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Abstract 

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

system. It is an autoimmune neurodegenerative disease associated with inflammation in the 

brain white matter mediated by autoreactive T-cells. MS is not curable and the treatment is 

only aimed at reducing the frequency, limiting the lasting effect of relapses, relief of 

symptoms, preventing disability arising from disease progression and promoting nerve repair. 

Glucocorticoid, typically methylprednisolone (MP) is given to reduce the duration of MS 

relapses. However, due to the presence of the blood-brain barrier (BBB) which impedes the 

effective delivery of MP to the brain, high doses of MP are given to the patients to reach the 

minimum therapeutic concentration. Consequently, such elevated doses of MP results in an 

increase in the adverse effects of the drug. To overcome MP limited permeability, it must be 

delivered using specialised strategies to avoid high doses administration. This study aims to 

improve MP cell membrane penetration employing dendrons as drug carriers to achieve 

higher loading capacities and utilising glutathione molecule as a ligand to be recognised by 

glutathione receptors in the brain.  

The aim was achieved by design and characterisation of dendron-drug conjugates, assessment 

of their cytotoxicity, validation of an in vitro b.End3 cells brain model, penetration studies 

through this model and biochemical investigation of the anti-inflammatory activity of the final 

molecule.  

The successful synthesis of the dendrimers, dendrimer-MP conjugates and attachment with 

glutathione were achieved using automated solid phase peptide synthesis and characterised by 

high performance liquid chromatograph, mass spectrometry, nuclear magnetic resonance and 

Fourier transform infra-red spectroscopy.  

The cytotoxicity of the drug loaded and unloaded was assessed using lactate dehydrogenase, 

MTT and calcein/ethidium cytotoxicity assays. Under the conditions used, the assembled drug 

conjugatesõ toxicity levels were within the acceptable range.  

Transwell inserts were used to support mice immortalised brain endothelial cells, b.End3, to 

form an in vitro model of the BBB model. The model was validated by using transepithelial 

electrical resistance measurements, morphological examination, and permeability to 

paracellular marker (horseradish peroxidase). The data collected revealed that the b.End3 cell 

line is able to express several important barrier features of the in vivo BBB and can be used as 
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in vitro BBB model for penetration studies. The cells exerted their maximum barrier 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 

penetration through the b.End3 cultured cells-barrier indicated improvement in the 

permeability of MP conjugated to glutathione by almost 3.5 fold compared to free MP 

reaching 16.8% and 40.9% after 1 and 3 hours of sample introduction, respectively. 

Biochemical investigations revealed that MP in its attached form retained its anti-inflammatory 

activity based on the reduction in lactate dehydrogenase and inflammatory cytokines release 

levels from C6 glial cells treated with tumour necrotic factor-a and showed greater anti-

inflammatory activity compared to unconjugated MP.  

It can be concluded that the ability of MP to cross an in vitro BBB model can be improved by 

using glutathione-dendronised carrier system and could provide a suitable base for other 

poorly penetrating medications intended for the treatment of other neurodegenerative 

diseases. 
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1.1 Multiple sclerosis 

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

system (CNS). It is an autoimmune disease mediated by autoreactive T-cells and associated 

with inflammation in the brain white matter (Hafler, 2004). The disorder is triggered by 

environmental factors in individuals with high-risk genetic profiles (Sawcer et al., 2011). 

Together, these factors trigger a series of events, involving the engagement of the autoimmune 

system, acute inflammatory injury of myelin and axons, followed by recovery of nerve 

function and structural repair of damaged neurons and neurodegeneration in final stages of 

the disease (Frohman et al., 2006). 

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 reducing the frequency and 

limiting the lasting effect of relapses, relief of symptoms, preventing disability arising from 

disease progression and promoting nerve repair (Thrower, 2009). The therapy may include 

immunomodulating drugs to reduce the frequency of relapses, glucocorticoids to treat acute 

exacerbations, and the antiviral drug, amantadine to treat fatigue. Other medications are used 

for specific MS-related symptoms (Benjamin et al., 2011). 

1.1.1 Historical perspective 

MS was first described in 1868 by Jean Martin Charcot, a French neurologist at the Salpetrière 

Hospital in Paris. He noticed the accumulation of inflammatory cells within the brain and 

spinal cord white matter of patients with intermittent symptoms of neurologic dysfunction 

(Charcot, 1877). This observation led to the term sclérose en plaques disseminées, or multiple 

sclerosis.  

In 1948, Elvin Kabat observed an increase in oligoclonal immunoglobulin in the cerebrospinal 

fluid of patients with MS. This observation provided further proof of the diseaseõs 

inflammatory nature (Kabat et al., 1950). In the last decades, several large population-based 

MS twin studies demonstrated a strong genetic basis to this disease (Kinnunen et al., 1987; 

Mumford, 1992; Utz et al., 1993). Lastly, the theory that MS is secondary to an autoimmune 

response to self-antigens in a genetically vulnerable host was generally accepted on the basis of 

Thomas Rivers study at the Rockefeller Institute in 1933 (Rivers et al., 1933). 

1.1.2 Epidemiology 

The prevalence of MS in the UK is approximately 100 per 100,000 (NHS, 2017). Like other 

autoimmune diseases, it is more predominant in females being almost twice as common in 
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women, and it is more common in white people compared to Asian or black people (Frohman 

et al., 2006). The disease peak age of onset is around thirty years and its exact cause remains 

unknown, but certain risk factors have now been identified (Ramagopalan et al., 2010). These 

risk factors include genetics and environmental factors. 

1.1.2.1 Genetics 

The genetic association of MS lies within the human leukocyte antigen (HLA) gene locus on 

chromosome 6 (Compston et al., 2008). Certain HLA types, particularly HLA DR15 and DQ6, 

are thought to play an important role in the pathogenesis of the disease (Compston et al., 

2008). Antigen recognition by T-cells may determine whether or not abnormal responses are 

made towards myelin proteins. Genome-wide studies revealed that other genes, including 

interleukin-7 receptor may also be important (Sawcer et al., 2011).  

Although MS is truly polygenic and does not follow any obvious Mendelian pattern of 

inheritance, there are clusters within some families and those with 2 or more first-degree 

relatives affected are 40 times more likely to develop the disease (Sawcer et al., 2011). MS is 

more common in certain ethnic groups and the female preponderance probably relates to 

female-specific physiology as no specific MS associated genes have been identified on the X 

chromosome (Compston et al., 2008).  

1.1.2.2 Environmental risk factors 

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

large-scale migration and epidemiological studies (Ascherio et al., 2007). These factors are 

believed to affect the immune system and include prior infections with Epstein-Barr virus, 

measles, mumps and rubella (Martyn et al., 1993), smoking, sunlight exposure deficiency and 

vitamin D deficiency. Interestingly, a study concerned with investigating the disease among 

imigrants have shown that disease risk is acquired by the age of 15 and does not change with 

subsequent relocation (Dean et al., 1971).  

1.1.3 Pathogenesis 

The hallmark of demyelinating disease is the formation of the sclerotic plaque, which 

represents the end-stage of a process involving inflammation, demyelination and 

remyelination, oligodendrocyte depletion and astrocytosis and neuronal and axon 

degeneration (Compston et al., 2008). 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: 

¶ Immune engagement. 



4 
 

¶ Acute inflammatory injury of axons and microglia. 

¶ Recovery of function and structural repair. 

¶ Post-inflammatory gliosis and neurodegeneration. 

MS is caused by a T-cell-driven autoimmune stimuli against components of the myelin sheath 

of the nerve cells (Hafler, 2004). Myelin is synthesised by mature oligodendrocytes, each of 

which contacts short segments ranging from 20-40 juxtaposed axons in white-matter tracts of 

the CNS (McDonald et al., 2001; Polman et al., 2011). 

The main target of immune attacks in MS is the oligodendrocyte population (Compston et al., 

2008). Oligodendrocytes are key cells for the synthesis and turnover of the myelin sheath of 

up to 40 neighbouring neuronal axons in the CNS. Condensed myelin membranes twist 

around nerve cell axons to provide functional axonal conduction of electric stimuli (Figure 

1.1). Voltage dependant sodium channels cluster at the unmyelinated nodes of Ranvier, 

between myelin segments, from where the electrical pulses are propagated and spread 

passively down the myelinated nerve axons to trigger another action potential at the next 

node. 

  

Figure 1.1 Schematic representation of nerve cell and myelin sheath protecting the axon and damaged myelin. 

Picture adopted from http://www.traceyourpath.com. 

In genetically susceptible individuals, CD4 T-cells become primed in the peripheral blood 

through a process of immune dysregulation and mistaken antigen identity (Compston et al., 

2008). Activated T-cells will cross the blood-brain barrier (BBB), where they recognise 

components of the myelin sheath (Figure 1.1). Subsequently, cytokines, particularly interferon-
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gamma (IFN-ǡ) and tumour necrosis factor-ǟ (TNF-ǟ) will be released by immune cells, 

which, in turn, activate macrophages and CD20 B-cells (Compston et al., 2008). Local 

inflammation ensues, resulting in destruction of oligodendrocytes with demyelination of axons 

(Frohman et al., 2006). Myelin sheath disruption leads to subsequent reduced conduction 

velocities of the nerve fibres. In some cases this results in the focal neurological symptoms, 

known as ôrelapsesõ, experienced by patients (Lublin et al., 2014). Although local inflammation 

eventually resolves and remyelination does occur, the affected nerve fibres do not always 

escape damage, resulting in axonal loss 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 increased disability (Hafler, 2004). 

1.1.4 Clinical features and diagnosis of 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 be relapsing-remitting 

or progressive, and the symptom severity and relapses increase over time. 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. Fatigue: It is the number one problem and most frequent symptom in two thirds of MS 

patients (Noseworthy et al., 2000; Reder et 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 muscles (Schwid et al., 1999).  

2. Cognitive function: Although language skills, higher cortical functions, and intellectual function 

usually appear normal in MS patients to casual observers, careful clinical observation of MS 

patients and sensitive neuro-psychological tests reveal slight to moderate cognitive slowing, 

processing of information, difficulties in finding words, reduced recent memory and decrease 

in effortful measures of attention in 50% of patients (Beatty, 1999). 

3. Depression: The incidence of depression is 2-3 times higher in MS patients and their families. 

Severe, acute attacks of MS are associated with more depression compared to primary 

progression. This depression can be attributed to plaque formation and hypometabolism in 

different brain areas (Feinstein et al., 2004). 

4. Brainstem abnormalities: Lesions and scars in the brainstem caused by MS disrupt internuclear 

connections, autonomic, motor and sensory long tracts signalling. The most frequent target 
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for brainstem scars is the third cranial nerve (oculomotor nerve). Smell sensation is reduced in 

40% of MS patients and taste is decreased in 20% (Dahlslett et al., 2012).  

5. Cerebellar dysfunction and tremor: About 50% of MS patients suffer from damage in the 

cerebellum or its pathways. Severe cerebellar clinical signs interact with poor pulmonary 

function. However, parkinsonian symptoms and dystonia are rarely caused by a MS plaque 

(Waubant et al., 2003). 

6. Weakness and spasticity: Patients suffer from limb weakness especially in the legs causing foot-

drop, poor stair climbing or tripping. The spasticity developed in MS patients worsens with a 

full bowel or bladder, exposure to cold and pain. Severe spasticity can cause painful tonic 

spasms which are provoked by exertion or hyperventilation (Maimone et al., 1991). 

7. Bladder and sexual dysfunction: Bladder dysfunction is common and distinctly reduces the 

quality of life of MS patients. It is the initial clinical symptom in 5% of patients and later on 

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 patients (Andrews et al., 1997; Schoenberg, 1983).  

8. Sensory symptoms: Sensory symptoms such as numbness and sensory loss are common in MS. 

Sensory loss in MS patients ranges 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 (Smith et al., 2001). 

9. Lhermitte sign: In 1924, Lhermitte described an electric painful current following flexion of 

the neck in MS. About half of MS patients have the Lhermitte 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 (Page et al., 1982). 

10. Optic neuritis: Approximately 2/3 of MS patients suffer from optic neuritis, especially in 

younger patients. Thirty-one percent of army recruits with MS suffer from optic problems. 

Optic neuritis typically starts with subacute loss of vision in one eye. The central scotoma is 

manifested as dark patch or a blurring with distortion in contrast sensitivity and colour 

perception.  

Approximately 80% of patients present with relapsing-remitting disease. Typically, the disease 

passes through phases of relapse with complete recovery, relapse 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 disease onset (Wakerley et al., 2008). 

Episodes happen at random intervals, but initially average about one per year, decreasing 

thereafter steadily. The onset of MS is usually in the third or fourth decade (Ramagopalan et 

al., 2010). 

MS is traditionally described as clinical symptoms or signs of two CNS lesions separated in 

time and space that are not caused by other CNS disease. Due to the absence of a specific 

immune-based assay, the diagnosis of MS continues to be predicated on the clinical history 

and careful neurological examination of the 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 criteria classify individuals in the categories of MS into either not MS or possible 

MS based on evidence from MRI (McDonald et al., 2001). 

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 be absent in early stage of the disease. Also, approximately 80-90% of 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 markers (such as anti-neutrophil 

cytoplasmic antibodies, anti-nuclear antibodies, anti-double-stranded DNA antibodies, anti-

phospholipid antibodies and extractable nuclear antigen) can be helpful. 

Criteria that determine the diagnosis of MS have been revised several times in the last two 

decades (2001, 2005, and 2010) (Polman et al., 2011). 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 episode (McDonald et al., 2001). 

These criteria are helpful in diagnosing MS in patients after clinically excluding other 

demyelinating disease. 

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 

(Frohman et al., 2006). Many symptoms of MS can be treated to improve the patientõs lifestyle. 

Educating patients about the consequences of demyelination of the nerve fibres is an 

important first step. The second intervention is advising them to avoid drugs that cause 

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 less fatigue and fewer MS symptoms 

(Huisinga et al., 2011).  

1.1.5 Treatment of MS  

The goals in MS treatment are: 

1. Reduction of relapse rate: Since incomplete recovery from MS attacks can cause permanent 

disability, the accumulation of disability in MS patients during the relapsing-remitting stage of 

the disease can be directly correlated to the frequency of these relapses. Several drugs that can 

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

Table 1.1 Disease modifying treatments for MS. (Benjamin et al., 2011) 

Drug Mode of action 

Interferon-ß-1a  

(Avonex®, Rebif®) 

Immunoregulatory including antagonism of gamma interferon, reduction of 

cytokine release and augmentation of suppressor T-cell function 

Interferon-ß-1b (Betaferon®) Immunoregulatory including antagonism of gamma interferon, reduction of 

cytokine release and augmentation of suppressor T-cell function 

Natalizumab (Tysabri®) Recombinant humanised monoclonal antibody to alpha-4 integrins, 

inhibiting leucocyte migration from blood to CNS 

Fingolimod (Gilenya®) Sphingosine 1-phosphate receptor modulator 

Mitoxantrone (Onkotrone®) Anthracenedione derivative that inhibits DNA and RNA synthesis by 

intercalation of DNA base pairs. Prevents DNA repair by inhibiting 

topoisomerase II 

Glatiramer acetate (Copaxone®) Modifying immune processes that are responsible for the pathogenesis of 

MS 

 

2. Prevention of disability caused by relapse attacks: Corticosteroids reduce the duration of relapses 

and hence their short-term morbidity. Corticosteroids enter the cell nucleus and inhibit 

transcription of pro-inflammatory factors, such as interleukin-1, interleukin-2, TNF-ǟ and 

pro-inflammatory mediators, including elastase, collagenase, and plasminogen activator. These 

anti-inflammatory drugs have long been used for the treatment of acute MS relapses (Milligan 

et al., 1987; Thrower, 2009).  

In the case of preventing disability caused by progression of the disease as a result of nerve 

damage, the immuno-modulatory treatment is of little benefit once myelin degeneration has 
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reached a critical threshold and clinical progression of the disease is established. In the early 

stage of MS, there is an opportunity to supress or reduce those components of the 

inflammatory process which cause initiation of the cascade events that lead to disease 

progression. Thus, the aim of immunotherapies is not only the reduction of acute relapse 

frequency, but also the prevention of transition to the secondary permanent progressive phase 

of the disease (Rodriguez, 2003).  

3. Symptomatic treatment of neurological deficits: In many situations, 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 1.2 Therapy directed at the symptoms of MS (Benjamin et al., 2011). 

Symptom Drug Common side-effects 

Acute relapses Methylprednisolone Fluid and electrolyte disturbances, Cushing syndrome 

Spasticity Baclofen Weakness, fatigue, headache, insomnia, confusion, 

ataxia, frequency, urgency, dysuria, constipation 

Diazepam Drowsiness, ataxia, dependency 

Dantrolene Muscle weakness, drowsiness, hypertension, drooling, 

enuresis, diarrhoea, nausea 

Paroxysmal symptoms 

of MS 

Carbamazepine Fatigue, weakness, ataxia 

Fatigue Amantadine Nervousness, depression, nightmares, hallucinations, 

insomnia, dizziness, headache, blurred vision, orthostatic 

hypotension, peripheral oedema, dry mouth, 

gastrointestinal side effects 

Intention tremor Clonzepam Drowsiness, ataxia, dependency 

Propranolol Nausea, diarrhoea, bronchospasm, dyspnoea, cold 

extremities, bradycardia, hypotension 

Carbamazepine See above 

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

blurred vision, dry eyes, tachycardia, facial flushing 
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Propantheline Dry mouth, constipation, nausea, vomiting, dyspepsia, 

blurred vision, dry eyes, tachycardia 

Amitriptyline or 

imipramine 

Dry mouth, constipation, nausea, vomiting, dyspepsia, 

blurred vision, dry eyes, tachycardia 

Erectile dysfunction Sildenafil  Rash, diarrhoea, urinary tract infections, abnormal vision 

 

4. Treating established progression: Remyelination of 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 neuro-protective and its timing is 

important if the naked affected axon is resistant to the inflammatory milieu, but has reduced 

survival properties (Wolswijk, 1998). The repair of damaged nerves in MS involves several 

different processes concerning the two essential steps of the evolution of the disease which 

are the loss of myelin sheaths and the loss of axons. A realistic aim of remyelination treatment 

is to promote 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 loss (Rodriguez, 2003). Myelin repair can be promoted by two 

different approaches. The first approach is the transplantation of  neural cells with a repair 

enhancing and myelinogenic capacity (Baron-Van Evercooren et al., 2004). The second 

approach is to promote or reactivate the endogenous process of nerve cell remyelination 

(Baron-Van Evercooren et al., 2004).  

An important hurdle to the effective treatment of neurodegenerative diseases including MS is 

the presence of the neuroprotective BBB, which prevents delivery of 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 physiologically regulated and it is 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 function. 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.  



11 
 

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 CNS (Reese et 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 and minimal pinocytotic activity 

(Brightman et al., 1969) thus limiting, to a great extent, drug penetration into the brain 

parenchyma. In addition, the BBB expresses various efflux transporters, which actively and 

continuously pump compounds out of the endothelial cells back into the blood stream (de 

Lange, 2004).  

The most crucial factor that limits the synthesis and development of new drugs for CNS 

diseases is therefore, the presence of the BBB. The BBB limits to a great extent the brain 

penetration of most CNS drug candidates (Pardridge, 2005a). As the number of individuals 

suffering from CNS condition will grow with an aging population (the number of people older 

than 65 years will increase by almost 50% world-wide by 2020), it will become particularly 

problematic that only a few drugs are able to cross the BBB (Pardridge, 2005a). Solving the 

BBB drug delivery problem requires novel approaches to this area of pharmaceutics. The old 

brain-drug delivery methods such as attempting to make water-soluble small drug molecules 

more lipophilic via medicinal chemistry modifications or through cranial microscopy for trans-

cranial brain drug delivery, must give way to new approaches (Gabathuler, 2010). The new 

technology is based on employing endogenous BBB transporters, and aims to reformulate 

drug structures so that these drug molecules can cross the BBB via utilising these endogenous 

transport systems (Abbott et al., 1996).  

However, unless more research and studies are performed to improve drug delivery to the 

brain through the BBB, the future of CNS drugs will be limited only to small lipid-soluble 

molecules with molecular weight (MW) not exceeding 400 Da that can cross the BBB via lipid-

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

depression, insomnia and epilepsy (Ghose et 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 from those in other 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 function of the BBB as a protective 
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barrier for the brain parenchyma is only one aspect of its many tasks, which includes 

metabolic features, physical functions and transport (Bernacki et 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 flexibility (Chaudhuri, 2000). This special characteristic depends on 

many structural and functional 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 (Figure 1.2). The high number 

of cytosolic mitochondria inside these cells suggests their high energy metabolism. Brain 

endothelial cells lack fenestrations in their plasma membranes (Abbott, 2005; Ballabh et al., 

2004) and their permeability is highly selective for molecules with suitable mass (MW less than 

400 Da)  and lipophilicity (Chaudhuri, 2000). 

 

Figure 1.2 Neurovascular unit and molecular components of the physical BBB (Picture adapted from 

www.neurology.org). 

Several identifying markers are specific for brain endothelial cells such as glucose transporter-1 

(GLUT-1), von Willebrand factor (vWF), ǡ-glutamyl-transpeptidase, endothelial barrier 

antigen and OX-47 antigen (Ballabh et al., 2004). The luminal surface of the BBB endothelial 

cells is covered by a negatively charged mesh or network of glycoproteins, proteoglycans, and 

glycolipids (van den Berg et al., 2006). In addition, BBB endothelial cells are also unique from 

other endothelial cells outside the CNS due to the presence of two N-glycosylated 
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phosphoproteins; P-glycoprotein (P-gp) and multidrug resistance-associated protein. Finally, 

the most important feature of BBB endothelial cells which enables them to act as a barrier is 

their TJs (Balkovetz et al., 1989). 

1.2.2.2 Astrocytes 

Like other glial cells, astrocytes, originate from the ectoderm of the neural tube (Abbott et al., 

2006). There are two main types of astrocyte cells that can be recognised in the brain, 

protoplasmic cells which are present in the grey matter, and fibrillary cells which exist in the 

white matter. Protoplasmic astrocytes are characterised by having large nuclei and multiple 

thick cytoplasmic appendices. The endings of these appendices form a cap-like structure 

known as end-feet (lat.: pes sugens) that tightly attach to neurons on one pole and blood vessels 

on the other to form a highly specific relay station between neurons and blood (Figure 1.2) 

(Reichenbach et al., 2004). 

Due to their unique localisation between blood and neurons and specific characteristics, 

astrocytic end feet are correlated with the expression and action of agrin-heparin proteoglycan. 

This protein is synthesised by the basal lamina in the extracellular matrix sheet (Verkman, 

2002) and is important for maintaining the BBB integrity and functions (Wolburg, 2006). 

Moreover, astrocytes play an essential role in discharge of waste substrates from the brain, 

nerve cells metabolism and nutrition. In addition, these cells have the abilities of transcytosis 

of special molecules and active ion transport through them (Reichenbach et al., 2004).  

1.2.2.3 Pericytes 

Pericytes are small capillary wall-associated cells that derive from the mesoderm. They are 

separated from endothelial cells by the basal lamina, but gap junctions provide contact points 

with endothelial cells (Cuevas et al., 1984). There are two types of pericytes based on their 

location in the brain tissue which are either located at capillary straight parts or positioned at 

capillary connections. Anatomically, they are equipped with claw-like appendices twisting 

around the capillary (Peppiatt et al., 2006). In the brain, pericytes are responsible for the 

mediation of inflammation processes, regulation of endothelial cell activity and manage 

capillary like structure formation and capillary diameter (Bandopadhyay et al., 2001; Nag, 2003; 

Peppiatt et al., 2006; Ramsauer et al., 2002). Therefore, pericytes play an important role in the 

maintenance of the integrity of the BBB and brain homeostasis.  

1.2.2.4 Tight junctions 

TJs are junctional complexes positioned between the endothelial cells of brain microvessels 

(Figure 1.2). They are the most important factors responsible for BBB impermeability to drugs 
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(Bernacki et 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 

membranes are completely fused and form a five-layers barrier (Ballabh et al., 2004). As the 

number of fusion spots between TJs differs, the extent of tightness in different regions is also 

diverse (Ballabh et al., 2004).  

Functionally, TJs work in several ways. They constitute a distinctive border for lipid and 

protein diffusion through the endothelial membranes and grant to the endothelial cells 

polarity, which is demonstrated by a non-even distribution of a number of membrane 

transporters between the abluminal and luminal membranes. Due to complete fusion of 

adjacent TJs, they also close the paracellular pathway to force transport of substances through 

the cytosol and membranes (Grieb et al., 1985). An additional function of the TJs positioned 

between brain endothelial cells is that they divide the membranes of these cells into two 

compartments: a brain-facing membrane and a blood-facing membrane. This unique division 

is also affected by the proteins present in each part of the endothelial cell membrane, and the 

distinct and fundamental interactions of these protein membranes with each other regulate if 

and how quickly different molecules traverse the BBB (Hawkins et al., 2006). TJs are 

characterised by their high electrical resistance and their integrity depends on an adequate 

extracellular Ca2+ ion level. A drop of electrical resistance caused by Ca2+ ion depletion results 

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

of fusion spots and tightens TJs (Wolburg et al., 2002).  

Several TJs plasma membrane proteins have been identified, such as occludin, claudin and 

adherens junction molecules. In addition, cingulin and several ZO such as ZO-1, ZO-2, ZO-3 

have been recognised as membrane cytoplasmic proteins that link trans-membrane proteins 

with actin, which is a primary cytoskeletal protein essential for the functional and structural 

integrity of the brain endothelium (Balkovetz et al., 1989).  

1.2.2.4.1 Claudins 

To date, 24 members of claudin-proteins family have been identified in mice and humans 

(Oller-Salvia et al., 2016). Claudins are approximately 22 kDa phosphoproteins which consist 

of four essential transmembrane domains and appear to be the fundamental building 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 cytoplasmic ZO-1, ZO-2, or ZO-3. In brain tissue, 
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claudin 1-3, 5 and 12 have been recognised (Abbott et al., 2006) along with occludin, claudin 1-

3 and 5 are present in the endothelium. It has been shown that claudin-5 is expressed 

particularly in brain capillary endothelial cells (Sirotkin et al., 1997). 

1.2.2.4.2 Occludin 

Like claudin, occludin is a membrane phosphoprotein, but with a larger MW (60 kDa) (Honda 

et al., 2006). It also consists of four essential transmembrane domains (Balda et al., 2000). The 

TJ paracellular component is formed by the two extracellular loops of both claudin and 

occludin proteins, and the cytoplasmic domain is tightly connected to ZO proteins (Figure 

1.2). Occludin expression has been identified in humans and mice, but not human new-borns 

or foetuses. Recent experiments have shown that occludin expression is the highest among 

those of all TJ proteins (Vorbordt et al., 2004). Studies revealed numerous signals for occludin 

localised either to membranes of neighbouring  endothelial cells or to the extracellular spaces 

between these cells (Vorbordt et al., 2004). Besides its regulatory function, occludin influence 

paracellular transport (Hirase et 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 formation (Matter et 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 of TJ-associated diffusion (Tsukita et al., 2001) and their 

presence appears to be fundamental for the adequate function and integrity of TJs and the 

BBB (Petty et 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 construction (Bernacki et 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 fragment consisting of two immunoglobulin-like loops (Petty 

et al., 2002). Three members of this family which are JAM-1, JAM-2, and JAM-3 have been 

identified in the rodent brain. Also, JAM-1 and JAM-3 are localised to brain endothelial 

vessels, and JAM-1 was found in the human cerebral cortex (Vorbordt et al., 2004). Immuno-

cytochemical analysis revealed that JAM-1 is positioned unevenly in inter-endothelial 

junctions, where it was found either alone or forming small clusters. JAMs have been 



16 
 

suggested to play an essential role in cellular adhesion and monocyte migration through the 

BBB (Palmeri et al., 2000). 

1.2.2.4.4 Cytoplasmic proteins 

Cytoplasmic proteins found in TJ structure include ZO proteins (ZO-1, ZO-2, and ZO-3), 

cingulin, and 7H6 (Bernacki et al., 2008). The ZO proteins are membrane-associated guanyl 

kinase-like proteins which are composed of three domains of the PDZ type (PDZ1, PDZ2, 

and PDZ3), plus one SH3 domain, and one guanyl kinase-like domain (GUK). These domains 

have a primary role in protein arrangement, and consequently in plasma membrane integrity of 

the endothelial cells (Itoh et al., 1999). 

Studies indicated that the PDZ1 domain of ZO proteins binds directly to the carboxylic end 

of claudin, while GUK domain in ZO-1 interacts with occludin (Mitic et al., 2000). Moreover, 

JAM proteins bind directly to ZO-1 and other PDZ-containing proteins (Ebnet et al., 2000). 

In addition, immune-cytochemical studies indicated a close structural relationship between 

immune-labeled occluding and ZO-1(Itoh et al., 1999).  

The TJ-associated protein, 7H6, which is a phosphoprotein with 155 kDa molecular mass and 

is responsible for TJ impermeability to large molecules and ions (Satoh et al., 1996). Unlike 

ZO-1, 7H6 may detach from the TJ when ATP levels decrease; this disconnection results in 

increased paracellular permeability. Thus, it maintains a close relationship with the functional 

state of the junction (Mitic et al., 1998). 

Cingulin, a phosphoprotein with a MW between 140-160 kDa, is localised at the cytoplasmic 

part of TJs (Cordenonsi et 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, and regulatory tasks such as partitioning 

defective proteins, Ca2+-dependent serine protein kinase, and G-protein signalling (Abbott et 

al., 2006). 

The available evidence suggests that TJ proteins not only preserve the integrity of the junction 

but also provide physical structural support for the brain endothelium due to the multiple 

connections and interactions between them (Bernacki et al., 2008). Disturbances in this order 

influence not only the cell structure, but also the TJ integrity, consequently leading to 

alteration in BBB functions and 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 Ca2+, cadherin proteins interact with each other to form a 

tightening and supporting structure (Takeichi, 1995). In 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 catenins proteins are present in the human cortex (Vorbordt et al., 2004). 

1.2.3 Transport routes across the BBB 

Blood and CSF circulation are most important pathways 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 approximately 20 m2 total surface 

area (Pardridge, 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 especially P-gp, the presence of sophisticated complex of trans-membrane 

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: 

 

Figure 1.3 Access pathways across the BBB endothelial cells. 
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¶ Paracellular aqueous pathway: Small water-soluble 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 knowledge and understanding of molecules involved in TJ structures, and parallel 

discovery of TJ modulators which can be used for temporary opening of the BBB, ranging 

from biological (such as viruses) and chemical substances (such as cyclodextrin) to physical 

stimuli (such as ultrasound) (Deli, 2009). 

¶ Transcellular lipophilic pathway: Small lipid soluble substances like alcohol and steroid 

hormones penetrate through the BBB by dissolving in the lipid-rich plasma membrane. 

(Figure 1.3.b) 

¶ Carrier mediated transport: Binding of a solute such as amino acids or glucose or nucleosides to 

a protein 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 energy to facilitate the 

process. On the other hand, TJ efflux pumps such as P-gp are 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 the brain parenchyma  (Pardridge, 2005b).  

¶ Receptor-mediated transcytosis (RMT): This process 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 types of ligands, including growth factors, insulin, enzymes 

and plasma proteins. RMT has been extensively studied for enhancing brain penetration and 

targeting. Well-characterised systems include the transferrin receptor (TfR), insulin receptor, 

lipoprotein receptors especially apolipoprotein E and glutathione (GSH) transport (Rip et al., 

2009).  

¶ Adsorptive-mediated transcytosis (AMT): Also known as the pinocytosis route, this process is 

triggered by an 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 proteoglycans) (Figure 1.3.e). Adsorptive-mediated transport has a lower 

affinity but higher transporting capacity compared to RMT (Herve et al., 2008).  

¶ Cell-mediated transcytosis (CMT): This transport route depends on immune cells such as 

monocytes or macrophage for the crossing of the intact BBB (Park, 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 systems (Park, 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 pathogens (Rip et al., 

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 such as stroke, Alzheimer's disease, MS, HIV, Parkinson's, 

ischemia and brain tumours (Abbott et al., 2006; Holman et al., 2011; Huber et al., 2001). MS 

causes enhanced leukocyte inflammatory activation which result in the release of inflammatory 

cytokines/chemokines mediators inside the brain (Minagar et 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 physiological conditions such as 

oxidative stress (such as free oxygen radicals like peroxide), inflammatory mediators (such as 

interleukin-1Ǡ, interferon-ǡ, and TNF-ǟ), vasogenic agents (such as histamine), lipid mediators 

(such as prostaglandins), infective agents (viruses and virus components, bacteria and bacteria 

toxin, fungal pathogens and parasites), as well as physiological stimuli (such as intracellular 

Ca2+ levels) and immunological cells (such as leukocytes) (Deli, 2009; Stamatovic et al., 2008). 

Transport systems and pathways across the BBB are also greatly affected in neurological 

disorders. For example, P-gp expression and efflux ability are changed during pathogenesis 

associated with a number of neurological disorders such as Alzheimerõs disease (Persidsky et 

al., 2006). 

1.2.5 Drug delivery across the 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 market (Abdullahi et al., 2017). 

However, there are more patients suffering from CNS disorders than patients with 

cardiovascular diseases (Pardridge, 2002b). The deficiency in CNS drug development is 

attributed to the fact that more than 98% of recently developed novel drugs, such as 

recombinant proteins, monoclonal antibodies, and non-viral gene 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 the BBB (Abbott, 2005). To 
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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 transporter localised at the BBB such as P-gp (Pardridge, 2005a). Most 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 small molecule  drugs  in the Comprehensive Medicinal Chemistry (CMC) are 

pharmacologically active in the CNS, and these are effective in only limited CNS diseases 

(such as affective disorders, chronic pain and epilepsy) (Ghose et al., 1999). There is an urgent 

need for developing new drug delivery strategies to improve penetration of drugs used for the 

treatment of various CNS diseases, including Alzheimerõs disease, MS, Huntingtonõs disease, 

Parkinsonõs disease, stroke, brain trauma, brain cancer, spinal cord injury and pathological 

infections of the brain, including acquired immune deficiency syndrome (AIDS) (Pardridge, 

2005a).  

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 brain requires special strategies. These strategies can be divided into four 

different categories: (i) neurosurgical-based strategies, which develop invasive or transcranial 

brain-drug delivery; (ii) chemistry-based strategies, which use medicinal chemistry approaches 

to increase the lipid solubility of the drug; (iii) transient BBB disruption strategies; and (iv) 

system-mediated transport, which 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 which are: (i) the 

intracerebroventricular (ICV) infusion of drug, (ii) the intracerebral (IC) implantation of drug 

and (iii) the convection-enhanced 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 

(Blasberg et al., 1975). 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 

(Blasberg et al., 1975). 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 significantly into the brain tissue from the original implantation site (Krewson 
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et al., 1995). The brain is the only organ without a lymphatic system and is not designed to 

eliminate significant fluid volumes, thus fluids entering the brain tissue from the CED device 

preferentially moves along white matter tracts (Voges et al., 2003). Finally, all these 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 chemistry-based method for delivering small molecules to the brain is to increase 

the lipid solubility of the drug with pharmaceutical chemistry manipulation. However, to date 

there is not a single example of a water-soluble drug being converted into a CNS active 

therapeutic drug by medicinal chemistry via increasing lipophilic nature of the drug (Chen et 

al., 2017). Usually, increasing the lipophilic characteristics of drug involves the addition of side 

chains that block hydrogen bonding 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 pharmacokinetic effects which are absent in the parent drug. 

(ii) The modifications of the drug might increase the MW over 400 Da, which is the critical 

threshold for drug penetration through the BBB (Fischer et al., 1998). This MW increment will 

offset the benefit of the increased lipid solubility. 

(iii) Increasing lipid solubility of a drug will increase its uptake by all body tissues leading to a 

rapid clearance of the drug from the blood stream. This reduced plasma concentration of the 

drug caused by enhancing its lipid solubility offsets the increased BBB penetration resulting in 

only a small increase in brain drug uptake (Pardridge, 2003).  

1.2.6.3 BBB disruption 

One of the approaches for delivering drug to the brain is by temporarily disrupting the BBB 

endothelium permeability especially the TJs. In the past two decades, there has been a gradual 

understanding of the molecular interactions involved in TJs, and corresponding discovery of 

modulators which can be applied for transient and short opening of the BBB, ranging from 

chemical and biological substances to physical stimuli such as high-frequency focused 

ultrasound and electromagnetic fields (Deli, 2009; Hynynen, 2008; Stam, 2010). 

The rationale for modulating TJs opening to enhance the drug delivery to the brain by the 

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 enhanced paracellular 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 brain; (iv) 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 biological, 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 studied using in vitro cell models 

(Karyekar et 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 (TEER) measurements, which 

consequently increases the paracellular transport of permeability indicators such as sucrose 

and inulin without noticeable short-term toxicity in cultured bovine brain capillary endothelial 

cells. Moreover, it also permits an improved transport of the therapeutic agents, paclitaxel and 

doxorubicin which are substrates of the P-gp pump and normally have very limited 

transportation across the BBB (Karyekar et al., 2003).  

Vasoactive compounds and inflammatory stimuli such as bradykinin, histamine and vascular 

endothelial growth factor are another 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 to the effects of these biological 

modulators than the normal brain endothelial cells (Vajkoczy et al., 2004). Therefore, these 

stimuli, when used in combination with gene or anticancer drugs and imaging materials, can 

probably promote the delivery of these macromolecules to 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 glioma in vitro model which revealed that 

intracarotid histamine infusion selectively increased permeability of Evans blue-albumin stain 

and improved the transport of ǟ-aminoisobutyric acid in brain tumour tissues without 

affecting BBB permeability in the normal brain tissues (Inamura et al., 1994; Nomura et al., 

1994).  

A synthetic peptide analogue of bradykinin protein, cereport [Arg-Pro-Hyp-Gly-Thi-Ser-Pro-

Tyr (CH2NH) Arg] has been thoroughly studied for improving drug transport through the 
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paracellular pathway of the BBB (Borlongan et al., 2003; Emerich et al., 2000; Emerich et al., 

1999; Emerich et al., 1998). Cereport increases drug permeability of the BBB by temporarily 

disrupting the TJ (Sanovich et al., 1995). 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 systems (Mackic et 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 

animal (Bidanset et al., 2001; Emerich et al., 1999; Emerich et 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 CNS (Kuang et 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 immune-reactivity for TJ proteins especially 

occludin and ZO-1 (Dallasta et 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 transport (Deli, 2009). One of 

these examples is via arterial injection of hyperosmolar 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 is invasive to the patients and requires 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 Evans blue-albumin when it was 

given via arterial infusion in a rat model (Sztriha et al., 1991). Another pharmaceutical 

excipient, lysophosphatidic acid was also reported to improve TJs permeability in cultured 

brain endothelial cells (Schulze et al., 1997) by the activation of protein kinase C-a ducts which 

reduces claudin-5 expression in the TJs (Gan et al., 2008). Like biological stimuli, its effect was 

also dose-dependent, short and reversible, and its action can be terminated by activation of 

protein kinase C (Schulze et al., 1997). One of the most commonly used excipients in the 

pharmaceutical industry, sodium dodecyl sulphate, has also been shown to promote an 

increased transport of ǟ-aminoisobutyric acid through the TJs at a dose of 25-100 Ǫg/kg in 
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rats (Saija et al., 1997). This effect can be attributed 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 membrane (Kato et al., 1987). 

c) Enhanced delivery by physical stimuli 

The ability of energy-based physical methods, such as microwave, ultrasound and 

electromagnetic fields, to open the BBB has been extensively investigated (Hynynen, 2008; 

Stam, 2010).  Ultrasound, non-invasively, induces local biological stimuli deep inside 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 ischemia or acute damage to the endothelial 

cells (Hynynen, 2008). By combining with a diagnostic imaging device such as MRI scanner, 

ultrasound becomes a non-invasive approach to open targeted areas of the BBB to allow the 

delivery of drugs and other therapeutic molecules across the BBB (Hynynen, 2008). 

Microwave energy has also been investigated for promoting drug passage across the BBB 

(Moriyama et al., 1991). 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, horseradish peroxidase (Albert et al., 1981). 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 CNS (Quock et al., 1987). There are 

examples of utilizing electromagnetic field pulses to promote the permeability of the BBB. 

Qiu et al. in 2010 showed that electromagnetic field pulses increased BBB permeability to drug 

molecules via translocation of ZO-1 protein and regulation of protein kinase C signalling (Qiu 

et al., 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 its proactive function. Consequently, 

this strategy of brain drug delivery allows for the leakage of different plasma proteins into the 

brain. Albumin is toxic to astrocytes (Nadal et al., 1995), and astrocytosis is induced when the 

brain comes in contact with blood. Moreover, BBB disruption leads to vascular pathology 

(Lossinsky et al., 1995) and to permanent neuro-pathologic changes in the brain (Salahuddin et 

al., 1988). 
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1.2.6.4 Transport system-mediated drug delivery across the BBB 

One of the best approachs for solving the poor penetration 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 

therapeutics (Pardridge, 2005a). 

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 improve drug delivery to the brain. 

The characteristic features of these transporting systems are (Gaillard, Visser, et al., 2012): 

1. The drug molecule is 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 DDS should be non-immunogenic (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 receptor, thereby increasing transport 

efficiency and minimising potential side-effects 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 ideal properties of hosting a system for drug delivery across the BBB are (Georgieva 

et al., 2014): non-toxic, biocompatible, biodegradable, non-immunogenic, 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 and finally 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 vessel (Pardridge, 2002a). The length of capillaries in the human brain is ~400 

miles and the surface area of the BBB in the human brain is ~20 m2 (Pardridge, 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 capillary endothelial 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 BBB transporters utilise local 

pathways such as RMT, CMT and 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 two sides of the BBB by the CMT and active 

efflux transport systems (Kusuhara et al., 2001; Tamai et al., 2000). Although the CMT systems 

are usually responsible 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. Also, some AET systems such as organic 

anion-transporting polypeptide and organic anion transporter can function as CMT systems. 

1.2.6.4.1.1 Carrier-mediated transport 

The GLUT1 glucose transporters are responsible for transporting glucose, deoxyglucose and 

other hexoses via the BBB to provide the brain 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 methyl-dopa, L-dopa, and gabapentin (Pardridge, 2007). 

Levodopa which is a lipid-insoluble precursor of dopamine has been used for the treatment of 

Parkinson's disease because it contains the ǟ-amino and carboxyl peripheral groups that allow 

it to compete for transport across the BBB by the large neutral-amino acid carrier (Wade et 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 

intermediates such 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. However, only the 

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

CMT systems (Chen et al., 2012). 

The diversity of CMT systems opens many windows for modifying the molecular structure of 

drugs that normally do not cross the BBB via medicinal chemistry by mimicking the chemical 

structure of endogenous substrates of CMT systems. Like most biological transporter systems, 

the BBB-CMT systems are saturable at high substrate concentrations. However, these 

transporters are not effectively saturated by the modified-structure drugs in vivo. This is 
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attributed to the fact that the Km of the BBB CMT systems is more than ten-fold above the 

existing plasma concentration of these drugs. The main drawback in this case would be in 

maintaining activity 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 modified drugs back to 

the parent drug after crossing the BBB (Georgieva et al., 2014).  

1.2.6.4.1.2 Active efflux transport 

The most important AET system at the BBB is the P-gp pump, 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, including members 

of the ABCC and the ABCG2 gene family (Pardridge, 2005a). Moreover, 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 energy-independent transporter (Pardridge, 2005a). The energy 

dependent transporter from the ABC gene family can be found at the luminal membrane side, 

whereas the energy-independent transporter can be expressed at the abluminal membrane side 

of the brain capillary endothelial cell.  

P-gp is the main transport system responsible for extruding 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 due to the rapid and efficient removal of these drugs by the P-

gp pump. Therefore, inhibition of P-gp 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 on co-administration of the drug with a 

pharmacological modulator which inhibits efflux pump systems in BBB. The principle of 

applying Pluronic® block (or poloxamers) copolymers to shut-off the action of P-gp efflux 

pump was implied by an early study conducted by Miller et al. (Miller et al., 1997). The study 

examined cellular accumulation of radioactive rhodamine-123 which is a selective P-gp pump 

substrate in brain microvessel endothelial cell monolayers. The study indicated increase in the 

concentration of rhodamine-123 inside the brain tissue when co-administrated with Pluronic® 

P85. Later studies have confirmed that Pluronic® P85, may be used not only as an effective P-

gp pump inhibitor, but also as a drug delivery carrier (Kabanov et al., 2003). 

However, the P-gp inhibition approach is appropriate to improve the delivery of therapeutic 

agents intended for the treatment of acute diseases such as brain tumours when the goal of the 
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delivery is to maximise the drug concentration inside the brain for a relatively short duration. 

The chronic administration of P-gp inhibitors may obstruct the physiological homeostatic 

regulation provided by P-gp pump (Begley, 2004). Moreover, extended blockade of P-gp 

functions in the BBB by P-gp inhibitors can lead to a considerable increase of brain 

concentrations of various xenobiotics including many drugs (Pardridge, 2005a). Thus, 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 neurotoxic (Schinkel et al., 2003). Finally, losing the protective function of 

P-gp pump in various cells and tissues by the prolonged application of P-gp inhibitors, 

especially if they are poorly selective, comes with high risk of systemic cytotoxicity due to the 

reduction of drug elimination (Löscher et al., 2005). Thus, the enhancing of drug transport into 

the brain by using P-gp inhibitors strategy must be applied with extreme caution and restricted 

to transient application. 

1.2.6.4.1.3 Drug transport across the BBB via AMT 

AMT has recently gained notable importance 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 using cell-penetrating peptides (CPPs) and cationic 

proteins as drug carriers (Herve et al., 2008). 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 cytotoxic effects. These CPPs utilise AMT 

endogenous transport pathway to enter the brain. They are a group of short poly-peptides of 

less than 30 amino acids that are capable of penetrating cell membranes and delivering their 

load into cells (Zorko et al., 2005). 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 lipophilic biological membranes and to adopt a 

distinctive secondary structure upon conjugation with lipid materials (Rousselle et al., 2000). 

These peptides have been successfully used as host carriers for delivering drug molecules that 

are P-gp pump substrates by effectively by-passing P-gp pump in the BBB. For instance, they 

have increased the transfer of doxorubicin, an anticancer drug, into the rat brain parenchyma 

up to 30-fold (Rousselle et al., 2000). 

CPPs can facilitate the intracellular penetration of polar biomolecules in vitro and in vivo 

(Deshayes et al., 2005) and they were shown to promote the transport of morphine-6-

glucuronide to the brain tissue in a clinical trial (de Boer et 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 peptides (Adenot et 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 loads such as oligonucleotides 

and peptides, a previous study (Schwarze et al., 1999) has synthesised a full-length fusion 

proteins that contained an eleven amino acid protein transduction domain from the HIV-1 

which is a trans-activating transcriptor protein with 101 amino acids that contains 5 domains. 

Transduction process of the evaluated proteins was non-cell-specific and was seen to happen 

even across the BBB implying the ability to cross this barrier. Further proof of this mode of 

peptide-based delivery was introduced by further study (Cao et al., 2002) which fused Bcl-xL 

(anti-apoptotic protein) to trans-activating transcriptor protein and injected the conjugated 

compound intraperitoneally into mice that were affected by stroke resulting in inhibition of 

neural apoptosis.  

1.2.6.4.1.4 Cell-mediated drug transport across the BBB 

Cell-mediated drug transport employs specific immune cells to deliver molecules to the brain. 

These cells engulf nano- or micro-sized 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 cell-mediated shipping of drugs through the BBB are based on the following: 

1) In brain disorders such as MS, Alzheimerõs disease, brain tumours, Parkinson's disease, 

stroke, and HIV-1 associated dementia, the accompanied inflammatory response causes 

extensive recruitment and shipping of leukocytes (neutrophils and monocytes) in the brain 

tissue. Also, the process of chemotaxis causes other inflammatory cells such as phagocytes and 

T-cells to migrate towards the site of inflammation (Chen et al., 2012). 

2) Monocytes, macrophages, and neutrophils are phagocytic cells and have a trend to 

endocytose small sized particles, liposomes and subsequently exocytose them to release their 

drug loads into the external media (Daleke et al., 1990; Panyam et al., 2003; Rogers et al., 2005). 

3) The drug can be conjugated or loaded into nano- or micro-carriers in high payloads, to be 

then taken up by these cells (Chen et al., 2012). 

4) Application of 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 nanomaterials (Chen et al., 2012). 
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5) Blocking certain pathways that viruses and other pathogens may take for entering of the 

brain by competing with them on these pathways (Chen et al., 2012). 

1.2.6.4.1.5 Receptor-mediated 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 BBB via their endogenous peptide receptors 

(Pardridge, 1997). These transporter systems are highly specific and they uptake their 

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 surface (Chen et al., 2004). 

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 is currently lacking. This represents an issue that requires urgent attention 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 

promotes the transcytosis of transferrin-bound iron through the brain capillary endothelial cell 

in humans and it is the most well identified endothelial cell receptor (Pardridge, 1997).  

A study (Ulbrich et al., 2009) has indicated a huge increase of loperamide passage across the 

BBB into the brain tissue using human serum albumin nanoparticles (HAS-NPs) coupled to 

transferrin as a carrier system to target TfR. The loperamide loaded onto these transferrin 

coupled HAS-NPs achieved powerful anti-nociceptive effects compared to free loperamide, 

implying that transferrin coupled to HAS-NPs is able to transport loperamide across the BBB 

which it normally is unable to cross (Ulbrich et al., 2011). Targeting NSR can also improve 

drug penetration to the brain. However, targeting these receptors might disrupt insulin 

metabolism and utilisation in the brain; therefore, it must be used with caution. A study 

(Boado et al., 2007) has indicated that the brain delivery of iduronate 2-sulfatase (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 molecules and genes through 

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 is to conjugate limited penetration therapies with specific 

carrier systems capable of ferrying these drugs to the other site of desired biological barrier. 

Among these carriers, dendrimers have attracted attention as possible drug carriers because of 

their unique properties and characteristics (Yates et al., 2004).      

1.3 Dendrimers and dendrons 

Dendrimers are highly branched three-dimensional macromolecules with highly controlled 

chemical structures, uniform MWs, a large number of controllable peripheral functional 

moieties and a tendency to adopt a sphere shape once a certain molecular mass is reached (Liu 

et al., 1999). Tomalia proposed the term dendrimer (originated from the Greek òDendronó 

which means tree, and òmerosó which means part) (Tomalia et al., 1985) to describe these 

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 several interior layers called "generations" (Gen) and 

(c) multiple peripheral functional groups on the outer layer of repeat units (Caminade et al., 

2005). Removing the dendrimer core will result in formation of identical fragment units called 

dendrons (Aulenta et al., 2003). The number of branching sprouts in these dendrons will 

determine its generations (e.g. Gen0, Gen1, and Gen3) and final MW (Figure 1.4). The 

number of peripheral groups will increase as the generation of the dendron increases 

(Menjoge, Kannan R., et al., 2010). 

 

Figure 1.4 Basic structures of dendrimers and dendrons. The size of the dendrimer molecule is based on the 

number of repeating layers added and each layer is represented by a generation (Gen). These generations will 

determine the number of peripheral functional groups (Gen0=2, Gen1=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 types (Tariq et al., 2015): 

¶ Polyamidoamine (PAMAM) dendrimers: These spheroidal shape dendrimers are highly soluble 

and reactive due to the presence of a high number of functional peripheral groups and 

empty internal spaces (Roseita et al., 2001; Schiavon et al., 2004; Tomalia et al., 1990). 

¶ Polypropyleneimine (PPI) dendrimers: These 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 in biology in application such 

as drug delivery and disease diagnosis  (Brana et al., 2002). 

¶ Chiral dendrimers: These dendrimers are built by attaching structurally different but 

chemically alike branches to a chiral focal point (Hawaker et al., 1993). 

¶ Multilingual dendrimers: These are the dendrimers which hold multiple copies of a particular 

functional group on their peripheral surface (Pushkar et al., 2006). 

¶ Tecto dendrimers: These 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 functions (Pushkar et al., 2006). 

¶ Hybrid dendrimers: These dendrimers have a combined characteristic of both dendritic and 

linear polymer (Pushkar et al., 2006). 

¶ Amphiphilic dendrimers: These dendrimers are characterised by having both electron 

donating and electron withdrawing groups on their outer surfaces. 

¶ Peptide dendrimers: Amino acids are the building or branching units of these dendrimers. 

These are widely used in medicine used for the diagnostic purposes and drug and vaccine 

delivery (Yasukawa et al., 2004). 

¶ Frechet-type dendrimers: They are characterised by a polybenzyl ether hyper branched 

skeleton. Their peripheral carboxylic acid groups can provide sites for further 

functionalisation and enhance their solubility (Yasukawa et al., 2004). 

¶ Polyamidoamine organosilicon (PAMAMOS) dendrimers: These silicon containing commercial 

dendrimers are inverted micelles which contains hydrophobic organosilicon groups in the 

exterior outside and hydrophilic nucleophilic PAMAM groups in the interior side 

(Yasukawa et al., 2004). 
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¶ Multiple antigen peptide dendrimers: These are dendron-like molecular conjugates based upon a 

polylysine frame. Lysine with its alkyl amino side-chain acts as an excellent monomer for 

the multiple branching points (Tripathy et 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 groups (Zimmerman et 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, its conformational 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 groups of an ideally 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 such as (Svenson et al., 2005): 

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 molecular species differing 

in MW. 

b. Dendrimers have a predictable three-dimensional architecture, especially with increasing 

generations. 

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

accordingly. 

d. The layer after layer synthesis of dendrimers allows for site-selective 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 dendrimers and 

dendrons as gene carriers and medical imaging agents for diagnostic purposes, in addition to 

their applications in DDSs (Abbasi et al., 2014; Gagliardi, 2017; Madaan et al., 2014; Noriega et 

al., 2014). Finally, some dendrimers can act as potential therapeutic agents for specific diseases 

(Issa et al., 2015; Meikle et al., 2013; Svenson et al., 2005).   
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1.3.3.1 Gene delivery 

The first report of using PAMAM 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 ratio (Haensler et al., 1993). Recently, various polycationic materials like 

poly(L-lysine), polyethyleneimine and positively charged liposomes have been used as non-

viral gene carriers (Gupta et al., 2014). Some dendrimers with peripheral amino groups are also 

currently undergoing investigations as non-viral gene carriers due to their structural regularity 

and multivalent properties. Commercially available PAMAM and PPI dendrimers are the most 

representative dendrimers for use as non-viral gene hosts due to their high affinity to 

negatively charged nucleic acids and relatively low cytotoxicity (Abbasi et al., 2014). These 

polycationic dendrimers form conjugates with DNA through electrostatic bonds between the 

protonated primary amino groups on the dendrimer surface and the negatively-charged 

phosphate moieties of nucleic acids. Moreover, PAMAM and PPI dendrimers with tertiary 

amine groups have a high buffering capacity and thus, act as a weak base to retard degradation 

caused by acidification within the endosome-lysosome (Dennig et al., 2002; Madaan et al., 

2014).  

Besides PAMAM and PPI dendrimers, poly(L-lysine) dendrimer are often used for gene 

delivery. Poly(L-lysine) dendrimers with 64 and 128 peripheral amino groups expressed 

efficient gene transfection properties in different cultivated cell lines (Ohsaki et al., 2002). 

Finally, polyphenylene dendrimers with up to 16 lysine repeat units or short peptide sequences 

with up to 5 lysine or glutamic acid monomers have been successfully synthesised to study 

nucleic acids complexation and condensation as well as for their use as building monomers for 

innovative supramolecular architectures (Herrmann et al., 2003). 

1.3.3.2 Diagnostic applications of dendrimers 

Dendrimers are extremely appropriate and used as image contrast media and as molecular 

probes because of their unique characteristics and distinct morphology (Patel, 2013). For 

instance, the immobilisation of sensor units such as avidin (Yoon et al., 2000) and sulfur 

dioxide (Albrecht et al., 2000) on the surface of dendrimers is a very efficient way to produce 

an integrated molecular probe. A previous study (Stears et al., 2000) has reported a highly 

sensitive sulfur dioxide sensor that consists of a dendrimer having arylplatinum complexes as 

surface functional moieties. Several nucleobase-based dendrimers and DNA-based dendrimers 

have been introduced for amplifying purposes of hybridisation signals. A fluorescent 

oligonucleotide dendrimeric signal-amplification system was introduced to microarray 
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technology for enhancing signal detection on DNA microarrays. A highly fluorescent 

dendritic molecule with an optically active binaphthyl derivative at the focal point of the 

phenyleneethylene-based dendrimer has been utilised as a signal amplification method for the 

detection of chiral amino alcohols (Gong et al., 2001). A number of research groups have 

studied the use of dendrimers as a new class of high MW MRI imaging agents (Kobayashi, 

2003; Kobayashi et al., 2001). 

Hydrophilic-iodinated dendritic nanoparticles, consisting of four generation dendrimers 

conjugated to triiodobenzene derivatives, have been explored as contrast agents for computed 

tomography imaging (Yordanov et al., 2002). The high iodine content of these materials yields 

higher spatial resolutions compared to iodinated small molecules. Another type of dendritic 

iodinated imaging agent has a polyethyleneglycol (PEG) focal-core with two dendritic poly(L-

lysine) dendrons and triiodobenzene derivatives at both PEG termini.  An array of 6 dendritic 

contrast imaging agents was synthesised originally, using different PEG cores with t-Boc 

lysine-generated dendrimer (to act as amplifiers) containing 16 to 64 peripheral amine groups 

for conjugation with reactive triiodo moieties (Fu et al., 2006). 

1.3.3.3 Therapeutic applications of dendrimers 

The multi-valence surface of a dendrimer can be very beneficial for immobilising a large 

number of functional materials. Numerous sugar-modified dendrimers have been synthesised 

to explore the cluster effect of sugar groups on various biological functions. For example, 

mannose modified poly(L-lysine) dendrimers were examined for their inhibitory action with 

respect to the type 1 adhesion of fimbriated E. coli to red blood cells (Nagahori et al., 2002). 

Specific types of polyanionic dendrimer may reduce the cellular internalisation of viruses 

through competition with the negatively-charged cell surface. For example, PAMAM 

dendrimers with naphthyl sulfonate residues at the surface have been noticed to have antiviral 

activity (Myriam et al., 2000). Moreover, poly(L-lysine) dendrimers with sulfonate surface 

groups were found to be useful as viral inhibitors for the herpes simplex virus in vitro (Bourne 

et al., 2000). Dendrimers also seem to provide promising candidates to be used in boron 

neutron capture therapy and (Shukla et al., 2003) photodynamic therapy (Dichtel et al., 2004). 

Finally, osteoconductive phosphoserine-modified poly(L-lysine) dendrons were used in tissue 

regeneration (Meikle et al., 2013) and poly(L-lysine) dendrons have been applied as modulators 

of quorum sensing in Pseudomonas aeruginosa and might represent a novel therapeutic strategy 

for the treatment of antibiotic-resistant P. aeruginosa infections (Issa et al., 2015). 
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1.3.3.4 Dendrimers for drug delivery 

The discovery and development of a novel drug is generally a very long and expensive process 

which may take up to 15 years and cost up to 500 million pounds (Bolten et 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 side effects (Ghose et al., 

1999). Controlled drug release and site-specific drug delivery may significantly enhance the 

therapeutic effect of drugs by lowering undesired localisation, allowing for easier optimisation 

of the drug concentration (Esfand et al., 2001).  

A pioneering work reported the creation of a dendritic box (Jansen et al., 1994), which has 

protected amino acid groups on the 64 amine terminal of PPI dendrimers. This dendrimer 

could simultaneously trap up to four large guest molecules (rose Bengal stain) and 8-10 small 

guest molecules (para-nitrobenzoic acid). Upon deprotection of the terminal moieties, the 

surface outer shell opened and the loaded molecules were allowed to leak from the dendrimer. 

Cross-linking, acid-base interactions, and hydrogen bonding have been utilised for the 

formation of dendrimer-guest conjugates (Boas et al., 2002). These general host-guest 

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 applications such as 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 functionality (Abbasi et al., 

2014; Gagliardi, 2017; Gupta et al., 2014). One of the interesting features of dendrimers is their 

unique density distribution, e.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 flexible inner space 

(Patri et al., 2012). Alternatively, the highly functional peripheral groups of dendrimers can be 

used for multiple conjugating interactions especially in drug delivery (Gupta et al., 2014; 

Longmire et al., 2011; Svenson et al., 2005). 

It has been demonstrated that dendronised polymers can be used in pharmaceutical and skin 

care products (Sahoo et al., 2007). Functionalisation of PAMAM dendrimer with antiperspirant 

deodorant constituents has been documented to successfully increase their efficacy on skin 

(Menjoge, Kannan, et al., 2010). Moreover, dendrimer-based products have been utilised for 

different cancer therapy such as for glioblastoma, prostate cancer, and bone metastases (Lee et 

al., 2012). 



37 
 

In addition to the above basic host-guest 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 dendrimers (Tanis et al., 2009). In this study, up to 78 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 conjugated ibuprofen was found to enter epithelial cells in vitro much more rapidly 

compared to the free ibuprofen, implying that dendrimers may be able to efficiently ship 

complexed drugs inside of cells (Kolhe et al., 2003). In another study, the anticancer drug, 

doxorubicin, was covalently bound to the periphery of a polyester-based, second generation 

dendrimer via an acid labile hydrazone linkage. The cytotoxicity of doxorubicin was 

significantly lowered, and the drug was successfully taken up by several cancer cell lines 

(Padilla et al., 2002). Recent research has shown significant improvement in the bioavailability 

of pilocarpine in the eye by using surface-modified dendrimers (Srinivas et 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 

dendrimer for the targeting delivery of methotrexate (anticancer drug) into cancer cells 

(Quintana et al., 2002). Poly(L-glutamic acid) chains with a folate moiety were introduced to 

the periphery of second or third generation PAMAM dendrimers to create a novel 

biodegradable polymers (Tansey et al., 2004). The controlled release of adriamycin and 

methotrexate (anticancer drugs) were achieved after encapsulating into PEG-modified 

dendrimers (Xu et al., 2014). The highly functional Gen3 PAMAM dendrimer-paclitaxel 

conjugates demonstrated good stability under physiological conditions and 12-fold greater 

permeability across Caco-2 cell cells monolayers in vitro than paclitaxel alone (Madaan et al., 

2014).  

MS acute relapses are treated by anti-inflammatory drugs, glucocorticoids. Methylprednisolone 

(MP) is the drug of choice in such treatment. However, MP poor penetration through the 

BBB urges the use of high doses of the drug reaching 10-20 fold the stated daily dose 

(Gaillard, Appeldoorn, et al., 2012).   

1.4 Methylprednisolone 

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

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

every vertebrate animal cell (Pelt, 2011). 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 

gland cortex and its steroidal structure. Glucocorticoids are very effective anti-inflammatory 

drugs in the treatment of many acute and chronic inflammatory conditions and immune 

diseases such as rheumatoid arthritis, asthma, inflammatory bowel disease and MS (Mohamadi 

et al., 2017). Cortisol (or hydrocortisone) is the most important endogenous human 

glucocorticoid. It regulates or supports many important metabolic, cardiovascular, 

homeostatic and immunologic functions (Mohamadi et al., 2017). Various synthetic 

glucocorticoids are available which are used either as replacement therapy in cortisol 

deficiency or to suppress the immune system in specific clinical cases. 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 anti-inflammatory action) and metabolic effects. In addition, glucocorticoids play 

important roles in foetal development and body fluid homeostasis (Liu et al., 2013). 

 

Figure 1.5 Chemical structure of MP. The chemical formula is C22H30O5 and the MW is 374.48 Da.  

1.4.1 Inflammation suppression by MP  

Chronic inflammatory conditions involve the accumulation and activation of many immune 

and inflammatory cells which release several inflammatory 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 inflammation depending on the type of mediators and 

cells that are involved in the process (Barnes, 1998, 2004). 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 most of these inflammatory mediators is regulated at the level of 

gene transcription through the activation of pro-inflammatory transcription factors, such as 

nuclear factor-kB (NF-kB) and activator protein-1 (AP-1) (Barnes, 2006b). These pro-
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inflammatory transcription factors are activated in almost all inflammatory responses and play 

a critical role in perpetuating and amplifying the inflammatory process. For example, NF-kB is 

activated in chronic obstructive pulmonary disease patients and the respiratory airways of 

asthmatic patients (Di Stefano et al., 2002; Hart et al., 1998), in the joints of patients suffering 

rheumatoid arthritis (Muller et al., 2002) and also activated the blood vessels of patients with 

atherosclerosis (Monaco et al., 2004). 

Regardless of the cause inflammation, glucocorticoids can act as potent anti-inflammatory 

agents (Barnes, 2006b). These drugs not only suppress immune responses, but also inhibit the 

two main products of inflammatory conditions, prostaglandins and leukotrienes (Rhen et al., 

2005). Glucocorticoids impose their potent anti-inflammatory affects through the activation 

and suppression of many pro-inflammatory and anti-inflammatory genes, as well as having 

post-transcriptional effects (Barnes et al., 2009). 

1.4.1.1 Gene activation 

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

(GR) in the cytoplasm (Rhen et al., 2005). 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 nuclear translocation of GR involves both the nuclear 

import protein importin-ǟ and importin-13 (Goldfarb et al., 2004; Tao et al., 2006). Once 

inside the nucleus, GR undergoes homodimerisation followed by complexation with 

glucocorticoid response elements resulting in switching-on (or sometimes switching-off) gene 

transcription. Switching-on glucocorticoid-responsive genes results from an interaction 

between the DNA-bound GR and transcriptional coactivator molecules such as cAMP 

response element-binding protein (Ito et al., 2000). The main genes that are switched on by 

glucocorticoids are mostly genes encoding Ǡ2-adrenergic receptors which contribute to the 

anti-inflammatory actions of glucocorticoids (Barnes, 2006a; Clark, 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 chemokines, cytokines, adhesion 

molecules, inflammatory enzymes and receptors (Barnes et al., 2005). These inflammatory 

genes are usually activated at sites of inflammation by pro-inflammatory transcription 

mediators, such as NF-kB and activator protein-1 (Clark, 2003). After being activated by 

glucocorticoid, GR interact with corepressor molecules to supress NF-kB-associated 

coactivator activity thus reducing the inflammatory response (Barnes, 2006b; Ito 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 mitogen-activated protein kinase by 

the induction of protein kinase phosphatase-1 which, in turn, can supress the expression of 

many inflammatory genes (Barnes, 2006a; Clark, 2003). 

 

Figure 1.6 Activation of anti-inflammatory gene expression by glucocorticoids. 

1.4.1.3 Post-transcriptional effects 

When cells are stimulated by inflammatory factors, some pro-inflammatory genes such as 

TNF-a, which usually have unstable messenger RNA that is rapidly degraded by certain 

RNAses become stabilised, consequently enhancing the inflammatory process (Barnes, 

2006b). Glucocorticoids reverse this stability, causing rapid degradation of inflammatory 

mRNAs and reduce inflammatory protein synthesis (Bergmann et al., 2004). This action may 

be mediated via the elevated gene expression of proteins that destabilise mRNAs of 

inflammatory proteins (Smoak et al., 2006). 

1.4.2 Side-effects of MP 

Despite its efficient anti-inflammatory action, MP causes many side-effects especially if it is 

used in relatively high doses for prolonged periods and treatment is suddenly stopped (Dostert 

et al., 2004). The systemic adverse reactions of MP include fluid and electrolyte disturbances, 

peptic ulceration that may cause stomach perforation and haemorrhage, muscle weakness, 

development of Cushingoid state, growth suppression in children and ophthalmic problems 

(Smith et al., 1983). Moreover MP inhibits endogenous cortisol and adrenocorticotropic 

hormone (ACTH) secretion by a negative feedback effect on the pituitary gland (Smith et al., 

1983). This hypothalamus-pituitary-adrenal axis suppression is dose-dependent and 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, MP therapy especially 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 

(Spies et al., 2011). 

1.4.3 MP for the treatment of MS 

MS patients often exhibit a relapsing-remitting pattern (acute phase) in the early stages of the 

disease. These relapses are caused by recurrent leakage of auto-aggressive T-lymphocytes and 

monocytes through the BBB into the brain, where they promote inflammation and lead to 

nerve demyelination, gliosis and axonal function degeneration (Wang et al., 2003). Although 

most patients fully recover after a relapse, it can take long durations (weeks or months) 

(Jongen et al., 2016).  

High-dose intravenous MP (500-1000 mg daily) treatment given over a period of 3-5 days is 

often used as the standard therapy for MS acute phases (Sellebjerg et al., 2005). MP poor 

permeability through the BBB explains the use of such elevated doses (>10 folds the daily 

recommended dose). Although treatment with such high-doses of MP shortens the period of 

the relapses and increases the recovery chance, the exact mechanisms by which MP exert such 

beneficial effects are not well established. It  may be related to the drug multiple biological 

ways of exerting its actions (Andersson et al., 1998). Some of the beneficial effects of MP in 

the treatment of MS acute phases are thought to be mediated through the suppression of 

immune functions (Elovaara et al., 2006). 

Like other corticosteroid drugs, MP is associated with a number of adverse effects, affecting 

the skin, skeleton, muscles, eyes, CNS, electrolytes balance, metabolism, and the endocrine, 

cardiovascular, immune, and gastrointestinal systems, usually in a dose-dependent way 

(Schacke et al., 2002). Although most serious adverse effects are related to the long-term oral 

administration, short-term corticosteroid-induced symptoms are frequent, especially with 

high-dose treatment needed to treat MS relapses (Jongen et al., 2016). Although the adverse 

effects of short-term MP treatment of MS relapses seldom require hospitalisation or medical 

interventions, from a patient perspective, they may cause a disturbance to patients and affect 

the quality of life (Guidry et al., 2009). A recent study (Jongen et al., 2016) has indicated that all 

patients treated with high-dose intravenous MP suffered from adverse effects. The most 

common severe adverse effects were muscle weakness, sleep disturbance, nausea or having 

stomach pain and being agitated. Furthermore, in MS patients, the distress from CNS related 
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adverse effects, like change in mood, sleep disturbance, and behavioural change may add to 

the burden of MS-related CNS symptoms. Thus, minimising the adverse effects of MP in MS 

patients by improving its penetration through the BBB is a crucial improvement for 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 endothelium. Nevertheless, 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 molecular òTrojan horseó delivery systems 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 relapses. Such high 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 can penetrate through physiological 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 main questions: 

1) Is it possible to conjugate MP to a specially engineered dendronised carrier? 

If so,  

2) To what extent does such conjugation improve MP permeability across a model of the 

BBB? 

Also 

3) What are the cytotoxicity patterns of the synthesised conjugates compared to their 

parent compounds (free drug and dendrons)? 

And 

4) Does the attached MP retain its anti-inflammatory activity or will the conjugation with 

the carrier result in the loss of the pharmacological activity of the drug? 

In answering these key research questions, this study will seek to address the following 

objectives: 

i. Design, synthesise and characterise a glutathione-dendron based carrier system for 

MP. 

ii. Investigate the cytotoxicity levels of the conjugated molecules using different 

cytotoxicity assays. 
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iii. Detect the potential increment in MP permeability of the BBB by an in vitro BBB 

model when the drug is conjugated to the specialised carrier system.   

iv. Test the ability of the conjugated MP to retain its anti-inflammatory activity 

compared to unmodified free drug utilising an in vitro model based on target neuro 

glial cells. 
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Chapter 2. Synthesis and characterisation of 

dendron-MP conjugates 
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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, well-defined molecular architecture, excellent uniform structure and 

highly adaptable chemical structure make them promising new scaffolds for medicinal and 

diagnostic chemistry (Bosman et 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 homogeneity of their three-

dimensional structure, a variety of biologically active agents can be incorporated into 

dendrimers to form biologically active conjugates, including novel drug carriers (Madaan et al., 

2014). Thus, interest has increased in the design and synthesis of novel biocompatible 

dendrimers for application in many fields of molecular bioscience including the development 

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

enhancers for drug delivery (Svenson et al., 2005). 

Unlike traditional polymers, dendrimers have drawn considerable attention in different 

biological applications owing to their high solubility (Soto-Castro et al., 2012), biocompatibility 

(Duncan et al., 2005), polyvalency (Patton et al., 2006) and precise MW (Tomalia, 2005). These 

advantages make them an ideal carrier for drug delivery and site-targeting applications. 

Different categories of drugs that have been incorporated in these versatile carriers such as 

anticancer drugs, nonsteroidal anti-inflammatory drugs, antiulcer drugs, anti-HIV drugs, 

diuretics, antifungal drugs, anti-hypertensive drugs and antibiotics (Madaan et al., 2014).  

2.1.1 Dendrons synthesis 

Dendrons are synthesised by a fully controlled stepwise reaction (Grayson et al., 2001). Two 

main synthetic strategies are used to construct dendritic structures, which are the divergent 

approach and convergent approach.  

The divergent method was first introduced by Newkome (Newkome et al., 1985) 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 which are (i) coupling 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 as the ±growth of a 

generation±. The first-generation dendrons are formed by simply attaching a branched unit to 

the focal core, whereas to make a second-generation dendron, the peripheral groups of the 



47 
 

first generation dendron must interact with the branched building blocks. This reaction is fully 

controllable, as other functional groups on the building blocks are protected. Thus, 

modification or deprotection of newly attached peripheral functional groups results in the next 

branching generation. This process is repeated until the desired number of branching 

generations is obtained. 

 

Figure 2.1 Divergent 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 

(Hawker et 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 

synthesis techniques have been proposed that aim to reduce the number of synthetic and 

purification steps and increase the final product yields, such as double-exponential dendrimer 

growth approach (Kawaguchi et al., 1995) the double-stage convergent growth approach (Ihre, 

1998; Labbe et al., 1996) and orthogonal coupling (Zeng et al., 1996). 

 

 

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 peptide synthesis 

Peptide synthesis may be conducted both in liquid-phase (Takahashi et al., 2012) and solid-

phase (Schnolzer et al., 2007). Solid-phase peptide synthesis (SPPS) has become the primary 

method for synthesising peptides and small proteins that are essential for research in 

biomedicine, biology, drug discovery and many other fields (Søren et al., 2012). SPPS starts 

with a solid support resin which is usually a copolymer of polystyrene with 1% divinylbenzene 

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 synthesised peptide.  

SPPS is defined by several factors, mainly the set of N-terminus protecting groups, side-chain 

protecting groups, supporting resins, linkers (handles) and coupling reagents. The principle 

involves the sequential coupling of N-terminus and side-chain protected amino acids to a 

growing peptide chain attached to a solid support (insoluble resin) in the C to N direction. 

Typically, the C-terminal amino acid is first anchored at the carboxy terminus to the solid 

support by a cleavable handle. Then, the N-terminus protecting group can be removed 

without affecting the side-chain protecting 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 and filtration (Pires et al., 2014). 

After achieving the desired sequence of amino acids, the peptide is released from the solid 

support, accompanied by the removal of the semi-permanent side-chain protecting groups 

(Figure 2.4). 

 

Figure 2.3 Amide linkage formation between two amino acids. R1 is the side chain of the first amino acid and R2 

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

terminus of the first amino acid with N-terminus of the second amino acid with the formation of water molecule. 
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The two most widely used Nǟ -protecting groups in SPPS are 9-fluorenylmethyloxycarbonyl 

(Fmoc) and tert-butoxycarbonyl (Boc) (Fields et al., 1990; Hudson, 1988; Merrifield, 1986; 

Miranda et al., 1999). The Fmoc method is usually preferred over the Boc strategy for routine 

peptide synthesis as the latter normally requires the use of corrosive and toxic hydrofluoric 

acid, as well as hydrofluoric acid apparatus. The Fmoc group can be removed under mild 

conditions with secondary amines, typically 20% piperidine in N,N-Dimethylformamide 

(DMF) (Remuzgo et al., 2009). 

 

 

Figure 2.4 The principle of SPPS. Where X is the temporary N-terminus protecting group, Y is the semi-

permanent side-chain amino acid (Aaa) protecting groups and R is the C-terminal functionality, typically OH or 

NH2. 

 

 
































































































































































































































































































































































































