommended to be used immediately after 

suspension. Doxorubicin loaded beads are stable in contrast agent and eluted only 0.2% 

of their dose in up to 4 hours of storage. The size of the AUC for the burst phase in the 

VFS elution profile seems to correlate with the respective susceptibility of the drugs to 

leach in contrast agent, which suggests this effect contributes to the initial burst of drug 

release in the VFS.  

In keeping with the results obtained in the USP II type model, when vandetanib elution 

was repeated in the VFS using PBS adjusted to pH 5, there was an increase in release 

rate evident in the early time points (Figure 3.12). Total drug fraction released was 6.2% 

compared to 2.1% in pH 7 PBS. In addition, drug release did not appear to reach plateau 

for the duration of the elution run at pH 5, despite a comparable reduction in flow rate. 

Statistical comparison of curves via f1/f2 could not be reliably calculated due to high 

variability in the early timepoints (<5min), however dissolution % were significantly 

different between pH conditions from 4min onwards (multiple t-tests, p<0.05). 

Figure 3.12 Effect of elution medium pH on vandetanib elution in the VFS 
model. Mean ± SD, n=3. Original in colour. 
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3.3.3 Drug release from beads in the flow through cell 
Evaluation of the later phase drug release (post formation of an occlusive mass of 

beads) from the various DEBs was modelled using the open-loop flow through model 

described in section 3.2.5.  Data is shown in Figure 3.13(A) as concentration in the 

eluent over time (expansion inset Fig. 3.12(B)), and Fig. 3.12(C) as cumulative 

percentage dose released. Using this method, irinotecan is still seen to release relatively 

rapidly compared to the other drugs with complete release achieved in around 2 days. 

Doxorubicin displays a sustained and slow elution, with around 45% of the dose eluted 

within 16 days and continuing at a slow rate. Vandetanib displays an interesting release 

pattern, with a linear zero order release phase over the first 5 days that plateaus after 

90% is eluted.  

Figure 3.13 (A): Drug dose release profile with time during the later 
phase using the open loop flow through model; (B) inset: expanded view 
of the first 6 days; (C) data expressed as cumulative percentage release. 
LUMIRI = irinotecan beads, LUMIVAN = vandetanib beads, LUMIDOX 
= doxorubicin beads. Mean ± SD, n=3. Original in colour. 
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3.3.4 In vivo pharmacokinetics 
The pharmacokinetic profiles for the three DEBs are seen to be different in each case 

when comparing the curve shapes in Figure 3.14(A), which is plotted on a log scale in 

order to allow the visualisation of the curves together. The Cmax (see also Table 3.2) for 

LUMIRI is much higher than for LUMIDOX and LUMIVAN as shown in Figure 

3.14(B) where the curves are plotted on a standard scale to provide the direct 

comparison of the relative doses of the drugs released from the different DEB over the 

first 24 hours post administration. LUMIDOX reaches Cmax within minutes and declines 

rapidly, whereas LUMIRI takes between 1-2 hours and declines over the next 24 hours. 

LUMIVAN shows a very minor Cmax at about 1 hour and persists in the plasma with a 

slow decline over several days. Figure 3.14(C) provides an alternative 24 hour plot 

whereby double Y axes are used to allow the LUMIRI to be scaled to the same order of 

magnitude as the other DEBs, and Figure 3.14(D) is the comparator graph only scales 

over 170 hour period to demonstrate the long time over which vandetanib can be 

detected in the plasma post administration. 

DEB Drug 
Dose 
(mg) 

Cmax 
(ng/mL) 

Cmax/Dose 
(ng/mL/mg) 

Tmax 
(hr) 

AUCTlast 
(hr*ng/mL) 

AUCTlast/Dose 

(hr*ng/mL/mg) 
T½  

(hr) 

LUMIDOX 37.6 74.6 ± 
27.7 

1.99 ± 0.738 0.067 
(0.067 
– 0.15) 

185 ± 24.6 4.93 ± 0.657 N/A
* 

LUMIRI 50.3 474 ± 
138 

9.47 ± 2.77 1.067 
(0.4-
2.2) 

2860 ± 278 57.3 ± 5.57 3.67 
± 

0.74 
LUMIVAN 100 23.8 ± 

9.13 
0.238 ± 
0.091 

2 
(0.333

-4) 

535 ± 150 5.35 ± 1.5 22.8 
± 

4.15 
Table 3.3 Pharmacokinetic parameters obtained from the pre-clinical 
embolisation studies in healthy swine liver. *T1/2 could not be calculated due to 
insufficient plasma-concentration time data.  

Plotting the log10 of plasma concentrations (Cp) vs time resulted in different slopes for 

the different drugs (Figure 3.15). Vandetanib and irinotecan showed a linear 

relationship between log Cp and time, indicating that the pharmacokinetics of these 

drugs are best fit by a one compartment model. On the other hand, doxorubicin 

pharmacokinetics appeared to be more multi-phasic, which suggests a multi-

compartment model may be applicable, as has been previously suggested [196, 197]. 
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Figure 3.14 Plasma pharmacokinetic data from pre-clinical studies in swine using 
LUMIDOX, LUMIRI and LUMIVAN. Plasma concentration-time profiles for the 
first 24 hours are depicted in A) log:linear, B) linear:linear, C) Dual Y axes with 
irinotecan plotted on the right axis. D) Extended plasma concentration time profile 
again on dual Y axes up to 170 h. Data shows mean of n≥3 animals ± SD. Original 
in colour. 
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3.3.5 IVIVC 
3.3.5.1 Early phase 
The AUC of doxorubicin and irinotecan plasma profiles were calculated using the 

trapezoidal method, and plotted against cumulative % release from the VFS elution data 

at corresponding timepoints (2, 5, 11, 25 mins from start of bead administration), shown 

in Figure 3.16. 

For Level A IVIVC as specified by FDA guidance [198], a linear correlation is required 

between the in vivo parameter (AUC) and the in vitro dissolution profile. A better 

correlation was achieved with doxorubicin than irinotecan, however the VFS model 

predicted a faster release than the actual in vivo profile for both drugs. Tmax for 

doxorubicin were in a similar timeframe in vitro and in vivo (t=0.9 mins vs t=4 mins 

respectively). The difference was greater for irinotecan, with the VFS showing Tmax to 

be 2 mins, whereas maximal plasma concentrations were seen at approximately 1 hour 

in the swine model.  

 

 

Figure 3.15 Log plasma concentration of irinotecan, vandetanib and doxorubicin 
in swine plasma over time. Linear relationships (IRI and VAN) are suggestive of 
a one compartment model. Original in colour. 
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Figure 3.16 IVIVC of plasma AUC for LUMIDOX (left Y axis) AND LUMIRI 
(right Y axis) in healthy swine against in vitro cumulative % drug release 
obtained in the VFS model (X axis). Original in colour. 

The frequency of blood draws in the vandetanib bead swine pre-clinical study was not 

sufficient to allow a point to point correlation with VFS data. However Tmax were 

compared and found also to differ significantly, with the VFS model showing Tmax at 3 

mins compared with 2 hours in vivo. The dose adjusted Cmax were not drastically 

different between in vivo and in vitro, indicating that similar proportions of the drug 

dose were released in the early phase set up, albeit at an accelerated time course. The 

compared Cmax and Tmax for each drug are summarised in Table 3.3.  

 
Cmax/dose in vivo  

(ng/mL/mg) 
Cmax/dose VFS  
(ng/mL/mg) Tmax in vivo Tmax in VFS 

LUMIRI 9.47 15.15 1h 2min 
LUMIDOX 1.99 0.94 4min 0.9min 
LUMIVAN 0.238 3.33 2h 3min 

Table 3.4 Comparison between pharmacokinetic/dissolution parameters in vivo 
(swine) and in vitro (VFS model) 
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3.3.5.2 Late phase 
Comparing the raw concentration-time data for the flow through model with the in vivo 

PK data, we see that the Tmax are fairly similar to their in vivo counterparts for 

vandetanib and irinotecan (3 h vs 1 h, 2.2 h vs 2 h respectively), but the duration of drug 

release in the model persists longer than the presence of drug in plasma. However, the 

concentrations cannot be directly compared with the in vivo data as they represent the 

concentrations of drug in eluent passing directly from the beads to the UV detector at a 

given moment, without taking into account dilution and accumulation in the blood, 

distribution in tissues and elimination. Therefore, the data was convoluted as described 

in section 3.2.6.  

The convoluted flow through data for vandetanib and irinotecan LUMI beads showed 

similarity in curve shape to the plasma profiles, predicting a similar elimination time 

course for the drugs from the plasma (Figure 3.18 A&B). The convolution was not 

extended past 48 hours due to the infrequency of comparable data points beyond this 

time: the average Tlast for LUMIRI, LUMIDOX and LUMIVAN were 12 h, 48 h and 72 

h respectively. The predicted maximum plasma concentrations as well as AUC for all 

DEBs were between 5.2 and 66.3 fold lower than the actual values, however at later 

stages (24-48 h) the predicted and actual concentrations begin to converge. The in vitro 

Tmax in all cases occurred several hours later compared with in vivo. For doxorubicin, 

the convoluted elution profile did not correlate well in terms of curve shape with the 

actual plasma profile, predicting a much lower Cmax and slower elimination of the drug. 

However, from 12 hours onwards, the predicted and actual doxorubicin concentrations 

are within 1-2 ng/mL of each other, which may explain why the compared AUCs were 

less disparate than the Cmax.  

In order to achieve level A IVIVC, a linear correlation would be expected between 

compared parameters over the time course. Interestingly, despite differing by an order 

of magnitude, when in vitro and in vivo AUC were plotted against each other, a linear 

correlation was achieved for LUMIVAN but not for LUMIRI or LUMIDOX. AUC 

calculated from the raw concentration time data from the flow through model correlated 

better than the convoluted data in this case, but both fits had an r2 > 0.9 (Figure 3.17). 

The steep slopes of the compared AUCs for doxorubicin and irinotecan in the first hour 
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is indicative of the drug being observed in the plasma in vivo much faster than it was 

observed in the in vitro test (data not shown).  
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Figure 3.17 Assessment of IVIVC between in vitro and in vivo AUC from raw 
LUMIVAN flow through elution data.   
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Figure 3.18 IVIVC using flow through elution model data. A) LUMIVAN, B) LUMIRI, and C) LUMIDOX elution profiles were 
convoluted with a first order elimination model (upper graphs) and compared with the in vivo plasma profiles (lower graphs). 
Predicted (in vitro) and actual (in vivo) PK parameters are reported in the tables. Original in colour. 
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3.4 Discussion 
Three different methods of modelling drug release from beads in vitro were employed, 

with the goal of distinguishing between vandetanib bead prototypes, and accurately 

modelling release kinetics in the early phase and late phase of drug elution.  

3.4.1 Effect of DEB properties on vandetanib release 
Bead chemistry and size range had predictable effects on vandetanib release, with the 

increased solid content and hydrophobicity of LUMI likely impeding diffusion of ions 

and drug molecules throughout the bead matrix [38]. The increased elution rate from 

smaller beads is explained simply by a larger surface area to volume ratio. There is a 

trend towards using smaller bead size ranges in clinical practice due to their ability to 

penetrate tumours more distally, and we could expect that this may be associated with a 

more rapid availability of the drug in plasma and tissue compared with larger size 

ranges. Several studies have reported increased response rates and similar or even 

decreased adverse event rates with smaller bead size ranges, which suggests that a 

potential increased plasma exposure does not necessarily contribute to increased 

systemic side effects [146, 178, 179, 199]. 

Although it could be expected that doubly charged vandetanib molecules occupying 2 

binding sites may be released more slowly in an elution model, the release profile of 

vandetanib from DC Bead LUMI did not vary significantly depending on the pH of the 

loading solution and therefore the charge state. Possible reasons for this are that the 

ionic interactions are not strong enough to be affected in this manner, or perhaps the 

neutral pH of the elution medium negates this pH dependent effect as soon as the ion 

exchange process begins.  

In the USP-II type model, release of vandetanib from DC Bead LUMI was incomplete, 

despite maximum concentrations reached in the elution vessel remaining lower than the 

theoretical solubility of 0.008 mg/mL (Figure 3.5). By adjusting the pH of the PBS 

elution medium to 5, vandetanib release rate from LUMI was slightly increased with 

total drug release increasing by 12%. This effect was also seen in the short term VFS 

elution model, suggesting that drug solubility may be a rate-limiting factor in 

vandetanib release. Hypoxic tumours are known to be acidotic due to production of 

lactic acid by anaerobic glycolysis. Moreover efficient arterial embolisation will impede 

clearance of lactic acid from tumoural tissues, contributing to the acidic 
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microenvironment [200], which may somewhat facilitate release in the case of acid-

soluble drugs. Similarly to doxorubicin [201], vandetanib binding to DEB has been 

shown to be fully reversible in appropriate solvents as the total dose can be extracted 

using a solution of potassium chloride and ethanol. Furthermore, the total vandetanib 

dose was released in the slow flow through model, suggesting that maintaining a fresh 

supply of ions is necessary to sustain vandetanib release, which has been previously 

reported for other DEB combinations [186]. 

The effect of increasing the vandetanib dose density in DC Bead LUMI was that of an 

increased release rate and overall release fraction. This relationship is opposite to what 

has been previously observed with doxorubicin loaded DC Bead, in which increased 

dose hinders drug release due to the effects of water displacement: DEB shrinking leads 

to increased proximity of doxorubicin molecules therefore more drug-drug interactions 

(π stacking), and increased hydrophobicity hampers water transport and ion exchange 

[184]. Since DC Bead LUMI are more resistant to size changes after drug loading, it is 

possible that bead shrinkage no longer hinders drug and ion transport and instead 

increased loading dose leads to an increased drug concentration gradient which 

encourages drug release. In addition, vandetanib is not known to have strong self-

interactions. These may play an important role when it comes to doxorubicin, as it has 

been observed in preclinical models that hepatic embolisation using LUMI loaded with 

75 mg/mL dox yielded a lower Cmax in plasma than the 37.5 mg/mL dose despite 

minimal bead size variation (Biocompatibles UK Ltd unpublished data). This was not 

the case for irinotecan, where the Cmax for a 100 mg/mL dose was approximately double 

that of the 50 mg/mL dose; again, irinotecan has weaker self-interactions than 

doxorubicin.  

3.4.2 Evaluation of early and late phase elution modelling 
3.4.2.1 VFS model 
The VFS model allows the reproduction of many phenomena experienced during 

administration of DEB in the clinic: suspension in contrast agent, gradual (rather than 

instantaneous) DEB delivery, exposure to high rate pulsatile flow of elution medium, 

and eventual packing of beads in a confined channel. The presence of these features is a 

vast improvement in representativeness of the in vivo situation, in comparison to the 

basic USP type set ups. This may have been the key to the achievement of good 

correlation of the elution data with the first 30 minutes of in vivo plasma concentration 
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data in the case of LUMIDOX. For LUMIRI and LUMIVAN the model predicted a 

shorter Tmax than the in vivo value, however the dose adjusted Cmax were in a similar 

range to the in vivo values for all three drugs suggesting that the model is capable of 

making a fair estimation of the proportion of drug that will be released from the beads 

in this burst phase. The accelerated release time course observed in the VFS may simply 

be a function of the condensed nature of the model – the volume of bead suspension 

delivered is a tenth of what is used in the swine model, therefore delivery of the entire 

dose does not take as long, and the channels are blocked quickly as beads reach the 

filters leading to the reduction of drug release. Another key difference is that since the 

VFS is a semi-open loop system, the drug concentration that is recorded at each time 

point provides a snapshot of what has been released in that moment, in other words the 

drug does not have the opportunity to accumulate as it would in the plasma prior to the 

start of elimination. Doxorubicin has a very short distribution half-life of 5 minutes 

[202], in other words it is quickly taken up by the tissues which is reflected in its early 

disappearance from the plasma compared to irinotecan and vandetanib. This may be 

why a better correlation is achieved with doxorubicin in the VFS, where the eluted drug 

is also quickly removed from the system. 

Owing to the complexity of the VFS model, there are several potential variables in its 

operation which may have contributed to relatively large standard deviations in some 

data sets. Improvements may need to be made to the operation of the system in order to 

reduce error, and tighter standardisation of the protocol will aid reproducibility between 

runs and operators.  

3.4.2.2 Flow through model 
The flow through cell model employed in this study mimics tight packing of beads in 

blood vessels with a very slow flow rate, which makes it suitable for modelling the mid 

to late phase of drug release from DEB. The volume and drug dose of beads used in the 

model are the same as those used in the swine pre-clinical studies, allowing a direct 

comparison of the achieved concentration-time profiles. The flow through system was 

capable of distinguishing between the three drug types, showing the same pattern as the 

in vivo data in terms of the relative release rate of irinotecan, vandetanib and 

doxorubicin as a consequence of drug binding strength and interactions. A linear point 

to point correlation was achieved when comparing the AUC derived from the flow 

through data and in vivo plasma data for vandetanib only, whereas doxorubicin and 
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irinotecan had differential release rates in vitro compared to in vivo. The convoluted in 

vitro data showed only similarities in elimination phase curve shape for vandetanib and 

irinotecan. In contrast to the VFS model, the predicted Tmax were this time several hours 

later than the actual in vivo Tmax. However, this can be explained by the fact that the 

flow through elution process is started with the beads already in an occlusive mass, 

therefore the burst effect is not modelled and the drug will take longer to reach a peak 

concentration. FDA guidance states that time-scaling or time shift correction may be 

applied to the in vitro profile to improve the alignment [198], which has been 

successfully implemented in developing IVIVC in non-IV microsphere formulations 

using modified USP IV apparatus [203]. Doxorubicin IVIVC was not improved by 

implementing a simple time shift correction to account for the slow initial release rate, 

therefore further investigation is required to establish if time-scaling may be 

appropriate. If the time-scaling factor is found to be non-linear, the lack of consistency 

between release rates should be treated as a limitation of the in vitro model [204]. 

Despite using the same volume of beads and drug doses, the convoluted profile 

significantly underestimated the plasma concentrations of all three drugs, although the 

disparity decreases over time and the values begin to converge after 24 h – 48 h. Again, 

this may be related to the lack of the burst phase and the tight packing and slow flow 

rate of the system. In particular, doxorubicin was initially very slow to elute from the 

beads in the flow through model, which may be due to how it is released when packed 

in a column. Swaine et al. (2016) found that dox release from DC bead in a column was 

based on a process of drug desorption from the near end of the column, followed by 

resorption by beads further along in the direction of flow [188]. This results in the beads 

furthest away from the flow source becoming loaded with more drug than the initial 

loading dose, which may increase drug aggregation and impede ion influx. This effect 

has resulted in a slow, sustained release of dox in the flow through model, which offset 

the simulated elimination giving a shallower elimination curve in the convoluted data. 

In vivo, as previously mentioned dox is quickly distributed into tissues and this is not 

accounted for in the convolution process.  

Convolution of in vitro data is one approach to develop an IVIVC, however the method 

used in this study makes several assumptions which may not be suited to controlled 

release applications. Reported T1/2 and Vd for the drugs were found to be variable in the 

literature, and values obtained for humans may not be applicable to swine. Therefore 
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apparent T1/2 and Vd were obtained from the corresponding DEB pre-clinical studies 

where possible to improve accuracy. For LUMIDOX they were not able to be calculated 

and therefore the parameters were taken from a published study which used i.v. infusion 

of dox solution in swine rather than DEB, which may limit the accuracy of the 

prediction, as controlled release formulations can cause apparent T1/2 and Vd to vary 

from the standard values. A possible alternative approach would be to de-convolute the 

in vivo data and compare this with the dissolution profiles, but this technique is more 

complex to realise.  

3.5 Conclusions 
The models described here have given an insight into how we may start to improve 

representativeness of in vitro elution testing for drug eluting beads. The early phase 

VFS model allowed a decent estimation of the proportion of drug that would be released 

during the administration phase of DEB-TACE, which for vandetanib was within a 

similar range to commonly used drugs irinotecan and doxorubicin therefore this 

provides encouragement that systemic exposure will remain within acceptably low 

levels.  The flow through model, as intended, seemed more suited to modelling mid to 

late phase drug release as it did not predict the early burst effect, but instead 

corresponded better to the drug elimination phase. More sophisticated methods of 

convoluting or deconvoluting data using multi-compartmental models may improve the 

IVIVC. It seems that adapting and combining these two methods may be the best way to 

predict plasma drug concentrations after DEB treatment in vitro, and looking forward a 

third model may be developed based on drug diffusion from DEB into a gel matrix in 

order to model tissue diffusion, which will complete the picture. 
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4 CHAPTER FOUR: EFFECT OF HYPOXIA ON 

VANDETANIB ACTIVITY IN VITRO 

4.1 Introduction 

4.1.1 Vandetanib as an anti-cancer agent 
 

Vandetanib is a small molecule tyrosine kinase 

inhibitor that potently inhibits VEGFR-2 and 3, as 

well as EGFR at a sub-micromolar concentration [84]. 

Table 4.1 shows the additional targets of vandetanib 

as well as the in vitro IC50 for each target. The 

VEGFR receptors, platelet derived growth factor 

receptor (PDGFR) and Tie-2 all have functions in 

regulating angiogenesis [15, 205, 206]. The 

mechanism of action of vandetanib against solid 

tumours is therefore likely to be primarily an anti-

angiogenic effect, with inhibition of VEGFR-2 

disrupting endothelial cell growth, proliferation and migration, compromising the 

vascular network supplying the tumour. This effect has been observed in pre-clinical 

tumour models [207, 208] but has yet to be confirmed using imaging biomarkers in 

clinical studies on vandetanib [93]. However, vandetanib also exhibits direct anti-

proliferative effects on tumour cells via EGFR inhibition and, at higher concentrations, 

inhibition of FGFR and PDGFR [87, 209]. Therefore, it is of interest to characterise this 

anti-proliferative effect against HCC cell lines, and specifically in hypoxic conditions in 

order to identify any effects that inducing ischaemia via TACE may have on the anti-

tumour activity of vandetanib. The limited available data on use of vandetanib in 

hypoxic conditions pointed to it being equipotent or slightly hypoxia-selective in non-

HCC cell lines [113]. 

A further purpose for performing in vitro viability assays with vandetanib is to confirm 

the dose at which anti-proliferative effects are seen and cross-reference this with 

Target IC50 
VEGFR-2 40nM 
VEGFR-1 1.6μM 
VEGFR-3 110nM 

EGFR 500nM 
PDGFRβ 1.1μM 

Tie-2 2.5μM 
FGFR1 3.6μM 

Table 4.1 Tyrosine kinase 
receptors inhibited by 
vandetanib and the 
respective IC50 in enzyme 
assays. Adapted from 
Wedge et al. (2002) 
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expected tumour concentrations of drug following DEB injection. As a reference, 

injection of sunitinib-eluting beads into rabbit livers resulted in average liver 

concentrations of 14.9 μg/g at 6 hours post treatment [79]. Assuming a liver tissue 

density of approximately 1 g/mL [210], this equates to a concentration of about 37 μM 

of sunitinib. Bearing in mind that in this study the dose of sunitinib in the beads was 30 

mg per mL of beads, which were delivered non-selectively into the common hepatic 

artery, there is potential for much higher concentrations in tumour when 100 mg/mL 

vandetanib-DEB are delivered selectively. 

4.1.2 Vandetanib and hypoxia 
Figure 4.1 summarises the pathways likely to be implicated in the treatment of liver 

tumours with vandetanib in a hypoxic environment. Downstream of VEGFR2 and 
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Figure 4.1 Simplified representation of the molecular pathways l ikely 
to be implicated in vandetanib-TACE. Vandetanib inhibits  the tyrosine 
kinase domain of VEGFR2 and EGFR, which are normally activated by 
their ligands VEGF and EGF. This triggers signalling cascades that  
have functions in promoting angiogenesis, tumour cell survival and 
proliferation, and inhibit ion of apoptosis.  Addit ionally,  hypoxia 
induced by embolisation therapy results in stabilisation of HIF-1α ,  
which switches on expression of target genes that can further encourage 
cell survival and angiogenesis, including production of growth factors 
VEGF, IGF and TGF-α  [82,  262, 291].  Original in colour.  
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EGFR, the PI3K/Akt/mTOR and RAF/MEK/ERK (MAP kinase) pathways transduce 

the signal from tyrosine kinase inhibitors activated by the binding of growth factors 

such as VEGF and EGF. Ultimately this leads to many cellular responses, including 

changes in gene expression, inhibition of apoptosis, and an increase in cell proliferation. 

Both pathways have been shown to be positive regulators of HIF-1α [211]. 

4.1.2.1 PI3K/Akt/mTOR pathway 
The PI3K/Akt/mTOR pathway coordinates cellular responses to growth factors, 

nutrients, cytokines, mitogens, and stress. In the presence of growth factors and 

nutrients, Akt becomes activated via PI3K and acts upon a vast number of substrates 

involved in diverse cellular functions [212]. Activated Akt can directly or indirectly 

inhibit apoptosis, via inhibition of pro-apoptotic proteins such as Bad and p53. Akt can 

also activate mTOR, which upon forming complexes mTORC1 or mTORC2, results in 

increased protein synthesis, lipogenesis and cell metabolism, ultimately encouraging 

cell cycle progression and proliferation [213]. 

Akt was originally discovered as a proto-oncogene and it is not surprising that the 

PI3K/Akt/mTOR pathway is deregulated in many forms of cancer, including HCC [214, 

215]. One mechanism of deregulation is the loss of expression of PTEN, a tumour 

suppressor protein that negatively regulates the pathway by suppressing 

phosphorylation of Akt. PTEN is frequently mutated in HCC, and is known to have low 

expression in HepG2 and Hep3B cells [216, 217]. The PI3K/Akt/mTOR pathway has 

been shown to mediate resistance to sorafenib in HCC cells, which was reversible by 

inhibition of Akt [218]. 

Hypoxia has been observed to activate the PI3K/Akt/mTOR pathway [219], however 

mTORC1 should be negatively regulated in hypoxia due to inhibition by the stress-

activated protein REDD [220]. Constitutive activation of the pathway by loss of PTEN 

activity may be sufficient to overcome this inhibition in cancer. 

4.1.2.2 MAP Kinase (MAPK) pathway 
The MAPK/ERK pathway is stimulated by a number of receptor tyrosine kinases 

involved in cellular growth and differentiation, including EGFR. The core components 

of the cascade are Raf, MEK, and ERK, which are serine/threonine protein kinases that 

phosphorylate each other in turn. Activated ERK1/2 regulates targets within the cytosol 
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but can also translocate to the nucleus to activate various transcription factors involved 

in cell proliferation [221].  

Activation of the MAPK pathway in human HCC is poorly correlated with prognosis 

and is present in 50-100% of HCC tumours [222]. ERK has a role in stimulating HIF-1α 

translation and can also promote its function as a transcription factor [223]. As well as 

VEGF, hypoxia can upregulate other ligands that stimulate the MAPK pathway via 

RTK such as insulin-like growth factor (IGF) and PDGF [224, 225]. 

P38 MAPK is also activated by growth factor signalling, as well as inflammatory 

cytokines and cellular stressors. Whilst there is a lot of evidence that p38 MAPK 

suppresses tumorigenesis [226], in hypoxic conditions p38 becomes activated, it can 

activate HIF-1α and is involved with the production of VEGF which contributes to 

angiogenesis [227]. High phospho-p38 levels in human HCC tumours were correlated 

with large tumours, presence of satellite tumours and poor survival [228].  

4.1.3 Aims of this chapter 
• Determine the IC50 of vandetanib against HCC and endothelial cells in normoxic 

and hypoxic conditions. 

• Investigate the mechanism of action of vandetanib against HCC cell lines by 

detecting apoptosis. 

• Examine expression of key proteins in vandetanib treated cells in normoxic and 

hypoxic conditions. 

4.2 Materials and Methods 

4.2.1 Cell lines 
HepG2 cells were purchased from European Collection of Authenticated Cell Cultures 

(ECACC 85011430) and maintained in Minimum Essential Medium (Gibco) 

supplemented with 10% fetal bovine serum (FBS) and 1% non-essential amino acids 

(NEAA, Gibco). Hep3B cells were a gift from Dr. Armand de Gramont at the 

Department of Oncology, CHUV, Switzerland and were maintained in RPMI 1640 

(Gibco) with 10% FBS. JHH6 cells were purchased from the Japanese Collection of 

Research Bioresources Cell Bank (JCRB1030, original depositor Dr. Seishi Nagamori) 

and cultured in RPMI 1640 with 10% FBS. Cells used for experiments were below 

passage number 20. 
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Pooled donor HUVECs pre-screened for expression of angiogenesis markers (Axl, 

eNOS, Tie-2, VEGFR-2) were purchased from Lonza (Cat. no. C2519AS) and were 

cultured in Endothelial Growth Medium (EGM-2, Lonza) consisting of Endothelial 

Basal Medium supplemented with EGM-2 Bullet Kit containing FBS (final 

concentration 2%) and endothelial growth supplements.  

4.2.2 Cell culture protocols 
Cell culture in normoxic conditions was carried out under aseptic conditions inside a 

laminar flow cell culture hood (HERA Safe, Heraeus). All equipment was sterilised 

before use, and surfaces were wiped with 70% industrial methylated spirits. Cells were 

cultured in T75 tissue culture coated flasks (NUNC) and incubated at 37 °C, 95% air 

and 5% CO2. Cells were passaged when confluence reached 70-80%. The passage 

protocol consisted of washing cells once in sterile PBS, before adding 5 mL 0.05% 

Trypsin-EDTA (Gibco). Once cell detachment was observed, the trypsin was quenched 

with either 10 mL complete medium containing FBS for HCC cells or 10 mL defined 

trypsin inhibitor (Gibco) for HUVECs. Cells were transferred to a centrifuge tube and 

centrifuged for 5 minutes at 500 g (HCC cells) or 200 g (HUVECs). The cell pellet was 

resuspended in 1 mL of complete medium and an appropriate fraction (dependent on 

cell confluence and doubling time) was placed into a new flask containing pre-warmed 

medium.  

4.2.3 Hypoxic incubation 
4.2.3.1 Baker Ruskinn InvivO2 hypoxic workstation 
The InvivO2 400 physiological cell culture workstation was purchased from Baker 

Ruskinn (Figure 4.2). The unit consists of a sealed chamber accessible through 

gloveless sleeve entry ports. The unit is supplied with lines of nitrogen, oxygen and 

carbon dioxide. The oxygen sensor is automatically calibrated and allows sensitive 

control of oxygen levels via automatic purging with nitrogen. Internal HEPA filtration 

permits carrying out experimental manipulation in hypoxic conditions whilst ensuring 

aseptic conditions.  
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For all hypoxic experiments, the atmosphere inside the chamber was maintained at 37 

°C, 1% O2 and 5% CO2 (±0.2%). Humidity was set at the maximum of 85% and was 

maintained with the use of provided Aquasorb sachets. Culture plates were introduced 

to the chamber via an interlock which was automatically purged to match the 

atmosphere inside the main chamber before transfer to the internal culture shelves. 

4.2.3.2 Hypoxic cell incubator 
A proportion of the cell culture work in this thesis (viability assays on HCC cell lines) 

was carried out in the University Hospital of Lausanne (CHUV, Switzerland). As a 

sealed workstation was not available, a multi-gas incubator was used instead (MCO-

5M-PE, Panasonic). The atmosphere was maintained in the same conditions of 37 °C, 

1% O2 and 5% CO2. Care was taken not to open the incubator during incubation periods 

to avoid fluctuation of oxygen level.   

4.2.4 Preparation of drug solutions 
For cell based assays, 0.5 mg/mL vandetanib (Astra Zeneca, UK) stock solution was 

prepared in 0.05M HCl. Doxorubicin (Hisun, China) solution was prepared in ultrapure 

water at 0.5 mg/mL. The drug stock solutions were sterile filtered using a 0.2 μm pore 

sterile syringe filter (Corning) and subsequent dilutions of the stock solutions in cell 

culture medium were performed in sterile conditions prior to use. 

 

 

Figure 4.2 The InvivO2 Hypoxia chamber. Original in colour. 
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4.2.5 Cell viability assays 
 

4.2.5.1 WST-1 assay principle 
WST-1 is a water soluble tetrazolium salt used for assessing cell metabolic activity. 

WST-1 is similar to the widely used MTT assay, with the advantage of being soluble in 

cell culture medium meaning no additional solubilisation step is required before reading 

absorbance. WST-1 is reduced by NADH and NADPH enzymes in the presence of 

intermediate electron acceptors to a soluble formazan, a coloured compound with a 

maximum absorbance at 440 nm. The reduction of WST-1 occurs extracellularly by 

electron transport across the plasma membrane of dividing cells [229]. An increase in 

the number of viable cells results in a rise in overall dehydrogenase activity, and 

therefore the amount of formazan dye formed is also increased which can be directly 

correlated to the number of metabolically active cells in the culture. As the WST-1 

assay only gives information about the number of viable (metabolically active) cells, 

complementary assays should be used to provide insights into the mechanism of any 

changes in cell viability seen as a result of exposure to pharmacologically active 

compounds, for instance cell cycle arrest, apoptosis, or necrosis. 

4.2.5.2 Cell titration experiments and vehicle controls 
Prior to exposure of cells to vandetanib, the optimum seeding density for each HCC cell 

line in hypoxic and normoxic conditions was established by performing a cell titration 

experiment (data not shown). Briefly, cells were seeded in 96 well plates at a range of 

densities from 500 – 10,000 cells per well. The plates were cultured in either normoxic 

or hypoxic conditions for 96 hours after which 20 µL per well of WST-1 reagent was 

added, incubated for 30 minutes and OD measured at 440 nm. The seeding density 

which yielded the optimum absorbance in the linear range of the assay was selected for 

subsequent experiments: 500 cells per well, 1000 cells per well and 5000 cells per well 

for JHH6, Hep3B and HepG2 cells respectively.  

Preliminary cell viability experiments and background controls were performed using 

vehicle only (0.05M HCl) diluted in cell culture medium at the relevant concentrations. 

There were no significant effect on calculated cell viability with any concentration of 

HCl (amount equivalent to up to 100µM vandetanib solution) (data not shown). The 

buffering properties of the cell culture medium kept the drug solutions in the 

appropriate pH range for cell culture (7.0-7.7) as there was minimal colour change of 
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the phenol red indicator. There was no dose dependent effect of vandetanib solution on 

background WST-1 absorbance (no cells), therefore the highest dose (50µM) was 

selected for the cell-free blank. The UV absorbance maxima of vandetanib were 

previously determined to be 217, 250 and 330 nm, whereas the WST-1 assay is read at 

440nm.  

4.2.5.3 WST-1 assay procedure – HCC cell lines 
Cells were seeded into 96 well plates (Costar) containing 200 μL of complete medium 

per well and allowed to equilibrate in normoxic conditions for 24 hours. At this point, 

media was aspirated from the cells and replaced with media containing vandetanib of 

concentrations ranging from 0.1 – 50 μM. The first column contained cells with media 

only (control), and the last column used contained no cells with 200 μl of 50 μM of 

vandetanib (blank). Empty wells were filled with sterile PBS to reduce evaporation. 

Figure 4.3 shows the plate layout used for the assay. 

After addition of drug, plates were placed in either the normoxic (21% O2) or hypoxic 

(1% O2) incubator for 72 hours. A 72 hour incubation period was selected due to the 

long 19 day half-life of vandetanib in humans (FDA, 2010). At the end of the incubation 

period, 20 μL of WST-1 reagent (Takara) was added to each well and the plate was 

placed back into the respective incubator for 30 minutes. The absorbance was then read 

Vandetanib 
µM 0 0.1 1 5 10 15 20 50 50(NC) 

Figure 4.3 WST-1 Assay plate layout. NC = no cells. Original in colour. 
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on a multi-well plate reader after 5 seconds of gentle shaking. The wavelength used was 

440 nm with a reference reading at 630 nm which was subtracted from all readings. 

4.2.5.4 WST-1 assay procedure – HUVECs 
For HUVECs, a similar procedure was followed, however a 72 hour incubation period 

was not optimal for maintenance of the cells. Significant cell death was observed in 

untreated samples at various seeding densities. Therefore, a 24 hour incubation period 

was selected. 

HUVECs were seeded in supplemented EGM-2 (2% FBS) at a density of 2500 cells per 

well in a 96 well plate and allowed to equilibrate for 24 hours in normoxic conditions. 

The media was removed and replaced with EBM-2 (basal medium) containing 2% FBS 

and 3 ng/mL VEGF (Peprotech) with vandetanib ranging from 0-20 µM and incubated 

for 24 hours in either normoxic or hypoxic conditions. 20 µL of WST-1 reagent was 

added to each well and incubated for 1 hour. Absorbance was read in a multi-well plate 

reader as before. 

4.2.5.5 Viability calculations and statistical analysis 
The percentage cell viability was calculated as follows: 

 

Where: S = sample absorbance; CF = cell free blank absorbance; NC = negative (media 

only) control absorbance. 

Each experiment was repeated a total of 3 times. In order to calculate IC50 and compare 

dose-response data between normoxic and hypoxic conditions, a variable slope, four 

parameter dose-response curve was fitted to log(vandetanib dose) vs percentage 

viability in Prism 6 software. A comparison of fits was performed using the extra-sum-

of-squares F test between normoxic and hypoxic curves which indicated whether 

normoxic and hypoxic IC50 were significantly different. 

4.2.6 Detection of apoptosis and cell cycle analysis 
 

4.2.6.1 NucleoCounter® DNA fragmentation assay 
During apoptosis, calcium and magnesium-dependent nucleases are activated which 

degrade DNA. This means that within the DNA there are nicks and double-strand 
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breaks causing fragmentation. This late event of apoptosis is detected using DNA 

content analysis to measure cell having less than 1 DNA equivalent (so-called Sub-G1 

cells having less than 2C DNA content). Using image analysis, the NucleoCounter® 

NC-3000™ (ChemoMetec, Denmark) system automates detection of cells with 

fragmented DNA (sub-G1 cells) by quantifying the intensity of the DNA binding dye, 

4',6-diamidino-2-phenylindole (DAPI).  

Cells were seeded into T-25 flasks and grown until 70% confluent. The media was 

removed and replaced with fresh media or media containing 25 μM vandetanib and cells 

were incubated in normoxic or hypoxic conditions for 24 hours. After incubation, the 

cells were trypsinised and pooled with the incubation medium containing detached 

cells. Cells were centrifuged at 500 g for 5 minutes, counted, and resuspended to a 

concentration of 1-2x106 cells in 0.5 mL PBS. 4.5 mL of ice-cold 70% ethanol was 

added to fix the cells, which were stored at 4 °C overnight. Cells were centrifuged as 

before and washed once in PBS to remove low molecular weight DNA that was leached 

from apoptotic cells. Finally the cell pellet was resuspended in DAPI solution (1 µg/mL 

DAPI, 0.1% triton X-100 in PBS). Cells were loaded into NC-Slide A8 chamber slides 

and analysed for DAPI stain intensity, relating to the amount of high molecular weight 

DNA within the cells. Output data was analysed with FlowJo® flow cytometry software 

in order to determine cell cycle distribution. 

4.2.7 Detection of phospho and total EGFR by western blotting 
Composition and origin of materials used in western blotting are listed in Table 4.2. 

Table 4.2 Materials used in western blotting. 

Material Composition Manufacturer 

Sample buffer (Laemmli) 
2x 

4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, 0.004% bromophenol 
blue, 0.125 M Tris HCl 

Sigma-Aldrich 

Running buffer 25 mM Tris, 192 mM glycine, 0.1% 
SDS ; pH 8.6 Sigma-Aldrich 

Transfer buffer Tris glycine pH 8.5 Thermo-Fisher 
Blocking buffer 5% BSA in TBS 0.025% Tween® 20 Thermo-Fisher 

Wash buffer (TBST) 0.15 M sodium chloride, 0.050 M Tris 
HCl, 0.05% Tween® 20; pH 7.6 Sigma-Aldrich 

Mini-PROTEAN® TGX™ 
Precast Protein Gels 4-20% polyacrylamide  Bio-Rad 

Precision Plus Protein™ 
Dual Color Standards 

10-250kDa coloured protein standard 
ladder Bio-Rad 
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HepG2, Hep3B and JHH6 cells were seeded in T-75 flasks and incubated in standard 

conditions until 70% confluent. Then, the media was removed and replaced with serum-

free media containing increasing concentrations of vandetanib (0, 1, 10 and 25 µM) and 

cells were incubated in normoxic or hypoxic conditions for 4 hours, followed by 

stimulation with 100 ng/mL EGF (Peprotech) for 30 minutes. Cells were then washed in 

ice-cold PBS, harvested by scraping and centrifuged. The cell pellets were lysed on ice 

in RIPA buffer (Thermo Fisher), which was supplemented with phosphatase inhibitors 

(PhosSTOP, Roche) and protease inhibitors (cOmplete, Roche) according to the 

manufacturer’s instructions. Lysates were centrifuged at 4 °C at 13000 x g for 15 

minutes and the supernatant was collected and stored at -80°C until use.  

The protein concentration of cell lysates was determined by Bradford assay (Sigma-

Aldrich). 30 µg of protein per lane was mixed with equal volume of 2x Laemmli sample 

buffer. Samples were boiled at 90 °C for 5 minutes prior to loading into precast SDS-

PAGE gels. Proteins were separated by electrophoresis at 200V for 40 minutes. Proteins 

were transferred to a nitrocellulose membrane pre-soaked in transfer buffer using a 

semi-dry transfer apparatus, for 1 hour at 18 V. Membranes were blocked overnight at 4 

°C in blocking buffer (5% BSA in TBST). The membranes were then transferred to 

falcon tubes and probed with primary antibody diluted in blocking buffer, overnight at 4 

°C on a carousel mixer. Membranes were washed with wash buffer (TBST) once 

quickly, then three times for five minutes. Membranes were placed in falcon tubes again 

and incubated with HRP conjugated secondary antibody diluted in blocking buffer for 1 

hour at room temperature on a roller mixer. The membranes were washed as before, 

then signal was developed using an enhanced chemiluminesence (ECL) kit (Pierce™ 

ECL Plus, Thermo Fisher) and detected by exposure to autoradiography film 

(Amersham Hyperfilm ECL, GE Healthcare, UK). Antibody details and dilutions are 

listed in Table 4.3. 

Table 4.3 Antibody pairings and dilutions used in western blotting 

Protein of 
interest 

Primary antibody Secondary antibody 

Phospho EGFR 
(Y1086) 

Ab32086 (Abcam) 
1:3000 

Goat anti-rabbit IgG (HRP) ab6721 
(Abcam) 1:50000 

EGFR  Ab32077 (Abcam) 
1:6000 

Goat anti-rabbit IgG (HRP) ab6721 
(Abcam) 1:50000 

Beta-actin Ab8226 (Abcam) 
1:10000 

Rabbit anti-mouse IgG (HRP) ab6728 
(Abcam) 1:50000 
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4.2.8 Measurement of VEGF in cell culture supernatants 
HepG2, Hep3B and JHH6 cells were seeded in 24 well plates and allowed to equilibrate 

for 24 hours or until approximately 70% confluent. After washing cells in PBS, the 

culture medium was replaced with serum-free medium containing 0, 10 or 25 µM 

vandetanib or doxorubicin, and cells were incubated in normoxia or hypoxia for 24 

hours. Conditioned culture medium was harvested and stored at -20 °C. VEGF levels in 

the culture medium were quantified by a commercial VEGF ELISA kit (ab100662, 

Abcam) and normalised to the protein content of each sample as determined by 

Bradford assay (Sigma Aldrich). 

4.2.9 Measurement of HIF-1α levels 
Levels of HIF-1α were measured using a HIF-1α ELISA kit (ab171577, Abcam) 

according to manufacturer’s instructions. HepG2, Hep3B and JHH6 cells were seeded 

in 6 well plates and incubated until 80% confluent. Culture medium was replaced with 

serum-free medium containing 0, 10 or 25 µM vandetanib or doxorubicin, and cells 

were incubated in normoxia or hypoxia for 24 hours. To harvest cell extracts, the cells 

were washed in cold PBS and lysed in lysis buffer supplied with the ELISA kit. Lysates 

were stored at -80 °C until use. HIF-1α levels in the cell extracts were quantified by 

ELISA and normalised to protein content of each sample as determined by Bradford 

assay (Sigma Aldrich). 

4.2.10 MAPK phosphorylation antibody array 
MAPK pathway phosphorylation in vandetanib treated JHH6 cells was screened using a 

membrane antibody array (ab211071, Abcam). All reagents were provided with the kit 

unless stated. Cells were grown in T-75 flasks until 70% confluent, then treated with 25 

µM vandetanib in complete medium for 4 hours or 24 hours, in either normoxic or 

hypoxic conditions. Cells were washed in cold PBS, harvested and lysed in lysis buffer 

containing protease and phosphatase inhibitors for 30 minutes at 4°C. Extracts were 

centrifuged at 14000 x g for 10 minutes and supernatant was collected for analysis. 

Protein content was determined by Bradford assay (Sigma-Aldrich). The experiment 

was performed on a single biological replicate. 

In the MAPK phosphorylation antibody array, capture antibodies are supplied 

arrayed/spotted on a membrane with each pair of spots representing a different analyte. 

MAPK phosphorylation status in the control and treated cell extracts was determined 

according to the manufacturer’s instructions. Briefly, after blocking the membranes, 300 
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µg of protein extract diluted in blocking buffer was applied to the membranes and 

incubated for 2 hours at room temperature. Membranes were washed and then probed 

with the detection antibody cocktail overnight at 4 °C. The wash step was repeated 

followed by application of HRP conjugated anti-rabbit IgG antibody for 2 hours at room 

temperature. After a final wash step the signal was detected using chemiluminescence 

and developed on x-ray film.  The intensity of the spots for each analyte was recorded 

using densitometry on Image J1 software, subtracting background signal and 

normalising to the positive control spots. 

4.2.11 Growth factor antibody array 
To screen the effect of vandetanib and doxorubicin on the secretion of a panel of growth 

factors in cell culture supernatant, a membrane antibody array was used (ab134002, 

Abcam). HepG2 cells were grown until 70% confluent in 6 well plates, and then 

medium was replaced with serum free medium containing either no drugs, 10 µM 

vandetanib or 10 µM doxorubicin. After 24 hours incubation in normoxic or hypoxic 

conditions, the conditioned media was harvested. The undiluted medium was applied to 

membranes pre-spotted with capture antibodies against 41 human growth factors and 

assayed according to the manufacturer’s instructions using chemiluminescence. The 

intensity of the spots for each analyte was recorded using densitometry on Image J 

software, subtracting background signal and normalising to the positive control spots. 

The experiment was performed on a single biological replicate. 

4.3 Results 

4.3.1 Effect of vandetanib on HCC cell viability in normoxic and hypoxic 
conditions 

Vandetanib dose-response curves were generated using the WST-1 assay in three HCC 

cell lines, comparing normoxic and hypoxic conditions over an incubation period of 72 

hours. Vandetanib appeared to have a somewhat hormetic effect in all three cell lines 

with low doses (≤1µM) showing increased proliferation compared with untreated 

controls, but this was not consistent between normoxic and hypoxic conditions. Doses 

of ≥5µM had an anti-proliferative effect on all three cell lines regardless of oxygen 

level.  

                                                 
1 Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 

1997-2016. 
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4.3.1.1 HepG2 
Concentrations of vandetanib above 10 μM consistently decreased HepG2 viability to 

levels below 10% of the non-treated control regardless of oxygen concentration (Figure 

4.4). A variable slope, four parameter normalised dose response curve was fitted to the 

data using Prism software which enabled calculation of IC50. A comparison of fits 

(extra-sum-of-squares F test) was performed between normoxic and hypoxic curves 

which indicated that the normoxic and hypoxic IC50 were significantly different (5.6 μM 

and 2.4 μM respectively, p=0.0003). These data show that vandetanib is slightly more 

potent against HepG2 cells in hypoxic conditions. 

4.3.1.2 Hep3B 
Vandetanib concentrations of 0.1 and 1 μM had no effect on Hep3B cell viability, but a 

decline in viability was seen in concentrations of 5 μM and above, with a complete loss 

of detectable viable cells at 50 μM (Figure 4.5). Curve fitting and comparison of fits 

(extra-sum-of-squares F test) between normoxic and hypoxic curves indicated that the 

normoxic and hypoxic IC50 were not significantly different (p=0.555). Therefore the 

IC50 for both conditions was calculated to be 3.7 μM. 

Figure 4.4 HepG2 viability in response to increasing doses of vandetanib as 
determined by the WST-1 assay. Cells were treated for 72 hours in either 
normoxic or hypoxic conditions. A) Viable cells at each dose as a percentage of 
the respective untreated control. B) Non-linear regression curve fitting to 
normalised dose-response data and the calculated IC50. Data are the mean of three 
independent experiments ± SD. Original in colour. 
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4.3.1.3 JHH6 
There was a suggestion of an effect of low concentrations of vandetanib (0.1 and 1 μM) 

on hypoxic JHH6 cell viability however results were variable. At 5 μM viability was 

greatly reduced in both normoxic and hypoxic conditions and was further reduced with 

increasing concentrations of vandetanib leading to complete loss in detectable viability 

Figure 4.5 Hep3B cell viability in response to increasing doses of vandetanib as 
determined by the WST-1 assay. Cells were treated for 72 hours in either 
normoxic or hypoxic conditions. A) Viable cells at each dose as a percentage of 
the respective untreated control. B) Non-linear regression curve fitting to 
normalised dose-response data and the calculated IC50. Data are the mean of three 
independent experiments ± SD. Original in colour. 

 

 

Figure 4.6 JHH6 cell viability in response to increasing doses of vandetanib as 
determined by the WST-1 assay. Cells were treated for 72 hours in either 
normoxic or hypoxic conditions. A) Viable cells at each dose as a percentage of 
the respective untreated control. B) Non-linear regression curve fitting to 
normalised dose-response data and the calculated IC50. Data are the mean of three 
independent experiments ± SD. Original in colour. 
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at 50 μM (Figure 4.6). Curve fitting and comparison of fits (extra-sum-of-squares F test) 

between normoxic and hypoxic curves indicated that the normoxic and hypoxic IC50 

were not significantly different (p=0.358). Therefore the IC50 for both conditions was 

calculated to be 2.8μM. 

4.3.2 Effect of vandetanib on HUVEC viability in normoxic and hypoxic 
conditions 

Vandetanib decreased viability of HUVEC after 24 hours incubation, in a dose 

dependent manner starting from 0.5 µM (Figure 4.7 A). Non-linear regression analysis 

and comparison of fits (extra-sum-of-squares F test) indicated a significant difference in 

IC50 between normoxic and hypoxic conditions (p<0.0001), with HUVEC being slightly 

more susceptible to vandetanib in normoxic conditions (IC50 = 2.1 µM) compared with 

hypoxic conditions (IC50 = 3.1 µM) (Figure 4.7 B). 

 

 

 

Figure 4.7 HUVEC viability in response to increasing doses of vandetanib as 
determined by the WST-1 assay. HUVEC were treated for 24 hours in the 
presence of VEGF in normoxic or hypoxic conditions. A) Viable cells as a 
percentage of respective untreated controls. B) Non-linear regression curve fitting 
of normalised dose-response data, and calculated IC50. Data are the mean of three 
independent experiments ± SD. Original in colour. 
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4.3.3 Effects of vandetanib and hypoxia on HCC and HUVEC cell cycle and 
apoptosis 

At 24 hours incubation with 25 µM vandetanib, a significant accumulation of cells in 

the subG1 fraction was seen in HepG2 cells and HUVEC, with HUVEC populations 

being almost entirely in the subG1 fraction (Figure 4.8). In Hep3B and JHH6 cells, 

although there was a suggestion of an increase in subG1 cells, this did not reach 

statistical significance. However, in these cell lines there was a significant accumulation 

of cells in the G1 phase (and subsequent reduction in the S phase) with vandetanib 

treatment, which suggests that vandetanib induces cell cycle arrest in the G1 phase, 

which may precede apoptosis with longer incubation times. Hypoxia alone (without 

vandetanib) did not significantly alter cell cycle distribution in any cell line, nor did it 

influence vandetanib mediated effects on cell cycle at this time point. 

Figure 4.8 Cell cycle analysis of cells treated with vandetanib in normoxic or 
hypoxic conditions. HepG2, Hep3B, JHH6 HCC cells and HUVECs were 
incubated for 24 hours in normoxia (O2 +, 21%) or hypoxia (O2 -, 1%) in the 
presence (+) or not (-) of 25 µm vandetanib (VTB). Bars denote proportions of 
cells in each cell cycle phase according to the DAPI cell cycle analysis/DNA 
fragmentation assay. Mean of 3 separate experiments. * denotes a significant 
difference (p<0.05) in vandetanib treated samples compared with the respective 
untreated control. 



108 
 

4.3.4 Effect of hypoxia, vandetanib and doxorubicin on VEGF secretion 
from HCC cells 

Incubation in hypoxic conditions led to a significant increase in secreted VEGF in all 

cell lines (Figure 4.9). In normoxia, the addition of vandetanib had little effect on the 

levels of VEGF in the cell culture supernatant. However, in hypoxia, vandetanib caused 

a dose dependent reduction in VEGF levels compared to the untreated control, with 

doses of 25 µM bringing VEGF levels back within the range of normoxic levels.  

In order to ascertain if reduction of VEGF secretion was a unique effect of vandetanib, 

the assay was repeated with doxorubicin. Interestingly, doxorubicin treatment almost 

eliminated detectable VEGF from cell culture supernatant of all cell lines, at 10 µM and 

25 µM (Figure 4.10). In contrast to vandetanib, the reduction of VEGF was evident in 

normoxic conditions as well as hypoxic. 

 

 

 

 

 

 

 

Figure 4.9 Normalised VEGF levels in cell culture supernatant. HepG2, Hep3B 
and JHH6 cells were exposed to vandetanib in normoxic (21% O2) or hypoxic 
(1% O2) conditions for 24 hours. Conditioned cell culture medium was 
harvested and VEGF levels were detected via ELISA. Values are presented as 
VEGF concentration divided by the total protein concentration of each sample. 
Mean ± SD, n=3. 
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4.3.5 Effect of hypoxia, vandetanib and doxorubicin on HIF-1α levels in 
HCC cells 

HIF-1α levels were below the limit of detection in all cells cultured in normoxic 

conditions. Vandetanib only affected HIF-1α levels significantly in JHH6 cells, causing 

a decrease at 25 µM. In HepG2 and Hep3B cells, doxorubicin treatment at 10 and 25 

µM caused a marked increase in HIF-1α in the hypoxic cell lysates (Figure 4.11).  

 

 

Figure 4.11 Normalised HIF-1α levels in cell lysates. HepG2, Hep3B and JHH6 
cells were exposed to vandetanib or doxorubicin in hypoxic conditions (1% O2) 
for 24 hours. Cell lysates were prepared and HIF-1α levels were detected via 
ELISA. Values are presented as HIF-1α concentration divided by the total 
protein concentration of each sample. Mean ± SD, n=3. 

Figure 4.10 Normalised VEGF levels in cell culture supernatant. HepG2, Hep3B 
and JHH6 cells were exposed to doxorubicin in normoxic (21% O2) or hypoxic 
(1% O2) conditions for 24 hours. Conditioned cell culture medium was harvested 
and VEGF levels were detected via ELISA. Values are presented as VEGF 
concentration divided by the total protein concentration of each sample. Mean ± 
SD, n=3. 
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4.3.6 Phosphorylation of EGFR 
The phosphorylation status of EGFR after vandetanib treatment in normoxic and 

hypoxic conditions was investigated using western blotting (Figure 4.12). 

Hep3B and JHH6 cells showed strong expression of EGFR which was unaffected by 

vandetanib concentration and oxygen level, whereas HepG2 had low EGFR expression. 

Vandetanib inhibited phosphorylation of EGFR in a dose dependent manner, and the 

extent of inhibition did not appear to differ between normoxic and hypoxic conditions. 

Hep3B cells expressed two phospho-EGFR species, one at ~170 kDa and one at ~130 

kDa, visible as two bands in the western blot (Figure 4.12 B). The lower molecular 

weight form of the protein, possibly an unglycosylated intermediate, appeared more 

susceptible to inhibition of phosphorylation by vandetanib than the mature receptor.  
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Figure 4.12 Western blots using antibodies against phospho-EGFR, total EGFR 
and beta-actin (loading control) in A) HepG2, B) Hep3B, and C) JHH6 cell 
lysates. Serum starved cells were untreated or exposed to 1, 10 or 25 µM 
vandetanib in normoxic (lanes 1-4) or hypoxic (lanes 5-8) conditions for 4 hours 
and stimulated with EGF for 30 minutes before lysis. Representative blots of 3 
individual experiments. 



112 
 

 

4.3.7 MAPK pathway activation 
Figure 4.13 shows the relative signal intensities of a selection of proteins analysed using 

the MAPK phosphorylation antibody array in JHH6 cell lysates. The results of the array 

did not suggest that vandetanib caused inhibition of proteins downstream of EGFR. In 

fact, there was a trend towards increased activation of key kinases such as Akt and 

ERK1/2 in vandetanib treated cells. This effect was particularly evident after 24 hours 

incubation with vandetanib in normoxic conditions. The only protein that appeared to 

show reduced phosphorylation with vandetanib treatment was Mtor, with a modest 

reduction in signal intensity for vandetanib treated samples compared with controls, in 

hypoxic conditions only. 

The array suggested a trend towards increased baseline phosphorylation of many 

proteins in the MAPK pathway in hypoxic conditions, with signal intensities for p38, 

Akt, ERK1/2, MSK2, GSK3a, and Mtor increasing at least two-fold in the hypoxic 

control sample compared with the normoxic control at the 4 hour time point. This 

increase was still present at 24 hours albeit less pronounced.   
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Figure 4.13 Relative spot signal intensities for phosphorylated forms of p38, 
p53, CREB, ERK1/2, Akt, MKK3, GSK3a, and Mtor in JHH6 cell lysates 
analysed with a membrane antibody array for MAPK signalling. JHH6 cells 
cultured in complete medium were untreated or treated with 25 µM vandetanib 
for 4 hours or 24 hours, in normoxic (bars 1-4) or hypoxic (bars 5-8) 
conditions. Data are average of duplicate spots in a single experiment (n=1). 
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4.3.8 Growth factor secretion 
Figure 4.14 shows the relative spot signal intensities for a selection of growth factors 

that exhibited differences between experimental conditions in a growth factor 

membrane antibody array. The levels of many growth factors were increased in hypoxic 

conditions, including IGF-I, IGF Binding proteins (IGFBP) 1 and 2, VEGF and PDGF-

AA. Treatment with vandetanib also appeared to increase levels of certain growth 

factors in hypoxic conditions somewhat further, including IGF-I and II, EGF, some FGF 

family members, and soluble forms of VEGFR3 and IGFR. Levels of amphiregulin, an 

alternate ligand to EGFR, were increased by vandetanib in both normoxic and hypoxic 

conditions. 

In keeping with results obtained from the VEGF ELISA, doxorubicin treatment again 

decreased levels of hypoxia induced VEGF, as well as levels of many other factors, 

including amphiregulin, IGF-I, IGFBP-1/2, and PDGFAA/BB. 

Figure 4.14 Relative spot signal intensities of selected growth factors analysed 
in the supernatant of HepG2 cells using a membrane antibody array. HepG2 
cells were cultured in medium without serum with either no drug, or 10 µM 
vandetanib or doxorubicin in normoxic or hypoxic conditions. Conditioned 
medium was collected after 24 hours. Data are average of duplicate spots in a 
single experiment (n=1). Original in colour. 
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4.4 Discussion 

4.4.1 Vandetanib induces cell cycle arrest and apoptosis in HCC cells and 
HUVECs with equipotency in normoxia and hypoxia 

Hypoxia is known to induce chemoresistance in cancer cells [102]. Ischaemic 

conditions generated by the embolic effect of TACE may involuntarily promote survival 

of the remaining viable tumour by inducing HIF-mediated survival pathways such as 

metastasis, increased proliferation, and resistance to the drugs used in combination with 

treatment such as doxorubicin. Furthermore, it has been demonstrated that cells 

undergoing hypoxic stress in response to TACE-like ischaemia had a large increase in 

the quiescent population [230]. Since doxorubicin targets dividing cells by interfering 

with DNA replication, it is reasonable to postulate that hypoxic, quiescent cells will be 

resistant to its effects. Therefore, targeted agents such as vandetanib may be more 

suitable in the treatment of HCC via DEB. 

In the present study it has been demonstrated that vandetanib greatly inhibits 

proliferation of three different HCC cell lines, HepG2, Hep3B and JHH6 at 

concentrations below 10 μM. The cell lines used represent a range of phenotypes: 

hepatoblastoma, epithelial and undifferentiated/aggressive respectively. All cell lines 

had a similar IC50, however JHH6 cells appeared to be the most susceptible to 

vandetanib in terms of the viability assay. Hypoxic conditions (1% O2) had no 

significant effect on the IC50 of vandetanib against Hep3B or JHH6 cell lines, but 

HepG2 cells were slightly more susceptible to vandetanib in hypoxic conditions.  

The IC50 achieved for vandetanib are in a similar range to the IC50 reported for 

doxorubicin against HepG2 and Hep3B cells in the literature (1.1-6.5 μM for HepG2 

and 3.5-8.7 μM for Hep3B) [142, 231, 232]. Furthermore, hypoxia did not induce 

resistance to vandetanib in these cell lines, in contrast to doxorubicin which has shown 

to be less potent against HepG2 cells in hypoxic conditions [107]. 

Low doses of vandetanib (≤1 µM) appeared to have a proliferative effect on HCC cells. 

This effect, known as hormesis, has been previously observed in a large number of 

biological systems, and with various anti-cancer compounds, including other tyrosine 

kinase inhibitors and anti-angiogenic agents [233, 234]. In general terms, it may arise 

from an ‘overcompensation’ mechanism, whereby the disruption in cell signalling 
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homeostasis caused by the inhibitor leads to a response that drives proliferation to a 

greater than normal extent that is not overcome by low drug doses. Specifically to 

vandetanib, a proposed mechanism could be that the increased production of VEGF or 

EGF which is evident following treatment [87, 93] drives cell proliferation which 

cannot be inhibited by low dose of the drug. This could be an effect to be cautious of as 

withdrawal of antiangiogenic therapy has been shown to cause a rebound in tumour 

aggressiveness via this mechanism [235]. Monitoring the vandetanib dose in the tumour 

over time after TACE will help confirm for how long the drug remains at a therapeutic 

concentration and when repeat administrations may be required to maintain tumour 

control. 

Cell cycle analysis of vandetanib treated HCC cells gave an insight into the mechanism 

by which the drug suppresses cell proliferation. Vandetanib induced cell cycle arrest in 

Hep3B and JHH6 cells, as evident by an increased accumulation of cells in the G1 

phase, after only 24 hours of treatment. With sustained vandetanib treatment, cell cycle 

arrest may lead to induction of apoptosis, as has been seen with other EGFR inhibitors 

such as erlotinib, mediated by caspase activity [29]. Of the three HCC cell lines, 

apoptosis induction as measured by the proportion of cells in the sub-G1 fraction was 

most evident in HepG2 cells after 24 hours of vandetanib treatment. This may be due to 

differing p53 status between the cell lines. HepG2 cells express wild-type p53, whereas 

Hep3B and JHH6 are p53-null and mutant, respectively [236, 237]. Functional p53 is 

involved in G1/S cell cycle arrest and the induction of apoptosis, and is mutated in over 

50% of human cancers [238].  

HUVEC had a similar vandetanib IC50 to HCC cells, however this was based on 24 hour 

treatment whereas HCC cells were subjected to 72 hours treatment, therefore HUVEC 

are likely to be more sensitive to the anti-proliferative effects of the drug. Indeed, they 

were highly sensitive to high doses of vandetanib, as evident in the massive 

accumulation of cells (>80%) in the sub-G1 fraction after treatment with 25 µM for 24 

hours. Slight differences in the dose-response curves fitted to the normoxic and hypoxic 

data indicated a marginal resistance to vandetanib for HUVEC in hypoxic conditions, 

for which the reason was not elucidated, but may be due to a compensatory increase in 

VEGF production in hypoxia [239]. An increase in hypoxic VEGF secretion was 

observed in HCC cells, however HCC cells are not dependent on VEGFR2 stimulation 

for proliferation as is the case for endothelial cells. This slight resistance in hypoxia is 
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unlikely to be relevant to the clinical setting. As DEB are delivered via the vasculature, 

endothelial cells are likely to be exposed to the highest concentrations of vandetanib in a 

TACE procedure. Assuming the majority of tumour feeding vessels are embolised, the 

vascular network is likely to be compromised due to drug-induced endothelial cell 

death.  

4.4.2 Vandetanib reduces hypoxia induced VEGF secretion from HCC cells 
independently of HIF-1α 

Vandetanib inhibited secretion of VEGF in hypoxic cells, which is consistent with the 

studies of Pore et al (2006), using EGFR inhibitors gefitinib and erlotinib [117]. In 

contrast with Pore et al however, the effect was not significant in normoxic conditions 

in our study. HIF-1α is a direct regulator of VEGF transcription, binding to a hypoxia 

response element (HRE) on the VEGF gene [240]. Accordingly, Pore et al found that 

VEGF was suppressed at mRNA level as well as protein level and the mechanism of 

this effect was likely to be a combination of interference with VEGF promoter activity 

by inhibition of Akt, and a suppression of HIF-1α protein synthesis also mediated by the 

PI3/Akt pathway. It has already been demonstrated that HIF-1α accumulation can be 

decreased in vandetanib treated HeLa cells [115] so given the lack of effect in normoxic 

conditions, this initially suggested that the mechanism of VEGF suppression in the HCC 

cell lines tested was HIF-1α dependent. However, the effect of vandetanib on HIF-1α 

levels in the HCC cells tested did not correlate with VEGF levels – in fact, there was a 

trend towards slightly increased HIF-1α levels in hypoxic vandetanib treated HepG2 

and Hep3B cells. Therefore, the decrease in VEGF levels may be a result of EGFR 

inhibition, which in turn suppresses the Sp1 transcription factor binding to VEGF 

promoter via Akt inhibition as was demonstrated with gefitinib [117]. 

The findings on HIF-1α levels in this study are in contrast to other studies on the effect 

of EGFR inhibitors on HIF-1α. Suppression of HIF-1α by tyrosine kinase inhibitors has 

been reported several times, both by VEGFR inhibitors [115, 116] and EGFR inhibitors 

[117, 241]. VEGFR and EGFR share common downstream signalling pathways, namely 

PI3/Akt, which was shown to be implicated in the mechanism of HIF-1α suppression in 

the aforementioned studies. EGFR activation has been shown to induce HIF-1α via the 

PI3/Akt pathway [242-244], and blockade of this pathway consequently reduces HIF-1α 

translation – Akt is known to directly stimulate the activity of translation initiation 

factors [245]. The EGFR inhibitor gefitinib was shown to inhibit hypoxia induced total 
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HIF-1 and prevent HIF-1 nuclear accumulation in breast cancer cells, whereas another 

EGFR and HER2 inhibitor, lapatinib, had no such effect, highlighting that differential 

downstream effects of tyrosine kinase inhibitors can occur despite targeting the same 

receptors [246].   

Doxorubicin significantly increased HIF-1α levels in HepG2 and Hep3B cells compared 

to untreated controls in hypoxic conditions, which to our knowledge has not been 

observed before. However, doxorubicin has been reported to increase HIF1-α activity in 

normoxic conditions in breast cancer cells [247]. Doxorubicin can stimulate MAPK 

pathway phosphorylation, activating ERK and p38 MAPK, which as previously 

mentioned can activate HIF-1α [248]. Many studies have shown that HIF-1α mediates 

resistance to doxorubicin and simultaneous inhibition of HIF-1α improves doxorubicin 

efficacy [107, 249, 250]. Given that doxorubicin appears to upregulate HIF-1α, how 

does this relate to the dramatic decrease in VEGF secretion in doxorubicin treated cells? 

Lee et al. (2009) found that while total HIF-1α protein levels were unchanged by 

doxorubicin treatment in HCC cells, transcriptional activity was significantly decreased 

due to decreased binding of HIF-1α to DNA. This lead to a subsequent decrease in 

transcription of HIF target genes, including VEGF [251]. Likewise, Duyndam et al. 

(2007) found that doxorubicin suppressed basal and hypoxia induced VEGF at the 

mRNA, cellular and secreted levels [252]. Given that doxorubicin decreased secretion 

of several factors in normoxia as well as hypoxia, it is possible that doxorubicin may 

have had a non-specific dampening effect on overall protein translation via introduction 

of DNA damage, particularly at the higher doses used in this experiment. However, the 

growth factor array revealed that certainly not all factors tested were suppressed by 

doxorubicin, and the reduction of hypoxia associated factors such as VEGF or IGFBP-1 

was far more pronounced than the other factors in the array.  

4.4.3 Insights into potential mechanisms of resistance to vandetanib in the 
setting of TACE 

Vandetanib prevented EGF mediated phosphorylation of EGFR in serum starved HCC 

cells from 10 µM, at 4 hours exposure time. However, the MAPK phosphorylation array 

suggested that downstream effectors of EGFR, such as Akt and ERK1/2, were not 

inhibited at 4 or 24 h of treatment with a dose of 25 µM, which is surprising given the 

clear effect this dose has on HCC cell viability and induction of cell cycle arrest. The 

reported ability of vandetanib to inhibit phosphorylation of Akt and ERK1/2 varies in 
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the literature, from complete inhibition at 5 µM [253], modest inhibition at 2 µM [254] 

and at HCC cell IC50 [27], no significant change at 10 µM [255] to vandetanib induced 

activation of Akt [256, 257]. Of course, these studies represent a large variety of doses, 

incubation conditions/times, and cell lines which can explain the variation in the results, 

but the finding in our study that vandetanib fails to inhibit Akt or ERK in JHH6 cells is 

not inconceivable. One possible explanation is that the MAPK array experiment was 

performed on cells grown in 10% serum conditions, in order to more closely mimic the 

in vivo situation where cells would have access to growth factors and nutrients. 

Therefore it may be the case that whilst EGFR was inhibited, the presence of growth 

factors such as IGF could have maintained MAPK pathway activation via IGFR 

signalling. Indeed, the growth factor antibody array revealed that IGF was one of the 

most prevalent growth factors in HepG2 supernatant and was further upregulated in 

hypoxia.  

If Akt and ERK inhibition are not required for inducing cell cycle arrest and apoptosis 

in HCC cells, this raises questions about how vandetanib causes these effects 

mechanistically. If the mechanism of action is not wholly dependent on EGFR 

inhibition, this could explain why HepG2 cells were the most susceptible to vandetanib 

induced apoptosis despite having the lowest EGFR expression of the cell lines. While 

EGFR overexpression might be considered a predictor of susceptibility to anti-EGFR 

therapy in some cases [258], this did not appear to be the case in our study or that of 

Gianelli et al. (2008) wherein the reported IC50 of vandetanib in 5 HCC cell lines did 

not correlate with relative EGFR abundance [27].  

As far as vandetanib activating key downstream targets of EGFR, which seemed to be 

the case particularly in the normoxic 24 hour treatment group, this could be a case of 

rebound activation as a mechanism of resistance to tyrosine kinase inhibition. This has 

been observed in cases of resistance to EGFR, MET and FGFR inhibitors [259-261]. 

Additionally, vandetanib treatment appeared to lead to a slight increase in secretion of 

ligands capable of binding to EGFR, such as amphiregulin, TGF-α, HB-EGF and EGF, 

more so in hypoxic conditions, which could be a compensatory response to the receptor 

inhibition. This may not necessarily be a mechanism of resistance in the setting of 

vandetanib TACE however, as high sustained doses of the drug may be sufficient to 

maintain receptor inhibition regardless of the availability of ligands.  
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Hypoxia had a measurable effect on baseline activation of both MAPK pathways and 

growth factor secretion, which may be related to each other. Factors that were 

upregulated in hypoxia were IGF, IGF binding proteins (which can regulate IGF 

availability and mitogenic potential) and the pro-angiogenic factors VEGF and PDGF, 

which are known to be induced by HIF-1α [262, 263]. These factors can all stimulate 

receptors that activate the P13K/Akt and MAPK pathways, and therefore may 

contribute to an autocrine growth factor signalling loop that encourages tumour 

proliferation and angiogenesis.  

Overall, it must be kept in mind that the results of the antibody arrays represent one 

single experiment, so repeating the analysis and confirming with additional techniques 

is required in future work to ensure robustness and eliminate sources of non-

experimental variation. 

4.5 Conclusion 
This chapter describes the effect of vandetanib on HCC cells and endothelial cells in 

hypoxic conditions, in order to mimic embolisation-induced hypoxia. Overall, hypoxia 

does not appear to affect the efficacy of vandetanib against HCC cells and HUVECs, 

having similar IC50 in each condition and the same capacity to inhibit EGFR 

phosphorylation, and induce cell cycle arrest and/or apoptosis. However, more detailed 

investigation of the pathways involved using an antibody array revealed differential 

expression of certain proteins in hypoxia. These differences converge on the P13K/Akt 

and MAPK pathways, which may remain active despite vandetanib treatment due to 

redundancy in tyrosine kinase receptors that activate them and diversion of signalling 

pathways via these other receptors when EGFR is inhibited. The mechanism by which 

vandetanib induced cell cycle arrest/apoptosis in HCC cells despite having active Akt 

and ERK remains unclear. The results obtained using the antibody array are the first 

step towards identifying proteins of interest in the setting of vandetanib TACE and it is 

clear that more robust analysis is required on the role of Akt, ERK and perhaps cell 

cycle regulators such as cyclins, upon different cell lines at varying doses of vandetanib 

and lengths of incubation to gain a clearer picture on how vandetanib mediates its 

effects. In contrast with doxorubicin, vandetanib had the advantage of not significantly 

raising HIF-1α levels nor being less potent in hypoxia, however both treatments 

suppressed VEGF secretion and doxorubicin also suppressed several other tumorigenic 

or angiogenic growth factors. Further studies as to whether these effects translate to the 
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in vivo environment will be of interest to compare the benefits of each drug, but perhaps 

there is also a rationale for an investigation into the efficacy of a combination of both 

drugs in the local delivery setting. 
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5 CHAPTER FIVE: IN VIVO EVALUATION OF 

VANDETANIB LOADED BEADS  

5.1 Introduction 
Hepatocellular carcinoma is a leading cause of cancer-related death worldwide. The 

American Cancer Society estimated 42,200 new cases and 30,200 deaths from liver 

cancer in 2018 in the US alone [264]. The disease has a poor prognosis owing to 

advanced stage at diagnosis, high rates of tumour recurrence and a lack of effective 

therapeutic options for tumours where surgical resection is contraindicated [265]. In 

2007, the multi-kinase inhibitor sorafenib was approved for the treatment of advanced 

HCC and became the standard of care for this stage of disease. This demonstrated that 

the inhibition of growth factor receptors such as VEGFR and interference with MAPK 

signalling pathways was a viable strategy in combatting liver tumour growth [266]. 

However, oral sorafenib treatment has only a modest survival benefit and is associated 

with a high incidence of adverse events (AEs), up to 80%. Several of these AEs can be 

high grade and affect patient quality of life, including fatigue, diarrhoea and hand-foot 

skin reaction (painful skin swelling or lesions) and necessitate dose reduction or 

discontinuation of treatment [267]. As a result, in subsequent years numerous 

alternative targeted agents have been evaluated in an attempt to match the efficacy of 

sorafenib or provide a better tolerated treatment, with little success: sunitinib toxicities 

were more frequent than sorafenib [81], and regorafenib is approved for HCC but only 

as a second line treatment following failure of sorafenib [268]. Vandetanib, an inhibitor 

of VEGFR and EGFR kinases, has shown significant inhibition of tumour growth when 

administered orally in xenograft models of HCC. In a randomised, phase II, double-

blind, placebo-controlled clinical study, vandetanib showed a weak signal of 

improvement in progression–free survival (PFS) and overall survival (OS) in  

unresectable advanced HCC [93]. 

Using DEBs in TACE offers potentially improved treatment outcomes by allowing a 

sustained high dose of anti-cancer agents local to the tumour site, whilst greatly 

reducing systemic exposure to the drug and therefore the risk of side effects [40, 41]. 

Vandetanib eluting beads have been developed as a candidate for the treatment of 
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intermediate stage HCC, offering an alternative delivery mechanism for this targeted 

drug combined with the anti-tumoral effects of ischaemic embolisation. Vandetanib has 

shown efficacy against HCC cell lines in hypoxic conditions, which warrants evaluation 

of the efficacy of vandetanib when delivered via DEBs in pre-clinical models of HCC 

tumours.  

5.1.1 Potential pre-clinical models 
As discussed in the first chapter of this thesis, several animal models of HCC are 

available for evaluating drug-eluting beads, each with their own advantages and 

limitations. The most commonly used model for evaluating efficacy of TACE 

procedures is the rabbit VX2 model. VX2 tumours are fast growing, hypervascular 

anaplastic squamous cell carcinomas, induced by a papilloma virus [269]. VX2 tumours 

are first established in the rabbit hind leg from injection of VX2 cell suspension. The 

developed tumour is then harvested and small fragments of viable tumour are excised 

for intrahepatic injection, which is usually performed by open surgery to directly expose 

the liver, which minimizes chance of off target seeding and metastasis. Injection of 

tumour fragments rather than VX2 cell suspension yields a greater success rate of 

establishing a liver tumour [270]. After hepatic tumour growth is established, animals 

must then be anaesthetised, catheterised and the experimental embolisation procedure 

carried out by a trained interventional radiologist, which makes the study costs high. 

Another drawback is that VX2 tumours rapid growth means that they are prone to 

developing a necrotic core, which minimises the amount of viable tumour that can be 

analysed for its response to chemotherapeutic treatment [271]. Although rabbit hepatic 

vasculature is sufficiently large to allow catheterisation, it is still significantly smaller 

than human anatomy which means that bead size and injection volume must be 

carefully considered. Small beads will penetrate the VX2 tumour more efficiently than 

larger ones, and the volume required to reach stasis will be much less than in man, 

meaning that a fraction of the intended chemotherapeutic payload will be delivered. 

Mouse models are widely used in drug screening studies due to their ease of use in 

assessing tumour growth control. Using human tumour cell lines or patient derived 

xenografts aids in translating drug effect to humans, however depending on the type of 

model used, tumour microenvironment and host interactions may not be adequately 

represented [272]. Table 5.1 summarises the types of mouse models that may be used in 

HCC research. Although mouse vasculature is much too small to allow a TACE  
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Table 5.1 Summary of mouse models used in HCC research. 

Type Description Advantages Disadvantages 
Ectopic 
xenograft 

Cultured tumour 
cells are injected 
subcutaneously in 
immunodeficient 
mice 

May be established HCC 
cell lines or patient 
derived. Quick and easy to 
perform. Subcutaneous 
location allows facile 
measurement of tumour 
volume. Proof of concept 
for drug screening. 

No direct interaction with 
target organ. Unsuitable for 
examining tumour-host 
interactions e.g. 
angiogenesis, metastasis. 
Response is cell line 
dependent, multiple lines 
must be used. Cannot study 
immune effects. 

Hollow fibre Tumour cells are 
grown in small 
semi-permeable 
tubes which are 
implanted 
subcutaneously or 
intraperitoneally 

Multiple fibres may be 
used for each mouse, 
allowing multiplexing of 
cell lines and reducing 
number of animals. 
Retrieval of cell lines is 
possible for post-hoc 
analysis. Possible to study 
angiogenesis. 

Restricted number of cells. 
Unable to measure tumour 
growth. Unrepresentative 
of tumour physiology and 
host-tumour interactions. 

Orthotopic 
xenograft 

Tumour cells are 
injected in the 
organ of origin (e.g. 
liver for HCC) 

Tumours are in contact 
with intended 
microenvironment; host-
tumour interactions can 
be studied.  

More complicated to 
perform than ectopic. 
Response is cell line 
dependent, multiple cell 
lines must be used 

Genetically 
engineered 

The mouse genome 
is genetically 
engineered to allow 
development of 
tumours by e.g. 
overexpression of 
oncogenes, viral 
genes or growth 
factors 

Allows investigation of 
carcinogenic pathways 
and interplay and 
dependency on various 
oncogenes. Mutation 
expression can be limited 
by tissue specific 
promoters, shares 
molecular similarity with 
HCC. 

Phenotypic outcome may 
be influenced by multiple 
genetic and environmental 
factors. May not 
correspond to clinical HCC 
tumours harbouring 
multiple heterogeneous 
mutations.  

Chemically 
induced 

Mice are dosed 
with carcinogenic 
compounds that 
lead to tumour 
formation 

Allows investigation of 
carcinogenic pathways 
induced by external 
carcinogens, e.g. 
aflatoxin. Progression to 
malignancy follows similar 
pathway to HCC – liver 
injury, fibrosis/cirrhosis, 
cancer.  

Long time to develop 
tumours. Response to 
carcinogens may be species 
specific. Tumours do not 
always share genetic 
similarity with HCC. 

Syngeneic 
models 

Immunocompetent 
mice are inoculated 
with tumours of 
murine origin (same 
strain) 

Allows experimentation in 
an immunocompetent 
animal.  

Both tumour and host have 
murine biology, may not 
correspond to human HCC. 
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procedure, evaluation of DEB in ectopic mouse xenograft models is still possible by 

altering the route of administration. In previous studies, DEBs were injected adjacent to 

subcutaneous tumours to provide proof of local release and tumour growth control [107, 

137, 156]. Since subcutaneous tissue pressure may force the compressible DEBs back 

out of the injection site, a viscosity modifier was used to help stabilise the bead bolus in 

situ. Examples of an inert carrier suited to this purpose are alginate solution, as used in 

the previously referenced studies, or carboxymethylcellulose (CMC) which was used as 

a vehicle to deliver DEB in an orthotopic rat model of glioma [273].  

5.1.2 Aims of this chapter 
The aim of this chapter was to use an in vivo model to assess the efficacy of vandetanib-

eluting bead formulations in controlling HCC tumour growth. For the purposes of this 

thesis, an ectopic mouse xenograft model was used, requiring development and 

characterisation of an adapted route of administration for vandetanib beads. 

In summary, the aims of this chapter were to: 

• Develop a formulation of vandetanib eluting beads suitable for subcutaneous 

injection in a mouse xenograft model. 

• Evaluate efficacy of vandetanib eluting beads as compared with unloaded beads 

in controlling growth of subcutaneous HepG2 tumour xenografts. 

5.2 Materials and methods 

5.2.1 Preparation of vandetanib loaded beads 
DC Bead LUMI (70-150 µm) was individually loaded in vials at various target doses by 

incubation with sterile filtered vandetanib solution for a minimum of 3 hours with 

agitation. Beads were washed twice in ultrapure water to remove unbound drug and 

neutralise pH (confirmed by pH strip test on representative samples), before 

resuspending in 5 mL ultrapure water. Vials were sealed with rubber bungs, crimped, 

and sterilised by autoclave at 121°C for 30 minutes. After autoclaving, the settled bead 

volume was measured in representative samples to confirm final dose density.  

5.2.2 Evaluation of bead formulations for subcutaneous injection 
Different delivery vehicles and suspension ratios were considered for their handling 

properties and effects on drug release from beads. Sterile 0.6% w/v alginate solution 

was provided in pre-filled syringes (BTG Germany, Alzenau). Carboxymethylcellulose 
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(CMC) solution was prepared by dissolving CMC sodium salt (medium viscosity, 400-

800 cP at 2 % in H2O) (Sigma Aldrich) in ultrapure water. All CMC solutions were 

autoclaved for 30 minutes at 121°C.  

Drug elution studies on beads or bead suspensions were carried out using an improvised 

small scale diffusion model. Beads or bead suspensions were placed in the bottom of a 

plastic semi-micro cuvette. 1.5 mL of PBS was added to the cuvette which was sealed 

with parafilm and placed on a plate shaker at 100 rpm. At progressive time points, 50 µl 

of PBS was removed from the cuvette and analysed for vandetanib concentration by 

HPLC (see section 2.2.2.1 for HPLC method). 

 

5.2.3 Animal study 
All animal studies were carried out at Experimental Pharmacology and Oncology 

(EPO), Berlin, Germany. The animal experiments were performed in accordance with 

the UKCCCR regulations for the Welfare of Animals and of the German Animal 

protection Law and approved by LAGeSo (State Office of Health and Social Affairs), 

Berlin (License number G0030/15, covers facility and staff). The lead technician was 

Britta Buettner (EPO GmbH).  

5.2.3.1 Mouse species 

Figure 5.1 Small scale diffusion model of vandetanib release from trial bead 
formulations. Original in colour. 
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Animal species and housing conditions are detailed in Table 5.2. Nude mice were 

selected as a test system due to the ability to grow subcutaneous tumour xenografts. 

These mice possess an autosomal recessive mutation in the Foxn1 (forkhead box N1) 

gene resulting in thymic aplasia, which results in a lack of T-cells and 

immunodeficiency.   

Table 5.2 Test animal details and housing conditions 

Animals, gender and 
strain 

NMRI:nu/nu mice, female 

Age and bodyweight 
At the start of the experiment mice were approximately 8 -10 
weeks of age, and at the start of the treatment they had a mean 
body weight between 28 g and 30 g  

Supplier Janvier, France 
Acclimatization 7 to 14 days 

Environmental 
Conditions 

Strictly controlled and standardised barrier conditions, IVS System 
Techniplast DCC (TECNIPLAST DEUTSCHLAND GMBH, 
Hohenpeißenberg) 

Caging Macrolon Sealsafe 1284L, (TECHNIPLAST) 
Feed type Ssniff NM, Soest, Germany 

Drinking water Autoclaved tap water in water bottles (acidified to pH 4 with HCl) 
Feeding and 

drinking time 
Ad libitum 24 hours per day 

Room temperature 22±1°C 
Relative humidity 50±10% 

Light period 
Artificial; 12-hours dark/12 hours light rhythm (light 06.00 to 18.00 
hours) 

Health control 
The health of the mice was examined at the start of the 
experiment and twice per day during the experiment. 

Identification Ear mark and cage labels 
 

5.2.3.2 Tumour model 
Frozen aliquots of Hep3B cells and JHH6 cells from stocks used for the previous in 

vitro experiments (see section 4.2.1) were supplied to the contract research site to be 

tested for tumorigenicity in NMRI:nu/nu mice using a standard protocol. Cells were 

cultured at the study site in RPMI + 10% FBS prior to harvesting and inoculation of 

1x107 cells in 100 µl PBS into the left flank of 5 mice per cell line. Tumour growth was 
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not observed after 6 weeks of monitoring, therefore Hep3B and JHH6 cells were 

deemed to be non-tumorigenic in this strain.  

HepG2 cells are already known to be tumorigenic in NMRI nude mice [274] therefore 

were used for all studies to generate subcutaneous ectopic tumours. HepG2 cells ATCC 

(No. HB-8065) were cultured in DMEM + 10% FBS. Cells were harvested and 1x107 

cells in 100 µl PBS were inoculated into the left flank and monitored for tumour 

growth. 

5.2.3.3 General study concept 
It was proposed that NMRI:nu/nu (nude) mice were inoculated with 1x107 HepG2 cells 

subcutaneously as described above. After tumours became palpable (75-120mm3), mice 

were randomly assigned to 2 groups: control (unloaded beads), and vandetanib loaded 

beads. The animals received a subcutaneous injection of drug loaded or unloaded beads 

adjacent to the tumour once every 7 days (formulations, doses and volumes selected 

were dependent on the study and are listed in individual study designs). The injection 

Figure 5.2 Planned study schedule and location of weekly injection of beads 
around HepG2 tumour xenografts. 
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site was altered for each weekly treatment by following a North/East/South/West 

pattern around the tumour to ensure full tumour coverage (Figure 5.2).   

  

5.2.3.4 Animal monitoring and terminal procedures 
Mice body weights and tumour volumes were monitored throughout the study period. 

They were recorded on the first day of treatment (Day 0), twice weekly throughout the 

treatment period (first and fourth day, relative to Day 0), every subsequent treatment 

day and the day of necropsy. The size of the tumour was directly measured with 

callipers on the same days as the body weight measurements. The tumour volume was 

calculated with following formula:  

 
The mice were checked daily for treatment-related toxicity.  The onset, intensity and 

duration of any signs were recorded. Decrease in body weight provides a measure of 

treatment-related toxicity.  

Animals were scheduled to be sacrificed 7 days after the final treatment, with the 

exception of any animals developing tumours larger than 10% of their body weight or 

unacceptable toxicities, which were sacrificed early. Following euthanasia, the tumours 

were removed and weighed. The tumours were divided into halves and snap 

frozen/paraffin embedded for further examination. 

5.2.3.5 Data and statistics 
Mouse body weights were recorded throughout the study and mean body weight change 

from day 0 was calculated as a measure of toxicity. 

Tumour growth inhibition was assessed by measurement of subcutaneous tumour 

volume twice per week. The tumour growth inhibition (T/C %, T= treated tumour 

volume; C= control tumour volume) was determined, defined as the ratio of the median 

tumour volumes of the vandetanib bead treated group versus the control bead group. 

5.2.3.6 Individual study designs and justification 
 

Study 1: 0.5 mg vandetanib per injection in alginate 

The first study followed the concept of previous mouse xenograft studies evaluating 

drug eluting beads [138, 275]. Historically, an inert viscous delivery vehicle has been 
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used to suspend beads prior to injection, with the function of facilitating the injection 

and stabilising the beads in situ. This avoids the beads being forced back out of the 

injection tract by subcutaneous pressure. Based on this assumption, bead formulations 

in study 1 were prepared for injection by suspension in 0.6% alginate solution in a 1:2 

ratio of beads to alginate. 

This was the first study to evaluate the effect of subcutaneous application of radiopaque 

vandetanib loaded beads adjacent to HepG2 xenograft tumours. The dose selected, 15 

mg/mL loading equating to 0.5 mg vandetanib per injection (approximately 16.6 mg/kg 

based on a 30 g mouse), was based on the efficacy of oral vandetanib against various 

cancer xenografts, showing significant tumour growth inhibition between 12.5-25 

mg/kg/day [84]. It was hypothesised that due to the local delivery mechanism of 

vandetanib loaded beads leading to a high local drug concentration, single weekly 

injections of 0.5 mg would be sufficient to control tumour growth. 

Study 1: 0.5 mg vandetanib per injection in alginate 
 

Treatment 
Group 

Number 
of 

animals 

Bead 
loading 
dose 

Administration 
formulation 

Injection 
volume 

Vandetanib 
dose per 
injection 

A (control) 5 N/A 
1:2 suspension 

of beads in 
alginate solution 

100 µL N/A 

B 
(vandetanib 

loaded 
beads) 

5 15 mg/mL 
1:2 suspension 

of beads in 
alginate solution 

100 µL 0.5 mg 

 

Study 2: 5 mg vandetanib per injection, beads alone 

A second study was designed with the aim of increasing the dose of vandetanib 

delivered to the tumours. Subcutaneous test injections of unloaded radiopaque beads in 

healthy nude mice confirmed that bolus injections of 50 µL settled beads, without a 

viscosity modifier, were feasibly performed. A drug loading dose of 100 mg/mL was 

selected which equated to 5 mg vandetanib per injection of beads.  
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Study 2: 5 mg vandetanib per injection, beads alone 
 

Treatment 
Group 

Number 
of 

animals 

Bead 
loading 
dose 

Administration 
formulation 

Injection 
volume 

Vandetanib 
dose per 
injection 

A (control) 5 N/A Bolus of settled 
beads 50 µL N/A 

B 
(vandetanib 

loaded 
beads) 

5 100 mg/mL Bolus of settled 
beads 50 µL 5 mg 

 

 

5.3 Results and Discussion 

5.3.1 Xenograft study 1 – 15 mg/mL dose 
The subcutaneous injection of vandetanib loaded beads, (0.5 mg per injection) close to 

the tumour nodule did not result in complete or partial remission of the tumours (Figure 

5.3). The T/C value at day 46 was 106% (rated at progressive disease by RECIST 

criteria). 
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Figure 5.3 Study 1: HepG2 tumour volume over time during treatment with 
vandetanib loaded beads. A) Mean tumour volume ±SD; B) individual tumour 
volumes. Black arrows denote treatment days; mice received an injection of 
bland beads (Group A, N=4) or beads containing 0.5 mg vandetanib (Group B, 
N=5) adjacent to the tumour. Original in colour. 

5.3.2 Toxicity/Mouse body weight 
The treatment was well tolerated and not accompanied by significant side effects. There 

was no significant decrease in body weight throughout the study in either treatment 

group (Figure 5.4). 
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Figure 5.4 Study 1: Mouse body weight over time. Mean ± SD, Group A N=4, 
Group B N=5. Original in colour. 

5.3.3 Evaluation of bead formulations and alternative vehicles 
Following study 1, it was hypothesised that the lack of anti-tumoural efficacy was due 

to a low dose of vandetanib applied adjacent to the tumour and slow release rate 

hampered by alginate, leading to insufficient drug accumulation. Traditional elution 

methods such as described in chapter three are likely to overestimate the rate of drug 

release in this context. Therefore, a simple diffusion model was envisaged with limited 

bead movement which enabled comparison of the effect of suspension in alginate, or 

alternative vehicle 3% CMC on vandetanib release. After 24 hours, more than 3 times 

the amount of vandetanib was released from beads alone than from beads suspended in 

alginate (Figure 5.5). Suspension in 3% CMC also had an inhibitory effect on 

vandetanib release, although this was less marked than alginate. The amounts of 

vandetanib released in 24 hours from beads alone, beads in alginate and beads in CMC 

equated to 2.73%, 0.72% and 1.13% of the total dose of 5 mg respectively. 
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5.3.4 Xenograft study 2 – 100 mg/mL dose 
The subcutaneous injection of vandetanib loaded beads, (5 mg per injection) close to the 

tumour nodule did not appear to result in significantly complete or partial remission of 

the tumours (Figure 5.6), however the study was compromised by the incidence of skin 

toxicity suspected to be related to vandetanib treatment. Some technical issues were 

experienced with the injection of vandetanib beads in the drug treated group 

(Vandetanib I): due to the lack of delivery vehicle, beads were prone to blocking the 

needle. This lead to uncertainty in the actual volume administered and whether the 

procedure was causing undue irritation in the injection site. Therefore, this group was 

terminated after 2 injections and a new group started using reserve mice (Vandetanib 

II), taking practical steps to improve the injection process (agitation and priming of 

beads in the needle prior to injection to minimise blocking). However, these reserve 

mice had been inoculated with HepG2 cells at the same time as the other groups, and 

rejected at the study start due to slow growing tumours. Some individuals in this group 

appeared to have a period of tumour remission after the second injection (Figure 5.6 B); 

however periods of spontaneous tumour remission also occurred in the control beads 

group. It is likely that differences in growth rate compared with control are due to 

unintentional selection of mice bearing slow growing HepG2 xenografts.  

Figure 5.5 The effect of delivery vehicles on vandetanib release in a diffusion 
model. Beads containing a total of 5mg vandetanib were placed in the bottom of 
cuvettes alone, with alginate or 3% CMC, and covered with PBS. Vandetanib 
released in the PBS after 24 hours was quantified by HPLC. Columns show 
mean of 3 replicates ± SD. 
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Figure 5.6 Study 2: HepG2 tumour volume over time during treatment with 
vandetanib loaded beads. A) Mean tumour volume ±SD; B) individual tumour 
volumes. Control group (blue) and Vandetanib I group (red) received an injection of 
bland beads or vandetanib beads (5 mg dose) adjacent to the tumour on days marked 
with black arrows.  Vandetanib II group (green) was formed of reserve mice and 
received an injection of vandetanib beads (5mg dose) on day 29 (green arrow) and 
day 35 (black arrow). Original in colour. 
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5.3.5 Toxicity/ Mouse Body weight 
Mouse body weight remained consistent in the control group for the duration of the 

study. All mice in the Vandetanib II group showed a decrease in body weight after the 

second treatment, likely due to treatment related toxicity. The mean body weight of 

mice in the Vandetanib II group was significantly lower than the control group on day 

37 (unpaired t-test, p=0.021) but not on the day of sacrifice (p=0.072). 

 

Figure 5.7 Study 2: Mouse body weight over time. Mean ±SD, N=5. Original in 
colour. 

Both groups of mice receiving the vandetanib loaded beads experienced skin irritation at 

injection site on the day following the first treatment. The skin lesion was white in 

colour and 2 mm in diameter. Over time, the inflamed spots increased in size, with a 

diameter of up to 10 mm 5 days after treatment. The lesions had an inflamed, ulcerated 

appearance. The mice suffered from pain when touched. The study was terminated 11 

days after treatment began due to the skin toxicity. Mice receiving control (unloaded 

beads) showed no signs of skin toxicity.  

The nude mouse ectopic tumour xenograft model is widely used for screening of anti-

tumoural treatments, due to relatively low cost and ease of measuring tumour volume. 

Vandetanib-loaded PVA beads are an embolic drug-device combination product 

intended to be delivered into tumour vasculature. In the present study, the route of 

administration of vandetanib-loaded beads was modified to a subcutaneous route to 

adapt to this model type and demonstrate proof of concept of local drug release and 
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evaluate effect on tumour growth. This concept was successfully demonstrated using 

irinotecan loaded DC Bead in a pancreatic tumour xenograft model previously [275], 

and doxorubicin loaded DC Bead in a HepG2 model [107].  

5.3.6 Limitations of the model – Potential reasons for lack of anti-tumoural 
activity 

The ectopic implantation of tumours in the mouse xenograft model is a practical 

approach for treatment administration and measurement of tumour volume, however it 

is not an accurate representation of the tumour microenvironment. Ectopically 

implanted tumours have no interaction with liver tissue, which will affect cell 

phenotype, the supply of nutrients and growth factors, microcirculation, angiogenesis 

and invasiveness [136, 276, 277]. Hep3B and JHH6 cells were found to be non-

tumorigenic in the strain of mice used in this study. Regarding this, Amann et al. (2009) 

also found that Hep3B cells were non-tumorigenic in nude mice, but interestingly were 

able to form tumours when co-injected with activated hepatic stellate cells (HSC), a 

normally quiescent pericyte that becomes activated in response to liver injury and plays 

a role in cirrhosis [274]. This reiterates the importance of replicating the features of the 

tumour microenvironment when modelling HCC. The studies in this chapter were 

performed using a single cell line, HepG2. However, responses to any treatment can 

vary between cell lines. For example, the EGFR inhibitor gefitinib inhibited HCC 

xenograft growth in a study by Matsuo et al. (2003), [278], while in another study by 

Huynh et al. (2006), a panel of 7 patient derived HCC xenografts showed no response to 

the same drug [279].  

The studies performed in this thesis have demonstrated the importance of selecting an 

appropriate dose and the consequences of drug delivery into non-target tissue or a 

delivery route that is different than the intended one. In general, administration of 

vandetanib loaded beads adjacent to a subcutaneous HepG2 tumour had no effect on 

tumour growth at either low (15 mg/mL) or maximal (100 mg/mL) vandetanib dose 

despite the drug having effect against HepG2 cells in vitro. There are several reasons 

that this may be the case. In the first study, the lack of anti-tumoural activity was likely 

a result of insufficient vandetanib concentrations reaching the tumour. Although drug 

release from DEB is localised and therefore has the potential to reach high 

concentrations in the target tissue, in reality drug release is fairly slow following 

implantation as demonstrated in imaging studies using doxorubicin loaded beads. 
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Namur et al. (2010) found that only 43% of the doxorubicin dose contained within DEB 

(DC Bead, 100-300 µm, 37.5 mg/mL dox) was released in liver tissue 28 days after 

embolisation of healthy swine liver [159]. Doxorubicin concentrations detected by this 

method in HCC patient liver explants were on average only 5 µM 8 hours after 

embolisation and declined thereafter. If we assume a similar rate of release in 

vandetanib loaded beads, factoring in the effect of alginate, it is likely that with a 15 

mg/mL dose the levels of vandetanib released were insufficient to reach therapeutic 

levels. In the second study, the levels of vandetanib released were likely high due to the 

high loading dose and the lack of delivery vehicle. No anti-tumoural effect was seen 

here either, however tumour volume results may have been confounded by the presence 

of the cutaneous inflammation. In addition, abscess capsules can be a barrier to drug 

diffusion which may have prevented sufficient drug reaching the tumour [280].  

The distance that drug can diffuse through tissue away from DEB is difficult to 

accurately measure. Several studies using doxorubicin loaded beads have provided an 

estimate, but results can vary with drug type and loading concentration, bead type and 

number, tissue integrity and the time of sampling. Namur et al. (2010, 2011) found 

doxorubicin diffused up to 600 µm from beads in a healthy swine liver [159], and as far 

as 1.2mm away from beads in liver explants of DEB-TACE-treated HCC patients [189], 

where larger volumes of beads were given. Another study using 75-150 µm sized beads 

found doxorubicin diffusion distances in swine liver to be up to 600 µm [66]. However, 

drug concentration decreases sharply as distance from the bead increases, and also as 

time goes on with maximal drug concentrations usually being found within a few hours 

of embolisation and decreasing quickly thereafter. The tumours in the HepG2 mouse 

xenograft studies were on average 0.25 cm3 in volume when treatment was initiated, and 

grew to over 1.5 cm3 at the end of the study. As beads were injected adjacent to the 

tumour rather than inside, it may be the case that vandetanib diffusion distance was not 

sufficient to provide drug coverage over the full tumour. In clinical practice, beads 

would be delivered intra-arterially with the aim of embolising all tumour-feeding 

vessels and therefore tumour coverage and drug penetration would likely be greater. 

Indeed, emerging clinical data on the radiopaque DC Bead LUMI indicate good tumour 

coverage as demonstrated by CT imaging of bead location [281].  

Previous mouse xenograft studies using subcutaneously implanted DEB have been carried 

out using either doxorubicin or irinotecan/topotecan, and showed an immediate inhibition of 
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tumour growth after the first treatment. These drugs are classed as cytotoxic, in that their 

mechanism of action directly causes cell death by interference with DNA replication. On 

the other hand, vandetanib is not classed as cytotoxic. Its mechanism of action is primarily 

anti-angiogenic, exerting its anti-tumoural effect via disrupting vascular supply to tumours. 

The secondary effect of EGFR inhibition does have the potential to induce cell cycle arrest 

and apoptosis, however in vitro this was only seen at high doses of 25 µM. Considering the 

points mentioned above about slow drug diffusion and incomplete tumour coverage, 

vandetanib’s primarily cytostatic activity could explain differences in efficacy between 

doxorubicin loaded beads and vandetanib loaded beads in the HepG2 xenograft model.  

Another important limitation of the model is the lack of representation of clinical practice. 

Whilst inherent hypoxia may exist in subcutaneous tumours due to the rate of cancerous 

growth, the beads were not delivered into blood vessels and as such it is unlikely that their 

presence caused hypoxia in the tumours as it would during DEB-TACE. This limits the 

extrapolation of results to human trials as effects of embolisation induced hypoxia and 

nutrient deprivation cannot be accounted for. Additionally, in clinical practice, vandetanib 

DEB would not have contact with the skin, so the cutaneous toxicity observed in study 2 is 

not necessarily expected in animal models or clinical trials where vandetanib beads are 

delivered via TACE in the liver.   

5.3.7 Cutaneous toxicity 
The skin findings observed in the second study are a well-known phenomenon and are 

consistent with EGF receptor inhibition as EGF is a key regulator of keratinocyte 

proliferation and differentiation [282, 283].The administration of EGF caused 

hyperplasia of the epidermis and adnexa in the cynomolgus monkey [284], dogs and 

rats. The association of these skin lesions with the pharmacological action of vandetanib 

is further supported by the reports of similar skin effects in patients treated with a 

monoclonal antibody to the EGF receptor [285] and small molecule inhibitors of EGF 

receptor [286]. 

Folliculitis is the infection and inflammation of one or more hair follicles. The condition 

may occur anywhere on the skin and is reversible after treatment cessation. Folliculitis 

appears to be intimately related to microabscess onset following treatment with EGFR 

inhibitors [287]. Dermatologic toxic effects are the most common side-effects 

associated with anti-EGFR therapy, including but not limited to acneiform skin rash; 

pruritus; skin fissures, abscesses and pyogenic granulomas [288]. Additionally a wide 
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variety of commensal microbes (Gram-positive and Gram- negative bacteria, Candida 

albicans), may have an important role in the development of these skin lesions. In a 

study conducted by Köpf-Maier et al. (1990), the morphological aspect of the skin and 

the hairs of athymic, macroscopically nude mice (NMRI, nu/nu) was investigated by 

descriptive light- and electron-microscopy methods and compared with the appearance 

of the skin and the hairs in normal haired mice (NMRI). These morphological studies 

revealed that athymic, macroscopically nude mice are not at all hairless, but have about 

the same number of hair bulbs, embedded in the hypodermis, as normal haired animals 

[289]. Therefore folliculitis can be observed in nude athymic mice and, subsequently 

(micro)-abscess can be observed as well.  

The severe skin lesions observed in study 2 were associated with pain reactions. As the 

animals were group-housed, it cannot be excluded that the irritation caused by the 

treatment led to change in cage hierarchy with dominance-like reactions (licking of 

damaged skin by a dominant and/or self-mutilation) and/or increased aggressive 

behaviour towards weak and stressed mice. This may also lead to bacterial infections in 

immunodeficient mice like the NMRI:nu/nu strain as it can be assumed that an 

opportunistic bacterial skin infection by commensal microbes in NMRI:nu/nu 

immunodeficient mice can occur, and that athymic; nude mice are not hairless i.e. prone 

to develop hair inflammation lesions (folliculitis) and subsequently microabscesses. In 

addition, this phenomenon can be exaggerated by the normal light conditions within a 

typical animal room (photo-toxicity) [290].  

In study 2 where the toxicity was observed, the beads were delivered subcutaneously (5 

mg vandetanib, 100 mg/mL) as a bolus of bead sediment with minimal packing 

solution. In study 1, they were suspended in an alginate solution (0.5 mg vandetanib, 15 

mg/mL), which was shown to slow down the drug release in the drug diffusion model, 

with no noteworthy clinical signs observed. The absence of a slow-releasing vehicle 

could lead to a high local dose of vandetanib being released into the surrounding tissue 

and subsequent development of skin lesions. It is worth noting that when doxorubicin 

loaded beads were administered subcutaneously in a similar fashion in a previous 

mouse xenograft study, ulceration of the injection site was also observed [138] which 

suggests that cutaneous toxicity is likely to be related to the route of administration.  
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5.3.8 Alternative models for assessing treatment efficacy 
As mentioned in the introduction of this thesis, rabbits bearing VX2 liver tumours are a 

frequently used model for TACE procedures, the benefits of this model being  that it is 

orthotopic, bears similiarities to human HCC, and is suitable for delivery of DEB 

through the intended route of hepatic artery catheterisation. Furthermore, several studies 

using transcatheter arterial embolisation in this model have shown increased tumour 

hypoxia and HIF-1 expression as a result of this treatment [43, 291-293].  

Biocompatibles have carried out VX2 studies to assess the efficacy of vandetanib 

loaded beads, including an early prototype based on DC Bead [95], and later studies 

using DC Bead LUMI (manuscript in preparation). In the DC Bead study, vandetanib 

loaded beads significantly inhibited tumour growth over 21 days following a single 

TACE treatment. Vandetanib loaded beads showed superior anti-tumoral efficacy 

compared to unloaded DC Bead, and equivalent anti-tumoral activity compared to oral 

vandetanib at the doses administered (6.3 mg vs 21 mg/kg/day, respectively). Animals 

treated with vandetanib loaded beads had a lower plasma concentration and a higher 

tumour concentration of drug relative to the total dose administered, compared to oral 

dosing [95]. In the DC Bead LUMI study, the advantage of bead radiopacity was used 

to confirm the volume of beads present within the tumour after the procedure. The 

volume of beads in the tumour was identified as a significant prognostic factor for anti-

tumoural efficacy, as well as the concentration of vandetanib in the tumour, showing the 

likelihood that both embolisation and vandetanib contribute to the efficacy of the 

treatment. In both studies, TACE with vandetanib loaded beads was well tolerated, with 

limited systemic exposure to vandetanib. In addition, safety pharmacokinetic studies 

have been carried out using vandetanib beads in healthy swine liver, which 

demonstrated therapeutic drug concentrations in the liver 30 days after embolisation 

with no obvious systemic toxicity [193]. 

5.4 Conclusion 
The aim of this chapter was to establish a practical in vivo model to assess the efficacy 

of vandetanib-eluting bead formulations in controlling HCC tumour growth. 

Unfortunately, anti-tumoural activity against ectopic HepG2 xenografts was not 

observed using subcutaneous injection of vandetanib loaded beads. Treatment with 

maximally loaded (100 mg/mL) beads induced cutaneous side effects which impeded 

the analysis of the study and led to early termination. The results obtained here suggest 
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that mouse xenograft models are not suitable for evaluating efficacy of vandetanib 

loaded beads. Alternative models, such as the rabbit VX2 model, have been used to 

evaluate vandetanib loaded beads with signals of significant anti-tumoural effects which 

seem to be due to a combination of embolisation and the mode of action of vandetanib. 

TACE with vandetanib loaded beads in rabbits and swine is well tolerated.   
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6 GENERAL DISCUSSION 
Interventional Oncology has been described as the fourth pillar of cancer care in the 

medical community, owing to its rapidly growing selection of minimally invasive, 

image-guided cancer therapies that provide patients with treatment options that can 

minimise side effects and hospital stays. Trans-arterial chemoembolisation with DEB is 

one such treatment that has proven clinical benefit in treating unresectable HCC [40]. 

Nonetheless, the aggressive nature of this disease means that tumours can escape 

treatment by activating hypoxia-induced pathways of neo-angiogenesis and 

proliferation. Despite over a decade of use of DEBDOX (doxorubicin loaded beads) to 

treat HCC, there is still discussion as to whether DEB-TACE offers any additional 

survival benefit compared to cTACE (doxorubicin and Lipiodol emulsion) beyond 

reduction of side effects [34]. Some schools of thought feel the therapy is limited by 

doxorubicin’s physicochemical properties and its ability to diffuse efficiently 

throughout the tumour, to reach possible undetected satellite nodules that can act as a 

site for recurrence. Chemotherapeutic mixtures of cisplatin, doxorubicin and mitomycin 

C have been administered via cTACE but have not proven more effective than single 

drug therapy [294].  

Newer targeted drugs such as tyrosine kinase inhibitors have shown promise, with the 

VEGFR inhibitor sorafenib being approved as a first line systemic therapy for advanced 

HCC [295]. A phase III trial of sunitinib in this patient population was cut short due to 

high incidence of adverse events [81], but the concept of a sunitinib loaded bead was 

explored as a method to reduce systemic exposure. Drug distribution imaging revealed 

that that sunitinib diffused faster and further from occluded vessels than doxorubicin, 

achieving therapeutic doses over a wide area [80, 158]. Other studies have reported 

local delivery of sorafenib in imageable microspheres resulting in a local anti-

angiogenic effect [72, 73]. This led to the concept and collaboration between 

Biocompatibles, the manufacturer of the DEBs DC Bead and DC Bead LUMI, and 

Astra Zeneca, the licence holders at the time of the multi-tyrosine kinase inhibitor 

vandetanib, to produce a pre-loaded vandetanib DEB capable of delivering locally high 

doses of the targeted compound to liver tumours and minimising systemic side effects 

which hindered its use as an oral agent [93]. Therefore, the aim of the work carried out 
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in thesis was to develop and characterise this novel drug device combination to assess 

feasibility, optimise formulation, and provide evidence for its efficacy in the hypoxic 

tumour environment.  

At the time of the conception of vandetanib bead, work was underway at 

Biocompatibles to bring to market a radiopaque embolic bead which would be directly 

imageable under x-ray: DC Bead LUMI, which is now approved in multiple territories. 

This raised the question as to whether the vandetanib bead should be developed using 

standard DC Bead, or its novel radiopaque counterpart. In chapters two and three of this 

thesis, both platforms were evaluated in terms of their vandetanib loading capacities, 

their physicochemical properties after loading, and their drug release profiles. DC Bead 

LUMI showed advantages of having a higher vandetanib loading capacity, resistance to 

loading induced size changes, and demonstrated uniform drug distribution and 

radiopacity suitable for in vivo imaging. This marked the first report of loading a 

radiopaque DEB with an anti-angiogenic agent [296]. An additional benefit and 

function of bead radiopacity is currently being investigated at the National Institutes of 

Health, USA, whereby radiopacity attenuation in DEB-TACE treated tissue has been 

found to be directly correlated with released drug concentration [297]. Once we know 

more about the diffusion behaviour of vandetanib in tissue, this may provide the 

possibility in the future to create predictive ‘drug maps’ based on the distribution of 

vandetanib beads in the liver, which is only possible with the use of the radiopaque bead 

platform. 

The third chapter focuses on the release of vandetanib, in comparison with the two most 

commonly used DEB-TACE drugs doxorubicin and irinotecan, from beads in various in 

vitro models. The vascular flow system allowed the modelling of the early phase of 

drug release, by replicating the conditions during DEB delivery which lead to an elution 

burst during which a proportion of drug is rapidly released due to exposure to both 

contrast agent and free flowing ion-rich blood. The flow through model corresponded 

better to mid-late phase drug release in the plasma. Relating in vitro drug release to 

tissue levels is more complicated to achieve, and requires development both in the fields 

of in vitro models and in vivo drug distribution imaging techniques. Preliminary 

experiments are planned in order to assess the feasibility of using Raman spectroscopy 

to detect vandetanib concentrations in tissue sections following DEB-TACE, based 

techniques in development for cancer diagnostics [298]. Determining the extent of 
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vandetanib distribution in tissue or tissue mimicking models will also allow us to relate 

the achieved drug concentrations to the IC50 determined in chapter four, as a predictor 

of the degree of local toxicity and pharmacological effects.  

One of the questions raised at the initiation of the vandetanib bead project was how the 

drug would perform in hypoxic conditions, given that TACE induces hypoxia and 

therefore can activate HIF-mediated drug resistance pathways [44, 291]. Therefore in 

chapter four, in vitro cell toxicity studies were performed in hypoxic conditions to 

mimic the embolised tumour environment. Vandetanib was found to be equipotent in 

normoxic and hypoxic conditions against three HCC cell lines, both in terms of 

inhibiting cell proliferation and inhibiting EGFR phosphorylation. HUVEC proliferation 

and VEGF secretion by HCC cells was also inhibited. However, constitutive MAPK 

pathway activation due to hypoxia and/or pathway redundancy may be a mechanism of 

resistance to be wary of. Doxorubicin showed its own benefits in this setting, and in 

future investigations it may be of interest to investigate any synergistic or additive 

effects of combining doxorubicin with vandetanib in hypoxic cell assays. If this yields 

positive results, there could be a rationale for using a mixture of doxorubicin and 

vandetanib loaded beads together in a TACE procedure, or perhaps assessing the 

feasibility of a dual-drug loaded bead, as has been previously demonstrated with 

doxorubicin and rapamycin [156].    

In vivo evaluation of drug-device combinations such as DEBs in small animal models 

(e.g. rodents) is difficult to achieve, due to the necessity of using an alternative route of 

product administration. Subcutaneous injection of vandetanib beads in mouse HCC 

xenograft models induced cutaneous toxicity and did not demonstrate an anti-tumour 

effect, but as discussed in chapter five, these results are in contrast to studies where 

vandetanib beads have been delivered intra-arterially to the liver of VX2 tumour bearing 

rabbits and demonstrated safety and efficacy (manuscript in preparation). As 3D cell 

culture techniques become more accessible and attainable, perhaps a more humane and 

practical way to bridge the gap between 2D cell culture screening and larger animal 

studies requiring surgical intervention would be to develop spheroid HCC models. This 

would also allow the incorporation of endothelial cell co-culture, as described in recent 

work by Chiew, Wei, Sultania, Lim, and Luo (2017) [134], and also hypoxic conditions 

to screen anti-angiogenic compounds such as vandetanib in the local delivery setting. 

Taking this idea further, a future concept for toxicity testing in combination with drug 
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release testing is a microfluidic 3D cell culture system, featuring cancer cells in a 3D 

matrix perfused by media in microscopic channels, which could also be lined with 

endothelial cells. Advances in 3D bioprinting have demonstrated capability of 

producing such vascularised tissue models, with ‘vessels’ as small as 200µm [299] 

which therefore could be embolised by larger DEBs. Assessing the effects of 

chemotherapeutic drug release, nutrient deprivation and hypoxia induced by DEB 

blockage of the channels could also be achieved by fluorescent immunostaining.  

In August 2017 the first human patient was treated with vandetanib loaded radiopaque 

beads as part of the VEROnA trial: a window of opportunity study of vandetanib-

eluting radiopaque beads (BTG-002814) in patients with resectable liver malignancies 

[300]. The purpose of the VEROnA trial is to assess safety and tolerability of 

vandetanib beads in patients with resectable HCC. The primary aims of VEROnA are to 

assess the safety and tolerability of treatment with BTG-002814 and to measure the 

plasma and resected liver tissue concentrations of vandetanib and N-desmethyl 

vandetanib following treatment with BTG-002814. The secondary aims of VEROnA 

are: to evaluate the anatomical distribution of BTG-002814 on non-contrast enhanced 

imaging using 4D CT; evaluate histopathological features in the surgical specimen 

following treatment with BTG-002814; assess changes in blood flow on dynamic 

contrast-enhanced magnetic resonance imaging (DCE-MRI) following treatment with 

BTG-002814.  

At the time of writing, three patients have now been successfully screened and treated, 

going on to have surgical resections. The first procedure was attended by the author, 

which allowed first-hand experience of the preparation and administration of the 

product in the cath-lab (Figure 6.1). CT scans of the patient liver post-treatment showed 

the radiopaque vandetanib beads in situ, filling the tumour blood vessels. Resected 

tumour samples may be available for future analysis of bead and drug distribution in the 

tumour, pending development of an appropriate imaging method, and could be 

subjected to biological analysis to determine proof of local pharmacological effect.  
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The future of vandetanib loaded beads as an anti-cancer treatment is promising, and its 

indication may not necessarily be limited to liver tumour monotherapy. Renal cell 

carcinoma is often treated with arterial kidney embolisation prior to resection, and 

evidence suggests that embolisation may play a role in stimulating the immune response 

[301]. Furthermore, a recent review has highlighted the potential for tyrosine kinase 

inhibitors to be immunostimulatory agents in the setting of renal cell carcinoma [302]. 

Inhibition of VEGF and MAPK pathways may augment the tumoural immune response, 

increasing activity of cytotoxic lymphocytes and interfering with mechanisms of 

immune tolerance to tumours [303-305]. Given the gathering interest in immuno-

oncology based treatments such as checkpoint inhibitors, a potential synergy of 

vandetanib bead with these agents is worthy of future investigation.  

In summary, a radiopaque, vandetanib eluting bead has been developed and 

characterised, showing unique physicochemical properties and release kinetics which 

have been correlated with pre-clinical pharmacokinetic data. Vandetanib shows activity 

against hepatocellular carcinoma cells in both hypoxic in vitro culture and in animal 

models. The work carried out in this thesis has supported the transition of this product 

to first in human clinical trials, the results of which are eagerly anticipated. Novel 

interventional combinations incorporating targeted drugs are hoped to provide improved 

treatment outcomes for patients suffering from this difficult to treat disease. 

Figure 6.1 Interventional Radiologists and BTG team in theatre following the 
first clinical vandetanib bead procedure. Original in colour. 
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APPENDICES 

Micro-CT protocol (RSSL) 
The samples were opened and a small amount of MilliQ purified water was carefully 

decanted into each sample tube. Each sample was then analysed by X-Ray Micro-

Computer Tomography (µ-CT) using a single scan, to include the water reference and 

the beads. The samples were then reconstructed using NRecon and calibrated against a 

volume of interest (VOI) of the purified water reference. A region of interest (ROI) of 

air and water was analysed after calibration to verify the Hounsfield calibration. The 

samples were reconstructed (NRecon) and analysed (CT Analyser) using the same 

instrument and acquisition parameters (Table A1). 

Table A1 Micro-CT instrument and acquisition parameters as supplied by 
RSSL. 

Instrument SkyScan 1172 

Software SkyScan1172 Version 1.5 (build 14) 

NRecon version 1.6.9.6 

CT Analyser version 1.13.5.1 

Source Type 10Mp Hamamatsu 100/250 

Camera Resolution (pixel) 4000 x 2096 

Camera Binning 1 x 1 

Source Voltage kV 65 

Source Current A 153 

Image Pixel Size (m) 3.96 

Filter Al 0.5 mm 

Rotation Step (deg.) 0.280 

Output Format 8bit BMP 

Dynamic Range 0.000 – 0.140 

Smoothing 0 

Beam Hardening 0 

Post Alignment Corrected 

Ring Artefacts 16 
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Since their introduction around a decade ago, embolic drug-eluting beads (DEBs) have becomeawell-established
treatment option for the locoregional transarterial treatment of hepatic malignancies. Despite this success, the
therapy is seen to be limited by the choice of drug and more effective options are therefore being sought.
These include the small molecule multi-tyrosine kinase inhibitors (MTKi), which exert an anti-angiogenic and
anti-proliferative effect that could be highly beneficial in combating some of the unwanted downstream conse-
quences of embolization. Vandetanib is an MTKi which acts against such targets as vascular endothelial growth
factor receptor (VEGFR) and epithelial growth factor receptor (EGFR) and has demonstrated modest activity
against hepatocellular carcinoma (HCC), albeit with some dose-limiting cardiac toxicity. This makes this com-
pound an interesting candidate for DEB-based locoregional delivery. In this study we describe the preparation
and characterisation of vandetanib DEBs made from DC Bead™ and its radiopaque counterpart, DC Bead LUMI
™. Drug loading was shown to be dependent upon the pH of the drug loading solution, as vandetanib has mul-
tiple sites for protonation,with the bead platform also having a fundamental influence due to differences in bind-
ing capacities and bead shrinkage effects. Fourier transform infrared (FTIR) spectroscopy and energy dispersive
X-ray (EDX) Spectroscopy confirmed drug interaction is by ionic interaction, and in the case of the radiopaque
DEB, the drug is distributed uniformly inside the bead and contributes slightly to the overall radiopacity by virtue
of a bromine atom on the vandetanib structure. Drug release from both bead platforms is controlled and
sustained, with a slightly slower rate of release from the radiopaque bead due to its more hydrophobic nature.
Vandetanib DEBs therefore have suitable characteristics for intra-arterial delivery and site-specific sustained re-
lease of drug into liver tumours.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Vandetanib
Tyrosine kinase inhibitors
Drug-eluting beads
Transarterial chemoembolization
1. Introduction

The current standard of care for intermediate hepatocellular car-
cinoma (HCC) is transarterial chemoembolization (TACE), an image
guided procedure in which a chemotherapeutic agent is injected
via the hepatic artery into the tumour feeding blood vessels. This is
followed by an embolic material which occludes the vessels, with
the aim of starving the tumour of oxygen and nutrients (Bruix et
al., 2004). TACE may also be performed using drug eluting beads
(DEB): embolic microspheres capable of loading positively charged
drugs and releasing them local to the tumour site via ion exchange,
thus reducing systemic drug exposure (Lewis and Holden, 2011).
ODEB, radiopaque drug-eluting

omolecular Sciences, University
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The drug of choice for loading into DEB is usually doxorubicin, a
cytotoxic agent which intercalates with DNA, interfering with
replication (Gewirtz, 1999). However, it has been shown that
hypoxic conditions can lead to doxorubicin resistance in HCC cells
(Cox and Weinman, 2015). Moreover, tumour hypoxia induced by
embolization therapy leads to upregulation of pro-angiogenic
pathways contributing to the formation of new blood vessels
(Liang et al., 2010; Rhee et al., 2007). Anti-angiogenic strategies are
therefore being considered in combination with DEBs to improve
treatment outcomes.

Several trials combining TACE with oral anti-angiogenic therapy
such as sorafenib, sunitinib or bevacizumab are underway or completed
with some promising results, however there remain toxicity issues as-
sociated with oral use of these agents (Lencioni et al., 2016; Erhardt et
al., 2014). DEBs provide an opportunity for local delivery of these
agents, allowing for high local doses and reduced toxicity compared
with oral treatment. Forster et al. were the first to demonstrate that
DEBs could be loaded with a combination of drugs (Forster et al.,
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Table 1
Selection of MTKis and their mode of action and properties.

Compound Mode of action Propertiesa

Axitinib Potent VEGF inhibitor,
inhibits breast cancer
growth, prevents
neoangiogenesis in 9 L
tumours, activity in
refractory met renal cell

DMSO + DMF soluble
Solubility of over 0.2 μg/mL
in aq media with a pH 1.1–
7.8, pKa 4.8

Bosutinib Active inhibitor of Bcr-Abl,
inhibits tumour cell growth,
angiogenesis, growth factor
expression

DMSO + EtOH soluble,
poorly water soluble
Basic pKas 8.04, 4.80, 3.77

Canertinib diHCl Potent pan-erb B tyrosine
kinase inhibitor, irreversible
TK inhibitor, radiosensitiser

10 mg/mL water solubility,
DMSO ≥5.6 mg/mL, logPc
3.05

Dasatinib SRC and BCR/ABL tyrosine
kinase inhibitor, Lyn & Src
kinase inhibitor

Very poorly water soluble
(0.0128 mg/mL), pKas 3.1,
6.8, logP 1.8

Dovitinib MTKi of FGFR 3, inhibits
tumour growth in xenograft
models of colon cancer

DMSO soluble, poorly EtOH
soluble

Erlotinib HCl Targets EGFRTK, potent
inhibitor of JAK2-V617F.
“Tarcecva” approved for
NSCLC, pancreatic and
others

Slight water and methanol
solubility, pKa 5.42, logP 2.7

Gefitinib EGFR TK inhibitor. “Iressa”
approved for NSCLC

Solubility 0.027 mg/mL,
sparingly water soluble at
pH 3, pKas 5.4, 7.2, logP 3.2

Imatinib
methane-sulfonate

Inhibits particular TK
enzymes, used to decrease
bcr-abl TK activity.
Gleevec®, indicated for
chronic myelogenous
leukemia, GI stromal
tumours

DMSO and water soluble,
poorly EtOH soluble, logP 3

Lapatinib
toluene-sulfonate

EGFR and HER2/neu dual TK
inhibitor, potent EGFR
kinase inhibitor, can restore
tamoxifen sensitivity.
“Tykerb®” for advanced met
breast cancer

Poorly water soluble
(0.0223 mg/mL), DMSO
soluble, logP 5.4

Lestaurtinib Potent inhibitor of several
TKs FLT-3, TrkA, clinical
activity in AML pts. with
FLT-3 mutations

Very poorly water soluble

Masitinib Protein TK inhibitor, phase
III in dogs with canine mast
cell tumours

Soluble in DMSO
≥95 mg/mL, water
b1.2 mg/mL

Nilotinib Selective BCR-ABL inhibitor
and of proliferation of
haematopoietic cells in CML
and ALL. TK inhibitor Ph I in
CML “Tasigna®”

Poorly water
(0.00201 mg/mL) and
poorly EtOH soluble, DMSO
soluble, logPc 4.51

Pazopanib Selective multitargeted TK
inhibitor, targets VEGFR,
PDGFR and c-kit

Limited solubility in warm
DMSO, poorly water soluble
(0.0433 mg/mL) logPc 3.59

Sorafenib
toluene-sulfonate

Biaryl urea inhibits ERK
pathway and angiogenesis
by targeting VERGFR-2 and
PDGRF-b. “Nexavar®”
approved renal cell
carcinoma and HCC

Poorly water
(0.00171 mg/mL) and EtOH
soluble, DMSO soluble, logP
3.8

Sunitinib Malate Selective inhibitors of MTKs,
inhibits FLT3-ITD
phosphorylation, CSF-1 rK.
“Sutent®” for renal cell

Water soluble at pH 1.2–
6.8, fluorescent, weak base
pKa 8.95, logP 5.2
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2012), not only to provide the benefit of local delivery of a cytotoxic
drug such as doxorubicin, but also concomitant delivery of an agent
with a complimentary mode of action such as rapamycin in order to
downregulate expression of Hypoxia Inducible Factor Alpha (HIF-1α)
and consequently induction of angiogenesis. Sakr et al. have more re-
cently described a layer-by-layer process for loading bevacizumab
onto DC Bead™ (Sakr et al., 2016) for controlled locoregional delivery
of amonoclonal antibody that inhibits Vascular Endothelial Growth Fac-
tor-A (VEGF-A), a chemical signal for angiogenesis. It is however, the
small molecule multi-tyrosine kinase inhibitors that have attracted
most interest, given the approval of sorafenib (Nexavar®, Bayer-
Onyx) for the treatment of advanced HCC. Sorafenib drug-eluting pep-
tide nanocomposites (Park et al., 2016) and poly(lactide-co-glycolide)
microspheres (Chen et al., 2014; Chen et al., 2015), both with magnetic
resonance imaging (MRI) capability have been described for intra-arte-
rial delivery to treat HCC. Poly(D,L-lactic acid) microspheres have also
been prepared and loaded with either sorafenib or together with cis-
platin and showed that the drug combination had a faster release rate
(Wang et al., 2015) and was more efficacious in cell assays (Wang et
al., 2016) compared to either drug alone. Lahti et al. described the load-
ing of LC Bead with both sorafenib (Lahti et al., 2015a) and sunitinib
(Lahti et al., 2015b) but both processes were inefficient. Fuchs et al.
have reported on a much more comprehensive appraisal of sunitinib
loading into DC Bead™ (Fuchs et al., 2015), correlation of in vitro release
with in vivo pharmacokinetics (Fuchs et al., 2014) and evaluation of an-
titumor effects in a rabbit VX2 embolization model (Bize et al., 2016).
Whilst these studies show great promise and demonstrate feasibility
for the locoregional delivery of MTKis from DEBs, concerns remain
over the severe toxicity of sunitinib in the liver (Cheng et al., 2013)
and alternative suitable MTKi candidates have been sought.

Table 1 outlines a short selection from a broad list of options that
have been considered for MTKi loading into DEBs, taking into ac-
count drug structure, properties and mode of action. Herein we de-
scribe a feasibility study undertaken with one of these candidates,
vandetanib. Vandetanib is a multi-tyrosine kinase inhibitor (MTKi)
which selectively inhibits vascular endothelial growth factor recep-
tor 2 (VEGFR-2), epidermal growth factor receptor (EGFR), and
rearranged during transfection (RET) tyrosine kinase (Morabito et
al., 2009). Common adverse events associated with the oral delivery
of vandetanib include diarrhoea and rash, which can occasionally be
severe. Prolongation of the QT interval (a measure of the time be-
tween the start of the Qwave and the end of the T wave in the heart's
electrical cycle and a marker for the potential of ventricular tachyar-
rhythmias) has also been observed (Tsang et al., 2016). The VEGF and
EGF pathways have both been implicated in the pathogenesis of HCC,
and a phase II trial of vandetanib in advanced unresectable HCC
patients showed a suggestion of improvement in progression free
survival and overall survival (Hsu et al., 2012). There is therefore, a
strong rationale for the locoregional delivery of this drug.

In this study the feasibility of loading vandetanib into DEB was
investigated using both DC Bead™ and the recently approved
radiopaque DEB DC Bead LUMI™ (Biocompatibles UK Ltd., Farnham,
UK). This has resulted in an understanding of the interactions
between vandetanib and the hydrogel network of the microspheres
and the physicochemical characteristics of the resulting
vandetanib-eluting beads in terms of maximum drug loading
capacity, morphology, drug distribution and release.
carcinoma
Vandetanib VEGFR-dependent tumour

angiogenesis inhibitor, EGFR
& RET-dependent
proliferation inhibitor.
“Zactima®” for follicular,
medullary, anaplastic,
adv/met papillary thyroid
cancer

DMSO soluble, poorly water
soluble (0.008 mg/mL),
soluble at lower pHs, logPc
5.01

Vatalanib DiHCl Selective inhibitor for Water soluble (10 mg/mL),
2. Materials and methods

2.1. Materials

DC Bead™ and DC Bead LUMI™, both of diameter range 70–150 μm,
were provided by Biocompatibles Ltd. (Farnham, UK). Vandetanib base
was provided by Astra Zeneca (Macclesfield, UK, N99% purity).



Table 1 (continued)

Compound Mode of action Propertiesa

VEGFR-1&2 TK+ PDGFR-b,
c-KIT & c-FMS

DMSO soluble (85 mg/mL)

a Information sourced from www.drugbank.ca or individual drug FDA labels.
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2.2. Loading of beads with vandetanib solution

As vandetanib exhibits pH dependent solubility, solutions were pre-
pared by first dissolving the powdered drug in 0.1 M hydrochloric acid
to 70% of the required volume. The solutionwas then adjusted to the re-
quired pHby dropwise addition of sodiumhydroxide, beforemaking up
to volume with purified water. By this protocol, solutions at pH 2.1 and
4.4 were prepared at a concentration of 20 mg/mL. Solutions at pH 6.8
were prepared at a concentration of 5 mg/mL due to limits in solubility.

To load beads with vandetanib, the packing solution was removed
from bead vials and vandetanib solution was added. Incubation with
the loading solution was performed at room temperature under agita-
tion for a minimum of 2 h. Depleted loading solution was removed
and the beadswashed 3 times in deionisedwater. To determine loading
efficiency, vandetanib concentration in the depleted loading solution
and washings was quantified by HPLC, using a Hypersil Gold C18 col-
umn (Thermo Scientific, UK) and PDA detector at a wavelength of
254 nm. Mobile phase was a gradient of 0.1% TFA v/v in purified water
and 0.1% TFA v/v in methanol; flow rate 1 mL/min.

2.3. Bead morphometry

Bead samples before and after vandetanib loading were examined
using an Olympus BX50 optical microscope with attached Colorview
III camera. The diameter of 200 beads per sample was recorded using
Stream software (Olympus, Southend on Sea, UK). Bead density was de-
termined using a displacement assay described in detail previously
(Duran et al., 2016).

2.4. Elemental mapping using SEM-EDX

DC Bead LUMI™was loaded with the maximum vandetanib dose of
135 mg/mL of sedimented beads. Bead samples were embedded in Tis-
sue-Tek optimum cutting temperature compound (Sakura, Thatcham,
UK) on liquid nitrogen and transferred to −80 °C to ensure thorough
freezing. Samples were sectioned in a cryostat (Leica, Milton Keynes,
UK) in 10 μm thick sections and mounted on SEM stubs with carbon
pads. Samples were coated with 4 nm platinum using a Q150T turbo
molecular-pumped sputter coating system (Quorum, Lewes, UK) prior
to SEM-EDX analysis. SEM imaging was carried out on a Zeiss SIGMA
FEG-SEM (Zeiss, Cambridge, UK) scanning electron microscope
equippedwith anOxford Instruments 80mm2X-Max energy dispersive
X-ray analysis system. The sample was left in the SEM for several mi-
nutes prior to imaging to ensure the small amount of water present in
the section was removed under the high vacuum. Elemental mapping
and spectra were acquired for iodine, bromine, fluorine and sulfur on
unloaded DC Bead LUMI™ and DC Bead LUMI™ loadedwith vandetanib
at maximum capacity.

2.5. Vandetanib-bead interactions using Fourier transform infra-red
microscopy

DC Bead LUMI™ loadedwith different doses of vandetanibwere em-
bedded and sectioned into 10 μm slices as described in Section 2.4.
These were subjected to FTIR microscopy point analysis across a 10–
15 different regions of interest across the samples surface. The spectra
were collated and the position of the S_O stretching frequency around
1040–1050 cm−1 was averaged for each sample. The effect of differing
concentrations of drug loading on the stretching absorption of the sulfo-
nate binding groups on the beads could then be evaluated.

2.6. X-ray micro-computer tomography (μ-CT) analysis for bead
radiopacity

Unloaded LUMI™ and LUMI™ loadedwith vandetanib at concentra-
tions of 30, 60 and 100mg/mLwere uniformly suspended in 1% agarose
solution in nunc tubes. μ-CT 3D scanning was performed to quantify in-
dividual bead radiopacity in Hounsfield units (HU) of each bead in the
sample. μ-CT analysis was performed by Reading Scientific Services
Ltd., Reading, UK.

2.7. Vandetanib release from beads

DC Bead™ and DC Bead LUMI™ were loaded with 20 mg/mL and
40 mg/mL of vandetanib respectively. The volume of DC Bead™ de-
creased by 50% following loading leading to a final dose density of
40 mg/mL. Aliquots of 0.3 mL of beads each containing 12 mg vandeta-
nib were placed in amber jars containing 1 L of pH 7 PBS (Source Biosci-
ence, Nottingham, UK), stirring at 200 rpm. At determined time points,
stirring was stopped to allow beads to settle before removing a 5 mL
sample of PBS for vandetanib quantification by HPLC as described in
Section 2.2. 5 mL of fresh PBS was replaced after each timepoint.

2.8. Evaluation of suspension, handling and administration of vandetanib
loaded DC Bead LUMI™

A series of evaluationswere conducted to ensure that loading of van-
detanib into the beads did not adversely affect their handling and deliv-
ery through a microcatheter. DC Bead LUMI™ (70–150 μm)was loaded
with 100 mg/mL of vandetanib as described in Section 2.2, excess load-
ing solution removed and the bead slurry (1 mL) mixed with contrast
agent (9 mL Omnipaque 350®, GE Heathcare, Oslo, Norway). After
transferring into a 20 mL Luer-lok™ syringe (BD Plastipak, Temse, Bel-
gium) a three-way stopcock (Discofix®, B. Braun,Melsungen, Germany)
was attached to the syringe and another syringe attached to enable
transfer between them for suspension. Beads were transferred between
two syringes in injection mixture of Omnipaque 350® and water 20
times. Suspension time was measured by the time it took for 25% of
the solution to be free from beads, i.e. time taken for the top of the
bead suspension to fall to 75% of the internal height of the syringe
(n = 3). The suspension was passed through a 2.4 Fr catheter
(Progreat®, Terumo Corp., Tokyo, Japan) and the beads assessed visual-
ly for any signs of deformation of their shape or presence of fragmenta-
tion using optical microscopy as in Section 2.3.

2.9. Stability of vandetanib loaded DC Bead LUMI™ contrast agent
suspension

When used in hospital, on occasion DEBs are often prepared in the
hospital pharmacy the night before and stored in a refrigerator. Drug
elution from vandetanib loaded DC Bead LUMI™ (70–150 μm)
suspended in contrast agent was therefore investigated by taking ali-
quots of the delivery media supernatant over a period of 24 h and
analysing them using the HPLC method described in Section 2.2 to de-
termine the amount of vandetanib eluted (n=3). The chromatographic
peak was also analysed to determine if there was any drug degradation
during this period.

3. Results

3.1. Vandetanib loading and maximum capacity

At acidic pH, positively charged amines on vandetanib molecules in-
teractwith negatively charged sulfonate groupswithin themicrosphere

http://www.drugbank.ca


Fig. 1.Maximum loading of vandetanib in DC Bead™ and DC Bead LUMI™ at varying pH. A) Amount of drug uptake permL of beads (initial volume), bars representmean± SD, n=5; B)
dose density per mL of beads after adjustment for loading induced bead shrinkage.

25A. Hagan et al. / European Journal of Pharmaceutical Sciences 101 (2017) 22–30
hydrogel network, enabling drug loading. From the theoretical predic-
tion shown in Fig. 8, the major vandetanib microspecies, a 2+ charged
form and a 1+ charged form, are predominant at pH 2.1 and pH 6.8 re-
spectively, with a 50:50 proportion of each form at pH 4.4. Vandetanib
solutions were prepared at each of these pHs and added to beads in ex-
cess to assess the effect on maximum loading capacity.

Maximum vandetanib capacity increased with pH (proportion of
1+ form) as expected, with maximum capacity at 30 mg/mL for DC
Bead™ and 135 mg/mL for DC Bead LUMI™ (Fig. 1). Initial analysis of
depleted loading solution fromDCBead™ showed a higher than expect-
ed loading efficiency, but with subsequent washes in water the actual
loading dose was found to be lower suggesting that some drug was
weakly associated with the bead surface and able to be removed with
water. This effect was less pronounced with DC Bead LUMI™. Below
maximum capacity, a loading efficiency of N99% was achieved after
2 h of incubation with loading solution, suggesting fast adsorption of
vandetanib into beads. When considering the respective chemical com-
positions of both beads, the theoretical maximum loading capacity
based upon the content of sulfonic acid drug binding residues is higher
for both DC Bead™ and DC Bead LUMI™ than the actual experimentally
determined maximum drug binding capacity. For DC Bead, the maxi-
mum amount of drug loaded varies from 81 to 91.2% of the theoretical,
compared to 74.5–80.4% for DC Bead LUMI™, both dependent upon the
pH of the loading solution.
Fig. 2. (A) UnloadedDCBead™; (B) vandetanib-loadedDCBead™ (30mg/mL, pH 4.6); (C) unlo
bars 100 μm. (E) DC Bead™ and (F) DC Bead LUMI™ size decrease after vandetanib loading at
3.2. Bead morphology, size and density after loading

After loading with vandetanib, beads retained a smooth, spherical
appearance (Fig. 2A–D). Loading DC Bead M1™ at maximum vandeta-
nib capacity caused a significant decrease in mean diameter (35%,
p b 0.0001) as well as a narrowing of the size distribution (Fig. 2E).
The size decrease showed a trend with decreasing pH. The size reduc-
tion corresponded with a reduction in settled bead volume of over
60%. The bead density increase from 1.03 ± 0.03 g/cm3 (unloaded) to
1.15 ± 0.09 g/cm3 (loaded at 30 mg/mL), this small increase due to
the decrease in size and contraction of the matrix. In contrast, the
mean diameter of DC Bead LUMI™ loaded at maximum capacity did
not significantly decrease at any pH (Fig. 2F), despite a 15% reduction
in the settled bead volume at pH 6.8 only. The density increased only
minimally from 1.29 ± 0.03 g/cm3 (unloaded) to 1.31 ± 0.09 g/cm3

when loaded at 100 mg/mL due to the marginal size change.

3.3. Vandetanib distribution in beads

Scanning electron microscopy showed the sectioned internal struc-
ture of DC Bead LUMI™ to be homogeneous and devoid of any visible
pores (Fig. 3(a)). SEM-EDX analysis was used to detect vandetanib dis-
tribution in sectioned sample loaded at maximum capacity of
135 mg/mL. Bromine was selected as the element of interest for the
aded DC Bead LUMI™; (D) vandetanib-loadedDC Bead LUMI™ (100mg/mL, pH 4.6). Scale
differing pHs.
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drug distribution, being present in vandetanib molecules but not in DC
Bead LUMI™. The sulfur and iodine distributions were also mapped to
gain insight into the bead internal structure. Elemental mapping re-
vealed that bromine was evenly distributed throughout the sectioned
beads (Fig. 3(b)), the bromine peak seen in the EDX spectrum (arrow,
Fig. 3(e)) being absent in the spectrum for control (unloaded) beads
(data not shown). Sulfur and iodine distributions also appeared to be
evenly distributed within the bead structure (Fig. 3(c) and (d))
(Duran et al., 2016). The table insert in Fig. 3(e) shows there is an excel-
lent agreement between the measured weight percent of elements by
Fig. 3. (a) Scanning electron microscopy image of a sectioned vandetanib-loaded DC Bead LU
mapping distribution image; (d) iodine elemental mapping distribution image; (e) EDX elem
analysis (table inset).
EDX compared with the theoretical calculated weight percentage ex-
pected based upon 135 mg/mL loading of vandetanib into DC Bead
LUMI™, the latter which possesses 177 mg/mL iodine (Duran et al.,
2016).

3.4. Evaluation of drug-bead interactions using FTIR microscopy

As the dose of vandetanib loaded into DC Bead LUMI™ was in-
creased, the frequency of the S _O stretch from the sulfonate groups
of the beads was seen to shift steadily to lower wavenumber (Fig. 4).
MI™ sample; (b) bromine elemental mapping distribution image; (c) sulfur elemental
ental spectrum showing bromine peak for the vandetanib loaded bead and elemental



Fig. 4. Effect of vandetanib loading dose on the S _O stretching frequency from the
sulfonate groups on the beads (error bars = SEM).
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This is indicative of an increasing interaction between drug and bead as
all of the bead binding sites become progressively occupied. Samples
loaded using a target loading of 60 mg/mL at pH 6.8, 4.4 and 2.1 gave
rise to similar S _O stretching frequencies at 1041.6 cm−1,
1040.3 cm−1 and 1040.4 cm−1 respectively.
3.5. Radiopacity of vandetanib loaded DC Bead LUMI™

Micro-CT analysis of DC Bead LUMI™ shows it to possess an inherent
radiopacity due to the triiodobenzyl moieties attached to the bead
structure (Duran et al., 2016; Levy et al., 2016; Sharma et al., 2016), giv-
ing rise to a baseline radiopacity of 4454 ± 225 Hounsfield units. The
level of radiopacity is seen to increase linearly with increasing loading
of vandetanib into the beads (Fig. 5) until at a loading of 100 mg/mL
of vandetanib, the radiopacity is seen to have increased by 621 Houns-
field Units.
Fig. 5. Effect of vandetanib loading into DC Bead LUMI™ on radiopacity of the beads. Bars
representmean of all beads in a single scan of the sample (N6000 beads per sample)± SD.
**** = p b 0.0001 by 1 way ANOVA + Holm-Sidak's multiple comparisons test between
doses.
3.6. Vandetanib release from beads

The elution of vandetanib from DC Bead™ and DC Bead LUMI™ into
PBS was analysed using an in vitro USP type II dissolution model, using
0.3 mL aliquots of beads that had been loaded at equivalent dose
densities of 40 mg/mL at pH 4.4 (12 mg per aliquot). Drug release
showed a rapid burst phase in the first 2 h, after which it began to
plateau (Fig. 6). The total percentage release of vandetanib over the
test period was higher from DC Bead™ than from DC Bead LUMI™,
achieving on average 85% drug release in 24 h, compared to an average
of 50% from DC Bead LUMI™.

3.7. Evaluation of suspension, handling, delivery and stability of vandetanib
loaded DC Bead LUMI™

When DC Bead LUMI loaded with 100 mg of vandetanib was
suspended in Omnipaque 350® (Section 2.8) the beads formed a uni-
form suspension and showed no signs of bead agglomeration. The
bead suspension did not adhere onto the surface of the vial andwas eas-
ily transferred into a syringe for delivery. The average time in suspen-
sion within the syringe was N6.5 min which is more than sufficient for
practical usage. The bead suspension was delivered through a 2.4 Fr
microcatheter with ease and there was no occurrence of catheter block-
age during bead delivery. The beads remained spherical with no signs of
fragmentation post-delivery.

The amount of vandetanib released from the beads into the contrast
medium15min aftermixingwas 3.3mg,which increased to just 3.5mg
in total after 24 h storage. The drug was seen to be unaltered and
remained within specification, N98.0% purity with no single impurity
N0.2%. This shows that a bead suspension could be potentially prepared
in advance and stored overnight without significant elution of drug into
the delivery medium and without risk of drug degradation.

4. Discussion

Drug candidates that have been loaded into DC Bead™ have conven-
tionally been water soluble cationic salt forms that allow for diffusion
and ion-exchange into the anionically-charged hydrogel matrix of the
bead (Forster et al., 2010; Guiu et al., 2015; Lewis, 2009; Lewis et al.,
2007; Taylor et al., 2007). MTKis represent a group of small molecules
withwidely differing structures that impact drug solubility, lipophilicity
and ionization potential. Different process strategies may therefore be
required when considering how to load sufficient amounts of these
compounds in an efficient way into the bead matrix, and subsequently
what intermolecular drug-bead interactions will control the release of
the molecule.

The chemical structures of a selection of MTKis considered for com-
biningwith DEBs are presented in Fig. 7. Sorafenib loading into DC Bead
™ has been reported but the low solubility of the drug in aqueousmedia
requires a loading process of several sequential sessions of loading from
low drug concentration solution to achieve sufficient quantities of load-
ed drug (Lahti et al., 2015a). This can be overcome by use of a DMSO
swelling process in which drug dissolved in DMSO can be used to
swell the beads, followed by a precipitation step as the drug swollen
beads are immersed inwater (Forster et al., 2012). This however, leaves
the drug in a microprecipitated form in which its elution is dependent
upon the dissolution of the particulates. The partial ethanol solubility
of sorafenib can be used to produce suitable loading solutions in
ethanol:water mixtures in which the drug can be exchanged into the
bead matrix. Sorafenib however, unlike, many of the other MTKis, has
no protonatable amine group and relies upon strong hydrogen bonding
of the amines on the urea group to interact with carboxylate residues in
at its target site. This may also provide a source of interaction between
drug and bead to ensure controlled release.

Sunitinib on the other hand has a pendant tertiary diethyl substitut-
ed amine that can be protonated to provide a ionic interaction with the



Fig. 6. Vandetanib release from DC Bead™ [●] and DC Bead LUMI™ [■] as A) amount released in mg; B) percentage of available dose. 0.3 mL aliquots of beads containing equivalent of
12 mg vandetanib were stirred in 1 L PBS, pH 7. Mean ± SD, n = 3.

28 A. Hagan et al. / European Journal of Pharmaceutical Sciences 101 (2017) 22–30
beads (Lahti et al., 2015b.). Solubility is improved below pH 6.8 and is
further enhanced with the addition of a sugar or polyol additive to aid
loading (Fuchs et al., 2015). Vandetanib, erlotinib, gefitinib and
dasatinib all share a common secondary amine bridging function at-
tached to a pyrimidine ring, providing additional sites of ionization to
aid in ion-exchange and increase the solubility of these compounds in
water at reduced pH. The positive charge residing on this aromatic por-
tion of themolecule however, can be significantly delocalised across the
conjugated ring system, which lessens its capability for charge-charge
interaction (Lewis, 2009).

Based on the theoretical ionization of vandetanib in solution at dif-
ferent pH (Fig. 8) and therefore the relative concentrations of different
vandetanib charge forms, the drug loading maximum capacity should
be influenced by the pH of the loading solution, which has been con-
firmed in Fig. 1. For both DC Bead™ and DC Bead LUMI™, there was a
positive relationship between pH of the loading solution and the maxi-
mum amount of vandetanib that could be loaded into the beads. This is
due to the fact that as pH decreases, a greater proportion of vandetanib
molecules in solution have 2 positive charges, and can therefore occupy
2 sulfonate binding sites within the beads, shifting towards a 2:1 bind-
ing ratio. Regardless of the pH, neither bead was able to load the theo-
retical maximum drug loading based upon sulfonic acid group
content, although DC Bead™ was seen to load closer to the theoretical
maximum (91.2%) than DC Bead LUMI™ (80.4%), the latter having a
denser, more hydrophobic gel matrix in which access to all binding
sites may be more restricted.

In DC Bead™, a slight decrease in size range was observed with de-
creasing pH. This is in keeping with previously observed effects of
Fig. 7. Structure of a selecti
loading the antineoplasticmitoxantrone,whichhas 2 positively charged
sites, and thus exerts an increased shrinking effect on DC Bead™which
is suggested to be an effect of ‘pulling’ the hydrogel network closer to-
gether by interacting with multiple sites (Lewis, 2009). The drug-bead
charge-charge interaction through the sulfonate groups was confirmed
by the shift of the S _O stretching frequency to lower wavenumber
with increasing drug dose, a phenomenon also observed for both doxo-
rubicin and irinotecan binding to DC Bead™ (Lewis and Dreher, 2012;
Namur, 2009). Interestingly, when 60 mg/mL loading was performed
at pH2.1, 4.4 and 6.8, the S_O frequencywas seen not to change signif-
icantly, even though at this dose the DC Bead LUMI™ is only at about
50% binding capacity. At pH 2.1 it is expected that vandetanib would
carry two positive charges and hence capable of interaction with nearly
all binding sites in the beads. The second charge residing on the conju-
gated ring system would not be expected to interact as strongly as that
on the piperidine ring as indicated by the lack of change in the S _O
stretching frequency.

Furthermore, although it could be expected that vandetanib mole-
cules binding to 2 sites may be released more slowly in an elution
model, the release profile of vandetanib from DC Bead LUMI™ did not
vary significantly depending on the pH of the loading solution (data
not shown). Possible reasons for this are that the ionic interactions are
not strong enough to be affected in this manner, or perhaps the neutral
pH of the elution medium negates this pH dependent effect as soon as
the ion exchange process begins.

Release of vandetanib fromDCBead LUMI™was incomplete, despite
maximumconcentrations reached in the elution vessel remaining lower
than the theoretical solubility of 0.008 mg/mL (Fig. 6A). The higher
on of approved MTKis.



Fig. 8. Ionic interaction of DC Bead™ (L groups are present in DC Bead LUMI™) with vandetanib (top); structure of the ionised forms of vandetanib at different pH (middle); (c) theoretical
proportion of the various forms of vandetanib present with pH (adapted from chemicalize.org).

29A. Hagan et al. / European Journal of Pharmaceutical Sciences 101 (2017) 22–30
density and therefore less ‘open’ structure of DC Bead LUMI™ likely
limits movement of drug molecules out of the beads. However, by
adjusting the pH of the PBS elution medium to 5, vandetanib release
rate from LUMI™was slightly improvedwith total drug release increas-
ing by 10% to 60% (data not shown). Hypoxic tumours are known to be
acidotic due to production of lactic acid by anaerobic glycolysis. More-
over efficient arterial embolization will impede clearance of lactic acid
from tumoural tissues, contributing to the acidic microenvironment
(Chao et al., 2016), which may somewhat facilitate release in the case
of acidic-soluble drugs. Similarly to doxorubicin (Hecq et al., 2013), van-
detanib binding to DEB has been shown to be fully reversible as the total
dose can be extracted using a solution of potassium chloride and etha-
nol. Using improved elution models with open-loop flow through con-
ditions as described by Swaine et al. may facilitate the modelling of
full extended vandetanib release by preventing saturation of elution
medium and more closely mimicking the in vivo situation (Swaine et
al., 2016).

The addition of the iodinated moiety that renders DC Bead LUMI™
radiopaque increases the solid content of the beads (Duran et al.,
2016) and introduces hydrophobic portions to the bead structure
which may interact with various drugs thereby altering drug loading
and release properties. Increasing loading of vandetanib also leads to a
proportional increase in the radiopacity of the DC Bead LUMI™ (Fig. 4)
which is not attributable to a densification of the internal structure as
the mean diameter of the beads are essentially unchanged with drug
loading (Fig. 2F). The existence of a bromine atom on the vandetanib
structure is the likely source of the added radiopacity, which increases
by approximately 25–26 Hounsfield units per mg of radiodense atom
(iodine and bromine) present.

The data presented in this study has confirmed that DC Bead LUMI™
has desirable physicochemical characteristics suitable for use as an anti-
angiogenic DEB. Firstly, maximum vandetanib loading capacity is high,
reaching maximum doses of over 120 mg/mL at pH 6.8 and even
when decreasing pH to maintain vandetanib solubility doses of
100 mg/mL are still feasible. The increased solid content leads to a
higher density of drug binding sites than standard DC Bead™. This in-
creased capacity may compensate for the slower drug release rate. Sec-
ondly, DC Bead LUMI™wasmore resistant to size changes after loading
with vandetanib, compared with DC Bead™which had a significant re-
duction in bead size and volume. Although there has been a trend to-
wards using smaller size beads in recent years (Lencioni et al., 2012),
it has been observed that particles of around 40 μmpose a risk of poten-
tially fatal complications resulting from off-target embolisation
(Bonomo et al., 2010; Brown, 2004). The radiopacity of DC Bead LUMI
™ may also provide advantages in this respect due to the potential for
intra and post-procedural feedback on bead delivery (Duran et al.,
2016). Finally, loading of the drug did not adversely affect the properties
of the beads in terms of their suspension, handling and delivery in con-
trast agent. When mixed into suspension only a small amount of drug
(3.5 mg) was released into Omnipaque contrast agent and the drug
was shown to be stable in this mixture over the 24 h storage condition
selected for the test. These preliminary evaluations confirm that

http://chemicalize.org
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vandetanib loaded DC Bead LUMI™ performs in a manner amenable for
a DEB-TACE procedure.

Recent investigations have been performed using DC Bead™ loaded
with the VEGFR inhibitor sunitinib (Fuchs et al., 2015; Fuchs et al.,
2014), which have shown significant effects on endothelial cell prolifer-
ation, apoptosis andmigration, with both sunitinib beads and free suni-
tinib having similar activity in vitro. Sunitinib beads had modest anti-
proliferative effects against a range of cancer cell lines, with lack of di-
rect cytotoxicity due to the mechanism of action of sunitinib being
VEGFR inhibition. As well as inhibiting VEGFR, vandetanib also targets
EGFR and therefore has the potential to also directly impede cancer
cell proliferation and induce apoptosis. In vitro assays have revealed
that vandetanib has a significant anti-proliferative effect on endothelial
cells and induces apoptosis in hepatoma cell lines at a concentration of
b10 μmol/L (4.75 μg/ml) (Inoue et al., 2012). The elution studies per-
formed here indicate that the release of vandetanib levels in excess of
this concentration is feasible. In support of this preliminary data we
have recently reported on a safety and pharmacokinetics study of van-
detanib DEB-TACE in healthy swine liver which demonstrated that the
treatmentwaswell tolerated and confirmed the presence of therapeutic
concentrations of vandetanib up to 30 days after administration
(Czuczman et al., 2016).

5. Conclusions

Vandetanib can be efficiently loaded and released from DC Bead™
and DC Bead LUMI™ whilst maintaining microsphere integrity and
properties suitable for use as an embolization agent. The inclusion of
vandetanib in a DEB warrants further characterisation in vitro and in
vivo to determine its efficacy in models of HCC.
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