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Abstract

Multiple sclerosis (MS) is a chronic progressive demyelinating disordeerdfaheervous

system. It is an autoimmune neurodegenerative disease associated with inflammation in the
brain white matter mediated by autoreactigell$. MS is not curable and the treatment is

only aimed at reducing the frequency, limiting the lasfgt of relapses, relief of
symptoms, preventing disability arising from disease progression and promoting nerve repair.
Glucocorticoid, typically metpggdnisolone (MP) is given to reduce the duration of MS
relapses. Howevenl@l to the presence ofetibloodbrain barrier (BBB) whiadmpedeghe

effective delivergf MP to the brain, high doses of MP are given to the patients to reach the
minimum therapeutic concentration. Consequently, such etbysgedf MP results in an

increae in the adverse fetts of the drug. TovercomeVIP limited permeability, ntust be

delivered usingpecialisedtrategies tavoid high dosesdministrationThis studyaims to

improve MP cell membrang@enetrationemployingdendrons as drug carriers to achieve
higher loading capacitiasd utilisingglutathione moleculgs a ligantbb be recognised by

glutathione receptors in the brain.

Theaim was achievéyy desigrand charactedtion of dendrofirug conjugateassessme
of thar cytdoxicity, validatiorof anin vitrab.End3 celldrain modelpenetration studies
throughthis modebkndbiochemicahvestigation of thanttinflammatonactivity of the final
molecule.

The successful synthesis of the dendsidendrimetMP conjugates and attachment with
glutathionevereachieved using automated solid phase peptide synthesiaranteriseloy

high performance liquid chromatographss spectrometry, nuclear magnetic resonance and
Fouriertransform infrared sgctroscopy.

The cytotoxicity of the drug loaded and unloaded was assessed using lactate dehydrogenase
MTT andcalcein/ethidiuntytotoxicityassaydJnder the conditions usdte assembled drug

conjugate toxicity levels are within the acceptabéenge.

Transwell inserts were used to support mice immortalised brain endothelial cells, b.End3, to
form anin vitranodel of the BBB modeThe model was validated by using transepithelial
electrical resistance measurementsrphological examinatiorard permeability to
paracellular marker (horseradish peroxiddse)Xata collected revealed thaty.End3 cell

line is able to express several impob@mterfeatures of then viva8BB andcan be used as



in vitrd3BB model for penetration studi€ke cells exerted their maximhbanrier functions
at Day 7 of culturing.

Fluorescent staining images confirmed the uptake of the synthesised molecules by b.End3
cells. Quantitative measurements based on high performance liquid chromatography of
penetratia through theb.End3 cultured celibarrier indicated improvement in the
permeability oMP conjugatedo glutathione by almost 3.5 fobddmparedio free MP

reaching 16.8% and 40.8%er 1 and 3 hours of sample introductiespectively

Biochemical invatigations revealed tP in its attached form retained its-aritammatory
activity based on the reductionidntate dehydrogenamed inflammatory cytokines release
levelsfrom C6 glial cells treated witimour necrotic factea and showedjreaterant

inflammatory activityompared to wonjugated/P.

It can be concludetiat the ability of MP to croasin vitrd3BB modelcan be improved by
using glutathionedendronised carrier system aodlld providea suitable base for other
poorly penetraton medications intended for the treatmentotifer neurodegenerative

diseases.
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Chapter 1.Introduction and literature review



1.1 Multiple sclerosis
Multiple sclerosis (MS) is a chronic progressive demyelinating disorder of the central nervous

system (CNS). It is an autoimmune disemskated by autoreactivecdlls andassociated

with inflammation in the brain white mat(eiafler, 2004 The disorder is triggered by
environmental dctors in individuals with higlsk genetic profileéSawceret al. 201).

Together, these factors trigger a series of events, involving the engagement of the autoimmune
system, acute inflammatory injufynoyelin and axondpllowed byrecovery ofnerve

function and structural repaf damaged neurorsd neurodegenerationfinal stages of

the diseas@rohmaret al.20086.

Common symptoms of the disease include spasticity, fatigue, ataxia, paresthesia, diplopia,
bowel or bladder dysfunction, numbness or weakness of the limbs, mental changes and loss of
vision. MS is not curable and the treatment is only aimed at redudneguiecyand

limiting the lasting effect of relapses, relief of symptoms, preventing disability arising from
disease progression and promoting nerve (@paower, 2000 The therapy mawclude
immunomodulating drudge reduce the frequency of relapses, glucocorticoids to treat acute
exacerbations, arttie antiviral drugamantadine to treat fatigue. Other medications are used

for specific MSelated sympton{Benjamiret al.201).

1.1.1 Historical perspective
MS was first described in 1868 by Jean Martin Charcot, a French neurologist at the Salpetriére

Hospitalin Paris. He noticed the accumulation of inflammatory cells within the brain and
spinal cord white matter of patients with intermittent symptoms aflaggardysfunction
(Charcot, 1877 This observation led to the tesuolérose en plaquesndessammultiple

sclerosis.

In 1948, Elvin Kabat observed an increase in oligoclonal immunoglobulin in the cerebrospinal
fluid of patients with MS. This observation provided further prodthefdiseas® s
inflammatory natur@Kabatet al. 1950. In the last decades, several large popuiatsed

MS twin studies demonstrated a strong genetic basis dsd¢hasgKinnunenet al. 1987
Mumford, 1992Utz et al.1993. Lastly, the theory that MSsexcondary to an autoimmune
response to sedintigens in a genetically vulnerable hogievmasally accepted on theibas

Thomas Rivers study at the Rockefeller Institute ifRB&3set al. 1933.

1.1.2 Epidemiology
The prevalence of MS in the UK is approximatelyp@f®0,00QNHS, 201Y. Like other

autoimmune diseases, it is more predominant in fdmalgslmost twice as common in

2



women, and it is more common in white people compared to Asian or blacipaiomplen
etal, 2009¢. The disease peak age of onset is around thirty years and its exact cause remains
unknown, but certain risk factors have now been ideilf®aecagopalagt al.201(). These

risk factors include genetics and environmental factors.

1.1.2.1 Genetics
The genetic associatiaf MSlies within the human leukocyte antigen (HLA) gene locus on

chromosome @Compstoret al.2008. Certain HLA types, particularly HLA IRihd DQ6,

are thought to play amportant role in the pathogenesis of the dig€asapstonet al.

2008. Antigen recognition by-@ells may determine whether or not abnormal responses are
made towards myelin proteins. Genarite studies revealed that other genes, including
interleukin? receptor maalso be importaf®awceet al.201).

Although MS is truly polygenic and does not follow any obvious Mendelian pattern of
inheritance, there are clusters withimesdamilies and those wighor more firstdegree
relatives affected are 40 times more likely to develop the (Bagas®t al.201). MS is

more @mmon in certain ethnic groups ahd female preponderance probably relates to
femalespecific physiology as no sfiedS associated genes have been identified on the X

chromosomgCompstoret al.2008.

1.1.2.2 Environmental risk factors
Certain environmental risk factors associated with the development of MS are indicated by

largescale migration and epidemiological stydssherioet al. 2007. These factors are
believed to adict the immune system and include prior infections with EBateinirus,
measles, mumps and rub@artynet al. 1993, smoking, sunliglgxposure deficiency and
vitamin Ddeficiency. Interestingly stud/ concerned with investigating the disease among
imigrantshave shown that disease risk is acquired by the Hgendf does not change with

subsequent relocati{ibeanet al.197).

1.1.3 Pathogenesis
The hallmark of demyelinating diseasthasformation of the scleroticlggue, which

represents the ersthige of a process involving inflammation, demyelination and
remyelination oligodendrocyte depletion and astrocytosis and neuronal and axon
degeneratiofCompstoret al. 2003. Despite no shortage of opinion, the order and relation

of these separate components remain unsolved. The maturation of the individual lesions in

the brain into plaques involves several stages:

1 Immuneengagement



1 Acute inflammatory injury of axons and microglia
1 Recovery of function and structural repair

1 Postinflammatory gliosis and neurodegeneration.

MS is caused by ac€ltdriven autoimmune stimuli against components of the myelin sheath
of the nerve cellgHafler, 200% Myelin is synthesised by mature oligodendrocytes, each of
which contacts short segments ranging fred030xtaposed axonsvimitematter tracts of

the CNS(McDonaldet al.2001 Polmaret al.201).

The main target of immune aksiin MS is the oligodendrocptgpulation(Compstoret al.

2008. Oligodendrocytes are kasflsfor the synthesis andirnover ofthe myelin sheath of

up to 40 neighbouring neuronal axons in the CNS. Condensed myelin membranes twist
around nerve cell axons to providectionalaxonal conductioonf electric stimul{Figure

1.1). Voltage dependant sodium channels cluster at the unmyelinated nodes of Ranvier,
between myelin segments, from where the elecphudsésare propagated and spread
passively down the myelinated nerve axons to trigger another action potential at the next

node.

HEALTHY
NERVE

scarred

myelin

DAMAGED
NERVE

Figure 1.1Schematic representation of nerve cell and myelin sheathngratectixon and damaged myelin.

Picture adopteddm http://www.traceyourpath.com.

In genetically susceptible individuals, CEx£IlE become primed in the peripheral blood
through a process of immune dysregulation and mistaken antigen(@emjistonet al.
2009. Activated Tcells will cross theloodbrain barrier (BBB), where they recognise

components of the myelin sheath (Figure 1.1). Subsequently, cytokines, particularly interferon
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gamma (IFNe) and t umou+ 1f @GNFowirdededfbpanmune cells

which in turn, activate maophages and CD20-dglls (Compstonet al. 200§. Local
inflammation ensues, resultimglestruction of oligodendrocytes with demyelination of axons
(Frohmanet al. 200¢. Myelin sheath disruption leads to subsequent reduced conducti
velocities of the nerve fibres. In some cases this results in the focal neurological symptoms,
known as O0r el aps e lublineeak3DBlirAitheugltiecdl infaiymapoat i e nt
eventually resolves and remyelination does occur, the affected nerve fibres do not always
escape damage, resulting imakimss observed as brain atrophy. Inflammatory episodes can

be frequent in early disease, but often subside and patients enter secondary progressive

disease, in which gradual axonal loss is the main cause of increase(HdiahiRHOxn

1.1.4 Clinical featuresand diagnosisof MS
MS lesions in the brain and spinal cord impair and affect almost every normal function of the

CNS. Clinical features differ from mild case to severe; the episodes can beeealéapsimg

or progressive, and the symptseverity and relapses increase towe. In most patients,

clinical manifestations indicate the participation of motor, sensory, visual and autonomic
systems but many other signs and symptoms may occur. The most frequent clinical features
are:

1.Fatigudt is the number one problem and mfsequent symptom in two thirds of MS
patientgNoseworthyet al.200QRederet al.1983. In MS patients, the normal motor fatigue

after exercise and muscular activity is magnified and often develops quickly even after only
minimal activity. It is different from weakness and might not be correlated with strength of
individual musclgSchwidet al.1999.

2. Cognitive functidtinough language skills, higher cortical functions, and intellectual function
usually appear normal in MS patients to casual ebseareful clinical observation of MS
patients and sensitive nepgychological tests reveal slight to moderate cognitive slowing,
processing of information, difficulties in finding warelduced recent memawyd decrease

in effortful measures of attem in 50% of patien{8eatty, 1999

3. Depressidine incidence of depression-3 ttmes higher in MS patients and their families.
Severe, acute attacks of MS are associated with more depression compared to primary
progression. This depriesscan be attributed to plagieemation and hypometabolism in
different brain aregBeinsteiret al.2004.

4.Brainstem abnoriesliesions and scars in the brainstem caused by MS disrupt internuclear

connections, autonomic, motor and sensory long tracts signalling. The most frequent target



for brainstem scars is the thirdniaherve(oculomotor nerje Smell sensation is reduced in
40% of MS patients and taste is decreased i(D2D¥slettet a].2012
5.Cerebellar dysfunction and Alubr50% of MS patients suffer from damage in the
cerebellum or its pathways. Severe diarelsénical signs interact with poor pulmonary
function. However, parkinsonian symptoms and dystonia are rarely caused by a MS plaque
(Waubantt al.2003.
6.Weakness and spastatignts suffer from limibieakness especiallyhalegs causing foot
drop, poor staiclimbing or tripping. The spasticity developed in Mématvorsens with a
full bowelor bladder, exposure to cold and p&ewvere spasticity can cause painful tonic
spasms which are provoked by exertion or hyperveniiMaononect al.199).
7.Bladder and sexual dysfuBletduter dysfunction is common and distinctly reduces the
quality of life of MS patients. It is the initial clinical symptom in 5% of patientemod lat
develops in 90% of the patients. About two thirds of patients suffer from bladder
hyperreflexia with frequency and urgency which is complicated by sphincter dyssynergia in
more than half of the patierffsndrewset al.1997Schoeberg, 1983
8. Sensory symp®emsory symptoms such as numbness and sensory loss are common in MS.
Sensory loss in MS patiemaisges from decreased olfaction to loss of pain perception in small
areas or over the entire body. Deficient perception of vibration in the feet with spared
position sense, is present in most MS patients which sometimes can be improved by drug
therapy(Smithet al.200).
9.Lhermitte sign:1924, Lhermitte described an electric painful current following flexion of
the neck in MS. About half of MS patients lhgé.hermitte sign, and 95% of them have
cervical cord lesions. This rapid, brief "electric shock" or "vibration" runs from the neck down
the spine. The severity of the pain is directly related to the magnitude and rapidity of neck
flexion(Pageet al.1982.

10.0Optic neuritspproximately 2/3 of MS patients suffer from optic neuritis, especially in
younger patients. Thirone percent of army recruits with MS suffer from optic problems.
Optic neuritis typically starts with subacute loss of vision in one eye. The cemtraliscoto
manifested as dark patch or a blurring with distortion in contrast sensitivity and colour

perception.

Approximately 80% of patients preseith welapsingemitting diseas@ypically, the disease

passes through phases of relapse with completeryecelapse with persistent deficits, and
secondary progression. In about 25% of MS patients, the disease never affects daily living
activities(Lublin et al. 2014. However, about 10% of all patients with MS are rendered
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wheelchair bound and unable to work 10 years after the disea@&/aresttyet al.2008.
Episodes happen at random intervals, but initially average abqetry@se, decreasing
thereafter steadily. The onset of Ml8sually in the third or fourth decgfidamagopalaet
al, 2010.

MS is traditionally described as clinical symptosigra of two CNS lesions separated in

time and space that are not caused by other CNS disease. Due to the absence of a specific
immunebased assay, the diagnosis of MS continues to be predicated on the clinical history
and careful neurological examinatibthe patients; that is, finding multiple lesions and scars

in time and space in the CNS. Magnetic resonance imaging (MRI) remains the most important
diagnostic tool for allowing the early and more precise diagnosis of the disease. Revised
diagnostic crfria classify individuals in the categories of MS into either not MS or possible
MS based on evidence from M®tDonaldet al.200).

Cerebrospinal fluid (CSF) examination allows the identification of oligoclonal
immunoglobulin G (IgG) protein bands which are present in almost all MS patients (98%),
but can bebsent in early stage of the disease. Also, approxim&@dy 80 patients with

MS have delayed visual evoked potentials (mainly optic neuritis). Finally, although there is no
specific blood test for MS, the absence of other autoimmune markersgaticie@isophil
cytoplasmic antibodies, amticlear antibodies, adbublestranded DNA antibodies, anti

phospholipid antibodies and extractable nuclear antigen) can be helpful.

Criteria that determine the diagnosis of MS have been revised sevearathaniest two

decades (2001, 2005, and 2(RO)manet al. 201). Criteria now enable diagnosis of MS

when new MRI lesions define separation in time and space i.e., a new MRI lesion more than
30 days or enhancement more than 3 months after the initial @cddealdet al.200).

These criteria are helpful in diagnosing MS in patients after clexcklingother

demyelinating skkase.

Primary problems of MS are from CNS inflammation and damage of the neurons. Secondary
symptoms develop from muscle deconditioning, social disruption and drug adverse effects
(Frohmanrd al, 2006. Many symptoms of MS can be treat
Educating patients about the consequences of demyelination of the nerve fibres is an
important first step. The second intervention is advising them to avoid drugsuskeat
weakness, fatigue, or confusion, or having a lifestyle that increases disease activity (such as

drinking alcohol and smoking). Furthermore, encouraging the patients to do more mild
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exercises such as cycling which can be correlated with lessnidtigueraMS symptoms
(Huisingeet aJ.201).

1.1.5 Treatment of MS
The goals in MS treatment are:

1.Reduction of relapse&Siate incomplete recovery from MS attacks can cause permanent
disability, the accumulation of disability in MS patients during the retapsgingy stage of
the disease can be directly correlated to the frequency of thees.r8kveral drugatcan

be used to reduce the relapse rate in MS are listed in Table 1.1.

Table 1.1Disease modifying treatments for kB&njamiret al.201)

Drug Mode of action

Interferonf3-1a Immunoregulatory including antagonism of gamma interferon, reduc

cytokine release and augmentation of suppressdirflinction
(Avone®, Rebif)

Interferon3-1b (Betafero?) Immunoregulatorincluding antagonism of gamma interferon, reductit
cytokine release and augmentation of suppressdirflinction

Natalizumab (TysaByi Recombinant humanised monoclonal antibody to -4lphdegrins,
inhibiting leucocyte migration from blood to CNS

Fingolimod (Gilenya Sphingosine-pihosphate receptor modulator

Mitoxantrone (Onkotrord Anthracenedione derivative that inhibits DNA and RNA synthes
intercalation of DNA base pairs. Prevents DNA repair by inhil

topoisomerase Il

GlatiramemacetatéCopaxon®) | Modifying immune processes that are responsible for the pathogfe
MS

2. Prevention of disability caused by relapsetiatistekoids reduce the duration of relapses
and hence their shadgrm morbidity. Corticosteroids enter the cell nucleus and inhibit
transcription of pranflammatory factors, such as interledkiimterleukis2, TNFa an d
pro-inflammatory mediatonsicluding elastase, collagenase, and plasminogen activator. These
antrinflammatory drugs have long been used for the treatment of acute MS(vélbgses

et al.1987 Thrower, 2009

In the case fopreventing disability caused by progression of the diseagesult aferve

damage, the immumoodulatory treatment is of little benefit once myelin degeneration has



reached a critical threshold and clinical progression of the disease is estatishezadly

stage of MS, there is an opportunity to supress or reduce those components of the
inflammatory process which cause initiatibrthe cascade events that l¢éaddisease
progression. Thus, the aim of immunotherapies is not only the redti@mrneorelapse
frequency, but also the prevention of transition to the secondary permanent progressive phase
of the diseag®Rodriguez, 2003

3. Symptomatic treatment of neurologicahdaficsituations, the priority is to mask individual
symptoms caused by neurological deficits in order to improve the quality of everyday life of
the patients. The most amenable symptoms of MS and the desired treatment are shown in
Table 1.2.

Table 1.2Therapy directed at the symptoms of(Bthjamiret al.201).

Symptom Drug Common sideeffects
Acute relapses Methylprednisolone Fluid and electrolyte disturban€asshingsyndrome
Spasticity Baclofen Weakness, fatigue, headache, insomnia, conli

ataxia, frequency, urgency, dysuria, constipation

Diazepam Drowsiness, ataxia, dependency

Dantrolene Muscle weakness, drowsiness, hypertension, dr
enuresigliarrhoea, nausea

Paroxysmal symptoms | Carbamazepine Fatigue, weakness, ataxia
of MS
Fatigue Amantadine Nervousness, depression, nightmares, hallucing

insomnia, dizziness, headache, blurred vision, orth

hypotension, peripheral oedema, dmnouth,

gastrointestinal side effects

Intention tremor Clonzepam Drowsiness, ataxia, dependency

Propranolol Nausea, diarrhoea, bronchospasm, dyspnoea,

extremities, bradycardia, hypotension

Carbamazepine See above

Urinary urgency Oxybutynin Dry mouth, constipation, nausea, vomiting, dyspe

blurred vision, dry eyes, tachycardia, facial flushing




Propantheline Dry mouth, constipation, nausea, vomiting, dyspé

blurred vision, dry eyes, tachycardia

Amitriptyline or Dry mouth, constipation, nausea, vomiting, dyspe
blurred vision, dry eyes, tachycardia
imipramine
Erectile dysfunction Sildenafil Rash, diarrhoea, urinary tract infections, abnormal

4. Treating established prodressyatinationf the nerve fibres might have little or no effect

to offer for axons degenerated early as a direct result of the inflammatory process activation
Conversely, early remyelination treatment might be -pretective and its timing is
important if the nakedffected axon is resistant to the inflammatory pbligunas reduced

survival propertie@Volswijk, 1998 The repair of damaged nerves in MS involves several
different processes concerning the two essstefisbf the evolution of thedisease which

are the loss of myelin sheaths and the loss of axons. A realistic aim of remyelination treatment
Is to promoé myelin regeneration and prevent further axon loss. These two objectives are
closely related to each other since promoting remyelination is probably a highly effective
method of preventing axon lg&odriguez, 2003Myelinrepair can be promoted by two
different approaches. The first approach is the transplantatiseuddicells with a repair
enhancingand myelinogenic capacif8arorVan Evercooreret al. 2004. The second
approach is to promote or reactivate the endogenous process of nerve cell remyelination
(BaronVan Evercoorest al.2003.

An important hurdl¢o theeffective treatment of neurodegenerative diseases including MS is
the presence of the neuroprotective BBB, which preventernydeadf potentially active

therapeutic compounds essential for the treatment of neurodegenerative diseases.

1.2 The BBB
First described by Paul Ehrlich (1885), the BBB is formed by the endothelial cells lining the

cerebral microvessels. It is highly physoalibhg regulated andis an efficient barrier that

provides a sanctuary to the brain. It is designed to protect and regulate brain homeostasis and
to permit selective transport of nutrients and other hydrophobic molecules that are essential
for brain fumrtion. It forms a continuous, almost impermeable, cellular barrier that
dramatically limits and regulates the traffic of xenobiotics, nutrients, immune surveillance cells

(macrophages) and endogenous compounds into the brain parenchyma.
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While this protective function of the BBB is essential for normal physiological function inside
the brain microenvironment, it represents the main obstacle for the entry of drugs molecules
into the CNSReeseet al.1967. The endothelial cells forming the BBB differ from vascular
endothelial cells in other regions of the body by their unique ability to form tight intercellular
junctions, the absence of fenestrations between adjacent cells angbimiciybatic activity
(Brightmanet al. 1969 thus limiting to a great extentlrug penetration into the brain
parenchymadn addition, the BBB expresses various efflux transporters, vthiely and
continuously pump compounds out of the endothelial cells back into the blooddetream
Lange, 2004

The most crucial factor that limits the synthesis and development of neford@NS
diseases ihereforethe presence of the BBB. The BBB limits to a great extent the brain
penetration of most CNS drug candidé®esdridge, 200baAs the number of individuals
suffering from CNS condition will grow with an aging populatiem(mber of people older
than 65 years will inase by almost 50%orldwide by 2020), it will become particularly
problematic that onlgtfew drugs are able to cross the EB&dridge, 200b&olving the

BBB drug delivery problem requires novel approaches to this area of pharmaceutics. The old
braindrug deliver methods such as attempting to make \sakgible small drug molecules
more lipophiliocziamedicinal chemistry modificationghoough cranial microscofoy trans

cranial brain drug delivery, must give way to new appr¢@ebhashuler, 20).0The new
technology is basedh employingendogenous BBB transporters, and aims to reformulate
drug structures so that these drug molecules can cross thalglB&ng these endogenous
transport systentdbbott et &, 1996.

However, unless more reseagiold studies are performed to improve drug delivery to the
brain through the BBB, the future of CNS drugs will be limited only to smaibllijie
molecules with molecular weight (MW) not exceeding 400 Dartltaoss the BBBalipid-

mediated free diffusion. Such drugs can treat limited CNS conditions, such as schizophrenia,

depressiarinsomnia and epilep&yhoseet al.1999.

1.2.1 Physiology of the BBB
For optimal activity, the CNS requires a perfectly regulated and balanced environment and

homeostasis with specialised characteristics far different fronmtbtdser organs of the
organism. The main factor maintaining and preserving the homeostasis of the CNS is the

proper function and integrity of the BBB. The essential functtbe BBB as a protective
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barrier for the brain parenchyma is only one aspets many tasks, which includes

metabolic features, physical functions and trar{Bgoniacket al.2008.

1.2.2 BBB structure
The BBB has to be a very stable, well organised structure to maintain and protect CNS

homeostasis. However, for fast adaptation to changing conditions inside the body, the BBB
also requires extreme flexibili@haudhuri, 2000This special characteristic depends on

many structural aridnctional properties of BBB components.

1.2.2.1 Endothelial cells
Brain endothelial cells differ from the endothelial cells of the peripheral circulation by the

presence of tight junctions (TJs) and other tightening proteins (Figdieehiz)h number

of cytcsolic mitochondria inside these cells suggests their high energy metabolism. Brain
endothelial cells lack fenestrations in their plasma mem@danets, 2005Balbbhet al.

2004 andtheirpermeability is highly selective for molecules with suitable mass (MW less than
400 Da) and lipophilicif¢haudhuri, 2000
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Figure 1.2 Neurovascular unit and molecular components of ptiysical BBBP{cture adapted from

www.neurology.oyg

Severabentifyng markers are specific for brain endothelial cells such as glucose trdnsporter
(GLUT-1), von Willebrand factor ViiF ) ;glutanytranspeptidaseendothelial barrier

antigen and OX7 antigeriBallabhet al.2004. The luminal surface of the BBB endothelial

cells is covered by a negatively charged mesh or network of glycoproteins, proteoglycans, and
glycolipidgvan den Bergt al.200. In addition, BBB endothelial cells are also unique from

other endothelial cells outside the Cdl& to the presence fotwo N-glycosylated
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phosphoproteing-glycoprotein (Bp) and multidrug resistarassociated protein. Finally,
the most important feature of BBB endothelial cells which etednigs act as a barrier is
their TJgBalkovetzt al.1989.

1.2.2.2 Astrocytes
Like otherglial cellsastrocytes, originate from the ectoderm ofi¢leal tubéAbbott et al.

2006. There are two main types of astrocyte cells that can be recognised in the brain,
protoplasmic cells whigrepresent irthe grey matter, and fibrillary cells which exist in the
white matter. Protoplasmic astrocytes are chasexttbyi having large nuclei and multiple
thick cytoplasmic appendices. The endings of these appendices foflikeastajpture

known as entket (lat.pes sugetmat tightly attach to neurons on one pole and blood vessels
on the other to form a highlpexific relay station betweezurors and blood (Figure 1.2)
(Reichenbacét al.2004.

Due to their unige localisation between blood and neurons and specific characteristics,
astrocytic end feet are correlated with the expression and actiorh&fagimproteoglycan.

This protein is synthesised by the basal lamina in the extracellular ma(¥erinean,

2002 and is important for maintaining the BBB integrity and fundi@atburg, 2006

Moreover, astrocytes play an essential role in discharge of waste substrates from the brain,
nerve cells metabolism and nutrition. In addition, these celthdadlities of transcytosis

of special molecules and active ion transport through{Reéchenbacét al.2003.

1.2.2.3 Pericytes
Pericytes are small capillary-asdbciated cells that derive from the mesoderm. They are

separated from endothelial cells by the basal lamina, but gap junctions provide contact points
with endothelial cellCuevast al. 1984 There are two types of pericytes based on their
location in the brain tissue which areeeitocated at capillary straight parts or positioned at
capillary connections. Anatomically, they are equipped witlkelappendices twisting

around the capillarfPeppiattet al. 200¢. In the brain, pericytes are responsible for the
mediation of inflammation processesgulation of endothelial cealttivity and manage
capillary like structure formation and capillary dia(Batedopadhyagt al.2001Nag, 2003

Peppiattet al. 2006 Ramsaueet al.2002. Therefore, pericytes play an important role in the

maintenance of the integrity of the BBB and brain hossens

1.2.2.4 Tight junctions
TJs are junctional complexes postdretween the endothelial cells of brain microvessels

(Figure 1.2)They arehe most important fact®responsible for BBB impermeability to drug
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(Bernackiet al. 2008. TJs exist between endothelial cells and surround the cells like a
continuous belt. Morphologically, they are represented by closely joined fragments of adjacent
endothelial cells known as the zonula occludens (ZOs). At these joining locations, cell
membanes are completely fused and form dayes barrier(Ballabhet al. 2004. As the

number of fusion spots between TJs diffeesektent of tightness in different regions is also
diversgBallabhet al.2004.

Functionally, TJs work in several ways. Thestittdea distinctive border for lipid and

protein diffusion through the endothelial membranes and grant to the endothelial cells
polarity, which is demonstrated by a-@een distribution of a number of membrane
transporters between the abluminal andnalmmembranes. Due to complete fusion of
adjacent TJs, they also close the paracellular pathway to force transport of substances through
the cytosol and membrar{€siebet al. 198%. An additional function of the TJs positioned
between brain endothelial cells is that they divide the membranes of these cells into two
compartments: a braiacing membrane and a bldading membrane. This unique division

is also affected by the progepresent in each part of the endothelial cell membrane, and the
distinct andundamentainteractions of these protein membranes with eachretheaateaf

and how quickly different molecules traverse the BBRBKinset al. 200. TJs are
characterised by their high electrical resistance and their integrity depends on an adequate
extracellular Gaion level. A drop of electrical resistancsad by Caion depletion results

in TJs destalséition. Moreover, an increase in intracellular cATP levels causes the formation

of fusion spots and tightens TW&lburget &, 2002

SeverallJsplasma membrane proteins have been identified, such as occludin, claudin and
adherens junction molecules. In addition, cingulin and several ZO sueh, @&¥X) Z0-3

have been recognised as membrane cytoplasmic proteimk tihabhdmembrane proteins

with actin, which is a primary cytoskeletal protein essential for the functional and structural
integrity of the brain endotheliBalkovetzt al.1989.

1.2.24.1 Claudins
To date, 24 members of claudinteins family have been identified in mice and humans

(Oller-Salvieet al.201¢. Claudins are approximately 22 kDa phosphoproteins which consist

of four essential transmembrane domainsppeato be the fundamental burild molecule

of the TJs. The claudin from one endothelial cell tightly connects with an analogous claudin
protein from an adjacent endothelial cell to create the primary closure spot of the TJ, and the

carboxylic end of each protein links it to cytoplag@id, ZO-2, or ZO-3. In brain tissue,
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claudin 13, 5 and 12 have been recognigbtott et al.200¢ along with occludin, claudin 1
3 and 5 are present the endothelium. It has been shown that cl&udsnexpressed
particularly in brain capillary endothelial (&hstkinet aJ.1997.

1.2.2.4.2 Occludin
Like claudin, occludin is a membrane phosphoprbteiwith a larger MW (&IDa) (Honda

et al.2009. It also conists of four essential transmembrane dorti2aidaet al.2000. The

TJ paracellular component is formed by the extacellular loops of both claudin and
occludin proteins, and the cytoplasmic domain is tightly connected to ZO proteias (Fig

1.2). Occludin expression has been identified in humans and mice, but not htboamsnew

or foetuses. Recent experiments Is&iosvn that occludin expression is the highest among
those of all TJ proteirfgorbordtet al.2004. Studies revealed numerous signals for occludin
localised either to membranes of neighbouring endothelial cells or to the extracellular spaces
between these cefisorbordtet al.2004. Besides its regulatory function, occludin influence

paracellular transpdgHiraseet al.1997.

Together,occludins and claudins proteins form heteropolymers and transcellular tracts
containing channels for the selective transport of charged and hydrophilic molecules.
Moreover, occludin might be involved in preserving the electrical resistance of the BBB and
aqueous pore formatiqiatteret al.2003. These essential facts, together with the structural
relationships existing between occludin and claudin, suggest the contribution of these
membrane proteins to the selectivity edgsbdaited diffusior{Tsukitaet al.200) and their

presence appears to be fundamental for the adequate function and integrity of TJs and the
BBB (Pettyet al.2002.

1.2.2.4.3 Junctional adhesion molecules
Junctional adhesion molecules (JAMs) are the third building material of membrane proteins

found in TJ constructio(Bernackiet al. 2008. They are immunoglobulins in nature with
molecular masses around 40 kDa. They have a single transmembrane domain which is
connected with an extracellular fragnaensisting of two immunoglobulike loops(Petty

et aJ. 2002 Threemembers of this family which are JAMIAM2, and JAMB have been

identified in the rodent brain. Also, JAVard JAM3 are localised to brain endothelial
vessels, and JAMwas found in the human cerebral cdifexbordtet al.2004. Immunc
cytochemical analysis revealed that-TDAB! positioned unevenly in irégrdothelial

junctions, where it was found either alone or forming small clusters. JAMs have been
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suggested to play an essential role in cellular adhesion and monocyte migrgtidhehrou
BBB (Palmeret al.2000.

1.2.2.4.4 Cytoplasmic proteins
Cytoplasmic protesnfound in TJ structure include ZO proteins {£ZQZ0O-2, and ZG3),

cingulin, and 7H@ernackiet al.2003. The ZO proteins armembraneassociated guanyl
kinasedike proteins which are composed of three domains of the PDZ type (PDZ1, PDZ2,
and PDZ3), plus one SH3 domain, and one guanyl-kkeademain (GUK). These domains
have a primary role in protein arrangement, and cenfiggn plasma membrane integrity of
the endothelial celléoh et al.1999.

Studies indicated that the PDZ1 domain of ZO proteins binds directly to the carboxylic end
of claudin, while GUK domain in ZDinteracts with occlud{Mitic et al.200(. Moreover,

JAM proteins bind directly to ZDand other PDZ£ontaining proteinEbnetet al. 2000).

In addition, immuneytochemical studies indicated a close structural relationship between
immunelabeled occluding and ZtQitoh et al.1999.

TheTJassociated proteifnH6, which is a phosphogtein with 155 kDa molecular mass and

is responsible for TJ impermeability to large molecules ar{8dtot®et al. 1996. Unlike

Z0-1, 7H6 may detach from the TJ when ATP levels decreasisctinsettion results in
increased paracellular permeability. Thus, it maintains a close relationship with the functional
state of the junctiofMitic et al.1998.

Cingulin, a phos$wprotein with a MW between 1880 kDajs locaked at the cytoplasmic

part of TJs(Cordenonskt al. 1999. The binding of cingulin to ZO proteins and myosin
suggests its role as a scaffold between the cytoskeleton and transmembrane proteins. Other TJ
cytoplasmic proteins perform signalling, adaptor, anthtoeg tasks such as partitioning
defective proteins, Ealependent serine proteiimse, and @rotein signallin¢Abbott et

al, 2006.

The availablevelence suggests that TJ proteotsonly preserve the integrity of the junction

but also provide physical structural support for the brain endothelium due to the multiple
connections and interactions between ttBamacket al.2008. Disturbances in this order
influence not only the cell structure, but also the TJ integrity, consequently leading to
alteration in BBB functisrand CNS homeostasis.
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1.2.2.5 Adherens junctions
A second example of tightening structures between endothelial cells are the adherens

junctions (AJs), which are transmembrane proteins represented by the large family of
cadherins. In the presence of*Caadheri proteins interact with each other to form a
tightening and supporting struct(ifakeichi, 1995In AJs, catenins play a similar role to that
of ZOs in TJs by attaching the actin cytoskeleton to cadherins. Studies have revealed that both

cadherin and catenipteins are present in the human cdiexbordtet al.2004.

1.2.3 Transport routes across the BBB
Blood and CSF circulation are most imponppatihiways to enter brain parenchyma. In the

human brain, there are more than 100 billion capillaries in total, providing approximately 650
km combined length of brain capillary endothelium of and approximatélio20 surface
aregPardridge, 2003

The unique biological and anatomical features of the BBB such as the few pinocytotic vesicles
and the absence of fenestrations in endothelial cell membranes, the presence of various
transporters especiallygp, the presence of sophisticated complexaosmembrane

proteins of TJs and the lack of lymphatic drainage all result in the low and selective
penetration of molecules through the BBB.

There are several transport pathways for molecules to cross the BBB (Figure 1.3), which

include:
a. Paracellular  b. Transcellular c. Carrier d. Receptor e. Adsorptive f Cell
Blood aqueous lipophilic mediated mediated mediated mediated
pathway pathway transport transcytosis trangeytosis transcytosis
o Q
: o © 0OO O ©0 :
Apical membrane O
Q I y,
Endothelium
Tight junction l
° )
Adherens junction \
(8] |
o \ o
Basal membrane Q O O O O
Brain parenchyma Astrocyes

Figure 1.3Access pathways across the BBB endothelial cells.
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1 Paracellular agueous p&hvediywatesoluble molecules can simply diffuse through the TJs

but not to any great extent. (Figure 1.3.a) In the past two decades, there has been a notable
emerging knowlgeé and understanding of molecules involved in TJ structures, and parallel
discovery of TJ modulatordiwh can be used for temporapening of the BBB, ranging

from biological (such as viruses) and chemical substances (such as cyclodextrin) to physical
stimuli (such as ultrasour(®keli, 2003

1 Transcellular lipophilic patBweyt lipid soluble substances like alcohol and steroid
hormones penetrate through the BBB by dissolving in theidipiglasma membrane.

(Figure 1.3.b)

1 Carrier mediated tranBpuating of a solute such as amino acids or glucose or nucleosides to

a potein transporter on one side of the endothelium membrane initiates conformational
changes (Figure 1.3.c). These structural changes in the protein can result in the transport of
these solutes to the other side of the membrane. ATP may provide the daeitijgite the

process. On the other hand, TJ efflux pumps suclg@asife responsible for extruding drugs

from the brain and this mechanism is one of the major obstacles for the accumulation of a
wide range of biologically active molecules in theplaranchymgPardridge, 2003b

1 Recepimediated transcytosis (RNETprocess provides a means for highly selective uptake

of macromolecules into the brain tissue (Figure 1.3.d). Brain endothelial cells have receptors
for the uptake of many different typesigdnds, including growth factors, insulin, enzymes

and plasma proteins. RMT has been extensively studied for enhancing brain penetration and
targeting. Wettharacterised systems include the transferrin receptor (TfR), insulin receptor,
lipoprotein recepts especially apolipoprotein E and glutathione (GSH) tra(Ripaet al.

2009.

1 Adsorptivaediated transcytosis (AlMd)known as the pinocytosis route, this process is
triggered byan electrostatic interaction between a positively charged substance, usually the
charged moiety of a peptide, and the negatively charged plasma membrane surface (i.e.
heparin sulphate proteoglyca(iSgure 1.3.e)Adsorptivemediated transport has a lower
affinity but higher transporting capacity compared to (Refeet al.2008.

9 Celmediated transcytosis (TM3)transport route depends on immune cells such as
monogtes or macrophage for the crossing of the intact (BB&, 2008 Unlike other

transport pathways which normally permit only solute molecules with specific properties to be
transported, CMT is unique in that it can be used for virtually any type of drug molecules or

other materials as well as particulate carrier s{RBterk) 2008
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1.2.4 Impact of pathological conditions on the BBB
The properties of the BBB are significantly changed when the brain tissue is developing a

neurological disorder, or in inflammatory conditions or under attack by patRomehal.

2009. These changes affect the integrity and the functions of the BBB, especially the
transport pathways. Studies suggest that the BBB's integrity is greatly compromised in brain
disorders or neurological diseases sustoke, Alzheimer's disease, MS, HIV, Parkinson's,
ischemia and brain tumoy#sbott et al. 2006 Holmanet al.2011 Huberet al.200). MS

causes enhanced leukocyte inflammadttissatiorwhich result in the releaserdgfammatory

cytokines/chemokines mediators inside the fivhiragaret al.2003.

In addition, studying the functions of TJ signalling pathways, structural components and
regulation of TJs under different conditions, implies that the permeability of the BBB is
greatly influenced by the stimuli initiated by pathological and physicbogit@ins such as

oxidative stress (such as free oxygen radicals like peroxide), inflammatory mediators (such as
interleukinl A, | nd,erdref)omMNFasogenic agents (such a
(such as prostaglandins), infective agentsgs and virus components, bacteria and bacteria
toxin, fungal pathogens and parasites), as well as physiological stimuli (such as intracellular
Cd"* levels) and immunological cells (such as leukdB®gbsP009Stamatoviet al. 2008.

Transport systems and pathways across the BBB are also greatly affectedgicaheurol
disorders. For examplegp expression and efflux ability are changed during pathogenesis
associated with a number of neurological dissders h as Al z (Persidsker 6 s d i
al, 20086.

1.2.5 Drug delivery across tie BBB
The global market of CNS pharmaceuticals is highly underdeveloped and would have to grow

by more than 500% just to equal the cardiovascular drug (Addkgtahiet al. 2017.

However, there are more patients suffering from CNS disorders than patients with
cardiovascular diseagfardridge, 2002bThe deficiency in CNS drug development is
attributed to the fact that more th&®8% of recently developed novel drugs, such as
recombinant proteins, monoclonal antibodies, andiiraingene medicines, are ineffective

for brain disorders, because these novel drugs cannot penetrate the brain capillary endothelial
wall of the BBB.

In the past, researchers focused on developing small molecule drugs for CNS disorders as it
was widely believed that any small molecule crosses the BBB. However, it is well established

now that only less than 2% of all small drug molecules can cross (AbIRBE3200% To

19



cross the BBB in pharmacologically sufficient amounts, a drug molecule must have a
molecular mass less than 400 Da, plus it should be lipid soluble, and not be a substrate for an
active efflux transportéocalised at the BBB such agpRPardridge, 200paMost small

molecular mass drugs, and all large molecule therapeutics, lack these structural and chemical
properties, and this explains why it is so hard to develop new drugs for the brain. Only 5% of
more than 7000 satt molecule drugs in the Comprehensive Medicinal Chemistry (CMC) are
pharmadogically active in the CNS, and these are effective in only limited CNS diseases
(such as affective disorders, chronic pain and epf@psgget al.1999. There is an urgent

needfor developing new drug delivery strategies to improve penetration of drugs used for the
treatment of variol NS di seases, including Al zhei mer d
Parkinsonds di sea gan,canset, spin&l eord inpury aedimlogical a u ma
infections of the brain, including acquired immune deficiency syndrome (P=liDi8iige,

2005

1.2.6 Brain drug delivery strategies
As molecular transport to the CNS is impeded by the presence of the BBB, efficient drug

delivery to the bna requires special strategiElsese strategies can be diviged four
different categories¢) neurosurgicdlased strategies, which develop invasive or transcranial
braindrug delivery; (ii) chemistigised strategies, which use medicinal chemistry approaches
to increase the lipid solubility of the drug; (iii) transient BBB disruption stratehi@s)
systerrmediated transportwhich involve reformulation of the drug to access using

endogenous BBB transporters.

1.2.6.1 Transcranial brain drug delivery
This category involves three main methods to overcome the BBB whi¢h thee

intracerebroventritar (ICV) infusion of drudji) the intracerebral (IC) implantation of drug

and (iii) the convectioenhanced diffusion (CED) of drug. However, all these methods of
bypassing the BBB experience some limitations. The ICV infusion method delivers drug to
the ependymal surface of the brain but not deep enough into brain parenchyma. The entire
CSF volume of the human body (about 140 mL) is completely turned over every four hours
(Blasberget al. 197%. This bulk flow of fluid out of the CSF tracts is fast especially when
compared with the slow rate of solute diffusion into the brain. As a result, drug concentration
in brain parenchyma drops exponentially within millimetres of the ependymal surface
(Blasberget al. 197%. Diffusion of any drug molecule decreases exponentially with the
diffusion distance. Consequently, drug delivered to the brain by the IC implantation approach

does not move sigitantly into the brain tissue from the original implantatio(Ksgée/son
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et al.199%. The brain is the only organ without a lymphatic system and esigoied to
eliminate significant fluid volumes, thus fluids entering the brain tissue from the CED device
preferentially moves along white matter t(cigeset al.2003. Finally, khthese techniques

are invasive procedures that involve high risk factors such as long or permanent CNS damage.

1.2.6.2 Chemical modification of drug molecules
The classical chemisbgsed method for delivering small molecules to the brain is to increase

the Ipid solubility of the drug with pharmaceutical chemistry manipulation. However, to date
there is not a single example of a veatieible drug being converted into a CNS active
therapeutic drug by medicinal chemigtincreasing lipophilic nature of ttheig (Chenet

al, 2017. Usually, increasing the lipophilic characteristics of drug involves the addition of side
chains that block hydrogdsonding moieties, such as carboxyl and hydroxyl groups.
However, these modifications might lead to numerous problems such as:

(i) The loss of affinity between the modified drug and its target receptor. Also, the lipidised
drug might have unwanted pharmauatic effects which are absent in the parent drug.

(i) The modifications of the drug might increase the MW over 400 Da, which is the critical
threshold for drug penetration through the BEBcheret al.1998. This MW increment will

offset the benefit of the increased lipid solubility.

(iii) Increasing lipid solubility of a drug will incréasgptake by all body tisslesding to a

rapid clearance of the drug from the blood stream. This reduced plasma concentration of the
drug caused by enhancing its lipid solubility ®ffsetincreased BBB penetratiesulting in

only a small increase in brain drug ugR&elridie, 2008

1.2.6.3 BBB disruption
One of the approaches for delivering drug to the brain is by taipplisewpting the BBB

endothelium permeability especially the TJs. In the past two decades, thera gesdbaén
understanding dhe moleculainteractions involved in TJs, and corresponding discovery of
modulators which can be applied for transient and short opétinegBBB, ranging from
chemical and biological substanaesphtysical stimuli such as kiggguency focused
ultrasound and ekeomagnetic field®eli, 2009Hynynen, 20Q0&tam, 2010

The rationale for modulating TJs opening to enhance the drugy delitree brain byhe

paracellular pathway are: (i) many brain diseases and stimuli are already associated with TJ
opening or increased BBB leakage phenomena; (ii) the delivery of small water soluble
molecules into the brain will be increased by enhpaiaaxtllular transport; (iii) TJ opening

by different modulators may also improve the BBB passage of macromolecules and drug
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delivery systems (DDS) including nanoparticles, liposomes, dendrimers conjugates, micelles,
and their distribution in the brairy) (utilising physical stimuli such as electromagnetic fields

and ultrasound will temporarily cause local BBB disruption, thus, concentrated drug can be

delivered locally. The TJs of the BBB can be transiently disrupted by a number of ways such

as biologial, chemical and physical stimuli.

a) Enhanced permeability by biological stimuli

Several biological modulators with the ability to temporarily open TJ to improve the transport
of drug molecules to the brain have been reported and studieth ustnogell models
(Karyekaret al. 2003 A 45 kDa biological molecule ZO toxin, which is an active TJ
modulator at the BBB, can promote a reversible, concentration dependent TJ transient
opening based on transepithelial electrical resistance (TEBR)rements, which
consequently increases the paracellular transport of permeability indicators such as sucrose
and inulin without noticeable shtatm toxicity in cultured bovine brain capillary endothelial
cells. Moreover, it also permits an improvespat of the therapeutic agents, paclitaxel and
doxorubicin which are substrates tbé P-gp pump and normally have very limited
transportation across the BB&ryekaet al.2003.

Vasoactive compounds and inflammatory stimuli such as bradyktamine and vascular
endothelial growth factor ameother group of biological compounds which can trigger TJs
opening. They are mediators or products of the inflammatory response and can enhance BBB
permeability(Abbott, 2000 Kumar et al. 2009. In gliomas and other brain tumours,
endothelial permeability in tumour tissue is more sensitive éffects of these biological
modulators than the normal brain endotheélis(Vajkoczyet al. 2004. Therefore, these

stimuli, when used in combination with gene or anticancer drugs and imaging caaterials
probably promote the delivery of th@sacromolecule® the brain tumour for tumour
diagnosis purposes, chemotherapeutic treatment tumour or gene therapy. This hypothesis is
supported by the experimental data obtained on a rat iglieitnanodel wich revealed that
intracarotid histamine infusion selectively increased permeability of Evalhsifpimestain

and i mproved t-dgmioistbutgia aci drr krain duimouratissues without
affecting BBB permeability in the normal brain tighugsiuraet al. 1994 Nomuraet al.

1994,

A synthetic peptide analogafeébradykinin protein, cerepoArf-Pro-Hyp-Gly-Thi-SerPro-
Tyr (CHNH) Arg] has been thoroughly studied for improving drug transport through the
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pamcellular pathway of the BEBorlongaret al. 2003 Emerichet al.200Q Emerichet al.

1999 Emerichet al. 1998. Cereport increases drug permeability of the BBB by &eitypor
disrupting the TJSanovichet al. 199%. It shows distinct dose, time and size dependent
activity on human brain capillary endothelial cells and its action can be adjusted through
changes in cGMP and cAMP second messenger siMtmkiet al. 1999. Studies have

shown enhanced BBB transport of a number of drug molecules including loperamide
carboplatin and acyclovir by conjugation with cereport protein in different types of diseased
animalBidanseet al.2001Emerichet al.1999Emerichet al.1998.

Finally, viruses are biological factors which can stimulate and temporarily open the TJs
through upregulation of chemokines protein as a precursor for infiltration of inflammatory
cells into the CN$Kuanget al. 2009. Histochemical analysis of CNS tissue from HIV
infected patients showed substantial TJ disruption in patients who died with HIV encephalitis
which was shown by fragmentation or absence of inmeattevity for TJ proteins especially
occludin and Z€&l (Dallasteet al.1999.

b) Enhanced uptake by chemical stimuli

There are several examples of chemical stimuli which can be used to modulate the TJ
functions to increase the permeability of the BBB for drug traf@@pbrt2009 One of

these examples i8a arterial injection of hyperoslar solutions (such as arabinose or
mannitol). The shrinkage in brain endothelial cells size (caused by osmolarity differences)
results in transient opening of gaps between these cells. One major limitation of this method is
that it isinvasive to the piantsandrequires considerable expertise to be performed properly
(Doolittle et al.2000.

Some pharmaceutical excipients such as, oleic acid which is protein kinase C activator, showed
reversible opening of the BBB to aminoisobutyric acid and Evaatbbher when it was

given via arterial infusion in a rat mod@ztrihaet al. 199). Another pharmaceutical
excipient, lysophosphatidic acid was also reported to improve TJs permeability in cultured
brain endothelial ce(Schulzest al.1997 by the activation of protein kinas@a @ucts which

reduces claudim expression in the T@@anet al.2008. Like biological stimuli, its effecas

also doselependent, shognd reversible, and its action can be terminated by activation of
protein kinase Schulzeet al. 1997. One of the most commonly used excipienthe
pharmaceutical industry, sodium dodecyl sulphate, has also been shown to promote an
i ncr eased -dminaisosuyric add thofigh the TJs at a dosebf®26 Oy / kg i
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rats(Saijeet al.1997. This effect can be atiifed to the fact that sodium dodecyl sulphate is
an anionic charged surfactant which function as a solubilisation agent and may interact with
proteins or lipids in the cell membrétato et al.1987.

c) Enhanced delivery by physical stimuli

The ability of enerdyased physical methods, such as microwave, ultrasound and
electromagnetic fields, to open the BBB has been extensively invédiygstezh, 2008

Stam, 2010 Ultrasound, nemvasively, induces local biological stimuti shsede the body

and removes the need for surgical intervention. Hynynen in 2008, showed that introduction of
a preformed gas bubble before focused ultrasound exposure would allow transient opening of
a local area of the BBB without causing delayed isabreatute damage to the endothelial
cells(Hynynen, 2008 By combining with a diagnostic imaging device such as MRI scanner,
ultrasound becomes a Aowasive approach to open targeted areas of the BBB to allow the
delivery of drugs and othterapeutic molecules across the gBBynen, 2008

Microwave energy has also been investigated for promoting drug passage across the BBB
(Moriyamaet al. 199). It is reported that after exposure to low level microwave energy,
Chinese hamsters exhibited reversible increased permeability of the BBB to the brain
penetration marker, horseradistopelasgAlbertet al. 198). In another study, microwave
irradiation facilitated central effects of domperidone drug by changing the permeability of the
BBB and enhancing the entry of the drug into the @NBck et al. 1987. There are
examples of utilizing electromagnetic field pulses to promote the permeability of the BBB.
Qiu et alin 2010 showed that electromagnetic field patseased BBB permeability to drug
moleculesiatranslocation of Z€1l protein and regulation of protein kinase C sign@ling

et a.2010.

The problem with BBB disruption by these various stimuli is that in many cases the BBB
integrity is seriously compromised resulting in loss of itsiygdactction. Consequently,

this strategy of brain drug delivery allows for the leakage of different plasma proteins into the
brain. Albumin is toxic to astrocy{Bsdalet al.1999%, and astrocytosis is induced wihen

brain comes in contact with blood. Moreover, BBB disruption leads to vascular pathology
(Lossinskyet al.199% and to permanent neupathologic changes in the br@alahuddiet

al, 1988.
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1.2.6.4 Transport systemmediated drug delivery across the BBB
One of he best approasfor solving the paopenetration problem is to engineer drugs that

cross the BBB utilising one of the many endogenous transporters expressed within the brain
capillary endothelial cells. This can be done for small molecule as well as large molecule
therapeutic@Pardridge, 200pa

The conjugation of drug molecules with substrates of endogenous transport systems present
in the BBB had been utilised to access the brain. As discussed previously, transporter proteins,
specific receptors or adsorptive endocytosis can be used to improeéivaiygd the brain.

The characteristfeatures of these transporting system&aitard, Visseet aJ.2012:

1. The drug molecule chemically modified, for example, conjugated to a hosting molecule
such as a polymer or a ligand, thereby masking its intrinsic properties.

2. The drug molecule is encapsulated in a surface modified DDS such as dendrons,
liposomes and nanoparticles.

3. The DDSshould be nomimmunogenic (unless it is designed to target monocytes or
macrophages) and capable of interacting with receptors positioned at the BBB to facilitate
the uptake of the drug by the BBB.

4. The DDS must be highly specific for the targeted recépeoeby increasing transport
efficiency and minimising potential stfects of the drug.

5. All DDSs must have controlled molecular mass, thereby their properties will be uniform
and consistent and their biological fate can be controlled.

Thus the idealrpperties of hosting a system for drug delivery across the BBBageva

et al. 2014 nontoxic, biocompatible, biodegradable, 4ftamunogenic, prolonged blood
circulation time, stable in blood stream (no aggregation and dissociation), contain BBB
targeted moiety (such as a ligand), preserve parent drug stability with tenable drug release
profiles andfinally adaptable to carry small drug molecules as well as moderately large
molecules such as peptides, proteins and nucleic acids.

1.2.6.4.1 Endogenous BBB transporters
The brain microvascular endothelial cells are the basic anatomical unit of the BBB. There are

more than 100 billion blood capillaries in the human brain and virtually each neuron has its
own blood vesséPardridge, 200Rarhe length of capillaries in the human brain is ~400
miles and the surface area of the BBB in the human brain i (P20dridge, 2003
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Movement of substrate across the BBB is a process of penetration through two membranes in
series, which are the luminal and abluminal membranes of the esmgitéglial cells.
Endothelial cytoplasm separates these two adjacent membranes by only 200 nm. The
endogenous transporters of the BBB are expressed on both the luminal side and abluminal
membrane of the brain capillary endothelial cell. Endogenous BBrteas utilise local
pathways such as RMT, CMid active efflux transport to deliver molecules to the brain.
While certain endogenous large molecules are transported by the RMT systems across the
BBB of small molecules are transported between twofside8BBB by the CMT and active

efflux transport systenflSusuhareet al.2001 Tamaiet al.2000. Although the CMT systems

are usuallyesponsible for blood to brain influx of solutes, this transport systems can also
promote brain to blood efflux. The active efflux transporter (AET) systems usually mediate
the brain to blood efflux transport of substrates., Atsme AET systems such agamic

aniontransporting polypeptide and organic anion transporter can function as CMT systems.

1.2.6.4.1.1Carrier-mediated transport
The GLUTL1 glucose transporters are responsible for transporting glucose, deoxyglucose and

other hexosesiathe BBB to provide ther&n with energy. Large neutral amino acid
transporter 1 (LAT1) transports both large and small neutral amino acids, as well as certain
amino acid based drugs such as matipd, Ldopa, and gabapent{iRardridge, 2007
Levodopa which & lipidinsoluble precursor of dapae has been used for the treatment of

Parkinson's di s e a sanindandcarboxye periplheraloymups that allav t h e
it to compete for transport across the BBB by the large +aauninal acid carri¢Wwadeet al.

1975. However, basic amino acids, such as lysine or arginine are transported by the cationic
amino acid transporters. The monocarboxylic acid transporter transports metabolism
intermediatesuch as pyruvate, lactate, ketone bodies and certain monocarboxylic acid drugs
such as probenecid. The nucleoside transporter is responsible for other protein metabolites
such as nucleosides, purine and certain pyrimidine nucleosides like uridine.ddtynbeer,

purine bases metabolites, but not the pyrimidine bases, can be transported across the BBB by

CMT systemgChenet al.2012.

The diversity of CMT systems opens many windows for modifying the mdlecilae ©f

drugs that normally do not cross the BiBnedicinal chemistry by mimicking the chemical
structure of endogenous substrates of CMT systems. Like most biological transporter systems,
the BBBCMT systems are saturable at high substrate concentrations. However, these

transporters are not effectivelgturated by the modifisttucture drugsn vivo This is
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attributed to the fact that th¢, of the BBB CMT systems imore than tefold above the

existing plasma concentration of these drugs. The main drawback in this case would be in
maintaining actiyi of the drug for its corresponding receptor in the brain beyond the BBB.
Alternatively, certain medicinal chemistry approaches can be used to make the modified drug
molecule substrate to certain enzymes in the brain that convert these modifiedktoig

the parent drug after crossing the BB8orgievat al.2014.

1.2.6.4.1.2Active efflux transport
The mosimportant AET system at the BBB is thgpRoump, which is a product of the ATP

binding cascade (ABC) transporter B1 gene. However, there are many other members of the
ABC gene family that act as energy driven active efflux pumps at the BBB, includirgg memb

of the ABCC and the ABCG2 gene fartitlgrdridge, 200paMoreover, AET of drug from

brain to blood is a process performed by two efflux transporters in series, which are an energy
dependent transporter and an energlependent transporté?ardridge, 200balhe energy
dependent traporter from the ABC gene family can be found at the luminal membrane side,
whereas the enermylependent transporter can be expressed at the abluminal membrane side

of the brain capillary endothelial cell.

P-gp is the main transport system responsibkxtruding many molecules from the brain to

the blood circulation including many drug molecules. Even if certain drug molecules manage
to cross the BBB to the brain, they will not reach the minimum therapeutic effective
concentration inside the brain doe¢he rapid and efficient removal of these drudised®-

gp pump. Thereforénhibition of Rgp activity may result in an improved drug delivery of
certain drugs that are substrates of these active efflux transporters into the brain. This strategy
of improving drug accumulation in the brain is based-adnemistration of the dguwith a
pharmacological modulator which inhibits efflux pump systems in BBB. The principle of
applying Pluronfcblock (or poloxamers) copolymers to siffithe action of Ryp efflux

pump was implied by an early study conducted by éfliigMiller et al. 1997. The study
examined cellular accumulation of radioactive rhoda&8nehich is a sele Rgp pump

substrate in brain microvessel endothelial cell monolayers. The study indicated increase in the
concentration of rhodamiri®3 inside the brain tissue whemdministrated with Plurofiic

P85. Later studies have confirmed that PIfr&&6,may be used not only as an effective P

gp pump inhibitgrbut also as a drug delivery ca(dabanowet al.2003.

However, the p inhibition approach is appropriate to improve the delivery of therapeutic
agents intended for the treatment of acute diseases such as brasmtwendbhe goal of the
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delivery is to maximise the drug concentration inside thédprairelatively short duration.

The chronic administration ofdp inhibitors may obstruct the physiological homeostatic
regulation provided by-gp pump(Begley, 2004 Moreover, extended blockade efpP
functions in the BBB by-§p inhibitors can lead to a considerable increase of brain
concentrations of various xenobiotics including many (Bargsidge, 200pa hus the shut

off of P-gp pump function as efflux transporters in the BBB causes dramatic cytotoxicity
inside the brain. Consequently, doses of these drugs that are normally well tolerated might
become eventually neurotof@chinkekt al.2003. Finally, losing the protective function of
P-gp pump in various cells and tissues by the prolonged applicatigp @fhibitors,
especially if they are poorly selective, confesight risk of systemic cytotoxicity due to the
reduction of drug eliminatightscheret al.2003. Thus, the enhancing of drug transport into

the brain by using-@p inhibitors strategy must be applied with extreme caution and restricted

to transient application.

1.2.6.4.1.3Drug transport across the BBB via AMT
AMT has recently gained notablpantance as a candidate pathway for drug delivery through

the BBB due to growing evidence exhibiting the success of this transport pathway for
delivering drug molecules into the brain usingemditrating peptides (CPRsay cationic

proteins as drug caars(Herveet al.200§. CPPs are positively charged peptides in nature
with amphipathic characteristics and are capable of entering living cells rapidly without
producing cell membrane lysis or other cytotefiects. These CPPs utilise AMT
endogenous transport pathway to enter the Bitadty. are a group of short pplgptides of

less than 30 amino acids that are capable of penetrating cell membranes and delivering their
load into cell§Zorko et al. 200%. While each CPP differs in number of amino acids and
sequence, they share a few common properties which include their net positive charge,
amphiphilic nature, ability to interact with Ilpp biological membranes and to adopt a
distinctive secondary structure upon conjugation with lipid mgRoadsellet al. 2000.

These peptiddsave been successfully used as host carriers for delivering drug molecules that
are Pgp pump substrates by effectivefpassing #p pump in the BBB. For instance, they

have increasdte transfer ofloxorubicinananticancer drug, into the rat brain parenchyma

up to 36fold (Roussellet al.2000.

CPPs can facilitate the intracellular penetration of polar biomoiecuiesard in vivo
(Deshayest al. 200% and they wereshown to promote the transport of morphtre

glucuronide to the brain tissue in a clinicaldeaBoerret al.2007. Another notable success
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to increase brain uptake of poorly brain penetrating drug molecules by AMT is the use of
vectors such as SynB3 mgs(Adenotet al.2007. These peptides are derived from a natural
mammalian antimicrobial peptide and have high affinity for negatively charged membranes.

While CPPs carriers are mainly suitable for the delivery of small loasislsymhugleotides

and peptides, previousstudy (Schwarzeet al. 1999 hassynthesised full-lengh fusion
proteins that contained an eleven amino acid protein transduction domain fromihe HIV
which is a traractivating transcriptor protein with 101 amino acids that cdntionsains.
Transduction process of the evaluated proteins wazlhgpecific and was seen to happen
even across the BBB implying the ability to cross this barrier. Further proof of this mode of
peptidebased delivery was introducedusther studyCaoet al.2002 whichfused BekL
(anttapoptotic protein) to trarativatilg transcriptor protein and injected the conjugated
compound intraperitoneally into mice that were affected by stroke resulting in inhibition of
neural apoptosis.

1.2.6.4.1.4Cell-mediated drug transport across the BBB
Cellmediated drugransportemploysspecific immne cells taeliver molecules tbe brain.

These cells engulf narmw microsized carriers loaded with desired drug molecules and traffic
them through the BBB to deliver their load to the target sites inside the brain. The advantages

of cellmediated spping of drugs through the BBB are based on the following:

1) In brain disorders such as M&heimed disease, brain tumours, Parkinson's disease,
stroke, and HIVl associated dementia, the accompanied inflammatory response causes
extensive recruitment and shipping of leukocytes (neutrophils and monocytes) in the brain
tissue. Alsdhe process of chemaia causes other inflammatory cells such as phagocytes and

T-cells to migrate towards the site of inflammé@ibenet al.2012.

2) Monocytes, macrophages, and neutrophils are phagocytic cells and haveoa trend t
endocytose small sized particles, liposomes and sulhgegoegtose¢hemto releas¢heir
drug loads into the external mgDialekeet al. 1990Panyanet al.2003Rogerst al.2005.

3) The drug can be conjugated or loaded into mamoicrecarriers in high payloads, to be
then taken up by these c@llbenet a.2012.

4) Applicationof a magnetic field following CMT combination with magnetic particles can
further enhance the brain delivery for the clinical diagnosis of inflammation sites and tracking

of nanomaterial€henet a.2012.
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5) Blockingcertainpathways that viruses and other pathogensak@yor entering of the
brain by competing with them on these path{@henet al.2012

1.2.6.4.1.5Receptormediated transport across the BBB
Certain large peptide proteins in the blood stream such as insulin, insulin like growth factor

and transferrin undergo RMT across the B&Btheir endogenous peptide receptors
(Pardridge, 19%7 These transportesystems are highly specific dahdy uptaketheir
substrates presented on the luminal side of the brain endothelial cells and deliver them inside

the brain with the receptor recycled back to the luminal membrane(@hdaeeal.2003.

Although a number of receptors expressed in the brain endothelial cells have been discovered,
sufficient knowledge of their distribution and differential expression at BBB in the diseased
brain iscurrently lackingThis represents an issue that requigenuattention as it has a

huge impact on the effectiveness of the targeting approaches of many new DDSs, including
the molecular Trojan horse approach.

The most commonly known receptors involved in RMT are the transferrin receptor (TfR
insulin receptor (NSR), lipoprotein receptors and diphtheria toxin receptor (DTR). TfR
promoteghe transcytosis of transferbiound iron through the brain capillary endothelial cell

in humans and it is the most well identified endothelial cell réPeptinidge1997.

A study(Ulbrich etal, 2009 hasindicated a huge increase of loperamide passage across the
BBB into the brain tissue using human serum albumin nanoparticld$R§)ABupled to
transferrin as carrier system to target TfR. The loperahaiddedonto these transferrin
coupled HASNPs achieved powerful anticiceptive effects compared to free loperamide,
implying that transferrin coupled to HNBsis able to transport loperamide across the BBB
which it normally is unable to cr@edbrich et al.201). Targeting NSR can also improve
drug penetration to the brain. However, targeting these receptors mightirtsium
metabolism and utilisation in theain;therefore, it must be used with caution. A study
(Boadoet al. 2007 hasindicated that the brain delivery of iduronadelfatase (which is a

large molecule drug that does not cross the BBB) was improved after attaching to IgG domain
suggesting the potential of using this domain for delivering drug moleculessdahchgghe

the BBB in human.

To ensure efficient drug delivery to the brain, specialised techniques must be applied to deliver
poorly penetrating drugs rather than depending on simple drug diffusion to the targeted tissue.
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One of the promising techniques ictmjugate limited penetration therapies with specific
carrier systems capabfeferryingthese drugs to the other site of desired biological barrier.
Among these carriers, dendrinfexge attracted attention as possible drug carriers because of

their unigie propertieand characteristi(gateset al.2004.

1.3 Dendrimers and dendrons
Dendrimers are highly branched thdimeensional macromolecules with highly controlled

chemical structures, uniform MWSs, a large number of controllable peripheraiafuncti
moieties and a tendency to adopt a sphere shape once a certain molecular magkiis reached

et al.1999. Tomaliapr oposed the term dendrimer (origi
which means tree, a n d(Tomatieetr ah X985 tovdescribehthesee a n s

molecules due to their characteristic structural features.

The architecture of a typical dendrimer consists of three different regions: (a) a core or focal
moiety, (b) repeating building units with severabmkayers called "generations” (Gen) and

(c) multiple peripheral functional groups on the outer layer of repeé&Camisadet al.

2005. Removing the dendrimer core will result in formation of identical fragment units called
dendrons(Aulentaet al. 2003. The number of branchingrepts in these dendrons will
determine its generations (e.g. Gen0O, Genl, and Gen3) andWind@igdre 1.4). The
number of peripheral groups will increase as the generation of the dendron increases
(Menjoge, Kannan Ret al.2010.

?/\\(y;( K'Kg) 7 \Lﬂ\\[(: {/“J’ 3
Tt Y Y
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C Q/S/(/ x© b Dendron

Dendrimer

Figure 1.4Basic structures of dendrimers and dendrons. The size of the dendrimer molecule is based on the
number of repeating layers added and each layer isnteprdsy a generation (Gen). These generations will

determine the number of peripheral functional groups (Gen0=2, Genl=4, Gen2=8, Gen3=16)
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1.3.1 Types of dendrimer
Based on their structural shape, end functional groups and internal cavities, dendrimer can be

classified into the following typ@sariget al.201%:

1 Polyamidoan{fpP@MAM) dendrimeffiese spheroidal shape dendrimers are highly soluble
and reactive due to the presenca lmfjh number of functional peripheral groups and
empty internadpacegRoseitaet al.200]1 Schiavoret al.2004 Tomaliaet al.1990.

1 Polypropyleneinfitfel) dendrimef$ese diaminobutane based core dendrimers have
primary amines as peripheral groups and tertiary propylene amines as centre groups. These
are commercially available up to Gen5 and are widely used inirbiapgdigation such
as drug delivery and disease diag(Bsasaet al.2002

1 Chiral dendrimefhese dendrimers are built by attaching structurally different but

chemically alike branches to a chiral focal (ptamtakeet al.1993.

1 Multilingual dendrinTdrsse are the dendrimers which hold multiple copies of a particular
functional grap on their peripheral surfg@ishkaetal, 2008.

1 Tecto dendrimBngse dendrimers are made up of core dendrimers that are surrounded by
other types of dendrimers. Tecto dendrimers are used to perform specific diagnostic and
cargo delivery functio@®ushkaet al.2008.

1 Hybrid dendrimdilsese dendrimers have a combitedacteristic of both dendritic and
linear polymefPushkaet al.2006.

1 Amphiphilic dendrim&rsese dendrimers are characterised by having both electron
donating and electron withdrawing groups on their outer surfaces.

1 Peptide dendrinfaréno acids are the building or branching uniteesfe dendrimers.

These are widely used in medicine used for the diagnosticgamdadelg and vaccine
deliveryYasukawat al.2004.

1 Frech&gpe dendriméreey are characterised &ypolybenzylether hyper branched
skeleton. Their peripheral carboxylic acid groups can provide sites for further
functionalisation and enhance their solubflagukawat al.2003.

1 Polyamidoamine organosilicon (PAMAMOS): ddred@rmlison containing commercial
dendrimers are inverted mieglwhich contains hydrophobic organosilicon groups in the
exterior outside and hydrophilic nucleophilic PAMAM groups in the interior side
(Yasukawat al.2003.
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1 Multiple antigen peptide den@inesersire dendrdike molecular conjugates based upon a
polylysine frame. Lysine withatkyl amino sidehain acts as an excellent monomer for
the multiple branching poir{i&ipathyet al.2013.

1.3.2 Physicochemical properties of dendrimers
The chemical and physical properties of dendritic molecules are highly affected by the nature

of their functional peripheral grouf@mmermanet al. 2003. Thus, for example, the
solubility, stability, aggregation, viscosity and chemical reactivity of each dendrimer can be
altered by modifying its peripheral groups. Moreover, itwoatibnal flexibility as well as

its spatial and surface chemical structure is influenced in the same manner. The effect of the
peripheral functional groups on the properties of dendrimers increases with higher
generations since the number of end grotias adeally synthesised dendrimer increases

exponentially with the addition of further generations.

Dendrimers and dendrons have unique characteristic features which are in sharp contrast to

those of traditional polymers sucliSaensoret al.200%:

a. A dendrimer can be synthesised as a monodisperse single compound with a uniform MW,
unlike most polymers whose synthesis affords a wide range of moleculaliftgréies
in MW.

b. Dendrimers have a predictable titieeensional architecture, especially with increasing
generations.

c. As the generation number of dendrimers increases, their molecular size increases
accordingly.

d. The layer after layer synthesidasfdrimers allows for sielective functionalisation.

e. As the MW increases, the properties of dendrimers (e.g., solubility, chemical reactivity,

viscosity) will depend on the nature of their peripheral groups.

1.3.3 Pharmaceutical applications of dendrimers
There is an exponential increase in the use of dendrimers in pharmaceutical and medical

chemistry. A variety of applications have been explored and adopted to use slendrimer
dendrons as gene carriers and medical imaging agents for diagnostic pagpdisies, o

their applications in DDS$&bbasiet al.2014 Gagliardi, 202 Madaaret al.2014 Noriegaet

al, 2014. Finally, some dendrimers can act as potential therapeutic agents for specific diseases
(Issaet al.2015Meikleet al.2013Svensoret al.200%.
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1.3.3.1 Gene delivery
The first report of using PAMM dendrimers for transfection was published in 1993.

PAMAM dendrimers was conjugated with DNA into different types of cultured mammalian
cells. The gene delivery efficiency was a function of both the size of the dendrimers and the
dendrimer to DNA ratigHaensleet al. 1993. Recently, various polycationic materials like
poly(L:-lysine), polyethyleneimiaad positively charged liposomes have been used-as non
viral gene carrie(@uptaet al.2014. Some dendrimers with peripheral amino groups are also
currently undergoing investigations asuirah gene carriers due to their structural regularity
and multivalent properties. Commercially available PAMAM addrilfimers are the most
representative dendrimers for use asvitah gene hosts due to their high affinity to
negatively charged nucleic acras relatively low cytotoxicifpbbasiet al. 2014. These
polycationic dendrimers form conjugates with DNA through electrostatic bonds between the
protonated primary amino groups on the derer surface and the negathadigirged
phosphate moieties of nucleic acids. Moreover, PAMAM and PPI dendrimers with tertiary
amine groups have a higlifeérng capacity and thastas a weak base to retard degradation
caused by alification within the endosorysosomegDenniget al. 2002 Madaanet al.

2014,

Besides PAMAM and PPI dendrimers, pdigine) dendrimer are often used for gene
delivery. Polydysine) dendrimers with 64 and 128 peripheral amino groups expressed
efficient gene transfection properties in different cultivated celfQimskiet al. 2002

Finally, polypénylene dendrimers with upl#®lysine repeat units or short peptide sequences
with up to5 lysine or glutamic acid monomers have been successfully synthesised to study
nucleic acids complexation and casdtonas well as faheiruse as building monens for

innovative supramolecular architect(lesrmanret al.2003.

1.3.3.2 Diagnostic applications of dendrimers
Dendrimers are extremely appropriate and used as image contraghdraedimolecular

probes becausaf their unique characteristics and distinatphwogy (Patel, 2013 For

instance, the immobilisatiah sensor units such as aviffoon et al. 2000 and sulfur
dioxide(Albrechtet al.2@M0) on the surface of dendrimers is a effigient way to produce

an integrated moleculprobe. A previous studgptearset al. 2000 has reported a highly
sensitive sulfur dioxide sensor that consists of a dendrimer having arylplatinum complexes as
surface functional moieties. Several nuclebbaed dendrimers and DMdased dendrimers

have been introduced for amplifying purposes bfidmgation signals. A fluorescent

oligonucleotide dendrimeric sigaaplification system was introduced to microarray
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technology forenhancing signal detection on DNA microarrays. A highly fluorescent
dendritic molecule with an optically active binaplk#rvative at the focal point of the
phenylenethylenebased dendrimer has been utilised as a signal amplification method for the
detection of chiral amino alcoh@ong et al. 200). A number of research groups have
studied the use of dendrimers asva class of high MWIRI imaging agen{&obayashi,

2003 Kobayashet al.200).

Hydrophiliciodinated dendritic nanoparticles, consisting of four generation dendrimers
conjugated to triiodobenzene derivativas beenexplored as contrast agents for computed
tomography imaginyordanovet al.2002. The high iodine content of these materials yields
higher spatial relstions compared to iodinated small molecules. Another type of dendritic
iodinated imaging agent has a polyethyleneglycol (PE&)pfeocaith two dendritic polyL

lysine) dendrons and triiodobenzene derivatives at both PEG termini. AnGderydotc

contrast imaging agents was syrs#tesriginally, using different PEG cores wiBod
lysinegenerated dendrimer (to act as amplifiers) containing 16 to 64 peripheral amine groups
for conjugation with reactive triiodo moieffaset al.2006.

1.3.3.3 Therapeutic applications of dendrimers
The multivalence surface of a dendrimer can be very beneficial for immobilising a large

number of functional materials. Numerous sugalified dendrimers have been synthesised
to explore the cluster effect of sugar groups on various biological fuRciiamsample,
mannose modified pélylysine) dendrimers were examined for their inhibitory action with
respect to the type 1 adhesion of fimbrigtezblto red blood cellNagahoret al.2002.

Specific typeof polyanionic dendrimenay reduce the cellular internalisation of viruses
through competition with thenegativekgharged cell surface. For example, PAMAM
dendrimers with naphthyl sulfonate residues at the surface have been noticed to have antiviral
activity (Myriam et aJ. 2000. Moreover,poly(L-lysine) dendrimers with sulfonate surface
groups were found to be useful as viral inhibitors for the herpes simpliexwiirgBourne

et al. 2000. Dendrimersalso seento providepromising candidates to be used in boron
neutron capture therapy af8huklaet al. 2003 phatodynamic therapipichtel et al.2004.
Finally, osteoconductive phosphosemoeified polyi(-lysine) dendronsereused in tissue
regeneratio(Meikleet al.2013 and polyl(-lysine) dendrorfsave been applie$ modulators

of quorum sensing iRseudomoaasuginogad might represent a novel therapeutic strategy
for the treatment of antibiotresistanP. aeruginasiectionglIssaet al.2015.
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1.3.3.4 Dendrimers for drug delivery
The discovery and developmenanbvel drug is generally a very long and expensive process

which may take up tibyears and cost up to 500 million pouyBaddtenet al.2002. Despite

the fact that various potential new drugs have been developed, many fail to provide the
desired therapeutic effects in the clinical trials due to undesired sidéGéitsetst al.

1999. Controlled drug release and-sjtecific drug delivery may significantly enhance the
therapeutic effect of drugs by lowering uretg$ocalisation, allowing for easier optimisation

of the drug concentratigisfandet al.200).

A pioneering work reported the creation of a dendritiqJamseret al. 1994, which has
protected amino acid groups on the 64 amine terminal of PPl dendriveedendrimer
couldsimultaneously trap up to four large guest moldcogeBengal stain) and1® small

guest molecules (pamiérobenzoicacid). Upon deprotection of the terminal moieties,

surface outer shell opened and the loaded moleculedlovesd to leak from the dendrimer.
Crosslinking, aciebase interactionsand hydrogen bonding have been utilised for the
formation of dendrimeguest conjugatefBoas et al. 2002. These general hegtiest
chemistry binding strategies are promising for the development of drug delivery hosts due to

the ability to bind several different chemical moieties simultaneously.

The use of dendronised polymers in numerous biomedical applisatioras in drug and

gene delivery and in imaging has increased due to the adaptability of dendrimer chemistry,
allowing the synthesis of a broad range of molecules with different funaifbizsiet al.

2014 Gagliardi, 201 Guptaet al.2014. One of thenteresting features of dendrimers is their
unique density distributios.g., the relatively flexible inner space around the focal point and

the densely packed peripheral functional moieties. This special architecture has the potential to
be used as a host molecule for encapsulating small molecules into the flexibleanner spa
(Patriet al.2012. Alternatively, the highly functional peripheral groups of dendrimers can be
used for multiple conjugating interactions especially in drug d€ivptg et al. 2014
Longmireet al.2011 Svensort al.200%.

It has been demonstrated that dendronised polymers caedin pharmaceutical and skin
careproductgSahocet al.2007. Functionalisation of PAMANendrimewith antiperspirant
deodorant constituents has been documented to succassfedgeheir efficacy on skin
(Menjoge, Kannaret a).201(). Moreover, dendrimésase products have been utilised for
different cancer therapy such as for glioblastoma, prostate cancer, and bone (he¢sttases
al, 2012
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In addition to the above basic hgstest chemistry strategies, numerous therapeutic agents
have been explored as guest molecules for drug delivery. Ibuprofen, which is an anti
inflammatory drug, was evaluated by conjugation and encapsulation into third and fourth
generation PAMAM dendrime$anis et al. 2009. In this study, up t&’8 ibuprofen
molecules were found to be conjugated to the PAMAM dendrimers by electrostatic bonding
between the carboxyl group of the drug and the amine groups of the PAMAM dendrimer.
The conjugatedbuprofenwas found to enter epithelial catisvitromuch more rapidly
compared to the free ibuprofen, implying that dendrimers may be able to efficiently ship
complexed drugs inside of céislhe et al. 2003. In another study, the armticer drug,
doxorubicin, was covalently bound to the periphery of a pelyestel, second generation
dendrimer via an acid labile hydrazone linKHge.cytotoxicity of doxorubicin was
significantly lowered, and the drug was successfully taken uprdlycaecer cell lines
(Padillaet al.2002. Recent research ha®wn significant improvement in the bioavailability

of pilocarpine in the eye by using susfagdified dendrimeSrinivast al.2014.

For target specific drug delivery, several targeting groups have been successfully introduced
onto the outer surface of dendrimers. For example, folate was combined with a PAMAM
derdrimer for the targeting delivery of methotrexate (anticancer drug) into cancer cells
(Quintanaet al.2002. Poly(l-glutamic acid) chains with a folate moiefeintroduced to

the periphery of second or third generation PAMAM dendrimers to create a novel
biodegradable polyme(§anseyet al. 2004. The controlled release of adriamycin and
methotrexate (anticeer drugs) were achieved after encapsulatingPiE@modified
dendrimers(Xu et al. 2014. The highly functional &3 PAMAM dendrimepaclitaxel
conjugates demonstrated good stability under physiological conditid2dodahdyreater
permeability across CeaZaell cells monolaydrsvitrahan paclitaxel alor{®adaaret al.

2014,

MS acute relapses are treated byrdlatnmatory drugs, glucocorticoids. Methylprednisolone
(MP) is the drug of choice in such treatment. However, MP poor penetration tineough
BBB urges the use of high doses of the drug reachR@ fb@l the stated daily dose
(Gaillard, Appeldoorret a).2012.

1.4 Methylprednisolone
Methylprednisolon@MP) (Figure 1.5) belongs to the glucocorticoid family which is a class of

steroid hormones that bind to the glucocorticeaptor (GR), which is present in almost

every vertebrate animal ¢e#lt,201). The name glucocorticoid (glucose + cortex + steroid)
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originates from its role in the adjustment of glucose metabolism, its synthesis in the adrenal
glandcortex and its steroidal structure. Glucocorticoids are very effecingaammatory

drugs in the treatment of many acute and chronic inflammatory conditions and immune
diseases such as rheumatoid arthritis, asthma, inflammatory bowel diseadécdnaaisld

et al. 2017. Cortisol (or hydrocortisone) is the most important endogenous human
glucocorticoid. It regulates oupports many important metabolic, cardiovascular,
homeostatic and immunologic functiodohamadi et al. 201J. Various synthetic
glucocorticoids are available which are used either as replacement therapy in cortisol
deficiency or to suppress the immune system in specifal dases. The most powerful
synthetic glucocorticoids include betamethasone, dexamethasone and MP. Glucocorticoid
effects may be broadly classified into two major categories which are immunological effects
(or the antinflammatory action) and metabaifects. In addition, glucocorticoids play
important roles in foetal development and body fluid homedsiasisal.2013.
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Figure 1.5Chemical structure of MP. The chemical form@atitsOs and the MW is 374.48 Da

1.4.1 Inflammation suppression by MP
Chronic inflammatory conditions involve the accumulation and activationyofmmame

and inflammatory celghich release several inflaatory mediators that initiate a cascade
resulting in activation of structural cells at the site of inflammation. Each inflammatory
response will have a different pattern of inflalromaepending on the type of mediators and

cells that are involved in the prodBssnes, 1992004. However, all inflammatory cascades

are characterised by elevated expression of multiple inflammatory mediators, some of which
are common to all inflammatory cases, whereas others are more unique to a specific response.
The elevated expression of mosthese inflammatory mediators is regulated at the level of

gene transcription through the activation ofipitammatory transcriptioiactors, such as

nuclear factekB (NFkB) and activator proteth (AR1) (Barnes, 2006b These pro
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inflammatory transcription factors are activatatiriost all inflammatory responses and play

a critical role in perpetuating and amplifying the inflammatory process. For exakiple, NF
activated in chronic obstructive pulmonary disease patients and the respiratory airways of
asthmatic patien{®i Stefancet al.2002Hart et a].1998, in the joints of patients suffering
rheumatoid arthritiéMuller et al.2002 and also activated the blood vessels of patients with

atheroscleros(dMonacoet al.2004.

Regardless of theauseinflammation glucocorticoids can act as potentiaffiammatory
agentgBarnes, 200§bThese drugs not only suppress immune responses, but also inhibit the
two main products of inflammatory conditions, prostaglandins and leuk{Riemed a.

2009. Glucocorticoids impose their potent -amftammatory affects through the activation
and suppression of many jinlammatory and anatiflammatory genes, as well as lgavin

posttranscriptional effec(Barnet al.2009.

1.4.1.1 Gene activation
After diffusing across the cell membrane, glucocorticoids bind to glucocorticoid receptors

(GR) in the cytoplasifiRhenet al. 200%. This binding will activate and release GR from
chaperone proteins and GR will be rapidly mobilised to the nucleus where they exert their
molecular effects. The mechanism of nuclaasldacation of GR involves both the nuclear
import protein importrd  a nd -Hl3f@otdiarb ét @l. 2004 Tao et al. 200§. Once

inside the nucleus, GR undergoes homodimerisation followed by complexation with
glucocorticoid responséements resulting in sshitngon (or sometimes switchinff) gene
transcription. Switchirmn glucocorticoidlesponsive genes results from an interaction
between the DNAound GR and transcriptional coactivator molecules such as cAMP
response elemebinding proteinito et al. 2000. The main genes that are switched on by
glucocorticoi ds ar gsdramergictrdcgptorg whictntsibute to ¢the d i n g

antrinflammatory actions of glucocorticdiarnes, 2006&lark,2003.

1.4.1.2 Switching-off inflammatory genes
The major effect of glucocorticoids in reducing inflammatory conditions is by switching off

many activated inflammatory genes which encode for chemakiodénes, adhesion
moleculesjnflammatory enzymes aneceptors(Barneset al. 200%. These inflammatory
genes are usually activated at sites of inflammation -fflggnonatory transcription
mediators, such as MB and activator proteih (Clark, 2008 After being activated by
glucocorticoid, GR interact with corepressor molecules to suprelsB-aNsociated

coactivator activithus reducing the inflammatory resp@Bsenes, 2006k0 et al.2000.
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An additional mechanism by which glucocorticoids might reduce inflammation responses is
their potent inhibitory effects on signalling pathways of miotjeated protein kinase by

the induction of protein kinapdosphatasg which in turn can supress the expression of
many inflammatory gen@arnes, 2006&lark, 20083

Anti-inflammatory
proteins

Glucocorticoids

®
|

p ——

/c etylation

transcription

Gene repression

Figure 1.6Activation of antinflammatory gee expression by glucocorticoids.

1.4.1.3 Posttranscriptional effects
When cells are stimulated by inflammatory factors, sonAwlammonatory genes such as

TNF-a, which usually have unstable messenger RNA that is rapidly degraded by certain
RNAses becometabilised, consequently enhancihg inflammatory proceg8arnes,

20060. Glucocorticoids reverse this stability, causing rapid degradation of inflammatory
MRNAs and reduce inflammatory protein syntfi@sigmanret al. 2004. This action may

be mediatedvia the elevated gene expression of proteins that destabilise mMRNAs of
inflammatory protein&moalet al.2008.

1.4.2 Sideeffects of MP
Despite its efficient antiflammabry action, MP causes many -giflects especially if it is

used irrelatively high dedor prolonged periods and treatmisstuddenlygstoppedDostert

et al.2004. The systemic adverse reactions of MP include fluid anolygtedisturbances,

peptic ulceration that may cause stomach perforation and haemorrhage, muscle weakness,
development of Cushingoid stagmwth suppression in childrand ophthalmic problems

(Smith et al. 1983 Moreover MP inhibits endogenous cortisol and adrenocorticotropic
hormone (ACTH) secretion by a negative feedback effect on the pituita(@rgltret al.

1983. This hypothalamystuitaryadrenal agi supprssion is dosdependeneand usually
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only occurs when the dose of MP is higher than 10 mg per day. Usually, suppression after
short courses of steroid therapy is not a problem, but prolonged suppression requires careful
attention. For these reasons, MPapgespecially when used in high doses (more than 60 mg
per day) for prolonged periods and must not be stopped suddenly and must be reduced slowly
(Spiest al.201).

1.4.3 MP for the treatment of MS
MS patients often exhilgitrelapsigeremitting patterrfacute phase) in the early stages of the

disease. These relapmesausedy recurrenieakage of awaggressivé-lymphocytes and
monocyteghrough the BBBnto the brain where they promote inflammatiand leado
nerve demyelinatip gliosis an@xonalfunction degeneratio/Vanget al. 2003. Although
most patients fully recovefter a relapset can takeong duratiors (weeks or months
(Jongeret al.2016.

High-dose intravenoudP (5031000 mg dailyfreatmenigiven over a period 85 days is
often used as the stand#nérapyfor MS acute phase&ellebjerget al. 200%. MP poor
permeability through the BBBplainghe use of such elevated dasel) folds the daily
recommended dosé)lithoughtreatment wittsuchhigh-dose of MP shortens the periad
therelapssand increases the recowdrgnce, the exattechanisms by whidhP exersuch
beneficial effects armt well establishett may be relatetb the drugmultiple biological
ways ofexerting itsactiors (Anderssoret al. 1998. Some of the beneficial effects of MP in
the treatment of M&cutephasesre thought to be mediated through shppression of
immune functionélovaaraet al.2008.

Like other corticosteroid drugdlP is associatesith a number of adver effects, affecting
the skin, skeleton, muscles, e@@NS, electrolytes balance, metabobsw,the endoare,
cardiovascular, immune, agdstrointestinal systemssuallyin a dosalependentway
(Schacket al.2002. Although most seriowdverse effects are related toldheterm oral
administration shot-term corticostero#thduced symptomare frequent, especially with
high-dose treatment neededtteatMS relapseflongeret al. 201§. Althoughthe adverse
effects ofshortterm MP treatment of M&lapseseldom require hospialion or medical
interventionsfrom a patient perspeet, they mayause a disturbancepatients and affect
the quality of lif¢Guidryet al.2009. A recent studfdongeret al.2016 hasindicated thaall
patientstreatedwith high-doseintravenousMP suffered fromadverse effect3he most
common severadverse effects wemeuscle weaknessdeep disturbanceausea or having

stomach paiand being agitateBurthermorein MS patiesst the distress fromNS related
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adverse effectike changan mood sleep disturbancand behavioural changeyadd to
the burden of M&elatedCNS symptomsThus minimising the adverse effects of MP in MS
patients by improving its penetration through the BBB is a d¢nugiaementfor MS
patients.
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1.5 Aims and objectives of the thesis
Prevention of the uptake of most pharmaceuticals into the brain due to the presence of the

BBB is the main obstacle in the treatment of many neurodegenerative diseases including MS.
This property arises from the TJs within the brain capillary endotheuertheless, drugs
intended for CNS disorders can be reengineered for BBB transport utilising endogenous
transport systems within the BBB endothelium. Poorly penetrating large molecule drugs can
be incorporated with molecul@rrojan horsé delivery systes to employ RMT systems

within the BBB. Among these poorly penetrating drugs across the BBB is MP which is used in
MS The penetration of MP to the brain which is hampered by the presence of BBB imposes
the use of high doses of MP to treat MS relapsels.h81h doses will cause numerous
adverse effects in the patients and more advanced methods are needed to deliver MP to the
CNS. One of the promising methods is the attachment of MP to certain peptides including
dendrons which cagmenetrateéhrough physiolgical barriers with the aim of improving MP
penetration.

Four specific research questions emerge regarding the possibility of improving MP
permeability across the BBB using special drug delivery approaches. The aim of the thesis will
be to answer these imguestions:
1) Is itpossibldo conjugate MP to a spelgi@ngineeredendronisedarrier?
If so,
2) To whatextentdoessuchconjugationmprove MP permeability acrassiodel othe
BBB?
Also
3) What are theytdoxicity patterns of the synthesised conjugates compaitezirto
parent compounds (free drug and dendpons)
And
4) Doesthe attached MP retain its anflammatory activity avill the conjugatiomwith

the carrieresult inthe losof the pharmacologicaitavity of the drug?

In answering these key research questions, this study will seek to address the following
objectives:
i. Design, synthesise and characterise a glutadbiwh®n based carrier system for
MP.
ii. Investigate theytdoxicity levels othe conjigated molecules using different

cytotoxicity assays.
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Detect the potential increment in MP permeabilitie BBB byanin vitrdBBB
model whenthe drugs cornugatedo the specialisaxrrier system.

Test the ability ofthe conjugatedMP to retain its aninflammatory activity
comparedd unmodified free drug utilising iarvitronodel based on target neuro

glial cells.
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Chapter 2.Synthesis and characterisation of
dendron-MP conjugates

45



2.1 Introduction
Since their introduction in the 1980s, dendrimers have attracted considerable attention due to

their unique structure and properties. Their distinctive properties such as multivalency, high
degree of branching, wadfined molecular architere, excellent uniform structuaad

highly adaptable chemical structure make them promising new scaffolds for medicinal and
diagnostic chemistfBosmanet al. 1999. Dendrimers can hold many terminal functional
groups that can be chemically attached to other moieties in order to adjust their surface
properties for various applications. Moreover, by using the homogenedy tfrdée
dimensional structure, a variety of biologically active agents can be incorporated into
dendrimers to form biologically active conjugates, including novel drug(kaueaset al.

2014. Thus interest has increased in the design and synthesis of novel biocompatible
dendrimers for application in many fields of molecular bioscience includingldpeneetve

of vaccines, antimicrobials, and antivirals, as well as to act as carrier hosts and permeability

enhancers for drug delivé®yvensort al.2003.

Unlike traditional polymers, dendrimers have drawn considerable attention in different
biological applications owing to their high solufidyoCastroet al.2012, biocompatibility
(Duncanet aJ.200%, polyvalenc{Pattonet al.200¢ and precise M\ omalia, 2005These
advantages make them an ideal carrier for drug delivery dadjeditegy applications.
Different categories of drugs that have been incorporated in these versatile carriers such as
anticancer drugs, nonsteroidal -exffammatory drugs, antiulcdrugs, amtHIV drugs,

diuretics, antifungal drugs, dnpertensive drugs and antibiafi¢éadaaret al.2014.

2.1.1 Dendrons synthesis
Dendrons are synthesised by a fully controlled stepwise réacti@onet al. 200). Two

main synthetic strategies are used to cons&ndtitic structures, which are the divergent

approach and convergent approach.

The divergent method was first introducetléykome(Newkomeet al.198%in the 1980s.

The divergent approach (Figure 2.1) to dendron synthesis is based on a stepwise layer after
layer addition that starts from the focal core and builds up the molecule towards the periphery
using a pair of basic chemical operations whecki)acoupling of building units and (ii)
deprotection or modification of peripheral moieties of the outer surface to create new reactive
functionalities. This pair of basic procedures is often referred to &gaiwéh of a
generatiof The firstgenerabn dendrons are formed by simply attaching a branched unit to

the focal core, whereas to make a segeneration dendron, the peripheral groups of the
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first generation dendron must interact with the branched building blocks. This reaction is fully
contrdlable, as other functional groups on the building blocks are protected. Thus,
modification or deprotection of newly attached peripheral functional groups results in the next
branchinggeneration. This process is repeated until the desired numiending
generations is obtained.
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Figure 2.1Divergent method of dendron synthesis. The dendron synthesis starts from the focal core and builds

up the molecule towards the periphery using coupling and deprotection reactions.

The convergent growth strategy, an alternative method to the divergent approach for
producing precisely controlled dendritic architectures, was introduced by Hawker and Fréchet
(Hawkeret al. 1990. Unlike the divergent method, the reaction in the convergent method
starts at the surface groups of a dendritic molecule and proceeds to the core or focal point
(Figure 2.2). In addition to the divergent and convergent approaches, various alternative
synhesis techniques have been proposed that aim to reduce the number of synthetic and
purification steps and increase the final product yields, such aexjoartdatial dendrimer

growth approacfKawaguchet al.199% the doublestage convergent growth appro@icie,

1998 Labbeet al.199¢ and orthogonalaupling(Zenget al.1996.
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Figure 2.2 Convergent method of dendron synthesis. The synthesis begins at the surface functionalities of a

dendritic molecule and proceeds to the core.
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2.1.2 Solid-phase peptidesynthesis
Peptide synthesis may be conducted both in-phask(Takahashet al. 2012 and solid

phase(Schnolzeet al. 2007. Solidphase peptide synthesis (SPPS) has become the primary
method for synthesising peptides and spmateins that are essential for research in
biomedicine, biology, drug discovery and mtrey Gields(Sarenet al. 2012 SPPS saits

with a solid support resivhich is usually a copolymer of polystyrene wittivitdyloenzene

that should be insoluble throughout the overall conditions of the synthesis. The resin will act
as an anchor for the building units which form the syssttigmptide.

SPPS is defined by several factors, mainly the sé¢mfiNusprotecing groups, sidehain

protecting groups, supporting resins, linkers (handles) and coupling reagents. The principle
involves the sequential coupling eteNminusand sidehain protected amino acids to a
growing peptide chain attached to a solid suppsdiuble resin) in the C to N direction.
Typically, the @erminal amino acid is first anchored at the carboxy terminus to the solid
support by a cleavable handle. Then, therminusprotecting group can be removed
without affecting the sid@ain proteting groups, thus the polypeptide chain is prepared for

the next coupling cycle (Figure 2.3). SPPS reactions are driven to completion by the use of
soluble reagents in excess, which can be removed by washing andRiltesetal, 2014.

After achieving the desired sequence of amino acids, the peptide is released from the solid
support, accompanied by the removal of the-memanent sidehain protecting groups

(Figure 2.4).

Amino acid 1

Amino acid 2 5
n\\“: \P 0
Ve @

Dipeptide \")

Figure 2.3Amide linkage formatidretween two amino acids.iRthe side chain of the first amino acid and R

is the side chain of the second amino acid. The reaction involves covalent bond formation between the C

terminus of the first amino acid withkt&minus of the second amino agith the formation of water molecule.
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The two most widely used Mprotecting groups in SPPS a#ftudrenylmethyloxycarbonyl
(Fmoc)and tertbutoxycarbonyl (BodFieldset al. 1990 Hudson, 1988Merrifield, 1986
Mirandaet al.1999. The Fmoc method is usually preferred over the Boc strategy for routine
pefide synthesias the latter normally requires the use of corrosive and toxic hydrofluoric
acid, as well as hydrofluoric acid apparatus. The Fmoc group can be removaddunder
conditions with secondary amines, typically 20% piperidine #DiNgthylformamide
(DMF) (Remuzget al.2009.

Figure 2.4 The principle of SPPS. Where X is the temporagrminusprotecting group, Y is the semi
permanent sidehain amino acid (Aaa) protecting groups and R istdreni@al functionality, typically OH or
NH2.

49
































































































































































































































































































































































































































































































































































































