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Abstract

The bottleneck in delivarg drugs to the braifor treatment of diseases related
to central nervous system (CN3gs behind the presence of blebrhin barrier (BBB).
This barrierprevents most of the large anchumber omall moleculedrom entering
the brainthus posing aonsiderablehallengein administration ofdrugs.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 provetb increase drug loading into the brain, the procedures can be risky
with debilitating side effects, thus unsuitable for ldagn treatment. Nevertheleske
use of @rticulate drug carriers, such as nanoparticles, can be a promiskigvasive
stratgyy 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, cubosomiead been investigated in this study to deterniise
suitability asa drug carrierBy decorating and modifyintpe surfaceof cubosomesvith
specificmoietes,severabathwaysan serve as targeasthe BBB With that,this thesis
looked intointraveneous formulation aubosomes aadrug carrier tacrossthe BBB
primarily due toseveral advantages it hasdffer. The overarching aim of this thesis
hence, id0 assesshe hypothesis thahe surface otubosomegsan bemodified with
specificmoietiesso as to servaseffectivedrug carriers t@nterthe brain.

In order to target lovdensity lipoprotein (LDL) receptors at the BBBhapter
3 presents the investigation of phytantriol cubosomes stabilised with-tBigBting
moieties; Tween 80 and Poloxamer 188. These stabilisers serve as cubosdiserstab
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 fin@ed

andPn3minternal structures, respectively. The homogeneous cubosomes were formed



and no vesicles had been observed with cubosomes stabilised using Tween 80.
Neverthelessn vitro cellular uptake displayed lack of uptaeposed to be frordack

of ApoE in the cell culture media, which appeared to prevent the interaction of the
cubosomes ith 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 LDteceptor and internalisatianto the brain
endotheliakells.

In Chapter 4, cationic cubosomes were investigated as an alternative potential
drug carrier t@enterthe brain. In order to investigate the effects of using single and double
chain cationic lipids; etyltrimethylammonium bromideCTAB (single chaip 1,2-
Dioleoyl-3-trimethylammoniurrpropane DOTAP and 1,2-di-O-octadecenyB-
trimethylammoniumpropane DOTMA (double chain) were added into the standard
cubosome formulation which were stabilised by Pluronic F127.cbmeentrationof
cationiclipids in the cubosome formulatiowas 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 Bs3m structure and formed
homogenous dispersiom 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 liprdsjtro study
exhibited that theddition 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
adsorptve endocytosis pathway.

In order b furtherdeterminethe potential of using surface modified cubosomes

to target the BBB, all the formulations were administendidveneouslynto zebrafish



larvaein vivo in Chapter 5, wherethe uptake andhe toxicity of cubosomes in the
midbrain region had been assesset@here was a significant twefold uptake of
cubosomedrom 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 berelated to the local toxicitgffect, asvisualisel in toxicity studies
Other formulations nonethelesgjid not cause toxicity to the braand no significant
uptake The uptake of Tween 80 cubosomeaswot related to local toxicity and
observation under electron microscopy revealed thatigblelled Tween 80 cubosomes
ended up in the brain parenchyofahe larvaeThis observatiohighlightsthe potential
of Tween 80 cubosomes as a drug carrier to target the brain.

In summary, this thes supported the hypothesis that cubosomeaataas a drug
carrier andbe surface modified tarossthe bloodbrain barrierthrough selected
pathways Despite the lack of uptake in other cubosome formulations, Tween 80

stabilised cubosomes represent@msing approach as a drug carriectossthe BBB.
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Chapte 1

General introduction



1 Generalintroduction

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 suchAbhsz hei mer 6 snsosé@sas e, P
diseasg epilepsy, brain tumour, migraine and spectrum disortiéFse projection of
patients di agnos ed isexpdcthd totbe ¥312 enillion@eodlesintiiei s e a s e
United States by the year 2060 wi t h Par ki nsondés di sease sho
2006 about 4.6 million people in Western Eu
disease and this number is expected to rise up to 9.3 million in*2G805 disorders not
only impact the aging population, but also extend to the younger popufatitme
increase in thancidence 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. CNS diseases not only contribute to the economic burden of a country, but
al so affect pedghee & meedtodevelop betteotreatnent spions
to stop or slow downthe disease progress of these aforementioned debilitating CNS
diseases

Even though there are a large number of CNS drugs being used clinically,
achieving therapeutic leval of drugin the brain particularly for new therapeutic
compounds remains a significant challedge to the presence of physical and chemical
barriers at the brain that limits the type and amount of CNS drugs to enter th&%prain
One of themajor barries to achieve therapeutic levels of drug in the brain to C&Eg
disorders lies behind the presence of the blo@in barrier (BBB) that selectively
prevens drug molecules from entering the brain parenchynharge molecules such as

monoclonal antibodies, antisense drugs and recombinant proteins show potential benefits



in treating CNS diseases, however, due to the size and the physical properties of these
molecules, their uptake is limitetP3. Furthermore, small or wateoluble drug
molecules with therapeutic CNS effects are also prohibited from enteriniraire
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 therapealfiériglie brain

and at the same time reduce any peripheral side effects

Nanoparticles can be used as drug carriers to improve drug delivery to the brain.
Various nanoparticlessynthesisedfrom polymers and lipid such as polymeric
naroparticles and liposomes have been developed to increase delivery of drugs into the
brain. Surface decorations or modificationtbasurface of theanoparticles have been
developedo targetspecificpathways at the BBBnd to allow uptake of drug moldes
into the brairn’* 1521,

Lipid-based nanoparticles have been investigated as drug camidtgling
liposomes and solid lipid nanoparticl&s?3. For example, liposomes were surface
modified with the addion of transferrin to target the transferrin receptor at the BBB
24 25\where docetaxel encapsulated in the transferrin conjugated liposomes was delivered
into the brain (rats) as compared to fiargeted liposome®. A number of studies on
transferrinconjugated liposomes were studied and reviet¥ed show that transferrin
conjugated liposomes can be a potemt#tierto target the BBB. Meanwhile, solid lipid
nanoparticles are also widely studied as drug carriers to target the brain. The studies on
solid lipid nanoparticles wermpiled and reviewed previougfy?®. To target the BBB,
the surface of solid lipid nanopantees was coated with apolipoprotein E and Tween 80
27 for uptake through LDireceptors, while melanotransferrin antibody was conjugated

on the surface to utilise the transferrin recepfr€Even though these studies were



showing the potential of liposomes and solid lipid nanoparticles as drug carrier to target
the bran, this thesis will explore a different type ofnaore versatile platform of drug
carriers with ease of preparation and a higher drug logatentialto maximise the
uptake of drugs into the brain.

The use of lipicbased nanoparticles, cubosomes ag darrier to the brain is yet
to be discovered. This thesis will explore a novel Hpaded delivery system, cubosomes
to target different endogenous molecular trafficking pathways at the BBB with the aim
of increasing drug delivery to the brain. Suitahlvitro andin vivo models will be used

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

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

The anatomy and the transport systems at the BBB mlaynportant 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 badk@i1830swhere Paul Ehrlich
showed that when an aniline dye was administered intravenousbratt@ll the organs
were stained except for the brain and the spinal cord (review&dyThis observation
formed the basis of the presence of a barrier atothen, which selectively allows
molecules to pas3 hebiological reason fothis barrier imow well established and ts
protect the brain from toxirsnd cells of the immune systdmg regulatingthe entry of
compounginto and out othe brainwhile only allowing the entry omolecules that are

crucial for brain homeostasi$34. The BBB is made of the cellular complex known as



the neurovascular unit (NVM), which collectively formsthe physical, transporand
metabolic barrieat the BBB3 ¢,

The NVU corsists of endothelial cells, astrocytes, pericytes, neurons and
surrounded by basal lamin&igure 1.1). The network of constarit c o mmuni cat i o
within theNVU forms a functional BBB and maintains the integrity of the barrier. The
presence of NVU limits theiptake of drug molecules into the braathe cells are
Afcementedo together by ##)aeadherensjenctions (ADf t i
37 TJarethe predominant barrier for paracellular diffusion of molecules across BBB.

They appeaas a parallel series of interconnected stsamdibrils andarecomprisedof
integral membrane proteins; occludin, claudin and junctionalsioihenolecules® 3&40,
Signalling and regulatory proteins like ZBassociated nucleic acid binding peiot,
multi-PDZ-protein 1, afadin (AF6and membraneassociated guanylate kinasghtly
regulate the paracellular pathwéyndering the free diffuen of polar solutes and drugs

across the BBB.

tight junction

endothelium

pericyte ; \ £ lamina neuron

end foot
astrocyte

"N microglia

Figurel.1 The neurovascular unit (Adapted frdrand reproduced with permission).



Astrocytes and pericytes are located in close proximity within the NVU and
togetheithey modulate the maturation of brain endotheliabcBricytes are often found
in between endothelial cells whilst astrocytes are located at the capillary basement
membrane. Pericytes are involved in the angiogenesis of qcapidaries at the BBB
and provide structural integrity to the blood vesstisough theirclose contact with
endothelial cells?® 30 38 4143 Agtrocytes are involved in phenotypic changes of the
endothelial cells at BBB and contribute to the BBB developrifefit*®. Soluble factors
secreted by astrocytéfor example zonular occludizO) have beershown to promote

the TJformationby increasing théength, width and number of T3 48,

1.2.2 The transport of drug molecules across the BBB

In contast to peripheral capillaries, brain endothelial cells lack fenestrations,
have lower pinocytic activity, higher mitochondrial content and presence of tight
junctions®. As a result, the transport ofatecules across the brain endothelial cells is

strictly limited as compared to peripheral endothgdialillustrated irFigure 1.2.
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Figurel.2 Schematic diagrams of (a) the BBB which shows the tightipméhat 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 thestrict reguléion at BBB, selected drug molecules are still able to enter
the brain throughsimilar pathwaysto that used by endogenous molecules such as
glucose hormones proteins andons, to maintain homeostasf§ *°. Small hydrophilic
molecules can enter the brain through the paracellular pathway whilst lipid molecules
enter predominantly througihe transcellula pathway as shown iRigure 1.3 Large
molecules utilise carriermediated, receptanediated and adsorptive endocytosis
transport pathwaydMolecules that are substrates to efflux pummegpumped oudbf the
cells by active efflux transporter¥: °* %2, In addition, molecules are also subjected to
membolism by intracellular and extracellular enzymes such as monoamine oxidase,
peptidases, nucleotidases and cytochrome P450 enzynid®e transport @thways at

BBB is summarised iffigure 1.3and discussed imore details in subsequesgctions.
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Figure 1.3 Schematic illustration of the different routes of molecular transport across
BBB.



1.2.2.1 Passive trarsport system

Passive transport of molecules across the BBB cahrbegh the paracellular
pathway(Figure 1.39 where the transport is often restricted to small polar molecules
and ions of less than 500 Da due to the preseritdsst°®. The ransient opening of EJ
has been explored as a mearalfow drug molecules to pass throutjie paracellular
pathway®">°, Administration of bradykinimnd its analogues in patients with malignant
glioma has been showto transiently increase the permeabilitydrigs such as the
chemotherapeuticarboplatinacross BBBthrough @racellulartransportin pre-clinical
studies®®. These molecules initially bind to the Bradykinin receptor and trigger an
increase in intracellular Gathat @uses contraction of brain endothelial cells and
malformation of TJs and an increase in drug permeability at the®88BThis technique
was tested on small @rimolecule, inulin (400 Da) where the opening of TJs by Cereport
(bradykinin agonist) allowed the diffusion of inulin across the HBMEC®daHowever,
the permeability across thdg from Cereport administration was restricted to small polar
molecules only.

Several peptides have also been investigated as potential TJ modulat@&9 PN

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

as album (65 kDa) across the tight junction. The exact mechanism of action of the
peptide remains to be fully elucidated,
Z0-1 cytoplasmic TJ linker protein, wdh decreases the tightness in between endothelial
cells has been proposed as a potential mechanism of &ttidther peptides such as 7
mer and AF1002have also beeshown to induce transient TJ openatghe BBB%>%,
However, chronic administration @ modulators have not been fully explored and there

are concerns that it may lead to the damage at BBBlianapt itsprotective role® ©°,

b



Another passive pathway at the BBB is through transcellular pathwaye wher
smalllipophilic andamphiphilic molecules (< 700 Dagave beemeported tgpassively
diffuse across the endothelial plasma membfeiie®. 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 ianp a large surfacearea tothe cell
membraneand allows highrates of diffusion intacells “*. However, the aount of
cholesterol in endothelial celiacreases lipigpacking density in thendothelialcell
membraneand limits the movement of large lipid molecules across the’é€R. The
permeabilityof the BBBto lipophilic drugscan be predicted from the octanol/water
partition coefficient at pH 7.4 (log)Hor nontionised and ionised molecsldn general,
drug moleculeswith -1 ¢ log P ¢ 4 show increased permeability across the BEB
Increasing lipophilicityf drugs has beeused as a strategy to increase their permeability
across BBB, however thidoes notalwaysimprove transcellular diffusiarincreasing
lipophilicity of drugsfavours binding to efflux transporters, thus prohibiting their entry
into the brain'®.

Active efflux transportergFigure 1.3d) are important in regulating brain
homeostasis bpreventng certain xenobiotic, hydrophilic and hydrophobic molecules
from entering the brain, thus protecting the brain from potential dartfafe The
adenosine triphosphatending cassette (ABC) transporters, which inclutie P-
glycoprotein (Pgp) transporter, multidrugesistance ptein family (MRP) and breast
cancer resistance protein (BCRP) are the main efflux transporters at the BBB.

P-gp is an efficient gatekeepais itactively transpos molecules out of the brain
with high efficiency and it is highlgxpressed at tH@BB 7’. A large number of lipophilic
drugsare pumped out by Pgp "°. For example, cyclosporine A, whidlipid soluble

does not show high therapeutic accumulation as expected due to the presence of efflux

10



transporters’. The drug moleules are actively being pumped out of the cells by the
efflux transporters. Gadministratiorof cyclosporine A with &-gp inhibitor was shown
to increaséts uptake’®. In addition, sccessful seizure treatmerds beemeported with
co-administration of phenytoin dg (Rgp substrate) with verapamil, agp inhibitor’®
80.

Regadenoson®an A2 adenosine receptor agjist is a coronary vasodilator
commonly used in cardio stress test and known to inhibit the efflux transpaggerliP
a clinical trial, ceadministration oRegadenoson®ith temozolamide in patients with
malignant glioma and resectable brain tumouos\&d 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 efpPtransport byRegadenosa® 8385,
Moreover, the short halife of Regadenoson® (2 to 3 min) can induce transient increase
in the permeability of the BBB to allow higher drug accumulation in the Bi%in
However chronicadministration offlux pumpsinhibitors can lead to neurotimity "
8 Defectsin efflux transportehave beermplicated in neurological conditions such as

A

Alzheime r 6 s whersamnglddeaccumulate intte brain without being clearég
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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 neofrom the blood into the brain (influx transport
system), while to prevent the accumulation of toxineurotoxic compounds and
metabolites are transported out (efflux transport syst8eil¢cted polar macromolecules
enter the brain through carrigrediaed transporterdqgure 1.39, 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 bira 8. Sodiumindependent neutral amino acid transporter
(system L) transports -tyrosine, Ltryptophan and thistidine into the brain as
neurotransmitter precursot$°, Other amino acids including-leucine, L-isoleucine,
L-methionine, kphenylalanine, tvaline and Lthreonine are transported through system
L and involved improtein synthesis in the brain.

In order to use the carri@nediated pathway for drug delivery, the drug molecules
need to mimic the structure of endogeneous substr@nly two transporters will be
discussed here as examples of caimediated transporters used for drug delivery; LAT1
and GLUTL1. System L has LAT1 (SLC7A®6), to transport amino-agietic drugs such
as L-Dopa into the brain.Dopa is converted intdopamine and used as a treatment for
schizophrenia an% Parkinsonés disease

GLUTL1 is located at luminal and abluminal sites of the BBB but allows only
unidirectional transport of Eylucose from the blood into cell and into the brain
parenchyma. Initially BEglucose enters the endothelial cells through GLUT1 at the
luminal site and then transported out of the cell into the brain parenchyma using GLUT1
on theabluminal site. GLUT1 is also able to transpomtléhydroascorbic acid into the

brain which is converted to-ascorbic acid. tascorbic acid is not a substrate of GLUT1

12



which means that it will retain in the brain without being transported out and teads t
higher concentration of-ascorbic acid in the brait§ °’. Based on the knowledge of D
glucose transpt, 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 blab 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 glféose

Nanoparticles have also been coated with glucose to target the-Gigllitose
transporters at the BBB. For example, intranadatinistration of exosomes which are a
type of nanopatrticle, 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 comparedintravenous administration of glucose coated
exosomes, the exosomes retained in the brain after intranasal administration. This showed
thatwhile both routesdemonstratesignificant uptake of exosomes in the brain, but the
administration through IV roaet 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 usinglixose, the uptake of glucose coated
exosomes into the cellexe proposed to be via GLUTtransporters at BBB. In addition,
dual labellingwithf | uor escence mol ecul e all ows the
the administratior®. A detailed review on developing nanoparticles conjugated to
glucose transportesubstrates in order to utilise GLUT receptors at the BBB was
previously published®. In addition, there are otheamiermediated 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 majmawbacks in developing drug
molecules to target carrienediated 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.cHmidead to competitive binding
with endogenous substrates. Furthermore, chronic administration of the drug molecules
can lead to receptor saturation and disrupt normal homeostasis at the'°8BB
Nevertheless, this pathway is promising, and drug molecules arg teusloped to

utilise the transporters to deliver drug to the brain.
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1.2.2.4 Receptormediated transcytosis

Macromolecules like peptide and proteins bind to specific receptors onfiaeesu
of theendothelial celland are endocytoseBigure 1.36 %2 The uptake process start
with ligand binding to a receptowhich triggers a cascade ofeactions. Firstly, the
receptofligand complex is internalised by clathignated pitsnto the celland forms an
early endosom&3, Then the contents of the endosome are reléasethe cellupon the
enzymaticactivity 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 parenchin@his processs energy
dependent®,

Certain receptemediated pathways are currently being explored as potential
targettod e s i gn A T mogcuewhibhame endazytosed by the endothelial cells
106107 For example, theansferrin receptofMfR) expressed at the luminal and abluminal
side of endothelial cells allows bidirectional transport of transferrin moletUl&4R is
expressed at the luminal and abluminal side of endothelial cell to allow the transport of
TfR substrate in bt ways 198 109 110 Chijtosan nanoparticles functionalised with
transferrin molecules and loaded with fibroblast growth factdirmaeased uptake into
the brain as compared to nramctionalised chitosan nanopates. The inhibition of
uptake by imatinib suggested that the uptake of transferrin functionalised chitosan
nanoparticles was from the binding with TfR at the BBB Insulin receptors and low
density lipopreein (LDL) receptors are alssxpressed on endothelial cells at relatively
high levelst#4and have been explored for drug and nanoparticle delivery inbwaire
37 This pathway will be explored in this thesis by developing cubosomes nanoparticles
surface decorated with specific moigtytarget the LDLreceptor at the brain. Further

discussion will be outlined in detail @hapter 3.
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1.2.2.5 Adsorptive endocytosis

Macromoleculessuch asalbumin can enter the brain through adsorptive
endocytosipathway Figure 1.3f). Uptakeof molecules via tis pathwaydepends on the
electrostatic interactianbetweenpositively charged molecules or ligandsd the
negatively charged cell merane (endothelial glycocalyX). An endocyticcascade
follows, and the molecules are translocated from the blood to the brain. The whole
process is energy and temperature dependent!® The uptake is low affinity, high
capacity and less specifithan receptomediated transcytosisas electrostatic
interactiors can occur on cells from othessuesn the body'*®. Ebiratide, a drugised
fort reating Al zhei mer 6s di is\atrastusiestwdhprinEaryp osi t i v €
cultured bovine brain capillary endothelial cells showed that the uptake of Ebiratide into
the cells was via adsorptive endocytoi$ 2% This pathway will be explored by
developing cationic cubosomes to target the negatively charged membrane of the brain
endothehll cells for further uptake by the brain. A more detailed discussion on this

pathway will be outlined ilChapter 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 formglaton
techniques to improve drug delivery to the brain, several potent drug molecules are still
not able to cross the BBBnd reach the desired therapeutic level. Gitiategy to
overcome this problem is tgse invasive methawften involving surgeryo breachthe
BBB anddirectly deliverthe drug into the brain parenchyma. é8eapproacks are

discussed in more detdielow.

1.3.1.1 Intracerebroventricular injection

Intracerebroventricular injection involves the direct delivery of drug molecules
that have limitd permeability across the BBB, by administeiimg specific sites within
the brain parenchymd??4 This pathway is preferred when a high dose of dvadihg
in the brain is desired. |t has been studi
and in cerebral ischemi@perfusion injury*>'?’. 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 injectiort?® 12°. However, due to the invasive technique involved in this

method, it is not suitable for chronic administratiéht32

1.3.1.2 Intracerebral administration

Intracerebral administratiomvolves administration of druggirectly into the

brain parenchyma. In convection enhanced defiv@catheterns implanted directly in
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the brainandthe application of hydrostatic pressuattows the drugs taiffuse directly

for further penetration into the braiAnother way is to implant degradable or non
degradable polymers directly into the loréo release the drug slowly over tinephase

I/1I clinical trial, the cancer drug, D2CIT was studied as immunotoxin for glioblastoma
treatment and delivered through intracerebral conveerdranced delivery using
osmotic pumps. D2CIT was shown tdave strong ariumour effect by inhibibg the
protein synthesis and ldllithe epidermal growth factor receptors expressed on the
glioblastoma cell$33. The continuous release of drugs from this method can reduce the
frequency of drug administratiaand costs. The result from this study is promising and
the study is on its way for Phase I/ll clinical trials for adults with recurrent malignant
glioma.

Gliadel® wafer which contains carmustine (alkylating agent) was released into
the market to treat higgrade 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 kil the tumour tissuesEven though the prognosis after using
Gliadel® is still poor (increased survival by 2 months), this treatment still offers an
improvement in survival for glioma patierts.

Another CNS drug, vigabatrin, an eplsydrug thatis commonly administered
orally; was delivered via indicerebral 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 concentrafidh 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 shovemgaitin treating
refractory epilepsy. Unfortunately, chronic intracerebral administration of vigabatrin in

the brain was associated with encephalopathy and extrapyramidal symgftoms
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Despite the advantages offered from intracerebral administration of drugs, the
other limitations behind this techniquare (1) he risk of developing astrogliosis
(abnormal increase of astrocytes due to traumaause of the hydrostapecessure from
the infusion, and2) the need to replace the implant in the bratich necessitates

expensive and invasiyrocedures® 137,

1.3.1.3 Osmotic disruption

Reversible osmotic disruption at the BBB can temporarily open the cerebral
vessel Tdto deliver drug molecules into the brain. To induce disruption, a hypertonic
solution such as mannitol (around 1.4 id)administered via carotid artery asteort
(often 30 min) infusion The changes in osmolarity lead to a transient incr@ase
intracelular C&* concentratios and alter intracellular signal transduction. The change
in C&* concentration leads to calciumediated oxidative stress and causes the opening
of TJs between the endothelial cef® 3, Duringt hi s peri od, BBB bec
and significantly more administered drugs caross the BBB“C 4%, However, after
removal ofthe mannitglthe BBB does not fully recover as the osmotic disruption causes
damage to the cells. Repedtapplication of this proceduan lead toa long-term
damage to BBB andompromising theBBB integrity. Risks of stroke and epileptic
seizures are associated with this method of drug deli/&mowever, it can be used in
later stage of neurologicalsiase wheaggressive drug loading is desired to reduce the
severity of the disease, improve prognosis and the risk of death outweigh the risk of

associated side effect&146,
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1.3.1.4 Focused ultrasound

Ultrasound energy has been studiedadsss invasivenethod to deliver drug
moleculesto targeed area within the brain. Focused ultrasound allows transcranial
deliveryof drug intoa specific area in the brain withigher drug penetration and longer
drug retention at the target st€. Microbubbks are used in focused ultrasound therapy
where thg function as a catalyst to amplify the local cavitation in the capillary of the
brain. Conventional microbubbles are made of perflutren (Definitya nd Opti sonE) o
sulphur hexafluoride (Sonovu¥¥. Initially, microbubbles are injected intravenously as
a contrast agent followed by administration of the drug molecule, or the drug can be
incorporated intdghe core shell of the microbubble and the ultrasound is applied (0.1 to
1.5 MHZz) to the brain region of interediltrasound causes an oscillation in the blood
vessel and increases permeability of the endothelial cells by opening th&. Tise
permeability at the BBB can last anywhere from six to eight hours after the procedure
150152 The core shell is stabilised using phospholipids, proteins or polyttietg’
Adding ligands on the surface of microbubbles can further promote specific tissue
targeting for localised drug delivery®. Polyethylene glycol (PEG)ylated liposomes
containing glial cell linederived neurotrophic factor and nuclear recepétated factor
1 wasconjugated to microbubbles and was found to increase dopaminergic neurons in
the rat model 0 5. TReaopeking mfsendotidekal cells at theaBBB by

microbubbles and ultrasound is illustratedrigure 1.4
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Figure 1.4 Schematic illstration 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 ogn from puskpull mechanisms while microstream is a fliliow 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 gradnts that lead to a reduction in vascular permeability. Meanwhile, in
Ainertial cavitationo, the fragmentation o
and pressure, which leadtoor mat i on of HAshock waveso and
will increase vascul ar permeability. Lastl vy, f
permeabilise the endothelial cell3tug molecules in the blood or in the microbubbles

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

permission fromt®?.

The degree of permeability from BBdisruption can be controlled bje
concentration and size of the microbubbi®s®. The kakines 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
brainusing thefocused ultrasound meth&d®%. Temozolamide delivery using ultrasound
is in clinical trials for the treatment oflioblagoma 2 Moreover,a leaky BBB was

shown to contribute tthe clearance aimyloid from the brainn Alzheime r 6 s pat i en
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This technologyis still in the preclinical stagebut shows great promise treating

Al z hei me r ' sThedimimtom is e@sing focused ultrasound comes from the
unpredictable disturbance in the brain from thgasound with unknown lontgrm

damage fronthe 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 ultrasoutfd

1.3.2 Non-invasive strategies

Even though invase strategies can provide a higher dragding in the brain
parenchymarisks associated with the techniquesn behigh with expensivecosts and
require specialist expertis€>%’, Invasive strategies are alsot often suitable for
chronic drug administrationHence, nofinvasive strategies are more favourable for
long-term treatment of neurological diseasB®r+invasive strategies currently being
investigaed includechemical modification of drug molecules, intranasal drug delivery
and formulation approaches to manipulate tBBB pathways’® 18170 These are

discussed in more detail below.

1.3.2.1 Chemical modification of drug molecules

Sincethe majority of drug moleculetack properties for entry intendothelial
cells(such as being lipophilic and having alewlar weight <400 Da), the development
of prodrug has been investigatétt 1’2 Prodrug areinadive moleculs that require
chemical or enzymatic reaction to conwbeminto active drug moleculguch as kdopa

as discussed iBection 1.2.2.3
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Recently, paliperidone prodrug dimer (BB&Sme) was synthesised where the
original drug, paliperidone (ai-psychotic) is a substrate tegp and ABC transporters
at the BBB. Two molecules of paliperidone were attached via dimerisation and this leads
to inhibition of Rgp and ABC transporters at the BBB. After the uptake and inhibition at
the BBB cells, th@imers 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-Bp and ABC transportefg,

Sobetirome etham@mide 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 acigjucose and choline transporters) and passive pathways at
the endothelial cells, and within the cells, rapecific esterases will cleave the prodrug
ester and leaving behind active sobetirome in the bfaifihe addition of ester molecule
on CNS drugs provides a useful strategy to utilise the esterases available in the
endothelial cells to conviethe prodrug into active drug molecules within the brain

parenchyma.

1.3.2.2 Intranasal drug delivery

Intranasal drug deliverlyas been shown taypass th&BB and delivedrugsinto
the brain. The drugeeds to be administeredo the olfactoryregion of thenasal cavity
(Figure 1.5, from where it is believed that the drug traverses the olfactory epithelium
and enters the olfactory bulbhe drug is then thought travel througtthe olfactory and

trigeminalnerves taeach the brain parenchyrm@
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Figurel.5 Intranasal drug delivery provides drug access of to the brain through olfactory

pathway and trigeminal pathway. Reproduced with permiggfon

Intranasal administration afsulin has beemvestigated or tr eati ng Al zhe
diseasé’"™’°. The use of intranasal insulin was found to support memory function and
improve cognitive impairment in patint s wi t h Al zRBRCREXr 6s di se
Pharmaceuticalhas developed their intranasal insulin product (Na@)lio deliver the
insulin for diaketic management! 182 However, at the same time, the use of nasal
insulin was foundo support memoryunction and improve cognitive impairment in
patients wit h lOmhérstidieereporscthpdyvemnentoscegnitive
function carespondhg to adecline inamyloid proteinAb 4 2 in eevelerdspinal fluid
after intranasal insulin administratiotf® 83 In another study, d¢bramphenicol
acetyltransferasea bacterial enzyme that catalysehloramphenicol antibioticywas
successfully delivered into the brain region of rats through intranasal administration
within 15 minutes of applicatiot?.

Even though these studies suggest that intranasal administration can be a potential
norrinvasive therapy for delivering drugs to the brdirere are still challenges in using

the intranasal pathwayshe limitations in using nasal pathway includes the téohi
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volume for administration, mucociliary clearance, potential enzymatic degradation and

small anterior anatomy of the nasal cavf§*°,

1.3.2.3 Nanopatrticles as drug carriers

Nanoparticle arepotential drug carrierthat havebeen widely studiedor the
delivery of drugs into the braiacross the BBB% °1 Nanoparticles ar& to 1000 nm
particles in diameterand can beroducedfrom biodegradable polymers, lipids ar
combination of bothas shown inTable 1 and are able to bindr encapsulaterug
molecules % The size allows the particles to be endocytosed into thei@éfiedifferent
pathwaydiscussed irsection 12.2. The encapsulation of drugs inside the nanopasticle
provides protetion to drug from degradation ananportantly, can mask undesirable
properties of the drug that may prevent uptake into the bthiNanoparticles can also
be modified to provide controlled release propertid$*1®” and the surface can be
decorated wiht ligands for sitespecific drug targetingr the chargeon the surface can
be controlled%82%2,

Poly(lacticco-glycolic acid (PLGA) and polybutylcyanoacrygat (PBCA)
polymershave been used extensivebygrepare nanopartidevhich cantarget the BBB.
Thesepolymeric nanpatrticleshave also bensurface decorated with surfactsusuch as
Tween 80 and poloxamersuch as Poloxamer 18® target receptors pest on the
endothelial cells.PLGA nanoparticles decorated with Poloxamer 188 or alginate
hydrogel were able to increase tingtake of doxorubicin, dexamethasone, loperamide,
quercetin and cerebrolysf*?°®. 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 studizdf¢21°, Modifications of other types of
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nanoparticles includingnicelles, liposomes, microcapsules, dendrimers, solid lip
nanoparticle ad cerium oxide arshown inTable 1.1 below. However, despite the
extensive studies, the uptake was not being replicated in lsufila@ scalability and
manufacturing issues can be the limitation in producing the formulation at a laalger sc

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

prepared, and stability might not be an is&de
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Tablel.1 Nanoparticles developed drug carriers to target the BBB

Type of nanopatrticles Surface Drug References
modification
Polymer PLGA Poloxamer 188 Doxorubicin 212
Loperamide 213
Alginate Dexamethasone 2%
hydrogel
None Quercetin 204
None Cerebrolysin 205
PBCA Tween 80 Dalargin 206
Gemcitabine 214
Kyotorphin 207
Loperamide 210
Rivastigmine 209215
216,217

Dendrimers None

No drug used

Lipid Micelles None

Bevacizumab

208

Liposomes PC:Chol:DSPG

Amphotericin B

218
219

AmBisome 220
Solid lipid Cationic bovine Doxorubicin 221
serum albumin
None Atazanavir 222
Transerrin Quinine 223
Others Cerium oxide None Lenalidomide 224

Microcapsules Sodium alginate Human endostatin 22°

PLGA: Poly(lactieco-glycolic acid), PBCA: polybutylcyanoacrylate
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Varying degrees of brain uptake have been reported from nanoparticle uptake
studiesUptake of nanoparticles into the brain are usually observed under fluorescent or
electron microscope by fluorescent labelling or with electron dense molecule. Electron
dense molecutesuch 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 uptalee into t
brain of a mousé&?®.

The use of fluorescence and electron microscopy can be a challenge in measuring
the successful uptake of nanopatrticle into the brain. For example, in electrorcopgros
the animal neexlto be sacrificed and the brain sample me@dgo through various
preservation and fixation steps. The administratioREt-amine/galactoseoated with
gold nanoparticles rat model was observed primarily in the cytosol of micsoudar
endothelium in the braif?” 2?2, Even though the authors concluded that the observation
was due to the uptake into the brain, however, there is a concern tbhté#reation of
the particlewvas anartefact from the processing thie tissue sectioningnd preservation
method usedfor electron microscopy techniqué&smium tetroxide and glataldehyde
have beerfound to produce artefacthatlook like dense particles in tissue sectiéfs
231 Therefore, ideally the uptake of nanoparticles i@ 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 ofbgmsed naoparticles.
Certain amphiphilic lipids that can sel§sembled in water to form highly ordered
structures can be dispersed in aqueous environment to form lyotropic liquid ci3fstals
There are various types of sesembled lipid carriergvhich 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 liquid crystals

Lyotropic liquid crystas (LLC) arean interesting field to explore in developing
lipid-based nanoparticles to target the BBB. Molecules that commonly form LLC phases
are amphiphilic witha hydrophilic head and lipophilic tail thatcan sdf-assemble in
agueous environment® form highly ordered structures (mesophases), which have
properties in between solid crystals and isotropic ligti#s®. Furthermore, these large
scale structures can be dispersed into nanosized particles. LLE=naiteve to changes
in the concentration of amphiphiles or water, where the moleculehaagdrom aless
ordered state (micelles) to more ordered giaterse culi phasepr vice vers&®®. The
flexibility provided byfine-tuning the concentration of amphiphiles and water provides
an advantage of using LISCas selassemblindipid nanoparticles over polymdérased
nanoparticleg32%, |n the following sections, the lipid sesssemblyof LLCs will be

discussedas will theadvantages of using cubosas a drug carrier to target the brain.
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1.4.2 Lipid selfassemby

Amphiphilic moleculesuch agolar lipids that form LLC can seHfissemble and
spontaneously form different ordered structures in agueous environment such as the
lamellar, hexagonal and cubic mesopkas@mphiphilic molecules consist of
hydrophobic tailand hydrophilic head, which orientate to form lipid bilayers in an
agueous environmenthe specific structure or mesophase formed is greatly influenced
by the molecular structure of the amphiphiles and can be predictedthbsingtical
packing paramete(CPP). The CPPis a geometrical value that compares the ratio
between the volume of hydrophobic liquid tai), the crosssectional lipid head area)(
and the lipid chain lengtH)(as shown irEquation 1 below. The CPP carbe used to
predict the curvaire (shape) and the geometry of the whole molecule at thengier

interface.

Equationl F ||- ||- =|%'

The curvature of lipid monolayers iaffected by the amphiphilic lipid structure
as shown irFigure 1.6 Lipids with CPP value of 1 (Type 0) usually seBsemble into
planar or bilayer structures with zero mean curvature. When the value@®PP is less
than one, the polar heads of the I|ipids formnm
morphologies with posite curvature form (Type I). In contrast, whiére CPP is more
than one, the curvature is towards the aqueous environment, resulting in negative

curvature with Ainverse water in oil o struct

30



----------

+ | hydrophitic

8 E :| hydrophobic
.

----------

Type 0

Figurel.6 Schematic drawings of the curvature of lipid monolayers. Type 0 displays zero
curvature with planar structure; Type | shows a monolayer with positive curvature and

Type |l represents a lipid monolayer with negative curvature.

Figure 1.7 illustratesthe formation of different bilayer structwewhich are
affected by the molecular packing parameter. As the valtleegiacking parameter (P)

increases, the inverted structures favoured.
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amphiphilic molecules. The molecular packing parameter (P) formed different curvatures
and lead to different structures. P: packing parameter, v: molecular volume, |: length of
molecule and a: crossectional area of head group (Adapted fféhwith permission).

In addition to lipid moleculastructure, changes in temperature, pressure, aqueous
environment and additives can also influence phase trangitforThe mesophase
structure can also be affected by the concentration of amphiphiles. At very low
amphiphile concentration, the neglles have no specific arrangement arestandomly
dispersed throughout the aqueous phase. Increasing ticentation of amphiphile
leads to spontaneous assembly into simple vesicles or micelles. The hydrophobic tails
from theamphiphiles ee repellecby theaqueous phase while the hydrophilic head form
the outer surface of the micelles, favouring the aqueous phastamellar phase is often
formed after the hexagonal phase and is composed of a layer of amphiphiles arranged in

an ordered manner, septad 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 £t

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 inverseicellar phase followed by lamellar pha&é 24,
Another example is the lipid phytantriol uséd this thesis, where increasing its
concentration leads to a more ordered state where the molecules start to form a

discontinuous cubic phase and hexagonal ptfdse

1.4.3 Lamellar phase

Lamellar phae the most commonly studied LL@ a onedimensional stack of
bilayers that are separated by layers of wifeThe hydrophobic tails are shielded from
the ageous environment in the bilayers. The fluidity and arrangement of the tails further
characterise this phase. In the crystalline lamellgyr fhase, the lipid molecules are
ordered and changes in external environprerth asn temperaturéncreasethe uidity
of the lipid taik changesSubsequent heating causgsansition from L to a lamellar gel
(Ls) phase and continuous heating leadkhédormation of the fluid lamellar phasedL
At elevated temperatures, the fluid isotropic phasg, (Which consists of reverse
micelles is preferredwvhile in most phospholipid systems, the hexagonal phasaisppe
before thel_2 phase upon heatirf®. The Lgphase is the most common phasepaeio by
biological membranes

In nanoparticletechnology for drug delivery, liposomes aree most widely
studied lamellar phaséiposomes ar@articlesmade of phospholipidthat orientateo
form lipid bilayer?®2°2 The lipid arrangement allows the incorporation of hydrophilic
drugs in the liposome core and hydrophobic drugs in the lipid bilaygrsomes can be

surface decorated to increase the delivery to targeted Egjle¢ 1.8). Theaddition of
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charged lipids, polyethylene glycaind ligands will improve the targeting effect of
liposome and reduce the toxicity of the encapsulated dpéigs

A Conventional liposome D Theranostic liposome
Hydrophobic

drug

o @‘* Targeting ligand
:ﬁ::tgl;lzl)llipid ”' V. >
N i [ /// 0
Negatively R\\\O\\ ////// /é
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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 ofggwhor neutral lipidand
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 liganthrgeted liposome (C) to targetessted receptors. Theranostic
liposome (D) consists of both targeting ligand and imaging molecule to allow localisation

of the liposome after administration. (Reproduced with permigstn

Currently, there arseveralliposomal formulationsn the market. Intravenous
formulation of liposomessuch as Ambisome, Abelcet and Amphotec encapsulate
amphotericin B, used to treat severe fungal infection. Several liposomal formulations
with doxorubicinare marketedinder the brand names Myogc€aelyx andDoxil, and
are usedntravenoushas chemotherapeuticagent® t r eat Kaposi 6s sarconm
breast cancers. In targeting the brain, Depocyt, a cytarebicegpsulated 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 liposétheApart from being a
drug carrier, liposomes have also been extensively studied for vaccine détitfety
The advantages of using liposomes as drug carriers and the challenges in translating

liposome research to marketed products are widely studied and reviewed by &tarang

al 257,257.

1.4.4 Hexagonal phase

The kexagonal phase consistsa$eries of cylindrical micelles arranged irgo
two-dimensional hexagonal lattice, wkemackto-back lipid layers separate the
cylinders It can present as the normal hexagona) @dinverse hexagonal phase;jH
The H, phase occurs at a high temgteire as a result of increased chain disorder, where
the cylindrical arrangement is entropically more favouraife The dispersions of
hexagonal phase in agueous solution lead to the formatioexafyonal particles called
hexsomeg®® Glycerae based stactantssuch as phytanyl glycerate and oleyl glycerate
form hexosomes and hashown to have potential in drug deliveédy 2. Irinotecana
highly lipophilic carcer drug moleculevas successfully incorporated into hexosomes for
cancer therap$®’. 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 dispamns was able to encapsulate plasmid DNA, through electrostatic

interaction between the negatively charged DNA, for brain delfR8R?™.

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 twoim@nsecting agueous
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channels with an intéacial area of about 400 #g 28 262 263 The lipid bilayers se
organisedn a honeycombestructure with two internal agueous channelshiatshown
the potential teccommodate various types of drug molecéfésThe bulk cubicphase

is viscous and solilike, does not display any optical properties under epmdarised
light andcategorised as isotropfé® 2%°. The amphiphiles that make up the cubic phase
can absorb watewhich leadgo the formation of getlike structure in the bulk phase
with a cubic structure. The internal struot and high surface areatbi cubic phase
allows a highloading of amphiphilic, hydrophobic and hydrophilic drug molecdtés
268.

A few studies havenvestigatd the potential othe cubic phase ammibosoms
asdrug carries via different routes of administrati¢fable 1.3). The high viscosity and
geklike structure of the bulk phase provides a suitable structure with adhesive properties
for topical aad buccal drug delivery of Leu5 enkephalin, cyclosporin A and
sulforhodamine drug€®?’%. The bulk phase can provide slow release properties as the
drugs are trgped in the bulk gel andrecontinuously in contact to the skin and buccal

mucosa.
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Table 1.2 Examples of studies ooubosomegarrying drug molecules through oral,

buccal, topical and intravenous administa

Route of administration Drug References
Oral Cinnarizine 212
Diclofenac 273
Buccal Leu5 enkephalin 269
Topical Cyclosporin A 270
Sulforhodamine 271
Intravenous Camptothecin 274

Unfortunately, due to the high viscosity of the bulk gel, it is not suitable for
intravenous drug preparation. However, du@ga@bility to mantain the cubic internal
structure in excess wateit can be dispersed to form colloidal dispersions, called
cubosoms 27>, There are threeommontypes of cubosomethat have beeidentified
from X-ray crystallographic studies; primitivén{3m), diamond Pn3m) and gyroid
(Ia3d) in order of inceasing curvature as illustratedrigure 1.9 275 The water content
in the systeminfluences thetransition of cubosomedrom one type to anothein
addition, temperature, type of additives and amphiphiles wdsd play a role in the
transition?®*, Theinverse cubic phasef phytantriol lipid 5 reported to be stabie the
presence of excess water ahis {provides various advantages in formulating cubosome
as a drug carridior intravenous formulatioto the brain?*8 277, The significance of this

for this thesis will be discussed in more detail in the segtion.
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Figure 1.9 Schematicrepresentations of the inverse bicontinuous cubic phases with
increasing curvaturdm3m (primitive), Pn3m(diamond) anda3d (gyroid). Individual
lipids are shown as baditick figures, whilst the regions filled with green and red colour

represent water channéf$.

1.4.6 The advantages of using cubosomes as drug carrier

Cubosomes have the potihto offer various advantages as drug carriecsdes
the BBB. The ability of cubosome to bestablydispersed in excess water allows the
delivery of drugs through intravenous administratioff> The amphiphilic lipids
commonly used in preparing cubosomes formulation have low toXfEf#° and the
amphiphilic lipids assembly mimics the lipid orientation in the lipid bilayer within cell
membrane?® 282 The internal tortuous structures of cubosomes allow a higher drug
loading as compared to other lipid nanoparticles sisdiposome$®3, Hydrophobic and
hydrophilic drugs can be encapsulated in thiel liplayer and aqueous core respectively
284286 |n addition, cubosomes formulation can be modified to produce various
encapsulation and release proprtof drug moleculesigure 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 othe internal structure of cubosomes which allow
surface modifications with surfactant, charged lipid and the addition of Bgdind
tortuous structure of the lipid bilayers and topieous pores allow encapsulation of a
higher amount of hydrophobic and hydrophilic drug due to the high surface area (Adapted

and modifiedrom 287 with permission).

Whilst early studies in cubosome research proposed that due to the natsire of
structure, cubosomes may be able to modulate the release of encapsulated drug molecules
264,288,289 However, in 2013, Boydt al showed that cubosomes produce a burst instead
of sustained release of drimg vitro 2°. The authors also went on to suggest that
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 bioactivés.

The drug release properties of cubosomes are influenced by the structure and
changes in the environment. Hydrophilic drugs are encapsulateh \hih aqueous
channels and the release is affected by the size of the channels and the molecular weight

of the drugs?®’. 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&®2 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 relsadtected by the partitioning
between the lipid bilayers and the aqueous®fteThe releae 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 agueous channels and the addition of
additives?922%4 A number of drugs were encapsulated in the cubosomes and shown to
have sustained release propertiasvitro, and were reviewed by Drummond, C
previously?8. Given the contradiction in the literatuf€ more robust methods need to

be developed to evaluate the release of drugs from these edipaestructures.

1.5 Characterisation of lyotropic liquid crystalline dispersions.

There ae a number ofifferenttechniques which can be usecttaracterise the
physicochemical properties byfotropic liquid crystallinedispersios. 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 methtm study the size, heterogeneity and stability of
different types of colloidatlispersios. In this technique, a small solution containing
colloidal particles(cubosomes)s placed in the path of a focused laser. The random

Brownian motion in the scattaetdaser causes the intensity toctiuate (at the detector)
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which generates the diffusiocoefficients or particle siz&flhe measurement relies on

partice concentration, size of particle core and type of ions in the dispeifSions

1.5.1.2 Small angle Xray scattering

Scattering techniques provide information on shape, size and nanostructure of
bulk and dispersed liquid crystalline systems. The common radiation sources used in
scatteringare light, Xxray and neutron. In small angle-rdy diffraction (SAXS), a
radiation of wavA iseassed through the sasnple THisyis eithédr
absorbed or scattered and Xdfray detector measures the intensity of scattering as a
function ofthe scatteringngle relative to the incidebheam. The scattered intensity from
the sample is normalised to neamplerelated scattering (background). The intensity of
the scatteringq) is defined as:

Equation 2 A _alier

Where & is the wavel-&srhg scatteriod angleathe at i o |
intensity versus scattering angle is plottgdvé. 2 Yfand Bragg peaks are identified.

Bragg peaks argpecificfor a given liquid crystalline phasé&dble 1.3). However, more
than one type of Bragg peaksatterncan occur, ad these indicate the presence of a

multiple phase systenfit least threepeaks are needed to differentiate the symmetry

aspects with confidencé®.

41



Table 1.3 Lyotropic liquid crystalline mesophases; the ratio of spacing letviB¥agg

reflections?3®
Mesophase Descriptor Peak ratio
Lamellar Lo, Le 1 2 1 2
Bicontinuous cubic P (Im3m) az a4 10a@6etca
D (Pn3m) az2 a3 : a4 . a
G (l1a3d) a6 as ala4
Hexagonal Hi, Hi a3 ad a7 a

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 lovwesolutionimage (10 tal00 nm) but does allow mapping
of surface morphological features and characterisatialyodénic field emission
scanning electron microscopyryo-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 steuafidispersed cubosomes and
hexasomes particles 2%2%, In cryoFESEM, samples are snap frozat very low
temperatures liquid nitrogen or propane and then vielwender the microscope. The
main limitation of cryeFESEM is ice crystal formation during sample preparatfén
which can distort the original structure of the sample. To avoid the idaldigisnation,
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®®.

TEM is not commonlysed toobsene cubosomes structure, becauséiefrieed

to chemically fix the liquid sampldf. the sample is subjected to harsh condgiduring
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fixation, it may change the structure of the original particles. An alternative to this
problem is to do physical fixatioon the sample by utilising'go-TEM technique. The
sample $ subjected to fast cooling and increase in vapoessure up to cryogenic
temperature, which leado a vitrified and nota typicalfrozen sample. The vitrification
process lead$o formation ofa high viscosityow-vapar-pressure sampl&®. This
technology presergethe size, shape and the nature statehefsample at studied
concentration and temperatiffé The image of the original nanostructisereserved
and captured. However, the sample viscasity limitatian, as very iscous sampkeare

not suitable for cryd EM preparationThe sample might not be able to freeze properly

to form a thin layer of vitrified samph&®.

1.5.1.4 Cryogenicelectrontomography

Cryogenic electron tomography (crgX) is another method used to image
particles in its native stat&éhe samples angrocessed in a similar manner to cilygM
samples adescriled inSection 1.53. The vitrifiedsample (on the grid) undergo minimal
chemical and physicathangesand the crygenic processing allows thesample
preservation in the native stafeuring TEM imaging, under cryogenic conditions, the
sample $ tilted at different angles and the images wakected To avoid radiation
damag due to continuous imaging, a low dose of electron is used (arourd’s%) end
the contrastis increesed by defocusing the sampi®. By applying suomogram
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 delete@xahaded,
without losing any detail information of the structure. Images with high resolution and

good signato-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 ts#meple due to the beam
exposure®,

The advantage of using cHgI is that the preservati of the sample is in its
original state. This is useful for biological samples such aslipged nanoparticles that
can be easily damaged by chemical fixation. This technique can offer a better
preservation method to allow detailed observation of cuies 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 cryeTEM imaging®®. It offers a detailed examination of biological
particles including virus and bacteffd Cryo-ET technique is important in this thesis as
it can showcase the 3D image of the detadadosomes 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 devielgitro cell culture models that
can mimicin vivoproperties oftie human BBB®. The use of immortalised cells allows
a larger number of studies to be conducted in a large scale, including nanopatrticle uptake
studies. Anyn vitro BBB model should be easy to gravith preservation of transporters
and receptors. Cerebral microvessel endothelial cells (CMEC) from bovine origin were
isolated in the 1980s to provide a BBBvitro model°®. 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 hCMECGAR3 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 1ine3% %7, 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/B cell as ann vitro BBB model, the
expression of membrane receptors and transporters were tested using various techniques
including quantitative proteomic analysis, immunochemical analysis an®GR
analysis®®>, MRP, BCRP and 48p were found on hCMEC/D3 after an assessment by
quantitative proteomic analysi®3'% The level of expression was foundd similar to
isolated human brain microvess&¥ P-gp was shown to be expressed up to passage 38
and localised at the apical side of hCMEC/D3 cells. BhenghP-gp expression was
found to be lower than primary humdmain capillary endothelial cell BICE), the
expression was comparable aimthibited by Pgp inhibitors such asaquidar and
vinblastine3!* 312 High levels of transferrin and Ghit receptors were expressed by
hCMEC/D3 with similar density to human brain microvess&$ Other influx
transporters present at hCMEC/D3 cells are kiBteptors, amino acid transporters,
organic ion transporters (OATP) and all members of solute carrier family (SLC)
transporers 3%, In order to use hCMEC/D3 cell lin® studycubosome uptakevia
receptor mediated endocytasthe presence of these transporters especially-LDL

receptors are important.
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hCMEC/D3 cell linecan 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 gauitable BBBin vitro model to be conducted in this thesis for cubosomes
toxicity and uptake studies.

The introduction section has outlined tlehallenges and opportunities in
delivering drug to the brain to treaturelogical diseases. Given the possiigis 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 asa suitable platform as a drug carrier system to improve delvery into the

brain.

1.7 Thesis hypothess

A number ofhypothesesvere developedand tested in this thesis in order to
examine the potential of cubosonassdrug carriers to the braifhese were:
1. That cubosomes can be surface decorated with different séabito target
receptormediated transcytosis at BBB.
2. That cubosomes efmrmulated with cationic lipids can targtie adsorptive
endocytosipathwayat BBB.
3. That cubosomes surface decorated with different stabilisers and cationic

lipids can interact andross the BBB with limited toxicity.
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1.8 Aims

In order to investigate the above hypo#seshe aims of this thesis are:
i) To formulate and characterise cubosomes surface decorated wHionion
stabilisers and charged lipids to understand:

a) the effect of usingiortrionic 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 cpbase forming

lipid phytantriol.

i) To investigate the interaction of surface decorated cubosomaso with a
human brain endothelial cell line.
a) by evaluating the toxicity of cubosomes stabilised from -iooic
stabilisers and the addition of chargegiids

b) by determining the cell uptake of surface decorated cubosomes

iii) To investigate the uptake and toxicity of surface decorated cubosomes into the
brainin vivousing a zebrafish model by:
a) evaluating the toxicity effect of surface decorated cubosome$iafizh
brain
b) observing and investigating the uptake of cubosomes in the zebrafish
midbrain

a7
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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.,2-propandbl (propylene
glycol) were purchased from Merck (Darmstadt, Germamfjytantriol (3,7,11,15
tetramethyd1,2,3hexadecanetriol®5% purity) was purchasl from A & E Connock
(Hampshire, England)Lutrol® or Poloxamer 407Pluronic F12J was obtained frm
BASF (Ludwigshafen, Germany). Kolliphor® (Poloxamer 188),
cetyltrimethylammonium bromidgCTAB) and Tween 80 (Polysorbate 80) reve
purchased from SigmaAldrich (New Zealand). 1;Dioleoyl-3-trimethylammoniurn
propane (DOTAP), 1:8imyristoytsnglycero3-p h o s p-tacglycerdl (DMPG) and
1,2-di-O-octadecenyB-trimethylammonium propane (DOTMAyere purchased from
Avanti Polar Lipic. Inc (Alabama, USA Octanethiol functionalized 3 nm gold
nanoparticle was from Nanoprobdde(v York, USA). 1,2-dipalmitoylsn-glycero3-
phosphoethanolamiré-(lissamine rhodamine B sulfonyllR) and1,2-dipalmitoyl-sn
glycero3-phosphoethanolamird-(7-nitro-2-1,3-benzoxadiaze#i-yl) (NBD) were
purchased from Avanti Polar Lipids Inc (Alabama, USAI).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 M ethods

2.2.1 Preparation and characterisationof 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-¢otvent, 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 (gF3, LR (205.6 mM) or
octanethiol funtonalized 3 nm gold nanopartic{6.01 mM) was added to the mixture
at this stageChloroform was subsequently evaporated under vacuum &t 4&aving
behind a lipid mixture (liquid precursor). Water (1 mL) was added to the liquid precursor

and the mixtue was vortex mixed for 10 min to form cubosome disper&ibn

2.2.1.2 Size, polydispersity ands -potential

The patrticles size distributioand e-potentialwere determinedising dynamic
light scattering(DLS) (Malvern Zetasizer 3@ Malvern, UK). Measurements were
performed at 25 °C and the vls presented are the mean of thecessive
measurenmas of 100 s of at least threglependent experimesjtusing a refractive index
of 1.467 for phytantriol. Samples were diluted withter to adjust the signal level. The
average particle size (dverage)polydispersity index (PDIlandg-potential (based on

the Smoluchowski modet)f the various dispersions were determiféd

51



2.2.1.3 Small angleX-ray scattering (SAXS)

Measurements were conducted on the SAXS/WAXS beamline at the Australian
Synchrotron (Clayton, VIC) to identify phase structures using previously described
methods$!®. Samples were added 96 well microplate angnounted vertically inte
beam path. The 2D SAXS patterns were collected using a PilatuslYvhim x 170
mm) detector which was located 9&@m from the sample position, with 2exposure
and Xray wavelength of 1.0328. The diffraction patterns were ggrated using the
Scaterbrain softwareperating on the beam line and plotted as intensity versus scattering
vectos (q) to identify peak ratios as described in order to determine the liquid crystalline
structure?®®, The relative positiosiof the Bragg peaks were used to define the eubic

phase space groups ameanlattice parametems discussed it®.

2.2.1.4 Cryo-transmission electron microscopy (cryel EM)

Cubosome dispersions (8) were addeda 300 mesh R2/2 Quantifoil gsd
(Quantifoil GmbH, Germany) thatereglow-discharged for 10 €xcess dispersion was
removed by blotting with filtepaper (Whatman Nr. 1).r@8s wererapidly plunged into
liquid ethaneandkept near its freezing temperadr120°C) in a Reichert KF80 freezing
device (CReichert 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 electrorcrmscope (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 fro@ection 2.2.1.4vere subjected for Cry&T. Automated
tilt series image$rom the gridwere acquired using 8alEM software (University of
Colorado, Boulder, U.S.A). Tilt angle increments of 1.5 or 2 degrgtesthe tilt range
of -60 to +60 degreewas used'’. Tomograms were reconstructed and analysed using
IMOD software University of Colorado, Boulder, U.S.A}8 Nonlinear aisotropic
diffusion was carried out using ETOMO to-deise the merged tomograamnd 3D

images were visualised usi@jimeral.10.2(University of California)*'®,

2.2.2 Langmuir monolayer studies

To study the effect afharged lipid (CTAB, DOTAP, DOTMA and DMPG)n
phytantriol lipid monolayer, the interfacial behaviour was investigated at ambient
temperaturg25 = 1 °C) using the LangmuiBlodgett trough (NIMA, Coventry, UK). A
surface area of 100 énand a volume of 50 mL were use@rior to conducting each
experiment, the Teflon trough and barriers were cleaned with dichloromethane and Milli
Q water. After the subphase was added (Mlliwater), a Wilhelmy paper plate
(What manés No.1 Chromatogr ap hg thepprepsere ,
sensor to measure the surface pressure

Single and mixed componentspdfytantriol and chargedpid were dissolved in
chloroform The concentration of phytantriol was constant (0.5 mg/mL) while the
concentration of added component vdrid 20 uL aliquot of the single or mixed
component mixturgvas spread on the subphase using a Hamilton syringe and left for 10
min for the chloroform to evaporat€ompression waapplied at a speed of 5 émin

and -Aisatherms were recorded by timstrument 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.

2.2.21 An al y s-Aisotherrhs

The compression of thmonolayer 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 observedHRigure 2.6) %% To obtain the experimental limiting molecular area, the
rising linear part of the isotherm was extrapolated to zero pressure as shéigure
2.6 and to get the ideal limiting molelar area (A was calculated using additivity rule
asEquation 3321322

i —.. L — L U .
Equation3 = =Tl < 4 e

Where Xnytis the mole fraction of phytantriol,cXarged lipidiS the mole fraction of
charged lipid while Pnytand Acharged ipisare the experimeal 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 theniscibility and interaction betweethe phytantriol and charged lipids in

the mixed monolaye*®,
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