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Abstract 

The bottleneck in delivering drugs to the brain for treatment of diseases related 

to central nervous system (CNS), lies behind the presence of blood-brain barrier (BBB). 

This barrier prevents most of the large and a number of small molecules from entering 

the brain, thus posing a considerable challenge in administration of drugs. The present 

treatment for CNS diseases involves oral drug delivery that seems to result in limited 

efficacy of drug therapy and undesired peripheral side effects. While invasive strategies 

have been proved to increase drug loading into the brain, the procedures can be risky 

with debilitating side effects, thus unsuitable for long-term treatment. Nevertheless, the 

use of particulate drug carriers, such as nanoparticles, can be a promising non-invasive 

strategy to increase drug loading into the brain by masking drug properties, to ascertain 

higher encapsulation efficacy and to enhance the stability of the drugs. One type of lipid-

based nanoparticles, cubosomes, had been investigated in this study to determine its 

suitability as a drug carrier. By decorating and modifying the surface of cubosomes with 

specific moieties, several pathways can serve as targets at the BBB. With that, this thesis 

looked into intraveneous formulation of cubosomes as a drug carrier to cross the BBB, 

primarily due to several advantages it has to offer. The overarching aim of this thesis, 

hence, is to assess the hypothesis that the surface of cubosomes can be modified with 

specific moieties so as to serve as effective drug carriers to enter the brain.  

In order to target low-density lipoprotein (LDL) receptors at the BBB, Chapter 

3 presents the investigation of phytantriol cubosomes stabilised with BBB-targeting 

moieties; Tween 80 and Poloxamer 188. These stabilisers serve as cubosome stabilisers 

and also to target the BBB. Optimum concentrations of Tween 80 and Poloxamer 188 

had been determined at 15% w/w (of phytantriol), where the cubosomes formed Im3m 

and Pn3m internal structures, respectively. The homogeneous cubosomes were formed 
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and no vesicles had been observed with cubosomes stabilised using Tween 80. 

Nevertheless, in vitro cellular uptake displayed lack of uptake proposed to be from lack 

of ApoE in the cell culture media, which appeared to prevent the interaction of the 

cubosomes with LDL-receptors. This indicates the significance of ApoE in the plasma 

which initially binds to the cubosomes surface decorated with Tween 80 and Poloxamer 

188, followed by the interaction with LDL-receptor and internalisation into the brain 

endothelial cells.  

In Chapter 4, cationic cubosomes were investigated as an alternative potential 

drug carrier to enter the brain. In order to investigate the effects of using single and double 

chain cationic lipids; cetyltrimethylammonium bromide, CTAB (single chain), 1,2-

Dioleoyl-3-trimethylammonium-propane, DOTAP and 1,2-di-O-octadecenyl-3-

trimethylammonium propane, DOTMA (double chain) were added into the standard 

cubosome formulation which were stabilised by Pluronic F127. The concentration of 

cationic lipids in the cubosome formulation was optimised to avoid instability and to 

hinder any changes from occurring in the internal structure. The addition of 1.4 mol% 

cationic lipids maintained the internal structure as Pn3m structure and formed 

homogenous dispersion. In addition, observation under electron microscopy displayed 

the presence of vesicles which is believed to be the precursors to cubosome formation. 

Despite of the associated cellular toxicity risks of using cationic lipids, in vitro study 

exhibited that the addition of cationic lipids was not toxic at the studied concentration. 

Incorporation of cationic lipids increased the cellular uptake of the cubosomes, which 

was due to the electrostatic interaction with the cell membrane, followed by uptake via 

adsorptive endocytosis pathway.  

In order to further determine the potential of using surface modified cubosomes 

to target the BBB, all the formulations were administered intraveneously into zebrafish 
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larvae in vivo in Chapter 5, where the uptake and the toxicity of cubosomes in the 

midbrain region had been assessed. There was a significant two-fold uptake of 

cubosomes from larvae treated with Tween 80 and CTAB cubosomes, while lack of 

uptake observed in other formulations. The uptake of CTAB cubosomes into the 

midbrain could be related to the local toxicity effect, as visualised in toxicity studies. 

Other formulations, nonetheless, did not cause toxicity to the brain and no significant 

uptake. The uptake of Tween 80 cubosomes was not related to local toxicity and 

observation under electron microscopy revealed that gold-labelled Tween 80 cubosomes 

ended up in the brain parenchyma of the larvae. This observation highlights the potential 

of Tween 80 cubosomes as a drug carrier to target the brain.  

In summary, this thesis supported the hypothesis that cubosomes can act as a drug 

carrier and be surface modified to cross the blood-brain barrier through selected 

pathways. Despite the lack of uptake in other cubosome formulations, Tween 80 

stabilised cubosomes represent a promising approach as a drug carrier to cross the BBB.   
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1 General introduction  

1.1 Problem statement 

In the past few decades, there has been a steady increase in the incidence of central 

nervous system (CNS) diseases worldwide such as Alzheimerôs disease, Parkinsonôs 

disease, epilepsy, brain tumour, migraine and spectrum disorders 1. The projection of 

patients diagnosed with Alzheimerôs disease is expected to be 13.2 million people in the 

United States by the year 2050 2, with Parkinsonôs disease showing a similar trend. In 

2005, about 4.6 million people in Western Europe were diagnosed with Parkinsonôs 

disease and this number is expected to rise up to 9.3 million in 2030 3. CNS disorders not 

only impact the aging population, but also extend to the younger population 4. The 

increase in the incidence of spectrum disorders like autism has also sparked a worldwide 

concern and the need for better therapies, adding a significant pressure to the health 

authorities 5. CNS diseases not only contribute to the economic burden of a country, but 

also affect peopleôs quality of lives 4. There is a need to develop better treatment options 

to stop or slow down the disease progression of these aforementioned debilitating CNS 

diseases. 

Even though there are a large number of CNS drugs being used clinically, 

achieving therapeutic levels of drug in the brain, particularly for new therapeutic 

compounds remains a significant challenge due to the presence of physical and chemical 

barriers at the brain that limits the type and amount of CNS drugs to enter the brain 6-8. 

One of the major barriers to achieve therapeutic levels of drug in the brain to treat CNS 

disorders lies behind the presence of the blood-brain barrier (BBB) that selectively 

prevents drug molecules from entering the brain parenchyma 9. Large molecules such as 

monoclonal antibodies, antisense drugs and recombinant proteins show potential benefits 
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in treating CNS diseases, however, due to the size and the physical properties of these 

molecules, their uptake is limited 10-13. Furthermore, small or water-soluble drug 

molecules with therapeutic CNS effects are also prohibited from entering the brain 

because of the selectivity at the BBB. If these selectivity issues at the BBB can be 

resolved by masking the properties of the drug molecules, there is a high chance that a 

variety of drugs can be utilised to treat CNS diseases, reach therapeutic levels in the brain 

and at the same time reduce any peripheral side effects 14. 

Nanoparticles can be used as drug carriers to improve drug delivery to the brain. 

Various nanoparticles synthesised from polymers and lipid such as polymeric 

nanoparticles and liposomes have been developed to increase delivery of drugs into the 

brain. Surface decorations or modification on the surface of the nanoparticles have been 

developed to target specific pathways at the BBB and to allow uptake of drug molecules 

into the brain 7, 15-21.  

Lipid-based nanoparticles have been investigated as drug carriers, including 

liposomes and solid lipid nanoparticles 22, 23. For example, liposomes were surface 

modified with the addition of transferrin to target the transferrin receptor at the BBB 22, 

24, 25 where docetaxel encapsulated in the transferrin conjugated liposomes was delivered 

into the brain (rats) as compared to non-targeted liposomes 25. A number of studies on 

transferrin-conjugated liposomes were studied and reviewed 22 to show that transferrin 

conjugated liposomes can be a potential carrier to target the BBB. Meanwhile, solid lipid 

nanoparticles are also widely studied as drug carriers to target the brain. The studies on 

solid lipid nanoparticles were compiled and reviewed previously 23, 26. To target the BBB, 

the surface of solid lipid nanoparticles was coated with apolipoprotein E and Tween 80 

27 for uptake through LDL-receptors, while melanotransferrin antibody was conjugated 

on the surface to utilise the transferrin receptors 28. Even though these studies were 
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showing the potential of liposomes and solid lipid nanoparticles as drug carrier to target 

the brain, this thesis will explore a different type of a more versatile platform of drug 

carriers with ease of preparation and a higher drug loading potential to maximise the 

uptake of drugs into the brain.   

The use of lipid-based nanoparticles, cubosomes as drug carrier to the brain is yet 

to be discovered. This thesis will explore a novel lipid-based delivery system, cubosomes 

to target different endogenous molecular trafficking pathways at the BBB with the aim 

of increasing drug delivery to the brain. Suitable in vitro and in vivo models will be used 

to investigate the potential of cubosomes for cellular uptake and toxicity at the BBB.  

 

1.2 The role of blood-brain barrier (BBB) in drug delivery to the brain  

The anatomy and the transport systems at the BBB play an important role in 

developing a suitable strategy for delivering drugs into the brain.  

 

1.2.1 Anatomy of the BBB 

The discovery of the BBB was documented back in the 1880s where Paul Ehrlich 

showed that when an aniline dye was administered intravenously into a rat, all the organs 

were stained except for the brain and the spinal cord (reviewed by 29-31). This observation 

formed the basis of the presence of a barrier at the brain, which selectively allows 

molecules to pass. The biological reason for this barrier is now well established and is to 

protect the brain from toxins and cells of the immune system by regulating the entry of 

compounds into and out of the brain, while only allowing the entry of molecules that are 

crucial for brain homeostasis 32-34. The BBB is made of the cellular complex known as 
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the neurovascular unit (NVU), which collectively forms the physical, transport and 

metabolic barrier at the BBB 35, 36.  

The NVU consists of endothelial cells, astrocytes, pericytes, neurons and 

surrounded by basal lamina (Figure 1.1). The network of constant ñcommunicationò 

within the NVU forms a functional BBB and maintains the integrity of the barrier. The 

presence of NVU limits the uptake of drug molecules into the brain as the cells are 

ñcementedò together by the presence of tight junctions (TJ) and adherens junctions (AJ) 

37. TJ are the predominant barrier for paracellular diffusion of molecules across BBB. 

They appear as a parallel series of interconnected strands or fibrils and are comprised of 

integral membrane proteins; occludin, claudin and junctional adhesion molecules 36, 38-40. 

Signalling and regulatory proteins like ZO-1-associated nucleic acid binding protein, 

multi-PDZ-protein 1, afadin (AF6) and membrane-associated guanylate kinase tightly 

regulate the paracellular pathway, hindering the free diffusion of polar solutes and drugs 

across the BBB. 

 

Figure 1.1 The neurovascular unit (Adapted from 9 and reproduced with permission). 
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Astrocytes and pericytes are located in close proximity within the NVU and 

together they modulate the maturation of brain endothelial cells. Pericytes are often found 

in between endothelial cells whilst astrocytes are located at the capillary basement 

membrane. Pericytes are involved in the angiogenesis of micro-capillaries at the BBB 

and provide structural integrity to the blood vessels through their close contact with 

endothelial cells 29, 30, 38, 41-43. Astrocytes are involved in phenotypic changes of the 

endothelial cells at BBB and contribute to the BBB development 38, 44-46. Soluble factors 

secreted by astrocytes (for example zonular occludin, ZO) have been shown to promote 

the TJ formation by increasing the length, width and number of TJ 47, 48.  

 

1.2.2 The transport of drug molecules across the BBB 

In contrast to peripheral capillaries, brain endothelial cells lack fenestrations, 

have lower pinocytic activity, higher mitochondrial content and presence of tight 

junctions 30. As a result, the transport of molecules across the brain endothelial cells is 

strictly limited as compared to peripheral endothelial, as illustrated in Figure 1.2.  
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Figure 1.2 Schematic diagrams of (a) the BBB which shows the tight junction that limits 

the permeability of molecules through paracellular route. Peripheral blood capillaries (b) 

have loose tight junctions, presence of fenestrae and high pinocytic activities that allow 

more molecules to pass through. 

 

Despite the strict regulation at BBB, selected drug molecules are still able to enter 

the brain through similar pathways to that used by endogenous molecules such as 

glucose, hormones, proteins and ions, to maintain homeostasis 49, 50. Small hydrophilic 

molecules can enter the brain through the paracellular pathway whilst lipid molecules 

enter predominantly through the transcellular pathway as shown in Figure 1.3. Large 

molecules utilise carrier-mediated, receptor-mediated and adsorptive endocytosis 

transport pathways. Molecules that are substrates to efflux pumps are pumped out of the 

cells by active efflux transporters 37, 51, 52. In addition, molecules are also subjected to 

metabolism by intracellular and extracellular enzymes such as monoamine oxidase, 

peptidases, nucleotidases and cytochrome P450 enzymes 53. The transport pathways at 

BBB is summarised in Figure 1.3 and discussed in more details in subsequent sections. 
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Figure 1.3 Schematic illustration of the different routes of molecular transport across 

BBB.  
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1.2.2.1 Passive transport system 

Passive transport of molecules across the BBB can be through the paracellular 

pathway (Figure 1.3a) where the transport is often restricted to small polar molecules 

and ions of less than 500 Da due to the presence of TJs 54-56. The transient opening of TJs 

has been explored as a mean to allow drug molecules to pass through the paracellular 

pathway 57-59. Administration of bradykinin and its analogues in patients with malignant 

glioma has been shown to transiently increase the permeability of drugs such as the 

chemotherapeutic carboplatin across BBB through paracellular transport in pre-clinical 

studies 60. These molecules initially bind to the B2 bradykinin receptor and trigger an 

increase in intracellular Ca2+ that causes contraction of brain endothelial cells and 

malformation of TJs and an increase in drug permeability at the BBB 61-63. This technique 

was tested on small polar molecule, inulin (400 Da) where the opening of TJs by Cereport 

(bradykinin agonist) allowed the diffusion of inulin across the HBMEC cell 62. However, 

the permeability across the TJs from Cereport administration was restricted to small polar 

molecules only. 

Several peptides have also been investigated as potential TJ modulators. PN-159 

(permeabilising peptide) was found to increase the uptake of larger polar molecules such 

as albumin (65 kDa) across the tight junction. The exact mechanism of action of the 

peptide remains to be fully elucidated, but ñleakinessò of the TJs due to the inhibition of 

ZO-1 cytoplasmic TJ linker protein, which decreases the tightness in between endothelial 

cells has been proposed as a potential mechanism of action 64. Other peptides such as 7-

mer and AT-1002 have also been shown to induce transient TJ opening at the BBB 65-68. 

However, chronic administration of TJ modulators have not been fully explored and there 

are concerns that it may lead to the damage at BBB and disrupt its protective role 59, 65. 
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Another passive pathway at the BBB is through transcellular pathway, where 

small lipophilic and amphiphilic molecules (< 700 Da) have been reported to passively 

diffuse across the endothelial plasma membrane 9, 69, 70. Transcellular transport of small 

molecules and drugs with high lipophilicity is favoured across the BBB, as the cell 

membrane is made of lipid bilayers which impart a large surface area to the cell 

membrane and allows high rates of diffusion into cells 71. However, the amount of 

cholesterol in endothelial cells increases lipid-packing density in the endothelial cell 

membrane, and limits the movement of large lipid molecules across the cell 72, 73. The 

permeability of the BBB to lipophilic drugs can be predicted from the octanol/water 

partition coefficient at pH 7.4 (log P) for non-ionised and ionised molecules. In general, 

drug molecules with -1 ¢ log P ¢ 4 show increased permeability across the BBB 74. 

Increasing lipophilicity of drugs has been used as a strategy to increase their permeability 

across BBB, however this does not always improve transcellular diffusion. Increasing 

lipophilicity of drugs favours binding to efflux transporters, thus prohibiting their entry 

into the brain 75.   

Active efflux transporters (Figure 1.3d) are important in regulating brain 

homeostasis by preventing certain xenobiotic, hydrophilic and hydrophobic molecules 

from entering the brain, thus protecting the brain from potential damage 43, 76. The 

adenosine triphosphate-binding cassette (ABC) transporters, which include the P-

glycoprotein (P-gp) transporter, multidrug-resistance protein family (MRP) and breast 

cancer resistance protein (BCRP) are the main efflux transporters at the BBB.  

P-gp is an efficient gatekeeper, as it actively transports molecules out of the brain 

with high efficiency and it is highly expressed at the BBB 77. A large number of lipophilic 

drugs are pumped out by P-gp 75. For example, cyclosporine A, which is lipid soluble, 

does not show high therapeutic accumulation as expected due to the presence of efflux 
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transporters 37. The drug molecules are actively being pumped out of the cells by the 

efflux transporters. Co-administration of cyclosporine A with a P-gp inhibitor was shown 

to increase its uptake 78. In addition, successful seizure treatment has been reported with 

co-administration of phenytoin drug (P-gp substrate) with verapamil, a P-gp inhibitor 79, 

80.  

Regadenoson®, an A2 adenosine receptor agonist is a coronary vasodilator 

commonly used in cardio stress test and known to inhibit the efflux transporter P-gp. In 

a clinical trial, co-administration of Regadenoson® with temozolamide in patients with 

malignant glioma and resectable brain tumours showed a positive impact on the survival 

of the patient (life expectancy). Increased uptake of temozolamide into the brain was 

observed and associated with the inhibition of P-gp transport by Regadenoson® 81-85. 

Moreover, the short half-life of Regadenoson® (2 to 3 min) can induce transient increase 

in the permeability of the BBB to allow higher drug accumulation in the brain 86. 

However, chronic administration of efflux pumps inhibitors can lead to neurotoxicity 87, 

88. Defects in efflux transporter have been implicated in neurological conditions such as 

Alzheimerôs disease where amyloids accumulate in the brain without being cleared 88. 
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1.2.2.3 Carrier -mediated transporters  

To maintain brain homeostasis, important nutrients such as glucose, amino acids, 

nucleosides and organic ions move from the blood into the brain (influx transport 

system), while to prevent the accumulation of toxins, neurotoxic compounds and 

metabolites are transported out (efflux transport system). Selected polar macromolecules 

enter the brain through carrier-mediated transporters (Figure 1.3c), which are located at 

the luminal or abluminal side of the cells, making this a form of molecular transport 

unidirectional. The type of transporter determines the direction of molecular transport; 

either into or out of the brain 89. Sodium-independent neutral amino acid transporter 

(system L) transports L-tyrosine, L-tryptophan and L-histidine into the brain as 

neurotransmitter precursors 90, 91. Other amino acids including L-leucine, L-isoleucine, 

L-methionine, L-phenylalanine, L-valine and L-threonine are transported through system 

L and involved in protein synthesis in the brain.  

In order to use the carrier-mediated pathway for drug delivery, the drug molecules 

need to mimic the structure of endogeneous substrates. Only two transporters will be 

discussed here as examples of carrier-mediated transporters used for drug delivery; LAT1 

and GLUT1. System L has LAT1 (SLC7A6), to transport amino acid-mimetic drugs such 

as L-Dopa into the brain. L-Dopa is converted into dopamine and used as a treatment for 

schizophrenia and Parkinsonôs disease 92-95.  

GLUT1 is located at luminal and abluminal sites of the BBB but allows only 

unidirectional transport of D-glucose from the blood into cell and into the brain 

parenchyma. Initially D-glucose enters the endothelial cells through GLUT1 at the 

luminal site and then transported out of the cell into the brain parenchyma using GLUT1 

on the abluminal site. GLUT1 is also able to transport L-dehydroascorbic acid into the 

brain which is converted to L-ascorbic acid. L-ascorbic acid is not a substrate of GLUT1 
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which means that it will retain in the brain without being transported out and leads to a 

higher concentration of L-ascorbic acid in the brain 96, 97. Based on the knowledge of D-

glucose transport, drug molecules have been conjugated with glucose molecule to 

improve their delivery into the brain. For example, glucose conjugated to chlorambucil 

was shown to bind to the GLUT1 receptor and inhibit the binding of other glucose 

molecules from the blood. The binding of glucose conjugated chlorambucil to GLUT1 

was in a concentration dependent manner which shows that the transport of chlorambucil 

into the cells can be increased from the conjugation with glucose 98.  

Nanoparticles have also been coated with glucose to target the GLUT-1 glucose 

transporters at the BBB. For example, intranasal administration of exosomes which are a 

type of nanoparticle, coated with glucose led to increased uptake and localisation of the 

exosomes at the lesion site in the mouse model of brain ischaemia within 24 hours after 

intranasal administration. As compared to intravenous administration of glucose coated 

exosomes, the exosomes retained in the brain after intranasal administration. This showed 

that while both routes demonstrate significant uptake of exosomes in the brain, but the 

administration through IV route was subjected to rapid clearance from the brain. 

However, in both routes, from the receptor inhibition study using cytochalasin B (glucose 

transport inhibitor) and receptor saturation using D-glucose, the uptake of glucose coated 

exosomes into the cell were proposed to be via GLUT-1 transporters at BBB. In addition, 

dual labelling with fluorescence molecule allows the tracking of nanoparticleôs fate after 

the administration 99. A detailed review on developing nanoparticles conjugated to 

glucose transporter substrates in order to utilise GLUT receptors at the BBB was 

previously published 100. In addition, there are other carrier-mediated transporters such 

as nucleoside transport system, organic anion transport system and neurotransmitter 

transport system available which will not be discussed in any further detail in this thesis.  
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Despite the potential, there are some major drawbacks in developing drug 

molecules to target carrier-mediated transporters. The drug molecule has to be designed 

to structurally mimic the endogenous substrates or conjugated to the substrates for 

successful binding and uptake by the transporters. This can lead to competitive binding 

with endogenous substrates. Furthermore, chronic administration of the drug molecules 

can lead to receptor saturation and disrupt normal homeostasis at the BBB 101. 

Nevertheless, this pathway is promising, and drug molecules are being developed to 

utilise the transporters to deliver drug to the brain.  
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1.2.2.4 Receptor-mediated transcytosis  

Macromolecules like peptide and proteins bind to specific receptors on the surface 

of the endothelial cells and are endocytosed (Figure 1.3e) 102. The uptake process starts 

with ligand binding to a receptor, which triggers a cascade of reactions. Firstly, the 

receptor-ligand complex is internalised by clathrin-coated pits into the cell, and forms an 

early endosome 103. Then the contents of the endosome are released into the cell upon the 

enzymatic activity by the lysosome, and the receptors are recycled back to the plasma 

membrane. The content will either stay in the cytosol or is translocated to the cell 

basement membrane and enters the brain parenchyma 104. This process is energy 

dependent 105.  

Certain receptor-mediated pathways are currently being explored as potential 

target to design ñTrojan horseò molecules which are endocytosed by the endothelial cells 

106, 107. For example, the transferrin receptor (TfR) expressed at the luminal and abluminal 

side of endothelial cells allows bidirectional transport of transferrin molecules 107. TfR is 

expressed at the luminal and abluminal side of endothelial cell to allow the transport of 

TfR substrate in both ways 108, 109, 110. Chitosan nanoparticles functionalised with 

transferrin molecules and loaded with fibroblast growth factor had increased uptake into 

the brain as compared to non-functionalised chitosan nanoparticles. The inhibition of 

uptake by imatinib suggested that the uptake of transferrin functionalised chitosan 

nanoparticles was from the binding with TfR at the BBB 111. Insulin receptors and low 

density lipoprotein (LDL) receptors are also expressed on endothelial cells at relatively 

high levels 112-114 and have been explored for drug and nanoparticle delivery into the brain 

37. This pathway will be explored in this thesis by developing cubosomes nanoparticles 

surface decorated with specific moiety to target the LDL-receptor at the brain. Further 

discussion will be outlined in detail in Chapter 3. 
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1.2.2.5 Adsorptive endocytosis  

Macromolecules such as albumin can enter the brain through adsorptive 

endocytosis pathway (Figure 1.3f). Uptake of molecules via this pathway depends on the 

electrostatic interactions between positively charged molecules or ligands and the 

negatively charged cell membrane (endothelial glycocalyx) 37. An endocytic cascade 

follows, and the molecules are translocated from the blood to the brain. The whole 

process is energy and temperature dependent 37, 115-118. The uptake is low affinity, high 

capacity and less specific than receptor-mediated transcytosis, as electrostatic 

interactions can occur on cells from other tissues in the body 119. Ebiratide, a drug used 

for treating Alzheimerôs disease has a positive charge and in in vitro studies with primary 

cultured bovine brain capillary endothelial cells showed that the uptake of Ebiratide into 

the cells was via adsorptive endocytosis 120, 121. This pathway will be explored by 

developing cationic cubosomes to target the negatively charged membrane of the brain 

endothelial cells for further uptake by the brain. A more detailed discussion on this 

pathway will be outlined in Chapter 4. 
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1.3 Strategies for drug delivery to the brain 

1.3.1 Invasive strategies 

Although advanced drug development has led to various drug formulations and 

techniques to improve drug delivery to the brain, several potent drug molecules are still 

not able to cross the BBB and reach the desired therapeutic level. One strategy to 

overcome this problem is to use invasive methods often involving surgery to breach the 

BBB and directly deliver the drug into the brain parenchyma. These approaches are 

discussed in more detail below.   

 

1.3.1.1 Intracerebroventricular injection  

Intracerebroventricular injection involves the direct delivery of drug molecules 

that have limited permeability across the BBB, by administering into specific sites within 

the brain parenchyma 122-124. This pathway is preferred when a high dose of drug loading 

in the brain is desired. It has been studied for treating Alzheimerôs disease, autism, seizure 

and in cerebral ischemia-reperfusion injury 125-127. It provides a faster effect as compared 

to intravenous and oral administration. For example, intracerebroventricular injection of 

fibroblast growth factor reached a higher concentration in the brain as compared to 

intravenous injection 128, 129. However, due to the invasive technique involved in this 

method, it is not suitable for chronic administration 130-132. 

 

1.3.1.2 Intracerebral administration  

Intracerebral administration involves administration of drugs directly into the 

brain parenchyma. In convection enhanced delivery, a catheter is implanted directly in 
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the brain and the application of hydrostatic pressure allows the drugs to diffuse directly 

for further penetration into the brain. Another way is to implant degradable or non-

degradable polymers directly into the brain to release the drug slowly over time. In phase 

I/II clinical trial, the cancer drug, D2C7-IT was studied as immunotoxin for glioblastoma 

treatment and delivered through intracerebral convection-enhanced delivery using 

osmotic pumps. D2C7-IT was shown to have strong anti-tumour effect by inhibiting the 

protein synthesis and kills the epidermal growth factor receptors expressed on the 

glioblastoma cells 133. The continuous release of drugs from this method can reduce the 

frequency of drug administration and costs. The result from this study is promising and 

the study is on its way for Phase I/II clinical trials for adults with recurrent malignant 

glioma.  

Gliadel® wafer which contains carmustine (alkylating agent) was released into 

the market to treat high-grade glioma. This wafer is implanted at the tumour site, during 

tumour removal surgery in the brain. The degradation of the wafers leads to the release 

of carmustine and kills the tumour tissues. Even though the prognosis after using 

Gliadel® is still poor (increased survival by 2 months), this treatment still offers an 

improvement in survival for glioma patients 134.  

Another CNS drug, vigabatrin, an epilepsy drug that is commonly administered 

orally; was delivered via intracerebral administration in rat models with refractory 

epilepsy and showed that there was a small increase (p<0.05) in seizure threshold, which 

comes from the increase in local GABA concentration 135. It is used as an adjuvant 

treatment for epilepsy and seizure. This drug is commonly used orally; however, 

delivering this drug through intracerebral administration has shown potential in treating 

refractory epilepsy. Unfortunately, chronic intracerebral administration of vigabatrin in 

the brain was associated with encephalopathy and extrapyramidal symptoms 136.  
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Despite the advantages offered from intracerebral administration of drugs, the 

other  limitations behind this technique are (1) the risk of developing astrogliosis 

(abnormal increase of astrocytes due to trauma) because of the hydrostatic pressure from 

the infusion, and (2) the need to replace the implant in the brain which necessitates 

expensive and invasive procedures 35, 137. 

 

1.3.1.3 Osmotic disruption 

Reversible osmotic disruption at the BBB can temporarily open the cerebral 

vessel TJs to deliver drug molecules into the brain. To induce disruption, a hypertonic 

solution such as mannitol (around 1.4 M) is administered via carotid artery as a short 

(often 30 min) infusion. The changes in osmolarity lead to a transient increase in 

intracellular Ca2+ concentrations and alter intracellular signal transduction. The change 

in Ca2+ concentration leads to calcium-mediated oxidative stress and causes the opening 

of TJs between the endothelial cells 138, 139. During this period, BBB becomes ñleakyò 

and significantly more administered drugs can cross the BBB 140, 141. However, after 

removal of the mannitol, the BBB does not fully recover as the osmotic disruption causes 

damage to the cells. Repeated application of this procedure can lead to a long-term 

damage to BBB and compromising the BBB integrity. Risks of stroke and epileptic 

seizures are associated with this method of drug delivery 142. However, it can be used in 

later stage of neurological disease when aggressive drug loading is desired to reduce the 

severity of the disease, improve prognosis and the risk of death outweigh the risk of 

associated side effects 143-146. 
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1.3.1.4 Focused ultrasound 

Ultrasound energy has been studied as a less invasive method to deliver drug 

molecules to targeted areas within the brain. Focused ultrasound allows transcranial 

delivery of drug into a specific area in the brain with higher drug penetration and longer 

drug retention at the target site 147. Microbubbles are used in focused ultrasound therapy 

where they function as a catalyst to amplify the local cavitation in the capillary of the 

brain. Conventional microbubbles are made of perflutren (DefinityÈ and OptisonÊ) or 

sulphur hexafluoride (Sonovue) 148. Initially, microbubbles are injected intravenously as 

a contrast agent followed by administration of the drug molecule, or the drug can be 

incorporated into the core shell of the microbubble and the ultrasound is applied (0.1 to 

1.5 MHz) to the brain region of interest. Ultrasound causes an oscillation in the blood 

vessel and increases permeability of the endothelial cells by opening the TJs 149. The 

permeability at the BBB can last anywhere from six to eight hours after the procedure 

150-152. The core shell is stabilised using phospholipids, proteins or polymers 153, 154. 

Adding ligands on the surface of microbubbles can further promote specific tissue 

targeting for localised drug delivery 155. Polyethylene glycol (PEG)ylated liposomes 

containing glial cell line-derived neurotrophic factor and nuclear receptor-related factor 

1 was conjugated to microbubbles and was found to increase dopaminergic neurons in 

the rat model of Parkinsonôs disease 156. The opening of endothelial cells at the BBB by 

microbubbles and ultrasound is illustrated in Figure 1.4. 
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Figure 1.4 Schematic illustration of the effects from microbubbles during ultrasound 

application. Ultrasound causes microbubbles to oscillate (stable cavitation) or implode 

(inertial cavitation). In stable cavitation, the tight junctions on the endothelial cells can 

temporarily open from push-pull mechanisms while microstream is a fluid-flow that 

occurs from the rapid expansion and contraction of microbubbles which affect the 

integrity of the endothelial lining. In addition, acoustic radiation force occurs due to the 

pressure gradients that lead to a reduction in vascular permeability. Meanwhile, in 

ñinertial cavitationò, the fragmentation of microbubbles causes an increase in temperature 

and pressure, which lead to formation of ñshock wavesò and ñmicro jetò. These effects 

will increase vascular permeability. Lastly, ñfree radicalò can also be formed and 

permeabilise the endothelial cells. Drug molecules in the blood or in the microbubbles 

core shell can cross the BBB from one of the mechanism shown (Reproduced with 

permission from 157). 

 

The degree of permeability from BBB disruption can be controlled by the 

concentration and size of the microbubbles 158-160. The leakiness at the BBB allows the 

movement of small and large molecules into the brain. Doxorubicin (580 Da), paclitaxel 

(854 Da), and herceptin (148 kDa) were shown to have increased permeability into the 

brain using the focused ultrasound method 6, 161. Temozolamide delivery using ultrasound 

is in clinical trials for the treatment of glioblastoma 162. Moreover, a leaky BBB was 

shown to contribute to the clearance of amyloid from the brain in Alzheimerôs patient. 
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This technology is still in the pre-clinical stage but shows great promise in treating 

Alzheimerôs disease 163. The limitation in using focused ultrasound comes from the 

unpredictable disturbance in the brain from the ultrasound with unknown long-term 

damage from the repeated opening of the BBB. More studies are underway in utilising 

magnetic resonance imaging as a guide to target ultrasound precisely and to evaluate any 

damage at BBB from the ultrasound 164. 

 

1.3.2 Non-invasive strategies 

Even though invasive strategies can provide a higher drug loading in the brain 

parenchyma, risks associated with the techniques can be high with expensive costs and 

require specialist expertise 165-167. Invasive strategies are also not often suitable for 

chronic drug administration. Hence, non-invasive strategies are more favourable for 

long-term treatment of neurological diseases. Non-invasive strategies currently being 

investigated include chemical modification of drug molecules, intranasal drug delivery 

and formulation approaches to manipulate the BBB pathways 70, 168-170. These are 

discussed in more detail below. 

 

1.3.2.1 Chemical modification of drug molecules 

Since the majority of drug molecules lack properties for entry into endothelial 

cells (such as being lipophilic and having a molecular weight <400 Da), the development 

of prodrugs has been investigated 171, 172. Prodrugs are inactive molecules that require a 

chemical or enzymatic reaction to convert them into active drug molecule such as L-dopa 

as discussed in Section 1.2.2.3. 
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Recently, paliperidone prodrug dimer (Pal-8SSme) was synthesised where the 

original drug, paliperidone (anti-psychotic) is a substrate to P-gp and ABC transporters 

at the BBB. Two molecules of paliperidone were attached via dimerisation and this leads 

to inhibition of P-gp and ABC transporters at the BBB. After the uptake and inhibition at 

the BBB cells, the dimers then converted to paliperidone monomer and delivered into the 

brain parenchyma. The synthesis allows the entry of paliperidone into the brain without 

being pumped out by P-gp and ABC transporters 173.  

Sobetirome ethanolamide prodrug was developed to stimulate myelin repair in 

multiple sclerosis. Sobetirome is a thyroid hormone which has limited permeability 

across the BBB. The synthesis of ester prodrugs of sobetirome will increase the uptake 

through active (amino acid, glucose and choline transporters) and passive pathways at 

the endothelial cells, and within the cells, non-specific esterases will cleave the prodrug 

ester and leaving behind active sobetirome in the brain 174. The addition of ester molecule 

on CNS drugs provides a useful strategy to utilise the esterases available in the 

endothelial cells to convert the prodrug into active drug molecules within the brain 

parenchyma.  

 

1.3.2.2 Intranasal drug delivery 

Intranasal drug delivery has been shown to bypass the BBB and deliver drugs into 

the brain. The drug needs to be administered into the olfactory region of the nasal cavity 

(Figure 1.5), from where it is believed that the drug traverses the olfactory epithelium 

and enters the olfactory bulb. The drug is then thought to travel through the olfactory and 

trigeminal nerves to reach the brain parenchyma 175. 
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Figure 1.5 Intranasal drug delivery provides drug access of to the brain through olfactory 

pathway and trigeminal pathway. Reproduced with permission 176. 

 

Intranasal administration of insulin has been investigated for treating Alzheimerôs 

disease 177-179. The use of intranasal insulin was found to support memory function and 

improve cognitive impairment in patients with Alzheimerôs disease 180. CPEX 

Pharmaceuticals has developed their intranasal insulin product (Nasulin®) to deliver the 

insulin for diabetic management 181, 182. However, at the same time, the use of nasal 

insulin was found to support memory function and improve cognitive impairment in 

patients with Alzheimerôs disease 180. Other studies reported improvements of cognitive 

function corresponding to a decline in amyloid protein, Aɓ42 level in cerebrospinal fluid 

after intranasal insulin administration 168, 183. In another study, chloramphenicol 

acetyltransferase, a bacterial enzyme that catalyses chloramphenicol antibiotic, was 

successfully delivered into the brain region of rats through intranasal administration 

within 15 minutes of application 184.  

Even though these studies suggest that intranasal administration can be a potential 

non-invasive therapy for delivering drugs to the brain, there are still challenges in using 

the intranasal pathways  The limitations in using nasal pathway includes the limited 
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volume for administration, mucociliary clearance, potential enzymatic degradation and 

small anterior anatomy of the nasal cavity 185-189. 

 

1.3.2.3 Nanoparticles as drug carriers 

Nanoparticles are potential drug carriers that have been widely studied for the 

delivery of drugs into the brain across the BBB 190, 191. Nanoparticles are 1 to 1000 nm 

particles in diameter, and can be produced from biodegradable polymers, lipids or a 

combination of both as shown in Table 1 and are able to bind or encapsulate drug 

molecules 192. The size allows the particles to be endocytosed into the cell via the different 

pathways discussed in Section 1.2.2. The encapsulation of drugs inside the nanoparticles 

provides protection to drugs from degradation and importantly, can mask undesirable 

properties of the drug that may prevent uptake into the brain 193. Nanoparticles can also 

be modified to provide controlled release properties 194-197 and the surface can be 

decorated with ligands for site-specific drug targeting, or the charge on the surface can 

be controlled 198-202.  

Poly(lactic-co-glycolic acid (PLGA) and polybutylcyanoacrylate (PBCA) 

polymers have been used extensively to prepare nanoparticles which can target the BBB. 

These polymeric nanoparticles have also been surface decorated with surfactants such as 

Tween 80 and poloxamers, such as Poloxamer 188, to target receptors present on the 

endothelial cells. PLGA nanoparticles decorated with Poloxamer 188 or alginate 

hydrogel were able to increase the uptake of doxorubicin, dexamethasone, loperamide, 

quercetin and cerebrolysin 203-205. PBCA nanoparticles surface modified with Tween 80 

were shown to increase the uptake of dalargin, gemcitabine, kyotorphine, loperamide and 

gemcitabine into the brain in all groups studied 152, 206-210. Modifications of other types of 
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nanoparticles including micelles, liposomes, microcapsules, dendrimers, solid lipid 

nanoparticle and cerium oxide are shown in Table 1.1 below. However, despite the 

extensive studies, the uptake was not being replicated in humans. The scalability and 

manufacturing issues can be the limitation in producing the formulation at a larger scale. 

In addition, stability is another concern where in lab setting, the nanoparticles are freshly 

prepared, and stability might not be an issue 211. 
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Table 1.1 Nanoparticles developed as drug carriers to target the BBB 

 Type of nanoparticles Surface 

modification 

Drug 

 

References 

 Polymer   PLGA Poloxamer 188 Doxorubicin 212 

      Loperamide 213 

     Alginate 

hydrogel 

Dexamethasone 203 

     None Quercetin 204 

     None Cerebrolysin 205 

    PBCA Tween 80 Dalargin 206 

      Gemcitabine 214 

    Kyotorphin 207 

   Loperamide 210 

   Rivastigmine 209, 215 

Dendrimers None No drug used 216, 217 

 Lipid  Micelles None Bevacizumab 208 

 Liposomes PC:Chol:DSPG 

 

AmBisome                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Amphotericin B 218 
219 
220 

 Solid lipid Cationic bovine 

serum albumin 

Doxorubicin 221 

     None Atazanavir 222 

     Transferrin Quinine 223 

Others   Cerium oxide None Lenalidomide 224 

  Microcapsules Sodium alginate Human endostatin 225 

PLGA: Poly(lactic-co-glycolic acid), PBCA: polybutylcyanoacrylate 
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Varying degrees of brain uptake have been reported from nanoparticle uptake 

studies. Uptake of nanoparticles into the brain are usually observed under fluorescent or 

electron microscope by fluorescent labelling or with electron dense molecule. Electron 

dense molecules such as gold, silver or platinum also allow observation and localisation 

of the nanoparticles in the brain at a cellular level with the aid of electron microscopy. 

Fluorescently labelled PBCA nanoparticles coated with Tween 80 were observed in 

mouse brain sections under a fluorescence microscope and confirmed the uptake into the 

brain of a mouse 226.  

The use of fluorescence and electron microscopy can be a challenge in measuring 

the successful uptake of nanoparticle into the brain. For example, in electron microscopy, 

the animal needs to be sacrificed and the brain sample needs to go through various 

preservation and fixation steps. The administration of PEG-amine/galactose coated with 

gold nanoparticles in rat model was observed primarily in the cytosol of microvascular 

endothelium in the brain. 227, 228.  Even though the authors concluded that the observation 

was due to the uptake into the brain, however, there is a concern that the observation of 

the particle was an artefact from the processing of the tissue sectioning and preservation 

methods used for electron microscopy techniques. Osmium tetroxide and glutaraldehyde 

have been found to produce artefacts that look like dense particles in tissue sections 229-

231. Therefore, ideally the uptake of nanoparticles into the brain is best done using live 

imaging techniques.  
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1.4 Cubosomes as drug carrier to the brain 

Despite various studies conducted on various type of nanoparticles to carry drugs 

to target the brain, this thesis is interested with the use of lipid-based nanoparticles. 

Certain amphiphilic lipids that can self-assembled in water to form highly ordered 

structures can be dispersed in aqueous environment to form lyotropic liquid crystals 232. 

There are various types of self-assembled lipid carriers which include liposomes, 

cubosomes and hexosomes. In the next few sections, the dispersions of lyotropic liquid 

crystals will be discussed and the advantage of using cubosomes as the drug carrier of 

option to target the BBB will be reviewed.  

 

1.4.1 Lyotropic l iquid crystals  

Lyotropic liquid crystals (LLC) are an interesting field to explore in developing 

lipid-based nanoparticles to target the BBB. Molecules that commonly form LLC phases 

are amphiphilic with a hydrophilic head and a lipophilic tail that can self -assemble in 

aqueous environments to form highly ordered structures (mesophases), which have 

properties in between solid crystals and isotropic liquids 233-235. Furthermore, these large-

scale structures can be dispersed into nanosized particles. LLCs are sensitive to changes 

in the concentration of amphiphiles or water, where the molecules can change from a less 

ordered state (micelles) to more ordered state (inverse cubic phase) or vice versa 236. The 

flexibility provided by fine-tuning the concentration of amphiphiles and water provides 

an advantage of using LLCs as self-assembling lipid nanoparticles over polymer-based 

nanoparticles 237-239. In the following sections, the lipid self-assembly of LLCs will be 

discussed, as will the advantages of using cubosomes as a drug carrier to target the brain.  
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1.4.2 Lipid  self-assembly 

Amphiphilic molecules such as polar lipids that form LLC can self-assemble and 

spontaneously form different ordered structures in aqueous environment such as the 

lamellar, hexagonal and cubic mesophases. Amphiphilic molecules consist of 

hydrophobic tail and hydrophilic head, which orientate to form lipid bilayers in an 

aqueous environment. The specific structure or mesophase formed is greatly influenced 

by the molecular structure of the amphiphiles and can be predicted using the critical 

packing parameter (CPP). The CPP is a geometrical value that compares the ratio 

between the volume of hydrophobic liquid tail (v), the cross-sectional lipid head area (a) 

and the lipid chain length (l) as shown in Equation 1 below. The CPP can be used to 

predict the curvature (shape) and the geometry of the whole molecule at the lipid-water 

interface. 

 

Equation 1     ╒╟╟
○

╪■
 

 

The curvature of lipid monolayers is affected by the amphiphilic lipid structure 

as shown in Figure 1.6. Lipids with CPP value of 1 (Type 0) usually self-assemble into 

planar or bilayer structures with zero mean curvature. When the value of the CPP is less 

than one, the polar heads of the lipids form a convex interface and ñnormal oil in waterò 

morphologies with positive curvature form (Type I). In contrast, when the CPP is more 

than one, the curvature is towards the aqueous environment, resulting in negative 

curvature with ñinverse water in oilò structures (Type II). 
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Figure 1.6 Schematic drawings of the curvature of lipid monolayers. Type 0 displays zero 

curvature with planar structure; Type I shows a monolayer with positive curvature and 

Type II represents a lipid monolayer with negative curvature. 

 

 

Figure 1.7 illustrates the formation of different bilayer structures, which are 

affected by the molecular packing parameter. As the value of the packing parameter (P) 

increases, the inverted structures are favoured. 
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Figure 1.7 Schematic illustration of the structure formation from self-assembly of 

amphiphilic molecules. The molecular packing parameter (P) formed different curvatures 

and lead to different structures. P: packing parameter, v: molecular volume, l: length of 

molecule and a: cross-sectional area of head group (Adapted from 240 with permission). 

 

In addition to lipid molecular structure, changes in temperature, pressure, aqueous 

environment and additives can also influence phase transition 241. The mesophase 

structure can also be affected by the concentration of amphiphiles. At very low 

amphiphile concentration, the molecules have no specific arrangement and are randomly 

dispersed throughout the aqueous phase. Increasing the concentration of amphiphile 

leads to spontaneous assembly into simple vesicles or micelles. The hydrophobic tails 

from the amphiphiles are repelled by the aqueous phase while the hydrophilic head form 

the outer surface of the micelles, favouring the aqueous phase. The lamellar phase is often 

formed after the hexagonal phase and is composed of a layer of amphiphiles arranged in 

an ordered manner, separated by a layer of aqueous phase. The bicontinuous cubic phase 
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is formed upon the addition of higher concentrations of amphiphiles to the system 242, 243. 

The CPP concept provides a guide in amphiphilic arrangement, but not all amphiphilic 

lipids will follow the CPP. For example, in GMO, increasing the concentration of GMO 

leads to the formation of inverse micellar phase followed by lamellar phase 244, 245. 

Another example is the lipid phytantriol used in this thesis, where increasing its 

concentration leads to a more ordered state where the molecules start to form a 

discontinuous cubic phase and hexagonal phase 246.  

 

1.4.3 Lamellar phase  

Lamellar phase, the most commonly studied LLC, is a one-dimensional stack of 

bilayers that are separated by layers of water 247. The hydrophobic tails are shielded from 

the aqueous environment in the bilayers. The fluidity and arrangement of the tails further 

characterise this phase. In the crystalline lamellar (Lc) phase, the lipid molecules are 

ordered and changes in external environment, such as in temperature increase, the fluidity 

of the lipid tails changes. Subsequent heating causes a transition from Lc to a lamellar gel 

(Lɓ) phase and continuous heating leads to the formation of the fluid lamellar phase (LŬ). 

At elevated temperatures, the fluid isotropic phase (L2), which consists of reverse 

micelles is preferred, while in most phospholipid systems, the hexagonal phase appears 

before the L2 phase upon heating 248. The LŬ phase is the most common phase adopted by 

biological membranes.  

In nanoparticle technology for drug delivery, liposomes are the most widely 

studied lamellar phase. Liposomes are particles made of phospholipids that orientate to 

form lipid bilayer 249-252. The lipid arrangement allows the incorporation of hydrophilic 

drugs in the liposome core and hydrophobic drugs in the lipid bilayer. Liposomes can be 

surface decorated to increase the delivery to targeted cells (Figure 1.8). The addition of 
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charged lipids, polyethylene glycol and ligands will improve the targeting effect of 

liposome and reduce the toxicity of the encapsulated drugs 253.  

 

Figure 1.8 Surface modified liposome for drug delivery. Hydrophilic drugs are 

encapsulated in the aqueous core while hydrophobic drugs in the lipid bilayer. In 

conventional liposome (A), the lipid bilayer can be made of charged or neutral lipids and 

cholesterol. Polyethylene glycol (PEG) is added to form PEGylated liposome (B) to 

provide stability to liposome while ligands such as antibodies, protein and peptides can 

be added to form ligand-targeted liposome (C) to target selected receptors. Theranostic 

liposome (D) consists of both targeting ligand and imaging molecule to allow localisation 

of the liposome after administration. (Reproduced with permission 253). 

 

Currently, there are several liposomal formulations in the market. Intravenous 

formulation of liposomes such as Ambisome, Abelcet and Amphotec encapsulate 

amphotericin B, used to treat severe fungal infection. Several liposomal formulations 

with doxorubicin are marketed under the brand names Myocet, Caelyx and Doxil, and 

are used intravenously as chemotherapeutic agents to treat Kaposiôs sarcoma, ovarian and 

breast cancers. In targeting the brain, Depocyt, a cytarabine-encapsulated liposome is 

used for treating neoplastic and lymphomatous meningitis. The difference in all the 

liposome formulations lies behind the composition of the lipid bilayers. The surface 
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decoration of liposomes allows targeting to specific tissues in the body and reduces 

toxicity of the drug by masking the drugs inside the liposome 253. Apart from being a 

drug carrier, liposomes have also been extensively studied for vaccine delivery 254-256. 

The advantages of using liposomes as drug carriers and the challenges in translating 

liposome research to marketed products are widely studied and reviewed by Narang et. 

al 257, 257.  

 

1.4.4 Hexagonal phase  

The hexagonal phase consists of a series of cylindrical micelles arranged into a 

two-dimensional hexagonal lattice, where back-to-back lipid layers separate the 

cylinders. It can present as the normal hexagonal (HI) or inverse hexagonal phase (HII). 

The HII phase occurs at a high temperature as a result of increased chain disorder, where 

the cylindrical arrangement is entropically more favourable 248. The dispersions of 

hexagonal phase in aqueous solution lead to the formation of hexagonal particles called 

hexosomes 258. Glycerate based surfactants such as phytanyl glycerate and oleyl glycerate 

form hexosomes and have shown to have potential in drug delivery 237, 259. Irinotecan, a 

highly lipophilic cancer drug molecule was successfully incorporated into hexosomes for 

cancer therapy 237. There have been a small number of studies reported on the potential 

use of hexosomes as a drug carrier to the brain. The addition of cationic lipids in 

hexosomes dispersions was able to encapsulate plasmid DNA, through electrostatic 

interaction between the negatively charged DNA, for brain delivery 260, 261.  

1.4.5  Bicontinuous cubic phase  

The bicontinuous cubic phase is a unique structure and consists of a continuous 

single lipid bilayer (thickness about 3.5 nm), separating two non-intersecting aqueous 
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channels with an interfacial area of about 400 m2/g 258, 262, 263. The lipid bilayers are 

organised in a honeycombed structure with two internal aqueous channels that has shown 

the potential to accommodate various types of drug molecules 264. The bulk cubic phase 

is viscous and solid-like, does not display any optical properties under cross-polarised 

light and categorised as isotropic 235, 265. The amphiphiles that make up the cubic phase 

can absorb water, which leads to the formation of a gel-like structure in the bulk phase 

with a cubic structure. The internal structure and high surface area of the cubic phase 

allows a high loading of amphiphilic, hydrophobic and hydrophilic drug molecules 266-

268.  

A few studies have investigated the potential of the cubic phase and cubosomes 

as drug carriers via different routes of administration (Table 1.3). The high viscosity and 

gel-like structure of the bulk phase provides a suitable structure with adhesive properties 

for topical and buccal drug delivery of Leu5 enkephalin, cyclosporin A and 

sulforhodamine drugs 269-271. The bulk phase can provide slow release properties as the 

drugs are trapped in the bulk gel and are continuously in contact to the skin and buccal 

mucosa. 
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Table 1.2 Examples of studies on cubosomes carrying drug molecules through oral, 

buccal, topical and intravenous administration 

Route of administration Drug References 

Oral Cinnarizine 

Diclofenac 

272 

273 

Buccal Leu5 enkephalin 269 

Topical Cyclosporin A 

Sulforhodamine 

270 

271 

Intravenous Camptothecin 274 

 

Unfortunately, due to the high viscosity of the bulk gel, it is not suitable for 

intravenous drug preparation. However, due to its ability to maintain the cubic internal 

structure in excess water, it can be dispersed to form colloidal dispersions, called 

cubosomes 275. There are three common types of cubosomes that have been identified 

from X-ray crystallographic studies; primitive (Im3m), diamond (Pn3m) and gyroid 

(Ia3d) in order of increasing curvature as illustrated in Figure 1.9 276. The water content 

in the system influences the transition of cubosomes from one type to another. In 

addition, temperature, type of additives and amphiphiles used also play a role in the 

transition 264. The inverse cubic phase of phytantriol lipid is reported to be stable in the 

presence of excess water and this provides various advantages in formulating cubosomes 

as a drug carrier for intravenous formulation to the brain 246, 277. The significance of this 

for this thesis will be discussed in more detail in the next section.  
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Figure 1.9 Schematic representations of the inverse bicontinuous cubic phases with 

increasing curvature: Im3m (primitive), Pn3m (diamond) and Ia3d (gyroid). Individual 

lipids are shown as ball-stick figures, whilst the regions filled with green and red colour 

represent water channels 278. 

 

1.4.6 The advantages of using cubosomes as drug carrier  

Cubosomes have the potential to offer various advantages as drug carriers to cross 

the BBB. The ability of cubosomes to be stably dispersed in excess water allows the 

delivery of drugs through intravenous administration 274. The amphiphilic lipids 

commonly used in preparing cubosomes formulation have low toxicity 279, 280 and the 

amphiphilic lipids assembly mimics the lipid orientation in the lipid bilayer within cell 

membrane 281, 282. The internal tortuous structures of cubosomes allow a higher drug 

loading as compared to other lipid nanoparticles such as liposomes 283. Hydrophobic and 

hydrophilic drugs can be encapsulated in the lipid bilayer and aqueous core respectively 

284-286. In addition, cubosomes formulation can be modified to produce various 

encapsulation and release properties of drug molecules. Figure 1.10 illustrates how the 

surface of cubosomes may potentially be modified by molecules into the lipid bilayer. 

To have a desired effect such as to target the encapsulated drug to specific tissues or 

receptors.   
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Figure 1.10 Schematic illustration of the internal structure of cubosomes which allow 

surface modifications with surfactant, charged lipid and the addition of ligands. The 

tortuous structure of the lipid bilayers and the aqueous pores allow encapsulation of a 

higher amount of hydrophobic and hydrophilic drug due to the high surface area (Adapted 

and modified from 287 with permission). 

  

Whilst early studies in cubosome research proposed that due to the nature of its 

structure, cubosomes may be able to modulate the release of encapsulated drug molecules 

264, 288, 289. However, in 2013, Boyd et al. showed that cubosomes produce a burst instead 

of sustained release of drug in vitro 290. The authors also went on to suggest that the 

degradation of cubosomes in the body would cause immediate release of the drug 

molecules. However, this has not been demonstrated to date. Cubosomes still offer 

various benefits as a drug carrier. The encapsulation of drug within the complex structure 

of cubosomes has been shown to offer protection against chemical of physical 

degradation of protein bioactives 291.   

The drug release properties of cubosomes are influenced by the structure and 

changes in the environment. Hydrophilic drugs are encapsulated within the aqueous 

channels and the release is affected by the size of the channels and the molecular weight 

of the drugs 237. Adding specific additives such as octyl glucoside detergent into 
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cubosome formulation can increase the size of the channel, thus increasing the rate of 

release 292. The molecular size of the drugs will also determine whether the drug can be 

released faster or slower. Meanwhile, lipophilic drug molecules will be trapped within 

the tortuous lipid bilayer of the cubosomes and the release is affected by the partitioning 

between the lipid bilayers and the aqueous site 286. The release rate and properties are 

affected by various factors such as the type of lipids that make up the cubosomes, the 

type of drugs, pH, temperature changes, size of aqueous channels and the addition of 

additives 292-294. A number of drugs were encapsulated in the cubosomes and shown to 

have sustained release properties in vitro, and were reviewed by Drummond, C 

previously 258. Given the contradiction in the literature, 290 more robust methods need to 

be developed to evaluate the release of drugs from these complex lipid structures.  

 

1.5 Characterisation of lyotropic liquid crystalline dispersions.  

There are a number of different techniques which can be used to characterise the 

physicochemical properties of lyotropic liquid crystalline dispersions. These techniques 

are discussed in detail below as they will be used in this thesis for formulation of BBB-

targeted cubosomes.     

 

1.5.1.1 Dynamic light scattering  

Dynamic light scattering has been frequently used in studying colloidal systems. 

It is a simple and convenient method to study the size, heterogeneity and stability of 

different types of colloidal dispersions. In this technique, a small solution containing 

colloidal particles (cubosomes) is placed in the path of a focused laser. The random 

Brownian motion in the scattered laser causes the intensity to fluctuate (at the detector) 
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which generates the diffusion coefficients or particle size. The measurement relies on 

partice concentration, size of particle core and type of ions in the dispersions 295.  

 

1.5.1.2 Small angle X-ray scattering  

Scattering techniques provide information on shape, size and nanostructure of 

bulk and dispersed liquid crystalline systems. The common radiation sources used in 

scattering are light, X-ray and neutron. In small angle X-ray diffraction (SAXS), a 

radiation of wavelength ɚ (usually ~1 Å) is passed through the sample. This is either 

absorbed or scattered and an X-ray detector measures the intensity of scattering as a 

function of the scattering angle relative to the incident beam. The scattered intensity from 

the sample is normalised to non-sample-related scattering (background). The intensity of 

the scattering (q) is defined as: 

 

Equation 2         ▲
ⱫἻἱἶⱣȾ

 

 

Where ɚ is the wavelength of radiation, and 2— is the scattering angle. The 

intensity versus scattering angle is plotted (q vs. 2ɗ) and Bragg peaks are identified. 

Bragg peaks are specific for a given liquid crystalline phase (Table 1.3). However, more 

than one type of Bragg peaks pattern can occur, and these indicate the presence of a 

multiple phase system. At least three peaks are needed to differentiate the symmetry 

aspects with confidence 235.  
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Table 1.3 Lyotropic liquid crystalline mesophases; the ratio of spacing between Bragg 

reflections 235 

Mesophase Descriptor Peak ratio 

Lamellar LŬ, Lɓ 1 : 2 :    1 : 2 : 3 : 4 é etc. 

Bicontinuous cubic P (Im3m) 

D (Pn3m) 

G (Ia3d) 

ã2 : ã4 : ã6 : ã8 : ã10é etc. 

ã2 : ã3 : ã4 : ã6 : ã8é etc. 

ã6 : ã8 : ã14 : ã16 : ã18 : ã20éetc. 

Hexagonal H I, HII  ã3 : ã4 : ã7 : ã12éetc. 

P: Primitive, D: Diamond, G: Gyroid 

 

1.5.1.3 Electron microscopy 

Electron microscopy (EM) allows direct visualisation of both bulk and dispersed 

mesophases. Scanning (SEM) and transmission (TEM) techniques are most commonly 

used depending on the information required.  

SEM generates a low-resolution image (10 to 100 nm) but does allow mapping 

of surface morphological features and characterisation. Cryogenic field emission 

scanning electron microscopy (cryo-FESEM) has been shown to have better resolution 

as compared to standard SEM and therefore it is possible to characterise microstructure. 

It has been successfully used to visualise the structure of dispersed cubosomes and 

hexosomes particles 296-298. In cryo-FESEM, samples are snap frozen at very low 

temperatures in liquid nitrogen or propane and then viewed under the microscope. The 

main limitation of cryo-FESEM is ice crystal formation during sample preparation 299 

which can distort the original structure of the sample. To avoid the ice crystal formation, 

high pressure freezing technique and metal cryo coating can be applied. However, these 

techniques can affect the physical condition of the samples and disrupt the structure of 

particles 300. 

TEM is not commonly used to observe cubosomes structure, because of the need 

to chemically fix the liquid sample. If the sample is subjected to harsh conditions during 
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fixation, it may change the structure of the original particles. An alternative to this 

problem is to do physical fixation on the sample by utilising cryo-TEM technique. The 

sample is subjected to fast cooling and increase in vapour-pressure up to cryogenic 

temperature, which leads to a vitrified and not a typical frozen sample. The vitrification 

process leads to formation of a high viscosity, low-vapour-pressure sample 299. This 

technology preserves the size, shape and the nature state of the sample at studied 

concentration and temperature 262. The image of the original nanostructure is preserved 

and captured. However, the sample viscosity is a limitation, as very viscous samples are 

not suitable for cryo-TEM preparation. The sample might not be able to freeze properly 

to form a thin layer of vitrified sample 299.  

 

1.5.1.4 Cryogenic-electron tomography 

Cryogenic electron tomography (cryo-ET) is another method used to image 

particles in its native state. The samples are processed in a similar manner to cryo-TEM 

samples as described in Section 1.5.3. The vitrified sample (on the grid) undergo minimal 

chemical and physical changes and the cryogenic processing allows the sample 

preservation in the native state. During TEM imaging, under cryogenic conditions, the 

sample is tilted at different angles and the images were collected. To avoid radiation 

damage due to continuous imaging, a low dose of electron is used (around 50 e-1 Å-2) and 

the contrast is increased by defocusing the sample 301. By applying sub-tomogram 

averaging to all the tilt series, the information from each image can be combined and 

averaged to form the 3D structure. Since a large number of images are captured, any 

specific image at certain tilt angle with poor resolution can be deleted and excluded, 

without losing any detail information of the structure. Images with high resolution and 

good signal-to-noise ratio are usually collected at low tilt. Whilst at high tilts, the images 
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have lower resolution with the risk of structural damage to the sample due to the beam 

exposure 302. 

The advantage of using cryo-ET is that the preservation of the sample is in its 

original state. This is useful for biological samples such as lipid-based nanoparticles that 

can be easily damaged by chemical fixation. This technique can offer a better 

preservation method to allow detailed observation of cubosome particles in the 

dispersion, without any changes in the structure. The 3D reconstruction from the tilt 

series will allow the detailed internal and surface structure to be observed instead of 2D 

form from normal cryo-TEM imaging 303. It offers a detailed examination of biological 

particles including virus and bacteria 304. Cryo-ET technique is important in this thesis as 

it can showcase the 3D image of the detailed cubosomes structure and cryo fixation 

provides a better preservation technique as compared to chemical fixation.  

 

1.6 In vitro  model of the BBB 

Various studies have been conducted to develop in vitro cell culture models that 

can mimic in vivo properties of the human BBB 305. The use of immortalised cells allows 

a larger number of studies to be conducted in a large scale, including nanoparticle uptake 

studies. Any in vitro BBB model should be easy to grow with preservation of transporters 

and receptors. Cerebral microvessel endothelial cells (CMEC) from bovine origin were 

isolated in the 1980s to provide a BBB in vitro model 306. Even though these primary 

brain endothelial cells expressed functional receptors, tight junctions and other key BBB 

markers, the challenges in getting fresh brain tissues prohibited larger studies.  

Recently, an immortalised human BBB cell line, the hCMEC/D3 was developed 

by a group of scientists in France. Since the development of hCMEC/D3 cells in 2005, 

more than 100 studies have been published in various areas of neurological research, 
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using this cell line 305, 307. The cell line was developed from human temporal lobe 

microvessels isolated from excised tissue from the brain of an epileptic patient. The cells 

were enriched and immortalised by lentiviral vector transduction using SV40 large T 

antigen and the catalytic subunit of human telomerase (hTERT). Specific colony was 

selected by limited dilution cloning and characterised, which then named as hCMEC/D3 

cells. These endothelial cells showed similar morphology to primary brain endothelial 

cells such as elongated cells and contact inhibition when grown on collagen. This 

phenotype was maintained and the endothelial markers were retained up until passage 33 

305, 307, 308. 

To confirm the suitability of hCMEC/D3 cell as an in vitro BBB model, the 

expression of membrane receptors and transporters were tested using various techniques 

including quantitative proteomic analysis, immunochemical analysis and RT-PCR 

analysis 305. MRP, BCRP and P-gp were found on hCMEC/D3 after an assessment by 

quantitative proteomic analysis 309-311. The level of expression was found to be similar to 

isolated human brain microvessels 309. P-gp was shown to be expressed up to passage 38 

and localised at the apical side of hCMEC/D3 cells. Even though P-gp expression was 

found to be lower than primary human brain capillary endothelial cell (HBCE), the 

expression was comparable and inhibited by P-gp inhibitors such as taquidar and 

vinblastine 311, 312. High levels of transferrin and Glut-1 receptors were expressed by 

hCMEC/D3 with similar density to human brain microvessels 309. Other influx 

transporters present at hCMEC/D3 cells are LDL-receptors, amino acid transporters, 

organic ion transporters (OATP) and all members of solute carrier family (SLC) 

transporters 305. In order to use hCMEC/D3 cell line to study cubosomes uptake via 

receptor mediated endocytosis, the presence of these transporters especially LDL-

receptors are important.  
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hCMEC/D3 cell line can offer various advantages in conducting high throughput 

in vitro studies. The cost involved is lower than primary cell culture, and it also retains 

phenotype, receptors and transporters similar to primary human brain endothelial cell, 

which makes it a suitable BBB in vitro model to be conducted in this thesis for cubosomes 

toxicity and uptake studies.  

The introduction section has outlined the challenges and opportunities in 

delivering drug to the brain to treat neurological diseases. Given the possibilities for 

encapsulation and release of drugs of varying properties, together with the ability to 

modify the surface chemistry using BBB targeting moieties on the surface, cubosomes 

emerge as a suitable platform as a drug carrier system to improve drug delivery into the 

brain. 

 

1.7 Thesis hypotheses 

A number of hypotheses were developed and tested in this thesis in order to 

examine the potential of cubosomes as drug carriers to the brain. These were: 

1. That cubosomes can be surface decorated with different stabilisers to target 

receptor-mediated transcytosis at BBB.  

2. That cubosomes co-formulated with cationic lipids can target the adsorptive 

endocytosis pathway at BBB. 

3. That cubosomes surface decorated with different stabilisers and cationic 

lipids can interact and cross the BBB with limited toxicity.  
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1.8 Aims 

In order to investigate the above hypotheses, the aims of this thesis are: 

i) To formulate and characterise cubosomes surface decorated with non-ionic 

stabilisers and charged lipids to understand: 

a) the effect of using non-ionic stabilisers at different concentration on the 

stability of cubosomes and the internal structure. 

b) the influence of lipid chain length (from charged lipids) on the formation 

of cubosomes. 

c) the monolayer interactions of charged lipids with the cubic phase forming 

lipid phytantriol. 

 

ii)  To investigate the interaction of surface decorated cubosomes in vitro with a 

human brain endothelial cell line. 

a) by evaluating the toxicity of cubosomes stabilised from non-ionic 

stabilisers and the addition of charged lipids 

b) by determining the cell uptake of surface decorated cubosomes 

 

iii)  To investigate the uptake and toxicity of surface decorated cubosomes into the 

brain in vivo using a zebrafish model by: 

a) evaluating the toxicity effect of surface decorated cubosomes in zebrafish 

brain 

b) observing and investigating the uptake of cubosomes in the zebrafish 

midbrain 
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Chapter 2 

_________________ 
 

General materials and methods 
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2  General materials and methods 

2.1 Materials 

Chloroform (HPLC grade), dichloromethane and 1,2-propandiol (propylene 

glycol) were purchased from Merck (Darmstadt, Germany). Phytantriol (3,7,11,15-

tetramethyl-1,2,3-hexadecanetriol, Ó95% purity) was purchased from A & E Connock 

(Hampshire, England).  Lutrol® or Poloxamer 407 (Pluronic F127) was obtained from 

BASF (Ludwigshafen, Germany). Kolliphor® (Poloxamer 188), 

cetyltrimethylammonium bromide (CTAB) and Tween 80 (Polysorbate 80) were 

purchased from Sigma-Aldrich (New Zealand). 1,2-Dioleoyl-3-trimethylammonium-

propane (DOTAP), 1,2-dimyristoyl-sn-glycero-3-phospho 1ô-rac glycerol (DMPG) and 

1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) were purchased from 

Avanti Polar Lipids. Inc (Alabama, USA). Octanethiol functionalized 3 nm gold 

nanoparticle was from Nanoprobes (New York, USA). 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (LR) and 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD) were 

purchased from Avanti Polar Lipids Inc (Alabama, USA). All chemicals were used as 

received. Milli -Q water (ion exchanged, distilled and purified by Millipore, Bedford, 

MA) was used in all experiments.  
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2.2 Methods 

2.2.1 Preparation and characterisation of cubosome dispersions  

2.2.1.1 Preparation of cubosome dispersions 

Phytantriol (20 mg/mL), stabilisers (5 to 20% w/w of Pluronic F127, Tween 80 

or Poloxamer 188 to phytantriol), and propylene glycol (co-solvent, 54 mg/mL) and 

where appropriate, CTAB, DOTAP, DOTMA or DMPG (1.4 to 5.3 mol % to phytantriol) 

were weighed into a glass vial and dissolved completely in sufficient chloroform 

(typically 5 mL). For preparing tagged cubosomes, NBD (37.3 µM), LR (205.6 mM) or 

octanethiol functionalized 3 nm gold nanoparticle (0.01 mM) was added to the mixture 

at this stage. Chloroform was subsequently evaporated under vacuum at 45 °C leaving 

behind a lipid mixture (liquid precursor). Water (1 mL) was added to the liquid precursor 

and the mixture was vortex mixed for 10 min to form cubosome dispersion 313. 

 

2.2.1.2  Size, polydispersity and ɕ -potential 

The particles size distribution and ɕ-potential were determined using dynamic 

light scattering (DLS) (Malvern Zetasizer 3000, Malvern, UK). Measurements were 

performed at 25 °C and the results presented are the mean of three successive 

measurements of 100 s of at least three independent experiments, using a refractive index 

of 1.467 for phytantriol. Samples were diluted with water to adjust the signal level. The 

average particle size (Z-average), polydispersity index (PDI) and ɕ-potential (based on 

the Smoluchowski model) of the various dispersions were determined 314. 

  



52 

 

2.2.1.3 Small angle X-ray scattering (SAXS) 

Measurements were conducted on the SAXS/WAXS beamline at the Australian 

Synchrotron (Clayton, VIC) to identify phase structures using previously described 

methods315. Samples were added to 96 well microplate and mounted vertically in the 

beam path. The 2D SAXS patterns were collected using a Pilatus 1 M (170 mm × 170 

mm) detector which was located 960 mm from the sample position, with 2 s exposure 

and X-ray wavelength of 1.0322 Å. The diffraction patterns were integrated using the 

Scatterbrain software operating on the beam line and plotted as intensity versus scattering 

vectors (q) to identify peak ratios as described in order to determine the liquid crystalline 

structure 265. The relative positions of the Bragg peaks were used to define the cubic-

phase space groups and mean lattice parameter, as discussed in 316. 

 

2.2.1.4 Cryo-transmission electron microscopy (cryo-TEM)  

Cubosome dispersions (3 µL) were added to 300 mesh R2/2 Quantifoil grids 

(Quantifoil GmbH, Germany) that were glow-discharged for 10 s. Excess dispersion was 

removed by blotting with filter paper (Whatman Nr. 1). Grids were rapidly plunged into 

liquid ethane and kept near its freezing temperature (-120 °C) in a Reichert KF80 freezing 

device (C. Reichert Optische Werke, Austria). The samples were stored in liquid nitrogen 

before loading into a Gatan 914 cryo holder (Gatan Inc, California, U.S.A) and viewed 

in a JEOL 2200FS transmission electron microscope (JEOL Ltd, Japan) fitted with a 

TVIPS F416 CMOS camera (TVIPS GmbH, Germany).  
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2.2.1.5 Cryo-electron tomography (Cryo-ET) 

Selected samples from Section 2.2.1.4 were subjected for Cryo-ET. Automated 

tilt series images from the grid were acquired using SerialEM software (University of 

Colorado, Boulder, U.S.A). Tilt angle increments of 1.5 or 2 degrees with the tilt range 

of -60 to +60 degrees was used 317. Tomograms were reconstructed and analysed using 

IMOD software (University of Colorado, Boulder, U.S.A) 318. Nonlinear anisotropic 

diffusion was carried out using ETOMO to de-noise the merged tomogram and 3D 

images were visualised using Chimera 1.10.2 (University of California) 319. 

 

2.2.2 Langmuir monolayer studies  

To study the effect of charged lipids (CTAB, DOTAP, DOTMA and DMPG) on 

phytantriol lipid monolayer, the interfacial behaviour was investigated at ambient 

temperature (25 ± 1 °C) using the Langmuir-Blodgett trough (NIMA, Coventry, UK). A 

surface area of 100 cm2 and a volume of 50 mL were used. Prior to conducting each 

experiment, the Teflon trough and barriers were cleaned with dichloromethane and Milli-

Q water. After the subphase was added (Milli-Q water), a Wilhelmy paper plate 

(Whatmanôs No.1 Chromatography paper, Australia) was connected to the pressure 

sensor to measure the surface pressure (ˊ). 

Single and mixed components of phytantriol and charged lipid were dissolved in 

chloroform. The concentration of phytantriol was constant (0.5 mg/mL) while the 

concentration of added component varied. A 20 uL aliquot of the single or mixed 

component mixture was spread on the subphase using a Hamilton syringe and left for 10 

min for the chloroform to evaporate. Compression was applied at a speed of 5 cm2/min 

and the ˊ-A isotherms were recorded by the instrument software (Nima 516, KSV Nima, 
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Finland). Experiments were conducted at room temperature with three replicates. 

Collapse pressure and limiting area per molecule for each single and mixed component 

mixture was calculated. 

 

2.2.2.1 Analysis of ˊ-A isotherms 

The compression of the monolayer will lead to a stage where the monolayer will 

collapse. This is known as the collapse pressure where a sudden change in the pressure 

occurs, the isotherms deviate from the straight line and a plateau of maximum pressure 

was observed (Figure 2.6) 320. To obtain the experimental limiting molecular area, the 

rising linear part of the isotherm was extrapolated to zero pressure as shown in Figure 

2.6 and to get the ideal limiting molecular area (Ai) was calculated using additivity rule 

as Equation 3 321, 322. 

 

Equation 3            ═░ ╧▬▐◐◄═▬▐◐◄╧╬▐╪►▌▄▀ ■░▬░▀═╬▐╪►▌▄▀ ■░▬░▀ 

 

Where Xphyt is the mole fraction of phytantriol, Xcharged lipid  is the mole fraction of 

charged lipid while Aphyt and Acharged lipid  are the experimental limiting molecular area for 

pure phytantriol and pure charged lipid monolayers respectively. The deviation between 

the calculated ideal limiting molecular areas to the experimental values were compared 

to evaluate the miscibility and interaction between the phytantriol and charged lipids in 

the mixed monolayer 323. 
















































































































































































































































































































































