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Abstract 

Disorders of the central nervous system such as brain tumours, Alzheimer’s 

disease, Parkinson’s disease, Huntington’s disease and others lead to a 

worst decline in the quality of life of patients. The possibility of using gene 

therapy for the treatment of these disorders is hindered due to the presence 

of blood-brain barrier and due to the lack of safe and efficacious gene 

delivery systems that can cross this barrier and express exogenous genes in 

global areas of the CNS. 

 

Various receptors such as transferrin receptors, lactoferrin receptors and 

low-density lipoprotein receptor-related proteins 1 & 2 are widely expressed 

on the blood-brain barrier for the transport of endogenous molecules. These 

endogenous transport systems could be exploited for transport of molecules 

across the blood-brain barrier. In this thesis, we demonstrated the synthesis 

and characterization of transferrin-, lactoferrin-, lactoferricin-, Angiopep-2-

bearing diaminobutyric polypropylenimine (DAB) dendrimers and evaluated 

their brain targeting efficiencies in vitro and in vivo. 

 

Transferrin- and lactoferrin- bearing DAB dendriplexes led to a 2-fold and 

6.4-fold increase in gene expression in the brain respectively, as compared 

to unconjugated DAB dendriplex after intravenous administration in mice, 

while decreasing the gene expression in other major organs of the body. 

Lactoferricin-bearing dendriplex did not show any gene expression in the 

brain after intravenous administration, whereas unexpected results requiring 



 

 XX 

further investigation were obtained after intravenous administration of 

Angiopep-2-bearing dendriplex.    
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CHAPTER 1 

 
Introduction 
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1. Brain neoplasms and neurodegenerative disorders 

Disorders of the central nervous system currently stand at the staggering 11 

% of the global burden of diseases (Dominguez et al., 2013). Amongst all 

these disorders, brain tumours and neurodegenerative disorders, such as 

Alzheimer’s disease, Parkinson’s disease and Huntington’s disease, are 

among the most debilitating conditions of the 21st century. 

 

1.1. Brain tumours      

The term “brain tumour” refers to a collection of neoplasms, each with its own 

biology, prognosis and treatment. They are also scientifically known as 

intracranial neoplasms, since some do not arise from brain tissue (eg. 

meningiomas, lymphomas). According to Cancer Research UK, brain, central 

nervous system (CNS) and other intracranial tumours are the 9th most 

common cancers in the UK (2011), and 17th most common type of cancer in 

Europe and worldwide, with survival rates of less than 2 years in 70% of the 

patients. There are more than 130 different types of brain tumours. The 

major risk factors identified for the development of brain neoplasms include 

ionizing radiations, such as X-rays and CT-scans, age, metastases of other 

cancers (lung, breast, kidney, melanoma and colorectal cancers), genetic, 

family history and obesity. Currently, the most common modalities utilized for 

the treatment of brain tumours are surgery, radiation therapy and 

chemotherapy. 
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1.2. Alzheimer’s disease 

Alzheimer’s disease is a neurodegenerative disease causing dementia 

characterized by memory loss in early stages and severe problems of 

communication, reasoning, orientation and hallucinations in later stages. The 

brain changes that lead to the development of Alzheimer’s disease is the 

accumulation of the β-amyloid protein outside neurons (β-amyloid plaques) 

and accumulation of the abnormal form of tau protein in the neurons. As a 

result, the information transfer between the neurons fails, leading to neuronal 

death. The precise biological changes leading to the disease, differences in 

the rates of progression among individuals and ways to prevent, slow or halt 

the progression of the disease are yet to be found (World Alzheimer’s report, 

2009). In 2010, the worldwide prevalence of Alzheimer’s disease was 36 

million, which is forecasted to be quadrupled by 2050 (1 in 85 persons will be 

suffering from this disease). The major risk factors are age, gender (women 

are at higher risk compared to men), lifestyle (smoking, alcohol and obesity) 

and family history (Brookmeyer et al., 2007). Currently, there is no cure for 

Alzheimer’s disease. The medicines available are to treat the symptoms and 

to slow down the progression temporarily.  

 

1.3. Parkinson’s disease 

Parkinson’s disease is the second most common progressive 

neurodegenerative disorder characterized by both motor and non-motor 

symptoms. People suffering from Parkinson’s disease display rest tremor, 

rigidity, bradykinesia and stooping posture. Neuropsychiatric symptoms 
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include depression, anxiety, dementia and mood disturbances. The 

pathophysiology of Parkinson’s disease demonstrates loss or degeneration 

of the dopaminergic neurons and development of Lewy bodies in 

dopaminergic neurons. The major risk factors include ageing, genetic 

inheritance, pesticide exposure and environmental chemicals, such as 

polychlorinated biphenyls, lead and manganese. However, the ultimate 

cause that leads to Parkinson’s disease is still unknown. Parkinson’s disease 

worldwide affects an estimated 7-10 million people with a predicted increase 

in the prevalence in the future. Treatments include reduction of the motor 

symptoms by drug therapy utilizing dopamine alternatives (carbidopa, 

levodopa or dopamine receptor agonists) and surgical therapies (deep brain 

stimulation) (Beitz, 2014). In the last decade, number of genetic mutations 

leading to the sporadic Parkinson’s disease has been identified (Davie, 

2008). 

 

1.4. Huntington’s disease 

Huntington’s disease is an autosomal dominant, fully penetrant, progressive 

neurodegenerative disease, leading to disability and untimely death of the 

patient. Early symptoms of the disease include involuntary movements of the 

body parts, like quick, sudden, jerking movements of the arms, legs, face and 

other body parts, impaired balance and unsteady gait. It is caused by the 

cytosine-adenine-guanine trinucleotide repeat expansion in the huntingtin 

(HTT) gene that leads to the expanded polyglutamine stretch in the HTT 

protein. This defective protein damages the brain cells by mechanisms that 



 

 5 

are not fully understood yet. The prevalence of Huntington’s disease is 

relatively rare with 4-8 cases per 100,000 people. Currently, there is no cure 

available for Huntington’s disease. The treatments available are to reduce 

the severity of some of the symptoms (Ross and Tabrizi, 2011, Gudesblatt 

and Tarsy, 2011).  

 

 

2. The Blood-brain barrier 

The blood-brain barrier (BBB) is a unique extracellular fluid environment 

within the central nervous system, allowing a precise control of its 

composition (Figure 1.1). The BBB is the key regulating site for drug access 

to the brain due to its large surface area and short diffusion distances from 

capillaries to neurons (typically less than10-15 um) (Schlageter et al., 1999). 

It also acts as an entrance gateway for various nutrients to the brain and also 

protects it from potentially toxic compounds. The barrier function of BBB is a 

combination of physical barrier, transport barrier and metabolic barrier 

(Abbott & Romero, 1996). Although the multi-tasking BBB has played an 

essential role in the development of CNS as a complex integrated network, it 

poses a major problem for treatment strategies that require the delivery of 

drugs and other therapeutic molecules to the brain for the treatment of CNS 

disorders. The low and selective permeability of BBB can be credited to its 

unique biological properties:  

(a) the lack of fenestrations, vesicular transport and pinocytosis in the 

endothelial cells (Stewart, 2000; Abbott, 2005) 
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(b) the physical barrier created by tight junctions between adjacent 

endothelial cells (Persidsky et al., 2006) 

 

(c) the transport barriers created by expression of various transporters 

including Glucose transporter 1 (GLUT 1) glucose carrier, L-type amino acid 

transporter (LAT1), transferrin receptors, insulin receptors, lipoprotein 

receptors and ATP family of efflux transporters such as P-glycoprotein (P-gp) 

and the multidrug resistance-related proteins (MRP). These transporters and 

receptors carry only specific molecules to the brain (Abbott et al., 2006). 

 

(d) the enzymatic barrier of degrading enzymes (γ-glutamyltranspeptidase, 

alkaline phosphatase) localized in the endothelial cells. 

 

2.1. Cellular components 

The BBB consists of various components that functionally make a neuro-

vascular unit performing as a barrier. 

 

2.1.1. Endothelial cells 

Brain microvascular endothelial cells (BMVECs) are positioned at the 

interface between the blood and the brain (Figure 1.1). The endothelial cells 

lining the cerebral capillaries differ from the other vascular endothelium in 

their ability to control the movement of molecules and cells to and from the 

neural parenchyma (Ge et al., 2005; Weksler et al., 2005). The cerebral 

microvessels are 50-100 times tighter than peripheral microvessels leading 
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to severe restriction of the paracellular pathway for diffusion of hydrophilic 

solutes (Abbott, 2002). 

 

    

 

 

Thus, they act as a barrier and also perform various functions such as the 

transport of nutrients, receptor-mediated signalling, leukocyte trafficking and 

osmoregulation (Persidsky et al., 2006). These unique properties of the 

endothelial cells are due to their various structural elements: 

 

(1) Tight junctions formed by various proteins like occludins, claudins and 

zonula occludens  

(2) Adherens junctions composed of cadherins, catenins, vinculin and actinin  

(3) Junctional adhesion molecules (Doolittle et al., 2005). 

  

The cytoplasm of endothelial cells of the brain has uniform thickness, no 

fenestrations, low pinocytic activity and a continuous basement membrane 

Figure 1.1 The Blood-brain barrier, or the neurovascular unit, 
showing endothelial cells, pericytes and astrocytes (Carvey, 2009) 
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(De Boer & Gaillard, 2006; Wong et al., 2012). Endothelial cells of brain 

capillaries have larger volume and number of mitochondria than the 

endothelial cells of other parts of the body, that maintain ion differentials 

between blood plasma and brain extracellular fluid and also retain the unique 

structural characteristics of CNS capillaries. This facilitates the active 

transport of nutrients to the brain (Persidsky et al., 2006; Cardoso et al., 

2010). 

 

BMVECs also act as an enzymatic barrier that includes γ-glutamyl 

transpeptidase, alkaline phosphatase and aromatic acid decarboxylase. The 

concentration of these enzymes is higher in cerebral capillaries compared to 

the non-neuronal vessels. They are capable of metabolizing various drugs 

and nutrients (Pardridge, 2005). 

 

The endothelial cells at the BBB have distinctive pattern of receptors and 

specific transport systems that facilitate the uptake of essential nutrients and 

hormones to facilitate brain homeostasis. Amongst the transporters, GLUT1 

is of particular importance because glucose is the main energy source of the 

brain (Wolburg et al., 2009). An important efflux transporter on the BBB is P-

gp, which is an ATP-binding cassette transporter, is present on the apical 

surface of the endothelial cells. It is responsible for the active extrusion of 

non-polar molecules out of the endothelial cells (Ramakrishnan, 2003). 
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2.1.2. Astrocytes 

The ability of endothelial cells to form a barrier depends on the neural 

environment in which they grow (Stewart and Wiley, 1981). 

Astrocytes/Astroglia encircle more than 99% of the microvascular endothelial 

cells of the BBB (Persidsky et al., 2006). They play an important role in the 

development of unique brain microvascular endothelial cell phenotype which 

leads to its unique characteristic to function as a barrier (Hayashi et al., 

1997). The astrocytes induce and modulate many BBB features and their 

interaction with endothelial cells during biogenesis leads to the formation of 

tight junctions (Dehouck et al., 1990; Rubin et al., 1991). 

 

In an in vitro study it was observed that enhanced tight junctions with 

markedly increased length, breadth and complexity, were observed in brain 

endothelial cells cultured with astrocytes as compared to endothelial cells 

alone (Tao-Cheng et al., 1987). Astrocyte-derived factors and second 

messenger levels, such as cyclic adenosine monophosphate (cAMP) levels, 

are found to be extremely important modulators in maintaining the 

functionality of BBB tight junctions (Wolburg et al., 1994). Thus, astrocytes 

are believed to provide inductive influence to the endothelial cells of brain 

tissues, making them less leaky (Janzer & Raff, 1987). 

 

Astrocytes play an important role in enhancing the trans-endothelial electrical 

resistance which is necessary for reducing cell permeability and tight junction 

organization (Rubin et al., 1991). They are essential for adequate neuronal 
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function, and the close proximity of neuronal cell bodies to brain capillaries 

suggests that astrocytes-BMVEC interactions are crucial for a functional 

neurovascular unit (Abbott et al., 2006). 

 

2.1.3. Pericytes 

Pericytes are polymorphic, elongated, multibranched peri-endothelial cells 

that vary in their degree of envelopment of endothelial cells in the 

vasculature (Shepro & Morel 1993). Pericytes show elevated contents of 

muscle and non-muscle actin (Herman & D’Amore, 1985), highlighting the 

contractile ability of pericytes both in vitro (Kelley et al., 1987; Shepro & 

Morel, 1993) and in vivo (Peppiatt et al., 2006). 

 

The physical contacts between pericytes’ cellular processes and the inter-

endothelial junctions predict their role in maintaining the capillary diameter, 

ultimately leading to the control of blood flow (Peppiatt et al., 2006), as well 

as in regulating the tight junction permeability (Edelman et al., 2006). 

 

Pericytes play specific roles in various angiogenesis and vascular endothelial 

barrier systems. In vitro studies demonstrated that endothelial cells 

associated with pericytes are more resistant to apoptosis than the isolated 

endothelial cells. This supports the role of pericytes on the structural integrity 

and genesis of the BBB (Ramsauer et al., 2002). 
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Pericytes also contribute to the expression, maintenance and regulation of 

BBB properties (Lai & Kuo, 2005). A BBB co-culture of brain endothelial cells 

with pericytes supported the pericytes-induced up-regulation of the barrier 

property of the BBB (Dohgu et al., 2005) . 

   

2.2. Intercellular junctions 

The stabilization of the BMVECs lining at the BBB occurs by specialized cell 

junctions between adjacent cells, tight junctions and adherens junctions and 

the signalling pathways involved in the regulation of their assembly. 

 

2.2.1. Tight Junctions 

Tight Junctions (TJ) are the major structures responsible for the barrier 

properties. They are located on the apical region of endothelial cells. They 

act as a seal, and control paracellular diffusion between the apical and 

basolateral plasma membrane (Figure 1.2 A) (Ge et al., 2005; Hawkins & 

Davis, 2005; Cardoso et al., 2010). They form an intricate complex of 

parallel, interconnected, trans-membrane and cytoplasmic strands of proteins 

arranged as a series of multiple barriers (Cardoso et al., 2010). The TJ are 

composed of integral proteins (proteins permanently bound with the 

biological membrane), such as claudin, occludin and junctional adhesion 

molecules (JAM), and anchoring proteins such as zonula occludens 

(Persidsky et al., 2006). 
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Claudin is a tight junction molecule weighing 20-24 kDa which establishes 

barrier properties and is responsible for permeability restriction (Morita & 

Furuse, 1999; Tsukita & Furuse, 1999; Tsukita et al., 1999; Wolburg et al., 

2009). 

 

Occludin is a highly expressed protein in BMVEC weighing 65-KDa and 

detected consistently along the cell margins (Wolburg & Lippoldt 2002; 

Hawkins & Davis 2005). High levels of occludin lead to decreased 

paracellular permeability (Huber et al., 2001) and increased electrical 

resistance (Persidsky et al., 2006), thus having an active role in BBB function 

(Yamamoto et al., 2008). 

 

Junctional adhesion molecules (JAMs) are 40-KDa proteins (JAM-1, JAM-2 & 

JAM-3) of the IgG superfamily (Persidsky et al., 2006). They play an 

important role in developmental processes and also regulate the trans-

endothelial migration of the leukocytes. The functions of JAMs are currently 

unknown in the mature BBB (Cardoso et al., 2010). 

 

Cytoplasmic proteins or anchoring proteins such as Zonula Occludens (ZO) 

proteins (ZO-1, ZO-2 and ZO-3) function as recognition proteins for TJ 

placement and as a support structure for signal transduction proteins (Huber 

et al., 2001). Loss of ZO-1 from the junctional complexes leads to increased 

BBB permeability (Choi & Kim, 2008). 

 



 

 13 

2.2.2. Adherens Junctions 

Adherens Junctions (AJ) are located in the basal region of the lateral plasma 

membrane below the TJ (Figure 1.2 B). They are composed of trans-

membrane glycoproteins linked to the cytoskeleton by cytoplasmic proteins, 

giving place to the adhesion belts (Cardoso et al., 2010). They are 

responsible for the adhesion of the BMVEC to each other, giving rise to 

continuous adhesion belt (Petty & Lo, 2002), the initiation of cell polarity, 

regulation of paracellular permeability and thus contribute to the barrier 

function (Hawkins & Davis 2005; Carvey 2009) . AJ are constituted by 

cadherins and catenins (Perrière et al., 2007). 

 

Cadherins have cell-type specificity. Vascular endothelial VE-cadherin 

(cadherin-5), an integral membrane glycoprotein, is expressed exclusively in 

cells of vascular epithelial origin whereas neural (N)-cadherin is found in the 

cells of the nervous tissue, vascular smooth muscle cells and myocytes 

(Navarro et al., 1998). It determines microvascular integrity both in vitro and 

in vivo (Vorbrodt & Dobrogowska, 2003). It mediates Ca2+-dependent cell-cell 

adhesion, inhibits cell proliferation and decreases cell permeability (Cook et 

al., 2008). 

  

Catenins have a major role in anchoring cadherin complex to the actin 

cytoskeleton (Stamatovic et al., 2008). Four types of catenins have been 

identified: α-, β-, δ- and γ- catenins. α- and β- catenins are expressed at 

inter-endothelial junctions of BBB type brain capillaries and are prime 
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requisite for cadherins to work as adhesion molecules (Vorbrodt et al., 2008; 

Cook et al., 2008).  

 

 

 

 
Figure 1.2 The endothelial cells at the BBB present tight junctions (TJ) 
(A) and adherens junctions (AJ) (B) (Cardoso et al., 2010).  
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2.3. Transport mechanisms 

The following organisational chart shows different transport mechanisms 

across the BBB that regulate the movement of various endogenous and 

exogenous substances across the BBB (Fig. 3). 

 

 

 

  

 

2.3.1. Paracellular pathway 

Small water-soluble molecules can diffuse through the tight junctions 

between the endothelial cells to a very low extent (Figure 1.4). This process 

is mediated through passive molecular diffusion from higher concentration to 

lower concentration (Chen & Liu, 2012). 
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Figure 1.3 Different categories of transport across the BBB 
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2.3.2. Trans-cellular pathway 

2.3.2.1. Lipophilic pathway 

Small lipid-soluble substances can dissolve in the lipid plasma membrane of 

the brain capillary endothelial cells and penetrate through it. It is the case, for 

example, for alcohols and steroid hormones. (Figure 1.4) (Chen & Liu, 2012). 

 

2.3.2.2. Carrier-mediated transport 

Solutes such as glucose and amino acids can bind to a protein transporter on 

one side, which leads to conformational changes in the protein, resulting in 

the transport of the solutes to the other side of the membrane, according to 

the concentration gradient (Figure 1.4). If compounds need to be transported 

against the concentration gradient, ATP provides energy to allow this process 

(Chen & Liu, 2012). GLUT1 is expressed on the BBB that continuously 

maintains optimal levels of glucose in the CNS for its adequate functioning 

(Pardridge et al., 1990; McAllister et al., 2001). The transport of large amino 

acids that play an important role in brain amino acid metabolism, 

neurotransmitter synthesis and protein synthesis occurs through large amino 

acid transporters that are expressed on the endothelial cells of the BBB 

(Boado et al., 1999). 

 

2.3.2.3. Receptor-mediated transcytosis  

Receptor-mediated transcytosis (RMT) provides a means for selective uptake 

of macromolecules. Endothelial cells have receptors, such as transferrin 

receptors (TfR), insulin receptors and low density lipoprotein receptor-related 
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proteins (LRP 1 & 2), scavenger receptors class B type 1, diphtheria toxin 

receptors (DTR) and glutathione transporters for the selective uptake of many 

different types of ligands, including growth factors, enzymes and plasma 

proteins (Rip et al., 2009).  Macromolecules bind to receptors in specialized 

areas of plasma membrane. Following this binding, the macromolecules 

invaginate into the cytoplasm to form endosomes. After acidification of the 

endosomes, the ligand will dissociate from the receptor and cross the other 

side of the membrane (Figure 1.4). RMT is being intensely studied for brain 

targeting (Shi & Pardridge 2000; Pardridge, 2005). 

 

2.3.2.4. Absorptive-mediated transcytosis  

Adsorptive-mediated transcytosis (AMT) is triggered by electrostatic 

interactions between the positively charged moieties of the proteins and 

negatively charged membrane surface regions (glycocalyx) on the brain 

endothelial cells. AMT-based drug delivery was performed using cationic 

proteins and cell-penetrating peptides, such as Tat-derived peptides and 

Syn-B vectors (Figure 1.4). It has high capacity compared to RMT, but has 

several limitations such as toxicity and immunogenicity (Hervé et al., 2008). 

 

2.3.2.5. Cell-mediated transport 

Since brain is under a constant immunological surveillance, cells of the innate 

immune system can be used as transporters of drugs to CNS. Cell-mediated 

transcytosis relies on immune cells, such as monocytes, to cross the BBB. 
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Serotonin, when conjugated to negatively charged liposomes, can actively 

cross the BBB with the help of circulating monocytes (Afergan et al., 2008). 
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2.4. BBB under pathological conditions 

The natural properties of the BBB neurovascular unit change under the 

pathological state of neurological disorders. Disorders such as cerebral 

ischemia and hypoxia lead to interference of blood flow to the brain, leading 

to the increase in BBB permeability. Inflammation of the neurons caused by 

various diseases such as Alzheimer’s disease, multiple sclerosis, also leads 

to TJ opening and BBB disruption (Persidsky et al., 2006). The neurovascular 

unit is also compromised in brain tumours. There is functional reduction of 

endothelial tight junctions and overexpression of various receptors, such as 

folate, insulin and transferrin receptors, leading to increased permeability of 

the BBB (Doi et al., 2008; Maeda et al., 2009). 

 

2.4.1. Changes in tight junctions and BBB permeability 

The permeability of the BBB is highly influenced by the stimuli produced by 

physiological and pathological conditions, such as oxidative stress (nitric 

oxide, hydrogen peroxide), inflammatory mediators (interleukins, interferons), 

vasogenic agents (histamine, vascular endothelial growth factor), infective 

agents (bacteria, viruses, parasites, fungi), as well as physiological stimuli 

(intercellular Ca2+) and immunological stimuli (leukocytes) (Stamatovic et al., 

2008; Deli, 2009). There is strong evidence that BBB integrity is 

compromised, leading to higher permeability in disorders such as stroke, 

Alzheimer’s disease, multiple sclerosis, Human immuno-deficiency virus 

(HIV), Parkinson’s disease and brain tumours (Huber et al., 2001; Abbott et 

al., 2006; Holman et al., 2011). 
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In patients suffering from Alzheimer’s disease, BBB disruption can be directly 

related to the increased rate of neurodegeneration. Activated astrocytes and 

microglial cells stimulated by the β-amyloid plaques lead to production of pro-

inflammatory factors (McGeer et al., 2005). The deposition of neurotoxic β-

amyloid on microvessels leads to the apoptosis of the BMVECs and to a  

compromised neurovascular unit. In addition, hyperhomocysteinemia 

(increased homocysteine in blood) leads to an increased filtration of 

peripheral immunoglobulin G (IgG) and neuroinflammation (Zlokovic, 2002; 

Zlokovic, 2008). Although the BBB impairment may be used for improved 

drug delivery and treatment, in Alzheimer’s disease, however, restoring BBB 

integrity is more important. This is due to the fact that BBB impairment is 

directly proportional to neurodegeneration (Chen & Liu, 2012). 

 

In diseases like Parkinson’s disease and epileptic seizures, an increase in 

BBB permeability is observed due to neuroinflammation as a response to 

phagocyte activation, activation of microglia, increased synthesis and release 

of pro-inflammatory cytokines and release of reactive oxygen species 

(Whitton, 2007; Chung et al., 2010). In brain tumours, expression of tight 

junction proteins claudin 1 and claudin 5 was significantly down-regulated or 

lost, leading to a morphological change in the TJ and an increased BBB 

permeability (Liebner et al., 2000). The secretion of Vascular endothelial 

growth factor (VEGF), other growth factors and cytokines by the tumours, 

leads to the formation of blood vessels lacking tight junctions, further 
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resulting in TJ downregulation (Berkmann et al., 1993, Plate et al 1993, Sato 

et al., 1994; Lamszus et al., 1999). 

 

2.4.2. Changes in transport system 

Under pathological conditions, the expression of various transporters P-gp, 

and processes like AMT and RMT drastically change. 

 

P-gp is a member of the ATP-binding cassette superfamily of the multidrug 

resistant transporter (MDR) expressed on both luminal and abluminal sides of 

the BBB, where it functions as an efflux transporter. It plays a crucial role in 

preventing the entry of drugs and toxins in CNS and confers drug resistance 

by active ATP-dependent extrusion of xenobiotics from cells (Lee & 

Bendayan, 2004). In Alzheimer’s disease, there is an inverse correlation 

between the expression of the P-gp transporter and deposition of β-amyloid 

plaques (Cirrito et al., 2005). Kortekas and colleagues (2005) demonstrated 

the decreased functional activity of P-gp in the brain of the patients with 

Parkinson’s disease. The brain uptake of [11C]-verapamil, which was normally 

extruded from brain by P-gp, was elevated in Parkinson’s disease. The 

expression of P-gp varies in different types of brain tumours. Schwannomas 

and brain metastases from other cancers show a lower expression of P-gp 

compared to normal brain tissue. The levels of P-gp expression in malignant 

brain tumours, including both low-grade and high-grade gliomas, were similar 

to that of the normal brain, and meningiomas showed 7-10 times more P-gp 

expression (Demeule et al., 2001). 
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Variations in AMT and RMT have also been observed in BBB during 

pathological states. It has been shown that there is an increase in AMT in 

CNS disorders due to secretion of various inflammatory mediators (Chen & 

Liu, 2012). RMT is an important pathway for the transport of endogenous 

molecules, such as insulin, insulin-like growth factor, transferrin and 

lactoferrin (Roberts et al., 1993; Fillebeen et al., 1999). Various receptors on 

the BBB include TfR, insulin receptors, LRP1, LRP2 and DTR. 

 

TfR, the most widely characterized receptor on BBB, mediates the 

transcytosis of transferrin-bound iron through BMVEC (Connor & Menzies, 

1995). Its expression is decreased in cerebral inflammation, which occurs in 

neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s 

disease. A transient reduction in TfR leads to decreased supply of iron to 

CNS, ultimately leading to neural dysfunction. Brain neoplasms demonstrate 

increased angiogenesis and proliferation that needs increased iron uptake 

through TfR. Tumour cells therefore show increased expression of TfR 

(Leitner & Connor, 2012). Insulin receptors are important for the regulation of 

the glucose metabolism in brain. Their expression is also altered in 

neurodegenerative diseases such as Alzheimer’s disease. It was observed 

that insulin receptors are over-expressed in elderly individuals with 

Alzheimer’s disease as compared to the controls of the same age group 

(Frölich et al., 1998). Low-density lipoprotein receptor (LDLR), LRP 1 and 

LRP 2, inhibit inflammatory process. Most diseases involving the process of 

inflammation, such as Alzheimer’s disease and Parkinson’s disease, affect 



 

 23 

their expression. DTR is reported to be upregulated in many inflammatory 

conditions (Gaillard et al., 2005). 

    

It can therefore be concluded that, while designing a delivery system for 

carrying drugs to brain, the impact of the diseases on the transport system 

should be taken into account. If the receptors are upregulated in a specific 

disease, there will be higher RMT, leading to higher intake of drugs into the 

brain. 

 

2.4.3. Leukocyte trafficking 

A number of neurodegenerative disorders cause CNS inflammation, which 

leads to the breakdown of BBB and causes increased migration of some 

immune cells such as leucocytes, including monocytes and macrophages 

(Huang et al., 2006). In brain tumours, histological analysis showed high 

levels of macrophage infiltration (Levy et al., 1972). It has been suggested 

that leucocytes naturally accumulate in the brain during pathology as part of 

the immune defence mechanism (Persidsky et al., 2006).   

 

 

3. Strategies used to deliver therapeutics across the BBB 

Rapid advances in the field of molecular biology have propelled the 

development of novel drug delivery systems. With a better understanding of 

BBB and brain disorders, the modern approaches utilize a multi-disciplinary 
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approach combining biology, nanotechnology and biophysics with a common 

goal of successful drug delivery to the brain. 

 

3.1. Tight junctions opening 

The emerging knowledge of the molecules involved in TJ and the discovery 

of modulators that can be used to temporary open the TJ and disrupt the 

BBB have been used as a strategy for drug transport to the brain. Various 

physical, chemical and biological stimuli can be used to modulate tight 

junctions. 

 

Ultrasounds and microwaves have been widely researched as physical 

stimuli for the disruption of the tight junctions of the BBB. Ultrasounds were 

used as a diagnostic tool for many years. Due to the recent developments in 

the acoustics, focused ultrasounds can be used to concentrate acoustic 

energy at one focal spot deep in the body with minimal effect on the near-

field tissue (Vykhodtseva et al., 2008).  It was demonstrated that low power 

focused ultrasounds applied after the intravenous administration of the 

ultrasound contrast agent lead to consistent opening of the BBB without 

damaging the CNS tissue (Hynynen et al., 2001). Microwave energy has also 

been studied for the transport of drugs to the CNS. It leads to the reversible 

opening of the BBB TJ via microwave-induced hyperthermia (Chen & Liu, 

2012). 
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There are various materials used as chemical stimuli for the modulation of 

the TJ and for the increase of the BBB permeability. It was observed that an 

intracarotid infusion of oleic acid, as well as sodium dodecyl sulphate, 

increased BBB permeability in a dose- dependent reversible manner (Sztriha 

& Betz, 1991; Saija et al., 1997). Most of the materials use intracarotid or 

arterial infusion for the BBB opening, which is considered as a highly invasive 

technique and requires expertise. In an in vitro model, it has been shown that 

cyclodextrins (α-, β-, and γ-) increase the BBB permeability by extracting the 

lipids from the plasma membrane (Monnaert et al., 2004). But no in vivo 

studies have been performed yet to determine the action of cyclodextrins on 

BBB. 

 

Many biological compounds like Cereport™ (RMP-7) and some viruses can 

act on the TJ, leading to their opening and enhancement of the delivery of 

drugs to CNS. Cereport™ (RMP-7) is a selective bradykinin receptor agonist 

that increases the permeability of the BBB. It was shown to increase the 

delivery of chemotherapeutic agents to brain tumours (Emerich et al., 1999). 

Various viruses upregulate the chemokines that act as precursors to the 

infiltration of the immune cells in the CNS, and thus open the BBB (Kuang et 

al., 2009). The viruses used as biological stimuli for opening the BBB include 

the west-Nile virus and adeno-associated virus (Chen & Liu, 2012). 

 

 

 



 

 26 

3.2. Drug delivery utilizing nanocarriers 

Nanocarriers are entities in the size range of 10-1000 nm. They are used as 

vehicles for drug delivery to the targeted organs of the body, including brain. 

For drug delivery to the CNS, nanocarriers should ideally have the following 

characteristics (Bhaskar et al., 2010):   

• Particle size less than 100 nm 

• Stable in blood (no degradation by proteins) 

• No immune or inflammatory response 

• Non-toxic, biodegradable and biocompatible 

• CNS-targeted (use of targeting ligands, cell surface and receptor- 

mediated endocytosis) 

• Easy scale-up in manufacturing process and cost effective 

• Easily conjugated to small molecules, peptides, proteins and genes 

• Bypass the reticulo-endothelial system 

• Prolonged circulation time 

 

Nano-carriers are unique due to their size, as well as due to the materials 

used to synthesize them. They are able to carry increased drug payload and 

to control its release. In addition, they can be loaded with a range of 

therapeutics, from small molecules to proteins and therapeutic genes. It has 

been possible to modify their surface characteristics for targeting and 

controlled release. Although various nanomaterials have been developed in 

the last decade, the most investigated nano-carriers for CNS targeting are 

liposomes and polymeric nano-particles (Garcia-Garcia et al., 2005). 



 

 27 

Dendrimers have emerged as a new class of nanoparticles that are being 

studied for brain targeting. PEGylated liposomes carrying doxorubicin have 

already completed clinical trial Phase 2 for the treatment of glioma and have 

shown promising results. Brigger and colleagues (2002) used PEG-coated 

hexadecylcyanoacrylate nanospheres in a gliosarcoma model and showed 

that these nanoparticles exhibited retention in tumour tissue with satisfactory 

pharmacokinetic profile (Brigger et al., 2002). A polyamidoamine (PAMAM) 

dendrimer-based nano-carrier with dual targeting ligands on the surface and 

a drug inside the dendritic box was reported to cross the BBB and deliver the 

therapeutic drug to the tumour site. The targeting moieties used were 

transferrin and thiolated wheat germ agglutinin (He et al., 2011). 

 

3.3. Drug delivery via Adsorptive-mediated transcytosis 

AMT has emerged as a growing strategy for the transport of the drugs due to 

the fact that there are electrostatic interactions between the cationic moieties 

and negative charges of the plasma membrane. This leads to binding of 

cationic molecules, such as cationic proteins and cell-penetrating peptides 

(CPP), on the luminal side of the endothelial cells and exocytosis on the 

abluminal side (Hervé et al., 2008). 

 

The transactivating-transduction (TAT) is the trans-activating protein of HIV 

type-1 and one of the cell-penetrating peptides investigated widely. TAT 

demonstrated that it can cross the BBB and accumulate in the CNS (Banks, 

2012). TAT-modified cholesterol was utilized to formulate a liposome (TAT-
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LIP) for enhanced brain delivery. TAT-LIP demonstrated improved uptake 

compared to the unmodified liposome in vitro and in vivo. Moreover, the 

mechanism of transport of TAT-LIP was confirmed as AMT (Qin et al., 2011). 

Ciprofloxacin-loaded polymeric micelles decorated by TAT molecules on the 

surface were able to cross the BBB. The TAT-conjugated micelles can be 

further investigated for the delivery of antibiotics to the brain for the treatment 

of brain infections (Liu et al., 2008). 

 

The pegelin and penetratin peptides efficiently traverse the biological 

membranes and have provided the basis for the development of new peptide-

conjugated drugs for transport through the BBB. Pegelin (SynB) and 

penetratin peptides belong to the family of CPP and successfully 

demonstrated the enhanced delivery of doxorubicin to the brain, which 

normally cannot cross the BBB. The CNS uptake of doxorubicin was 

enhanced by an average of 6 times when it was coupled to pegelin or 

penetratin compared to free doxorubicin (Rousselle et al., 2000). To further 

study this strategy, the same group coupled the enkephalin analog dalargin 

to SynB vector and demonstrated a significant enhancement in the brain 

uptake and analgesic activity of the drug (Rousselle et al., 2003). 

 

AMT thus enables many poorly brain-penetrating drugs across the brain and 

holds potential for drug delivery to the brain, but the toxicity and the 

immunogenicity associated with the cationic proteins should be taken into 
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account (Saar et al., 2005; Lu et al., 2007). Moreover, AMT is a non-specific 

process, thus targeting capillaries of other organs along with the BBB. 

 

3.4. Drug delivery via Receptor-mediated transcytosis 

One of the biggest shortcomings of AMT is its lack of specificity. However, 

various receptors are expressed on the endothelial cells forming the BBB. 

These molecules can transport specific molecules across the BBB, thus 

facilitating active targeting of the BBB. RMT is also termed as “Trojan Horse 

Approach”. This approach exploits the binding of the drug conjugate to 

physiological transport receptor on the BBB, transports and delivers the drug 

to the brain. RMT occurs in 3 steps (Gabathuler, 2010): 

1. Endocytosis of the compound through receptor at the luminal side  

2. Movement across the endothelial cell cytoplasm 

3. Exocytosis of the compound on the abluminal side 

 

There are various receptors expressed on the brain capillary endothelial 

cells. These include insulin receptors, TfR, LRP1, LRP2 and DTR. Drug 

delivery through these receptors has been widely investigated. 

 

3.4.1. Insulin Receptor 

RMT via insulin receptor has been extensively studied for drug delivery. 

Using avidin-biotin technology, a peptide radiopharmaceutical was 

conjugated to a monoclonal antibody against human insulin receptor, 83-14 

and delivered to the brain through RMT. This peptide radiopharmaceutical, 
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125I-Aβ1-40, can be used for imaging amyloid plaques in Alzheimer’s disease 

(Wu et al., 1997). The same mAb 83-14 was conjugated to liposomes and 

used to deliver genes across the BBB in vitro (Zhang et al., 2003). mAb 83-

14 also allowed the complete knockdown of the specific gene expression by 

actively targeting siRNA and thus facilitating gene silencing in vitro (Xia et al., 

2008). As the insulin receptor is associated with the mechanism of glucose 

homeostasis in CNS, this approach of targeting insulin receptors for drug 

delivery involves a risk of instability in glucose homeostasis. 

 

3.4.2. Transferrin Receptor  

TfR is the most characterized receptor system on the BBB. TfR can be 

targeted in two ways for drug delivery to the brain, by using endogenous 

transferrin (Tf) as a targeting ligand or by using a monoclonal antibody 

against TfR. 

 

Antibody-directed liposomes, also known as immunoliposomes, have been 

reported to be promising vectors for the site-specific, targeted delivery of 

drugs. Traditional immunoliposomes are rapidly cleared from the blood 

circulation by the reticulo-endothelial system, thus restricting their use in vivo 

(Aragnol & Leserman, 1986). However, this could be overcome by coating 

liposomes with polyethylene glycol (PEG). PEG-coated immunoliposomes 

were synthesized utilizing OX26 mAb, an antibody against TfR, and used for 

in vivo brain targeting and delivery of anti-cancer agent daunomycin, which 

has very low permeability through the BBB. It was found that brain uptake of 
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daunomycin through PEG-coated immunoliposomes was higher than 

conventional liposomes and free daunomycin (Huwyler et al., 1996). 

 

Polyphosphoester (PPE) is biodegradable polymer that degrades at 

physiological conditions through enzymatic cleavage of phosphoester bonds. 

PPE are biocompatible with neuronal cells. Zhang and colleagues (2012) 

synthesized an amphiphilic block co-polymer poly (ε-caprolactone)-block-poly 

(ethyl ethylene phosphate) (PCL-PEEP) by co-polymerization of PEEP (a 

hydrophilic derivative of PPE) and poly (ε-caprolactone) (PCL). PCL-PEEP 

micelles were surface-modified with Tf. The authors encapsulated paclitaxel, 

an anticancer agent, in hybrid micelles designated as Tf-modified paclitaxel- 

loaded hybrid micelles. They successfully transported the targeted micelles 

through the BBB and demonstrated its therapeutic effect by an increase in 

survival time in glioma bearing mice when compared to non-targeted drug 

delivery system (Zhang et al., 2012). 

 

3.4.3. Low-density lipoprotein receptor related proteins (LRP1 & LPR2) 

LRP1 and LRP2 can interact with a variety of molecules such as lactoferrin 

(Lf), melanotransferrin and angiopeps. They have been exploited for years in 

a similar way as insulin receptors and TfR for drug delivery to brain. 

 

Lf is a mammalian cationic binding glycoprotein belonging to the transferrin 

family. Lf has demonstrated its ability to cross the BBB via LRP-mediated 

transcytosis in an in vitro model of the BBB (Fillebeen et al., 1999). However 
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evidences showed the presence of specific lactoferrin receptors (LfR) on the 

BBB. A novel brain-targeted drug delivery system by conjugation of poly 

(ethylene glycol)-poly (lactide) (PEG-PLA) nanoparticles to the Lf had shown 

enhanced uptake to the brain compared to the unconjugated nanoparticles 

(Hu et al., 2009). Urocortin, a corticotrophin-releasing hormone-related 

peptide, has shown its efficacy as a cytoprotectant for cultured hippocampal 

neurons, cerebellar granule cells and GABAergic neurons. An intracerebral 

injection of urocortin led to inhibition of Parkinsonian-like features in the rat 6-

hydroxidopamine (6-OHDA) and lipopolysaccharide paradigms of Parkinson’s 

disease, demonstrating the therapeutic utility of urocortin. However, after 

intravenous administration, no therapeutic activity was observed, as this drug 

was unable to cross the BBB. Urocortin-loaded Lf-(PEG-PLA) nanoparticles 

after intravenous administration successfully crossed the BBB and produced 

therapeutic efficacy (Hu et al., 2011). 

 

Melanotransferrin (p97) is another targeting ligand that can bind to the LRP1 

receptor and undergo transcytosis. This iron-binding protein is closely related 

to transferrin and lactoferrin. Recombinant human melanotransferrin (p97) 

effectively accumulated in brain after intravenous injection without affecting 

the integrity of the BBB, through LRP1 and LRP2 receptor mediated 

transcytosis (Demeule et al., 2002). Melanotransferrin (p97) was exploited to 

deliver Adriamycin to the brain, which normally cannot cross the BBB. The 

conjugate p97-adriamycin traversed the BBB and the pharmacological effect 
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of the drug demonstrated a significant increase in the survival time against 

glioma in a mouse model (Gabathuler et al., 2005). 

 

Another group of the highly effective LRP binding ligands are Angiopeps. 

This family of peptides, in particular Angiopep-2, have shown affinity for LRP 

receptors (Demeule et al., 2008). Amphotericin B, an antifungal drug, has 

poor penetration into the CNS. When it is encapsulated in polymeric micelles 

bearing Angiopep-2, they demonstrated higher BBB-penetrating capacity 

compared to the unmodified micelles and free amphotericin B (Shao et al., 

2010). 

 

3.4.4. Diphtheria toxin receptor 

DTR is the membrane-bound precursor of heparin-binding epidermal growth 

factor (HB-EGF), a new endogenous transport receptor for the delivery of 

drugs across the BBB. As diphtheria toxin is too toxic for in vivo use, its non-

toxic mutant protein cross-reacting material CRM197 is utilized as a receptor-

specific carrier protein. CRM197 utilizes DTR-mediated transcytosis and 

delivers its cargo molecules to the CNS. It has showed to exert in vitro and in 

vivo brain targeting efficiency. Conjugates of CRM197 and horseradish 

peroxidase were transported across an in vitro model (Fenart & Cecchelli, 

2005) and in vivo model of BBB (Gaillard & de Boer 2005; Gaillard et al., 

2005). 
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3.5. Drug delivery via inhibition of efflux pumps 

The expression of efflux pumps such as P-gp and MRPs in the endothelial 

cells of the BBB prevents the entry and accumulation of many drugs in the 

brain. One strategy to deliver drugs efficiently to the brain would be to co-

administer them with modulators that inhibit the efflux pumps in brain 

capillary endothelial cells. Kabanov and colleagues investigated the concept 

of using pluronic block copolymers for brain delivery by inhibition of P-gp 

efflux pumps. Pluronic block copolymers consist of hydrophilic ethylene oxide 

(EO) and hydrophobic propylene oxide (PO) arranged in a tri-block structure 

(EO-PO-EO), giving rise to their amphiphilic nature. Thus, these copolymers 

can act as a surfactant and interact with the biological membranes. At 

concentrations above the critical micelle concentration (CMC) in water, they 

can self-assemble to form micelles. Miller et al. (1997) studied the membrane 

interactions of Pluronic P85 in an in vitro model of the BBB using bovine brain 

microvessel endothelial cells (BBMEC) and potential mechanisms of drug 

absorption. Cellular accumulation of rhodamine 123 in the BBMEC, with and 

without the presence of Pluronic P85 was examined. At concentration below 

the CMC, P85 inhibits P-gp function, reducing the drug efflux out of the brain 

endothelial cells and at concentrations above CMC, it increases the vesicular 

transport of the drug in the brain microvessels (Miller et al., 1997). The 

inhibition mechanisms of the P85 on the BBB involve membrane fluidization 

after interactions with the endothelial cells and ATP depletion by the inhibition 

of the P-gp ATPase activity (Kabanov et al., 2003). Another study 

demonstrated that in vivo co-administration of digoxin with 1 % P85, 
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increased the brain penetration of the drug by 3-fold in comparison to the 

control group (Batrakova et al., 2001). P-gp is also expressed in certain 

cancers, especially the recurrent and the relapsed cancers as well as the one 

induced after initial chemotherapeutic treatment. P-gp also plays a major role 

in the development of the multiple drug resistance (MDR) by transporting the 

drugs out of the tumour cells. P85 has also been used to increase the effect 

of anticancer drugs such as doxorubicin in the MDR tumours, by inhibition of 

P-gp (Sharma et al., 2008). Doxorubicin incorporated Pluronic block co-

polymers is in Phase 3 clinical trials as a first line treatment against 

oesophageal carcinoma showing high incidence of MDR. This treatment has 

also received an orphan drug status by the FDA for the treatment of gastric 

cancers (Chen and Liu 2012). 

 

These studies demonstrated that the block co-polymers are not inert. They 

have the capability of interacting with the biological systems. Caution has to 

be taken, as these block co-polymers might be acceptable for the treatment 

of cancers, but not for the treatment of the chronic disorders requiring 

repeated administrations for a long term. 

 

 

4. Gene Therapy 

A number of human diseases have genetic origin (SoRelle, 2000). Thus, a 

novel therapeutic approach of replacing the faulty gene with the normal 

healthy gene could provide new horizons for the treatment of such diseases. 
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Gene therapy can be defined as the introduction of nucleic acids (DNA/RNA) 

into the cells for the purpose of altering the course of medical condition or 

disease.   

 

4.1. Gene as “drug” 

The idea of using “genes” as “drugs” originated from the United States in the 

1970s. This was an outcome of the growing knowledge on the human gene 

function, its mutations and the development of effective technologies for the 

delivery of DNA into mammalian cells (Giacca, 2010). 

 

Gene therapy has become one of the most intensively studied and emergent 

strategies for the treatment of various diseases. It provides a potential 

therapeutic alternative for diseases for which the current treatment strategies 

are ineffective or less effective. The target diseases that can be potentially 

treated by gene therapy have a diverse range: they can be monogenic (single 

gene defect) disorders, such as cystic fibrosis, or complex disorders such as 

cancer (Gardlík et al., 2005). 

 

Gene therapy is a technique for repairing the faulty genes responsible for the 

development of the disease. It usually involves insertion of a functional gene 

that is missing to produce a new protein or to trigger a cell function, to 

replace a gene with incomplete sequence (Patil et al., 2012), or to shut off a 

gene (gene silencing). The common aim of all those strategies is to achieve 

stable expression of functional genes into target tissue, for as long as desired 
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and without causing any toxic effects. Figure 1.5 shows the basic process of 

gene therapy and the various hurdles encountered in gene delivery. 

 

There are various biological barriers for the gene delivery system to reach the 

target cell of an organ or tumour. The gene delivery system needs to travel in 

the blood stream to the specific organ or the tumour site. It then needs to 

extravasate and distribute throughout the organ or tumour where it should be 

efficiently taken up by cells by endocytotic processes. The plasmid DNA is 

then released into the cytoplasm and needs to gain entry into the nucleus 

and express the transgene (Dufès et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Gene delivery via systemic administration to the cells of the 
organs or the disease sites (Dufès et al., 2005) 
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The prerequisite of development of any gene delivery system depends on 

parameters, such as the choice of the therapeutic gene, delivery system, 

route of administration and also a realistic assessment of the likelihood that a 

specific disease can be treated by gene therapy (Giacca, 2010). The current 

studies are aimed at developing effective and safe techniques and vectors to 

deliver genes to tissues, as well as improving the regulation of gene 

expression. 

 

The naked DNA encoding the therapeutic protein cannot be delivered directly 

in the blood stream because it is degraded by endonucleases, leading to low 

efficiency. As a result, new delivery systems and methods for improving gene 

delivery are particularly needed. There are two major classes of vehicles 

used for the gene transfer:  

(1) Viral vectors  

(2) Non-viral vectors (Kay et al., 1997)   

 

4.2. Viral Vectors 

Viruses introduce their DNA into the cells with high efficiency. It has become 

possible to take advantage of this intrinsic property to utilize them for gene 

delivery (Walther & Stein, 2000). Viruses used for gene delivery are produced 

by genetic modification in such a way that their pathogenicity is eliminated 

and their gene transfer efficiency is retained. Unlike wild type viruses, viral 

vectors for gene delivery are made replication-deficient by deleting the genes 
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that allow replication, assembling or infection so that they are safe and non-

pathogenic in the target cells. These genes can be replaced by the 

therapeutic or functional gene to be expressed in the host cell genome 

(Dando et al., 2001; Kootstra & Verma, 2003). 

Viruses currently used as vectors can be divided in two types on the basis of 

their different strategies of replication and survival: 

- Non-lytic viruses, including retrovirus and lentivirus, produce virions from 

the cellular membrane of an infected cell, leaving the host cell intact. 

- Lytic viruses, including human adenovirus and herpes simplex virus, destroy 

the infected cells after production of virions and replication. Despite 

limitations of safety and reproducibility, they are the most used gene transfer 

vectors (Lundstrom, 2003). 

 

 

Figure 1.6 Different viral vectors used for gene therapy. (A) Adenovirus 
(National Cancer Institute, Dr. Richard Feldmann, 2001)  (B) Retrovirus 
(Stanford School of Medicine) (C) Herpes-Simplex virus (Bryan 
Brandenberg blog) (D) Lentivirus (The value of virus, 2010) (E) Adeno-
associated virus (International committee on taxonomy of viruses, 2008) 
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 Table 1 describes the properties of some of the most commonly used viral 

vectors. 

Table 2.1 Properties of the most widely used viral vectors (Thomas et al., 
2003) 

Vector Tropism Inflammatory potential Advantages Disadvantages 

Retrovirus Dividing cells 

only 

Low -Efficient transduction 

-Integration into host 

cell genome 

-Low titres  

-Insertional mutagenesis 

-Silencing of gene 

expression 

-Exclusive transduction  

of actively replicating cells 

Lentivirus Broad Low - Transduc-tion of 

quiescent cells  

-Integration into the 

host cell genome 

-Possible generation of 

replication-competent 

lentiviruses 

-Possible mobilization of 

vector in HIV-infected 

patients 

-Potential of insertional 

mutagenesis 

Adenovirus Broad High -Highly efficient 

transduction 

-High level transgene 

expression 

-Production of high 

titres 

-Transduc- 

tion of both quiescent 

and replicating cells 

-Broad host range  

-Transient transduction 

-Stimulation of strong 

inflammatory and immune 

responses 

Adeno-Associated 

virus 

Broad, with the 

possible 

excep-tion of 

haematopoietic 

cells 

Low -Derived from non-

pathogenic virus 

-Production at high 

titres 

-Infection of quiescent 

cells in vivo 

-Very long persistence 

and gene expression 

 

-Limited cloning capacity (< 

5 kb) 

-Lack of a packaging cell 

line 

-Tropism limited to specific 

cell types 

Herpes Simplex 

Virus  

Strong to 

neurons 

High -Persistence in latent 

form 

-Large cloning capacity 

-Tropism for neuronal 

cells 

-Difficulty to manipulate 

-Poor knowledge of several 

biological features 

- Difficulty to  identify and 

eliminate pathogenic genes  
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Viruses are efficient in transduction of genes in cells. But the safety concerns 

related to the use of viruses in humans create an opportunity for use of non-

viral vectors for gene delivery. 

 

4.3. Non-viral vectors 

Non-viral vectors are particularly promising with regards to their simplicity to 

use, easy large scale production and quality control and non-immunogenicity 

(Li & Huang, 2000). The most commonly used non-viral vectors for gene 

therapy are liposomes, polymers and dendrimers. 

 

4.3.1. Liposomes 

Liposomes are generally formed by the self-assembly of dissolved lipid 

molecules in water, each lipid consisting of a hydrophilic head group and a 

hydrophobic tail group (Figure 1.7). Liposomes can exhibit a diverse range of 

sizes and morphologies depending upon the assembly of pure lipids or lipid 

mixtures in an aqueous medium. As liposomes are rapidly degraded after 

entering the circulation, they are conjugated with PEG for enhancement of 

stability and increased circulation times (Balazs & Godbey, 2011). Liposomes 

form complexes with DNA, called lipoplexes. These complexes have been 

used in several clinical trials for gene therapy (Nabel et al., 1993). They are 

non-pathogenic and can be used in several treatments. Their production is 

relatively cheap and easy compared to viral vectors, but their transfection 

efficiency is low compared to viruses (Robbins & Ghivizzani, 1998). 
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4.3.2. Polymers 

Polymers are another class of non-viral vectors that have been extensively 

studied in gene delivery. They can be divided into three sub-classes 

depending on their structures: linear, branched and dendritic (Pack et al., 

2005). They form complexes with DNA called polyplexes. Cationic polymers 

condense DNA more efficiently than cationic lipids (Li & Huang, 2000). Due 

to the flexibility of the polymer chemistry, it might be possible to provide 

multiple functionalities to the polymer for drug and gene delivery. Additional 

functionalities can also be added for maintaining biocompatibility and stability 

of the formulation. However, poor gene transfer efficiency of the polymers 

has limited their clinical applications (Pack et al., 2005). There are various 

classes of polymers widely investigated for gene delivery like polylysine, 

polyethyleneimine and chitosan. Polyethyleneimine (PEI) is found to be 

highly promising amongst all the polymers, with high gene delivery potential 

and low cytotoxicity (Boussif et al., 1995). 

Hydrophilic head group 

Hydrophobic tail group 

Figure 1.7 Schematic structure of a liposome 
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 4.3.3. Dendrimers 

Dendrimers are formed by a central core molecule from which a number of 

highly branched tree-like arms generate in a symmetrical and ordered fashion 

(Figure 1.8). The unique molecular structure of dendrimers leading to a 

number of original characteristics differentiates them from ordinary polymers. 

Dendrimers are synthesized by a stepwise method, which leads to a definite 

size and structure along with low polydispersity index. The multiple 

attachment sites on the surface of dendrimers provided due to the high 

density of terminal groups make them potential gene delivery vectors. 

Dendrimers are found to be non-toxic in vitro and have effective electrostatic 

interactions with cell membranes, which is important for DNA uptake by cells. 

It has been demonstrated that intravenous administration of 

polypropylenimine (PPI) dendrimer complexed with tumour necrosis factor 

(TNFα) under the control of specific promoter led to the intratumoural gene 

expression and regression of established tumours (Dufès et al., 2005). 

Tumour regression was further amplified after intravenous administration of 

Tf-bearing PPI dendrimer gene delivery system in mice, resulting in the 

complete disappearance of 90% of A431 subcutaneous tumours. (Koppu et 

al., 2010).  
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4.4. Gene Therapy and the brain 

In spite of the swift expansion of our knowledge about the molecular structure 

of the components of BBB and advancements in medical nanotechnology, 

small molecules still cannot cross the BBB nor treat most cerebral diseases 

(Chen & Liu, 2012).  Gene therapy could provide a novel approach for the 

treatment of such diseases. 

 

The preclinical studies on gene therapy for neurological disorders started with 

the utilization of viral vectors for gene transfer. Mainly herpes simplex virus, 

adenovirus, adeno-associated virus and retrovirus were explored as potential 

carriers for gene delivery to the brain in early 1990s (Suhr & Gage, 1993). 

However, in all these cases, highly invasive methods like craniotomy, 

intracarotid arterial infusion and stereotaxic injections were used as the 

routes of administration that cause disruption of the BBB (Shi & Pardridge, 

2000). Moreover, viral vectors have been associated with tissue toxicity, 

immunologic and inflammatory reactions and other safety concerns that limit 

Figure 1.8 Schematic structure of a dendrimer (Dufès et al., 2005) 
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their use for gene therapy. Several clinical trials utilized viruses as vectors 

but they did not succeed due to the safety concerns surrounding these 

vectors (Bansal & Engelhard, 2000). 

 

Various receptors like insulin receptors, TfR, LfR, LRP1 and LRP2 receptors 

are expressed on brain capillary endothelial cells. Researchers have been 

targeting these receptors to allow DNA to cross the BBB via RMT. Insulin 

receptors that maintain the glucose metabolism in brain could be used for the 

gene delivery to the brain via RMT. However, this approach is considered 

hazardous as it targets the mechanism concerned with the glucose 

homeostasis in brain. TfR that maintain iron balance in the brain are the most 

characterized RMT system for gene delivery to CNS. These receptors can be 

utilized for transferring DNA across BBB either by using Tf as a targeting 

ligand or using an antibody (such as OX26) directed to TfR. LRP1 & LRP2 

target a diverse range of molecules and so are called multifunctional, multi-

ligand scavenger and signalling receptors. Lf, melanotransferrin and 

angiopeps have been used as targeting ligands for LRP1 and LRP2-

mediated endocytosis (Chen & Liu, 2012). 

 

Various non-viral vectors are investigated for CNS gene therapy, out of which 

the most popular ones are liposomes and dendrimers. Liposomes were the 

first ones to be investigated. Pardridge and co-workers utilized PEGylated 

liposomes conjugated with monoclonal antibody OX26 to target the 

transferrin receptors for gene delivery and brain targeting (Shi & Pardridge, 
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2000). The same group then used PEGylated immunoliposomes to target 

plasmid DNA to the brain with monoclonal antibody 8D3, targeting transferrin 

receptors on BBB. Tissue-specific gene expression in the brain was obtained 

after intravenous administration (Shi et al., 2001). Ko et al. (2009) used 

polyethylenimine (PEI) to form polyplexes with oligodeoxynucleotides (decoy 

ODN). These PEI/ODN polyplexes were encapsulated in PEG-stabilized 

liposomes containing biotin at the distal end of PEG chain. This biotinlylated-

PEG-stabilized liposome encapsulating PEI/ODN polyplexes (bioPSL) was 

conjugated to 8D3, a monoclonal antibody targeting transferrin receptors for 

brain targeting and designated as antibody-targeted bioPSL. This delivery 

system delivers intact decoy ODN specifically to brain capillary endothelial 

cells through intravenous administration in vivo in mice. Polyamidoamine 

(PAMAM) dendrimers have emerged as a class of nano-constructs for CNS 

gene delivery. Tf-conjugated PEG-modified PAMAM (PAMAM-PEG-Tf) was 

synthesized and complexed with plasmid DNA and evaluated for gene 

delivery and expression in the brain (Huang et al., 2007). The same group 

used Lf as a brain targeting ligand. Lf was conjugated to PAMAM-PEG to 

form PAMAM-PEG-Lf. PAMAM-PEG-Lf/DNA complex had higher transfection 

efficiency than PAMAM-PEG-Tf/DNA complexes. After intravenous 

administration, the brain uptake and gene expression of PAMAM-PEG-

LF/DNA was higher than that observed with PAMAM-PEG/DNA (Huang et 

al., 2008; Huang et al., 2009). Angiopep has also been used as a targeting 

ligand conjugated to PAMAM-PEG. Its complex with DNA formed PAMAM-

PEG-Angiopep/DNA nanoparticles (NPs) able to target LRP-1 receptors on 
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the BBB. This gene delivery system efficiently crossed BBB, accumulated in 

the brain and exhibited gene expression. After achieving gene expression in 

the brain, this group targeted glioma as a model disease for gene therapy. 

They used again the high-branching dendrimer PAMAM as a main vector. 

They conjugated PAMAM with PEG to enhance its pharmacokinetics and 

biocompatibility. The targeting ligand used was Chlorotoxin (CTX) which has 

been showed to have an enhanced binding affinity to membrane-bound 

matrix metalloproteinase-2 (MMP-2), upregulated in gliomas, 

medulloblastomas and other tumours of neuroectodermal origin. In this study, 

pORF-TRAIL, a plasmid DNA expressing Tumour necrosis factor-related 

apoptosis-inducing ligand (TRAIL), led to selective killing of tumour cells 

without cytotoxic effect on normal cells. PAMAM-PEG-CTX/pORF-TRAIL 

demonstrated a highly efficient energy-dependent cellular uptake in brain via 

RMT and AMT. Biodistribution of gene expression was observed mainly in 

brain tumour, but also in liver and kidney (Huang et al., 2011). 

  

Some researchers designed a novel gene delivery system Tat-

magnetosome-PAMAM by modification of magnetosome with PAMAM 

dendrimer and Transactivating transcriptional (Tat) activator protein peptides. 

Magnetosome is a natural magnetic nanoparticle with a well-defined size (40-

120 nm) derived from magnetotactic bacteria. It consisted of magnetic core 

and an envelope made of lipids and proteins, making them biocompatible. 

Tat-magnetosome-PAMAM readily formed polyplexes with the luciferase 

reporter plasmid and the inclusion of external magnetic field could 
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significantly improve transfection efficiency, transport across the BBB and 

accumulation in brain tissues (Han et al., 2011). 

  

Some peptides have also emerged as a new class for brain targeted gene 

delivery. RVG29, which is a 29-unit peptide obtained from the rabies virus 

glycoprotein (RVG), selectively binds to neuronal cells expressing the 

nicotinic acetylcholine receptors (AchR). As AchR are widely present on the 

brain capillary endothelial cells, RVG29 efficiently crosses BBB. RVG-29-

oligoarginine peptide (RVG29-9rR) complexed with plasmid DNA was utilized 

for brain targeting. High transfection efficiency was achieved in vitro and 

brain targeted gene expression was achieved in vivo. The main advantages 

of peptide-based DNA delivery systems are biocompatibility, biodegradability 

and low immunogenic response (Gong et al., 2012). 

  

An emerging strategy using a combination of gene therapy and 

chemotherapy provides great hope for the treatment of brain tumours. The 

tumour-targeted, pH-triggered co-delivery system (DGDPT/pORF-hTRAIL) 

utilizing doxorubicin as chemotherapeutic drug and pORF-TRAIL as a 

therapeutic drug was developed. HAIYPRH (T7) peptide that can bind to TfR 

that are expressed on the BBB and also on the malignant brain tumour cells 

was used as a targeting ligand. This multifunctional co-delivery system shows 

potential synergistic effect of the chemotherapeutic drug doxorubicin and 

therapeutic gene TRAIL to induce tumour cell apoptosis, reducing toxicity in 



 

 49 

healthy cells and increasing the median survival time of tumour-bearing mice 

(Liu et al., 2012). 

 

 

5. Aims and Objectives 

The presence of the BBB and the lack of safe and efficacious non-viral delivery 

systems are the major hurdles for the delivery of the therapeutic gene to the 

CNS. Various receptors like TfR , LfR, LRP1 and LRP2 are widely expressed on 

the BBB and serve as endogenous transport systems. DAB dendrimer has been 

investigated for the gene delivery to the cancer cells expressing transferrin 

receptors. Various studies demonstrated the targeted gene delivery efficacy of 

DAB dendrimer. Tf-bearing DAB dendrimer led to enhanced gene expression in 

the tumours over-expressing TfRs. In addition, tumour disappearance and 

regression was observed in the mice xenograft models without signs of toxicity 

(Koppu et al., 2010, Lemarie et al., 2012, Al Robaian et al., 2014). Lf- and Lfc- 

bearing DAB dendrimer led to enhanced gene expression in the tumours (Yim et 

al., 2015). These studies demonstrate that DAB dendrimer is a safe and 

efficacious gene delivery system. It is therefore hypothesized that DAB could be 

exploited for targeted gene delivery to the brain by decorating it with Tf, Lf, Lfc 

and Angiopep-2 able to bind to specific receptors on the BBB, ultimately leading 

to gene expression in the brain. The main aims of this thesis are: 

1. Synthesis and characterization of brain targeted gene delivery systems 

2. In vitro evaluation of targeting efficiency in murine brain endothelial cells 

3. In vivo evaluation of brain targeting efficiency in a mice model 
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CHAPTER 2 

 
Materials and Methods 
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1. Materials 

The following table lists the materials used for the experiments and their 

suppliers. 

Table 3.1 List of materials and their suppliers 

 

Material 

 

Supplier 

 

Ampicillin 

 

Sigma Aldrich (Poole, UK) 

 

Angiopep 

 

DG peptides (Hangzhou, China) 

 

Colchicine 

 

Sigma Aldrich (Poole, UK) 

 

DDAO-Gal 

 

Invitrogen (Paisley, UK) 

 

Deuterated water (D2O) 

 

Sigma Aldrich (Poole, UK) 

 

Dextrose 

 

Sigma Aldrich (Poole, UK) 

 

Dimethylsuberimidate (DMSI) 

 

Sigma Aldrich, (Poole, UK) 

 

Dimethyl sulfoxide (DMSO) 

 

Sigma Aldrich, (Poole, UK) 

 

Dulbecco’s Modified Eagle Medium  

I 

Invitrogen (Paisley, UK) 

 

Endotoxin-free Giga Prep Plasmid 
purification Kit  

 

Qiagen (Hilden, Germany)  
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Material 

 

Supplier 

 

Expression plasmid encoding  β-
galactosidase (pCMV sport β-

galactosidase) 

 

Invitrogen ( Paisley, UK)  

 

Expression plasmid encoding 
tdTomato (pCMV tdTomato) 

 

Clontech (Mountain view, CA) 

 

Foetal bovine serum (FBS) 

 

Invitrogen (Paisley, UK) 

 

Filipin (Filipin complex from 
Streptomyces filipinensis) 

 

Sigma Aldrich, (Poole, UK) 

 

Generation 3-Diaminobutyric 
polypropylenimine dendrimer  (DAB) 

 

Sigma Aldrich (Poole, UK) 

 

Glycine 

 

Sigma Aldrich (Poole, UK) 

 

Hydrochloric acid 

 

Sigma Aldrich (Poole, UK) 

 

L-Glutamine 

 

Invitrogen (Paisley, UK) 

 

Label IT® Cy3 Nucleic Acid Labelling 
kit  

 

Cambridge Biosciences 
(Cambridge, UK)  

 

Label IT® Fluorescein Nucleic Acid 
Labelling kit  

 

Cambridge Biosciences 
(Cambridge, UK)  

 

Lactoferricin 

 

Sigma Aldrich (Poole, UK) 
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Material 

 

Supplier 

 

Lactoferrin 

 

Sigma Aldrich (Poole, UK) 

 

Luciferase assay reagent 

 

Promega (Southampton, UK) 

 

Lysine 

 

Sigma Aldrich (Poole, UK) 

 

Magnesium chloride 

 

Sigma Aldrich (Poole, UK) 

 

Maltose 

 

Sigma Aldrich (Poole, UK) 

 

Mercaptoethanol 

 

Sigma Aldrich (Poole, UK) 

 

Methanol 

 

Sigma Aldrich (Poole, UK) 

 

Ortho-nitrophenyl-β-D-galactosidase 
(ONPG) 

 

Sigma Aldrich (Poole, UK) 

 

Passive lysis buffer 5x (PLB) 

 

Promega (Southampton, UK) 

 

Penicillin-Streptomycin 

 

Invitrogen, (Paisley UK) 

 

Phenylarsine Oxide 

 

Sigma Aldrich (Poole, UK) 

 

Phenylmethyl sulfonyl fluoride 
(PMSF) 

 

Sigma Aldrich (Poole, UK) 



 

 54 

 

Material 

 

Supplier 

 

Phosphate buffered saline (PBS) 
tablets 

 

Sigma Aldrich (Poole, UK) 

 

Poly-Lysine 

 

Sigma Aldrich (Poole, UK) 

 

Protease Inhibitor cocktail (PIC) 

 

Sigma Aldrich (Poole, UK) 

 

Quanti-iTTM PicoGreen® dsDNA 
reagent 

 

Invitrogen (Paisley, UK) 

 

Sephadex G75 

 

Sigma Aldrich (Poole, UK) 

 

Sodium hydroxide 

 

Sigma Aldrich (Poole, UK) 

 

Tissue culture media 

 

Invitrogen (Paisley, UK) 

 

Human holo-Transferrin  

 

Sigma Aldrich (Poole, UK)  

 

Triethanolamine 

 

Sigma Aldrich (Poole, UK) 

 

Tris-(hydroxymethyl) aminomethane 
(TRIS) base  

 

 

Sigma Aldrich (Poole, UK) 

 

Trypsin 

 

Invitrogen (Paisley, UK) 

 

Tween 20 

 

Sigma Aldrich (Poole, UK) 
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Material 

 

Supplier 

 

Vectashield® mounting medium with 
4’,6-diamidino-2-phenylindole (DAPI)  

 

 

Vector Laboratories 
(Peterborough, UK) 
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2. Methods 

The following table summarizes the different methods and the chapters they 

were used in. 

 
Table 2.2 Summary of methods and chapters they were used in 

Methods Used in 

Synthesis  Synthesis 3,4,5 

Nuclear magnetic resonance (NMR) 
spectroscopy 

4,5 

Physico-
chemical 
characterization 

DNA condensation studies (Picogreen 
assay) 

4,5 

Size and zeta potential measurements 4,5 

Transmission electron microscopy (TEM) 4 

In vitro studies Transfection (Β-galactosidase gene 
expression assay) 

3,4,5 

Cellular uptake 3,4,5 

Mechanisms of cellular uptake 3,4,5 

In vivo studies Biodistribution of gene expression 3,4,5 

Distribution of gene expression within the 
brain 

3,4 

Statistical 
Analysis 

One-way analysis of variance and Tukey 
multiple comparison post-test 

3,4,5 
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2.1. Synthesis and purification of targeted dendrimers 

Transferrin (Tf) bearing-, Lactoferrin (Lf) bearing-, lactoferricin (Lfc) bearing- 

and Angiopep (Ang) bearing- generation 3- diaminobutyric polypropylenimine 

dendrimer (DAB) were synthesized in a similar manner to that previously 

reported for the preparation of other conjugates (Koppu et al., 2010; 

Aldawsari et al., 2011). DAB (24 mg) was added to Tf, Lf, Lfc or Ang (6 mg) 

and dimethylsuberimidate (12 mg) in triethanolamine HCl buffer (pH 7.4, 2 

mL). The coupling reaction was allowed to take place for 2 h at 25oC whilst 

stirring. The purification of conjugates was conducted by size exclusion 

chromatography using a Sephadex G75 column. Conjugates were then 

freeze-dried. The conjugation of Tf, Lf, Lfc and Ang to DAB was assessed by 

1H NMR spectroscopy at magnetic field strength of 400 MHz using a Jeol 

Oxford NMR AS 400 spectrometer. Deuterium oxide was used for the 

dissolution of DAB-Tf, DAB-Lf, DAB-Lfc and DAB-Ang for performing NMR.  

 

2.2. Physico-chemical characterization 

2.2.1 DNA condensation studies 

The ability of the DNA to form complex with DAB-Lf, DAB-Lfc and DAB-Ang, 

was assessed by PicoGreen® assay, performed according to the supplier's 

protocol. The fluorescence of PicoGreen® significantly increases on 

intercalation with double stranded DNA. The electrostatic interaction between 

the anionic DNA and cationic group of the polymer on formation of the Tf-

bearing DAB–DNA polyplex condenses the DNA and reduces the number of 

PicoGreen® binding sites, ultimately reducing the fluorescence intensity for 



 

 58 

the PicoGreen® solution. 

 

PicoGreen® reagent was diluted 200-fold in Tris–EDTA (TE) buffer (10 mM 

Tris, 1 mM EDTA, pH 7.5) on the day of the experiment. One mL of complex 

dendrimer–DNA at various dendrimer: DNA weight ratios (20:1, 10:1, 5:1, 

2:1, 1:1, 0.5:1 and 0:1) was added to 1 mL PicoGreen® solution. The DNA 

concentration in the cuvette (10 µg/mL) was kept constant throughout the 

experiment. The fluorescence intensity of the complexes in the presence of 

PicoGreen® was analyzed at various time points   with a Varian Cary Eclipse 

Fluorescence spectrophotometer (Palo Alto, CA) (λexc: 480 nm, λem: 520 nm). 

Results were represented as percentage of DNA condensation (= 100 − % 

relative fluorescence to DNA control) (n = 4) according to the following 

equation: 

 FΥ = (Ft – FPG)/ (F0- FPG) 

where 

 Ft = fluorescence of the dendrimer / DNA complexes 

 F0 = fluorescence of the DNA alone 

 FPG = fluorescence of the Picogreen  

Data was represented as a mean (n=4) (± S.E.M) and the values were 

plotted using Microcal Origin® v 12.0 software. 

 

2.2.2. Size and Zeta potential measurements 

Size and zeta potential of DAB-Lf, DAB-Lfc and DAB-Ang dendriplexes 

prepared at various dendrimer: DNA weight ratios (20:1, 10:1, 5:1, 2:1, 1:1, 
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0.5:1, 0:1) were measured by photon correlation spectroscopy and laser 

Doppler electrophoresis using a Malvern Zetasizer Nano-ZS (Malvern 

Instruments, Malvern, UK). 

 

2.3. In vitro studies 

2.3.1. Transfection 

Transfection efficacy of the DNA carried by DAB-Tf, DAB-Lf, DAB-Lfc and 

DAB-Ang dendrimers was assessed by a β-galactosidase transfection assay, 

using a plasmid DNA encoding β-galactosidase (pCMV βgal). bEnd.3 cells 

were seeded at a density of 2000 cells/well in 96-well plates (n=15). After 

72h incubation, the cells were treated with the DAB-Tf-DNA (dendrimer: DNA 

weight ratio 10:1), DAB-Lf-DNA and DAB-Lfc-DNA (dendrimer: DNA weight 

ratio 2:1) and DAB-Ang dendriplexes at the following dendrimer: DNA weight 

ratios: 20:1, 10:1, 5:1, 2:1, 1:1, 0.5:1, 0:1. DNA concentration (10 µg/mL) was 

kept constant for all the formulations tested. Naked DNA served as a 

negative control, DAB-DNA (dendrimer: DNA weight ratio 5:1) served as a 

positive control. After 72 h incubation, cells were lysed with 1X passive lysis 

buffer (PLB) (50 µL/well) and incubated for 20 min. The cell lysates were 

then analysed for β-galactosidase expression. Briefly, 50 µL of the assay 

buffer (2 mM magnesium chloride, 100 mM mercaptoethanol, 1.33 mg/mL ο-

nitrophenol-β-galactopyranoside, 200 mM sodium phosphate buffer, pH 7.3) 

were added to each well containing the lysates. After 2 h incubation at 37oC, 

the absorbance of the samples was read at 405 nm with a Multiscan Ascent® 
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plate reader (Thermo Scientific, Waltham, MA). Results were compared with 

standard curve of recombinant β-galactosidase (0-5 mU). 

 

2.3.2. Cellular uptake 

Imaging of the cellular uptake of the DNA complexed to DAB-Tf, DAB-Lf, 

DAB-Lfc and DAB-Ang was carried out using epifluorescence microscopy. 

Labeling of the β-galactosidase-encoding plasmid DNA with the fluorescent 

probe fluorescein or Cy3 (for DAB-Tf) was performed using a Label IT® 

fluorescein or Cy3 Nucleic Acid Labeling kit, as described by the 

manufacturer. bEnd.3 cells were seeded on coverslips in 6-well plates 

(105 cells/well) (104 cells/well for DAB-Tf) and grown at 37 °C for 72 h. They 

were then incubated for different durations with fluorescein or Cy3-labelled 

DNA (2.5 μg DNA/well) complexed to DAB-Tf, DAB-Lf, DAB-Lfc and DAB-

Ang, at the dendrimer: DNA weight ratio of 10:1, 2:1, 2:1 and 2:1 

respectively. The cells were then washed three times with PBS and fixed with 

methanol for 10 min. Upon staining of the nuclei with DAPI, the cells were 

examined using an E600FN Upright Epifluorescence microscope (Nikon, 

Tokyo, Japan). DAPI was excited with the 405 nm CoolLED pE excitation 

system (bandwidth: 415-491 nm), whereas Cy3/fluorescein was excited with 

the 470 nm CoolLED pE excitation system (bandwidth: 515-555 nm). 

 

Once the treatment duration allowing maximal DNA uptake was determined, 

a similar procedure was performed to compare the cellular uptake of 

fluorescein or Cy3-labelled DNA (2.5 μg/well) complexed to DAB-Tf, DAB-Lf, 
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DAB-Lfc, DAB-Ang and DAB (dendrimer: DNA weight ratios respectively of 

10:1, 2:1, 2:1, 2:1 and 5:1) during the optimized treatment duration. Control 

samples were treated with naked DNA or remained untreated. 

 

Quantification of cellular uptake was performed using flow cytometry. bEnd.3 

cells were grown in 6-well plates (1.6 × 105 cells/ well) at 37 °C for 72 h. The 

cells were then treated with fluorescein-labelled DNA (5 μg DNA/well), alone 

or complexed to DAB-Tf, DAB-Lf, DAB-Lfc, DAB-Ang and DAB (dendrimer: 

DNA weight ratios respectively of 10:1, 2:1, 2:1, 2:1 and 5:1) and during the 

optimized treatment duration. Cells treated with DNA only or untreated cells 

served as negative controls. After optimized duration of incubation with the 

treatments, single cell suspensions were prepared, washed (2 mL PBS 

pH 7.4 per well) and pelleted (378 g/3000 rpm for 8 min) 3 times, before 

being analysed using a FACSCanto® flow cytometer (BD, Franklin Lakes, 

NJ). Ten thousand cells (gated events) were counted for each sample. Their 

mean fluorescence intensity was analysed with FACSDiva® software (BD, 

Franklin Lakes, NJ). 

 

2.3.3. Mechanisms of cellular uptake 

The mechanisms involved in the cellular uptake of DNA complexed to DAB-

Tf, DAB-Lf, DAB-Lfc and DAB-Ang were investigated by pre-treatment of 

cells with uptake inhibitors- Phenylarsine oxide (Inhibitor of clathrin- 

dependent endocytosis), fillipin (Inhibitor of caveolae-mediated processes), 

colchicine (Inhibitor of macropinocytosis), polylysine (Inhibitor of the uptake 
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of cationic vectors) and endogenous ligands (Tf, Lf) (Visser et al., 2004, Kim 

et al., 2007, Liu & Shapiro 2003). Cells were seeded and grown as described 

above. After removal of the medium, they were then pre-treated with 

phenylarsine oxide (10 μmol/L), filipin (5 μg/mL), colchicine (10 μmol/L), poly-

l-lysine (400 μg/mL) and free Tf (chapter 3) or free Lf and Lfc (chapter 4) or 

for 10 min at 37 °C. The cells were then treated with Cy3- or fluorescein-

labelled DNA (respectively 2.5 and 5 μg/well for qualitative and quantitative 

analysis) complexed to DAB-Tf/Lf/Lfc/Ang for optimized treatment duration 

before being washed and processed for fluorescence microscopy and flow 

cytometer analysis as described above. 

 

2.4. In vivo studies 

2.4.1. Biodistribution of gene expression 

The biodistribution of gene expression was visualized by bioluminescence 

imaging, using an IVIS Spectrum® (PerkinElmer, Waltham, MA). 

To determinate the treatment duration leading to the highest gene 

expression, female BALB/c mice (n = 3, initial mean weight: 20 g) were 

injected intravenously with a single dose of DAB-Tf, DAB-Lf, DAB-Lfc and 

DAB-Ang carrying luciferase expression plasmid (50 μg of DNA) in 

dendrimer: DNA weight ratio of 10:1, 2:1, 2:1 and 2:1 respectively. They were 

then intraperitoneally injected with the luciferase substrate d-luciferin 

(150 mg/kg body weight) after various treatment durations and anesthetized 

by isoflurane inhalation. Light emission was measured 10 min after injection 

of the d-luciferin solution, for 2 min, using Living Image® software 
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(PerkinElmer, Waltham, MA). The resulting pseudo-color images represent 

the spatial distribution of photon counts within the animal. Identical 

illumination settings were used for acquiring all images. 

 

A similar procedure was then performed at the optimum treatment duration to 

compare the distribution of gene expression resulting from the single 

intravenous injection of DAB-Tf, DAB-Lf or DAB-Ang, and DAB dendriplexes 

encoding luciferase (50 μg of DNA). Mice treated with DNA only served as 

negative control.  

 

Biodistribution of gene expression was also quantified using a β-

galactosidase reporter gene expression assay (Zinselmeyer et al., 2003). 

Groups of mice (n = 5) were injected intravenously with a single dose of 

DAB-Tf, DAB-Lf, DAB-Lfc or DAB-Ang and DAB dendriplexes encoding β-

galactosidase (50 μg of DNA) (dendrimer: DNA weight ratio of 10:1, 2:1, 2:1 

and 2:1 respectively). They were sacrificed at previously optimized duration 

after injection and their organs were removed, frozen in liquid nitrogen, 

before being analysed for their β-galactosidase levels. For the preparation of 

tissue homogenates, a homogenization / lysis buffer (25 mL) was prepared 

as below: 

 500 μL protease inhibitor cocktail 

 1000 μL PMSF 50 mM in methanol 

 5 mL PLB 5X 

 18.5 mL distilled water   
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Organs were weighed and 1 mL of freshly prepared homogenization buffer 

was added to each organ (except liver, where 2 mL was added). Organs 

were homogenized using a tissue homogenizer (PowerGen 125, Fischer 

Scientific) and the resultant tissue homogenates were incubated on ice. 

 

Quantification of β-galactosidase enzymatic activity was performed by 

measurement of β-galactosidase enzymatic cleavage of its substrate 9H-

(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl) β-D-galactopyranoside (DDAO-

Gal) to 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one) (DDAO) 

product. 

     

A DDAO-Gal Reaction Mix was prepared for each tissue homogenate, as 

follows. For 1 sample: 

 15 μL DDAO-Gal in DMSO (5 mg/mL) 

  20 μL PMSF 

  100 μL maltose in PBS (20g / 100 mL) 

  15 μL protease inhibitor cocktail 

  150 μL PBS 

 

To 100 μL tissue homogenates, 300 μL of DDAO-Gal reaction mix was 

added and incubated at 37oC, with occasional mixing for the appropriate 

incubation time optimized for each organ (45 minutes for liver, 90 minutes for 

the other organs). A volume of 200 μL of the incubated reaction mixture was 

then transferred into another container and incubated in a heating block at 
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90o C for 2 minutes. The heated incubation was performed to stop the 

enzymatic cleavage of β-galactosidase on the DDAO-gal substrate and 

precipitate a large proportion of proteins. To extract the DDAO product, 800 

μL isopropanol were added to dissolve the DDAO and the mixture was 

incubated for 20 minutes at 5o C. Subsequently, the mixtures were 

centrifuged (7 minutes at 15000 rpm or 1260g). 500 μL of the supernatant 

were mixed with 500 μL of 80% (v/v) water-isopropranol mixture and 

measured in a fluorescence spectrophotometer (Varian Cary Eclipse 

Fluorescence spectrophotometer, λexc = 630nm, λem= 650 nm, slit 5 nm). The 

fluorescence units were used to calculate the β-galactosidase activity based 

on a linear regression (ƒ(x) = a + b.x) fitted to a β-galactosidase standard 

curve. The concentration of β-galactosidase in the organs was determined by 

using the following equations, given by a β-galactosidase standard curve 

(Zinselmeyer et al., 2003): 

Concentration of β-galactosidase in 100 μL sample C1 (in mU): 

C1 = (fluorescence intensity + Intercept) / Slope 

Concentration of β-galactosidase per organ C2 (in mU): 

C2 = C1 x (1+ weight sample (in g) / 0.1 

 

2.4.2. Distribution of gene expression within the brain 

Distribution of gene expression within the brain was qualitatively assessed by 

fluorescence microscopy imaging of the brain sections of mice treated with 

DAB-Tf or DAB-Lf dendriplex encoding tdTomato. Mice were intravenously 

injected with a single dose of DNA encoding tdTomato, naked or complexed 
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to DAB-Tf and DAB dendrimers (50 μg of DNA). They were sacrificed 24 h 

after injection. After this point, two different methods were used for Chapter 3 

and Chapter 4. 

 

For Chapter 3, the brains were removed, fixed in a solution of 10% formalin 

for 48 h. Following fixation, the brains were dehydrated through an ethanol 

gradient for 8.5 h, cleared in xylene for 2.5 h, before being embedded in 

paraffin wax. Coronal sections were cut at a thickness of 4 μm in different 

brain areas (anterior, median and posterior) and left in a 37 °C oven 

overnight before being stained with hematoxylin and eosin (H&E) according 

to standard procedures. The brain sections were then examined using an 

E600FN Upright Epifluorescence microscope. Positivity for tdTomato 

expression in the brain was assessed at excitation wavelengths of 530-635 

nm and emission wavelengths of 605-655 nm. 

 

For Chapter 4, the brains were removed, immediately frozen on dry ice, 

before being embedded in Tissue-Tek® optimal cutting temperature (OCT) 

compound. Coronal sections were cut at a thickness of 15 µm in different 

brain areas (anterior, median and posterior), fixed in ice-cold acetone for 5-

10 min, in -20oC methanol for 5-10 min. They were then washed and 

permeabilized in PBS/0.1% Tween-20 for 10 min before being mounted with 

Vectashield® medium containing DAPI. The brain sections were then 

examined using an E600FN Upright Epifluorescence microscope. Positivity 
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for tdTomato expression in the brain was assessed at excitation wavelengths 

of 530-635 nm and emission wavelengths of 605-655 nm. 
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CHAPTER 3 

 
Transferrin-bearing polypropylenimine 

dendrimer for targeted gene delivery 

to the brain 
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1. Introduction 

Receptor-mediated transcytosis (RMT) has been extensively studied for drug 

and gene delivery to the brain. Transferrin receptors (TfR) are widely 

expressed on the capillary endothelial cells of the BBB (Jefferies et al., 

1984). The TfR, also widely referred to as TfR1 type II transmembrane 

glycoprotein, is involved in the iron metabolism. The iron uptake occurs by 

the RMT of the iron-loaded transferrin, also called holotransferrin. Transferrin 

(Tf) is part of a class of metal-binding glycoproteins whose major function is 

binding and transport of iron in the body. Tf molecule (apotransferrin) can 

bind up to 2 Fe3+ ions to form ferro-transferrin or holotransferrin. The 

conformational changes occurring in the molecule while binding to Fe3+ ions 

have been shown to play a key role in the selective recognition by TfR The 

iron loaded transferrin or holotransferrin has 10 to 100-times higher affinity 

for the TfR than that of apotransferrin at physiological pH (Richardson and 

Ponka 1997). 

 

Various delivery systems targeting TfR on the BBB have been investigated 

for targeted gene delivery to the brain. Tf or anti-TfR antibodies (OX26, 8D3) 

were used as a targeting ligand. Pardridge and colleagues have investigated 

OX26- and 8D3- targeted pegylated immunoliposomes for enhanced gene 

expression in the brain (Shi and Pardridge 2000, Shi et al., 2001). Avidin-

biotin technology has also been explored for the targeted delivery of the 

therapeutic nucleic acids to the brain. In one such study, biotinylated peptide 
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nucleic acid was bound to a conjugate of OX26 and streptavidin and was 

used for selective imaging of brain tumours (Suzuki et al., 2004). 

 

Dendrimers have recently been shown to be promising candidates for brain 

delivery, owing to their unique polymer architecture and easily modified 

surface groups. PAMAM has been studied as a vehicle to cross the BBB via 

TfR targeting (Huang et al., 2007). In this study, Tf was conjugated to 

PAMAM through bifunctional PEG and complexed to a plasmid DNA 

encoding green fluorescent protein (GFP). After intravenous administration to 

the mice, the Tf-bearing PAMAM-DNA complex was able to cross the BBB 

and led to the expression of GFP in several brain regions such as the 

hippocampus, substantia nigra, the 4th ventricle, the cortical layer and 

caudate putamen. This gene expression was about 2-fold higher than that 

observed following the administration of PAMAM and PAMAM-PEG 

complexes (Huang et al., 2007). All these gene delivery systems lead to an 

increase gene expression in brain, but non-specific gene expression was 

also found in other major organs of the body (Shi & Pardridge 2000, Shi et 

al., 2001, Huang et al., 2007). 

  

Polypropylenimine (PPI) dendrimers have emerged as a novel nanoscopic 

carrier for targeted gene delivery. Dufes and colleagues recently 

demonstrated that transferrin (Tf)-bearing generation 3-diaminobutyric 

polypropylenimine dendrimer (DAB-Tf) was able to increase the uptake and 

gene expression of DNA by cancer cells overexpressing TfR compared to 
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non-targeted delivery systems, in vitro and in vivo (Koppu et al., 2010, 

Lemarie et al., 2012, Al-Robaian et al., 2014). Importantly, the treatment was 

well tolerated by the animals, with no apparent signs of toxicity. 
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2. Aims and Objectives 

Based on the fact that iron can efficiently reach the brain via TfR-mediated 

transcytosis, we now hypothesize whether conjugation of Tf to DAB leads to 

increased gene expression in the brain. The main objectives of this chapter 

are: 

 Synthesis and characterization of Tf bearing DAB dendrimer 

 Evaluation of the brain targeting efficacy of DAB-Tf in vitro and in vivo 
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3. Results 

3.1. Synthesis and characterization 

The synthesis and physicochemical characterization of the DAB-Tf was done 

in a similar manner as described in Chapter 2. Dimethylsuberimidate (DMSI) 

act as a homobifunctional cross linker between DAB and Tf, forming covalent 

bonds to the primary amine groups of DAB and amino acids in the transferrin 

(Figure 3.1). The similar chemical reaction occurs when Lf, Lfc and 

Angiopep-2 is conjugated to DAB. The conjugation of Tf to DAB was 

confirmed by 1H NMR spectrum. The ratio of the integrals of resonances at 

ca. 3.70 and 2.80 for methylene units (d and a) attached to the amino acid 

moiety via DMSI linkage and unbound free amine respectively is 1. This 

supports that 50 % of the surface primary amine groups on the DAB are 

conjugated to transferrin (Koppu et al., 2010). The proposed chemical 

reaction and the structure of the final product is shown in Figure 3.1. 

 

The ability of the DAB-Tf to form complex with plasmid DNA through 

electrostatic interactions between positively charged DAB-Tf and negatively 

charged plasmid DNA was characterized using Pico Green® assay. DAB-Tf 

was able to condense more than 70% of DNA at all the dendrimer: DNA 

weight ratios. The condensation occurred almost instantaneously and was 

found to be stable for atleast 24 hours. It increased with the increasing 

dendrimer: DNA weight ratios. DAB-Tf displayed a mean diameter of 287 nm 

(PDI: 0.393). The conjugation of Tf on the periphery of the DAB led to the 

increase in the size. DAB dendriplex had the mean diameter of 196 nm (PDI: 
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0.683). The zeta potential of DAB-Tf dendriplex was 1.03 mV, 

which was less than the unmodified DAB dendriplex (6.42 mV).     
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3.2. In vitro studies 

3.2.1. Transfection 

The grafting of Tf to DAB dendriplex led to an increased transfection 

compared to DAB dendriplex on bEnd.3 cells (Figure 3.2). The treatment of 

bEnd.3 cells with DAB-Tf dendriplex led to a 1.3-fold increase in the gene 

expression compared to DAB dendriplex (3.79x10-3 ± 0.23x10-3 U/mL and 

2.85x10-3 ± 0.21x10-3 U/mL respectively for DAB-Tf and DAB dendriplexes. 

Gene expression following treatment with DAB-Tf dendriplex and DAB-

dendriplex was 4.3-fold and 3.3-fold higher than that observed following 

treatment with naked DNA (0.87x10-3 ± 0.01x10-3 U/mL). The cells treated 

with naked DNA did not demonstrate any significant increase in the gene 

expression compared to untreated cells. 
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Figure 3.2 Transfection efficacy of DAB-Tf and DAB dendriplexes in bEnd.3 

cells. DAB-Tf and DAB dendriplexes were dosed at their optimal dendrimer: 

DNA ratio of 10:1 and 5:1 respectively. Results are expressed as the mean ± 

SEM of three replicates (n=15). * : P <0.05 compared with DAB-Tf-DNA 

 

 

3.2.2. Cellular uptake 

The uptake of Cy3-labelled DNA complexed to DAB-Tf by bEnd.3 cells was 

qualitatively analysed by epifluorescence microscopy. Cellular uptake 

commenced as early as 15 minutes, as Cy3-labelled DNA could be 

visualized surrounding the nuclei. From all the durations tested, DNA uptake 

was most pronounced after treatment of bEnd.3 cells with DAB-Tf dendriplex 

for 2 hours (Figure 3.3). 
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Figure 3.3 Epifluorescence microscopy imaging of the cellular uptake of 

Cy3- labelled DNA (2.5 µg/ well) complexed with DAB-Tf, after incubation for 

15 min, 30 min, 45 min, 1 h, 2 h or 4 h with bEnd.3 cells (Blue: nuclei stained 

with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm), green: 

Cy3-labelled DNA (excitation: 543 nm, emission bandwidth: 550-620 nm) 

(Bar: 10 µm) 

 

 

 

Following optimization of the duration of the maximum cellular uptake, 

bEnd.3 cells were treated with Cy3-labelled DNA complexed to DAB-Tf, DAB 

or in solution for 2 hours. Pronounced uptake of Cy3-labelled DNA 

complexed to DAB-Tf was observed. On the contrary, cells treated with DAB 

dendriplex or Cy3-labelled DNA solution did not show any Cy3-derived 

fluorescence (Figure 3.4). 
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Figure 3.4 Epifluorescence microscopy imaging of the cellular uptake of 

Cy3- labelled DNA (2.5 µg/ well) either complexed with DAB-Tf, DAB or in 

solution, after incubation for 2 hours with bEnd.3 cells (Blue: nuclei stained 

with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm), green: 

Cy3-labelled DNA (excitation: 543 nm, emission bandwidth: 550-620 nm) 

(Bar: 10 µm) 

 

 

 

The quantification of the cellular uptake was done utilizing flow cytometry. 

Figure 3.5). Cellular fluorescence was highest following treatment with DAB-

Tf dendriplex (7682 ± 355 arbitrary units (a.u.)). It was respectively about 1.4-

fold and 2.3-fold higher than the cellular fluorescence observed following 

treatment with DAB dendriplex (5531 ± 530 a. u.) and DNA solution (3370 ± 

199 a. u.). 
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Figure 3.5. Flow cytometry quantification of the cellular uptake fluorescein- 

labelled DNA (2.5 µg/ well) either complexed with DAB-Tf, DAB or in solution, 

after incubation for 2 hours with bEnd.3 cells (n=5) * : P <0.05 compared with 

DAB-Tf-DNA. 

 

 

3.2.3. Inhibitor studies 

The mechanisms of cellular uptake of the DNA complexed to DAB-Tf were 

elucidated by utilizing cellular uptake inhibitors and escalating concentrations 

of Tf. Pre-treatment of the bEnd.3 cells with increasing concentrations of free 

Tf significantly decreased the cellular uptake of fluorescein-labelled DNA 

complexed to DAB-Tf to reach a plateau at Tf concentrations higher than 

12.5 µM (Figure 3.6 and 3.7). At a Tf concentration of 20 µM, the cellular 

uptake of fluorescently-labelled DNA was 3.8-fold lower than that observed 

with DAB-Tf dendriplex without pre-Tf treatment (respectively 2010 ± 122 a. 

u. and 7682 ± 355 a. u.). 
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Figure 3.6 Epifluorescence microscopy imaging of the bEnd.3 cellular uptake 

of Cy3- labelled DNA (2.5 µg/ well) complexed with DAB-Tf, following pre-

treatment with various concentrations of free Tf (ranging from 2.5 µM to 20 

µM). (Blue: nuclei stained with DAPI (excitation: 405 nm, emission 

bandwidth: 415-491 nm), green: Cy3-labelled DNA (excitation: 543 nm, 

emission bandwidth: 550-620 nm) (Bar: 10 µm).  
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Figure 3.7 Flow cytometry quantification of the bEnd.3 cellular uptake of 
fluorescein- labelled DNA (2.5 µg/ well) complexed with DAB-Tf, following 
pre-treatment with various concentrations of free Tf (ranging from 2.5 µM to 
20 µM) (n=5), * : P <0.05 compared with DAB-Tf-DNA. 
 

The cellular uptake of fluorescein-labelled DNA complexed to DAB-Tf was 

also partially inhibited by phenylarsine oxide, filipin, colchicine and poly-L-

lysine (Figure 3.8 and 3.9). Colchicine and phenylarsine oxide caused the 

most significant inhibition, with a cellular uptake respectively decreased by 

2.3-fold and 2.1-fold compared to that observed with DAB-Tf dendriplex 

without inhibitory treatment (respectively 3316 ± 251 a. u. and 3614 ± 140 

a.u. following pre-treatment with colchicine and phenylarsine oxide). Filipin 

and poly-L-Lysine appear to be less effective inhibitors, leading to a cellular 

uptake decreased by respectively 1.7-fold and 1.3-fold compared to DAB-Tf 
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dendriplex without pre-treatment (respectively 4532 ± 201 a. u. and 5974 ± 

192 a.u. following pre-treatment with filipin and poly-L-Lysine).  

 

 

 

Figure 3.8 Epifluorescence microscopy imaging of the bEnd.3 cellular uptake 

of Cy3- labelled DNA (2.5 µg/ well) complexed with DAB-Tf, following pre-

treatment with various cellular uptake inhibitors: phenylarsine oxide 

(“PhAsO”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-lysine (“PLys”). 

(Blue: nuclei stained with DAPI (excitation: 405 nm, emission bandwidth: 

415-491 nm), green: Cy3-labelled DNA (excitation: 543 nm, emission 

bandwidth: 550-620 nm) (Bar: 10 µm) 
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Figure 3.9 Flow cytometry quantification of the bEnd.3 cellular uptake of 
fluorescein- labelled DNA (2.5 µg/ well) complexed with DAB-Tf, following 
pre-treatment with various cellular uptake inhibitors: phenylarsine oxide 
(“PhAsO”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-lysine (“PLys”). 
(n=5), * : P <0.05 compared with DAB-Tf-DNA. 
 
 
 
3.3. In vivo studies 

3.3.1. Biodistribution of gene expression 

The biodistribution of gene expression following intravenous injection of DNA 

encoding luciferase complexed to DAB-Tf was first qualitatively assessed by 

luminescence imaging, at various treatment durations. Gene expression 

appeared to be mainly located in the brain of the mice. The highest gene 

expression level was found 24 h following injection of the treatment (Figure 

3.10). 
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Figure 3.10 Bioluminescence imaging of gene expression after intravenous 
administration of DAB-Tf dendriplex (50 µg DNA administered). The mice 
were imaged using the IVIS Spectrum at various durations after injection of 
the treatment. The scale indicates surface radiance 
(photons/s/cm2/steradian). 
 
 
 
The gene expression following intravenous administration of DAB-Tf 

dendriplex was compared to that observed following administration of DAB-

dendriplex and DNA only, 24 h after administration of the treatments. The 

level of gene expression in the brain appeared to be highest following 

treatment with DAB-Tf dendriplex (Figure 3.11). 
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Figure 3.11 Bioluminescence imaging of gene expression after intravenous 

administration of DAB-Tf and DAB dendriplexes (50 µg DNA administered). 

(Controls: DNA solution, untreated cells). The mice were imaged using the 

IVIS Spectrum 24 h after injection of the treatments. The scale indicates 

surface radiance (photons/s/cm2/steradian). 

 

 

These results were confirmed by the quantification of gene expression in the 

major organs of the mice. After the intravenous administration of DAB-Tf 

dendriplex in mice, over 2-fold and 5-fold increase in the gene expression 

was observed compared to that of DAB dendriplex and DNA solution (37.3 ± 

4.2 mU, 16.7 ± 7.6 mU and 7.7 ± 5.3 mU β-galactosidase per organ 

respectively for DAB-Tf , DAB dendriplexes and DNA solution) (Figure 3.12). 

 

The levels of β-galactosidase expression in kidneys and heart following 

treatment with DAB-Tf dendriplex was similar to that observed after treatment 

with DAB-dendriplex and DNA solution (10.5 ± 6.1 mU, 12.1 ± 3.6 mU and 
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10.5 ± 7.2   β-galactosidase per organ in the kidneys for respectively DAB-Tf 

dendriplex, DAB dendriplex and DNA solution, 2.5 ± 1.6 mU, 0.9 ± 1.6 mU 

and 0.0 ± 3.0 mU β-galactosidase in the heart for respectively DAB-Tf 

dendriplex, DAB dendriplex and DNA solution). In liver, lung and spleen, a 

very little gene expression was observed following treatment with DAB-Tf 

dendriplex, whereas DAB dendriplex and DNA solution demonstrated high 

levels of β-galactosidase (except liver for DAB dendriplex) (0.0 ± 11.7 mU 

and 11.2 ± 8.2 mU β-galactosidase per organ in the liver for respectively 

DAB dendriplex and DNA solution, 6.6 ± 2.6 mU and 8.2 ± 2.8 mU β-

galactosidase in the lung for respectively DAB dendriplex and DNA solution, 

15.8 ± 2.6 mU and 15.9 ± 1.7 mU β-galactosidase in the spleen for 

respectively DAB dendriplex and DNA solution). Β-galactosidase gene 

expression in the brain was at least 3-fold higher than in any peripheral 

organs tested in this study (Figure 3.12). 

 

 

 

 

 

 

 

 

 

 



 

 88 

 

 

 

 

 

 

 

 

 

Figure 3.12 Biodistribution of gene expression after a single intravenous 

administration of DAB-Tf and DAB dendriplexes (50 µg DNA administered). 

Results were expressed as milliunits β-galactosidase per organ (n=5). * : P 

<0.05 compared with DAB-Tf-DNA for each organ 

 

 

3.3.2. Distribution of gene expression in the brain 

Within the brain, gene expression was the highest following administration of 

DAB-Tf dendriplex (Figure 3.13). It was homogenously distributed in the 

brain parenchyma in all the sections of the brain we observed, but did not 

appear to have reached the neurons and glial cells. By contrast, tdTomato 

gene expression was very limited in the brain following administration of DAB 

dendriplex. Some autofluorescence artefacts were visible in the brain treated 

with naked DNA or left untreated. 
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Figure 3.13 Epifluorescence microscopy imaging of the distribution of gene 

expression within the brain after a single intravenous injection of tdTomato- 

encoded DNA (50 µg) either complexed with DAB-Tf, DAB or in solution 

(Magnification: x 60) 
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4. Discussion 

Transferrin receptors have been widely investigated for the drug and gene 

delivery to the brain. In this chapter, we demonstrated that conjugation of Tf 

to DAB, a highly efficient gene delivery system led to an increased gene 

delivery to the brain in vitro and in vivo. bEnd.3 cells showed an improved 

uptake of DNA (1.4-fold and 2.3-fold) following treatment with DAB-Tf 

dendriplex as compared to DAB dendriplex and DNA solution. Similar results 

were obtained when bEnd.5 cells were treated 8D3-biotinylated PEG-

stabilized liposomes encapsulating PEI/ oligonucleotide targeting transferrin 

receptors and non-targeted liposomes. The cellular uptake was increased 3-

fold (Ko et al., 2009). However, cellular uptake of Tf bearing PAMAM-PEG 

dendrimers decreased by 2-fold compared to that of PAMAM-PEG 

dendrimers in brain capillary endothelial cells (Huang et al., 2007). 

 

The inhibitor studies investigated the mechanism of cellular uptake of DNA 

complexed to DAB-Tf. The inhibitors used acted on the various endocytic 

mechanisms of cells. Phenylarsine oxide is an inhibitor of clathrin-mediated 

endocytosis (which is a requisite for receptor-mediated endocytosis) (Visser 

et al., 2004). Filipin is known to block the caveolae-mediated process in non-

specific adsorptive endocytosis (Ryoung Kim et al., 2007). Colchicine inhibits 

macropinocytosis (Liu and Shapiro 2003), which provides non-specific 

endocytosis of macromolecules, whereas cationic poly-L-Lysine can inhibit 

the uptake of cationic delivery systems. The cellular uptake of DNA 

complexed to DAB-Tf was therefore related to endocytosis processes mainly 
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to clathrin-mediated endocytosis and macropinocytosis, as phenylarsine 

oxide and colchicine demonstrated significant inhibition of the cellular uptake. 

Fillipin led to inhibition at a lesser extent displaying lower uptake of the DNA 

via caveolae-mediated endocytosis. The zeta potential of DAB-Tf dendriplex 

was slightly cationic (1.03 mV) (Koppu et al., 2010), which limited the 

possible inhibitory role of poly-L-lysine. These results suggested that both 

receptor- and adsorptive-mediated mechanisms might contribute to the 

cellular uptake of DNA complexed to DAB-Tf. Pre-treatment of cells with 

escalating amounts of free transferrin led to competition between DAB-Tf 

dendriplex and the free Tf for binding to TfR, demonstrating that the 

internalization mechanism of the DNA complexed to DAB-Tf is mainly via 

TfR-mediated endocytosis.     

  

The enhanced β-galactosidase expression following transfection with DAB-Tf 

dendriplex resulted from increased cellular uptake after treatment. Both 

increases were of the same magnitude (1.4-fold for cellular uptake, 1.3-fold 

for gene expression compared to non-targeted DAB dendriplex treatment). 

Similar results were obtained when luciferase gene expression in the brain 

capillary endothelial cells was 1.8-fold higher after treatment with PAMAM-

PEG-Tf/DNA as compared to that observed with PAMAM-PEG/DNA (Huang 

et al., 2007). 

 

In vivo, intravenous administration of DAB-Tf dendriplex demonstrates higher 

luciferase gene expression in the brain compared to DAB dendriplex and 
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DNA, after 24 hours of injection. Gene expression is mainly observed in the 

brain and no other organs. The threshold of the technique that allowed only 

the most intensely luminescent organs to be analysed could explain this. 

 

The biodistribution of the gene expression revealed that DAB-Tf dendriplex 

led to an improved β-galactosidase expression in brain after intravenous 

administration. The gene expression in the brain was significantly higher to 

that observed in the other major organs of the body. We have chosen to use 

a β-galactosidase expression assay for quantifying gene expression in the 

organs, as the spectrofluorimetric quantification of the reaction product 7-

hydroxy-9H-(1, 3-dichloro-9, 9-dimethyl-acridin-2-one (DDAO) in the red part 

of the spectrum avoided interferences from haemoglobin which hamper 

many in vivo quantification assays (Colin et al., 2000; Zinselmeyer et al., 

2003). Various other studies have demonstrated higher gene expression in 

the brain following administration of Tf-bearing gene delivery systems as well 

as anti-TfR targeted monoclonal antibody targeted gene delivery systems. 

However gene expression was also observed in the other major organs of 

the body. After the intravenous administration of PAMAM-PEG-Tf/DNA 

complex in mice, Huang and colleagues demonstrated a 2-fold increase in 

the luciferase gene expression compared to that with PAMAM-PEG/DNA, but 

high levels of gene expression were also observed in heart, lung and kidney 

(Huang et al., 2007). Similarly, intravenous administration of 8D3-biotinylated 

PEG-stabilized liposomes encapsulating PEI/ oligonucleotide targeting 

transferrin receptors in mice led to a 10-fold increase in the brain 
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accumulation, but tracer activity was mainly found in spleen, liver and lungs. 

Pardridge and colleagues have demonstrated high levels of gene expression 

in brain in several studies. High level of luciferase gene expression was 

observed in the brain 48 hours after the administration of OX26-conjugated 

immunoliposomes. However, higher levels of gene expression were 

observed in liver, spleen and kidneys too (Shi and Pardridge, 2000). 

Additionally, the gene expression in these organs persisted over 6 days (Shi 

et al., 2001b). 8D3-conjugated immunoliposomes demonstrated similar 

results to that obtained for OX26-conjugated immunoliposomes (Shi et al., 

2001a). In another study, they showed organ specific expression of the lacZ 

gene controlled by the opsin promoter after intravenous administration of 

8D3-conjugated pegylated immunoliposomes carrying β-galactosidase 

expression plasmid. The gene expression was mainly observed in the brain 

and eye, but not in the peripheral organs like liver, spleen, lung and heart 

(Zhu et al., 2004).        

 

We have chosen to use Tf as a targeting ligand over the anti-TfR antibodies 

(OX26, 8D3) due to three major reasons. Firstly, anti-TfR antibodies led to 

gene expression in all the TfR-rich organs like liver, lungs and spleen without 

distinguishing TfR1 and TfR2. TfR1 is expressed at low levels in most 

tissues, but highly expressed on the vascular endothelial cells of the brain 

capillaries that contribute to BBB (Jefferies et al., 1984). By contrast, α-

transcript product of TfR2 is mostly expressed on hepatocytes, while its β-

transcript is present on a wide range of tissues but at very low levels. In 
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addition, TfR1 has 25-fold higher affinity for Tf than TfR2, which will not be 

the case if anti-TfR antibodies were used (Kawabata et al., 2000). It has 

been argued that the high plasma concentration of endogenous Tf leads to 

the saturation of TfR on the brain microvessels, leading to inefficiency of Tf 

as a brain targeting ligand. In this study, the amount of Tf injected as DAB-Tf 

was much higher than the endogenous amount of Tf in the plasma (2.68 µg, 

corresponding to an endogenous plasma concentration of 25 µM (Seligman, 

1983), which limited the risk of competition for binding to the TfR. Another 

reason is that it has been shown in various studies that anti-TfR antibodies 

are unable to mediate the actual crossing of the endothelial cell layer of the 

BBB, leading to capture of antibodies in the brain vasculature. Capillary 

depletion studies and morphological examinations of the brain section 

suggest that most of the OX26, an anti-TfR antibody was captured in brain 

capillaries throughout the parenchyma after intravenous administration 

(Moos and Morgan, 2001). Similar results were obtained using OX26 

immunoliposomes and 8D3 anti-TfR antibody (Gosk et al., 2004, Paris-

Robidas, 2011). Moreover, there is a huge difference in the affinity of TfR 

towards antibody and Tf. The TfR-antibody is a high affinity receptor-antibody 

reaction that is not easily reversed however TfR-Tf reaction is readily 

reversible, depending on the pH and the iron content of the Tf. This 

questions the ability of the anti-TfR antibodies to get released from the 

receptor within endosomes to reach the post-capillary brain compartment 

(Morgan, 1996). Lastly, OX26 and 8D3 are mAbs originated from mice and 

rat respectively. They might have a completely different binding affinity to 
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human TfR and may generate an immunological response due to its animal 

origin. 

 

In conclusion, we have demonstrated that Tf-bearing DAB polypropylenimine 

dendrimer led to an increased gene expression in the brain, which was at 

least 3-fold higher than in any tested peripheral organs. Tf-bearing DAB 

dendrimer is therefore a highly promising delivery system for gene delivery to 

the brain and will be further investigated to optimize its therapeutic potential. 
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CHAPTER 4 

 
Lactoferrin- and Lactoferricin- bearing 

polypropylenimine dendrimers for 

targeted gene delivery to the brain 
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1. Introduction 

Lactoferrin (Lf) belongs to the transferrin family of iron-binding glycoproteins 

weighing approximately 80 KDa. The three dimensional structure of Lf is 

similar to other proteins of the transferrin family, except a highly positive- 

charged N-terminal region. It is a globular protein consisting of two 

homologous iron-binding lobes. Each of these lobes can bind to one Fe3+ ion. 

Various biological functions of Lf include iron homeostasis, cell growth and 

differentiation, immunity against microbial infection, anti-inflammatory activity 

and protection against cancer (Ward et al., 2005). Lactoferricin (Lfc) is a 

peptide residue that can be produced by proteolysis of Lf by pepsin in acidic 

conditions. The two most investigated Lfc peptides are bovine Lfc (bLfc) and 

human Lfc (hLfc). Both these peptides are highly positive charged, but there 

are considerable differences in their structure. The primary structure of bLfc 

is a 25-residue peptide, obtained from bovine Lf (17-41 peptides) that forms 

a loop structure through a disulfide intramolecular bond, whereas the exact 

structure of hLfc is still controversial and is thought to be consisting of 47- to 

49- residue peptide obtained from human Lf. Lfc is believed to have anti-

microbial, antifungal, anti-parasitic, anti-viral, anti-tumour and immune-

modulatory properties (Gifford et al., 2005).        

  

Several studies demonstrate the presence of specific Lf receptors (LfR) in 

the brain. It has been documented in vitro and in vivo that receptor-mediated 

endocytosis is the major mechanism for the transport of Lf across the BBB. 

Huang and colleagues characterized LfR on the BBB, exhibiting two binding 
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sites, a high affinity (dissociation constant (Kd)  = 6.8 nM) and low affinity (Kd 

= 4815 nM). The plasma concentration of the endogenous Lf is 5nM, which is 

much lower than the Kd of the LfR on the BBB. This makes Lf more 

interesting for delivering therapeutics across the BBB compared to Tf, which 

has a higher endogenous plasma concentration (Huang et al., 2007b). 

 

LfR has recently been exploited for targeted delivery of therapeutics to the 

brain. Liposomes, polymerosomes, cyclodextrin nanocarriers and polylactic 

acid nanoparticles have been modified with Lf for targeted delivery of drugs 

to brain (Hu et al., 2009, Chen et al., 2010, Gao et al., 2010, Ye et al., 2013). 

Lf-conjugated PAMAM dendrimers have demonstrated targeted gene 

delivery to the brain after intravenous administration. The brain uptake of the 

Lf-conjugated PAMAM dendrimers and the subsequent gene expression was 

much higher to that observed with unconjugated PAMAM dendrimers (Huang 

et al., 2008). 

  

 We have recently demonstrated that Lf-bearing DAB dendrimer (DAB-Lf) 

was able to increase the cellular uptake and gene expression of DNA by 

cancer cells compared to non-targeted delivery systems, in vitro and in vivo 

(Lim et al., 2015). The treatment was well tolerated by the animals, with no 

apparent signs of toxicity. 
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2. Aims and Objectives 

On the basis of the fact that LfR are highly expressed on the BBB, we now 

hypothesize whether conjugation of Lf to DAB dendrimer leads to increased 

gene expression in the brain. The main objectives of this chapter are: 

 The synthesis and characterization of Lf-bearing DAB dendrimer 

 The evaluation of the brain targeting efficacy of DAB-Lf in vitro and in 

vivo 
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3. Results 

3.1. Synthesis and characterization  

3.1.1. Conjugation of lactoferrin and lactoferricin to DAB 

The synthesis of DAB-Lf and DAB-Lfc was confirmed by 1H NMR (Figure 

4.1). 1H NMR (D2O): δ DAB (H2N-CH2-CH2-) = 2.58; DAB (-N-CH2-CH2-) = 

2.45; DAB (-CH2-CH2-CH2-)=1.60; DAB-Lf/Lfc (Lf/Lfc-HN-CH2-CH2-) = 3.68 

DAB-Lf/Lfc (H2N-CH2-CH2-CH2-N-) = 2.78; DAB-Lf/Lfc (-N-CH2-CH2-CH2-) = 

2.38-2.70; DAB-Lf/Lfc (-N-CH2-CH2-CH2-) = 1.74. The characteristic triplet 

peak for the CH2 adjacent to peripheral primary amino group of DAB at 2.58 

was shifted to 3.68 ppm in the NMR spectrum of a conjugated DAB- Lf/Lfc 

analogue. The ratio of the integrals of resonances at ca. 3.68 and 2.78 for 

methylene units (d and a) attached to the amino acid moiety via DMSI 

linkage and unbound free amine, respectively is 1. This supports that 50 % of 

the surface primary amine groups on the DAB are conjugated to lactoferrin or 

lactoferricin. The proposed structure of the final product (DAB-Lf or DAB-Lfc) 

is shown in Figure 4.2. 
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Figure.4.1 1H NMR spectra (400 MHz) of DAB-Lf (A), DAB-Lfc (B) and DAB 

(C) in D2O. 
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Figure.4.2 Protons of DAB conjugated to Lactferrin/ Lactoferricin (R=DMSI- 
Lactoferrin/Lactoferricin) 

 

 

Table 4.1 Positions of various protons of DAB, DAB-Lf and DAB-Lfc in D2O 
as depicted by 1H NMR (400 MHz) 

Positions of various 

protons 

DAB DAB-Lf DAB-Lfc 

(H2N-CH2-CH2-) or (a) 2.58 2.78 2.78 

(-N-CH2-CH2-) or (b) 2.45 2.38-2.70 2.38-2.70 

(-CH2-CH2-CH2-) or (c) 1.60 1.74 1.74 

(Lf/Lfc-HN-CH2-CH2-) or (d) - 3.68 3.68 

 

 

 

 

(a) 

(b) 

(c) 

(d) 

(b) (b) (b) 

(c) 
 



 

 103 

3.1.2. Characterization of dendriplex formation 

DAB-Lf and DAB-Lfc were able to condense more than 80% and 90% of the 

DNA, respectively, at dendrimer: DNA weight ratios of 2:1 or higher (Figure 

4.2).  DNA condensation occurred almost instantaneously and was found to 

be stable over at least 24h. It increased with increasing weight ratios and 

was almost complete at a dendrimer: DNA weight ratio of 20:1 for DAB-Lfc 

dendrimer. The DNA condensation observed for dendrimer: DNA a weight 

ratio of 2:1 or higher was much higher than that observed for the unmodified 

dendrimer, which was of 60% at its best and decreasing with time.  

 

The formation of spherical nanoparticles of DAB-Lf and DAB-Lfc 

dendriplexes was also demonstrated by transmission electron microscopy 

(Figure 4.3). These results demonstrated that DAB-Lf and DAB-Lfc could 

condense DNA via electrostatic interactions between the positively charged 

dendrimer and the negatively charged DNA. An excess of dendrimer was 

however required to ensure efficient DNA condensation. 
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Figure 4.3 DNA condensation of DAB-Lf (A) and DAB-Lfc (B) dendriplexes 

using PicoGreen® reagent at various durations and dendrimer: DNA weight 

ratios : 20:1 (■, black), 10:1 (●, red), 5:1 (▲, green), 2:1 (▼, blue), 1:1 (♦, 

cyan), 0.5:1 (◄, pink), DNA only (►, orange) (empty symbol, dark yellow : 

DAB-DNA, dendrimer: DNA weight ratio: 5:1) . Results are expressed as 

mean ± SEM (n= 4) 
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Figure 4.4 Transmission electron micrographs of a) DAB-Lf and b) DAB-Lfc 
dendriplexes (Bar: 100 nm).               

 

 

 

 

 

 

 

 

 

 

A 
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3.1.3. Dendriplex size and zeta potential measurement 

DAB-Lf and DAB-Lfc dendriplexes displayed average sizes less than 300 

nm, at all weight ratios tested (Figure 4.4 A). The increase of dendrimer: 

DNA weight ratios did not have a significant impact on the dendriplexes size. 

Among the two tested targeted dendrimers, DAB-Lf dendriplex at a 

dendrimer: DNA weight ratio of 2:1 was found to be the largest, with an 

average size of 260 ± 18 nm. In contrast, DAB-Lf dendriplex at a dendrimer: 

DNA ratio of 0.5:1 was the smallest, with an average size of 208 ± 15 nm. 

  

Zeta potential experiments demonstrated that DAB-Lf and DAB-Lfc 

dendriplexes were bearing a positive surface charge at all dendrimer: DNA 

weight ratios (Figure 4.4 B). The zeta potential values of DAB-Lf dendriplex 

reached their maximum (35 ± 2 mV) at a weight ratio of 2, before decreasing 

with increasing weight ratios and finally reaching their minimum (23 ± 1 mV) 

at a weight ratio of 20. The zeta potential values of DAB-Lfc followed a 

similar pattern, namely reaching a maximum (33 ±1 mV) at a weight ratio of 1 

and then decreasing with increasing weight ratios to attain the same value as 

for DAB-Lf dendriplex (23 ± 6 mV at a weight ratio of 20).  
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A) 

 

B) 

 

 

Figure 4.5 Size (A) and Zeta Potential (B) of DAB-Lf and Lfc dendriplexes at 

various dendrimer: DNA weight ratios: 20:1, 10:1, 5:1, 2:1, 1:1, and 0.5:1. 

Results are expressed as mean± SEM (n=4). 
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A) 

 

B) 

 

Figure 4.6 Size distribution by intensity of DAB-Lf (A) and DAB-Lfc 

dendriplexes at  dendrimer:DNA weight ratios of 2:1. 
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3.2. In vitro studies 

3.2.1. Transfection 

The conjugation of Lf and Lfc to DAB dendriplex led to an increased 

transfection compared to DAB dendriplex on bEnd.3 cells (Figure 4.5). The 

treatment of bEnd.3 cells with DAB-Lf dendriplex and DAB-Lfc dendriplex led 

to a 2.1-fold and 1.5-fold increase in the gene expression compared to DAB 

dendriplex respectively (6.01x10-3 ± 0.42x10-3 U/mL, 4.45x10-3 ± 0.33x10-3    

and 2.85x10-3 ± 0.21x10-3 U/mL respectively for DAB-Lf, DAB-Lfc and DAB 

dendriplexes). Gene expression following treatment with DAB-Lf dendriplex 

and DAB-Lfc dendriplex was 7-fold and 5.2-fold higher than that observed 

following treatment with naked DNA (0.85x10-3 ± 0.01x10-3 U/mL). The cells 

treated with naked DNA did not demonstrate any significant increase in the 

gene expression compared to untreated cells. 
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Figure 4.7 Transfection efficacy of DAB-Lf, DAB-Lfc and DAB dendriplexes 

in bEnd.3 cells. DAB-Lf, DAB-Lfc and DAB dendriplexes were dosed at their 

optimal dendrimer: DNA ratio of 2:1, 2:1 and 5:1 respectively. Results are 

expressed as the mean ± SEM of three replicates (n=15). * : P <0.05 

compared with DAB-Lf-DNA and DAB-Lf-DNA. 
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3.2.2. Cellular uptake 

The uptake of fluorescein-labelled DNA complexed to DAB-Lf and DAB-Lfc 

by bEnd.3 cells was qualitatively analysed by epifluorescence microscopy. 

Treatment with DAB-Lf and DAB-Lfc dendriplex did not demonstrate any 

cellular uptake of fluorescein-labelled DNA until 2 hours, when most 

pronounced uptake was observed (Figure 4.6 & 4.7).  

 

 

Figure 4.8 Epifluorescence microscopy imaging of the cellular uptake of 

Fluorescein- labelled DNA (2.5 µg/ well) complexed with DAB-Lf, after 

incubation for 30 min, 1 h, 2 h, 3 h or 4 h with bEnd.3 cells (Blue: nuclei 

stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm), 

green: Fluorescein-labelled DNA (excitation: 543 nm, emission bandwidth: 

550-620 nm) (Bar: 10 µm) 
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Figure 4.9 Epifluorescence microscopy imaging of the cellular uptake of 

fluorescein-labelled DNA (2.5 µg/ well) complexed with DAB-Lf, after 

incubation for 30 min, 1 h, 2 h, 3 h or 4 h with bEnd.3 cells (Blue: nuclei 

stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm), 

green: Fluorescein-labelled DNA (excitation: 543 nm, emission bandwidth: 

550-620 nm) (Bar: 10 µm) 

 

Following optimization of the duration of the maximum cellular uptake, 

bEnd.3 cells were treated with fluorescein-labelled DNA complexed to DAB-

Lf, DAB-Lfc, DAB or in solution for 2 hours. Pronounced uptake of 

fluorescein-labelled DNA complexed to DAB-Lf and DAB-Lfc was observed. 

On the contrary, cells treated with DAB dendriplex or fluorescein-labelled 

DNA solution did not show any fluorescein-derived fluorescence (Figure 4.8). 
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Figure 4.10 Epifluorescence microscopy imaging of the cellular uptake of 

fluorescein- labelled DNA (2.5 µg/ well) either complexed with DAB-Lf, DAB-

Lfc, DAB or in solution, after incubation for 2 hours with bEnd.3 cells (Blue: 

nuclei stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491 

nm), green: Fluorescein-labelled DNA (excitation: 543 nm, emission 

bandwidth: 550-620 nm) (Bar: 10 µm). 

 

 

The quantification of the cellular uptake was done utilizing flow cytometry 

(Figure 4.9). Cellular fluorescence following treatment with DAB-Lf dendriplex 

(20249 ± 649 arbitrary units (a.u.)) was 2.1-fold and 4.1-fold higher that that 

observed after treatment with DAB dendriplex (9368 ± 383 a.u.) and DNA 

solution (4839 ± 59 a.u.). It was 2-fold and 3.8-fold higher in case of DAB-Lfc 

dendriplex (18824 ± 1237 a.u.) when compared to DAB dendriplex and DNA 

solution.  
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Figure 4.11 Flow cytometry quantification of the cellular uptake fluorescein- 

labelled DNA (5 µg/ well) either complexed with DAB-Lf, DAB-Lfc, DAB or in 

solution, after incubation for 2 hours with bEnd.3 cells (n=5) * : P <0.05 

compared with DAB-Lf-DNA and DAB-Lfc-DNA 
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3.2.3. Inhibitor studies 

The mechanisms of cellular uptake of the DNA complexed to DAB-Lf and 

DAB-Lfc were elucidated by utilising cellular uptake inhibitors and escalating 

concentrations of Lf or Lfc. 

 

Pre-treatment of the bEnd.3 cells with increasing concentrations of free Lf (0 

µM, 2.5 µM, 5 µM, 7.5 µM, 10 µM, 12.5 µM, 15 µM, 17.5 µM and 20 µM) 

significantly decreased the cellular uptake of fluorescein-labelled DNA 

complexed to DAB-Lf at concentrations as low as 2.5 µM and remained at 

similar levels up to 17.5 µM. (Figure 4.10 A & 4.11 A). At Lf concentration of 

20 µM, the cellular uptake of fluorescein-labelled DNA was 4.3-fold lower 

than that observed with DAB-Lf dendriplex without pre-Lf treatment 

(respectively 4665 ± 96 a. u. and 20249 ± 649 a. u.). 

 

The cellular uptake of fluorescein-labelled DNA complexed to DAB-Lf was 

inhibited by phenylarsine oxide, filipin, colchicine and poly-L-lysine (Figure 

4.10 B & 4.11 B). Phenylarsine oxide caused the most significant inhibition, 

with a cellular uptake respectively decreased by 8.2-fold compared to that 

observed with DAB-Lf dendriplex without inhibitory treatment (2450 ± 71.56 

a.u. following pre-treatment with phenylarsine oxide). Filipin and Colchicine 

appear to be partial inhibitors, leading to a cellular uptake decrease by 

respectively 2-fold and 2.1-fold compared to DAB-Lf dendriplex without pre-

treatment (respectively 9773 ± 199 a. u. and 9579 ± 89 a.u. following pre-

treatment with filipin and colchicine). Poly-L-Lysine caused the least inhibition 
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with 1.2-fold decrease in the cellular uptake (15764 ± 690 a.u following pre-

treatment with poly-L-Lysine). 
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A) 

 

B) 

 

Figure 4.12. Epifluorescence microscopy imaging of the bEnd.3 cellular 

uptake of Fluorescein- labelled DNA (2.5 µg/ well) complexed with DAB-Lf 

(A) following pre-treatment with various concentrations of free Lf (ranging 

from 2.5 µM to 20 µM) and (B) following pre-treatment with various cellular 

uptake inhibitors: phenylarsine oxide (“PhAsO”), filipin (“Fil.”), colchicine 

(“Colch.”) and poly-L-lysine (“PLys”). (Blue: nuclei stained with DAPI 

(excitation: 405 nm, emission bandwidth: 415-491 nm), green: Cy3-labelled 

DNA (excitation: 543 nm, emission bandwidth: 550-620 nm) (Bar: 10 µm). 
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A) 

 
B) 

 
 

 

Figure 4.13 Flow cytometry quantification of the bEnd.3 cellular uptake of 

fluorescein- labelled DNA (5 µg/ well) complexed with DAB-Lf, (A) following 

pre-treatment with various concentrations of free Tf (ranging from 2.5 µM to 

20 µM) and (B) following pre-treatment with various cellular uptake inhibitors: 

phenylarsine oxide (“PhAsO”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-

lysine (“PLys”) (n=5), * : P <0.05 compared with DAB-Tf-DNA. 
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The escalating concentration of the free Lfc (0 µM, 2.5 µM, 5 µM, 7.5 µM, 10 

µM, 12.5 µM, 15 µM, 17.5 µM and 20 µM) significantly decreased the cellular 

uptake of fluorescein-labelled DNA complexed to DAB-Lfc in bEnd.3 cells. 

The decrease was inversely proportional to the concentration of free Lfc used 

for pre-treatment (Figure 4.12 A & 4.13 A). At a Lfc concentration of 20 µM, 

the cellular uptake of fluorescently-labelled DNA was 3.3-fold lower than that 

observed with DAB-Lfc dendriplex without pre-Lfc treatment (respectively 

18824 ± 1237 a. u. and  5658 ± 245 a. u.). 

 

Cellular uptake inhibitors, phenylarsine oxide, filipin, colchicine and poly-L-

lysine also led to a significant decrease in the uptake of fluorescein-labelled 

DNA complexed to DAB-Lfc (Figure 4.12 B & 4.13 B). Most significant 

inhibition of the cellular uptake was caused by poly-L-Lysine as cellular 

uptake decreased by 6.9-fold compared to that observed without inhibitory 

treatment (2703 ± 87 a.u. following pre-treatment with poly-L-Lysine). 

Phenylarsine oxide and Colchicine appear to be partial inhibitors, leading to a 

decrease in cellular uptake by respectively 2.5-fold and 2.9-fold compared to 

DAB-Lfc dendriplex without pre-treatment (respectively 7374 ± 592 a. u. and 

6304 ± 169 a.u. following pre-treatment with phenylarsine oxide and 

colchicine). Fillipin caused the least inhibition with 1.7-fold decrease in the 

cellular uptake (10943 ± 352 a.u following pre-treatment with poly-L-Lysine). 
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A) 

 

B) 

 

Figure 4.14 Epifluorescence microscopy imaging of the bEnd.3 cellular 

uptake of fluorescein-labelled DNA (2.5 µg/ well) complexed with DAB-Lfc (A) 

following pre-treatment with various concentrations of free Lfc (ranging from 

2.5 µM to 20 µM) and (B) following pre-treatment with various cellular uptake 

inhibitors: phenylarsine oxide (“PhAsO”), filipin (“Fil.”), colchicine (“Colch.”) 

and poly-L-lysine (“PLys”). (Blue: nuclei stained with DAPI (excitation: 405 

nm, emission bandwidth: 415-491 nm), green: Cy3-labelled DNA (excitation: 

543 nm, emission bandwidth: 550-620 nm) (Bar: 10 µm) 
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A) 

  
B) 

 
Figure 4.15. Flow cytometry quantification of the bEnd.3 cellular uptake of 

fluorescein- labelled DNA (5 µg/ well) complexed with DAB-Lf, (A) following 

pre-treatment with various concentrations of free Tf (ranging from 2.5 µM to 

20 µM) and (B) following pre-treatment with various cellular uptake inhibitors: 

phenylarsine oxide (“PhAsO”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-

lysine (“PLys”) (n=5), * : P <0.05 compared with DAB-Tf-DNA. 
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3.3. In vivo studies 

3.3.1. Biodistribution of gene expression 

The biodistribution of gene expression following intravenous injection of DNA 

encoding luciferase complexed to DAB-Lf and DAB-Lfc was first qualitatively 

assessed by luminescence imaging, at various treatment durations. Gene 

expression appeared to be mainly located in the brain of the mice after 

treatment with DAB-Lf dendriplex. The highest gene expression level was 

found 24 h following injection of the DAB-Lf dendriplex (Figure 4.14). 

However no gene expression was observed after treatment with DAB-Lfc 

dendriplex (Figure 4.15). 

 

 

 

Figure 4.16 Bioluminescence imaging of gene expression after intravenous 

administration of DAB-Lf dendriplex (50 µg DNA administered). The mice 

were imaged using the IVIS Spectrum at various durations after injection of 

the treatment. The scale indicates surface radiance 

(photons/s/cm2/steradian). 
 

       24h 26h 28h 30h 48h 

2h 12h 16h 20h 22h 
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Figure 4.17 Bioluminescence imaging of gene expression after intravenous 

administration of DAB-Lfc dendriplex (50 µg DNA administered). The mice 

were imaged using the IVIS Spectrum at various durations after injection of 

the treatment. The scale indicates surface radiance 

(photons/s/cm2/steradian). 

 

 

Gene expression following intravenous administration of DAB-Lf dendriplex 

was compared to that observed following administration of DAB dendriplex 

and DNA only, 24 h after administration of the treatments. The level of gene 

expression in the brain appeared to be highest following treatment with DAB-

Lf dendriplex (Figure 4.16). 
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      24h 26h 28h 30h 48h 
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Figure 4.18 Bioluminescence imaging of gene expression after intravenous 

administration of DAB-Tf and DAB dendriplexes (50 µg DNA administered). 

(Controls: DNA solution, untreated cells). The mice were imaged using the 

IVIS Spectrum 24 h after injection of the treatments. The scale indicates 

surface radiance (photons/s/cm2/steradian). 

 

 

These results were confirmed by the quantification of gene expression in the 

major organs of the mice. After the intravenous administration of DAB-Lf 

dendriplex in mice, over 6.4-fold increase in gene expression in the brain was 

observed compared to that of DAB dendriplex (116.1 ± 9.0 mU and 17.9 ± 

11.3 mU β-galactosidase per organ respectively for DAB-Lf and DAB 

dendriplexes) (Figure 4.17). On the contrary, very little gene expression was 

observed in the brain following intravenous administration of DAB-Lfc 

dendriplex (Figure 4.17). 

 

 

DAB-LF-DNA DAB-DNA DNA 
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There was no significant difference between the levels of β-galactosidase 

expression in liver and spleen following treatment with DAB-Lf dendriplex, 

DAB-dendriplex and DNA solution (70.9 ± 14.9 mU, 45.1 ± 9.0 mU and 45.1 

± 6.9 β-galactosidase per organ in the liver for respectively DAB-Lf 

dendriplex, DAB dendriplex and DNA solution, 17.6 ± 15.0 mU, 33.8 ± 24.3 

mU and 10.5 ± 10.5 mU β-galactosidase in the spleen for respectively DAB-

Lf dendriplex, DAB dendriplex and DNA solution). In lung, kidneys and heart, 

a very little amount of β-galactosidase expression was observed following 

treatment with DAB-Lf dendriplex, whereas DAB dendriplex and DNA 

solution demonstrated significantly high levels of expression (except heart) 

(46.30 ± 10.6 mU and 3.5 ± 3.6 mU β-galactosidase per organ in the lung for 

respectively DAB dendriplex and DNA solution, 28.9 ± 18.7 mU and 41.5 ± 

29.1 mU β-galactosidase in the kidneys for respectively DAB dendriplex and 

DNA) (Figure 4.17). 
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Figure 4.19 Biodistribution of gene expression after a single intravenous 

administration of DAB-Lf and DAB dendriplexes (50 µg DNA administered). 

Treatment duration was 24 hours. Results were expressed as milliunits β-

galactosidase per organ (n=5). * : P <0.05 compared with DAB-Lf-DNA for 

each organ 

 

 

3.3.2. Distribution of gene expression in the brain 

Within the brain, tdTomato gene expression following administration of DAB-

Lf dendriplex was visible in the dentate gyrus and in the granule cell layer of 

the hippocampus, in the median brain section (Figure 4.18). It appeared to 

be distributed in the cytoplasm of the cells rather than in their nuclei. By 

contrast, there was no gene expression visible in the median brain following 

injection of naked DNA, or in the anterior and posterior sections of the brain 

following any of these two treatments.  
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Figure 4.20 Epifluorescence microscopy imaging of the distribution of gene 

expression within the brain after a single intravenous injection of tdTomato- 

encoded DNA (50 µg) either complexed with DAB-Lf or in solution (Bar: 10 

µm). 
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4. Discussion 

Various studies demonstrate the presence of lactoferrin receptors (LfR) in the 

brain and the receptor-mediated uptake of Lf (Fillebeen et al., 1999, Talukder 

et al., 2003, Suzuki et al., 2005, Huang et al., 2007). In this chapter, we 

successfully synthesized Lf- and Lfc- bearing DAB dendrimers, and 

demonstrated an increased gene delivery to the brain in vitro and in vivo (for 

DAB-Lf only). The NMR results showed that DAB has been successfully 

conjugated with Lf and Lfc. Percentage conjugation of the amino acids with 

the dendrimer was found to be 50% for both lactoferrin and lactoferricin, as 

previously observed when preparing amino acid- and transferrin -bearing 

DAB using the same simple one-step synthesis (Koppu et al., 2010; 

Aldawsari et al., 2011). 

 

The conjugation of Lf and Lfc to DAB did not destabilize DNA condensation. 

However, an excess of DAB was required for an efficient DNA condensation. 

The ability of DAB-Lf and DAB-Lfc dendriplexes to condense DNA was 

measured using Picogreen® reagent at various durations and dendrimer:  

DNA weight ratios. That stability of DNA complexation is directly related to 

the increase in the dendrimer: DNA weight ratio.   

 

The hydrodynamic diameter of both DAB-Lf and DAB-Lfc dendriplexes was 

higher compared to the unmodified DAB dendriplex, which had an average 

size of 196 nm (PDI: 0.683) (Aldawsari et al., 2011). This increase in size 

was due to the conjugation of Lf and Lfc on the periphery of DAB dendrimer. 
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Moreover, the conjugation of Lf and Lfc to DAB increased the overall positive 

charge of the dendriplexes compared to non-targeted DAB-DNA (6 mV) 

(Aldawsari et al., 2011) for weight ratios over 2:1. This zeta potential increase 

is most likely due to the presence of the positively charged amino acids of Lf 

and Lfc. It would eventually lead to an increase of the electrostatic 

interactions of the dendriplexes with negatively charged cellular membranes, 

resulting in an improved uptake by the BBB via receptor-mediated 

endocytosis and absorptive-mediated endocytosis jointly (Chen and Liu 

2012). 

 

bEnd.3 cells showed an improved uptake of DNA following treatment with 

DAB-Lf (2.1-fold and 4.1-fold) and DAB-Lfc dendriplex (2-fold and 3.8-fold) 

as compared to DAB dendriplex and DNA solution. Similar results were 

obtained when bEnd.3 cells were treated with Lf-bearing PEG-poly-(lactide) 

(PEG-PLA) nanoparticles encapsulating coumarin-6 targeting lactoferrin 

receptors and non-targeted PLA nanoparticles. The cellular uptake was 

increased 1.45-fold (Hu et al., 2009). Lf-conjugated polymersomes 

demonstrated similar effects, when their cellular uptake by bEnd.3 cells was 

1.56-fold higher than the non-conjugated polymersomes (Gao et al., 2010). 

Similarly, the treatment of bEnd.3 cells with Lf-conjugated PEG-liposomes 

demonstrated a 3.4-fold increase in the cellular uptake to that observed with 

non-conjugated PEG-liposomes. The results can also be compared to Lf-

bearing PAMAM-PEG dendrimer that demonstrated a 2-fold increase in the 

cellular uptake to that observed with Tf-bearing PAMAM-PEG dendrimer. 
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(Huang et al., 2008). However this is the first time Lfc has been investigated 

as a brain-targeting ligand. 

 

Utilizing cellular uptake inhibitors and escalating concentration of the free 

ligands investigated the mechanism of cellular uptake of the DNA complexed 

to DAB-Lf and DAB-Lfc. The inhibitors act on the various endocytic 

mechanisms of cells. Phenylarsine oxide is an inhibitor of clathrin-mediated 

endocytosis (which is a requisite for receptor-mediated endocytosis) (Visser 

et al., 2004). Filipin is known to block the caveolae-mediated process in non-

specific adsorptive endocytosis (Ryoung Kim et al., 2007). Colchicine inhibits 

macropinocytosis (Liu and Shapiro 2003), which provides non-specific 

endocytosis of macromolecules, whereas cationic poly-L-Lysine can inhibit 

the uptake of cationic delivery systems. The cellular uptake of DNA 

complexed to DAB-Lf was therefore related to endocytosis processes mainly 

to clathrin-mediated endocytosis as phenylarsine oxide led to significant 

inhibition of cellular uptake. Fillipin and colchicine demonstrated inhibition to 

a lesser extent, thus proving lower uptake of DNA via caveolae-mediated 

endocytosis and macropinocytosis. The cationic zeta potential of DAB-Lf 

dendriplex (35 mV) should demonstrate significant inhibition by poly-L-

Lysine, but least inhibition was observed, owing to much stronger cellular 

uptake by receptor-mediated endocytosis. These results suggested that 

receptor-mediated endocytosis, adsorptive-mediated endocytosis and 

macropinocytosis might contribute to the cellular uptake of DNA complexed 

to DAB-Lf. Pre-treatment of cells with escalating amounts of free lactoferrin 
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led to competition between DAB-Lf dendriplex and free Lf for binding to LfR, 

demonstrating that the internalization mechanism of the DNA complexed to 

DAB-Lf is mainly via LfR-mediated endocytosis. Similar results were 

demonstrated when significant inhibition of the cellular uptake of Lf-bearing 

PAMAM-PEG dendrimer was observed when BCECs were pre-treated with 

phenylarsine oxide, fillipin, colchicine and excess free Lf (Huang et al., 2008).  

On the contrary, cellular uptake of DNA complexed to DAB-Lfc was mainly 

inhibited by poly-L-Lysine owing to the cationic zeta potential of DAB-Lfc 

dendriplex (32.5 mV). Phenylarsine oxide and colchicine demonstrated 

inhibition to a lesser extent, thus proving lower uptake of the DNA via 

clathrin-mediated endocytosis and macropinocytosis. The caveolae-mediated 

endocytosis contributed least to the cellular uptake of the DNA complexed to 

DAB-Lfc, as fillipin led to least inhibition. These results suggested that all 

receptor-mediated endocytosis and macropinocytosis contributed majorly to 

the cellular uptake of DNA complexed to DAB-Lf. Pre-treatment of cells with 

escalating amounts of free Lfc, led to competition between DAB-Lfc 

dendriplex and free Lfc for binding to TfR and LfR. It demonstrated that the 

internalization mechanism of the DNA complexed to DAB-Lf is mainly via 

TfR- and LfR-mediated endocytosis. It can be suggested that DAB-Lfc 

dendriplex acts on the lower affinity binding sites of both TfR and LfR.     

 

The enhanced β-galactosidase expression following transfection with DAB-Lf 

and DAB-Lfc dendriplex resulted from increased cellular uptake after 

treatment. In case of DAB-Lf dendriplex, both increases were of the same 
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magnitude (2.1-fold for both cellular uptake and gene expression compared 

to non-targeted DAB dendriplex treatment). Similar results were obtained 

when luciferase gene expression in the brain capillary endothelial cells was 

3.6-fold higher after treatment with PAMAM-PEG-Lf/DNA as compared to 

that observed with PAMAM-PEG/DNA. 

 

The biodistribution of the gene expression revealed that DAB-Lf dendriplex 

led to an improved β-galactosidase expression in brain after intravenous 

administration. Gene expression in the brain was significantly higher than 

that observed in the other major organs. This results from the higher uptake 

of DAB-Lf dendriplex in the brain.  Various other studies have demonstrated 

higher gene expression in the brain following administration of Lf-bearing 

gene delivery system, but non-specific gene expression was also observed in 

other major organs of the body. After intravenous administration of PAMAM-

PEG-Lf/DNA complex in mice, Huang and colleagues demonstrated a 5.2-

fold increase in the luciferase gene expression compared to that with 

PAMAM-PEG/DNA, but high levels of gene expression were also observed in 

liver, lung and kidney (Huang et al., 2008). Similar results were obtained in 

the biodistribution studies of coumarin-6-loaded Lf-PEG-PLA nanoparticles, 

as the brain concentration was 3-fold higher than coumarin-6 loaded PEG-

PLA nanoparticles. But high concentration was also observed in blood (Hu et 

al., 2009). The results can also be compared to Lf-conjugated PEG-

liposomes encapsulating coumarin-6 that demonstrated a 1.4-fold increase in 

the brain uptake compared to that observed with PEG-liposomes, but non-
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specific uptake in spleen also increased (Huang et al., 2013). Another study 

led to a 3.5-fold increase in the brain uptake of Lf-modified β-cyclodextrin 

nanocarrier, compared to that observed with β-cyclodextrin nanocarriers, but 

higher uptake was also found in liver, spleen and kidneys (Ye et al., 2013). 

        

On the contrary, DAB-Lfc dendriplex demonstrated no gene expression in the 

brain. In vitro studies hinted that the cellular uptake of DAB-Lfc dendriplex 

may have occurred via receptor-mediated endocytosis. DAB-Lfc dendriplex 

might bind to the low affinity-binding site on the TfR or LfR that does not lead 

to its endocytosis on the abluminal site of the brain. The exact mechanism 

behind the discrepancy of the result needs to be investigated further. 

 

In conclusion, the grafting of Lf and Lfc to DAB dendriplex has been shown to 

enhance DNA uptake in bEnd.3 murine brain capillary endothelial cells 

compared to the unmodified dendriplex in vitro. In vivo, the intravenous 

injection of Lf-bearing DAB dendriplex resulted in an enhanced gene 

expression in the brain, which was significantly higher than in any other 

major organs of the body. It also decreased gene expression in the lung and 

the kidneys, compared to that observed following treatment with DAB 

dendriplex. Lfc-bearing DAB dendriplex did not demonstrate gene expression 

in the brain. Lf-bearing DAB dendrimer is therefore a highly promising 

nanocarrier for gene delivery to the brain following intravenous 

administration. 
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CHAPTER 5 

 
Angiopep-2-bearing 

polypropylenimine dendrimer  

for targeted gene delivery to the brain 
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1. Introduction 

Low-density lipoprotein receptor related proteins 1 and 2 (LRP-1 and 2) are 

multifunctional receptors expressed on the endothelial cells of the BBB, 

neurons of the cerebrum and cerebellum and astrocytes (Dehouck et al., 

1997, Gabathuler, 2010). LRP1, which is also known as CD91 or 

α2macroglobulin receptor, is a multi-ligand scavenger and signalling receptor 

weighing 600-KDa and consisting of two associated polypeptide chains: 

membrane spanning C-terminal fragment weighing 85-KDa and an 

extracellular N-terminal fragment weighing 515-KDa. LRP1 can bind to more 

than 30 extracellular ligands. LRP2, also known as megalin is one of the 

largest cell surface transmembrane glycoprotein weighing 517-KDa. It is 

structurally very similar to LRP1. LRP2 is also widely expressed in neurons 

and astrocytes (Spuch et al., 2012). 

 

Angiopeps are a family of peptides that were derived from the Kunitz domain 

of a protease inhibitor, Aprotinin, which is a LRP1 and LRP2 ligand. Demeule 

et al. (2008) derived 96 peptides from aprotinin and tested their endocytosis 

efficiency in an in vitro model of the BBB. Out of these, 8 peptides 

demonstrating the highest BBB transcytosis were radioiodinated and re-

evaluated by in situ brain perfusion in mice followed by capillary depletion 

analysis. Peptide 67, also known as Angiopep-1 with an amino acid 

sequence TFFYGGCRGKRNNFKTEEY, was selected for further analysis 

due to its high level of transcytosis and higher brain parenchymal distribution 

volume compared to the other 7 peptides. For further analysis, amino acid 
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sequence of Angiopep-1 was modified to prevent peptide dimerization or 

disulfide bond formation with serum proteins. Cysteine at position 7 in the 

amino acid sequence was replaced by serine and the peptide was now 

designated as Angiopep-2. There was no significant difference observed in 

the brain parenchymal distribution of Angiopep-2 as compared to that of 

Angiopep-1. However, the brain uptake of Angiopep-2 was 5-fold higher than 

that of Aprotinin (Demeule et al., 2008). 

 

Angiopep-2 was further investigated as a peptide vector for drug delivery to 

the brain. It was conjugated with the highly potent anti-cancer drugs 

paclitaxel, doxorubicin and etoposide. These conjugates demonstrated 

higher brain uptake compared to the drugs alone (Regina et al., 2008, Che et 

al., 2010). Jiang and colleagues demonstrated the first evidence of 

Angiopep-2 used as a ligand for targeted gene delivery to the brain. 

Angiopep-2 bearing PAMAM-PEG dendrimers demonstrated an increased 

brain uptake when compared to that of PAMAM-PEG. In the mouse brain, 

gene expression was observed in cortical layer, caudate putamen, 

hippocampus and substantia nigra (Ke et al., 2009). Angiopep-2 has also 

been exploited as a targeting ligand for drug delivery to the brain. Micelles 

encapsulating antifungal drug amphotericin B and electro-responsive 

hydrogels encapsulating the antiepileptic drug phenytoin sodium, decorated 

with angiopep-2 on the surface, led to a significantly higher brain penetration 

(Shao et al., 2010, Ying et al., 2014). PAMAM decorated with tumour 

vasculature targeting cyclic peptide and angiopep-2 led to an increased 
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penetration across the BBB and demonstrated a high imaging capability for 

experimental brain tumours (Yan et al., 2012). 
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2. Aims and Objectives 

On the basis of the fact that LRP1 and LRP2 are highly expressed on the 

BBB, we now hypothesize whether conjugation of Angiopep-2 to a highly 

efficient gene delivery system, DAB dendrimer, leads to an increased gene 

expression in the brain. The main objectives of this chapter are: 

 The synthesis and characterization of Angiopep-2 bearing DAB 

dendrimers (DAB-Ang) 

 The evaluation of the brain targeting efficacy of DAB-Ang in vitro and 

in vivo 
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3. Results 

3.1. Synthesis and characterisation of Angiopep- bearing DAB 

dendrimers 

3.1.1. Conjugation of Angiopep-2 to DAB 

1H NMR confirmed the synthesis of DAB-Ang dendrimer. Figure 5.1 shows 

the peaks of the bound and the unbound DAB dendrimer. 1H NMR (D2O): δ 

DAB (H2N-CH2-CH2-) = 2.58, DAB (-N-CH2-CH2-) = 2.45, DAB (-CH2-CH2-

CH2-)=1.60; DAB-Ang (Ang-HN-CH2-CH2-) = 3.70, DAB-Ang (H2N-CH2-CH2-

CH2-N-) = 2.84, DAB-Ang (-N-CH2-CH2-CH2-) = 2.42-2.68, DAB-Ang (-N-

CH2-CH2-CH2-) = 1.81. Multiple small peaks between 1.29 and 3.41 

corresponded to the protons for Angiopep-2. The characteristic triplet peak 

for the CH2 adjacent to peripheral primary amino group of DAB at 2.58 was 

shifted to 3.70 ppm in the NMR spectrum of a conjugated DAB-Ang 

analogue. The ratio of the integrals of resonances at ca. 3.70 and 2.84 for 

methylene units (d and a) attached to the amino acid moiety via DMSI 

linkage and unbound free amine, respectively is 1. This supports that 50 % of 

the surface primary amine groups on the DAB are conjugated to Angiopep-2. 
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Figure 5.1 1H NMR spectra (400 MHz)  of DAB-Ang (A) and DAB (B) in D2O  
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3.1.2. Characterisation of dendriplex formation 

DAB-Ang was able to condense more than 70 % of the DNA at all the 

dendrimer: DNA weight ratios (Figure 5.2). DNA condensation occurred 

almost instantaneously and was found to be stable over at least 24h. The 

condensation of DNA increased with the increasing dendrimer: DNA weight 

ratio. It was much higher than that observed for the unmodified dendrimer, 

which was of 60% at its best and decreasing with time. 

  

 

Figure 5.2 DNA condensation of DAB-Ang dendriplexes using PicoGreen® 

reagent at various durations and dendrimer: DNA weight ratios : 20:1 (■, 

black), 10:1 (●, red), 5:1 (▲, blue), 2:1 (▼, pink), 1:1 (♦, green), 0.5:1 (◄, 

black), DNA only (►, orange) (empty symbol, light green : DAB-DNA, 

dendrimer: DNA weight ratio: 5:1) . Results are expressed as mean ± SEM 

(n= 4) 
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3.1.3. Dendriplex size and zeta potential measurement 

The average sizes of DAB-Ang dendriplexes at dendrimer: DNA weight ratios 

from 0.5:1 to 5:1 were less than 300 nm. At dendrimer: DNA ratio of 10:1 and 

20:1 the size of the dendriplex increased and displayed a hydrodynamic 

diameter of 721 ± 339 nm an d 354 ± 89 nm respectively (Figure 5.3 A).The 

zeta potential of the dendriplexes remained close to neutral for all the tested 

ratios (Figure 5.3 B). 
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A) 

B)  

 

Figure 5.3 Size (A) and Zeta Potential (B) of DAB-Ang dendriplexes at 

various dendrimer: DNA weight ratios: 20:1, 10:1, 5:1, 2:1, 1:1, and 0.5:1. 

Results are expressed as mean ± SEM (n=4). 
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3.2. In vitro studies 

3.2.1. Transfection 

The conjugation of Ang to DAB dendriplex led to an increased transfection 

compared to DAB dendriplex on bEnd.3 cells (Figure 5.4). The highest level 

of transfection in bEnd.3 cells after treatment with DAB-Ang at various 

dendrimer: DNA weight ratios was obtained at DAB-Ang: DNA weight ratio of 

2:1. The treatment of bEnd.3 cells with DAB-Ang dendriplex (2:1) led to a 

1.9-fold increase in the gene expression compared to DAB dendriplex 

(3.06x10-3 ± 0.11x10-3 U/mL and 1.57x10-3 ± 0.07x10-3 U/mL respectively for 

DAB-Ang and DAB dendriplexes. Gene expression following treatment with 

DAB-Ang dendriplex and DAB-dendriplex was 3.5-fold and 1.8-fold higher 

than that observed following treatment with naked DNA (0.86x10-3 ± 0.01x10-

3 U/mL). The cells treated with naked DNA did not demonstrate any 

significant increase in the gene expression compared to untreated cells. 

  

Taking into consideration the results of DNA condensation assay, size and 

zeta potential measurements and transfection, DAB-Ang dendriplex at a 

dendrimer: DNA weight ratio of 2:1 was chosen for further investigations.  
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Figure 5.4 Transfection efficacy of DAB-Ang dendriplex at various 

dendrimer: DNA weight ratios and DAB dendriplex at dendrimer: DNA weight 

ratio of 5:1 in bEnd.3 cells. Results are expressed as the mean ± SEM of 

three replicates (n=15). * : P <0.05 compared with highest transfection 

treatment. 
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3.2.2. Cellular uptake 

The uptake of fluorescein-labelled DNA complexed to DAB-Ang by bEnd.3 

cells was qualitatively analysed by epifluorescence microscopy. Cellular 

uptake commenced at 1 h as fluorescein-labelled DNA could be visualized in 

the nuclei of the bEnd.3 cells. From all the durations tested, DNA uptake was 

most pronounced after treatment of bEnd.3 cells with DAB-Ang dendriplex for 

3 hours (Figure 5.5). 

 

 

Figure 5.5 Epifluorescence microscopy imaging of the cellular uptake of 

fluorescein-labelled DNA (2.5 µg/ well) complexed with DAB-Ang, after 

incubation for 15 min, 30 min, 1 h, 2 h, 3 h or 4 h with bEnd.3 cells (Blue: 

nuclei stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491 

nm), green: Fluorescein-labelled DNA (excitation: 543 nm, emission 

bandwidth: 550-620 nm) (Bar: 10 µm) 

 

 

Following optimization of the duration of the maximum cellular uptake, 

bEnd.3 cells were treated with fluorescein-labelled DNA complexed to DAB-

Ang, DAB or in solution for 3 hours.  Pronounced uptake of fluorescein-
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labelled DNA complexed to DAB-Ang was observed. On the contrary, cells 

treated with DAB dendriplex demonstrated much less cellular uptake to that 

compared to DAB-Ang dendriplex. Fluorescein-labelled DNA solution did not 

show any cellular uptake (Figure 5.6). 

 

 

Figure 5.6 Epifluorescence microscopy imaging of the cellular uptake of 

fluorescein-labelled DNA (2.5 µg/ well) either complexed with DAB-Ang, DAB 

or in solution, after incubation for 3 hours with bEnd.3 cells (Blue: nuclei 

stained with DAPI (excitation: 405 nm, emission bandwidth: 415-491 nm), 

green: Fluorescein-labelled DNA (excitation: 543 nm, emission bandwidth: 

550-620 nm) (Bar: 10 µm) 

 

 

The quantification of the cellular uptake was done utilizing flow cytometry 

(Figure 5.7). Cellular fluorescence was highest following treatment with DAB-
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Ang dendriplex (25567 ± 500 arbitrary units (a.u.)). It was respectively about 

1.7-fold and 5.1-fold higher than the cellular fluorescence observed following 

treatment with DAB dendriplex (14473 ± 594 a. u.) and DNA solution (4999 ± 

311 a. u.). 

 

 

 

Figure 5.7 Flow cytometry quantification of the cellular uptake fluorescein- 

labelled DNA (5 µg/ well) either complexed with DAB-Ang, DAB or in 

solution, after incubation for 3 hours with bEnd.3 cells (n=15) * : P <0.05 

compared with DAB-Tf-DNA. 

 

 

3.2.3. Inhibitor studies 

Utlilizing cellular uptake inhibitors elucidated the mechanisms of cellular 

uptake of the DNA complexed to DAB-Ang. Pre-treatment of the bEnd.3 cells 
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with phenylarsine oxide, fillipin, colchicine and poly-L-Lysine led to partial 

inhibition of the cellular uptake (Figure 5.8 & 5.9). Colchicine and 

phenylarsine oxide caused the most significant inhibition, with a cellular 

uptake respectively decreased by 1.7-fold and 1.6-fold compared to that 

observed with DAB-Ang dendriplex without inhibitory treatment (respectively 

15000 ± 609 a. u. and 15040 ± 443 a.u. following pre-treatment with 

colchicine and phenylarsine oxide). Filipin and poly-L-Lysine appear to be 

less effective inhibitors, leading to a cellular uptake decrease by respectively 

1.2-fold each compared to DAB-Ang dendriplex without pre-treatment 

(respectively 20766 ± 325 a. u. and 21228 ± 405 a.u. following pre-treatment 

with filipin and poly-L-Lysine).  

 

 

 

Figure 5.8 Epifluorescence microscopy imaging of the bEnd.3 cellular uptake 

of fluorescein- labelled DNA (2.5 µg/ well) complexed with DAB-Ang, 

following pre-treatment with various cellular uptake inhibitors: phenylarsine 

oxide (“PhAsO”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-lysine 

(“PLys”). (Blue: nuclei stained with DAPI (excitation: 405 nm, emission 

bandwidth: 415-491 nm), green: Fluorescein-labelled DNA (excitation: 543 

nm, emission bandwidth: 550-620 nm) (Bar: 10 µm) 



 

 150 

 

Figure 5.9 Flow cytometry quantification of the bEnd.3 cellular uptake of 

fluorescein- labelled DNA (5 µg/ well) complexed with DAB-Ang, following 

pre-treatment with various cellular uptake inhibitors: phenylarsine oxide 

(“PhAsO”), filipin (“Fil.”), colchicine (“Colch.”) and poly-L-lysine (“PLys”). 

(n=15), * : P <0.05 compared with DAB-Ang-DNA. 

 

 

 

3.3. In vivo studies 

3.3.1. Biodistribution of gene expression 

The biodistribution of gene expression following intravenous injection of DNA 

encoding luciferase complexed to DAB-Ang was first qualitatively assessed 

by luminescence imaging, at various treatment durations. Gene expression 

appeared to be mainly located in the brain of the mice. The highest gene 

expression level was found 24 h following injection of the DAB-Ang 

dendriplex, but gene expression prevailed up to 11 days after treatment 

(Figure 5.10). 
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Figure 5.10 Bioluminescence imaging of gene expression after intravenous 
administration of DAB-Ang dendriplex (50 µg DNA administered). The mice 
were imaged using the IVIS Spectrum at various durations after injection of 
the treatment. The scale indicates surface radiance 
(photons/s/cm2/steradian). 
 

Gene expression following intravenous administration of DAB-Ang dendriplex 

was compared to that observed following administration of DAB-dendriplex 

and DNA only, 24 h after administration of the treatments. The gene 

expression in the brain appeared to be highest following treatment with DAB-

Ang (Figure 5.11). 

      

 20h 24h 30h 48h 72h 

 4d 5d 7d 9d 11d 

2h 4h 8h 12h 16h 
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Figure 5.11 Bioluminescence imaging of gene expression after intravenous 

administration of DAB-Tf and DAB dendriplexes (50 µg DNA administered). 

(Controls: DNA solution, untreated cells). The mice were imaged using the 

IVIS Spectrum 24 h after injection of the treatments. The scale indicates 

surface radiance (photons/s/cm2/steradian). 

 

The quantification of biodistribution of gene expression showed unexpected 

results (Figure 5.12). After the intravenous administration of DAB-Ang 

dendriplex in mice, there was no significant difference in the gene expression 

in the brain as compared to DAB dendriplex (128.1 ± 14.3 mU and 163.9 ± 

35.4 mU β-galactosidase per organ respectively for DAB-Ang and DAB 

dendriplexes). The gene expression in the spleen was significantly higher 

than DAB dendriplex and DNA solution (83.6 ± 2.1 mU, 0 ± 7.6 mU and 0 ± 

26.8 mU β-galactosidase per organ for respectively DAB-Ang dendriplex,  

DAB dendriplex and DNA solution). The gene expression in kidneys and 

heart was at similar levels after treatment with DAB-Ang dendriplex and DAB 

dendriplex (223.2 ± 66.8 mU and 399.6 ± 114.3 mU β-galactosidase per 
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organ in the kidneys for respectively DAB-Ang dendriplex and DAB 

dendriplex, 146.83 ± 22.6 mU, and 150.6 ± 54.64 mU β-galactosidase in the 

spleen for respectively DAB-Ang dendriplex and DAB dendriplex). 

 

 

 

Figure 5.12. Biodistribution of gene expression after a single intravenous 

administration of DAB-Ang dendriplex, DAB dendriplex and DNA solution (50 

µg DNA administered). Treatment duration is 24 hours. Results were 

expressed as milliunits β-galactosidase per organ (n=5). * : P <0.05 

compared with DAB-Ang-DNA for each organ 
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4. Discussion 

LRP1 and LRP2 receptors are multifunctional receptors expressed on the 

BBB that can bind to a variety of ligands, such as Apolipoprotein E, tissue 

plasminogen activator (tPA), amyloid precursor protein, melanotransferrin, 

plasminogen activator inhibitor 1, receptor associated protein, α2 

macroglobulin, HIV-1 Tat protein, heat shock protein 96, heparin cofactor II , 

angiopeps and many others. These receptors are physiologically involved in 

controlling the permeability of the BBB and post-ischaemic lesion formation 

in response to active tPA (Herz 2003). Various ligands have demonstrated 

the increased uptake of the nanoparticles in the BBB via LRP1- and LRP2-

mediated endocytosis. Polysorbate-80 coated nanoparticles have been 

investigated for a drug delivery of various drugs like dalargin, doxorubicin, 

loperamide and tubocurarine that normally do not circumvent the BBB 

(Schroder and Sable 1996, Blasi et al., 2007). Apolipoprotein E-conjugated 

albumin nanoparticles led to an increased uptake in the brain as compared to 

the unconjugated nanoparticles (Zensi et al., 2009). Mellanotransferrin (P97), 

another protein of the Tf family, demonstrated an increased efficiency to 

cross BBB via LRP1- and LRP2-mediated endocytosis (Demeule et al., 2002, 

Gabathuler et al., 2005). Amongst all the ligands of the LRP, Angiopep-2 has 

shown an increased transcytosis across the brain (Demeule et al., 2008a, 

Demeule et al., 2008b, Ke et al., 2009). In this chapter, we exploited 

Angiopep-2 as a ligand for brain targeted gene delivery system. 
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The NMR results demonstrated that DAB has been successfully conjugated 

to Ang. The conjugation of Ang to DAB did not destabilize DNA 

condensation, but led to an increased condensation for a longer period of 

time. However, an excess of DAB was required for an efficient DNA 

condensation. The stability of the complexed DNA was directly related to the 

rise in the dendrimer: DNA weight ratio. There was an increase in overall size 

of the DAB-Ang dendriplex as compared to the unmodified DAB dendriplex 

that had an average size of 196 nm (PDI: 0.683) (Aldawsari et al., 2011). 

This was due to the conjugation of angiopep-2 on the periphery of the DAB 

dendrimer. However, this conjugation led to a decrease in the overall positive 

charge of the dendriplex compared to DAB dendriplex (6 mV) (Aldawsari et 

al., 2011). This zeta potential decrease was most likely due to the presence 

of the negatively charged amino acids (glutamic acid) of Angiopep-2. 

 

The cellular uptake of the DNA in bEnd.3 cells showed a marked increase 

following treatment with DAB-Ang dendriplex as compared to that observed 

with DAB dendriplex and DNA solution. Similar results were obtained when 

BCEC cells were treated with BODIPY-labelled PAMAM-PEG-Ang 

dendrimer. The cellular uptake was increased by 4.8-fold compared to the 

control (Ke et al., 2009). The formulation of 1, 2-Distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PE-PEG)- 

based micelles loaded with an antimicrobial agent, amphotericin B, and 

surface-modified with angiopep-2 demonstrated similar effects, when their 

cellular uptake by BCECs was 1.5-fold and 6-fold higher than the non-
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conjugated PE-PEG micelles loaded with amphotericin B and free 

amphotericin B respectively (Shao et al., 2010). The results can also be 

compared to the treatment of BCECs with Angiopep-targeted PEG-

multiwalled carbon nanotubes (MWNTs), that led to a significantly higher 

cellular uptake compared to unconjugated PEG-MWNTs (Ren et al., 2012).    

 

The inhibitor studies investigated the mechanism of cellular uptake of the 

DNA complexed to DAB-Ang. The inhibitors used act of the various endocytic 

mechanisms of cells. The cellular uptake of DNA complexed to DAB-Ang 

was related to endocytosis processes mainly to clathrin-mediated 

endocytosis and macropinocytosis as phenylarsine oxide and colchicine led 

to significant inhibition of cellular uptake. Fillipin demonstrated inhibition to a 

lesser extent, attesting the lower uptake of DNA via caveolae-mediated 

endocytosis. The zeta potential of DAB-Ang dendriplex was neutral, leading 

to much lesser inhibition by poly-L-lysine. This result suggested that 

receptor-mediated endocytosis and macropinocytosis might largely 

contribute to the cellular uptake of the DNA complexed to DAB-Ang, whereas 

adsorptive-mediated transcytosis may be a less favoured mechanism. 

Similar results were obtained when pre-treatment of cells with α2 

macroglobulin, a LRP1 specific ligand, in an in vitro BBB model lead to a 26 

% decrease in the passage of Angiopep-2 (Demeule et al., 2008a). All the 

inhibitors, phenylarsine oxide, fillipin, colchicine and poly-L-Lysine collectively 

inhibited the cellular uptake of the PAMAM-PEG-Ang/DNA nanoparticles in 

BCECs, but colchicine led to the most significant inhibition (Ke et al., 2009). 
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These results demonstrate that the uptake of DAB-Ang dendriplex was more 

selective and specific compared to the PAMAM-PEG-Ang/DNA. The 

increased cellular uptake following transfection with DAB-Ang dendriplex led 

to an enhanced β-galactosidase expression.  

 

The qualitative analysis of the biodistribution of gene expression using IVIS 

revealed that there was an improved β-galactosidase expression in the brain 

following intravenous injection of DAB-Ang dendriplex, compared to DAB-

dendriplex. The gene expression in the brain was visible for up to 11 days 

after treatment. However, the quantification of biodistribution of gene 

expression showed different results. After intravenous administration of DAB-

Ang dendriplex, gene expression in the brain was similar to that observed 

after treatment with DAB dendriplex. Further investigations are needed to 

explain the difference in the contradictory results of these experiments. 

These results are not in line with Demeule and colleagues, who 

demonstrated a significantly higher uptake of Angiopep-2 in the brain as 

compared to transferrin (2.5-fold), lactoferrin and other ligands (Demeule et 

al., 2008a, Demeule et al., 2008b). When Angiopep-2 was conjugated to 

paclitaxel, doxorubicin and etoposide, the conjugates showed a much higher 

brain drug concentration (Paclitaxel: 5-fold, doxorubicin: 7-fold, etoposide: 

10-fold) compared to the drug alone (Regina et al., 2008, Thomas et al., 

2009, Che et al., 2010). The gene delivery system designed using PAMAM-

PEG-Ang demonstrated a 3-, 5- and 8-fold increase in the brain uptake of the 

dendrimer depending on the amount of Angiopep-2 conjugated, compared to 
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that observed with PAMAM-PEG (Ke et al., 2009), The brain uptake of the 

Angiopep-conjugated micelles encapsulating amphotericin B was 1.6-fold 

higher than the non-conjugated micelles encapsulating amphotericin B (Shao 

et al., 2010). In an interesting study, van Rooy and colleagues demonstrated 

that Angiopep-2 conjugated liposomes have less brain uptake compared to 

the transferrin-conjugated liposomes and unconjugated liposomes. This 

study demonstrated that the type of nanoparticle (shape, size and surface 

properties) to which the ligand is conjugated has a major influence on the 

uptake of the nanoparticles (van Rooy et al., 2011).         

 

In conclusion, we have successfully synthesized Angiopep-2 bearing DAB 

dendrimer that has enhanced efficiency of DNA uptake in bEnd.3 cells 

compared to that of DAB dendrimer in vitro. The in vivo results need further 

investigations.  

 

 

 

 

 

 

 

  



 

 159 

CHAPTER 6 

 
General Discussion 
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1. CNS disorders- prevalence and costs 

According to the World Health Organization (WHO), around 25-30 % of the 

population in Europe is suffering from one or more CNS disorders (Olensen 

& Leonardi, 2003). Some other surveys put this figure to a whopping 38 %. 

These statistics also include the mental health disorders. The total economic 

costs for these disorders surmount to € 386 billion (2004 prices) for the most 

prevalent disorders, out of which only € 13 billion (3 %) accounted for drug-

related costs (Andlin-Sobocki et al., 2005). Some of the disorders, such as 

depression, epilepsy, schizophrenia and pain, have responded well to the 

traditional small-molecule neuropharmaceuticals that cross the BBB, but 

others are still non-responsive or are heavily depended on pharmacotherapy. 

Some of these diseases are: 

 Alzheimer’s disease or other dementias 

 Huntington’s disease 

 Parkinson’s disease 

 Brain cancer 

 HIV infection of the brain 

 Amyotrophic lateral sclerosis 

 Stroke 

 Brain and spinal cord injuries 

 Ataxias 

 Brain genetic disorders 
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The following table shows the prevalence of some of the most prevalent CNS 

disorders in UK, Europe and globally: 

 

Table 6.1 Prevalence of most common CNS disorders in UK, Europe and 
globally (Andlin-Sobocki et al., 2005; Tanner et al., 2008; Beitz, 2009; Cancer 
Research UK; Parkinson’s prevalence in the UK, 2009; World Alzheimer’s 
report, 2009) 

 
Disorder 

 
UK 

 
Europe 

  

 
Global 

 

 
Alzheimer’s disease 
or other dementias 

 

 
815,827 

 
4.8 million 

 
36 million 

 
Huntington’s disease 

 

 
7,692 

 
38,000-55,000 

 
350,000-700,000 

 
Parkinson’s disease 

 

 
127,000 

 
1.2 million 

 
7-10 million 

 
Brain cancer 

 

 
17,000 

 
135,000 

 
1.4 million 

 
Stroke 

 

 
133,000 

 
1.1 million 

 
33 million 

 

 

The above mentioned numbers will rise in the future, not only due to the 

increase in the population, but also due to the increase in the median age of 

the people in UK and Europe and to the rising healthcare costs. In Europe, 

only 15 % of the total healthcare spending is allotted to the treatment of CNS 

disorders. The total economic cost of the brain disorders is higher than that 

of the diabetes and cancer together. The drugs that are used for the 

treatment of the CNS disorders only account for 8 % of the total drug sales 

(Andlin-Sobocki et al., 2005). These figures reflect a need for drastic 
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changes in the healthcare policies as well as an urgent necessity to develop 

novel therapies for the treatment of CNS disorders. 

 

2. The neglected BBB problem in the CNS drug development process 

The unprecedented rise in the number of the CNS disorders has generated 

enormous research activities in an attempt to develop new drugs for the 

treatment of these disorders. However, most of the research by industrial 

leaders is still focused on the traditional drug discovery programs that are 

based on the discovery of new therapeutic molecules, rather than developing 

new approaches to target the brain and circumvent the BBB, which is a major 

hurdle in the development of therapies for CNS disorders. For a traditional 

neuropharmaceutical molecule to cross the BBB, it has to be lipid-soluble 

and weigh less than 500 Da, which makes the CNS drug development quite 

limited. Figure 6.1 shows the graph representing the complexity of CNS drug 

development process. Around 40-60 % of the drugs/therapies for the 

treatment of CNS disorders remain in the pre-clinical or early phase of 

development. The percentage of CNS drugs in the clinical phases (Phase 1-

3) of development ranges between 21-32 %, with less than 5 % of them 

reaching Phase 3 of clinical trials. Only less than 1-2 % of the total drugs are 

actually launched, demonstrating the complexity of the CNS drug 

development processes. Over 5-15 % of the drugs showed no development 

over a span of 18 months or more and 5-15 % of the drugs were 

discontinued at some phase of drug development (Kwon et al., 2004; 

Pogacic and Herrling, 2007; Kramp 2011). Majority of the drugs failed to 
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reach higher phases of clinical development, mainly due to their inability to 

cross the BBB. However, to date, there is not a single industrial leader 

having a freestanding BBB drug development platform. The 20th century drug 

development program was driven by a chemistry-driven platform by 

discovery of small molecules, however the 21st century shall be driven by a 

biology-driven pharmaceutics platform for drug development especially in the 

area of CNS disorders (Pardridge et al., 2002). More efficient design in the 

CNS drug development programs would be to merge the traditional drug 

discovery program and the novel drug delivery platform so that increased 

number of therapies could be actually brought from bench to bedside. 

 

 

Figure 6.1 Percentage of CNS drugs in different stages of drug development 

in 2004, 2007 and 2011 (Kwon et al., 2004; Pogacic and Herrling 2007; 

Kramp 2011) 
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3. Novel platforms for non-invasive brain delivery 

The major strategy in the development of novel strategies for the prevention, 

diagnosis and treatment of CNS disorders would be to design systems that 

are able to effectively cross the BBB and efficaciously treat the disorder. 

There are various nanomaterials that have been pre-clinically tested for the 

targeted delivery of diagnostics and therapeutics to the brain (Nunes et al., 

2012). As an outcome of this thesis, we hereby provide a novel platform 

based on the DAB dendrimer for targeted gene delivery to the brain. The 

conjugation of Tf, Lf and Angiopep-2 to DAB dendrimer led to an enhanced 

exogenous gene expression in the brain in vitro and in vivo compared to the 

DAB dendrimer. However, further investigations will be required for DAB-

Ang. Utilizing these novel brain targeted delivery systems will be even more 

advantageous in pathology, because the level of expression of many 

receptors that are targeted by these delivery systems will be significantly high 

in the brain during a pathological state compared to the normal brain. 

 

There is a high expression of TfR in the brain with neoplasms compared to 

the normal brain tissue (Recht et al., 1990). In a study by Prior and 

colleagues (1990), the authors demonstrated that TfR is also highly 

expressed in 101 types of the tumours generating from human central and 

peripheral nervous system. The level of expression also depends on the type 

and grade of tumours.  TfR type 2 is highly and frequently expressed in 

glioblastoma multiforme (GBM), which is the most common and aggressive 

brain tumour (Calzolari et al., 2010). TfR is also highly expressed in cerebral 
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ischemia, haemorrhage and stroke (Moos and Morgan, 2004). Several TfR-

targeted delivery systems have demonstrated successful diagnostic and 

therapeutic effects in pre-clinical studies (Table 6.2). Tf-bearing DAB 

dendrimers could therefore provide an efficient means for the delivery of 

drugs, genes and other therapeutic and diagnostic agents in these 

pathologies. 

 

Table 6.2 Various platforms for the TfR-targeted delivery of therapeutic and 
diagnostic agents to the CNS 

Delivery system Major findings Reference 

 
OX26-Brain-
derived 
neurotrophic 
factor (BDNF) 
conjugate 

 

 Increased uptake of BDNF in the 
brain 

 243 % increase in the motor 
performance of rats presenting 
stroke symptoms 

 
Pardridge et 
al., 1998 
Zhang and 
Pardridge, 
2006 

 
OX26-
Radiolabelled 
epidermal growth 
factor (EGF) 
conjugate 

 

 Successful imaging of the 
experimental brain tumours in rats 
bearing human U87 glioma cells 

 
Kurihara and 
Pardridge, 
1999 

 
8D3- Aβ1-40 
conjugate 

 

 Visualization and quantification of  
β-amyloid plaques in a mouse 
model of Alzheimer’s disease 
 

 
Lee et al., 
2002 

 
OX26-Basic 
fibroblast growth 
factor (bFGF) 
conjugate 

 

 Time dependent 80 % and 67 % 
reduction in the infarct volume in the 
brain with treatments administered 
immediately or 60 min respectively 
in cerebral ischaemia 

 

 
Song et al., 
2002 

cTfRMAb-Glial-
derived 
neurotrophic 
factor (GDNF) 
conjugate 

 Increased brain uptake of GDNF  

 Therapeutic action in 3 
experimental models of Parkinson’s 
disease 

Fu et al., 2010 
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Delivery system Major findings Reference 

 
Tf- and Tamoxifen- 
modified 
liposomes 
encapsulating 
Epirubicin 

 

 Inhibition of the tumour volume in a 
C6 glioma rat model 

 Longer survival time of the rats 
compared to the control treatments 

 
Tian et al., 
2010 

 
Tf-modified cyclo-
[Arg-Gly-Asp-d-
Phe-Lys] 
(c[RGDfK])-
paclitaxel 
conjugate (RP) 
loaded micelle 
(TRPM) 

 

 Increased cellular uptake in brain 
microvascular endothelial cells 

 Anti-cancer activity in intracranial U-
87 MG glioma mice model.  

 Mean survival time significantly 
longer compared to paclitaxel 

 
Zhang et al., 
2012 

 
Tf- and p-
aminophenyl-α-D-
mannopyranoside-
conjugated 
liposomes 
encapsulating 
daunorubicin 
 

 

 Inhibition of the tumour volume in a 
C6 glioma rat model 

 Longer survival time of the rats 
compared to the control treatments 

 
Ying et al., 
2010 

 
cTfRMAb-α-L-
iduronidase fusion 
protein 

 

 Reversal of Mucopolysaccharidosis 
type 1 or Hurlers syndrome in a 
mice model 

 Reduction of lysosomal inclusion 
bodies in the brain by 73 % 
 

 
Boado et al., 
2011 

 
cTfRMAb-ScFv 
fusion protein  

 

 Aβ1-42 was reduced by 40 % in an 
Alzheimer’s disease mice model, 
without elevation of Aβ1-42 
concentrations in the plasma 

 No cerebral microhemorrhage was 
observed in the treated mice. 
 

 
Zhou et al., 
2011 

 
Tf-conjugated 
SPION 
 

 

 Demonstrated capability as a MRI 
contrast agents in a C6 glioma rat 
model 
 

 
Jiang et al., 
2012 
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Delivery system Major findings Reference 

 
Tf-modified 
paclitaxel-loaded 
polyphosphoester 
hybrid micelles 

 

 Increased brain accumulation 

 Anti-tumour activity in intracranial 
U87 glioma mice model.  

 Prolonged survival time 
demonstrated compared to control 
groups 

 
Zhang et al., 
2012 

 
T7-conjugated 
PEG-dendrigraft 
poly-L-Lysine 
covalently linked 
to doxorubicin and 
encapsulating 
pORF-hTRAIL  
  

 

 Targeted drug and gene co-delivery 
system successfully synthesized 

 Synergistic increase in the anti-
tumour activity in a U87 orthotropic 
glioma mice model.  

 Prolonged survival time compared 
to control groups. 

 
Liu et al., 
2012 

 
Tf-modified PEG-
graphene oxide 
encapsulating 
doxorubicin 
 

 

 Increased uptake in the C6 rat 
glioma model 

 Longer survival time compared to 
the doxorubicin and other controlled 
treatment groups 
 

 
Liu et al., 
2013 

 
Tf- and folate- 
modified 
liposomes 
encapsulating 
doxorubicin 

 

 Antitumour-activity in C6 glioma rat 
model. Mean survival time 
significantly longer compared to 
doxorubicin and other treatment 
groups 

 Non-toxic on healthy cells 
compared to doxorubicin 
 

 
Gao et al., 
2013 

 
Tf-conjugated 
magnetic silica 
PLGA 
nanoparticles 
encapsulating 
doxorubicin and 
paclitaxel 

 

 Strongest tumour inhibition in an 
intracranial U87 MG glioma mice 
model 

 
Cui et al., 
2013 

 
Tf- and TAT 
peptide-modified 
liposomes 
encapsulating 
doxorubicin 

 

 Increased brain and tumour uptake 

 Anticancer-activity in orthotropic 
glioma model. Mean survival time 
was significantly longer compared 
to doxorubicin 

 
Zong et al., 
2014 
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Several lines of evidence suggest an increased LfR expression in 

Parkinson’s disease. Iron accumulation in the substantia nigra of the 

Parkinson’s disease occurs via lactoferrin receptors (Faucheux et al., 1995; 

Berg et al., 2001). Overexpression of LfR is also reported in Alzheimer’s 

disease and other neurodegenerative disorders, owing to the fact that higher 

iron accumulation is observed in the neuronal cells of these disorders, 

ultimately leading to cell death (Qian and Wang, 1998). Lf-bearing DAB 

dendrimers can be a promising platform for the delivery of therapeutics in 

neurodegenerative disorders that overexpress LfR. We have recently 

demonstrated that Lf-bearing DAB dendrimers led to a substantial tumour 

regression in laboratory animals and that transport of these Lf-dendrimers 

occured through TfR on the tumour cells. (Lim et al., 2015). This delivery 

system can also be further investigated for the treatment of brain tumours. 

Various preclinical platforms that have already pre-clinically proven results 

have been mentioned in Table 6.3 

 

Table 5.3 Various platforms for the LfR-targeted delivery of therapeutic and 
diagnostic agents to the CNS 

Delivery system Major findings Reference 

 
Lf-conjugated 
PAMAM 
encapsulating 
hGDNF gene 

 

 Gene therapy for rotenone-induced 
chronic Parkinson rat model 
 

 Increased locomotor activity, 
reduced dopaminergic neuronal 
loss and enhanced monoamine 
neurotransmitter levels after 
repeated multiple dosing via 
intravenous injection 

 
Huang et al., 
2010 
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Delivery system Major findings Reference 

 
Lf-conjugated 
polymersome 
encapsulating 
doxorubicin and 
tetrandrine 
 

 

 Anticancer activity in C6 glioma rat 
model. Decreased glioma volume 

 Significantly longer mean survival 
time compared to control treatments 

 
Pang et al., 
2010 

 
Lf-conjugated 
procationic 
liposome 
encapsulating 
doxorubicin 
 

 

 Anticancer activity in C6 glioma rat 
model. Mean survival time was 
significantly longer compared to 
control treatments 

 
Chen et al., 
2011 

 
Lf-conjugated 
PEG-PLA 
nanoparticles 
encapsulating 
paclitaxel 

 

 Co-administration with tLyp-1, a 
tumour penetration enhancement 
peptide led to enhanced anti-tumour 
activity in C6 glioma bearing mice 
model 

 Survival times were significantly 
longer compared to control 
treatments 

 
Miao et al., 
2013 

 
Lf-conjugated 
micelles 
encapsulating 
super 
paramagnetic iron 
oxide 
nanoparticles 
 

 

 MRI imaging of glioma in a rat 
model 

 
Zhou et al., 
2015 

 

 

LRP1 and LRP2 are multifunctional receptors linked to many CNS 

pathologies. Increased expression of LRP1 and LRP2 is observed in stroke. 

They serve as a receptor for amyloid β precursor protein and ApoE, that are 

genetically linked to Alzheimer’s disease. The expression of LRP1 and LRP2 

significantly decreases with age, ultimately leading to AD development due to 
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the decrease in clearance of Aβ-anti-aβ complexes. As LRP1 and LRP2 

inhibit inflammatory processes, they are linked with the majority of 

neurodegenerative disorders that has a neuroinflammatory process involved 

(Chen and Liu, 2012). Overexpression of LRP1 and LRR2 is also observed in 

brain tumours. Table 6.4 lists some of the Angiopep-2 targeted platforms pre-

clinically evaluated for the CNS therapeutics. Angiopep-2 bearing DAB 

dendrimers can also be investigated further for pre-clinical testing.  

 

Table 6.4 Various platforms for the Angiopep-2 targeted delivery of 
therapeutic and diagnostic agents to the CNS 

Delivery system Major findings Reference 

 
Angiopep-2-
conjugated 
PAMAM-PEG 
loaded with pORF-
TRAIL 
 

 

 Anticancer-activity by gene therapy 
in C6 glioma mice model. Mean 
survival time was significantly 
longer compared to control 
treatments 

 
Huang et al., 
2011 

 
Angiopep-2-
conjugated 
liposome 
encapsulating 
pEGFP-hTRAIL 
and paclitaxel 
 

 

 Synergistic increase in the anti-
tumour activity in a U87 orthotropic 
glioma mice model. Decrease in the 
tumour volume 
 

 Prolonged survival time compared 
to the control treatment 
 

 
Sun et al., 
2011 

 
Angiopep-2 
functionalized 
PEGylated 
oxidized multi-
walled carbon 
nanotubes 
encapsulating 
doxorubicin 

 

 Anticancer-activity in C6 glioma 
mice model. Mean survival time was 
significantly longer compared to 
control treatments 

 
Ren et al., 
2012 
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Delivery system Major findings Reference 

 
Angiopep-2- 
bearing polymeric 
micelles 
encapsulating 
Amphotericin B 

 

 Increase brain penetration of 
Amphotericin B 

 Anti-fungal activity demonstrated in 
an intracerebral fungal infection 
murine model. Prolonged survival 
times reported compared to control 
treatments 

 
Shao et al., 
2012 

 
Angiopep-2- 
conjugated PEG-
polycaprolactone 
nanoparticles 
encapsulating 
Paclitaxel 

 

 Anti-tumour activity in a U87 
orthotropic glioma mice model 

 Decrease of tumour volume 

 Prolonged survival time compared 
to the control treatments 

 
Xin et al., 
2012 

 
Angiopep-2- and 
tLyp-1-conjugated 
cationic 
liposomes 
encapsulating 
VEGF siRNA and 
docetaxel 

 

 Synergistic increase in the anti-
tumour activity in a U87 orthotropic 
glioma mice model 

 Decrease in the tumour volume 

 
Yang et al., 
2014 

 
Angiopep-2- and 
Activatable cell 
penetrating 
peptide (ACP)-
functionalized 
PEG-
Polycaprolactone 
nanoparticles 
encapsulating 
docetaxel 

 

 Anticancer activity in C6 glioma 
mice model. Mean survival time was 
significantly longer compared to 
control treatments 

 
Gao et al., 
2014 

 
Angiopep-2- 
conjugated PEG-
carbonaceous 
nanodots 
 

 

 Non-invasive imaging agents in the 
C6 orthotropic glioma mice model 

 
Ruan et al., 
2014 

Angiopep-2- 
decorated PEG-
gold nanoparticles 
encapsulating 
doxorubicin 

 Tumour microenvironment sensitive 
doxorubicin delivery in C6 glioma 
mice model 

 Anti-tumour activity and prolonged 
survival times compared to the 
control treatments 

Ruan et al., 
2015 
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Tf-, Lf- and Ang- bearing DAB dendrimers thus provide a safe and efficacious 

novel platform for the delivery of therapeutic and diagnostic agents to the 

brain, utilizing the endogenous receptor mediated transcytosis pathways that 

are already present at the BBB. These targeted dendrimers can be 

conjugated to different modalities like drugs, peptides, therapeutic genes and 

imaging agents, and customized for specific applications.    
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CHAPTER 7 

 
Conclusion and Future work 
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1. Conclusion 

The development of novel CNS targeted drug and gene delivery systems has 

been limited due to the presence of the BBB and due to the lack of safe and 

efficacious delivery systems. In this thesis, dendrimers modified with various 

targeting ligands were synthesized, characterized and evaluated for their 

efficiency for targeted gene delivery to the brain. 

 

Chapter 1 provides a general introduction on the most common CNS 

disorders, the BBB and gene therapy. CNS disorders, such as brain 

neoplasms, Alzheimer’s disease, Parkinson’s disease and Huntington’s 

disease, lead to the worst decline in the quality of life of the patient. BBB 

consists of specialized endothelial cells of the brain microvessels, supported 

by astrocytes and pericytes to form a functional neurovascular unit controlling 

the movement of molecules on either side. BBB is highly compromised in the 

CNS pathology. Various strategies, both invasive and non-invasive, have 

been investigated for the delivery of the therapeutics to the brain. Receptor-

mediated transcytosis has emerged as the most promising solution for the 

delivery of the therapeutics to the brain. Gene therapy is a novel therapeutic 

approach that includes replacing a faulty gene with a functional or healthy 

gene. It is a highly promising approach for the treatment of CNS disorders, 

as the genetic basis of most of them is known. However, delivering gene to 

specific tissues or cells requires a gene delivery system. Viral delivery 

systems are efficient, but unsafe and unpredictable. Non-viral gene delivery 
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systems, such as liposomes, polymers and dendrimers have been 

investigated for gene delivery to the brain. 

 

Chapter 2 describes the materials and methods used for experiments. 

Methods are broadly categorized in to three: Synthesis and characterization 

of targeted dendrimers, in vitro studies on immortalized murine brain capillary 

endothelial cells and in vivo studies in a mice model.              

 

Chapter 3 describes the evaluation of transferrin-bearing DAB-

polypropylenimine dendrimer for gene delivery to the brain. Transferrin, an 

iron-binding protein when grafted on a DAB dendrimer led to 2-fold increase 

in the gene expression in the brain to that observed with unconjugated DAB 

dendrimer in vivo. The non-specific gene expression in the other major 

organs was at least 3-fold lower to that observed in the brain. 

 

Chapter 4 focuses on the synthesis, characterization, in vitro and in vivo 

evaluation of lactoferrin- and lactoferricin-bearing DAB-polypropylenimine 

dendrimers for targeted gene delivery to the brain. After intravenous 

administration, lactoferrin-bearing DAB dendrimer resulted in a 6.4-fold 

increase in gene expression compared to that observed with unconjugated 

DAB dendrimer. Lactoferricin-bearing DAB dendrimer exhibited an increased 

cellular uptake and gene expression in vitro compared to that observed with 

DAB dendrimer. However, no gene expression in the brain was observed in 

vivo. 
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Chapter 5 describes the synthesis, characterization, in vitro and in vivo 

evaluation of Angiopep-2-bearing DAB-polypropylenimine dendrimer for 

targeted gene delivery to the brain. In vitro, Angiopep-2-bearing DAB 

dendrimer led to a 1.7-fold and 1.9-fold increase in the cellular uptake and 

gene expression respectively, compared to DAB dendrimer. In vivo, 

bioluminescence imaging also demonstrated higher gene expression in the 

brain compared to the DAB dendrimer, but quantification of biodistribution 

showed different results. Further investigations will be needed to confirm 

both results. 

 

Chapter 6 discusses the results obtained in this thesis, placed in the overall 

context of CNS drug development. It describes the prevalence of the CNS 

disorders in UK, Europe and globally and the healthcare costs related to 

these disorders. The pharmaceutical industry needs to revolutionize the way 

to develop CNS therapies by implementing novel strategies to circumvent the 

BBB in a non-invasive manner. Various platforms that have been pre-

clinically tested for CNS disorders are described.    
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2. Future work 

Due to their high efficiency to circumvent the BBB and enhance the 

exogenous gene expression in the brain, the dendrimers described in this 

thesis can be developed further in various ways, as described below. 

Table 7.1 Possible future developments of brain-targeted dendrimers 

Future work Modality Description 

Bifunctional 

dendrimers 

Dendrimers bearing 2 ligands 

on their surfaces: 

 Transferrin/lactoferrin/angio

pep-2 and lysine 

 Transferrin/lactoferrin/Angio

pep and arginine 

 Lysine and Arginine are 

cell-penetrating peptides 

that can lead to Adsorptive- 

mediated transcytosis 

across the BBB, in addition 

to receptor-mediated 

transcytosis, resulting in  

higher brain penetration 

Dendrimers bearing 2 ligands 

on their surfaces 

 Transferrin/lactoferrin/angio

pep-2 and epidermal growth 

factor 

 Transferrin/lactoferrin/angio

pep-2 and vascular 

endothelial growth factor  

 Brain tumour targeting 

 Higher targeting efficiency 

as receptors for all ligands 

are overexpressed on most 

brain tumours 

 Treatment using drugs that 

are unable to cross the BBB 

by themselves 

 Gene therapy using 

therapeutic genes 

Targeted 

drug 

delivery 

Dendrimer-drug conjugate  Delivery of various drugs 

for various CNS disorders 

 Treatment of disorders by 

targeted drug therapy  

Gene 

therapy 

Dendrimer-therapeutic gene 

complexes 

 Treatment of disorders by 

targeted gene therapy 

Delivery of 

imaging 

agents 

Dendrimer-superoxide iron 

oxide nanoparticles conjugate 

 Targeted MRI imaging of 

brain tumours 

Delivery of 

peptides, 

proteins and 

enzymes 

Dendrimer-

peptide/protein/enzyme 

conjugate 

 Treatment of disorders by 

targeted peptide and protein 

therapy and enzyme 

replacement therapy 
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The targeted dendrimers developed in this thesis have shown to be highly 

efficient gene delivery systems for brain targeting and will be further 

investigated for the delivery of diagnostic and therapeutic agents in CNS 

disorders.  
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Appendix II Conference Abstracts 
 
UKICRS Annual Symposium 2013, University of Reading, Reading, UK, 

16 April 2013 
 
Contribution: Oral presentation and Poster presentation 
 
 

Evaluation of transferrin-targeted dendrimers for gene delivery to the brain 
Sukrut Somani, David R. Blatchford, Christine Dufès 

University of Strathclyde, Glasgow, UK 
 

Introduction:  The treatment of cerebral disorders by gene therapy has been 
hindered by the presence of the blood-brain barrier that inhibits the entry of 
therapeutic DNA to the brain and by the lack of gene delivery systems able to 
efficiently cross this barrier. In order to remediate this problem, we propose to 
conjugate a highly efficient gene delivery system, polypropylenimine dendrimer, to 
transferrin, an iron transporter whose receptors are over-expressed on the blood-
brain barrier. The objectives of this study are to evaluate the targeting efficacy of 
this novel transferrin conjugated gene delivery system in vitro and in vivo. 
 
Methods: In vitro gene transfection efficiency of the transferrin-conjugated 
polypropylenimine dendrimer was determined on the cultured immortalized brain 
capillary endothelial cells. The   cellular uptake of the transferrin-conjugated 
polypropylenimine dendrimer carrying plasmid DNA was observed after different 
durations of treatment by epifluorescence microscopy in vitro. After optimization of 
treatment duration, the same technique was utilized for comparison of transferrin-
conjugated polypropylenimine dendrimer carrying plasmid DNA with the non-
targeted dendrimer and naked DNA. 
 
Results: Transferrin-conjugated polypropylenimine dendrimer led to an enhanced in 
vitro transfection efficiency 1.2 times higher compared to non-targeted dendrimer. 
The cellular uptake of the transferrin-conjugated dendrimer carrying plasmid DNA 
reached its maximum after 120 minutes. Transferrin-conjugated dendrimer carrying 
plasmid DNA exhibited a higher cellular uptake compared to non-targeted dendrimer 
and naked DNA. 
  
Conclusion: Transferrin conjugated polypropylenimine dendrimer showed an 
improved DNA uptake by brain capillary endothelial cells in vitro. This delivery 
system is therefore promising and should be further investigated.  
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Nanomedicine 2014 Conference, Heriot-Watt University, Edinburgh, UK 
26- 27 March 2014 

 
Contribution: Poster presentation 

 
 

Transferrin-bearing dendrimer for targeted gene delivery to the brain 
Sukrut Somani, David R. Blatchford, Owain Millington, Christine Dufès 

University of Strathclyde, Glasgow, UK 

 
The possibility of using genes as medicines to treat brain disorders is 
currently limited by the lack of safe and efficacious delivery systems able to 
cross the blood-brain barrier, thus resulting in a failure to reach the brain 
after intravenous administration. 
On the basis that iron can effectively reach the brain by using transferrin 
receptors for crossing the blood-brain barrier, we propose to investigate if a 
transferrin-bearing generation 3- polypropylenimine dendrimer would allow 
the transport of plasmid DNA to the brain after intravenous administration. 
In vitro, the conjugation of transferrin to the polypropylenimine dendrimer 
increased the DNA uptake by bEnd.3 murine brain endothelioma cells 
overexpressing transferrin receptors, by about 1.4-fold and 2.3-fold 
compared to that observed with the non-targeted dendriplex and naked DNA. 
In vivo, the intravenous injection of transferrin-bearing dendriplex more than 
doubled the gene expression in the brain compared to the unmodified 
dendriplex, while decreasing the non-specific gene expression in the liver, 
the lung and the spleen.  
These results suggest that transferrin-bearing polypropylenimine dendrimer 
is a highly promising gene delivery system to the brain. 
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10th International Symposium on Polymer Therapeutics: From 
Laboratory to Clinical Practice, Centro de Investigación Príncipe Felipe 

Valencia, Spain, 19- 21 May 2014  
 

Contribution: Oral presentation and Poster presentation 
 
 

EVALUATION OF TRANSFERRIN-BEARING DENDRIMER FOR 

TARGETED GENE DELIVERY TO THE BRAIN 

Sukrut Somani, David R. Blatchford, Owain Millington, Christine Dufès 

University of Strathclyde, 161 Cathedral street, Glasgow, G4 0RE, UK 

 

INTRODUCTION: 

 The treatment of central nervous system disorders by gene therapy has been 

hindered by the presence of the blood-brain barrier that inhibits the entry of 

therapeutic DNA to the brain and by the lack of gene delivery systems able to 

efficiently cross this barrier. In order to remediate this problem, we propose to 

conjugate a highly efficient gene delivery system, diaminobutyric polypropylenimine 

(DAB) dendrimer, to transferrin (Tf), an iron transporter whose receptors are over-

expressed on the blood-brain barrier. This novel gene delivery system has previously 

demonstrated its gene delivery efficacy in cancers over-expressing transferrin 

receptors1,2. The objectives of this study are to evaluate the targeting efficacy of this 

novel transferrin-bearing gene delivery system (DAB-Tf) in vitro and in vivo. 

 

RESULTS AND DISCUSSION 

 In vitro, the uptake of the fluorescently-labelled DNA, alone or complexed to 

DAB-Tf or DAB, by bEnd.3 murine brain capillary endothelial cells over-expressing 

transferrin receptors, was visualized by epifluorescence microscopy and quantified 

by flow cytometry. In vitro, the conjugation of transferrin to the polypropylenimine 

dendrimer increased the DNA uptake by bEnd.3 cells, by about 1.4-fold and 2.3-fold 

compared to that observed with the non-targeted dendriplex and naked DNA. In 

vivo, the gene expression in the brain and major organs after intravenous treatment 

with DAB-Tf-DNA, DAB-DNA and naked DNA, was visualized by 

bioluminescence imaging and quantified by a β-galactosidase reporter gene 

expression assay3.  In vivo, the intravenous injection of transferrin-bearing 

dendriplex more than doubled the gene expression in the brain compared to the 

unmodified dendriplex, while decreasing the non-specific gene expression in the 

liver, the lung and the spleen. Gene expression was at least 3-fold higher in the brain 

than in any tested peripheral organs and was at its highest 24h following the injection 

of the treatments. These results suggest that transferrin-bearing polypropylenimine 

dendrimer is a highly promising gene delivery system to the brain. 
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