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ABSTRACT 

Background: Glioblastoma is the most aggressive type of brain tumour. The current 

treatment for glioblastoma is particularly challenging since the tumour is highly 

infiltrative and has a diffuse growth nature. Boron neutron capture therapy (BNCT) is 

a promising therapy to selectively damage glioblastoma tissues. The major hurdle for 

successful BNCT is the requirement for tumour-targeting intracellular delivery of 
10

B. 

Sodium borocaptate (BSH) is a clinically approved hydrophilic boron compound with 

high 
10

B content but low cellular permeability and tumour-specificity. Nano-sized 

PEGylated liposomes have been extensively investigated as an effective drug carrier 

to confer improved tumour targeting. Recently, peptide-functionalised delivery 

strategies, including conjugated drug molecules or liposomal carriers, have been 

highlighted for specific intracellular drug delivery.  

Aim: The overall aim of this thesis was to develop peptide-assisted strategies along 

with liposomal carriers to specifically deliver sufficient 
10

B to glioblastoma cells, and 

therefore enhance the efficacy of BNCT. A cell-penetrating peptide Xentry and a cell 

targeting peptide cyclic arginine-glycine-aspartic acid-tyrosine-cysteine (c(RGDyC)) 

were utilised as ligands which were conjugated on the PEGylated liposome surface. 

The intracellular delivery and tumour-targeting effects were systemically investigated.  

Methods: Xentry (leucine-cysteine-leucine-arginine-proline-valine-glycine) was first 

investigated as a carrier for BSH through chemical conjugation. Xentry was 

synthesised through Fmoc solid-phase peptide synthesis and functionalised with a 

maleimido group, prior to conjugation with BSH via a Michael Addition reaction. The 

structures of the products were identified using matrix assisted laser desorption 

ionization-time of flight mass spectrometer (MALDI-TOF MS) and high resolution 

electrospray ionisation mass spectrometry (HRESIMS). An isocratic high 

performance liquid chromatography (HPLC) method was developed for the 

simultaneous analysis of BSH and the BSH-Xentry conjugate, an ion-pairing reagent 

was used to confer a desirable retention time for the hydrophilic compound BSH. The 

composition of mobile phase was optimised using a multiple linear regression model. 

This HPLC method was validated for rapid analysis of BSH for the formulation 

development in this project. 
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An optimised PEGylated liposome consisting of DPPG, cholesterol and DSPE-

PEG2000 at molar ratio of 6.5: 3: 0.5 was developed for BSH delivery. Two different 

preparation methods, microencapsulation vesicle and thin-film hydration (with freeze-

thaw) methods, were explored to achieve optimal liposomes stability and 

encapsulation efficiency of BSH.   

Thereafter, Xentry was utilised as a vector on the surface of the resulting PEGylated 

liposomes with an aim to enhance the intracellular delivery of BSH. Xentry was 

conjugated to liposomes via either the side chain of cysteine (XS-LP) or N-terminus 

(XN-LP). The biocompatibility of the liposomes was assessed by haemolysis assay. 

Fluorescence intensity quantification and confocal microscopy using calcein (10 mM) 

loaded liposomes were employed to study the cellular uptake and the internalisation 

mechanism of XS-LP and XN-LP on a human glioblastoma cell line, U87.  

To address the limited glioblastoma-specific tissue accumulation as well as the poor 

cellular penetration of BSH, a novel approach to dual-target glioblastoma vasculature 

and tumour cells was hypothesised. Expression of integrins, αvβ3 in U87 cells and 

human umbilical vein endothelial cells (HUVEC), representing tumour angiogenesis, 

was determined using Western Blotting with a human pancreatic carcinoma cell line 

(MIA PaCa-2), a human breast cancer cell line (MCF-7) and a mouse macrophage cell 

line RAW 264.7 as references. PEGylated liposomes were functionalised with a 

integrin αvβ3 ligand c(RGDyC) peptide (c(RGDyC)-LP) to exploit the overexpression 

of integrin αvβ3 in both tumour vasculature and tumour cells of glioblastoma. The 

cellular uptake of c(RGDyC)-LP on those cell models was investigated through 

fluorescence microscopy and intensity quantification. An in vitro BNCT study was 

carried out to evaluate the efficacy of BSH containing c(RGDyC)-LP for glioblastoma 

treatment. Neutron irradiation to the liposome treated cells was conducted in the 

OPAL reactor in Australian Nuclear Science and Technology Organisation. Cell 

viabilities were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay at multiple time point after the irradiation. 

Results and discussion: The BSH-Xentry conjugate was successfully synthesised 

with a yield of 54.5% and high purity (94%). An HPLC method for simultaneous 

analysis of BSH and BSH-Xentry conjugate was established with the use of the ion-

pairing reagent tetrabutylammonium hydrogensulfate. The retention times of the two 
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analytes were found to be functions of mobile phase composition presented by a 

multiple linear regression model within the range of aqueous phase volume fraction 

from 43% to 52% and organic solvent ratios (methanol/acetonitrile) from 1.11 to 9.4. 

The HPLC method selected for BSH provided a rapid analysis (10 min) and was 

validated to be highly reproducible and reliable. 

PEGylated liposomes consisting of DPPG, cholesterol and DSPE-PEG2000 (6.5: 3: 0.5, 

molar ratio) with desirable size (100-130 nm) was developed for BSH delivery. This 

formulation was demonstrated to be suitable for BSH encapsulated liposomes as 

chemical interaction between BSH and the lipid membrane was found to be negligible. 

Compared with microencapsulation vesicle method, liposomes prepared by thin-film 

hydration method exhibited a higher encapsulation efficiency of BSH (reached the 

theoretical maximum, 6%) via passive loading, a slower drug release rate (75% within 

8 h versus 91% within 3 h in microencapsulation vesicle method), and minimal drug 

leakage observed over 2 months (< 5%). Additionally, different freeze-thaw 

treatments showed similar effects on the liposome properties. 

The above PEGylated liposomes were successfully conjugated with Xentry in two 

different ways. XS-LP and XN-LP showed uniform size at 123.6 ± 0.5 nm and 138.9 

± 0.3 nm, respectively. Both liposomes induced negligible haemolysis (below 1.5%) 

at the lipid concentration up to 0.25 mg/ml, suggesting they had good 

biocompatibility. Xentry modification on the liposome surface did not significantly 

increase the cellular uptake as hypothesised. Nevertheless, the results of liposome 

cellular uptake on U87 cells suggested that peptide conjugation site could 

significantly affect the cargo internalisation with XN-LP achieving a two-fold 

increase in cellular uptake compared to XS-LP. Interestingly, a direct translocation, 

thiol-mediated pathway was found to be involved in the cellular uptake of XN-LP 

which has free thiols on liposome surface. 

The Western Blotting results showed that both U87 and HUVEC had stronger 

expression of integrin αvβ3 than other investigated cell types, MIA PaCa-2, MCF-7 

and macrophage RAW 264.7, supporting our hypothesis of simultaneous dual-

targeting of both tumour vasculature and tumour cells of glioblastoma through the 

design of c(RGDyC)-LP. The optimal condition for conjugation of c(RGDyC) to the 

liposome surface was found to be incubation for 24 h at 22 ˚C; extending the 
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incubation time or changing temperature did not lead to further increase of c(RGDyC) 

attachment. The degree of cellular uptake of c(RGDyC)-LP correlated with the αvβ3-

expression levels of the cells. In contrast, control liposomes without c(RGDyC) 

showed comparable cellular uptake on different cell types. In the in vitro BNCT study, 

the c(RGDyC)-LP
 
containing BSH generated more rapid and significant lethal effects 

to both U87 and HUVEC than the control liposomes or BSH solution. Interestingly, 

after exposure to neutron irradiation two different types of subsequent cell death, 

necrosis and apoptosis, was observed in U87 and HUVEC cells, respectively.  

Conclusion: The cell-penetrating peptide Xentry may not to be the ideal carrier for 

BSH considering the duration of synthesis, whilst it could be used as a vector by 

conjugating through its N-terminus to enable liposomal cargo internalisation via direct 

translocation. Integrin αvβ3 was demonstrated to have a high expression level on both 

glioblastoma and its vasculature cells, laying a foundation for a new dual-targeting 

strategy using this ligand c(RGDyC). The c(RGDyC) peptides functionalised 

liposomes developed in this thesis were demonstrated to have the potential to 

specifically deliver boron to glioblastoma and its vasculature cells, addressing the 

major limitation of poor tumour accumulation of 
10

B which is required in successful 

BNCT.  
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CHAPTER 1. GENERAL INTRODUCTION 

1.1. GLIOBLASTOMA   

The most recently published data revealed that 256,213 individuals were diagnosed 

worldwide with brain tumours in 2012 [1]. Malignant glioma is the most common 

brain tumour, with the aggressive glioblastoma (GBM) being the most prevalent 

variant (54% of all gliomas) with short median survival of only 14.6 months [2,3]. 

The World Health Organization (WHO) cytologically classifies human gliomas into 

astrocytomas, oligodendrogliomas, and oligoastrocytomas (mixed); the malignancy is 

graded as II – IV histologically based on morphological abnormalities such as nuclear 

atypia, microvascular proliferation, mitotic activity, and necrosis [4]. However, many 

cases do not adhere to one class nor do they show reliable association with treatment 

response due to the molecular and cellular heterogeneity of gliomas. GBMs are 

classified as grade IV astrocytomas and presumed to originate from the lineage of 

star-shaped glial cells or their precursors. They diffusely infiltrate surrounding tissues 

in the brain, and exhibit molecular and cellular heterogeneity which cause therapeutic 

challenges with high resistance [2]. Over the past decades, efforts have been made to 

obtain a comprehensive view of the tumour biology of GBM, including the 

pathological features and molecular alterations, leading to the prospect of novel 

targeted therapies and biomarker-based individualisation of therapy. However, only 

incremental improvements have been made to patient survival with the mortality rates 

remain little changed over the past 30 years [1]. 

1.1.1. Biology of glioblastoma 

1.1.1.1 Angiogenesis in glioblastoma 

A prominent feature of GBMs is the abundant and rapid angiogenesis [5,6]. 

Angiogenesis, the formation of neo-vessels from the existing vasculature, is 

fundamental for tumour growth and their metastases. In physiological settings 

angiogenesis can serve to re-vascularise damaged tissues during wound healing and it 

is a response to hypoxic conditions in oxygen-deprived tissues [7]. The 

neovasculature of GBMs is characteristically leaky; with fenestrated and tortuous 

vessels consist of multiple layers of endothelial cells, pericytes and smooth muscle 

cells and display a thick basement membrane [6]. The leakiness of tumour vessels 
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leads to brain oedema and hypoxia in the tumour which often relate to resistance to 

treatment, such as radiotherapy and chemotherapy [8]. In addition, dysfunctional 

tumour vessels are poorly perfused which limits drug delivery to tumour tissues [6].  

There are clear differences between angiogenic vasculature in GBM and vessels in the 

normal brain tissues that are not only morphologic but also molecular in nature. For 

example, integrin αvβ3 are over-expressed in endothelial cells undergoing rapid 

angiogenesis as well as in some GBM cells but not on the microvessels of normal 

brain [9,10]. The expression level of integrins in tumour vasculature correlates with 

the grade of malignancy of neuroblastoma [11,12], making GBM vasculature a 

clinically important target.  

1.1.1.2 Primary and secondary glioblastoma 

In general, GBMs have been subdivided into primary and secondary GBM based on 

their clinical presentation [13]. The majority of GBMs (~ 90%) are primary GBM 

which occurs de novo and typically present in patients with an average age of 55 years 

[14], whereas secondary GBM progresses from WHO grade II/III diffuse astrocytoma 

or anaplastic astrocytoma [14] and is often found in younger patients with 

significantly better prognosis. In the 1990s, patients without the evidence of a less 

malignant precursor were diagnosed with primary GBM whilst those with the 

evidence of a less malignant precursor or pre-existing low-grade astrocytoma were 

considered as secondary GBM [14,15]. With the advent of the molecular era, attempts 

have been made to precisely identify the molecular basis of the differences between 

primary and secondary GBMs, nowadays the gene alterations are utilised as the 

predominant indicator for more specific and rational diagnosis and therapies. 

1.1.1.3 Molecular biology of glioblastoma 

In 2009, isocitrate dehydrogenase-1 mutations were discovered as one of the major 

genetic hallmarks in secondary GBM which distinguish them from the primary GBM 

[16]. Tumour suppressor gene TP53 mutations is another detectable genetic alteration 

for characterising secondary GBMs [17] and more frequently observed in female 

patients [18]. On the other hand, primary GBM can be characterised by the loss of 

heterozygosity 10q, epidermal growth factor receptor (EGFR) gene amplification and 

phosphatase and tensin homology gene mutations [19]. Additionally, overexpression 

of platelet-derived growth factor receptor (PDGFR) has been observed in both 
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primary and secondary GBM [19]. The progress in molecular pathological 

characterisations of GBM has integrated the current state of knowledge of GBM 

pathology and led to the development of precise therapies to target the underlying 

molecular abnormalities. However, the heterogeneity of GBM and its genetic pattern 

suggests that therapeutic challenges still remain due to problems associated with 

current treatment modalities.  

1.1.2. Current therapies for glioblastoma 

Conventional therapies for the treatment of patients with GBMs include surgery 

resection, radiotherapy and chemotherapy. Current standard therapy for GBM patients 

start with maximal surgical resection, followed by the combination of chemotherapy 

with radiotherapy [14]. However, none of the current therapies, either used as a single 

or a combinational therapy, can provide sufficient effectiveness and all of these 

treatments are associated with adverse effects.  

1.1.2.1 Surgery resection 

Maximal surgical resection has been a key component of the treatment for GBM since 

it is first identified in 1863 by Dr Rudolf Virchow [20,21]. Numerous surgical 

adjuncts, such as intraoperative magnetic resonance imaging, neuronavigation, 

functional mapping and intraoperative fluorescent dye [22], have been developed to 

maximise the extent of resection, precision and safety. Despite the advances in 

surgical techniques, it seems impossible to remove the entire tumour through surgery 

without damaging normal tissues as the growth of GBM is via rapid diffusion and 

high infiltration into the surrounding brain tissues [23]. In addition, certain locations 

in the brain are not amenable to surgery, including the brain stem, basal ganglia and 

thalamus [24].  

1.1.2.2 Radiotherapy 

The widely applied radiotherapy for GBM is focal, fractionated external beam 

radiation therapy to the surgical resection cavity and to a 2 cm margin of surrounding 

brain tissue [14]. In recent years, modern radiotherapy techniques including computed 

tomography, three-dimensional planning techniques and treatment verification 

modalities [25] provide improved targeting and smaller irradiated volumes of 

surrounding normal tissues. Whilst more precise adjunct radiotherapy techniques have 
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been developed, its benefits may remain to be outweighed by radiation-induced 

damage to normal tissues in the brain. The damage can be caused by direct exposure 

to radiation as well as bystander effect in non-irradiated cells which is triggered by 

irradiated cells via cell-cell communication pathways [26].  

1.1.2.3 Chemotherapy 

To date, there are only two chemotherapeutics approved by the U.S. Food and Drug 

Administration (FDA) for the treatment of GBM, namely temozolomide and 

carmustine. The most frequently used chemotherapeutics temozolomide is an 

alkylating agent prodrug, delivering a methyl group to purine bases of DNA, which 

leads to DNA damage and triggers a cascade of events that leads to tumour cell 

apoptosis [27]. The methyl group added to O6-methylguanine, which is the primary 

target of temozolomide, can be removed by a DNA repair protein, O6-methylguanine 

methyltransferase [28]. As a result, the existence of methylguanine methyltransferase 

in tumour cells renders resistance to temozolomide. Also, patients with an 

unmethylated methylguanine methyltransferase are much less sensitive to 

temozolomide treatment [27,29]. Similar to temozolomide, carmustine is an alkylating 

agent, usually loaded in wafers and used as implants into the resection cavity for the 

treatment of GBM recurrence. However, the removal of the wafers requires 

complicated techniques and often associates with risks of infection.  

Apart from the inherent and acquired resistance to chemotherapeutics, the major 

obstacles to successful chemotherapy is the lack of selectivity between tumours and 

rapidly dividing healthy cells [30]. Furthermore, their access to GBM is impaired 

owing to several factors including limitations in molecular size and hydrophilicity of 

the drug that can penetrate the blood-brain barrier and the presence of active efflux 

pumps. This in turn results in relatively low concentrations of drug reaching the 

targeted tissues, which necessitates a high dose to be administered. Moreover, the 

heterogeneous molecular biology of GBM discussed in Section 1.1.1.3 further 

challenges the treatment as “the same treatment for all” would not be effective [24]. 

1.1.2.4 Novel therapies under investigation 

Ideal therapies for GBM should be able to selectively destroy tumour cells while 

sparing the neighbouring healthy tissues. To overcome the aforementioned therapeutic 

challenges, such as chemo/radio resistance, invasive treatment and severe adverse 
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effect, a variety of novel approaches for the treatment of GBM is currently 

investigated to target tumour-specific pathological or genetic alteration.  

Immunotherapy 

In the past two decades, immunotherapy has been proved as an effective treatment for 

cancer with several immunotherapeutic agents have been approved by the FDA since 

1992 [31]. Most recently, the first cell-based cancer vaccine sipuleucel-T and the first 

checkpoint inhibitor for advanced melanoma, ipilimumab, were approved by the FDA 

in 2010 and 2011, respectively [32]. The principle of immunotherapy is based on 

modulating the host’s immune system by inducing, enhancing, or suppressing 

immune responses to selectively destroy the cancer cells. Immunotherapeutic 

approaches can be classified into passive and active immunotherapy. Passive 

strategies induce lethal effect specifically to tumour cells by transferring antibodies, 

immune cells, or other components of the immune system to the patients, whereas 

active immunotherapy attempts to promote the patient’s native immune response 

against the tumour through tumour vaccines.  

In the treatment of GBM, the monoclonal antibody drug bevacizumab which has 

activity against the vascular endothelial growth factor (VEGF) is the only FDA 

approved immunotherapeutic agent. However, available clinical data have not shown 

superiority of bevacizumab over the current standard treatment combining surgery, 

chemotherapy and radiotherapy [33]. Even though the vaccines for GBM currently 

under clinical trials have shown promising anti-cancer effects, immune-related 

adverse effects have been reported and standardised and validated assays to measure 

the immune response are still not available [32].  

Molecularly targeted therapy 

Benefits from the development of the molecular biology of GBM, several clinical 

trials using small molecule inhibitors have been performed in patients with GBM, 

including drugs, such as gefitinib, erlotinib and lonafarnib [34–36], to inhibit the 

growth factor pathways (EGFR and PDGFR), and intracellular signalling pathways. 

Nevertheless, there is no obvious clinical benefit associated with the use of those 

using small molecule inhibitors that has been reported till today, some even caused 

severe toxicity [35].  
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Figure 1.1 Clinical settings (A) and the mechanism of BNCT (B). A sufficient 

quantity of 
10

B is required to be selectively delivered to GBM cells. 
10

B captures 

low-energy thermal neutrons forming 
11

B, releasing lethal radiant energy (α particles 

and lithium ions 
7
Li) that can kill the tumour cells. 

 

Gene therapies of cancer have been in development for the past twenty years with an 

increasing number of models reaching clinical trials. In GBM treatment, the widely 

studied gene therapy strategy is viral-based gene delivery in which virus is engineered 

to deliver genes that can directly trigger GBM cell death or specifically activate and 

attract immune cells against the GBM cells [37]. However, clinical trials have so far 

showed no definite advantages of gene therapy over conventional modalities.  

Boron neutron capture therapy 

Boron neutron capture therapy (BNCT) provides an approach to selectively target 

GBMs with promising clinical outcomes. The mechanism of BNCT and developments 

in boron delivery agents are comprehensively reviewed in the following sections. 

1.2. BORON NEUTRON CAPTURE THERAPY  

BNCT is a binary treatment modality, combining systemic administration of a boron 

compound with local application of thermal neutrons [38] (Figure 1.1 A). 
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1.2.1. Mechanism of action 

Under low energy thermal neutron irradiation, boron-10 (
10

B), a non-toxic and non-

radioactive constituent of the natural elemental boron, captures neutrons forming 

excited 
11

B which undergoes an instant fission reaction that releases lethal and local 

radiant energy in the form of alpha (α) particles and lithium-7 (
7
Li) nuclei. These 

particles dissipate their high kinetic energy over a distance of 5–9 μm, slightly less 

than the diameter of a single cell, therefore localising the radiation damage to within, 

or close to, cells that bind or internalise 
10

B at sufficient concentrations [39] (Figure 

1.1 B). 

The concept of BNCT for cancer treatment was first proposed in 1936 by Locher [40]. 

The early BNCT clinical trials started in 1950s using boric acid or its derivatives as 

boron delivery agents [41,42]. These compounds with simple chemical structures, 

however, had poor tumour selectivity and retention. Therefore, the exploration for 

ideal boron compounds which contain 
10

B is still ongoing. 

It was in 1961 that BNCT clinical trials showed severe damage to normal tissues due 

to poor selectivity of the compounds toward cancer cells, poor penetration of the 

neutron beam, and overexposure of normal tissues, which eventually caused the 

treatment to be abandoned [41,42]. In the late 1960s, clinical studies using low energy 

thermal neutron beam and sodium borocaptate (BSH) (Figure 1.2) for the treatment of 

malignant gliomas were initiated by Hiroshi Hatanaka in Japan [43]. 

Boronophenylalanine (BPA) (Figure 1.2) was first used as a boron compound for the 

treatment of melanoma patient [44]. Large-scale clinical studies to improve BNCT 

started in the 1990s. In the more recent clinical studies, epithermal neutron beams 

(energy between  0.5 eV and 10 keV) are used which provide enhanced penetration into 

deeper tissues and the capacity to initiate the boron capture reaction [45].  
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It is now well-understood that the efficacy of BNCT is largely dependent on the 

selective delivery and high accumulation of boron compounds in the tumour, as well 

as the use of appropriate non-radioactive boron compounds and neutron sources with 

accurate dose calculation and treatment plans. 

1.2.2. Boron compounds 

1.2.2.1 Clinically approved boron compounds 

To date, three compounds have been approved for use in human trials– BSH, BPA, 

and disodium-decahydro-closo-decaborate (GB-10) (Figure 1.2) – only BSH and BPA 

have been clinically approved for the treatment of cancer (Table 1.1), and none of 

them fulfil the above criteria [39,45,46]. BSH (Na2Bl2H11SH) contains twelve 
10

B 

atoms per molecule but the uptake of BSH by tumour cells is via passive diffusion, 

which does not exhibit specific tumour targeting. The localisation of BPA in tumour 

cells is via selective uptake mediated by transporters in the plasma membrane, such as 

aromatic amino acid transporters ATB
0,+

, LAT1 and LAT2 which are highly 

 

Figure 1.2 Chemical structures of the mostly studied boron compounds for BNCT: 

sodium borocaptate (BSH), boronophenylalanine (BPA), disodium-decahydro-closo-

decaborate (GB-10), closo-carboranes and nido-carboranes.  
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Table 1.1 Comparison of physicochemical and pharmacokinetic properties of 

compounds  approved for cancer treatment: BPA and BSH [57]. 

Drug 

Stability 

in room 

temperature 

Water 

solubility 

(w/v) 

Systemic 

toxicity 

Required 

dose 

(mg/kg) 

Proposed transport 

mechanism 

BPA 12 days Insoluble - 1000 
L-type amino acid 

transporter mediated 

transport 

BSH > 1 day 67% - 100 Passive diffusion 

 - : No clinically significant adverse event was reported 

upregulated in tumour cells [47], however BPA only delivers one 
10

B atom per 

molecule, requiring higher doses. GB-10 can penetrate pathologically permeable BBB 

but not intact BBB. In this sense, selective uptake of GB-10 by tumour tissues 

depends a priori on the presence of an intact BBB in normal tissue and a 

pathologically permeable BBB in tumour tissue [48].  

1.2.2.2 Boron compounds in development 

Several other boron compounds (Figure 1.2) are also under an extensive research, but 

have not yet been approved for human clinical use. nido-Carboranes were developed 

with improved water solubility and closo-carboranes (ortho-, meta-, para-carborane) 

exhibited low toxicity and capacity to deliver 10 
10

B atoms per molecule but do not 

cross the BBB [49]. 
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1.3. BARRIERS RESTRICTING BORON DELIVERY TO GLIOBLASTOMA 

It is now well-understood that the efficacy of BNCT is largely dependent on the 

selective delivery and high accumulation of boron compounds in the tumour, as well 

as the use of appropriate non-radioactive boron compounds and neutron sources with 

accurate dose calculation and treatment plans. 

1.3.1. Requirements for boron compounds in boron neutron capture therapy 

An ideal boron compound should exhibit 1) high density of 
10

B atoms; 2) low toxicity 

and uptake by normal tissue (ideal 
10

B concentration ratios in tumour versus normal 

tissue/blood should be > 3-5); tumour boron concentration of about 20-35 μg per gram 

of tumour or 10
9 

atoms per cell; 3) rapid clearance from normal tissues and blood and 

persistence in tumour during irradiation [39,45]. Despite improvements in recent 

years, truly satisfactory boron compound that exhibits high selectivity and specificity 

while fulfilling all the aforementioned ideal properties has not yet been developed.  

1.3.2. The blood-brain barrier and the blood-brain tumour barrier 

At the early stage of glioma development (low-grade gliomas) and at the infiltration 

growth region of the GBMs, the BBB remains intact [50]. The BBB is composed of a 

monolayer of capillary endothelial cells that are interconnected by tight junctions and 

surrounded by pericytes, basement membrane and astrocytes, which only allow a very 

limited number of small, non-ionic, and lipophilic molecules to diffuse through 

(Figure 1.3). It is estimated that > 98% of all small molecular weight drugs and 

practically all large molecular drugs (MW > 500 Da) developed for the treatment of 

central nervous system disorders cannot cross the BBB [51]. Apart from the tight 

junctions, the presence of high electrical resistance across the endothelial cell barrier 

(1500-2000 Ω.cm
2
) [52] and the effective efflux transporters (mainly members of the 

adenosine triphosphate-binding cassette) located on the surface of endothelial cells 

further restrict paracellular permeability. As the tumour developed to high-grade 

gliomas like GBMs, the BBB was found to be compromised and the blood-brain 

tumour barrier (BBTB) formed.  

The BBTB, similar to the BBB, exists between the tumour tissues and microvessels 

(Figure 1.3). However, major alterations in organisation and function have been 

observed in the BBTB, including more permeable and fenestrated capillaries [53,54], 
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up-regulated expression of drug efflux pumps [55,56] and increased angiogenesis as 

mentioned in Section 1.1.1.1.  

Among the clinically used boron compounds, BPA is transported across the BBB via 

a limited number of active transporters, whereas BSH and GB-10 rely on the 

pathological disruption of the BBTB [48,57]. The amount of boron compound 

permitted to enter the brain may not be sufficient to suppress tumour growth 

effectively. Therefore, to overcome the challenges in the treatment of GBM, a 

targeted delivery system is required for specific localisation in the tumour region 

across the BBTB and absolute level of 
10

B in tumour cells to be achieved.  

 

Figure 1.3 Diagram illustrating the difference between the blood-brain barrier (BBB) 

and the blood-brain tumour barrier (BBTB). The BBB has a tight junction with efflux 

transporter expressed on the cell surface that prevents most of the drug transport, while 

BBTB is more disrupted and “leaky” with up-regulated efflux transporter and some 

receptors. Only drug delivery systems with active targeting ligands or certain sizes can 

pass through the BBTB. 
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1.4. NANOTECHNOLOGIES IN DRUG DELIVERY FOR BORON NEUTRON 

CAPTURE THERAPY 

It is a well-established phenomenon that tumour vasculature comprises poorly aligned 

defective endothelial cells with wide fenestrations; making it more permeable than 

normal vasculature [58]. As a result, nanoparticles, generally defined as particles 

sized between 1 and 100 nm, can extravasate into brain tumours to a larger extent than 

normal brain tissue following intravenous administration because of the disrupted 

BBTB structure [59], which leads to a more selective drug delivery into GBMs. This 

passive targeting of nanoparticles by exploiting the leaky vasculature in the tumour is 

known as enhanced permeability and retention (EPR) effects [60] which plays a 

critical role in drug delivery for cancer therapies. In the treatment of GBM, the 

passive targeting of nanoparticles is based on the disrupted BBTB and the EPR effect 

in the tumour area.  

Nanoparticles can be fabricated using a wide range of different materials that are 

usually biocompatible and are hydrolytically degradable, including polymers [61], 

lipids [62] and metallic materials [63]. Cargos to be delivered are usually dissolved 

and encapsulated in the nanoparticles or physically adsorbed, or chemically bound to 

the surface of the nanoparticles. In the area of drug delivery for GBM using BNCT, 

several advanced nanoparticle-based delivery systems, such as liposomes, magnetic 

nanoparticles, nanotubes and dendrimers, have been utilised and modified to enhance 

penetration and selective accumulation in tumour, owing to their physicochemical 

properties such as nano size, lipophilicity or amphipathicity, chemical versatility and 

capacity for surface modification.  

1.4.1. Liposomes 

Liposomes, discovered in the mid-1960s [64], are the most common and well-

investigated nanocarriers for targeting drug delivery. To date, 14 FDA approved 

liposome-based products are currently on the market (Table 1.2). Liposomes are 

spherical vesicles composed of natural or synthetic phospholipid bilayers surrounding 

an aqueous core. The amphipathic nature of liposomes provides water solubility for 

systemic administration and lipophilicity for BBTB penetration followed by diffusion 

in the tumour cells. Furthermore, liposomal drug delivery systems can protect drug 

molecules from degradation and enable longer retention of drug in order to improve 
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the therapeutic effects. Benefiting from the ease of surface modification in liposomes, 

effective active targeting has been demonstrated in many studies. Hence, the 

application of liposomes in boron delivery can be advantageous in various ways, 

specific cases of potential liposomal boron delivery systems are reviewed in Section 

1.5. 
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Table 1.2 Summary of FDA approved liposome-based products. 

Product name Drug Liposome type Targeted disease Approval time 

Doxil
® 

(Caelyx
®
) 

/Myocet
®
 

Doxorubincin 
PEGylated liposomes, ~ 100 nm/ 

Non-PEGylated liposomes, ~ 190 nm 

Refractory Kaposi's sarcoma, recurrent 

breast cancer and ovarian 

cancer/recurrent breast cancer 

1995/ 

2000 

Epaxal
®
 

Inactivated 

hepatitis A virus 
Non-PEGylated liposomes, ~150 nm Hepatitis A 1993 

DaunoXome
®
 Daunorubicin Non-PEGylated liposomes, ~ 45 nm Kaposi's sarcoma 1996 

Abelcet
®
/Amphotec

®
/ 

Ambisome
®
 Amphotericin B 

Non-PEGylated liposomes, 

1-10 mm/ ~ 100 nm/~ 100nm 
Fungal infection 

1995/1996/ 

1997 

Inflexal V
®
 

Inactivated 

influenza virus 
Non-PEGylated liposomes, ~150 nm Influenza 1997 

Depocyt
®
 Cytarabin Non-PEGylated liposomes, ~ 20 μm 

Neoplastic and lymphomatous 

meningitis 
1999 

Visudyne
®
 Verteporphin Non-PEGylated liposomes, 150-300 nm 

Age-related macular degeneration with 

choroidal neovascularisation 
2000 

DepoDur
TM

 Morphine sulfate Non-PEGylated liposomes, ~ 20 μm Postoperative pain 2004 

Exparel
®
 Bupivacaine Non-PEGylated liposomes, 24-31 μm Postoperative pain 2011 

Marqibo
®
 Vincristine Non-PEGylated liposomes, ~ 100 nm Acute lymphoblastic leukaemia 2012 

Onivyde
TM

 Irinotecan PEGylated liposomes, ~ 110 nm 
Metastatic adenocarcinoma of the 

pancreas 
2015 

Source: US Food and Drug Administration website (http://www.accessdata.fda.gov). 

http://www.accessdata.fda.gov/
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1.4.2. Magnetic nanoparticles 

Magnetic nanoparticles were first proposed for drug delivery in the 1960s [65], since 

then a large number of magnetic nanoparticles based systems were developed for the 

site-directed delivery of anti-cancer drugs to tumour tissue with the assistance of an 

external magnetic field. Drug molecules can be attached to magnetic nanoparticles 

and then formulated as a magnetically responsive fluid. Following its intravenous 

administration, the administered complex can be concentrated at a targeted site by 

applying external high gradient magnetic fields [66]. Nevertheless, the use of 

biocompatible magnetic nanoparticles to achieve tumour targeting has not been 

applied widely to the area of BNCT research. Pilot research was conducted by Tietze 

et al. who investigated the potential of superparamagnetic iron oxide nanoparticles for 

the delivery of boron compounds [67]. To simulate the neutron beam attenuation 

caused by bone material, a phantom agarose gel cube consisted of 10 single layers 

was mounted behind a rat skull calvarium. The phantoms containing boronic acid and 

additionally 15 to 300 µg/mg superparamagnetic iron oxide nanoparticles in co-

presence were irradiated under a thermal neutron flux of 2.35 × 10
9
 neutrons/s cm

2
. 

The results demonstrated that the iron oxide nanoparticles did not influence the 

radiation dose deposition which clarified the biggest concern in the application of 

magnetic nanoparticles for BNCT. Another study reported the potential of iron oxides 

magnetic nanoparticles with carboranes conjugated on the surface [68]. In the 

presence of an external magnetic field, the boron concentrations in tumour in a 

BALB/c mice model retained a high value of 51.4 𝜇g/g tumour for 48 h with 

tumour/normal tissue ratios of around 10 : 1. The promising results suggest that 

magnetic nanoparticles delivery system can potentially be applied to the treatment of 

GBMs.  

1.4.3. Nanotubes 

Nanotubes  are cylindrically arranged carbon allotropes which can be classified into 

single-wall and multiwall nanotubes [69]. They possess the ability to enter cells 

without causing any damage, as well as high flexibility and stability which can 

provide prolonged circulation time. In general, 
10

B can be formulated in nanotubes 

through two different approaches: attachment to derivative side walls or encapsulation 

in the empty cavities. For example, nido-carborane-attached single-wall nanotube 
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(Figure 1.4 A) has shown a favourable tumour : blood ratio of 3.12, boron 

concentration of 21.5 μg per gram of tumour, and higher retention in tumour tissues 

than normal tissues in a carcinoma-bearing mice model [70]. Successful cases of 

encapsulating ortho-carborane into single-wall nanotubes (Figure 1.4 B) have also 

been reported with boron loading efficiency of 11.5% (w/w) [71]. Some recent studies 

have demonstrated the BBB penetration by fluorescein isothiocyanate functionalised 

multiwall nanotubes, indicating the system’s potential as effective carriers for BNCT 

in the treatment of GBMs [72,73].  

To further increase boron loading efficiency, boron nitride nanotubes, a structural 

analog of conventional nanotubes, were developed by substituting the carbon atoms 

with boron and nitride atoms (Figure 1.4 C). In comparison with conventional 

nanotubes, boron nitride nanotubes are considered to be a more effective boron 

delivery system for BNCT with higher density of boron components (about 50 %), 

higher flexibility and resistance to oxidation, as well as superior chemical and thermal 

stability [74]. It was demonstrated by Ciofani et al. that folate functionalised boron 

nitride nanotubes were substantively and selectively taken by glioblastoma cells, 

indicating their potential clinical use for BNCT in the treatment of GBMs [75].  
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Figure 1.4 Nanotube based systems for boron delivery. A. Carborane attached to the 

side walls of nanotubes. B. Carborane encapsulated in the empty cavities of 

nanotubes. C. Boron nitride nanotubes with folate attached on the surface as a ligand. 
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1.4.4. Dendrimers 

Dendrimers are highly branched water soluble polymer molecules consisting of an 

initiative core, inner branching points and outer surface functional groups with ease to 

be modified, as is shown in Figure 1.5. Such architecture with internal cavities, 

periphery with covalent bonding, and high surface functionality allows the potential to 

act as boron delivery systems with high loading efficiency [76]. 

Polyamidoamine (PAMAM) dendrimers are the most commonly used type of 

dendrimer with a water soluble backbone. They have modifiable surface amine groups 

which aid binding with other molecules, as well as favourable biocompatibility and 

non-immunogenicity. It has initially been suggested in early studies that boronated 

PAMAM dendrimers have a tendency to localise in the liver and spleen in vivo [77]. 

This system was then designed to selectively target the overexpressed brain EGFR or 

folate receptors by attaching EGF [78] or folic acid [79]. The improvement allowed 

for a higher uptake by the brain tumour cells but also the retained hepatic localisation. 

Moreover, another monoclonal antibody cetuximab which specifically recognise the 

EGF receptor, has also been used in in vivo studies, where its conjugation to 

boronated PAMAM dendrimer has resulted in a high boron loading capacity of about 

 

 

Figure 1.5 Schematic representation of the general structure of dendrimers. The 

surface functional groups are available for conjugation with boron compounds. 
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1100 boron atoms and almost 10 fold greater boron accumulation in glioma cells than 

in normal tissues [80].  

1.4.5. Limitations of boron delivery systems under investigation 

Among the nanoparticle-based delivery systems reviewed above, liposomes are the 

only type that has been approved by the FDA for anti-cancer drug delivery. 

Limitations associated with those nanoparticle-based delivery systems currently under 

investigation have also been reported, despite their potential for boron delivery. 

Vascularisation and blood flow are not homogenous across tumours [81,82], resulting 

in non-uniform EPR effect and leading to uneven drug distribution. Furthermore, after 

more than 30 years of exploration research has demonstrated that the EPR effect 

works in rodents but not necessarily in humans [83,84]. In general, the diverse tumour 

environments and tumoural vasculature functions are the biggest obstacles in passive 

targeting drug delivery using nanoparticles. To overcome this challenge, active 

targeting strategies via ligand-receptor interaction are worthy of being exploited in 

drug delivery for BNCT. 

In addition, the research using magnetic nanoparticles as drug delivery systems are 

still at the preclinical stage. The common use of organic solvent (such as DMSO) to 

enhance magnetic nanoparticles dispersion in solution could lead to some potential 

toxicity issues due to the cellular internalisation and membrane disruption [85]. 

Further evaluations on in vitro/in vivo models must be carried out to demonstrate the 

targeting effects and biological outcomes of BNCT. 

Despite the high boron loading capacity, the clinical use of nanotubes is limited by the 

low dispensability in aqueous environment due to the hydrophobicity of their 

graphene side walls [71]. As for the transforming dendrimers from lab-scale to 

clinical modality, a major challenge is to minimise their systemic toxicity and 

immunogenicity [86]. Moreover, the need for investigation and understanding of their 

mechanisms of transportation across cell membranes and long-term toxicity still exists.  

Compared to the other nano-systems, the use of liposomes are the most predominant 

owing to their biodegradable, biocompatible properties and capability of carrying 

large quantities of hydrophilic and/or lipophilic boron compounds. By reviewing a 

variety of nanoparticle-based boron delivery systems from the past to current status, 
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we are convinced that liposomes will be a promising boron delivery system for BNCT 

to improve the targeted therapy for GBM. 

1.5. LIPOSOMAL DELIVERY SYSTEMS FOR BORON NEUTRON CAPTURE 

THERAPY 

Since 1995 when the first liposomal system for the delivery of anti-cancer drug 

doxorubicin was approved by the FDA, nano-sized liposomes were quickly embraced 

by the pharmaceutical science community. In this section, an up to date snapshot of 

liposomal systems developed for BNCT are provided, including passive and active 

targeting liposomes. 

1.5.1. General classification of liposomes 

In general, liposomes (Figure 1.6) can be classified as multilamellar vesicles or 

unilamellar vesicles according to multiple or single bilayers of the vesicles. 

Unilamellar vesicles can further be classified based on their size: small unilamellar 

vesicles (SUVs; 20-200 nm), large unilamellar vesicles (LUVs; 200 nm-1 µm), and 

giant unilamellar vesicles (GUVs; >1 µm) [87]. Small unilamellar liposomes are most 

frequently used for targeting drug delivery and can be categorised into passive 

targeting liposomes (Figure 1.6 C) and active targeting liposomes (Figure 1.6 D), 

which are discussed below. 

.  
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Figure 1.6 An overview of different types of liposomal delivery systems used for 

BNCT: (A) multilamellar liposomes which consists of multiple lipid bilayers; (B) 

unilamellar liposomes: liposomes with a single bilayer of lipids. Boron can be 

incorporated into liposomes by encapsulating in aqueous core or inserting in lipid 

bilayer; (C) liposome coated with a hydrophilic polymer, polyethylene glycol (PEG), 

to confer steric stabilisation and passive tumour targeting; and (D) liposomes modified 

with ligands on the surface that can specifically bind to target cells, known as active 

targeting.  

1.5.2. Passive targeting liposomes for boron neutron capture therapy 

Passive targeting requires liposomal delivery systems to be long-circulating to provide 

sufficient accumulation in the targeting area. PEGylation, the modification of 

biological molecules by covalent conjugation with hydrophilic polymer polyethylene 

glycol (PEG), is the most commonly used technique to prolong the retention of 

liposomes in the circulation by avoiding the rapid uptake into the cells of the 

mononuclear phagocyte system (reticuloendothelial system, RES) [88], and therefore 

promotes the EPR effect in tumours. Several passive targeting liposomal delivery 

systems for BNCT have been reported to show potential for GBM treatment. Two 

strategies are often used to incorporated 
10

B into liposomes, namely encapsulation in 

the aqueous core and incorporation in the lipid bilayer. 
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1.5.2.1  10
B encapsulated in the liposome aqueous core 

A PEGylated liposomal system has been investigated for the delivery of the nido-

carborane salt of dequalinium (B18C34N4H64), a delocalized lipophilic cation which 

can selectively accumulate in the mitochondria of tumour cells [89]. The designed 

system exhibited high boron content (encapsulation efficiency above 40%) and 

suitable stability (zeta potentials of −10 mV). Compared to free drug, the 

encapsulation of nido-carborane salt in liposomes significantly increased its 

biocompatibility based on the cell viability results on human glioblastoma cell line 

U87. For boron-encapsulated liposomes, high boron concentration in the aqueous core 

is necessary to ensure effective BNCT, but also brings in high osmolality and 

subsequently results in an undesirable burst of drug release before reaching target 

sites.  

1.5.2.2  10
B incorporated into the liposome lipid bilayer 

Another potential approach to incorporate boron into liposomes is to insert a boron 

containing lipid into the lipid bilayer. This method was first introduced by Hawthorne 

and co-workers in 1995 by using nido-carborane as an added end in the membrane of 

liposomes, this boron delivery system had been evaluated in tumour-bearing mice, at 

the low injected doses (≈5-10 mg 
10

B/kg), peak tumour boron concentrations reached 

at about 35 µg/g and tumour/blood boron ratios of ≈8 were achieved [90]. Based on 

this method, a boron containing cholesteryl ester, cholesteryl 1,12-dicarba-cIoso-

dodecaboranelcarboxylate, was embedded in the liposome bilayer [91]. The structural 

similarity to native cholesteryl esters in human body has high benefit as this boron 

containing cholesteryl ester can be selectively taken up by cancer cells via the 

elevated expression of low-density lipoprotein receptors within the cancer cell 

membranes. The designed liposomal formulation was demonstrated to deliver a 

sufficient amount of boron (6.9 μg 
10

B/10
9
cells) without showing any significant 

cytotoxic effect on cells. Cells treated with liposomes displayed a negative trend in 

survival fraction under thermal neutron irradiation. Recently, PEGylated liposomes 

with polyborane embedded in lipid bilayer have been reported [92]. A polyborane, 1-

(4-hydroxyphenyl)-7-heptyl-1,7-dicarba-closo-dodecaborane, with high boron 

composition (10 boron atoms/molecule), significant stability and hydrophobilicity was 

synthesised and incorporated into liposome membrane by pre-insertion. In a tumour-
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bearing mice model, tumour/blood ratios of boron concentration about 6.9:1 and 

10.2:1 were achieved by the polyborane-embedded liposomes with an average 

diameter of 100 nm and 200 nm, respectively.  

1.5.2.3 Liposomes containing 
10

B in the core and lipid bilayer 

Combining two formulation strategies, namely simultaneous entrapment of boron 

compounds in the aqueous core and incorporation of boron-containing lipids in the 

lipid membrane, provides notably large, therapeutic concentrations of boron in the 

tumour and enhanced BNCT efficacy. Koganei et al. have developed a liposomal 

system (~ 120 nm) with BSH encapsulated in the aqueous core while 10% distearoyl 

boron lipid inserted in the lipid bilayer [93]. The system demonstrated an efficient 

anti-tumour effect with neutron irradiation in a tumour-bearing mice model. The 

tumour disappeared within three weeks of treatment at the dose of 15 mg 
10

B/kg, 

indicating the potential of the liposomes as effective carriers for BNCT. A similar 

formulation strategy has been utilised by Kueffer et al. to create high boron content 

liposomes with an average size of 134 nm [94]. A hydrophilic polyhedral borane, 

Na3[1-(2’-B10H9)-2-NH3B10H8], was incorporated in the aqueous interior of liposomes 

and a lipophilic nido-carborane, K[nido-7-CH3(CH2)15-7,8-C2B9H11], in the bilayer. In 

this study, two doses within 24 h apart to tumour-bearing mice allowed a wide 

window of time available for neutron irradiation. Treatment was repeated after 7 days, 

and as a result, the inhibition of tumour growth in mice was 7 times enhanced at 14 

days compared to the control groups. 

1.5.3. Active targeting liposomes for boron neutron capture therapy 

In active targeting, ligands which can specifically recognise and bind to receptors 

expressed at the target site are grafted on the surface of the liposomes. Several 

substances have been used as targeting ligands: antibodies and their fragments, lectins, 

other proteins, lipoproteins, hormones, charged molecules and some low-molecular-

weight ligands, such as folate [95]. Some receptors preferentially expressed in higher 

density on the surface of GBM cells when compared with normal cells, such as 

epidermal growth factor (EGF) receptors and transferrin receptors [96], which have 

been reported to be target sites for BNCT.  



Chapter 1 

 

 

24 

 

1.5.3.1 Epidermal growth factor modified liposomes  

By using the micelle-transfer method, Kullberg and colleagues have conjugated EGF 

to PEGylated liposomes to deliver water-soluble boronated acridine-1 [97]. The boron 

delivery system has been proved to be stable at 4 ˚C for more than 3 weeks and 

displayed a receptor specific binding on human glioma cell line U-343 MGa. A later 

study by Kullberg et al. demonstrated that conjugation of boron-encapsulated 

PEGylated liposomes to EGF led to effective killing of glioma cells under neutron 

irradiation [98].  

1.5.3.2 Transferrin modified liposomes  

Transferrin commanded extensive interest in GBM targeting research over the last 

few years, as their receptors are found on the BBB and overexpressed on GBM tissues 

in comparison with normal tissues [99,100]. Maruyama et al. and Doi et al. 

demonstrated the use of PEGylated transferrin-conjugated liposomes as a BSH 

delivery system in a rat glioma model and human GBM cells (U87), respectively 

[101,102]. In comparison with BSH solution and plain PEGylated BSH containing 

liposomes, enhanced selective accumulation of 
10

B in tumour cells (35.5 μg/g) and 

tumour growth suppression in rat model were observed in the PEGylated transferrin-

conjugated liposome treated groups.  

To achieve higher boron loading efficiency, another transferrin-modified liposomal 

system in which nido-caborane containing lipids were inserted in lipid layers had been 

created and showed potential GBM targeting effects [103]. The biodistribution study 

in a tumour-bearing mice model demonstrated 22 µg 
10

B/g in tumour was achieved 

following an injection of 7.2 mg 
10

B/kg. After neutron irradiation, formulation treated 

tumour bearing mice had nearly doubled the survival time compared to untreated mice. 

However, this type of liposomes was highly toxic. Manabu et al. focused on solving 

this problem and reported the toxicity may be caused by the structure of the nido-

caborane [104]. In order to improve the safety of boron lipid, for the first time they 

synthesised dodecaborate lipid by using low-toxic BSH as the hydrophilic part. This 

resulted in no obvious toxicity after a dose of 20 mg 
10

B/kg was injected in healthy 

mice. However, this system failed to achieve specific localisation in tumour tissues.  

To further improve tumour targeting efficacy under systemic administration and 

reduce liposomal accumulation in the liver and spleen, Shiro et al introduced a 
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convection-enhanced delivery method for BNCT [105]. In the study, PEGylated 

transferrin-conjugated liposomes were infused directly to the brain without going 

through the BBB in a glioma-bearing rat model. Transferrin-conjugated liposomes 

displayed excellent tumour-specific boron delivery with 82.26 µg 
10 

B/g in tumour 

tissues, with less than 1.0 µg 
10

B/g in normal brain and other organs.  

1.5.4. The cellular uptake mechanisms for liposomes 

The uptake of liposomes mainly relies on particle size-dependent endocytosis. 

Endocytosis can be divided into two broad categories in general (Figure 1.7), 

phagocytosis, a process mainly occurs during the uptake of large particles (> 2 µm) in 

specialised professional phagocytes, such as macrophages, neutrophils, and 

monocytes [106]; and pinocytosis which can be further categorised into 

macropinocytosis, caveolae-mediated endocytosis, clathrin-mediated endocytosis and 

caveolae and clathrin independent endocytosis. In principle, large particles with size 

between 0.5 to 5 μm can be internalised through macropinocytosis in non-phagocytic 

cells [107,108], smaller particles usually enter cells through caveolae-mediated (0.2 - 

0.5 μm) and clathrin-mediated pathway (> 0.2 μm) [109], while some peptide-

conjugates were found to internalise cells without caveolea or clathrin involved [110]. 

However, the size range of different endocytosis pathways is still controversial and 

more than one pathway is most commonly found to be involved in particle 

endocytosis [111,112]. In targeting drug delivery, the primary endocytosis of the most 

frequently used liposomes (size within the range of 20 - 200 nm) is clathrin-mediated 

pathway which can be inhibited by chlopromazine [113–115].   
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Figure 1.7 Size-dependent internalisation of particles via endocytosis. Large particles above 2 µm can be taken up by phagocytosis in 

phagocytes, whereas uptake occurs by macropinocytosis in non-phagocytic cells. Cargos within the size range between 0.2 to 0.5 µm can be 

endocytosed mainly through caveolae-mediated pathway, while the uptake of particles smaller than 0.2 µm is dominated by clathrin-mediated 

pathway which can be inhibited by chlorpromazine via prohibiting the translocation of clathrin from intracellular endosomes to the cell 

surface. Some particles with certain surface features can be endocytosed by mechanisms that are independent of the coat protein clathrin and 

caveolin. 
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1.5.5. Methods for liposome preparation 

Numerous methods have been developed to prepare liposomes. The preparation 

techniques are broadly classified into three categories according to the basic modes of 

dispersion, namely mechanical dispersion, solvent dispersion and detergent 

solubilisation [116,117]. 

1.5.5.1 Mechanical dispersion methods 

Thin-film hydration is a typical mechanical dispersion method where the lipids were 

dried and adhered to the surface of a solid support and the aqueous medium was then 

added to hydrate the lipid films to form liposomes. The volume ratio of aqueous 

medium inside and outside the resulting liposomes (Vin/Vout) is usually very small and 

leads to low encapsulation efficiency (EE) of hydrophilic drug. Freeze-thaw cycling is 

a technique commonly used in combination with thin-film hydration to improve the 

EE of hydrophilic drug in liposomes. The disruption of lipid bilayer structure during 

the thawing step allows the free drug molecules to diffuse into the aqueous core of 

liposomes and consequently increases the entrapment efficiency [118]. Multiple 

cycles of freeze-thaw are commonly applied to reach a transmembrane equilibrium of 

solute concentrations.  

However, it is a time and efforts consuming procedure and may lead to a dramatic 

structure change of liposomes [119]. In addition, some hydrophilic drugs are not 

stable after multiple freeze-thaw cycles. Recently, a study carried out by Costa et al. 

demonstrated a method to achieve efficient drug encapsulation without the need for 

multiple freeze-thaw cycling steps and any liposome structural change [120]. An 

annealing step at a subzero temperature was applied prior to thawing. The mechanism 

is based on cryoconcentration which is a natural phenomenon occurs during the ice 

thawing, water excludes solute molecules into concentrated zone. After being frozen 

in liquid nitrogen, most of the ice outside liposomes remained in a crystal phase while 

inside the liposomes exhibited a liquid phase [121,122]. When samples were 

maintained at a temperature below 0 ˚C, the rejection of solutes from the ice phase led 

to a continuous increment of solute concentrations in the remaining liquid phase 

across the lipid bilayers and therefore increased the EE. The annealing step allows ice 

to melt slowly, thus there is more time for drug diffusing into the aqueous core. Based 

on the same concept, thawing at a low temperature can also achieve similar effect. In 
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addition, for freeze-anneal-thaw samples, high concentration of drug, liposomes and 

buffer may depress the freezing point. Thus, ice inside and outside liposomes would 

melt at subzero temperature, thus keep liposomes hydrated and prevent particle fusion.  

1.5.5.2 Solvent dispersion methods 

A representative example of solvent dispersion method is reverse phase evaporation 

method in which lipids were dissolved in the organic solvent and mixed with aqueous 

medium; liposomes were formed after the evaporation of organic solvent [123]. With 

this method, a high EE can be achieved for hydrophilic drugs. However, the particle 

size is usually heterogeneous and the reproducibility of the liposomes was far from 

adequate. Microencapsulation vesicle method, also known as double emulsion method, 

was devised by applying a two-step emulsification to offer a high EE in liposome with 

good reproducibility [124,125]. Briefly, an aqueous phase (w1) containing active 

ingredients is initially emulsified in an organic solvent containing dissolved lipids to 

form a primary w1/o emulsion which is then mixed with aqueous solution (w2) to 

form a w1/o/w2 double emulsion. Liposome suspension can be obtained following the 

evaporation of organic solvents. In combination with the application of microfluid, 

this method can also be employed to incorporate both hydrophilic and lipophilic drugs 

into the vesicles at the same time with effortless and versatile techniques [126,127].  

1.5.5.3 Detergent solubilisation methods 

In detergent solubilisation methods, lipids are mixed with sufficient amount 

detergents to form small detergent–lipid micellar aggregates of various shapes. With 

the detergent successively removed by dialysis, gel chromatography or filtration, the 

micelles progressively grow in size and become richer in lipids content. At a critical 

detergent-to-lipid ratio, lipid bilayers start forming and spontaneously vesiculate to 

single bilayer vesicles [128]. The liposomes obtained exhibit a uniform size with 

excellent reproducibility. However, the remaining detergents may lead to detrimental 

interaction with the liposomally encapsulated substances.  

1.6. THE APPLICATION OF PEPTIDES LIGANDS IN DRUG DELIVERY  

The potential of peptides as vectors for specific intracellular drug delivery has been 

highlighted over the past two decades as they are biocompatible and feasible in 
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Figure 1.8 Molecular structure of Xentry. Xentry contains 7 amino acids in the 

sequence of leucine -cysteine-leucine-arginine-proline-valine-glycine (LCLRPVG). 

 

performing organic synthetic manipulations to fine tune hydrophobicity, solubility 

and stability. 

1.6.1. Cell-penetrating peptides (CPPs) 

CPPs are a family of peptides which have the capability to translocate cellular 

membranes via a non-toxic pathway and therefore can intracellularlly transport 

therapeutic cargo. They typically contain less than 30 amino acids in length [129], 

derived from natural proteins or synthetically fabricated constructs. Since the 

discovery of the first CPP, Tat, in 1988 [130,131], numerous short peptide sequences 

have been identified to be able to transport diverse types of cargo molecules, such as 

small-molecule drugs [132,133], proteins [134,135], nucleic acids [136–138], imaging 

agents [139,140] and nano-sized drug carriers.  

CPPs can be classified into two main categories in terms of their physicochemical 

properties: hydrophobic and amphipathic CPPs which can be further divided into 

primary and secondary amphipathic CPPs. Primary amphipathic CPPs are composed 

of a hydrophobic domain linked to a hydrophilic moiety, while in secondary 

amphipathic CPPs hydrophilic and hydrophobic amino acids are grouped in separate 

faces of an α-helix or a β sheet structure upon their interaction with a phospholipid 

cellular membrane [141]. Other CPPs, such as Xentry (Figure 1.8) derived from an N-

terminal region of the X-protein of the hepatitis B virus [142], do not have typical 

physicochemical properties described above but also exhibit high cell-permeability.   
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So far, a variety of uptake mechanisms has been investigated to elucidate how CPPs 

gain access to the interior of cells, and it was concluded that the mechanism is cell 

type or cargo specific [143]. Although the mechanisms of CPP-mediated cytoplasmic 

internalisation are not fully-understood yet, the mechanisms can be classified into two 

distinct routes: direct translocation and energy-dependent vesicular mechanisms. The 

CPPs that have a high proportion of cationic amino acids (mainly lysine and arginine) 

can directly translocate the cell membranes by electrostatic interaction with the 

negatively charged lipids or through hydrogen bonding [144]. However, when CPPs 

are used as vectors for nanoparticles, the size and type of cargos also affect the uptake 

mechanisms. Even though the ability of CPPs to transport therapeutic molecules has 

been clearly demonstrated from multiple preclinical and clinical trials [145], their 

general lack of cell and tissue specificity still exists as a major limitation of the 

application of CPPs in clinical developments. 

1.6.2. Cell targeting peptides (CTPs) 

To achieve selective delivery, a group of peptides that can bind to specific cell-surface 

receptors with high affinity and selectivity has been developed, defined as CTPs. 

CTPs, usually consist of 3-10 amino acids, are derived from natural ligands or 

generated using the combinatorial library approaches such as phage display[146,147], 

RNA display [148], and microbial display [149]. 

The most typical and successful example of CTP is the tripeptide arginine-glycine-

aspartic acid (RGD). The sequence RGD, which presents in various circulating 

proteins, was found to be essential for the specific binding to the integrin αvβ3 

receptors during the 1980s [149]. The overexpression of integrin αvβ3 (mentioned in 

1.1.2) in GBM and angiogenesis vessel endothelial cells made RGD a potential ligand 

for targeting drug delivery to GBM. In BNCT research, RGD peptides have been 

reported as a carrier directly conjugated to drug molecules to enhance the delivery of 

boron compounds [150]. Extensive research has been conducted to produce a ligand 

with very strong affinity/selectivity towards αvβ3, a large number modified RGD 

sequences can be found in the literature [151–155].  
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In general, small changes within the natural sequence of CTPs could lead to 

significant change in their activity profiles [156]. Cyclisation and multimerisation of 

the CTP are the most frequently used strategies to increase the stability and boost the 

interaction with the target receptor. In comparison to linear RGD peptides, cyclic 

RGD peptides demonstrated a more than 20-fold higher affinity to receptors [154,157] 

and 30-fold higher stability [158]. A striking example is “cilengtide”, a cyclic RGD 

peptide (c(RGDfV)) which is currently in a phase III clinical trial [159]. Similarly, 

multimeric RGD structures were reported to have enhanced and more precise affinity 

to the integrin receptor compared to the monomeric ligand [160,161]. 

The uptake mechanism of CTP modified nano-carriers depends on the endocytosis 

involved in CTP-receptor interaction. However, the specific binding may or may not 

promote efficient cell entry, therefore use of CTPs and CPPs jointly can provide a 

more efficient and/or more tolerated therapeutic delivery strategy for the treatment of 

GBM. 

1.6.3. Peptide decorated delivery systems for boron neutron capture therapy 

Peptide decorated drug delivery systems for BNCT may be pursued via conjugation of 

the peptides to the cargo drug molecules or nano-sized drug carriers.  

1.6.3.1 Peptide-drug conjugation 

To overcome the poor intracellular accumulation of hydrophilic boron compounds 

such as BSH, BSH can be fused with a short arginine domain [140]. In vitro studies 

on U87ΔEGFR glioma cell lines showed that the resulting intracellular boron levels 

was in direct proportion with the peptide content, a drastic increase in intracellular 

boron accumulation was observed with three arginine tethered to BSH. This improved 

cellular uptake is in part attributed to the positively charged arginine rich portion of 

the peptides. Compared to BSH drug solution, injection of BSH fused with three 

arginine domains through tail vein in tumour-bearing mice resulted in 1.76 times 

higher boron accumulation in tumour tissues. However, neutron irradiation 

experiments were not reported in which the CPP conjugation may cause nonspecific 

damage in other organs.  

Cyclic RGD peptide, c(RGDfK) (reviewed in Section 1.6.2) has been utilised for 

boron delivery by conjugation with BSH or closo-carborane cluster [150]. Both of the 
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conjugates showed high binding affinity to the integrin αvβ3 expressed on glioma 

cells U87 and murine carcinoma cells SCCVII. Additionally, in vivo biodistribution 

studies in tumour-bearing mice demonstrated that RGD peptide conjugated boron 

compounds higher tumour uptake and slower clearance than boron compounds alone. 

Another group has reported the successful conjugation of BSH to a peptide derivative 

(Tyr
3
-octreotate) which can target the neuropeptide somatostatin receptors on tumour 

cells [162]. The conjugation was accomplished through simple procedures with a 

yield of 68% yield after purification, but no further biological evaluations have been 

performed to demonstrate the targeting effects of the conjugate. 

1.6.3.2 Peptide decorated nanoparticles 

As reviewed in Section 1.4, the attractive design features of nanoparticles have 

prompted their exploration as potential delivery vehicles for BNCT. Peptides 

modification has been proved to be able to render nanoparticles-based delivery 

systems enhanced tumour permeability. 

Petersen et al. has reported the observation of a delayed tumour growth in the B16-

OVA murine model under neutron irradiation following the treatment of TAT peptide 

and lissamine functionalised boron carbide nanoparticles, in comparison with mice 

without any boron treatment [163]. However, the comparison between BNCT efficacy 

of CPP modified and non-modified nanoparticles has not been demonstrated. 

Similarly, Michiue and colleagues designed a CPP (poly-arginine) decorated 

dendrimer for the delivery of BSH [164]. Eight BSH molecules were linked to a poly-

lysine dendrimer through disulphide bonds. An intracellular boron level of 5623.7 ng 

10
B/10

6
 was achieved in U87 glioma cells with the treatment of CPP decorated 

dendrimers, whilst treatment with BSH alone yielded 15.9 ng of 
10

B in 10
6
 cells. With 

neutron irradiation, a significant cancer killing effect was observed in the CPP 

decorated dendrimer injected tumour-bearing mice compared to the BSH-

administrated mice.  

In addition to the preferential accumulation of nanoparticles based on the EPR effect, 

which is insufficient to achieve tumour selectivity, surface modification with CTPs 

can be performed. Even though numerous CTP-decorated delivery systems have been 

designed for anti-cancer drugs and showed promising results, a CTP-modified nano-
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system tailored for boron compounds delivery has not been found in the available 

literature. 

1.7. IN VITRO AND IN VIVO EVALUATION MODELS FOR BORON NEUTRON 

CAPTURE THERAPY 

In vitro and in vivo models are important tools in cancer research, to study the biology 

of cancer, to examine the factors influencing the response of tumours to therapeutic 

agents and regimens, and to provide insight into the molecular mechanisms of tumour 

growth and metastasis.  

1.7.1. In vitro models 

For cancer research, in vitro models provide low-cost screening tools that are 

relatively easy to operate and accessible when compared with in vivo studies [165]. 

They allow the evaluation of boron uptake into GBM cells prior to in vivo studies, 

thereby offering an extra step to determine whether the delivery system should be 

evaluated further, and avoiding or reducing the use of animals.  

1.7.1.1 Mono-culture cell models 

Mono-culture cell models are particularly feasible, but tumour growth and interaction 

between different cell types has not been demonstrated. The most commonly used 

GBM cell models are primary human GBM cells derived from GBM patients (e.g. 

U87) or GBM cells from established mouse/rat GBM models (e.g. C6 and F98).  

1.7.1.2 Co-culture cell models 

In order to more accurately mimic the in vivo tumour growth environment and the 

tumour-host brain interactions, co-culture models have been designed. Co-culture cell 

models are developed by culturing two different cell types in the same environment to 

study tumour biology and, importantly, the tumour targeting efficacy of drug delivery 

systems. Meng and colleagues developed a new model system made up of fluorophore 

labelled brain tumour cell aggregates and organotypic brain slices to investigate the 

uptake behaviour of nanoparticles [166]. Tumour cells were found to spread widely 

and invade the entire brain slice after 6 days. In addition, by using co-culturing human 

GBM cells U87s and human umbilical vein endothelial cells HUVECs, the changes of 

gene expression correlated to the GBM/endothelial-cell interactions have been 
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Figure 1.9 Schematic representation of a 3D glioma cell culture model to evaluate 

the receptor-mediated transport of liposomes. Liposomes traverse the endothelial 

cell barrier and then uptake into the tumour cells growing in the porous polymer 

scaffold. Figure modified from [168]. 

revealed [167]. However, since the nanoparticle solution is added to the flat surface of 

the co-cultured cells, one of the common problems for co-cultured cell models is that 

cells in the periphery usually have more exposure to the nanoparticles which may lead 

to inaccurate quantification of cellular uptake. This problem can be avoided in a three-

dimensional cell culture.  

1.7.1.3 Three-dimensional cell culture models  

Three-dimensional (3D) cell culture systems have gained increasing interest due to 

their evident ability to provide more physiological relevance to the in vivo setting.  A 

novel 3D glioma model used to evaluate the transport of liposomes has provided a 

potential approach for in vitro evaluation of boron delivery systems [168] (Figure 1.9). 

Glioma cells were cultured on the surface of a scaffold made from poly (lactic-co-

glycolic) acid (PLGA), chitosan and polyvinyl acetate. Mouse brain endothelial cells 

(bEnd.3) were inserted to the luminal surface of the scaffold to simulate the BBB in 

vivo. The porous polymer scaffold showed a perfect cellular biocompatibility, not 

only tightly packed with brain endothelial cells but also supported the glioma growth 

in three dimensions.  
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However, to date only mono-culture cell models have been explored in terms of 

evaluation of BNCT efficacy in vitro. For instance, human GBM cell line U87 [49] 

and rat glioma cell line F98 [50] have been reported be used for in vitro BNCT. After 

irradiation exposure to neutron irradiation at room temperature, the cell survival was 

determined by colony-forming assay or 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. Moreover, Cansolino et al. performed a 

comparative study of BNCT efficacy on adherent and suspended cells [169]. The 

results demonstrated that adherent cells displayed a higher radio-sensitivity than 

suspended cells not only in cell survival but also in cell cycle distribution.  

1.7.2. In vivo models 

No matter how sophisticated an in vitro model is, eventually in vivo evaluation will be 

required to validate the efficacy of boron delivery systems for BNCT to provide 

predictive efficacy and safety before translated to clinical trials in humans. In vivo 

GBM models can be categorised into (1) chemically induced models, (2) genetically 

engineered mouse models and (3) xenograft models [170]. 

The ideal in vivo GBM models should fulfil several criteria, including predictable and 

reproducible tumour growth as well as recapitulation of the genomic and phenotypic 

signatures of human gliomas. The most widely used glioma models are C6 and 9L 

gliomas induced by repetitive injections of carcinogen methylnitrosourea to adult 

outbred Wistar rats and syngeneic Fischer rats, respectively [171,172]. The gene 

expression of rat C6 glioma model is known to be the most similar to those of human 

gliomas, with an overexpression of the EGFR, IGF-1, PDGFβ and Erb3/Her3 genes 

and frequent mutation in the p16/CDKN2A/NK4A locus which is comparable with 

that of the p16 tumour suppressor gene in human gliomas [173]. The C6 glioma 

model also demonstrates focal invasion into brain tissue upon its implantation, which 

is in a similar manner to the diffusive infiltration observed in human gliomas. The 9L 

glioma exhibits sarcomatous appearance, which is not observed in C6 glioma, but do 

not show the diffusive infiltration pattern [170]. It also has genetic similarities to 

human gliomas, including mutant p53 gene and overexpressed EGFR [170,174].  

To evaluate BNCT efficacy, glioma-bearing animals are often treated with boron-

containing liposomes followed by neutron irradiation at room temperature. Boron 

distribution and targeting effect can be verified through biodistribution and imaging 
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studies [105], whilst the tumour growth inhibition can be quantified by tumour 

volume measurement at intervals of a few days following neutron irradiation [101]. It 

is worth of noting that to date no currently available animal tumour model can exactly 

simulate human high grade brain tumours such as GBM [175]. 

1.8. SUMMARY OF THE REVIEW OF LITERATURE 

GBM is the most prevalent and deadly type of brain tumour with a short median 

survival of 14.6 months. The highly infiltrative and diffuse growth nature of GBM 

tissues results in the disease being incurable with currently available therapies. The 

binary therapy BNCT is suitable for GBMs to provide precise damage in GBM tissues, 

whilst the major hurdle for successful treatment has been the requirement for selective 

tumour targeting delivery 
10

B. A variety of boron compounds are available, but none 

of them fulfils the criteria for successful BNCT, namely selective accumulation in 

GBM with a sufficient 
10

B concentration. Clinically approved hydrophilic boron 

compound BSH has a high 
10

B composition, low toxicity and high stability in 

biological medium, but exhibits low cellular permeability and tumour-specificity. 

Therefore, tumour targeting intracellular delivery is essential to exploit the full 

advantages of BSH. 

Drug delivery strategies utilising nanotechnologies have been highlighted in the 

literature, to date 80% of the FDA approved nanomedicine for cancers are liposome-

based [176]. Additionally, liposomes showed great potential in terms of selective 

delivery of hydrophilic drugs like BSH. Mechanisms of liposome preparation and 

procedures affecting EE of hydrophilic drugs have been reviewed for the purpose of 

selecting the optimised method for loading BSH into liposomes. In addition, as an 

increasing number of clinical research revealed that the EPR effect is only applicable 

in rodent models [83,84], tumour-targeting drug delivery relying on the nano-size of 

carriers is not sufficient. Therefore, ligand modification of nano-carriers to actively 

target tumour tissues provides promising drug delivery strategies for improving 

BNCT efficacy. Integrin targeting peptide, cyclic arginine-glycine-aspartic acid-

tyrosine-cysteine (c(RGDyC)), was investigated as a ligand in this study exploiting 

the overexpression of integrin αvβ3 of both tumour vasculature and tumour cells of 

GBM. Moreover, to achieve effective cell-penetrating ability, CPP Xentry was 



Chapter 1 

 

 

37 

 

utilised as either carrier or ligand in BSH delivery to enhance intracellular 
10

B 

accumulation.  

Currently, the literature primarily focused on different methods and in vitro/in vivo 

models to evaluate the targeting effects of drug delivery systems and their BNCT 

efficacy. Detailed mechanisms of selective cellular uptake and BNCT-induced effects 

on cells are less well-understood. 

1.9. AIMS OF THE THESIS 

As the efficacy of BNCT largely depends on the tumour specific intracellular delivery 

of 
10

B, a delivery system with high 
10

B content and the capacity of targeting GBM is 

required. Given that liposomes have been most successful nanocarrier systems for 

tumour-targeted delivery, demonstrated by commercialisation of a number of 

liposomes products, liposomes appear to be a promising GBM-targeted system for 

BNCT. Additionally, research into peptides as vectors for drug delivery has been 

reported and demonstrated promising results to address the poor tumour-selectivity 

and limited intracellular accumulation of hydrophilic drugs. Taken together, it was 

hypothesised that peptide-assisted strategies in combination with nano-sized 

liposomes would provide GBM-targeted intracellular delivery of hydrophilic boron 

compound BSH lead to more effective BNCT. 

The overall aim of this thesis was to develop novel strategies to selectively and 

effectively deliver 
10

B to GBM cells, thus to enhance the efficacy of BNCT and 

meanwhile minimising damage to normal tissues. The specific objectives were to: 

i) Synthesise a drug-CPP conjugate, BSH-Xentry, for intracellular BSH delivery. A 

HPLC method was developed for simultaneous analysis of BSH-Xentry and BSH 

and validated for the quantification of BSH (Chapter 2). 

ii) Develop stable BSH encapsulated PEGylated liposomes with optimal size, 

surface charge and drug entrapment efficiency, along with an optimal method for 

preparation (Chapter 3). This formulation would be used for further modification 

with functional peptides, and acted as controls.  

iii) Modify the above liposomal system with a cell-penetrating peptide, Xentry, for 

the potential to enhance intracellular delivery of 
10

B to glioblastoma cells (U87), 

and investigate the Xentry conjugation methods as well as the cellular uptake 
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mechanisms of the modified liposomes (Chapter 4).  

iv) Develop a liposomal delivery system functionalised with a cell targeting peptide, 

c(RGDyC), to achieve selective localisation of 
10

B to glioblastoma using cell 

culture models (Chapter 5).  

v) Evaluate the BNCT efficacy of optimised drug delivery systems on cell culture 

models under neutron irradiation and understand the mechanism of neutron 

irradiation induced cell deaths (Chapter 5). 
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CHAPTER 2. CELL-PENETRATING PEPTIDE XENTRY AS 

A CARRIER FOR BSH DELIVERY 

2.1. INTRODUCTION 

During boron neutron capture therapy (BNCT), boron-10 (
10

B)-enriched compounds 

such as sodium borocaptate (BSH) are usually delivered to tumour through systemic 

administration prior to thermal neutron irradiation. However, due to the hydrophilic 

nature of BSH, the amount of 
10

B being uptake into tumour cells is limited. To 

achieve the required 
10

B concentration in the tumour (> 20 μg 
10

B/g tissue) for 

successful BNCT [177], suitable carriers are needed for efficient delivery of BSH. 

As reviewed in section 1.6.1, cell-penetrating peptides (CPPs) have emerged as 

promising drug delivery carriers during the last two decades [178]. CPPs have the 

capacity to translocate through the cellular membranes by a non-toxic process, mostly 

via membrane receptors and energy consumption independent pathway [179]. By 

tethering to CPPs, hydrophilic compounds or nanoparticles can be delivered inside 

cells. Xentry, a new class of CPP discovered in the University of Auckland which can 

selectively penetrate adherent cells, exhibited great potential for intracellular delivery 

of therapeutic cargos [142].  

In the field of pharmaceutical research, a reliable analytical method is essential for 

formulation development. Reversed-phase high-performance liquid chromatography 

(RP-HPLC) is an integral analytical tool that allows the rapid establishment of 

suitable experimental conditions for drug quantification. However, due to the highly 

hydrophilic nature of BSH, the compound is not able to elute at a moderate time on a 

RP-HPLC column [180]. Ion-pairing reagents are generally recommended as counter 

ions can pair with the analyte and produce a reasonable retention time on a RP-HPLC 

column [181,182].  
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In addition, optimising an HPLC method is a complex procedure where several 

factors need to be evaluated such as type and composition of the mobile phase. Thus, 

a systematic approach for HPLC method optimisation is necessary to obtain a fine 

separation of peaks and reasonable retention times. Statistical experimental designs 

are efficient and have been used for decades at various phases of an optimisation 

strategy [183–185]. 

2.2. CHAPTER AIMS 

The aim of this chapter was to evaluate the suitability of Xentry as a carrier for 

intracellular delivery of BSH. The specific objectives were to: 

i) Synthesise BSH-Xentry with maleimido acid as a linker and characterise the 

structure; 

ii) Develop a rapid isocratic RP-HPLC assay that can simultaneously detect BSH 

and BSH-Xentry; ion-pairing reagent tetrabutylammonium hydrogensulfate was 

added to the mobile phase as BSH is hydrophilic and does not have desirable 

retention time on RP-HPLC column; 

iii) Optimise the composition of the mobile phase with the assistance of multiple 

linear regression; 

iv) Validate the HPLC method for BSH quantification for further formulation study. 

2.3. MATERIALS  

BSH was purchased from Katchem (Czech Republic). All Fmoc-protected amino 

acids, Wang resin and coupling reagents were obtained from GL Biochem (Shanghai, 

China). Side chain protecting groups were 2,2,4,6,7-pentamethyldihydrobenzofuran-

5-sulfonyl (Pbf) for arginine and acetamidomethyl (Acm) for cysteine. Acetonitrile 

(ACN) and methanol of HPLC grade were obtained from EMD Millipore Cooperation 

(Darmstadt, Germany). Water purified on a Milli-Q system (Millipore, Massachusetts, 

USA) was used. All the other chemicals of analytical grades were purchased from 

Sigma-Aldrich (Auckland, New Zealand) unless stated otherwise. 
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2.4. METHODS  

2.4.1. Synthesis of BSH conjugated Xentry (BSH-Xentry) 

To obtain BSH conjugated Xentry, Xentry was first synthesised following standard 

Fmoc solid-phase peptide synthesis protocols. To enable the conjugation with BSH, 

maleimido group was introduced to the peptide moiety to form maleimido 

functionalised Xentry. The conjugation of BSH to the maleimido functionalised 

Xentry was performed through a Michael addition [162], as illustrated in Figure 2.1. 

 

Figure 2.1 Schematic illustration of the synthesis of BSH-Xentry through two steps. 

Maleimido functionalised Xentry (mXentry) (A) was synthesised by solid-phase 

peptide synthesis method with Acm (acetamidomethyl) as the side-chain protecting 

group for cysteine; BSH was then conjugated to mXentry to form BSH-Xentry with 

Acm protecting group (B). Finally the conjugate BSH-Xentry (C) was obtained after 

the removal of the Acm protecting group. *DMSO: dimethyl sulfoxide; DTT: 

dithiothreitol; ACN: acetonitrle; HCl: hydrochloric acid; AgNO3: Silver nitrate; N2: 

nitrogen. 
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2.4.1.1 Synthesis of maleimido-functionalised Xentry (mXentry) 

Xentry was synthesised by the general Fmoc solid-phase peptide synthesis method on 

pre-loaded Fmoc-Gly-Wang resin on a 0.2 mmol scale. The resin was initially 

allowed to swell (Step I), after which Fmoc-protected amino acids were coupled to 

the resin successively (Step II) according to the sequence of Xentry. After each 

coupling cycle, the resin was washed with dimethylformamide (DMF, 6 × 1 mL) for 

six times, followed by removal of protecting group (Step III). Thereafter, the linker 6-

maleimidohexanoic acid was conjugated to the assembled peptide using the same 

coupling method used for coupling the amino acids. In the final stage, mXentry was 

cleaved from the resin (Step IV). The Pbf side-chain protecting group was also 

cleaved in this step while the Acm side-chain protecting group was left on the peptide 

to avoid self-cyclisation.  Experimental details as described below:   

Step I. Preparation of resin  

Pre-loaded Gly-Wang resin was accurately weighed out and soaked in DMF (10 ml/g 

resin) for 10 to 15 min at room temperature. Excess DMF was drained after swelling 

the resin beads and the beads washed with fresh DMF. 

Step II. Amino acids coupling 

Fmoc-protected amino acids were dissolved in DMF and activated in a mixture of 2-

(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) / 

hydroxybenzotriazole (HOBt) (3.8 eq.) and N,N-diisopropylethylamine (DIPEA) (10 

eq.). The solution was then added to the resin and shaken for 1 h at room temperature. 

The solution was drained off, the resin washed with DMF multiple times. 

Step III. Deprotection  

The resin was treated with 20% piperidine in DMF for 5 and 15 min, respectively, at 

room temperature to ensure Fmoc groups are removed. The resin was washed six 

times with DMF after the final treatment. The processes in steps II and III were 

repeated until the last amino acid was coupled. 
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Step IV. Cleavage from the resin  

A cleavage solution consisting of 95% trifluoroacetic acid (TFA), 2.5% H2O and 2.5% 

triisopropylsilane (TIS) was used to suspend the resin (10 ml/g) for 1.5 h. The 

cleavage mixture was collected in a flask and the resin washed twice with neat TFA. 

The solution was concentrated under reduced pressure and the peptide was 

precipitated by the addition of a large excess of cold diethyl ether. The resulting white 

precipitates were then dissolved in water and acetonitrile mixture and freeze-dried to 

obtain crude mXentry peptides.  

2.4.1.2 Purification and identification of mXentry 

Purification of mXentry was accomplished by RP-HPLC using a GE Pharmacia 

ÄKTA purifier 10 system on a Luna 5 µm C18 100 Å column (250 mm × 10 mm, 

Phenomenex) with gradient elution using 0.1% TFA in acetonitrile-water at a flow 

rate of 5 ml/min. The purity the peptides were established by analytical RP-HPLC 

analysis performed on a Phenomenex Luna 5 μm C18 100 Å (250 mm × 4.6 mm) 

column (Phenomenex, Auckland)  using the same solvent system as above at flow 

rate of 1 ml/min.  

The molar mass of final product mXentry was identified using a matrix assisted laser 

desorption ionization-time of flight mass spectrometer (MALDI-TOF MS, 

UltrafleXtreme, Bruker, USA). The analysis was performed in linear positive mode of 

a Voyager DE Pro Biosystems with a mixture of acetonitrile and water (2:1) 

containing 0.1% TFA and α-cyano-4-hydoxycinnamic acid (6.7 mg/ml) as the matrix 

solution. 

2.4.1.3 Conjugation of BSH to mXentry 

After confirmation with MALDI-TOF MS, the mXentry was added to a BSH (10 eq.) 

solution in a 1:1 mixture of acetonitrile-water and kept at room temperature for 24 h 

for conjugation. The reaction was performed under nitrogen to avoid oxidisation of 

BSH and mXentry. Meanwhile, phosphate buffer (0.5 M, pH 9) was added to the 
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mixture gradually to adjust the pH from 4 to 7 within 30 min. To monitor the 

completion of the reaction, samples were taken for HPLC analysis.  

After the conjugation reaction was complete the Acm side-chain protecting group was 

removed. Briefly, the product was dissolved in an aqueous solution of 95% dimethyl 

sulfoxide (DMSO) containing 10 eq. of AgNO3 (with respect to the conjugate) and 

0.1% DIPEA. This solution was stirred at 35 ˚C for 2 h after which the conjugate was 

precipitated with cold H2O and centrifuged, the supernatant was discarded. The 

precipitate was treated with a 50:50 ACN/H2O solution containing dithiothreitol 

(DTT) (10 eq.) and acidified with 2 M HCl. This mixture was then shaken at room 

temperature for 1 h under nitrogen and lyophilised.  

2.4.1.4 Purification and identification of BSH-Xentry 

The crude BSH-Xentry conjugate was purified using RP-HPLC using a GE 

Pharmacia ÄKTA purifier 10 system on a Phenomenex Luna 5 µm C18 100 Å (250 

mm × 10 mm) column as described in Section 2.4.1.2. Collected samples were 

lyophilised and dissolved in methanol at the concentration of 4 μg/ml for the 

identification on a high resolution electrospray ionisation mass spectrometer 

(HRESIMS, micrOTOF-Q II, Bruker, USA) 

2.4.2. Development of an HPLC method for simultaneous analysis of BSH and 

BSH-Xentry  

2.4.2.1 HPLC conditions 

The mobile phase consisted of a mixture of methanol, acetonitrile and 10 mM 

tetrabutylammonium hydrogensulfate (TBA) in Milli-Q water (pH = 7). The aqueous 

phase was prepared by dissolving the ion-pairing reagent TBA in Milli-Q water and 

adjusting pH to 7 with 1 M NaOH. The pH measurements were done with an Inlab 

423 pH meter (Mettler Toledo Limited, Auckland, New Zealand). The mobile phase 

was filtered through 0.22 μm nylon filter and degassed in an ultrasonic bath before 
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use. An Agilent 1260 HPLC machine equipped with a pump, variable-wavelength 

UV-Vis detector, autosampler (set at 4˚C) and thermostat (Agilent Technologies, New 

Zealand) was used for all the HPLC analysis. All the chromatographic measurements 

were performed at a flow-rate of 0.8 ml/min at room temperature on a C18 Gemini (5 

µm, 250 × 4.6 mm) column preceded by an analytical guard column (KJ0-4282, 

Phenomenex, New Zealand). The injection volume was 30 μl and UV detection was 

set at 230 nm. The output signal was monitored and processed using Agilent 

OpenLAB Laboratory Software. All the samples were filtered through a 0.2 µm 

syringe filter (Corning Inc., USA) before injection. 

2.4.2.2 Optimisation of mobile phase using multiple linear regression analysis 

The composition of mobile phase was optimised by varying volume ratio of methanol 

to acetonitrile (X1) and percentages (by volume) of aqueous phase (X2) 

simultaneously for the separation of the analytes and interfering products from the 

matrix [185]. Based on the chromatograms with different mobile phases, regression of 

retention time (Rt) of each analyte was expressed by a multiple linear model using 

Minitab version 17.1.0 (Minitab Inc., PA, USA): 

Rt = β0 + β1X1 + β2X2           Equation 2.1 

Where β0, β1 and β2 are coefficients derived from the regression analysis. The 

resulting regression equations were then used to predict the retention time of the 

analytes in order to achieve appropriate peak separation of BSH and BSH-Xentry and 

avoid interferences. 

2.4.3. Validation of the optimised HPLC method for BSH quantification  

During the development of HPLC method for the simultaneous detection of BSH and 

BSH-Xentry, one of the systems was selected and validated for the analysis of BSH 

alone following the ICH harmonised tripartite guideline (Q2(R1)) [186]. 
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2.4.3.1 Preparation of calibration standards 

A stock solution of 1 mg/ml BSH in water was prepared. Analytical standards of BSH 

(0.5, 1, 2, 5, 10, 20 and 50 μg/ml) were obtained by serial dilutions of the stock 

solution with the mobile phase. Quality control (QC) standards were prepared at 1, 25 

and 40 μg/ml from a different stock solution prepared by the same way as described 

above. All solutions were stored at -20˚C until use.  

To validate the specificity of the method, the chromatogram of standard BSH 

solutions was compared with that of BSH standards spiked with 0.2 mg/ml liposome 

matrix solution which will be discussed in details in the next chapter. 

2.4.3.2 Linearity 

The linearity of the assay was validated over the BSH concentration range of 0.5 – 50 

μg/ml. Three replicates of standards at each concentration were analysed. To conduct 

the standard curve, the absolute peak areas were plotted versus BSH concentrations. 

The curves were fitted by least square linear regression analysis.  

2.4.3.3 Accuracy and intermediate precision 

Accuracy was evaluated by comparing the actual concentration with the calculated 

concentration of QC standards according to the standard curve. QC standards at 1, 25 

and 40 µg/ml were analysed repeatedly (n = 3) during an analytical run in order to 

determine intra-day, and then tested over 3 consecutive days for inter-day variability. 

2.4.3.4 Limit of detection (LOD) and limit of quantitation (LOQ) 

The detection and quantification limits were evaluated from the standard curve plotted 

in concentration range of detection level to 50 μg/ml. The formulae used were LOD = 

3.3σ/S and LOQ = 10σ/S (where σ = standard deviation of response and S = slope of 

calibration curve) [186].. 
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2.5. RESULTS  

2.5.1. Synthesis of BSH-Xentry 

2.5.1.1 Synthesis of mXentry 

mXentry (C46H76N12O12S) was successfully synthesised with a yield of 61.8% and 

purified to homogeneity to > 98.5% purity as determined by analytical RP-HPLC. 

Representative HPLC trace of mXentry is shown in Figure 2.2. Two peaks for 

mXentry showed in the MALDI-TOF mass spectrum (Figure 2.3), m/z 1022.8 for [M 

+ H]
+
 (C46H77N12O12S, calculated molecular weight 1022.23); m/z 1044.45 for [M + 

Na]
+
 (C46H76N12NaO12S, calculated molecular weight 1044.22). The peaks at 950.91 

and 973.78 correspond to the H
+
 and Na

+
 adducts of a side product where the side-

chain protecting group Acm has been cleaved.   

 

 

Figure 2.2  Representative HPLC trace of mXentry, the functionalised Xentry for 

synthesis of BSH- Xentry. 
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Figure 2.3 MALDI-TOF mass spectrum of purified mXentry (with Acm). The main 

peaks m/z 1022.80 and m/z 1044.45 correspond to the H
+
 and Na

+
 adducts of desired 

compound, respectively. The peaks at m/z 950.91 and m/z 973.78 correspond to the 

H
+
 and Na

+
 adducts of a side product, mXentry without Acm. 

 

 2.5.1.2 Conjugation of BSH to the mXentry 

The formation of BSH-Xentry was confirmed by the observation of a new peak 

appearing at 31.1 min in HPLC chromatograph (Figure 2.4). The conjugation of BSH 

to the peptide moiety resulted in an increase in retention time to around 31.1 min 

while mXentry eluted at 27.3 min, indicating the addition of boron cluster improves 

the solubility in organic solvent. The product was collected and purified to 94% purity 

by HPLC with a yield of 54.5%. Further identification by HRESIMS showed the 

single positive charged conjugate at 1116.7 m/z (Figure 2.5) with a calculated mass at 

1116.48 m/z. The formula analysis matched with prediction and the quoted ppm of 2.3 

indicates that it is highly accurate. 
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Figure 2.4 Analytical HPLC trace of BSH-Xentry eluted at 31.1 min (approximately 

concentration = 0.26 mg/ml). 
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Figure 2.5 High resolution electrospray ionisation (HRESI) mass spectrum of BSH-Xentry. The main peak at 1116.7 m/z corresponds to 

protonated conjugate. 
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Table 2.1 Retention time of BSH and BSH-Xentry with different mobile phases: 

experimental data versus predicted date using multiple linear regression analysis. 

Va  (%)
a
 M/A

b
 

Experimental Rt (min) Predicted Rt (min) 

BSH BSH-Xentry BSH BSH-Xentry 

43 1.11 11.5 4.67 10.89 4.54 

45 1.2 14.82 4.84 14.79 4.82 

45 1.75 13.48 4.74 14.13 4.84 

47 1.3 19.06 4.92 18.67 5.10 

47 9.4 9.11 4.81 9.04 5.00 

48 1.36 22.6 5.06 20.60 5.25 

50 2.33 21.45 5.58 23.45 5.51 

51 2.77 25.15 5.65 24.93 5.65 

51 8.8 17.72 5.66 17.76 5.57 

52 8.6 20.81 5.81 20.00 5.71 

a
 Va represents the percentage of the aqueous phase (by volume) in a mobile phase. 

b
 M/A is the volume ratio of methanol to acetonitrile. 

Rt: retention time. 

 

2.5.2. HPLC assay for simultaneous detection of BSH and BSH-Xentry  

Table 2.1 shows the retention times of the two analytes with mobile phases consisting 

of aqueous phase volume fraction varying from 43% to 52% and organic solvent 

ratios within the range of 1.11 to 9.4.  

 

Based on the data in Table 2.1, multiple linear regression equations were generated 

according to Equation 2.1. 

Rt BSH = -73.83 - 1.189 M/A + 2.001 Va      Equation 2.2 

Rt BSH-Xentry = -1.524 - 0.0133 M/A + 0.1414 Va     Equation 2.3 

Where Va is percentage of the aqueous phase (by volume) used in the mobile phase 

and M/A is the volume ratio of methanol to acetonitrile. 
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Figure 2.6 Correlations between observed and predicted retention times of BSH (A) 

and BSH-Xentry (B). 

 

The results suggested this model is suitable for prediction of retention time in 

different mobile phase conditions, as the R-sq is greater than 0.9 for each analyte 

(Figure 2.6). Besides, all regressions were significant (P < 0.05).  

To avoid overlapping with the interference peak at 8 min which is possibly produced 

by TBA (Figure 2.7 A) and also achieve good separation between the two analytes, 

the ideal retention time for BSH-Xentry and BSH were set at 5.5 min and 11 min, 

respectively. Eventually the ternary mobile phase system was fixed as 

acetonitrile/methanol/water = 3: 46: 51 (v/v) through resolving the simultaneous 
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linear equations (Equation 2.4/5). With the optimised mobile phase, two separated 

peaks with acceptable shape were obtained, eluted at 5.4 and 11.8 min which matched 

with the prediction (Figure 2.7 B).  

              Rt BSH = -73.83 - 1.189 X1+ 2.001 X2 = 11           Equation 2.4 

              Rt BSH-Xentry = -1.524 - 0.0133 X1 + 0.1414 X2 = 5.5          Equation 2.5 

 

 

Figure 2.7 Chromatogram of a blank mobile phase (A) and a mixture of BSH-Xentry 

and BSH (B) using the optimised mobile phase (acetonitrile/methanol/aqueous phase = 

3:46:51, v/v).  
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2.5.3. Validation of the optimised HPLC method for BSH quantification  

2.5.3.1 Specificity 

For analysing BSH alone, the mobile phase consists of methanol, acetonitrile and 

aqueous phase in the volume ratios of 30:30:40 was selected to provide a rapid 

analysis. A sharp symmetric peak of BSH eluted at approximately 8.5 min and was 

well-separated from the interferences (Figure 2.8 A). Moreover, the similarity curve 

exhibits a profile very similar to the threshold curve and within the limits (990) shown 

by the peak purity ratio (999.998 in average) in the green band (Figure 2.8 C).  

In order to avoid possible interference and to have a relatively high response area, 230 

nm was selected as the UV detection wavelength, since the absorbance of BSH was 

negatively related to the detection wavelength. With the selected wavelength, no 

interference peak or changes in the BSH peak shape was observed when the sample 

was spiked with liposome matrix (0.2 mg/ml) (Figure 2.8 B). 
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Figure 2.8 HPLC chromatographs of BSH and BSH spiked with liposome matrix and 

typical peak purity analysis. BSH peak in a sharp and symmetric shape elutes at 8.5 

min (A). Spiked with 0.2 mg/ml of liposome matrix did not induce BSH peak change 

or interference (B). High purity was demonstrated by the similarity profile within the 

threshold curve limits and purity ratio within the green band (C).  

 

2.5.3.2 Linearity and range 

The standard curve of BSH (Figure 2.9) was linear over the concentration range from 

0.5 to 50 µg/ml with the correlation coefficient R
2
 above 0.999 (n = 3). The equation 

for the relationship between the response area (Y) and the concentration of BSH (X) 

was found to be Y = 7.21*X - 0.202. 
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Figure 2.9 Standard curve of BSH (n = 3). 

 

Table 2.2 Intra-day, inter-day precision and accuracy of QC standards of BSH (means 

± SD, n=3). 

Nominal 

conc. 

(µg/mL) 

Intra-day precision and accuracy Inter-day precision and accuracy 

Conc. 

found 

(µg/mL) 

Precision 

(RSD%*) 

Accuracy 

(%) 

Conc. 

found 

(µg/mL) 

Precision 

(RSD%) 

Accuracy 

(%) 

1 0.98 ± 0.01 1.4 98.10 1.08 ± 0.02 2.2 108.00 

25 23.2 ± 0.15 0.7 92.90 23.5 ± 0.08 0.3 94.10 

40 37.1 ± 0.15 0.4 92.90 37.1± 0.2 0.6 92.80 

*RSD% = SD/mean × 100 

2.5.3.3 Accuracy and intermediate precision 

The relative standard deviation (R.S.D.) of both intra-day and inter-day at 1, 25 and 

40 μg/ml were < 2.5%. The intra-day and inter-day variability at the above 

concentrations were < 10%. 



Chapter 2 

57 

2.6.  DISCUSSION 

In this chapter, cell-penetrating peptide Xentry was investigated as a potential 

candidate CPP carrier for the intracellular delivery of BSH to GBM cells. 

2.6.1. Synthesis of BSH-Xentry  

To obtain BSH-Xentry, mXentry was firstly successfully synthesised using a solid-

phase peptide synthesis method, followed by conjugation of BSH to mXentry through 

a Michael addition reaction (Figure 2.1) with a desirable yield and purity.  

In the initial synthesis, the side-chain thiol in the cysteine of mXentry was not 

protected during the conjugation of BSH to mXentry and the desired product was not 

found after incubation for sufficient of time. The reason can be attributed to the self-

cyclisation reaction occurring intra-molecularly in synthetic mXentry (Figure 2.10). 

Thus, it was concluded necessary to use an orthogonal protecting group strategy for 

the synthesis of mXentry as the linear and self-cyclised mXentry cannot be seperated 

through RP-HPLC. Therefore Acm was selected as the protecting group for the thiol 

in cysteine and was not removed until the conjugation of BSH to mXentry was 

completed. Despite the fact that some Acm groups were cleaved during the synthesis 

of mXentry which resulted in a side product, mXentry without Acm (Figure 2.3), the 

side product did not react with BSH. This can be explained that self-cyclisation 

occurred favorably before the addition of BSH (Figure 2.10). 
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BSH-Xentry was then successfully synthesised. A basic environment could promote 

the formation of BSH thiolate which is a strong nucleophile to the maleimide in 

mXentry. However, at higher pH (> 8), maleimides tend to react with primary amines, 

such as arginine side-chain, over thiols [138]. Therefore, in this study the pH was 

maintained around 7 during the conjugation reaction.  

In order to study the cellular uptake and distribution of CPP-drug conjugates in vitro 

or in vivo, sensitive detection and tracking in complex biological matrices are often 

implied in research using CPPs as carriers for drug delivery. Fluorophore conjugation 

is the most commonly used strategy for the detection of CPPs [129]. However, 

 

Figure 2.10 Self-cyclisation reaction of mXentry. Without side-chain protection, 

mXentry may undergo a cyclisation reaction intra-molecularly within the side chain 

of cysteine residue, which will prevent the conjugation of BSH with mXentry as 

shown in Figure 2.1. 
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fluorophore conjugation usually changes the structure of CPP, thereby possibly 

leading to false evaluation of the cell-penetrating property, stability or 

biocompatibility. Moreover, the addition of fluorophore requires one or more step in 

the reaction which will increase the duration and complexity of synthesis and 

certainly lower the yield. Therefore it was not explored in this study. In comparison, 

radiolabeling of CPP has also been used to aid detection the peptide [187]. 

Radiolabeling is likely to have minor effect on the structure and properties of CPP but 

it is an expensive procedure, for which approved facilities must be accessible for 

preparation, storage, use, and analysis of the labeled substances.  

In general, indirect detection strategies such as by fluorophore conjugation or 

radiolabeling are time-consuming and the extra reactions may not always be possible 

and added error. Simple and direct simultaneous detection of the conjugate BSH-

Xentry and BSH using HPLC analysis was developed. 

2.6.2. Development of an HPLC method for simultaneous analysis of BSH and 

BSH-Xentry  

The mechanism of classic RP-HPLC method is based upon the interaction between 

the sample molecules and the non-polar stationary phase in the column. Generally, 

molecules which have hydrophobic nature will interact with the non-polar surface of 

the stationary phase and be retained on the RP-HPLC column. The retention time 

could be adjusted by altering the aqueous-to-organic content of the mobile phase. 

Highly ionic and hydrophilic substances, on the other hand, would not be retained in 

regular reversed-phase chromatography unless a satisfactory change of the ionization 

form is developed [188]. A commonly used method is by adding ion-pairing reagent 

to the mobile phase to promote the formation of ion-pairs with the charged analytes 

and therefore can be retained on a reversed-phase column [189]. In pharmaceutical 

research, ion-pairing reagents contains a hydrophilic counter ion are widely used to 

facilitate the retention of highly hydrophilic and polar drugs, and improve their 

chromatographic behaviour at the mean time [190–192]. 

In this study, ion-pairing reagent TBA which has a cationic end and non-polar tails 

was added to the mobile phase to form ion pairs with anionic boron cluster ([B12H12] 

2–
) and therefore enable the detection of BSH through RP-HPLC (Figure 2.11). The 

non-polar tails of TBA can form strong bonding with the non-polar surface of the 
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stationary phase C18, leaving the cationic end exposed to the mobile phase and attract 

the anionic species of BSH to form the immobilised ion-pairs, thus providing 

chromatographic retention [192,193]. The use of ion-pairing reagent TBA provided a 

reasonable retention time of BSH at around 8.5 min with a highly reproducible and 

sharp peak shape.  

Furthermore, the multiple linear regression models used for optimisation of the 

mobile phase composition achieved high r
2
 values (greater than 0.9) and the 

regression equations derived provide useful prediction of retention time of the 

 

Figure 2.11 Graphic representation of the mechanism of ion-pairing RP-HPLC. The 

positively charged ion-pairing reagent TBA dissolved in the mobile phase with its 

lipophilic tail adsorbed to the stationary phase via interaction with the octadecyl 

groups (C18) on the surface of the stationary phase. The analyte anionic BSH can be 

reversibly attracted by cationic head of TBA and thus retained on the stationary 

phase. 



Chapter 2 

61 

analytes. The application of multiple linear regression models in this study enabled a 

rational optimization of chromatographic separations of analytes within only a few 

chromatographic experiments in instead of the “trial-and-error” method [183,194]. 

Nevertheless, it is worth mentioning that the prediction of retention time may only be 

valid within the range which was investigated in this study; further application of the 

model has not yet been explored. 

2.6.3. Development and validation of HPLC method for BSH quantification 

Based on the HPLC assay developed for simultaneous analysis of BSH and BSH-

Xentry, to enable a rapid analysis for BSH quantification, the developed HPLC 

method was then adjusted for BSH quantification through modifying the mobile phase 

composition using Equation 2.2.  

Method validation is a vital process to prove that the developed analytical method is 

acceptable for its intended purpose. According to the International Conference on 

Harmonisation (ICH), HPLC methods for pharmaceutical analysis must be 

sufficiently specific, precise, accurate, and sensitive [186]. In the research of 

formulation development, it is essential to employ well-characterised validation 

process to HPLC methods in order to yield reproducible and reliable results which can 

be satisfactorily interpreted [195].  

Following the ICH harmonised tripartite guideline (Q2 (R1)) [186], the HPLC method 

for BSH quantification was validated for specificity, linearity, sensitivity, accuracy 

and precision. It is evident that the isocratic HPLC method with a simple mobile 

phase composition for the determination of BSH is a specific and sensitive method 

with acceptable accuracy and precision (RSD for intra-day and inter-day variation 

were < 2.2%). In addition, the rapid analysis time (run time 10 min) and the relatively 

low flow rate (0.8 ml/min) allow the analysis of large number of samples with less 

mobile phase that proves to be cost-effective. Hence, this HPLC method was adopted 

for the BSH quantification in the liposomal formulation development in the next 

chapters. 

2.7. CONCLUSIONS 

In this chapter, BSH has been successfully conjugated to the maleimido functionalised 

Xentry through a Michael addition reaction. The strategy used in this study to remove 
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the protecting group from the side chain thiol in Xentry after completion of the 

conjugation was useful and effective.  

An isocratic HPLC method has been developed for the simultaneous analysis of BSH-

Xentry and BSH. The mobile phase composition was optimised by using a multiple 

linear regression model with few experiments.  

Furthermore, with modification of the mobile phase composition, a rapid HPLC 

method has also been validated to provide reliable and specific analysis for BSH alone. 

This method will be adopted in the formulation developments for BSH (Chapters 3-5). 

Considering the duration of synthesis, the small quantity of each batch, and 

limitations of in vitro/in vivo detection methods of BSH-Xentry, Xentry may not to be 

a suitable carrier for BSH delivery. An alternative carrier liposome which has the 

capacity of delivering sufficient amount of hydrophilic drug into cells is required for 

BSH delivery. 
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CHAPTER 3. DEVELOPMENT OF PEGYLATED 

LIPOSOMAL FORMULATION FOR HYDROPHILIC DRUG BSH  

3.1. INTRODUCTION 

The use of hydrophilic drugs, such as the clinically approved drug sodium borocaptate 

(BSH) for BNCT, is often limited by their poor cellular permeability [196]. 

Additionally, the suboptimal biodistribution and rapid systemic clearance are the main 

drawbacks which impede the clinical development of small molecules (< 500 Da) like 

BSH [197]. In the case of human glioblastoma, a disrupted and hyper-permeable 

blood–brain barrier (BBB) has been observed [53], the inter-endothelial fenestrations 

in tumours are reported to be up to 300 nm [54]. In this context, boron delivery using 

nanotechnology has emerged as an attractive strategy to pass BBB and achieve 

glioblastoma-selective intracellular accumulation of 
10

B [198]. As reviewed in 

Chapter 1 (Section 1.4), among the nanocarriers currently under investigations, 

liposomes are considered to be one of the most successful nano drug carrier known to 

date [199] because of their high biocompatibility and ability to incorporate various 

substances. Liposome membranes have a strong chemical and structural similarity to 

biological cell membranes and therefore can merge with cell membranes and facilitate 

drug delivery into the interior of the cell [200]. Furthermore, surface coating with 5% 

of polyethylene glycol (PEG) was demonstrated to provide liposomes steric 

stabilization and prolonged circulation time in both research [201,202] and 

commercial liposomal products, such as Doxil
®
 [203]. Thus, encapsulation of BSH in 

the aqueous core of liposomes could enable the intracellular delivery and potentially a 

more favourable pharmacokinetics with prolonged circulation.  

As mentioned in section 1.5.5.1, hydrophilic drugs are usually encapsulated by 

dissolving in the aqueous phase during liposome preparation. The encapsulation 

efficiency (EE) predominately depends on the ratio of the internal volume of the 

liposomal aqueous cavities to the volume of external medium [204]. Low EE in 

liposomes is the major challenge for hydrophilic drugs due to the large volume of 

liposome external medium compared with the volume that is enclosed in the aqueous 

cavity of liposomes. Several liposome preparation methods such as 

microencapsulation vesicle method [125] and thin-film hydration method [120] 
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(reviewed in section 1.5.5) were reported to be suitable for preparation of liposomes 

containing hydrophilic drugs. Furthermore, freeze and thaw treatments are widely 

used in liposome preparation to obtain unilamellar vesicles [205,206] and enhance the 

EE of hydrophilic drugs through promoting the drug molecules diffuse into the 

liposome aqueous core [207]. As reviewed in section 1.5.5.1, applying an annealing 

step at a subzero temperature prior to thawing could potentially enhance the EE and 

avoid multiple freeze-thaw cycles at the mean time [120]. 

Another challenge associated with BSH is that it has been reported to induce the drug 

leakage in phosphatidylcholine based liposomes, as well as obvious liposome 

aggregation and size growth observed through cryo-transmission electron microscopy 

(cryo-TEM) [208,209]. The anionic boron cluster ([B12H12]
2–

) of BSH could interact 

with the zwitterionic head groups (quaternary ammonium group) of 

phosphatidylcholines (Figure 3.1 A) which leads to the rearrangement of lipid bilayer 

of liposome and increase the mobility at the interface. In liposome preparation, we 

hypothesise that using anionic phosphate lipid derivatives, phosphatidylglycerol 

(Figure 3.1 B), instead of phosphatidylcholines could avoid the interaction. This is 

because the ionised BSH with the negative charge is less likely to interact with 

phosphatidylglycerol which has anionic lipid head groups and two hydrophobic fatty 

acyl chains.  



Chapter 3 

65 

 

3.2. CHAPTER AIMS 

The aim of this chapter was to develop PEGylated liposomes of acceptable size and 

stability with high encapsulation efficiency of BSH. The specific aims were to:  

i) Develop PEGylated liposomal formulations with BSH encapsulated in the  

aqueous core; 

ii) Compare microencapsulation vesicle method and thin-film hydration method to 

an effort to prepare PEGylated liposomes with high BSH loading. 

iii) Determine the effect of different freeze-(anneal)-thaw treatments in the 

properties of PEGylated liposomes  prepared by thin-film hydration method; 

iv) Characterise the liposomes prepared by different methods in terms of 

physicochemical and pharmaceutical properties, including size, zeta-potential, 

 

Figure 3.1 Representative molecular structures of three common types of lipids for 

liposome preparation, neutral lipids phosphatidylcholine (DPPC) (A), anionic 

lipids phosphatidylglycerol (DPPG) (B) and cationic lipids 1,2-dioleoyl-3-

trimethylammoniumpropane (DOTAP) (C). The anionic boron cluster ([B12H12]
2–

) 

of BSH could interact with the zwitterionic head groups (circled group) of DPPC 

but not anionic DPPG.   
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EE, drug release, stability; and select an optimal liposome preparation method 

for future study. 

v) Evaluate the interaction between BSH and the lipid membrane of liposomes 

through the drug concentration and vesicle morphology changes induced by 

addition of BSH to liposomes. 

3.3. MATERIALS  

BSH was purchased from Katchem (Czech Republic). Acetonitrile (HPLC grade) and 

methanol were obtained from EMD Millipore Cooperation (Darmstadt, Germany) 

(Massachusetts, USA). Water purified on a Milli-Q system (Millipore, Massachusetts, 

USA) was used. The phosphate lipids, 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (sodium salt) (DSPG), 1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1-

glycerol)] (sodium salt) (DPPG), N-[(3-maleimide-1-oxopropyl)aminopropyl  

polyethyl eneglycolcarbamyl] distearoylphosphatidyl-ethanolamine (DSPE-PEG2000-

MAL) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) were purchased from Avanti 

Polar Lipids, USA. Phosphate-buffered saline tablets, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) and all the other chemicals were purchased 

from Sigma-Aldrich (Auckland, New Zealand) unless stated otherwise. 

3.4. METHODS 

3.4.1. Methods for liposome preparation 

Two methods, the microencapsulation vesicle method and the thin-film hydration 

method were explored to prepare liposomes containing DPPG, cholesterol and DSPE-

PEG2000 in the molar ratio of 6.5: 3: 0.5.  

The composition of 70 % lipids and 30 % cholesterol was selected for BSH 

encapsulated liposomes based on a review of literature and previous studies carried 

out in our research group [210,211], 5% PEGylated lipid was used as it was proved to 

facilitate desirable plasma circulation time and liposome stability (mentioned in 

Section 3.1). In addition, preliminary study comparing DSPG and DPPG as the main 

backbone lipid for liposomes showed a similar drug release profile (data presented in 

Appendix 1). Only DPPG was explored in this study as it has a shorter hydrophobic 
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Figure 3.2 Schematic demonstration of the formation of liposomes using 

microencapsulation vesicle method. BSH aqueous solution dispersed in organic 

solvent containing lipids and formed a w/o emulsion by homogenisation (first 

emulsification). Distribution of the resultant w/o emulsion in an aqueous phase 

generated a w/o/w emulsion (second emulsification) and liposomes formed after the 

removal of organic solvent. The blue area represents aqueous phase and the orange 

area stands for organic phase. 

 

 

carbon tails than DSPG which results in smaller liposome membrane thickness and 

possibly favour the entry of the hydrophilic drug such as BSH [212]. 

3.4.1.1 Microencapsulation vesicle method (MEV)  

With the MEV method, liposomes were prepared using a two-step emulsification 

process followed by removal of organic solvent [124], as illustrated in Figure 3.2. 
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Step I. First emulsification 

The lipid mixture (20 mg in total) was dissolved in 2 ml of chloroform: methanol (3: 1, 

v/v). The aqueous phase, 1 ml of 50 mM BSH dissolved in 100 mM HEPES buffer 

(pH 7.4), was dropped into the organic solvent phase. The mixture was emulsified 

with a homogenizer (Ultra Turrax T18, IKA, Germany) at 7900 rpm for 10 min to 

form a w/o emulsion.  

Step II. Second emulsification 

The resultant emulsion was immediately added into 5 times the volume of HEPES 

buffer (100 mM, pH 7.4) in a round-bottom flask drop by drop. The flask was kept at 

45 ˚C (above the transition temperature of lipids) on an IKAMAG
® 

hot-plate 

magnetic-stirrer device (IKA, Germany) with agitation at 550 rpm to form a w/o/w 

emulsion.  

Step II. Removal of organic solvent 

After a stable w/o/w emulsion was formed, the flask was then placed in a rotary 

evaporator under reduced pressure (R-215, Büchi, Switzerland) at 45 ˚C for 3h to 

completely remove the organic solvent. Thereafter the obtained liposome suspension 

was subjected to extrusion through a 0.2 µm and a 0.1 µm pore sized polycarbonate 

membrane filters (Whatman, UK) using a LIPEXTM Extruder (Northern Lipids Inc, 

Burnaby, Canada) and finally generate uniform-sized liposomes with BSH in the 

aqueous core. 

3.4.1.2 Thin-film hydration method (TFH) 

The lipid thin film was prepared by dissolving the lipid mixture (20 mg/ml) in 

chloroform: methanol (3: 1, v/v) in a round-bottom flask, followed by gentle removal 

of the organic solvent using a rotary evaporator under a vacuum condition (R-215, 

Büchi, Switzerland) at 45 ˚C (above the lipids transition temperature). The resultant 

lipid thin film was dried overnight under a stream of nitrogen to further remove the 

traces of organic solvents. Liposomes were formed after hydrating the lipid thin film 

with 50 mM BSH dissolved in 100 mM HEPES buffer (pH 7.4). Thereafter, resulting 

liposomes were subjected to three different freeze and thaw treatments, namely 7 

cycles of standard freeze-thaw [213], 2 cycles of modified freeze-thaw and 2 cycles of 
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Table 3.1 Experimental design of freeze-(anneal)-thaw treatments for BSH loaded 

liposomes. 

Formulation 

Annealing 

temperature 

(°C) 

Annealing 

time 

(min) 

Thawing 

temperature 

(°C) 

Thawing 

time 

(min) 

Number 

of cycles 

FTS N/A N/A 45 7 7 

FTM N/A N/A 4 120 * 2 

FAT -1.4 36 45 2 2 

* The thawing times were adjusted until samples completely thawed. FTS stands for 

standard freeze-thaw, FTM for modified freeze-thaw and FAT for freeze-anneal-thaw. 

freeze-anneal-thaw [120] (Table 3.1). The obtained liposome suspension was then 

extruded through 0.2 µm followed by 0.1 µm pore sized polycarbonate membrane 

filters (Whatman, UK) for 10 cycles in a 10 ml LIPEXTM Extruder (Northern Lipids 

Inc., Burnaby, Canada) at 45 ˚C. 

Standard freeze-thaw (FTS) 

FTS consisted of freezing in liquid nitrogen at -196 °C for 3 min and thawing in a 45 

˚C water bath for 7 min. Seven cycles of this freeze-thaw method were reported to 

reduce the formation of DSPE-PEG2000 micelles effectively [213]. Hence, 7 cycles of 

FTS was applied to BSH encapsulated liposomes. 

Modified freeze-thaw (FTM) 

FTM, a thawing method modified from the FTS was also investigated. Samples were 

froze in liquid nitrogen at -196 °C for 3 min and maintained at 4 ˚C (below lipid 

transition temperature) till the thawing complete. 

Freeze-anneal-thaw (FAT) 

After froze in liquid nitrogen at -196 °C for 3 min, an extra step annealing at -1.4 ˚C 

for 36 min was applied to liposomes prior to thawing at 45 ˚C. A simple device 

consists of a beaker, a pipe and a thermometer was created for annealing (Figure 3.3). 
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Figure 3.3 Graphic illustration of the device created for annealing procedure. Ice was 

added to a beaker and mixed with sodium chloride (NaCl) to obtain sub-zero 

temperature. Temperature of the system was monitored by placing a thermometer in 

the ice. A discharge pipe was filled with water and released once it was inserted into 

the beaker to create a vacuum condition, thus the water generated by melting ice can 

be eliminated through the pipe. 

Throughout the annealing procedure, the temperature was monitored and kept at sub-

zero by adding sodium chloride to the ice. Water generated by melting ice was 

automatically eliminated driven by gravity through the discharge pipe. Enclosed tubes 

were used in all types of treatments to prevent sample evaporation.  

 

3.4.2. Size and zeta-potential analysis 

Liposome suspensions were diluted with Milli-Q water (1: 20, v/v). The particle size, 

polydispersity index (PDI) and zeta potential of the liposomes were measured using a 

dynamic light scattering (DLS) instrument Zetasizer (Nano ZS ZEN 3600, Malvern 

Instruments Ltd., UK). The measurements were carried out at 25 °C in triplicate. 
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3.4.3. Liposomes stability 

The stability of the BSH loaded liposomes was monitored over 3 months by testing 

the size, PDI, zeta potential and drug leakage. All the samples were stored and kept in 

suspension form at 4 °C, protected from light.  

3.4.4. Encapsulation efficiency and drug loading (DL) 

Prior to the determination of EE and DL of BSH, different methods for BSH 

extraction, including using acetonitrile (ACN) and Triton X-100 as solvents, were 

evaluated to ensure the encapsulated BSH are completely extracted from the matrix.  

3.4.4.1 Methods for BSH extraction from liposomes   

ACN or Triton X-100 was added to liposomes suspension at the volume ratio range 

from 1:1 to 1:9, followed by vortexing for 10 s to ensure proper mixing. The mixture 

was kept at 45 ˚C (above the lipids transition temperature) for 10 min and then 

centrifuged at 3000 rpm for 10 min to separate lipids sediments and extracted BSH. 

As a control, BSH solution underwent the same treatment. The BSH concentrations in 

the supernatant were analysed by HPLC (1260 Series, Agilent Technologies, USA) 

using the validated method (described in Chapter 2). Recoveries of BSH were 

calculated as Equation 3.1. 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑀𝑒 

𝑀𝑎
× 100                                      Equation 3.1 

 

Where Me is the mass of extracted BSH and Ma is the total amount of BSH added. 

3.4.4.2 Determination of encapsulation efficiency and drug loading 

To determine EE and DL of BSH in liposomes prepared by different methods, free 

drugs and liposomes were separated by ultra-centrifugation with a F50L-24 × 1.5 

rotor (Sorvall WX80 ultra series centrifuge, Thermo Scientific Inc.) at 188,272 × g for 

1 h at 4 ˚C. The supernatant was immediately separated from the pellet after 

centrifuge, while the encapsulated BSH was extracted from the pelletised liposomes 

and analysed by the validated HPLC method (described in Chapter 2) in an Agilent 

1260 HPLC machine, all the samples subjected to HPLC was diluted with mobile 

phase. EE and DL were calculated using Equation 3.2 and Equation 3.3, respectively.  
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𝐸𝐸 (%) =
𝑀𝑒

𝑀𝑡
× 100                                                    Equation 3.2 

𝐷𝐿 (%) =
𝑀𝑒

𝑀𝑡 + 𝑀𝑙 
× 100                                            Equation 3.3 

Where Mt is the mass of BSH added for liposome preparation, Me is the mass of 

encapsulated BSH in liposomes and Ml represents the mass of lipids used for 

liposome preparation. Measurements were carried out in triplicate. 

The BSH concentration in the supernatant was also analysed in order to confirm the 

mass balance. 

3.4.5. Drug release profiles 

In vitro drug release studies were carried out in 0.1 M phosphate-buffered saline (PBS, 

pH 7.4) at 37 ˚C and maintained in sink condition. Released drug was separated from 

liposomes based on two different methods, dialysis [214] and centrifugation [215]. 

The BSH concentrations were analysed by HPLC using the validated HPLC method 

described in Chapter 2. 

3.4.5.1 Dialysis method 

Liposome pellets were re-suspended and placed in a cellulose dialysis bag (molecular 

weight cut-off = 14,000 Da), sealed by a clip and immersed in 10 times the volume of 

0.1 M PBS (pH = 7.4) at 37 °C with gentle shaking at 120 rpm. In each time point, 

500 μl of medium and 50 μl of sample in dialysis bag were withdrawn. Each 

formulation was tested in triplicate.  To exclude the possible interaction between BSH 

and the cellulose dialysis membrane, BSH solution was also placed in a dialysis bag 

and maintained under the same conditions.  

3.4.5.2 Centrifugation method 

Alternatively, drug release studies were performed by separating released drug from 

liposomes through centrifugation. The pelletised liposomes were re-suspended in 10 

times the volume of 0.1 M PBS (pH 7.4) and kept at 37 °C in a thermomixer 

(ThermoMixer
®
 C, Eppendorf, Germany) with shaking at 120 rpm. Samples taken at 

different time intervals (0, 1, 3, 5, 8, 12 and 24 h) by ultra-centrifugation with a F50L-

24 × 1.5 rotor (Sorvall WX80 ultra series centrifuge, Thermo Scientific Inc.) at 

188,272 × g for 1 h at 4 ˚C. The amount of drug released at 4 ˚C during the 
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centrifugation was found to be negligible. All the samples were placed in enclosed 

eppendorf tubes sealed by parafilm to avoid evaporation. The amount of drug released 

from liposomes at different time intervals was calculated by subtracting the amount of 

remaining entrapped drug from the original amount of encapsulated drug at 0 h. The 

measurements were carried out in triplicate. Cumulative drug release profiles were 

plotted against time. Encapsulated BSH was extracted from liposomes and measured 

after 24 h to confirm the mass balance of BSH. 

3.4.6. Interactions of BSH with the lipid membrane of liposomes 

In general, the interaction of the drug molecules with the lipid membrane is strongly 

dependent on the phospholipid head groups and the concentrations of the drug [216]. 

Monitoring drug concentration [217] and vesicle morphology change [209,218] are 

frequently used methods to investigate the interaction of drug with lipid membranes. 

In this study, in order to evaluate the interactions of BSH with selected main 

backbone phosphate lipids DPPG, liposomes were prepared with the presence of 

difference concentration of BSH to test if there was BSH consumption or liposome 

morphology alteration. 

3.4.6.1 HPLC analysis of BSH concentration change 

The concentrations of BSH with or without incubation with liposomes were analysed 

by using the validated HPLC method (Chapter 2). Briefly, blank liposomes prepared 

by THF method were mixed with equal volume of BSH solution at two concentration 

level, 10 mM and 50 mM (same concentration used for BSH encapsulated liposome 

preparation), and incubated at 45 ˚C for 45 min. BSH solutions at the same 

concentrations were kept in the same condition as a reference (%). The liposome 

suspension and BSH solutions were then centrifuged at 188,272 × g (Sorvall WX80 

ultra series centrifuge, Thermo Scientific Inc.) for 1 h at 4 ˚C and BSH concentration 

in the supernatant was analysed by HPLC.  

3.4.6.2 Liposome morphology 

The morphology of BSH loaded liposomes and blank liposomes were also compared 

using cryo-TEM to evaluate the changes induced by the addition of BSH. Liposomes 

were prepared using the standard TFH method as described in 3.4.1.2. The liposomes 

were diluted ten times with isotonic PBS buffer (0.1 M, pH 7.4) and transferred onto a 
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copper grid coated with a perforated polymer film and vitrified by submersion in 

liquid nitrogen and into a Tecnai 12 transmission electron microscope (Philips 

Electron Optics, Holland). Samples were exposed to electrons and photographed at an 

accelerating voltage of 120 kV.  

3.4.7. Statistical analysis 

Results were mainly expressed as mean ± standard deviation. Data were analysed by 

one-way ANOVA (Analysis of Variance) with Tukey’s multiple comparisons test 

using GraphPad Prism 7 and the p value of significance was set at 0.05. 

3.5. RESULTS 

3.5.1. Size and zeta-potential  

3.5.1.1 Liposomes prepared by MEV method  

Liposomes were obtained after the “two-step” emulsification with the average size of 

approximately 3000 nm (PDI > 0.3). The PDI dropped to 0.09 after 3 cycles of 

extrusion though a 200 nm filter, with the average size at 158 nm. Increasing the 

cycles of extrusion to 10 further reduced the size of liposomes to 133.2 ± 0.7 nm (PDI 

0.08 ± 0.01). Additional extrusion through a filter with small pore size (100 nm) 

effectively downsized the liposomes, resulted in liposomes with the size of 102.1 ± 

0.9 nm after 10 cycles while PDI remained at the level of 0.09 ± 0.01 (Figure 3.4).  

The zeta-potential of liposomes remained stable with an average value of -37.2 mV 

throughout the extrusion cycles. 
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Figure 3.4 Size and size distribution of the liposomes subjected to different cycles of 

extrusion with 200 nm and 100 nm filters. 0 means the size of samples were 

measured immediately after “two-step” emulsification without any extrusion cycle.  

 

Table 3.2  The effect of freeze-thaw treatments on the liposomes properties. Values 

are expressed as means ± SD from 3 experiments. 

Method of 

preparation  
Size (nm) PDI 

Zeta-

potential 

(mV) 

EE 

(%) 

DL 

(w/w, %) 

FTS 123.9 ± 1.2  0.10 ± 0.02 -37.6 ± 2.3 5.8 ± 1.3 2.0 ± 0.5 

FTM 131.1 ± 0.6 0.05 ± 0.01 -35.2 ± 0.5 5.7 ± 1.9 2.0 ± 0.7 

FAT 125.7 ± 0.6  0.06 ± 0.01 -34.0 ± 1.9 4.7 ± 1.6 1.6 ± 0.7 

* PDI: polydispersity index. FTS: standard freeze-thaw, FTM: freeze-thaw and FAT: 

freeze-anneal-thaw. 

 

 

 

3.5.1.2 Liposomes prepared by TFH methods 

Liposomes prepared by TFH method with 7 FTS cycles showed a uniformed size at 

124.5 ± 1.2 nm (PDI, 0.1 ± 0.02) and zeta-potential at -37.6 ± 2.3 mV. In comparison, 

liposomes thawed at 4 ˚C (FTM) showed slightly larger size and liposomes treated 

either by FTM or FAT were more uniform with PDI being significantly lower (p < 

0.001) (Table 3.2).  
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Table 3.3 Stability of BSH encapsulated liposomes stored in suspension form in the 

dark at 4 °C over 3 months (mean ± SD, n = 3).  

Preparation 

method 

Time 

(month) 
Size (nm) PDI 

Zeta     

potential 

(mv) 

BSH remain 

entrapped 

(%) 

MEV 

0 102.1 ± 0.9 0.09 ± 0.01 -37.2 ± 1.5 100.0 ± 1.6 

1 100.5 ± 1.1 0.08 ± 0.01 -35.4 ± 1.3 95.6 ± 4.6 

2 100.4 ± 0.5 0.09 ± 0.02 -35.8 ± 3.5 92.7 ± 4.3 

3 101.6 ± 1.3 0.09 ± 0.01 -34.8 ± 2.3 76.7 ± 8.7 

TFH 

FTS 

0 123.9 ± 1.2 0.10 ± 0.02 -37.6 ± 2.3 100.0 ± 0.5 

1 122.9 ± 1.0 0.10 ± 0.02 -38.7 ± 1.4 95.4 ± 6.2 

2 122.9 ± 1.6 0.10 ± 0.03 -38.9 ± 2.7 93.9 ± 1.7  

3 121.4 ± 1.3 0.13 ± 0.02 -32.6 ± 0.2* 80.6 ± 5.8 

FTM 

0 131.0 ± 0.6 0.05 ± 0.01 -35.2 ± 0.5 100.1 ± 5.1 

1 130.6 ± 1.0 0.05 ± 0.01 -33.3 ± 1.1 104.1 ± 6.2 

2 130.4 ± 1.4 0.06 ± 0.02 -32.3 ± 0.5 97.1 ± 4.0 

3 129.9 ± 0.7 0.06 ± 0.01 -33.8 ± 1.1 82.3 ± 1.8 

FAT 

0 125.7 ± 0.6 0.06 ± 0.01 -34.0 ± 1.9 100.0 ± 0.5 

1 125.7 ± 0.8  0.06 ± 0.01 -33.2 ± 1.1 108.7 ± 7.2 

2 126.1 ± 0.3 0.05 ± 0.02 -32.2 ± 0.3 96.1 ± 1.2 

3 126.3 ± 0.9 0.04 ± 0.01 -33.4 ± 1.0 79.2 ± 3.7 

* P < 0.05 compared with freshly prepared liposomes. MEV represents microencapsulation 

vesicle method and TFH for thin-film hydration method. FTS: standard freeze-thaw; FTM:  

modified freeze-thaw; FAT: freeze-anneal-thaw. PDI: polydispersity index. 

 

3.5.2. Stability of BSH encapsulated liposomes prepared by different methods  

The particle size and PDI of liposomes prepared by MEV and TFH methods remained 

unchanged for at least 3 months. Zeta potential of liposomes was stable for at least 3 

months except those prepared by TFH method with standard freeze-thaw cycles which 

slightly increased after 2 months. BSH remained entrapped in liposomes in the first 2 

months with negligible leakage (Table 3.3). 
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Table 3.4 Recoveries of BSH when liposomes were lysed by different solvents at 45 

˚C for 10 min. BSH concentrations were determined using the validated HPLC 

method. 

Solvent 
Volume ratio 

(solvent/sample) 

Recovery from 

BSH solution (%) 

Recovery from BSH 

loaded liposomes (%) 

Triton X-100 1:1 26.0 71.1 

ACN 1:1 95.1 91.0 

ACN 1:4 102.1 96.5 

ACN 1:9 94.0 101.1 

*ACN: acetonitrile 

3.5.3. EE and DL 

3.5.3.1 Method validation for BSH extraction from liposomes   

As shown in Table 3.4, Triton X-100 reacted with BSH during incubation as 26% of 

BSH was found in the control BSH solution after the treatment. In contrast, ACN did 

not show any interaction with BSH with recoveries from BSH solution being within 

the accuracy range (mentioned in Chapter 2). Both 4 times and 9 times the volume of 

ACN demonstrated efficient extraction of BSH from liposomes, however the addition 

of a large volume of ACN increased the dilution factor which could be challenging for 

HPLC analysis of samples with low BSH concentrations. Taken together, incubation 

with 4 times the volume of ACN was applied for lysing liposomes in the following 

experiments. 

 

3.5.3.2 Liposomes prepared by MEV method 

The EE and DL was 2.5 ± 0.2% and 0.9 ± 0.02%, respectively. The preparation 

method was modified by decreasing the stirring speed or homogenisation time during 

emulsification and increasing the evaporation time from 3 h to 12 h. None of these 

factors had a significant effect on the EE and DL of BSH in liposomes. 
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3.5.3.3 Liposomes prepared by THF method 

As shown in Table 3.2, liposomes prepared by THF with 7 cycles of FTS treatment 

had an EE of BSH at 5.8 ± 1.3% with a DL of 2.0 ± 0.5%. In comparison, two cycles 

of FTM or FAT treatments illustrated the same level of EE and DL of BSH in 

liposomes. 

After centrifugation at 188,272 × g for 1 h, the mass balance was confirmed between 

the amount of BSH in the supernatant and the amount of BSH extracted from the 

liposome pellet. 

3.5.4. The effect of preparation methods on drug release profiles 

3.5.4.1 Dialysis method validation 

In the control group where BSH solution was placed inside the dialysis tubing, an 

average of 5.9% BSH was detected in the medium outside of the dialysis tubing after 

1 h and slightly increased to 8.8% after 21 h. It is possible that BSH interacted with 

the cellulose membrane of the dialysis tubing and was trapped in the dialysis tubing. 

Therefore released BSH was separated from liposomes by centrifugation method in 

the following experiments. 

3.5.4.2 Drug release profiles determined by centrifugation method 

As stated in Section 3.4.4.2, mass balance between the amount of BSH in the 

supernatant and liposome pellet was found after ultra-centrifugation at 188,272 × g 

for 1 h, indicating that free BSH was able to be separated from the liposomes by the 

centrifugation method.  

As seen in Figure 3.5, liposomes resulting from MEV method showed a rapid burst 

release with 91% of BSH release within 3 h. In contrast, BSH release profile from 

liposomes prepared by TFH method, including FTS, FTM and FAT, exhibited a 

similar biphasic release pattern, an initial burst release followed by sustained release. 

A rapid initial release of approximately 50% of BSH was observed within 1 h in all 

the formulations, whereas the release rate varies in the subsequent sustained phase and 

reached above 90% at 24 h.  
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Figure 3.5 Comparison of BSH release profiles from liposomes prepared by different 

methods. Liposomes were kept in PBS (0.1 M, pH 7.4) at 37 ˚C in all cases. Data 

were presented as mean ± SD, n=3. MEV represents microencapsulation vesicle 

method and TFH for thin-film hydration method. FTS stands for standard freeze-thaw, 

FTM for modified freeze-thaw and FAT for freeze-anneal-thaw.  

 

3.5.5. Interactions of BSH with the lipid membrane of liposomes 

Both HPLC and cryo-TEM results indicate that the interaction between BSH and the 

lipid membrane were negligible. 

3.5.5.1 BSH concentration change analysed by HPLC 

In comparison with the reference BSH solution, 97% and 95% of BSH in average 

were found in the supernatant in the two investigated concentrations, 10 mM and 2.5 

M, after incubation with liposomes. The BSH concentrations were within the accuracy 

range of the HPLC method validation indicating there was no obvious interactions 

between BSH and liposome lipid membrane during the incubation. The slight 

reduction was possibly due to the distribution of BSH from solution the liposomes 

cores.  
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Figure 3.6 Cryo-TEM micrographs of blank DPPG based liposomes and BSH 

encapsulated liposomes. Scale bars represent 100 nm. 

 

3.5.5.2 Liposome morphology 

The shape or lamellar and surface morphology of DPPG based blank liposomes and 

BSH encapsulated liposomes were viewed by cryo-TEM. Figure 3.6 shows that the 

BSH encapsulation did not induce liposome aggregation or structural change. Both 

blank and BSH encapsulated liposomes exhibited a similar morphology, spherical in 

shape, mostly unilamellar, only a few multilamellar. The size estimated based on 

cryo-TEM is consistent with the size measured in the Zetasizer (results presented in 

section Table 3.2).  

3.6. DISCUSSION 

In this chapter, two different methods, MEV and TFH methods were explored to 

develop stable PEGylated liposomal systems as carriers with aim to develop a high 

EE of BSH. As stated in Section 3.4, the liposomes investigated in this study 

containing DPPG, cholesterol and DSPE-PEG2000 in the molar ratio of 6.5: 3: 0.5. 

This lipid composition was selected as it can potentially provide liposome with 

acceptable size, high EE and stability according to published research and our 

preliminary data. 

In preclinical research, rational and adequate characterisation of the developed 

delivery systems are essential in order to predict their behaviour in biological 

environment and obtain reliable data with translational output [219,220]. The 

PEGylated liposomes prepared by different methods were compared in terms of their 
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particle size, zeta-potential, stability, EE, DL and drug release behaviours. The drug-

lipids interactions were also investigated to evaluate the suitability of lipids 

components used in the liposomal formulations. 

3.6.1. Liposome size and size distribution 

Analysing the average size and size distribution of liposomes are vital especially for 

liposomes developed for BNCT as they will be used via parenteral route. DLS 

techniques are commonly used in determine the size of nanoparticles. A DLS 

instrument consists of a laser light source and several detectors in different angles 

[221]. The detectors can record the random changes in the intensity of light scattered 

from a suspension caused by the Brownian motion of liposomes  [222]. Analysis of 

these intensity fluctuations yields the velocity of the Brownian motion and hence the 

particle size using the Stokes-Einstein relationship [222]. Besides, the size distribution 

is often indicated by the value of PDI which is a measure of the molecular weight 

distributions in a given polymer sample. Large PDI value (i.e. 1) indicates sample has 

large size distribution which could potentially lead to particle aggregation and 

sedimentation of the large particles [223]. 

In this study, to enable the glioblastoma-selective accumulation, the size of liposomes 

was controlled within the range of 100 to 130 nm with PDI less than 0.1 by using 

techniques such as extrusion and homogenisation. In MEV method, a homogenisation 

process was applied for emulsification in Step I to reduce the emulsion droplet size. 

Homogenisation is a frequently used technique to downsize liposomes by the input of 

external energy to reduce the interfacial tension; this is particularly  suitable in the 

large-scale production [224]. However, as presented in Figure 3.4, liposome size 

cannot be controlled at desirable level with homogenisation process alone. Increasing 

the speed or cycle of homogenisation will subsequently raise the input energy to 

liposome suspension and possibly lead to particle coalescence [225–227]. Eventually 

liposome suspension was subjected to extrusion to reduce the size of large liposomes 

but the smaller ones remained unchanged. Therefore, liposomes prepared by MEV 

method were in average smaller than those prepared by TFH method.  

3.6.2. Zeta-potential and stability 

The surface charge of nanoparticles is usually assessed by measurement of zeta-

potential which reflects the charge potential at the interface between particles and the 
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dispersant, also known as the slipping plane [228] (Figure 3.7). Zeta-potential is an 

indicator for the stability of nanoparticles though the effect on the electrostatic 

repulsive forces [229]. Particles have a zeta-potential value within the range of 0-10 

mV are considered to be highly unstable, whilst particles with zeta-potential value 

larger than 30 mV, either positive or negative, tend to repel each other hence avoid the 

aggregation and are considered to be highly stable [230]. In this study, the liposomes 

prepared by both MEV and THF methods exhibited a zeta-potential < -30 mV 

indicates their high stability which support the fact that no aggregation between 

liposomes even after 3 months storage at 4 ˚C, either as pellets or suspensions. 

Furthermore, compared with cationic liposomes, negatively charged liposomes have 

less tendency to be cleared by the RES during blood circulation [231,232], increasing 

the tumour targeting ability.  

 

Figure 3.7 Illustration of particle surface charge and zeta-potential using the electric 

double layer theory. Immediately on top of the particle surface there is an adhered 

layer made up of ions with the opposite charge to liposome surface charge, i.e. 

positive ions in this case. These ions attract ions of opposite charge and form the 

slipping pane on the particle-dispersant interface. Zeta-potential is the potential at 

this slipping plane. 
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3.6.3. EE and DL  

Generally active drug loading by transmembrane chemical gradient, such as pH 

[114,213], into liposomes is more efficient than passive loading, i.e. loading drug 

during liposomes preparation. Amphipathic drugs with a minimum pKa value of 4.6 

are suitable for active drug loading [211]. Due to the ionisable nature, active or 

remote loading methods are not applicable for BSH encapsulation in liposomes hence 

passive loading was used with two different encapsulation methods, THF and MEV. 

To predict the EE of hydrophilic drugs loaded in unilamellar liposomes by passive 

loading, Xu et al. developed a mathematical model by estimation of the ratio of the 

volume of liposome internal aqueous compartment (Vi) and external aqueous medium 

(Ve), Vi was calculated from liposome size as well as size distribution, lipid 

concentration, lipid molecular surface area, and bilayer thickness [233]. By using this 

model, the theoretical maximum EE of the liposomes investigated in this study is 

approximately 6%. 

BSH was encapsulated in the aqueous core of liposomes; theoretically the EE can be 

calculated through the ratio of the internal volume and total sample volume and the 

liposome internal volume is directly correlated to liposome particle size. Liposomes 

with smaller size have much lower enclosed volume (∼r
3
), thus are unable to 

encapsulate more hydrophilic drugs inside aqueous core, which represent a lower EE. 

This can explain that liposome prepared by MEV method showed the lowest EE and 

DL.  

In comparison, liposomes prepared by TFH all showed a uniform size around 125 nm 

(liposomes thawed at 4 ˚C has slightly bigger size at 130 nm) regardless the treatment 

of freeze-thaw cycles and EE close to the theoretical maximum. The annealing or 

thawing at low temperature process was not able to increase EE in this case as it 

already reached the maximum. Nonetheless, the superiority of the modified freeze-

thaw treatments (FTM and FAT) was still exhibited with 2 cycles resulted in the same 

EE as 7 cycles of FTS and more uniform liposomes (PDI values reduced) than FTS. 

However, compared with FTS, the processes of FTM and FAT are more time-

consuming and complicated in the experimental set-up. Previous study by the same 

group [213] found that a high concentration of PEGylated lipid (up to 10% in molar 

ratio) could lead to the formation of micelles. After freeze and thaw treatment, the 
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DSPE-PEG2000 could be absorbed in the lipid bilayer thus increase the liposomes 

number, and reduce the PDI. In this study, only 5% of PEG was incorporated in 

liposome bilayers and no micelles were observed under TEM.  

Taking into account all the above variables, TFH with 7 cycles of FTS was the 

optimal method which consists of simple process and provided the highest EE and DL. 

3.6.4. Drug release profiles 

In this study, PEGylation was applied to provide liposomes the potential of prolonged 

circulation and resulting liposomes have the size within the recommended range (100-

200 nm) for exploiting the enhanced penetration and retention (EPR) effect [234]. 

Within the context, there is a clear need to keep the drug encapsulated during the time 

it takes to achieve appreciable tumour accumulation of the liposomes. Premature drug 

release which is a common problem in liposomal formulations, could lead to 

increased clearance of the liposomal drug from the circulation [235,236]. Studying on 

the in vitro drug release profiles of formulations is essential for providing insight into 

their in vivo performance [237].  

Currently, there is no standardised method for testing the in vitro drug release 

behaviours of injectable particulate formulations [237,238]. Therefore, it is necessary 

to investigate different methods for testing in vitro drug release of the developed 

liposomal formulations and find the ideal method that could establish the in vitro-in 

vivo correlation for the investigated formulations. Two widely applied methods were 

investigated in this study to separate the released drug from liposomes including 

dialysis and centrifugation. Both of the two methods have the simplicity and 

practicability in sample withdrawal and maintaining sink condition, however the 

dialysis technique cannot be used if the drug binds to dialysis membrane [238]. In this 

study, binding between BSH and dialysis bag was demonstrated, therefore the drug 

release profiles of BSH containing liposomes were investigated through centrifugation 

method. 

The release of hydrophilic drug BSH from liposomes occurs by passive diffusion 

according to the concentration gradient, and to a large extent depends on the 

permeability of the lipid membrane. Liposomes membranes which contain 

phospholipids with longer fatty acyl chain length has been found to be less permeable 
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since the length of fatty acyl chain correlates to the phase transition temperature [239]. 

The main lipid component used for liposome preparation in this study, phosphate lipid 

DPPG has a phase transition temperature at 41 ˚C [240]. At or close to the phase 

transition temperature, DPPG undergoes a phase transition between a low temperature 

gel phase and a higher temperature liquid crystalline phase which markedly increase 

permeability of the bilayer [239,241]. This could lead to an initial burst release of 

drugs at or near the liposome surface at 37 ˚C which is typical for drug release from 

microparticles [238]. Furthermore, as vesicle size decreases, the membrane curvature 

increases and therefore generates packing defects that will allow hydrophilic drug 

molecules to leak out in a rapid pattern. Therefore, more rapid drug release was 

observed in the smaller liposomes (prepared by MEV) than larger liposomes 

(prepared by TFH).   

3.6.5. Interaction between BSH and the lipid membrane 

The bonding of charged drug molecules to the lipid bilayer of liposomes could 

potentially cause liposome destabilisation due to the charge neutralisation of the lipid 

head, and subsequently drug leakage, especially in the case of BSH which is fully 

ionised in aqueous solution [208,209]. Investigation of the drug-lipid membrane 

interaction membrane is essential for successful formulation development and also 

provides information for understanding the liposome stability. In order to avoid 

interaction between BSH and the lipid membrane, the anionic phosphate lipid, DPPG 

was selected as the main component for liposomes used to encapsulate BSH of the 

same charge. Unlike the reported study where aggregated and flattened liposomes 

were observed at 4 ˚C in the presence of BSH [209], no aggregation or structural 

change was found in cryo-TEM images of freshly prepared liposomes containing BSH. 

Furthermore, after 3 months’ storage at 4 ˚C, the size and size distribution of BSH 

encapsulated liposome were found to be stable, indicating that no particle aggregation 

occurred. The results confirmed that DPPG was a compatible lipid in the liposomal 

formulation for BSH. 

3.7. CONCLUSION 

A PEGylated liposomal system based on 65% of DPPG, 30% of cholesterol and 5% 

of DSPE-PEG2000 (molar ratio) with desirable size and stability was successfully 

developed for BSH delivery. By TFH methods, BSH was encapsulated into liposome 
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through passive loading with the EE reached the theoretical maximum. Further 

improvement of EE could be achieved by increasing the ratio of lipids to volume of 

BSH solution whereas higher drug loading/content can be achieved by increase the 

concentration of BSH solution for loading.  

Liposomes prepared by MEV method based on a “two-step emulsification” process 

exhibited uniform size and good storage stability, while the EE and release profile of 

BSH were not ideal. In contrast, liposomes prepared by TFH method with different 

freeze-thaw treatments, FTS, FTM and FAT, were able to achieve theoretical 

maximum EE of BSH and good stability. Considering the complexity and duration of 

preparation process in combination with the liposome characterisation results, TFH 

method with 7 FTS cycles was proved to be the optimal preparation method for BSH 

encapsulated liposome.  

Chemical interaction between BSH and the lipid membrane of liposomes was 

demonstrated to be negligible with no obvious change in liposome morphology or 

concentration of free BSH. Therefore, it is convinced that the selected lipids DPPG, 

cholesterol and DSPE-PEG2000 are suitable for BSH encapsulated liposome 

preparation in the molar ratio of 6.5: 3: 0.5 and will be continuously used in this 

project.  

In conclusion, PEGylated liposomes consist of DPPG, cholesterol and DSPE-PEG2000 

were demonstrated as a desirable carrier for BSH delivery and its optimal preparation 

method determined in this chapter, TFH method with 7 FTS cycles, will be further 

used for development of peptide-assisted actively targeting liposomes in the next 

chapters. 
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CHAPTER 4. CELL-PENETRATING PEPTIDE MODIFIED 

LIPOSOMES FOR INTRACELLULAR DELIVERY OF BSH  

4.1. INTRODUCTION 

In Chapter 3, PEGylated liposomes were developed for sodium borocaptate (BSH) 

delivery and proved to be a suitable carrier with desirable stability and high 

encapsulation efficiency of BSH. In general, due to its hydrophilic nature, the 

polyethylene glycol (PEG) coating hinders liposomes interacting with target cell 

membranes and therefore hampers the intracellular delivery of their cargo after 

localising in the pathological site [242].  

One of the emerging strategies in the realisation the therapeutic response of 

liposomes is through application of cell-penetrating peptides (CPPs) (reviewed in 

Section 1.6.1). By attaching to the liposomal surface, CPPs are capable of 

promoting the efficient cellular internalisation of liposomes and thus achieving 

intracellular delivery of the encapsulated drugs. Xentry, a 7 amino acid residue 

peptide (sequence: LCLRPVG) (Figure 1.8), is a novel CPP which selectively 

penetrates adherent cells via syndecan-4-mediated pathway [142]. Intravenous 

injection of Xentry alone or conjugated to β-galactosidase led to its intracellular 

location in most tissues in mice [142], demonstrating its potential for intracellular 

drug delivery. Therefore, in this chapter Xentry modified liposomes were 

hypothesised to enhance intracellular delivery of BSH into glioblastoma (GBM) 

cells (Figure 4.1).  
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Several sites in Xentry are amenable to conjugation with liposomes, such as N-

terminus and the side chain of cysteine. The most favourable conjugation site 

need to be identified as the conjugation frequently leading to loss of peptide 

binding affinity with the cell membrane [243]. The cysteine in Xentry provides a 

highly specific conjugation site by reacting with maleimide through thiol-

maleimide coupling thus peptides coupled using this chemistry will have a 

predictable orientation [244]. However, since the tetrapeptide leucine-cysteine-

leucine of Xentry was concluded as the essential core that confers cell-penetrating 

ability [245], it is possible that the cysteine residue in Xentry plays a key role in 

cell-penetration.  

Although clathrin was found to be involved in Xentry endocytosis [142], the 

specific internalisation mechanism of Xentry is yet to be clearly demonstrated. In 

addition, as discussed in Section 1.6.1 the endocytosis pathway of CPP could 

possibly change with the addition of cargo. The thiol groups in cell-penetrating 

peptides have been reported to bind with the thiols on the cell surface, resulting in 

the CPP becoming either trapped in the plasma membrane or internalised in to the 

cell [110]. Hence, it was hypothesised in this chapter that the thiol in the cysteine 

of Xentry can form disulfide bonds with the thiols on cell surface and lead to 

liposome cellular uptake.  

 

Figure 4.1 Graphic illustration of hypothesised Xentry modified liposomal 

delivery system for BSH. Xentry was grafted on the surface of PEGylated 

liposomes and BSH was encapsulated in the aqueous core of the liposomes. 
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4.2. CHAPTER AIMS 

The overall aim of this chapter was to develop a stable Xentry modified liposomal 

system with desirable size to enhance intracellular delivery of BSH to GBM cells. 

Efforts were also made to determine the favourable site for Xentry conjugation 

with liposomes, and to compare their cellular uptake mechanisms. PEGylated 

liposomes were prepared using the optimal method determined in Chapter 3; the 

specific objectives were to: 

i) Develop methods for chemical conjugation of Xentry with liposome surface 

as illustrated in Figure 4.2: Xentry was conjugated to the liposome either 

through the side chain of cysteine (XS-LP) or N-terminus (XN-LP) ; 

ii) Characterise the Xentry modified liposomes for size, zeta potential, drug 

loading, entrapment efficiency, release properties, storage stability and 

biocompatibility; 

iii) Determine the favourable sites for Xentry conjugation to liposomes by 

comparing the cell-penetrating properties of XS-LP and XN-LP in human 

glioblastoma cell line U87;  

iv) Investigate the mechanism of liposomes endocytosis with the aid of 

chlorpromazine an inhibitor for clathrin-mediated endocytosis, and 

dithiothreitol a reductive reagent to suppress the thiol-mediated pathway. 
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Figure 4.2 Schematic demonstration of two strategies to conjugate Xentry with 

liposomes.  Green: Xentry linked to PEGylated liposomes through the side chain 

of cysteine (XS-LP). Red: Xentry conjugated to PEGylated liposomes via the N-

terminus, glycine or leucine (XN-LP). 

 

 

4.3. MATERIALS  

All Fmoc-protected amino acids, Fmoc-Rink amide linker and coupling reagents 

were obtained from GL Biochem (Shanghai, China). TentaGel
® 

S-NH2 resin (90 

µm) was purchased from Peptides International (Louisville, USA). 

Dimethylformamide (DMF), N,N-diisopropylethylamine (DIPEA), trifluoroacetic 

acid (TFA), triisopropylsilane (TIS), piperidine, diethyl ether, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC), dithiothreitol and 

chlorpromazine were obtained from Sigma Aldrich. Milli-Q water was prepared 

using a water purification system (Millipore Corp., Bedford, USA). BSH was 

purchased from Katchem Limited (Czech Republic). N-[(3-maleimide-1-
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oxopropyl)aminopropyl  polyethyl eneglycolcarbamyl] distearoylphosphatidyl-

ethanolamine (DSPE-PEG2000-MAL) was obtained from Yushi-Seihin Co.Ltd 

(Singapore). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[carboxy(polyethylene glycol)-2000] (sodium salt) (DSPE-PEG2000-COOH) was 

purchased from Avanti Polar Lipids, USA. Other phospholipids were same as 

described in Chapter 3. Fluorescent dyes were purchased from Life Technologies 

New Zealand Ltd. Phosphate-buffered saline tablets, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 4',5'-bis[N,N-

bis(carboxymethyl)aminomethyl] fluorescein (calcein) and 2-(4-amidinophenyl)-

6-indolecarbamidine dihydrochloride (DAPI) were obtained from Sigma-Aldrich 

(Auckland, New Zealand). All the other materials used for this study were of 

analytical grade.  

For haemolysis study, fresh blood from CD1 mice was obtained from Vernon 

Jensen Unit in University of Auckland.  

4.4. METHODS 

4.4.1. Synthesis and characterisation of Xentry  

To avoid spontaneous polymerisation of Xentry during conjugation with 

liposomes, peptide amides were synthesised using an Fmoc-Rink amide linker. 

Xentry amides were synthesised by an Fmoc solid-phase peptide synthesis method 

(Figure 4.3) modified from the method described in Section 2.4.1.1 using custom-

made glass reaction vessels with a fritted filter and plastic valve. 

4.4.1.1 Synthesis of Xentry 

Peptides were assembled at 0.2 mmol scale on TentaGel S-NH2 resin conjugated 

to Fmoc-Rink amide linker. More specifically, amino acid (4 eq.) couplings were 

carried out in DMF solution HCTU (3.8 eq.) as coupling reagents and DIPEA as 

the base (10 eq.). Side chain protecting groups were 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for arginine and 

triphenylmethane (Trt) for cysteine. The final assembled peptides were cleaved 

from the resin, at room temperature, using 10 mL of the TFA cocktail mixture 
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Figure 4.3 Scheme illustrating the process of Xentry synthesis using solid-phase 

peptide synthesis method. Fmoc-protected amino acids were used. 

 

(TFA/TIS/H2O-95:2.5:2.5 v/v) per gram of the resin. The cleavage mixture was 

concentrated under reduced pressure, followed by precipitation with cold diethyl 

ether and centrifugation to remove the aqueous solution. The resulting white solid 

was dissolved in water and acetonitrile and freeze-dried to give the crude peptides 

as white fluffy solids.  
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4.4.1.2 Purification of Xentry 

The crude peptides were purified to homogeneity by reversed-phase high-pressure 

liquid chromatography (RP-HPLC) with a GE Pharmacia ÄKTA purifier 10 

system on a Phenomenex Luna 5 µm C18 100 Å column (250 mm × 10 mm, 

Phenomenex, New Zealand) using the same method as described in Section 

2.4.1.2.  

4.4.1.3 Characterisation of Xentry 

After purification, the purified peptides were analysed on an Agilent 1260 HPLC 

machine (Agilent Technologies, New Zealand) with a Gemini 5 µm C18 column 

(100 Å, 250 mm × 4.6 mm, Phenomenex, New Zealand) using a method modified 

from Section 2.4.1.2. Briefly, a linear gradient of eluents A and B from 10% to 70% 

of B over 35 min was used where A and B were 0.1% TFA-water and 99% 

acetonitrile, 0.9% water, and 0.1% TFA.  

The identification of final product Xentry was performed on a matrix assisted 

laser desorption ionization-time of flight mass spectrometer (MALDI-TOF MS, 

UltrafleXtreme, Bruker, USA) using acetonitrile: water = 2:1 with 0.1% TFA as 

the matrix solution, supplied with 6.7 mg/ml of α-cyano-4-hydoxycinnamic acid. 

Additionally, high resolution electrospray ionisation mass spectrometry 

(HRESIMS, MicroTOF-Q II, Bruker, USA) was also used to confirm the 

formation of Xentry. 

4.4.2. Development of XS-LP 

XS-LP was developed by conjugating the thiol in the cysteine of Xentry to the 

maleimide in the distal end of DSPE-PEG2000-MAL (Figure 4.2) through a thiol-

maleimide coupling reaction. In order to achieve the maximum attachment 

efficiency, two different strategies; pre-insertion into liposome bilayers and post-

coating on liposome surface, were investigated to conjugate Xentry to liposomes 

at the density of 0.04%. 
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4.4.2.1 Pre-insertion into liposome bilayers 

DSPE-PEG2000-MAL and Xentry peptides were dissolved in HEPES buffer (0.1 

M, pH 7.4), respectively. DSPE-PEG2000-MAL solution was mixed with an equal 

volume of Xentry peptide solution at the molar ratio of 1:1. The mixture was kept 

at 25 °C for 24 h with gentle shaking. Nitrogen was inserted during the incubation 

to avoid oxidisation. A Xentry standard solution with the same concentration 

(undefined, but calculated from the materials of synthesis) was kept under the 

same conditions as a reference. The synthesised product DSPE-PEG2000-MAL-

Xentry was then freeze-dried and pink fluffy solids were obtained. Thereafter the 

resulting products were dissolved in chloroform and filtered through cellulose 

membrane with the pore size of 0.2 μm (Corning Inc., USA) to remove the water-

soluble salts. The final product was identified by proton nuclear magnetic 

resonance (
1
H-NMR) (Bruker Avance AVIII 400 MHz Spectrometers,  Billerica, 

USA).  

The conjugate, DSPE-PEG2000-MAL-Xentry, was then incorporated into the lipid 

bilayer at the conjugate/lipids molar ratio of 0.04%. XS-LPs were prepared based 

on the optimal lipid composition and method determined in Chapter 3.  

4.4.2.2 Post-coating on liposome surface 

With this method, Xentry was directly coupled to pre-formed liposomes with 

DSPE-PEG2000-MAL in the lipid membrane. Initially, liposomes containing 0.04% 

of DSPE-PEG2000-MAL (molar ratio) were obtained by thin-film hydration 

method (described in Chapter 3) and suspended in HEPES buffer (0.1 M, pH 7.4). 

Xentry dissolved in HEPES buffer (0.1 M, pH 7.4) was then added to the 

liposome suspension (maleimide:thiol = 1:1, molar ratio) and kept at 25 °C for 24 

h with gentle shaking. Nitrogen was inserted during incubation to avoid 

oxidisation. A Xentry standard solution kept at the same conditions was used as a 

reference (%) for analysis.  

The residual unconjugated Xentry was separated from liposomes by ultra-

centrifugation with a F50L-24 × 1.5 rotor (Sorvall WX80 ultra series centrifuge, 
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Thermo Scientific Inc.) at 188,272 × g for 1 h at 4 ˚C and quantified by HPLC 

analysis using the same method as described in Section 0. The attachment 

efficiency (%) was calculated by comparing the peak areas of the Xentry in the 

supernatant with the Xentry standard solution. 

4.4.3. Development of XN-LP 

Occupation of the thiol in cysteine could compromise the cell-penetration capacity 

of Xentry, thus N-terminus of Xentry was conjugated to liposome through an 

amine-carboxyl coupling. Two conjugation strategies, pre-insertion into liposome 

bilayers and post-coating on liposome surface, were investigated to obtain a high 

Xentry attachment efficiency. 

4.4.3.1 Pre-insertion into liposome bilayers 

DSPE-PEG2000-COOH (1.7 eq. to Xentry) was coupled to the N-terminus of pre-

assembled Xentry that was attached to resin using the same procedure as amino 

acids coupling described in Section 4.4.1.1. The unconjugated DSPE-PEG2000-

COOH was removed by DMF wash for multiple times. The resulting products 

were cleaved from the resin, at room temperature, using 10 mL of the TFA 

cocktail mixture (TFA/TIS/H2O-95:2.5:2.5, v/v) per gram of the resin. The 

cleavage mixture was concentrated under nitrogen and the crude peptides 

precipitated with cold diethyl ether. The white solid was dissolved in the mixture 

of water and acetonitrile, lyophilised using a freeze dry system (Total Lab 

Systems, Auckland, New Zealand) and identified by 
1
H-NMR (Bruker Avance 

AVIII 400 MHz Spectrometers, USA), MALDI-TOF-MS (UltrafleXtreme, Bruker, 

USA) and fourier transform infrared spectrometer (FTIR, TENSOR series, Bruker, 

USA). 

4.4.3.2 Post-coating on liposome surface 

Xentry conjugation to pre-formed liposomes containing DSPE-PEG2000-COOH 

was accomplished via amine-carboxyl coupling. Liposomes containing DSPE-

PEG2000-COOH (0.04% molar ratio) were prepared using thin-film hydration 

method as described in Chapter 3. Activation of the distal carboxyl groups 
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surrounding on the PEGylated liposomes was completed by adding excess of 

EDC (2 mg/ml) to the liposome suspension and mixed for 15 min at 25 ˚C [246]. 

Xentry was added to the activated precursor liposomes (carboxyl: amine = 1:1) 

and allowed to mix for 24 h at 25 ˚C. A Xentry standard solution at the same 

conditions was used as a reference (%) for analysis. The completion of coupling 

was monitored by measurement of liposome surface zeta-potential. Excess EDC 

and uncoupled Xentry were removed by ultra-centrifugation at 188,272 × g for 1 h 

at 4 ˚C. The attachment efficiency of Xentry was determined by HPLC 

quantification of Xentry standard solution and uncoupled Xentry recovered from 

the supernatant after ultra-centrifugation. 

4.4.4. Characterisation of Xentry modified liposomes 

4.4.4.1 Liposome size and zeta-potential  

Particle size, polydispersity index (PDI) and zeta-potential of all samples were 

measured by dynamic light scattering (DLS) in a Malvern Nano ZS (Malvern 

Instruments, UK) using the same method as described in Section 3.4.2. All 

measurements were carried out in triplicate. 

4.4.4.2 Determination of liposome concentration 

To enable the calculation of liposome production after peptide modification, 

liposome concentration was determined by using nanoparticle tracking analysis 

(NTA) measurements with a NanoSight NS300 (Malvern, Worcestershire, UK), 

equipped with a NS300 flow-cell top plate and a 405 nm laser. The samples were 

injected in the sample chamber with sterile syringes (BD, New Zealand). 

Automatic settings for the maximum jump distance and blur settings were applied. 

The detection threshold for all samples was 6. All measurements were performed 

at camera level of 10 at room temperature. The software NTA 3.0 (ATA Scientific, 

Australia) was used for capturing and analysing the data  

4.4.4.3 Encapsulation efficiency and drug loading  

Encapsulation efficiencies (EE) and drug loading (DL) of BSH were determined 

by separating free drugs and liposomes through ultra-centrifugation with F50L-24 
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× 1.5 rotor (Sorvall WX80 ultra series centrifuge, Thermo Scientific Inc.) at 

188,272 × g for 1 h at 4 ˚C, followed by extraction of encapsulated BSH from 

liposomes using the optimal extraction method determined in Section 3.5.3.1. The 

concentrations of BSH were analysed by the validated RP-HPLC method (Chapter 

2) using a Gemini C18 column (5 μm, 250 mm × 4.60 mm, Phenomenex, New 

Zealand) in an Agilent 1260 HPLC machine. The EE and DL were calculated 

using Equation 3.2 and Equation 3.3, respectively. All the measurements were 

carried out in triplicate.  

4.4.4.4 Drug release profile 

The drug release rate from XS-LP and XN-LP were investigated using the 

established method described in Section 3.4.5.2. Briefly, re-suspended liposomes 

were maintained in isotonic PBS (0.01 M, pH 7.4) at 37 °C with gentle shaking to 

simulate the in vivo conditions. Samples were taken at 0, 1, 3, 5, 8, 12 and 24 h. 

Released drug was immediately isolated by centrifugation. The liposome pellets 

were used for drug analysis. 

Calcein encapsulated liposomes were prepared based on the optimal lipid 

composition and method determined in Chapter 3, 10 mM calcein solution was 

used for hydration. The calcein release profile from liposomes were investigated 

using the same method mentioned above and the released calcein at 0, 0.25, 0.5, 1, 

2, 3, 5 h was quantified by fluorescence intensity measured on a microplate reader 

(λex/λem: 495/515 nm, 2300 Enspire, Perkin Elmer, Massachusetts , USA). 

4.4.4.5 Stability of Xentry modified liposomes 

For stability tests, liposomes in suspension form were stored in the dark at 4°C for 

at least 3 months. Particle size, PDI, zeta potential and drug leakage were 

compared before and after storage.   

4.4.5. Analysis of liposome biocompatibility   

To evaluate biocompatibility and safety of the free Xentry and liposomes 

with/without Xentry modification developed for injectable use, their haemolytic 
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activities were investigated by determining the haemoglobin release from 

erythrocyte suspensions of fresh mice blood (2%, v/v).  

The fresh blood was centrifuged at 250 × g for 5 min and the plasma was removed. 

The blood cells were collected and washed twice in normal saline (1:10, v/v).  The 

pelletised blood cells were then re-suspended and diluted to 2% (v/v) with normal 

saline. The testing solution (100 µl) was added to 100 µl of blood cell suspension 

in 96 well plates and was incubated for 1 h at 37 
˚
C. PBS (0.1 M, pH 7.4) and 0.1% 

Triton X-100 were used as the negative and positive control, respectively. The 

plates were centrifuged at 250 × g for 5 min. The supernatant was transferred into 

separate 96-well plates and the haemolysis was measured with a microplate reader 

(SpectraMax Plus 384, Molecular Devices, San Francisco, USA) at absorbance of 

540 nm. The percentage of haemolysis was calculated from the following 

equation: 

𝐻𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%)  =
𝐴𝑒𝑥𝑝− 𝐴0

𝐴100− 𝐴0
 × 100     Equation 4.1 

Where Aexp is the experimental absorbance measurement, A0 is the negative 

control where only PBS buffer was added to red blood cells and A100 is the 

positive control where 0.1% Triton X-100 was used to cause 100% lysis of the 

present red blood cells. 

4.4.6. Cellular uptake of liposomes by U87 cells 

The cellular uptake of XS-LP and XN-LP were tested on human GBM cell line 

U87, in comparison with the plain liposomes (LP) which was prepared using the 

optimal method and lipid composition as determined in Chapter 3. Calcein was 

encapsulated in the aqueous core of liposomes instead of BSH, to enable to in 

vitro fluorescent detections of liposomes. Initially, the working concentration of 

calcein was determined to avoid its self-quench. 

4.4.6.1 Cell culture  

The human GBM cell line U87 (gift from the Auckland Cancer Society Research 

Centre) was cultured in minimum essential media (Life Technologies, CA, USA) 
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supplemented with 10% fetal bovine serum (New Zealand origin, Life 

Technologies, Auckland, New Zealand) and 1% penicillin-streptomycin-

glutamine (Life Technologies, CA, USA). Cells were maintained in an incubator 

with 5% CO2/95% air at 37 °C.  

4.4.6.2 Determination of calcein working concentration 

Calcein, a hydrophilic fluorescent marker, was used to evaluate the interaction 

between liposomes and target cells [247,248]. Its self-quenching properties at high 

concentrations resulted in a nonlinear signal-concentration [249] which 

necessitated the determination of an optimised working concentration in 

liposomes. Briefly, after seeding cells in a 96-well plate at a density of 3,000/100 

μl/well for 24 h, U87 cells were incubated with 200 µl of liposomes containing 

different levels of calcein for 4 h or 24 h at 37 ˚C. After washing the cells with 

isotonic ice-cold 0.01 M PBS (pH 7.4) for three times, the fluorescence intensity 

of remaining intracellular calcein was measured in a microplate reader (λex/λem: 

495/515 nm, SpectraMax M2, Molecular Devices, CA, USA). The concentration 

which provided maximal fluorescence intensity was selected for the subsequent 

cellular uptake studies.  

4.4.6.3 Cellular uptake of liposomes with/without Xentry modification 

The cellular uptake of the calcein encapsulated liposomes was evaluated in terms 

of fluorescent intensity quantification and microscopy imaging. In order to study 

the effect of Xentry density on cellular uptake of liposomes, XS-LP and XN-LP 

with a Xentry density of 0.004% were prepared using the methods described 

above. 

Fluorescent intensity quantification 

The cellular uptakes of Xentry modified liposomes, XS-LP and XN-LP, were 

evaluated on U87 cells in comparison of LP. The effect of peptide density on 

cellular uptake was also investigated. Briefly, U87 cells were seeded in 96 well 

plates at a density of 3000 cells/well and cultured for 24 h. Liposomes were 

diluted 20 times in 200 μl of medium and incubated with cells for 3 h at 37 °C and 
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5% CO2. The dilution factors for different liposome types were determined based 

on the liposome concentration measured as stated in Section 4.4.4.2. Thereafter, 

extracellular liposomes were removed by washing the cells with PBS for three 

times. The fluorescence intensity of the remaining intracellular calcein was then 

measured in a microplate reader (λex/λem: 495/515 nm, 2300 Enspire, Perkin 

Elmer, Massachusetts , USA). Autofluorescence background reading from 

untreated control cells was deducted. 

Microscopy imaging 

For microscopy imaging, the cells were fixed by adding 4% paraformaldehyde to 

each well. After rinsing with PBS (0.01 M, pH 7.4), 300 nM of DAPI (λ ex/λ em: 

358/461 nm) staining solution was added to stain the nucleus acids. Cells were 

then visualised using a standard fluorescence microscope (Leica DM IL LED, 

Danaher, Wetzlar, Germany)  

For confocal microscopy imaging, cells were seeded into 4-well chamber slides at 

the density of 16,000 cells per well and cultured 24 h at 37 °C and 5% CO2. 

Formulations were diluted 20 times in 1 ml of medium and added to the cells. The 

cells were incubated for 0.5, 1, and 3 h at 37 °C and 5% CO2, washed with PBS 

for three times, fixed with 4% formaldehyde in PBS for 15 min at 37 °C, followed 

by washing with PBS. To dye the cell membrane, wheat germ agglutinin Texas 

Red
®
-X conjugate (λex/λem: 595/615 nm, Life Technologies Ltd., New Zealand) 

was incubated with the fixed cells at the final concentration of 5 µg/ml for 10 min 

at room temperature. After washing twice with PBS, the cell nuclei were stained 

by 300 nM of DAPI staining solution. A drop of anti-fade mounting solution 

(Citifluor
TM

 AF1, USA) was added to each well. The cells were then examined by 

confocal microscopy using an Olympus FV1000 confocal microscope (FV1000, 

Olympus, Japan).  

4.4.7. Cellular uptake mechanisms of liposome by U87 cells 

As reviewed in Section 1.5.4, the primary endocytosis of liposomes with sizes 

within the range of 20 - 200 nm is via clathrin-mediated pathway. Additionally, 
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thiol-mediated pathway was hypothesised for Xentry modified liposomes due to 

the existence of free thiols in XN-LP. Therefore, these two pathways on the 

cellular uptake XS-LP, XN-LP and LP were investigated using the competition 

experiments. 

4.4.7.1 Clathrin-mediated endocytosis   

Chlorpronzine (CPZ) has been extensively used to inhibit the clathrin-mediated 

endocytosis of liposomes as reviewed in Section 1.5.4. However the standard pre-

treatment method and the minimum effective CPZ concentration have not yet 

been demonstrated. Prior to the investigation of cellular uptake mechanism of XS-

LP and XN-LP, the optimal CPZ pre-treatment condition was determined. As the 

inhibition of the uptake of LP by CPZ was widely reported in literature (Section 

1.5.4), LP was used to study the effect of different CPZ pre-treatment conditions 

on the cellular uptake. 

Optimisation of CPZ pre-treatment condition 

CPZ inhibits clathrin-mediated endocytosis by reversibly bonding to clathrin AP-

2 subunit but with high affinity [250]. Therefore, the removal of unbound CPZ 

and the method of cell rinsing prior to formulation treatment were important 

factors affecting LP cellular uptake. The cellular uptake of LP with/without CPZ 

in presence and with/without extra rinse prior to LP incubation was investigated. 

The CPZ concentration was kept at 10 µg/ml as it is commonly used in the 

literature for inhibiting the clathrin-mediated endocytosis [109,251,252]. In 

addition, it is noted that CPZ is cytotoxic at high doses. Thus the inhibition effect 

of CPZ at a lower concentration of 5 μg/ml, was compared with 10 µg/ml to find 

the non-toxic lower concentration while it is still effective as an inhibitor. 

U87 cells were seeded at 3000 cells per well into 96-well plates, and cultured for 

24 h at 37 °C and 5% CO2. Cells were pre-treated for 1 h at 37°C with the 

different CPZ pre-treatment condition as mentioned above. Thereafter, the 

fluoresceinated LP were added to the cells, followed by incubation for 3 h at 

37 °C and 5% CO2. After washing with PBS for three times, the fluorescence 
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intensity of remaining intracellular calcein was measured as described in Section 

4.4.6.3. The experiment was repeated twice.  

The effect of CPZ on the cellular uptake of XS-LP and XN-LP  

To investigate if clathrin-mediated endocytosis was involved in the cellular uptake 

of XS-LP and XN-LP, U87 cells were treated with the optimal CPZ pre-treatment 

condition as determined above, followed by incubation with XS-LP and XN-LP 

for or 3 h at 37 °C and 5% CO2. The fluorescence intensity of the remaining 

intracellular calcein was measured in a microplate reader (2300 Enspire, Perkin 

Elmer, Massachusetts , USA) and fluorescent images were captured with a 

standard fluorescence microscope (Leica DM IL LED, Danaher, Wetzlar, 

Germany) as described in Section 4.4.6.3. The experiment was repeated twice. 

4.4.7.2 Thiol-mediated pathway  

Dithiothreitol (DTT) was used as a reducing reagent to prevent the formation of 

disulfides [253] in the unprecedented pathway of liposomal uptake proposed in 

this study. Hitherto, no study has reported the quantity of free thiols at the cell 

surface and the concentration of DTT used for inhibiting disulfides formation 

varies from 0.1 mM to 100 mM in the literature [98,254–256]. Therefore the 

freshly prepared DTT at final concentrations of 0.1 mM, 1 mM and 10 mM was 

investigated in this study to find the minimal concentration without inducing cell 

cytotoxicity. Cells (100 μl; 3000 U87 cells/well) were seeded in a 96-well plate at 

37 °C. After 24 h, DTT at indicated concentrations was added to the cells and 

maintained at 37 °C for 30 min. Thereafter, LP, XS-LP and XN-LP were 

incubated with cells for 3 h in the presence of DTT, followed by washing with 

PBS to remove the extracellular liposomes. Control cells were incubated with 

formulations but not DTT. The fluorescence was measured at 515 nm using a 

microplate reader (2300 Enspire, Perkin Elmer, Massachusetts , USA) with an 

excitation wavelength at 495 nm. Fluorescent images were obtained using a 

fluorescence microscope (Leica DM IL LED, Danaher, Wetzlar, Germany). The 

experiment was repeated twice. 
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Figure 4.4 Analytical HPLC trace of purified product. Xentry peak elutes at 

17.8 min.  

 

4.4.8. Statistical analysis 

Data were analysed by multiple t-tests or one-way ANOVA (Analysis of Variance) 

with Tukey’s multiple comparisons test using GraphPad Prism 7 (GraphPad 

Software, Inc.). P values less than 0.05 were considered as statistically significant, 

while those less than 0.01 were considered as highly significant. 

4.5. RESULTS  

4.5.1. Synthesis and characterisation of Xentry  

Xentry (MW 756.96) was successfully synthesised in 74.9% yield. The HPLC 

analysis of Xentry showed the main peak eluted at 17.8 min (Figure 4.4).  

The purified Xentry was further analysed by MALDI-TOF MS and HRESIMS to 

confirm the molar mass. Three main peaks showed in the MALDI-TOF mass 

spectrum (Appendix 2.1), m/z 757.52 for [M + H]
+
 (C33H62N11O7S, calculated 

molecular weight 756.98); m/z 779.51 for [M + Na]
+
 (C33H61N11NaO7S, 

calculated molecular weight 778.98) and m/z 795.49 for [M + K]
+
 

(C33H61KN11O7S, calculated molecular weight 794.98). More accurate 

characterisation was achieved with HRESIMS in positive ion mode with a 



Chapter 4 

104 

protonated Xentry peak showed an m/z 756.49 (C33H62N11O7S, calculated 

molecular weight 756.98) (Appendix 2.2). 

4.5.2. Development of XS-LP 

4.5.2.1 Pre-insertion into liposome bilayers 

The successful conjugation of Xentry with DSPE-PEG2000-MAL was confirmed 

via 
1
H-NMR. As shown in Figure 4.5, the characteristic peak of maleimide group 

of DSPE-PEG2000-MAL was at 6.7 ppm. The integration value this maleimide 

peak decreased more than 70 % in the 
1
H-NMR spectra of the conjugate DSPE-

PEG2000-Xentry, indicating the majority of DSPE-PEG2000-MAL were conjugated 

with Xentry. The conjugated DSPE-PEG2000-Xentry was then incorporated into 

liposome bilayers. 
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Figure 4.5 
1
H-NMR spectra of DSPE-PEG2000-MAL (A) and DSPE-PEG2000-

Xentry conjugate (B) at 400 MHz. Proton signals of maleimide at ~ 6.7 ppm 

decreased significantly indicates the formation of DSPE- PEG2000- Xentry. 
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Figure 4.6  FTIR spectrum of the final products derived from synthesis (A) and 

free Xentry (B). The three major characteristic peaks in indicate the formation of 

the conjugate DSPE-PEG2000-Xentry. 

 

4.5.2.2 Post-coating on liposome surface 

At 25 °C, 39.3% of Xentry was attached to liposomes after 24 h analysed by 

HPLC. Extending the incubation time to 36 h did not cause any further increase of 

Xentry attachment efficiency, indicating the reaction was completed. 

4.5.3. Development of XN-LP 

4.5.3.1 Pre-insertion into liposome bilayers 

As the unconjugated DSPE-PEG2000-COOH was removed during synthesis, the 

synthesised products could possibly contain the DSPE-PEG2000-Xentry conjugate 

and excess of Xentry. To identify the formation of the DSPE-PEG2000-Xentry 

conjugate, the spectra acquired from FTIR analysis of the final products were 

compared with that of free Xentry. As shown in Figure 4.6, three additional FTIR 

peaks were observed in the final product compared with the spectrum of Xentry:  

a strong P=O (1140 cm
-1

) peak corresponding to the phosphate group, C=O 

stretch peaks with two prominent bands (1694 cm
-1 

and 1772 cm
-1

) and C-O 

stretch (1250 cm
-1

) corresponding to the anhydride. Taken together, these data 

suggested that the final product contains the conjugate DSPE-PEG2000-Xentry. 
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HRESIMS and MALDI-TOF MS were also applied to precisely identify the 

products. Peaks represent starting materials (Xentry and DSPE-PEG2000-COOH) 

were found but peak around calculated molecular weight of the conjugate (3587.5 

g/mol) was not observed, indicating the conjugate maybe not stable under laser. 

Given the difficulties in precise characterisation of the DSPE-PEG2000-Xentry 

conjugate, the synthesised products were not used for liposome preparation. 

4.5.3.2 Post-coating on liposome surface and conditions  

The analysis of zeta-potential showed that incubation with Xentry for 16 h 

resulted in a change of the surface charge of the liposomes from -43.5 ± 0.7 mV to 

-33.8 ± 1.4 mV, indicating the successful conjugation of positively charged 

Xentry to DSPE-PEG2000-COOH containing liposomes surface. Nevertheless, 

extending the incubation time to 24 h did not lead to further reduction on zeta 

potential. In addition, the complete conjugation of Xentry was confirmed by 

HPLC as no free Xentry was detectable in the supernatant after centrifugation, 

otherwise large peak should have been observed.  

4.5.4. Characterisation of two different Xentry modified liposomes 

Xentry was incorporated in XS-LP by pre-insertion method as only 39.3% of 

Xentry can be conjugated to liposomes through post-coating. Whilst in XN-LP, 

post-coupling resulted in 100% Xentry coupled to liposomes and therefore was 

used for XN-LP preparation. 

4.5.4.1 Liposome size and zeta-potential  

The average size of LP and XS-LP were similar, being 126.6 nm and 123.6 nm, 

respectively. In comparison, Xentry coupling in XN-LP caused a slight increase 

of size of the liposomes (by 12 nm) (Table 4.1). As expected, the Xentry 

conjugation on liposomes surface rendered a decrease of magnitude of zeta 

potential in both XS-LP and XN-LP. 
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Table 4.1 Liposome size, surface charge (measured by zeta potential) and 

concentration determined by DLS and NTA (mean ± SD, n=3). 

Liposomes Size (nm) PDI Zeta potential 

(mV) 

Particle number 

(× 10
13

/ml) 

LP 126.6 ± 1.0 0.11 ± 0.01 -43.5 ± 0.7 4.6 ± 0.4 

XS-LP 123.6 ± 0.5 0.15 ± 0.02 -33.9 ± 0.7 2.7 ± 0.4 

XN-LP 138.9 ± 0.3 0.07 ± 0.01 -33.8 ± 1.4 3.2 ± 0.1 

 

4.5.4.2 Liposome concentration 

The particle concentration was found to be reduced after Xentry modification. 

XS-LP showed the lowest concentration, 2.7 × 10
13

 /ml and XN-LP had a slightly 

higher concentration of 3.2 × 10
13 

/ml, while the concentration in LP was the 

highest, 4.6 × 10
13

 /ml (Table 4.1). 

4.5.4.3 EE and DL  

Xentry modification did not affect the EE and of BSH. XN-LP and XS-LP 

showed comparable EE of BSH, 4.99 ± 0.32% and 6.01 ± 0.46%, respectively, 

similar as in LP (data presented in Chapter 3, 5.8 ± 1.3%). The calculated DL for 

XN-LP and XS-LP was 1.72 ± 0.11% and 2.08 ± 0.16%, respectively. 

4.5.4.4 Drug release profile  

At 37 ˚C, the BSH encapsulated in XN-LP and XS-LP rapidly leaked out with 

approximately 90% of the drug released within 1 h (Figure 4.7). In comparison, 

LP without peptide modification demonstrate a slower release rate with about 50% 

of BSH released in 1 h, indicating that the modification of Xentry on liposome 

surface accelerated the BSH release. 
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Figure 4.7 In vitro release profiles of BSH from XN-LP and XS-LP in 

comparison to LP. The liposomes were maintained in isotonic PBS (0.01 M, pH 

7.4) at 37 ˚C with gentle shaking. The data presented as mean ± SD (n = 3). 

 

4.5.4.5 Calcein release profile 

The release profiles of calcein from liposome were also investigated as they were 

used for cellular uptake studies. XN-LP was selected to represent Xentry modified 

liposomes based on the similarity of release profiles in XS-LP and XN-LP 

presented above. As shown in Figure 4.8, at 0 h, 18.4% and 16.8% of calcein in 

average released from XN-LP and LP, respectively. No significant further release 

was observed in the following 5 h. The amount of released calcein detected at 0 h 

could be attributed to the calcein attached on the liposome surface as the calcein 

encapsulated liposomes were not washed after the formation. 
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Figure 4.8 Calcein release profiles from XN-LP and LP within 5 h (mean ± SD, 

n = 3). The liposomes were maintained in isotonic PBS (0.01 M, pH 7.4) at 37 

˚C with gentle shaking. 

 

 

4.5.4.6 Stability of XS-LP and XN-LP 

Over the 3-month storage at 4 ˚C in the dark, the size and PDI of XS-LP and XN-

LP gradually increased while the magnitude of zeta potential decreased, the 

majority of BSH leaked out within 1 month (Table 4.2). 
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Table 4.2 Stability of Xentry modified liposomes containing BSH. Liposomes 

were stored in the dark at 4 °C (mean ± SD, n = 3). 

Formulation 
Time 

(month) 
Size (nm) PDI 

Zeta    

potential 

(mv) 

BSH 

remain 

entrapped 

(%) 

XS-LP 

0 123.6 ± 0.5 0.15 ± 0.02 -33.9 ± 0.7 100.0 ± 6.4 

0.5 123.3 ± 4.2 0.28 ± 0.02 -33.0 ± 0.4 26.1 ± 5.1 

1 139.3 ± 1.5 0.28 ± 0.03 -32.2 ± 0.7 7.0 ± 1.2 

2 156.8 ± 1.6 0.26 ± 0.03 -27.1 ± 0.1 - 

3 183.3 ± 1.8 0.33 ± 0.03 -26.9 ± 0.3 - 

XN-LP 

0 138.9 ± 0.3 0.07 ± 0.01 -33.8 ± 1.4 100.0 ± 7.7 

0.5 139.1 ± 2.2 0.16 ± 0.03 -32.2 ± 0.4 22.5 ± 4.3 

1 158.5 ± 0.8 0.16 ± 0.01 -29.3 ± 0.7 3.3 ± 1.4 

2 167.4 ± 1.7 0.17 ± 0.01 -29.4 ± 0.7 - 

3 169.7 ± 1.1 0.22 ± 0.01 -28.4 ± 0.1 - 

*Entrapped BSH was not measured after 2 and 3 month storage as most of the drug 

leaked out after 1 month. 

4.5.5. Liposome biocompatibility   

The haemolysis (%) induced by the various liposome types and free Xentry were 

evaluated using fresh mice blood. No obvious haemolysis was observed in free 

Xentry treated red blood cells, even at a high concentration of 200 µM (20 times 

of the concentration for effective cell-penetration). As seen in Table 4.3, 

haemolysis induced by all investigated liposome types was below 1.5% at the 

lipid concentration of 0.25 mg/ml. 
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4.5.6. Cellular uptake study 

4.5.6.1 Determination of calcein working concentration 

A reversed U-shaped relationship between calcein concentration in liposomes and 

their fluorescence intensity in cells was observed after incubation of liposomes 

with U87 (Figure 4.9). Liposomes containing 10 mM calcein produced the 

maximum fluorescence and therefore were selected for the cellular uptake studies, 

to ensure maximal fluorescence intensity and a roughly linear correlation between 

the fluorescence signal and degree of uptake. 

Table 4.3 Haemolysis (%) induced by incubation of various types of liposomes 

at different concentrations at 37 ˚C. Fresh mice red blood cells were used. Data 

are expressed as mean ± SD (n=3). 

Lipids concentration (mg/ml) 
Haemolysis (%) 

LP XS-LP XN-LP 

0.25 0.9 ± 0.2 0.4 ± 0.3 1.2 ± 0.2 

0.5 2.1 ± 0.2 0.6 ± 0.2 1.7 ± 0.5 

1 3.8 ± 0.4 2.3 ± 0.1 3.3 ± 0.7 
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Figure 4.9 Fluorescence intensity after liposomes containing a series level of 

calcein were incubated with U87 cells for 4 h or 24 h. Liposomes containing 10 

mM of calcein generates the maximum fluorescence intensity. Results are 

expressed as mean ± SD (n=3). 

4.5.6.2 Xentry modification effect on cellular uptake of liposomes   

The conjugation site of Xentry had a significant influence on liposome cellular 

uptake, as XN-LP and XS-LP showed different cellular uptake and distribution 

pattern. 

Fluorescent intensity quantification 

As shown in Figure 4.10, XN-LP treatment exhibited overall higher average 

fluorescence intensity than XS-LP treatment on U87 cells, with both 0.004% and 

0.04% of Xentry modification. Interestingly, the cellular uptake of Xentry 

modified liposomes positively correlated to the Xentry density in the range tested 

(0.004% - 0.04%), with either of the conjugation sites. It is noted that XN-LP with 

0.04% Xentry modification exhibited a similar level of cellular uptake with LP on 

U87 cells, whilst XS-LP with the same Xentry density displayed lower level (p = 

0.08) of cellular uptake (Figure 4.11).    
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Figure 4.10 The effect of Xentry density on cellular uptake of XN-LP and XS-

LP by fluorescence intensity quantification on U87 cells. Liposomes were 

incubated with U87 cells for 3 h at 37 ˚C Black and grey bars represent 

liposomes modified with 0.004% and 0.04% of Xentry (molar ratio), 

respectively. Results are expressed as mean ± SD (*: p <0.05, n=3 of each of 

the 2 experiments). 

 

 

Figure 4.11 Cellular uptake of XN-LP and XS-LP with 0.04% of Xentry 

modification in comparison with LP quantified by fluorescence intensity on 

U87 cells. The number of different types of liposomes added to the U87 cells 

were adjusted to the same level according to the measured liposome 

concentration (Table 4.1), and incubated for 3 h at 37 ˚C. The results and are 

expressed as mean ± SD (NS: p>0.05, n=3), experiment repeated twice. 
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Microscopy imaging 

As the fluorescent signal of U87 cells treated with 0.004% Xentry modified 

liposomes were limited, formulations with the Xentry density of 0.04% were 

subjected to micrograph imaging for comparison with LP.  

After 3 h incubation, U87 cells treated with XN-LP and LP displayed similar 

patterns of calcein stain predominately distributed around the nucleus, whereas 

the calcein signals in cells treated with XS-LP were barely visible with standard 

fluorescent microscope (Figure 4.12). Similarly, confocal microscopy images 

(Figure 4.13) illustrated that LP and XN-LP were distributed in the entire cell with 

punctate patterns while XS-LP was only located around the cell membrane with 

limited amount of fluorescence.  
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Figure 4.12 Comparison of the cellular uptake of liposomes with/without and 

0.04% Xentry modification on U87 cells. Liposomes were labelled green with 

calcein and cell nuclei were stained blue with DAPI. The cells were fixed and 

cell fluorescence recorded using a Leica DM IL fluorescence microscope. At 

least three fields were examined and a representative micrograph was captured 

for each formulation. Scale bar represents 20 μm for all the images. LP: plain 

liposomes; XN-LP: Xentry conjugated to the liposome through its N-terminus; 

XS-LP: Xentry conjugated to the liposome on the side chain of cysteine. 
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Figure 4.13 Confocal fluorescence microscopy images of cells excited with 

laser at 360 nm (blue), 497 nm (green) and 594nm (red) treated with LP, XN-LP 

and XS-LP encapsulated with 10 mM calcein (green). Cell nuclei were stained 

blue with DAPI and cell membrane was labelled red with wheat germ agglutinin 

Texas Red
®
-X conjugate. At least three fields were examined and a 

representative micrograph was captured. Scale bars represent 5 μm. 
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Thereafter, the kinetics of cellular uptake of LP and XN-LP was examined with 

confocal microscope as the calcein signal in XS-LP treated cells was barely 

detectable. As seen in Figure 4.14, the cellular interactions with LP and XN-LP 

illustrated a similar kinetic trend. At 0.5 h the cellular uptake of both formulations 

had already taken place, the uptake reached maximum by 1 h and plateaued till 3 

h. However, LP predominantly situated in peripheral area of nuclei within the 3 h, 

while 3 h treatment with XN-LP resulted in homogeneous distribution of green 

punctate patterns in the entire cell and also some penetration inside nuclei.  
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Figure 4.14  Kinetics of cellular uptake of LP (A) and XN-LP (B) in U87 cells. 

Images were captured by confocal fluorescence microscope at 40× 

magnification. Liposomes contained 10 mM of calcein (green), cell 

membranes and nuclei were stained red and blue, respectively. The white 

arrow indicates liposomes entered the nucleus. 
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4.5.7. Cellular uptake mechanisms of liposomes by U87 cells 

4.5.7.1 Clathrin-mediated endocytosis  

CPZ pre-treatment conditions were optimised by investigating the inhibition 

effect of CPZ on LP uptake with different CPZ pre-treatment methods and 

concentrations. Thereafter, the effects of clathrin-mediated endocytosis inhibition 

on the cellular uptake of XS-LP and XN-LP were evaluated using the optimised 

CPZ pre-treatment condition. 

Optimisation of CPZ pre-treatment condition 

To ensure the effective inhibition of clathrin-mediated endocytosis, CPZ pre-

treatment conditions are optimised by investigating the cellular uptake of LP 

with/without CPZ in presence and with/without extra rinse prior to incubation 

with LP. The data showed that the LP treatment with and without 10 µg/ml CPZ 

in presence showed similar results with the average uptake of LP reduced by 67% 

in both cases. In contrast, the inhibition effect on cellular uptake disappeared 

when U87 cells were rinsed twice with ice-cold PBS after CPZ pre-treatment. 

Therefore, no rinse was applied to cells after CPZ pre-treatment in the following 

experiments.   

In addition, reducing the concentration of CPZ to 5 µg/ml during the pre-

treatment did not lead to any change in the inhibition effect, with the intracellular 

fluorescence of cells treated by LP remaining at the same level (Figure 4.15). 

Therefore, 5 µg/ml was chosen as a suitable concentration of CPZ allowing 

sufficient inhibition of specific endocytic pathways and less likely to be toxic. 

Taken together, pre-treating cells with 5 µg/ml of CPZ for 1 h followed by further 

incubation with formulations for 3 h in the presence of CPZ was applied for the 

following experiments. 
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Figure 4.15 The inhibition effect of chlorpromazine (CPZ) at different 

concentration levels. U87 cells was pre-treated with CPZ for 1 h at indicated 

concentration and incubated with plain liposomes for 3 h with the presence of 

CPZ. Results are expressed as mean ± SD (***: p <0.001 and NS: p>0.05, n=3, 

the experiment was repeated twice). 

 

The effect of CPZ on the cellular uptake of XS-LP and XN-LP  

Subsequently, the uptake mechanism of XN-LP and XS-LP was evaluated using 

the optimised CPZ treatment mentioned above. The fluorescence intensity 

measurements demonstrated that the CPZ pre-treatment did not reduce the 

intracellular calcein fluorescence for both XN-LP and XS-LP (Figure 4.16), 

indicating clathrin mediated endocytosis may not be the main pathway for the 

uptake of XN-LP and XS-LP. 
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Figure 4.16 Comparison of the uptake of XN-LP and XS-LP in U87 cells pre-

treated with 0 (control) and 5 µg/ml of chlorpromazine (CPZ), an inhibitor of 

clathrin-mediated endocytosis. Liposomes were incubated with cells for 3 h at 37 

˚C. Results expressed as mean ± SD (NS: p>0.05, n=6 for each of the 2 

experiments). 
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Figure 4.17 The effect the presence of 0.1 mM DTT (fill columns) on cellular 

uptake of XN-LP, XS-LP and LP in U87 cells quantified by fluorescent intensity. 

Data express as mean ± SD (**: p < 0.01, NS: p > 0.05, n=3 for each of the 2 

experiments).  

 

4.5.7.2 Thiol-mediated pathway  

To find a working concentration of DTT without causing cytotoxic effects on cells, 

U87 cells were treated with 0.1 mM, 1 mM and 10 mM of DTT for 30 min prior to 

incubation with liposomes. Both 1 mM and 10 mM of DTT resulted in significant 

amount of cell detaching. Therefore, 0.1 mM DTT was used to inhibit the thiol-

mediated pathway. As demonstrated in Figure 4.17, the existence of DTT 

significantly reduced the uptake of XN-LP indicating one of the uptake pathways of 

XN-LP is through forming disulfide with thiols on the cell surface. In contrast, the 

cellular uptake of XS-LP and LP was not influenced by DTT as no free thiol was 

presented in those two types of liposome. Interestingly, the U87 cells treated with 

XN-LP in the presence of DTT showed punctate green fluorogenic stain in the 

peripheral area of cell membranes, away from nucleus (Figure 4.18). 
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Figure 4.18  Cells treated with XN-LP in the presence (A) or absence (B) of 0.1 

mM DTT. With DTT in presence, liposomes appear to be trapped in vesicles that 

are distant from the nucleus (white arrows), while the fluorescent stains distributed 

around nucleus in the absence of DTT. The results indicate the formation of 

disulfide bonds played an important role in the cellular uptake of XN-LP. The scale 

bars represents 5 µm.  

 

 

 

 

 

4.6. DISCUSSIONS 

In this study, Xentry was conjugated to the liposomal surface and hypothesised to 

enhance the cellular uptake of liposomes. Two Xentry modified liposomes, XS-LP 

and XN-LP, were developed by different conjugation strategies, pre-insertion and 

post-coating, and characterised. The cellular uptake of XS-LP and XN-LP were 

compared on glioblastoma cells U87, the cellular uptake mechanism was also 

investigated as the internalisation mechanism of Xentry still remains to be confirmed.  

4.6.1. Development of XS-LP and XN-LP 

Two methods are commonly used for attaching ligands, such as peptides, to the 

liposomal surface: non-covalent and covalent coupling. Non-covalent coupling 

usually consists of simple procedures but the ligands attachment efficiency to the 

liposome is not predictable and controllable [257]. In contrast, covalent bonding 

between the ligands and liposomes can be quantified and has a high stability [258]. 

However, aggressive reagents are usually required to complete the reaction [257]. In 

this study, two simple one-step reactions which do not require rigorous reagents and 

will not introduce structural change to the peptides or liposomes, maleimide-thiol 

coupling and amine-carboxyl coupling, were used for the development of XS-LP and 



Chapter 4 

 

125 

 

XN-LP, respectively. The thiol in the side chain of cysteine and the terminal amide of 

Xentry were selected as the two conjugation sites, for the reason that they are 

amenable to conjugation with liposomes through the two reactions mentioned above. 

In order to obtain high attachment efficiency of Xentry, pre-insertion and post-coating 

methods were explored for both formulations. In the formation of XS-LP with pre-

insertion method, the yield of DSPE-PEG2000-Xentry through the thiol-maleimide 

reaction was more than 70%. However, in the development of XN-LP with pre-

insertion method, the formation of DSPE-PEG2000-Xentry could only be identified 

with FTIR. It was difficult to characterise the conjugate with HRESIMS and MALDI-

TOF MS, possibly due to the breakage of newly formed peptide bond by the laser. 

Besides, NMR was not applicable for quantification in this case as there is no 

characteristic peak to indicate the formation of the new peptide bond.  

With post-coating method, 39.3% of Xentry was conjugated to pre-formed liposomes 

in XS-LP, whilst 100% Xentry attached to liposomes in XN-LP. This could be 

explained as the conjugation may be affected by the steric hindrance when Xentry is 

linked to the liposome surface from a middle point (XS-LP) [259] which has little 

influence when Xentry was conjugated to liposomes through its distal groups (XN-LP) 

(Figure 4.2). To sum up, pre-insertion method was preferred in preparation of XS-LP 

and post-coating method was used for XN-LP. 

4.6.2. Characterisation of the Xentry modified liposomes 

Under physiological condition pH 7.4, Xentry is a positively charged peptide with 

hydrophilic properties. The change of the liposome surface condition introduced by 

Xentry modification exhibited significant influence on liposome properties which will 

be discussed in this section. 

4.6.2.1 Zeta-potential 

Zeta potential of liposomes was measured to give an indicative evidence of particle 

surface charge and liposome stability. In this study, an increase of zeta potential was 

observed when Xentry was conjugated to liposomes, in both XS-LP and XN-LP, 

owing to the positive charge mainly introduced by the arginine in Xentry.   
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4.6.2.2 Liposome concentration  

The liposome concentration of XS-LP was significantly lower than that of LP with the 

same particle size, indicating the loss of lipids during preparation. This could be 

attributed to the increased hydrophilicity introduced by the DSPE-PEG2000-Xentry 

conjugate which possibly led to formation of micelles. On the other hand, the lower 

liposome concentration in XN-LP in comparison with LP was a result of the larger 

particle size as Xentry was incorporated into XN-LP through post-coating.  

4.6.2.3 EE and DL 

Generally, with lower liposome concentration, EE should be lower correspondingly. 

However, XN-LP and XS-LP showed a similar level of EE as LP. Thus, it is possible 

that ionised BSH with negative charge was attracted by the positively charged Xentry 

on the liposome surface. 

4.6.2.4 Drug/calcein release profile 

The amount of BSH absorbed on the liposome surface through physical attraction 

with Xentry can be attributed to the initial rapid leakage in the drug release profile in 

both Xentry modified liposomes. Similar release behaviours were reported in other 

cationic peptide modified liposomes [260]. The positively charged Xentry may also 

attract the lipids with negative charge and the migration of those lipids would induce 

lipids demixing [261] and therefore destroy the integrity of liposome membrane 

which causes subsequent rapid drug release.  

However, calcein exhibited a much slower release rate from liposomes than BSH due 

to the different molecular structure, with limited amount of calcein released within 5 h. 

The amount of released calcein found in initially could be due to the calcein absorbed 

on the liposome surface which rapidly dispersed in medium. Furthermore, the two 

types of Xentry modified liposomes showed a similar release profile of calcein as 

plain liposomes, indicating that the differential fluorescence intensity was an 

exclusive result of diverse cellular uptake behaviours of liposomes.  

4.6.2.5 Stability of XS-LP and XN-LP 

Furthermore, introducing cationic peptides onto the liposome membrane containing 

negatively charged lipids (DPPG and DSPE-PEG2000) could possibly result in the 
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migration of the negatively charged lipids toward the peptide binding site, so as to 

minimise the electrostatic binding free energy [262]. This could explain why the 

magnitude of zeta-potential decreased gradually in both Xentry modified liposomes 

over the 3 months’ storage while LP remained stable (Table 3.3). The lipid molecules, 

DPPG, cholesterol and DSPE-PEG2000 homogeneously distributed in the liposome 

membrane, the lipids demixing occurs with the addition of cationic peptides 

(mentioned in Section 4.6.2.4) and induce liposome fusion (size and PDI increased) 

and drug leakage during storage [261].  

4.6.3. Cellular uptake and mechanisms of liposomes by U87 cells 

Xentry modification on the liposome surface did not significantly increase the cellular 

uptake as hypothesised. To understand the reasons, mechanism of liposome 

endocytosis was explored. Particles with size below 200 nm were reported to entre 

cells mainly through clathrin-mediated pathway while larger particles (> 200 nm) rely 

on caveolea-mediated pathway [109]. Besides, Xentry was proved to translocate into 

cells through clathrin-mediated pathway.  

However, in this study inhibition of the clathrin-mediated pathway only compromised 

the uptake of LP but not XN-LP and XS-LP, suggesting the conjugation with Xentry 

altered the endocytic pathway. This may explain why Xentry modification did not 

significantly enhance the cellular uptake of liposomes. The existence of distinct 

internalisation mechanisms for other cell-penetrating peptide was also reported to be 

dependent on the presence or absence of cargo. For instance, the internalisation of 

TAT (GRKKRRQRRRPQ) was found to be changed from clathrin-mediated 

endocytosis to caveolae-mediated pathway after the conjugation with fluorescent 

protein EGFP [263,264].  

Interestingly, the cellular uptake studies of which liposomes demonstrated that the 

cysteine in Xentry was required for cell-penetrating activity despite the fact that 

leucine was reported to be essential for cell-penetration [245]. Sparing the thiol in 

cysteine by conjugating Xentry to liposomes through the N-terminus (XN-LP) 

resulted in marked enhancement of cellular uptake (Figure 4.12). These results 

suggested that thiol plays a vital role in the internalisation of liposomes. Cell surface 

thiols were reported to be involved in translocation of cell-penetrating peptides by 

forming disulfide [265].  
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For the first time, we proposed a thiol-mediated pathway for the XN-LP (Figure 4.19). 

Experimental evidences were obtained by investigating the cellular uptake of LP, XS-

LP and XN-LP in the presence of reducing agent DTT. As predicted, the uptake of 

liposomes containing free thiols (XN-LP) was significantly inhibited while the uptake 

of liposomes without thiols (XS-LP and LP) remained the same level. The disulfide 

formation is a covalent and dynamic process. After uptake in the cytosol, disulfide 

exchange with glutathione in the cytosol could presumably “lock” the liposomes 

inside the cells and subsequently reach high intracellular drug accumulation. Besides, 

DTT above 1 mM was found to be cytotoxic. One possible reason is that reducing 

reagent DTT can internalise cells and may interrupt some intracellular processes that 

subsequently affect the cell viability. Using a cell-impermeable reducing reagent 

could possibly resolve this problem.  
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Figure 4.19 Proposed thiol-mediated cellular uptake. The thiol groups in Xentry 

covalently bond to free thiols on cell surface through the formation of disulfide 

bond (A). After translocation (B), Xentry may be cleaved from the inner surface 

by disulfide exchange with glutathione in cytoplasm (C). 
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4.7. CONCLUSIONS 

Xentry modified liposomes with desirable size and biocompatibility were successfully 

developed for potentially improving intracellular delivery of BSH to GBM cells. Two 

types of Xentry modified liposomes, XS-LP and XN-LP, were constructed by 

conjugating Xentry to liposome surface through either the side chain of the cysteine or 

the N-terminus. 

The addition of cationic peptide Xentry to liposomal systems induced changes in the 

liposome surface charge which significantly altered the properties of liposomes, 

including drug release profiles and particle stability. In both XS-LP and XN-LP, BSH 

was loaded with high EE which was at the same level as in the plain liposomes 

(Chapter 3), but they showed rapid release due to the higher zeta-potential in 

comparison with plain liposomes. 

The cellular uptake results suggested that the thiol in the cysteine of Xentry was 

essential for intracellular cargo delivery. The Xentry modification (with free thiols) 

altered the pathway of the liposomes cellular uptake from clathrin-mediated 

endocytosis to thiol-mediated translocation. Entering cytoplasm through a non-

endocytotic pathway would make XN-LP a suitable delivery system for protecting 

drug molecules from degradation in endosomes. This approach may have important 

implications for drug delivery directly into the cell cytoplasm. 

As one of the major limitation of CPP is lack of selectivity (mentioned in Section 

1.6.1), the cellular uptake of liposomes by U87 cells was not significantly enhanced 

by Xentry modification, a peptide which can enable tumour-specific intracellular 

delivery of liposomal BSH would be ideal for boron neutron capture therapy. 
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CHAPTER 5. CYCLIC-RGDYC FUNCTIONALISED 

LIPOSOMES FOR DUAL-TARGETING DELIVERY OF BSH  

5.1. INTRODUCTION 

Apart from poor cellular permeability another obstacle that limited the clinical 

therapeutic outcomes of boron compounds, such as sodium borocaptate (BSH) is their 

lack of tumour selectivity (discussed in Section 1.2.2). The effectiveness and 

specificity of BNCT is largely dependent on the selective delivery of 
10

B in the 

tumour. By targeting the delivery of 
10

B to tumour cells, the neutron beams selectively 

destroy the boron-bearing tumour tissues leaving the surrounding normal tissues 

undamaged.  

BSH loaded liposomes were successfully developed in Chapter 3. However, the plain 

PEGylated liposomes would not be recognised by cancer cells or the vascular 

endothelial cells in malignant tumours, and have limited transvascular transport [266]. 

Therefore, a dual targeting approach was hypothesised in this chapter to increase the 

tumour selectivity by targeting the tumour neo-vasculature followed by enhanced 

tumour penetration.  

It is well documented that integrins, such as αvβ3, are over-expressed in endothelial 

cells undergoing rapid angiogenesis as well as in some tumour cells but barely 

detectable in normal brain cells [267]. Overexpression of integrins αvβ3 have been 

observed in both tumour cells [9] and the microvasculature of glioblastoma [10]. 

Notably, glioblastomas are rich in microvasculature and characterised by rapid 

angiogenesis [5,6]. Furthermore, the expression level of integrins in tumour 

vasculature correlates with the grade of malignancy of neuroblastoma [11,12], making 

their vasculature a clinically important target. Peptides containing an arginine-

glycine-aspartic acid (RGD) sequence are found to specifically bind with integrin 

αvβ3 [151]. Both linear and cyclic RGD have been used as ligands for drug delivery 

to target tumours such as hepatoma and melanoma [115,268]. Compared to linear 

RGD peptides, cyclic RGD peptides, such as cyclic arginine-glycine-aspartic acid-

tyrosine-cysteine (c(RGDyC)), are more stable and have higher affinity to integrin 

αvβ3 [154]. Taken together, it was envisaged that c(RGDyC) peptide-modified nano-

sized boron delivery systems would provide a dual targeting approach by exploiting 
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the overexpression of αvβ3 of both tumour vasculature and tumour cells of 

glioblastoma lead to more effective BNCT. 

5.2. CHAPTER AIMS 

This study aimed to address the limited glioblastoma-specific tissue accumulation as 

well as the poor cellular penetration of BSH, with a liposomal delivery system 

modified with c(RGDyC). The specific aims were to: 

i) Analyse the expression of integrin αvβ3 in several cell lines representing 

glioblastoma, tumour angiogenesis, and  αvβ3-negative control cell models; 

ii) Develop a c(RGDyC) modified liposomal system with high c(RGDyC) 

attachment efficiency for the delivery of BSH; 

iii) Evaluate the dual-targeting effect of c(RGDyC) modified liposomes to tumour 

vasculature and glioblastoma cells on selected cell models through cellular 

uptake study; 

iv) Investigate the in vitro BNCT efficacy of c(RGDyC) modified liposomes 

containing BSH on selected cell lines by thermal neutron irradiation in 

comparison with liposomes without peptide modification and a BSH solution. 

5.3. MATERIALS  

Sodium borocaptate (BSH) was purchased from Katchem Limited (Czech Republic) 

and c(RGDyC) from GL Biochem Limited (Shanghai, China). N-[(3-maleimide-1-

oxopropyl) aminopropylpolyethyl eneglycolcarbamyl] distearoylphosphatidyl-

ethanolamine (DSPE-PEG2000-MAL) was obtained from Yushi-Seihin Co.Ltd 

(Singapore). Other phospholipids were same as described in Chapter 3. Cholesterol 

(99% pure), 4',5'-bis[N,N-bis(carboxymethyl)aminomethyl] fluorescein (calcein) and 

2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), phosphate 

buffered saline tablet, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

and Sephadex® G-50 were obtained from Sigma-Aldrich (Auckland, New Zealand).  

All the chemicals used for HPLC were of analytical grade from EMD Millipore 

Corporation (Darmstadt, Gmttermany). Water purified on a Milli-Q system (Millipore, 

USA) was used.  
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The human brain glioblastoma cell line U87 (gift from the Auckland Cancer Society 

Research Centre) was cultured in minimum essential media (Life Technologies, CA, 

USA) supplemented with 10% fetal bovine serum (FBS, New Zealand origin, Life 

Technologies, Auckland, New Zealand) and 1% penicillin-streptomycin-glutamine 

(PSG, Life Technologies, CA, USA). The human umbilical vascular endothelium cell 

line HUVEC was purchased from Invitrogen (CA, USA) and cultured in medium 200 

(Life Technologies, CA, USA) with the addition of 2% low serum growth supplement 

(Life Technologies, CA, USA), 20% of FBS and 1% of PSG. Human breast cancer 

cell line MCF-7 (ATCC, VA, USA), human pancreatic cancer cell line MIA PaCa-2 

(gift from the Auckland Cancer Society Research Centre) and a mouse macrophage 

cell line RAW 264.7 (ATCC, VA, USA) were cultured in dulbecco's modified eagle's 

medium (Life Technologies, CA, USA) supplemented with 10% FBS and 1% PSG. 

All cell lines were maintained in an incubator with 5% CO2/95% air at 37 °C.  

Protease inhibitor cocktail tablets were purchased from Roche, Basel, Switzerland. All 

the other chemicals for Western Blotting were obtained from Bio-rad (Hercules, CA, 

USA). 

5.4. METHODS 

5.4.1. Western Blotting analysis of the expression of integrin αvβ3 

To support the hypothesis and design of the c(RGDyC) modified liposomes, Western 

Blotting was used to detect the expression of integrin αvβ3 on the various cell lines, 

HUVEC, U87, MIA PaCa-2, MCF-7 and RAW 264.7. Each cell line (10
6
 cells) was 

washed 3 times with ice-cold isotonic PBS (0.01M, pH 7.4) and protein extracts were 

prepared by lysing in NP40 cell lysis buffer (Life Technologies, USA) on ice. The 

lysates were then centrifuged at 13,400 rpm for 10 min; the supernatant was collected 

and mixed with loading dye. The mixture was heated at 95 ˚C for 5 min before 

loading into a 10% Mini-PROTEAN TGX precast protein gel. Electrophoresis was 

performed in a vertical electrophoresis system with Tris-glycine running buffer (25 

mM Tris, 190 mM glycine, 0.1 % SDS, pH 8.3). The proteins were allowed to 

separate for 30-40 min at 200 V and then transferred into a PVDF membrane using 

the Transblot turbo™ transfer system (Bio-Rad, Hercules, CA, USA). Membranes 

were blocked with 5% skim milk (Select, New Zealand) in 0.01 M PBS (pH 7.4) for 1 

h at room temperature and then probed with primary antibodies, integrin rabbit anti-
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human αv antibody, rabbit anti-human integrin 3 antibody (both at 1:1000, Cell 

Signaling, MA, USA) or a goat anti-human -actin antibody (1:500, Santa Cruz, TX, 

USA), overnight at 4 ˚C. Thereafter membranes were incubated with an HRP-labeled 

goat anti-rabbit secondary antibody (1:5000/1: 10000, Cell Signaling, MA, USA) for 

1 h at room temperature. Bolts were finally developed with electrochemiluminescence 

prime substrate (GE Healthcare, Buckinghamshire, UK) and imaged for 

chemiluminescence using a Fujifilm LAS-3000 imager.  

5.4.2. Formation of c(RGDyC) modified liposomes (c(RGDyC)-LP) 

5.4.2.1 Pre-insertion into liposome bilayers 

DSPE-PEG2000-c(RGDyC) was synthesised based on a reported method [269] with 

minimal modification. DSPE-PEG2000-MAL (2 mM) was dissolved in chloroform: 

methanol (3:1, v/v) in a round-bottom flask. The solvent was gently removed under 

reduced pressure on a rotary evaporator (Büchi R-215 Rotavapor, Flawil, Switzerland) 

equipped with thermostatically controlled water bath at 45 °C to form a dry thin lipid 

film on the walls of the flask. The DSPE-PEG2000-MAL film was hydrated with PBS 

buffer (pH 7.4) to form micelles. The resultant DSPE-PEG2000-MAL micelle was 

mixed with 1.5-fold molar excess of c(RGDyC) (3 mM) dissolved in PBS buffer (pH 

7.4) and kept at 4 °C with gentle stirring at 150 rpm. Nitrogen was inserted during the 

reaction to avoid oxidisation of c(RGDyC). The unconjugated c(RGDyC) was 

separated on a Sephadex-G50 column using PBS buffer (pH 7.4).  The fraction 

containing product was lyophilised and then extracted twice with chloroform to 

remove inorganic salts, the formation of the DSPE-PEG2000-RGD was confirmed by a 

matrix assisted laser desorption ionization-time of flight mass spectrometer (MALDI-

TOF MS, UltrafleXtreme, Bruker, USA).  

Subsequently, c(RGDyC) modified liposomes, containing DPPG, cholesterol, DSPE-

PEG2000 and the synthetic DSPE-PEG2000-c(RGDyC) with molar ratios of 6:3:0.4:0.1 

were prepared by the optimised method as reported in Chapter 3. 

5.4.2.2 Post-coating on liposome surface 

Plain liposomes contain DSPE-PEG2000-MAL were prepared by the thin-film 

hydration method as reported in Chapter 3. Briefly, the phosphate lipids, DPPG, 

cholesterol, DSPE-PEG2000 and DSPE-PEG2000-MAL (molar ratios 6.5: 3: 0.4: 0.1) 
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were dissolved in organic solvent followed by evaporation under reduced pressure to 

form a thin lipid film which was then put under nitrogen to completely remove traces 

of organic solvent. The thin lipid film was hydrated at 45˚C in 50 mM BSH, or 

calcein dissolved in 100 mM HEPES buffer (pH 7.4). Seven cycles of freeze-thaw 

were applied after liposome formation involving freezing in liquid nitrogen and then 

thawing in a 45˚C water-bath. The resulting liposomes were extruded through 200 nm 

and 100 nm membranes to obtain a uniform size. 

The c(RGDyC) was subsequently grafted to the surface of liposomes through a thiol-

maleimide coupling reaction of c(RGDyC) with DSPE-PEG2000-MAL. Briefly, 

c(RGDyC) (1%, molar ratio) was dissolved in 100 mM HEPES buffer (pH 7.4) and 

incubated with the liposomes for 24 h at 4, 22 or 37 ˚C to determine the optimal 

condition for maximum attachment. Nitrogen was inserted during incubation to avoid 

oxidisation. A c(RGDyC) standard solution at the same conditions was used as a 

reference (%) for analysis.  

Control liposomes without c(RGDyC) modification (LP) composed of DPPG, 

cholesterol, DSPE-PEG2000 (molar ratios 6.5:3:0.5) were also prepare as described 

above. 

5.4.2.3 Measurement of c(RGDyC) attachment efficiency 

Unconjugated free c(RGDyC) was separated from liposomes by ultra-centrifugation at 

188,272 × g for 1 h at 4 ˚C and quantified by HPLC analysis. The attachment 

efficiency (%) was calculated by comparing the peaks of the c(RGDyC) in the 

supernatant with a c(RGDyC) standard solution. All the analysis were carried out 

using a Phenomenex C18 (5 μm, 250 mm × 4.60 mm) column maintained at 40 ˚C 

based on a gradient HPLC method modified from previous report [270]. Briefly, the 

mobile phase at a constant flow rate of 1 mL/min consists of 0.1% trifluoroacetic acid 

in water (eluant A) and 0.1% trifluoroacetic acid in acetonitrile (eluant B). The 

gradient elution was set from 10% to 50% B in 50 min, and back to 10% B over 5 min. 

The detection wavelength was set at 280 nm.  
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5.4.3. Influence of c(RGDyC)  modification on liposome properties  

5.4.3.1 Liposome morphology  

The morphology liposomes were investigated using cryogenic transmission electron 

microscopy (cryo-TEM). The liposomes were diluted ten times with isotonic PBS (0.1 

M, pH 7.4) and placed on a copper grid in the climate chamber and blotted, leaving a 

thin film stretched over the holes. The samples were frozen by submersion in liquid 

ethane and cooled to 90 K by liquid nitrogen. Samples were exposed to electrons and 

photographed at an accelerating voltage of 120 kV in a Tecnai 12 transmission 

electron microscope (FEI, Hillsboro, USA).  

5.4.3.2 Encapsulation efficiency and particle concentration 

BSH encapsulated liposomes were separated from free BSH by ultra-centrifugation at 

188,272 × g for 1 h at 4 ˚C (F50L-24 × 1.5 rotor, Sorvall WX80 ultra series centrifuge, 

Thermo Scientific Inc.). The encapsulated BSH was extracted from liposomes using 

the optimal extraction method as described in Section 3.5.3.1. The concentrations of 

BSH were analysed by the validated ion-pairing HPLC method (described in Chapter 

2) using a Phenomenex C18 column (5 μm, 250 mm × 4.60 mm). The EE were 

calculated using the Equation 3.2 demonstrated in Chapter 3. The particle 

concentration was determined using Nanosight nanoparticle tracking analysis 

(NanoSight NS300, Malvern, Worcestershire, UK) at camera level of 10. Data was 

analysed on the NTA software 3.0 (ATA Scientific, Australia). 

5.4.3.3 Size and zeta-potential 

The size, polydispersity index (PDI) and zeta potential of the liposomes with and 

without c(RGDyC) modification by dynamic light scattering using a Zetasizer Nano-

ZS (Malvern Instruments, UK). All measurements performed in triplicate at 25 °C.  

5.4.3.4 Drug release and stability 

To investigate the drug release properties, pelletised liposomes were suspended in 

isotonic phosphate-buffered saline (PBS, 0.01 M, pH 7.4) and maintained at 37 °C 

with gentle shaking to simulate the in vivo conditions. Samples were taken at 1, 3, 8, 

24 and 48 h. Released drug was immediately isolated by centrifugation method as 
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described in 3.4.5.2. All the samples were placed in closed Eppendorf tubes sealed by 

Parafilm to avoid evaporation and kept in dark. 

For stability tests, liposomes in pellet form were stored in the dark at 4°C. Particle 

size, PDI, zeta potential and drug leakage were monitored over 3 months.   

5.4.4. Cellular uptake study 

Calcein, a hydrophilic fluorescent marker, was encapsulated in the aqueous core of 

liposomes at the optimal working concentration determined in Section 4.5.6.1, 10 mM 

for cellular uptake studies. The cellular uptake of calcein-encapsulated liposomes with 

or without 1% c(RGDyC) on HUVEC and U87 cells in comparison with MIA PaCa-2 

cells was observed by fluorescence microscopy and quantified by measuring the 

fluorescence intensity, as described in Section 4.4.6.3, following 3 h or 16 h 

incubation. In parallel, a competition assay was performed by pre-incubating cells 

with excess of c(RGDyC) (0.5 mM) for 15 min before cellular uptake was observed.   

For microscopy imaging, the cells were fixed by adding 4% paraformaldehyde to each 

well. After rinsing with PBS (0.01 M, pH 7.4), 300 nM of DAPI (λ ex/λ em: 345/661 

nm) staining solution was added to stain the nucleus acids. Cells were visualised using 

a standard fluorescence microscope (Leica DU IL LED, Danaher, Wetzlar, Germany). 

5.4.5. In vitro BNCT 

The in vitro neutron irradiation experimental procedures were modified from reported 

studies [169,271]: cells seeded in 96-well plates at a density of 3,000/100 μl/well were 

cultured for 24 h, and 200 μl of each of the formulations suspended in medium at a 

final equivalent concentration of 20 µg/ml 
10

B (dilution factor = 20). Following 3 h or 

16 h incubation, cells were washed three times and 450 µl fresh medium was added to 

fully fill each well. Irradiation was conducted by placing the sealed plates vertically 

on the Dingo thermal neutron radiography/tomography/imaging station sample stage 

(Figure 5.1 A) and irradiating for 7 h at room temperature to impart a total neutron 

fluence of 1.2 × 10
12

 neutrons/cm
2
 in high-flux configuration following the published 

neutron irradiation studies [272,273]. Meanwhile cells without irradiation were kept 

under the same conditions acted as controls. The Dingo instrument is located at the 

20 MW OPAL research reactor, Australian Nuclear Science and Technology 

Organization (Sydney, Australia). The actual thermal neutron and photon dose at the 
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sample position was measured from the radioactivation of pure gold foils placed at 

multiple spatial positions on the front side of each plate (Figure 5.1 B), and low 

neutron sensitivity thermoluniscent (LiF;Mg,Ti) (TLD-700) dosimeters placed on 

each side of the plate [274]. The Cadmium Ratio Method was used to obtain the 

absolute thermal flux values and doses delivered by BNCT to the cells [275]. The 

thermal neutron flux and photon dose rate imparted to the plates were 

4.5 × 10
7 

n/ cm
2
 /s and 0.277 mGy/s, respectively. A 6% decrease in neutron flux was 

recorded across the well plate, corresponding to the radial distribution of the 

collimated neutron beam at the sample position (L/D = 500).   

After irradiation, cell survival and growth were monitored over 7 days using a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay 

[276]. The non-irradiated cells cultured in medium only were used as control to obtain 

relative cell viabilities for the treated cells. Cell growth curves over 7 days after 

irradiation were created to demonstrate their radiosensitivity to neutron irradiation 

alone. Histograms of relative cell viability in the 4
th

 day were generated to illustrate 

the BNCT efficacy of different formulations.  

 

 

      

Figure 5.1 Illustration of the set-up of in vitro BNCT experiments. A) A 96-well 

plate was sealed and placed vertically on the sample stage. B) Pure gold foils were 

attached on the front side the 96-well plate for the measurement of actual thermal 

neutron and photon dose. 

 

A.                                                                 B. 
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Figure 5.2 Western Blotting analysis of cell expression of integrin αvβ3. HUVEC and 

U87 cells were confirmed to have strong expression of integrin αvβ3 while MCF-7 

only express integrin αv, MIA PaCa-2 and macrophage cells had extremely weak 

expression of both αv and β3 subunits. β-actin was used as loading control. 

5.4.6. Statistical analysis 

Data were analysed by multiple t-tests or one-way ANOVA (Analysis of Variance) 

with Tukey’s multiple comparisons test using GraphPad Prism, version 7.01 

(GraphPad Software, Inc.). P values less than 0.05 were considered as statistically 

significant, while those less than 0.01 were considered as highly significant.  

5.5. RESULTS  

5.5.1. Integrin αvβ3 expression analysed by Western Blotting 

Western Blotting analysis (Figure 5.2) indicated that HUVEC had the strongest 

expression of integrin αvβ3 followed by U87, while MIA PaCa-2 and macrophage 

cells did not display any detectable expression. Therefore, MIA PaCa-2 was used to 

represent normal cells with low expression of αvβ3 in the following studies. 

Interestingly, despite the wide report [277], breast cancer cell line MCF-7 only 

expressed the integrin subunit, αv. 

5.5.2. Formation of c(RGDyC)-LP 

5.5.2.1 Pre-insertion into liposome bilayers 

After 20 h incubation at 4 ˚C (pH 7.4), the formation of DSPE-PEG2000-c(RGDyC) 

was detected through MALDI-TOF MS (Figure 5.3). Compared to the peaks of 
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Figure 5.3 MALDI-TOF mass spectrometric analysis of the parental DSPE-PEG2000-

MAL and DSPE-PEG2000-RGD conjugate. An increase in mass of 595 after 

conjugation corresponds to one c(RGDyC) peptide molecule conjugated to one 

DSPE-PEG2000-MAL molecule. MALDI-TOF: matrix assisted laser desorption 

ionization-time of flight. 

DSPE-PEG2000-MAL, the new peaks shifted by approximating the molecular weight 

of c(RGDyC) peptide (MW 595) indicating the successful addition of c(RGDyC) to 

DSPE-PEG2000-MAL through a Michael addition reaction. The heterogeneity of PEG 

chain was shown in the successive peaks in DSPE-PEG2000-RGD or DSPE-PEG2000-

MAL differed in mass by 44 Da corresponding to the molecular weight of ethylene 

oxide unit (–(CH2CH2)O−). However, free DSPE-PEG2000-MAL was also detected in 

the final product after 20 h incubation at 4 ˚C. Extending incubation time to 48 h, 

increasing incubation temperature to 25 ˚C or adjusting pH to 8 was not able to 

consume DSPE-PEG2000-MAL completely.  Considering the low yield, the conjugate 

DSPE-PEG2000-c(RGDyC) was not subjected to liposome preparation afterwards. 
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Figure 5.4 Typical HPLC trace of c(RGDyC). Free c(RGDyC) elutes at 11 min and 

its dimer at 14.7 min. 

 

5.5.2.2 Post-coating on liposome surface 

The retention times of free c(RGDyC) and its dimer were 10.3 and 14.9 min, 

respectively (Figure 5.4). With 15 h incubation with pre-formed liposomes at 22 ˚C, 

the amount of free c(RGDyC) decreased by 61.7% and extending the incubation time 

to 24 h resulted in non-detectable free c(RGDyC) or dimer in the supernatant. A 

decrease in reaction temperature to 4 ˚C resulted in no detectable attachment while an 

increase in temperature to 37 ˚C led to 51.9% attachment efficiency. Besides, no free 

c(RGDyC) was found in lysed liposomes. Therefore, it was confirmed that the 

decrease of c(RGDyC) in the supernatant is a result of maleimide-thiol coupling 

reaction on the liposome surface rather than encapsulation into liposomes aqueous 

core.  

The optimal attachment condition, incubation for 24 h at 22 ˚C, was applied for 

preparation of c(RGDyC)-LP with high attachment efficiency in the following 

experiment.  
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Table 5.1 Particle number, size, PDI and zeta-potential of liposomes with/without 

c(RGDyC) modification (mean ± SD, n=3). The liposome numbers are expressed as 

the results from 20 mg/ml lipids. 

Formulation 

Liposome 

number 

(×10
13

/ml) 

10
B atom 

number 

/liposome  

(× 10
8
) 

Particle 

size  

(nm) 

PDI 

Zeta 

potential 

(mV) 

LP 5.57 ± 1.14 2.69 ± 0.49 123.9 ± 1.8 0.10 ± 0.02 -36.2 ± 0.6 

c(RGDyC)-LP 6.50 ± 0.55 2.23 ± 0.18 124.5 ± 1.2 0.07 ± 0.02 -46.0 ± 1.0 

* PDI: polydispersity index 

 

 

5.5.3. Characterisation of liposomes  

LP and c(RGDyC)-LP were around 124 nm in diameter. Except for zeta potential 

which dropped by 10 mV (p < 0.01), there was no significant change in particle 

physicochemical properties following conjugation with 1% (mol) c(RGDyC) (p > 

0.05) (Table 5.1). 

Conjugation decreased the encapsulation efficiency (EE) of BSH in the liposomes 

from 5.5 ± 1.31% to 2.6 ± 0.04%, however the release of BSH was significantly 

slowed down (53.2 ± 1.3% versus 96.9 ± 7.4%) (Figure 5.5 B). Cryo-TEM 

micrographs (Figure 5.5 A) showed that c(RGDyC)-LP and LP were both unilamellar. 

The liposome concentration was found to be similar in the two formulations with 6.5 

× 10
13

/ml in c(RGDyC)-LP and 5.6 × 10
13

/ml in LP.  
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Figure 5.5 TEM images (A) and drug release profiles (B) from LP and c(RGDyC)-LP 

formulations. Release studies were performed at 37 ˚C in isotonic PBS (pH 7.4). Data 

were expressed as mean ± SD (n=3). 

B

A

Stability study demonstrated that the particle size and PDI of both LP and c(RGDyC)-

LP remained unchanged and no drug leakage for at least 2 months, while a slight 

decrease of zeta-potential observed in LP and c(RGDyC)-LP after 1 month and 2 

months, respectively (Table 5.2). 
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Table 5.2 Stability of BSH loaded liposomes with/without c(RGDyC) 

modification. Liposomes were stored in pellet form, protected from light and 

maintained at 4 °C (mean ± SD, n=3) 

Formulation 
Time 

(month) 
Size (nm) PDI 

Zeta    

potential 

(mv) 

BSH remain 

entrapped 

(%) 

LP 

0 123.9 ± 1.8 0.10 ± 0.02 -36.2 ± 0.6 100.0 ± 0.8 

1 122.9 ± 1.0 0.09 ± 0.01 -36.9 ± 2.5 89.2 ± 5.7 

2 122.9 ± 1.6 0.11 ± 0.01 -31.9 ± 2.3* 93.3 ± 16.9 

3 121.4 ± 1.3 0.08 ± 0.03 -32.6 ± 0.3* 72.6 ± 7.8 

c(RGDyC)-LP 

0 124.5 ± 1.2 0.07 ± 0.02 -46.0 ± 1.0 100.0 ± 2.6 

1 124.9 ± 0.9 0.08 ± 0.01 -46.8 ± 1.3 98.9 ± 5.8 

2 123.6 ± 0.8 0.07 ± 0.02 -42.3 ± 3.1 95.6 ± 4.1 

3 124.3 ± 1.3 0.09 ± 0.02 -41.6 ± 2.2* 83.8 ± 7.9 

* P < 0.05 compared with freshly prepared liposomes. 

 

5.5.4. Cellular uptake study  

The degree of cellular uptake of c(RGDyC)-LP strongly correlated with the 

expression of integrin αvβ3 on the cell lines. In contrast to treatment with LP, 

treatment with c(RGDyC)-LP resulted in significantly higher levels of fluorescence in 

HUVEC and U87 cells (Figure 5.6 A and B), but a similar level in MIA PaCa-2 

(Figure 5.6 C). The strong cellular uptake of c(RGDyC)-LP by the HUVEC and U87 

cells was inhibited when pre-treated with free c(RGDyC)  (Figure 5.6 and Figure 5.7). 

The cellular uptake increased from 3 h to 16 h in all cases, the fluorescence intensity 

of c(RGDyC)-LP treated U87 cells was double that of LP treated cells at 3 h and 

maintained at the same ratio over 16 h. In HUVEC, the fluorescence intensity resulted 

from c(RGDyC)-LP treatment for 3 h was 2.5 times higher than the LP treatment, and 

the difference increased to > 4 times at 16 h (Figure 5.7). Notably, while the 

internalised fluorescence was distributed throughout the cytoplasm it was more 

prominent in the areas surrounding nuclei. Moreover, cell aggregation was observed 

in HUVEC and U87 cells (Figure 5.6  D). 
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Figure 5.6 Representative fluorescence images showing selective cellular uptake of 

c(RGDyC)-LP corresponding to the expression of integrin αvβ3, which inhibited by 

pre-saturation with free c(RGDyC). In integrin αvβ3-positive HUVEC (A) and U87 

cells (B), c(RGDyC)-LP uptake is significantly higher than LP. No differential 

uptake was observed in integrin αvβ3-negative MIA PaCa-2 cells (C). Cell 

aggregation was observed in c(RGDyC)-LP treated or c(RGDyC) pre-treated 

HUVEC and U87 cells (D). DAPI was used to stain the nuclei (blue) and 10 mM 

calcein (green) was encapsulated in liposomes. Scale bar represents 10 μm. Cellular 

uptake of liposomes was recorded by fluorescence microscopy. 
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Figure 5.7 Cellular uptake of liposomes quantified by fluorescence intensity. The 

difference in total uptake between liposomes with and without c(RGDyC) 

modification was statistically significant (p < 0.05) in HUVEC and U87 cells. 

Cells pre-treated with c(RGDyC) peptides were subsequently incubated with 

c(RGDyC)-LP. Cell aggregation in c(RGDyC)-LP treated HUVEC and U87 cells 

may have contributed to the relatively large error bars. Results are expressed as 

mean ± SD (*: p <0.05, **: p<0.01, and NS: p>0.05, n=3). 



Chapter 5 

 

147 

 

 

Figure 5.8 Cell responses to neutron irradiation in the absence of 
10

B. HUVEC and 

MIA PaCa-2 cells underwent apoptosis after irradiation while glioblastoma cells 

U87 showed cell growth. The relative cell viability was obtained by comparing 

viability with non-irradiated cells maintained medium and monitored over 7 days 

after irradiation. Results are expressed as mean ± SD (n=3). 

5.5.5. In vitro BNCT 

5.5.5.1 The effect of neutron irradiation on cell viability  

Figure 5.8 illustrates the effect of neutron irradiation alone on HUVEC, U87 and MIA 

PaCa-2 cells, expressed as the relative cell viability in comparison with non-irradiated 

cells (control). Irradiation appeared to stimulate HUVEC and MIA PaCa-2 cell 

metabolic activity initially resulted in a 150% relative cell viability at 24 h, however 

the cell viability declined continuously from day 1 with a 13% relative cell viability 

observed on the 7th day. In contrast, neutron irradiation reduced the relative cell 

viability of U87 to 50% on day 1 and the cell viability maintained the same growth 

rate as the control cells up to day 3, however doubled at day 5 before the second drop 

at day 7.  
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Figure 5.9 Efficacy of BNCT on cell viability of HUVEC and U87 cells. Cells were 

pre-treated with different 
10

B containing formulations with the final concentration of 

20 μg/ml for 3 h or 16 h. The relative cell viability compared to non-irradiated cells 

maintained in culture medium was measured on the 4th day after irradiation by MTT 

assay. **: p<0.01, *: p<0.05. Filled columns are non-irradiated and blank columns 

are irradiated. The dots represent each of the individual data points. 

 

5.5.5.2 The efficacy of BNCT on cell viability  

Figure 5.9 shows the in vitro BNCT efficacy with the cells pre-treated with 

formulations for either 3 h or 16 h prior to 7 h irradiation. The cell viability measured 

on the 4th day after irradiation was compared to non-irradiated control cells cultured 

in medium to demonstrate the BNCT efficacy. In both HUVEC and U87 cells with 

BNCT, the c(RGDyC)-LP pre-treatment for 3 h led to the most significant reduction 

in cell viability compared with LP and BSH solutions. Extending the treatment with 

formulations to 16 h resulted in lower MTT cell viability close to 20% on HUVECs 

and 50% in U87 cells, regardless of the formulation (p > 0.05).  Moreover, U87 cell 

mutation was observed at day 3 post irradiation, some cells were giant shuttle-shaped 

and some were longer branched.  
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5.6. DISCUSSION 

In this study, we focused on a new approach by dual-targeting tumour vasculature and 

glioblastoma cells to enhance the efficiency of 
10

B delivery by exploiting the 

overexpression of integrin αvβ3 in both cell types. Hereby, a cyclic peptide c(RGDyC) 

modified liposomal delivery system has been developed and demonstrated to have 

dual-targeting potential.  

5.6.1. Western Blotting analysis of the expression of integrin αvβ3 

Initially in this study, integrin αvβ3 expression was determined in several 

representative cell lines with both HUVEC and U87 showing strong expression of 

αvβ3 (Figure 5.2) which is consistent with the literature. Little or no expression was 

found in other cancer cell lines tested, MIA PaCa-2 cells and MCF-7 cells.  

The degree of cellular uptake of c(RGDyC)-LP strongly correlated with the cellular 

expression of integrin αvβ3 (Figure 5.2). The MIA PaCa-2 cancer cell line, with no 

integrin αvβ3 expression, showed no benefit to use c(RGDyC)-LP. The study 

suggested that evaluation of biomarker expression in the target tissues is necessary for 

developing personalised targeted therapies. 

5.6.2. Formation of c(RGDyC)-LP 

The conjugation of c(RGDyC) to liposomes was explored by two methods, pre-

insertion and post-coating. With pre-insertion method, c(RGDyC) attachment 

efficiency was low and not reproducible. One possible reason could be the steric 

hindrance of DSPE-PEG2000-MAL micelles restricted the approaching of c(RGDyC) 

molecules. Besides, MALDI-TOF MS may not be the optimal technique for the 

detection of PEG containing substances. The high energy of MALDI laser could break 

down part of PEG chain and introduce heterogeneous peaks. Thus, it is difficult to 

obtain a well-resolved and reproducible spectra in either linear or reflector mode.  

In contrast, with the optimised post-coating conditions, liposomes were covalently 

conjugated with c(RGDyC) with a high efficiency ( > 98%) and within the optimal 

size range for exploiting the EPR effect (100-200 nm) [60]. Therefore, post-coating 

method was applied for the preparation of c(RGDyC)-LP.  
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5.6.3. Characterisation of liposomes 

As discussed in Section 3.6.3, the obtained EE of BSH in the nano-sized c(RGDyC)-

LPs (approximately 5%) is typical for a water-soluble drugs like BSH, which 

predominately depends on the volume ratio of BSH solution inside and outside 

liposomes (Vin/Vout)  during liposome formation [101,278]. Therefore, EE can be 

enhanced by reducing Vout or increasing the mass of lipids (increasing Vin), whereas 

the loading capacity could be further improved when a more concentrated BSH 

solution is used. The EE of BSH in c(RGDyC)-LP was reduced by 2% compared with 

LP, possible due to the drug leakage during the 24 h conjugation with the peptide.  

Conjugation with c(RGDyC) increased the magnitude of the zeta potential which is 

expected to increase the physical stability of liposomes through electrostatic repulsion. 

Besides, this negative charge would repel the ionised BSH species of the same charge, 

decreasing its release rate by diffusion across the liposomal membrane. This 

phenomenon has been reported to the other peptide-modified liposomes, such as 

asparagine-glycine-arginine (NGR) for doxorubicin and cyclic arginine-glycine-

aspartic acid-tyrosine-lysine (c(RGDyk)) for cisplatin [279,280].  

5.6.4. Cellular uptake study 

In integrin-positive HUVEC and U87 cells, c(RGDyC) significantly enhanced the 

cellular uptake of c(RGDyC)-LP most likely through integrin αvβ3-mediated 

pathways. This is also supported by the finding that pre-treatment with c(RGDyC) 

inhibited the cellular uptake of c(RGDyC)-LP. However, αvβ3-mediated endocytosis 

is not the only pathway for the internalisation of c(RGDyC)-LP. Cao et al. reported 

that other endocytic pathways including macropinocytosis and clathrin-dependent 

endocytosis were also involved in the cellular uptake of RGD containing peptides 

modified liposomes [251]. Interestingly, HUVEC and U87 cells which have strong 

integrin αvβ3 expression aggregated when treated with c(RGDyC)-LP, or following 

pre-treatment with free c(RGDyC) (Figure 5.6). Besides, the aggregated cells tended 

to detach from the wells, resulting in large variant in fluorescent intensities (Figure 

5.7). This could be explained as c(RGDyC) occupied the cell surface integrins, 

therefore blocked integrin-mediated cell adhesion and led to cell detachment and even 

apoptosis [12,153].  
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5.6.5. In vitro BNCT 

To understand in vitro BNCT, the effect of neutron irradiation on cells without 

formulation pre-treatment was first investigated. Following irradiation different cells 

appeared to have different response in the following 7 days (Figure 5.8). Neutron 

radiation can induce cell deaths by two pathways, apoptosis and necrosis [281]. Cell 

necrosis may be reflected by MTT assay directly, while apoptotic cells retain ability 

to reduce MTT salts in the early stage after irradiation [282]. The cell growth curves 

may indicate that HUVEC and MIA PaCa-2 cells underwent apoptosis with an 

initially high metabolic activity (relative viability ~150% at day 1 for both); but as 

apoptosis further programmed MTT absorbance dropped over time. On the other hand, 

U87 cells may have experienced necrosis in response to irradiation, and lost the 

viability (50%) rapidly as observed at day 1. However, as a type of brain tumour cells, 

U87 cells have higher capacity of DNA repair [283]. This may lead to rapid 

proliferation as observed on day 3 and day 5. The cells with unrepaired DNA break 

leads to subsequent cell death which occurs after a variable number of cell cycles 

[284], explaining the low MTT response on day 7. On the other hand, the cells with 

misrepaired DNA will lead to mutation [284]. Indeed, mutant U87 cells were also 

observed under microscope from day 3 to day 7.   

Based on the above understanding of the cell lines, an MTT assay was carried out on 

day 4 in the in vitro BNCT study, as on this time both necrosis and apoptosis could be 

observed for all cells. The MTT  assay which assesses cell metabolic activity  was 

used to quantify BNCT effects in this study as it is prescribed as a quantitative 

cytotoxicity technique in the latest revision of ISO International Standards [285]. 

Furthermore, MTT assay has been employed to determine cell survival after 

irradiation [272,286] with a reported similarity to clonogenic assays [276]. 

In the in vitro BNCT study, pre-treatments of HUVEC with all formulations for only 

3 h resulted in 70-80% cell death, with c(RGDyC)-LP being more significant than LP 

and BSH solution (Figure 5.9). The conventional liposomes can be internalised 

through clathrin-mediated endocytosis. Cyclic RGD peptides are reported not only 

able to bind to integrin αvβ3 as a ligand but also recruit clathrin and thus promote 

clathrin-mediated endocytosis [287,288]. Hence, the superiority of the use of 

c(RGDyC)-LP over LP and BSH was observed with 3 h pre-treatment. When 
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incubation time extended to 16 h, all the formulations could have delivered sufficient 

amount of 
10

B to lead to complete cell death after irradiation. With U87, 3 h pre-

treatment saw a significant reduction in MTT viability measured at the day 4 with 

c(RGDyC)-LP than LP or BSH solution treatment. The high variations of the data at 

day 4 may be due to misrepaired or unrepaired DNA as the result of irradiation, and 

these cells would possibly undergo subsequent apoptosis, as shown in Figure 5.8.  

Other research pre-incubated cells with 
10

B formulations for up to 24 h prior to BNCT 

[286,289]. We investigated a short incubation time (3 h) and a relatively long 

incubation time (16 h) to discriminate the formulations according to their cellular 

uptake efficacy rather than their uptake kinetic. However, the results suggests that 3 h 

pre-treatment with c(RGDyC)-LP was sufficient to generate lethal effects for both 

HUVEC and U87. Given the dynamic change of liposomes in the bloodstream, 3 h 

pre-treatment in the in vitro study may be more clinically relevant.  

5.7. CONCLUSIONS 

The findings from this study has highlighted the potential of a new dual-targeting 

approach using c(RGDyC) modified liposomes for specific boron delivery to 

glioblastoma and its vasculature, addressing the major limitation of poor tumour 

accumulation of 
10

B in BNCT.  

c(RGDyC)-LP for BSH delivery was successfully developed with a high c(RGDyC) 

attachment efficiency using post-coating method. In contrast to Xentry modification 

(Chapter 4), c(RGDyC) modification decreased the zeta-potential of liposomes and 

subsequently lead to good liposome stability and sustained release of BSH. 

The selected cell models glioblastoma cell model U87, representative tumour 

angiogenesis cell model HUVEC and negative control cell model MIA PaCa-2 were 

proved to be suitable for this study based on their integrin αvβ3 expression 

determined by Western Blotting. The c(RGDyC) modification selectively increased 

the cellular uptake of liposomes in αvβ3-positive glioblastoma and tumour 

angiogenesis cell models, demonstrated the dual-targeting potential of c(RGDyC)-LP.  

In the in vitro BNCT study, the c(RGDyC)-LP
 
containing BSH generated more rapid 

and significant lethal effects to both U87 and HUVEC than the control liposomes and 

BSH solution, showed the potential of c(RGDyC)-LP to enhance the BNCT 
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efficacy. Interestingly, neutron irradiated U87 and HUVEC showed different types of 

subsequent cell death, necrosis and apoptosis.  

In summary, this study illustrated a promising dual-targeting strategy using 

c(RGDyC)-LP to improve BNCT efficacy for glioblastoma. Rather than targeting the 

tumour cells alone, the distinctive features of glioblastoma, rich microvascularture has 

also been exploited. To confirm our novel dual-targeting strategy, translational 

research with precise tracking of liposomal boron uptake by tumour using animal 

model is of great interest for future research.  
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CHAPTER 6. GENERAL DISCUSSION AND FUTURE 

DIRECTIONS 

6.1. GENERAL DISCUSSION 

Despite the recent improvements in cancer therapies, including surgery, chemotherapy, 

radiotherapy, immunotherapy and molecularly targeted therapy, glioblastoma (GBM) 

remains an incurable disease with a short median survival of less than 15 months. The 

poor specificity of current therapies and the high filtration and resistance features of 

GBM are the main issues that pose challenges to the neuro-oncology community. The 

ideal treatment is to selectively destroy GBM while sparing the neighbouring healthy 

tissues. Boron neutron capture therapy (BNCT) is a promising localised therapy with 

the advantage of being highly specific. However, its effectiveness and specificity 

largely depend on the selective delivery of sufficient amounts of 
10

B to the tumour. By 

targeting the delivery of 
10

B to tumour cells, the neutron beams can selectively 

destroy the boron-bearing tumour tissues leaving the surrounding normal tissues 

undamaged. Among the two clinically approved boron compounds for BNCT, sodium 

borocaptate (BSH) and boronophenylalanine (BPA), BSH has a higher 
10

B 

composition with twelve 
10

B atoms per molecule along with lower toxicity and higher 

stability. However, its poor cellular permeability and the lack of tumour selectivity 

limited their clinical applications.  

Pharmaceutical nanotechnology is a maturing research field being widely explored to 

overcome the above limitations of anti-cancer drugs. Among the various 

nanoparticulate systems, nano-liposomes are the most well-studied system for anti-

cancer drug delivery with several products have already been found in clinical use. On 

the other hand, peptides, in particular cell-penetrating peptides (CPPs) and cell 

targeting peptides (CTPs), have exhibited great potential as drug delivery carriers or 

vectors on of liposome surface to further improve cellular permeability and specific 

localisation.  

The overall aim of this thesis was to develop new strategies to enhance the BNCT 

efficacy for the treatment of GBM by improving tumour targeting delivery of BSH 

utilising peptide-assisted liposomes, based on CPPs or CTPs. Systemic research was 
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conducted as outlined in Figure 6.1. CPP was also explored as a drug carrier by 

conjugating to BSH. 

 

Figure 6.1  Summary of the structure and key findings of this thesis. XS-LP: Xentry 

conjugated to the liposome on the side chain of cysteine; XN-LP: Xentry conjugated 

to the liposome from N-terminus; LP: plain liposomes; c(RGDyC)-LP: c(RGDyC) 

functionalised liposome. HUVEC, U87 and MIA PaCa-2 are the representative 

angiogenesis, glioblastoma and negative control cell models. 
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6.1.1. Xentry as a carrier for BSH delivery 

Initially in this study, the concept of drug-CPP conjugation was proposed to improve 

the intracellular delivery of BSH (Chapter 2). Xentry, a new CPP discovered in the 

University of Auckland [142], was selected as the carrier owing to its excellent cargo 

delivery potential and selectivity due to its unique cell penetrating feature that make it 

unable to enter syndecan-deficient cells (e.g. resting blood cells). Commonly used 

conjugation methods include covalent conjugation [150,162] and non-covalent 

physical adsorption [290,291]. Covalent bond forms through chemical conjugation 

which usually requires multi-step synthesis, whilst non-covalent bond forms 

spontaneously via electrostatic interaction but weaker than covalent bond. As high 

stability is required for the drug-CPP conjugation, the covalent conjugation method 

was used in this study. The successful synthesis of BSH-Xentry through a Michael 

Addition reaction was identified by matrix assisted laser desorption ionization-time of 

flight mass spectrometer (MALDI-TOF MS) and high resolution electrospray 

ionisation mass spectrometry (HRESIMS).  

However the scaling up process of the synthesis was found to be time-consuming, 

similar to the other reports [292]. Thereafter, Xentry was further investigated as a CPP 

vector (Chapter 4) for surface-modification of liposomes that were developed in 

Chapter 3.  

6.1.2. Formulation development of PEGylated liposome for BSH delivery 

One of the major challenges in developing liposomal formulations for hydrophilic 

small molecule drugs like BSH is associated with low encapsulation efficiency (EE). 

For amphipathic drugs (lipophilic and ionisable) high EE can be achieved through 

active loading methods (also known as remote loading) [293], by creating a 

transmembrane pH gradient. The pH gradient is the driving force to promote the 

diffusion of uncharged drug molecules into the liposome aqueous cores which then 

become charged [294–296]. As a result, the charged species can be entrapped inside 

the liposomes due to low permeability through the lipid bilayer. 

However, active loading is not applicable to BSH as it is a highly ionised compound 

[297]. Hence, BSH was loaded into liposomes through passive loading in this study. 

In passive loading, hydrophilic drugs can be easily dissolved in the aqueous phase 

during liposome preparation, but resulting EE and drug loading (DL) are usually low 
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due to the large volume of external medium compared with the internal volume of the 

liposomal aqueous cavities.  

In Chapter 3, efforts were made in investigating the factors that might affect the 

EE/DL of BSH, including lipid composition and liposome preparation methods. The 

microencapsulation vesicle method and the thin-film hydration method with different 

freeze-thaw cycles were investigated.  

Lipid composition could affect the membrane properties, such as the thickness, 

fluidity and polarity, which could affect the EE of hydrophilic drugs as a result [298]. 

Cholesterol, one of the major components of liposomal bilayers, has an important 

contribution in membrane organisation, dynamics and function by filling in the free 

space formed by the phospholipid hydrocarbon chains, reducing their rotational 

freedom. Therefore addition of cholesterol increases the mechanical rigidity of fluid 

bilayers and decreases the diffusion of encapsulated hydrophilic drug. However, the 

size of liposomes grows as the ratio of cholesterol increases [299]. Based on literature 

and previous studies carried out in our research group, the phospholipids to 

cholesterol ratio at 7: 3 was used in this study [210,211]. Among the phospholipids, 5% 

was PEGylated lipids as the ratio has been widely used in liposomal formulations (e.g. 

Doxil
®
) to achieve excellent plasma circulation longevity and stability [203]. Anionic 

phospholipids (PGs in Figure 3.1) were demonstrated to be able to avoid interaction 

with BSH (Section 3.5.5) which could cause leakage and liposome destabilisation 

[208,209]. In addition, phospholipids with shorter hydrophobic carbon tails can form 

liposomes with a decreased membrane thickness which favour the entry of the 

hydrophilic drug and increase the EE [212]. 

Taken altogether, the lipid composition of liposomes for BSH delivery was fixed as 

DPPG, cholesterol and DSPE-PEG2000 at the molar ratio of 6.5: 3: 0.5 in this project. 

Maximum EE was achieved using the thin-film hydration method. While in this study, 

two cycles of modified freeze-thaw treatments including annealing or thawing at low 

temperature showed similar effects as 7 cycles of standard freeze-thaw on EE of BSH 

and liposome properties, it was worthwhile to explore the mechanism involved in 

annealing or thawing liposomes at low temperature which could be a particularly 

interesting theory benefits the research in pharmaceutical science.  
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6.1.3. Xentry modified liposomal system for BSH delivery  

Following the optimisation of formulation and preparation method, stable nano-sized 

liposomes with sufficient 
10

B and little leakage was developed (LP (Table 3.3)). To 

improve the intracellular 
10

B delivery efficiency, Xentry was utilised as a vector for 

liposomes (Chapter 4). To date, many CPPs have been reported to have the potential 

to deliver cargo to intracellular regions. However, few researchers have paid attention 

to the effects of peptide sites to be used for conjugation with liposomes on the cell-

penetrating capacity.  

In this study, Xentry was covalently conjugated to the distal of PEG chain of the 

liposomes via two different groups on either the side-chain of cysteine or the N-

terminus of Xentry to form two different types of liposomes, XS-LP and XN-LP. 

Both types of liposome were developed through a simple one-step reaction with a 

high efficiency. Interestingly, Xentry modification did not lead to enhancement of 

liposome uptake in human glioblastoma cell line U87 but the conjugation site was 

proved to significantly influence the cellular uptake of liposomes, with XN-LP 

showed a similar uptake level as LP while XS-LP displayed a lower uptake. 

Additionally, after 3 h of incubation with U87 cells, some XN-LPs were found to 

appear in the nuclei rather than just distributing in cytoplasm surrounding the nuclei.  

To understand the differential uptake behaviours of U87 cells towards different 

liposomes, the uptake mechanisms were investigated. The results demonstrated that 

LP entered the U87 cells through clathrin-mediated endocytosis, consistent with 

results reported in the literature [113–115]. Interestingly, it was found that the 

addition of Xentry via its N-terminus (XN-LP) altered its internalisation pathway 

from endocytosis to direct translocation of the liposomes. In addition, a thiol-mediated 

uptake pathway was found to be involved in the cellular uptake of XN-LP. The thiol- 

mediated pathway (Figure 4.19) which could bypass endocytosis through direct 

translocation hence may benefit the delivery of drugs that are unstable in endosomes 

and also provided a rationale for our understanding of CPP-assisted intracellular 

delivery. 

6.1.4. Cyclic-RGDyC functionalised liposome for dual-targeting BSH delivery 

As reviewed in section 1.6.1, the lack of cell specificity remains the major drawback 

of CPPs and conventional liposomes for their clinical development. Notably, GBMs 
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are characterised by rich microvasculature and rapid angiogenesis [5,6]. The 

overexpression of integrin αvβ3 in both tumour cells and the microvasculature of 

glioblastoma has been widely reported [9,10]. Hence, c(RGDyC), an integrin αvβ3 

ligand, was conjugated to the liposome surface (c(RGDyC)-LP) for dual-targeting 

delivery of BSH. The hypothesis of dual-targeting was verified using western blotting 

analysis which confirmed the high integrin αvβ3 expression level on GBM and 

tumour vasculature cell models (U87 and HUVEC). In addition to the literature which 

reported the tumour targeting properties of c(RGDyC), this study proved this 

functional peptide to have dual-targeting tumour vasculature and glioblastoma cells 

potential (Chapter 5).  

The drug release study showed that at least 50% of encapsulated BSH still remained 

in c(RGDyC)-LP after 24 h and the liposomes were observed to be stable and 

spherical in shape. In addition, the actual liposome number was measured by 

Nanosight nanoparticle tracking analysis and the number of encapsulated 
10

B atoms in 

each c(RGDyC)-LP was calculated accordingly as 2.23 × 10
8
. Therefore, a minimum 

of 5 liposomes were required to enter each cell to obtain the therapeutic 
10

B 

concentration (10
9
 atoms/cell) which can be easily achieved as it was reported that 

each cell has the potential to uptake more than 10
3 

liposomes [114].  

Among all the systems developed for BSH delivery in this thesis, c(RGDyC)-LP is 

the most desirable formulation with enhanced cellular uptake specifically exhibited in 

GBM and tumour vasculature cell models. Therefore, an in vitro BNCT study to 

evaluate the efficacy of c(RGDyC)-LP was carried out in the OPAL reactor, at 

Australian Nuclear Science and Technology Organization (ANSTO). 

An interesting finding from the in vitro BNCT study was that different cell types may 

respond differently to neutron irradiation and subsequently give different MTT 

readings over time, majority of normal cell lines tended to undergo apoptosis while a 

proportion tumour cells U87 experienced necrosis followed by proliferation of the 

surviving cells. Based on such understandings, it is essential to select the appropriate 

time point for post-irradiation cell viability test as the observed cell metabolic activity 

may not necessarily correspond to cell viability all the time. The cell responses to the 

irradiation, such as necrosis and apoptosis, is well recognised and widely reported, but 
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very few research illustrated BNCT induced cell responses. The in vitro BNCT results 

reported in this thesis can create real value and benefits in future research.  

6.1.5. Conclusion 

In conclusion, the present PhD work has emphasised the usefulness of peptide-

assisted strategies for the selective delivery of BSH using liposomes. c(RGDyC) 

modification endowed the liposomes with the capability to specifically deliver boron 

to GBM, addressing the major limitation of poor tumour accumulation of 
10

B in 

BNCT (Figure 6.1). Rather than targeting the tumour cells alone, the distinctive 

features of GBMs, their rich microvascularture has also been exploited. The findings 

highlighted the merits of peptide ligands with dual-targeting function which improved 

target-specificity without increasing the sophistication of liposomal systems. This 

dual-targeting strategy is expected to be particularly beneficial for BNCT. 

Xentry decoration on the liposome surface, however, did not enhance intracellular 

drug delivery but directed the internalisation of the liposomal system in GBM cells 

through a non-endocytic pathway, thiol-mediated translocation (Figure 6.1). Xentry-

assisted delivery approach (XN-LP) reported in this study would provide a new 

strategy for protecting therapeutics from endosomal degradation, hence improving the 

delivery to their intended site of action in the cytoplasm or nucleus. 

6.2. FUTURE DIRECTIONS 

Research into GBMs and BNCT practice has advanced slowly over the past few 

decades, following the approval of three boron compounds for human clinical use. A 

variety of boron delivery systems particularly with peptides and peptide-modified 

liposomes have been investigated to improve the tumour targeting and intracellular 

boron delivery. Efforts are also being made for the evaluation of liposome based 

BNCT in in vitro and in vivo models, paving the way for eventual human trials. This 

study has focused on the development of multifunctional liposomes via surface 

modification to enhance the specific targeting and intracellular drug delivery. 

However several questions have not yet been answered, future studies could be 

conducted in three directions to ultimately to enhance the therapeutic efficacy of 

BNCT: 
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6.2.1. Formulation improvement  

In BNCT, BSH is administered by intravenous infusion to patients in a dose of 60-100 

mg BSH/kg body weight before neutron irradiation [300,301]. To achieve a similar 

dose, a minimum 12% of BSH drug loading (20 mg/ml lipids) is required. Liposomal 

formulations could possibly enhance the drug accumulation in tumours through the 

EPR effect [88] and hence lower the required drug loading. Furthermore, for 

formulations developed in this study, increased drug loading of BSH in liposomes 

could be obtained by using a concentrated BSH solution. 

PEGylated liposomes (Chapter 3) and c(RGDyC)-LP (Chapter 5) both showed 

reasonable stability and desirable drug release profiles, in contrast to XS-LP and XN-

LP which exhibited rapid drug leakage due to the cationic nature of Xentry (Chapter 

4). To improve the storage stability of XS-LP/XN-LP, pelleting techniques can be 

applied to concentrate liposomes and therefore reduce the drug diffusion [302,303]. 

Lyophilisation techniques (e.g. spray freeze-dry) could also be applied to keep 

liposomes in a dried form and avoid the drug leakage and lipids hydrolysis which 

usually occur in aqueous dispersions, hence extend the shelf-life of liposomal 

formulations [304]. 

6.2.2. Optimisation of in vitro BNCT condition  

The cellular boron content was estimated based on the liposome number determined 

by Nanosight nanoparticle tracking analysis and the number of encapsulated 
10

B 

atoms in each liposome (drug loading). More accurate 
10

B level could be analysed by 

inductively coupled plasma-atomic emission spectrometry (ICP-AES), especially for 

in vitro evaluations. However, due to the equipment constraints in New Zealand, this 

has not been done for our study.  

As demonstrated in Chapter 5 (Section 5.5.5), different types of cell response 

(necrosis and apoptosis) were clarified using multiple time points MTT assay. More 

specific assays to identify the changes of DNA content and biomarkers, such as 

caspases, Bcl-2 and Bax [271], using multiparameter laser scanning and flow 

cytometry analysis [305,306] should be done to differentiate necrosis or apoptosis 

after neutron irradiation. Unfortunately, the required conditions to perform the above 

mentioned tests are limited at ANSTO. Our study has been the first in vitro BNCT 
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related research carried out in the OPAL reactor at ANSTO and should be a useful 

model for other studies on BNCT. 

6.2.3. Translational studies using in vivo models 

In this study, PEGylation was utilised to render the liposomal systems prolonged 

circulation time and enhance the therapeutic efficacy by exploiting the EPR effect 

[307]. The peptide modification of liposomes (e.g. c(RGDyC)-LP) indeed enhanced 

cellular uptake on cell models. However, the addition of this ligand may result in 

faster clearance of liposomes from plasma which compromises the tumour 

accumulation of liposomes via the EPR effect [308]. Additionally, the drug retention 

in liposomal cores in vivo can greatly affect the half-life liposomal drug [213]. 

Therefore, the pharmacokinetics of liposomal BSH is of great interest. This study was 

outside the scope of this PhD project.  

The dual-targeting function of c(RGDyC)-LP was demonstrated in Chapter 5 from in 

vitro BNCT evaluation. Further in vivo investigation of BNCT efficacy in xenograft 

tumour models would enable better characterisation of the anti-tumour activity of the 

10
B containing c(RGDyC)-LP. Compact fission reactors that can produce deeply 

penetrating energetic neutrons in a short irradiation time are necessary for in vivo 

BNCT studies [39]. Given the limited access to such nuclear reactors, the evaluation 

of boronated formulations in animal models has not been done in this study. 

Overall, based on the findings of peptide-assisted liposomal delivery strategies 

developed for BSH in this thesis, further exploration combining CPPs and CTPs via 

tumour-activatable linkers would be an attractive area for future formulation study.  

Furthermore, the strategies for liposomal formulation development discussed here 

may be applied to other hydrophilic small molecular therapeutics contribute to their 

clinical developments. 
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APPENDICES 

Appendix 1.  Preliminary results comparing the drug release behaviours of DPPG and 

DSPG based liposomes (Section 3.4.1). 

 

 

A 1.1  The release profiles of BSH from liposomes consisting of DPPG/DSPG, 

cholesterol and DSPE-PEG2000 at the molar ratio of 6.5: 3: 0.5. Release studies were 

performed at 37 ˚C in isotonic PBS (pH 7.4). Data were expressed as mean ± SD 

(n=3). 
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Appendix 2.  Characterisation of Xentry by mass spectrometry (Section 4.5.1). 

 

A 2.1  Matrix assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrum of purified Xentry. Three main peaks 1, 2, 3 

correspond to the H
+
, Na

+
 and K

+
 adducts, respectively. 
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A 2.2 High resolution electrospray ionisation mass spectrometry (HRESIMS) spectrum of Xentry. The main peaks represent 

protonated Xentry. 
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