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ABSTRACT

A group of cationic amphiphilic polylysine tiendrons anti tientirimers of various 
geometries anti lipophilicity were synthesised anti characterised to investigate their 
potential uses in drug delivery.

An interesting intrinsic fluorescence was discovered in these molecules without a 
fluorophore, a property which can be used as a tool in their visualisation anti 
quantification of cellular uptake. The complexation between tientirimers anti a small 
dye molecule carboxyfluorescein was also studied to prove the ability of the 
tientirimer to act as nanocarrier devices.

Engineering tientirimers anti tiendrons (partial tientirimers) is by controlling their 
generation number, number of branching units anti surface functionalities. Dentirons 
of the appropriate hytirophile-lipophile balance (HLB), size anti topology can self- 
assemble into higher order structures, broadening their potential for use as drug anti 
gene carriers. Novel supramolecular vesicular structures comprised of a cationic 
lipitiic tientiron were developed anti named “tientirisomes”. Dentirisomes were tested 
for their potential as drug delivery carriers for benzyl penicillin (penicillin G), used 
as a model of a negatively charged water soluble drug. Their interaction with 
cholesterol was also studied using techniques such as photon correlation 
spectroscopy, transmission electron microscopy anti differential scanning 
calorimetry. The gradual transformation of tientirisomes into isotropic 
surfactant/tientiron mixed micelles was achieved via the interaction with the non­
ionic surfactant, Triton X-100.The stoichiometry of the tientiron-surfactant interaction 
was determined.

Heparin is a negatively charged polysaccharide which is known for its anticoagulant 
activity, pro-angiogenic character anti poor oral absorption. A hydrophilic tientirimer 
with 64 amino groups was complexeti with heparin via electrostatic interactions to 
form heparin tientiriplexes. An effect on heparin anticoagulant activity, angiogenic 
properties as well as its absorption profile is anticipated upon complexation, 
depending on the physicochemical properties anti stability of the tientiriplexes in 
vitro anti in vivo. The modulation of heparin anticoagulant activity in vitro anti in 
vivo was studied: complete association occurs at 1:1 mass ratio at which ratio the 
anticoagulant activity of heparin is abolished. A change in heparin pharmacodynamic 
anti pharmacokinetic properties occurred when complexeti with the tientirimer, 
demonstrated by uptake measurements across Caco-2 monolayers anti biotiistribution 
(in rats) of [^H] labelled tientirimer, [^H] labelled heparin anti the tientiriplexes. 
However, the use of tientirimers as an approach to enhance heparin absorption in 
vitro anti in vivo was not much successful due to the low uptake enhancement ratio 
anti heparin deactivation.

It is concluded that tientirimers anti tiendrons are potential tools in drug delivery as 
discrete nanotievices (uni-micellar tientirimers), supramolecular assemblies 
(tientirisomes) anti active moieties themselves (as heparin antidote anti in 
angiogenesis therapy).
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Chapter I

INTRODUCTION

The word dendrimer is derived from the Greek words ‘dendron’, meaning tree or 

branch, and ‘meros’ denoting for the smallest repeating structural unit. Dendrimers 

are defined as two or more dendrons that emanate from a common core- a central 

juncture which can be a single atom or an atomic group (Figure 1.1). The dendritic 

structure is characterised by ‘layers’ between each focal point called generations. 

Dendrimers were first synthesised by Tomalia in the mid 1980’s (Tomalia et a l, 

1990). They can be prepared by two distinct synthetic strategies: the divergent 

approach developed by Tomalia et al (1985) and Newkome et al (1985) where 

synthesis starts from the central core and moves out towards the periphery, and the 

convergent approach developed by Hawker and Fréchet (1990) which starts from the 

outermost residues moving inward. Dendrimers are structurally well-defined with a 

low polydispersity in comparison with traditional polymers. They can also be 

prepared by other non-covalent interactions of some dendrons.

There is now a large and growing number of publications which explore the use of 

dendrimers in drug, gene and vaccine delivery; the use of some as therapeutic agents 

in their own right is also being studied (Loup et a l, 1999; Gazumyan et a l, 2000; 

Kasai et a l, 2002; Shaunak et a l, 2004; Solassol et a l, 2004).
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Figure 1.1: Schematic representation of the dendritic structure showing their 
unique structural aspects. (Reprinted from Matthews et al., 1998)

The oral absorption and organ distribution of dendrimers has been studied (Sakthivel 

et a i, 1999; Nigavekar et al., 2004). The structural and size related toxicity and 

biocompatibility of many types of dendrimers is being actively researched (Loup et 

al., 1999; Malik et a l, 2000; Krishna and Jayaraman, 2003; Maszewska et a l,  2003; 

Fuchs et a l ,  2004; Jevprasesphant et a l,  2004).

Dendrimers have been found to interact with several drugs, dyes and chemical 

reagents providing potential applications in areas such as solubilisation of 

hydrophobic molecules (Newkome et a l,  1990; Gopidas et a l, 1991; Newkome et 

a l,  1993; Watkins et a l,  1997; Milhem et a l, 2000), molecular inclusions (Naylor et 

a l, 1989; Twyman et a l,  1999), nanoscopic containers (SayedSweet et a l,  1997), 

dendritic boxes (Jansen et a l,  1994; Balzani et a l,  2002), unimolecular micelles 

(Baars et a l ,  2000a), reverse molecular micelles (Stevelmans et a l,  1996), pH 

sensitive controlled drug release systems (Sideratou et a l, 2000; Gillies et a l, 2004),



catalysts (Piotti et al., 1999; Goetheer et al, 2000) and chromatography (Kuzdzal et 

ai, 1994).

1.1. Supramolecular assembly

There is of course a large and growing spectrum of primary dendron and dendrimer 

structures, possible because of the almost limitless range of dendritic architectures 

that can be built around suitable multi-functional core molecules.

The preparation of supramolecular or self-assembled dendrimers via non-covalent 

interactions has recently been sought to reduce the synthetic effort required in 

dendrimer synthesis. Such methodology guarantees the accuracy of the structural 

assembly which can then easily revert to the building blocks with a particular stimuli. 

The self-assembly process can be a dendron-only process involving hydrogen 

bonding (Zimmerman et al, 1996), hydrophobic interactions (Percec et al, 2001) or 

electrostatic interactions (Tomioka et al, 1998; Balzani et al, 2002). Self-assembly 

can be also directed by a template. The template interacts with functional group(s) on 

the dendron or dendrimer as shown in Figure 1.2. Such interactions can be ligand- 

metal interactions (Newkome et al, 1999; Gorman and Smith, 2000), hydrogen 

bonding (Wang et al, 2001) or electrostatic (Bo et al, 1997).

Figure 1.2: Schematic representation of supramolecular dendrimer with individual 
dendrons assembled around a molecular template. (Reproduced from Dykes and 
Smith, 2003)



Zimmerman et al. (1996) was the first to introduce hydrogen bond mediated 

assembly of Frechet-type benzyl ether dendrons with two isophthalic acids at the 

focal point. The dendrons form hexameric disk-shaped aggregates with a 2 nm 

thickness and a 9 nm diameter. The dendron or dendrimer structure can direct the 

assembly process. Baars and co-workers (2000b) reported the non-covalent 

synthesis of the polyester dendritic “bow-ties” composed of two complementary 

dendrons based on 2,2-bis(hydroxymethyl)propionic acid with bis-(adamantylurea) 

or glycinylurea at the focal point. Gillies and Fréchet (2004) showed that the 

association constant of the parent self-assembled system was dependent on the 

peripheral functionality as shown by ’H NMR.

Dendritic branches have been also shown to form gel phase materials. Kim et al.

(2001) reported the thermo-reversible gelation of alkyl modified amide dendrons into 

organic solvents driven by the intermolecular hydrogen bonding between the amide 

groups in the dendritic structures and stabilised by hydrophobic interactions among 

the peripheral alkyl chains. Increasing the dendrimer generation resulted in self­

organisation into lamellar or hexagonal columnar structures which self-assembled 

into fibres. The introduction of polymerisable dendritic blocks such as acetylene 

moieties added to the nanostructure stability (Kim et a l, 2003). Aida et al. (2000) 

also reported the gelation of an aromatic dendron, di-peptidyl core poly(benzyl 

ether), in organic solvents. The gel contains fibres (1-2 pm diameter) made of 

smaller fibrils (20 nm diameter). Another type of supramolecular organogels shown 

in Figure 1.3 comprised two-components; the polylysine dendritic branches 

fimctionalised with acid or crown ethers (Dykes and Smith, 2003) and the aliphatic 

diamines.
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Figure 1.3: Two-component supramolecular dendritic gels made of (a) polylysine 
dendritic branches functionalised with acid (1) or crown ether (2) and (b) 
diaminododecane. The network is based on acid-amine or crown-NH]^ interactions 
and the hydrogen bonding between the peptidic groups. (Reprinted from Dykes 
and Smith (2003), © Elsevier Science Ltd)

Newkome et al. (1993) reported the gelation of dumb-bell shaped ‘arborols’ 

consisting of two hydrophilic dendrimer spheres and bridged with a lipophilic linker. 

The length, bulkiness and rigidity of the linker dictate the stacking of some arborols 

into rod-shape structures.

Other forms of self-assembly include the small vesicular structures with a diameter 

ranges between 20-200 nm and a bilayer arrangement seen in acidified aqueous 

solutions of poly(propylene imine) dendrimers modified with 64 hydrophobic alkyl 

chains (20-200 nm in diameter) (Schenning et a l, 1998) and the amide dendron 

bearing four alkyl chains (160 nm in diameter) in water (Kim et al, 2001).

More water soluble dendrons and dendrimers tend to aggregate into micellar forms. 

Mizutani and co-workers (2002) reported the aggregation of quaternary dendrimers 

with methyl and octyl chains into micellar aggregates of 17-36nm diameter. Also



Esumi et al. (2002) found that a 4*’’ generation polyamidoamine dendrimer having 

64 alkyl groups formed micellar aggregates in water. Gillies and Fréchet (2004) have 

recently developed micellar carriers, comprised of a linear poly(ethylene oxide) and 

either a polylysine or polyester dendron, capable of releasing their drug load in 

response to small changes in pH encountered in the mildly acidic pH of tumour and 

inflammatory tissues.

The self-assembly of dendrons into liquid crystalline materials is a new approach in 

supramolecular dendrimers studied by Percec et al. (1994; 1995; 1997) and based on 

the self-assembly of small and well defined tapered or wedge shaped so-called 

“monodendrons” into macroscopical ciy^stalline and liquid crystalline structures, 

complex structures which have potential applications in areas as photonics, 

molecular electronics and catalysis (Ungar et al, 2003).

The correlation between the molecular geometry of the monodendritic molecules and 

the shape and size of supramolecular structures formed was studied by Ungar et al 

(2000; 2003). Figure 1.4 shows that the resulting supramolecular structure was 

controlled by altering the generation, the size of the core and the width of the 

aliphatic end. Flat tapered monodendrons based on gallic acid and substituted with 

three dodecyl chains self-assemble like flat pizza slices and discs, then into 

cylindrical structures which pack into columnar hexagonal thermotropic solvent free 

liquid crystals, upon heating to the isotropic melt. Alternatively, cone shaped alkyl 

substituted second generation dendrons self-assemble into spherical structures 

instead which further arrange into a cubic liquid crystalline lattice.
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Figure 1.4: a) Schematic representation of the self-assembly of flat tapered 
monodendrons (1) into a supramolecular cylindrical dendrimer (2) and then into a 
hexagonal columnar liquid crystal (3); b) self-assembly of conical monodendrons 
(4) into a supramolecular spherical dendrimer (5) and of the self-organisation of 
the latter into a cubic liquid crystal (6). (Reprinted from Ungar et al, 2000)

The new concept of receptor functionalised dendrons was studied by Elemans et al

(2002) suggesting their use as nanoreactors. Dendrons functionalised at their origins 

with recognition units, namely clip receptors, formed assemblies with the methyl 3,5- 

dihydroxybenzoate guest molecules entrapped in the core of the spherical assemblies 

(Figure 1.5).
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Figure 1.5: a) Schematic representation o f  the proposed self-assem bly o f  the host- 
guest com plex o f  (A) a monodendron, based on (1) gallic acid and functionalised  
with (2) a clip receptor and (B) methyl 3,5-dihydroxybenzoate as a guest. The 
guest m olecules are located in the core o f the supramolecular dendrimer (3). 
(Reprinted from Elemans et al ,  2002)

Percec et al. (2002) reported the self-assem bly o f  fluorinated dendrons, with a wide 

range o f  conducting organic acceptor or donor groups attached to the apex, into 

supramolecular nano-scale colum ns which self-organise into hexagonal, centred and 

rectangular columnar crystals exhibiting high charge carrier m obilities with 

promising optoelectronic properties.

Other groups have studied dendritic-linear block copolym ers which are intermediates 

between traditional surfactants and amphiphilic block copolym ers. G istov  and co­

workers (1992) have synthesised amphiphilic diblock (A B ) and triblock (A B A ) 

copolym ers based on polyether dendrimers and polyethylene g lycols and showed that 

som e o f  them were able to form m icelles in some solvents. Polyethylene glycol- 

Boc-protected polylysine copolym er named hydraamphiphile show ed surfactant and



solubilisation properties (j C h a p m a n al, 1994). Similarly a series of the 

amphiphilic polystyrene (PS)-poly(propylene imine) dendrimer diblock copolymers 

with varied head group size^^ànhest^/ al, 1995) showed a generation dependent 

aggregation pattern in water; the diblock copolymer made of polystyrene and 

poly(propylene imine) dendrimer with eight surface amine (PS-dendr-(NH2)g ) forms 

vesicular structures (circa 100 nm in diameter), PS-dendr-(NH2)i6 with 16 surface 

amines forms micellar rods with 12 nm in diameter, PS-dendr-(NH2)32 forms 

spherical micelles (10-20 nm in diameter). Zhu et al (2001a; 2002) reported another 

block copolymer of 2"̂  and 3̂  ̂ generation polyether dendrimer (non-polar) and the 

thermoresponsive polymer poly(A'"-isopropylacrylamide) (polar) found to self- 

assemble in aqueous solution into bilayer spherical aggregates with hydrodynamic 

diameters of 40- 80 and 140- 250 nm respectively . A phase transition was observed 

at 37.5 °C with a change in the morphology into entangled nanotubules of several 

micrometers length. The dendritic polyether -  poly(acrylic acid) block copolymer 

self-assembles into typical vesicular aggregates with a layer thickness of 3-5 nm 

(Zhu et a l, 2001b).

1.2. Dendrimer-surfactant assemblies

Interaction of surfactant molecules with ionic and non-ionic polymers such as 

poly(acrylic acid) and poly(ethylene oxide) are well known (Robb, 1981; Attwood 

and Florence, 1983b; Goddard, 1986a; Goddard, 1986b). The nature of interaction as 

well as the structure of these complexes is of importance in many industrial and 

biological processes such as the solubilisation of biological membranes, oil recovery, 

mineral flotation and flocculation. Although many mixed systems of surfactants and 

polymers have been studied, few dendrimer-surfactant interactions have been 

investigated. Such studies can provide some information about structural changes of



dendrimers between different generations. For example, poly(amidoamine) 

dendrimers (PAMAM) possessing external anionic surface groups undergo a change 

in morphology from an open, branched structures for generations 0.5-3,5 to a closed, 

increasingly compact surface for generations 4.5-9.5 as shown by molecular 

simulation (Naylor et a l, 1989). Their interaction with the anionic surfactant sodium 

dodecyl sulphate (SDS) studied by fluorescence spectroscopy (Caminati et al., 1990) 

leads to the formation of two types of PAMAM-templated surfactant aggregates as a 

function of generation and size.

In several instances, dendrimers which lack surfactant properties were found to 

enhance the surface activity and hydrophobicily of some surfactants (Caminati et a l , 

1990; Esumi et a l, 2000; 2001) and vice versa. SDS enhanced the surface activity of 

the cationic tetrameric PAMAM dendron (0=0) with four octyl chains and four 

ammonium groups as demonstrated by surface tension measurements (Yoshimura et 

a l, 2002). Light scattering measurements showed an increase in the apparent 

diameter of the dendron from 1.3 to 171 nm in its aggregated form. Enhanced 

hydrophobicity and higher pyrene solubilisation of the aggregates compared to SDS 

micelles alone was observed, possibly due to reducing the electrostatic repulsion due 

to interactions between ammonium groups and sulphate ions in addition to 

hydrophobic associations between dendron octyl chains and dodecyl chains of the 

surfactant. Furthermore, a hydrophobically modified PAMAM dendrimer with 64 

octyl chains with an inherent surface activity formed aggregates with a much higher 

surface activity and an extraordinary capacity for solubilisation of pyrene compared 

to the dendrimer-dodecyltetrammonium bromide (DTAB) and dendrimer- 

hexaoxyethylenedodecyl ether (CnEe) systems and twice that of dendrimer alone 

(Esumi et a l, 2002).
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Another application is the solubilisation of cascade polymers and dendrimers which 

are interesting candidates for applications in diagnostics and sensor technology. A 

large but distinct number of chromophores and biologically active group(s) can be 

attached to them, but sometimes the hydrophobicity of these structures hinders their 

use in bioassays since water solubility is a requirement. Dendrimer-detergent 

association does not require chemical intervention compared to dendrimers carrying 

covalently attached solubilizing agents to provide water solubility. Recently, an 

insoluble polyphenylene dendrimer bearing three perylene monoimide chromophores 

(PMI) and a single biotin group has been synthesised (Minard-Basquin et a l, 2003). 

Non-ionic detergents such as polysorbate 20 and polysorbate 60 have shown 

promising solubilisation behaviour. Fluorescence correlation spectroscopy (PCS) and 

dynamic light scattering (DLS) showed a constant hydrodynamic radius of 7.1 nm 

for dendrimer-detergent complexes at a polysorbate 20: dendrimer molar ratio of 

11600:1.

Mixtures of surfactants and amphiphilic dendrimer may provide a wide variety of 

supramolecular structures (Watkins et a l, 1997; Blanzat et a l, 2002) depending on 

temperature, surfactant charge and structure (Caminati et a l, 1990; Partearroyo et 

a l, 1992; Esumi et a l, 2000; 2002; Minard-Basquin et a l, 2003), dendrimer type 

and generation (Yoshimura et a l, 2002; Mizutani et a l, 2002) and 

surfactant/dendrimer molar ratio (Caminati et a l, 1990; Esumi et a l, 2001; Minard- 

Basquin et a l, 2003).
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1.3. Polylysine dendrons and dendrimers

Florence et al. (1998) focused on the secondary structures found within a 

homologous family of polylysine-based dendrons and dendrimers which are cationic, 

lipidic or amphipathic in nature. By derivatising the surface lysine groups of the 

dendrimers (and the core of some dendrons) a wide range of solubilities, molecular 

shapes and solution or suspension behaviour can be obtained. Figure 1.6 

summarized the structures discovered. Sakthivel et al. (1998) were the first to 

discover the asymmetric fibre-like structures formed in aqueous media from lipidic 

dendrimers (Figure 1.7).

DendrisomeDendriplex
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Polyanions
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Dendron Dendrimer

eg. nanoparticle- 
interaction

(  ontrolled aggregation
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stabilised
emulsion
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Figure 1.6: A schematic of the relationships between the primary dendron and 
dendrimer structures and the aggregated states: monolayers, dendrimer
nanoparticles, dendrisomes, dendriplexes and dendrimer constructs (e.g. 
dendrimers adsorbed onto nanoparticles). Perhaps not surprisingly some 
amphipathic dendrons can stabilise oil in water emulsions.
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Figure 1.7: Possible models o f  association o f  lipophilic dendrimer (A ) in aqueous 
dispersions. A typical tubule (B) with the dimensions o f  140-200 nm and 24 nm 
thickness with the possible association to bundles (C). (Reprinted from Sakthivel 
gfa/., 1998)

1.3.1. Surface monolayer formulation

Perhaps the sim plest morphology o f  an array o f  dendrimers is a monolayer spread at 

the solid/air, solid/water or air/water interface. Hydrophobic dendrimers can form 

m onolayers at the air/water interface, as shown diagrammatically shown in Figure 

1.8. The area/dendrimer m olecule can be calculated in the normal way from surface 

pressure - area (tc-A) isotherms (Figure 1.9). In one series studied, the calculated 

areas per dendrimer accurately reflect data from molecular m odels (Sakthivel et al ,  

1998). In a later study it became clear that the theoretical diameters and radii derived 

from such m odels and the values obtained using surface pressure data were not
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always consistent. It was suggested therefore that an “elasticity” or “collapse” 

potential can be determined as dendrimers are not all rigid spherical structures. The 

dendrimers appear to transform from more soft structure to less compressible 

systems. The size of some dendrimers is sensitive to the pH of the medium in which 

they are dispersed (Pistolis et a l,  1999; Zhang et a l,  2003; Kim and Bruening, 

2003).

Figure 1.8: A schematic of the adsorption of a lipidic dendrimer spread at the air- 
water interface. (Courtesy of B. Singh, School of Pharmacy, London).

14



Increasing generation

E
2  -1

z COE

o> «£>
3
«/»«>

cr>

O.
0>ofO

_
C\J

CM

3CO

( ■  1. A 2. ▼ 3, ♦  4 . *  5, •  6

12 24  36 4 8

A rea/m olecu le  in sq.nm
60

Figure 1.9: Surface pressure-isotherms o f  lipidic peptide dendrimers (numbers 1 to 6  

represents generations 1 to 6  coupled to acetylated a-am inododecanoic acid). Conditions: 
dendrimers spread on water as solutions in chloroform (50 pi) allow ing 10 min for solvent 
evaporation before com m encing compression at a rate o f  100 cm^/min at 25 °C. 
(Reprinted from Sakthivel et al ,  1998)

Amphipathic dendrons adsorb onto polystyrene nanoparticles through hydrophobic 

interactions: an increase in the cross-sectional area o f  the branched lysine head group 

(and hence hydrophilicity) leads to decreased adsorption (Sakthivel and Florence, 

2003). Adsorption o f  cationic dendrons to cellulose membranes is strong but can be 

m inim ised by addition o f  sodium chloride, which acts through charge reduction 

(Purohit et a l ,  2003).

1.3.2. Formulation of dendrimer-derived nanoparticles

Dendrimers w hose surface groups have been w holly or partially derivatised by 

hydrophobic groups may aggregate spontaneously in aqueous media. Control o f  this 

process is one means o f  using such individual sub-lOnm dendrimers in new  

m orphologies in a larger packed spherical arrangement, w hose size can be controlled.
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The size and stability of such dendrimer aggregates is dependent on the packing 

characteristics of the dendrimer. Singh and Florence (unpublished) have studied the 

concentration-dependent formulation of nanoparticles of interesting morphology 

from lipidic dendrimers with molecular weights ranging from ~ 6,200-19,800 and 

differing in generation and length of lipid chain. Controlled aggregates were 

formulated using the precipitation method of Quintanar-Guerrero et al. (1998). 

Nanoparticles could be prepared in the absence of surfactant. The effect of 

generation, lipidic chain and molecular weight of the dendrimers on apparent particle 

size was assessed. A slight increase (from 189nm -  240nm) in the Z-average mean 

nanoparticle size was observed as the molecular weight of the 6*̂  generation 

dendrimer increased. This increase might be due to two main factors: the increased 

length of lipidic chain and the increased intrinsic size of the parent dendrimers. With 

an increase in lipidic chain length the apparent particle size of the aggregates grew in 

case of the 6̂  ̂generation dendrimers as shown in Figure 1.10. Results suggest that 

dendrimers with a longer lipidic chain on the surface are more likely to interact to 

form denser structures and hence more compact structures are observed.

Using pyrene as a hydrophobic probe (Yanai et a l, 2001), an indication of the 

packing of the dendrimers in the body of the nanoparticles can be determined. At 

lower dendrimer concentrations (0.07-0.26 mg/ml) the pyrene is in an intermediate 

hydrophobic environment, after which a plateau is reached, confirming that a 

compact form of the dendrimer-derived nanoparticles with a hydrophobic interior 

was attained.
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Figure 1.10: Aggregates of lipophilic dendrimers showing the apparent particle 
size of the order of 190-240nm. Numbers 1-3 and 4-6 represents generations 5 
coupled to C 4 , Cio, Cl2 and generations 6 coupled to C 4 , Cm, C 12 respectively. 
Conditions: The dendrimer was dissolved in dichloromethane (DCM), double 
deionised water was added and the mixture was sonicated (2x30 sec) to form an 
emulsion. DCM was evaporated and the aggregates precipitated out into the water 
phase. The pH of the suspension varied from 5.0-6.0 at ambient temperature. 
(Singh and Florence, in press)

1.3.3. Polyanionic-cationic dcndron/dendrimer complexes

1.3.3.1. Dendron - DNA complexes

The complexes formed between cationic dendrons and polyanions have been termed 

“dendriplexes” (Ramaswamy et a l, 2003a). Their DNA condensation underpins 

their use as non-viral gene delivery agents. The cationic dendron-DNA complexes 

have been shown to transfect DNA in a range of cell lines with varying degrees of 

success (Toth et a i, 1999; Shah et a l, 2000). Ramaswamy et a i (2003a) studied the 

systematic modification of the terminal lysine branches of dendrons to explore the
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structural characteristics that determine their efficiency as non-viral gene vectors. 

While a cationic charge is paramount, lipid chains on the dendrons enhance the 

ability to condense DNA: the binding affinity of dendrons is thus ranked

(Ci8)3Lys7(NH2)g> (Ci4)3Lys7(NH2) g > (Cio)3Lys7(NH2)g > Lys7(NH2)g (the basic 

non-lipidic dendron). As the lipidic dendrons form compact complexes with DNA at 

a lower charge ratio than nonlipidic dendrons, hydrophobic interactions must 

complement the polyanion-polycation electrostatic interactions. This was confirmed 

by modelling dendriplexes (Figure 1.11) between a 32 bp section of double stranded 

DNA with four (C18)3Lys7(NH2)8 dendrons, in which clearly the amino groups are 

in contact with the phosphate groups of the DNA. Dynamics simulation allows the 

lipidic portions of the dendrons to move towards the DNA backbone through 

possible hydrophobic interactions. Although these dendrons are of low molecular 

weight they can form complexes at lower molar quantities than can linear polylysine 

(of, say, MW 1000). The results suggest that the binding affinity is higher for 

dendritic polylysine than for their linear counterparts. Transmission electron 

micrographs (TEM) of some dendriplexes are shown in (Figure 1.12).
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Figure 1.11: Computer generated model of dendriplexes using a 32 base pair 
segment of DNA. A. (Ci8)3Lys7(NH2)8 dendron B. DNA C and D: two views of 
the dendriplex. (Courtesy of C. Ramaswamy, School of Pharmacy, London)

Figure 1.12: a) Transmission electron micrographs of dendriplexes formed by 
using dendrons without a lipid chain Lys7(NH2)s in water at a 5:!(+/-) charge ratio 
and b) (C]4)3Lys7(NH2)g dendrons in water at a 5:!(+/-) charge ratio. C. 
Ramaswamy et <7/. (unpublished).
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It is not only the condensation o f  vectors that plays a role in transfection but also the 

release o f  D N A  from com plexes. The release o f  D N A  depends on the stability o f  the 

com plexes, which can be estimated by challenging the com plex with polyanions such 

as dextrans, poly (aspartic acid), chondroitin sulphate and heparin sulphate (Ruponen 

et a i ,  1999). Heparin w as used to study the stability and the release o f  DNA from 

dendriplexes by measuring the percentage fluorescence recovered by the addition o f  

heparin to dendriplexes and compared with the transfection efficiency (Ramaswamy  

et al ,  2003b). The more stable the com plex was, the greater the efficiency, but this 

is only one factor determining success.

1.3.4. Micellar aggregates

M icelle-like aggregates with a size range o f  20-30 nm are formed from more soluble 

dendrons such as (C14)3Lys7(NH2)g. The electron micrograph in Figure 1.13a 

show s the larger aggregates o f  approximately 30 nm in diameter which form in the 

presence o f  0.1% NaCl, while Figure 1.13b illustrates the som ewhat smaller 

m icelles (circa 14 nm in diameter) formed as anticipated in water. The dendrons in 

this series bearing only one alkyl chain do not form more than dim ers .

Figure 1.14 show s the structure o f  som e dendrons which due to their amphipathic 

nature self-assem ble.

B

#  100 n m # 1 0 0  nm

Figure 1.13: TEM photomicrographs o f  the micellar aggregates o f
(C i4 )3 Eys7 (NH 2 )g : a) in 0.1% sodium chloride solutions and b) in water. C. 
Ramaswam y et al  (unpublished).
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Figure 1.14: Delineation of the general structure of an amphipathic dendrons and 
specific examples showing the hydrophobic tail and the bulky lysine-based head 
group.
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1.4. Conclusion and correlation to work in the thesis

Further work is necessary to evaluate the thermodynamic parameters associated with 

the aggregation processes involved in micellization, vesicle, dendriplex and 

nanoparticle formation in these systems.

Several structures can be formed from dendrons and dendrimers of different 

chemistry. Polylysine dendrons and dendrimers which are bulky amphiphiles showed 

controlled aggregation in the form of micelles, dendriplexes and nanoparticles. 

Undoubtedly the formation of dendron and dendrimer aggregates overcomes the 

problem of the large surface to volume ratio or low drug capacity of individual units, 

whether dendrons or dendrimers. If the systems de-aggregate in vivo in a controlled 

manner then it could be that the supra-molecular forms would have the dual 

advantage of higher solute carrying capacity and the ability to disperse to small units 

which can be absorbed and translocate with greater ease than the parent aggregate. 

Other forms of supramolecular structures are covered in this thesis. These include 

dendrisomes as vesicular aggregates, surfactant-dendron assemblies and heparin 

dendriplexes.
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Chapter II

DESIGN AND SYNTHESIS OF CATIONIC LIPIDIC AND NON­

LIPIDIC LYSINE-BASED DENDRON AND DENDRIMER 

DELIVER Y SYSTEMS

A group of cationic amphiphilic dendrons and dendrimers of various geometry and 

lipophilicity were developed and characterised to investigate their potential uses in 

drug delivery as dictated by their physicochemical properties. These nano-systems 

are designed as delivery carriers for small molecular weight drugs as well as anionic 

macromolecules such as heparin.

2.1. Dendrimer synthesis

2.1.1. Solid phase peptide synthesis (SPPS)

Peptide synthesis involves the formation of amide bond between a carboxyl group 

and an amino group (Figure 2.1). Amide bond formation requires a large amount of 

energy and can be performed at high temperatures. However, this affects the stability 

of the resulting peptide. Therefore, activation of either the amino or carboxyl 

terminal is indispensable. C-terminal activation is used in all coupling methods. The 

mechanism of activation involves the substitution of the OH group of the carboxylate 

group with an electron withdrawing group which renders the carbonyl carbon more
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electro-positive and susceptible to nucleophilic attack by the amino group of the 

second amino acid. A tetrahedral intermediate is formed and stabilised by 

elimination of the good leaving group (X).

qQ- H

Ri C N* Rj

( I  I
H

Tetrahedral intermediate

X: electron withdrawing group

-N R, +  H X

Figure 2.1: General principle of peptide bond formation,

Dendrimers synthesis was carried out using standard solid phase peptide synthesis 

(SPPS), a technique first proposed by Merrifield (1962; 1963) and now widely used 

in peptide chemistry.

An overview of a peptide chain assembly using SPPS is shown in Figure 2.2. The 

reactions take place inside the solid support or resin beads which are gels that swell 

but do not dissolve in particular solvents e.g. A/^A^-dimethylformamide (DMF) 

(Atherton and Sheppard, 1989). The peptide is anchored to the polymer and built in a 

stepwise manner by the addition of a-amino and side-chain protected amino acid 

residues. The acid-labile rerr-butoxycarbonyl (Boc) group or base-labile 9- 

fluorenylmethoxycarbonyl (Fmoc) group is used for A^-protection. After each 

coupling step, the intermediate protected peptide is separated from starting materials, 

reagents and by-products by washing the resin with sufficient quantities of solvents 

such as DMF and isopropanol. The resin swells and contract in successive washing 

cycles and this allow the removal of excess reagents and by-products.

24



c  OH + H2 N -----

T Resin

Reaction vessel 
m

N -  and side chain protected 
amino acid
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C NH—O

Coupling
R2

C NH—OHN

H,N

R4 R, R2 R, o

— C

R4

!
 NH—O

1

Deprotection

Cleavage

C NH2

Figure 2.2: Overview of a peptide chain assembly using SPPS.

This is followed by removal of the N- protecting groups with reagents that do not 

affect either the side chain protecting groups or the peptide bond with the polymer. 

The free amines of the peptide are generated by neutralisation with a tertiary amine 

and cycles of coupling and deprotection can be repeated. Finally, the completed 

peptide attached to the resin via its C-terminus is cleaved from the solid support by
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reaction with a strong acid or a weaker acid in Boc or Fmoc methodology, 

respectively, yielding a peptide acid or amide, depending on peptide-resin linkage. 

Side-chain protecting groups are cleaved simultaneously with the cleavage from the 

resin. SPPS is quicker and less tedious than solution-phase synthesis. In the latter, 

several steps are required after each reaction, involving extraction, filtration, 

evaporation and purification. However, a limitation of SPPS particularly seen in Boc- 

methodology is the characterisation of the intermediates. More modem techniques 

are developed such as FT-IR that characterise intermediates whilst still attached to 

the resin bead. Also, problems in coupling or deprotection lead to products that are 

present throughout the rest of the synthesis e.g. deletion peptides.

The various processes to be considered during SPPS are summarised in Figure 2.3.

Activation 
& coupling

Cleavage 
from resinProtection Deprotection

Choice of 
solid support

Problems
associated

Figure 2.3: Various processes to be considered prior to and after coupling.

2.1.1.1. Resins as solid support

Various materials have been proposed for the solid support. The most commonly 

used resin suggested by Merrifield (1963) is a polystyrene-divinylbenzene copolymer 

derivative. Incorporation of divinylbenzene (DVB) as a cross-linker secures resin 

insolubility in the applied solvents as well as mechanical resistance but it should be 

lowered to 1-2% to achieve better swelling. Small bead size and high swelling enable 

them to better accommodate the growing peptide and allow rapid diffusion of the 

reagents inside. The polymer should be inert to reaction reagents but reactive enough
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to be derivatised. Substitution of resin with a reactive functional group that anchors 

the peptide dictates the loading efficiency of the resin and the type of bond formed 

between the peptide and the polymer. There are different methods for anchoring the 

C-terminal of the peptide to the resin; for instance resin A and C (Table 2.1) form an 

ester linkage while resin C forms an amide linkage with the peptide. 4-Methyl 

benzhydralamine (MBHA) resin used in dendrimer synthesis is a polystyrene resin, 

cross linked with 1% DVB and functionalised with a 4-methylphenyl-aminomethyl 

group. It is the most widely used resin for the synthesis of peptide carboxamide by 

the Boc strategy (Matsueda and Stewart, 1981). Deprotection and cleavage take place 

by treatment with trifluoroacetic acid (TFA) and liquid hydrogen fluoride (HF) 

respectively. I'he structures of the most commonly used resins for both Boc and 

Fmoc strategies are shown in Table 2.1.

Functionality Example(s) Chemical structure Anchoring
linkage

Cleavage
product

(A) Chloro
functionalised
resins

Merrifield 
resin t

PAM resint
■ - O - V - 0

Ester
linkage

Peptide acid

(B) Amino
functionalised
resins

MBHA 
resin t

Amide
linkage

Peptide
carboxamide

(C) Hydroxy
functionalised
resins

Wang resin}
O H  ^ ---------- y

Ester
linkage

Peptide acid

t  used in Boc strategy 
X used in Fmoc strategy
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2.1.1.2. Protection/deprotection of functional groups

The //-protecting group has to be stable to the coupling conditions employed and 

easily deprotected after the coupling has been accomplished, without affecting the 

stability of semipermanent side chain protecting groups and the peptide-resin linkage 

(Kent, 1988). The commonly used Boc protecting group (Figure 2.4) (Anderson and 

McGregor, 1957) is removed by utilising TFA while side chain deprotection and the 

cleavage of the peptide from the resin takes place only in the presence of a strong 

acid such as HF. Repetitive use of TFA in Boc-group deprotection may alter 

sensitive peptide bonds and catalyse side reactions (Atherton and Sheppard, 1989). 

The introduction of the acid resistant and base sensitive Fmoc group (Figure 2.4) 

(Carpino and Han, 1970; 1972) in SPPS was a major improvement. The amine 

deprotection is carried out using a secondary amine such as piperidine which has no 

effect on the acid-sensitive side chain protecting groups and the resin peptide 

linkage. This linkage and side chain deprotection can then be cleaved under milder 

acid conditions of TFA, avoiding the harsh and very hazardous conditions of HF 

which allow the incorporation of sensitive residues. It is noteworthy that the Boc 

strategy is cheaper and faster but the solubility of Fmoc-protected peptide 

intermediates and the deprotected amine is reduced compared to Boc-analogues 

(Bodanszky, 1993).

Boc 0Fmoc

Figure 2.4: Common A^-protecting groups.
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2.1.1.3. Activation and coupling

Different approaches to the formation of peptide bond have been explored. The 

Azide mediated peptide coupling was one of the earliest method to be introduced 

(Curtius, 1902) and remains as a classical tool in peptide synthesis. The alkyl ester of 

the carboxyl group is changed to an acid hydrazide that is then transformed to the 

reactive azide. Acid chlorides can also be utilised as the reactive species but are now 

rarely used as a modem synthetic method (Fischer, 1903).

It was not until 1947 when the first report appeared on the application of mixed or 

unsymmetrical anhydrides in peptide synthesis (Chantrenne, 1947). The most 

obvious problem using mixed anhydride is the formation of an undesirable 

acétylation product. Therefore it is necessary to have a considerable difference 

between the electron densities on the two sides of the anhydride carbonyl with the 

carbonyl carbon of the protected amino acid being more electrophilic. Mixed 

anhydride of the protected amino acid and various acids can be designed based on 

this concept (Albertson, 1962). A solution to this problem was the introduction of 

symmetrical anhydrides, which generate a single amide type on reaction with an 

amino component. However, the preparation of isolated symmetrical anhydrides is 

relatively costly which overrides their reactivity and production of a single 

acétylation product.

Activated esters of the protected amino acids are the other alternative for the 

activation of carboxyl group with an electron-withdrawing constituent which cannot 

act as an acylating agent. Aryl esters such as p-nitrophenol (Bodanszky, 1955) 

(Figure 2.5a) and pentafluorophenol (Kovacs et a l, 1967) (Figure 2.5b) esters of 

the protected amino acid have been found to be useful in peptide synthesis. 0-acyl 

hydroxylamine derivatives have also been proposed in peptide synthesis. However,

29



only the esters of A^-hydroxysuccinimide (HOSu) (Anderson et a l, 1963) are widely 

used (Figure 2.5c). Although the (9-acyl derivative of 1-hydroxybenztriazole (HOBt) 

(Konig and Geiger, 1970) (Figure 2.5d) is not prepared in its isolated form, it is 

prepared in situ where HOBt is used as an additive to suppress side reactions and 

racemization in carbodiimide-mediated couplings.

o

R 0  O ^ NO

R-CO-ONp

a)
R-CO-OPfi) F

R C

R-CG-GSu

c)

■0 1

R-CG-GBt

d)

Figure 2.5: Chemical structure of some active aryl and O-acyl-hydroxylamine esters.

Coupling or condensing reagents are compounds added to mixtures of both carboxyl 

and amine components. Ideally, they should activate the carboxyl group and remain 

inert toward the amine. Such compounds are numerous today. 

Dicyclohexylcarbodiimide (DCC or DCCI) proposed by Sheehan and Hess (1955) 

acts by addition to its N=C double bond. The -dicyclohexylurea (DCU) by­

product is readily removed from the reaction mixture. Reactive intermediates in the 

peptide forming step are 0-acylisourea and symmetrical anhydrides. However, the 

use of auxiliary nucleophiles such HOSu and HOBt as an additive in DCC-activated 

couplings leads to in situ generation and consumption of active esters of protected 

amino acids concurrently (Figure 2.6).

30



An undesirable side reaction encountered in DCC couplings is the intra-molecular 

rearrangement of the O-acylisourea derivative resulted from the attack of the 

carbonyl group by the adjacent (NH) causing an O—>N shift and yielding an N- 

acylurea derivatives by-product which are difficult to remove and causes loss of the 

valuable carboxylate component. Also activation by DCC can cause racemization of 

the carboxyl-terminal residue. Racemization or loss of chiral purity occurs in few 

instances when a single amino acid residue with urethane protecting group is 

incorporated. The cause of racemization in DCC couplings is based on the basic 

character of the reactive 0-acylisourea intermediate which tends to abstract the 

proton from the chiral centre.

Some shortcomings of the DCC method can be eliminated by the use of the auxiliary 

nucleophile HOBt. The additive is applied in an equimolar amount with the two 

components to be coupled and its concentration hardly changes during the coupling 

reaction as it is continuously regenerated. The highly reactive intermediates such as 

0-acylisourea derivative and symmetrical anhydrides are converted to the less HOBt 

reactive ester which is less conducive to side reactions such as 0 ->  N acyl migration 

and racemization reactions but sufficiently reactive to ensure satisfactory acétylation 

rates. Multiple and alternative pathways involved in DCC coupling, in the presence 

in the auxiliary nucleophile HOBt, leading to the same product are summarised in 

Figure 2.6 (Hudson, 1988).

The use of auxiliary nucleophiles should not be limited to DCC couplings since by 

reducing the overactivation of other reactive intermediates the overall performance 

should be improved.
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R-COOH +

O

R  C

O

-N

Dicyclohexylcarbodiimide
DCC

I H
C -------N-

R-COOH

HOBt

R -NH2

0-acylisourea

HOBt R'-NH2

R-CO-OBt

■c N R'

+ Dicyclohexylurea 
DCU

+ DCU

R-NH2 

H
R C N R' + HOBt

I I
0

Figure 2.6: Pathways of DCC mediated coupling. Reactive intermediates include 
0-acylisourea, symmetrical anhydrides and HOBt ester of the protected amino 
acid.

In comparison, Uronium salts (Dourtoglou et a l, 1983; Knorr et a l, 1989) as 

coupling reagents cause very little racemization. 0-hQnzo\.ndLZo\y\-N,N,N’,N ’- 

tetramethyluronium hexafluorophosphate (HBTU) was employed in this work in 

dendrimer synthesis (see Appendix I). In the presence of a tertiary amine such as
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A^,A^-diisopropylethylamine (DIEA) (this is used to ensure that the carboxylate group 

is in the anionic form) the carboxylate anion of the A-protected amino acid reacts

with the uronium cation and generate the highly reactive acyloxyuronium

intermediate (Figure 2.7) which can be converted directly, as with the 

carbodiimides, into the reactive esters of HOBt and the symmetrical anhydride, that 

act as acylating agents to the nucleophilic amine of the peptide chain (Jones, 1999). 

HBTU should not be used in excess relative to the carboxylic acid as it may lead to 

the capping of the amino group by converting it into a guanidine group. As 

mentioned above, HOBt was utilised for to catalyse the reaction and minimise side 

reactions (Knorr et a l, 1989).

e ®
R-COO------+ B tO ------C-----------(NM62)2

HBTU

R- -C(NMe2)2

OBtR-COO

0=

OBt

0= - R  C  OBt

R'-NH R'-NH-

N R'

R'-NH;

Figure 2.7: HBTU mediated coupling pathways. Reactive intermediates include 
acyloxyuronium intermediate, symmetrical anhydrides and HOBt ester of the 
protected amino acid.

2.1.1.4. Cleavage from the solid support

Cleavage of the peptide from Boc-based resins and side chain deprotection requires a 

strong acid such as HF or trifluoromethanesulfonic acid (TFMSA). HF appears to be
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most versatile and least harmful to a wide variety of peptides. However, it is highly 

toxic and reactive and therefore requires the use of expensive HF-resistant fume 

hoods and cleavage apparatus.

The ^-terminal Boc-group must be removed before the HF cleavage to prevent t- 

butylation of susceptible residues during the cleavage and to remove any Boc-amino 

acid held on the resin by ion-exchange. Standard HF cleavage is carried out at 0-5 °C 

for 30-60 minutes. Temperature and time control minimises side reactions during the 

cleavage. Any moisture can be very harmful in HF cleavage. Side-chain deprotection 

in standard HF cleavage yields highly reactive carbonium ions via an SnI mechanism 

(Tam et a l, 1983) so scavengers such as/7-cresol and anisole are used to prevent the 

alkylation of susceptible residues but have to be removed from the cleaved peptide. 

In comparison to standard HF cleavage, low-high HF cleavage uses a low 

concentration of HF in dimethyl sulphide (DMS) (1:3), which results in deprotection 

via the Sn2 mechanism which does not involve carbonium ions formation and 

therefore prevents side-chain alkylation. This procedure deprotects the side chains 

but does not cleave the peptide from the resin. So HF and DMS are evaporated and 

followed by standard HF cleavage.

Cleavage of the peptide from Fmoc-based resins is performed simply by using TFA. 

After cleavage, the peptide is precipitated by cold anhydrous ether to remove 

scavengers and fluoride ions; the peptide is separated by filtration, then extracted by 

an appropriate percentage of glacial acetic acid and freeze-dried. Residual acids have 

to be removed so the compounds are re-suspended in water and dried again to 

remove all residual acids. The compounds should be kept frozen at -20 ®C under 

nitrogen.
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2.1.1.5. Problems associated with peptide synthesis and some useful measures 

undertaken

Imperfections in acétylation or in the removal of the protecting groups during 

coupling/deprotection cause the formation of a “failure sequence” or a “deletion 

sequence” in which one of the amino acid residues is missing. The presence of 

deficient peptides represents a serious problem as they are difficult to remove 

because of their similar composition to the desired cleavage compound. This can be 

as a result of many factors. The polymer choice is very crucial, a less crossed-linked 

resin showing a more intense swelling and thus a better accessibility to the functional 

groups. Solubilily problems may be overcome by employing Boc-methodology as 

stated above, Fmoc peptide intermediates are less soluble than their Boc-analogues. 

The tendency of peptide dendrimers to aggregate by either forming the aggregating 

beta-structures or due to hydrophobic interactions further reduces the solubility of the 

intermediates in the reaction solvent. Peptide aggregation is indicated by resin matrix 

shrinking. Peptide solvation is a crucial condition for efficient peptide synthesis. A 

solvent mixture of DMF and A-methylpyrrolidone (NMP) was advantageous in de- 

aggregating the beta-structures by competing of NMP’s CO-NH bonds with the inter­

chain peptide bonds hydrogen bonding. The solvents used have to be pure to avoid 

side reactions and accumulation of impurities. The principle of excess and extending 

coupling times were useful to obtain reasonably pure peptide dendrimer. Monitoring 

the coupling reactions was performed qualitatively or quantitatively with the 

sensitive colour Kaiser test (Kaiser et a l, 1970), a test that gives a dark blue colour 

with free primary amino groups. Couplings are repeated until a negative test is 

obtained which ensures complete coupling. However, strongly aggregated sequences 

occasionally give false negatives, so care should be taken during monitoring
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coupling/deprotection efficiency. Minimising side reactions and racemization 

problems was sought by adopting HBTU activated coupling and addition of the 

auxiliary nucleophile HOBt.

2.1.2. Dendrimer and dendron design and construction

A peptide vessel shown in Figure 2.2 constructed from a sintered glass funnel can be 

used to assemble a simple manual system. MBHA resin LL (100-200 mesh) with 1% 

DVB was chosen as a solid support. These supports are more sensitive to HF and 

thus allow release of the peptide with HF at less drastic conditions than other resins. 

The choice of low loading resin capacity, small bead size and the low degree of 

cross-linking aimed to achieve better resin swelling, peptide solvation and thus 

reaction completion. The resin was pre-swollen in DMF which was chosen as a 

solvent for SPPS. The amino acid and the coupling reagent HBTU were dissolved in 

DMF. Care was taken not to add HBTU in excess otherwise capping of the amino 

group would occur. HOBt was added as a catalyst. DIEA was used at double the 

molar quantities of carboxylic acid and HBTU for two purposes, firstly to neutralise 

the trifluoroacetate salt of the amino functionalities and secondly to assure that the 

carboxylate group is in the anionic form to be activated by HBTU. A glycine amino 

acid or the lipoamino acid was used as a spacer before lysine residues were added.

2.1.2.1. Synthesis of a-amino tetradecanoic acid

The a-lipoamino acids are so called because they combine the structural properties 

of both lipids (hydrophobic) and amino acids (hydrophilic) (Figure 2.8) (Gibbons et 

a l, 1990). They have many applications in drug delivery (Toth, 1994) as well as 

other areas (Takino et a l, 1987; Kitamura et a l, 1987). We introduced the lipoamino 

acids to our dendron and dendrimer delivery systems to control their lipophilicity, by 

changing the number and length of alkyl chains, while still maintaining their aqueous
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solubility. This furnished systems of various HLB values that have different 

physicochemical properties and which can be tailored to application requirements. 

Their bi-functional properties that make them superior to normal fatty acids permit 

their introduction at various stages during dendrimer synthesis; as both intermediate 

and surface branching units. Surface substitution of polylysine dendrimer with the a- 

lipoamino acids furnish a surface functionality which can be useful in conjugating 

the dendrimer which other moieties. Furthermore, a-lipoamino acids previously 

showed profound advantages in the area of drug delivery such as enhancing stability 

to chemical and enzymatic degradation (Toth, 1994). However, because they exist as 

R and S isomers, the possibility of having large number of diasterioisomers is a 

problem to be considered (Gibbons et al, 1990).

hydrophilic part
I----------------- 1

hydrophobic part 

Figure 2.8: Generic chemical structure of a a-lipoamino acid.

a-Lipoamino acids were synthesised according to the method adopted earlier 

(Albertson, 1946), with some modifications (Gibbons et al, 1990) and demonstrated 

in Figure 2.9. a-Bromoalkane (a) was refluxed with di-ethyl acetamidomalonate (b) 

in the presence of sodium ethoxide yielding the alkyl diester (c), which was 

subsequently hydrolysed and partially decarboxylated (d) by refluxing in 

concentrated HCl. 10% DMF was added to enhance the solubility of the a-lipoamino
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H
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-C NHCOCH3

COOCH2CH3
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reflux, 24h

H
-c- -NH2.HCI

C O O H

d

Figure 2.9: Steps involved in the synthesis of a-amino tetradecanoic acid.

acid (Gibbons et al, 1990), and then neutralised with NH4OH producing the racemic 

mixture of the lipoamino acid (e) in a good yield.

2.1.2.2. Synthesis of A^-Boc-a-amino tetradecanoic acid

Figure 2.10 describes the reaction employed in the synthesis of r-Boc-protected 

lipoamino acid. Prolonged stirring of the a-lipoamino acid (a) with di-/err-butyl 

dicarbonate (b) at pH 11 in a water/rerf-butanol mixture was followed by 

acidification to pH 3 yielded the TV-protected amino acid (c). The amino group of the 

a-lipoamino acid was protected using a Boc group in order to be useful in SPPS of 

dendrimer (Anderson and McGregor, 1957). A Boc group was preferable to an Fmoc 

group due to the more economical and facile synthesis (Bodanszky, 1993).
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CHa O O CH3

H3C C  C --------o  c ----- c ------- CH3

CH3 CH3

1-stirring atRT, pH 11 
for 3-4 days

2-citric acid, pH 3

C O O N a+

CH3 O

H H  
■N C - -C O O N a+

n = 7

Figure 2.10: B oc-protection of a-amino tetradecanoic acid by reacting it with 
di-rerr-butyl dicarbonate.

2.I.2.3. Types of dendrimers synthesised

Our laboratory has established a simple nomenclature to describe our compounds. 

Compounds names and descriptions are given in Table 2.2. For example, compound 

2a is described as (Ci4)3Lys7(Ci4)8(NH2)8. (0 1 4 )3  denotes that the compound has 3 

Ci4 alkyl chains in the core coupled to 7 lysine branching units (Lys?) and that the 

surface is substituted with 8 C | 4 alkyl chains (Ci4)g carrying 8 amino groups (NH2)g. 

A schematic representation of the SPPS of compound 2a is summarised in Figure 

2 .11.

Lipidic (C m substituted) and non-lipidic 5^ and 6̂*’ generations cationic polylysine 

dendrimers were synthesised by SPPS. Synthesis details are given in the Appendix I 

and their chemical structures are shown in Figure 2.12.
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Table 2.2: A list of the compounds synthesised
Dendron or dendrimer 

synthesised

Molecular 

weight (Da)*

Number of 

lysine units

Number of 

Ci4  chains

Number of 

surface amines

Compound 2a

(Ci4)3Lys7(Ci4)g(NH2)g

3388 7 11 8

Compound 2b 

Gly-Lys31 (NH2)32

4047 31 32

Compound 2c 

Gly-Lys63(NH2)64

8149 63 64

Compound 2d 

G1 y-Lys31 (C i4)32(NH2)32

11259 31 32 32

Compound 2e 

G1 y-LyS63 (C1 4)64(NH2)ô4

22573 63 64 64

♦Molecular weight was calculated by applying the formula;

MW=75x (number of glycine residues) + 146x (number of lysine residues) + 243x (number 

of lipoamino acid residues) - 18x (number of peptide bonds) + 17

2.1.2.4. Purification of the dendrimers

Purification of the cleaved dendrimer (compound 2b) was performed using RP- 

HPLC based on a C4 silica-based reverse-phase column, A water/acetonitrile gradient 

with TFA (0.1%) as acidic ion pairing reagent was used as a mobile phase. 

Monitoring of elution was performed at 230 nm (Figure 2.13). The large molecular 

weight of compound 2c, which is highly cationic nature, did not allow the 

compound to be purified by RP-HPLC as it showed poor retention (Figure 2.13). So 

desalting and removal of small molecular weight impurities was achieved by 

exhaustive dialysis using 3,500 Da MWCO membranes. Size exclusion 

chromatography (SEC) using a series of Ultrahydrogel 1000/250Â column and 

deionised water as a mobile phase did not achieve a good separation in retention
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C H 3 ( C H 2 ) , . ( N H 2 ) C H - 0 C ^  ^ ^ L y s  
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Figure 2.11: Solid phase peptide synthesis of compound 2a (C14)3Lys?(C 14)g(NH2)8.

times for the 5* and 6̂  ̂ cationic polylysine dendrimers (compound 2b and 

compound 2c) (Figure 2.14). Accordingly, the relative molecular weights obtained 

were similar. However, the use of a series of a smaller pore size diameter e.g. 100A 

would achieve better resolution (Bolzacchini et al, 1998). Solubility problems were 

encountered in compounds 2a, 2d and 2e. So purification could not be performed.
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Gel permeation chromatography (GPC) using organic m obile phases such as DMF 

which dissolves the water insoluble dendrimers can be an alternative. However, in 

our studies the degree o f  purity for non-purified dendrimers was estimated using 

NM R (as discussed later).

Compound R

2b H

2c C 0 C H (N H 2 ) (C H 2 ) 4 N H 2

2d COCH(NH2)(CH2)i iCH3

2e C O C H ( N H [ C O C H ( N H 2 ) ( C H 2 )i iC H 3 ] ) ( C H 2 ) 4 N H [ C O C H ( N H 2 ) ( C H 2 )i 1 C H 3 ]

Figure 2.12: Chemical structures o f  the cationic lipidic (a.am ino tetradecanoic acid 
substituted) and non-lipidic (lysine substituted) dendrimers with 32 (compounds 2b and 
2d) and 64 (compounds 2c and 2e) surface amino groups.
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G lacia l a ce tic  acid

/ /jlaccai a c e tic  ac id  +  co m p o u n d  2 c

co m p o u n d  2b  

/

/
U n  reacted co m p o u n d  2b

Figure 2.13: RP-HPLC chromatogram o f  compounds 2b (left) and 2c (right). 
Conditions: lOOpl (Im g/m l); Vydac C4 column; Solvent A: 0.1%  TFA; Solvent 
B: MeOH; 0% B to 100% B over 10 min, then 100% B to 0% over 10 min. flow  
rate: 1.0 ml/min; detection at 230 nm.

go;
-rdi

/
C om p ou n d  2b

C om p ou n d  2c

G lacia l a c e tic  ac id  and sm all 
m o lecu la r  w e ig h t  im pu rities

/
'V .

8

Figure 2.14: SEC chromatogram o f  compounds 2b and 2c. Conditions: 20gl 
(5m g/m l); Ultrahydrogel 1000/250Â  column; deionised water 0.5ml/min; 
refractive index detector.
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2.1.2.5. Solubility of the compounds synthesised

Compounds 2b and 2c are soluble in acidic and basic aqueous media. Their aqueous 

solutions are yellowish-brown in colour, the intensity o f  colour increases with 

increasing the number o f  amino groups and concentration. This association between 

the yellow ish  colour and the number o f  free amines was also observed in synthetic 

peptides.

Compounds 2a, 2d and 2e are water insoluble. Compound 2a is soluble in DMF, t- 

butanol and chloroform: diethyl ether (1:1). Compound 2d and 2e are soluble in 

DMF, methanol and methanol: chloroform (1:1) but not in chloroform alone.

2.1.2.6. Spectrophotometry

The UV spectrum o f  compound 2c showed a bathochromic shift in from 207 nm 

to 223 nm and a decrease in the absorbtivity (Figure 2.15) as the pH increases from 

1 to 13, possibly due to the change in the protonated state and dendrimer solubility. 

A PAM AM  dendrimer functionalised with a-helices o f  poly-(L-glutam ic acid) 

synthesised by Higashi et al. (2002) showed conformational changes, using circular 

dichroism, from a helix (pH =3.9) to a random coil structure (pH =8.9) upon 

increasing the pH.

.639002

(fibsltflbsl

Wavelength (ne)
x:223,00 Reading:0,06872

Wavelength (m)
x:207.08 Reading:2.00670 Scan speed: I200ne/»inScan speed; 1200n«/«in

Figure 2.15: UV spectra o f  compound 2c (240 pg/m l) at pH =l (left) and pH=13 
(right). A bathochromic shift in Xmax from 207 nm to 223 nm and a decrease in 
absorbance occurred when pH changed from 1 to 13.
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2.I.2.7. NMR

Precise structural elucidation and characterisation of these macromolecules is not as 

straightforward as in simpler molecules. To characterise our compounds we relied on 

various techniques such as mass spectroscopy, ID and 2D NMR spectroscopy. 

Matrix-assisted laser desorption ionisation time of flight mass spectrometry 

(MALDI-TOF) and electro-spray ionisation mass spectrometry (ESI-MS) mass 

spectral analysis revealed the expected molecular weights of the compounds (see 

Appendix I for mass spectra). Extracts of ID 'H NMR spectra for compounds 2b 

and 2c are shown in Figure 2.16 and Figure 2.17 respectively. Interpretation of such 

spectra is obviously difficult particularly when chemical shift values of various 

protons (H-a, H-p, H-y, H-Ô and H-e) of both internal and external lysine residues 

are overlapping. One possible solution was to carry out the two-dimensional 

correlation spectroscopy (2D-TOCSY) (Braunschweiler and Ernst, 1983), in addition 

to ID 'H NMR, which provides additional information in relation to the coupling of 

protons in close proximity. Coupled protons showed dark shaded regions in the 

spectrum. For example H-a shows coupling with H-p, H-y and H-5 , and possibly H- 

8. The 2D TOCSY spectra of compounds 2b and 2c are shown in Figure 2.18 and 

Figure 2.19 respectively. ID and 2D ’H NMR spectroscopy revealed a range of 

chemical shift values assigned for H-a, H-p, H-y H-Ô and H-e protons of the 

dendrimers (Zloh et al., 2005), The error in the experimentally determined proton 

percentages ranged between 0 to 20 % (Table 2.3). Defects in chemical structure, 

incomplete coupling, or even entrapped solvent molecules would have a remarkable 

contribution. We categorised lysine components, according to the environment in 

which they exist, into interior branching units and exterior residues. This was 

attributed to the fact that interior lysine have amide protons involved in forming a
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peptide bond as compared to surface lysine that have amine protons that are not 

involved in amide bond formation. A general trend was also observed, H-a and H-s, 

shifted downfield in the interior residues as compared to same protons in the exterior 

ones. For instance, four peaks were observed for H-a and H-s, two downfield peaks 

for interior lysine protons and two upheld peaks for exterior lysine protons (Figure 

2.18 and Figure 2.19). However, exterior H-p, H-y and H-ô protons shifted 

downfield compared to same interior protons as they are more exposed to an aqueous 

environment.

Table 2.3: Chemical shifts 6 of external and internal lysine protons as assigned
by 2D TOCSY

Protons Chemical shift * 
compound 2b

Chemical shift * 
compound 2c

Bands
assigned

Internal 4.38-4.56 4.40-4.55 a
External H„ 4.20-4.33 4.09-4.20 b
Internal 3.31-3.50 3.30-3.50 c
External Hg 3.18-3.28 3.13-3.25 d
External Hg 2.05-2.20 2.05-2.15 e
Internal Hg, external Hg 1.89-2.05 1.8-2.05 f g
Internal Hg, external Ĥ , internal 1.5-1.8 1.4-1.8 h, i,j

I—
1.54.5 4.0 3.5 3.0 2.5 2.0 ppm

k

Figure 2.16: *H NMR spectrum extract for compound 2b in D2O. It shows 
overlapping between similar protons. Internal and external H« are represented by 
letters a and b. C and d represent internal and external H .̂ E, f, g, h. I, and j 
represent external and internal Hp H§ and Hy. The error in the experimentally 
determined proton percentages ranged between 0 to 20 %.
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Figure 2.17: H NMR spectrum extract for compound 2c in D2O. It shows 
overlapping between similar protons. Internal and external are represented by 
letters a and b. C and d represent internal and external Hg. E, f, g, h, 1, and j 
represent external and internal Hp Hg and Hy. The error in the experimentally 
determined proton percentages ranged between 0 to 20 %.
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Figure 2.18: 2D NMR TOCSY spectrum for compound 2b in D2O. Coupled 
protons in close proximity show dark shaded regions in the spectrum.
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Figure 2.19: 2D NMR TOCSY spectrum for compound 2c in D2O. Coupled 
protons in close proximity show dark shaded regions in the spectrum.
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Chapter III

INTRINSIC FLUORESCENCE OF AMINO TERMINATED 

POLYAMIDE POLYLYSINE DENDRIMERS AND STUDYING 

THEIR INTERACTIONS WITH CARBOXYFLUORESCEIN USING 

SPECTROPHOTOMETRY AND SPECTROFLUORIMETRY

Of the dendrimers synthesised, Gly-Lys3 i(NH2)32 and Gly-Lys63(NH2)64 

(compounds 2b and 2c) were the only water soluble derivatives without lipid 

chains. Due to their water solubility, we were able to study the spectrofluorimetric 

characteristics of these two compounds, which would be an important property in the 

study of the cellular uptake of these carriers. The possibility of interference between 

any intrinsic dendrimer fluorescence and the extrinsic fluorescent probe is an issue. 

The ability of our dendrimers to sequester small molecules was also verified. The 

green fluorescent dye, carboxyfiuorescein (CF), was chosen due to its negative 

charge and because the changes in the microenvironment in which it exists can be 

estimated by studying the excitation and emission spectra of the dye.

49



3.1. Experimental

3.1.1. Materials

MBHA resin, HBTU, HOBt, the protected Boc-Gly-OH and Boc-Lys(Boc)-OH 

(DOHA salt) (Novabiochem, UK), DIEA, Magnesium sulphate dried. Potassium 

hydroxide pellets. Sulphuric acid. Glacial acetic acid. Ethyl acetate (BDH, UK), 

DMF (Rathbum, UK), TFA (Halocarbon Product Corporation, USA), HF (BOC, 

UK), pleated dialysis tubing (Snakeskin™) and dialysis cassettes of 3,500 Da 

MWCO (Pierce Chemical Company, USA), CF (Fluka, USA), Poly-L-lysine 

hydrobromide (Mw 9,600, 23,800 and 121,000 Da), unffactionated heparin (MW 

6,000-30,000 Da) (Sigma, USA), Sephadex G-25 superfine (Amersham Pharmacia 

Biotech, Sweden).

3.1.2. Synthesis of Gly-Lys3i(NH2)32 and Gly-Lys63(NH2)64 dendrimers

The cationic water soluble polylysine dendrimers (compounds 2b and 2c) (Figure 

2.12) having 32 and 64 surface amino groups, were synthesised (method D) and 

purified as described in Appendix I.

3.1.3. UV-Vis and fluorescence spectroscopy

The dendrimer Gly-Lys63(NH2)64 was dissolved in water for a final concentration of 

3.7xl0'^-7.4 mM (3-600 pg/ml). Scanning for its excitation and emission

maxima was carried out between 200-700 nm. Excitation and emission wavelengths 

used were 453 nm and 514 nm respectively. Excitation and emission slit widths were 

10 nm.

CF solutions were prepared by serial dilution of a stock (80 mM CF in IM KOH) 

with water. All solutions were kept protected from light. Fluorescence intensities for 

CF were reported using 486 nm and 518 nm as the excitation and emission 

wavelengths respectively and 5 nm as an excitation and emission band widths. CF
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(53 nM or 20 ng/ml) was titrated with Gly-Lys63(NH2)64 dendrimer (12.2x10'^ - 

2.5x10'^ mM or 0.1-20 ng/ml) and allowed to equilibrate overnight in the dark at 

room temperature. All absorption and fluorescence spectra were recorded at 25 °C on 

a LS50B spectrophotometer (Perkin Elmer, UK) in a 1 ml quartz cuvette.

For spectroscopy, solutions (2ml) containing final concentrations of 10 pM CF and 

0.0-10 pM dendrimer were prepared from 20 pM CF and 122.7 pM dendrimer 

solutions. Absorption spectra for CF, in the presence and absence of dendrimer, were 

obtained from 400-600 nm at a scan rate of 1200 nm/min in a plastic cuvette using a 

Beckman DU® 650 Spectrophotometer (USA). The optical densities were measured 

at 450, 488 and 498 nm. The experiments were repeated at least four times to check 

the reproducibility of the results.

3.1.4. Molecular modelling of the dendrimer and the dye molecule

The dendrimer model was “constructed” by joining two identical fragments of the 

dendrimer using the Quanta (MSI) program. The absolute configuration of the lysine 

residues was “S” and the amino groups of lysine were given a formal charge of +1. 

Overall energy minimization to a local minimum was carried out manually. Final 

images were produced using The PyMOL Molecular Graphics system (DeLano 

Scientific LLC, San Carlos, CA, USA).

3.1.5. Separation of free CF from the entrapped CF

Gel filtration of the samples was carried out using a manually prepared 1 x 30 cm 

Sephadex G-25 column. 200 pi of the aqueous solution of CF: dendrimer mixture (1 

pmole : 1 pmole) or CF (1 pmole) was applied on the top of the gel bed and eluted 

by deionised water. The flow rate was controlled by gravity. Dialysis was carried out 

by injecting the sample (2 ml) contains CF: dendrimer mixture (1 pmole: 1 pmole) 

or CF (1 pmole) into the dialysis cassettes (3,500 MWCO) as recommended by the
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supplier and dialyzed against 250 ml water. Fractions eluted from the gel and dialysis 

samples were analyzed by spectrofluorimetry.

3.2. Results and discussion

3.2.1. Intrinsic dendrimer fluorescence

Aqueous solutions of the 6̂  ̂ generation amine-terminated polylysine dendrimer 

having 64 primary amines at the surface, Gly-Lys63(NH2)64 having a molecular 

weight of 8149 Da, showed broad and concentration dependent excitation and 

emission spectra, different from the solvent background, with an excitation and 

emission maxima at 234 and 492 nm, respectively. Although excitation of aqueous 

solutions of dendrimer resulted in a linear relationship between the emission intensity 

and dendrimer concentration (Figure 3.1), a spectral change in emission spectra 

occurs at dendrimer concentrations > 80 ng/ml (10 pM) (Figure 3.2) and was 

reflected in a change in the slope of the calibration curve at 10 pM concentration 

(Figure 3.1).

A lower generation polylysine dendrimer Gly-Lys3 i(NH2)32 (MW 4047 Da) showed 

lower emission intensities at the same molar concentrations (Figure 3.3c). Linear 

polylysine hydrobromide (MW 9,600 -  121,000 Da) showed no detectable 

fluorescence (Figure 3.3d).

It has been shown by other groups (Caminati et al, 1990; Pistolis et ai, 1997; Wade 

et al, 1999; Larson and Tucker, 2001; Vamavski et al, 2001) that PAMAM 

dendrimers with carboxylate and amino terminals also have weak but detectable 

intrinsic fluorescence despite their lack of a fluorophore. Vamavski et a/. (2001) have 

observed an absorption maximum of 300 nm when the methanolic solutions of G5 

and G9 of the amine-terminated PAMAM dendrimers were excited at 270 nm. Also,
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Figure 3.1: Calibration plot of the dendrimer in water (̂ excitation and Admission : 
453 nm and 514 nm respectively). A change in the slope is seen at 
concentrations > 80 pg/ml (10 pM). The excitation and emission band width 
was 10 nm.
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Figure 3.2: Emission spectra of various dendrimer concentrations (3-600 
pg/ml or 3.7x10'^-7.4 xiQ'^ mM) in water at A-excitation=453 nm showing a 
spectral change in emission spectra at concentrations > 80 pg/ml (10 pM). 
The excitation and emission band width was 10 nm.
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Figure 33 : Photographs taken of a range of macromolecules concentrations (0.01-3 
mM) for (a) Gly-Lys63(NH2)64 (0.08-24.5 mg/ml) exposed to visible light; (b) Gly- 
Lys63(NH2)64 (0.08-24.5 mg/ml); (c) Gly-Lys3 i(NH2)32 (0.04-12.14 mg/ml) and (d) 
polylysine hydrobromide (MW 9,600 Da) (0.096-28.8 mg/ml) exposed to a UV 
transilluminator. Under visible light, dendrimer aqueous solutions exhibit a yellow- 
brownish colour at high concentrations (a). More intense fluorescence is observed by 
increasing the dendrimer concentration and generation number (b,c). Linear polylysine 
shows no intrinsic fluorescence behaviour (d).

Pistolis et al. (1997) have noted a maximum of 430 nm for the aqueous solutions of 

GO, G l, and G2 amine-terminated PAM AM dendrimers.

The fluorescence of polylysine dendrimers, another example of fluorescent 

polyamide dendrimers which lack a traditional fluorophore, validates the assumption 

made by Larson and Tucker (2001) who suggested that the phenomenon of PAM AM 

dendrimer fluorescence is due to an n-^7i* transition from the various amido groups 

throughout the dendrimer structure. The lower generation dendrimer Gly- 

Lys3 i(NH2)32 exhibited a lower emission intensity perhaps due to the smaller number 

of fluorescent centers as suggested by Larson and Tucker (2001). Linear poly lysine 

polymer lacks the polyamide network structure which seems to be involved in the 

generation of fluorescence.
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This phenomenon may have applications in various areas. Firstly, because 

dendrimers have the ability to sequester small molecules, fluorescent probe 

techniques are one of the techniques used to study dendrimer architecture (Caminati 

et al, 1990; Pistolis et al, 1997; Richter-Egger et al, 2000; 2001a; 2001b; Esumi et 

al,  2001; 2002; Yoshimura et al, 2002; Mizutani et a l,  2002). However, the 

intrinsic fluorescence of dendrimers may interfere with the extrinsic probe excitation 

and emission especially if the probe is excited near or in dendrimer’s excitation 

region. So such interference should be considered when analyzing this data. 

Secondly, fluorescence quenching of fluorescent three dimensional hyperbranched 

polymers has gained popularity as a tool for detecting nitro-compounds used in 

explosives. Nitro-containing compounds, due to their strong electron withdrawing 

nature, quench polymer fluorescence. The well-developed network structure of the 

hyperbranched polymers (Newkome et al, 1985), which have cavities large enough 

to entrap nitro aromatic compounds (Wade et al, 1999; Wang et al,  2004), suggests 

dendrimers as suitable candidates for sensor materials. Thirdly, such carriers can be 

visualized microscopically without the need for fluorescent labelling so their cellular 

uptake and localization can be quantified.

3.2.2. Dendrimer-CF complexation

The use of several types of dendrimers as nanoscopic devices and drug delivery 

vehicles has been demonstrated by their ability to capture small molecules in the 

internal cavities, a process which could be followed by measuring the photophysical 

state of the molecules (Newkome et al, 1991; Hawker et al,  1993; Jansen et al, 

1994; Stevelmans et al, 1996; Watkins et al, 1997; Richter-Egger et al,  2000; 

2001a; 2001b; Baars et al, 2000b; Dykes et al, 2001; Balzani et al, 2002; Beezer et 

a/., 2003).
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Figure 3.4: Left: UV/Vis spectra of free CF (Xmax=488 nm) and complexed CF 
(^max=498 nm). The maximum bathochromic shift (AXniax=10 nm) was observed when 
the dye (10 pM) is complexed with the dendrimer (3 pM) at 3.3 dye/dendrimer molar 
ratio. Right: titration of CF (10 pM) with the dendrimer; upon increasing dendrimer 
concentration (0.0625-lOpM), A450/A498 decreased (A450 and A498 are indicatives of 
free and complexed dye concentration respectively) until it becomes independent of 
the dendrimer concentration when 3.3 dye molecules are available per dendrimer 
molecule.

The interaction between the negatively charged green fluorescent dye CF and the 

cationic 6̂  ̂ generation dendrimer was studied by UV-Vis and fluorescence 

spectroscopy. CF (10 pM) exhibited a shift in its absorption maximum from 488 nm 

(yellow) to 498 nm (orange) in the presence of dendrimer. Increasing the dendrimer 

concentration from 0.0625 to 10 pM decreased A 4 5 0  and increased A498 . The 

A450/A498 ratio was used to measure the ratio of free to bound CF in the solution, its 

value being independent of dendrimer concentration as the dye/dendrimer molar ratio 

approached 3.3 (Figure 3.4).

The finding that titration of the negatively charged CF with the dendrimer caused a 

red shift in its absorption maximum (AÀmax l̂O nm) indicated complexation between 

the dye and the dendrimer. A similar bathochromic shift was previously reported for 

dendrimer-solubilised proflavine hydrochloride (Dykes et a l,  2001) because of the 

increased protonation of the proflavine. Also, phenol blue, a probe used to study
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micellar properties, displayed only a slight shift (Almax= 5 nm), with a reduction and 

broadening, for the absorption band in the vicinity of the unimolecular micelle 

micellanoate™ due to its complexation (Moorefield and Newkome, 2003). 

Fluorescence spectroscopy showed a noticeable increase in the intensity of CF 

emission as a function of dendrimer concentration (Figure 3.5) and a shift in its 

emission maximum from 518 nm to 523 nm when the dye/dendrimer molar ratio 

became 0.43 (Figure 3.5). The observation of two values of emission maxima of CF 

can be explained by two different sites of interaction. It has been previously noted 

that PPI dendrimers have at least two different sites for inclusion of a spin probe 

(Jansen and Meijer, 1995), a fact also established by fluorescence lifetime 

measurements (Balzani et a i,  2002).

6 0 0  H
----------- C F (2 0 n g /m O  in

water
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1----------- CF in 0.1 |jg/ml

dendrimer

4 0 0  1 / 7 \ \

----------- CF in 0 .3  |jg/ml
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775 3 0 0  
c

------------CF in 1 pg/m l
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Figure 3.5: Effect of dendrimer concentration on CF fluorescence. Emission spectra of 
CF (20 ng/ml or 53 nM) in water and in dendrimer solutions at various concentrations 
ranging from 0.1- 10 pg/ml (12.2- 1.25x10^ nM) (?texcjtation= 486 nm) showing an 
enhancement in emission intensity in the presence of dendrimer and a change in the dye 
emission maximum from 518 nm to 523 nm at dye/dendrimer molar ratio of 0.43.
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Fluorescence enhancement could be due to the enhanced solubility of the dye in the 

dendrimer microenvironment or to the presence, at the dendrimer surface, of primary 

amines known for their electron donating properties. Electron donating p-methoxy 

benzene increases the emission intensity of the hyperbranched fluorescent poly(p- 

phenyl vinylene (PPV) polymer (Wang et al, 2004). On the other hand, nitro- 

containing compounds quench the fluorescence of the polymer due to the electron 

withdrawing effect of the nitro group (Wang et a l,  2004). PAMAM and 

poly(propylene imine) (PPI) dendrimers have been found to quench the fluorescence 

of extrinsic probes due to the electron withdrawing effect of the tertiary amine within 

their interior (Bartholomew and Davidson, 1971; Pistolis et al,  1997; Wade et al, 

1999; Balzani et al, 2002).

3.2.3. Molecular modelling

Molecular modelling of both host and guest was performed and showed that the 

hyperbranched structure had many cavities in each dendrimer which are 6.48 nm in 

diameter. The diameter of each cavity was about 1.55 nm, whereas the dye has a 

diameter of 1.23 nm. We expect the polylysine dendrimer to be able to accommodate 

CF molecule in their cavities (Figure 3.6 A), but interaction between the dendrimer 

surface amines and the carboxylate dye can take place at the dendrimer surface 

without CF internalization (Figure 3.6 B).

3.2.4. Factors affecting dendrimer-dye complexation

3.2.4.I. pH

Fluorescence spectroscopy was also performed over a pH range 3-13 to rule out the 

effect of pH change on the shift in the CF emission maximum. The solubility of CF 

in the absence of dendrimer is lowered in acidic media, as reflected by reduced

58



vr’"

'■..V, t '̂=>4- I. J ^

P a - K - 3 :  A ~ y l < '

l O ' K i

Figure 3.6: Molecular modelling of the dendrimer (host) and CF molecule (guest) 
shows that (A) the dendrimer has eavities large enough (1.55 nm in diameter) to 
accommodate the dye molecule in its interior (1.23 nm in diameter) and (B) CF can be 
retained at the dendrimer surface via electrostatic interactions between the carboxylate 
and the surface amine groups.

absorbance, but no shift in its emission maximum wavelength over this pH range was 

observed. When CF was complexed with the dendrimer, the shift occurred at pH 3, 8 

and 13, strongly suggesting that the shift in the emission maximum is due to the 

interaction between dendrimer and dye and not to pH changes. Furthermore, the 

interaction between CF and the dendrimer occurred over a wide pH range.
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3 2.4.2. Ionic strength

The effect of ionic strength on the shift in CF emission maximum was studied using 

NaCl solutions (0-154 mM). At 154 mM NaCl (0.9%) concentration, no shift was 

noticed even at very high dendrimer concentrations. At 15.4 mM (0.09%), 10 times 

the dendrimer concentration was required to cause the shift. This finding is not 

surprising as Welch and Muthukumar (1998) demonstrated a dramatic change in the 

dendrimer conformation as a function of the media ionic strength presumably due to 

a decrease in the water content within the interior of the dendrimer as the ionic 

strength increases. Hawker et al. (1993) found that solubilisation of pyrene in the 

hydrophobic core of polyaryl ether dendrimers is favored by NaCl due to improved 

hydrophobic interactions between the pyrene and dendrimer core when water 

molecules are withdrawn from dendrimer interior. NaCl is expected to lower the cmc 

of the cationic dendrimer, if it exists, and thus enhance the solubilisation properties 

of micelles at lower dendrimer concentrations. However, this was not the case 

suggests the unimolecular nature of the dendrimer.

3.2.4.3. CF/dendrimer molar ratio

It was also important to establish if the shift phenomenon was dendrimer 

concentration dependent or dye/dendrimer molar ratio dependent. Titration of 

different CF concentrations (5 and 10 ng/ml in water) with the dendrimer indicated 

that the shift is noticeably dependent on the molar ratio rather than the absolute 

dendrimer concentration.

3.2.5. The reversibility and the stability of the complex

To study the reversibility of complexation, a negatively charged macromolecule 

heparin found to bind to the dendrimer at a dendrimer: heparin molar ratio 2.2:1, was 

added to the dye-dendrimer complex (10 pM: 3 pM) at a concentration of 1.5 pM.
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The UV/vis spectrum for this ternary mixture is similar to that of free CF i.e. A.max 

shifted again from 498 nm to 488 nm. This showed that CF complexation with the 

dendrimer can be reversible upon the addition of a molecule which has higher 

affinity to the dendrimer than CF.

The stability of the complex was checked by gel filtration. Molecules >5000 Da will 

not be retained in the gel and elute faster than small molecular weight compounds. 

Two upper and lower bands were identified when applying the dendrimer-dye 

complex to the gel, corresponding to free and complexed CF respectively, compared 

to only one band when CF alone was applied (Figure 3.7a).

The release of CF from the complex was carried out by a dialysis technique using

dialysis cassettes of 3,500 Da MWCO. After 24h, 22% of the dye was released

through the membrane when no dendrimer was present compared to only 0.12%

when the dye was complexed with dendrimer in an equimolar ratio (Figure 3.7b).

(a)

it
free free

complexed

Figure 3.7: (a) Separation of free and complexed CF by gel filtration using a Sephadex G-25 
column. A 200 pi sample containing the dye/dendrimer mixture (top right: 1 pmole: 1 pmole) 
or free CF (top left: 1 pmole) was applied on the top of the gel bed and eluted by deionised 
water. The flow rate was controlled by the gravity. The upper and lower bands (top right) 
correspond to free and complexed dye respectively as confirmed by spectrofluorimetry. (b) 
Dialysis was carried out for a 2 ml sample containing either the complex (bottom right: 1 
pmole: 1 pmole) or CF alone (bottom left: 1 pmole) using the dialysis cassette (MWCO 3,500 
Da) against 250 ml water. After 24h, the percentage release of free dye was 0.12% and 22% 
from the complexed and free dye solutions respectively.
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3.3. Conclusion

The intrinsic fluorescence of polylysine dendrimers, despite the lack of a classical 

fluorophore, clearly shows the influence of the complex and unique aspects of the 

dendrimer architecture. This was not only shown by the presence of fluorescence but 

also by the changes in the signals with the dendrimer generation and concentration. 

This could be an effective tool in their characterisation and quantification as well as 

suggesting their use as sensor materials for quenching substrates.

Complexation between the dendrimer Gly-Lys63(NH2)64 and CF further suggests the 

use of these dendrimers as nanoscopic devices. The difference in the spectroscopic 

behaviour betv̂ êen the free and the complexed dye (Xmax= 488 nm and 498 nm 

respectively) could be utilised to study the stoichiometry of complexation which was 

found to be T3 CF molecules/dendrimer. Different sites (the surface and the interior 

of the dendrimer) and mechanisms of interactions (electrostatic interaction, H- 

bonding and molecular inclusion) were suggested as shown by fluorescence 

spectroscopy, principally the enhancement and a shift in the emission maximum of 

CF from 518 nm to 523 nm, in the presence of dendrimers when the dye/dendrimer 

molar ratio approached 0.43. The fact that NaCl decreased the dendrimer-dye 

complexation and that the onset in the shift of CF emission maximum was dependent 

on the dendrimer/dye molar ratio and not on an absolute dendrimer concentration 

strongly suggest that molecular interactions are involved and that is, the dendrimer is 

more likely to be present as single molecules 6 nm in diameter rather than in the 

aggregated form.
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Chapter IV

DENDRISOMES: VESICULAR STRUCTURES DERIVED FROM A 

CA TIONIC LIPIDIC DENDRON

Engineering dendrimers and dendrons (partial dendrimers) has been possible by 

controlling the generation number, branching units and surface functionalities. 

Dendrimers and dendrons of the appropriate bydropbile-lipopbile balance (HLB), 

size and topology can self-assemble into higher order structures, broadening their 

potential for use as drug and gene carriers. The cationic lipidic dendron 

(C14)3Lys7(C 14)g(NH2)8 was found to self-assemble in water forming small vesicular 

structures which we have named “dendrisomes”. These were characterised and their 

interaction with cholesterol studied using techniques such as photon correlation 

spectroscopy (PCS), zeta potential measurement, transmission electron microscopy 

(TEM) and differential scanning calorimetry (DSC). We also studied the 

encapsulation and release of benzyl penicillin (penicillin G), used as a model of a 

negatively charged water soluble drug using neutral liposomes as our comparator.
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4.1. Experimental

4.1.1. Materials

Distearoyl phosphatidylcholine (DSPC), cholesterol (CHOL) (Sigma Chemical 

Company, UK), ['"‘CJ-benzyl penicillin potassium salt (penicillin G) (specific 

radioactivity 59 mCi/mmol) (Amersham Life Science, UK), pleated dialysis tubing 

(Snakeskin®), 3500 Da MWCO (Pierce Chemical Company, USA), Optiphase ‘safe’ 

scintillation cocktail (Perkin-Elmer, UK), 3.05 mm copper grid for TEM (Taab, UK). 

Materials used in the dendrimer synthesis were mentioned in chapter III.

4.1.2. Synthesis of the amphipathic dendron

The synthesis of A-Boc-a-amino tetradecanoic acid was carried out as described in 

Appendix I (method B). The cationic lipidic polylysine dendron 

(C14)3Lys7(C14)g(NH2)8 (compounds 2a) having 11 Ci4 alkyl chains and 8 surface 

amino groups, was synthesised as described in Appendix I (method C).

4.1.3. Surface pressure study

A chloroformic dendron solution (lOOpl, 1 mg/ml) was spread on a purified water 

surface in a Langmuir film balance system (Nima 6018, Cambridge, UK) at 25°C. 

The solvent was allowed to evaporate for 5 min before the monolayer was 

compressed at a rate of 100 cm^/min. The surface pressure was measured by a 

Wilhelmy plate and the compression isotherm recorded.

4.1.4. Molecular modelling of the dendron

The initial topology file for the dendrimer was defined using QUANTA/CHARMm 

(version 96 and 23.2 respectively) software (Accelrys). Half of the molecule was 

defined as a fragment and joined to form the complete dendrimer. The absolute 

configuration of the lysine residues was “S”, but with the possibility of the 

tetradecanoic acid adopting the S or R configurations in the synthesis, 2048
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conformers are possible. For the molecular dynamics trials that followed, it was 

decided to apply an S configuration throughout, and also to apply an alpha helical 

conformation to the central section of the polymer that forms a stretch of seven 

lysine residues. The amino groups of lysine were given a formal charge of +1, to 

become NH]"*". Minimization in CHARMm using charge templates provided the 

starting conformation for further dynamics procedures.

For greater control of dynamics parameters, the structure was transferred to the Sybyl 

(Tripos) program. In order to show that the molecule was not adopting preferred 

stable conformations, a series of dynamics heating (lOOOK over Ips) and annealing 

(200K over 2.5ps) procedures was carried out.

Dynamic characteristics of the molecule under different conditions of simulated 

solvation were carried out. Using Sybyl software (version 6.7), the Gasteiger-Huckel 

method of charge assignment appropriate to a system of single and double bonds was 

used. After energy minimization, dynamics simulations were set up to mn over 40ps 

(picoseconds), sufficient to allow large internal movements of the molecule to take 

place. Bond vibrations involving hydrogen atoms were constrained with the “Shake 

algorithm” to allow a dynamics integration time step of Ifs (femtosecond). To allow 

for the gross effect of solvent water, a distant dependent dielectric constant of 2 was 

applied. For comparison, a constant dielectric of 1 was used to simulate in vacuo 

dynamics. The same initial minimized conformation was used as the starting point in 

each case. All simulations were carried out using a Silicon Graphics Indigo2 

workstation.

To remove the bias from the choice of the starting conformation, four initial starting 

conformations produced by previous annealing experiments were run in duplicates, 

one to simulate the vacuum and one to simulate the water.
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4.1.5. Dendron self-assembly and dendrisome formation

To study the potential of the dendron to form supramolecular aggregates, 

dendrisomes with different dendron/CHOL molar ratios, namely 1:0 (20 mg 

dendron: 0.0 mg CHOL), 1:1 (18.03 mg dendron: 1.97 mg CHOL), 1:5 (12.93mg 

dendron: 7.07 mg CHOL), 1:7 (11.33 mg dendron: 8.67 mg CHOL), 1:9 (10.09mg 

dendron: 9.91 mg CHOL), were prepared by reverse-phase evaporation (REV) 

method (New, 1989). After dissolving 20 mg of the total lipid (dendron/CHOL) in 40 

ml chloroform: ether (1:1) mixture, 5ml of deionised water was injected into the 

organic solution, bath sonicated for 2 min and the organic solvent removed under 

reduced pressure in a rotary evaporator. The dispersion was bath-sonicated at 65 °C 

for 2 h, a temperature above the transition temperature of the dendron and to remove 

residual solvent. Liposomes containing DSPC: CHOL (1:1) were prepared using the 

same technique.

4.1.6. Transmission electron microscopy

A drop of the dendrisome suspension (4mg/ml) was placed onto a grid with a support 

film of Formvar/carbon previously glow discharged in an Emitech glow discharger 

unit. Excess material was blotted off with a 50 hardened filter paper and negatively 

stained with 1% uranyl acetate, a cationic uranyl salt which is, unlike anionic salts, is 

compatible with the cationic dendrisomes, prior to viewing by Philips CM 120 

(Einhoven, Netherlands) Bio Twin transmission electron microscope using a lab 6 

emitter and 120 KV. Images were captured on Kodak SO-163 negative film and 

printed on Ilford multi-grade paper.

4.1.7. Measurement of dendrisome diameter and zeta potential

The hydrodynamic Z-average diameter and zeta potential of all dendrisome 

preparations in deionised water were measured by PCS using a Zetasizer 3000
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(Malvern Instruments, Malvern, UK, He-Ne laser, 90° angle of measurement) after 

appropriate dilution of the samples. The average of three measurements was used and 

the results expressed as Z-average (nm) ± S.D and zeta potential (mV) ± S.D,

4.1.8. Phase transition behaviour of the supramolecular aggregates

Samples (4 mg) of dendrisome suspension (molar ratios 1:0 and 1:9 dendron/CHOL, 

4 mg/ml) prepared in water were scanned at a rate of 10 °C/min, from -10 °C to 90 

°C in a differential scanning calorimeter (DSC60, Shimadzu, Japan).

4.1.9. Dendrisome encapsulation efficiency

While not an ideal drug, -benzyl penicillin potassium salt (penicillin G) was 

chosen as it was available in radiolabelled form. It was reconstituted in doubly 

deionised water to make a final concentration of 0.9pCi/50pl. A mixture of cold 

(2mg) and radiolabelled (5.7|ig or 0.9|iCi) drug was dissolved in 5ml water (drug to 

lipid percentage was 10%) and injected into the lipid solutions (dendron/CHOL 

molar ratios; 1:0, 1:5, 1:9) prepared as mentioned above. The suspension was ultra- 

centrifuged in a Sorvall Combi-Plus ultracentrifuge (Sorvall, Dupont, USA) at 

40,000 rpm for 1 h at 4 °C, and washed to remove any unentrapped/non-interacting 

drug. The pellets were suspended in 1 ml water for encapsulation efficiency and 

release studies. Radioactivity was measured in 10 |ig of pellets suspension and 

supernatant. The weight of entrapped drug was calculated accordingly (0.9pCi is 

equivalent to 2 mg drug). The percentage entrapment was calculated as mg drug 

entrapped in 100 mg total lipid (total mass of dendron and cholesterol). Entrapment 

studies were carried out in triplicate, the results being expressed as percentage ± S.D.

4.1.10. /«  vitro drug release

In vitro release of drug from dendrisomes (dendron/CHOL molar ratios; 1:0, 1:5, 

1:9) and the comparator DSPC: CHOL (1:1) liposome formulation was measured
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using a dialysis technique. 1 ml o f  drug-containing dendrisome or liposom e  

suspension was pipetted into the dialysis tubing with a M W CO o f  3,500 Da, used 

without previous treatment and sealed. The tubing w as placed in 250 ml o f  deionised  

water in a 300 ml conical flask with constant stirring at 25°C. At intervals over 48h, 

1 ml sam ples were taken and replaced with water at the sam e temperature, the 

sample added to 4 ml Optiphase ‘Safe’ scintillation cocktail for quantification (LS 

6500 M ulti-Purpose Scintillation Counter, Beckm an, U SA ). Release studies were 

carried out in triplicate, the results being expressed as percentage ±  S.D.

4.2. Results and discussion

4.2.1. Design of the amphipathic dendron and molecular modelling

The dendron discussed here (Figure 4.1) was synthesised to m odify the lipophilicity  

and properties o f  the dendrons reported by our group elsew here (Shah et a i ,  2000; 

Ramaswam y et a l ,  2003a) to investigate the manner in which the lipophilicity and 

geom etry o f  these m olecules affects the process o f  self-assem bly, drug interaction 

and possibly fate in the body (Florence, 1997; Florence and Hussain, 2001).

(»MlCUC<iNUC»iCOWH

wroMi ^  / ^ d 'C ü N i i

Figure 4.1: The chem ical structure o f  the lipid-lysine dendron synthesised  
(C i4 )3Lys?(Ci4 )g(NH 2 )8 . The increase in the lipophilicity was achieved by substitution 
o f  surface groups with a-am ino tetradecanoic acid. The alkyl amino groups remain 
unacetylated which imparts the cationic nature to the dendron.
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Three successive couplings of a-amino tetradecanoic acid to the lysine C-terminal as 

well as single coupling to the a-amino and e-amino groups of surface lysine residues 

were made to provide lipophilicity. Although lysine amino terminals were coupled to 

the lipoamino acid, the amino groups of the lipid remain unacetylated and thus 

impart an overall positive charge to the dendron.

To learn more about the behaviour of a single molecule in vacuum and in a polar 

medium, dynamics simulations were carried out in both environments. Figure 4.2 

shows two frames of dynamics simulations. In (a) where dynamics were simulated in 

vacuum, the lipidic chains show less tendency to aggregate and the molecule 

expands. In (b) the dynamics with a distance dependent dielectric mimicking the 

effect of a polar environment, the lipidic chains collapse and internalise in the 

globular structure, the charged amino groups being generally oriented outwards from 

the centre of the molecule. The frames show the behaviour of a single dendron in 

non-polar and polar media respectively. The results were not surprising but further 

indicate that the lipophilicity of the dendron is a driving force for self-assembly. 

Acétylation of the alkyl amino group results in an extremely insoluble compound 

which fails to self-assemble in water.

4.2.2. Dendron self-assembly and dendrisome formation

Self-assembling dendrimers with a variety of structures have been reported by 

several groups. Mizutani et al. (2002) reported aggregation of quaternary 4**̂ 

generation dendrimers with methyl and octyl chains forming loose aggregates with 

diameters ranging from 17 to 36 nm. Esumi et al (2002) found a 4*̂  generation 

polyamidoamine dendrimer with 64 alkyl end groups, which adsorbed at the air- 

water interface, to aggregate in water forming systems of around 53 nm in diameter.
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Figure 4.2: Dynamics simulations of the dendron (Ci4)3Lys7(Ci4)g(NH2)8  were 
performed over 40 picoseconds using (QUANTA/CHARMm) and Sybyl. Blue and 
red spheres represent the nitrogen and oxygen atoms, respectively, a: dynamics 
simulated in vacuum, where the lipidic chains show less tendency to aggregate and 
expansion of the molecule occurs, b: dynamics with a distance dependent dielectric 
mimicking the effect of a polar environment, collapse of the lipidic chains and their 
internalisation within the globular structure. The charged amino groups are generally 
oriented outwards from the centre of the molecule.

Poly(propylene imine) with 64 surface palmitoyl chains forms vesicular structures 

with diameters ranging from 20 to 200 nm in acidic media (Schenning et a i,  1998). 

The lipid-modified cationic dendron self-assembles into vesicular structures 

(dendron/CHOL molar ratios 1:0) named here dendrisomes. The Z-average 

hydrodynamic diameter of these was found to be 311 nm ± 8 nm. The zeta-potential 

(+ 55  mV) was positive. Dendrisomes are reminiscent of cationic liposomes except 

that no cationic lipid is added to impart a positive charge, as the dendron itself carries 

eight amino groups which results in a positive zeta potential (+50 mV), investing the 

structures with properties relevant to interaction with DNA and oligonucleotides.

The TEM micrograph in Figure 4.3 shows membranes of 6.6-10 nm thickness. We 

assume hi layer formation, with the hydrophilic polylysine head directed towards the 

aqueous phase and the hydrophobic alkyl chains associating with the hydrophobic 

regions of neighbouring dendrons, as shown schematically in Figure 4.3. The
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diameter, d, was calculated from the molecular area found from the monolayer 

studies (Figure 4.4). The area per molecule was calculated by extrapolation of 

surface pressure to zero pressure (400 Â )̂ (400 Â^= n d = 2r = 2.26 nm). The 

length of an alkyl chain, L, based on Corey-Pauling-Koltun (CPK) molecular 

modelling is approximately 2.2 nm (Schenning et a l, 1998). It is possible that the 

polylysine head makes the membrane bulkier and thicker compared to phospholipid 

bilayer membranes whose thickness is generally around 5nm.

TEM shows also a population of smaller size (<100 nm) structures compared to the 

300 nm Z-average hydrodynamic diameter measured by PCS. In PCS, as stated 

before the hydrodynamic diameter obtained is an intensity mean size. The intensity 

of light scattered is proportional to d̂  (d being the particle diameter) from the 

Rayleigh approximation), so the contribution of the light scattered from small 

particles to calculation of mean size is minimal compared to that of large particles. 

Accordingly, the presence of large particles due to a heterogeneous size distribution 

(Table 4.1) or aggregation could bias the result and may explain the difference in 

diameter obtained by TEM and PCS.

Cholesterol, as is well known, has an interesting modulatory effect on the transition 

behaviour of lipid vesicles. It broadens the peak of the phase transition from a “gel” 

state, where the fatty acyl chains of the lipid membranes are closely packed and 

relatively ordered, to a “ fluid “ state in which the side chains are capable of 

rotational motion (Papahadjopoulos et al, 1973).

Incorporation of cholesterol into these vesicles was found to affect the morphology, 

size, thermal transition behaviour of the aggregates but not their charge.

71



Hydrophilic  
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found by T E M  was 6.6 -10A polar  a liphatic  
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Figure 4.3: Left: Transmission electron micrograph of dendrisomes prepared by the 
REV technique, demonstrating dendron assembly into unusual vesicular structures 
with a membrane thickness of from 6.6 to 10 nm. Right: schematic representation of 
bilayer formation of the lipidic dendron with the assumption that the hydrophilic 
polylysine head is directed towards the aqueous phase and the hydrophobic alkyl 
chains interact with the hydrophobic groups of another dendron. The diameter, D, was 
calculated from the molecular area found by surface pressure studies. The length of 
the alkyl chain, L, is based on CPK molecular modelling.

2 4 6 8  10

A rea /m o lecu le  (nm^)

Figure 4.4: A surface pressure-area isotherm of the lipidic dendron
(Ci4)3Lys7(Ci4)8(NH2)8 spread on water. The isotherm shows the characteristics of an 
expanded monolayer with a calculated limiting surface area of about 4 nm^ (400 Â^).
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Table 4.1 shows dendrisomes in the absence of cholesterol to be smaller and more 

uniform (Figure 4.5A) than dendrisomes with dendron/CHOL molar ratios 1:7 

(Figure 4.5C). On the other hand, the effect of cholesterol incorporation was less 

significant on the zeta potential, which varies from 55.6 ± 3 mV for cholesterol - free 

dendrisomes to 50.3 ± 2 mV for dendrisomes with the highest cholesterol content. 

DSC results (Figure 4.6) shows a broad transition for cholesterol-free dendrisomes 

with maxima at 48.5 °C and 63.2 °C. Although the dendrisomes are comprised of a 

single lipid component, the broad transition can be attributed to the effect of 

diasterioisomers, since the lipoamino acid used in the synthesis was a mixture of R 

and S forms. The origin of such phase transitions cannot be easily explained due to 

the complex arrangements of the alkyl chains in the dendrisome and lack of 

information about how these structures self-assemble. The peak obtained by 

cholesterol-containing dendrisomes (1:9 dendron/CHOL molar ratio) was further 

broadened with a lower maximum at 32.43 °C.

Table 4.1 Dendrisomes Z-average size and zeta-potential with different cholesterol 
ratios

Dendron/CHOL 
molar ratios

Z-average size 
(nm) ± S.D"

Polydispersity
index

Zeta-potential 
(mV) ± S.D"

1:0 311 ±8 0.232 55.6 ±3
1:1 377 ±5 0.303 50.4 ± 2
1:5 399 ± 6 0.520 51.4±3
1:7 557 ± 13 0.708 52.1 ± 4
1:9 449 ± 9 0.808 50.3 ± 2

‘̂ M eani S.D; n=3

4.2.3. Encapsulation efficiency and in vitro release

Although dendrimers of a wide range of structures have been synthesised by several 

groups (Denkelwalter et a l, 1981; Tomalia et a l, 1990; Uhrich et a l, 1991; 

Sakthivel et a l, 1998; Sadler and Tam, 2002), relatively few studies of their use as
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Figure 4.5: Transmission Electron Micrographs of dendrisomes prepared by 
reverse-phase evaporation technique show the increase in size and shape irregularity 
with increase in cholesterol content. (A) dendron-cholesterol molar ratio 1:0; (B) 
molar ratio 1:1; (C) molar ratio 1:7 ; (D) molar ratio 1:0 encapsulating penicillin G.
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Figure 4.6: (A) DSC trace of dendrisomes (dendron/CHOL molar ratios 1:0) which 
shows a main endothermie transition at 48.47 °C and a minor one at 63.23 °C. (B) 
A broad endothermie transition at 32.43 °C of dendrisomes (dendron/CHOL molar 
ratios 1:9)

drug delivery carriers are found in the literature, although the interaction of 

dendrimers with drugs such as piroxicam (Wiwattanapatapee et a l,  1999), 5- 

tluorouracil (Khopade el a l,  1999), ibuprofen (Milhem et a l,  2000), indomethacin 

(Liu and Fréchet, 1999), and propranolol (D'Emanuele et a l,  2004) have been 

reported. Complexation of drugs with dendrimers can affect drug properties in 

various ways. For example, complexation of some acidic drugs with PAMAM 

dendrimers was not only successful in slowing drug release in vitro but, in some 

instances, allowed faster cellular uptake, perhaps due to the cationic nature of the 

dendrimer (Beezer et a l,  2003; Kolhe et a l, 2003). Furthermore, self-assembling 

dendrimers could be of use in targeting drugs to tumour tissues since the total 

molecular weight of the self-assembled system could surpass the enhanced 

permeation and retention (EFR) threshold, disassembling to lower molecular weight 

monomers which are removed from the body (Zimmerman et a l,  1996; Shultz and 

Zimmerman, 1999).
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Penicillin G was chosen as a model of a negatively charged water soluble drug. The 

influence of the negatively charged drug, penicillin G, on the morphology of drug- 

loaded dendrisomes was minimal, as shown by TEM (Figure 4.5D).

Neutral liposomes (hydrodynamic diameter 730 ± 13.5 nm, polydispersity index 

0.35, zeta potential -2 mV) were used as a comparator to avoid the complications of 

electrostatic interaction. Dendrisomes of different compositions were found to have 

higher encapsulation efficiencies compared to a typical liposome prepared by the 

same technique. The encapsulation efficiency was directly proportional to the 

percentage of the dendron in the total lipid “dendron+cholesterol”. Figure 4.7 shows 

that cholesterol-ffee dendrisomes have the maximum entrapment efficiency (6.15 

%w/w drug in total lipid) although they are smaller in size. Lower entrapment 

efficiencies were achieved by decreasing the percentage of dendron, despite size 

increases. Percentage entrapments of 4.7 and 4.0 in case of 1:5 and 1:9 

dendron/CHOL molar ratios were achieved respectively, compared to 1.4% in 

neutral REV liposomes.

Penicillin G is a weak acid (pKa 2.7 at 25 ”C) while the dendron is weakly basic due 

to its lysine content and the surface amino groups. Many cationic polymers possess 

amines protonated at neutral pH (Ohsaki et al, 2002). The pH of water during the 

experiment was 6.4. Buffer was not used to avoid the presence of electrolytes which 

affect the self assembly of the dendron. According to the Henderson-Hasselbalch 

equation and because of the polycationic nature of the dendron, both the penicillin 

and the dendron should be ionised over a wide pH range. The mechanism of 

interaction is likely to be via electrostatic interactions or H-bonding between the drug 

carboxylate group and terminal amino groups of the dendron, but drug entrapment 

within the dendritic branches of the dendrisome cannot be excluded.
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Figure 4.7: Percentage penicillin G entrapment calculated as mg drug entrapped in 
100 mg total lipid (cholesterol/DSPC or cholesterol/dendron). Dendron: cholesterol 
ratios varied in the amount of total lipid (20 mg). The effect of cholesterol is to 
decrease the percentage entrapment, despite an increase in dendrisome size. The 
results were expressed as % penicillin G entrapment ± S.D (n=3).

Dykes and coworkers (2001) reported the solubilisation of proflavine hydrochloride 

and aurin tricarboxylic acid by L-lysine amino acid-based dendrimers and found that 

dye incorporation was enhanced by acid-base coordination. Control experiments with 

unbranched hosts showed very little dye uptake, which suggests the importance of 

dendritic branching in the solubilisation process. Interestingly, the drug/dendron 

molar ratio in our experiments was also directly proportional to dendrisome size, as 

shown in Figure 4.8.

In vitro release data are shown in Figure 4.9, where it is seen that a plateau is 

reached before complete release as sink conditions were not maintained; in addition 

the membrane has its own resistance. The dialysis membranes used have a MWCO
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Figure 4.8: The relationship between drug/dendron molar ratio and dendrisome size. 
Drug:dendron molar ratios were calculated using drug:dendron weight ratios obtained 
from entrapment studies using the equation:

dru^
m o l a r  r a t i o  =

dru^
w e i g h t  r a t i o  x

d e n d r o n  M W

d e n d r o n  d e n d r o n  d r u ^  M W

Dendrisomes with the largest Z-average diameter (highest cholesterol content) had a 
maximum drug/dendron interaction molar ratio. The results were expressed as 
drug:dendron weight ratio ± S.D (n=3).
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of 3,500 which makes them permeable to unentrapped drug molecules but not to 

dendrons primarily because they exist as aggregates.

Dendrisomes showed slower release rates than the liposome formulation at 25 °C. 

Release after 24 h was approximately 24.5% from liposomes but only 4.6% from 

cholesterol-free dendrisomes possibly due to electrostatic interactions. The release 

rate is almost doubled when cholesterol is added to the dendrisomes. Presumably, the 

dendrons are in a less ordered state in the presence of cholesterol or could simply be 

the replacement of dendrons (i.e. the drug binding molecules) with cholesterol 

(which presumably do not bind the drug). It is established that the addition of 

cholesterol to liposomes causes the bilayers to be less ordered and more permeable at 

temperatures below the transition temperature (Papahadjopoulos et a l, 1973).
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Figure 4.9: In vitro release of penicillin G from dendrisomes (dendron/CHOL molar 
ratios 1:0, 1:5 and 1:9) and liposome PC/CHOL molar ratioLl. Conditions: pellets of 
each drug containing dendrisome suspension and liposome were reconstituted in 1 ml 
deionised water and then the suspension was dialysed against 250 ml of deionised 
water at 25°C under constant stirring. The percentage was calculated from the original 
amount entrapped in that particular preparation and expressed as % penicillin G 
released ± S.D (n=3). The release rate was the lowest in dendrisomes with the highest 
dendron content. Dendrisomes generally show slower release rates than the neutral 
liposome formulation studied. A positive control (free penicillin G alone) was not 
included as the drug is soluble with a small molecular weight and different 
encapsulation efficiencies among the four formulations studied.
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4.3. Conclusion

Engineering the structure of dendrimers and dendrons can affect their behaviour in 

aqueous media. Understanding molecular aggregation of dendrimers and dendrons in 

aqueous solution and the behaviour of dendrimer monolayers at the air/water 

interface are important in the design of novel supramolecular carrier systems for the 

delivery of challenging drug molecules including proteins and polynucleotides. 

Dendrisomes of all compositions have higher encapsulation efficiencies and slower 

release rates compared to the comparator. Cholesterol was found both to increase the 

size of the aggregates and shape irregularities but did not change the positive zeta 

potential. Cholesterol decreases penicillin G entrapment efficiency but increases 

solute leakage at 25 °C.

Electrostatic interactions and hydrogen bonding as well as physical entrapment are 

important mechanisms involved in dendrisome-drug interactions. Penicillin G was 

chosen as a model of a negatively charged drug but many other drugs can be 

substituted. Further work is needed to investigate the loading and release of other 

neutral and negatively charged drugs to gain better understanding of dendrisome- 

drug interactions. The self- assembled dendrisomes discussed in this chapter broaden 

the potential use of dendrimers and dendrons in drug delivery and offer potential for 

further in vitro and in vivo evaluation.
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Chapter V

SOLUBILISATION AND TRANSFORMATION OF 

DENDRISOMES INTO MIXED MICELLES

The present chapter explores the molecular interaction between the surfactant Triton 

X-100 and dendrisomes and the transformation of dendrisomes into isotropic 

surfactant/dendron mixed micelles. The interaction was studied using techniques 

such as turbidimetry, photon correlation spectroscopy (PCS) and transmission 

electron microscopy (TEM). Direct quantification of the solubilised dendron was 

achieved by use of the bicinchoninic acid (BCA) assay.

5.1. Experimental

5.1.1. Materials

Triton X-100, BCA protein assay kit (Sigma Chemical Company, UK). Diethyl 

acetamido malonate, 1-Bomododecane, Di-^err-butyl dicarbonate and Citric acid 

(Lancaster, UK), 2-Methyl-2-propanol (Aldrich, USA). Materials used in the 

dendrimer synthesis were mentioned in chapter III.

5.1.2. Synthesis of the amphipathic dendron

The synthesis of vV-Boc-oc-amino tetradecanoic acid was carried out as described in 

Appendix I (method B). The cationic lipidic polylysine dendron
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(Ci4)3Lys7(Ci4)8(NH2)8 (compounds 2a) having 11 Ch alkyl chains and 8 surface 

amino groups, was synthesised as described in Appendix I (method C).

5.1.3. Preparation of dendrisome -Triton X-100 mixtures

Dendrisomes, without cholesterol, were prepared using the REV method as described 

in chapter IV. Dendrisomes were suspended in water or surfactant solution giving a 

final concentration of 2 mg/ml (0.6 mM). The non-ionic detergent Triton X-100 was 

added to obtain final concentrations from 0.1-100 mM (0.0065-6.47% (w/v)). The 

mixtures were shaken on a platform shaker at 20 rpm at room temperature for 24 h.

5.1.4. Observation and size measurement of the supramolecular aggregates

The dendron-surfactant aggregates were observed by TEM. The sample preparation 

was as discussed in chapter IV. The hydrodynamic Z-average diameters of the 

systems were measured using a PCS 4600 Malvern Submicron Analyser (Malvern 

Instruments, Malvern, UK; He-Ne laser, the angle of measurement: 90°). The

aperture size at Triton X-100 concentrations 0.1 mM- 6 mM, 8 mM -10 mM, and 12 

mM-100 mM was 50, 100 and 200 respectively. The average of three measurements 

provided results expressed as Z-average diameter (nm) ± S.D.

5.1.5. Turbidimetry

The turbidity of the dendrisome dispersions at different Triton X-100 concentrations 

(Triton X-100: dendron molar ratio varied from 0.170-170) was measured at 400 nm 

in a plastic cuvette using a Beckman DU® 650 Spectrophotometer (USA). The 

results (n=3) were expressed as optical density (O.D) ± S.D.

5.1.6. Quantification of the solubilised lipidic peptide dendron

To quantify the amount of dendron solubilised in the mixed micelles, mixed micelles 

were separated from the unsolubilised aggregates by ultracentrifugation (Sorvall 

Combi-Plus, Dupont, USA) at 40,000 rpm for 1 h a t  4 °C. The supernatant was
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assumed to contain the mixed micelles. Quantification of the solubilised peptide was 

carried out using the standard BCA assay protocol used for protein estimation.

The supernatant (0.2 ml) was mixed with 2 ml of BCA working reagent (50 parts 

alkaline BCA solution and 1 part copper(II) sulphate pentahydrate 4% (w/v) 

solution) in a test tube, incubated for 30 min at 37 °C, the optical density was 

measured at 562 nm in a plastic cuvette. Maximum dendron solubilisation was found 

to be obtained at a concentration of 60 mM surfactant (taken as 100%). The 

percentage relative dendron solubilised was calculated from the ratio of the 

absorbance at 562 nm at a particular surfactant concentration to that of dendron in 60 

mM Triton X-100 multiplied by 100. The inherent solubility of the dendron in water 

was blanked. Results (n=3) were expressed as percentage relative dendron 

solubilised ± S.D.

H3C—Ç-CH2-Ç— ( y-M(C HgCH.O )-H

N = approx. 9.5

Figure 5.1: The chemical structure of the detergent iso-octyl phenyl 
poly( 10)oxyethylene (Triton X-100). The hydrophilic region (polyoxyethylene 
chains) is marked.
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5.2. Results and discussion

5.2.1. Dendrisomes and Triton X-100

The dendron (Figure 4.1) discussed in section 4.2,2 (chapter IV) was found to form 

higher order vesicular structures or dendrisomes. The dendrisomes combine the 

properties of both liposomes, because of their vesicular nature, and dendritic 

macromolecules because they are formed from individual dendrons.

Triton X-100 ([p-l,l,3,3,-tetramethylbutyl)phenyl]poly(oxyethylene) with an average 

of 9.5 oxyethylene groups (Figure 5.1) is one of the most widely used non-ionic 

detergents. It is used in membrane solubilisation and the separation of cellular 

components. When liposomes or phospholipid vesicles are mixed with a detergent 

such as Triton X-100, they generally form mixed detergent-phospholipid aggregates 

a process which is followed by transformation into mixed micelles in which the lipid 

is considered to be solubilised when excess detergent is added (Dennis, 1974; 

Robson and Dennis, 1979).

5.2.2. Turbidity measurement

Solubilisation of vesicles by surfactants can be assessed by the decrease in the light 

scattering or turbidity of the vesicle suspension by measuring the optical density 

(OD) of the dispersion at a wavelength not absorbed by the suspension (Goni and 

Alonso, 2000). Mixed micelles scatter much less light than vesicles (Ahmed et al, 

1997; Xu and London, 2000).

Figure 5.2 shows the effect of increasing the surfactant concentration on the 

reduction of turbidity of dendrisome suspension. Increasing the surfactant 

concentration above 0.8 mM (1.4:1 Triton X-100: dendron molar ratio) causes a
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drastic decrease in the turbidity until the dispersion appears to be isotropic at 8 mM 

(13.4:1 Triton X-100: dendron molar ratio). This suggests a structural change in the 

aggregate and gradual transformation into a mixed micellar system.

5.2.3. Size measurement and TEM of the aggregates

Figure 5.2 shows that the hydrodynamic diameter of the dendrisomes was 

unchanged up to molar ratios of 1.4:1 Triton X-100 (0.8 mM): dendron. The CMC of 

the surfactant is 0.2-0.3 mM.

Qpf o f  (3̂  "J" I?"

Triton X-100: dendron m olar ratio

oo

CO

Q
d

Figure 5.2: The turbidity of dendrisome-surfactant suspensions (the blue line) was 
obtained by measuring the O.D at 400 nm (a photograph of the dispersions is shown 
at the top). The hydrodynamic Z-average diameter of the dendrisome-surfactant 
aggregates was measured by PCS (the red line). Triton X-100: dendron molar ratio 
varied from 0.17-170. The results were expressed as O.D ± S.D and Z-average 
diameter (nm) ± S.D (n=3). The dispersion became optically clear at 13.4:1 molar 
ratio. The Z-average diameter of the dendrisomes (circa 240 ±1.1 nm) increased to 
about 305 ± 35 nm at Triton X-100: dendron molar ratio of 17 although the 
dispersion was isotropic (see text for explanation). The mean size then started to 
decrease to 50 ± 4.1 nm and 11.6 ± 0.6 nm at Triton X-100: dendron molar ratios of 
100 and 170, respectively.
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The hydrodynamic size began to decrease to 196 ± 7.2 nm before increasing to a 

maximum of 305 ± 35 nm. Continual addition of the surfactant up to 100-170:1 

Triton X-100: dendron molar ratio (60-100 mM) decreased the size of the aggregates 

to that in the pure micellar range, namely 11.6-50 nm. TEM showed the 

transformation of dendrisomes (Figure 5.3A) into smaller aggregates (Figure 5.3B).

200 nm 

(B).

Figure 5.3: (A) TEM of dendrisomes in water. (B) TEM of dendrisomes at a 6.7:1 
Triton X-100: dendron molar ratio. 43% of the dendron was solubilised as estimated 
by BCA assay. PCS suggests a 210 ± 7.3 nm hydrodynamic diameter under these 
conditions.

The steps involved in the solubilisation process are proposed in Figure 5.4. The 

apparent increase in the aggregate size at low surfactant concentration could be due 

to three possible effects, i) to the incorporation of surfactant molecules in the 

membrane which increases the number of molecules per vesicle (Figure 5.4B) 

(Partearroyo et a i, 1992; De La and Parra, 1994), ii) to vesicle fusion or iii) the 

aggregation of small structures or a mixture of all three processes. The addition of
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more surfactant molecules caused a transformation of the dendrisomes into 

surfactant-dendron mixed micelles (11.6-50 nm). Mixed micelles may have gradually 

been formed by solubilisation of dendron clusters within the mixed micelles (50-100 

nm). This increase in the hydrodynamic size was not accompanied by an increase in 

the turbidity since the dispersion tends to be isotropic at molar ratios above 13.4:1. 

This difference between turbidity and size measurement data is due to the fact that 

PCS measures the hydrodynamic diameter, an intensity mean size. The intensity of 

light scattered is proportional to d̂  (where d is the particle diameter, from the 

Rayleigh approximation). The contribution of the light scattered from small particles 

(mixed micelles in this case) to the mean size is minimal compared to that of large 

particles (real or aggregates of small particles) even if the latter were few in number. 

Polydispersity increases to 0.45-0.6 when the Triton X-100 concentration has 

increased to 4-10 mM presumably because two size populations are present. The 

polydispersity fell to 0.24 when the aggregate size approached 11.6 nm.



H ydrophilic po ly lysin e  
h ead

C i4  alkyl chain

Iso-octyl phenyl group  

P o ly o x y eth y len e  group

o
o+ Triton X -1 0 0

4 .3  nm^ 4 .5 2  n m ° 4 .3  nm^
-4-----------------------------  ►

6 .6 -1 0  nm"

+ M ore Triton X -1 0 0

(C )

Figure 5.4: A schematic illustration showing the various stages of solubilisation 
proposed. (A) Dendrons assemble into bilayer structures (hydrodynamic diameter, 
240 ±1.1 nm) (see TEM in Figure 4.5A). (B) The hydrodynamic diameter o f  the 
aggregates increases to about 305 nm at surfactant concentrations above the CMC, 
but not sufficiently high to solubilise all the dendrisomes i.e. 17:1 Triton X-100: 
dendron molar ratio (10 mM), presumably due to (i) incorporation of surfactant 
molecules in the dendrisome membrane which increases the number of molecules 
per vesicle (shown schematically) or (ii) fusion or aggregation of small aggregates 
besides the formation of smaller mixed aggregates. (C) Solubilisation o f  
dendrisomes into mixed micelles upon addition of more surfactant. This may 
gradually have happened by solubilisation of dendron clusters within a mixed 
surfactant/dendron aggregates (hydrodynamic diameter 50-100 nm), followed by 
complete transformation into mixed detergent/dendron micelles 11.6-50 nm at 100- 
170 Triton X-100: dendron molar ratio, a Reported by Attwood and Florence 
(1983a), b and c are as calculated in Figure 4.3.
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5.2.4. BCA assay of the supernatants

Solubilisation data from turbidity measurements are supplemented by quantitative 

assessment of the solubilised dendron. The BCA assay (Wiechelman et a l, 1988; 

Minard-Basquin et a l, 2003) was used here to estimate the amount of the polylysine 

dendron which is solubilised, after separation of the insoluble fraction by 

ultracentrifugation as mixed micelles can not be pelleted by ultracentrifugation, and 

dendrisomes are more dense than the solution. The BCA assay is one of the most 

commonly used assays for protein determination. The principle of the BCA assay 

relies on the formation of a Cu^^-protein complex under alkaline conditions, 

followed by reduction of the Cu^  ̂to Cu’"̂ by cysteine, cystine, tryptophan, tyrosine 

and peptide bond (the mechanism employed here). It forms a purple-blue complex, 

which has an absorbance at 562 nm. Maximum solubilisation was achieved at 60 

mM Triton X-100 (3.9%) which was considered to be 100%. As shown in Figure

5.5, while 20-90 % of the dendron is solubilised in the surfactant concentration range 

1.6-30 mM (2.7-50 Triton X-100: dendron molar ratio), only 14 % of the dendron is 

solubilised at 0.8 mM (1.4 Triton X-100: dendron molar ratio).

For solubilisation to occur the dendron-detergent interaction should be more 

energetically favoured compared to dendron-dendron and surfactant-surfactant 

interactions. The molar ratio at which the lipid is solubilised depends mainly on the 

lipid and detergent used. For example, the minimum solubilizing detergent: lipid 

molar ratio for cholate: egg yolk lecithin system is 0.75:1, 5:1 for alkyl glycosides 

surfactant n-octyl-P-D-glucoside (New, 1989) and 3:1 for Triton X-100 (Partearroyo 

e ta l, 1992).
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Figure 5.5: Estimation o f the percentage relative dendron solubilised into mixed 
micelles (using the BCA assay) after separating the soluble mixed micelles from the 
insoluble aggregates by ultracentrifugation. The percentage is relative to 100% 
solubilisation at 60 mM. The inherent dendron solubility in water (2.3%) was 
subtracted from the total solubility to calculate the fraction solubilised. The results 
were expressed as percentage relative dendron solubilised ± S.D. 20-90% of the 
dendron was solubilised at 2.7-50 Triton X-100: dendron molar ratio, complete 
solubilisation was obtained at Triton X-100: dendron molar ratio above 100.

5.3. Conclusion

All the techniques showed that dendrisomes were transformed into surfactant- 

dendron mixed micelles. The dispersion became optically clear at a 13.4:1 Triton X- 

100: dendron molar ratio. Complete dendron solubilisation was obtained between 

100-170:1 Triton X-100: dendron molar ratio when the aggregate diameter reduced 

to the micellar range, namely 12 to 50 nm. The mechanism o f solubilisation o f the 

dendrisomes by the non-ionic surfactant can simply be explained by the general rule 

that Triton X-100 has a higher affinity for the dendrons than for the pure detergent 

micelle.
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Exploring such types of non-electrostatic molecular interactions between dendritic 

molecules and other molecules should shed the light on the mechanisms by which 

these carriers self assemble into higher order structures or interact with other 

substrates, on which their use as carriers depends.

Also the transformation of water-insoluble dendrisome suspensions into the water- 

soluble isotropic mixed micelle systems broadens the scope of possible dendritic 

molecules based supramolecular structures. Such assemblies will have 

physicochemical properties different from that of the dendrisomes and the pure 

surfactant micelles. Enhanced hydrophobicity and higher pyrene solubilisation of the 

SDS-cationic tetrameric PAMAM dendron aggregates compared to SDS micelles 

alone was previously reported (Yoshimura et a l, 2002).

Water solubility is a requirement in diagnostics and sensoring technology where 

dendrimers are interesting candidates. Dendrimer-detergent association does not 

require chemical intervention compared to dendrimers carrying covalently attached 

solubilizing agents to provide water solubility (Minard-Basquin et a l, 2003).
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Chapter VI

TRANSEPITHELIAL TRANSPORT OF A POLYLYSINE 

DENDRIMER ACROSS CACO-2 MONOLA YERS

The objective of the work described in this chapter was to investigate the influence 

of concentration and incubation time on the permeability of the 6*̂  generation water 

soluble cationic dendrimer Gly-Lys63(NH2)ô4 across Caco-2 monolayers. Cytotoxicity 

was also determined by the MTT assay. The influence of the [^H] labelled dendrimer 

on the integrity of Caco-2 cells and paracellular permeability was monitored by 

measuring, respectively, the transepithelial electrical resistance (TEER) and PEG 

4000 permeability.
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6.1. Experimental

6.1.1. Materials

Dimethylsulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltétrazolium 

bromide (MTT), Toluidine blue, Trypan blue solution (0.4%), Polyethylene glycol 

MW 3,350 Da (PEG) (Sigma, USA), L-[4,5-^H] Lysine monohydrochloride (specific 

radioactivity 87.0 Ci/mmol) (Amersham Pharmacia Biotech, UK), [^^C]-PEG 4000 

(specific radioactivity 11.2 mCi/g) (Amersham Life Science, UK), Dulbecco’s 

modified Eagle medium with Glutamax-I (DMEM), OptiMEM-1 serum free 

medium, Gentamicin solution (10 mg/ml). Non-essential amino-acids solution lOOX 

(NE A A), Foetal calf serum (PCS), Phosphate Buffered Saline (PBS) (pH 7.4, 10 X), 

Hank’s balanced salt solution (HBSS), Trypsin/EDTA (IX) (Gibco Invitrogen 

Corporation, UK), 75 cm  ̂ tissue culture flasks with filtered screw caps (TPP, 

Switzerland), Costar Transwell™ polycarbonate cell culture inserts (12 mm 

diameter, growth area 1.13 cm^, pore diameter 3.0 pm), 96- and 12-well plates 

(Coming Costar Corporation, USA), Optiphase ‘safe’ scintillation cocktail (Perkin- 

Elmer, UK). Materials used in the dendrimer synthesis were mentioned in chapter III.

6.1.2. Synthesis of Gly-Lys63(NH2)64 dendrimer

The synthesis of the unlabelled and [^H] labelled (for biological studies) cationic 

water soluble dendrimer (compound 2c) (Figure 2.12) having 64 surface amino 

groups was performed using method D and F respectively and purified as described 

in Appendix I.

6.1.3. Caco-2 cell culture

Caco-2 cells were obtained from the European Collection of Animal Cell Culture 

(Wiltshire, UK). Cells were maintained in DMEM supplemented with 1% NEAA, 

10% FCS and gentamicin (50pg/ml) at 37 °C, 5% CO2, in 95% relative humidity.
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Caco-2 passage number 80-91 was used. The cells were expanded in tissue culture 

flasks (75 cm^ growth area). The medium was changed every other day and passed 

before reaching confluence (80% confluence). The cells were washed twice with 5hil 

of warm PBS (calcium and magnesium free) to remove any traces of serum which 

may interfere with the action of trypsin/EDTA. The cells were detached from the 

flask using 5 ml warm trypsin/EDTA for 1 min, 4 ml was aspirated and 1 ml was left 

for 5 min. The trypsinization was stopped by adding 9 ml of serum containing 

DMEM. The cells were centrifuged for 5 min at 1000 rpm at 4 °C, the pellets were 

resuspended in 10 ml serum containing medium for cell viability and permeability 

studies.

6.1.4. Cell viability (MTT assay)

Caco-2 cells seeded into a 96-well plate at a density of 100,000 cells per well using a 

cell suspension (Ix 10̂  cells /ml as assessed by the trypan blue exclusion method). 

The medium was changed every second day. After three days the cells incubated 

with 100 pi of dendrimer solution (0.5-10 mg/ml) in DMEM for 4h at 37 °C, then the 

media was aspirated and the cells were incubated with 160 pi of fresh medium (10 pi 

5mg/ml MTT and 150 pi DMEM) for 2.5 h at 37 °C (protected from light due to 

MTT photosensitivity). The plates were inverted to remove media and gently tapped 

onto absorbent paper. DMSO (200 pi) was added to each well then placed on a rotary 

shaker for 20 min to solubilise the crystals. The absorbance was read at 550 nm and 

630 nm as (a blank to exclude the effect of cell debris). The results were expressed as 

the percentage viability (n=8; ±SD). The percentage viability was calculated using 

the formula:

(A5 5 0 .A6 3 0 ) o f  tr e a te d  w ells  
%  V ia b ility  = ----------------------------------- x 100

(A5 5 0 .A6 3 0 ) o f  u n tr e a te d  w e lls
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Heparin, known to be non-toxie, was used as a comparator. MTT assay steps are 

summarised in Figure 6.1.

Caco-2 cells grown in a 
9 6 -we 11 plate

Incubation with the test 
material

1- Removal of the test material
2 -  Incubation with 0.5 mg/ml MTT
3 - Solubilisation with DMSO
4 -  Measure the absorbance at 550 
and 630 nm

Figure 6.1: A summary of MTT assay procedures.
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6.1.5. Permeability of [̂ H] labelled dendrimer across Caco-2 monolayer

A cell suspension (Ix 10̂  cells) was used to culture the cells on permeable 

polycarbonate inserts as mentioned elsewhere (Artursson and Magnusson, 1990; 

Artursson, 1990), of which 0.5 ml was added to the apical sides of Costar 

Transwell™ cell culture inserts (pore diameter 3 pm). Although a pore diameter 0.4 

pm is preferred to avoid transmigration of Caco-2 cells from the apical to the 

basolateral side, 3 pm was used so that the pore size does not restrict the transport of 

dendrimer monomers or aggregates across the polycarbonate filters. The cells were 

grown for 21 days, changing the media every other day. The monolayers were used 

when the TEER was in the range of 600-1000 ohmsxcm^. The cell culture medium in 

both apical and basolateral chambers was replaced with the serum-free transport 

medium OptiMEM-1, 30 min before the experiment. This medium was chosen for 

the transport study to provide nutrients to the cells in the absence of serum, 

components of which may interact with dendrimer.

[^H]-dendrimer solutions (0.5ml) prepared in OptiMEM-1 at non-toxic 

concentrations (0, 0.4, 2.0, 5.0 mg/ml, 1x10^ dpm per insert) were added to the apical 

chamber. At time points 0, 30, 60, 120, 180 and 240 min, the inserts were transferred 

to clusters containing fresh OptiMEM-1 (1.5 ml) to maintain sink condition (i.e., 

before >10% of the drug had been transported). The basolateral samples were 

assayed in LS6500 Multi-Purpose Scintillation Counter (Beckman, USA) using 

Optiphase ‘safe’ scintillation cocktail (9 ml). The permeability of the studied 

dendrimer was expressed as the percentage [^H]-dendrimer transported and the '?app 

(cm/sec) was calculated (n=3; ±SD) at steady state (t=4h) as described by Artursson 

(1990) with slight modification.
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The equation used was:

AQ?app =
At X A X Co

Where AQ/At is the appearance rate of the dendrimer in the acceptor compartment 

(mg/sec), A is the surface area exposed to the donor chamber (i.e. 1.13 cm^) and Co 

is the donor substance concentration (mg/ml). In case of a time lag (11):

At= t- tL

So measurement of tt provides a mean of calculating D presuming knowing h 

(Martin, 1993). 1l is given by:

tL = J L
6D

Where tt  (sec) is the time required for a penetrant to establish a uniform 

concentration gradient within the membrane separating the donor from the acceptor 

compartment, h is the thickness of the diffusion layer (cm), D is the diffusion 

coefficient or diffusivity (cm^/sec). D depends on the resistance to passage of a 

diffusing molecule and may change in value at high concentrations and is affected by 

temperature, pressure, solvent properties and the chemical nature of the diffusant. 

One can also calculate h xïŸapp was known using the equation:

h
tL =

6P

6.1.6. TEER and PEG 4000 permeability

The integrity of the monolayer and the paracellular transport was monitored by 

measurement of the potential difference between the apical and the basolateral sides 

of the monolayer and by following the transepithelial transport of the hydrophilic 

marker ['"^C]-PEG 4000, respectively. Caco-2 cells were maintained and cultured on
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Costar Transwell™ polycarbonate inserts as discussed in section 6.1.5. The apical 

solutions (0, 0.2, 2.0, 5.0, 10.0 mg/ml dendrimer) were prepared in OptiMEM-1, 

each containing 50pg/ml [’"^C]-PEG 4000 (12.5 pM, 1x10^ dpm per insert). 

OptiMEM-1 (containing 50pg/ml [’“̂CJ-PEG 4000) and 1% Triton X-100 were used 

as negative and positive control respectively. PEG 4000 was added to the negative 

control to cancel its effect on Caco-2 monolayers.

At time points 0, 15, 30, 60, 120, 180 and 240 min, the transepithelial electrical 

resistance (TEER) was measured in the cell culture inserts with specially designed 

electrodes (World Precision Instrument, USA), and the inserts were transferred to 

clusters containing fresh OptiMEM-1 (1.5 ml) to maintain sink condition. The 

basolateral samples (1.5 ml) were assayed by liquid scintillation counting. After 240 

min, the medium in the apical chamber was removed; the cells were rinsed with PBS 

and re-incubated in DMEM for 24 h at 37®C for recovery studies. Caco-2 monolayer 

assembly and a summary of the procedure is shown in Figure 6.2.

The TEER was expressed as transmembrane resistance (ohmsxcm^) after subtraction 

of the intrinsic resistance of the control (i.e. the resistance obtained with cell-free 

inserts). TEER was expressed as a percentage of TEER at t=0. PEG 4000 

permeability was expressed as the percentage of PEG 4000 and Vapp (cm/sec) at the 

time points studied (n=3; ±SD).
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Dendrimer (0, 0.2, 2, 5 and 10 mg/ml) and ['^C]-PEG 
4000 solution in serum free medium (0.5 ml) added to 

the apical chamber

Transwell insert 

Apical chamber

Caco-2 monolayer (grown for 2 1 days)

Porous polycarbonate membrane 
Basolateral chamber

Transepithelial electrical resistance (TEER) and PEG 4000 transported 
to basolateral chamber measured simultaneously for 4h

Recovery

Replacement of the test material with fresh serum-containing 
medium and reincubation for 24h at 37 °C

Figure 6.2: Caco-2 monolayer assembly; Caco-2 cells have been 
cultivated on permeable filters made of uncoated polycarbonate. The 
cells were allowed to grow and differentiate into a continuous 
monolayer for up to 21 days. The apical and basolateral chambers 
represent the donor and acceptor compartments respectively.
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6.2. Results and discussion

6.2.1. MTT toxicity assay

In this experiment, we investigated the cytotoxicity of the highest generation water 

soluble polylysine dendrimer synthesised Gly-Lysgs(NH2)64 using human intestinal 

adenocarcinoma cell-line (Caco-2) a commonly used in vitro model in absorption 

studies, because of its similarity to the human intestinal epithelium (Artursson and 

Magnusson, 1990; Artursson, 1990).

The effect of the dendrimer concentration (0.5-10 mg/ml) on the cell viability in 

DMEM after 4h exposure has been determined using MTT assay (Mosmann, 1983). 

MTT is a tétrazolium salt that is reduced by mitochondrial dehydrogenase in living 

cells but not dead cells to give dark blue crystals, formazan.

Little effect was noted (Figure 6.3) until 5 mg/ml, a concentration above which a 

decrease in viability was clearly seen. However, below this concentration, the 

apparent viability of Caco-2 cells was slightly raised up to 110%. Similar stimulation 

of growth was obtained by Taylor and Folkman (1982), there was a 55% and 37% 

increase in the growth of V2 carcinoma and Lewis lung cells above the control when 

exposed to protamine, a cationic polypeptide, at concentrations of 100 and 500|Lig/ml 

respectively. Heparin, an innocuous polyanion used as a comparator, did not affect 

significantly cell viability as shown in Figure 6.3.

Several studies reported on the cytotoxicity of derivatised PAMAM dendrimers 

(Roberts et a l, 1996; Malik et a l, 2000; El-Sayed et a l, 2002; Jevprasesphant et al, 

2003; Fuchs et a l, 2004). In general, in vitro and in vivo dendrimer cytotoxicity was 

charge-, concentration- and generation dependent. The observed toxicity of the 

cationic G3 and G4 PAMAM dendrimers toward the B16F10 mouse melanoma cell 

line compared to the anionic G1.5, G2.5, and G3.5, which showed no toxicity, was
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attributed to their polycationic nature (Malik et a l, 2000). Jevprasesphant (2003) 

reduced the toxicity of the cationic PAMAM dendrimers by neutralizing the positive 

charge through conjugation to the absorption enhancer lauroyl chloride.

130 .0  1
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=  7 0 .0  n  
.2
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Ü
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10.0

- 10.0

dendrimer in DMEM 

heparin in DMEM

2 3 4 5 6

concentration mg/ml
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Figure 6.3: Percentage cell viability of confluent Caco-2 cells after exposure to various 
concentrations of dendrimer (blue line) and heparin (pink line) in DMEM for 4h. The 
dendrimer was innocuous to Caco-2 cells at concentrations less than 5 mg/ml. Heparin 
which is known to be non-toxic did not affect much the cell viability. (n=8; ±SD)
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6.2.2. TEER, dendrimer and PEG 4000 permeability

Oral uptake is a requirement of an ideal oral drug delivery carrier. The oral 

bioavailability of some polymeric drug carriers can be impaired by their large size 

and molecular weight. Macromolecule^ and particulate materials could be 

transported across the intestine via either the paracellular route (intercellular 

junctions) (Nellans, 1991) or the transcellular route (via enterocytes or M-cells in the 

Peyer's patches) (Florence, 1997; Florence et al., 2000). Small hydrophilic and 

charged molecules are transported via the paracellular route. The size limit for this 

pathway is around 3 nm (Pantzar et al, 1994). Theoretically the studied dendrimer of 

6.48 nm diameter (as obtained by molecular modelling in chapter III) might be 

absorbed via intercellular junctions if they (the dendrimers) have the ability to 

reversibly open the tight junctions (Jevprasesphant et a l, 2003).

To avoid overestimation of the dendrimer permeability across Caco-2 monolayers 

which could also occur due to the monolayer disruption, the effect of the cationic 

dendrimer on the monolayer integrity, by measuring the TEER, was studied at the 

concentration range used (0-10 mg/ml). Although 10 mg/ml was known to be unsafe 

to the monolayers, we wanted to establish a correlation between the toxic effect of 

the dendrimer and its permeation. OptiMEM-1 containing PEG 4000 and 1% Triton 

X-100 were used as the negative and positive controls respectively.

TEER values decreased in a time and concentration-dependent manner (up to 4h) as 

shown in Figure 6.4. At 10 mg/ml, within the first 30 min, the TEER value dropped 

to about 40% of the initial value. A similar reduction occurred only after 2h exposure 

to 5mg/ml.
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Figure 6.4: Effect of dendrimer concentrations on TEER measurement of Caco-2 
monolayer. (♦ ) serum free medium OptiMEM-1 (negative control), (A) 0.2 mg/ml, 
(■) 2.0 mg/ml, (A) 5.0 mg/ml, (X) 10 mg/ml (dendrimer in OptiMEM-1) and (-) 1% 
TritonX-100 (positive control) (n=3; ± S.D). PEG 4000 was added to all 
concentrations and the negative control so that the reduction in TEER could be 
attributed to the effect of dendrimer or Triton X-100 and not PEG 4000. TEER 
reduction was concentration and time dependent.

The reversibility of dendrimer effect on the TEER measurement was studied by re­

incubation in dendrimer-free serum containing media for 24h. Figure 6.5 showed 

that re-incubation of the monolayers in the dendrimer-free serum-containing media 

for 24 h slightly reversed the TEER value at 5 mg/ml but not at 10 mg/ml. On the 

other hand, at 2 mg/ml the TEER value increased from 44% to 76% (a value 

obtained by the negative control). This indicates the reversibility o f the dendrimer 

effect at and below this concentration. Complexation o f 2 mg/ml cationic dendrimer 

with heparin polyanion (discussed in chapter VII) resulted in a drop o f the TEER to 

80% of the initial TEER after 4h, compared to 44% in case o f the free dendrimer. 

Protamine increased the permeability o f cultured epithelial monolayers but had no
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Figure 6.5: TEER recovery after removal of the dendrimer and re-incubation in serum- 
containing media for 24 h. TEER slightly increased at 5 mg/ml but not at 10 mg/ml. At 
2 mg/ml, TEER increased again similar to that of the negative control (n=3; ±SD).

effect in the presence of heparin (Peterson and Gruenhaupt, 1990), suggesting the 

involvement of the positive charge in affecting the membrane integrity through 

interaction with the negatively charged membranes.

PEG is a neutral polymer transported via the paracellular route. Its permeability 

decreases as the molecular weight increases. Only very small amounts of PEG 4000 

are transported across Caco-2 monolayers (Yee, 1997; Knipp et a i,  1997). The 

permeability of the cationic dendrimer was compared to that of the neutral PEG 

4000. PEG 4000 permeability in the presence and absence of the dendrimer was 

tested across the cell-free polycarbonate filters, 78- 82% of the PEG 4000 diffused 

through the filters as shown in Figure 6.6. This test was carried out to exclude any 

interaction between PEG 4000, the dendrimer and the filter.
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Figure 6.6: Percentage cumulative ['"'CJ-PEG 4000 transport over filters with and 
without Caco-2 cells with various concentrations of dendrimer after 4h. 78%- 82% of 
the PEG 4000 diffused through the filters excluding any interaction between PEG 
4000, the dendrimer and the filter.

Figure 6.7 shows that after 4h incubation, cells treated with 10 mg/ml dendrimer 

showed a 14 fold increase (7.3%) in the percentage PEG 4000 transported compared 

to 90 fold (48%) in the positive control (1% Triton X-100). Lower dendrimer 

concentrations (0-5 mg/ml), which exhibited no apparent toxicity to the monolayer as 

found by MTT assay, showed a less significant effect on PEG 4000 permeability i.e. 

1.2 and 1.5 fold increase at 2 mg/ml (45% of the initial TEER value) and 5 mg/ml 

(30% of the initial TEER value) respectively. In a study carried out by Tajarobi et al. 

(2001), mannitol permeability across MDCK monolayer increased by nine-fold in the 

presence of the fourth generation PAMAM dendrimer which can be attributed to the
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Figure 6.7; Percentage cumulative transport of [''^CJPEG 4000 across Caco-2 monolayers; 
(♦ ) control, (A) 0.2 mg/ml dendrimer, (■) 2.0 mg/ml, (A) 5.0 mg/ml, (X) 10 mg/ml (n=3; 
±SD). A 14 fold increase in the percentage PEG 4000 transported compared to only 1.2 and 
1.5 at 2 mg/ml (45% of the initial TEER value) and 5 mg/ml (30% of the initial TEER value) 
respectively. A magnified depiction of PEG 4000 percentage cumulative transport is shown 
on the top left of the figure.
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Figure 6.8: The correlation between the TEER and the percentage [^"^C]-PEG 4000 
transported across the monolayer. TEER values were obtained after incubation with a range of 
dendrimer concentrations for 4h. (n=3; ±SD). A magnified depiction of PEG 4000 percentage 
transport is shown on the top right of the figure.

107



small molecular weight of mannitol ( 182 Da) compared to that of PEG 4000 (4000 

Da). A correlation was made between the TEER value and the permeability of 

['"^CJPEG 4000 across the monolayer (Figure 6.8).

Herein we studied the permeability of the aforementioned dendrimer at non-toxic 

concentration. The inherent toxicity towards Caco-2 cells was investigated using 

MTT assay and thus the concentrations known to be non-toxic (0-5 mg) were chosen 

to study the dendrimer permeability. To facilitate study of dendrimer transport, 

dendrimers were radiolabelled using tritium. Figure 6.9 shows the percentage 

cumulative transport of the dendrimer across Caco-2 monolayers and the cell-free 

polycarbonate membrane. This control experiment was carried out to confirm the 

permeability of the dendrimer across the filters. Caco-2 monolayer was found to be 

the limiting factor for dendrimer transport.
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Figure 6.9: Percentage cumulative [^H]-dendrimer transport over filters with 
and without Caco-2 cells after 4h.
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Dendrimer permeability was expressed as the percentage cumulative dendrimer 

transport. Figure 6.10 shows that the permeability of the dendrimer increased with 

the increase in the donor concentration and incubation time and a steady state 

diffusion of the dendrimer across the monolayers was established after a lag time of 

175 and 130 min for 2 and 5 mg/ml respectively. The lag time observed was 

probably due to the mechanism of uptake i.e., the effect of the cationic dendrimer on 

widening the tight junctions and thus enhancing its own permeation via the 

paracellular route. Vapp was calculated at steady state i.e., after 4h and was 4.2 and 

12.9 X 10'*̂  cm/sec for 2 and 5 mg/ml respectively.
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Figure 6.10: Percentage cumulative transport of [^H]-dendrimer across Caco-2 monolayers; 
(A) 2 mg/ml, (X) 5 mg/ml (n=3; ±SD). There was a lag time (tb) required for the dendrimer to 
establish a uniform concentration gradient within Caco-2 monolayers separating the apical 
and basolateral chambers. tL was 175 and 130 min for 2 and 5 mg/ml respectively. 
Measurement of tt provides a means of calculating The diffusion coefficient D presuming 
knowing the thickness of the diffusion layer h, as explained in the text.
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The increase in permeability with increasing concentration of dendrimer and 

incubation time was expected due to the increase in the number of positively charged 

surface amines and the prolonged interaction of the dendrimer with Caco-2 epithelia 

respectively, resulting in a more pronounced modulation of the tight junctions which 

was supported by the reduction in TEER measurements.

The permeability of some dendrimer-based systems across cell barriers has already 

been established (Sakthivel et a l, 1999; Wiwattanapatapee et a l, 2000; Malik et a l, 

2000; Tajarobi et a l, 2001; El-Sayed et a l, 2002; Jevprasesphant et a l, 2003; 

Nigavekar et a l, 2004), Tajarobi et a l (2001) reported Vapp value of 16.1 x 10"̂  

cm/sec for PAMAM dendrimers with 64 amino groups across Madin-Darby canine 

kidney (MDCK) cells and showed that it was concentration dependent.

These data also coincide with that of El-Sayed et a/. (2002) who found that Vapp of 

the cationic PAMAM dendrimers increased with increasing donor concentration and 

incubation time. Jevprasesphant et a l (2003) reported the Vapp of cationic, anionic 

and lauroyl modified PAMAM dendrimers to be in the range of 0.02- 8.0 x 10'  ̂

cm/sec which was generation and concentration dependent.

Finding the value of Vapp, we were able to calculate the thickness of the diffusion 

layer h which ranged between 2695- 6021 pm. Karlsson and Artursson (1991) 

reported an h value of 1544 pm for testosterone permeating Caco-2 monolayers in 

the absence of agitation, the contribution of resistance of the aqueous boundary layer 

to the total diffusional resistance was 70%. h was then employed to calculate the 

diffusion coefficient of the dendrimer across Caco-2 monolayer in OptiMEM-1 

medium. D values were 1.15 and 7.75 x 10'  ̂cm^/sec for 2 and 5 mg/ml respectively. 

Salicylates diffusion across cellulose membrane had a membrane diffusion 

coefficient value of 1.69 x 10'  ̂cm^/sec (Famg and Nelson, 1977).
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Dendrimers, like other macromolecules, can pass the gastrointestinal barrier by two 

routes: the transcellular route (by endocytosis) and the paracellular route (through the 

intercellular spaces). The paracellular route occupies a very small surface area and is 

sealed by the junctional complex with a mean pore diameter of only few angstroms. 

However, various studies indicate that these junctions are dynamic structures and 

their permeability can be modulated in response to various stimuli. The reversible 

opening of the tight junctions is an interesting approach in drug delivery to improve 

the absorption of hydrophilic drugs. Some cationic dendrimers and poly cationic 

polymers such as chitosan exhibited a reversible opening of the tight junctions as our 

dendrimer also proved (Artursson et a l, 1994; Jevprasesphant et a l, 2003). The 

effect of the dendrimer studied on TEER reduction of the monolayers was also 

established (Figure 6.5) and was reversible up to 2 mg/ml dendrimer concentration. 

Theoretically, the globular dendrimer of a small diameter might use paracellular 

pathway especially with their shown capacity to open transiently the tight junctions. 

Although the exact mechanism of dendrimer uptake is not fully established, it has 

been shown that anionic and cationic PAMAM dendrimers were endocytosed by the 

enterocytes of everted rat intestinal sacs in vitro (Wiwattanapatapee et a l, 2000). 

Anionic dendrimer showed a higher serosal transfer rate and less tissue adsorption 

than cationic dendrimer. El-Sayed et al (2002) suggested the paracellular route for 

cationic PAMAM transport across Caco-2 cells monolayers. A study carried out by 

Jevprasesphant et al (2003) suggested that PAMAM transport across Caco-2 

monolayers occur via both the paracellular and transcellular routes as the 

permeability was temperature sensitive and significantly reduced by the endocytosis 

inhibitor colchicine.
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Table 6.1: The effect of dendrimer concentration on the Ÿapp (10  ̂ cm/sec) 
of [^H]-dendrimer and [''^CJPEG 4000 across the monolayer after 4h 
incubation (n=3; ±SD).

Dendrimer concentration 
(mg/ml)

Dendrimer ?app 
(10  ̂cm/sec)

PEG 4000 Vapp 
(10^ cm/sec)

0.4 0.605 ± 0.09 0.39 ±0.03
2 4.2 ±0.14 0.42 ± 0.03
5 12.9±2.6 0.54 ± 0.04

Table 6.1 showed a comparison of values of the dendrimer and PEG 4000 after

4h incubation. Despite the fact that the dendrimer had almost twice the molecular

weight of the linear polymer PEG, it has a rigid globular structure in solution with

relatively fixed diameter. In general, the Ÿapp of the cationic dendrimer was

higher than that of PEG 4000. PEG 4000 has been used as a paracellular marker so 

we expect its permeability to increase if the dendrimer has influenced the TEER and 

modulated the tight junctions, however, our cationic globular dendrimer had a higher 

permeability than neutral linear PEG 4000, whose permeability did not increase 

much by increasing the dendrimer concentration and incubation time. This suggests 

two things: firstly the positively charged dendrimer has higher affinity to the 

negatively charged cell membrane compared to the non-ionic PEG 4000 and thus 

competes with the latter for paracellular transport; secondly, the dendrimer has been 

transcytosed by enterocytes in addition to its paracellular transport while PEG 4000 

was only transported paracellularly. It has been reported that positively charged 

molecules permeate Caco-2 monolayers at a higher rate than neutral or anionic 

molecules due to a favourable electrostatic interaction with the negatively charged 

epithelial cells (Knipp et a l, 1997). The finding that dendrimer uptake increased with 

the increase in its concentration suggests the involvement of endocytosis. The
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permeability of molecules which are absorbed by passive diffusion only should not 

be concentration dependent.

However these studies do not necessarily correlate with human epithelia, as studies 

have shown that the tight junctions of Caco-2 monolayers and the human small 

intestine are different, Caco-2 monolayer tight junctions being more restrictive 

(Collett e /a /., 1996).

6.3. Conclusion

Polylysine dendrimer with 64 amino groups showed moderate permeability across 

the human intestinal Caco-2 monolayers comparable to that of PAMAM dendrimers. 

Their reversible effect on the tight junction, in addition to being innocuous at useful 

concentrations strongly suggests their use as oral drug delivery carriers.
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Chapter VII

DENDRIPLEXES: HEPARIN-DENDRIMER COMPLEXES

Heparin is a polydisperse negatively charged polysaccharide (6,000-30,000 Da). Its 

relatively high content of sulphate groups (anionic groups) is mainly responsible for 

its anticoagulant activity, pro-angiogenic character and poor oral absorption.

Heparin dendriplexes were prepared by the complexation of heparin with the water 

soluble cationic dendrimer Gly-Lys63(NH2)64 (8149 Da) via electrostatic interactions. 

A change in the dendrimer characteristics as well as in heparin anticoagulant and 

uptake properties were anticipated upon complexation.

In this chapter, the preparation and characterization of heparin dendriplexes is 

described. The in vitro anticoagulant activity of the dendriplexes was compared to 

that of heparin using an anti-factor Xa assay. Also a comparison was made between 

the in vitro transport of the dendriplexes and the free heparin across Caco-2 

monolayers.
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7.1. Experimental

7.1.1. Materials

Unfractionated heparin sodium salt grade I-A from Porcine Intestinal Mucosa 187 

US? units/mg (MW 6,000-30,000 Da) (Sigma, USA), Methylene blue (Fisher 

Scientific, USA), Accucolor™ heparin and Accuclof^^ reference plasma (Sigma 

Diagnostics, USA), [^H]-Heparin (sodium salt) (specific radioactivity 0.32 mCi/mg) 

(Perkin Elmer, USA). Materials used in cell culture experiments were mentioned in 

chapter VI.

7.1.2. Synthesis of Gly-Lys63(NH2)64 dendrimer

The synthesis of the water soluble polylysine dendrimer (compound 2c) (Figure 

2.12) having 64 surface amino groups was performed using method D and purified as 

described in Appendix I.

7.1.3. Preparation of heparin dendriplexes

The dendriplexes were formed spontaneously by mixing equal volumes (1 ml) of 

heparin (1 mg/ml) and the dendrimer (0.5, 1, 2, 3, 4 and 5 mg/ml) aqueous solutions, 

followed by a gentle shaking of the colloidal dispersions on a platform shaker at 30 

rev/min for Ih to get a thorough mixing of the two components.

7.1.4. TEM, size and zeta potential measurement

Heparin dendriplexes were observed by TEM. The sample preparation for TEM was 

as described in chapter IV.

The mixtures were diluted 5 times in deionised water and sized using a PCS 4700 

Malvern submicron particle analyzer (Malvern Instruments, Malvern, UK, He-Ne 

laser, 90° angle of measurement). The measurement was repeated for seven 

consecutive days and after two weeks to check for aggregation. Zeta potential of the
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aggregates was measured using a Zetasizer 3000 (Malvern Instruments, Malvern, 

UK). The dispersion (2ml) was diluted 5, 10 and 20 times for 0.5-1, 2.0-3.0, and 4.0-

5.0 mg/ml dendrimer dispersions, respectively, for zeta measurement. The average of 

three measurements was used and the results expressed as Z-average (nm) ± S.D and 

zeta potential (mV) ± S.D.

7.1.5. MB spectroscopy

A solution containing heparin-MB complex was titrated with the dendrimer. 

Heparin-MB complex (2ml) was prepared by mixing MB solution (1ml, 20 pM), 

heparin solution (0.5ml, 2.7 pM) and the calculated volume of dendrimer solution 

(122.7 pM). MB, heparin and dendrimer final concentrations were 10, 0.725 and 

0.16-10 pM respectively. Absorption spectra for MB/heparin, before and after 

titration with the dendrimer, were obtained between 400-800 nm at a scan rate of 

1200 nm/min using a plastic cuvette in a Beckman DU® 650 Spectrophotometer 

(USA). A664/A568 ratio was used to calculate the ratio at maximum association. The 

experiments were repeated for at least four times to check the reproducibility of the 

results.

7.1.6. Antifactor Xa assay

The in vitro anticoagulant activity of heparin and the complexes was assayed using 

Accucolor™ heparin using micro-plate method. Lyophilized human antithrombine 

III (AT III), bovine factor Xa and factor Xa substrate were reconstituted in deionised 

water as directed by the manufacturer. Lyophilized Accuclot™ reference plasma was 

reconstituted in deionised water immediately before use.

A solution of heparin in saline was prepared as a stock (8 USP unit/ml or 44 pg/ml) 

and a calibration curve of heparin (0.1-0.8 U/ml) was prepared by serial dilution of 

the stock in standard human plasma. Calibration curves for heparin complexes were
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prepared similarly except that the dendrimer was added to the stock in dendrimer: 

heparin mass ratios of 0.1, 0.5, 1, 2, 3, 4 and 5:1. An additional 1:2 dilution of all 

standards was made by diluting 1 0 0  pi of the plasma standard with 1 0 0  pi saline 

before running the assay.

AT III (75 pi) was dispensed to individual wells of a 96-well microstate plate and 

incubated with the diluted standard (25pi). Factor Xa (75pi) and Factor Xa substrate 

(75pi) were subsequently added and incubated at 37 for 2, 1 and 10 min after each 

addition, respectively. The reaction was stopped with 20% acetic acid (75pi). A405 

was blanked using these reagents in the following order; acetic acid, AT III, plasma. 

Factor Xa and the substrate and measured using a Dynex MRX Microplate Reader 

133 (Dynex, UK). A405 was plotted against heparin concentration (units/ml), the 

anticoagulant activity was inversely proportional to A405. The measurements were 

done in triplicates and expressed as A4os± S.D.

7.1.7. Association of heparin dendriplexes to Caco-2 monolayers 

Caco-2 cells seeded into a 24-well plate at a density of 100,000 cells per well. The 

medium (0.6 ml) was changed every second day. After three days, the media was 

aspirated and the confluent cells were treated for 4 and 24h at 37 °C with 0.7 ml 

[^H]-heparin [0.2 and 1.0 mg/ml] (1x10^ dpm per well) in DMEM or OptiMEM-1 

with or without dendrimer [0.5, 1, 2:1 mass ratio]. The [^H]-heparin containing 

solution was incubated with the dendrimer at 37 for 30 min before its addition to 

the cell cultures to allow for [^H]-heparin dendriplexes to be formed. Heparin 

concentrations were chosen from the toxicity study (chapter VI) so as dendrimer 

concentration used for complexation is innocuous to the cells. Two incubation 

periods and media (with or without serum) were used for comparison. After 

incubation, the cells were rinsed thrice with PBS to remove any precipitated complex
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and lysed for liquid scintillation counting, by incubation for 2 min in a hypotonic 

solution (450 pi) and a lysis medium (50 pi). (Hypotonic solution: 0.03% 

magnesium chloride in 0.24% HEPES buffer, lysis solution: 5%

ethylhexadecyldimethylammonium bromide in 3% glacial acetic acid). The results 

were expressed as cell-associated [^H]-heparin dendriplexes percentage of the dose 

(n=3; ±SD).

7.1.8. Transport of heparin dendriplexes across Caco-2 monolayer

Caco-2 cells were harvested and plated on Costar Transwell™ cell culture inserts (12 

wells, 1.13 cm^ and 3 pm pore diameter) as described in chapter VI. The monolayers 

were treated on the apical side at 37 ®C with 0.5 ml [^H]-heparin [1.0 mg/ml] (1x10^ 

dpm per insert) in OptiMEM-1 with or without dendrimer [0.5, 1, 2, 3 and 5:1 mass 

ratio]. The [^H]-heparin containing solution was incubated at 37 °C for 30 min before 

its addition to the cell cultures to allow for [^H]-heparin dendriplexes to be formed. 

At time points 0, 30, 60, 120, 180, 240 and 1440 min, the TEER was measured and 

the inserts were transferred to clusters containing fresh OptiMEM-1 (1.5 ml) to 

maintain sink condition. The basolateral samples were assayed for radioactivity using 

liquid scintillation counting. The permeability and the integrity were expressed as the 

percentage [^H]-heparin dendriplexes transported and the percentage TEER at t = 0 

respectively (n=3; ±SD).

7.2. Results and discussion

7.2.1. Shape, size and zeta potential measurement of the dendriplexes

Heparin is a polydisperse polyanionic copolymer composed of alternating D- 

glucouronic acid which is frequently 0-sulphated at C2, and D-glucosamine-N- 

sulphate with an additional sulphate group on C6 linked via a -1,4 glycosidic linkage 

(Figure 7.1).
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Figure 7.1: The chem ical structure o f  sulphatcd heparin, a copolym er com posed o f  
D-glucouronic acid and D-glucosaminc-A^-sulphatc linked via a - 1,4 glycosidic  
linkages.

M olecular w eights range from 6,000-30,000 Da. Heparin used in this experiment had 

a mean number molecular weight in the range o f  17,000-19,000 Da as specified by 

the manufacturer. Gelman and Blackwell (1973) reported 2.33 sulphate groups per 

disaccharide and showed a maximum interaction between the linear poly(Lys) and 

the heparin at 2.3:1 amino acid: disaccharide ratio. The com plex adapted an a-helical 

conformation.

Heparin-dendrimer com plexes, named heparin dendriplexes, were spontaneously 

formed upon m ixing heparin and the cationic dendrimer in aqueous solutions, 

presumably via electrostatic interactions. The spherical aggregates shown by TEM in 

Figure 7.2 were not observed in simple heparin and dendrimer solutions 

individually. The mean intensity hydrodynamic diameter o f  the dendriplexes found 

by the PCS ranged from 99 ± 4 nm to 147 ± 3 nm (Table 7.1). The minimum and 

maximum change in the original diameter, after fourteen days and from the first day 

o f  the preparation, was 0.5% and 16% at 5:1 and 0.5:1 mass ratio respectively 

(Figure 7.3).
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Figure 7.2: Transmission Electron Micrographs of the dendriplexes showing 
spherical aggregates in the nano-size range. (A) 1:1 dendrimer:heparin mass ratio; 
2.2:1 molar ratio; 2:1 +/- charge ratio; -47 mV zeta potential (B) 2:1 
dendrimer:heparin mass ratio; 4.4:1 molar ratio; 4.1:1 +/- charge ratio; +52 mV zeta 
potential.
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Figure 7.3: Heparin dendriplexes size (nm) versus time. The percentage change of 
the original diameter was the minimum (0.5%) at 5:1 dendrimer/heparin mass ratio 
(+60+ 2 mV) and the maximum (16%) at 0.5:1 dendrimer/heparin mass ratio (-38 + 
1.6 mV).
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We calculated the dendrimer/heparin charge ratio based on the assumption of 18,000 

Da average heparin molecular weight and 2.3 sulfate groups per disaccharide. The 

maximum association between the dendrimer and the heparin occurred at 1:1 mass 

ratio (2.2 molar ratio or 2.05 +/- ratio). However, the dendriplexes exhibited a 

negative zeta potential (- 47 mV) at this ratio. The zeta potential became positive (+ 

52 mV) at 2:1 mass ratio (4.1:1 +/- charge ratio) (Table 7.1). The reason that the 

maximum association in dendrimer/heparin systems occurred at 2.05 +/- compared to 

1:1 +/- in linear polylysine/dendrimer systems (Gelman and Blackwell, 1973) could 

be due to unavailability of all the amino groups of the dendrimers for the interaction 

with the sulfate groups. This could be due to steric hindrance of the terminal amines 

with the hyperbranched dendrimer structure or due to pH dependent ionization of the 

dendrimer amino groups. This can also be attributed to the fact that the heparin used 

was a polydisperse mixture of heparin chains while the assumption in calculating the 

+/- ratio was based on a single molecular weight.

Table 7.1 Z-average size and zeta-potential of dendriplexes of various 
dendrimer:heparin ratios
Dendrimer:heparin 

mass ratio
Dendrimer:heparin 

molar ratio"*
+/-
charge
ratio

Z-average size 
(nm) ± S.D"

Zeta-potential 
(mV) ± S.D"

0.5:1 1.1 1.02 99 ± 4 -38 ± 1.6
1:1 2.2 2.05 122 ± 1 -47 ± 2
2:1 4.4 4.1 121 ± 2 +52 ±3
3:1 6.6 6.15 147 ± 3 +55 + 4
4:1 8.8 8.2 147 ± 1.5 +56 + 2
5:1 11:1 10.25 136± 2 +60+ 2

" Based on the assumption that heparin has an 18,00 [) Da average molecular weight.
Based on the assumption that there is 69 negative charges per heparin chain and 64 

positive charges per dendrimer. +/- charge ratio was calculated using the equations:

+/- /ia,/o=0.92x5£îî*É£d>!2fe£l 
H e p a r in  [w eight] H e p a r in  [m oles]

 ̂Mean ± S.D; n=3
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7.2.2. MB/heparin assay

Methylene blue (MB) is a cationic metachromatic dye known for its affinity for 

polyanions such as heparin (Leone-Bay et a l,  1998). Unbound MB has À,max of 664 

nm whereas MB bound to heparin (MB/heparin) has Xmax of 568 nm. Dendrimer 

addition to MB/heparin caused a shift in from 568 to 664 nm (Figure 7.4). 

Furthermore, MB and MB/dendrimers had the same UV/Vis spectra (lmax=664) 

which excludes any interaction between MB and the dendrimer. MB spectroscopy 

(A664/A568 ratio) was used to find the ratio at which maximum dendrimer/heparin 

association occurred.

Smoo th i ng :  None
MB/lreparin + (lendTlmer,%mjx=664 nm0.7500

// 'free MB, ln»\=664 nm

M B /h e p a r in , Àmax=568 n m

-0 .150
SOB.a v e l e n g t h  i ,nm)

Figure 7.4: UV/Vis spectra of free MB (>-max=664 nm) and MB/heparin 
(A-max=568 nm). Upon dendrimer addition, MB Imax shifted to 664 nm which 
indicated MB release from heparin due to dendrimer/heparin complexation.

Firstly, the optimum heparin concentration required to produce a minimum A664/568 

ratio was experimentally found i.e. all MB molecules (10 pM) are bound to heparin 

with no excess heparin (0.725 pM) in the solution. Excess free heparin in the 

medium would give an inaccurate dendrimer/heparin association ratio. The 

MB/heparin mixture was titrated with dendrimer (0.16-10 pM) as shown in Figure

7.5. A maximum A664/A 568 ratio was obtained at 2.05 +/- charge ratio (1:1 or 2.2:1 

dendrimer/heparin mass or molar ratio respectively).
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+/- charge ratio

Figure 7.5: Titration of a MB/heparin mixture (10 pM/0.725 pM) with the 
dendrimer (0.16-10 pM). A maximum AbeVAges ratio was obtained at 2.05 +/- 
charge ratio (1:1 or 2.2:1 dendrimer/heparin mass or molar ratio respectively). This 
was considered the ratio at which a maximum dendrimer/heparin association 
occurred.

7.2.3. In vitro anticoagulant activity of heparin dendriplexes

Heparin exists in the mammalian circulatory system as an anticoagulant. The U.S.P 

unit is the measure of the anticoagulant activity of a given heparin product, heparin 

used in this work has 180 U.S.P units/ mg.

Antithrombine III (AT-III) is a natural inhibitor of thrombin, factor Xa and other 

coagulation proteases in the plasma. The rate of inhibition is slow but can be 

increased by several thousands by heparin. Thus the anti-factor Xa assay is a useful 

test to assay the anticoagulant activity of heparin. Since both factor Xa and 

antithrombine III are present in excess in the kit, the rate of factor Xa inhibition is 

directly proportional to active heparin concentration. The residual activity of factor 

Xa, as measured by absorbance of its cliromogenic substrate at 405 nm, is inversely 

proportional to heparin anticoagulant activity in plasma.
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We employed this assay to study the effect of complexation on the in vitro 

anticoagulant activity of heparin. We found that dendrimer binds to heparin and 

neutralizes its activity (Figure 7.6); Heparin spiked (0.8 lU/ml) in human plasma 

was inactive at a 1:1 heparin: dendrimer mass ratio. This further confirmed the result 

obtained by MB spectroscopy which showed that the maximum association between 

the heparin and dendrimer occurred at the same ratio. The new conformation of the 

heparin must abolish the negative charge and make it inaccessible to AT III and the 

coagulation proteases i.e. prothrombine III and factor Xa, a process which cancels its 

anticoagulant activity.

1.6  

1.4 

1. 2  

1

0.8 4 

0.6 

0.4 

0.2 4 

0

1:4 m a s s  r a t i o  

I : I m a s s  r a t i o

1:0 .5  m a s s  r a t i o .

heparin only

Heparin; dendrim er 
1 :0.1

Heparin: dendrim er 
1 :0 ,5

Hepari n : dend ri m er 
1:1

1:0.1 m a s s  r a t i o

Heparin: dendrim er 
1:4

0 0.2 0.4 0.6 0.8
h e p a r i n  c o n c e n t r a t i o n  U/ml

Figure 7.6: Heparin anticoagulant activity as measured by anti-factor Xa assay.
A405 is inversely proportional to active heparin concentration. Heparin activity was 
reduced as the dendrimer concentration increased. Heparin activity (0.8 U/ml) began 
to decrease (A405 increased) as the heparin: dendrimer mass ratio increased from 
1:0.1 to 1:4.

124



Suggested applications include the development of a less toxic heparin antidote than 

the cationic polypeptide protamine which has undesirable side effects (Schick et a l, 

2001; Liang et a l, 2003). Another area is in angiogenesis therapeutics. Interestingly, 

apart from the heparin anticoagulant effect, heparin can play an important role in 

angiogenesis. Tumour growth is to a large extent dependent on angiogenesis, the 

biological process leading to locoregional recruitment of epithelial cells and the 

growth of new capillary blood vessels. In healthy tissues angiogenesis is kept in a 

balance between endogenous pro-angiogenic and anti-angiogenic factors (Kerbel, 

2000). However in growing tumours excessive angiogenesis is initiated to create a 

new vascular system which will provide adequate blood supply for growth (Folkman, 

1995). The process of angiogenesis is stimulated by various cytokines, such as 

vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 

(bFGF). The interaction of cytokines with their endothelial receptors depends on the 

presence of the extracelluar macromolecule heparin or heparan sulphate proteoglycan 

(HSPG)(Azizkhan et a l, 1980).

The development of anti-angiogenic tumour therapeutics has become an area of 

intense research interest (Srinivasan and Harris, 2002). It has been recognized that 

heparin potentiates the activity of growth factors although the mechanism is not yet 

clearly described (Folkman and Klagsbrun, 1987). Moreover, Azizkhan and 

coworkers reported that heparin released by mast cells accumulates at the tumour 

site, enhancing the migration of capillary endothelial cells prior to the in-growth of 

new blood capillaries (Azizkhan et a l, 1980). Heparin has been validated previously 

as a potential target for anti-angiogenesis therapy by allowing protamine, an 

arginine-rich basic protein of 4,300 Da molecular weight, to bind to heparin leading 

to inhibition of angiogenic growth factor activity (Taylor and Folkman, 1982).
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Subcutaneous protamine administration inhibits tumour angiogenesis with no 

toxicity when administered for one year at 60 mg/kg every 12h. However, its 

systemic administration is limited due to its severe toxicity including symptoms of 

lethargy, weakness or even death. Compounds similar to protamine in structure and 

charge density such as poly-L-lysine, poly-L-arginine and poly-L-glutamic acid did 

not show anti-angiogenic effects in vitro except for polylysine at excessive 

concentrations (five times that used for protamine) (Taylor and Folkman, 1982).

A cationic poly-arginine dendrimer with 16 surface arginine residues has been 

designed by Kasai et al. (2002) to resemble the structure of the endogenous 

angiogenesis inhibitor endostatin. They reported effective antiangiogenic in vivo 

activity using the CAM assay (non-tumour angiogenesis model), suggesting that the 

mechanism of action is due to efficient dendrimer competition with angiogenic 

factors for binding sites on heparin.

The high affinity of these cationic dendrimers towards heparin and the stability of 

these dendriplexes in the plasma in vitro and in vivo (shown in chapter VIII) suggest 

their potential use as anti-angiogenic therapeutics. The therapeutic activity of the 

heparin-binding dendrimers as active moieties and as carriers of other types of 

therapeutics (cytotoxic drugs, plasmid DNA) towards the development of combined 

anti-angiogenic treatments, as shown recently is worth investigating (Arrieta et a i, 

1998; Toth et a i, 1999; Abdollahi et a i, 2003; Vincent et a i, 2003). Polylysine 

polymers (Sakharov et a i, 2001) and cationic liposomes have recently shown higher 

accumulation into the vascular endothelium, a target in angiogenesis treatment (El- 

Sayed et a i, 2001; Sakharov et a i, 2001; Hood et a i, 2002; Krasnici et a i, 2003). 

Also, functionalization of our heparin-binding cationic dendrimers by attachment of 

vascular targeting moieties (e.g. endothelial cell integrins) onto their surface might
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also allow further improvements in specifically targeting tumour neovascualture 

(Hood et a i, 2002). The intrinsic fluorescence phenomenon (discussed in chapter III) 

was employed as an investigative tool in studying the localization of dendrimer in 

Caco-2 cells (Ruemaroengsak and Florence, unpublished). Intra-vital microscopy 

(Jain et a l, 1997) is thought to be a non-invasive technique that can be used in 

studying the accumulation of intrinsically-fluorescent dendrimers in the vascular 

endothelium in living animal models and in a dynamic pattern.

7.2.4. Association of heparin dendriplexes to Caco-2 monolayer 

Heparin association to Caco-2 cells in the presence [0.5, 1, 2:1 mass ratio] and 

absence of dendrimer was studied in serum-ffee (OptiMEM-1) and serum-containing 

(DMEM) media for 4 and 24h using different heparin concentrations (0.2 and 1.0 

mg/ml). The results are expressed as the cell-associated [^H]-heparin dendriplexes 

percentage of the dose and shown in Figures 7.7. Cell association referred to both 

membrane bound or internalized heparin. Whether association was followed by 

internalization into the cells or not can not be answered by this experiment. 

Complexation of heparin with the cationic dendrimer at 1:1 (-47 ± 2 mV) and 2:1 

(+52 ± 3) mass ratios dramatically enhanced cell association. There was no clear 

effect on the cell association by changing heparin concentration, the incubation time 

or the presence or absence of serum. Bleiberg et al. (1981) reported that enhanced 

binding and internalization of heparin by macrophages in the presence of polycations 

(protamine, histone, poly(DL-lysine) and poly(L-omithine)) was due to charge 

neutralization. Since the cells are generally negatively charged, the enhanced uptake 

of the negatively charged compounds observed previously in the presence of 

polycations has been attributed to charge neutralization (Deierkauf et a l, 1977; 

Fabian et a l, 1978; Shen and Ryser, 1978; Duncan et a l, 1979).
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Figure 7.7: Percentage of -heparin associated with a Caco-2 monolayer. [^H]- 
heparin [0.2 or 1.0 mg/ml, top and bottom graphs respectively], free and complexed 
with the dendrimer [0.5, 1, 2:1 mass ratio], was incubated with the confluent 
monolayers in DMEM or OptiMEM-1 for 4 and 24h. The eells were lysed and the 
associated heparin was quantified by liquid scintillation counting (n=3; ± S.D). 
Complexation of heparin with the dendrimer at 1 and 2:1 mass ratios enhanced 
dramatically cell association.
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7.2.5. Transport of heparin dendriplexes across Caco-2 monolayers

Transport experiments using Caco-2 monolayers were carried out to examine 

whether the dendriplex binding to cells was followed by uptake, whether the 

percentage uptake was dependent on the concentration of the complexed heparin or 

the free dendrimer and the possible route(s) involved i.e. paracellular or transcellular. 

Caco-2 monolayers were seeded on polycarbonate filters (3 pm pore diameter) to 

resemble the intestinal barriers. The percentage of [^H]-heparin dendriplexes 

transported to the basolateral chamber was quantified.

It was found that incubation of the monolayers with low heparin concentration (0.2 

mg/ml) in the presence of the dendrimer (0.5-3:1 mass ratio) in OptimMEM-1 for 4h 

had little effect on the percentage of heparin transported and was similar to that of 

the negative control (free heparin) (Figure 7.8). Similarly, no effect was observed on 

the TEER of the monolayers probably because of the low dendrimer concentration 

(0.1-0.6 mg/ml) utilised (Figure 7.9). However, association studies showed that the 

complexation at 1 and 2:1 mass ratio caused, respectively, a 60 and 78-fold increase 

in the percentage heparin associated with the cell.

The effect of complexation was more noticeable at higher heparin concentration 

(1 mg/ml) (Figure 7.10 and 7.11). Heparin uptake was enhanced the most at 5:1 

mass ratio (this was the highest mass ratio used to avoid the toxic effect) by only a 

factor of 1.3 and 5 after 4 and 24h respectively (Figure 7.12) but the latter was 

accompanied by a loss in TEER. The fact that the enhanced uptake occurred at 1 

mg/ml and not at 0.2 mg/ml heparin, and its correlation with TEER reduction 

suggests two things: firstly, the enhanced transport was mainly a consequence of the 

interaction between the free dendrimer, rather than complex, with the cells. 

Secondly, the transport of the complex occurred mainly via the paracellular route.
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Figure 7.8: Percentage cumulative transport o f  [^H]-heparin dendriplexes 
across Caco-2 m onolayers as a function o f  time. Heparin (0.2 mg/m l) was 
com plexed with ( ♦ )  0.0 mg/ml dendrimer, (A ) 0.1 m g/m l, (X) 0.2 mg/ml,

( • )  0.6 mg/ml (n=3; ± S.D). Complexation had little effect on heparin 
transport.
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Figure 7.9: Effect o f  heparin:dendrimer com plexation ratio on TEER o f  
Caco-2 monolayers as a function o f  time. Heparin (0.2 m g/m l) was 
com plexed with (♦ )  0.0  mg/ml dendrimer, (A ) 0.1 m g/m l, (X) 0.2 mg/ml,

( • )  0.6 mg/ml (n=3; ±  S.D). The com plexes showed little effect on TEER.
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Figure 7.10: Percentage cumulative transport o f  [^H]-heparin dendriplexes across 
Caco-2 monolayers as a function o f  time. Heparin (1 m g/m l) was com plexed with (♦ )  
0.0 mg/ml dendrimer, (■) 0.5 mg/ml dendrimer, (A) 1 m g/m l, (X) 2 m g/m l, (A ) 3.0

m g/m l, ( • )  5.0 mg/ml (n=3; ±  S.D). Complexation enhanced heparin uptake the most 
at 5:1 mass ratio and by only a factor o f  1.3.
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Figure 7.11: Effect o f  heparin:dendrimer com plexation ratio on TEER o f  Caco-2 
monolayers as a function o f  time. Heparin (1 mg/ml) was com plexed with ( ♦ )  0.0 
mg/ml dendrimer, (■ ) 0.5 mg/ml dendrimer, (A) 1 mg/ml, (X) 2 m g/m l, (A ) 3.0

m g/ml, ( • )  5.0 mg/ml (n=3; ± S.D). Com plexed dendrimer had less effect on TEER 
compared to free dendrimers as shown in Figure 6.4.
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Figure 7.12: Uptake enhancement ratio (percentage transport of the heparin 
dendriplexes to free heparin) as a function of heparin:dendrimer mass ratios (1 mg/ml 
heparin was used) after 4h and 24h incubation. Higher uptake enhancement ratios were 
obtained at higher dendrimer concentrations after 24h compared to 4h incubation 
probably due to the prolonged exposure of the monolayers to the dendrimer, and its 
effect on the monolayer integrity.

Complexation did not only affect the biological activity of heparin, but also 

dendrimer interaction with Caco-2 monolayers was also reduced. The cationic 

dendrimer studied here has already revealed its effect on TEER of Caco-2 

monolayers in chapter VI (Figure 6.4). This effect was much reduced when the 

dendrimer was complexed with heparin (Figure 7.10), which may be attributed to 

the partial charge neutralization of the dendrimer. Shen and Ryser (1981) have 

reported that heparin at low concentration reduced the endocytosis of polycation 

polylysine-methotrexate conjugates by Chinese hamster ovarian cells due to 

polycation-heparin complexation.

132



7.3. Conclusion

Maximum association occurred between heparin and the cationic dendrimer at 1:1 

heparin:dendrimer mass ratio. Electrostatic interaction is most likely to be the 

mechanism involved. The biological properties of both the dendrimer and heparin 

have changed upon complexation i.e. heparin lost its anticoagulant activity and 

dendrimer effect on the TEER of Caco-2 monolayers was also reduced. Cell- 

association of heparin was increased, results which can be attributed to the decrease 

in its negativity. The strong binding affinity of the dendrimer to heparin suggests 

investigating their use as heparin antidotes. In addition, the use of heparin-binding 

dendrimers per se and in combination with antiangiogenic modalities i.e. anti- 

angiogenic drugs and DNA delivery, is a novel approach. Dendrimer-heparin 

dendriplexes can be also tested for their use as nanoparticulate drug carriers since 

complexation inactivates both components.
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Chapter VIII

BIODISTRIBUTION OF HEPARIN DENDRIPLEXES AND 

DENDRIMER IN  RATS

As we saw in chapter VII complexation of heparin with the dendrimer Gly- 

Lys63(NH2)64 led to the neutralisation of the anticoagulant activity of heparin in 

vitro. In addition the permeability of heparin dendriplexes across Caco-2 monolayer 

was only slightly higher than the negative control of free heparin. Furthermore, the 

permeation enhancing effect of the dendrimer was reduced in the presence of 

heparin. In the work described in this chapter, an in vivo study was carried out to 

evaluate the anticoagulant activity of the dendriplexes after subcutaneous 

administration in Sprague-Dawley rats and then compare this to the activity of free 

heparin. Although the dendriplexes were detected in various organs and in the 

plasma in a trend similar to the free heparin, it exhibited no anticoagulant activity, 

which suggests the stability of the complex in vivo.

The biodistribution of heparin, heparin dendriplexes and the dendrimer into various 

organs of Sprague-Dawley rats was studied after oral gavage into the stomach. The 

dendriplexes and the free dendrimer achieved higher lung tissue concentrations (2.9- 

3% of the dose administered found in a gram of tissue) compared to heparin (0.03%). 

Orally administrated heparin and its dendriplexes revealed no anticoagulant activity 

in the plasma.
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8.1. Experimental

8.1.1. Materials

Unfractionated heparin sodium salt grade I-A from Porcine Intestinal Mucosa 187 

US? units/mg (MW 6,000-30,000 Da), Hydrogen peroxide, Isoamyl alcohol (Sigma, 

USA), Accucolor™ heparin (Sigma Diagnostics, USA), [^H]-Heparin (sodium salt) 

(specific radioactivity 0.32 mCi/mg) (Perkin Elmer, USA).

8.1.2. Synthesis of Gly-Lys63(NH2)64 dendrimer

The synthesis of the unlabelled and [^H]-labelled cationic water soluble dendrimer 

(compound 2c) (Figure 2.12) having 64 surface amino groups was performed using 

method D and F respectively and purified as mentioned in appendix I.

8.1.3. Preparation of heparin dendriplexes

The complex was prepared as mentioned in chapter VII (section 7.1.3) except that 

the concentrations were modified as per the dose. The suspension was kept in 

suspension during the dosing period by mixing on a vortex.

8.1.4. Animals

Female, Sprague-Dawley rats (176.4 gm ± 10.5gm) were caged in groups of 3 to 8 

(B and K Universal Ltd, UK). Animals were fasted for 12 h before dosing with free 

access to water. A temperature of 19-22 °C was maintained, with a relative humidity 

of 45-65%, and a 12-h light/dark cycle. Animals were acclimatized for 7 days before 

each experiment. All procedures followed the Home Office Code of Practice for the 

Housing and Care of Animals used in Scientific Procedures.

8.1.5. Experimental design and dosing

A subcutaneous heparin dose used was as recommended by Borchard (1990). The 

oral heparin dose was determined from dose-response studies conducted by Leone-
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Bay et al (1998). Dose volumes were chosen as recommended in the literature 

(Diehl et a/., 2001).

Oral dendrimer uptake study: 20 rats were randomized into 5 groups and gavaged 

with a single dose of [^H]-dendrimer (177 mg/Kg, IpCi, 2 ml). Groups of 4 rats each 

were sacrificed at 0 (control), 1, 3, 6 and 24 h after administration.

Oral heparin uptake study: 20 rats were randomized into 5 groups and gavaged with 

a single dose of [^H]-heparin (100 mg/Kg, IpCi, 2 ml). Groups of 4 rats each were 

sacrificed at 0 (control), 1, 3, 6 and 24 h after administration.

Oral heparin dendriplexes 100/300 uptake study: 15 rats were randomized into 5 

groups and gavaged with a single dose of [^H]-heparin complexed with unlabelled 

dendrimer (100 and 300 mg/Kg respectively, IpCi, 2 ml). Groups of 3 rats each were 

sacrificed at 0 (control), 1, 3, 6 and 24 h after administration.

Subcutaneous heparin uptake study: 20 rats were randomized into 5 groups and 

injected subcutaneously with a single dose of [^H]-heparin (10 mg/Kg, IpCi, 0.2 ml). 

Groups of 4 rats each were sacrificed at 0 (control), 1, 3, 6 and 24 h after 

administration.

Subcutaneous dendriplexes 10/30 uptake study: 15 rats were randomized into 5 

groups and injected subcutaneously with a single dose of [^H]-heparin complexed 

with unlabelled dendrimer (10 and 30 mg/Kg respectively, IpCi, 0.2 ml). Groups of 

3 rats each were sacrificed at 0 (control), 1, 3, 6 and 24 h after administration.

8.1.6. Blood collection and radioactivity in organs

The animals were anesthetised by intraperitoneal (ip) injection of pentobarbitone 

sodium B.P (72 mg/rat) (Sagatal ®, 60 mg/ml, Rhone Merieux, UK). At different 

time intervals (0, 1, 3, 6 and 24 h), the blood was withdrawn from the abdominal 

aorta using BD Eclipse™ needle and collected into 2.7 ml BD vacutainer™ tubes
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which contain 0.129 M sodium citrate (3.8%, 9:1 blood: sodium citrate ratio) as 

anticoagulant (Beckton Dickinson, USA). The tubes were transferred into ice, 

centrifuged (2500g, 10 min) at room temperature, plasma was then harvested as soon 

as possible and stored at -20 ®C. Immediately after sacrifice, organs such as the heart, 

lungs, liver, spleen, kidneys, stomach, small (SI) and large intestine (LI) were 

dissected and homogenized in water for 3min, using a tissue homogenizer (model 

PT-10, Switzerland). The intestinal tissues were washed gently with distilled water to 

remove any unabsorbed material. All samples were solubilised before counting to 

measure the low energy radiation emitted by tritium; an aliquot of 0.6 ml or 200 pg 

of the tissue homogenate was solubilised with 1.0 ml of the tissue solubiliser 

Biosol® (National Diagnostic, UK), shaken overnight at 55 °C, then combined with 

17 ml of the self-acidified Bioscint® scintillation cocktail, to eliminate 

chemiluminescence, and kept in a dark cold room for 72 h before counting in a 

LS6500 Multi-Purpose Scintillation Counter (Beckman, USA). Colored samples 

were decolorized with 200-400 pi of 30% hydrogen peroxide and isoamyl alcohol 

was added to stop foaming. The plasma volume of the rat was calculated in the range 

of 6.1- 7.6 ml based on the formula 36-45 ml plasma per Kg of a rat (Altman and 

Dittmer, 1974). The results were expressed as the percent recovered per organ and 

the percent recovered per gram of wet tissue ± S.D (n=3-4). The plasma volume 

instead of the weight was used in all the calculations.

8.1.7. Anti-factor Xa assay

Accucolor™ heparin is intended for the quantitative determination of therapeutic 

heparin in human plasma. Due to variation between human and rat plasma, the 

standard curve of heparin in rat plasma was established using the same procedure for 

human plasma mentioned in chapter VII (section 7.1.6) except that 50pl of undiluted
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rat plasma was used instead of 25pl of diluted human plasma, A standard curve was 

prepared by spiking heparin in control pooled platelet free rat plasma (0.1-1.6 

lU/ml). Test plasma samples was used within 2 h of collection or alternatively stored 

at -20 ®C and thawed once at 37 ®C, 30 min before use.

8.2. Results and discussion

8.2.1. In vivo anticoagulant activity of heparin and heparin dendriplexes after 

oral and subcutaneous administration

Heparin is a potent anticoagulant used in the treatment of patients who have a high 

risk of deep venous thrombosis and pulmonary embolism. It is available to patients 

only by parental administration since it is hydrophilic, highly negatively charged and 

has a high molecular weight (6-30 KDa) (Gonze et al., 1998). Furthermore, heparin 

has a tendency to desulphate and undergo glycoside metabolism under the acidic 

conditions of the stomach (Jandik et al., 1996).

Heparin anticoagulant activity in the platelet-free rat plasma was estimated in all the 

study groups at 0, 1, 3, 6 and 24 h post-injection using an anti-factor Xa assay. Blood 

stasis or contamination with tissue fluids during blood sampling should be avoided 

because platelet contamination in plasma samples, particularly after freezing and 

thawing, may result in the release of platelet factor 4 (PF4), a potent heparin 

neutralizing protein which may result in underestimation of heparin concentration. 

Blood obtained by tail bleeding was prone to stasis even in the presence of 3.8% 

sodium citrate as an anticoagulant. So it was preferable to obtain the blood directly 

from the abdominal aorta.

The heparin calibration curve in platelet-free pooled rat plasma was plotted in Figure 

8.1 and the active heparin concentration in the plasma was determined. Estimation of
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Figure 8.1: The heparin calibration curve of absorbance at 405 nm versus heparin 
concentration (0.0-1.6 lU/ml) in control pooled platelet free Sprague-Dawley rat 
plasma using the anti-factor Xa assay (n=4; ± S.D).

the total heparin concentration (both active and inactive) was achieved by measuring 

the radioactivity of heparin in the plasma. Figure 8.2 showed that heparin injected 

subcutaneously at a dose of 10 mg/Kg possessed anticoagulant activity up to 24h 

while heparin complexed with the dendrimer before injection, at a 1:3 

heparin:dendrimer mass ratio (10/30 mg/Kg), resulted in an inactive complex in vivo. 

The new conformation of the heparin must abolish the negative charge and make it 

unaccessible to antithrombine III and the coagulation proteases i.e. prothrombine III 

and factor Xa. Heparin inactivity in the plasma may also be attributed to precipitation 

of the aggregates at the site of injection.
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Figure 8.2: A ctive heparin plasma concentration (lU /m l) versus time (h) in 
sprague-dawley rats quantified using antifactor Xa assay. SC heparin (10 mg/Kg) 
(♦ ) ;  SC heparin dendriplexes (10/30 mg/Kg) (■); oral heparin (100 mg/Kg) (x) and 
oral heparin dendriplexes (a ) (n=3-4). Uncom plexed heparin injected SC was the 
only active formulation.

However, data obtained from radioactivity measurements (Table 8.1) suggested that 

both free and com plexed (Figure 8.3) were heparin detected in the plasma and other 

organs which implied that heparin inactivity was attributed to its com plexation and 

not to its precipitation at the site o f  administration.
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Table 8.1: Organ biodistribution of subcutaneous heparin injected in the (1) free form (10 mg/kg) and (2) complexed form (10/30 mg/kg). 
Tritiated heparin was assayed in the organs by liquid scintillation counting after sacrificing the animal at 1, 3, 6 and 24h post injection. The 
results are expressed as the percent injected dose recovered per organ (n=3-4; ± S.D).

ORGAN
Ih 3h 6h 24h

(1) (2) (1) (2) (1) (2) (1) (2)
plasma 1.8±0.64 1.3310.04 0.8310.19 0.8610.15 0.5510.08 0.710.13 0.4510.04 0.3710.06
Heart 0.11 ±0.04 0.0710.01 0.1210.08 0.0610.00 0.0710.01 0.0710.01 0.1110.04 0.0510.00
Lungs 0.18±0.06 0.0810.01 0.1510.03 0.0910.00 0.1410.02 0.0910.01 0.1210.01 0.0610.00
Liver L 14+0.17 0.9010.06 0.8710.05 1.1310.13 0.8310.02 1.5710.46 0.8510.18 1.6210.36
Spleen 0.0510.01 0.0610.02 0.0310.007 0.0610.01 0.0710.06 0.0610.00 0.0510.02 0.0610.01
Kidneys 1.8710.95 0.8710.03 1.4710.28 0.7010.07 1.4910.69 0.7410.20 1.1610.10 0.7210.11
Stomach 0.1410.05 0.1410.06 0.1810.07 0.0910.00 0.2710.11 0.0710.01 0.1210.04 0.0310.02
S.I 0.8510.25 0.6010.56 0.9010.38 0.3810.17 0.5710.08 0.2210.02 0.4310.06 0.1710.06
L.I 0.3710.03 0.1210.01 0.3610.06 0.1810.00 0.4210.13 0.1810.02 0.3410.06 0.1210.03

Table 8.2: Organ biodistribution of heparin in the free form (100 mg/kg) (3), complexed with the dendrimer Gly-Lys63(NH2)ô4 (100/300 
mg/kg) (4) and the tritiated free dendrimer (5) after oral administration. Radioactivity was assayed in the organs by liquid scintillation 
counting after sacrificing the animal at 1, 3, 6 and 24h post injection. The results are expressed as the percent injected dose recovered per 
organ (n=3-4; ± S.D).

ORGAN
Ih 3h 6h 24h

(3) (4) (5) (3) (4) (5) (3) (4) (5) (3) (4) (5)
plasma 0.3810.08 0.2110.04 0.0010.00 0.5710.04 0.5010.12 0.0010.00 0.8510.24 1.2710.16 0.0110.00 0.9610.18 1.4410.20 0.0410.01
Heart 0.0210.01 0.0310.02 0.0010.00 0.0110.01 0.0210.01 0.0010.00 0.0610.01 0.0910.04 0.0210.00 0.0910.02 0.1010.01 0.0510.00
Lungs 0.0310.02 4.010.35 3.I71I.4 0.0610.01 0.6510.58 0.5810.37 0.0810.00 0.2310.18 0.0410.01 0.0910.01 0.1410.02 0.0410.00
Liver 0.4110.07 0.5110.09 0.2710.35 0.6610.08 0.6410.1 0.1710.07 0.6910.11 0.8510.06 0.2210.11 0.7810.21 1.3810.04 0.1610.03
Spleen 0.0110.01 0.0410.01 0.0410.02 0.0210.00 0.0410.01 0.0210.08 0.0410.03 0.0510.01 0.0410.04 0.0410.01 0.0910.00 0.0610.00
Kidneys 0.0110.01 0.0810.01 0.0310.03 0.1110.02 0.1310.04 0.0210.01 0.4810.7 0.2410.05 0.0310.01 0.1510.04 0.2310.12 0.0510.01
Stomach 1.2310.67 2.7011.43 0.8310.21 0.2810.07 1.7010.37 0.8210.60 0.1710.11 0.8710.83 0.4110.34 0.0910.03 0.1410.03 0.1110.13
S.I 9.412.13 2.5611.09 1.1011.70 2.1 110.39 3.811.1 0.2910.07 1.3710.47 3.710.95 0.5710.56 0.2610.14 0.4810.04 0.1210.08
L.I 0.5610.3 0.3610.14 0.2510.38 2.4310.95 1.110.49 0.1210.06 1.1110.14 1.4710.24 0.1410.06 0.2510.10 0.4010.03 0.1510.08
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Figure 8.3: Organ biodistribution of subcutaneous heparin (10 mg/kg) (top) and 
the dendriplexes (10/30 mg/Kg) (bottom). Radioactivity was assayed in the organs 
by liquid scintillation counting after sacrificing the animal at 1, 3, 6 and 24h post 
injection. The results are expressed as the percent injected dose recovered per 
gram of tissue (n=4; ± S.D).



Another observation was that heparin injected subcutaneously resulted in bleeding 

and formation of a haematoma (a collection of blood outside the vessel as a result of 

a vessel rupture and haemorrhage) at the injection site. No bleeding occurred in the 

case of the complex (Figure 8.4). Pisano et al. (2005) reported the synthesis of an 

antiangiogenic heparin derivative with no anticoagulant activity and showed that 

animals treated with lOOmg/kg heparin had pronounced bleeding and oedema 

formation at the subcutaneous injection site and 25% died soon after treatment. 

However animals treated with the test compounds showed no similar side effects.

Oral administration of 100 mg/Kg heparin and its dendriplexes (100/300 mg/Kg) 

showed an anticoagulant activity in vivo.

Haematoma 
%

Figure 8.4: The subcutaneous injection site Ih after injection with (A) 10 mg/Kg 
heparin showing formation of a haematoma (B) 10/30 mg/Kg heparin/dendrimer 
complex showing no bleeding.
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8.2.2. Oral uptake of heparin, the cationic dendrimer and heparin dendriplexes

Several approaches to develop an oral heparin formulation have been attempted with 

limited success. These included enteric-coated heparin-amine combinations, heparin 

complexes or salts prepared with organic acids, heparin derivatives produced by 

partial desulphation and méthylation, mixed micelles, oil/water emulsions, 

absorption enhancers, heparin based on hydrophobic organic bases such as spermine 

and lysine salts, liposomes, hydrogel nanospheres, or bile salts (Morton et a l, 1981; 

Ueno et a l, 1982; Ziv et a l, 1983; Guarini and Ferrari, 1985; Kim et a l, 1986; Dal 

et a l, 1989; Caramazza et a l, 1991; Dunn and Hollister, 1995; Thanou et a l, 

2001b). A polyampholytic chitosan derivative, mono-A-carboxymethyl chitosan, 

enhanced the intestinal absorption of low molecular weight heparin across intestinal 

epithelia in vitro and in vivo. The absorption-enhancing property of the chitosan was 

attributed to its interaction with the negative sites of the tight junctions, significantly 

decreasing the TEER and increasing the paracellular permeation of the hydrophilic 

compound (Thanou et a l, 2001a). The quatemized chitosan derivative A-trimethyl 

chitosan (TMC) was found to increase the paracellular permeability of peptide drugs 

in Caco-2 monolayers and in rats (Thanou et a l , 2000) but a strong aggregation and 

subsequent fibre formation occurred when low molecular weight heparin (LMWH) 

was added to TMC.

A recent approach using drug delivery agents, such as sodium N-[8-(2- 

hydroxybenzoyl)amino]caprylate (SNAC) which promote the oral absorption of 

heparin has shown some success (Rivera et a l, 1997; Lee et a l, 2000). This type of 

drug delivery system is based on the formation of non-covalent complexes between 

the A-acylated non-a-amino acids and/or A-acylated amino alkanoic acids and the
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macromolecules such as heparin. These complexes are able to pass the intestinal 

barrier and then dissociate to yield the active molecules.

The enhanced uptake of heparin and other negatively charged compounds was 

observed in vitro in the presence of polycations and was attributed to charge 

neutralization (Deierkauf et a l, 1977; Fabian et a l, 1978; Shen and Ryser, 1978; 

Duncan et a l, 1979; Bleiberg et a l, 1981).

The cationic dendrimer studied showed its effect on the tight junctions of Caco-2 

monolayers besides neutralizing the negative charge of heparin. In this chapter 

described the effect of heparin-dendrimer complexation on the oral uptake of both 

uncomplexed heparin and the dendrimer is described. Drug-carrier interactions may 

lead to drug deactivation which hence hinders the use of the carrier. However, such 

deactivation can sometime be favorable and may find useful applications.

Table 8.2 shows that the percent uptake of oral heparin dendriplexes (Figure 8.5) in 

the organs studied; plasma, heart, lung, liver, spleen, kidney, stomach, SI and LI was 

almost similar to that of heparin (Figure 8.6) administered using the same route 

except for the lung data.

In order to compare the results obtained by different compounds and doses, organ 

biodistribution data was also expressed as the percent recovered per gram of wet 

tissue.
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Figure 8.5: Organ biodistribution of tritiated heparin administered orally after 
complexation with the dendrimer (100/300 mg/kg). Radioactivity was assayed in 
the organs by liquid scintillation counting after sacrificing the animal at 1, 3, 6 and 
24h post-injection. The results are expressed as the percent dose recovered per 
gram of tissue (n=3; ± S.D). The peak concentrations were obtained in lungs and 
stomach after Ih; in S.I after 3h; in kidneys and L.I after 6h; in plasma, heart, liver 
and spleen after 24h. After 3h, the uptake of the dendriplexes into organs was in 
the following order: stomach> S.I> lungs> L.I> liver> plasma> spleen> heart> 
kidneys.
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Figure 8.6: Organ biodistribution of tritiated heparin administered orally (100 
mg/kg). Radioactivity was assayed in the organs by liquid scintillation counting 
after sacrificing the animal at 1, 3, 6 and 24h post-injection. The results are 
expressed as the percent dose recovered per gram of tissue (n=4; ± S.D). The peak 
concentrations were obtained in stomach and S.I after Ih; in L.I after 3h; in 
kidneys and spleen after 6h; in plasma, heart, liver and lungs after 24h. After 3h, 
the uptake of heparin into organs was in the following order: L.I> S.I> stomach> 
plasma> liver> kidneys> lungs> spleen> heart.
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Heparin complexation with the dendrimer increased heparin biodistribution into the 

lungs compared to free heparin (about 90 times after Ih) (Figure 8.7A). The tritiated 

dendrimer also showed high lung deposition similar to that of the complex (Figure 

8.7B). The percentage and pattern of uptake of the systems studied (in lungs and 

plasma for comparison) were shown in (Figure 8.8) The fact that the complex was 

made of tritiated heparin and the unlabelled dendrimer whereas tritiated dendrimer 

was used in dendrimer uptake studies, led to a conclusion that heparin found in the 

lung was in the complexed form. One may suggest that the appearance of the 

dendrimer and the dendriplexes in the lungs was as an artefact due to dosing i.e. 

intra-tracheal instead of oral administration, however, since all the oral formulations 

tested (heparin, dendrimer and heparin dendriplexes) were administered using the 

same technique but only the cationic dendrimer and the cationic dendriplexes, but not 

the anionic heparin, showed high lung uptake, we suggested that the results were 

genuine and not a dosing artefact. Whether the positive charge of both the dendrimer 

and the dendriplex are involved with lung uptake has to be further studied. A similar 

observation was made by Nigavekar et a/. (2004) who found that positively charged 

[^H]-PAMAM dendrimers had 5-10 times increase in lungs deposition compared to 

neutral dendrimers, with the highest levels observed in lungs, liver and kidney in 

both species. Both the free and complexed heparin showed no anticoagulant activity 

in the plasma after oral administration (Figure 8.2). Heparin deactivation can be 

attributed to the strong electrostatic interaction with dendrimer. Heparin desulphation 

and metabolism under the acidic conditions of the stomach cannot be ruled out, 

however heparin deactivation was also noticed after subcutaneous administration of 

the complex where the complex was not exposed to the acidic conditions of the 

stomach which supports the electrostatic interaction hypothesis.
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Figure 8.7: Ratio of the percent recovered per gram of organ of (A) heparin 
dendriplexes (100/300 mg/kg) to free heparin (100 mg/kg); (B) heparin 
dendriplexes (100/300 mg/kg) to free dendrimer (177 mg/Kg) administered orally 
showing higher dendriplexes and dendrimer biodistribution into the lungs 
compared to free heparin; (C) heparin dendriplexes (10/30 mg/kg) to free heparin 
(10 mg/kg) administered subcutaneously showing slightly lower but evident 
absorption of the dendriplex compared to heparin .
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Figure 8.8: The percentage of recovered into plasma (top) and lungs (bottom) of 
the formulations studied as a function of time (h); subcutaneous heparin (10 
mg/kg), subcutaneous dendriplexes (10/30 mg/kg), oral heparin (100 mg/kg), oral 
heparin dendriplexes (100/300 mg/kg) and oral dendrimer (177 mg/Kg). Plasma: 
subcutaneous administration of heparin and its dendriplexes achieved higher 
plasma concentration than the oral route despite one-tenth the dose. Plasma 
concentrations decreased and increased with time after SC and oral administration 
respectively. Lungs: oral heparin and its dendriplexes showed the highest lung 
recovery among the rest which decreased as a function of time.
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Dendrimer biodistribution (Figures 8.9) into rat organs was enhanced when 

complexed with heparin (Figure 8.7B). Dendrimer complexation with the heparin 

was expected to reduce the interaction of dendrimer with the cell due to charge 

neutralization. Shen and Ryser (1981) have reported that heparin at low 

concentrations reduces the endocytosis of polylysine-methotrexate polycation 

conjugates by Chinese hamster ovarian cells due to polycation-heparin complexation. 

However, this does not contradict our results since the dendrimer was much in excess 

and the complex had an overall positive charge.

Despite the fact that both the dendrimer and the dendriplexes did not achieve high 

plasma concentrations, it was noticeable that the plasma concentration of the 

dendriplexes was 30-100 times greater than that of the free dendrimer (Figure 8.7B). 

A study carried out by Nigavekar et al. (2004) showed that both neutral and 

positively charged PAMAM dendrimers were cleared rapidly from the blood after 

intravenous administration.

The use of heparin dendriplexes can be investigated as nanoparticulate drug carriers. 

In the past, heparin was used in the preparation of various drug delivery systems 

(Cremers et a l, 1994; Passirani et a l, 1998; Liang et a l, 2002). Nanoparticles 

bearing heparin covalently bound to poly(methyl methacrylate) (PMMA) have been 

prepared by Passirani et al (1998) and these showed prolonged circulation in vivo. 

This was explained by the "stealth" effect of the heparin which probably inhibited 

complement activation. It would be interesting to assess the entrapment of drug 

molecules in the heparin dendriplexes and harness their use in targeted drug delivery.
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Figure 8.9: Organ biodistribution of tritiated dendrimer administered orally (177 
mg/kg). Radioactivity was assayed in the organs by liquid scintillation counting 
after sacrificing the animal at 1, 3, 6 and 24h post-injection. The results are 
expressed as the percent injected dose recovered per gram of tissue (n=4; ± S.D). 
The peak concentrations were obtained in stomach and S.I after Ih; in L.I after 3h; 
in kidneys and spleen after 6h; in plasma, heart, liver and lungs after 24h. After 3h, 
the uptake of heparin into organs was in the following order: stomach> lungs> 
L.I> S.I> spleen>liver> kidneys> heart> plasma.
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8.3. Conclusion

Complexation of heparin with the dendrimer did not improve its oral uptake in 

Sprague-Dawley rats. Oral heparin formulation remains a big challenge in drug 

delivery. However, the heparin-binding dendrimer studied possessed a heparin- 

blockade activity both in vitro and in vivo, a property that should be investigated in 

areas such as designing new heparin antidotes and antiangiogenic therapeutics.
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Chapter IX

REFLECTIONS

In this thesis each chapter ends with a brief conclusion so it will be redundant to 

recapitulate here. It might be sufficient to state that even the relatively few 

dendrimers and dendrons described in this thesis and on which the research was 

conducted have resulted in a large number of ideas, leading to new findings in this 

relatively new area in drug delivery.

The versatility of dendrimers and dendrons that can be synthesised is infinite. 

However, the six cationic dendrimers and dendrons which were synthesised varied in 

size and lipophilicity, features controlled by the generation number, the number of 

surface amino groups and the number of Cm chains attached. The work dealt with 

has perhaps concentrated on a rather limited range of dendritic structures but the 

variety of potential chemical structures can lead possibly to an unlimited array of 

supramolecular forms. Structures covered in this thesis include: water soluble 

cationic dendrimer per se, dendrisomes as novel supramolecular vesicular structures 

comprised of cationic lipidic dendron, dendron-surfactant aggregates and mixed 

micelle systems stabilised by hydrogen bonding and hydrophobic interactions and 

finally dendrimer-heparin dendriplexes formed by electrostatic interactions.

Each single category of these structures has more and more aspects to be discovered 

as time was not sufficient to delve into each set in more depth. But it has provided 

some insight in a potential future work:
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❖ The work in the thesis started out investigating the use of dendrimers as drug 

delivery carriers. However, the apparent insolubility of some dendrimers gave 

us the idea of solubilizing these molecules using surfactants or studying their 

aggregation in water to find if these structures had any special arrangements 

in solution. We found that some of these dendritic molecules depending on 

their size, HLB and topology can form controlled aggregates such as 

dendrisomes; this process was not random as engineering the dendrons and 

dendrimers can affect their aggregation process. So studying the self- 

assembly of these compounds under different conditions by changing salt 

concentration, pH and the solvent may give further information on factors 

controlling self-assembly.

❖ The entrapment capacity and thermal properties of dendrisomes have been 

shown to be modulated by changing cholesterol content. The use of 

dendrisomes as DNA carriers has not yet been investigated. Dendrisomes 

comprise the properties of both dendritic molecules and cationic liposomes 

except that no external cationic lipid is added during preparation. Such 

properties may distinguish them from other DNA delivery systems studied so 

far. Although the thermal behaviour of the dendrisomes is not clearly 

understood, further studies can be carried out to check the suitability of these 

systems as heat-responsive drug delivery carriers.

❖ We then moved on to study the solubilisation of these aggregates using the 

non-ionic surfactant Triton X-100. The gradual transformation of 

dendrisomes into isotropic surfactant dendron mixed micelle systems opens a 

new area, not of dendrimer-surfactant interactions themselves but maybe the 

use of these systems as drug solubilizing agents especially knowing that other
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PAMAM-surfactant systems showed an extraordinary solubilizing capacity 

for pyrene which was more than that of the surfactant alone.

❖ Some studies not reported in this thesis have shown that the 3*̂  ̂ generation 

polylysine dendrimer with 32 C14 chains can stabilise o/w emulsions only in 

alkaline media (0.1 N NH4OH). Stabilisation of emulsions with soluble 

macromolecules and insoluble particulate materials is already established. 

But dendrimers are not yet reported as emulsion stabilisers. Further studies 

need to be conducted in order to understand this phenomenon.

❖ The intrinsic fluorescence of our dendrimers without a fluorophore, a 

property discovered in these molecules which was also generation dependent, 

can be a very useful tool in studying the uptake of these molecules in cells. 

Such work has already been started by our group. Visualisation of these 

molecules localised in the nucleus may shed some light about the usefulness 

of these molecules in DNA delivery to the nucleus.

❖ Dendrimers have shown to act as nanocarrier devices, carboxyfluorescein 

was used as a model only but other drugs such as cytotoxic and anti- 

angiogenic drugs are potential targets, especially with the discovery of 

heparin binding and deactivation properties of some dendrimers. A heparin- 

binding polyarginine dendrimer was found to have some anti-angiogenic 

properties in egg membranes. We discussed in chapter VII how these 

dendrimers can be good candidates in anti-angiogenesis therapeutics 

especially if they prove to be effective molecules per se. Also the anti- 

angiogenic drug can be chemically bound to the dendrimer or physically 

entrapped with the choice of attaching an endothelial targeting molecule such 

as integrin to the dendrimer surface. This work is planned to start in October.
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❖ The use of dendrimers as an approach to enhance heparin absorption orally 

was not successful due to the low uptake enhancement ratio and heparin 

inactivation. However, this strong interaction with heparin suggests use as 

heparin antidotes. Engineering the chemical structure and molecular weight 

while maintaining this property may lead to the preparation of a less toxic 

range of heparin antidotes than protamine, the only available antidote.

❖ Biodistribution studies in rats showed the affinity of dendrons and 

dendriplexes to lung tissues, a phenomenon not unusual with cationic 

molecules but one needs to be further studied so it can be considered as a 

disadvantage (sign of toxicity) or as an advantage (in lung delivery).
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APPENDIX I

H NMR: 'H NMR spectra were acquired in D2O or CDCI3/CD3OD depending on 

the compound solubility. All spectra were obtained using a Bruker AVANCE 500 

MHz spectrometer at 298 K, Windows 2000 computer and X-WFN 3.1 software. ID 

proton NMR spectra were obtained with 32768 data points in the t2 domain. 2D 

NMR TOCSY spectra was acquired in a phase-sensitive manner using time- 

proportional phase instrumentation for quadrature detection in Fi and had 128 

increments in the tl with 2048 data points in the t2 domain. TOCSY spectra were 

recorded with a spin-lock mixing time of 60 ms. Chemical shifts are reported in ppm 

downfleld from internal TMS.

Electro-Spray Ionisation mass spectrometry (ESI-MS): Mass spectra were 

obtained using a Finnigan MassLab Navigator quadropole mass spectrometer. (N2 

flow, 400 L/h; temperature, 150 °C; cone voltage 25V; capillary voltage 3V). 

Matrix-Assisted Laser Desorption Ionisation Time of Flight mass spectrometry 

(MALDI-TOF): Mass spectra for the compounds were run on a Voyager-DE PRO 

MALDI-TOF mass spectrometer (Biospectrometry Workstation, Applied 

Biosystems). lOpl of dilute sample solution of compounds (10'*  ̂M dissolved in 1:1 

acetonitrile/0.1 %TFA) was mixed with lOpl of saturated cyano-4-hydroxycinnamic 

acid solution, and then 1 pi of solution was loaded on the sample plate. The mixture 

was allowed to air dry until all solvent is evaporated, and then was run on the 

instrument.

Thin layer chromatography (TLC): Reaction progress of compounds la and lb 

was monitored by TLC on Kieselgel 60 F254 using the mobile phase indicated. 

Visualisation was achieved by UV light and by charing with sulphuric acid.
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High pressure liquid chromatography (HPLC): Analytical RP-HPLC was carried 

out on Vydac C4 Protein column (5 fxm, 4.6 mm, 250 mm). Separation of compound 

2 b was achieved using a linear gradient at a flow-rate of 1 .0  ml/min affected by a 

Water 600S controller and 616 pump running Solvent A: 0.1% TFA; Solvent B: 

methanol; 0% B to 100% B over 10 min, then 100% B to 0% over 10 min. HPLC 

grade methanol and water were filtered through 23 pm membrane filter and degassed 

with helium flow, prior to column application. Separation was monitored with a 

Waters 486 absorbance detector at 230 nm. Retention time (RJ and purity were 

determined using Waters Millennium Chromatography Manager software.

Size exclusion chromatography (SEC): SEC for aqueous soluble dendrimers 

comprised of Waters Ultrahydrogel 250° and 1000° (7.8 x 300 mm) columns 

coupled to a Gibson 133 refractive index detector. Water was used as an eluent at 

37°C. The SEC system was operated with Polymer Laboratories software (USA). 

Spectrophotometry and spectrofluorimetry: UV spectrophotometry was

performed using a Beckman DU® 650 Spectrophotometer, USA. Fluorescence 

spectra were recorded using a LS50B, Perkin Elmer, UK.

Dialysis: Purification of compound 2c was performed by exhaustive dialysis using 

pleated dialysis tubing (Snakeskin™), 3500 Da MWCO, 22 mm dry diameter (ID) 

(Pierce Chemical Company, USA), used without previous treatment; the ffeeze-dried 

water soluble dendrimer was dissolved in water at a concentration of 5 mg/ml, and 

then passed through 0.2 pm hydrophobic filter, 30 ml of the solution was pipetted 

into a 12 cm-long dialysis tubing (3.7 ml sample per cm of dry tubing) and sealed 

using dialysis clips by folding dry tubing over twice. The tubing was placed in IL of 

deionised water in a IL-beaker and kept stirring at 25°C over 3 days; the water was 

changed twice a day.
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Synthesised compounds

Synthesis of a-amino tetradecanoic acid [method A] (compound la)

To a pre-cooled oven-dried 500 ml round bottom flask (in an ice bath) containing 

absolute ethanol (85 ml), dried over standard drying agents and freshly distilled, and 

added sodium pellets (5 g, 0.22 mol), stirred until sodium pellets dissolved. Diethyl 

acetamido malonate (24.3 g, 0.11 mol) and 1 -bomododecane (34.39 g, 0.15 mol) 

were added and heated under reflux for 24 h, keeping the reaction mixture free of 

moisture with a calcium chloride drying tube. 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 with 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 off and washed with 

ethanol/water ( 2  x 1 0 0 ml) and finally rinsed with cold hexane to get rid of the 

bromoalkane.

Yield: 95%

ESI MS C14H29O2N (243.29) m/z (%) 244 [M+H](95%), 198.1 (100).

Synthesis of a-(ferr-Boc)tetradecanoic acid [method B] (compound lb)

The solid DL-a-amino tetradecanoic acid (15.01 g, 61.7 mmol) was suspended in a 

2:3 mixture of tert-h\xty\ alcohol/water (240 ml) and 8  M aqueous NaOH added drop- 

wise and the pH was corrected to 13. Di-ferr-butyl dicarbonate (20 g, 91.6 mmol) in 

tert-h\xty\ alcohol (40 ml) was added at room temperature. The pH value was 

adjusted to 11-12 and the reaction mixture was subsequently stirred for 4-5 days. 

Following dilution of the reaction mixture with water (50 ml), solid citric acid was
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added and made pH 3. The oil was extracted with ethyl acetate (3x150 ml) and was 

washed with brine (1  x 250 ml). The solution was then dried over anhydrous MgS0 4 , 

filtered and evaporated. The product was purified by recrystallization from cold 

acetonitrile, filtered and then dried under silica. The reaction progress was monitored 

by thin layer chromatography (TLC).

Yield: 84 %

R f =0.26 hexane:ethyl acetate 4:1 (v/v)

'H-NMR (CDCI3) Ô 5.00 (s, IH, OCONH), 4.28 (m, IH, a-CH), 1.40 [s, 9H, 

C(CH3)3], 1.24 (m, 22H, IICH 2), 0.87 (t, 3H, CH3).

ESI MS C 19H37O4N (343.5) m/z (%) 288 [M-B0C-H+2Na]^ (100), 366 [M+Na]" 

(28), 344 [M+H]^ (40), 244 [M-BOC+H]^ (38).

SPPS of cationic lipid-lysine dendron (Ci4)3Lys7(Ci4)8(NH2)8 (compound 2a) 

[method C]

The peptide dendron (compound 2a) was synthesised by stepwise solid-phase 

peptide synthesis on a MBHA resin (Ig, substitution 0.67 mmol/g) using Boc- 

methodology. The resin was allowed to swell in DMF (three times resin volume) at 

room temperature prior the synthesis in the reaction vessel. The resin was never 

allowed to dry. Four fold excess HBTU activated Boc-aminoacids in DMF was used 

to achieve each coupling. a-(Boc)tetradecanoic acid (4 equivalents), HBTU (4 

equivalents), HOBt (4 equivalents) were dissolved in the minimum volume of DMF 

necessary to dissolve all the components and finally DIEA ( 8  equivalents) was added 

to the solution (the colour of the solution changes to yellow or orange). The 

efficiency of coupling was checked by Kaiser test (method G) during the first 30 min 

of coupling, typical free primary amino groups give dark blue colour with this test. If 

the reaction was not complete, another coupling was carried out before the
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subsequent deprotection. A^-termini deprotection was carried out with 100% TFA (2 

X 1 min). Three successive couplings with the activated lipoamino acid, each 

followed by A-deprotection and washed twice with DMF before and after 

deprotection. This was then followed by three successive couplings/deprotections 

with Boc-Lys(Boc)-OH.DCHA (method F) ( 4,8,16 equivalents respectively) under 

the same conditions, then the coupling/deprotection with the lipoamino acid (32 

equivalents). The resin was washed twice with DCM and dried under vacuum over 

KOH or P2O5 as moisture can be very harmful in HF cleavage. The compound was 

cleaved from the resin using a standard HF method (Ig resin peptide, 10ml HF, 1.5h 

in a salted ice bath at -5”C). After cleavage, the resin was washed with 95% glacial 

acetic acid and ffeeze-dried followed by drying over P2O5 for three days and stored 

under silica gel.

Compound 2a:

Yield: 32.1 %

MALDI-TOF MS C 196H384O18N26 (3388.0) m/z (%) 2402 (55), 2627 (55), 2853 (98), 

2939 (40), 3163 (45), 3388 [M](100).

'H-NMR (CDCI3/CD3OD) S 3.8-4.S (t, 18H, a-CH)*, 2.9-3.S (t, 14H ,8 -CH)*, 1.1- 

2,1 (m, 284H, CH2)*, 0.8-0.9 (t, 33H, CH3).

*A11 peaks except CH3 protons showed broad peaks due to overlapping of protons 

having various chemical shifts as they exist in different environments.

SPPS of cationic lysine dendrimers Gly-Lys3i(NH2)32 (compound 2b) and Gly- 

Lys63(NH2)64 (compound 2c) [method D]:

The peptide dendrimers (compounds 2b, 2c) were synthesised by stepwise solid- 

phase peptide synthesis on a MBHA resin under the same conditions mentioned in 

method C. Boc-Gly-OH (4 equivalents relative to resin loading), HBTU (4
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equivalents), HOBt (4 equivalents) were dissolved in the minimum volume of DMF 

necessary to dissolve all the components and finally DIEA ( 8  equivalents) was added 

to the solution to make the first coupling. The efficiency of coupling was checked by 

Kaiser test (method G) during the first 30 min of coupling with this test. If the 

reaction was not complete, another coupling was carried out before the subsequent 

deprotection. A-termini deprotection was carried out with 100% TFA (2 x 1 min). 

Five and six successive couplings/deprotections using four fold excess HBTU 

activated Boc-Lys(Boc)-OH.DCHA (method H) (4,8,16,32,64 and 4,8,16,32,64,128 

equivalents), HBTU (4,8,16,32,64 and 4,8,16,32,64,128 equivalents), HOBt 

(4,8,16,32,64 and 4,8,16,32,64,128 equivalents) and DIEA (8,16,32,64,128 and 

8,16,32,64,128,256 equivalents) for compounds 2b and 2c respectively. After the 3"̂  ̂

lysine coupling, a mixture of DMF/NMP (1:1) was used instead of DMF alone to 

achieve better resin swelling and a more efficient coupling. The resin was washed 

twice with DCM and dried under vacuum. The compound was cleaved from the resin 

by HF as mentioned in method C. After cleavage, the dendrimer was precipitated 

with ether to remove fluoride salt. The precipitated dendrimer and resin were filtered, 

and washed with 2 0 % glacial acetic acid or water and ffeeze-dried, drying over P2O5 

for three days and stored over silica gel.

Compound 2b:

Yield: 33.4%

C 188H378O32N64 (4047.48) m/z (%) 4049 (100)4031(55)4069(50).

'H-NMR (D2O) 5 4.2-4.7 (t, 33H, a-CH), 3.15-3.6 (t, 62H, ,8 -CH), 1.5-2.2 (m, 

186H, p ,Y ,5-C H )t.

Compound 2c:

Yield: 20.67 %

163



C380H762O64N 128 (8149.05) An envelope was obtained.

'H-NMR (D2O) Ô 4.08-4.6 (t, 65H, a-CH), 3.13-3.6 (t, 12Œ  ,s-CH), 1.4-2.25 (m, 

378H, (3, Y, Ô-CH) f.

■{■The coupling was not observed instead broad peaks are obtained

SPPS of cationic lipid-lysine dendrimers Gly-Lys3i(Ci4)32(NH2)32 (compound 2d)

and Gly-Lys63(Ci4)64(NH2)64 (compound 2e) [method E]:

The peptide dendrimers (compounds 2d, 2e) were synthesised using method D 

except that a final coupling/deprotection with the a-(Boc) tetradecanoic acid (64 and 

128 equivalents), HBTU (64 and 128 equivalents), HOBt (64 and 128 equivalents) 

and DIEA (128 and 256 equivalents) for compounds 2d and 2e respectively. The 

resin was washed twice with DCM and dried under vacuum. The compound was 

cleaved from the resin by HF as mentioned in method C. After cleavage, the resin 

was washed with 95% glacial acetic acid and freeze-dried, drying over P2O5 for three 

days and stored over silica gel.

Compound 2d:

Yield: 40 %

C636H1242O64N96 (11259.47) An envelope was obtained as the sample was not 

purified. But the peak for the expected molecular weight is observed.

'H-NMR (CDCI3/CD3OD) 5 3.5-4.S (t, 65H, a-CH), 2.7-3.4 (t, 62H ,e-CH), 1.0-2.0 

(m, 890H, CHj), 0.8-0.95 (t, 96H, CH3)t.

Compound 2e:

Yield: 5.4 %

Ci276H249oOi28Ni92 (22573.02) An envelope was obtained as the sample was not 

purified. But the peak for the expected molecular weight is observed.
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'H-NMR (CDCI3/CD3OD) 5 3,45-4.5 (t, 129H, a-CH), 2.7-3.4 (t, 126H ,8 -CH), 1.0- 

2.0 (m, 1786H, CH2), 0.7-1.0 (t, 192H, CH3) t

X All peaks except CH3 protons showed broad peaks due to overlapping of protons 

having various chemical shifts as they exist in different environments.

SPPS of cationic radio-labelled lysine dendrimer Gly-Lys63(NH%)64 for biological 

studies (compound 2c) [method F]:

The synthesis of [^H] labelled Boc-Lys(Boc)-OH was first carried out. To a 100 ml 

round bottom flask containing 12 ml of 1 M NaOH, cold lysine.HCl (2 g, 10.87 

mmol), [^H] lysine.HCl (5 mCi) were added and stirred at ambient temperature and 

then diluted with tert-huty\ alcohol (9 ml). To a well-stirred, clear solution di-tert- 

butyl dicarbonate (4.9 g, 21.97 mmol) was added dropwise within Ih and kept 

stirring for 24 h. A white precipitate appears during addition of di-tert-butyl 

dicarbonate. The reaction mixture was extracted with hexane (2 x 3 ml), and then the 

hexane layer was extracted with saturated NaHCOg solution (3 x 20 ml). The 

combined aqueous layers were acidified to pH 1-1.5 by careful addition of solution 

of 1.5 g of KHS04 in 10 ml water. The turbid reaction mixture is then extracted with 

ethyl acetate (4 x 20 ml). The combined organic layers were then washed with water 

(2 X 40 ml), dried over anhydrous MgS0 4  and filtered. The solvent is removed under 

reduced pressure using a rotary evaporator. Radio-labelled Boc-Lys(Boc)-OH.HCl 

was yielded at 31% in the form of oil and dissolved in DMF for the dendrimer 

synthesis. The synthesis of compound 2c was carried out using method D starting 

with 0.25 g MBHA resin using one fold excess HBTU activated hot Boc-Lys(Boc)- 

OH.HCl (8.5x10^ dpm/58 mg or equivalent), and followed by a coupling using four 

fold excess HBTU activated cold Boc-Lys(Boc)-OH.DCHA as mentioned in method
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D. The labelling was performed at V \ 2" ,̂ 3"̂  ̂and 4*’’ lysine coupling, yielding 35% 

radioactivity.

Kaiser test reagents [method G] :

1. 5 g of ninhydrin was dissolved in 100 ml ethanol.

2 . 80 g of liquefied phenol was dissolved in 2 0  ml of ethanol.

3. 2 ml of 0.001 M aqueous solution of potassium cyanide was added to 98 ml 

pyridine.

4. Few resin beads were sampled in a sintered glass filter, washed several times 

with methanol:DCM (1:1) and then transferred to a small glass tube and 2 

drops of each of the solutions above were added.

5. The mixture was heated to 120 °C for 4-6 min, and diluted with 5 ml of 60% 

ethanol. A positive test is indicated by blue resin beads.

Activation of Boc-Lys(OH)-Boc.DCHA salt [method H] :

1. 2.68 mmol (1.4 g) of Boc-Lys(Boc)-OH.DCHA was suspended in 10.4 ml 

ethyl acetate in a separating funnel.

2. 3.2 mmol (3.12 ml) of ice-cold 2 M H2SO4 was added and shaken until 

dissolved.

3. The top (ethyl acetate) layer was removed and kept a side. The aqueous layer 

was diluted with 1 0  ml of cold water and extracted with 2 x 1 0  ml of ethyl 

acetate.

4. All the ethyl acetate layers were combined and washed with 2x10 ml of 

water, dried with MgS0 4 . The ethyl acetate was filtered and then removed in 

a rotary evaporator at not more than 40 °C. Complete solvent removal was 

performed under high vacuum in a desiccator with fresh NaOH.
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standard HF cleavage [method I]:

1. The dried resin, a Teflon-coated stirring bar and the scavenger were placed in 

a Teflon reaction vessel.

2. The cap was screwed on the reaction vessel and cooled in liquid nitrogen for 

at least 5 min before distilling HF.

3. 10 ml HF per gram of the resin was distilled. The temperature was 

maintained at 0-5 ®C by using a salted ice-bath for 90 min.

4. HF was evaporated under reduced pressure, once all HF was evaporated, the 

reaction vessel was kept under vacuum for another 2 0  min.

5. The peptide and the resin were precipitated with cold diethyl ether (8-10 

volumes) added dropwise.

6 . The peptide and the resin were removed by filtration under reduced pressure 

using a sintered glass filter.

7. The peptide was isolated, dissolved by stirring in either water or the 

appropriate dilution of glacial acetic acid and lyophilised.
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