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Do not believe in a thing because you have read about it in a book. Do 

not believe in a thing because another man has said it was true. Do not 

believe in words because they are hallowed by tradition. Find out the 

truth for yourself. Reason it out. That is realisation.

- Swami Vivekananda.
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ABSTRACT

The successful delivery of bioactive molecules by the oral route represents a major 

challenge. One approach to enhance the oral uptake of these moieties is to exploit the 

phenomenon o f particulate uptake across the GI tract, by means o f nanoparticulate 

carriers. This thesis examines the development of some novel dendrimers as an approach 

in the search for carriers which are more extensively taken up than large polymeric 

structures and investigating the physical properties o f some synthetic dendrimers. Their 

biodistribution and use as a non-viral vector for the gene delivery were also investigated.

A group of dendrimers with lipidic terminals were synthesised ranging from C40 to C1404 

with molecular weights from 737 (1st generation) to 25,246 (6 th generation). The area 

per molecule of these dendrimers ranged between 0.41 nm^ and 16.1 nm^. A reasonably 

linear correlation between the logarithmic area/molecule in nm^ and the logarithmic 

molecular weight of dendrimer generations was observed. Linear correlation was also 

observed with the projected area of dendrimers by computer generated molecular model 

and area/molecule observed by surface pressure studies.

One of the dendrimers synthesised was found to form the supramolecular aggregates. The 

biodistribution of this dendrimer have been studied after oral administration. Good uptake 

of dendrimer after oral administration was observed. Lymphoid uptake studies indicated 

the preferential uptake of this dendrimer (per gram tissue) through lymphoid small 

intestine than through the non-lymphoid small intestine after 3 h and 12 h. In the large 

intestine uptake through the non-lymphoid large intestine was always higher than through 

lymphoid large intestine, which may be due to the limited availability of Peyer’s patches.

For gene delivery, a group of dendrimers with free amino groups was synthesised. To 

study the effect on transfection efficiency our strategy focussed on (i) the presence and/or 

number of amino groups, (ii) the length of the linker chain, (iii) the attachment of a sugar 

unit to the dendrimer and (iv) the position of attachment of the lipid moiety. In addition, 

we have synthesised peptide dendrimers containing a nuclear localisation signal sequence 

to enhance transgene expression in vitro.
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Chapter I

INTRODUCTION

A major challenge confronting pharmaceutical scientists in the future is to design 

efficient delivery systems for the next generation of drugs. Many of these drugs will be 

peptides and proteins. Through rational drug design, synthetic medicinal chemists are 

preparing very potent and very specific peptide and non-peptide drugs. These are being 

developed with molecular characteristics that permit optimal interaction with the 

specific macromolecules (e.g. receptors, enzymes) which mediate the desirable 

therapeutic effect. However, rational drug design does not necessarily mean rational 

drug delivery, which strives to incorporate into a molecule the molecular properties 

necessary for optimal transfer between the point of administration and the first target site 

in the body. Similar to the impact on drug design of synthetic chemistry, molecular 

biology has had a significant impact on biochemistry. For the first time, it is possible to 

produce large quantities of highly pure, highly potent and highly specific proteins for 

pharmaceutical applications. However, the delivery of proteins, like the delivery of 

peptides, represents a multifaceted challenge to pharmaceutical scientists. 

i(Kompella and Lee., 1992).
1
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Gene transfer could represent an important advance in the treatment of both genetic and 

acquired diseases. Thus, there has been increasing attention focussed on the 

development of gene delivery vectors. Viral vectors, such as recombinant adenovirus 

(large group of viruses causing disease of upper respiratory tract and conjunctiva) 

vectors, have a number of advantages for gene transfer, including their efficiency and 

their wide range of cell targets. However, they also have a number of disadvantages, 

including the generation of several types of immune response, they obtain viral genes 

which could be transcribed and there is a possibility of recombination (the formation of 

new gene combinations due to crossing over by homologous chromosomes) or 

complementation (the interaction of two defective bacteriophages resulting in 

replication of both). Other viral vectors, such as recombinant retrovirus (a large of group 

of RNA viruses) and adeno associated virus, are difficult to produce in high enough 

titers for in vivo use. As a result of these limitations, there has been substantial effort 

focussed on non-viral vectors, particularly the use of cationic lipids.

This thesis examines the development of some new chemical “dendrimer” structures as 

an approach in the search for carriers which are more extensively taken up than large 

polymeric structures through a study of the physical properties of some novel synthetic 

dendrimers, their biodistribution and their use as a non-viral vector for the delivery of 

genes.

1.1. Routes of delivery

Presently, a wide variety of routes of administration and delivery systems exist for drug

2
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substances. Some of these systems can be employed directly for peptide delivery. 

However, others cannot be used in their present form and require extensive 

modification.

1.1.1. Parenteral administration

At present most of the new peptide pharmaceuticals are administered be parenteral 

routes such as intravenous (IV), intramuscular (IM) subcutaneous (SC) and intranasal 

routes. Alternatives include the pulmonary, rectal, buccal, vaginal, transdermal and 

ocular routes (Siddiqui and Chien, 1987). However, absorption from these routes is 

usually much lower than after parenteral administration.

IV administration has the advantage of rapid onset of action, although it also offers 

selective distribution of particles to different organs depending on their diameter (Ilium 

and Davis, 1982). The capillaries of the vascular system can be classified into three 

main types (Fig. 1.1) (Bundgaard, 1980). Firstly there is the “continuous” type, where 

the cells are close together. In this, there are no gaps between or in the endothelial 

barrier and underneath the cells is a continuous basement membrane. These capillaries 

occur in most tissues. Molecules from 5000-10000 Daltons can pass into the tissue 

space to be collected by the lymphatic system. There will be no opportunities for 

extravasation of a colloidal carrier with in such a capillary bed. A second capillary type 

“fenestrated” occurs in the exocrine glands. Its cells have a continuous basement 

membrane, but the endothelial surface contains small holes, fenestrae of 50-60 nm in 

size covered by a diaphragm. It is possible that small particles could enter through such
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openings but they would not be able to pass through a cell and reach extravascular cells, 

because of the presence of an intact basement membrane. The third capillary type (the 

“sinusoidal” or “discontinuous” type) found in liver, spleen and bone marrow. Here 

definite gaps are situated in the endothelial wall and the basement membrane is absent 

or discontinuous. The endothelial cells in the sinusoids of the liver have so-called ‘sieve- 

plates’ through which small particles (less than 100 nm) can pass. Once through they 

reach the space of Disse and can then be taken up by the liver parenchymatal cells (i.e. 

hepatocytes). Extravasation of colloidal carriers is thus possible in these specialist 

regions (Davis and Ilium, 1986).

LUMEN

TIGHT :
JUNCTION ;

FENESTRATION
60 nm

. \  U  I ITT'k't

SINUSOID
ICO nm 

m r  
A f f  Kupffer cell

Fig. 1.1 The endothelial barrier. (From: Colloidal delivery systems-Opportunities and 
challenges. In Site-specific drug delivery, Eds. E.Tomlinson and S.S.Davis, 
79,^6).
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A further advantage is that the route affords maximum bioavailability allowing small 

doses to be used (Audhya and Goldstein, 1983), which in turn reduces the risk of 

toxicity and cost. Disadvantages of the parenteral route include local reactions at the site 

of administration such as extravasation and tissue necrosis, while systemic effects can 

account for infection, embolism, hypersensitivity reactions and speed shock (Martis, 

1986).

1.1.2. Transdermal administration

Continuous IV infusion is seen as the superior mode of drug delivery, but requires 

hospitalisation of the patients. There is now a growing awareness that in some cases IV 

drug infusions can be duplicated by continuous delivery by the transdermal route 

(Phipps and Gyory, 1992; Loftsson and Bodor, 1994; Prausnitz, 1996).

The transdermal route has distinct advantages in that it lacks proteolytic enzymes 

(Pannatier et a l ,  1978) which would degrade peptide drugs and it avoids hepatic first 

pass metabolism (Chien, 1983). Nevertheless, peptides are still large, often hydrophilic 

molecules and which have difficulty in diffusing through the stratum comeum and other 

skin layers, and require active help from a delivery system. Iontophoresis has been 

developed for just this reason and involves the use of an electric current to induce 

migration of charged molecules, in an electrolyte medium (Parasrampuria, 1991, Chien 

et a l,  1987, Srinivasan et a l, 1989).
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1.1.3. Nasal administration

Due to the large surface area available for absorption and its highly vascularised bed of 

mucosa, coupled with the fact the nasal cavity appears to have very little metabolising 

capacity, absorption across the nasal membrane seems a feasible route for peptide 

delivery. Indeed peptides have already been delivered successfully by the nasal route, 

some of which are high molecular weight, although a relationship exists between the 

size of the molecule and its extent of nasal absorption. Peptides include luteinizing 

hormone releasing hormone (LHRH) (Pihoker et a l,  1995), adrenal corticotrophic 

hormone (ACTH) (Schipper et a i,  1993) Salmon calcitonin (Lee et a i,  1994) Insulin 

(Jacobs et a l,  1993) Glucagon (Hvidberg et a i,  1994) Somatostatin (Campbell et a i,  

1988) oxytocin and vasopressin (Pitman e ta l ,  1993).

Passage of the peptides across the nasal membrane proceeds by passive diffusion (Su 

et a l, 1985) and seems in most cases to afford between 1-20% absorption of the peptide, 

depending on the molecular weight (Harris et a l,  1986). Efforts to facilitate nasal 

absorption have led to the use of promoters which can be classified as surfactants, 

chelators, bile salts and saponins (Hirai et a l, 1981). These agents are employed to 

modify pH, prevent peptide aggregation, help micelle formation and even create 

disorder in the structural integrity of the nasal mucosa.

1.1.4. Oral administration

Maximising the bioavailability of orally administered peptide and protein drugs has been 

an ongoing, yet elusive, goal for many years, since by design, the GI tract is very
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efficient at preventing the uptake of intact peptides and proteins. Although many 

workers have reported pharmacological activity of these molecules after oral 

administration. The doses required are often excessive compared to the parenteral dose, 

for example LHRH requires a dose 3000 times of the IV dose for it to show oral activity 

(Sandow and Petri, 1985).

To be successfully delivered by the oral route, a peptide or protein must be stable in the 

low pH found in the stomach and also withstand proteolytic degradation by enzymes 

present in the gut lumen and brush border. Furthermore, peptides do not normally 

exhibit characteristics that lend themselves to good transport across biological 

membranes, since they are large in size and tend to be polar in nature. Even if the 

macromolecule is taken up by the cell intact, it may be stored and metabolised without 

being passed into the systemic circulation. Assuming the molecule manages to reach the 

systemic circulation intact, it may well be metabolised by the liver (first pass effect) or

be excreted into the bile (Renston et al., 1980). The routes and mechanisms for transport 

of drugs and drug carrier across the epithelial barriers of the GI tract is given in the 

Fig. 1.2.

1.2. Colloidal carrier systems for Oral delivery

Site-specific drug delivery may be defined as achieving the maximal potential intrinsic 

activity of drugs by optimising their exclusive javailability to their pharmacological 

receptor(s) in a manner thatjaffordsprotection both to the drug and the body alike. Site- 

specific systems are of two essential types. That is, either particulate carriers (capsular,

7
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monolithic or cellular) and soluble (bio)(macro)molecular conjugates. Thus the latter 

type includes both simple prodrugs, larger constructs containing perhaps a biotechnic 

component (such as an antibody for recognition of a particular biological feature), or 

even a complete system such as hybrid fusion protein produced by genetic manipulation. 

Colloidal sized soluble conjugates and particulates are considered to be useful as drug 

carriers because of their presumed ability to transport a ‘high’ payload of drug to a site

PARACELLULAR TRANSPORT TRANSCELLULAR TRANSPORT

Carrier
LUMEN

■  I

Fig. 1.2. Routes and mechanisms fo r  transport o f  drugs and drug carrier across the 
epithelial barriers o f  the GI tract. (Redrawn from  A.M.Hillery, Ph.D. Thesis, 
University o f  London, 1994)

of action, to afford protection to the drug, to give a controllable and sustained release 

o f the drug when required, and to have unique innate biological pathways that can be 

exploited to achieve the exclusive placement of drug at its site(s) of action(s). The ideal 

characteristics of a site-specific drug carrier system are summarised in table

1.1.(Tomlinson, 1987).

8
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Table 1.1. Idealised characteristics of a site-specific drug carrier system

Biological factors
Vascular carriage to site of action 
Placement at site (via active or passive means)
Epi- and/or endothelial passage 
Restricted drug distribution to target site 
Drug and host protected from one another 
Release controlled by biological processes 
Release related to the responsiveness of the target 

Drug- related factors
Controlled modality and frequency of release 
No premature drug release during transit 
Adequate levels of drug carried 

Carrier -related factors
Biologically compatible
Biodegradable/excreted
No carrier-induced sequelae
No carrier modulation of the disease
Convenient and cost-effective to prepare and to formulate
System chemically and physically stable in its dosage form

E.Tomlinson. Adv.Drug.Del.Rev. 1987,1, 87-198.

The utilisation of site-specific systems and any macromolecular ‘drug’ will largely be 

contraindicated in non-life threatening or serious conditions if they need to be 

administered parenterally, unless a convenient and painless method can be developed 

to achieve effective parenteral administration. It is thus highly relevant to consider the 

opportunities available for the entry and penetration of epithelia in the administration 

of both soluble macromolecular and particulate carrier. It is highly unlikely that any 

such event will be possible with non-mucosal barriers, but there is evidence to suggest 

that both types of system can reach the blood pool via mucosal epithelia (Davis et a l ,

1986).
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The epithelial membrane of the gastrointestinal tract comprises an anatomically 

continuous barrier of cells which permit the passage of low molecular weight material 

by simple diffusion and various (nutrient) carrier processes (Fig. 1.2). Additionally, low 

molecular weight polar materials are able to diffuse through the tight junctions of 

epithelial cells (the paracellular route), and macromolecules may be absorbed from the 

lumen by cellular vesicular processes via either fluid-phase pinocytosis or specialised 

(receptor-mediated) endocytic processes. This may result in the direct transport of 

material through the epithelial membrane (Tomlinson, 1987). The various opportunities 

and constraints in the entry and penetration of gastrointestinal epithelia by soluble and 

macromolecular carriers is given in table 1.2 .

Initial studies on developing soluble site-specific carriers appear to be due to Ghose and 

Cerini (1969) for the radioimmunolocalisation of tumours using antibodies. This report 

was followed closely by those of Ghose and Nigam (1972) for direct linking of 

chlorambucil to antibody, Rogers and Komfield (1971) for using asialofeutin to direct

chemically bound proteins \  - to the liver '    Rowland et al. (1975) using

polymers intervening between drug and antibody, Szekerke et at. (1972) using glutamy- 

containing synthetic polypeptides as carriers for cytotoxic drugs, and Trouet et al. 

(1972) proposing that specific intracellular drug action could occur through endocytosis 

of a drug-carrier conjugate. For particulate carriers, early proposals on their use as 

carriers are attributable to Sessa and Weissmann( 1969) and Gregoriadis et al. (1971) on

10
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Table.2.2 Opportunities and constraints in the entry and penetration of gastrointestinal epithelia
hy soluble and macromolecular carriers

LUMEN Position Degradation Binding
- stomach emptying - bacterial products -food
- transit -lumen, enzymes - bacteria

-p H

DIFFUSION LAYERS
MUCUS
GLYCOCALYX

Transport Binding Electrostatic repulsion 
-diffusion limited - mucus - surface pH  and ionic strength 
-convection - glycocalyx Brush-border enzymes

EPITHELIUM 
Entry and transport

Endocytosis Carrier transport Diffusion Pathogen tropisms 
-fluid-phase -dietary - aqueous -toxins 
-receptor- - enterohepatic (Paracellular) -viruses 

mediated Fusion -lipid -bacteria 
-M cell uptake (Transcellular)

LYMPH Selectivity Node retention Transport 
-size -particles -passive diffusion 
-charge -charge effects -immune cell traffic

-mechanical effects

BLOOD Stability Binding MPS uptake 
-pH -opsonins 
-enzymes -cells 
-immune complexes - transport proteins

LIVER Cell entry Metabolism MPS modulation 
-passive -activation 
-active - depression

11
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liposomes, and to Kramer (1976) on monolithic microspheres. Other articles and 

various reviews detailing the attributes of various particulate and soluble conjugate 

systems have appeared [e.g., Tomlinson (1983), Poste and Kirsh (1983), Poznansky and 

Juliano (1984), Dlum e ta l  (1984), Friend and Pandbum (1987), Duncan et al. (1996) 

and Langer (1998)].

1.2.1. Liposomes

Liposomes were first proposed as potential drug carrying agents two decades ago 

(Gregoriadis and Ryman, 1972) and have received wide interest in their application as 

a controlled drug/peptide delivery system (Gregoriadis, 1979). They consist of one or 

more phospholipid bilayers surrounding an aqueous internal phase and are formed 

spontaneously when amphipathic lipids are dispersed in excess water, thus can be 

considered synthetic relatives of cell membranes (Weiner et a l,  1989). Their design 

allows water soluble drugs to be encapsulated in the aqueous core of the liposome and 

hydrophobic/lipophilic drugs to be incorporated within the phospholipid bilayer.

The proposal by Gregoriadis and Ryman (1972) to use liposomes as carriers for enzymes 

in the treatment of lysosomal storage diseases, led to the extensive development of 

liposomal delivery for a wide variety of drugs. There is now a wide variety of methods 

available for the synthesis, characterization, drug incorporation and targeting of 

liposomes (Weiner et a l, 1989) and liposomal technology has matured to the extent that 

liposomal products are now commercially available. While the majority of studies have 

used liposomes for intravenous or intraperitoneal delivery, they have also been used for
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oral delivery, as discussed in reviews by Weiner and Chiang (1988), Kimura (1988) and 

Woodley (1985).

They have also been investigated for their use as a means of affording protection of 

insulin (Weingarten et a l,  1985) and other peptides and proteins (Adrian and Huang, 

1979) against enzymatic degradation. Most recently, liposomes have been utilised by 

immunologists for use with synthetic peptide vaccines to act as non-toxic adjuvants and 

also as a possible carrier system for orally active vaccines, since they are well received 

by Peyer’s patches which are the gateway to the lymphatic system (Harokopakis et a l,  

1994, Michelek et a l ,  1989).

However, despite their favourable properties as a drug carrier, results of studies where 

liposomes have been administered orally are far from encouraging. Many liposomes 

appear to be degraded in the gastro-intestinal environment when given orally (Rowland 

and Woodley, 1980) and those which are resistant to degradation fail to pass through the 

intestinal tissue (Schwinke et a l,  1984).

Any improvements in entrapment, stability in the gut and efficiency of the liposomal 

uptake process will greatly increase the potential of oral liposomes. The potency of 

surface coating liposomes with the sugar chain portion of mucin or polyethyleneglycol 

was investigated for oral delivery of peptide drugs (Iwanaga et a l,  1997). These results 

demonstrated that surface coating liposomes with PEG or mucin gained resistance 

against digestion by bile salts and increased the stability in the GI tract.
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Polymerized liposomes with azobis (isobutyronitrile) and azobis (2-amidinopropane) 

hydrochloride as radical initiators showed complete stability against solubilization by 

Triton X-100 and can reach the intestine while maintaining their vesicle stmcture 

(Okada et a l, 1995). Chen et a l  (1996) reported that lectin modification of liposomes 

can promote binding to Peyer's patches, which will give improved efficiency for Peyer's 

patch targeted delivery. Chen and Langer (1997) showed the magnetically responsive 

polymerised liposomes as potential oral delivery vehicles. Aramaki et a l  (1993) 

evaluated the usefulness of liposomes as a carrier for the targeted delivery of antigens 

to gut-associated lymphoid tissue, liposomal stability and preferential uptake by rat 

Peyer's patches following the oral administration of liposomes.

1.2.2. Microspheres and Nanospheres

Microspheres are described as small particles ranging from tens of nanometres

up to one hundred microns in size. Microcapsules are similar in many respects but 

comprise small spheres that have an outer layer or membrane enclosing a core material 

that could be the drug itself (Tomlinson, 1983).

Colloidal particles can be used as carriers for poorly absorbed drug moieties. Particles 

which are capable of translocation across the GI tract can be loaded with a labile drug 

entity, so that the systemic delivery of the drug would, in principle, arise from the oral 

absorption of the intact dmg-carrier complex (Florence and Jani, 1993). The use of 

liposomes to promote oral dmg delivery was discussed above. The possible use of 

dendrimers in dmg delivery, the subject of this thesis is described below in section 1.3.
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A  particulate delivery system offers the possibility of physical protection to the labile 

peptide from enzymatic degradation, which is one of the principal problems associated 

with oral peptide delivery. The peptide might also be protected from the adverse 

environmental factors of the GI tract which are shown in Fig. 1.2. These conditions 

include nonspecific interactions with food proteins, extreme of pH and bile salts. 

Particulate carriers may accumulate in the lymphoid regions of the gut, where they are 

taken up intact through the lymphatic system thus avoiding the ‘first-pass’ effect of the 

liver. Drug release from the carrier is related to a carrier degradation rate (Tomlinson,

1987) allowing the possibility to develop controlled release systems.

Considerable research has been carried out using different types of particulate carriers 

to enhance the oral absorption of drug moieties, discussed in reviews by Devissaguet et 

al (1992) and Smith et a l  (1992). Ammoury and co-workers (1991) have investigated 

the use of biodegradable poly(lactide) and poly(lactide-glycolide) particles for oral drug 

delivery. These particles have received particular attention in relation to the induction 

of an immune response via the oral route (Cox and Taubman, 1984; Eldridge et at., 

1990). Lehr and co-workers (1992, 1990) have investigated particulate drug carriers 

which possess mucoadhesive properties, using an in situ perfused gut segment system 

in the rat. Steiner and Rosen (1990) have examined the encapsulation of polypeptides 

such as insulin or heparin in amino acid microspheres known as ‘proteinoids’, which are 

approximately 10 pm in diameter and dissolve in specific ranges.

The proposal that particles can be taken up orally is a controversial one, which
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contradicts the conventional opinion that absorption in the GI tract occurs only at the 

molecular level. Conventional opinion has been challenged by recent extensive research, 

which has repeatedly demonstrated the uptake and translocation of particles across the 

GI tract, several reviews on this phenomenon are now available (Florence and Jani, 

1993, 1992; O'Hagan et a l,  1992, 1990; Kreuter et a l, 1991, Florence, 1997). The 

proposal that particles can cross the GI tract in an intact form under normal 

circumstances may require something akin to a ‘paradigm shift’ in our current 

understanding of the uptake processes occurring in the GI tract.

Part of the controversy regarding oral particulate uptake stems from the many different 

uptake routes that have been proposed for the translocation of particles across the GI 

tract. Particulate carriers can theoretically penetrate the GI tract epithelium by any of the 

pathways described in Fig. 1.2. i.e., paracellular transport, simple or carrier mediated 

diffusion and endocytosis. Although the relatively large size of particles makes the 

possibility of translocation via any of these routes unlikely, Aprahamian and co-workers 

(1987) have reported the uptake of particles via a paracellular route. Bockman and 

Winborn (1966) have demonstrated endocytosis of particles by enterocytes. A further 

route was postulated by Volkheimer and co-workers (1968, 1969,1972, 1975), in which 

particles were translocated by a process termed ‘persorption’. In persorption, particles 

were ‘kneaded’ across the gut in a paracellular manner, particularly in zones of epithelial 

desquamation and between the villi. A large variety of particles including 

polyvinylchloride (PVC), starch grains, pollen, spores, silicates and parasite eggs were 

studied and were detected in the blood after oral administration to man and dogs.
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Some of the results obtained by Volkheimer and co-workers were rather curious, 

including (I) the large size of the particles which were capable of translocation, with best 

results obtained for particles in the size range of 7-70 pm, with an upper size limit for 

particle uptake of 150 pm, (ii) the rapidity of the process was questionable, as particles 

were detected in the venous blood with in 10 min of oral administration and (iii) 

particles were detected in the cerebrospinal fluid (CSF) after oral adminstration, even 

though this is protected by the highly effective Blood Brain Barrier (BBB). Perhaps the 

work of Volkheimer and co-workers did more to damage rather than advance the case 

of particular uptake, because the erratic results aroused suspicion concerning the validity 

of the process. However the phenomenon of particulate uptake cannot be discounted on 

the basis of a minority of publications that are difficult to explain and the review articles 

listed above detail many scientifically- sound, reproducible experiments on this issue.

By far the majority of studies on particulate uptake have demonstrated the importance 

of the lymphoid tissue of the GI tract, known as the Gut Associated Lymphoid Tissue, 

or GALT. GALT is distributed in four anatomical regions, as described by O'Hagan et 

a i  (1987): (I) the lamina propria, (ii) the intra-epithelial lymphocytes, (iii) isolated 

lymphoid follicles present throughout the intestine and (iv) discrete, non-encapsulated 

aggregations, such as in the Peyer’s patches and the appendix. The total mass of the 

lymphoid tissue in the gastrointestinal tract is large (Burkitt et a l,  1993), but until 

recently its function was unknown and largely discounted. As discussed in a review by 

McGhee et a l (1992), various studies have shown that these lymphoid tissues function 

in a manner analogous to lymph nodes, sampling antigenic and particulate material
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entering the tracts and mounting immune responses where appropriate.

Within the GALT, the Peyer’s patches and the specialized cells over-lying them have 

been shown to play an important role in particulate uptake. The Peyer’s patches are oval 

in shape and grossly visible on the antimesenteric wall of the intestine. The size and 

number of patches varies between species and is also dependent on age (Sackmann, 

1977; Hogen Esch et a l ,  1987; Owen and Jones, 1974). The structure of the Peyer’s 

patch includes a dome region enriched with lymphocytes, macrophages and plasma cells 

(McGhee and Mestecky, 1990). The overlying epithelium of the patch displays an 

absence of mucus-secreting goblet cells, therefore the mucus barrier over the patch is 

diminished, which promotes particle and antigen penetration to the surface. The 

epithelium over the dome is enriched with specialized antigen-sampling cells known as 

microfold, or M cells (Owen and Jones, 1974; Wolf and Bye, 1984), which are deficient 

in lysosomes (Owen e ta l,  1986a). A corresponding absence in lysosomal degradation 

has been demonstrated during transport of antigen through M cells. For example, 

Beahon and Woodley (1984) demonstrated less degradation of protein in Peyer’s patch 

tissue than in non-lymphoid tissue. Heyman and co-workers (1987) also demonstrated 

less degradation of glycopeptide in Peyer’s patch tissue. After M-cell uptake, antigen 

is exocytosed into the ‘central hollow’ (Wolf and Bye, 1984) of the M cell, where 

immunocompetent cells carry antigen through the underlying follicle to the mesenteric 

lymph node. Jani e ta l  (1989, 1990, 1992a, b) demonstrated the migration of particles 

from the Peyer’s patch tissue though the lymphatic system and into the venous 

circulation. Movement of antigen from the gut lumen into the systemic circulation via
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the thoracic duct was discussed in a review by Gilligan and Li Wan Po (1991).

Many of the studies investigating particulate uptake across the GI tract use polystyrene 

particles, as they are non-biodegradable. Therefore uptake, if it occurs, is due to the 

intact particles rather than possible degradation products. Polystyrene also has low 

toxicity and is non-immunogenic, therefore it does not enhance its own uptake or 

influence uptake by lymphoid tissue (Jani et a l,  1989). Studies by Florence and co

workers (Jani et a l, 1989, 1990, 1992a, b) have repeatedly demonstrated that the uptake 

and translocation of polystyrene particles across the rat GI tract is possible. In the study 

of Jani et a l  (1989), rats were orally dosed with non-ionic and carboxylated polystyrene 

microspheres of 100 nm, 500 nm, 1 and 3 pm in diameter, for a period of 10 days. 

Fluorescent microscopy demonstrated that particles of size 100 nm to 1 pm were present 

in the Peyer’s patches, lymph nodes, liver and spleen. The importance of the lymphoid 

regions of the GI tract in the uptake process was demonstrated by the concentration of 

particles observed in the serosal side of the Peyer’s patches. The authors also 

demonstrated uptake with *̂ Î radiolabelled 100 nm and 1 pm particles and a higher 

uptake was demonstrated for the smaller particles. A subsequent study using fluorescent 

microscopy (Jani et a l, 1992a) showed that 50 nm particles were taken up extensively 

in all tissues studied and were also present in the intestinal villi. Uptake of polystyrene 

particles after a single dose was also demonstrated (Jani et a l ,  1992b). The rate of 

particle uptake was found to be size dependant, with smaller particles gaining access to 

other tissues more rapidly.
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Another area of debate has centred on the extent of particular uptake which may be 

possible across the gut. The highly sensitive method of Gel Permeation Chromatography 

(GPC) was used by Jani et a l  (1990) to quantify the presence of extracted polystyrene 

from tissue samples. A rank correlation was determined in the amount taken up, with 

greatest uptake for the 50 nm particles and decreasing amounts for the 100 nm, 300 nm, 

500 nm and 1 pm particles respectively. The 3 pm particles were not detected in the 

blood, liver or spleen, however the authors reported histological evidence of their 

presence in the Peyer’s patches and suggested that the particles had become 

immobilized in these tissues. The authors determined 7% uptake of the administered 

dose of 50 nm polystyrene particles in the liver, spleen and blood, using GPC. O’Hagen 

et a l (1992) referred to the “extraordinarily high” level of uptake obtained in this work.

Polystyrene particle uptake was also demonstrated by Jeurissen et a l  (1987) and Sass 

et a l  (1990). The technique of confocal microscopy was used to show fluorescent bead 

uptake by mouse M cells (Porta et a l,  1992). Confocal microscopy was also used by 

Jepson et a l  (1993a), to demonstrate that polystyrene microspheres were selectively 

bound and transcytosed by rabbit intestinal M-cells. A further publication (Jepson et a l, 

1993b) showed that poly(DL-lactide-co-glycolide) nanospheres were not selectively 

targeted to the M cell surface, but that a high proportion of the particles which bound 

to M cells were transcytosed.

In a series of chronic feeding studies, LeFevre and co-workers (1978a, 1978b, 1980, 

1985a, 1985b, 1989) repeatedly demonstrated the accumulation of colloidal carbon and
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polymeric particles in the Peyer’s patches of animals that ingested them orally. Studies 

have demonstrated the ability of Peyer’s patches to take up liposomes (Tomizawa et a i, 

1993; Childers et a i,  1990), horseradish peroxidase (Owen, 1977), cationized ferritin 

(Neutra et a l, 1987) and native ferritin (Bockman and Cooper, 1973). M cells have been 

shown to transport viruses, including reovirus (Wolf et a l,  1981, 1983; Bass et a l,  

1988) and poliovirus (Sicinski et a l, 1990). One of the best studied examples is reovirus 

and Lee et a l  (1981) demonstrated that binding to M-cell plasma membranes is 

mediated by the minor outer capsid protein a l .  The transport of mycobacteria and 

V.cholerae by M cells was demonstrated by Fujimura (1986) and Owen et a l  (1986b) 

respectively and M-cell transport of C.jejuni was reported by Walker et a l  (1988).

As mentioned above, quantification of oral particulate uptake has proved difficult and 

reports on the extent of particulate uptake vary widely. A problem for the quantification 

of particular uptake is the possibility of including particle degradation products in the 

analysis. Non-biodegradable polystyrene particles have an advantage for the 

quantification of particle uptake, in that the detected uptake cannot be confused with 

possible degradation products. However, even reports using polystyrene particles to 

quantify particulate uptake have varied widely. Studies by Ebel (1990) demonstrated 

less than the technique of flow cytometry. In contrast, Alpar et a l  (1989) claimed that 

about 39% of the administered dose of 1.1 pm fluorescent polystyrene particles reached 

the circulation 45 min post dosing. A subsequent study reported similar high levels of 

uptake using albumin microspheres of 1-4 pm. As described above, Jani et a l  (1990) 

detected approximately 7% of the administrated dose of 50 nm polystyrene particles in
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sites beyond the GI tract, using the method of GPC. A low uptake of particles via the 

oral route was reported by LeFevre et al. (1977) using radiolabelling techniques. A 

further study (LeFevre et a l,  1989) used fluorescent microparticles and found that 

although particles were observed in the Peyer’s patches, they probably did not reach the 

peripheral blood.

Problems associated with radiolabel stability have hampered the use of radiolabelling 

techniques to accurately quantify particulate uptake. As discussed by Leray et a l  (1994), 

there have been very few studies which concentrate on the stability of the bond between 

a radiolabel and the carrier it is attached to. If the bond between the radiolabel and the 

carrier is broken, it can result in analysis of free radiolabel, rather than the carrier. 

Although Nefzger et a l  (1984) determined 10-15% of the administered dose of 

radioactivity in sites beyond the GI tract after the oral dosing of polymethy^l-'^^C] 

methacrylate nanoparticles, the authors concluded that the detected radioactivity was 

probably due to low molecular weight components of the polymer. The oral uptake of 

‘"^C-terpolymer (methylmethacrylate-‘"̂ C, 2-hydroxyethylmethacrylate, butylacrylate) was 

investigated by Kukan et a l  (1989), who determined that at least 2% of the dose was 

absorbed from the GI tract. However, the stability of the radiolabel was not investigated, 

so this demonstrated uptake may have been due to the uptake of degradation products. 

Leray et a l  (1994) investigated the oral uptake of [^"^C]poly(DL-lactide-co-glycolide) 

nanoparticles and reported 2.4% uptake, 1 h after oral dosing with these nanoparticles. 

Radiolabelled acetic acid was also orally dosed, to determine if the detected uptake was 

due to intact particles or degradation products and on the basis of the results obtained,

2 2



Chapter I

it was concluded that the percentage absorption of intact nanoparticles ranged from 1.9 

to 2.3%.

Size is a key parameter to the uptake process, uptake increasing with decreasing particle 

diameter. Jani et ah (1989,1992b) demonstrated that for polystyrene particles in the size 

range 50 nm to 3 pm, the 50 nm particles were taken up to the greatest extent, whereas 

3pm particles became lodged in the Peyer’s patch tissue. In contrast to these results, a 

report by Eldridge et a l (1990) demonstrated that particles up to 10 pm were capable 

of penetrating the Peyer’s patches, particles greater than 5 pm were retained by the 

Peyer’s patches, but particles less than 5pm were translocated to the blood and tissues 

(Eldridge et a l, 1990). The difference between the two groups regarding the fate of the 

different sizes of ingested particles may have been due to differences in experimentral 

protocol and differences in the particles that were examined, since polystyrene particles 

were examined by Jani and co-workers and poly (DL-lactide-co-glycolide) particles 

were examined by the Eldridge group.

Uptake of polystyrene occurs through both the GALT and, to a lesser extent, normal 

intestinal tissue (Hillery et a l, 1994). The markedly increased uptake attained after 

covalent attachement to particles of tomato lectin molecules is not achieved solely by 

uptake through lymph tissue as normal enterocyte involvement in the process is 

strongly indicated. This reinforces the view that uptake can not only be significant, but 

can be improved upon by using surface ligands such as tomato lectin and invasin 

molecules (Hussain et a l,  1997,1998; Florence, 1997). Uptake is reduced when
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polystyrene latex surfaces are coated with hydrophilic poloxamers (Hillery and Florence, 

1996), emphasizing that the absorption process is dictated by surface features.

The physicochemical properties of the particles are also important for uptake. Jani et al. 

(1989) determined that carboxylated particles were taken up to a lesser extent than non

ionized particles. Le Fevre and co-workers (1985a) demonstrated that hydrophobic 

particles of carbon and iron oxide were taken up by the Peyer’s patches, whereas 

hydrophilic particles of asbestos, silica and carmine were not. Eldridge et al. (1990) 

found that hydrophobic particles consisting of polystyrene, polymethylmethacrylate or 

polyhydroxybutyrate polymers showed very good absorption by the Peyer’s patches. In 

contrast, less hydrophobic polymers of polylactide or poly (lactide-co-glycolide) 

showed lower uptake. Pappo and Ermak (1989) showed a considerably greater uptake 

efficiency of hydrophobic polystyrene microspheres by M cells, in comparison to other 

biological particles. The work of Jepson et al. (1993a,b), already mentioned, 

demonstrated that poly(DL- lactide-co-glycolide) nanospheres were not selectively 

targeted to the M cell surface, in contrast to particles composed of the more hydrophobic 

polymer, polystyrene.

Porta and co-workers (1992) used confocal microscopy to demonstrate that polystyrene 

particles coated with secretory immunoglobulin (Ig A) were taken up four times more 

efficiently than similar particles coated with Bovine Serum Albumin (BSA), thus 

demonstrating the ability of different proteins to facilitate uptake. Confocal and 

transmission electron microscopy demonstrated that the lectins from UEA 1 {Ulex
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europaeus 1) and winged bean {Psophocarpus tetragonolobus) were almost exclusively 

M-cell specific (Clark et a l,  1993). This represented the first demonstration of the 

presence of carbohydrates in the glycocalyx of M-cells that are not expressed elsewhere 

on the follicle associated epithelium surface and has important implications for the 

possibility of targeting to M-cells. Hussain and co-workers (1997) have shown that 

carboxylated microspheres with covalently bound tomato lectin {Lycoperscion 

esculentum) were taken up to a greater extent through the villous tissue than the Peyer’s 

patches.

1.2.3. Other carrier systems

Lipid carrier systems have also been investigated in order to promote the oral absorption 

of peptides and proteins. Ritschel and co-workers (1989,1990) used water-in-oil 

emulsions to enhance the oral absorption of cyclosporin A and Shichiri et a l  (1974, 

1975) used water-in-oil emulsions to promote the oral uptake of insulin. The success of 

lipid-surfactant mixed micelles in enhancing oral absorption has also been demonstrated 

(Muranishi, 1990; Taniguchi et a l,  1980). Lipid carrier systems may increase the oral 

bioavailability of peptides and proteins by protecting them from proteolysis, by 

perturbing cellular membranes or intracellular junctions, or by utilizing lipid-transport 

systems (Smith e ta l ,  1992).

Demiguel and co-workers (1995) developed Supramolecular Bio vectors (SMBV) to 

mimic low density lipoproteins. The SMB Vs are composed of an external 

phospholipidic shell, on to which apoproteins are anchored. The lipoproteins lipidic core
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is replaced by cross linked natural polysaccharide which has been acylated on its surface 

with fatty acids to give it a peripheral hydrophobic nature. The stability of the particles 

can be effectively enhanced by engineering the size range from 10 nm to a few microns. 

The structure of SMBV allows the entrapment of various drugs, lipophilic, amphiphilic 

or hydrophilic.

1.3 DENDRITIC MACROMOLECULES

The term dendrimer is derived from dendron, the Greek word for tree, and the suffix 

mer, from the Greek word meros, denoting the smallest repeating structural unit 

(Dvornic and Tomalia, 1996). Dendrimers are defined as two or more dendrons that 

emanate from a common, central juncture - a single atom, or an atomic group - called 

a core. In a sense, the simplest dendrimer may be viewed as a molecular analogue to a

Branching 
units

Internal 
voids and channels

Closely packed 
surface groups

Fig. 1.3. A fifth generation dendritic structure demonstrating the morphological and 
structural aspects that makes them unique. (From:O.W.Matthews et al., 
Prog.Polym.ScL, 23, 1-56, 1998)
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tree, with the tree trunk and its branch crown corresponding to a single dendron. The 

root system corresponds to another dendron, and the entire tree ensemble emanating 

from a common main trunk represents a di dendron dendrimer (Tomalia et a l,  1990, 

Newkome and Moorefield, 1996, Matthews et a l,  1996).

Dendrimers reported in the literature include polyamidoamine dendrimer (PAMAM) 

(Tomalia et a l,  1985), polyethyleneimine dendrimer (Tomalia et a l, 1990) 

polypropyleneimine dendrimer (Jansen et a/., 1994), Hydrocarbon dendrimer (Hart et 

a l, 1986), polyether dendrimers (Padias e ta l,  1987), polythioether dendrimers (Padias 

et a l, 1989), polyamide dendrimers (Denkewalter et a l, 1983, Tam gf a l, 1988, Uhrich 

et a l ,  1991), polyamidoalcohol dendrimers (Newkome et a l,  1985, 1986) and 

polyarylamine dendrimers (Hall and Polis, 1987). Many dendrimer reviews related to 

divergent synthesis (Dvornic and Tomalia, 1996), genealogically directed synthesis 

(Tomalia and Durst, 1993, Issbemer et a l,  1994)), molecular level control of size, 

shape, surface chemistry, topology and flexibility from atoms to macroscopic matter 

(Tomalia et a l ,  1990) also appear in literature.

1.3.1 Components of a dendrimer

Dendrimers consist of three architectural components namely, a core branch cell, 

interior branch cells and branch cells possessing surface groups (Fig. 1.4). Branch cells 

consist of branch junctures and connectors and define excluded volume occupied by an 

assembly of these structural elements. This organization is based on classical chemical 

principles and determined by the nature and sizes of constituent atoms and/or atomic
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groups, their valences as well as bond lengths, bong angles and bond flexibilities. These 

precise assemblies define critical molecular parameters such as size, shape, surface 

chemistry, flexibility and topology (Dvornic and Tomalia, 1994).

1.3.2 Synthetic approaches

The two major synthetic approaches (Fig. 1.5) developed for the preparation of 

dendrimers, are the divergent and convergent approaches. Both methods are based on 

the step-by-step assembly of branch cells. However, while the divergent method 

(Morikawa et a i, 1991, Zhang et a i, 1992 Tomalia, 1985) builds dendrimer structure 

radially from the core to the surface, the convergent approach (Miller et a i, 1992

Dendrimer Architecture
(A) Core, Interior, Exterior /  Dendron Components (B) Branch Cell Components

I *
Dendron

m

iI Interior
Branch

Surface
Cells

Fig. 1.4. Basic structural elements (A) and fundamental building blocks (B) o f dendritic 
macromolecular architecture. A true dendritic molecule must contain all three 
types o f major building blocks (branch cells): core cell, interior cells and 
surface cells.(From P.R.Dvornic and D.A.Tomalia, Science Spectra, 5, 36-4] 
(7996).
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Molecular
Surface(A) Divergent 

Method Initiator
Core

Radial Molecular Direction; From the Core to the Surface

G =

(B) Convergent 
Method

Focal
PointMolecular Surface

X

— Radial Molecular Direction: From the Surface to the Focal Point

0 = 0  1 2 3

Z -  Surface Groups

Fig. 1.5. Two principal synthetic approaches to preparation o f dendrons: (A) 
convergent, (B) divergent. In both cases, dendritic structure develops in a radial 
direction. Convergent growth progresses inward from the outer molecular 
surface to the focal point. Divergent growth allows for direct formation o f 
dendrimer from a multifunctional core, while convergent method can produce 
only monodendrons and requires an extra step called anchoring reaction, for  
dendrimer formation. (From P.R.Dvornic and D.A.Tomalia, Science Spectra,

Morikawa et a l, 1992) assembles branch cells from the surface to the core. In either 

case, the growth stages of the construction are mathematically driven by geometrical 

progressions derived from precise branching laws. Dendrimer construction may proceed 

to very high molecular weights, several hundred thousand to a million.

Each “growth stage” in a dendrimer synthesis may be viewed as mathematically defined 

“chemical amplification of matter”. As a consequence, dendrimers represent a clear 

advance in molecular regularity and architectural complexity over all other known types 

of polymeric architecture. Ideal dendrimers may be thought of as precise, monodispersed
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macromolecular constructs. However, when construction processes involve many 

individual events, statistical deviations from ideal behaviour are expected.

1.3.3 Incomplete reactions

Statistical errors in dendrimer synthesis may result from non-ideal events such as 

reversibility of construction reactions, less than quantitative reactant conversion or the 

occurrence of competing side reactions. Consequently, all dendrimers constructions 

reported to date exhibit some molecular weight distribution indicating deviations from 

the ideal. As a rule these deviations are small compared to molecular weight 

distributions associated with classical polymerizations and architectures. Dendrimers 

clearly represent the most mono-dispersed synthetic macromolecules developed to date.

1.3.4 Size and shape of a dendrimer

Experimental evidence suggests that dendrimers are somewhat flat, floppy and oval 

shaped in the lower generations with a tendency to become more nearly spherical at 

higher generations, if grown from point-like cores. They typically possess dimensions 

in the lower end of the nanoscopic range, with diameters between about 1 and 15 

nanometers. In many cases these diameters increase regularly by about 0.5 to 1.5 nm per 

generation (Dvornic and Tomalia., 1996).

Rheological investigation (Dvornic and Tomalia, 1996) indicate that dendrimers behave 

like soft spherical bodies surrounded by relatively hard surface shells (i.e., like “nut

shell” type entities). According to this emerging picture, the interiors of dendrimers may
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be deformable or rigid depending on the character of the monomers used for 

construction. The interiors may contain cavities, voids and well defined free space, 

capable of accommodating many small guest molecules such as solvents, dyes, 

oligomers (intermediates between monomers and polymers). Guest molecules may enter 

or exit the dendrimer depending on their size and shape.

1.3.5 Potential applications

Dendrimer surfaces appear to be impenetrable to other dendrimer molecules or natural 

and synthetic macromolecules. Dendrimers can thus be envisioned as “unimolecular 

encapsulants”, or so-called “dendrimer boxes”. Potential uses may include molecular 

delivery agents, transport vehicles, unimolecular micelles, molecular ball bearings, 

interphase catalysts, flow regulators in fluids, and highly mono-dispersed “dwarf 

latexes” for coatings etc. If applications in these areas can be realized, the future of 

dendrimers and other dendritic polymers is very bright indeed (Service, 1995, Dvornic 

and Tomalia, 1996).

Some of the applications of dendrimer include ion exchange process (Killat and 

Tomalia, 1989), electrokinetic capillary chromatography (Tanaka et al., 1992), size 

exclusion chromatography (Dublin e ta l, 1992), semiconduction (Hall and Polis, 1987), 

photochemical molecular devices (Balzani e ta l,  1987), solubilization and drug delivery 

(Newkome and Moorefield, 1982; Hawker et a l,  1993; Ibuki et a l ,  1994; Nagasaki et 

a l ,  1994; Akioyshi, 1994; Peppas et a l,  1994; Jansen et a l,  1994; 1995), antioxidant 

(Migdal, 1990), inks and toners (Winnik et a l,  1992), chemical sensitivity (Wells and
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Crooks, 1996), catalysis (Sundell et al., 1993), biochemical and pharmaceutical (Tam, 

1988; Roy e ta l,  1994; Roberts e ta l, 1990; Singh e ta l,  1994, 1998; Barth e ta l ,  1994; 

Hudson and Damha, 1993; Poxon et a l,  1996; Roberts et a l, 1996).

Among such nanoscopic compounds that are presently receiving great scientific 

attention are dendrimer-DNA and dendrimer-antibody conjugates, since they show 

promising potentials for applications in biochemistry and medicine, particularly in the 

area of gene therapy (Hansler and Szoka, 1993). It appears as if certain generations of 

specific dendrimers have just right size for DNA strands to wrap around them easily, 

just as they do around natural histones (spherical components of cell nuclei), to form 

nanoscopic toroid (angular) complexes. These complexes can then penetrate through the 

cellular membrane and into the nucleus, either site-specifically, if some recognition- 

permitting antibody is also attached to the dendrimer, or not specifically, if only “naked” 

dendrimers are involved in the complex. Recent results clearly suggest that the 

effectiveness of this transfection is strongly dependent on the particular dendrimer 

generation, indicating that it is indeed the dendrimer size that plays an important role 

in its ability to interact with DNA (Hansler and Szoka, 1993).

1.4. VECTORS FOR GENE DELIVERY

Somatic gene therapy has emerged as a new approach for the treatment of a variety of 

genetic and acquired diseases. Gene therapy methods are designed to introduce genetic 

material into a patient’s cells to cause these cells to produce a therapeutic protein. For 

these approaches to be acceptable, it can be reasoned that there must be control over the
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location and functioning of an administered gene, that the gene should be administered 

by a convenient and conventional route and that the product should be robust and have 

an acceptable cost/risk/benefit profile (Ledley, 1993, 1994a,b; Anderson, 1992).

Both ex vivo and in vivo gene delivery methods are under development for gene therapy. 

The ex vivo approach involves using wither viral or non-viral systems to insert genes 

into cells that have been removed from a patient, followed by reimplantation of these 

transduced or transfected cells that have been removed from the patient. Despite the 

success of the clinical trial for severe combined immunodeficiency (SCID) (Culver and 

Blaese, 1994), the ex-vivo method presents a number of therapeutic limitations. It is a 

cumbersome and expensive process which may limit acceptance by both physician and 

patient, and the method will probably be restricted to use for the treatment of severe 

diseases having no alternative therapies.

The direct in vivo administration of genes to patients to cause the controlled production 

and distribution of therapeutic proteins within the body would represent an ideal 

approach for clinical practice. Two major methods have been proposed for in vivo gene 

delivery: viral-mediated and non-viral mediated gene transfer.

1.4.1. Viral Vectors

Due to their natural ability to infect cells efficiently, several viruses, such as retrovirus, 

adenovirus, adeno-associated virus and herpes vims, have been investigated for in vivo 

viral mediated gene delivery (Miller, 1992; Kay et a l, 1993; Rosefield et a l, 1992;
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Glorioso, 1994). Each of these has different biological properties. For example, 

retroviral vectors can introduce genes permanently into somatic cells by integration into 

patient’s chromosomal DNA. Retroviruses only infect replicating cells, though the 

resultant permanent integration of therapeutic genes minimizes the ability of the 

physician to modify or to terminate in response to any adverse side-effects or cure of the 

disease. In addition, the permanent integration of genes into host chromosomes may 

result in activation of oncogenes or inactivation of tumor-suppressor genes. 

Adenoviruses efficiently infect non-dividing cells and do not integrate genes into the 

host genome. However, safety concerns have been raised in clinical trials related to 

immune and inflammatory responses triggered by adenoviral vectors. These events 

would be a severe limitation in the use of adenoviruses for repeated gene administration. 

Even though viruses are designed to be replication-defective, there is a potential risk of 

generating an infectious, replication-competent virus during the production or use of 

viral vectors for gene transfer.

Gene delivery systems ideally ensure a controlled distribution (D) and access (A) of the 

gene expression system to the target cell, and may include recognition (R) by a cell- 

surface receptor followed by intracellular trafficking and nuclear translocation (T) 

(DART). A synthetic gene delivery system should serve both to protect a gene 

expression system from premature degradation in the extracellular biological milieu and 

to effect adequate non-specific or cell- specific delivery to a target cell. Other elements 

in a gene delivery system may facilitate the intracellular trafficking of a gene expression 

system and its translocation to the nucleus of the target cell, where gene expression can
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occur. (Fig 1.6.)

Fig. 1.6. Representation o f  the cellular mechanism required fo r  successful transfection. 
(A) Formation o f  the lipid. DNA complex. (B) Entry o f  DNA into the cell. (C) 
Escape o f  DNA from the endosomes. (D) Dissociation o f  the DNA from lipid, (E) 
Entry o f  the DNA into the nucleus. From:Zabner. J. Adv.Drug.Del. Rev. 
27 7̂99:^7 7-2&

1.4.2. Non-viral vectors

The majority o f published reports show that the interstitial administration of plasmid- 

based gene expression that are too low for most clinical applications, with the probable 

exception o f such systems for vaccination purposes (Ulmer et a l,  1993; Davis et a l, 

1993). A number of approaches have been proposed for enhancing the location and 

amounts o f genes to the nuclei of target cells. These include the use of condensing 

carriers such as cationic lipids, charged synthetic polymers and peptides that act in a 

non-specific manner (Feigner and Ringold, 1989; Feigner et a l ,  1987; Stirbling, 1992; 

Brigham et a l, 1989; Zhu et a l, 1993 Nabel et a l,  1990), as well as the use of peptide 

and carbohydrate-based targeting ligands for specific cell entry through receptor- 

mediated events (Wu et a l,  1991, Wilson et a l,  1992, Wagner et a l ,  1991, Gottschalk
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etal., 1994, Perales e ta l ,  1994).

Synthetic DNA delivery agents are of interest for gene therapy as an alternative to viral 

vectors, since they carry potentially fewer risks in terms of immunogenicity and 

propagation (Bishop, 1987; Yang et a l,  1994; Feigner and Rhodes, 1991; Wheeler et 

a l, 1996). Cationic lipids have been used to reduce the net negative surface charge on 

DNA plasmid-based gene expression systems in attempts to reduce charge-charge 

repulsion at the surface of biological membranes. Such lipids can form stable complexes 

with gene expression systems (Feigner and Ringold, 1989; Feigner et a l ,  1994; 

McLachlan et al, 1994, Gao and Huang, 1991; Stadel et al, 1994) As Dioleoyl phosphatid>d 

ethanolamine (DOPE) can fiise with mdosomal membranes, it is gaierally included in sudi conplexes 

to effect the aidosomal release of a gone expression system. DNA/catianic lipid conplexes can be 

prepared as such to have defined physicochemical properties (size, shape, surface 

characteristics) (Rolland et a l ,  1994; Gong et a l, 1994). These characteristics both 

control the biological stability and distribution of plasmid-based gene expression 

systems and also enhance adsorptive mechanisms.

In recent years, a variety of cationic lipids for gene transfer have been described 

(Feigner and Ringold, 1989; Feigner e ta l,  1987; 1994; Brigham, 1989; Stribling et a l,  

1992; Zhu et al., 1993; Nabel et a l,  1990 Gao and Huang, 1991; Behr et al., 1989; 

Hawley-neison et a l ,  1993; Lee et a l,  1996). Cationic lipids currently being used in 

clinical trials to treat cystic fibrosis or cancer include 1,2-dioleyloxypropyl-3-trimethyl 

ammonium bromide (DOTMA), 3-[N- (N \ N ^ dimethylaminoethane) carbomoyl]
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cholesterol, 1,2 dioleoyloxy-3- (trimethylammonio) propane (DOTAP) and

1,2,dimyristyloxypropyl- 3- dimethyl- hydroxyethyl ammonium bromide (DMREE) 

(Lasic and Tomlinson, 1996; Ledley, 1996; Mahato, 1997). Behr et a l  (1994) have 

developed new lipoamino cationic amphiphile compounds able to compact DNA, 

d ioc tod ecy lam in e-g ly c in e-sp erm in e  (DOGS) and dipalm itoyl 

phosphatidylethanolamidospermine (DPPES). These compounds form micellar 

structures that efficiently transfer DNA into many animal cells. Another molecule used 

for DNA delivery is 2,3,-dioleoyloxy-N-(2- sperminecarboxyamido) eithyl)-N-N- 

dimethyl-1 -propan aminium trifluro acetate (DOSPA), which possessing 5 positive 

charges, has been developed and commercialized (Lipofectamine®).

Tang et a l (1996) reported the use of complexes between DNA and spherical cationic 

polyamidoamine dendrimers that consist of primary amines on the surface and a tertiary 

amine interior. Transfection activity of the dendrimers is dramatically increased by heat 

treatment due to the partial degradation of dendrimers. Haensler and Szoka (1993) 

showed dendrimer can mediate: high efficiency transfection of a variety of suspension 

and adherent mammalian cells using luciferase and beta-galactosidase containing 

plasmids.

From the literature mentioned above, it can be felt that there is a need of carrier which 

can be used for the efficient administration of drugs and genes. The development of a 

new carrier system is discussed in Chapter n . The systems developed are charactersied 

(Chapter IE) and evaluated in vivo (Chapter IV).
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DESIGN AND DEVELOPMENT OF

DENDRITIC MACROMOLECULES

A series of dendrimers were designed and developed as carriers for drug delivery, 

including the delivery of genes. For drug delivery, more lipophilic dendrimers were 

synthesised based on the fact that water insoluble amphiphiles tend to form 

supramolecular aggregates which could be useful for the delivery of bioactive 

molecules. For gene delivery, a dendrimer series with branched alkyl amino arms was 

developed for complexation with DNA and with lipidic chains as core branching cell 

to increase the permeability coefficient of the dendrimers to the extent that passage 

across the cell membrane is facilitated.

2.1. Selection of linkage

For connectivity between the branches of dendrimer, many linkages are reported in the 

literature and are listed in the table 2.1. Some of them include, amide, esters.
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hydrocarbon, activated radicals siloxane and phosphines. In the present work, a 

relatively stable amide bond was selected to link the dendritic branches to ensure that 

the dendrimer remained secure during GI transit and translocation and residence in other 

biological fluids. If the approach proved successful, a prodrug linkage or a method of 

entrapment of a drug could subsequently be developed, which would allow release of 

the drug in a controlled fashion, subsequent to oral uptake of the intact dendrimer/drug 

complex.

Table 2.1. Different types )f dendrimers and the linkages reported

Linkage Dendrimer name Papers published

Amide PAM AM dendrimer 
Denkelwalter (polylysine) 
dendrimer
Dendritic sialoside inhibitors 

of influenza A virus 
Multiple Antigen Peptide

Tomalia er fl/., 1985 
Denkelwalter et a l,  1981

Koy et a l,  1994
Pessi et a l ,  1990; Tam et a l,
1988

Esters Dendritic aryl esters 
Adamantane based 
dendrimers

Sahota gr a/., 1994 
Reichart et a l,  1992

Hydrocarbon Iptycenes dendrimers Hait et a l ,  1986

Activated
radicals

Perchlorinated dendrimer Ventosa er a/., 1993

Ether Sialyl Lewis X glycopeptide 
Dendrimer

Schuster et a l ,  1994

Siloxane Polysiloxane dendrimer Uchida gr a/., 1990

Although amide bonds of a peptide are subject to attack by specific enzymes, studies on 

amide bonds, -CONH- or -CONR-, as drug-matrix linkages determined that these 

‘unnatural’ bonds were poorly cleaved in the absence of a ‘spacer’ bridging group.
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When a spacer was present, the amide bonds were cleaved to a small extent inside 

lysosomes but were stable in the GI tract and the blood-stream (Ferruti, 1986). The 

stability of the amide bond has limited the use of this type of linkage in the prodrug 

approach to drug therapy. For example, Bounkhala et a l  (1988) determined that amide 

derivatives of several P-lactam antibiotics were too stable under biological conditions 

to yield the free carboxylic acid group of the antibiotic and were thus inactive. Studies 

on biodegradable polymers have shown that the relative rate of hydrolysis of labile 

bonds under neutral conditions is polycarbonate > polyester > polyurethane > 

polyorthoester > polyamide (Sanders, 1991). Due to its demonstrated in vivo stability, 

the amide bond was chosen as the stable covalent bond to link branches of the 

dendrimers. Amide bond formation is described below (2.2.1).

2.2. Solid phase peptide synthesis

Solid phase peptide synthetic techniques were originally elaborated by Merrifield 

(1963). In short, the carboxyl group of the C-terminal aminoacid of the target peptide 

is linked to a derivatised solid support. Amino acids are then added in a stepwise 

manner until the desired protected peptide chain is formed. The peptide is then cleaved 

from the solid support and the side chain protecting groups removed in the 

“deprotection” step leaving a crude product which requires purification.

The solid supports (resins) available are the aminoacyl (4-carboxamidomethyl)benzyl 

ester resin (Pam resin) (Mitchell et a/., 1978), and the p-methylbenzhydrylamine 

(pMBHA) resin (Matsueda and Stewart, 1981), both derivatives of a suspension
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copolymer of styrene-(l%w/w) divinylbenzene. Cleavage with a strong acid from the 

Pam resin results in a peptide with a free alpha-carboxyl group, while cleavage of the 

peptide yields an alpha-carboxamide. It is important that the resins are free from reactive 

functionalities such as aldehyde or hydroxymethyl groups in order to minimise side

reactions (Kent and Clark-Lewis, 1985). pMBHA resin was used for the synthesis of

Resins for the peptide synthesis. A. (4-carboxamidomethyl) 
benzyl ester resin. B. p-methylbenzhydrylamine resin.dendrimers.

Boc— am inoacyl— OCH2-— C H 2 C 0 N H C H j - ^ —  Resin

— CH— Resi n

Commercially available peptide synthesizers, such as the Applied Biosystems 430A 

Peptide Synthesizer, carry out the assembly of a protected peptide chain in a fully 

automated fashion. In the general procedure for automated synthesis, protected amino 

acids are weighed into individual cartridges and loaded into an autodelivery system. In 

the activator vessel, the dry amino acid is dissolved in dichloromethane (DCM), 

converted to the symmetrical anhydride using the coupling reagent 

Dicyclohexylcarbodiimide (DCC) and the reaction by-product, Dicyclohexylurea 

(DCU), is removed. In the concentrator vessel, dimethylformamide (DMF) replaces 

DCM as the reaction solvent. The chain assembly chemistry described above occurs in 

the reaction vessel, using a doubling coupling procedure to conjugate the activated 

amino acid with the growing peptide chain. Various synthetic protocols have been 

developed and reaction protocols can be adjusted to optimize coupling for each amino
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acid. Resin samples are automatically taken after each coupling, for documentation of 

the efficiency of chain assembly by quantitative ninhydrin assay.

2.2.1. Peptide bond formation

Formation of an amide bond between two amino acids is a reaction requiring energy, 

and since carboxylic acids tend to react successfully with amines only at elevated 

temperatures, one of the groups that will produce the desired amide must be activated. 

At present activation of the carboxyl group (C-activation) remains the underlying 

principle of all coupling methods in use. Conversion of carboxylic acids to powerful 

acylating agents is achieved by substitution of the hydroxyl group for an electron 

withdrawing substituent which polarises the carbonyl group and renders its carbon atom 

sufficiently electrophilic to facilitate the nucleophilic attack by the amino group. A 

tetrahedral intermediate is formed and is stabilised by the elimination of the electron 

withdrawing substituent (X), which is usually a good leaving group.

The most widely used activating/coupling reagent is dicyclohexylcarbodiimide (DCC), 

introduced by Sheehan and Hess (1955), and it was chosen because of its simplicity. 

Activation of the carbonyl group occurs through its addition to an N=C bond in the 

carbodiimide and it proceeds very rapidly. The amino group will react with the 

carbodiimide to form guanidine derivatives (Muramatsu et a/., 1964), but this reaction 

takes place extremely slowly and is unable to compete with the rapid addition of the 

carboxyl group. Carbodiimide mediated coupling can proceed through three major 

pathways (as can be seen in Scheme 1).
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Addition of the carboxyl group to an N=C double bond in the carbodiimide results in 

the formation of an O-acylisourea derivative. This reaction occurs relatively quickly and 

the peptide bond is then formed by nucleophilic attack of the amino component on the 

carbonyl adduct of the O-acylisourea. The O-acylisoureas do have some basic character, 

so it would be reasonable to assume that the high reactivity observed in aminolysis may 

be as a result of base catalysis. The major by-product of the DCC mediated acylation is 

N,N’-dicyclohexylurea which is readily removed by washing the peptidyl resin with 

organic solvents, an operation which also removes unreacted starting materials.

P ro tec ted  am inoacid  O-acyl isourea

tB o ^ —NH— OH— CtBoc— NH— OH— 0 — OH

N—RR— N —R—N ^C^N —R
carbodiim ide alkyl am ine 

 ̂NH— R"
OHtBo(

final pep tide

—NH—RtBoc— NH— CH— ( f  alkyl ^ i n e  tBoo— n h — oh  

lydride p '  \  R— n h — c o — n h — r

tBoo—  NH CH

R eactive
u rea

^ NH— R"
alkyl am ine

tB u— O — 0

oxazolone
I

S ch em e 1

Scheme I. Three major pathways o f carbodiimide mediated coupling.
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An alternative mechanism can be brought about by modifying the carbodiimide process 

to generate symmetrical anhydrides. This is readily accomplished by changing the ratio 

of protected amino acid to carbodiimide from equimolar, as in O-acylisourea formation, 

to 2; 1, and enables a carboxylate anion from a second protected amino acid to attack the 

reactive carbonyl function of the O-acylisourea yielding the symmetrical anhydride, 

which is a potent acylating agent. The amide bond is then created by nucleophilic attack 

of the amino component on either carbon atom of the reactive carbonyl groups in the 

symmetrical anhydride.

A third mechanism which probably plays a minor role in DCC mediated peptide bond 

formation, is the generation of 5(4H)-oxazolones via intramolecular rearrangement of

O-acylisourea. These oxazolones are good acylating agents but are prone to 

racémisation, since the acidic proton can be easily abstracted by bases from the chiral 

centre due to resonance stabilisation of the carbanion intermediate generated.

2.2.2. Suppression of side reactions with the auxiliary nucleophile 1- 

hydroxybenzotriazole (HOBt)

Carbodiimide mediated coupling does not proceed without some side reactions, in 

particular the intramolecular rearrangement of the O-acylisourea derivative. The 

activated carbonyl function undergoes nucleophilic attack from the nearby NH group 

present in the O-acylisourea. This results in an 0->-N shift yielding an N-acylurea 

derivative as a by-product. These ureides not only contaminate the reaction mixture but 

also represent a loss of valuable carboxyl component since they are unreactive.
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Racémisation is also a problem in DCC mediated coupling leading to loss of chiral 

purity.

Both of these side reactions can be minimised with the use of the auxiliary nucleophile

1-hydroxybenzotriazole (HOBt) (Bodanszky, 1984). Attack by HOBt on the activated 

intermediates yields the O-acyl-1-hydroxybenzotriazole. Thus, the lifetime of highly 

reactive intermediates, such as O-acylisoureas, symmetrical anhydrides or oxazolones, 

is considerably reduced. In contrast, the concentration of the additive hardly changes 

during the coupling reaction as it is continuously regenerated. Hence the entire process 

is accelerated and the overactivated intermediates of the DCC reaction are converted to 

the less esters of 1-hydroxybenzotriazole. The active esters, formed in situ are less likely 

to undergo O-^N shift, but are still sufficiently reactive to allow satisfactory acylation. 

Secondly, since HOBt is weakly acidic it is able to suppress base catalysed proton 

abstraction from the chiral carbon and so maintain chiral purity.

2.2.3. Uronium salts as alternative coupling reagents

Acyloxyuronium species, which can be generated by the attack of carboxylate anions 

on suitable uronium cations, react readily with nucleophiles at the acyl carbon. They are 

intermediates of the so-called oxidation-reduction condensation and a number of 

uronium and phophonium salts have been developed for use as direct coupling reagents. 

Initially the phophonium salts have been developed for use as direct coupling reagents. 

Initially the phosphonium salt benzotriazolyloxy-tris-(dimethylamino) phosphonium 

hexaflurophosphate (BOP) (Castro et a/., 1975) was used but, due to the generation of
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the highly toxic co-product hexamethylphosphoramide, BOP has been superseded by 

the safer PyBOP reagent (Martinez et a/., 1985). Of the uronium salts, 2-(lH- 

Benzotriazole-1 -yl)-1, 1,3, 3-tetramethyluronium hexaflurophosphate (HBTU) and 2- 

(IH-Benzotriazole-lyl)-l, 1, 3, 3- tetramethyluronium tetrafluroborate (TBTU) (Knorr 

et al., 1989) are widely used and provide excellent yields, with few side reactions.

For coupling, one equivalent of reagent is used, together with a tertiary base to ensure 

the carboxy component is in its anionic form. Coupling can proceed via number of 

different pathways (Scheme 2), all accumulating in a highly efficient coupling yield. The 

initially formed highly reactive acyloxyuronium intermediate can react rapidly with the 

amino acid carboxylate to form the symmetrical anhydride, or alternatively can be 

converted to the effective benzotriazolyl active ester. Both intermediate species then 

undergo nucleophilic attack by the free amino group to give the coupled peptide. In a 

simpler case, the amino component and the acyloxyuronium derivative can react directly 

yielding the desired product. Interestingly, the liberated ionised hydroxybenzotriazole 

can react slowly with the symmetrical anhydride resulting in its conversion to the 

benzotriazolyl active ester. In order to completely suppress racémisation, additional 

HOBt is often added, forcing the reaction to go predominantly via the active ester 

pathway (Bematowicz et a i, 1989).
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îf
t Boc— NH— CH— 0 — OH

P ro tec ted  am ino acid

ÇH3

o — N N

HaO-'l

«• < 0

PF6-

HBTU

P ro tec ted  am ino acid 
t Boc— NH— CH— C— O — — (NM©2)2  ^

-OBt t Boc— NH— CH— C— O

f  f
t Boc— NH— CH— C— OBt

-OBt

NH— R' 
Alkyl am ine

t Boc— NH— CH— C.>
t  Boc— NH— j)H— C ^^
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NH2— R' R eactive anhydride
Alkyl am ine

f  ff
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S ch em e 2

Scheme. 2. Pathways o f HBTU mediated coupling.

2.2.4. Peptide chain assembly

In order to make effective use of the solid phase approach of Merrifield (1963), it is 

necessary to understand the fundamental aspects of solid phase chemistry:

1) the peptide is covalently linked to a solid support.

2) once swollen in the appropriate solvent, the solid support provides an

interpenetrating polymer network, within which synthesis occurs.

3) the covalently attached peptide chains are effectively in solution.

4) peptide and resin mutually enhance one another’s solvation.

5) reactions are rapid and obey normal kinetics.
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Chain assembly occurs on polymer chains randomly scattered throughout the interior 

of the swollen bead. Because the polymer is only lightly cross-linked, it is highly 

solvated and the covalently attached peptide chains are effectively in solution (Live and 

Kent, 1982, Erickson and Merrifield, 1976). The choice of organic solvent in which the 

resin is swollen is therefore important in order for maximum solvation to occur and also 

to allow rapid coupling of each amino acid, solvents most commonly used are CH2CI2 

and DMF.

The peptide chain is assembled by repetition of these steps (excluding the final 

deprotection). First the t-Boc protecting group is removed from the a-amino group of 

the resin-bound amino acid using 50-65% (v/v) TFA in CH2CI2, this reaction is rapid 

(t|/2~20secs) and goes essentially to completion within 15 minutes. The resulting 

trifluroacetate salt of the peptide resin is then neutralised with the hindered tertiary 

amine diisopropylethylamine (DIEA), the use of a highly purified tertiary amine helps 

minimise side reactions, especially those involving the aspartic acid side chain (Tam et 

a i, 1979). The rationale for the coupling procedures that are routinely used has already 

been described, yet it is important to point out the role of the organic solvent in the 

coupling reaction. The use of the polar solvent DMF improves coupling efficiency and 

can often overcome the problem of difficult couplings sometimes experienced when 

CH2CI2 is used as a solvent (Kent and Merrifield, 1981). The synthesis of compound 2a 

is given in Scheme. 3.
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( r)—NHg

BOC-GLY-OH
HBTU/DIEA

( r )— NH-GLY-BOG 
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0 — NH-GLY-LYS
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S c h e m e  3

Scheme. 3. Synthesis o f Compound 2a.
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2 2.4.1. Monitoring the Completion of reactions

In solid phase synthesis, purification consists only of filtration and washing of the resin- 

bound intermediates and because of this, it is necessary to drive all reactions involved 

in the chain assembly to completion. It is important to have accurate information on the 

yields at all steps of the chain assembly so that the chemistry can be optimised for the 

synthesis. Documentation of the efficiency of chain assembly is the first step in ensuring 

the production of a peptide of high purity and of know structure.

The simplest method of monitoring coupling efficiency is to use the quantitative 

ninhydrin reaction (Sarin et a/., 1981) to measure residual uncoupled amine at the end 

of each cycle of amino acid addition. The method is sensitive and accurate, giving 

reliable data down to less than 0.1% residual amine (>99.9% coupling) with a 

reproducibility of +/-0.05%.

Peptide-resin samples were washed five times with DCM/MeOH (50:50 ratio), dried 

and weighed. 76 %w/w phenol/ethanol (20 pi), 0.2mM potassium cyanide/ pyridine (40 

pi) and 0.28 M ninhydrin/ethanol (20 pi) were added and the samples heated in an oil 

bath at 100° C for five minutes. The conditions of the ninhydrin reaction are sufficiently 

vigorous (5-lOmin at 100 °C in pyridine) to reveal amine that was unavailable for 

coupling, due possibly to aggregation of the peptide synthesised or Schiff’s base 

formation (Kent 1982). 60% aqueous ethanol (4 ml) was added, the samples vortexed 

and the absorbance was read against a reagent blank prepared from the ninhydrin 

reagents and 60% ethanol.
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1.5xmass(mg)xS,F.xNo.of amino groups substituted

where y = % coupling, mass (mg) = the mass of the peptide-resin sample in mg and 

S. F = substitution factor of the resin, which was 48 pmol/g.

The coupling yields were >99.98% for each amino acid. Quantitative Edman 

degradation of the protected peptide- resin product can also be used to document the 

efficiency of chain assembly in Boc chemistry (Kent et a/., 1982) and also provides 

confirmation of the correct sequence of amino acids in the product.

2.2.5. Deprotection and cleavage from the resin

The final steps in the generation of the synthetic peptide involve the removal of the side 

chain protecting groups and cleavage from the resin support. However, before cleavage, 

the N“-Boc group is removed with TFA to prevent alkylation of any methionine side 

chains by tertbutyl cations generated in the cleavage reaction conditions (Noble et a l,  

1976). In general, the side chain protecting groups and the peptide anchoring bond are 

designed to be labile in strong acids, such as HF and trifluromethanesulphonic 

(TFMSA). HF has many desirable characteristics for deprotection of synthetic peptides 

(Sakakibara, 1971), however, treatment with HF results in the generation of highly 

reactive carbonium species, since acidolysis proceeds by an S^l reaction mechanism 

(Tam et a/., 1983). To prevent the carbonium by-products alkylating side chains of the 

peptide, scavengers such as p-cresol, p-thiocresol and anisole are added to the reaction
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mixture to mop up these reactive species.

An alternative HF procedure designed to avoid generation of the carbonium ion 

intermediates has been devised (Tam et a/., 1983). In the first stage, removal of most 

protecting groups takes place by 8^2 acidolysis, at low temperature in a low-acidity 

function medium consisting primarily of dimethyl sulphide and either HF or 

TFA/TFMSA. The peptide-resin bound is stable in this step. After removal of the 

coproducts and reagents, the remaining protecting groups are removed and the peptide 

cleaved by means of S^l acidolysis at low temperature, in a high-acidity function 

medium. All the side chain protecting groups are labile under these strong acid 

conditions except for the dinitrophenyl (DNP) group which must be removed from 

histidine by thiolysis (Shaltiel and Fridkin, 1970) while the peptide is both resin-bound 

and before removal of the N“-Boc group.

2.3. Core design, branching units

For the synthesis of dendrimers, a-lipoaminoacids in combination with carbohydrate 

and a nuclear localisation signal peptide were used as the core. To increase the size of 

the dendrimers, multifunctional amino acids such as lysine and ornithine were used as 

the building blocks. Since the family of a-lipoaminoacids play a significant role in 

determining the nature of the dendrimers, we introduce them in a greater detail.

2.3.1. a-lipoaminoacids

The a- amino acids with long alkyl side chains, the so-called lipoamino acids represent
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a class of compounds which combine structural features of lipids with those of amino 

acids. These lipo amino acids may be oligomerised to form lipidic peptides, which can 

take several forms. They include linear homo-oligomers, hetero-peptides where the 

peptide chain may include wither coded amino acids or substituted lipoamino acids and 

finally cyclic structures produced as a result of backbone or side chain cyclisation, 

yielding a compound which is similar in appearance to that of micelles. One would 

expect the chimeric nature of these compounds to be reflected in their physical 

properties; they should be highly lipophilic due to the long alkyl side chains, yet show 

polar and conformational behaviour characteristic of amino acids and peptides. In 

addition, the structure may be varied in order to modify the physical nature of the 

compounds. In particular, the length of the alkyl side chain can be changed in order to 

increase or decrease the lipophilic character of the lipoamino acid.

The potential uses of the lipoamino acids have already been explored, and include use 

as lubricants (Takino, 1987), polishes (Sagawa and Takehara, 1987a), cosmetics 

(Kitamura, 1987) and as surface improving agents for ceramics (Sagawa and Takehara, 

1987b). Lipidic amino acids and peptides may also be used as detergents and water- 

resistant and biocompatible films (Gibbons, 1988). However, of greater significant 

interest is the possible use of lipidic amino acids as aids to drug delivery and drug 

formulation (Toth et ah, 1991).

There are two reported synthetic routes for preparing the lipoamino acids. One pathway 

involves the appropriate a-bromoalkanoic acid being stirred with ammonium hydroxide
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for several days to yield the amino acid in one step (Takino et a/., 1989, Gerencevic et 

a /.,1966, Birnbaum et a /.,1953). Albertson (1946) reported an alternative method for 

synthesising the lipoamino acids from ethyl acetamidomalonate which was adopted for 

the preparation of the required unsubstituted compounds la-c (Gibbons et al., 1990).

ÇH3

(CHzln
I

X—  (HN—  CH—  CO)m— Y

1 X Y n m

a, b, c H OH 7, 11, 15 1

d, e , f Boc OH 7, 11, 15 1

The ten carbon atom amino acid la  was synthesised by refluxing 1-bromooctane with 

diethyl acetamidomalonoate in the presence of sodium ethoxide (Scheme 4). The proton 

in position 2 of the malonoate ester is weakly acidic because of the neighbouring 

electronegative functions and dissociated in the strongly basic conditions used. The 

resulting nucleophile (carbanion) can attack the brominated carbon of bromooctane, 

which is electron deficient due to the electron withdrawing effect of bromine, forming 

the octyl-substituted diethyl acetamido-octylmalonoate. Hydrolysis of the intermediate 

by refluxing with concentrated mineral acid, cleaved the amide and the two ester bonds. 

The unstable geminal diacid, 2-amino-2-carboxyl decanoic acid thus formed, underwent 

spontaneous decarboxylation to yield the a-aminodecanoic acid la. The amino acids la 

ic  were prepared in racemic form using the same procedure as for la, starting with the
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appropriate 1-bromoalkane. All lipidic conjugates were then synthesised from the 

racemic amino acid mixtures (Scheme 4).

COOCH2CH3

C H 3 (CH2)7 Br + H  Ç  N H C O C H 3

C O O C H 2 C H 3

Na/EtOH, reflux

Ç O O C H 2 C H 3

C H 3 (CH2)7 C N H C O C H 3

C O O C H 2 C H 3

3---- (CH2)7-----1-----1

i) conc.HCI,reflux 
il) NaOH, pH 7

poo'

C H 3  ( C h 2 )7  C  H

NH3

Scheme 4

Scheme. 4. Pathway involved in the synthesis o f a-amino decanoic acid.

2.3.2. Protection of the amino group

There are a wide range of protecting groups known for the amino function of amino 

acids ( Bodanszky, 1984). They include; i) the acyl groups formyl, chloroacetyl (Holley 

et a i , 1952) and phthalyl (Kidd and King, 1948), ii) the alkyl groups triphenylmethyl 

(trityl) and benzyl, iii) p-toluenesulphonyl (Tos) and iv) the urethanes which include 

carbobenzoxy (Z), tertiary butoxycarbonyl (t-Boc) (Carpino, 1957) and 9-Fluorene
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methoxycarbonyl (Fmoc) (Carpino and Han, 1972). Due to the ease and economy of the 

synthesis, and the relatively simple procedures required for its removal, the r-Boc group 

was chosen for a-amino protection during peptide synthesis. Also the f-Boc protected 

lipidic amino acids have excellent solubility in the organic solvents used for the peptide 

synthesis. Boc and Fmoc protected lysine was used in the synthesis of amphiphilic 

dendrimers.

I rC  O  C  CH3

\  CH3

(I) pH 11-12
H3 C  ( O---  CH  COOH

(II) Citric acid, pH 3 

R oom  tem p era tu re

CH

COO-
Schem e 5

Scheme. 5. Pathway involved in the synthesis o f t-Boc protected 

a-aminodecanoic acid.

The r-Boc protected unsubstituted amino acids I d - l f  were synthesised in good yields, 

by reacting the symmetrical anhydride ditertiary butyldicarbonate ((Boc)2)0 ) (Tarbell 

et a l,  1972) with the corresponding lipidic amino acid. Nucleophilic attack of the a- 

amino group of the lipidic amino acid on one carbonyl group of the (Boc)2 0  resulted in 

the formation of the N-protected lipidic amino acid (Scheme 5).
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2.4. Dendrimer synthesis

2.4.1. Dendrimers with lipidic surfaces

A series of dendrimers with lipidic terminals were synthesised by the solid phase 

technique using glycine as spacer between the solid support and the lysine building 

blocks. The subsequent generations were built using lysine units resulted in the addition 

of two branches per generations. The first level of coupling produced two amino ends, 

the 2"*̂ , y^, 4^, 5* and 6* level of coupling resulted in 4, 8, 16, 32 and 64 amino ends 

respectively. Finally, the free amino terminals were substituted with a-lipoaminoacids 

and the amino groups of the lipoaminoacids were acetylated on solid support resulting 

in compounds 2a-h. All couplings were performed using DCC/HOBt strategy described 

in the section 2.2.2 and 2.2.3. The acétylation was carried out using acetic anhydride 

in the presence of diisopropylethylamine. After cleavage from the resin, the dendrimers 

were dissolved in 95% acetic acid and lyophilised. The compounds were purifed by 

reverse-phase high performance liquid chromatography (RP-HPLC) using acetonitrile 

and water as solvents;they were obtained in moderate yield (eg. 2a = 85% 2g = 72 %). 

Because the lipidic amino acids were racemic, all the dendrimers were diastereomeric 

mixtures. The diastereomers were not separated and the products were examined as a 

diastereomeric mixture. The primary structures of the compounds were verified by MS.

To determine the effect of chain length, two compounds, namely, 2g and 2h were 

synthesised using 2-rerr-butoxycarbonylamino- decanoic acid and 2- 

rerr-butoxycarbonylamino- octadecanoic acid. The 2-rerr-butoxycarbonylamino- 

decanoic acid, 2-tert- butoxycarbonylamino- tetradecanoic acid and 2-tert-
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Scheme 6. Schematic representation o f dendrimers with lipidic surfaces.
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List of dendrimers synthesised with lipidic surfaces.

Compound Schematic 
representation 

Number in Scheme 6

R

2a 1 c o c h ( n h a c ) ( c h 2 ) i  iC n ,

2h 2 COCH(NHAc)(CH2)hCH3

2c 3 COCH(NHAc)(CH2)uCH3

2d 4 COCH(NHAc)(CH2)hCH3

2e 5 COCH(NHAc)(CH2), ,CH3

2f 6 COCH(NHAc)(CH2)iiCH3

2g 4 COCH(NHAc)(CH2)7CH3

2h 4 COCH(NHAc)(CH2)i5CH3

butoxycarbonylamino-octadecanoic acid were synthesised from respective 1-bromo 

analogues as described in 2.2.1. and 2.2.2.

2.4.2. Lipophilic dendrimers with polycationic surfaces 

2.4 2.1. Lipid- Lysine dendrimers

We have also designed and developed lipid-lysine dendrimers with polycationic 

surfaces. Three subsequent lipid chains were attached on solid support using a- 

aminotetradecanoic acid. The polylysine surface was added to the growing peptide chain 

using the same procedures as before, by using Boc protected lysine at both a- and 8- 

amino functions, two amino functions were available for coupling by the next residue. 

The first level of coupling produced two amino ends, the 3'̂ *, 4^ and 5* level of coupling 

resulted in 8, 16, and 32 amino terminals, yielding compounds 3a-c.
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The lysine dendrimers were then cleaved from the resin and lyophilised. At this point 

it was noted that compounds 3a-c were soluble in 5% acetic acid, whereas compounds 

2a-h required 95% acetic acid in which to dissolve, indicating that the presence of free 

amino groups dramatically increased the aqueous solubility of these compounds. The 

resulting compounds were then characterised by MS, purified by RP-HPLC and were 

used as diastereomeric mixtures.

LYS —  NHCHCONHCHCONHCHCONH2

Compound R*

3a NH2

3b LYS-(NHJ2

3c LYS-[LYS-(NH,),],

2.4.2.2. Lipid-Ornithine dendrimers

The non-aqueous structures of cells, such as plasma membranes or the membranes of 

organelles, are of a lipid nature, and can dissolve polar or nonpolar hydrophobic 

molecules. In either case, a highly significant physical property of all physiologically 

and pharmacologically important small small molecules is their solubility, because only 

in solution can they interact with the cellular and subcellular structures that carry drug

60



Chapter II

receptors, thus triggering pharmacological actions. One of the parameter which decides 

the solubility is the length of the carbon chain. As reported in sectioi|2.4.2.1., we have 

synthesised dendrimers made with lysine branch units (3a-c).

Theoretically ornithine mimics putrescine (biological diamine) which is well known for 

cross complexation with DNA using both amino functions on the same chain (Takeda 

et a i, 1983; Chiu and Oleinick, 1998). In order to determine the effect of chain length 

on the transfection ability of the dendrimers 3a-c, the branching unit lysine was replaced 

with ornithine which has one methylene group less resulted in compounds 4a-c adopting 

the solid phase methodology using DCC/HOBt strategy. These dendrimers were then 

cleaved from the resin and lyophilised. At this point it was noted that compound 4a was 

soluble in 95%acetic acid solution whereas compound 4b and 4c were soluble in lower 

concentrations. These dendrimers were then characterised by MS purified by RP-HPLC 

and were used as racemic mixtures.

O R N  —  N H C H C 0 N H C H C 0 N H C H C 0 N H 2
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Compound R*

4a NH2

4b 0RN-(NH2)2

4c ORN-[ORN-(NH2)2l2

2.4.3. Dendrimers with a targeting sugar

The presence of glycolipidic material in mammalian surface receptors has been shown 

by many authors in the last few years (Ashwell et al., 1982; Perales et a l ,  1994; Roy 

Chowdhury et a i, 1993), and it has became widely accepted that exposed sugar residues 

on glycolipids or glycoproteins serve as determinants for receptor recognition. 

Moreover, mammalian hepatic receptors are known to be specific for terminal D- 

galactose, whereas in avian liver, the receptors recognize a terminal D-glucose. On the 

other hand macrophages and Kupffer cells have been shown to bind D-mannose 

residues.

Glycoconjugates have been shown to be efficient in targeting therapeutic drugs and 

oligonucleotides. On this basis, glycoconjugates could be used to increase the efficiency 

of gene transfer. In order to make oligonucleotides more efficient, oligonucleotide 

derivatives were linked to neoglycoproteins through a disulfide bridge, allowing the 

release of the nucleotide in the endosomal vesicles. Monsigny et at (1994) showed that 

by using radiolabeled or fluoresceinylated oligonucleotides bound to specific 

glycosylated carriers, the oligonucleotide concentration associated with cells was 

significantly increased in comparison with free oligonucleotides or oligonucleotides
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bound to unglycosylated BSA.

Wu et al (1991) and Wilson et al (1992) developed a gene delivery system targeted 

towards the asialoglycoprotein receptor on hepatocytes and presented several reports in 

which exogenously administered oligonucleotides exhibit several biological activities. 

They developed, as a dmg delivery system carrier, asialoorosomucoid covalently bound 

to polylysine which had an affinity for oligonucleotides. The advantage of that technique 

was that the binding of the carrier to oligonucleotide was not covalent and that therefore, 

the decrease in activity of the oligonucleotide was minimal.

In this respect one interesting approach was to use synthetic specific glycomaterial as 

ligands for the delivery of genetic material and pharmaceuticals to target tissues. In view 

of the fundamental properties of cell wall components, their amphiphilic character 

conferred by the combination of lipophilic chains with hydrophilic carbohydrate groups, 

and their immense biological importance, a sugar which could be attached to a resin was 

designed.

Tetra-0-acetyl-P"D- glucopyranose (5a) was synthesised from p- D-Glucose using 

Acetic anhydride which was converted to Tetra-O-acetyl-P-D- glucopyranosyl azide (5b) 

using Trimethylsilyl azide and tin(iv)chloride under nitrogen conditions. The azide was 

then reduced using YijfPà resulting in compound (5c). Tetra-O-acetyl-P-D- 

glucopyranosyl amine (5c) and Boc-Asp-(0-Bzl)-OH was coupled with an amide 

linkage using dicyclohexylcarbodiimide (DCC) yielding N-a-(tetra-0-acetyl-P-D-
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AcO

AcO

OAc

OAc

5a

OAc

OAc

OAc

OAc

NH-CO-CHgCH

OAc
AcO

NH-BOC

OAc

5b

OAc

OAc

AcO

AcO

OAc

OAc

OAc

5e

OAc

5c

OAc

OAc

COOH

NH-BOC

glucopyranosyl)-N„-t-butoxycarbonyl benzylasparagine (5d) which was further reduced 

with H2 / Pd to yield N-a- (Tetra-0-acetyl-p-D-glucopyranosyl)-N„-t-butoxylcarbonyl 

asparagine (5e) which could be linked to the resin.

In order to achieve receptor mediated targeting and to study the effect of the presence 

of a sugar on the transfection efficiency of the dendrimers, compounds 6a-c were 

synthesised on a solid support using the DCC/HOBt strategy. N-a- (tetra-O-acetyl-P-D- 

glucopyranosyl)-N„-t-butoxylcarbonyl asparagine (5e) was attached to the PAM resin 

and three residues of a-amino tetra decanoic acid were introduced subsequently. Then 

the polylysine construct was added to the growing peptide chain using the same 

procedures as before, but by using lysine that was Boc protected at both a- and e-amino 

functions, two amino functions were available for coupling by the next residue. As
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described previously, the first level of coupling produced two amino ends, the 3’'*̂, 4* 

and 5^ level of coupling resulted in 8, 16, and 32 amino terminals, yielding compounds 

6a-c. The deacetylation was carried out using 2 % hydrazine. These dendrimers were 

then cleaved from the resin using HF as well and lyophilised. The resultant compounds 

were then characterised by MS, purified by RP-HPLC and were used as diastereomeric 

mixtures.

L y s —  NHCHCONHCHCONHCHCONH  ÇHCH2CONH2

\  \  \  C = 0LY!

LYS

LYS

OH

HO

OH

Compound R

6a NHz

6b LYS(NH2)2

6c LYS[LYS(NH2)2l2

2.4.4. Dendrimers containing a nuclear localisation signal peptide

The nuclear and cytoplasmic compartments of eucaryotic cells contain largely distinct 

sets of proteins (Bonner, 1975; De Roberts et a l, 1978). Studies of the fate of 

endogenously synthesised and exogenously introduced proteins suggest that all nuclear
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proteins are synthesised in the cytoplasm, from which the mature polypeptides migrate 

rapidly to the nucleus (Gurdon, 1970; Craig and Perry, 1971; Wu and Warner, 1971; 

Bonner, 1975; Feldherr., 1975; De Roberts e ta l,  1978; Yamaizumi e ta l ., 1978). Thus, 

the steady state segregation of proteins between nucleus and cytoplasm appears to be 

governed by an intrinsic property of mature polypeptides. How structures of proteins 

specify their distribution between the two compartments is not known.

Passage of proteins across the membranes of the endoplasmic reticulum, of 

mitochondria, or of chloroblasts is dictated by signal sequences of 20- 40 contiguous 

amino acids (Blobel, 1980; Watson, 1984). Specific signals are not, however, 

necessarily required for passage across the nuclear envelope. For instance, many large 

polysaccharides and several proteins that are normally secreted or membrane-bound 

have been observed to enter the nucleus following introduction into the cytoplasm, and 

to enter at a rate apparently governed only by their size (Paine and Feldnerr, 1972). Thus 

passage of proteins below M, 15,000 is not detectably retarded, a globular protein of 

67,000 (BSA) enters nuclei only very slowly, and a protein of 450,000 (ferritin) is 

excluded (Paine et a l,  1975). From such studies, the nuclear envelope has been 

proposed to behave as an array of cylindrical pores of internal diameter 7-11 nm (Paine 

et a l,  1975; Peters, 1984). This model of the envelope corresponds reasonably well with 

the dimensions of discrete structures called nuclear pores, which have been purified 

from the nuclear envelope and analysed by electron microscopy (Harris, 1981; Unwin 

and Milligan, 1982).
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It appears therefore that in vivo many small proteins may diffuse freely between nucleus 

and cytoplasm and accumulate in either compartment due to selective retention or 

differential degradation. However, some means of entry for large proteins is required, 

notwithstanding the possibility that some such proteins might invade the nuclear area 

during mitosis, at which time nuclear envelope breaks down transiently in most 

eucaryotes. It seems likely, therefore, that access of the majority of large proteins to the 

nucleus requires that they participate in a specific interaction with a cellular component 

involved in transport of proteins to the nucleus. The specificity of this interaction could 

then account for the selective distribution of such proteins between nucleus and 

cytoplasm (Kalderon et a i,  1984).

In general, nuclear localisation sequences are short stretches of highly basic amino acids 

that are preceded or followed by a structure breaking amino acid such as Pro or Thr. 

However, similar basic amino acid sequences also occur in a number of cytoplasmic 

proteins. The basic sequences in these cytoplasmic proteins might be buried inside the 

folded molecule or involved in a salt bridge. In nuclear proteins, the stretch of basic 

residues would be expected to be exposed on the surface of the molecule, making them 

accessible to elements of the nuclear transport machinery. The simian virus 40 large 

tumour antigen (S V 40 T antigen) contains a nuclear localisation signal which has been 

studied in detail. This sequence [amino acids 126 and 132 (Pro-Lys-Lys-Lys-Arg-Lys- 

Val)] is located in a very hydrophilic part of the molecule and would be expected to be 

exposed on its surface. Roberts et a/. (1987) inserted the SV 40 large T antigen signal 

into different parts of the chicken pyruvate kinase molecule. Chicken pyruvate kinase
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was chosen since its crystal structure has been solved. Nuclear transport was not 

observed when the targeting sequence was inserted into a part of the pyruvate kinase 

molecule that was not exposed on the surface, suggesting that exposure of the NLS is 

required for it to function.

To improve the transfection efficiency of the dendrimers, a NLS peptide (Pro-Lys-Lys- 

Lys-Arg-Lys-Val) was attached to compounds 7a, 7b, 8a and 8b. The core NLS peptide

LYS —  NHCHCONHCHCONHCHCONH X

Compound X R

7a H2NCO GLY VAL LYS ARG 
LYS LYS LYS PRO GLY

NH2

7b H2NCO GLY VAL LYS ARG 
LYS LYS LYS PRO GLY

LYS(NH2)2

was built first on a solid support then a glycine spacer was introduced. Three lipidic 

moieties were coupled to this construct (a-amino tetra decanoic acid). Then the 

polylysine structure was added to the growing peptide assembly using the same 

procedures as described previously, yielding compounds 7a and 7b Polyornithine
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constructs containing nuclear localisation signal peptide compounds 8a and 8b, were 

also synthesised for the structure-activity studies.

ORN —  NHCHCONHCHCONHCHCONH

Compound X R

8a H2NCO GLY VAL LYS ARG 
LYS LYS LYS PRO GLY

NH2

8h H2NCO GLY VAL LYS ARG 
LYS LYS LYS PRO GLY

0RN(NH2)2

2.4.5. Dendrimers with amphiphilic character

To mimic more complicated biological structures, dendrimers containing large 

lipophilic and hydrophilic moieties were also designed and developed. To study the 

effect of lipid attachment position on transfection efficiency compounds 9a-c were 

synthesised using the Fmoc and Boc strategy. These amphiphilic peptide dendrimers 

with lipophilic surfaces were synthesised employing the solid phase procedure on a
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PAM resin using DCC/HOBt. A lysine residue was introduced with the addition of 

Fmoc-Lys-(Boc)-OH. Sequentially, the Boc group was deprotected and two layers of 

lysine residues were added as Boc-Lys-(Boc)-OH resulting in 4 amino groups. Then, a- 

amino tetra decanoic acid residue was introduced as the recemic Boc protected 

compound (lb ) and acetylated. Then, the Fmoc group was deprotected using 20 % 

piperidine solution and subsequently, the polylysine constmct was added to the growing 

peptide chain using the same procedures as before, by sequentially adding Boc-Lys 

(Boc)-OH the first level of coupling produced two amino terminals, the 3̂ ,̂ 4^ and 5* 

level of coupling resulted in 8, 16, and 32 amino ends respectively. These dendrimers 

(9a-c) were then cleaved from the resin, lyophilised, characterised by MS, purified by 

RP-HPLC and were used as racemic mixtures.

CHgCONHCHKCHzliiCHglCO \  

CHgCONHCHKCHalnCHJCO ^

CHgCONHCHKCHzhiCHalCO ^

/ '
CHgCONHCHKCHzlnCHalCO

/
LYS

LYS LYS

\  /  
LYS LYS LYS

/  i

l y s :

LYS

R

\  LYS(^ ^
ONH, "

^  LYŜ :" ”  
^  R

Compound R

9a NH2

9b LYS(NH^2

9c LYS[LYS(NH2)J2
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2.4.6. Radiolabelled dendrimer for in vivo studies

In order that the conjugate could be traced or detected in biological assays, it was

necessary to synthesise the radiolabelled form of the compound 2d. Tritium radiolabel

was chosen to label the compounds because of its long half life, its relatively low cost

and its widespread availability. The tritium radiolabel was introduced by acetylating the

N-terminal of 10a with tritiated acetic anhydride in pyridine in the presence of DMAP

resulting in 10b. The dendrimer 10a was synthesised on solid support and partly

acetylated with [^H] acetic anhydride in pyridine. Then the completion of acétylation

was then acheived by using an excess of cold acetic anhydride, yielding radioactive

compound 10b. The characteristics of compound 10b were similar to compound 2d. 

The efficiency of labelling was monitored through quantitative ninhydrin testing.
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Compound

10a COCH(NH2)(CH2)hCH3

10b COCH(NHCOCH*3)(CH2)nCH^
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It can be concluded that based on the amino acids such as lysine, ornithine dendrimers 

were successfully designed and developed for drug delivery, including the delivery of 

genes. Dendrimers with lipidic surfaces were found to slightly soluble in water which 

might be due to the lipidic surfaces. Dendrimers with free amino terminals were found 

freely soluble in water except 4a and 4b. Milligram scale of these dendrimers were 

synthesised and the method of synthesis are given in the Appendix I.. The systems 

developed are characterised (Chapter JU) and evaluated in vivo.
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CHARACTERISATION OF THE

SYSTEMS DEVELOPED

This chapter describes the characterisation of the systems developed in this work for 

pharmaceutical and gene delivery purposes. Dendrimers with lipidic terminals were 

characterised by surface pressure studies, Molecular modelling studies and 

supramolecular aggregates formation. The stability of tritium labelled dendrimer which 

was used in vivo studies was performed in the presence of biological fluids. Dendrimers 

with free amino terminals were characterised for haemocompatibility, mobility shift 

assay and zeta potential measurements for the ability to form complex with DNA and 

the ability of these dendrimers to protect DNA in presence of nucleases. Dendrimers 

with free amino terminals were also evaluated for the in vitro transfection against Cos-7 

cells.

3.1. Experimental

73



Materials

Langmuir film balance obtained from Nima Technology, Coventry, UK, Chloroform 

from BDH, Sybyl 6.2 program from Tripos UK Ltd, UK on Silicon graphics 02 UNIX 

Workstation with 180 Mhz R 5000 RISC Processor, Philips XL 20 Scanner 

Transmission Electron Microscopy (Philips, Cambridge, UK), 1 % phosphotungstic acid 

(PTA), obtained from Sigma, Dorset, UK, Heparin tubes from L I P. (Equipment & 

Services) Ltd, Elisa plate reader from Titertekplus, Temperature controlled centrifuge 

from Varifuge halothane from Rhone-Poulenc Laboratory Products, UK, Foetal Calf 

Serum from Life Technologies, UK, Rats from Bantin & Kingman, UK, homogenizer 

from Philip Harris Scientific, UK, molecular porous dialysis membrane from Medicell 

International Ltd, UK, Scintillation counter from Wallac, Scintillation fluid from 

Wallac, UK, plasmids ( pGL3 basic and pGL3 control) gene delivery studies from 

Promega, DNase I from Boehringer Mannheim, Lambda DNA Hind HI marker from 

Promega, universal buffer from Stratagene, Zeta sizer from Malvern instruments, 

Malvern, UK, Cos-7 cells from European collection of animals. Cell Cultures phis, UK, 

culture dishes from Nunc, Life technologies, LKB Wallac 1250 Luminometer, 

luciferase assay reagent from Promega, Biorad Dc (detergent compatible) protein assay 

system from Biorad. All the reagents used were analytical grade reagents obtained from 

BDH chemicals.

3.1.1. Surface pressure studies

Monolayers of the dendrimers were spread from solutions in chloroform (50 pi) on
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purified water in a Langmuir film balance (Nima Technology, Coventry, UK), swept to 

remove adsorbed impurities water allowing 10 min. for solvent evaporation before 

commencing compression at a rate of 100 cmVmin. Surface pressure (11) versus 

molecular area (A) isotherms were recorded at 25 °C. The automated film balance was 

equipped with two barriers for symmetric compression, a pressor sensor and a filter 

paper Wilhelmy plate capable of an accuracy of measurement of 0.1 mN/m. Limiting 

areas per molecule were obtained from the H-A isotherms by extrapolating n  surface 

pressure plots to zero. The surface pressure measurements were replicated and the 

results were reproducible, with the experimental error not exceeding ±2%.

3.1.2. Simulated area by computer models

The molecular models of dendrimers with lipid terminals were generated by using 

Sybyl.6.2. program on Silicon Graphics 0 2  UNIX Workstation with 180 MHz R 5000 

RISC Processor. The energy minimization of these structures were performed by 

Simplex method which is a non derivative based procedure, used on an atom by atorn 

basis until the maximum force on any atom is below some specified value. The 

projected area of the compounds were calculated by arranging the hydrophilic moieties 

in a spherical form and measuring the average diameter using the Sybyl 6.2 program 

(Tripos UK Ltd, UK).
t

3.1.3. Formation of supramolecular aggregates

To study the potential of the dendritic molecules to aggregate into higher order 

structures, solutions (1 mg ml * ) of the compounds in chloroform were prepared. A thin
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film of the compound was formed in a round bottomed flask by vacuum drying under 

an atmosphere of nitrogen. A small amount of water was added to hydrate the films and 

the suspension stirred at 37 °C for 24h. The size of the aggregates was determined using 

Transmission Electron Microscopy (TEM), carried out on a Philips XL 20 Scanner 

(Philips, Cambridge, UK), using negative staining with 1% phosphotungstic acid 

(PTA), (Sigma, Dorset, UK). The removal of excess sample and staining agent was 

carried out using hardened filter paper and transferred straight to the microscope,

3.1.4. Haemocompatibility studies

Fresh blood was obtained from rats through cardiac puncture, collected in heparinised 

tubes and centrifuged at 1,000 g for 15 min. at 4 °C. Discarded supernatant, made 

volume up to 10 ml with chilled phosphate buffered saline (PBS).The suspension was 

centrifuged again and the step repeated twice. Finally, the supernatant was removed and 

2%w/v erythrocyte suspension in chilled PBS was prepared. 100 pi of samples of 20 

pg/ml concentration were added to flat bottomed ELISA plates. 1% w/v of Triton X 100 

was used as the control. 100 pi of erythrocyte suspension was added and incubated for 

Ih. The plates were removed and centrifuged. 100 pi of the supernatant was removed 

and placed into a fresh Elisa plate and the absorbance was measured at 545 nm with 

PBS as blank. The % population lysis was calculated by using the formula

Percentage Population Lysis=---- Absorbance ^100
Triton Absorbance
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3.1.5. In-vitro degradation studies

A Gut contents/Mucosal Scrapings (GCMS) mixture was prepared by fasting 4 male 

Wistar rats (260-270g, 9 weeks old) for 12h in metabolic cages. The animals were given 

free access to water and were sacrificed using halothane anaesthesia (Rhone-Poulenc 

Laboratory Products, UK). The entire intestine from pylorus to anus was removed, 

placed on ice and then the intestine was cut into segments of approximately 3 cm in 

length. The contents of each segment were forced out using a forceps and collected. The 

intestinal segments were opened longitudinally, the mucosal scrapings being added to 

the gut contents. The collected material was diluted 1:4 with ice-cold phosphate 

buffered saline (PBS, pH 7.4) and homogenized using a blender and homogenizer 

(Philip Harris Scientific,UK).

3.15.1. In Vitro degradation of dendrimer in GI tract or serum samples

A known quantity of the tritium labelled dendrimer (Compound 10b)was added to the 

GCMS mixture, the Foetal Calf Serum(FCS) or to Rat Plasma (1ml) and stored in a 

molecular porous dialysis membrane (Medicell International Ltd, UK) with molecular 

weight cut off 5000 daltons. The dialysis medium was PBS pH 7.4 (30 ml) and the 

investigations were carried out at 37° C. At various time intervals sample (0.5ml) was 

removed from the dialysis medium and of scintillation fluid (4ml) added and 

radioactivity measured.

3.1.6. Gel retardation/Mobility shift assay

Plasmid DNA (2.5 pg) from Promega and varying concentrations of dendrimer la -c  (1-
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50 |ig) were mixed at various charge ratios. Complex formation between dendrimers and 

DNA was confirmed by electrophoresis of complexes on an 0.8 % agarose gel in 0.5 

xTris borate EDTA. Uncomplexed or free plasmid DNA was used as a negative control 

for measurement of mobility shift. The migration of free DNA was observed when complex 

formation is incomplete. These dendrimer/DNA complexes were subsequently used for 

Zeta potential measurements and a nuclease protection assay. For gel electrophoresis, 

15pl of the samples, ethidium bromide staining and a voltage of 3V/cm were used.

3.1.7. Zeta potential measurements of complexes

10 pi of the dendrimer/DNA complex was diluted to 5 ml with 10 times diluted PBS. 

Samples were placed in the Zeta-Sizer (Malvern Instruments, Malvern UK) and 

analysed immediately. Five repeat measurements were taken, with 30 s intervals in 

between measurements to ensure equilibration of the samples. Although adsorption of 

the cationic dendrimers onto the negatively charged cuvette wall was noticeable, this 

appeared not to interfere with the reproducibility of the measurements.

3.1.8. Nuclease protection assay

This assay was performed in order to ascertain the ability of these dendrimers to protect 

DNA from nucleases which is necessary for the improved transfection efficiency. DNA 

(5 pg) and dendrimers (compound 3a and 3b at various concentrations) were diluted 

separately in distilled water. Equal volumes of these were mixed (final volume 100 pi) 

and incubated at room temperature for 30 min. 45 pi of the complex was incubated with 

10 units DNase I (Boehringer Mannheim) and 0.5x universal buffer (Stratagene) to a 

final volume of 50 pi. Following incubation for 15 mins at 37 °C, aliquots of both
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digested and undigested complexes were resolved on an 0.8 % agarose gel. Naked 

supercoiled plasmid was used to monitor both complex formation (mobility shifts) and 

nuclease protection.

3.1.9. In vitro transfections

Cos-7 cells were seeded at 5x10"  ̂cells in 6 cm culture dishes (Nunc, Life Technologies, 

UK) in DMEM supplemented with 10 % PCS and antibiotics/antimitotics at 37 °C in 

a humidified atmosphere containing 5 % CO2 so that the growth was exponential. Cells 

were transfected after 24 h of culture at 50/70 % confluency. Immediately prior to 

tranfection, the growth medium was replaced with fresh medium. Plasmid DNA 

containing the luciferase gene under the control of the SV40 enhancer and promotor 

elements, purified according to standard procedure was mixed with a variable quantity 

of cationic lipid dendrimers in Optimem I. The stock solutions of cationic lipid and 

DNA were made in Optimem I. After mixing DNA with cationic lipid dendrimers, the 

systems were left for 30min at room temperature. Duplicate determinations were 

performed for each concentrations. After 6 h transfection, the medium was replaced 

with fresh DMEM. The cells were then incubated at 37 °C for an additional period of 

44 h and evaluated for gene transduction by the luciferase assay.

Luciferase assay: The medium was removed and washed with PBS and the cells were 

lysed using a cell lysis buffer and centrifuged. 10 pi of the supernatant was used for the 

luciferase assay. Activity was measured in a LKB Wallac 1250 Luminometer (10 s 

monitoring) after the addition of 100 pi of luciferase assay reagent. 10 pi of the
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supernatant was used for the protein determination using the Biorad Dc (detergent compatible) 

protein assay system. The firefly luciferase enzyme in the lysate buffer catalyses a reaction using 

D-luciferin and ATP in the presence of oxygen and Mg resulting in the light emission.

3.2. RESULTS AND DISCUSSION

3.2.1. Characterisation of dendrimers for drug delivery 

3 2.1.1. Surface Pressure studies

The monolayer technique is a unique means to investigate intermolecular interactions 

because it detects intermolecular forces acting in virtually a two dimensional array of 

molecules. When amphiphilic molecules are spread at the air/water interface, they show 

various states such as “gaseous” or gas-analogous, fluid expanded, fluid condensed, and 

solid-condensed phases, depending on the material and on the surface pressure. The 

existence of these states can be analysed on the basis of a IT-A isotherm which reflects 

the interactions and molecular packing between the amphiphilic molecules. The 

relationship between the structure of amphiphiles and the surface properties of the 

monolayers has been investigated.

Investigations of monolayers also supply precise information about the packing and 

orientation of amphiphiles which can not be gained from other model membranes. With 

the help of a film balance, monomolecular films can be characterized in the form of 

surface pressure- area diagrams (isotherms). This is a very sensitive method which 

responds to small changes in the structure of the spread lipids. By means of isotherms, 

it is possible to gain information not only as to the orientation of amphiphiles, their 

mobility in membranes, but also the interactions with substances dissolved in the
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subphase (e.g. proteins). Furthermore, by using a fluorescence microscope phase- 

separation processes within the monolayer can be visualized, as spread film are not 

always homogeneous.

Monolayers of certain insoluble substances may be formed on the surface of a substrate 

by dissolving in a suitable volatile solvent and carefully dropping the solution on to the 

surface. The film so obtained is not in equilibrium with the bulk solution. All of the 

spread film molecules remain on the surface and hence the number of molecules per unit 

area of surface is generally known directly.

The II-A isotherms obtained for monolayers of the compounds are shown in Fig. 3.1. 

The characteristics of the dendrimers derived from these experiments are given in Table

3.1. A typical rise in surface pressure for the compounds was recorded during 

compression at a molecular area between 0.802 nm^ and 30.38 nm^. On further 

compression the surface pressure increased without evidence of transition. The low 

compressibility (dll/dA) of the films was a sign that the complex dendrimer molecules 

were packed tightly and that the cohesive forces between them were considerable. All 

the compounds gave characteristic isotherms with a high collapse pressure, between 

46.4 mNm'^ and 53.42 mNm \

Fig. 3.2. shows the II-A curve for cholesterol which produces a typical condensed film 

on an aqueous substrate (Reiss et a l, 1976). The film pressure remains very low at high 

film areas and rises abruptly when the molecules become tightly packed on
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Fig. 3.1. Surface pressure-isotherms o f  lipidic peptide dendrimers. Conditions: 
Dendrimers spread on water as solutions in chloroform (50 pi) allowing 10 min 
fo r  solvent evaporation before commencing compression at a rate o f  lOOcm^ /  
min at 25 °C. (Legends: ■  2a, A  2b, T  2c, ♦  2d, ★ 2e, #  2f, □  2g, O  2h)
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Table 3.1. Characteristics of the lipidic peptide dendrimers

Compound Generation
number

Number of 
branches 

and lipidic 
ends

Length of 
the alkyl 

chain 
attached

Number of 
lysine 

residues

Maximum 
surface pressure 

achieved 
(mN m^)

Area per 
molecule
(nm ^l

Projected area 
by the simulated 
computer model

(nm )̂

2a 1 2 12 1 46.4 0.41 0.53

2h 2 4 12 3 51.1 0.76 1.01

2c 3 8 12 7 46.7 1.85 1.92

2d 4 16 12 15 53.4 4.71 4.63

2e 5 32 12 31 53.3 8.82 6.48

2f 6 64 12 63 52.6 16.1 13.97

2g 4 16 8 15 46.0 1.21 4.63

2h 4 16 16 15 48.2 5.17 4.63
* Measured atn= 36 mNm'^
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compression. Simultaneous electron micrographs of the film covered surface have 

shown cholesterol clusters or islands which gradually pack more tightly at greater 

pressures. The film becomes continuous as the pressure is further increased and at such 

higher pressures the molecules are in contact and oriented as depicted in Fig.3.2. The 

extrapolated limiting surface areas of 0.39 nm^ is very close to the cross-sectional area 

of a cholesterol ring system calculated from molecular models. The H-A curves obtained 

for the compounds |2a-h show a generally similar pattern o f cholesterol.The 

determination o f the area per molecule o f cholesterol was used periodically to ensure 

that the results on the dendrimers were accurate.
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Fig. 3.2. Surface pressure versus area per molecule fo r  cholesterol which forms a 
typical condensed monolayer, and a schematic drawing o f  the orientated 
molecule. From H.E.Reis, etal, J.Colloid. Interface Sci. 57, 396 (1976).
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The estimated area per molecule o f the compounds ranged between 0.41 nm^ and 16.1 

nm^. The molecular area increased, as anticipated, with the increasing generations of 

the dendrimer family. A reasonably linear correlation between the logarithmic 

area/molecule in nm^ and the logarithm o f the molecular weight o f the dendrimer was 

observed (Fig. 3.3).

30 1

20

A rea P er M olecule In nm^

Fig. 3.3. Relationship between the measured area per molecule and the molecular 
weight of the synthetic dendrimers. A linear correlation is observed.^ = 0.9949.

3 2.1.2. Simulated Computer Model Studies

The molecular models o f dendrimers with lipid terminals were generated by using 

Sybyl.6.2. program on Silicon Graphics 0 2  UNIX Workstation with 180 MHz R 5000 

RISC Processor. The projected area of each compound was calculated by arranging the 

hydrophilic moieties in a spherical form and measuring the average diameter o f the 

energy minimized structures using the Sybyl 6.2 computer program (Tripos UK Ltd,
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UK). The molecular model of compounds|2a-his given in Fig.3.4 in which it can be 

found that the lower generation dendrimers are less crowded than the higher generation 

dendrimers. After generation 6, the next generation could not be built as the system 

became more tightly packed and may also be due to the intermolecular forces of 

attraction. The correlation coefficient between the area per molecule observed by surface 

pressure measurements and projected area was found to be 0.9877 ( Fig. 3.5).

Compounds 2g and 2h were synthesised to determine the effect on the area per molecule 

of the length of the alkyl chain attached to the dendrimers, Compound 2g, which 

contained shorter chains of 8 carbon atoms had a low apparent area per molecule of 1.2 

nm^ possibly due to its ability to dissolve to an extent in the sub-phase during 

compression. Compound 2h which contained 16 carbon chains was poorly soluble in 

the sub-phase and its films were stable at the air/water interface producing a limiting 

area per molecule of 5.2 nm^ (Fig. 3.1).

Savilie et al. (1995) found that polyether dendrimers could form surface multilayers. 

Their compounds had surfactant like properties up to the third generation, the fourth 

generation marking the end of such behaviour. Our lipophilic peptide dendrimers were 

insufficiently soluble in water to assess conventional surfactant properties but the 

behaviour of the compounds at the air/water interface was clearly dependent on the 

length of the lipophilic chain attached to the core molecule.
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Fig. 3.4. Molecular models o f the dendrimer generations from 1 to 6 
(Sybyl 6.2 computer program). The system becomes more crowded in 
relation to the number o f generations. Generation 7 was not able to be 
synthesised due to the limitations o f  steric hindrance.
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20 ,
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Area per Molecule In sq.nm

Fig. 3.5. Relationship between area per molecule determined by surface pressure 
measurements and the projected area from molecular modelling o f the 
dendrimers. A linear correlation is observed. (r^= 0.9877)

Bo et al (1997) synthesised a novel amphiphilic polyether dendrimers bearing eight 

alkyl chains and found that they could also form stable monolayers at air-water 

interface, but with lower collapse pressures.

Fujita et al (1997) investigated supramolecular assemblies o f various hydrophobic 

helical peptides containing a-amino iso butyric acid and its derivatives. The surface 

pressure-area isotherms o f the peptide monolayers showed an inflection at the surface 

area corresponding to the cross section along the helix axis, and the monolayers 

collapsed by after compression. An amino-terminated helical peptide, HA16B, was 

suspended in an aqueous medium by a sonication method and a transparent dispersion 

was obtained. Dynamic hght scattering measurement revealed a particle size of 75 nm
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with a narrow size distribution. The molecular assembly of the helical peptide in water 

was called a “peptosome”, because it takes on a vesicular structure.

Helical structures are generally stabilised by intermolecular hydrogen bonds. In the case 

of the a-amino iso butyric acid derivatives discussed, three amide protons and carbonyl 

groups at the N- and C- terminal ends of the helix, respectively, are not involved in the 

hydrogen bonds and would be hydrated when the peptide is spread at the air/water 

interface. This is the reason the helices have an orientation parallel to the interface 

(Fujita et al 1997).

Peptide molecules may form regular assemblies at the air/water interface or in aqueous 

medium. Since peptides have a secondary structure, the peptide assembly then possesses 

a supersecondary or a tertiary structure. Therefore, construction of a peptide 

supramolecular assembly using interaction between the molecules with defined 

secondary structures is compared to the protein folding process. The peptide assembly 

is interesting in terms of the molecular mechanism on the protein folding process. 

Furthermore, creation of a novel functional system by the peptide supramolecular 

assembly is possible.

3.21.3. Formation of supramolecular aggregates

The hydrophobic effect is widely seen as a vital driving force in self-organisation 

processes in nature. Because dendrimers are amphiphilic, with both hydrophobic and 

hydrophilic moieties, there is the possibility for them to self assemble into micelles or
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bilayers. The structure and stability of the aggregate is dependent on both internal 

conditions such as the critical packing parameter, i.e. the relative size of the hydrophilic 

to hydrophobic portions and external conditions such as concentration and temperature 

(Zeng and Zimmermann, 1997).

Under identical conditions, diastereomers and enantiomers, produce a variety of 

molecular assemblies. It is not the shape of a molecule that determines the shape of its 

molecular assemblies, but the degree of binding and repulsion between them. The more 

binding interactions occuring between molecules, the larger will be the assemblies 

formed, because monomers are less likely to escape. Curvature of large assemblies, such 

as micellar fibres, is then determined by the degree of bending within the monomers. 

Some examples of schematic representation of structures of surfactant aggregation is 

given in fig 3.6.

The low generation dendrimers (compounds 2a-2c) did not appear to form 

supramolecular aggregates visible by TEM. Only the 4th generation dendrimer (2d) was 

found to form supramolecular aggregates spontaneously. Probably due to their 

overwhelming lipophilic nature and geometry, dendrimers of a higher generation were 

not found to form vesicles or other aggregates. The films of highly branched dendrimers 

(compounds 2e and 2f) could not be hydrated, so did not form supramolecular 

aggregates. The structures formed from (2d) as seen in Fig. 3.7 & 3.8. had a length of 

about 140 nm and a thickness of about 40 nm. Apart from the helical pattern adopted 

by individual structures, some appear as bundles of three to four aggregates (Fig. 3.9).
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Fig. 3.6. Examples o f organized surfactant structures. (Schematic representation o f  
various forms o f surfactant aggregation) From.F.Vogtle., Supramolecular 
Chemistry 287 (1993).
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100 nm

Fig. 3.7. Supramolecular structures formed with compound 2d (1mm = 
9.5nm)Conditions: A thin film of the compound was formed in a round bottomed 
flask by vacuum drying under an atmosphere o f nitrogen. A small amount o f 
water was added to hydrate the films and the suspension stirred at 37 °C for 24 
hrs.

Fig. 3.8. Supramolecular structures formed with compound |2d (Imm = 
9.5nm)Conditions: A thin film o f the compound was formed in a round bottomed 
flask by vacuum drying under an atmosphere o f nitrogen. A small amount o f 
water was added to hydrate the films and the suspension stirred at 37 °C for 24 
hrs.
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100 nm

Fig. 3.9. A bundle o f vesicles coiling among themselves o f the compound 3d ( I mm =14 
nm)Conditions: A thin film of the compound was formed in a round bottomed 
flask by vacuum drying under an atmosphere o f nitrogen. A small amount o f 
water was added to hydrate the films and the suspension stirred at 37 °C for 24 
hrs.

Fig.3.10 speculates on the manner in which dendrimer (4) forms cylindrical tubule in 

aqueous systems. All lipophilic chains of the dendrimer units (A) may associate to form 

tubules (B) with a cross section as shown (C). It is possible that due to hydrogen 

bonding interactions these tubules may associate to form bundles (D).

Newkome et al. ( 1992) have not only confirmed the stacked aggregation of an arborol 

alkyne gel but also revealed a unique helical morphology presumably promoted by the 

increased core rigidity and electron repulsion of the juxtaposed alkynes (Fig.3.11). The 

large diameters of the twisted rods (-60 nm) demonstrated in the electron micrographs 

probably resulted from the packing of individual rods into grooves of adjacent helical
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rods, or aggregates, thereby producing “supercoil” or “molecular rope" nanostuctures. 

In the case of our lipidic peptide dendrimers the “twisted” morphology seen in Fig. 3.9 

might have similar origins.

Recently Hudson et al. (1997)outlined the mechanisms by which flat tapered and 

conical monodendrons of polyether dendrimers generate cylindrical and spherical 

supramolecular dendrimers and their subsequent self-organisation (Fig.3.12). This opens 

new strategies for design at the molecular level of carrier system.

140 • 200 nm

-2 4  nm

70 nm

Cross section C
-70  nm

^  Hydrophilic core 

Hydrophobic chain 

Oendhmeric unit

Fig. 3.10. Possible modes o f association o f lipophilic dendrimer in aqueous dispersions. 
A: a typical tubule with the dimensions o f 140-200 nm length and ~ 24 nm 
thickness measured from Fig 3.9. with cross section. B: Shown enlarged, with 
the possible association to bundles.
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Fig.3.11. Postulated aggregation o f the alkyne arborols. Association o f the individual 
aggregates, or stacks, leads to ‘molecular ropes ’ From Newkome G.R. et ai, 
Angew.Chem.lnt.Engi, 31, 917, (1992).

/  O

Fig.3.12. Self-assembly o f first generation fla t tempered monodendrons into a 
supramolecular cylindrical dendrimer and the subsequent formation o f the 
supramolecular assembly. From Hudson S.D. et ai. Science 278, 449-452, 
rVPPT).
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Several dendritic macromolecules were designed as covalent analogues of spherical 

micelles, but the majority are so tightly packed it is impossible for them to entrap dyes. 

Only the water soluble unimolecular polyether dendrimer (Hawker et a l, 1993) micelle 

was capable of dissolving 0.45 molecules of pyrene. A typical SDS micelle dissolves 

around 0.93 molecules per micelle. However, the SDS micelle with an aggregation 

number of 62 has twice the molecular weight of the dendritic polyether suggesting that 

the solubilizing powers were very similar. The properties of the polymer micelles are, 

of course, independent of concentration.

The best known examples of fluid rod structures are those formed by swelling of lecithin 

multilayer crystallites in water (Sakurai et a l,  1985). They are of light-microscopic 

dimensions and belong to the class of myelin figures, which are amphiphilic multilayer 

structures. During the first step, simple rods of 20-40 pm diameter (-250 molecular 

bilayers) grow into the medium and produce many irregular foldings without changing 

width. The second step is characterized by much slower growth rates and the appearance 

of several helical and coiling forms. In the third and final step, contacting helices and 

coils fuse into oily streaks and complex mosaic structures. The fluid character of all 

these structures becomes apparent through the continuous changes of the structures upon 

the flow of new material from the lecithin crystals to the 20- 40 pm rods.
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100 (um

Fig.3.13. The swelling o f lecithin crystallites in water produces “myelin figures composed 
o f many hydrated molecular bilayers. The process depicted in the four pictures takes a 
few  hours. (I.Sakurai. E ta l ,  Mol.Cry s.Liq. Cry s., 1985, 130, 203-222).
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The same swelling process as in water-insoluble amphiphiles, e.g. lecithin and synthetic 

analogues, which produce rods, may also lead to water-filled tubular vesicles. The 

surface of these closed tubular structures of light microscopic dimensions is again of a 

fluid character, where the size and shape of the tubules constantly change. Addition of 

hydrophobic dextran derivatives leads to strings of vesicles which through the 

introduction of hydrophobic chains only to the outer surface re-establish the curvature 

in two dimensions, removed previously in converting spherical vesicles to cylinders. 

(Ringsdorf er a/., 1988).

Fig.3.14. Changes o f morphology of a lecithin tubule (A) after addition of a dextran 
polymer with hydrophobic side chains (B) From H.Ringsdorf et al 
Angew.Chem., Int.Ed. Engl., 27, 113(1988).

97



Chapter III

3.2.1.4. In  Vitro Degradation of Dendrimer in GI Tract or Serum Samples

For degradation studies with a dendrimer (10b), known quantity was incubated with GI 

tract sample or serum in a dialysis membrane and aliquots of the dialysis medium were 

taken at various intervals and centrifuged. Dendrimer degradation resulted in the 

formation of fragments, which were detected in the dialysis medium, as the molecular 

weight cut off of the dialysis membrane was 5000 Daltons. The degradation was 

assessed with reference to a zero time control (t=0) and a total degradation control. If 

total degradation had taken place, all the associated radioactivity would be in the 

dialysis medium. As the degradation proceeded, the radioactivity of the medium 

increased from the starting level. The graph of the percent dendrimer degraded as a 

function of time is given in Fig.3.15.

25 ,

20 -

T3
15 -

10 -

Time in Hours

Fig- 3.15. Dendrimer degradation in various biological fluids with respect to time (♦  
foetal calf serum #  Gastrointestinal scrapings ▲ rat plasma) Conditions: 
Compound 10b was stored with biological fluids in a dialysis membrane (I 
parts o f dendrimer to 20 parts o f biological fluid) and the radioactivity released 
to the media (PBS, pH. 7.4) through the membrane was measured.
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No increase in radioactivity was detected in the dialysis medium over a 5h period when 

the dendrimer was incubated with GCMS mixture, FCS and rat plasma in a 1:2, or a 1:5 

ratio. This demonstrated that little or no degradation of the particles had taken place 

under these conditions. Some degradation occurred when the ratio of particles to the 

GCMS mixture was increased to 1:20 as shown in Fig|3.15. However, the amount of 

degradation was modest (7%). The 1:20 incubation ratio represented a considerably 

higher ratio than the likely in vivo situation, in which maximum 0.2 ml of the dendrimer 

was introduced directly into stomach which has a volume approximately 3 ml.

The dendrimer demonstrated stability in FCS and rat plasma up to 24 incubation, as 

negligible radioactivity was detected in the medium when the dendrimer was incubated 

with serum/plasma. After 24 h, the radioactivity detected in the medium rose, indicating 

degradation had occurred, but the degree of degradation was negligible ( up to 22%).

Although the use of a radiolabel is a convenient and sensitive method to study the 

uptake and translocation of a dendrimer, the radioactivity determined does not 

necessarily indicate the presence of the intact dendrimer, if there has been chemical or 

biological degradation. During the in vitro degradation studies, after 24 h incubation, 

samples were analysed by mass spectrometry to confirm the presence of dendrimer 

qualitatively. Due to the diastereomeric nature of the dendrimer quantitative estimation 

of undegraded dendrimer could not be performed.

Although many dendrimers are already being synthesised on a hundred kilogram scale
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Fuhrhop and Koning (1994) feel these molecules may not be suitable for medical 

applications as phenolic ether or polyamine compounds are both normally not 

biodegradable so that major problems are foreseeable. They suggest the alternative is 

the employment of hydrolysable esters. We believed that as our dendrimers are made 

of amino acids they should be biodegradable. The stability studies indicated that the 

dendrimers are stable for considerable periods of time but they do degrade slowly.

These in vitro experiments demonstrated that the dendrimer did not degrade 

significantly in the GI tract and suggested that after oral dosing, the dendrimer would 

remain intact during their transit through the GI tract. These experiments also 

demonstrated the in vitro stability of the covalent bond linking the radiolabel to the 

carrier. This suggested that in vivo, the integrity of this bond would remain intact, so that 

the radiolabel would remain associated with intact dendrimer and therefore be indicative 

of the uptake of intact dendrimer.

3.2.2. Characterisation of the dendrimers for gene delivery

To obtain novel tools for increased in vitro and in vivo gene delivery, for tissue targeting 

and also for cellular trafficking studies, we have implemented systematic modifications 

in the cationic dendrimers. A series of dendrimers containing lipidic backbones were 

synthesised. Our strategy focussed on (i) the presence and/or number of amino groups, 

(ii) the length of the linker chain (Compounds 4a-4c), (iii) the attachment of a sugar unit 

to the dendrimer (Compounds 6a-6c) and (iv) the position of attachment of the lipid 

moiety (Compounds 9a-9c). In addition, we have synthesised peptide dendrimers

1 0 0



Chapter III

containing a nuclear localisation signal sequence (Compounds 7a, 7b, 8a and 8b) to 

enhance transgene expression in vitro.

3.2.2.I. Haemocompatibility studies

The rat erythrocyte compatibility studies indicated the toxicity of the dendrimers 

studied in this work. Although the release of haemoglobin is related to the osmotic 

pressure difference created by dendrimers, the results gave some idea about the 

intravenous toxicity. The graph drawn between the number of amino groups present in 

dendrimers and the percent haemoglobin released is given in Fig. 3.16. From this graph 

it can be found that the toxicity of these compounds is due mainly to the presence of 

amino
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Fig. 3.16. Relationship between the number o f amino groups and percentage 
haemoglobin release after Ih incubation at 20 pg/ml concentration ^lipid-lysine 
dendrimers (Compounds 3a-3c) ■ Amphiphilic dendrimers (Compounds 9a-9c) #  
Sugar based dendrimers (Compounds 6a-6c)A Lipid-Omithine dendrimers (4a-4c).
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groups. As the number of amino groups of the dendrimers increases the degree of lysis 

also increases. The order of toxicity is as follows: lipid lysine dendrimers> lipid 

ornithine dendrimers> sugar based dendrimers > amphiphilic dendrimers. The 

amphiphilic dendrimers released haemoglobin less compared to other type of 

dendrimers. Perhaps this study indicates that the toxicity of the dendrimers was related 

to the position of lipid chain within the molecule. | (CarrenoGomez and Duncan., 1997)

3.2.2.2. Gel retardation/Mobility shift assay

The complex used to transfect cells is composed of two components: a dendrimers with 

free amino terminals and DNA. The proportion of each of the components can be 

optimized for a particular application. Binding and condensation are based on the 

electrostatic interactions of the negatively charged DNA and the positively charged 

dendrimer. The net charge of the complex is neutral when DNA is completely bound to 

dendrimer in an equal number of positive amino charges on the dendrimer to the number 

of negative phosphate groups on DNA. Formation of the complex takes place within 

seconds to minutes after mixing the components and yields salt resistant particles stable 

at a wide range of pH (Kukowska-Latallo et a l,  1996).

The binding of plasmid DNA to the dendrimer appears to alter the secondary and 

tertiary, but not the primary structure, of the DNA. The dendrimer condenses the 

plasmid DNA and the degree of condensation appears to depend on the size of the 

dendrimer, the concentration of the DNA, and the DNA:dendrimer charge ratio used 

(Bielinska et al., 1996).
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Specific interaction and complex formation with DNA was achieved with compounds 

3a-c containing 8, 16 and 32 free amino groups respectively. When DNA was mixed 

with dendrimers, the electrostatic interaction is the most likely driver of complex 

formation. Migration of DNA on an agarose gel was retarded because of the charge 

neutralisation and/or increase in the molecular size of the complexes (Fig. 3.17). The 

charge ratio (+/-) was defined as the ratio of the number of amine groups in dendrimers 

to the number of phosphate groups in DNA. The amount of free DNA which did not 

participate in the complex formation decreased with increasing charge ratio and total 

retention was observed above a charge ratio of 4/1 for dendrimers with 8 amino groups, 

and above charge ratios of 2/1 and 1/1 for dendrimers with 16 and 32 amino groups.

3.2.2.3. Zeta potential of dendrimer/ DNA complexes

Takeuchi et a l  (1996) indicated that the zeta potential of cationic liposomes is one of 

the factors which controls gene transfection. The zeta potential of the complexes at 

different concentrations of dendrimer (compounds 3a-c) and DNA is given in Fig. 3.18. 

Aggregation of DNA complexes is an almost inevitable problem under the high 

concentration and physiologically compatible buffer conditions generally required for 

in vivo administration. Although little formal work has been published with respect to 

the mechanisms and conditions under which aggregation of DNA condensates occurs, 

extensive literature exists in the areas of colloid and surface chemistry from which we 

can adapt established concepts and principles for application to this case.

103



Chapter III

Land: Free DNA; lane 2-11: 1, 2.5, 5 ,10 , 15, 20,25, 30 ,40  and 
50|ig Compound 3a complex with 2.5 pg DNA; lanel2: marker

23K

9K
6K

Land: Free DNA; lane 2-11: 1, 2.5, 5, 10, 15, 20, 25, 30, 40 and 
50pg Compound 3b complex with 2.5 pg DNA

B

Lanel: marker; Lane2:Free DNA; lane 3-12: 1, 2.5, 5, 10, 15, 20, 
25, 30, 40 and 50pg Compound 3c complex with 2.5 pg DNA

Fig. 3.17. Mobility shifts o f  dendrimer/DNA complexes. A: 
Compound 3a; B: Compound 3b and C: Compound 3c. Conditions: 
2.5 pg o f DNA was mixed with varying concentrations o f  
dendrimers (1-50 pg). Complex formation between dendrimers and 
plasmid was confirmed through electrophoresis o f  complexes on an 
agarose gel.
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The pursuit of colloid chemistry is to control aggregation, either by preventing it 

through stabilization of a dispersed colloid or maximising it through destabilization of 

the system. Although polyelectrolytes such as gum arabic are frequently used in the 

stabilization of lyophilic colloid, the size of colloids generally studied are about one to 

two orders of magnitude larger than the DNA toroids with which we are concerned; the 

difference in physical scale will no doubt influence the relative magnitude of governing 

forces in the stabilization of the solution behaviour of these structures.

-10

-20

DENDRIMER CONCENTRATION (fig)

Fig. 3.18. Zeta potential measurement o f  Dendrimer/DNA complexes. Conditions: 10 
pi o f the dendrimer/DNA complexes ( ♦  3a; ■  3b; A  3cj were diluted to 5 ml with 10 
times diluted PBS (pH 7.4) and five repeat measurements o f  zeta potential was 
measured with 30 s intervals.
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The fine line between stabilization and flocculation lies in the balance between the 

repulsive and attractive forces between the particles. The stability of the colloids can 

be explained by DLVO theory which presumes the colloids are of like charge, the 

repulsive forces are primarily electrostatic, with distance-and solution-dependent 

behaviour as described by the diffuse electorstatic double layer sorrounding a charged 

particle. The attractive interactions are, generally, the van der Waals attractive forces, 

comprised of the Debye, Keesom, and London forces, all of which exhibit a (distance)'^ 

dependence. By convention, repulsive energies are positive and attractive energies are 

negative. Where the net energy is negative, aggregation occurs. (Tang and Szoka., 1998).

The DLVO theory, for example, appears to qualitatively explain the aggregation 

observed with DNA condensates formed with low molecular weight, multivalent cations 

under physiological conditions. The association constant of low molecular weight 

multivalent cations is small, even under conditions of excess ligand, they do not lead to 

an excess of positive charge in the complex when they associate with DNA. Thus, the 

zeta potential on these complexes is small in magnitude and slightly negative. This 

weakly repulsive electrostatic force is easily overcome by attractive forces in the 

presence of salt, thus resulting in aggregation. Since DNA binding by cationic polymers 

is almost irreversible, cationic polymers can associate with the condensed particle in 

excess, leading to a strongly positive zeta potential. For some cationic polymers, such 

as the fractured dendrimer and some jpolyethyleneimines, ' this large positive surface 

charge appears to stabilize the complex against aggregation under physiological salt 

conditions (Tang and Szoka, 1997). The strong postive zeta potential of the dendrimer-
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DNA complexes observed may stabilise the complex against aggregation.

Thus, the challenge for new generation of gene delivery scientist is to use the 

information concerning the forces and structural factors that govern polyelectrolyte 

behaviour of DNA to design self-assembling polynucleotide delivery systems that are 

monomolecular at high particle concentrations. Such improved artificial systems may 

pave the way for high efficiency transfection in vivo.

3.2.2.4. Nuclease protection assay

The strength of the coulombic interaction between the dendrimer and the DNA resulting 

in the stability of the complex is probably an important determinant of the transfection 

activity of the DNA-dendrimer complex. It seems that only the DNA-dendrimer 

complexes in which DNA is both protected from the nucleolytic activity and still 

transcriptionally active are efficient for gene transfer and expression.

Adding dendrimer to DNA with the concomitant change from net negative to net 

positive surface charge has a profound effect on the protection of DNA from DNase I 

digests. Protection conferred on DNA by Compound13a, was from 10 pg, and was 

maximal from 20 pg and above. Compound | 3b on the other hand, protected DNA at 

relatively low (1 pg) level. Maximal protection occurred from 5 pg and above (Fig. 

3.19). From this study, it can be observed that the dendrimers studied have the ability 

to protect DNA from the nucleases and hopefully they will retain the ability to transfect 

the cells which is the primary objective of this work.
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Lanel: Free DNA; lane 2-12; 0, 1, 2.5, 5, 7.5, 10, 15, 20, 30, 
and 50ng Compound 3a complex with 2.5 pg DNA; lane 14- 
25: 0, 1, 2.5, 5, 7.5, 10, 15, 20, 30, and 50pg Compound 3b 
complex with 2.5 pg DNA lane 1, 13, 14,26: marker

Fig. 3.19. Protection conferred on DNA by compound 3a and 3b in presence o f DNase 
Conditions: 5pg o f DNA was mixed with varying concentrations o f 3a and 3b 
{I- 50 pg) in 100 pi and incubated for 30 min. Of this, 45 pi was incubated with 
10 units o f DNase I (5 pi) for 15 min. Then, aliquots o f both digested and 
undigested complexes were resolved on an 0.8 % agarose gel.

3.2.2.4. In  vitro transfection studies

Based on the results obtained from the DNA/complex formation, zeta potential 

measurements and DNase I protection, the concentration of dendrimers to be used for 

the transfection experiments was fixed at 10 pg/ml for the dendrimers with 8 free amino 

terminals and 5 pg/ml and 2.5 pg/ml for the dendrimers with 16 and 32 free amino 

terminals respectively.

The in vitro transfection of cos-7 cells (carried out at Royal Free Hospital by 

Dr.H.Bayele) using the synthetic dendrimer vectors were assayed and the results are 

presented in table II. No significant differences in the cytotoxicity of the dendrimer 

vectors could be observed, using the criteria (1) cell detachment, (2) trypan blue
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exclusion and (3) glucose uptake (data not shown). While there was negligible reporter 

activity with the pGL3 basic (promoterless) vector, transfection efficiency was not 

serum dependent, as comparable levels of uptake were observed with and without 

serum (data not shown). Maximum levels of transfection were observed with 

compounds 3a (5.7x10^ RLU/mg protein) and 3b (7.5x10^ RLU/mg protein). Of the 

dendrimers reported to enhance delivery of genes and oligonucleotides (Haensler and 

Szoka, 1993; Poxon et a l, 1996) the greatest ipcrease in gene transfection has been seen 

with generation 4 and 5 polyamidoamine dendrimers. This difference between 

generations was not evident in these studies of pGL3 basic, which demonstrated similar 

transport enhancement for all generations tested. The differences could be due to the 

differences in cell lines tested or changes in the final size of the complex.

When in the dendrimers, the amino group provided by lysine (Compounds 3a-3c)were 

replaced by ornithine (Compounds 4a-4c)in which the amino functions were separated 

by 4 carbon long alkyl chains, transfection experiments could not be performed due to 

the poor solubility of the resulting compounds 4a and 4b. The more soluble ornithine 

containing dendrimer 4c (1.5x10^ RLU/mg protein) exhibited higher level of 

transfection than its analogue with the lysine building blocks (compound 3c; 6.0x10^ 

RLU/mg protein).

For targeting purposes, compounds 6a-c with a carbohydrate moiety were synthesised. 

When a sugar molecule was introduced to the dendrimer, the transfection activity of the 

compounds was not improved but the activity of the compounds was preserved.
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Table 3.2. Structures and Transfection efficiency of the dendrimers 

synthesised in Cos-7 cells^

Compound No. of amino 

groups

RLU/mg protein 

(vector DNA 

conc:2.5pg/pIate)

3a 8 5.7xlO^(a)

3h 16 7.5x10^ (b)

3c 32 6.0xl0\c)

4a 8 -

4h 16 -

4c 32 1.5xlO^(c)

6a 8 l.lxlO ’(a)

6h 16 4.4xl0“(b)

6c 32 2.2x1 Ô Cc)

7a 8 I.TxlOV)

7h 16 0.6x10“(b)

8a 8 4.0x1 OV)

Sh 16 4.2xl0“(b)

9a 8 l.OxlO^(a)

9h 16 8.6x10^)

9c 32 1.0xl0“(c)

a: 10|ig; b: 5|ig; c: 2,5|ig Compounds 2h and 2c were not used for the transfection 
experiments due to their poor solubility. Results are averages of at least three 
independent experiments and controls experiments with pGL3 basic (promoterless) 
exhibited negligible transfection.
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We have synthesised complex dendrimers containing large lipids and charged complex 

dendritic moieties in the same construct. This kind of change of the lipid attachment 

reduced the transfection activity of the compounds 9a-c considerably.

To target the delivered gene within the cell into the nucleus and to improve the 

transfection activity of the complexes, we have attached a nuclear localisation peptide 

(NLS) to the dendrimer resulted in compounds 7a, 7b, 8a and 8b. Unfortunately, the 

presence of NLS peptide in the dendrimer does not improve the transfection. Roberts 

et al (1987) inserted the SV 40 large T antigen signal into different parts of chicken 

pyruvate kinase; nuclear transport was not observed when the targeting sequence was 

inserted into a part of the pyruvate kinase molecule that was not exposed on the surface, 

suggesting that exposure of the NLS is required for it to function. The decreased activity 

of the NLS attached dendrimers could be due to the lack of exposure of the NLS on the 

surface.

3.3. CONCLUSIONS

Dendrimers synthesised for the drug delivery have been characterised by surface 

pressure studies. The simulated computer models correlated well with the determined 

area per molecule. One of the dendrimers (Compound 2d) was found to form 

supramolecular aggregates in water. This dendrimer demonstrated its stability in the 

biological fluids. The fate of the dendrimers series in vivo studied after administration 

by a variety of routes is discussed in Chapter IV. The diversity of monomer and 

aggregate structures possible in this series implies that there are numerous opportunities
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for the fabrication of delivery systems with predetermined dimensions and properties.

Dendrimers for the gene delivery were non-toxic at the concentrations used and these 

dendrimers found to form complex depending the number of free amino terminals 

present. The in vitro transfection studies indicated that Compounds 3a and 3b had the 

maximum transfection efficiency. The replacement of lysine units with ornithine 

resulted in the poor solubility and increased transfection. The transfection efficiency was 

maintained in the presence of target sugar where as the presence of nuclear localisation 

signal peptide reduced. Further synthesis of dendrimer with ornithine containing sugar 

to improve the solubility was recommended.
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IN  VIVO STUDIES

O f the dendrimers developed, Compound 2d was selected for biological distribution 

studies, based on its diameter and its supramolecular forming characteristics. The area 

per molecule o f 2d selected is 4.72 nm^ and the calculated diameter is 2.5 nm. Oral 

uptake studies with polystyrene particles have been reported with the lowest size o f 50 

nm (Hillery et a i ,  1994). To our knowledge, no prior studies exist on oral uptake to 

below 50 nm.The stability of the dendrimer studied in biological fluids indicated that 

it will be stable for considerable periods in vivo. To be able to determine the system in 

biological samples. Compound 2d was synthesised with a tritium label resulting in 

compound 10b.

A single dose o f radiolabelled lipidic peptide dendrimer (2.5 nm) was administered 

orally and intraperitoneally to female Sprague-Dawley rats and the biodistribution of 

dendrimer in major organs were studied. The aim was to investigate the nature of
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distribution which will lead us to select the bioactive molecules which can be either 

entrapped or covalently linked to the dendrimer carrier.

Based on the results obtained from the oral absorption studies, another investigation was 

made by incregising the dose of radiolabelled dendrimer administered, to find out the site 

o f uptake from the GI tract, by separating the gut lymphoid tissues from the non 

lymphoid tissues.

The oral experiments performed are discussed in the following section and results of 

intraperitoneal biodistribution are given in appendix II.

4.1. MATERIALS AND METHODS

Dendrimer

The tritium labelled lipidic peptide dendrimer (Compound 10 b) consisting of 16 lipidic 

branches, was synthesised as described in Chapter II (Compound 2b).

Rats

Female Sprague-Dawley rats (average weight 180 g, 9 weeks old) were used for all 

experiments. They were housed in metabolic cages to prevent coprophagia and to allow 

monitoring of growth curves. The rats were fed Maintenance Expanded Rat and Mouse 

Pellet Diet (Bantin and Kingman, Hull, UK) and maintained in an air conditioned 

environment at 20°C under a 12 h light: 12 h dark schedule. Each group o f treated and 

untreated contained at least 3 rats.
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Dosing

For biodistribution studies 14 mg/kg in 0.2 ml volume was used. For the lymphoid and 

non-lymphoid uptake studies 28 mg/kg in 0.2 ml was used. Free access to water was 

given at all time. The rats were fasted for 12 h proir to dosing. The dendrimer was 

dispersed in ethanol before oral administration.

4.2. Biodistribution studies

4.2.1. Dosing and sample collection

Either an adapted needle with a bulb end was used to dose the rats orally or they were 

injected intraperitoneally. The animals were euthanized by CO2 asphyxiation, at 

different time intervals (3, 6 and 24 h) and after the collection o f blood all the relevant 

organs (stomach and intestine for those given orally, liver, spleen, kidney) were 

removed. The gut tissues were then washed gently with distilled water to remove 

unabsorbed dendrimer. All dissected tissues were weighed, homogenised and an aliquot 

solubilised and analysed for radioactivity. For blood the values were extrapolated to 

6.4% of body weight [12.8 ml for 200 g rat, or 64 ml/kg] (Baker et a l ,  1979).

4.2.2. Lymphoid and Non-lymphoid uptake studies

The animals were dosed using blunt tipped feeding needle inserted into the mouth. The 

animals were sacrificed at time intervals (3, 6 and 12 h) using the CO2 method and the 

stomach and intestine were immediately excised ensuring no contact with the animal fur. 

The stomach and intestinal tissue was cut longitudinally and the contents removed. The 

gut tissues were then washed gently with distilled water in an attempt to remove 

adsorbed dendrimer being included in the analysis. All dissected tissues were weighed,
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homogenised and aliquots were solubilised using tissue solubiliser and analysed for 

radioactivity.

4.3. RESULTS AND DISCUSSION

4.3.1. Oral biodistribution studies

The results obtained after oral administration of dendrimer are given in table. 4.1. With 

control animals, negligible radioactivity was detected in the blood and tissue samples 

at all time points over the 24 h analysis period. Radioactivity was detected in blood and

Table. 4.1. Percentage uptake of radiolabel in blood and tissue samples at various 

time points after single dose oral dosing* of dendrimer.

Sample 3h 6h 24h

Stomach 2.4±0.66 0.7±0.6 0.1±0.04

S.I 11.1±6.6 16.0±13.5 0.19±0.1

L.I 1.3±1.9 4.6±3.5 0.2±0.1

Liver 0.8±0.3 1.2±0.4 0.5±0.2

Spleen 0.05±0.01 0.2±0.1 0.03±0.01

Kidneys 0.24±0.1 0.6±0.2 0.2±0.1

U ptake 15.89±2.72 23.3±5.67 1.22±0.11

Blood 1.5±1.3 3.1±0.5 0.1±0.05

Total 17.39±2.57 26.4±5.25 1.23±0.10
^Results are expressed as mean values ± SD (n = 3) blood data include extrapolation 

to whole blood volume.
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tissue samples taken after 3 h dosing with dendrimer and was detected throughout a 24 

h analysis period. Approximately 3% of the radioactivity was detected in the blood 

samples taken after 6 h after oral dosing with dendrimer.

The percentage uptake of radiolabel detected after oral dosing with dendrimer may be 

inflated due to the inclusion of radiolabel that was adsorbed to the mucosal surface of 

the GI tract, but did not penetrate the epithelial barrier. Although the mucosal surface 

of the GI tract was thoroughly washed prior to scintillation analysis, complete removal 

o f radiolabel may not be perfect. The detection of radioactivity in the stomach was 

clearly not due to the absorbed radiolabel, because the absorption process does not occur 

in the stomach (Burkitt et a l ,  1993). As discussed in sections 1.2.2. there have been 

reports o f particles remaining in the intestinal tissue for extended periods (Jani et a l , 

1992a; Eldridge et a l ,  1990). However this retention of particles in the GI tract was 

attributed to the size of the particles, which causes them to become mechanically lodged 

within the tissue. The smaller the size of the dendrimer suggested that they should have 

been translocated to sites beyond the GI tract.

There is no doubt that the uptake of nanoparticles occurs as a natural process and not as 

a result o f damage, that is, the circumstances are not exceptional. Jani et a l (1990) 

determined that 33% of the administered dose of polystyrene particles was either 

adsorbed to the intestinal tissue, or translocated to sites beyond the GI tract. When the 

authors selected only the liver, spleen and blood for analysis, on the basis that these 

tissues showed the true extent of translocation, the percentage uptake fell to 7% of the
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administered dose. Florence (1997) suggested that the investigation of particles below 

50 nm in diameter is a key to the future. For the results obtained with dendrimer which 

falls in the above category, the determined percentage of uptake fell from 26% to 5% 

o f the administered dose, when the liver, spleen, kidneys and blood were selected for 

quantification. The calculated diameter of the dendrimer was 2.5 nm. It is likely that the 

Peyer’s patches provide one route of entry for dendrimer.

In the small intestine, 11% of dendrimer was found after 3 h, and 16% of the 

administered dose was recovered after 6 h. The increase in absorption after 6 h might 

be related to the GI transit time. After 24 h, less than 1% of the administered dose was 

recovered indicating that the dendrimer is either cleared or absorbed. Due to the low 

recovery of dendrimer at 24 h, experiments at later time intervals were not performed.

The bioavailability of the dendrimer after 3 h was 17.4 %, 26 % after 6 h and 1.2% after 

24 h. The distribution of dendrimer in various other organs showed a maximum of 

1.2% was recovered in the liver after 6 h, but less than 1% was found in spleen and 

kidney. In blood a maximum of 3% of the administered radiolabel was found after 6 h.

Preliminary results of the biodistribution of the dendrimer after intravenous 

administration in rat show that after 2 min, 2% of the administered radioactivity was 

found in liver where as 26% was found in blood. These results are based on the amount 

of dendrimer reached the blood stream alone and the dose administered was different. 

Negligible radioactivity (1%) was found in kidneys and spleen.
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4.3.2. Lym phoid and Non-lymphoid uptake studies

As described in section 1.2.2. studies have repeatedly demonstrated the importance of 

the GALT in the uptake of particles across the GI tract. There has always been strong 

evidence of the uptake o f particulate matter, and earlier results from our laboratory 

clearly show the size dependent uptake and the subsequent translocation from the 

gastrointestinal tract (or GI mucosal surfaces) of non-ionic fluorescent polystyrene 

microspheres in size range between 50nm and 3pm (Jani et a l ,  1989; 1990).

Jani et al. (1990) used GPC to analyse polystyrene uptake in the gut as an entire unit. 

Hillery et a l later (1994) sub-divided into ‘lymphoid’ and ‘non-lymphoid’ the small and 

large intestine, prior to analysis by GPC. This separation o f the GI tract tissue allowed 

determination o f the site o f maximum uptake for polystyrene particles within the GI 

tract and allowed assessment of the importance of the lymphoid tissue in the uptake 

process.

The amount o f dendrimer absorbed through lymphoid and non-lymphoid tissues after 

single oral administration is given in table 4.2. In this study, the tritium label of the 

dendrimer was measured as the estimate of uptake. After a single dose oral 

administered, it was determined that 6.05 ± 3.75 % of dendrimer 10b was recovered 

from the small intestine after 3 h, which confirmed that dendrimer uptake across the gut 

is possible and reproducible. The use o f radioactivity to quantify uptake is a highly 

sensitive method and should not be subject to substantial error. The gut tissues were 

washed thoroughly prior to the radioactivity analysis, in an attempt to remove dendrimer
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that were adhering to the mucosal surface of the tissue. The inclusion of this washing 

step suggested that the detection of dendrimer in the gut samples was due to dendrimer 

which was taken up and translocated to the serosal side, rather than merely adsorbed to 

the surface o f the mucosa.

Table. 4.2. Percentage uptake of 2.5 nm dendrimer across the GI tract following 

a single oral dose.

Gut section 3 h 6h 12 h

L.S.I. 1.09±0.2 0.23±0.2 0.05±0.1

N.L.S.I. 3.8±2.8 2.5±1.5 0.3±0.1

L.L.I 0.1±0.05 0.07±0.05 0.25±0.04

N.L.L.I. 1.06±0.7 1.5±0.63 3.8±1.8

Total uptake 1 6.05±1.02 | 4.3±1.38 4.4±1.26
Kesults are expressed as mean values ±SD (n = 3)

The Peyer’s patches constitute a small percentage of the entire intestine. Even though 

the Peyer’s patches occupy a small area of the small intestine, a significant percentage 

(30 %) o f the total dendrimer uptake was detected in this region. A comparison between 

the surface area available for absorption across the Peyer’s patches and the intestinal 

epithelium is difficult to determine, because the mucosa of the intestine has a total 

surface area far greater than that o f a simple cylinder, due to the presence o f the folds 

of Kerckring, the villi and the microvilli (Wilson and Washington., 1989). By 

magnifying longitudinal and transverse gut sections fixed with Bouin and then making
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tracings o f the section magnifications, Fischer and Parsons (1950) determined that the 

total surface area of the mucosa of adult Sprague-Dawley rats is approximately 270 cm .̂ 

In contrast to intestinal absorptive cells, the M cells overlying the Peyer’s patches, 

contain short irregular microvilli and microfolds. Hillery et al. (1994) determined the 

gross surface area available for absorption across the Peyer’s patches by measuring the 

patch diameter using a calipers. The gross surface area available for absorption across 

the Peyer’s patches was approximately 200 times lower than the total area available for 

absorption across the intestinal absorptive cells,as shown in the table 4.3.

Table. 4.3. Gross area and weight of the different regions of the rat GI rat.

LSI NLSI

WEIGHT (g) 0.53±0.02 2.3±0.6

AREA (cm^) 1.4±0.03“ 271.18’’
‘‘Hillery et al (1994), Fisher and Persons (1950)

In addition to dendrimer uptake through the Peyer’s patches, dendrimer was detected in 

the non-lymphoid tissue of the GI tract. However, the measured uptake of dendrimer 

through total lymphoid tissue, i.e. small plus large intestinal lymphoid tissue, was 

statistically much greater than through total non-lymphoid tissue Avith respect to organ 

weight.

Florence et al. (1995) could correlate the uptake of titanium through the various regions 

of the GI tract with the GPC results for polystyrene demonstrating the similarity of the
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uptake process although the sizes and doses of titanium dioxide and polystyrene 

particles differ. Hillery et al. (1994) found after 60 nm polystyrene nanoparticles oral 

administration (dose 12.5 mg/kg) for 5 days, 3.4% of taken up by the lymphoid small 

intestine, 2.3% by the non-lymphoid small intestine, 3% by the lymphoid large intestine 

and 2.1% from the lymphoid large intestine.

After a single oral dose administration of polystyrene latex particles (Jani et a l ,  1992), 

very rapid uptake o f 50 nm spheres, compared with intermediate uptake rate for the 500 

nm size and slow uptake for the 1 pm beads. The low uptake of dendrimer (1%) 

indicates that although the uptake of particles is size dependent when the size is reduced 

below 50 nm it may not be the case. It must be remembered that the dose administered 

was 28 mg/kg. With the particles above 50 nm, aggregation o f particles towards the 

Peyer’s patches was always observed. When size is reduced below 50 nm this behaviour 

may be similar with both lymphoid and non-lymphoid tissues.

It may be possible that in the case of dendrimers, saturation of uptake through lymphoid 

tissue occurs first followed by the uptake of dendrimer through non-lymphoid tissue. We 

believe this must be the same case with other nanoparticles i.e., multiple dosing of 

nanoparticles will not increase the uptake through lymphoid tissue unless these particles 

are cleared by translocation.

Dendrimeric particles o f 2.5 nm diameter are sufficiently small for uptake to occur 

through the enterocytes o f the intestinal villi. Jani et al. (1990) could detect 50 nm
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polystyrene particles in the intestinal villi, using the technique of fluorescent 

microscopy. Other authors (Bockman and Winbom, 1966; Barbour and Hopwood, 1983) 

also reported uptake through intestinal absorptive cells. The mechanism of uptake by 

intestinal enterocytes is thought to involve a pinocytotic process, for particles up to a 

maximum of 50 nm diameter. Particles taken up by intestinal absorptive cells may be 

subject to lysosomal degradation. It is an important consideration for biodegradable drug 

carriers and the labile drug entities which they accommodate. Furthermore, particles 

taken up into absorptive cells may be discharged back into the gut lumen on 

desquamation o f the cell. In contrast, there is a marked absence of lysosomal 

degradation by M cells and material taken up by M cells may be subsequently 

translocated through the lymphatics, as discussed above in section. 1.2.2.

A small amount o f the total uptake ( 0.25 % after 12 h) occurred in the large intestine, 

particularly in the lymphoid sections of this tissue. The large intestinal wall contains 

numerous leucocytes and cells of the immune system, as a protective measure against 

microbial attack. The cells o f the immune system form large aggregations in the Laminia 

propria  and submucosa (Burkitt et a/., 1993). The appendix also contains masses of 

lymphoid tissue in the mucosa and submucosa and some o f the tissue also forms 

follicles, often containing germinal centres (Burkitt et a l ,  1993). Organised lymphoid 

structures with a specialised lymphoepithelium and a proposed ‘antigen-sampling’ 

function were identified in the colonic epithelium of the rat (Bland and Britton, 1984; 

Burkitt et a l ,  1993). These grossly visible lymphoid structures could be responsible for 

the uptake in this region.
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After 12 h, a significant uptake of dendrimer was found in the non-lymphoid tissue of 

the large intestine (3.8±1.8). In the large intestine the uptake through non-lymphoid 

tissues was always higher than through lymphoid tissues. This could be related to the 

rapid GI transit time and limited availability of lymphoid tissue in the large intestine.

The amount o f radioactivity recovered per gram of tissue is given in the Fig.4.3. The 

absorption o f dendrimer through the lymphoid tissue of the small intestine was 

comparatively higher (per gram) than through non-lymphoid tissue with respect to 

weight after 3 and 12 h. In the large intestine uptake through lymphoid tissue was always 

lower than via non lymphoid tissue. The absorption of dendrimer through the small 

intestine was higher after 3h, and gradually decreased during 6h and 12h whereas in the 

large intestine the absorption pattern was in the reverse order. This can be correlated to 

the gastrointestinal transit time.

Although the use of a radiolabel is a convenient and sensitive method to study the 

uptake and translocation of a dendrimer, the radioactivity determined in vivo does not 

necessarily indicate the presence of the intact administered compound if there has been 

chemical or biological degradation. The preferential uptake of unmodified dendritic 

particles through the GALT needs to be confirmed. However, degradation studies of the 

dendrimer in various biological fluids such as gastrointestinal scrapings, plasma and 

serum have demonstrated its stability up to 24 h.

124



Chapter IV

S 1 4
OA

ï. 1-2

0 0 .4

1
l y m p h o i d  s m a l l  n o n  l y m p h o i d  l y m p h o i d  l a r g e  n o n  l y m p h o i d  

i n t e s t i n e  s m a l l  i n t e s t i n e  i n t e s t i n e  l a r g e  i n t e s t i n e

Fig.4.1. Distribution o f dendrimer in the GI tract per gram o f tissue. 
(■ 3h  ■  6h ■  12h).

Preliminary results of biodistribution of the dendrimer after intravenous administration 

in rat show that after 2 min, 2% of the administered radioactivity was found in liver 

where as 26% was found in blood. These results are based on the amount of dendrimer 

reaching the blood stream alone and the dose administered was different. Negligible 

radioactivity (1%) was found in the kidneys and spleen.

Several authors have discussed the possibility of targeting Peyer’s patches by optimising 

carrier nanoparticle surface characteristics such as hydrophobicity (Eldridge et al, 

1990). There is some presumption that the degree of accumulation of nanoparticles is 

directly proportional to their surface hydrophobicity, however Wils et al ( 1994) have
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shown that extremes of lipophilicity may lead to decreased transepithelial permeability 

for drugs. A similar situation may also exist for dendrimers. The logarithmic partition 

coefficient o f the dendrimer in octanol/water system was found to be 1.24, i.e. a 

reasonably hydrophobic dendrimer with neutral charge was used in this work.

The effect o f particle charge on the magnitude of absorption remains debatable. 

Previous work in this laboratory finding considerable reduction in absorption of 

negatively charged particles compared with non-ionised polystyrene (Jani et a l ,  1989) 

although uptake o f negatively charged liposomes particularly through the Peyer’s 

patches has recently been demonstrated (Tomizawa et a l ,  1993). Future work will be 

directed towards the development o f a negatively charged dendrimer coupled with 

invasin from Yersinia tuberculosis to the uptake through Peyer’s patches and 

enterocytes following the work of Hussain and Florence (1998).

4.3.3. Particle or Molecule?

The question o f whether the dendrimer studied in this chapter can be considered to be 

a small nanoparticle or a large molecule remains to be answered. Since the dendrimer 

is administered as a molecular dispersion, and not as a colloidal dispersion, we must 

consider the dendrimer to be a molecule. We did not investigate whether the dendrimer 

precipitates out as a nanoparticle after oral administration; in aqueous environment as 

previously stated in Chapter III, the dendrimer studied tends to form supramolecular 

aggregates in the size range of 40 nm thickness and 140- 200 nm length. Obviously, 

there is a minor boundary available between these two. However, parallel studies
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indicated the preferential uptake of macromolecules/nanoparticle through Peyer’s 

patches.

4.4. CONCLUSIONS

Several questions, of course, remain unanswered. The effect o f interaction of the 

dendrimer with food and a commensal gut flora and any subsequent effect on local gut 

ecology is not known. Also it must be remembered that Peyer’s patch uptake of carriers 

is compromised by the limited efficiency and capacity o f the pathway (Florence., 1997). 

However the in vivo data presented here gives further impetus to the possibility for the 

use o f dendrimers in oral delivery systems. Criteria such as biocompatibility, 

biodegradability, adequate absorption and history o f safety o f lipidic dendrimers may 

determine their further application in the field of pharmacy.

The results indicate that the dendrimer 10b is relatively stable in relevant biological 

environments and its biodistribution studies shows it to be well absorbed after oral 

administration. Parallel studies have shown a preference for uptake by the Peyer’s 

patches, but as both as particles and macromolecules are absorbed by this route, this fact 

does not illuminate further the particle/macromolecule question. The hope would be that 

if  biologically active molecules are entrapped with in dendrimer, they can be 

successfully delivered.
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CONCLUSIONS AND FUTURE

PERSPECTIVES

The aims of the work described in this thesis were two-fold. The first aim was to 

synthesise a series of dendrimers with lipid terminal groups. It was envisaged that the 

lipidic amino acids would enhance the lipophilicity of the carrier helping them to cross 

biological membranes. The long alkyl side chain of the lipidic amino acids was expected 

to improve the metabolic stability of bioactive molecules if  entrapped or covalently 

attached from enzymatic attack, making them less susceptible to proteolytic degradation.

The second aspect of the project was to develop a series of non-viral vectors for gene 

delivery by incorporating the lipidic amino acids into dendritic lysine and ornithine 

system and to attach a sugar amino conjugate and a nuclear localisation signal peptide 

to the dendrimer system in attempts to improve the transfection efficiency.

Dendrimers with lipidic terminals

Unsubstituted lipidic amino acids la-c were prepared which possess a single
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unfiinctionalised, alkyl side chain. The dendrimers 2a-h were synthesised using the 

solid phase methodology from the appropriate Boo- protected lipidic amino acid. To 

understand the behaviour of these branched molecules at the air - water interface, areas 

per molecule in spread films were determined by surface pressure technique. The values 

obtained were found to correlate well with the projected area estimated by the computer 

generated molecular models. A linear correlation was also observed between the 

logarithm of the area per molecule of the dendrimers and the logarithm of the molecular 

weight o f the dendrimers.

To study the ability of these dendrimers to form of supramolecular aggregates these they 

were hydrated and observed by transmission electron microscopy. One of the 

dendrimers was found to form supramolecular aggregates, structures ranging between 

130-300 nm in length and 40- 50 nm in thickness. Some of these tubules tend to form 

the supercoiled structures.

To understand the biological distribution o f these carriers, compound 2d was selected 

both due to its size (a calculated diameter of 2.5 nm) and to its ability to form 

supramolecular aggregates. Radiolabelled dendrimer (10b) was then synthesised in order 

to follow the construct in biological systems.

To evaluate the stability of the dendrimer in biological fluids, it was stored in foetal calf 

serum, rat plasma and gastrointestinal scrappings at various concentrations. In the higher 

concentrations (1:1 and 1:5) the dendrimer did not breakdown, whereas in the very
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dilute conditions (1:20) degradation up to 22% was observed.

Before any bioactive molecule is either linked or entrapped it was thought that the 

information about the biodistribution of the dendrimer carrier was crucial. After oral 

administration maximum absorption was found after 6 h and after 24 h less than 1% 

administered dendrimer was recovered. From this study it was concluded that the 

absorption o f nanoscopic dendrimer molecules is possible. No signs of toxicity was 

observed during the animals studies in the concentrations used.

Thereafter, since a negligible amount o f dendrimer was recovered after 24 h, it was 

decided to double the dose and study the dendrimer uptake through the lymphoid tissues. 

After 3 and 12 h, the amount of dendrimer absorbed thorough lymphoid small intestine 

per gram of tissue was higher than fi*om the non-lymphoid small intestine, but in the 

case o f the large intestine the uptake of dendrimer through non-lymphoid tissue was 

always higher than through the lymphoid tissue, which might be due to the limited 

availability of Peyer’s patches.

Page and Roy (1997) synthesised glycodendrimers firom PAMAM dendrimers and 

showed that incorporation of terminal a- substituted mannoside residues increased the 

binding capacity 400 fold. Their capacity to selectively precipitate homologous protein 

receptors from crude mixtures makes these glycodendrimers convenient tools for the 

rapid and easy isolation o f proteins. Other potential applications o f these dendrimers 

could span firom cell targeting devices to inhibition o f bacterial adherence. It could be
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of interest to make conjugates with mannoside residues to investigate the binding 

potential o f these compounds.

An essential part o f any study o f physics and chemistry involves first recognition of 

three states o f matter-solid, liquid and gas - and a general discussion of the 

transformations- melting, sublimation and evaporation - between them. Pure substances 

are considered, and then attention passes to solutions which are homogenous mixtures 

of chemical species dispersed on a molecular scale. What remained largely unrecognised 

until about a century and a half ago was that there is an intermediate class o f materials 

lying between bulk and molecularly dispersed systems, in which, although one 

component is finely dispersed in another, the degree o f subdivision does not approach 

that in simple molecular mixtures. Systems of this kind, ‘colloids’, have special 

properties which are of great practical importance, and they were appropriately 

described by Ostwald as lying in the “world of neglected dimensions”. These colloidal 

systems include emulsions, microemulsions and micelles. Although each one of these 

systems can be differentiated, defining the boundary between these systems is very 

critical indeed.

What is the boundary between a water soluble and insoluble substance? or a small and 

large polymer? or between particle/ macromolecule or peptide/polypeptide. Even though 

these differences in terminology appears to be only a question of semantics, there may 

be a very real, although as yet unresolved, difference between these systems.
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Absorption o f molecule through normal cells is normally by passive diffusion which 

involves partitioning of the molecule across the membrane. But does a similar type of 

uptake occur for dendrimers through Peyer’s patches? Maybe not. The uptake through 

Peyer’s patches not so high as the saturation of the uptake reached.

Duncan and coworkers (Malik and Duncan, 1998) complexed cisplatin with 

polyamidoamine dendrimer and found improved anticancer activity in animal models. 

Either complexation or covalent link o f a bioactive molecule to the lipidic peptide 

dendrimers may be useful in treating various ailments.

Barth et al (1994) evaluated the potential of boronated starburst dendrimer monoclonal- 

antibody immunoconjugates as a potential delivery sytem for neutron capture therapy. 

Singh et al (1994) enhanced the performance and flexibility for immunoassays using 

polyamidoamine dendrimers. Roy and coworkers (1994) synthesised sialic acid based 

dendrimers to improve the antigenic properties. Carefully designed dendrimer carrier 

systems can be useful in many fields.

Dvoronic and Tomalia (1996) speculates on the amount o f space available within the 

dendrimer. But the utility of those voids and space for the entrapment of the bioactive 

molecules is questionable. The association between the species entrapped and the 

dendrimers must be strong enough for it to reach the target tissue and to be released 

subsequently.
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Dendrimers with free amino terminals

The limitations o f viral vectors for gene delivery has led to enormous amounts of 

research in to non-viral vectors. The positively charged amino terminals of dendrimer 

offer the possibility of complexation o f the negatively charged DNA. Further, the 

incorporation o f lipidic amino acids to the polylysine or ornithine dendrimers enhance 

the lipophilicity o f the molecule which in turn can increase the transfection efficiency 

of these dendrimers.

To obtain novel tools for increased in vitro and in vivo gene delivery, for tissue targeting 

and also for cellular trafficking studies, we have implemented systematic modifications 

in the cationic dendrimers. A series o f dendrimers containing lipidic backbones were 

synthesised. Our strategy focussed on (i) the presence and/or number of amino groups, 

(ii) the length o f the linker chain, (iii) the attachment of a sugar unit to the dendrimer 

and (iv) the position of attachment o f the lipid moiety. In addition, peptide dendrimers 

containing a nuclear localisation signal sequence were synthesised to enhance transgene 

expression in vitro.

The ability of the dendrimer to complex with plasmid DNA and to protect plasmid DNA 

from the enzyme degradation was studied. The zeta potential of the complexes were 

determined. These results indicated the ability of these dendrimers to form complexes 

with DNA and therefore to be evaluated for transfection against Cos-7 cells. The 

concentration o f dendrimers to be used for the transfection experiments was fixed at 10 

pg/ml for the dendrimers with 8 free amino terminals and 5 pg/ml and 2.5 pg/ml for the
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dendrimers with 16 and 32 free amino terminals respectively.

No significant differences in the cytotoxicity of the dendrimer vectors could be 

observed, using the criteria o f (1) cell detachment, (2) trypan blue exclusion and (3) 

glucose uptake. While there was negligible reporter activity with the pGL3 basic 

(promoterless) vector, transfection efficiency was not serum dependent, as comparable 

levels of uptake were observed with and without serum. Maximum levels of transfection 

were observed with compounds 3a (5.7x10^ RLU/mg protein) and 3b (7.5x10^ 

RLU/mg protein).

When in the dendrimers the amino groups provided by lysines were replaced by 

ornithine, transfection experiments could not be performed due to the poor solubility 

of the resulting compounds 4a and 4b. The more soluble ornithine containing dendrimer 

4c exhibited a higher level of transfection than its analogue with lysine building block.

For targeting purposes, when a sugar molecule was introduced to the dendrimer 

(compounds 5a-c), the transfection activity of the compounds was not improved but the 

activity o f the compounds was preserved. When the postion o f attachment o f lipid 

moiety was changed (compounds 6a-c), transfection activity was reduced considerably.

To target the delivered gene within the cell into the nucleus and to improve the 

transfection activity of the complexes, we attached a nuclear localisation peptide (NLS) 

to the dendrimer resulting in compounds 7a, 7b, 8a and 8b. Unfortunately, the presence

134



Chapter V

o f NLS peptide in the dendrimer did not improve transfection. Roberts et al (1987) 

suggested that exposure of the NLS is required for it to function. The decreased activity 

o f the NLS attached dendrimers could be due to the lack of exposure of the NLS on the 

surface.

Wu and Wu (1988) determined whether asialoglycoprotein based DNA delivery system 

could target DNA to hepatocytes in vivo, as ^^P-labeled alone, or a complex with 

asialoglycoprotein-polylysine conjugate were injected intravenously into groups of rats. 

In rats injected with DNA alone, 55 % of the radioactivity was found circulating in the 

blood, while 17 % was detected in liver 10 min after injection. In contrast, in rats 

injected with DNA in the form of complex, 85 % of the counts were detected in the liver 

while only 5 % remained in the blood. If target containing dendrimers are complexed 

with DNA, targeting of DNA to hepatocytes may be realised.

In normal adult liver there are few dividing hepatocytes. However, hepatocytes can be 

induced to replicate in response to injury, e.g. partial hepatectomy (Fabrikant, 1996). 

When the complexed DNA was injected to partial hepatectomised rats the activity was 

found to be detectable for at least 11 weeks post transfection (Wu et a l ,  1989). This 

approach can also be employed to target sugar containing dendrimers.

Tang et a l (1996) reported the dramatic improvement in transfection activity due to the 

partial degradation of dendrimers by heat treatment. For those dendrimers with 32 

branches, this kind of heat treatment, or reducing the size of the complex by mechanical
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means may improve the transfection efficiency.

Another approach could be the use of these dendrimer vectors to facilitate retroviral 

uptake. Hodgson et al (1998) reported the pretreatment o f virus with sixth generation 

partially degraded dendrimer increased the retroviral infectivity upto 50 fold.

Novel lipidic peptide dendrimer carrier system have been successfully developed. Of 

this, a dendrimer with 16 lipidic branches have been found to form supramolecular 

aggregates. The dendrimer had a good metabolic stability and after oral administration, 

the bioavailability o f the dendrimer was found to be 26 %. A series of dendrimers with 

free amino terminals have also been successfully developed. These novel molecular 

architectures have been found to transfect Cos-7 cells. It can be concluded from the 

above studies that these dendrimers have potential to carry bioactive molecules and 

genetic material to cure various disorders.

There are numerous challenges that need to be overcome for successful gene and drug 

therapy. First, the correct gene has to be isolated, its expression optimized, and then 

produced in large amounts by fermentation techniques. Next, the gene has to be 

incorporated into a stable delivery system that is capable of getting into the correct cell 

type, either outside the body or after direct administration to the patient. These processes 

are very complex and are pushing the limits of our knowledge and understanding of 

genes and their function. Because of the enormous complexity o f the procedures, they 

require the skill and expertise of scientists from many disciplines. The role played by
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pharmaceutical scientists is one of being able to provide the gene in a stable form, being 

able to help design targeting of the gene and providing the final dosage system in a form 

where it can be safely administered to the patient.

Langer (1998) says, “Drug delivery is a remarkably interdisciplinary field. Important 

contributions have come from material scientists, engineers, biologists, pharmaceutical 

scientists and others who have developed important concepts and brought them to 

clinical application. Certainly one activity that Avill take place in the next 10 to 20 years 

is the clinical introduction and evaluation o f many of the new drug-delivery systems”. 

Dendrimers are one among them.
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EXPERIM ENTAL 

M ATERIALS AND M ETHODS 

G eneral M aterials and M ethods

’H NMR and MS: 'H NMR were obtained with Varian XL-300 and Bruker AM 500 

instruments operating at fields of 300 and 500 MHz, respectively. Chemical shifts are 

reported in ppm downfield from internal TMS. Mass spectra were run on a VG 

analytical ZAB-SE instrument, using the fast-atom bombardment (FAB) technique. 20- 

kV Cs^ ion bombardment was used, with 2pl o f an appropriate matrix consisting of 

solution o f either 3-nitrobenzyl alcohol in methanol, or thioglycerol with Nal in 

methanol. Mass spectra were also run on a Kratos Analytical Kompact|MALDI Matrix 

Assisted Laser Desorption Time of Flight Mass Spectrometer operating in linear mode 

using a 337 nm laser.

TLC: Reaction progress was monitored by thin-layer chromatography (TLC) on

138



Appendix I

Kieselgel PF254 (Sigma, dorset, UK) using the solvent systems shown in the following 

Table.

System number Solvent Solvent Ratio

1 DCMiMeOH 1 0 :0.1

2 DCM Not Applicable

3 DCMiMeOH 10:1

4 HexaneiEtOAC 8:7

Purification was achieved by TLC using Kieselgel PF 254+356 on 20 cmx 20 cm plates, of 

thickness 1.5 mm, with the aforementioned solvent systems. Reaction progress of 

tritiated compounds was monitored using a Tracemaster 20 Automatic TLC linear 

Analyzer (Berthold Instruments Ltd, St Albans, UK) using solvent system 1 as the 

mobile phase.

Peptide synthesis: Peptide synthesis was carried out using a manual peptide synthesizer 

using N-a-Boc protected, side chain protected, amino acids (Calbiochem-Novabiochem 

UK Ltd, Nottingham, UK).

H PLC: HPLC equipment consisted o f an Applied Biosystems 400 Solvent Delivery 

System and an Applied Biosystems 1480 injector Mixer (Applied Biosystems, Cheshire, 

UK). Solvent gradients were effected by two microprocessor-controlled Gilson 302 

single piston pumps. Compounds were detected with an Applied biosystems 

Programmable Absorbance Detector and chromatographs were recorded with LKB 2210
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single channel chart recorder (Pharmacia Biotech Ltd, Herts, UK). All solvents were 

HPLC grade and filtered under vacuum through 25 }im filter, prior to column 

application. Analytical separations were carried out using a Beckman Ultrasphere Octyl 

Column (5 pm, 4.6 mmx 250 mm) with guard column (5 pm, 4.6 mmx 45 mm), 

obtained &om Beckman Instruments, Bucks, UK. Semipreparative separations were 

carried out using a C,g Hypersil CDS column (10 pm, 1 cmx25 cm) obtained from FSA 

chromatography, Leicestershire, UK. Preparative separations were carried out using 

TSK-Gel preparative C,g Column (2 cmx 30 cm) obtained from HPLC Technology, 

Macclesfield, UK.

M aterials: The sources of the following materials and their abbreviations are given in 

parentheses. N-a-Boc protected amino acids,/?-MBHA resin (substitution 0.48 mmol/g), 

(Calbiochem-Novabiochem UK Ltd, Nottingham, UK). Peptide synthesis reagent grade 

dichloromethane (DCM), N,N-dimethylformamide (DMF), N,N-diisopropylethylamine 

(DIEA), 0.5 M l-hydroxybenzotriazole/N,N-dimethylformamide (HOBt), IM N,N- 

dicyclohexyl carbodiimide/dichloromethane (DCC in DCM), piperidine, 0.28 M 

ninhydrin/ethanol (Applied Biosystems, Cheshire, UK). N,N‘-dicyclohexylcarbodiimide 

(DCC), l-ethyl-3-(3-dimethylaminopropyl) carbodiimide (ED AC), 1-

hydroxybenzotriazole, triethylamine, 2,4,6-trichlorophenol, ethylacetate (Sigma, Dorset, 

UK) glacial acetic acid, guanidine hydrochloride, thionyl chloride (Aldrich, Dorset, 

UK). HCl, methanol (BDH, Leics, UK). pH] acetic anhydride (Amersham International 

pic, Bucks, UK). HPLC grade acetonitrile (Rathbum Chemicals Ltd, Walkerbum, UK). 

Trifluroacetic acid (TEA), (KMZ Chemicals Ltd, Surrey, UK).

140



Appendix I

a-Amino decanoic acid [Method A] (Compound la)

To the pre-cooled 500 ml round bottom flask containing absolute ethanol (85 

ml) added sodium pellets (5 g, 0.22 mol) and stirred until dissolved. Diethyl acetamido 

malonate (24.3 g, 0.11 mol) and 1-bromooctane (28 g, 0.15 mol) were added and heated 

under reflux for 24 h. Upon cooling, the mixture was poured onto ice/water (160 ml) 

and the precipitate filtered and washed with water. The crude solid was placed into a 

500 ml round bottom flask, concentrated hydrochloric acid (180 ml) and DMF (20 ml) 

added, and then heated at reflux for 24 h. The mixture was allowed to cool, poured into 

a solution of ethanol/water (3:1) and neutralised with concentrated aqueous NH3. The 

precipitate was filtered and washed with ethanol/water;

Yield: 6 8 %

C,oH2i02N (187.21)

a-Aminoalkanoates lb  and Ic were synthesised by reacting sodium (leq.), the 

appropriate 1-bromoalkane (l.Seq.) and diethylacetamidomalonoate (1 eq.) as 

described in method A. 

a-Amino ietradecanoic acid (Compound lb)

Yield: 95%

CMH29O2N (243.29).

a-Aminooctadecanoic acid (Compound le)

Yield: 86.4%

C18H37O32N (299.37)
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a-(tert-Butoxycarbonylamino)decanoicAcid [Method B] (Compound Id)

DL-a-amino decanoic acid (11.5 g, 61.7 mmol) was suspended in a 2:3 mixture 

o f tert- butyl alcohol/water (240 ml) and 8 M aqueous NaOH added drop wise to 

pH=13. Di- tert-h\xty\ dicarbonate (20 g, 91.6 mmol) in tert- butyl alcohol (40 ml) was 

added at room temperature. The pH value adjusted to 11-12 and the reaction mixture 

stirred for 2 h. Following dilution of the reaction mixture with water (50 ml), solid citric 

acid was added to pH=3 and the oil extracted with ethyl acetate (3x150 ml) After drying 

(anhydrous MgSO^), the organic layer was evaporated. The residue triturated with cold 

acetonitrile and the product filtered and dried.

Yield: 82 %

’HNM R (CDCI3): 0= 4.95 (1 H, s, OCONH), 4.29 (1 H, m ,a -CH), 1.85-1.67 (2 H, m, 

B-CH), 1.45 [9H, s, C(CH3)3], 1.27 (12 H, m, 6  CH^), 0.88 (3 H, t, CH3).

MS: m/z (%) (287.4)= 332[M+2Na-H]^ (100), 311 (18), 310 [M+Na]^ (99),

254 (30), 232 (58), 188 (12), 186 (14), 142(17), 57 (41).

a-(tert-Butoxycarbonylamino) alkanoic acids le  and If were synthesised by 

suspending the appropriate DL-a-aminoalkanoic acid lb  and lc ( l eq.) In a 

mixture of tert.butanol:water 2:3 and reacting with di tert.butanol:water 2:3 and 

reacting with di tgrt.butyldicarbonate (1.5 eq.) Dissolved in tert.butanol as 

described in method B.

a-(tert-Butoxycarbonylamino)tetradecanoicAcid (Compound le)

Yield: 84%
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*H-NMR (CDCI3) 0= 4.95 (H, s, OCONH), 4.25 (H, m, a  -CH), 1.65-1.35 (2H, 2xm, 

CH2), 1.43 (9h, S, C(CHg) 1.25 (20H, M, IQxm, CH^), 0.87 (3H, t, CH3).

MS m/e (%) C 19H37NO4 (343.5) : 389[M+H+2Na]" (11), 367 [M+H+Na]" (100), 343 

[M]+ (14), 244(72), 215(12), 198(24) 153(15).

a-(tert-Butoxycarbonylamino)octadecanoic Acid (Compound If)

Yield: 78%

'H-NMR (CDCI3) 0= 4.95 (H, s, OCONH), 4.23 (H, m, a -CH), 1.65-1.35 (2H, 2xm, 

CH2), 1.43 (9H, S, C(CH3) 1.25 (28H, M, lOxm, CH2), 0.87 (3H, t, CH3).

MS m/e (%) C23H45NO4 (399.6) : 447[M+H+2Na]^ (9), 424 [M+H+Na]^ (100), 400 [M f 

(21), 254(24).

Solid Phase Peptide Synthesis of Dendrimers with lipidic surfaces 

METHOD C

The peptide dendrimers with lipophilic surfaces (2a-2h) were synthesised 

employing a solid phase procedure on a PAM resin (1 g, substitution 0.46 mmol/g 

resin). The synthesis of the first and each subsequent level of the peptide construct was 

achieved using a three fold excess o f HBTU activated Boc-aminoacids in DMF. In all 

couplings the efficiency was greater than 99 % as indicated by a quantitative ninhydrin 

test. Deprotection of the /V-termini was performed in 100% TFA. The resin peptide was 

carefully flow washed before and after the deprotection. The polylysine construct was 

added to the growing peptide chain using the same procedures as before, but by using 

lysine that was Boc protected at both a- and e-amino functions, two amino functions
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were available for coupling by the next residue. Thus, by sequentially adding Boc-Lys 

(Boc)-OH (Novobiochem), the first level of coupling produced two amino ends, 2" ,̂ 

3̂ ,̂ 4^ , 5 *and 6  4evel o f coupling resulted in 4, 8 , 16, 32 and 64 amino ends 

respectively. Each coupling of the Boc-Lys (Boc)-OH was carried out in DMF and after 

each coupling the molar excess of Boc-Lys (Boc)-OH and quantity o f coupling reagent 

was doubled since the number o f available functional groups had doubled. After the 

completion o f synthesis the terminal amino groups were acetylated with acetic anhydride 

in the presence o f diisopropylethylamine. Finally, the resin was washed with 

dichloromethane and dried in air. The peptide was removed from the resin support with 

a high HF method (2 g resin peptide, 20 ml HF, 1.5 h at -5 °C) to yield the crude peptide 

which was dissolved in 95% acetic acid solution and lyophilised.

Compound 2a

MS m/e (%) C40H7A N 6 (736.59) :759(20)(M+Na), 652(18), 568(100),386(24)

Yield :85%

Compound 2b

MS m/e (%)C84Hi540i2N ,2 (1523.18) : 1549(25)(M+Na), 1360(63), 1191(100), 794(53) 

Yield :78%

Compound 2c

MS m/e (%)C,72H322024N24 (3114.52) :3138(31)(M+Na), 2942(100), 2773(62), 

2378(64), 2210(66), 1594(60)
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Yield :74%

Compound 2d

MS m/e (%)C348H65o04gN48 (6270.98) :6294(77)(M+Na), 5873(100), 3240(62), 

3062(75), 1560(45), 1058(66)

Yield :74%

Compound 2e

MS m/e (%)C7ooHi3060%Ngg (12596.03) : 12600(59), 11783(75), 9142(53), 7473(51), 

6288(100)

Yield :48%

Compound I f

MS m/e (%)C,404H2618Oi92Ni92 (25246.09) :25269(33)(M+Na), 24432(36), 23138(42), 

21861(45), 17098(46), 11531(83), 8214(93)

Yield :38%

Compound 2g

MS m/e (%)C284H522048N48 (5373.98) ;5396(M+Na)(28), 5374(67), 5039(100), 

4574(87), 2720(25)

Yield :72%

Compound 2h

MS m/e (%)C412H778048N48 (7167.99) ;7191(M+Na)(70), 6993(74),

5693(50),3206(52),2018(83)
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Yield :60%

Lipophilic dendrim ers w ith polycationic surfaces 

Lipid-Lysine dendrim ers 

M ETHOD D

The compounds 3a- 3c was synthesised as described in method [C] employing 

a solid phase procedure on a PAM resin (1 g, substitution 0.46 mmol/g resin). The 

addition o f 3 a-Amino tetra decanoic acid residues, which were introduced as the 

recemic Boc protected compound le  at the N-terminal o f the resin. The polylysine 

construct was added to the growing peptide chain using the same procedures as before, 

but by using lysine that was Boc protected at both a- and e-amino functions, two amino 

functions were available for coupling by the next residue. Thus, by sequentially adding 

Boc-Lys (Boc)-OH (Novobiochem), the first level of coupling produced two amino 

ends, the 3̂ *̂ , 4**’ and 5* level o f coupling resulted in 8 , 16, and 32 amino ends 

respectively. Each coupling of the Boc-Lys (Boc)-OH was carried out in DMF and after 

each coupling the molar excess of Boc-Lys (Boc)-OH and quantity o f coupling reagent 

was doubled since the number of available fimctional groups had doubled. The peptide 

was removed from the resin support with high HF method (1.5 ml p-cresol) to yield the 

crude peptide, which was precipitated with ethyl acetate redissolved in acetic acid and 

purified.

Com pound 3a

Yield: 82%
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MS m/e (%)C84Hi6 6 0 ioNi8 (1 5 8 7 .3 0 ):1 6 1 0 (M+Na)(1 0 0 ), 1588(M+H)(75), 1506(50), 

1369(54), 1078(55), 901(60)

Com pound 3b

Yield: 76%

MS m/e (%)Ci32H2620i8N34 (2612.06) :2635(M+Na)(100), 2520(33), 1980(34), 1780(36)

Com pound 3c

Yield: 52%

MS m/e (%)C22gH454034N66 (4661.58) :4684(M+Na)(72), 4058(93), 3641(100), 3430(86) 

L ipid-O rnithine dendrim ers

The compounds 4a - 4c were synthesised as described in method D, but Boc-Om-(Boc)- 

OH was used instead o f Boc-Lys-(Boc)-OH which was synthesised as described in 

method B.

Com pound 4a

Yield: 82%

MS m/e (%)C77H i520,oN ,8 (1489.19) :1512(M+Na)(73), 1490(M+H), 1248(58), 

1020(83), 792(100)

Com pound 4b
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Yield: 74%

MS m/e (%)C„7H232034N34 (2401.83) :2402(M+H)(100), 2224(45), 2162(45), 1461(42), 

791(86)

Compound 4c

Yield: 62%

MS m/e (%)Ci97H392034N 66 (4227.09) :4249(M+Na)(100), 3762(80), 2424(78), 

2067(78), 1045(96)

Synthesis of primary reactants for dendrimers with targeting sugar 

Tetra-O-acetyl-p-D- glucopyranose (Compound 5a)

p- D-Glucose (lOg, 55 mmol) was suspended in 135 ml Acetic anhydride (1.42 

mol) and Iodine (0.657mg, 5.2 mmol) was added and stirred in an ice-bath for 3 h. The 

completion of reaction was monitored by TLC. After the completion of reaction, excess 

acetic anhydride and iodine were evaporated to dryness resulted in a colourless 

compound (5a).

Yield: 63.75%

Tetra-O-acetyl-P-D- glucopyranosyl azide (Compound 5b)

Tetra-O-acetyl-P-D- glucopyranose (13 g, 33.33 mmol) was dissolved in 

dichloromethane (100). Trimethylsilyl azide (4.6 g, 40 mmol) and tin(iv)chloride (5.33 

g, 20.53 mmol) were added under nitrogen conditions. The mixture was stored at room 

temperature for 24 hours. The reaction mixture was subsequently diluted with
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dichloromethane (100 ml), washed with IM  potassium fluoride solution (50 ml) with 

sodium hydrogen carbonate (3x100 ml), dried with anhydrous MgSO^ and filtered. The 

solution was concentrated to dryness and chromatographed using ethyl acetate.

Yield : 92%

MS m/e (%)Ci4H ,A N 3 ( 373.32) : 396 [M+Na]^ (100), 173 (77)

‘NMR (CDCI3) ô=5.41(d, 1 H, H-4), 5.17 (m, 1 H, H-2), 5.04 (m, 1 H, H-3), 4.60 (d, 

1 H, H-1), 4.19 (m, 2 H, H-6 ), 2.15-1.98 (4s, 12 H, 4 OAc), 4.00 (m, 1 H, H-5).

Tetra-O-acetyl-p-D- glucopyranosyl amine (Compound 5c)

Palladium catalyst (700 mg) was added to the flask containing Tetra-O-acetyl-P- 

D- glucopyranosyl azide (10.18 g, 27.29 mmol). The mixture was covered cautiously 

with methanol, replacing the stopper at the sign of any flame. Tetrahydrofuran (THF) 

was added to dissolve the sample. The flask was then collected to a semi-closed 

apparatus through which nitrogen was passed for approximately 5 minutes to remove 

air. A steady flow of hydrogen was passed through the system for 7 hours. The reaction 

mixture was filtered, washing with methanol and THF. The sample was evaporated to 

dryness.

Yield: 76%

MS m/e (%)Ci4H2iOgN( 347.32): 370 [M+Na]\30), 348 [M+H](100), 331(92), 288(30) 

‘NMR (CDCI3) 0= 5.40 (d, IH, H-4), 5.04 (m, 2H, H-2, H-3), 4.16 (d, IH, H-1), 4.10 

(d, 2H, H-6 ), 3.99 (m, IH, H-5), 2.14-1.97 (4s, 12H, 4)Ac)

149



Appendix I

N-a(Tetra-0-acetyl-p-D-glucopyranosyl)-N„-t-butoxycarbonylbenzylasparagine 

(Compound 5d)

Tetra-O-acetyl-p-D- glucopyranosyl amine (8.3 g, 23.9 mmol) and Boc-Asp-(0- 

Bzl)-OH (7.78 g, 23.9 mmol) were dissolved in dry dichloromethane (150 ml). The 

mixture was stirred at 0 °C. Dicyclohexylcarbodiimide (DCC) (9.88 g, 48 mmol) was 

added in one portion. The mixture was stirred for 24 h. The reaction mixture was diluted 

with dichloromethane (150 ml), washed with 5%acetic acid solution (2x100 ml) and 

saturated sodium hydrogen carbonate solution (2 x 100  ml), dried with MgSO^ and 

filtered. The solution was concentrated to dryness. The residue was precipitated with 

ether and dried.

Yield: 64%

MS m/e (%): 675(M+Na)(20), 653(M+H)(5), 553(M-Boc)(100), 338(40), 250(75)

N-a(Tetra-0-acetyl-p-D-glucopyranosyl)-N„-t-butoxycarbonylasparagine 

(Compound 5e)

Palladium catalyst (300 mg) was added to the flask containing N-a(Tetra-0- 

acetyl-P-D- glucopyranosyl)-N„-t-butoxycarbonyl benzylasparagine (7.5 g, 11.5 mmol). 

The mixture was covered cautiously with methanol, replacing the stopper at the sign of 

any flame. Dichloromethane (DCM)was added to dissolve the sample. The flask was 

then collected to a semi-closed apparatus through which nitrogen was passed for 

approximately 5 minutes to remove air, A steady flow o f hydrogen was passed through

150



Appendix I

the system for 7 hours. The reaction mixture was filtered, washing with methanol and 

DCM. The sample was evaporated to dryness.

Yield: 8 8 %

MS m/e (%) 607(M+2Na)(15), 585(M+Na)(100), 562(M+), 463(85)

D endrim ers w ith targeting sugar 

M ETHOD E (Com pounds 6 a -6 c)

The compounds 6 a -6 c were synthesised as described in method [D] employing 

a solid phase procedure on a PAM resin (Ig, substitution 0.46 mmol/g resin), the sugar 

unit was introduced as N-a(Tetra-0-acetyl-p-D- glucopyranosyl)-N„-t-butoxycarbonyl 

asparagine (5e)and the addition o f 3 a-Amino tetra decanoic acid residues, which were 

introduced as the recemic Boc protected compound le  at the N-terminal o f the resin. 

The polylysine construct was added to the growing peptide chain using the same 

procedures as before, but by using lysine that was Boc protected at both a- and e-amino 

functions, two amino functions were available for coupling by the next residue. Thus, 

by sequentially adding Boc-Lys (Boc)-OH (Novobiochem), the first level o f coupling 

produced two amino ends, the 3”*, 4* and 5* level o f coupling resulted in 8 , 16, and 32 

amino ends respectively. Each coupling o f the Boc-Lys- (Boc)-OH was carried out in 

DMF and after each coupling the molar excess o f Boc-Lys- (Boc)-OH and quantity of 

coupling reagent was doubled since the number of available functional groups had 

doubled. The acetyl groups on sugar moiety were removed by stirring the resin in 

2%hydrazine for 2 h. The peptide was removed from the dried resin support with high
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HF method (1,5 ml / 7-cresol) to yield the crude peptide, which was precipitated with 

ethyl acetate redissolved in acetic acid and purified.

Com pound 6 a

Yield: 72%

MS m/e (%)(1866) : 1865(100), 1610(20)1353(85), 1127(23)

Com pound 6 b

Yield: 64%

MS m/e (%) (2891) : 2887(100), 1860 (30), 1574(30).

Com pound 6 c

Yield: 58%

MS m/e (%)(4942) : 4927(100), 2659(25), 1472(30).

M ETHOD F

For the compounds 7a and 7b a sequence of target peptide was added to improve 

transfection of genes were introduced as Boc protected aminoacids and then the layers 

of lysine (for compounds 7a and 7b)were built as described in method B.

Com pound 7a

Yield: 74%
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MS m/e (%) (2568.61) : 2590 (M+Na)(52), 2569(100), 2238(35)

Compound 7b

Yield: 6 8 %

MS m/e (%)(3594.13 : 3595 (90), 3302 (60), 2790 (60), 1275 (56)

Dendrimers containing Nuclear localisation signal peptide

The compound 8 a and 8b were synthesised as described in method D, but Boc-Om- 

(Boc)-OH was used instead of Boc-Lys-(Boc)-OH which was synthesised as described 

in method F.

Compound 8a

Yield: 6 8 %

MS m/e (%)(2469.28):2470(100), 2227 (70), 1813 (30), 1248 (17)

Compound 8b

Yield: 64%

MS m/e (%)(3381.28): 3382 (100), 1213 (15)

Dendrimers with amphiphilic character 

METHOD F (Compounds 9a-c)
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The amphiphilic peptide dendrimers with lipophilic surfaces were synthesised 

employing a solid phase procedure on a PAM resin (Ig, substitution 0.46 mmol/g resin) 

a lysine residue was introduced with the addition of Fmoc-Lys-(Boc)-OH. Sequentially, 

Boc group was deprotected and two layers o f lysine residues were added as Boc-Lys- 

(Boc)-OH resulted in 4 amino groups. Then, a-amino tetra decanoic acid residue was 

introduced as the recemic Boc protected compound (lb ) and acetylated. The Fmoc 

group was deprotected using 20%piperidine solution. Subsequently, the polylysine 

construct was added to the growing peptide chain using the same procedures as before, 

but by using Boc-Lys (Boc)-OH, two amino functions were available for coupling by 

the next residue. Thus, by sequentially adding Boc-Lys (Boc)-OH (Novobiochem), the 

first level o f coupling produced two amino ends, the 3̂ ,̂ 4* and 5* level o f coupling 

resulted in 8,16, and 32 amino ends respectively. Each coupling of the Boc-Lys (Boc)- 

OH was carried out in DMF and after each coupling the molar excess of Boc-Lys (Boc)- 

OH and quantity o f coupling reagent was doubled since the number o f available 

functional groups had doubled. The peptide was removed from the resin support with 

high HF method (1.5ml/7-cresol) to yield the crude peptide, which was precipitated with 

ethyl acetate redissolved in acetic acid and purified.

Com pound 9a

Yield: 78%

MS m/e (%)C,3oH25iOi9N27 (2494.95) :2496(M+H)(100), 2329(20), 1706(22), 723(7)
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Compound 9b

Yield: 72%

MSm/e (%)C,78H347043N27 (3519.71) :3542(M+Na)(28), 3520(100), 2851(10), 

2558(10),2074(14)

Compound 9c 

Yield: 64%

MS m/e (%)C274H539075N43 (5569.22) :5570(M+H)(100), 5394(58), 4992(53), 4034(55), 

3339(88)

Synthesis of Radiolabelled Dendrimer for biological studies

The dendrimer 10a was synthesised as described in method C without acétylation step 

and 25mCi o f pH] acetic anhydride (Amersham) was diluted with pyridine (10ml), 

stirred in a round bottomed flask for 24 hrs. Then the completion of acétylation was 

then done by using an excess o f cold acetic anhydride, with the extent of capping being 

assessed by quantitative ninhydrin testing, thus yielding radioactive compound 10b. The 

characteristics o f the compound 10b were similar to compound 2d.

Compound 10a

Yield: 78%

MS m/e (%)C3,gH6ig032N4g.(5 5 9 5 ): 5617(M+Na), 4418(62), 2777 (95), 2295(79), 1589 

(96), 1362 (92)
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Intraperitoneal Biodistribution studies 

Dosing and sample collection

Rats were injected intraperitoneally. The animals were euthanized by CO2 asphyxiation, 

at different time intervals (3, 6  and 24 h) and after the collection of blood all the relevant 

organs (liver, spleen, kidney) were removed. All dissected tissues were weighed, 

homogenised and an aliquot solubilised and analysed for radioactivity. For blood the 

values were extrapolated to 6.4% of body weight [12.8 ml for 200 g rat, or 64 ml/kg] 

(Baker et a l ,  1979).

Dosing

For intraperitoneal biodistribution studies 14 mg/kg in 0.2 ml volume was used.Free 

access to water was given at all time. The rats were fasted for 12 h prior to dosing.
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Results and discussion

The radioactivity observed in liver after 3 h and 24 h was 2.4% and 10% respectively. 

Less than 1% radioactivity was observed in spleen, kidney and blood. The total 

radioactivity recovered after 3 h was 3% compared to 11% after 24 h which indicate the 

dendrimer is not easily excreted and it is stable in biological environments.

It must be remembered that after 24 h oral administration 1.23 % of the dendrimer was 

recovered. Where as after intraperitoneal administration about 10 % of the dendrimer 

administered was recovered in liver alone. Also the radioactivity of the dendrimer 

recovered was also very low. We are unable to interpret the results obtained. It may be 

possible that the dendrimer is distributed in the other organs which are not studied. 

Recovery data in the other organs is needed to interpret the results obtained.

Barth et al. (1994) reported the biodistribution of *̂ Î- polyamidoamine dendrimers of 

generations 1 through 5, administered by intraperitoneal injection, that they are studying 

for use in boron neutron capture therapy. Only liver, spleen, muscle and blood levels 

were reported. The highest level of accumulation in these organs was observed in the 

spleen; localisation increasing with increasing generation. Studies using polycationic 

(poly [L-lysine] polymers) showed accumulation in the liver and spleen after intravenous 

administration (Hudecz et a l ,  1993; Clegg et a l,  1990).
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Biodistribution o f dendrimer 10b in spleen, kidneys and blood after intraperitoneal 
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Liver uptake o f dendrimer 10b after intraperitoneal administration.
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LIST OF ABBREVIATIONS

ACTH Aderenal corticotrophic hormone

(B 0 0 )2 0 Ditertiary butyl dicarbonate

EBB Blood brain barrier

BOP Benzotriazole-1 -yl-oxy-tris(dimethylamino)-phosphonium 

hexaflurophosphate

BSA Bovine serum albumin

CSF Cerobrospinal fluid

DCC Dicyclohexylcarbodiimide

DCM Dichloromethane

DCU Dicyclohexylurea

DIEA Diisopropylcarbodiimide

DMA? Dimethylaminopyridine

DMF Dimethylformamide

DMRIB 1,2-dimyristyloxypropyl-3-dimethyl-hydorxyethyl ammonium 

bromide

DOGS dicotodecylamine-glycine-spermine

DOTAP l,2-dioleyloxy-3-(trimethylammonio)propane

DOSPA 2,3-dioleyloxy-N-(2-sperminecarboxyamido)ethyl)-N-N- 

dimethyl-1 -propanaminium trifluroacetate

DOTMA 1,2-dioleyloxypropyl-3-trimethyl ammonium bromide

DPPES Dipalmitoylphosphatidylehanolamidospermine

FCS Foetal calf serum

Fmoc 9-Fluorenylmethoxycarbonyl

GALT Gut associated lymphoid tissue

GCMS Gut contents/Mucosal scrapings

GI gastrointestinal

GPC Gel permeation chromatography

'H-NMR Proton nuclear magnetic resonance
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HBTU 2-( IH-Benzotriazole-1 -yl)-1,1,3,3-tetramethyluronium 

hexaflurophosphate

HF Hydrogen fluoride

HOBt 1 -Hydorxybenzotriazole

IM Intramuscular

IV Intravenous

LHRH Luteinizing hormone releasing hormone

LLI Lymphoid large intestine

LSI Lymphoid small intestine

MeOH Methanol

MS Mass spectrometry

NLLI Non-lymphoid large intestine

NLSI Non-lymphoid small intestine

p-MBHA para- Mehtylbenzhydralamine

PAM 4-Hydroxymethylphenylacetamidomethyl

PAM AM Polyamidoamine

PBS Phosphate buffered saline

PEG 1 Polyethyleneglycol

PLGA Poly (D,L-lactic, co-glycolic acid)

PyBOP Benzotriazole-1 -yl-oxy-tris-pyrrolidino-phosphonium 

hexoflurophosphate

RLU Relative light units

RP-HPLC Reverse phase high performance liquid chromatography

SC Subcutaneous

SCBD Severe combined inununodeficiency

SPPS Solid state peptide synthesis

t-Boc tertiary Butyloxycarbonyl

TBTU 2-( IH-Benzotriazole- 1-yl)-1,1,3,3-tetramethyluronium 

tetrafluroborate
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TFA Trifluroacetic acid

TFMSA Trifluromethane sulphonic acid

TLC Thin layer chromatography

Z Benzyloxycarbonyl
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Mass Spectra of the representative dendrimers
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