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Abstract

Dendrimers are novel highly branched polymers. Theoretically they have a 

polydispersity close to one, and offer the opportunity of either attaching bioactive 

molecules to their functionalised surface or entrapment of bioactive molecules within 

the dendrimer core. This can facilitate drug targeting and controlled release. To be 

useful as drug carriers dendrimers must be biocompatible. Three families of dendrimer; 

polyamidoamine starburst™ (PAMAM), poly(propyleneimine) (DAB), and carbosilane 

were screened using haematotoxicity and cell cytotoxicity (biocompatibility) assays. 

Dendrimers bearing a cationic surface (NH2) were generally found to be haemolytic and 

cytotoxic, whereas dendrimers bearing anionic surface functionality (COO Na^) and 

the carbosilane dendrimers were found to be biocompatible. The anionic PAMAM 

dendrimer generation 3.5 was selected as a carrier for the anti-tumour drugs cisplatin 

and in preliminary studies doxorubicin. A highly water soluble dendrimer-platinate with 

23 wt % platinum loading was synthesised. The dendrimer-platinate was stable at 

physiological pH and in vitro cytotoxicity testing showed it to be less active than 

cisplatin, probably due to its slow capture by endocytosis. In vivo, the dendrimer- 

platinate was equi-active compared to cisplatin in intraperitoneal tumour models (L1210 

and B16F10) when administered intraperitoneally and had a maximum tolerated dose 

(MTD) of 15 mg/kg platinum-equivalent. When administered intravenously to treat a 

subcutaneous solid tumour (B16F10), the dendrimer-platinate was active whereas 

cisplatin was inactive at its MTD (1 mg/kg). As the dendrimer-platinate accumulates 

passively in the solid tumour, displaying a platinum AUC 50 fold higher than that seen 

for cisplatin, dendrimers have the ability to show tumour targeting. Hence a second 

conjugate was synthesised having a doxorubicin loading of 3 wt %.
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Chapter 1 : General Introduction

1.1 Introduction

Cancer and AIDS are perhaps the most emotive and serious diseases that we 

face in the western world today. In the developing world, infectious diseases such as 

tuberculosis are fast becoming epidemics (WHO press release, 1998). The rate at which 

these diseases have progressed in terms of mortality is not comparable to the progress 

made in treating them. Although our search for new drugs has intensified in the past few 

decades, relatively few promising lead compounds have arisen from these studies. So 

many of the compounds which fail during clinical testing show considerable promise at 

an early stage. Why do so many fail? Often it is simply that they are impossible to 

formulate and administer and secondly we are often unable to deliver them effectively 

to the target site. To overcome these difficulties a drug delivery system may be designed 

that can potentially increase water solubility, reduce systemic toxicity, and increase the 

quantity of drug targeted to specific disease areas. Much clinical progress has been 

made in the design of drug delivery systems for the delivery of cancer chemotherapy 

(Werner, 1997). Although an array of delivery systems are available including; 

liposomes, antibodies, polymer implants, and micro- and nanoparticles (reviewed by 

Roerdink and Kroon, 1989), we still need to continually investigate novel systems that 

might overcome some of the problems, and limitations, which still face us with existing 

the technologies.

The aim of this study was to investigate the potential of hyperbranched 

polymers, namely dendrimers, as a potential drug delivery system, particularly in 

relation to improving delivery of the anti-tumour agents cz5-diamminedichloroplatinum 

(II) (cisplatin) and doxorubicin (Dox).

1.2 Targeting and biological barriers

Drug targeting can be described as “a concept of delivering an adequate amount 

of drug to the target site in the body compartment at an appropriate time” (Kataoka, 

1997). Hippocrates the father of medicine, might be described as the father of drug 

targeting. Some 2000 years ago he was the first to describe the use of bee sting venom 

in the treatment of arthritis (Fakhimzadeh, 1998), he also described the idea of drug 

targeting in his literary work (Kataoka, 1997). In modem times Ehrlich (1906) proposed
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Chapter 1 ; General Introduction

the concept of the “magic bullet” when suggesting the use of an antibody (haptophore) 

to deliver a toxophore. It is now accepted that the therapeutic potential of many drugs 

would benefit greatly if the drug could be targeted more selectively to its desired site 

and only exert its effect at that site. A variety of drug delivery systems have been 

explored as targeting systems. Liposomes (Lee and Low, 1997), microspheres 

(reviewed by Cummings, 1998), macro molecules (Takakura and Yakugaku, 1996), and 

prodrugs (reviewed by Kearney, 1996) have all been used to direct the drug to its site of 

action.

1.2.1 Approaches used to achieve targeting of therapeutic molecules

Three levels of targeting have been proposed (Duncan, 1992a). First order 

targeting, where the molecule is targeted to a particular organ (e.g. liver, lung), second 

order targeting, where a molecule is targeted to a particular cell type within an organ 

(e.g. hepatocyte, macrophage), and third order targeting, where a molecule is targeted to 

a particular intracellular compartment within the cell (e.g. nucleus). Each of these 

targeting levels must be exploited with careful design as new information emerges on 

the patho-physiology of disease and the inherent biological barriers. Targeting can be 

achieved either actively by specifically designing a moiety or other recognisable 

molecule into the drug or carrier, or passively as a result of some physical or chemical 

characteristic of the drug or carrier.

Active targeting can be achieved by designing a drug carrier that contains a 

ligand that will recognise a specific cell surface receptor. A number of approaches have 

been investigated. These include the use of proteins such as insulin (Burfeind et a l,

1996), low density lipoproteins (LDL) (Mankertz et al., 1997), transferrin, (Tanaka et 

a l, 1998), antibodies (Amon et a l, 1989), carbohydrates such as galactose (Seymour et 

al., 1991), peptides such as melanocyte stimulating hormone (MSH) (reviewed by 

Mokotoff et al., 1996), and other molecules such as folic acid (Wiener et a l, 1997). 

Table 1.1 summarises these receptors and their potential targets. Although such 

receptors are commonly expressed in many cell types, in some cases, they have been 

shown to be over-expressed by tumour cells (Ladino et al., 1997; Miller and Whelan,

1997) and therefore may provide tumour-selectivity. As a rule the ligands that bind to 

these receptors are efficiently internalised via coated pits/coated vesicles, localised
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Table 1.1 Cellular distribution of receptors and their possible cellular targets

Receptor Cell

Galactose, LDL, polymeric IgA Hepatocytes

Galactose (particles), manose-fructose, LDL Macrophages

Chemotactic peptide complement C3b, IgA Leucocytes

IgE Basophils, mast cells

Albumin Cardiac and Lung cells
Transferrin, epidermal growth factor, LDL, mannose Fibroblasts

Growth factors Mammary acinar cells

Transferrin, insulin Blood / brain endothelia

(modified from Tomlinson, 1986)
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transiently in endosomes, and delivered finally to, and degraded in, secondary 

lysosomes.

The widest impact in active targeting has been achieved using antibodies. 

Antibodies linked to drugs, toxins, or radioisotopes have been investigated to target 

cytotoxic moieties to neoplastic cells (Vogel, 1986; Arnon et a l, 1989). The 

development of vaccines has also been attempted to direct the antibody against viral 

pathogens (reviewed by Spooner et a l, 1995). Despite initially encouraging results a 

number of problems remain to be resolved; lack of absolute specificity (Zhu et a l,

1998), antigenic heterogeneity, tumour access, and immunogenicity issues relating to 

the use of rodent derived antibodies (reviewed by Blakey, 1992). Additionally, the 

attachment of toxins or drug moieties to the antibodies can direct these conjugates to the 

reticuloendothelial system (RES) of the liver, resulting in damage to that organ (Fodstad 

e ta l,  1976).

Attempts have been made to overcome these problems by using humanised 

antibodies and smaller Fc portions of the antibody or fragments. Recently in order to 

reduce these problems, and improve efficacy, a two step active targeting process has 

been developed. Antibody directed enzyme prodrug therapy (ADEPT) involves the 

administration of a non-mammalian enzyme directed to a tumour by conjugation to a 

tumour specific or associated antibody (reviewed by Melton et a l, 1996). A period of 

time after the injection, selected to allow the antibody-enzyme to be cleared from the 

blood by a clearing antibody, and therefore achievement of a high tumour to blood ratio, 

a prodrug is injected which can be subsequently converted to the toxic drug at the site of 

the tumour by the enzyme (Bagshawe et a l, 1995). Using this system up to 100 fold 

tumour accumulation has been shown (Connors, 1996a). Unfortunately ADEPT has also 

suffered from problems relating to the use of foreign, non-mammalian enzymes. These 

include induction of an immune response, thus limits repeated administration (Sharma, 

1996), long plasma half-life of antibody enzyme giving rise to the need for a second 

clearing antibody step and also tumour heterogeneity (Smith et a l, 1997).

To overcome these problems a two step polymer based prodrug approach has 

been developed, polymer directed enzyme prodrug therapy (PDEPT) and this involves 

the administration of a polymeric based anti-cancer prodrug which is activated by 

enzymatic cleavage (Satchi and Duncan, 1998). At a pre-determined time after
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administration, a polymeric based enzyme bound via a non biodegradable peptide linker 

is administered. This approach is particularly suitable for solid tumours where the 

enhanced vascular permeability can be used (later discussed as the enhanced 

permeability and retention (EPR) effect). PDEPT has been demonstrated by 

administrating N-(2-hydroxypropyl)methacrylamide copolymer-Dox (PKl) with the 

consequent administration of the activating system HPMA copolymer-cathepsin B after 

5 h. This is sufficient time to allow PKl to accumulate in tumour tissue, and the residual 

PKl to be excreted through the kidney, and leads to effective tumour capture by the 

EPR effect with minimal accumulation in non-tumour tissue. Administration of the 

polymer-enzyme leads to a rapid release of the Dox at the tumour site (Satchi and 

Duncan, 1998).

A potential problem associated with active targeting are the biological barriers 

that have to be overcome in order to achieve successful targeting. For example blood 

brain barrier (BBB), the RES, non-specific binding to proteins in the circulation, and 

presence of receptors on normal tissues. Figure 1.1 summarises these considerations.

An alternative means of targeting has been called “passive targeting”. After 

intravenous (i.v.) administration, passive targeting can be achieved by mechanisms such 

as particle trapping in a vascular bed.

For example, Davis et al. (1982) showed that 7 pm particles get trapped in 

lungs, and others have shown passive accumulation of liposomes and polymeric-drug 

conjugates in solid tumours (Matsumara and Maeda, 1986).

Matsumura and Maeda (1986) called the latter process the EPR effect and its 

mechanism is shown schematically in Figure 1.2. During tumour development, 

activation of the kinin-generating cascade and secretion of vasculature permeability 

factor leads to angiogenesis of the developing tumour. The neovasculature displays 

enhanced permeability due to Teaky’ interendothelial cell junctions. In addition, 

tumours have a reduced lymphatic drainage. Seymour et al. (1995) demonstrated that 

macromolecules in the molecular weight range 10,000 -  800,000 Da were able to 

accumulate within the tumour tissue. In addition accumulation has been shown to be 

greater in small tumours where the interstitial pressure within the tumour is low (Sat and 

Duncan, 1998). Vascular permeability can be modified by the release of chemicals such
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Figure 1.1 Pharmacokinetic considerations and biological barriers 
after parenteral administration
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Figure 1.2 Schematic representation of the EPR effect 
(a) tumour distribution of a low molecular weight drug,

(b) tumour distribution of a polymer-drug conjugate, and (c) cell uptake of drug and conjugate
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as tumour vascular permeability factor, bradykinin, and tumour necrosis factor (TNF). 

Macromolecules and proteins such as; PKl (Seymour et al., 1994), styrene maleic 

anhydride (SMANCS) (Maeda et a l, 1979), and albumin (Sinn et a l, 1990) have all 

been shown to accumulate in tumours by the EPR effect (Figure 1.2).

Passive targeting can also be achieved when a macromolecule or colloid particle 

e.g. liposome is rapidly phagocytosed by the RES through size or surface charge. This 

can lead to high levels of accumulation in organs such as the liver and spleen (Oku and 

Namba, 1994). This is useful if the target is the RES, unfortunately it can be a hindrance 

if RES avoidance is desired.

Macromolecules and vesicles used as drug carriers are typically administered by 

injection; i.v., intraperitoneal (i.p ), subcutaneous (s.c.) or intramuscularly (i.m ). After 

i.v. injection the drug carrier will be localised within the vascular system (Poznansky 

and Juliano, 1985) and usually, in order to reach the target, it must first extravasate. The 

vascular endothelium of most tissues and organs is continuous with an effective pore 

diameter of only 2 nm. This produces a vasculature essentially impermeable to 

liposomes (0.05 - 5 pm), and nanoparticles (< 1 pm). Significant extravasation is only 

possible at those sites where a discontinuous endothelium is present, notably the 

sinusoids of the liver and spleen, where the effective pore diameter is approximately 

100 nm.

The vascular endothelium retains materials within the circulation and the most 

important sites relating to pharmacokinetics may be considered the BBB, kidney 

glomerulus, RES, protein binding, and binding to circulating cells may also be an 

important consideration.

1.3 Endocytosis: processing of drug carriers at the cellular level

Endocytosis is defined as “the internalisation of plasma membrane with 

concomitant engulfment of extracellular material and extracellular fluid”. As a process 

it has many forms, as reviewed by Mellman (1996). Over a century ago Elie 

Metchnikoff recognised that material taken up by a cell by endocytosis was degraded 

after encountering a component of the cell which had an acidic internal environment
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(Mellman, 1996), in recent years de Duve and colleagues (de Duve et al, 1974) coined 

the phrase “lysosomotropic agents” to indicate compounds which are routed into the cell 

by passage through the lysosomal compartment.

Endocytosis can be subdivided into 2 subtypes: phagocytosis and pinocytosis. 

Phagocytosis (cell eating) involves the internalisation of particles such as bacteria and is 

facilitated by phagocytes, particularly macrophages. Phagocytosis plays an important 

part in the body’s defence mechanism. Pinocytosis (cellular drinking), in contrast, is 

common to almost all cell types. Pinocytosis fundamentally involves the continuous 

process of vesicle formation at the cell surface by the infolding of the cell membrane 

and internalisation of the contained extracellular fluid. Pinocytosis can be further 

subdivided into fluid-phase, receptor-mediated or adsorptive pinocytosis (Mellman, 

1996).

Pinocytosis is an important regulatory process, without which the internal 

cellular homeostasis could not be maintained. It is responsible for recovering protein 

and lipid components inserted into the plasma membrane by ongoing secretory activity, 

allows the transmission of neuronal, metabolic and proliferative signals, and facilitates 

the uptake of nutrients. The process of pinocytosis is summarised in Figure 1.3. 

Attachment of low molecular weight drugs to a macromolecule such as a polymer or 

dendrimer restricts uptake to the pinocytic route. In addition, the rate of uptake into the 

cell can be modulated, as the cells bear a variety of receptors that can potentially be 

used to mediate active targeting.

1.3.1 Endosomes

Endosomes are heterogeneous populations of vesicle through which molecules 

internalised during pinocytosis pass en route to lysosomes. In addition to this function, 

these organelles may also act as the sorting station for incoming ligands, fluid 

components and receptors (Mellman, 1996). Straus (1964) showed that proteins 

internalised during pinocytosis pass through prelysosomal vacuoles before reaching 

secondary lysosomes when he investigated the uptake of horseradish peroxidase by rat 

kidney epithelium, in vitro. Today, at least two populations of endosome can be 

recognised. The ‘early’ or ‘peripheral’ endosomes are usually located close to the
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Figure 1.3 Schematic representation of pinocytosis
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plasma membrane. The Tate’ endosomes are concentrated in the golgi-lysosome region 

of the cell and tend to be spherical and larger. In spite of continuous internalisation of 

plasma membrane-derived vesicles during pinocytosis, the number of endosomes 

remains roughly constant with time. One of the most important characteristics of the 

endosome is its low pH internal compartment (pH 6), and endosomes can be 

distinguished from lysosomes as they contain little or no hydrolase activity.

Disassociation of receptor-ligand complexes occurs in endosomes, often due to 

the lower pH, and enveloped viruses and bacterial toxins enter the cytosol via 

endosomes. Diptheria toxin and many of the enveloped animal viruses have been shown 

to be taken up by the cell via an endocytic pathway. In the viral systems (rhabdo 

viruses, toga viruses and orthomyxoviruses) the low pH of the endosomes induces a 

conformational change in the viral coat glycoproteins, and this leads to fusion of the 

viral membrane with the limiting membrane of the endosome (Marsh et a l, 1983). In 

the case of diptheria toxin, the low pH causes the insertion of the toxin into the lipid 

membrane, facilitating the passage of the toxic subunit into the cytosol (Sandvig and 

Olsnes, 1980; Draper and Simon, 1980).

1.3.2 Lysosomes

By a process of fusion events, materials passing through endosomes are 

transferred to the secondary lysosomes. Lysosomes are cytoplasmic organelles, liniated 

by a single lipoprotein membrane. Typically, they contain a large number of different 

enzymes mostly acid hydrolases. The modem understanding of the lysosome emerged 

from the work on fractionating rat liver cells into their component organelles by 

homogenisation and centrifugation (de Duve et al., 1974). It was found that during cell 

fractionation experiments the “mitochondrial fraction” contained an array of enzymes 

unlikely to coexist in a single particle. Subsequently “lysosomes” were isolated from 

this “mitochondrial / lysosome” mixture and named. Since then, lysosomes have been 

found in virtually all cell types studied. The most familiar exception is the mammalian 

erythrocyte, which also lacks other intracellular organelles. Lysosomal function is 

critical to cell processes, and lysosomal degradation process work optimally in acidic 

pH. The average lysosomal pH is approximately 5.5. Collectively, the lysosomal 

enzymes are capable of degrading virtually all large cellular molecules; nucleic acids.
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proteins, polysaccharides, and lipids; to produce low molecular weight products (Lloyd 

and Williams, 1984; Dean, 1977).

The lysosomes of most cells function principally in intracellular digestion. 

Materials to be digested are taken up by pinocytosis, transferred via endosomes to 

lysosomes. In this way, the cell deploys its acid hydrolases economically 

(concentrations of some of the proteolytic enzymes in lysosomes can approach the mM 

range) and it fosters the co-operative activity of different classes of enzyme that need to 

act synergistically. Also it is important to isolate enzymes whose action would likely 

prove fatal, or at least severely injurious, were these enzymes allowed to escape from 

the lysosomal compartment into the cell. The lysosomal proton pump maintains and 

facilitates the acidic pH milieu.

A number of enzymes have been identified in lysosomes. These enzymes are 

able to break down all major classes of biological materials including proteins, fats, and 

carbohydrates. Esterases, phosphotases, glycosidases, endo- and exopeptidases have 

been described. Not all of these enzymes are found in the same tissue and their activity 

varies from tissue to tissue (Barrett and Heath, 1972).

1.4 Biocompatibility of drug delivery systems

Biocompatibility has been defined as “the ability of a material to perform with 

an appropriate host response in a specific application” (Williams, 1989). Methods for 

evaluating biocompatibility are shown schematically in Figure 1.4. Before any potential 

delivery system can be used as a drug carrier for parenteral use, certain fundamental 

issues have to be understood. In view of this a series of in vitro biological screens have 

been established to evaluate the biocompatibility of unknown polymers and conjugates. 

These screens include colourimetric assays such as the MTT (3 -(4,5 -dimethylthiazol-2- 

yl)-2,5-diphenyltetrazolium bromide) assay (Mossman, 1983), cellular incorporation of 

radiolabeled nucleic acid precursors (Sheldon et al., 1989), clonogenic assays (Roper 

and Drewinko, 1976), direct cell counts (suspension) (Duncan et al., 1987), evaluation 

of physical characteristics such as membrane damage (Cowan and Von Hoff, 1987) or 

mitochondrial damage (Mossman, 1983) and protein synthesis inhibition assays (Teece
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et al., 1991). These screens can be used as a high throughput system to enable non-toxic 

carriers with potential for in vivo use to be selected relatively quickly.

1.5 Technologies used for drug delivery

A number of approaches have been investigated to facilitate controlled release 

and targeting (Table 1.2). These include low molecular pro-drugs (Waller and George, 

1989), vesicles (liposomes and niosomes), micelles and particles (nanoparticles and 

microparticles) and immunoconjugates (Baldwin et al., 1990). Table 1.3 summarises 

their properties in relation to potential use for drug delivery.

A successful delivery system must meet certain fondamental criteria. These are 

listed below:-

1. It must not be toxic, immunogenic, teratogenic, mutagenic or carcinogenic.

2. The carrier should be biodegradable or be readily excretable to prevent long-term 

accumulation.

3. Able to carry an acceptable drug payload.

4. Allow controlled release of the drug payload at the target site.

5. Provide the opportunity to target the drug to a specific tissue or cell type.

6. Avoid drug uptake by sites of toxicity.

7. The delivery system should be cost effective to produce and allow for large scale up 

production.

8. The final product must be pharmaceutically acceptable with regards to the 

formulation reproducibility, shelf-life stability, and ease of handling for clinical use.

1.5.1 Liposomes

In the 1970’s liposomes began to generate considerable interest as drug delivery 

systems (Gregoriadis, 1977). They are biocompatible, biodegradable and also have a 

high drug carrying capacity. Liposomes are vesicles consisting of a lipid bilayer 

membrane surrounding one (unilamellar) or more (multilamellar) water filled 

compartments. Their membrane composition can include natural or synthetic 

phospholipids, sterols, fatty acids, glycolipids, and proteins (Szoka and
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Table 1.2 Drug delivery systems

Low molecular weight prodrugs

Cells

Proteins

RBC’s

White blood cells

Antibodies

Fusion proteins

Low density lipoproteins (LDL), transferin

Polymers Implants 

Soluble polymers - Linear

- Hyperbranched

Particles Nano/Mi cro- - particles

- spheres

"Vesicular systems Liposomes

Niosomes

Micelles

35



Table 1.3 Characteristics of technologies used for drug delivery

Properties Liposomes Glycoproteins Recombinant
proteins

Monoclonal
antibodies

Microspheres Soluble polymers

Carrier stability Relatively 
unstable, unless 
coated with poly 
(ethyleneglycol)

Subject to 
proteolysis

Subject to 
proteolysis

Relatively stable Stable or 
biodegradable

Stable or 
biodegradable

Biocoirpatibility Variable
toxicity,
biodegradable

Possible
immunogenicity

Possible
immunogenicity

Possible
immunogenicity, 
unless humanised

Variable toxicity, 
biodegradability, 
and possible 
immunogenicity

Variable toxicity, 
biodegradability 
and possible 
immunogenicity

Target specificity Can be targeted, 
passively or 
actively

Show target 
specificity

Shows target 
specificity

Shows target 
specificity

Poor targeting Can be targeted, 
passively or active

Coupling technique Covalent and 
entrapment

Covalent Covalent Covalent Covalent and 
entrapment

Covalent / 
complexation

U)
OS
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Papahadjopoulos, 1980; Cullis, 1987), and they can display a variety of physical forms 

including large multilamellar vesicles (MLV) approximately ~1 pm in diameter, small 

unilamellar vesicles (SUV) approximately 60 - 150 nm in diameter or large unilamellar 

vesicles (LUV) approximately 200 - 500 nm in diameter. Highly polar, water-soluble 

drugs can be entrapped or encapsulated in the internal aqueous compartment(s) of 

liposomes, whilst lipophilic drugs intercalate into, and become part of, the liposome 

membrane. Thus liposomes offer the opportunity to carry many types of compound 

including low molecular weight drugs, proteins, and DNA (Gregoriadis et al., 1997).

Unfortunately, liposomes also have certain drawbacks. Long term physio- 

chemical stability can be a problem in vitro especially with respect to pharmaceutical 

stability on extended storage. In vivo dose-dumping and subsequent drug overdose are a 

serious concern, potentially allowing the contents to indiscriminately leak out. Their 

large size is also a limiting factor, thought to be contributory to their uptake by the RES. 

Liposomes are also known to be immunogenic (Gabizon, 1989). Recently, liposomes 

coated with polyethylene glycol (PEG) have not only increased stability and decreased 

the overall size but also reduce uptake by the RES (Gabizon, 1993). Liposomes 

entrapping Dox (Doxil® or Caelyx®) has been approved for clinical use in the treatment 

of the AIDS-related cancer, Kaposi’s I  sarcoma . They showed prolonged plasma 

circulation compared to non PEGylated liposome, uptake by tumours by the EPR effect, 

and the PEG conferred improved stability (Barenholz et al., 1996). Unfortunately, 

recently it has been shown that toxicological concerns still exist with respect to the 

possibility of dose-dumping leading to the characteristic Dox-related toxicity of hand 

and foot syndrome.

1.5.2 Polymers as drug delivery systems

1.5.2.1 Microspheres and polymeric implants

Controlled release systems known as microcapsules and microspheres have been 

designed for parenteral administration and are free-flowing powders consisting of 

spherical particles. They can be administered by suspension in a suitable solvent and 

then injection. Micro spheres are small particles which usually have their drug dispersed 

throughout the particle i.e. the internal structure is composed of the drug matrix and 

polymeric excipient. Microcapsules have the drug located centrally within the particle.
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where it is encased within a unique polymeric membrane (Tomlinson, 1983). Overall 

the sizes of these particles range from tens of nanometers up to at least a hundred 

microns. The smaller particles (< 500 nm) are known as nanospheres or nanoparticles. 

Because of the way in which microcapsules are prepared they are large in comparison to 

the usual type of micro sphere and so can only be administered by certain routes into the 

body (e.g. i.m.) (Ishizaka et al., 1985; Thies, 1983). The main advantages of 

microspheres over liposomes as a drug delivery system is their increased stability in 

vitro and in vivo with respect to drug leakage and controlled release over longer time 

periods, larger drug loading capacity, and easier sterilisation procedure. (Chen et a l, 

1986). Incorporation of a drug dispersed throughout the particle matrix has the potential 

for controlled release of the drug after i.m. injection (Davis and Hansrani, 1985). 

Wedder et al. (1979a, b) described early use of micro spheres for the delivery and 

targeting of anti-cancer agents to tumours.

The important pre-requisite for the design and synthesis of the microparticle is 

the choice of polymeric excipient (Kissel and Demirdere, 1987). Polymers used as 

excipients must meet certain requirements including drug permeability, tissue 

compatibility, and biodégradation kinetics. Polymers which have been suited to 

microsphere synthesis are thermoplastic polyesters of poly(lactide) and copolymers of 

lactide and glycolide. One of the first peptides to be micro-encapsulated successfully 

was luteinizing hormone-releasing hormone (LHRH analouge, Takada Inc.), which is a 

highly water-soluble, 1,200 dalton (Da) peptide (Sanders et al., 1984). The polymeric 

excipient used was 50 : 50 poly(DL-lactide-co-glycolide) (50 : 50 refers to the ratio of 

lactide to glycolide). Subsequent controlled release of a LHRH agonist, nafarelin, 

allowed increased efficacy in cynomolgus monkeys (Sanders et al., 1988). One of the 

first controlled release, peptide microcapsule formulation to become available delivered 

another LHRH agonist ([D-Trp^]-LHRH, décapeptyl). The formulation delivered 3.75 

mg of the agonist over a month and was used in the treatment of testosterone-dependent 

prostate cancer.

Polymers have been successfully used for decades as biomaterials in the form of 

wound dressings, prostheses (hip replacements), biodegradable structures and contact 

lenses. The polymer implant Zoladex® (poly lactide-co-glycolide) has been used
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successfully as a s.c. implant for the delivery of a luteinizing hormone analogue over 28 

days for prostate cancer as discussed previously (Debruyne et a l, 1988).

1.5.2.2 Polymer conjugates

Ringsdorf (1975) first proposed the use of water-soluble polymers as a means to 

carry a drugs linked to the polymer backbone via biodegradable spacer to facilitate 

controlled release at the target site. Additionally, a targeting ligand could be 

incorporated to aid receptor-mediated targeting. At about the same time, de Duve (1974) 

proposed the existence of lysosomes. This opened up opportunities to later design 

polymers, which might carry drugs linked to a polymer backbone with a biodegradable 

spacer which could be cleaved by specific enzymes in the lysosome. Drug release from 

a polymer can occur either passively by hydrolysis or by a more specific mechanism of 

cleavage; enzymatic, reductive or pH controlled.

The use of polymer conjugates for the delivery of drugs or proteins has been 

reviewed (Duncan et a l, 1992a; Duncan et a l, 1996). An increasing number of 

polymer-drug, enzyme, and protein conjugates are now in various stages of 

development and Table 1.4 lists several examples. Polymer-drug polymer-protein 

conjugates typically display improved water solubility and/or stability, reduced in vivo 

toxicity (wider therapeutic index), and favourable pharmacokinetics.

Several polymeric conjugates have also reached the clinic or market and a large 

number are closely behind progressing through the various stages of clinical trials 

(Duncan et a l, 1992a). For example PEG-L-asparaginase (market, US) (Keating et a l,

1993), styrene maleic anhydride neocarzinostatin (SMANCS) (market, Japan) (Maeda, 

1991), PKl (Phase 11 clinical trials) (Vasey et a l, 1996; Vasey et a l, 1999) including 

galactose for liver targeting (PK2) (Pimm et a l, 1996), PEG-megakariocyte growth and 

development factor (MGDF) (Phase 1/11 clinicals) (Cebon et a l, 1996), and HPMA 

copolymer linked to paclitaxel (taxol) (Phase 1 clinical trials, US) (Sparreboom et a l,

1994).

Disadvantages of linear polymer conjugates

One problem associated with the synthesis and characterisation of conjugates
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Table 1.4 Examples of polymer drug/protein conjugates

Polymer conjugated to Drug/proteinVpeptide ^ Reference

HPMA copolymer Melphalan Duncan etal., 1991a

Divinylether maleic anhydride 
(DIVEMA)

Cyclophosphamide Hirano etal., 1980

poly (N -hydroxyethyl)-D,L-aspaitamide 
(PHEA)

Chlorambucil Giammonaefflf/., 1992

1-N-p-vinylbenzoyl (VBFU) conjugated to 
maleic andydride (MA) or 
methacroyl terminated PEG

5-fluorouracil Yashima flf/., 1990

6-0-carboxymethyl chitin 5- fluorouracil OhydLetal., 1992

HPMA copolymer 5- fluorouracil Putman and Kopecek, 
1995

PEG 5- fluorouracil Nichifor 1995

poly [N-5-(2-hydroxyethyl)-L-glutamine 
(PHEG)

Dox Hoes etal., 1996

DIVEMA Dox Pratesi et a\., 1990

poly(L-aspartic acid) Dox Pratesi etal., 1985

HPMA copolymer Taxol Mongelli etal., 1994

PEG Ricin * Katre and Knauf., 1990

PEG Tyr-Ile-Gly-Ser-Arg 
1YIGSR t

Kawasaki etal., 1995
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synthesised from linear polymers is their inherent polydispersity. Both the parent 

molecule and the final product show dispersity in their molecular weight. Polydispersity 

is defined as the| ratio of the weight average molecular weight (Mw) and the number 

average molecular weight (Mn), i.e. the polydispersity of a preparation composed of a 

single polymer species, and is calculated from the ratio between the weight and number 

average molecular weights Mw/Mn. A polymer having a polydispersity of 1 is 

indicative of being monodisperse.

In addition, linear polymer i.e. carriers also have inherent heterogeneity in terms 

of drug incorporation (Duncan et al., 1992c). These problems can lead to a final 

product, which has batch to batch variability and heterogeneity with respect to the drug 

or protein content in the polymer chain, and therefore unpredictable pharmacokinetics in 

vivo. An example of such problems has been seen with the conjugation of superoxide 

dismutase (SOD) to PEG (Pyatak et al., 1980). Although PEG-SOD showed a lack of 

immunogenicity (Cao et al., 1990) a direct correlation was found between the residence 

time and the number and length of PEG chains.

These disadvantages of linear polymer conjugates made it particularly 

interesting to examine dendrimers as potential carrier molecules.

1.5.2.3 PAMAM, DAB, and carbosilane dendrimers

Dendrimers also known as arborols and cascade polymers (from the Greek word, 

dendritic - tree like in structure), possess a three dimensional structure which originates 

from a central core and through controlled branching terminates at the periphery as an 

array of functional groups that form the dendrimer surface. Dendrimers are composed of 

three basic elements known as: the core, the repeat unit, and the terminal group at the 

periphery (Figure 1.5). One of the advantages of dendrimers is their inherently low 

molecular weight polydispersity of between 1.00005 -  1.02 (Tomalia et al., 1985).

Buhleier et al. (1978) and Denkwater et al. (1983) proposed the synthesis of 

dendritic structures based on the earlier work of Florey (1952), but it was not until 

Tomalia et al. (1985) published, and patented (Tomalia and Dewald, 1985) his work on 

PAMAM dendrimers that the interest in this field began to develop, particularly in
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Figure 1.5 Approaches for dendrimer synthesis
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relation to the use of these well defined polymers as drug delivery systems. Since 1985 

the number of papers published on dendrimer chemistry has increased exponentially but 

the number of papers published on their biological properties has been low.

A number of routes have been established for the synthesis of dendrimers. The 

two main routes are the divergent approach (Tomalia et al., 1985) and the convergent 

approach (Fréchet e/a/., 1991).

Divergent synthesis

Divergent synthesis uses the sequential monomer addition beginning from the 

core and proceeding outward to the dendrimer surface (Figure 1.5). The core represents 

the zero generation. To the core, which possesses one or more reactive site(s), a 

generation or layer of monomeric building unit(s) is covalently attached. The number of 

units which may be added is therefore limited to the number of reactive sites that are 

available. The repeated addition of a successive generation (normally by protection- 

deprotection schemes) allows successive generations (excluding problems of steric 

hindrance and reactivity) to be synthesised.

Buhleier et al. (1978) reported the first preparation, purification, and structural 

characterisation (mass spectroscopic) of simple dendritic structures synthesised by the 

divergent approach. He described the synthesis as “reaction sequences which can be 

carried out repeatedly”. The number of generations that can be added to a core is 10, 

after which steric hindrance prevents further uniform growth because of overcrowding 

at the surface. Growth could still proceed but it would be in a non-uniform manner. A 

significant point is that as the generation increases by a factor of 1, the number of 

groups at the terminus increases by a factor of 2 (and also the molecular weight of the 

dendrimer will double). Therefore growth proceeds exponentially. During synthesis the 

core initially dictates the available valency for branching. For example the number of 

addition points for covalent bonding may be bi- or trivalent. Therefore the branching 

may proceed in a 1 -> 2 manner or a 1 3 manner. If the core contains a primary

amine (one reactive moiety, divalent) two monomers could be attached producing a 

neutral trisubstituted amine product. Branching would then proceed 1 2 in this case.

If three monomers were employed then branching would be 1 ^  3 producing an
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ammonium salt. A tetravalent, 4 directional core reacted with 4 equivalents of a 1 - ^ 2  

branching monomer would result in a progression 4 -> 8 -> 16 32 -> 64 ^  128 e.g.

polyamidoamine starburst™ (PAMAM) dendrimers (ethylenediamine core); whereas 

employing the same core with a 1 -> 3 branching monomer would give a dendritic 

structure with an increasing terminal multiplicity of 4 12 ->3 6- >  1 0 8 3 2 4  972

e.g. PAMAM dendrimers (ammonium core).

A concern attributed to this reaction methodology is the requirement for 

complete reaction of all the number of available reactive groups for structurally error 

free growth. Defective growth represented by an incomplete reaction or conversion 

from one generation to the next, could be indicative of a missing branch or incorrect 

number of end terminal groups for example. The existence of effective methods for 

determination of structural defects is still a subject of debate. Nuclear magnetic 

resonance (NMR) and mass spectrometry have been used to determine defects such as 

missing branches or incomplete conversion of the terminal groups to their final surface 

groups. The molecular weight of PAMAM dendrimers approaches a million daltons and 

specially modified mass spectrometers have had to be used to confirm their molecular 

weight. Two dendrimers synthesised by the divergent route and whose biological 

properties were evaluated during the present work are PAMAM dendrimers (Tomalia 

and Dewald, 1985) and poly (propyleneimine) (DAB) dendrimers (De Brabander-van 

Berg and Meijer, 1993). Hummel en et al. (1997) examined the purity and molecular 

weight polydispersity of DAB dendrimers using electron spray mass spectrometry. He 

found that defects such as missing branches or terminal groups were readily identifiable 

using this technique; and that when synthesising dendrimers on a generation by 

generation basis, the level of purity decreased from 96 % (gen 1) to 23.1 % (gen 5) but 

the polydispersity was still in the region of 1.0018 -  1.0024.

Convergent synthesis

The convergent synthetic approach is a strategy where the branched polymeric 

arms (or dendrons) are synthesised from the terminal group (at the surface) in towards 

the core (Figure 1.6). Hawker and Fréchet (1990a) and Fréchet et al. (1991) first 

described this route of synthesis.
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Figure 1.6 Approaches for dendrimer synthesis
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Essentially two terminal groups containing a reactive site are attached to one 

monomer possessing a protected functionality, resulting in the synthesis of the first 

generation. Transformation of the active or focal site followed by treatment with 0.5 

equivalent of the masked monomer allows synthesis to proceed to the next generation. 

A distinct advantage of this mode of synthesis over the divergent approach is the ability 

to synthesise dendrimers, which have virtually no risk of defective branching or 

termination. This is due to the low number of reactive steps involved. For example 

using a three-directional building block, only two collisions are needed to allow each 

successive generation to be constructed. For example Hawker and Frechet (1990b) 

synthesised and characterised polyether dendrimers using the convergent route. They 

found that they were able to synthesise defect free and monodisperse dendrimers up to 

gen 5, which were characterised by size exclusion chromatography (against low 

polydispersity polystyrene standards, Mw/Mn = 1.05) and NMR. Unfortunately 

because of the steric limitations involved with the crowdedness of the infrastructure, 

chemical connectivity (accessibility) at the core can become more difficult due to steric 

limitations of the surface and branching. The higher generation are almost impossible to 

synthesise (above gen 6). It is also worth noting that the monomers generally used by 

this route of synthesis are aromatic, consequently poorly water-soluble, and are difficult 

to produce in bulk quantity.

Polyamidoamine starburst^^ (PAMAM) dendrimers

Tomalia et al. (1985, 1986) reported the synthesis of PAMAM dendrimers, 

synthesised from a trifuntional core (ammonia) and having three-directional TV-branched 

centres as well as an amide connectivity. The increasing generations were synthesised 

by exhaustive Michael-type addition of amines with methyl acrylate to produce a 13- 

amino acid, subsequent amidation with excess ethylenediamine yielded the branched 

poly amine (PAMAM dendrimer). Other PAMAM dendrimers were synthesised from 

different cores; including ethylenediamine, and aminoalcohols (Tomalia et al., 1993). 

Excess diamine, moderate reaction temperature (< 80 °C), and the avoidance of aqueous 

solvents reduced the possibility of synthetic problems such as /«/ramolecular 

cyclization (lactam formation), re/ro-Michael reactions, incomplete addition, and 

mTermolecular coupling; as well as achieving a high degree of monodispersity (Tomalia 

e ta l,  1985).

46



Chapter 1 : General Introduction

PAMAM dendrimers have been characterised using a variety of 

chromatographic techniques including, high performance liquid (HPLC) and gel 

permeation (GPC), and NMR (Meltzer et al., 1989). Capillary electrophoresis (CE) has 

also been used to determine the extent of impurities in PAMAM preparations. Brothers 

et al. (1998) investigated the differences between gen 0.5, 1.5, and 2.5 PAMAM 

dendrimers. Examination of the CE traces clearly shows an increase in the quantity of 

impurities (including low molecular weight) present as the generation increases; 

approximately 10 % for gen 0.5 increasing to approximately 40 % for gen 2.5. Low 

molecular weight impurity species arise from the incomplete removal of ethylene 

diamine from the amidation step. High molecular weight impurity species may arise 

from undesired coupling reaction, which may take place at the amidation step. Because 

of the number of steps involved with synthesis, the divergent approach has been 

acknowledged as having limitations of lower yields as the synthesis of successively 

higher generation occurs coupled with a larger increase in the percentage of impurities.

Poly (propyleneimine) (DAB) dendrimers

De Brabander-van den Berg and Meijer (1993) reported a procedure for the 

synthesis of poly(propyleneimine) dendrimers having a diaminobutane core (DAB) and 

synthesised in a manner similar to that reported by Buhleier et al. (1978) in his original 

cascade synthesis of non-cyclic polyaza compounds via a repetitive stepwise process. 

De Brabander-van den Berg and Meijer (1993) utilised a repetitive addition of a primary 

amine to two equivalents of acrylonitrile, followed by hydrogenation of the resulting 

nitrile moieties with Raney cobalt in a hydrogen atmosphere, resulting in the polyamine 

terminated dendrimer. ^̂ N NMR spectroscopy was used to confirm the structure (Jansen 

et al., 1994a,b). The nitrile terminated dendrimers were subsequently converted to the 

corresponding acid-terminated dendrimers by treatment with hydrochloric acid.

Carbosilane dendrimers

Uchida et al. (1990) described the preparation of silicon-branching dendrimers, 

using two differently branched synthetic equivalents, a trifunctional, hydrido-terminated 

core and a trigonal monomer. Carbosilane dendrimers were synthesised by Roovers et 

al. (1992) using Pt-catalysed addition of methyldichlorosilane to an alkene, with
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subsequent nucleophilic substitution with vinylmagnesium bromide at the terminal 

dichlorosilane moieties. Using tetravinylsilane as the initial tetrafunctional core, the first 

generation tetrakis(methyIdichlorosi 1 ane) was synthesised after addition of four 

equivalents of monomer.

The structures of all three dendrimers that were used in these studies described 

in this thesis are shown in Figure 1.7 (PAMAM, DAB, and carbosilane dendrimers).

Biological properties of dendrimers

The number of papers describing the biological properties of dendrimers and the 

use of dendrimers in drug delivery has been limited to date. Most studies have described 

the use of PAMAM dendrimers for the delivery of anti sense oligonucleotides or DNA. 

Roberts et al. (1996) previously investigated the cell cytotoxicity of gen 3, 5, and 7 

PAMAM dendrimers in vitro in V79 cells, and the in vivo toxicity of the PAMAM 

dendrimers in Swiss-Webster mice. Immunogenicity and the body distribution were also 

evaluated. The authors found no evidence of immunogenicity using the Ouchterlony 

double diffusion assay over 3 months. The authors also experienced potential biological 

complications with only the highest gen 7, when one of the animals died shortly after 

administration. Body distribution studies indicated that dendrimers accumulate 

preferentially in the kidney (gen 3, 15% injected dose (ID)/g, over 48h), and pancreas 

(gen 5 and 7, 32% ED/g, over 24h and 20% ID/g, over 2h). Interestingly gen 7 also 

demonstrated a high urinary excretion (46% ED/g, over 2h and 74% ED/g over 4h). The 

authors concluded that in general the PAMAM dendrimers did not exhibit properties, 

which would preclude them from biological applications.

Barth et al. (1994) investigated the use of PAMAM dendrimers (gen 0 to 4) 

conjugated to antibody-boron complexes (MoAb EB16-6). Boron neutron capture 

therapy (BNCT) is based on the nuclear capture reaction that occurs when boron-10, a 

stable isotope, is irradiated with low-energy or thermal neutrons (1 ess-than-or-equal-to 

0.025 eV) to yield high energy a  particles and recoiling Li-7 nuclei. Targeting of this 

complex to B16F10 solid tumour in C57 mice, was hoped would facilitate the 

‘irradiation’ of the tumour. The dendrimer permitted boronation of the monoclonal 

antibody, which in turn was hoped would target the tumour. The in vivo distribution 

patterns of ^^^I-labelled native and boronated MoAb EB16-6 and PAMAM were studied
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Figure 1.7 Structural characteristics of dendrimers
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in normal and tumour-bearing C57 mice bearing s.c. B16F10 tumours. It was 

demonstrated that the PAMAM dendrimers had a propensity to localise in the major 

organs of the RES (spleen and liver) up to 72 h. The authors suggested that the amount 

of boronated PAMAM dendrimer-monoclonal antibody immunoconjugate (BSD- 

MoAb) captured appeared to be directly related to the generation of PAMAM used 

(facilitated by the molecular weight and number of surface groups). The level of 

accumulation of the BSD-MO-Ab increasing from gen 0 ( 1 %  injected dose) to gen 4 (5 

% injected dose). In addition, the BSD-MoAb retained a high immunoreactivity in vitro, 

had a high affinity for B16F10 cells in vitro, but in vivo it poorly accumulated in the 

tumour tissue. The authors concluded that poor tumour results may have been due to the 

surface group and the label used preventing successful targeting to the tumour. In 

addition it should be noted that authors injected the materials i.p. in animals treated with 

a s.c. B16F10 melanoma. The more favourable route of injection against a s.c. tumour 

would have been i.v. to capitalise on passive targeting by the EPR effect.

Several studies have evaluated cationic PAMAM dendrimers for gene therapy, 

exploring their potential use for delivery of genes or anti sense oligonucleotides 

(Haensler and Szoka, 1993; Kukowska-Latallo et a l, 1996; Bielinska et al., 1996). 

Bielinska et al. (1996) complexed cationic PAMAM dendrimers (gen 7) with antisense 

oligonucleotides (27 base single-stranded phosphodiester oligonucleotides) or anti sense 

cDNA plasmids (luciferase reporter plasmids, containing the entire luciferase cDNA) to 

inhibit luciferase expression in cells. The authors investigated the ability of DNA- 

dendrimer complexes to transfer oligonucleotides and plasmid DNA to mediate 

antisense inhibition in vitro. They claimed that the resultant transfection of cells with 

antisense oligonucleotides or antisense cDNA plasmids complexed with dendrimer, 

resulted in a specific and dose dependent inhibition of luciferase expression. This 

inhibition caused a 25 -  50 % reduction in baseline luciferase activity. The authors also 

claimed that the concentrations of dendrimer used for DNA transfer were not cytotoxic 

and that some non-specific expression of luciferase was seen. Hughes et al. (1996) 

compared the delivery of phosphorothioate anti sense deoxyoligonucleotides (AS ODNs) 

using the GALA peptide, cationic liposomes or gen 5 PAMAM dendrimers. They 

studied the ability of these vectors complexed with ODN’s to interact with the Chinese 

hamster ovary (CHO) cell line expressing the enzyme chloramphenicol
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acetyltransferase (CAT). There was a particular emphasis on attempting to breach the 

endosomal membrane to reach the cytosol so cationic dendrimers were added including; 

fusogenic peptides, pH-sensitive polymers, PAMAM dendrimers, cationic liposomes 

and, pH sensitive surfactants such as N-dodecyl 2-imidazole-propionate (DIP). The 

effects of ODN’s were evaluated at the protein level by quantitating levels of CAT. The 

authors found that using AS ODN in co-incubation with the GALA peptide, cationic 

liposomes or gen 5 PAMAM dendrimers resulted in a 35 -  40 % reduction in CAT 

expression. Tang and Szoka (1997) went onto to compare the ability of different 

cationic polymers to deliver DNA. The polymers systems included poly-L-lysine (PLL), 

intact PAMAM dendrimers, fractured PAMAM dendrimers, and poly(ethylene imine) 

(PEI). They found that similar toroid structures of mean diameter 55 ± 12 nm were 

formed with all the cationic polymers when interacting with DNA. However when DNA 

was complexed with fractured dendrimer and PEI single distinct units were observed, 

with diameters in solution ranging between 90 - 130 nm (dynamic light scattering). The 

DNA complexes of PLL and intact dendrimer visualised with electron microscopy 

appeared to be clusters. The diameters of these clusters in solution was in the range of 

1000 nm which suggested that their toroidal complexes aggregated in solution. 

Transfection studies demonstrated that fractured dendrimers were better mediators then 

intact dendrimers and this was thought in part to be due to their ability to form distinct 

particles with DNA.

Later in this thesis the potential use of dendrimers as targetable carriers for 

anticancer agents is described (Chapter 6). Thus a basic introduction to cancer and 

chemotherapy is given in the next section.

1.6 Cancer and cancer chemotherapy

In the western world 1 in 3 people will suffer from neoplastic disease, and 1 in 4 of 

those people will die.

Treatment of cancer typically includes radiation therapy or chemotherapy. These 

modalities can also be combined. To improve the success of chemotherapy it is 

important to develop drugs that can overcome multiple drug resistance (MDR) and to 

identify effective treatments for micro-metastasis and secondary tumours. This might
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be accomplished using novel anti-cancer drugs or by using improved drug delivery 

systems such as polymer or dendrimer conjugates.

1.6.1 Chemotherapeutic agents used to treat neoplastic diseases

The chemical entities used in the treatment of cancer can be divided into a 

number of major classes; alkylating agents, antimetabolites, natural products, 

miscellaneous agents, and hormones and antagonists. Common anti-cancer agents and 

their mechanisms of action are shown in Table 1.5. The selection of a drug for 

conjugation to a water-soluble carrier is governed by a number of factors. These may 

include a desire to improve the pharmacokinetics leading to better tumour targeting; 

improving potency, mechanism of action, hydrophobicity (limiting loading), stability, 

and cost. Conjugation may lead to an improved therapeutic index and better water- 

solubility. To determine the benefits of using dendrimers for delivery of anti-cancer 

agents, cisplatin and Dox were selected as model compounds.

Platinum co-ordination complexes

Cisplatin was first described by Rosenberg (1965). Cisplatin is a square planar, 

divalent, inorganic, platinum compound whose structure is given in Figure 1.8. The 

bacteriocidal activity was first noticed after the proliferation of the bacteria 

Escherichia coli {E. coli ) was disturbed when a current was delivered between two 

platinum electrodes. Cisplatin prevented growth of the bacteria by transforming it into 

long filamentous structures. This effect was later shown to be due to the formation of 

inorganic platinum-containing compounds in the presence of ammonium and chloride 

ions (Rosenberg et al., 1967). During subsequent testing, cisplatin was discovered to 

have excellent anti-tumour activity against both in vitro screens and in vivo models 

(Rosenberg et al., 1969), it was subsequently found to have significant clinical activity 

(Rosenberg, 1973; Rozencweig et a l, 1977; Zwelling and Kohn, 1982). To date many 

platinum and platinum-related compounds have been synthesised and tested. Over 30 

have undergone clinical testing. However, only carboplatin and oxaliplatin have been 

successful enough to reach the clinic. Cisplatin has a broad spectrum of anti-tumour 

activity and is especially effective against epithelial malignancies. It is used in the 

treatment of advanced testicular cancer, ovarian, lung, bladder, head and neck, 

oesophagus, and metastatic teratoma.
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Table 1.5 Examples of antineoplastic agents

G1 + S phase (upstream) M phase (downstream)

Tamoxifen (antiestrogen) Vinblastine (tubulin binding)

Cisplatin (DNA alkylation) Dox (topoisomerase II inhibitor)

Methotrexate (DNA synthesis) Bleomycin (DNA cross-linking)

5'- fluorouracil (DNA synthesis) Taxol (tubulin binding)

(modified from Vande-Woude et a l, 1991)
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Figure 1.8 Structures of cisplatin and tetrachloroplatinum
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Cisplatin is usually administered i.v. at a dose of 20 mg/m^ per day for 5 days. 

Cisplatin has been successfully used in combination therapy with bleomycin, etoposide, 

and vinblastine demonstrating a high cure rate with patients with advanced testicular 

cancer (85%) (Williams and Einhorn, 1985; Einhorn, 1986). Due to the high chloride 

ion concentration in plasma, cisplatin is stable and the chloride ion species remain 

attached to the platinum. However, intracellularly the chloride concentration is lower 

allowing the chloride ions to be replaced by hydroxy ions to form the aqua species. The 

chloride ions can also be replaced by nucleophiles such as thiols. Replacement of the 

chloride ions by water yields a positively charged molecule and this is thought to be 

responsible for the formation of the active species of the drug which reacts with nucleic 

acids and proteins. Once cisplatin reaches the nucleus it can form direct intrastrand and 

interstrand crosslinks with DNA, particularly with the N7 of adjacent guanines on the 

same DNA strand (intrastrand). Guanine-adenine crosslinks are also readily formed. 

The formation of interstrand crosslinks is a much slower process. As expected DNA 

adducts formed by cisplatin, will interrupt DNA replication and transcription and lead to 

strand breaks in the strand and miscoding errors. The possible cisplatin-DNA 

interactions are given in Figure 1.9.

Toxicity has been a major problem associated with cisplatin use. Initially 

nephrotoxicity was a major problem but this however has been largely circumvented by 

hydration and diuresis of the patient. Ototoxicity is unaffected by diuresis and is 

manifested by tinnitis and hearing loss at high frequencies. Nausea and vomiting also 

occur and can be controlled by the use of ondansetron or high-dose corticosteroids. At 

higher doses, peripheral neuropathy occurs along with mild-to-moderate 

myelosuppression and transient leukopenia and anaemia.

Some of the first anti-cancer drugs used in conventional chemotherapy were the 

mustard-based drugs introduced shortly after the end of the 2"  ̂world war, as effective 

therapy against some forms of metastatic malignancy (Rhoads, 1946). At first the 

treatment was quite dramatic and remissions occurred relatively quickly. However, the 

tumours almost invariably recurred and became unresponsive towards repeat treatments 

of the same drug, even in higher doses. The problem of resistance was also noted in 

bacteria and certain parallels were being drawn to elucidate the mechanisms (Law,
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Figure 1.9 Mechanisms of cisplatin binding to DNA
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1952). Resistance to chemotherapy can be attributed to a variety of mechanisms. 

Mutations can lead to resistance to a single drug e.g. 5-fluorouracil or a family of drugs 

e.g. all alkylating agents as a result of overproduction of glutathione or 

metallothioneins. Drugs which bind to DNA and prevent DNA replication such as 

cisplatin, can become ineffective if the cell develops mechanisms to overcome the 

irreversible adducts that are formed between the G7 base positions and the aquo groups 

on the cisplatin. This form of resistance is dose limiting.

The mechanism of resistance to cisplatin is still being understood, but it is 

thought to be mediated by intracellular drug concentration, intracellular levels of 

glutathione and other sulfhydryls such as metallothionein that bind to and inactivate the 

drug (Meijer et al., 1990) and the rates of repair of DNA adducts (Parker et a l, 1991). 

When cisplatin forms the adduct with DNA it is thought to produce a bend in the DNA 

helix, which is recognised by specific proteins of the high-mobility group (Huang et a l,

1994) believed to inhibit the repair process. The enzymatic steps that repair cisplatin- 

DNA adducts are likely to include an excision of the affected base, followed by 

insertion of a new base and relegation of the affected strand by an excision-repair 

enzyme known as ERCC-1 which has been located in resistant human ovarian cancers 

(Dabholkar et al., 1994). Cross-resistance can also develop, this has been demonstrated 

with carboplatin which tends to share cross-resistance in most experimental tumours, 

while oxaliplatin and the tetravalent analogues do not, this has led to interest in their 

clinical evaluation (Meijer et al., 1990).

Although in recent years a number of low molecular weight analogues of 

platinum have been prepared in order to improve the therapeutic window (reviewed by 

Weiss and Christian, 1993) conjugation of platinum to drug delivery systems including 

polymers offers a number of challenges which have to be overcome for maintaining 

successful anti-tumour activity. These arise because of solubility problems, and the 

difficulties involved with the release of a biologically active platinum (aqua species), 

which can be converted on or after release to the biologically inactive hydroxy species. 

Polymers (carboxymethyl dextran, CM-Dextran) linked to platinum via carboxylic acid 

groups were the first to be synthesised as they allowed slow passive (hydrolysis) release 

of the platinum (Schechter et al., 1989). In vivo experiments demonstrated a polymeric
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platinum species which was equi-active with respect to cisplatin, possibly due to the 

weak nature of the carboxylic bond and hence rapid release of the platinum. A number 

of HPMA copolymer and polyamidoamine based platinum conjugates have been 

synthesised, which have shown tumour targeting by the EPR effect and improved 

pharmacology (Gianasi et al., 1999), these will be discussed in more detail in chapter 5. 

Another study which has shown promising results has been the use of CM-dextran 

conjugates which were synthesised with CM-dextran of mol wt. 10,000 to 40,000 Da. 

Conjugates demonstrated activity in vitro and were able to release platinum. 

Unfortunately higher molecular weight CM-dextran released platinum which was only 

equi-active in vivo when compared against cisplatin alone (Schechter et al., 1989). 

Other polymeric-platinum conjugates include PEG-Poly-L-lysine conjugated to 

cisplatin which demonstrated a long circulation time (half-life 63 h), and improved 

accumulation in mammary carcinoma in vivo (Bogdanov et al., 1996), and poly- 

phosphazene conjugated to cisplatin which demonstrated reduced toxicity and proved 5 

fold more effective then the free drug (Sohn et al., 1996).

Anthracycline antibiotics

The anthracycline antibiotics and their derivatives are considered to be the most 

important anti-tumour agents in common use today. They are isolated and produced 

from the fungus Strep, peucetius var. caesius. Dox is part of this family (also, 

daunorubicin (analogue of Dox) and idarubicin (synthetic derivative)) and displays a 

broad spectrum of anti-cancer properties; hence it is used effectively against several 

common human neoplasms especially solid tumours.

These compounds have a tetracycline-ring structure with an unusual sugar, 

daunosamine, attached by glycosidic linkage. Cytotoxic agents of this class include 

Dox, daunorubicin, and idarubicin. All have quinone and hydroquinone moieties on 

adjacent rings that permit them to function as electron-accepting and -donating agents. 

Although there are distinct differences in the clinical use of daunorubicin and Dox, their 

chemical structures differ only by a single hydroxyl group on C14. The structure of Dox 

is shown in Figure 1.10

One of the limiting factors related to repeat administration of Dox is its chronic 

and acute toxicity (cardiotoxicity and myelosuppression). In the search for better
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Figure 1.10 Structure of Dox
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anthracyclines with reduced side effects and higher clinical activity, hundreds of 

derivatives and related compounds were synthesised and tested. Several showed 

promising data in clinical studies including idarubicin, epirubicin and the synthetic 

compound mitoxantrone, which is an amino anthracenedione (Arlin et al., 1990; 

Feldman et al., 1993; Wiernik et al., 1992).

A number of important biochemical effects have been described for the 

anthracyclines. The anthracyclines interchelate with DNA, and several functions of 

DNA are affected, including DNA and RNA synthesis. Single and double-strand breaks 

occur, as does sister chromatid exchange. Therefore, the anthracyclines are 

carcinogenic. Scission of DNA is believed to be mediated either by the action of 

topoisomerase II (Tewey et al., 1984) or by the generation of free radicals. The 

anthracyclines are thought to react with cytochrome P450 reductase (which is the 

powerhouse of drug metabolism) in the presence of reduced nicotinamide adenine 

dinunucleotide phosphate (NADPH) to form semiquinone radical intermediates, which 

can in turn react with oxygen to produce superoxide anion free radicals. These can 

generate both hydrogen peroxide and hydroxyl radicals (OH), which are highly 

destructive to cells. The production of free radicals is significantly stimulated by the 

interaction of Dox with iron (Myers, 1988).

In addition, intramolecular electron-transfer reactions of the semiquinone 

intermediates result in the generation of other radicals and, thus, of potent alkylating 

agents. Enzymatic defences such as superoxide dismutase and catylase are believed to 

have an important role in protecting cells against the toxicity of the anthracyclines, and 

these defences can be augmented by the exogenous antioxidants such as alpha 

tocopherol or by an iron chelator, ADR-529 which protect against cardiac toxicity 

(Speyer et al., 1988). The anthracyclines have also been implicated in cellular 

membrane interactions, by altering their functions. These later mechanisms may play an 

important role in both the anti-tumour actions and the cardiac toxicity caused by these 

drugs (Tritton et al., 1978). Because of the main role of action of these drugs which act 

during DNA replication, maximal toxicity occurs during the S phase of the cell cycle. 

At low concentrations of the drug cells will proceed through S phase and die in G2 .
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Dox has been used in the clinical treatment of acute leukemias and malignant 

lymphomas. It has also been used effectively against solid tumours, particularly breast 

cancer. Used concurrently with cyclophosphamide, vincristine, procarbazine, and other 

agents it has been successfully used in the treatment of Hodgkin’s disease and non- 

Hodgkin’s lymphomas. Used in conjunction with cyclophosphamide and cisplatin, it 

has considerable activity against carcinoma of the ovary. The clinical toxicities of Dox 

include myelosuppression which is a major acute dose limiting complication. 

Stomatitis, gastrointestinal disturbances, and alopecia are common side effects but these 

are reversible.

A resistance common to the anthracyclines is the so-called pleotrophic drug 

resistance or MDR. It is well documented that cancer cells can acquire the ability to 

actively pump out drugs rapidly crossing the plasma membrane by activation of a 

cellular excretion system (p-glycoprotein membrane system) (Shapiro et al., 1998). 

When activated the p-glycoprotein pump protects the cell, tumour progression 

undoubtedly leads to activation of the MDR phenotype. The MDR phenomenon is the 

limiting factor in the use of the anthracycline drugs such as Dox, which is the most 

commonly used anti-cancer drug today. The problem of resistance is therefore a 

substantial limiting factor to chemotherapy with cytotoxic drugs.

Dox has been extensively investigated as an anti-tumour drug when combined 

with a delivery system especially polymeric and the number of conjugates is extensive 

(reviewed by Duncan et al., 1996). The interest in synthesising new conjugates with 

clinical advantages over the parent drug is obvious, because of its importance in cancer 

treatment (reviewed by Launchbury and Habboubi, 1993). Dox, as stated above is used 

as a parenteral drug and is administered at a dose of 60 to 80 mg/m^ (i.v.) once every 

three weeks. Because of the dose limiting toxicities of Dox the overall limit to the 

cumulative dose is ~ 550 mg/m^. Polymeric conjugation therefore has the potential to 

offer a number of possibilities for increasing the therapeutic window and overcoming 

mechanisms of resistance. Conjugation of Dox to the non-biodegradable HPMA 

copolymer (PKI) with a linker specifically cleaved in the lysosome, has been shown to 

allow a MTD to be elevated to 320 mg/m^ (Dox equivalent). Anti-tumour activity has 

been observed in Phase I/II clinical trials (Vasey et al., 1999).
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Not all polymer-Dox conjugates have been successful. For example a dextran- 

Dox conjugate was tested in Phase I clinical trial and the conjugate showed a MTD of 

only 40 mg/m^ of Dox equivalent administered on a three weekly schedule (Danhauser- 

Riedl et al., 1993). The dextran derivative however, showed severe hepatotoxicity, 

attributed to RES uptake. Thus, choice of carrier and hence design are a pre-requisite to 

successful delivery and clinical potential.

1.7 General aims of this study

To identify new polymeric carriers with clear potential for use as drug carriers, 

systematic biological characterisation and rational design is required. In this study 

several families of dendrimers were explored as potential drug carriers and in particular 

the use of gen 3.5 PAMAM dendrimers as a carrier for anticancer agents investigated.

First, approximately 20 dendrimers taken from 3 families (PAMAM, DAB, and 

carbosilane dendrimers) were examined in terms of their general biocompatibility using 

in vitro cytotoxicity and RBC lysis assays as indicators (Chapter 3). As biodistribution 

of a carrier can have a significant effect on its potential to deliver a drug to a target 

tissue (particularly a tumour) several generations of PAMAM dendrimer were selected 

for radioiodination and their biodistribution followed after i.v. and i.p. administration in 

rats (Chapter 4).

Then PAMAM dendrimer gen 3.5 was chosen as a non-toxic dendrimer suitable 

for complexation to cisplatin. The synthesis, characterisation, and in vitro cytotoxicity 

of this complex is described in Chapter 5. The PAMAM gen 3.5 dendrimer-Pt was then 

evaluated in vivo using i.p. and s.c. implanted tumours to determine anti-tumour activity 

and in a s.c. B16FI0 model pharmacokinetics (Chapter 6).

As the dendrimer-Pt showed interesting in vivo properties preliminary studies 

were carried out to synthesise and characterise in vitro PAMAM gen 3.5-Dox conjugate 

(Chapter 7).
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2 Materials and Methods

2.1 Materials

Dendrimers were purchased or obtained via collaboration from the following 

sources: PAMAM dendrimers from Aldrich, U.K. and Dendritech Inc. U.S. (Table 2.1), 

DAB dendrimers from Prof. Meijer, University of Eindhoven (Table 2.2), and carbosilane 

dendrimers from Dr. Frey, University of Freiburg (Table 2.2). It is important to note the 

terminology used to describe DAB dendrimers. Gen 5 of the DAB dendrimer contains 64 

amine groups, however for the purposes of comparison and in order to avoid confusion, 

with Gen 4 PAMAM dendrimers which have 64 amine groups, the fifth generation DAB 

dendrimers (according to the number of synthetic steps) are designated Gen 4. The change 

in nomenclature also applies to other DAB generations.

All general reagents, linear polymers (PLL, PEI, and dextran) and anti-tumour drugs 

(cisplatin, tetrachloroplatinum, and Dox) were from Sigma, U.K., with the exception of 

carbodiimide (Pierce Warriner, U.K.), lanthanum (Avocado, U.K.), and ^^^I-labelled Bolton 

and Hunter reagent (Amersham, U.K.). General purpose grade and high performance 

chromatography grade solvents were from BDH, U.K..

C57 and DBA2  mice, and Wistar rats were from Banton & Kingman, U.K.. All

animal experiments were conducted according to Home Office guidelines. Cell lines were 

from ECACC, U.K. and cell culture media was from Gibco, U.K..

2.2 Equipment

Flame and graphite atomic absorption spectrometers were supplied by Perkin Elmer, 

U.K.. The UV-vis spectrophotometer (UV-1601) was from Shimadzu, Germany. The freeze 

drier (FTS systems, flexi-dry) was from VA Howe, U.K.. The micro-titre plate reader 

(multiscan plus) was from Titertek, U.K.. The centrifuge (3.0RS) was from Varifiige, U.K.. 

All dialysis tubing and ultra membrane separators (centriprep), were from Spectropor, U.K., 

and Amicon, U.S., respectively. Chromatography (high performance and gel permeation)
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Table 2.1 Characteristics of PAMAM dendrimers

Dendrimer

generation

Molecular 

weight (daltons)

Number

of terminal groups

Diameter

(A)
Cationic dendrimers 

(-NH2)

1 1,429 8 1 0

2 3,256 16 2 0

3 6,909 32 30

4 14,215 64 40

5̂ 28,826 128 54

6̂ 58,048 256 67

116,493 512 81

8̂ 233,383 1024 97

9̂ 467,162 2048 114

10^ 934,720 4096 135

Anionic dendrimers 

( COO N a^

1.5 2,935 16 N/a

2.5 6,011 32 N/a

3.5 12,419 64 N/a

5.5^ 50,865 256 N/a

7 .5 I' 204,649 1024 N/a

9.5^ 900,000 4096 N/a

Mata from Aldrich (UK) and Dendritech Inc (USA).
All dendrimers purchased from Aldrich (UK), except ^Dendrimers supplied by 
Dendritech Inc. (USA).
N/a - not applicable

65



Table 2.2 Characteristics of DAB and carbosilane dendrimers

DAB dendrimers ^

Generation Mol. Wt. No. of terminal

(daltons) groups

Amine

2 1686.8 16

3 3513.9 32

4 6909.9 64

Carboxylate

1.5 2150.8 16

2.5 4441.9 32

3.5 8765.9 64

"'‘Data obtained from Weener, 1997

Carbosilane dendrimers ^

Generation Mol. Wt. No. of terminal

(daltons) Groups (PEG)

1 4022 12

2 12289 36

^Data obtained from Frey, 1996
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columns (G2000PW and G4000PW) were from Supelco, U.K.. The chromatography pump 

(Constra Metric 3200) was from LDC analytical, U.K.. The variable UV-vis 

spectrophotometer (SAL604) and fluorescence detector (flouromonitor III) were from 

Severn Analytical and LDC/Milton Roy respectively. The y-counter and software were from 

Wallac, U.K.. All data from liquid chromatography experiments were collected and analysed 

using a Powerchrom Data Station and software (Powerchrom), supplied from ADI 

instruments, U.K.. The particle sizer (Mastersizer) was from Malvern, U.K..

2.3 Methods

2.3.1 Cell culture techniques

2.3.1.1 Housekeeping and general maintenance of cells

All cell manipulations were performed in a Class II Laminar flow cabinet using 

standard aseptic techniques. Only sterile media solutions and autoclaved tips were used. 

Cells were grown in a CO2 incubator (5 % CO2, 37 °C), and cultures were sub-cultured 

according to the prescribed split ratio at a stage prior to confluence (Table 2.3). Media was 

changed periodically and cells washed twice with PBS replacing with fresh media. Cells 

were periodically frozen by concentrating 3 confluent flasks (3 x 25 cm^) in a solution of 

PCS and 10% DMSG in one cryogenic vial. When the cells had been transferred to a 

cryogenic vial they were stored in a freezer (- 20 °C) for 1 h before being transferred to a 

freezer (-80 °C) for up to 6 months storage.

2.3.1.2 Evaluation of cell viability using the trypan blue exclusion assay

Before plating out cells for a cell cytotoxicity assay, trypan blue was routinely used 

to assess cellular viability. Adherent cells were trypsinised and suspension cells pooled. A 

sample (25 pi) of the cellular solution (from trypsinised or suspension cells) was placed in a 

sterile vial and a trypan blue stock solution (4 % w/v) diluted with PBS (1 : 1), added to the 

vial which was gently mixed. Cells (5 pi) were placed on the central counting area of an 

improved Neurenbrow haemocytometer slide and covered with a glass coverslip, and the cell 

density assessed using a light microscope (40 x magnification). The number of cells within
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Table 2.3 Cell lines and the respective culture conditions

Cell line Origin Media (+ 10% FCS) Cell plating Split ratio

density/well

B16F10 Murine, RPMI 1640 1 x lO'̂  1:4

Melanoma

CCRF-CEM Human, RPMI 1640 5 x 10̂  1:10

lymphoblastic 

leukaemia

Hep G2 Human, MEM 1 x 10"̂  1:3

hepatocellular 

carcinoma

Cor L23 Human, small RPMI 1640 5 x  10̂  1:4

lung

carcinoma

L1210 Mouse, RPMI 1640 1x 10  ̂ 1:4

leukaemia
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the counting area specified by a large central square surrounded by four smaller squares each 

divided into 16 sections were counted, and an average was taken of the 5 squares. The 

number of cells counted was multiplied by 10"̂  to give the number of cells per ml of the stock 

solution. Cells that appeared colourless were viable, non-viable cells stained blue. The 

percentage of viable cells was calculated from the total cell population.

2.3.1.3 Evaluation of cell viability (and cell numbers) using the MTT method 

(monolayer or suspension)

Cells (1 X 10"̂  for adherent and 5 x 10̂  for suspension, in 100 pi) in the logarithmic 

phase of their growth cycle were plated out in a sterile 96 well micro-titre cell culture plate 

(flat or V bottomed as appropriate), at a cell density appropriate to their recommended 

plating density (as prescribed by ECACC, Table 2.3). Daily 20 pi of MTT solution (5 mg/ml 

in PBS) was added to a row of cells (8 wells). The plate was returned to the CO2 incubator 

and 5 h later, the MTT solution was removed without disturbing the insoluble formazan 

crystals which were then re-suspended in DMSO. The absorbance was assessed 

spectrophotometrically (550 nm) using a micro-titre plate reader after blanking the reader 

with DMSO. The greater the intensity of the blue solution, the greater the number of viable 

cells present. Growth curves were constructed by plotting the intensity of the colorimetric 

change against time (days). Growth curves were used to determine the cell doubling time by 

calculating the time taken for the absorbance to increase by a factor of 2 on a linear part of 

the curve, prior to the confluent and hence death stage. Typical growth curves are shown in 

Figure 2.1. The MTT reaction is shown schematically in Figure 2.2.

2.3.1.4 Assessment of cell cytotoxicity of dendrimers

Cells were plated out at their optimal cell density (Table 2.3) and after allowing the 

cells to recover for 24 h, the cells were washed with PBS, before adding media (100 pi). 

Dendrimer (100 pi) or polymer control solutions (PLL and dextran) in media supplemented 

with 10 % FCS were added at the concentrations shown (n = 4, 100 pi). The pH of the 

media solution was checked and if necessary adjusted to pH 7.4 (at higher dendrimer 

concentrations the media pH was above 7.4 and was returned to pH 7.4 using dilute HCl).
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Figure 2.1 Typical growth curves. Data represent mean ± S.D. (n = 3)
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Figure 2.2 Schematic showing the MTT reaction 
(from Mossman, 1983)
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The plates were then transferred to a CO2 incubator (37 °C, 5 % CO2). After 67 h MTT (20 

pi, 5 mg/ml) was added to each well and the plate returned to the incubator for 5 h. All 

media was removed from each well and replaced with DMSO (200 pi, optical grade). The 

crystals in each well were aspirated to dissolve them in the DMSO for several minutes. The 

plate was then read in a micro-titre plate reader (550 nm, blanked with DMSO). Cells 

incubated in only media were used as an experimental control.

2.3.2 Measurement of haemolysis using rat red blood cells

Red blood cells (RBC) were obtained from adult male rats (Wistar ~ 250 g). The rat 

was killed (schedule 1, terminal dose of carbon dioxide at 4 % concentration) and after 

death was confirmed (pedal/blink reflex and cervical dislocation) blood was quickly removed 

by cardiac puncture and/or opening of the chest cavity. Blood was slowly withdrawn using a 

syringe 21 gauge needle and 1 ml syringe barrel to provide a suction pressure. Blood was 

stored in a lithium/heparanised tube, on ice. After washing the blood several times using 

PBS by diluting the RBC solution in PBS and then centrifijging to concentrate the RBC cells 

(with consequent removal of the PBS and the top few mm of the RBC solution layer), the 

RBC cells were re-suspended in PBS to give a 2 % w/v solution. A stock solution of the 

polymers or dendrimers to be evaluated was made up in PBS (n = 4) and the solution 

checked to ensure that it was pH 7.4. Dendrimers or control polymers (100 pi) were then 

pipetted into polypropylene tubes to give final concentrations in the range 0 - 5  mg/ml. 

Triton-X-100 (1 % solution) and PBS were used to determine 100 % lysis and background 

lysis respectively. To start the experiment RBC (100 pi, 2 % w/v) were added and the tubes 

maintained in a shaking water bath at 37 °C (100 RPM). After the incubation period (1 h or 

24 h) the samples were centrifuged (1500 g, 10 min) to pellet intact RBC and the 

supernatant (100 pi) containing haemoglobin (Hb) was then transferred to a 96 well micro- 

titre plate. The absorbance (500 nm) was measured using a micro-titre plate reader blanked 

with PBS. The degree of lysis was expressed as a percentage of 100 % lysis seen using 

Triton-X-100.
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2.3.3 Scanning electron microscopy

Tumour cells or RBC were incubated with dendrimers, or polymer reference 

standards at a known concentration for 1, 5, or 24 h. At the end of the incubation period, 

the media was removed from adherent cells and cells in suspension were pelleted by 

centrifiigation at 1500 g for 10 min. The cells were then fixed by adding 1 ml of a 2.5 % 

solution of electron microscopy (EM) grade glutaraldehyde in DDW. After 24 h, the 

glutaraldehyde was removed and replaced with osmium tetroxide (500 |il, 1 % solution) and 

left for 1 h. The cells were dehydrated using 50 % ethanol in DDW. The cells were left for 

10 min before removal of the ethanol solution. The drying procedure was repeated using 60, 

70, 80, 90, and 100 % ethanol solutions. After the last drying step hexamethyl-disilazane 

(HMDS) was added to the cells. The samples were then gold coated and visualised using a 

Philips scanning electron microscope. Several cells of the typical general morphology were 

visualised at different resolutions and typical examples photographed.

2.3.4 Characterisation of PAMAM dendrimers

2.3.4.1 Ninhydrin assay

The ninhydrin assay was used to verify the number of amine groups present on the 

surface of cationic and surface-modified anionic PAMAM dendrimers. The ninhydrin 

reagent was prepared as follows; 0.8 g of ninhydrin and 0.12 g of hydridantin were dissolved 

in 15 ml of DMSO and 5 ml of 4 M lithium acetate buffer. The resultant ninhydrin reagent (1 

ml) was added to 1 ml of either the unknown dendrimer solution or as a calibration curve, 

increasing molar concentrations of the amino acid phenylalanine (0.2 -  1.0 mM). The latter 

was used to create a calibration curve. The mixture was placed in a glass test tube and 

heated in a water bath for 15 min at 100 °C. The solution was allowed to cool to ambient 

temperature and a 50% ethanol solution (1.5 ml) added before it was analysed 

spectrophotometrically (X 570 nm) (Plummer, 1978). The ninhydrin reaction is shown 

schematically in Figure 2.3. A typical standard curve is shown in Figure 2.4.
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Figure 2.3 Mechanism of action of ninhydrin with primary amine on Gen 4 dendrimer
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Figure 2.4 A typical calibration graph for the Ninhydrin assay ( n = 3) 
(using phenylalanine as a standard)
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2.3.4.2 Thin layer chromatography (TLC)

TLC was used to examine the purity of dendrimer-Pt and dendrimer-Dox with 

respect to free cisplatin and Dox respectively. In each case the running phase was selected to 

provide good separation of the free drug from the conjugate which remained on the baseline.

For cisplatin and the dendrimer-Pt DMF was used as a running phase. For Dox and 

dendrimer-Dox the following mixture was used: chloroform (30): methanol (4): acetic acid 

(1): water (0.5) (Watson, 1978). An aluminium backed silica based TLC plate was cut into a 

4 cm X 5 cm strip and a line was drawn with a pencil (the origin) about 0.5 cm from the base 

end. Samples were carefully applied by spotting with a thin glass melting point tube, and 

dried under a stream of air. The TLC plate was then placed in a glass beaker containing the 

running phase to a depth deep enough to touch the bottom of the plate without reaching the 

baseline (origin). Whatman paper was also placed in the beaker to humidify the environment, 

and the beaker covered. When the level of the running phase had progressed to within 1cm 

of the top of the plate, it was carefully removed and air-dried. The sample spots were then 

visualised using a fluorescent wavelength lamp using the background fluorescence of the 

silica plate to visualise the position of the cisplatin and the inherent colour and fluorescence 

of the Dox was used to visualise its movement. In order to determine the positions of free 

cisplatin, Dox or dendrimer, appropriate controls were run on the TLC plate. Movement of 

the compounds was expressed as an RF value and compared to the free drug standards. This 

method was also used to check (qualitatively) the purity with respect to free drug of the 

conjugate at different stages of synthesis or purification.

2.3.5 Surface modification of PAMAM dendrimer

2.3.5.1 Preparation of anionic PAMAM dendrimer for ^^ Î-labelling

Anionic PAMAM dendrimer (Gen 2.5, 3.5, or 5.5) was supplied in a methanol 

solution (10 % w/w), as a sodium salt. First samples (10 mg) were aliquoted from a stock 

solution by weighing out the solution to give the amount required taking into account the 

density of methanol (0.831) and dried down under a stream of nitrogen gas to remove the 

methanol. The dendrimer was re-dissolved in 1 ml of DDW to give a final concentration of
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10 mg/ml. The pH of the dendrimer solution was monitored and adjusted to pH 6.5, using 

dilute hydrochloric acid (0.1 M). A molar equivalent of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) was added to activate a carboxyl 

surface group and the reaction left for 30 min at ambient temperature. The ethylenediamine 

containing the free amine group was then added slowly to prevent cross-linking. The 

reaction was allowed to proceed for 4 h to completion, unreacted activated EDC simply 

hydrolysed to produce urea.

2.3.S.2 Preparation of Gen 3.5 PAMAM for conjugation to Dox

PAMAM dendrimer gen 3.5 (25 mg) was weighed and the methanol was removed 

using a stream of nitrogen gas. Dendrimer was re-dissolved in 2 ml of DDW to give a final 

dendrimer concentration of 12.5 mg/ml. A molar equivalence (0.775 mg from stock 

solution) of EDC was added in an attempt to modify 1 surface carboxyl group. The pH of 

the solution was maintained at 5.5, for 30 min. The pH was then raised to 6.5 before 

addition of Dox (hydrochloride salt) (see section 2.4). The reaction scheme is shown in 

Chapter 6.

2.3.6 Synthesis and characterisation of dendrimer-Pt

2.3.6.1 Synthesis of PAMAM dendrimer-Pt

Gen 3.5 PAMAM dendrimer (1 g) was dissolved in 10 ml of DDW, without removal 

of the methanol. Cisplatin (0.8 g, to give a molar ratio of dendrimer to cisplatin of 1:35) was 

dissolved in 400 ml of water (maximum solubility of cisplatin is 2 mg/ml). Once the cisplatin 

was fiilly dissolved, the dendrimer solution was added dropwise under stirring to the 

cisplatin solution. The solution was left to react for 4h. Purification of the dendrimer-Pt was 

achieved by dialysis (10,000 Da molecular weight cut off) against DDW for 2 days, or 

centriprep concentration (3,000 Da molecular weight cut off) using centrifugation. Purified 

dendrimer-Pt was lyophilised. The levels of free platinum in the final complex was 

determined using TLC. Table 2.4 shows the characteristics of 8 batches of dendrimer-Pt. A 

general ratio (dendrimer : cisplatin) for synthesis of 1:35 or 1:50 (batches CDl and CD2)
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Table 2.4 Synthesis method and analytical profile of 7 batches of dendrimer-Pt

Batch code Amount

(synthesised)

Yield

(mg)

Yield 

(wt % )

Purification Pt (Wt % j f

C D l 10 mg (3.5) and 12 mg (CDDP) N /k ” N/k Dialysis bag 23 (oPD A)

CD2 10 mg (3.5) and 12 mg (CDDP) N/k N/k Dialysis bag 22 (oPD A)

CD3 0.05 g (3.5) and 0.0362 g (CDDP) 16 mg 18.5 Dialysis bag 23.2 (AA)

CD4 0.8 g (3.5) and 0.676 g (CDDP) 979 mg 66.3 Centrifugation 23 (A A ), 25.6 (external)

CDS 0.75 g (3.5) and 0.634 g (CDDP) 327.4 mg 23.65 Centrifugation 24.55 (AA)

CD7 1 g (3.5) and 0.734 (CDDP) 484.10 mg 27.9 Centrifugation 21.735 (AA ), 20.0 (external)

CDS 1 g (3.5) and 0.845 g (CDDP) 500 mg 27.1 Dialysis bag 26.9 (AA)

^Method of analysis shown in parenthesis.

CD6 was synthesized using a different method (reflux) and the product obtained was a black powder so the conjugate was discarded 

batch mean wt % = 23.623 (sd = 1.764). All ratios used were 1 ;35 (dendrimer;cisplatin), except CDl and 2, where the ratio used wasl :50. 

Purification achieved using either centrifugation (mol. wt. cut off 3,000 Da, centriprep concentration) or dialysis (mol. wt. cut off 3,500 or 

10,000 Da). No free platinum detected by TLC. *N/k = not known
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was used and the wt % platinum was consistent over all batches. Samples were stored at 

room temperature.

2.3.6.2 Chloride ion release

Measurement of chloride release using a chloride meter was used to indicate the rate 

of reaction between cisplatin and PAMAM dendrimer (gen 3.5 and 4). This was compared 

with the chloride release induced by simple hydrolysis of cisplatin in DDW. Cisplatin (8.45 

mg -  gen 3.5, 7.38 mg -  gen 4) was reacted with dendrimer (10 mg) and at specific time 

intervals (every 2 min for the first hour), a sample of the reaction mixture (20 pi) was 

removed and added to a solution of DDW (2ml) against which the chloride meter was 

equilibrated and blanked. The chloride ion content was then determined by the meter. The 

procedure was carried out for cisplatin and Gen 3.5 and Gen 4 during reaction with 

cisplatin.

2.3.6.3 o-PDA (o-phenylenediamine) assay

The o-PDA assay was initially used to quantitate the total amount of platinum in the 

dendrimer-Pt preparation. A standard of cisplatin in DDW was prepared by making a 

solution of cisplatin (6 mM in DDW). 1 ml of the cisplatin solution or the dendrimer-Pt, of 

known weight in 1 ml of DDW was mixed with 1 ml of o-PDA reagent (0.24 M in DMF) 

and the pH was adjusted to pH 6.5 using 2 ml of buffer (0.01 M sodium dihydrogen 

phosphate). The solution was heated for 15 min in a boiling water bath (100 ®C) and cooled 

to room temperature. DMF was added to give a final volume of 10 ml and the absorbance 

read against water (Schechter et a l, 1986). A typical calibration curve is shown in Figure 

2.5. The reaction scheme is summarised :
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Figure 2.5 Typical calibration curve for the o-Phenylenediamine assay 
to quantify cisplatin (n = 3)
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X + Pt2+
NH.

o-PDA Platinum(II) compound

? P 
' \m ZO]SJ 1

H H

o-PDA-platinum complex

2.S.6.4 Determination of platinum concentration using atomic absorption 

spectroscopy (AAS)

Flame atomic absorption spectroscopy

Flame AAS was used to determine the platinum concentration in the dendrimer-Pt 

conjugates and to assess the stability of dendrimer-Pt in biological buffers during the in 

v/Yro-release study. A known amount of dendrimer-Pt (typically 10 mg of the conjugate) was 

dissolved in DDW (250 ml) and standards of cisplatin or potassium tetrachloroplatinate (II) 

were made up in the range I -  100 part per million (ppm). Several drops of concentrated 

nitric acid (10 M) were added to prevent the formation of interference ions (e.g. platinum 

oxides) that might cause irregular readings by the AAS. The AAS machine was set to the 

maximum ppm of 100 ppm and a calibration curve constructed. The dendrimer-Pt 

(unknown) was then analysed and the platinum concentration determined. The platinum 

content was expressed in terms of weight percentage. A platinum calibration curve is shown 

in Figure 2.6.

Certain experiments (see section 2.3.6.5 in this chapter) involved measurement of 

platinum release from the dendrimer-Pt. To analyse the fluids collected from these 

experiments 2000 ppm of lanthanum nitrate (an oxidising agent) and 0. IM HCl was added 

to the PBS solution to prevent the formation of platinum oxides. This reaction can be 

summarised as follows:

4 La + 30?

La + Ptx O2

2 La2 O3 

La2 O3 + Ptj
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Figure 2.6 Typical platinum standard calibration curve obtained 
using flame atomic absorption spectroscopy (n = 3)
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Graphite furnace atomic absorption spectroscopy

Graphite AAS was used to determine the platinum concentration in tissues in the 

biodistribution study. Graphite AAS is a better method for detection of platinum as 

interference of Pt detection is not a problem and also the method is sensitive in the part per 

billion (ppb) range.

Animal organs or tumour tissue were weighed and placed in a glass vial. Nitric acid 

(5 ml, lOM) was added (10 ml in the case of the liver) and the vials were placed on a hot 

plate at 100 °C. Once the organs had dissolved, hydrogen peroxide was added carefully, 

drop-wise to decolourise the typically yellow solution. When it was clear, the solution was 

concentrated to a 1 ml volume by further heating. Cisplatin standards (100, 200, and 300 

ppb) were prepared in the same way and a calibration curve prepared. The solutions were 

allowed to cool and diluted accurately using DDW in a graduated conical flask to a volume 

of 25 ml, and thoroughly mixed by inverting. All samples (1 ml) were analysed in triplicate 

after AAS calibration with the cisplatin standards.

2.3.6.S In vitro release of platinum in biological fluids from dendrimer-Pt

Dendrimer-Pt (10 mg) was placed in buffer solutions, either PBS at pH 7.4 or 

citrate-phosphate at pH 5.5. The solutions were sealed in a dialysis bag (molecular weight 

cut off 10,000 Da). The bags were placed in a beaker and dialysed against the corresponding 

buffered solution (10 ml). The solutions were then transferred to a heated water bath at 37 

°C. At regular intervals (over a 72 h), samples of the solution (0.5 ml) were removed and 

analysed in triplicate using flame AAS. At the end of the experiment a sample was taken 

from within the bag to determine the amount of platinum still remaining within the bag.

2.3.7 ^^^I-Radiolabelling of PAMAM dendrimer by Bolton and Hunter reagent

PAMAM dendrimer, Gen 3 and 4 (10 mg), or Gen 2.5, 3.5, and 5.5 (20 mg) (with a 

modified carboxyl group using ethylenediamine) (see section 2.3.5.1) was dissolved in 1 ml 

of borate buffer (pH 8.5). In a fume-cupboard, 0.5 mCi (100 pi) of Bolton and Hunter 

solution in benzene was carefully dried down under a stream of nitrogen gas in a glass vial. 

The dendrimer solution was then added to the ^^^I-labelled Bolton and Hunter and allowed
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to react for 15 min on ice, mixing periodically. After 15 min a sample (5 p.1) of the reaction 

mixture was removed and the remaining solution was carefully transferred to a dialysis bag. 

The sample was dialysed in a 5 L conical flask against NaCl solution (1 %) and dialyse was 

changed 3 times a day until the radioactivity in the dialysate had dropped to background. 

The ^^^I-labelled dendrimer preparation was then transferred to a vial and stored at 4 °C until 

use. The reaction scheme is shown in Figure 2.7.

Paper electrophoresis was used to determine the percentage of free iodine in a ^̂ 1̂- 

labelled dendrimer sample. A Shandon tank was prepared by adding barbitone buffer 

(O.OIM, pH 8.6). Whatman no. 1 paper was cut up into strips (approx. 1 cm x 25 cm) and 

40 lines drawn horizontally from end to end (0.5 cm apart). The strip of paper was soaked in 

barbitone buffer and air-dried. The strip was then placed in the Shandon tank, with both 

ends in the buffer and a sample (4 pi) of the reaction mixture or purified ^^^I-labelled 

dendrimer was carefully applied onto the baseline marked at one end of the strip. The 

electrophoresis was run for 30 min (400V, 13A). A sample of ^^^I-labelled Bolton and 

Hunter was also applied as a standard. The paper was then dried and cut into strips, that 

were placed in Luckham’s tubes in 1ml of DDW and assayed for radioactivity. Then the data 

was expressed as CPM against distance moved. Specific activity was calculated by 

determining the CPM of the sample in 1 ml of known dendrimer concentration and 

converting to pCi/mg.

2.3.8 Body distribution of ^^ Î-labelled dendrimers in rats

Rats (Wistar, male, 25Og) were injected either i.p. or i.v. with ^^^I-labelled dendrimer 

at a dose of 50,000 cpm (~10 pg cationic, ~1 pg anionic). The rats were left in metabolic 

cages to allow collection of faeces and urine. After 1 h the rats were killed and the principle 

organs (liver, heart, lung, spleen, kidney) were removed, the bladder emptied and all the 

organs washed in PBS, and finally weighed. For i.p. injections a peritoneal wash was also 

taken by washing the peritoneal cavity with 5 ml of buffer. The organs were then made up to 

a 5 ml volume in water and homogenised using a blade homogeniser. The radioactivity was
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Figure 2.7 Bolton and Hunter reaction when labelling 
amine group on dendrimer surface
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assessed using a y-counter and the results expressed as percentage accumulation in each 

organ and percentage of recovered dose with respect to the total recovered.

2.3.9 Evaluation of anti-tumour activity of cisplatin and dendrimer-Pt

All animal experiments were carried out according to criteria laid down in the 

UKCCCR guidelines for the welfare of animals in experimental neoplasia. In the case of the 

i.p. tumour models, B16F10 murine melanoma and L1210 (10^ cells) were injected into C57 

male mice (6 - 8  weeks old) and DBA2 male mice (6 - 8  weeks old) mice respectively ( 5 - 6  

animals per experimental group). Cisplatin was administered i.p. at doses of 0.5 - 3 mg/kg 

and dendrimer-Pt conjugate at doses of 5 - 40 mg/kg. Note, all doses shown are given in 

platinum-equivalents unless otherwise stated. The B16F10 tumour was treated by a single 

dose on day 1; for L1210, the treatment was administered on days 1, 2, and 3.

To provide a solid tumour model, B16F10 cells (10  ̂ cells) were also injected into 

C57 mice s.c. When the tumour had developed to a mean area of 50 - 100 mm  ̂ (after 

approximately 12 days), animals were treated i.v. by a single dose of cisplatin (0.5 - 1.0 

mg/kg) or dendrimer-Pt ( 5 - 1 5  mg/kg). In both cases animals were monitored for general 

health, weight loss, tumour progression and at termination were examined by post-mortem 

with tumour weights taken.

The procedures used are summarised in Figure 2.8.

2.3.10 Measurement of pharmacokinetics in vivo of cisplatin and dendrimer-Pt

C57 mice bearing a s.c. B16F10 tumour were injected i.v. with either cisplatin 

1 mg/kg (it’s maximum tolerated dose, MTD) or the PAMAM dendrimer-Pt (1 and 

15mg/kg). At 0, 1 , 5, 12, 24, and 48 h the mice (5 per group) were killed. Blood, tumour 

and the key organs (liver and kidney) were removed and weighed. The platinum 

concentration in tissues was determined using graphite AAS analysis. The results were 

expressed as platinum concentration per gram of tissue or per ml of blood.
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Figure 2.8 Tumour models used to evaluate dendrimer-Pt
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2.3.11 BUN assay (blood urea nitrogen)

The BUN assay is a commonly used assay to determine nephrotoxicity by assaying 

for the elevation of blood urea nitrogen levels in blood. In order to determine BUN levels in 

mice, C57 mice were injected i.v. with a single dose of saline (control), cisplatin (1 mg/kg, 

positive control) and dendrimer-Pt (15 mg/kg). After 4 days mice were killed and blood 

removed by cardiac puncture and transferred into a heparinised tube. The blood was 

centrifuged at 3774 g to separate plasma/serum. A known quantity of which was removed 

and analysed using a pre-formulated assay kit (Sigma, UK) to determine the level of urea 

nitrogen in plasma or serum (Talke and Schubert, 1965). The BUN reagent was gently 

prepared in 10 ml of DDW. The UV-Vis spectrophotometer was set to a wavelength of 340 

nm, and cuvettes prepared for the test sample and blank. The BUN reagent (995 p.1) was 

pipetted into each tube containing 5 |il of the sample of serum/plasma from the mouse or 

water as a control (to give a final sample to reagent ratio of 1 : 200). The solutions were 

then heated to 37 °C for 5 min and the absorbance was read and recorded. Calibration for 

the BUN assay was achieved using urea standards at concentrations of 10 dl, 20 dl or 100 

dl. The reaction can be summarised as follows:

Urea + H2O (urease) 2 NH3 + CO2

NH3 + a-Ketoglutarate + NADH (GLDH) Glutamate + NAD + H2O

Urea is hydrolysed to ammonia and carbon dioxide in the reaction catalysed by 

urease. The ammonium serves to aminate a-ketoglutarate to glutamate with the concurrent 

oxidation of NADH to NAD in the reaction catalysed by glutamate dehydrogenase (GLDH). 

The decrease in absorbance of a sample incubated with the reagent at 37 °C at 340 nm 

results from the oxidation of NADH to NAD, and this is assumed to be directly proportional 

to the BUN concentration in the sample.
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2.3.12 Synthesis and characterisation of dendrimer-Dox

2.3.12.1 Synthesis of PAMAM dendrimer-Dox

After activation of PAMAM Gen 3.5 with EDC, 2.3 mg (from stock solution) of 

Dox was dissolved in 4 ml of DDW to give a final concentration of 0.58 mg/ml. The Dox 

was then added drop-wise to the dendrimer-EDC solution under stirring conditions, at room 

temperature and in the dark, the pH was monitored and if it decreased, the pH was raised 

back to 6.5 with a dilute solution of sodium hydroxide (0.5 M). The reaction was allowed to 

proceed, in the dark for 4 h. The dendrimer-Dox was separated from free Dox using solvent 

extraction with chloroform. The aqueous reaction mixture was diluted 1 : 1 with a solution 

of chloroform. The two liquid phases were thoroughly mixed by inverting several times and 

then left to stand until both phases separated. The chloroform phase (containing the free 

Dox) was then removed, and the solvent extraction procedure repeated three more times or 

until no free Dox could be detected in the chloroform phase by the eye. The reaction mixture 

was then further purified by centrifugation using Centriprep concentrators (molecular weight 

cut off 3,500 Da) for 90 min in a centrifuge at 4000 rev/min (3774 g). The product was then 

freeze dried. The dendrimer-Dox was stored in the at less than 4 °C in the dark.

2.3.12.2 Quantification of total Dox in dendrimer-Dox conjugate by HPLC

In order to quantify the Dox level in the dendrimer-Dox the aglycone was cleaved 

and quantified by HPLC. A known amount of dendrimer-Dox was diluted in DDW and 

stored in polypropylene tubes. HCl (1 ml, 2M) was added and the solution was heated to 80 

°C in a water bath for 20 min. NH4COOH buffer at pH 8.5 (IM. 3 ml) was added and the 

pH adjusted to 8.5. Sodium hydroxide (1 ml, 2M) was added and the pH adjusted to the 

range 7.0 - 8.5. The solution was mixed well by vortexing for 10 seconds. Then 5 mis of a 

chloroform : isopropanol (4:1) mixture was added. The solution was vortexed for 20 sec 

(three times) and centrifuged at 1000 g for 30 min (three times). The aqueous phase was 

removed using a pasteur pipette. The organic phase was dried under a continuous stream of 

nitrogen gas in a fume cupboard. The dried component was then re-suspended in methanol 

(100 pi) prior to HPLC injection. The aglycone was then analysed on HPLC with
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daunomycin (Dnm) as an internal standard, which was spiked into the sample prior to final 

analysis on HPLC.

HPLC grade isopropanol (29%, pH 3.2) was used as the mobile phase (2 1), afl;er 

filtration through a Millipore filtration system. The solution was degassed by sonication for 

30 min. The mobile phase was then pumped into a HPLC column and allowed to equilibrate 

at a flow rate of 0.1 ml/min for 12 h. The baseline was checked and the flow rate then 

increased to 1 ml/min, and left for 1 h. The flow rate was checked by measuring the time 

taken to collect 1 ml of mobile phase in a graduated glass-measuring cylinder. The 

fluorescence detector set to 485 nm for excitation and 515 for emission.
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3.1 Introduction

Any macromolecular drug delivery system must be non-toxic and non- 

immunogenic if it is to be useful for parenteral administration (Duncan, 1992a). A 

number of studies have demonstrated the importance of early investigation on the 

biocompatibility of novel polymeric materials (Choksakulnimitr et al., 1995; Rihova, 

1996) and novel polymer-drug conjugates (Soyez et al, 1997) in order to avoid fijture 

problems in vivo. Therefore it was considered very important at the beginning of this 

study to establish the structure activity relationships of dendrimer biocompatibility 

before selecting dendrimers with potential for further study as drug carriers in vivo.

Various methods have been used to measure biocompatibility. Choksakulnimitr 

et al. (1995) investigated the in vitro cytotoxicity of a number of macromolecules in 

several cell culture systems (including macrophages and brain microvessel endothelial 

cells). The first potential site of interaction between a macromolecule and a cell is the 

plasma membrane and consequently any membrane damage can lead to lactate 

dehydrogenase (LDH) release into the extracellular fluid. In that study LDH release was 

used as a measure of cytotoxicity. This method was established as a cytotoxicity screen 

by Wroblewski and LaDue (1955), and it was found to be comparable with other 

established cytotoxicity tests such as the ^^Cr release method (Bordenave et al., 1993). 

^^Cr release is recommended by the Food and Drug Administration (FDA) as a general 

cytotoxicity screen (Sigot-Luizard and Warocquier-Clerout, 1993).

Choksakulnimitr et al. (1995) found that cationic polymers such as PLL and 

protamine caused significant LDH release resulting in cell death. In contrast neutral 

polymers such as dextran (T-70) and anionic polymers such as dextran sulphate, CM- 

dextran, and bovine serum albumin (BSA) only showed slight release of LDH.

Haemolysis assays

When injected i.v. blood is the first environment a polymer will meet. An 

understanding of likely haematocompatibility is an important preliminary test before 

evaluation in vivo. Incubation of polymers with isolated RBC has also been be used to 

assess polymer-membrane interaction leading to changes in cellular morphology or even 

haemolysis (Duncan et al., 1991b). Although many forms of toxicity/bio-interaction can 

be very important in the bloodstream e.g. immunogenicity, complement activation.
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cytokine release, platelet aggregation (Duncan et al., 1991b) the simple haemolysis 

assay is used as an initial screen. It is easy to use and can allow comparison of the 

haemolytic behaviour of a family of polymers which vary systematically e.g. in 

molecular weight or charge. Previous studies have shown that linear cationic polymers 

such as PLL and PEI are very haemolytic whereas dextran is non-haemolytic (Duncan 

et al., 1991b). Thus these polymers have been adopted as reference materials in other 

studies (Sgouras, 1990).

Dextran (Jeanes, 1966) is a polysaccharide composed of ( l-> 6 )-linked a-D- 

glucopyranosol residues. Dextran has a well-defined structure, is biologically inert, has 

good water solubility, is stable under mild alkaline and acidic conditions. Dextran 

possesses functional hydroxyl groups which can be chemically derivatised and this has 

led to its use as a plasma expander and as a drug-carrier (Lindberg et al, 1984).

PLL was initially proposed as a carrier for cytotoxic agents (Ryser and Shen, 

1986) and extensively studied by Arnold et al. (1983) both as an antineoplastic agent 

and as a tumour-specific drug carrier. More recently Feigner (1990) and Wolfert and 

Seymour (1996) have investigated the potential of PLL as a delivery system for DNA in 

the context of gene therapy. PLL has been shown to bind tightly to cells and induce 

morphological changes in the plasma membrane. This can lead to rapid leakage of small 

molecules from within the cell and also causes a rapid decrease in DNA, RNA, and 

protein synthesis (Arnold et al., 1983). The toxicity and antineoplastic activity of PLL 

has been shown to increase strongly with increasing molecular weight. PLL cytotoxicity 

was shown initially in vitro using the HeLa cell line, and PLL antineoplastic activity 

was demonstrated using an Ehrlich ascites tumour model in mice. The L and D isomers 

of polylysine showed differential toxicological properties. Poly-D-lysine was less toxic 

than the L form and it was postulated that this was due to the non-biodegradability of 

the D form (Arnold et al., 1983). Choksakulnimitr et al. (1995) showed that the degree 

of lysis increased when cells were incubated with PLL of increasing molecular weight 

and increased incubation times.

PEI has physical and chemical properties very similar to those of PLL. PEI has 

also been used as a carrier for gene delivery (Remy et al., 1998). It also shows a high
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degree of membrane interaction and this causes haemoglobin release from RBC 

(Sgouras, 1990).

Over time on storage, RBC will naturally lyse in PBS even if kept at 4®C. 

Factors such as the overall charge and molecular weight of a polymer have been shown 

to heavily influence the degree of release of haemoglobin (Hb) or lysis with time 

(Duncan et al., 1991b). Therefore incubation periods of 1 h were generally used (in 

some cases 24 h) in the RBC lysis experiments undertaken in this study.

Cationic polymers may inflict membrane damage without causing release of Hb. 

Visualisation of RBC morphology using SEM provides an additional tool that can be 

used to reveal potential damage to the RBC membrane.

Cytotoxicity assays

Many methods have been used to assess cell viability. These include trypan blue 

(dye exclusion), [^HJthymidine incorporation, and DNA, and protein assays (Sgouras 

and Duncan, 1990). The ‘best’ method for screening polymer effects on cell viability is 

still an open question. Methods using protein and DNA quantification have been 

criticised because they assume that cell viability will be directly proportional to total 

protein or DNA content. These assays do not take into account cells of different size 

(which may be at different stages of the cell cycle) or the presence of non-viable cells 

which would also give a positive result.

MTT (Mossman, 1983) is a dye that is metabolised by functioning mitochondria. 

The MTT assay is a relatively rapid and accurate method for determining cell viability. 

This assay also has some limitations. The exact metabolic path for MTT is unclear 

(Yuanbin et al., 1997). There is also a risk that the polymers being tested may interfere 

with the assay giving a false positive result. It is also possible that within the limits of 

the MTT assay, those mitochondria which can partly function may still metabolise the 

dye even though the cell is damaged.

The MTT assay was originally developed as a quantitative assay for assessment 

of cell proliferation and viability. It has subsequently been used as a chemosensitivity 

assay. Sgouras and Duncan (1990) and Shimoyama et al. (1989) studied and compared 

the predictability of the MTT assay with respect to direct cell counting, [^H] thymidine
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incorporation, and the clonogenic assay. They showed that the reproducibility between 

the different assays in determining cell viability was very good. Shimoyama et al. 

(1989) earlier demonstrated that the in vivo predictability rate of the clonogenic assay 

was closely correlated to the in vitro rate.

Generally, adherent cells grown as a monolayer tend to be more robust then cells 

grown in suspension, perhaps because of the differences in surface area available for 

interaction with the polymer. Sgouras (1990) demonstrated that there were differences 

in cytotoxicity of cationic polymers (PLL and PEI) when evaluated with adherent (Hep 

G2) or suspension (CCRF) cell lines. The CCRF suspension cell line was more sensitive 

to these polymers when compared to the adherent cell lines, independent of whether the 

media used during incubations included serum proteins or not. In addition it was shown 

in these experiments, that cells should always be used in the logarithmic phase of their 

cell cycle in these assays. This is because it has been suggested that the metabolism of 

MTT is slower when cell cultures reach confluence (Finlay et al. 1986). Thus cells 

should be used pre-confluence to ensure reproducibility.

The aims of the study were to investigate the biocompatability (membrane 

activity with RBC and cell cytotoxicity) of PAMAM, DAB, and carbosilane dendrimers 

to try to find a correlation between surface and generation (molecular weight), and thus 

select biocompatible dendrimers for use as drug carriers.

3.2 Method

The haemolytic and cytotoxicity behaviour of anionic and cationic PAMAM and 

DAB and carbosilane dendrimers (Tables 2.1 and 2.2, Chapter 2) was studied as 

described in Chapter 2 (section 2.3.1.4 and 2.3.2). In both cases PLL and dextran were 

used as reference controls. In addition PEI was used as a reference control in the 

haemolytic assays.

The cell lines used to evaluate cytotoxicity were B16F10, CCRF, COR L23, and 

L1210 cells.
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SEM of RBC and the cells in cytotoxicity assays were conducted according to 

the protocols described in Chapter 2 (section 2.3.3). Incubations times of 1 and 24 h 

were used.

3.3 Results

3.3.1 RBC lysis 

PAMAM dendrimers

All anionic PAMAM dendrimers (gen 1.5 to 9.5) were non-haemolytic (Figures 

3.1a, 3.2a), SEM of RBC exposed to gen 3.5 and 9.5 confirmed no morphological 

changes at concentrations of 5 and 2 mg/ml respectively (Figures 3.1b, 3.2b). SEM of 

RBC incubated with dextran showed some membrane pitting on the RBC surface.

In the case of the cationic PAMAM dendrimers, gen 1 was not lytic at 1 h. 

However, lysis was observed for the cationic PAMAM dendrimers gen 3 and 4 (above 3 

and 1 mg/ml respectively) (Figure 3.3a). SEM revealed that gen 4, even in the non- 

haemolytic concentration range 10 pg/ml - 1 mg/ml, induced substantial changes in 

RBC morphology (1 h). When exposed to gen 4 at 1 mg/ml the RBC were grossly 

deformed, and at 10 pg/ml cells had a pitted appearance (Figure 3.3b). RBC incubated 

with PLL at 0.01 mg/ml seemed to become fused (Figure 3.1b).

DAB dendrimers

Anionic DAB dendrimers were only incubated with RBC over 24 h. Like the 

anionic PAMAM dendrimers (1 h) DAB dendrimers (24 h) did not cause haemolysis 

(Figure 3.4a). PEI was used as a positive reference control in these studies and it did not 

induce substantial haemolysis.

Like PAMAM dendrimers, the cationic DAB dendrimers displayed haemolytic 

effects (Figure 3.5a). At 1 h all cationic DAB dendrimers were equally haemolytic (gen 

2 - 4). In contrast, PAMAM dendrimers demonstrated a distinct effect of molecular 

weight on haemolysis. Gen 1 was not haemolytic whereas gen 3 and 4 were haemolytic. 

SEM of RBC exposed to DAB gen 4 are shown in Figure 3.5b. Incubation at 

concentrations of 5 |ig/ml and 1 mg/ml (1 h) reveal a ‘coating’ of RBC. The RBC also 

appear to be ‘clumped’. This physical appearance contrasts with the RBC morphology
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Figure 3.1 a) Effect of anionic PAMAM dendrimers on Hb release from RBC (1 h)
b) Typical morphology of RBC from 4 scans (1 h)

(The data represent mean ± SEM, n = 3)
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Figure 3.2 a) Effect of anionic PAMAM dendrimers on Hb release from RBC (1 h)
b) Typical morphology of RBC from 4 scans (1 h)

(The data represent mean ± SEM, n = 3)
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Figure 3.3 a) Effect of cationic PAMAM dendrimers on Hb release from RBC (1 h)
b) Typical morphology of RBC from 4 scans (1 b)

(The data represent mean ± SEM, n = 3)
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Figure 3.4 Effect of (a) anionic and (b) cationic DAB dendrimers
on Hb release from RBC (24 h)

(The data represent mean ± SEM, n = 3)
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Figure 3.5 a) Effect of cationic DAB dendrimers on Hb release from RBC (1 h)
b) Typical morphology of RBC from 4 scans (1 h)

(The data represent mean ± SEM, n = 3)
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seen when RBC were incubated with the PAMAM dendrimer gen 4. In this case the 

RBC showed the ‘clumping’ effects but not the ‘coating’ like appearance.

Carbosilane dendrimers

No lysis was seen when RBC were incubated with carbosilane dendrimers (up to 

2 mg/ml) (Figure 3.6).

The concentrations at which 50 % lysis occurred (Hbso) is summarised in Table 

3.1 for all the dendrimers tested in this study.

3.3.2 Cell Cytotoxicity 

PAMAM dendrimers

Anionic dendrimers (gen 1.5 - 9.5) were not cytotoxic towards all cell lines up to 

concentrations of 5 mg/ml, and cell viability was comparable to that seen using dextran 

(Figure 3.7a, 3.8b, 3.11b, and 3.12b). In addition the SEM of B16F10 cells when they 

were exposed to anionic dendrimers (gen 3.5 and 9.5) demonstrated no morphological 

changes across the concentration range tested (Figure 3.7b, 3.9).

Cationic (gen 1 -4 )  PAMAM dendrimers were tested with 3 cell lines; B16F10, 

CCRF, and Hep G2. The higher PAMAM generations (gen 5 - 8 )  were only tested 

against B16F10 cells. When incubated with B16F10 and CCRF cells, cationic PAMAM 

dendrimers gen 1 - 4  were cytotoxic (Figure 3.10a, 3.11) and showed IC50 values, 

similar to PEL (Table 3.2). The exception was the Hep G2 cell line, where gen 3 

produced more cytotoxicity compared to gen 4 (Figure 3.12a). The higher cationic 

PAMAM’s, gen 5 - 8 ,  were cytotoxic against B16F10 cells (Figure 3.8a), and showed 

IC50 values again comparable to PEL (Table 3.2). When B16F10 cells incubated with 

gen 4 were visualised using SEM after 1 h (Figure 3.10b) or 5 h (Figure 3.13) a 

substantial amount of membrane damage was seen at the higher concentrations. After 1 

h (5 |xg/ml) gen 4 did not produce any detectable changes in cell morphology. After 5 h, 

however, distinctive craters appeared which indicated the beginnings of surface damage. 

In contrast, PEE at 1 mg/ml (Figure 3.9) caused substantial damage to B16F10 cells at 1 

h.
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Figure 3.6 Effect of carbosilane dendrimers on Hb release from RBC (1 h)
(The data represent mean ± SEM, n = 3)
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Table 3.1 HB 5 0  values for the different families of dendrimers

Dendrimer HB50
mjg/ml

PAMAM
Gen 2 > 5
Gen 3 4.5
Gen 4 1.5

DAB (original synthesis)
Gen 2 3
Gen 3 2.5
Gen 4 2

Carbosilane
G1 > 2
G2 > 2

PEI ~1

Dextran > 5
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a)

Figure 3.7 a) Cytotoxicity of anionic PAMAM s on B16F10 cells, 72 h
b) Typical morphology of B16F10 cells from 4 scans (1 h)

(The data represent mean ± SEM, n = 3)
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Figure 3.8 a) Cytotoxicity of (a) cationic and (b) anionic PAMAM s on B16F10 cells, 72 h.
(The data represent mean ± SEM, n = 3)
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Figure 3.9 Typical morphology of B16F10 cells from 4 scans at 1 h
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Figure 3.10 a) Cytotoxicity of cationic PAMAM dendrim ers with B16F10 cells, 72 h
b) Typical morphology of B16F10 cells from 4 scans (1 h)

(The data represent mean ± SEM, n = 3)
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Figure 3.11 Cytotoxicity of cationic (a) and anionic (b) PAMAM
dendrimers with CCRF cells, 72 h

^ (The data represent mean ± SEM, n = 3)
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Table 3.2 IC5 0  values for (a) anionic and (b) cationic PAMAM dendrimers
against several cell lines

a) Data represent mean, n = 3 (mg/ml)

Dendrimer Reference standards

Cell 1.5 2.5 3.5 5.5 7.5 9.5 PLL Dex
B16F10 > 2 > 2 >2 > 10 > 10 > 10 0.08 > 10
CCRF > 2 > 2 >2 - - - 0.03 > 2
Hep G2 > 2 > 2 >2 - - - 0.015 > 2

b) Data represent mean, n = 3 (mg/ml)

Dendrimer Reference standards

Cell 1 2 3 4 5 6 7 8 PLL Dex

B16F10 > 2 > 10 0.1 0.1 0.3 0.3 0.3 0.3 0.08 > 10
CCRF > 2 - 0.03 0.03 - - - - 0.03 > 2
HepG2 > 2 - 0.6 2 - - - - 0.015 > 2
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Figure 3.12 Cytotoxicity of (a) cationic and (b) anionic PAMAM
dendrimers with Hep G2 cells, 72 h
(The data represent mean ± SEM, n = 3)

a)

0
1Gs

G

u

1601

100 -

001

dextran

Gen 1

Gen 4

Gen 3

.01 .1 1 
Polymer conc. (mg/mL)

10

b)

Iou
1 “

G

u

100 -

80-

20 -

001

dextran 
Gen 1.5 
Gen 2.5 
Gen 3.5

PLL

.01 .1 1 

Polymer conc. (mg/ml)

10

111



Figure 3.13 Typical morphology of B16F10 cells from 4 scans at 5 h

a) Control

c) Gen 4 (2 mg/ml)

b) Gen 4 (0.005 mg/ml)
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Chapter 3 : Dendrimer Biocompatibility

Gen 10 presented difficulties when undertaking the cell cytotoxic assay. This 

dendrimer was very poorly water soluble in biological media (RPMI 1640 for B16F10 

cells). Even when the dendrimer was left standing in the media for 48 h and heated 

gently its solubility was not increased. The dendrimer remained at the bottom of the vial 

as a precipitate. Gen 9 was not available at the time of testing.

DAB dendrimers

Initially when incubated with B16F10 and L1210 cells, anionic DAB dendrimers 

generally demonstrated some cytotoxicity with cell viability dropping to 50% for the 

highest concentrations (Figure 3.14a, 3.15a). However, when anionic DAB dendrimers 

were synthesised using a new method which reduced the presence of salt impurities, 

they demonstrated no cell cytotoxicity whatsoever (Figure 3.14b). Cationic DAB 

dendrimers were cytotoxic in a manner similar to that observed for PAMAM 

dendrimers (Figure 3.15b, 3.16a). Cytotoxicity increased as a function of generation, 

with similar IC50 values to PLL (Table 3.3). The SEM of B16F10 cells of gen 4 

incubated with B16F10 cells (Figure 3.16b) indicated no morphological changes at a 

concentration of 1 pg/ml. However at a gen 4 concentration of 1 mg/ml substantial 

surface damage occurred after 1 h.

Carbosilane dendrimers

Carbosilane dendrimers were incubated with CCRF and Hep G2 cells (up to 2 

mg/ml). No cell cytotoxicity was seen (Figure 3.17).

3.4 Discussion

The haemolysis and cytotoxicity studies described here demonstrated that the 

PAMAM and DAB cationic dendrimers, with the exception of the lowest generation 

PAMAM dendrimer, were haemolytic and cytotoxic. Surface charge and molecular 

weight were factors contributing to the haemolysis and cytotoxicity seen. Anionic 

PAMAM and DAB dendrimers and the carbosilane dendrimers were neither haemolytic 

nor cytotoxic. Interestingly, when the properties of cationic dendrimers are compared 

with those of linear polymers on the basis of surface charge, they behave in a similar 

manner to the reference polymers of similar surface charge and molecular weight.
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Figure 3.14 Cytotoxicity of DAB dendrimers with (a) ammonium salt and
(b) without ammonium salt in the side chains
(The data represent mean ± SEM, n = 3)
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Figure 3.15 Cell cytotoxicity of (a) anionic and (b) cationic DAB dendrimers
with L1210 cells, 72 h

(The data represent mean ± SEM, n = 3)
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Figure 3.16 a) Cytotoxicity of cationic DAB s dendrimers with B16F10 cells, 72 h
b) Typical morphology of B16F10 s from 4 scans (1 h)

(The data represent mean ± SEM, n = 3)
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Table 3.3 ICgg values for DAB (a,b) and carbosilane (c) dendrimers
(The data represent mean, n = 3 (mg/ml))

a)
Dendrimer Reference standards

Cell line 2 3 4 PLL Dex

L1210 0.05 0.05 0.009 0.007 >5

B16F10 0.3 0.05 0.05 0.006 > 5

b)
Dendrimer Reference standards

Cell line 1.5 2.5 3.5 PLL Dex

L1210 >5 >5 > 5 0.007 >5

B16F10 >5 > 5 > 5 0.006 >5

c)
Dendrimer

C e l l  l i n  e G 1 G 2

H e p  G 2 > 2  > 2

Reference standards

PL L

0 . 0 1 5

D ex

>  2

C C R F > 2  > 2 0 . 0  3 >  2
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Figure 3.17 Cytotoxicity of carbosilane dendrimers with
(a) CCRF, and (b) Hep G2 cells, 72 h

(The data represent mean ± SEM, n = 3)
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RBC Lysis

Haemolysis caused by cationic PAMAM dendrimers increased as a function of 

generation. In comparison haemolysis caused by cationic DAB dendrimers showed little 

differences between generations. Comparison between cationic PAMAM and DAB 

dendrimers revealed that haemolysis began with gen 3 for PAMAM dendrimers and gen 

2 for DAB dendrimers. The differences in the physical characteristics of these two types 

of dendrimers lies mainly in relation to the molecular weight and branch repeat unit, 

rather than the number of terminal amine groups. The presence of impurities e.g. lower 

molecular weight imperfect dendrimers, might also influence haemolysis but this was 

not established. Black et al. (1998) used atomic force microscopy (AFM) and surface 

plasma resonance (SPR) techniques to study dendrimer conformation and force 

interactions with model surfaces. PAMAM dendrimers had a distinct “ball-like” shapes 

in the lower nm range. Meijer (1998) from his own AFM work showed that DAB 

dendrimers had a flatter shape with a larger diameter (on a generation by generation 

basis) than PAMAM dendrimers of similar generation. These observations may explain 

why differences were seen between the PAMAM and DAB dendrimers with respect to 

their interactions with the RBC. If the DAB dendrimers have a greater surface area in 

contact with the RBC, we might expect a greater degree of haemolysis and cell 

cytotoxicity. This indeed occurs despite the PAMAM dendrimers having a higher 

molecular weight, and hence greater potential for inducing sheer and stress forces in the 

membrane structure. This hypothesis is generally validated when comparing the HB50 

and IC 50 values of dendrimers of the same generation between the two families. DAB 

dendrimers generally tended to be more haemolytic and cytotoxic.

SEM of RBC after incubation with cationic PAMAM and DAB dendrimers 

indicated substantial alteration in cell morphology even at non-haemolytic 

concentrations. These changes included membrane perbutation and alteration in the 

RBC biconcave shape changing from the characteristic ‘disc’ to a more “ball-like” 

shape (Figure 3.3b and 3.5b). Anionic PAMAM dendrimers induced no change in RBC 

morphology at concentrations up to 1 mg/ml. These effects demonstrate that caution 

should be used when using cationic dendrimers in drug delivery applications, even 

when non-haemolytic concentrations are used. The high surface charge density 

combined with the dendrimer nano-particulate size may lead to aggregation of RBC or 

adherence to proteins or membranes of endothelial cells lining the blood vessels. In
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vitro SEM of RBC incubated with PAMAM gen 4 demonstrated changes in cellular 

morphology as well as aggregation (Figure 3.3b).

Haemolysis might be expected to increase as higher generations are tested. 

However, Okoldekwe et al. (1998) used higher generation cationic PAMAM 

dendrimers (gen 5 to 10) ranging in molecular weight from ~ 25,000 to 1,000,000 Da, 

and found that no appreciable levels of haemolysis were observed at concentrations of 

up to 5 mg/ml over 1 h. Further investigations revealed that this was due to substantial 

adherence of the cationic PAMAM dendrimer to the assay vessels (poly propylene 

tubes, eppendorfs, micro-titre plates, and glass vials) causing the RBC to be effectively 

tethered to the surfaces. Thus the level of haemolysis was significantly reduced. 

Siliconisation of glass surfaces to avoid adherence before the assay increased the level 

of lysis, but only to a level of 5 to 20 % at the highest concentration (5 mg/ml). The 

PAMAM dendrimers still adhered to the vessel.

Recently cationic PAMAM dendrimers have been proposed as i.v. delivery 

vehicles to carry genes and antisense oligonucleotides (Kukowska-Latallo et al, 1996; 

Tang et al, 1996). Their use should be viewed with caution even if dendrimer cationic 

charge is effectively neutralised by DNA or oligonucleotide binding. Okoldekwe et al. 

(1998) conducted a preliminary investigation examining the interactions of PEI 

(molecular weight 70,000 Da) and PAMAM gen 10 with RBC after complete charge 

neutralisation with calf thymus DNA. Okoldekwe found that even when the charge was 

neutralised PEI still induced substantial haemolysis. SEM demonstrated substantial 

alterations in RBC morphology after 1 h. Furthermore, although gen 10 did not induce 

significant haemolysis, SEM demonstrated a marked change in RBC morphology.

Early studies of Katchalsky and colleagues showed that some linear polymers 

have an agglutinating and haemolytic effect (Nevo etal., 1955; Katchalsky et al., 1961). 

It was found that cationic polymers such as PLL, protamine, and poly-omithine caused 

RBC aggregation and haemolysis. This was attributed to polycation interaction with 

RBC membranes through electrostatic forces. Furthermore this interaction was found to 

be dependent on polymer molecular weight. They also showed that neutral and anionic 

polymers did not cause agglutination or haemolysis. Duncan et al. (1991b) have shown 

that the linear polymer PLL has the capability of inducing Hb release from RBC and

120



Chapter 3 : Dendrimer Biocompatibility

that Hb release increased as a function of molecular weight and time of incubation. In 

the present study PEI caused haemolysis of RBC.

Further studies should be undertaken with dendrimers to understand other 

potential aspects of their haematocompatibility such as interference with the 

complement system. Although polycations such as poly-L-ornithine can activate the 

complement system (Asghar, 1984), polyanions such as dextran substituted with 

carboxylic acid and benzylamine sulphonated groups (Mauzac et al, 1985) can also lead 

to a reduction in complement activation.

Cytotoxicity

The PAMAM, DAB, and carbosilane dendrimers were tested over a range of 

concentrations against a panel of cell lines. All the PAMAM and DAB anionic 

dendrimers were non-cytotoxic, as was dextran. Cationic dendrimers, PAMAM gen 3 

to 8 and DAB gen 2 to 4, showed concentration-dependent cytotoxicity. PLL also 

showed concentration-dependent cytotoxicity. CCRF cells grown in suspension culture 

were more sensitive to cationic dendrimers than the adherent BI6FI0 cell line. This is 

consistent with the findings of Sgouras (1990) who showed that PLL (57,000 Da) and 

PEI (70,000 Da) demonstrated greater cytotoxicity against CCRF cells and another 

adherent cell line Hep G2. Morgan et al. (1988) found that larger cationic 

macromolecules induced greater toxicity. They used [^HJleucine incorporation and LDH 

release to measure toxicity towards human umbilical vein endothelial cells. Cell- 

specific cytotoxicity varied according to whether cells were adherent or suspensions 

cultures.

Generally little differences in cytotoxicity were found between the generations 

of cationic PAMAM or DAB dendrimers. Notable exceptions included the lower 

PAMAM dendrimers gen I and 2, which showed no cytotoxicity. DAB gen 2 however 

did show cytotoxicity against both BI6F10 cells and LI2I0 cells. This contrasted with 

generation-dependency seen in RBC lysis experiments. The IC50 values measured for 

PLL using several cell lines were in agreement with the findings of Sgouras (1990).
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Cytotoxicity of cationic polymers depends on the concentration and incubation 

time used (as might be expected) and also the pi of the polymer, density of cation 

residues interacting with the cell membrane and the basic monomer structure (Morgan 

et al., 1988; Morgan et a l, 1989). Because of their high surface charge, cationic 

dendrimers may show similar toxicological properties, even if they have a different 

structure compared to linear polymers.

SEM examination of B16F10 cells incubated with PAMAM gen 4 at 0.005 

mg/ml showed no morphological abnormalities after 1 h. After 5 h, however, craters 

began to appear on the cell surface indicating dendrimer interaction with the plasma 

membrane. At a concentration of 2 mg/ml gen 4 caused substantial membrane damage 

after 1 and 5 h. Choksakulnimitr et al. (1995) has also used SEM to show the 

concentration-dependent effect of PLL on endothelial cell morphology.

Cationic PAMAM dendrimers showed unusual toxicity towards Hep G2 cells. 

Gen 3 showed toxicity (IC50 0.6 mg/ml) against Hep G2 cells at concentrations where 

gen 4 was not toxic (gen 4 was not toxic up to 2 mg/ml). This contrasted with results 

obtained when PAMAM dendrimers gen 3 and 4 were incubated with other cell lines. 

Usually cytotoxicity increased with increasing PAMAM generation. The anomaly seen 

with Hep G2 cells could be due to changes in structural properties of the PAMAM 

dendrimers between gen 3 and 4. The shape of gen 4 changes due to the higher degree 

of branching, whereby it begins to assume a more ‘ball’ compared to the ‘spheroidal’ 

linear shape of gen 3. Perhaps less of the dendrimer surface is in contact with the cell 

when it is ball shaped. However this is only speculation. Hep G2 cells are certainly 

more ‘robust’. Sgouras (1990), in cytotoxicity studies comparing cationic 

polyaminoacids with PLL and PEI, noted that Hep G2 cells appeared to be less 

susceptible to toxicity than other cells when incubated with these polymers (Sgouras, 

1990).

Roberts et al. (1996) investigated the cytotoxicity of 3 cationic PAMAM 

dendrimers synthesised using an ammonium core. Gen 3 (molecular weight 5,147 Da 

and 24 terminal amines), gen 5 (molecular weight 21,563 Da and 96 amines), and gen 7 

(molecular weight 87,277 Da and 384 amines) were incubated with V79 cells (Chinese 

hamster lung fibroblasts) in vitro at concentrations of 100 nM, 10 |iM or ImM. A
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clonogenic assay was used to assess cellular viability over 4 and 24 h. The authors 

observed that the dendrimers exhibited concentration- and generation-dependent 

toxicity towards the V79 cells growing in culture. Gen 3 affected cell growth only at the 

highest concentration of 1 mM (5.147 mg/ml), whilst gen 5 showed toxicity only at 10 

pM (0.215 mg/ml), and gen 7 at (10 pM) (0.872 mg/ml). In addition, they reported that 

no significant differences were seen in cytotoxicity between the 4 and 24 h exposure 

times. Although these studies were carried out on a shorter time scale, the results 

obtained correlate with the IC 50 values observed here for gen 5 and 7 PAMAM 

dendrimers. In contrast PAMAM gen 3 showed greater cytotoxicity in the present study.

Wiwattanapatapee et al. (1998) examined the biocompatibility of PEI type 

cationic dendrimers with a diaminoethane core (Paulus, 1996). Structurally PEI 

dendrimers are very similar to the DAB dendrimers. Essentially they have the same 

terminal group and branch repeat, but differ in their core by a single carbon (2 carbons 

as opposed to 3 carbons). When the biocompatibility of PEI and DAB dendrimers is 

compared, RBC lysis (Hbso) and cytotoxicity (IC50) values obtained are essentially the 

same.

The cytotoxicity of PLL, like the haemolysis it induces, is mediated by 

electrostatic membrane interaction (Choksakulnimitr et al., 1995). Interaction between 

the anionic cell surface, composed of the membrane phospholipids and proteins, and the 

cationic side chains of PLL is influenced by polymer concentration and molecular 

weight. PLL mediated cytotoxicity has also been shown to be influenced by incubation 

time (Morgan et al., 1988). The cytotoxic effects observed might be induced by 

polymer interaction at the plasma membrane, or endosomal/lysosomal membranes, or 

other biochemical mechanisms.

Linear polymers such as PLL are flexible and tend to be more efficient at 

neutralising cell surface charges than molecules such as cationic polysaccharides which 

have a more ‘rigid’ structure. Polymer electrostatic interaction with the cell membrane 

leads to conformational change and disruption of the cell membrane (Singh et a l, 

1992). Ryser (1967) postulated that the rigidity of DEAE-dextran made it more difficult 

for the molecule to bind to the cell membrane and a large molecular size was necessary
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for cytotoxic activity. For PAMAM dendrimers the transition from linear to ‘ball’ shape 

and hence reduction in branch flexibility takes place between gen 3 and 4. From the 

cytotoxicity data it can be seen that this also corresponds to the point where cell 

viability is reduced (Table 3.2b). Hence, dendrimers may exert their effect using a 

similar mechanism of membrane interaction to that postulated by Ryser. Other 

examples of structures which have a rigid structure include cationic-BSA, which has 

fewer cationic groups available for interaction with the cell membrane because of its 

globular structure. DEAE-dextran and cationic-BSA also have a lower frequency of 

amino groups in their structure than PLL. As stated previously the electrostatic 

interactions between the positive surface charge of cationic polymers and the anionic 

sites on the cell surface, have been shown to induce cell membrane damage, resulting in 

cell death (Cook, 1968; Weiss, 1969; Nagy etal., 1983).

The homogeneity of the dendrimer preparations will be important in relation to 

cytotoxicity as can be seen from the DAB anionic cytotoxicity data (Figure 3.14).

This study demonstrated that anionic dendrimers and smaller generation cationic 

dendrimers may be the most suitable for parenteral administration. Thus the anionic 

PAMAM dendrimer gen 3.5 was selected as a potential carrier of anti-tumour agents 

(Chapter 5, 6, and 7). However, it should be noted that the immunogenicity of 

dendrimers (not studied here) will also contribute to their biocompatibility profile as 

will their body distribution after administration in vivo. The next chapter uses 

labelled PAMAM dendrimers of different generation and surface functionality to study 

biodistribution. It should be noted that only “trace” concentrations were required for 

these studies allowing the use of both cationic and anionic dendrimers.
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4.1 Introduction

Evaluation of the body distribution of the macromolecular carrier is important to 

enable an understanding of its fate when administered in vivo. After i.v. delivery the plasma 

half-life and organ accumulation e.g. RES accumulation, are important to determine. When a 

drug is conjugated to a carrier it is also important to consider whether the drug will alter the 

distribution parameters of the carrier itself.

Two factors are known to be particularly important in influencing the biodistribution 

of linear polymeric carriers: molecular weight and chemical characteristics (charge and 

hydrophobicity) (Drobnik and Rypacek, 1984). Using low molecular weight substrates 

(Simionescu, 1993), proteins (Petrak and Goddard, 1989), and polymers such as PEG (Chu 

and Whiteley, 1980) or dextran (Takakura et al., 1987) the importance of molecular weight 

has been shown (Sundqvist et al, 1988). Charge also has a significant influence on the 

biological fate of a macromolecule (Supersaxo et al., 1990). Hashida and Takakura (1997) 

systematically investigated the body distribution of a number of macromolecules including 

polysaccharides, oligo- and polynucleotides and they too reported the relationship between 

molecular weight and surface charge of the compounds and their distribution after i.v. 

administration.

Yamaoka et al. (1994) studied the body distribution of ^^^I-labelled PEG of different 

molecular weight after i.v. injection in mice. They concluded that blood clearance followed a 

two-compartmental model and found that higher molecular weight PEG (190,000 Da) 

remained in the circulation for longer periods then lower molecular weight PEG (6,000 Da). 

The terminal half-life of PEG in the circulation increased from 18 min to 1 day as the 

molecular weight increased from 6000 Da to 190 000 Da. PEG also tended to preferentially 

accumulate in tissues such as muscle, skin, bone, and liver but not other organs irrespective 

of its molecular weight. The time-dependence of accumulation was also related to the 

vascular permeability of the tissue. Low molecular PEG tended to freely translocate from the 

circulation to extravascular spaces. Urinary clearance decreased with increasing PEG 

molecular weight, whereas liver clearance increased with increasing PEG molecular weight.
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PEG uptake by KupfFer cells was enhanced as the molecular weight became greater than 

50,000 Da

Dextran also displays a renal clearance threshold of about 50,000 Da (Artursson et 

al., 1964) and generally polymers of molecular weight less than 45,000 Da are excreted in 

urine within 48 h. Higher molecular weight dextran was shown to remain in the circulation 

for longer time periods and to eventually accumulate in cells of the RES where it is 

metabolised very slowly (Hint, 1968). Therefore administration of high doses of dextran 

(which is not readily biodegradable) can lead to intracellular storage problems (Labrude and 

Vigneron, 1975). Early biodistribution studies of dextran identified intestinal mucosa, spleen, 

liver, and the kidney as target organs for dextran accumulation (Fisher and Stein, 1960). 

Dextran is also immunogenic, and immunogenicity was found to be strongly structure- 

dependent, increasing with an increase in dextran molecular weight and degree of branching 

of the polysaccharide (Bishop and Jennings, 1982).

Hespe et al. (1977) investigated the effect of molecular weight and polydispersity of 

two preparations of [^"^C]polyvinylpyrrolidone on biodistribution. They found that polymers 

with a molecular weight greater than 25,000 Da were retained in organs for a longer period 

of time than molecules of lower molecular weight. PAMAM dendrimers should have a very 

low polydispersity and compact nano-particulate size. They might be expected to show a 

renal molecular weight threshold greater than that seen for linear polymers having a loose 

random coil structure.

Seymour et al. (1987) investigated the effect of molecular weight of ^^^I-labelled 

HPMA copolymer on the body distribution and the rate of excretion from adult rats afl;er i.p. 

and i.v. injection. It was found that afl;er i.v. injection the circulating blood volume available 

to the HPMA copolymers was not molecular weight-dependent. HPMA copolymers with a 

molecular weight of 45,000 Da or greater were not excreted in urine (the molecular weight 

limit of glomerular filtration), and were lost from the bloodstream slowly by extravsation. 

Molecular weight did not appear to influence the passage of polymer from the peritoneal 

compartment to the bloodstream after i.p. administration. Over 21 days the authors found
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that i.p. injection led to size-dependent accumulation of polymer in organs of the RES (liver 

and spleen).

Surface charge also effects the biodistribution of polymeric carriers in vivo. Pimm et 

al. (1995) investigated the effect of side-chain modification of the polycation PEL. Different 

groups were added to the polymer backbone; DL-alanine residues and glutamic acid 

residues. The PLL was labelled with [^^^IJiodide and [^^Cr]chromium to allow measurement 

of biodistribution by dissection analysis or [^^^Injindium for gamma scintigraphy. Both 

amphoteric and anionic PLL showed a prolonged plasma half-life over 4 h in mice. Whilst 

cationic and highly anionic PLL were quickly cleared. The highly anionic PLL showed very 

high levels of accumulation in the liver and spleen. The authors concluded that only 

amphoteric and mildly anionic polypeptides survived well in the circulation whilst cationic or 

highly anionic polypeptides survived poorly, with different rates of clearance. The cationic 

PLL went preferentially to the spleen, kidney, liver, and lung; and the highly anionic PLL 

went preferentially to the spleen and liver. Interestingly the authors also found that the type 

of radionuclide used to monitor biodistribution influenced the observed clearance site.

The route of administration also has a significant effect on the biodistribution of a 

polymeric carrier. I.p. administration is useful where delivery of polymer to the peritoneal 

compartment avoids systemic toxicity seen if it is given by the i.v. route. For example if the 

polymer is haemolytic or causes other haematotoxicity, or if the polymer is unstable in 

plasma or serum the i.p. route of administration may be useful.

This study was undertaken to allow preliminary determination of the biodistribution 

of ^^^I-labelled cationic and anionic PAMAM dendrimers of increasing generation after i.p. 

and i.v. administration to rats.

128



Chapter 4: Body Distribution ^^^I-labelled PAMAM Dendrimers

4.2 Methods

The characteristics of the radioiodinated dendrimers used in this are shown in Table 

4.1. To allow ^^^I-labelling of anionic PAMAM dendrimers, their surface groups were first 

modified using EDC under acidic conditions to facilitate binding of ethylenediamine (on 

average one carboxyl group was modified per dendrimer), see Figure 4.1 and Chapter 2 

(section 2.3.5.1). Unreacted ethylenediamine was removed by dialysis and the degree o f -  

NH2 incorporation determined using the ninhydrin assay (Plummer, 1978; Moore and Stein, 

1954). Cationic PAMAM dendrimers and the ethylenediamine-modified anionic dendrimers 

were labelled using the Bolton and Hunter reagent as described in Chapter 2 (section 2.3.7). 

The labelling procedure for anionic and cationic dendrimers is shown schematically in Figure 

4.1 and 4.2.

After ^^^I-labelling, a 5 pi of sample was removed and analysed by paper 

electrophoresis to determine the labelling efficiency. Figure 4.3 and 4.4 provide examples of 

the electrophoresis (separation) profile of the higher generations, gen 4 and 5.5 both before 

and after purification by dialysis. Figure 4.5 shows the electrophoresis profile for free 

[^^^I]iodine. The labelling efficiency and the final purity with respect to free [^^^IJiodine in 

the preparation was calculated from the paper electrophoresis profile.

Adult male Wistar rats were injected with ^^^I-labelled dendrimer (approximately 50, 

000 cpm) and placed in metabolic cages (Chapter 2, section 2.3.9). After 1 h the animals 

were killed. Blood was removed (2 ml) and organs taken (heart, liver, spleen, kidney, and 

lungs). The organs were homogenised and 1 ml samples were removed and assayed for 

radioactivity. The total blood volume was calculated fi*om the body weight of the rat. Each 

100 g of body weight giving a blood volume of 7.4 ml and the levels of ^^^I-labelled 

dendrimer in organs (including heart, liver, spleen, kidney, and lungs) and blood were 

expressed either as a percentage of the administered dose or as a percentage of the total 

radioactivity recovered from the organs examined, and blood and urine. Urine was also 

analysed by passing it down a PDIO column (Sephadex G25) equilibrated in PBS buffer. 

Fractions (40 x 0.5 ml) of the eluent were collected and analysed for radioactivity.
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Table 4.1 Characteristics of PAMAM dendrimers used 
in the biodistribution studies

Dendrimer No. of

surface groups

Molecular weight 

(Daltons)

c o o w

Gen. 2.5 32 6,235

Gen. 3.5 64 12,419

Gen. 5.5 256 50, 865

NH2

Gen. 3 32 6,909

Gen. 4 64 14,215
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Figure 4.1 One step amine surface modification 
of carboxy PAMAM using EDC

Gen. 3.5 dendrimer containing 
64 carboxyl ate groups 
on surface (not shown)
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Figure 4.2 Radioiodination of cationic PAMAM dendrimers using the *^^I-labelled Bolton and H unter reagent
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(amine surface)
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Figure 4.3 Paper electrophoresis analysis of cationic
*^®I-labelled PAMAM dendrimer
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Figure 4.4 Paper electrophoresis analysis of anionic
'^^I-labelled PAMAM dendrimer
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Figure 4.5 Electrophoresis of ^^^I-labelled Bolton and Hunter reagent
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Chapter 4: Body Distribution ^^^I-labelled PAMAM Dendrimers

4.3 Results 

Radioiodination

Table 4.2 shows the labelling efficiency, final purity with respect to free [^^^I]iodine, 

and the specific activity of ^^^I-labelled PAMAM dendrimer preparations. The level of free 

[^^^I]iodine was determined as less than one percent in all cases. The stability of the 

preparation was checked periodically over a period of several months during fiirther use. 

The level of free [^^^IJiodine in the PAMAM preparations did not change with time over 

several months (data not shown).

The specific activity of the anionic ^^^I-labelled PAMAM dendrimers was quite low. 

This may be due to the low content of amine groups on the anionic dendrimers (~1 per 

molecule) compared to at least 32 per molecule for the cationic dendrimers. This would 

result in a lower probability of the Bolton and Hunter reagent successfully coupling to an 

amine group on an anionic dendrimer surface during the time of the reaction. It will also be 

noticed that several peaks are present within the dendrimer area. It is possible that a number 

of smaller molecular weight impurities were present and were labelled with [^^^I]iodine. 

These impurities might be later lost during dialysis, resulting in the single peak present after 

purification and accounting for the discrepancy seen between the initial high labelling 

efficiency and low specific activity after purification.

Biodistribution of cationic dendrimers

Figures 4.6 - 4.10 show the biodistribution of cationic and anionic PAMAM 

dendrimers after i.v. and i.p. administration (I h). In the blood, levels of ^^^I-labelled gen 3 

and ^^^I-labelled gen 4 were extremely low and the percentage recovered dose found in 

blood was the same irrespective of route of administration (i.p. or i.v ). The liver showed 

similar levels of accumulation for ^^^I-labelled gen 3 and ^^^I-labelled gen 4 and was in the 

region of 60 -  80 % dose recovered after administration by the i.p. or i.v. route. The levels 

of radioactivity detected in the kidney showed a significant difference depending on the 

route of administration used. After administration i.v. by the route a greater percentage of 

the recovered radioactivity of the cationic dendrimers was found in the kidney compared to
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Table 4.2 Labelling efficiency and purity of ^^^I-labelled PAMAM dendrimers

Dendrimer Labelling efficiency Final purity Specific activity 
(% bound vs free) free) (tiCi/mg)

Carboxylate

Gen 2.5 90.7 0.7 1.1

Gen 3.5 94.4 0.8 1.2

Gen 5.5 94.1 0.3 2.1

Amine

Gen 3 75.6 0.7 9.4

Gen 4 80.5 0.9 11.8
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Figure 4.6 Biodistribution of the cationic ^^^I-Iabelled PAMAM dendrimer, gen 3 (1 h), n=3 (S.E. mean)
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Figure 4.7 Biodistribution of the cationic '^^I-labelled PAMAM dendrimer, gen 4 (1 h), n=3 (S.E.mean)
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Figure 4.8 Biodistribution of the anionic ^^^I-labelled PAMAM dendrimer, gen 2.5 (1 h), n=3 (S.E. mean)
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Figure 4.9 Biodistribution of the anionic ^^^I-Iabelled PAMAM dendrimer, gen 3.5 (1 h), n=3 (S.E. mean)
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Figure 4.10 Biodistribution of the anionic ^^^I-labelled PAMAM dendrimer, gen 5.5 (1 h), n=3 (S.E. mean)
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Chapter 4: Body Distribution ^^^I-labelled PAMAM Dendrimers

that found in kidney after i.p. administration. The cationic dendrimers showed no clear 

generation-dependency in their localisation in any of the organs or in their blood level 

(Figure 4.11).

Because of concern that the cationic dendrimers might show non-specific binding to 

the surfaces within the i.p. cavity, a peritoneal wash was undertaken to determine levels of 

radioactivity remaining after 1 h. For ^^^I-labelled gen 4, 20 % of the injected dose was 

detected in the wash at 1 h.

When the cationic dendrimers were administered i.v., radioactivity was detected in 

the kidney, spleen, and lungs (% dose decreasing in this order), but the levels of radioactivity 

were still all below 10 % of the administered dose (Figure 4.6 and 4.7). In all cases there 

was no generation-dependency in tissue accumulation. In contrast, in the liver levels of 

radioactivity detected did display a generation effect. For example after i.p. administration 

liver uptake of ^^^I-labelled gen 3 and ^^^I-labelled gen 4 was significantly different; p = 

0.0067 ** (Figure 4.11).

Biodistribution of anionic dendrimers

After i.p. and i.v. administration the lower anionic generation (^^^I-labelled gen 2.5) 

showed a longer circulation than higher generation (^^^I-labelled gen 5.5) (Figure 4.11). The 

levels of radioactivity recovered in the blood and kidney after i.p. administration were higher 

then the levels recovered after i.v. administration. However, the tissue levels of radioactivity 

detected after i.v. administration were higher than seen after i.p. administration of the ^̂ Î- 

labelled anionic dendrimers, except in the liver. The levels of radioactivity recovered in the 

liver showed no significant difference between generations after i.p. or i.v. administration. 

The percentage of recovered dose in liver was 50 -  60 % and 30 -  50 % after i.p. and i.v. 

administration respectively. The amounts of radioactivity in the kidney after i.p. 

administration were higher then after i.v. administration indicating possible higher renal 

excretion after i.p. administration.
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Figure 4.11 Summary of the effect of generation and charge 
on the biodistribution of *^®I-labelled PAMAM dendrimers
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Chapter 4: Body Distribution ^^^I-labelled PAMAM Dendrimers

Radioactivity in urine

Urine samples were collected (1 h) from only two rats after i.v. administration (one 

from ^^^I-labelled gen 3 and one from ^^^I-labelled gen 4). However, the levels of 

radioactivity in these urine samples was very low (approximately 200 - 500 cpm) Figure 

4.12. After elution from a PDIO column equilibrated with PBS the main radioactivity peak 

detected was in the region of 17 ml which also corresponds to the elution volume for free 

[^^^IJiodine. A smaller peak was also detected between 5 - 10 ml for both urine samples and 

this peak was assumed to be ^^^I-labelled PAMAM dendrimer, although the possibility that 

this earlier peak was due to protein-bound dendrimer could not be excluded. It is also 

possible that the main free [^^^I]iodine peak was due to hydrolysis of the [^^^I]iodine after 

administration in vivo, which is known to occur with Bolton and Hunter (Vaidyanathan et 

al., 1997). Additionally the free [^^^I]iodine could be due to some form of complexation of 

free [^^^IJiodine in the partially hydrophobic core of the PAMAM dendrimer during the 

initial conjugation reaction, which was not completely removed during purification by 

dialysis. Since no significant levels of [^^^IJiodine were found in the thyroid after 1 h 

(typically 0 % but in some instances 0.1 % of the injected dose), the reason for the presence 

of this low molecular peak was not clear. However it should be stressed that the quantity of 

radioactivity in the urine was very low in any case.

As can be seen from Table 4.3 after i.v. administration of ^^^I-labelled cationic 

dendrimer the total levels of radioactivity recovered were lower than the radioactivity 

recovered after administration of ̂ ^^I-labelled anionic dendrimers. This may have been due to 

^^^I-labelled cationic dendrimer adhering non-specifically to cell membranes e.g. endothelial 

cells. Additionally ^^^I-labelled cationic dendrimers are likely to adhere to proteins and this 

may promote their accumulation in the liver.
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Figure 4.12 Analysis of urine using PDIO column (GPC)
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Table 4.3 Recovery of percentage injected dose after
administration of ̂ ^^I-labelled dendrimer

a) I.v. administration

Dendrimer Recovery of radioactivity 

in organs examined 

(% dose administered)

Carboxylate

Gen 2.5 69.8

Gen 3.5 73.9

Gen 5.5 99.1

Amine
Gen 3 43.3

Gen 4 50.0

b) I.p. administration

Dendrimer Recovery of radioactivity 

in organs examined 

(% dose administered)

Carboxylate

Gen 2.5 22.1

Gen 3.5 18.1

Gen 5.5 24.3

Amine
Gen 3 56.0

Gen 4 36.6
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4.4 Discussion

Although the body distribution of linear polymers has been widely investigated (Chu 

and Whiteley, 1980; Takakura et a l, 1987; Yamaoka et a l, 1994; and Seymour et a l, 

1987), the body distribution of dendrimers has not yet been thoroughly explored. Here in 

these preliminary experiments it was found that ^^^I-labelled PAMAM dendrimers generally 

showed route- and to some extent generation-dependent accumulation in the organs 

examined. It should be noted that the amount of ^^^I-labelled dendrimer injected was a trace 

quantity. Typically the dose of dendrimer given to rats was 75 pg/kg.

After i.v. administration, ^^^I-labelled cationic PAMAM dendrimers were quickly lost 

from the circulation and showed rapid accumulation in the liver irrespective of the route of 

administration. The appearance of radioactivity in the kidney, either as a result of renal 

filtration or tissue accumulation, occurred more readily after i.v. administration. The lower 

recovery of ^^^I-labelled cationic PAMAM dendrimers in the body compartments examined 

after i.v administration suggests trapping of dendrimers in other tissues possibly by non

specific binding of the cationic dendrimer to endothelial cells lining the vasculature or to 

other cell surfaces. After i.p. administration molecules not adhering to the peritoneal wall or 

bound to cells in the i.p. cavity will be transferred by lymphatic drainage to the bloodstream 

(Figure 4.13). It is interesting to note that the blood clearance seen after i.p. administration 

of both cationic and anionic PAMAM dendrimers showed a small generation-dependent 

effect. Additionally in the peritoneal cavity ^^^I-labelled PAMAM dendrimers may have been 

lost due to protein binding or tissue uptake. This might offer an explanation for the low 

recovery rates. Liver uptake appeared to be generation- and route dependent. Kidney uptake 

also showed generation- and route dependence (Figure 4.11).

Cationic polymers are known to be taken up avidly by the rat liver due to non

specific absorption to the surface of the hepatocytes by electrostatic forces, followed by 

internalisation via adsorptive endocytosis (Nishida et a l, 1991). In these studies a large 

proportion of the cationic ^^^I-labelled dendrimer was taken up by the liver this suggests that 

similar mechanisms of uptake in the liver may be being triggered.
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Figure 4.13 Scheme showing the potential routes of distribution
*^^I-labelIed dendrimers after i.p. or i.v. administration
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Chapter 4; Body Distribution ^^^I-labelled PAMAM Dendrimers

Roberts et al. (1996) investigated the body distribution of cationic PAMAM 

dendrimers after i.p. administration. In their study, the body distribution of PAMAM gen 3, 

5, and 7 was investigated. Animals were injected i.p. with dendrimers (0.05 - 0.25 pCi, 

2 - 6 X lO '̂  mmol/Kg dendrimer) and then placed in metabolic cages so urine and faeces 

samples could be collected. Animals were killed after 2, 4, 8, 24, and 48 h, and the organs 

assayed for activity. It was found that cationic dendrimers accumulated in the liver, spleen, 

and pancreas up to 1 5 - 3 0  % of the injected dose/g (ID/g) over time. Blood levels were 

almost zero after 2 h and levels in the organs tended to increase with time. The amounts of 

dendrimer found in the liver and spleen in the studies of Roberts et al. (1996) were 

similar to those reported in this study (Table 4.4). Surprisingly, urinary excretion of [ '̂^Cjgen 

7 was highest (70 % of the ID/g at 4 h) whilst urinary excretion of the other lower 

generations ([^"^Cjgen 3 and [̂ "̂ CJgen 5) was considerably lower (less than 5 %). This 

anomaly was not explained. Precise comparison of the Roberts study with the present work 

is difficult because of the use of different radiolabelling methods, rather than ^̂ Î- 

labelling. Additionally, Roberts et al. (1996) used only the i.p. route of administration and 

they also measured body distribution over longer times.

The rate of excretion (Sprincl et al., 1976) of macromolecules and their movement 

between body compartments (Flessner et al., 1985) is influenced by the size of the 

macromolecule. As mentioned previously studies using ^^^I-labelled HPMA copolymers have 

shown that the renal threshold for HPMA copolymer is approximately 45,000 Da (Seymour 

et al., 1987). The hydrodynamic radius of HPMA copolymer of molecular weight 45,000 Da 

is 30 nm. Dendrimers range in size from 1 to 10 nm corresponding to molecular weight from

1,000 to 1,000,000 Da. It has been demonstrated that molecules with a molecular weight 

greater than the renal threshold can still pass through the glomerular pore if they possess a 

flexible structure (Renkin and Gilmore, 1973). HPMA copolymer and PEG have such a 

structure. Their filtration has been shown to be mediated by “end-on” motion of the 

molecules as a consequence of their asymmetric structure and hence slightly higher 

molecular weight polymers can still pass through the kidney (Rennke et al., 1979).

150



Table 4.4 Comparison of biodistribution of PAMAM dendrimer gen 3 (i.p. administration) 
observed by Roberts et al, (1996) and that reported here

Organ Roberts et al. Present study
(1996) (% ID /g )lh

_________ (% ID/g) 2 h_______________
Liver 8.6 3.6

Kidney 15.3 3.6

Spleen 12.8 0.2

Lung 1.6 1.6

Heart 1.1 0.5

Urine 4.6 0
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Chapter 4: Body Distribution ^^^I-labelled PAMAM Dendrimers

The uptake of PAMAM dendrimers by the liver might be expected to be reduced by 

modification of surface by attachment of a hydrophilic group / polymer e.g. polyethylene 

glycol or by attachment of a drug. In the Chapter 6 a comparison is made between the body 

distribution of gen 3.5 labelled with [^^^IJiodide and the same dendrimer carrying platinum. 

As will be seen in Chapter 6 the accumulation of platinated dendrimer in the liver over 1 h is 

drastically reduced. Other experiments with polymer-drug conjugates have shown that this is 

not always the case however, and capture by the RES can still occur. Indeed conjugation of 

a drug to a carrier has often been shown to exaggerate the levels of accumulation in the RES 

when compared to that seen for the carrier alone. Mukhopadhyay et al. (1989) and 

Chaudhuri et al. (1989) showed that methotrexate conjugated with maleylated-BSA was 

captured by scavenger receptors on macrophages to a greater extent than the maleylated- 

BSA alone. Wilbur et al. (1998) evaluated the body distribution of ^^^I-labelled 

iodobenzoate(PIB)-biotinylated-PAMAM-dendrimers (cationic gen 0 - 4 )  and found that 

they were cleared quickly with blood levels in the region of 0.13 -  0.2 % of the injected 

dose/g. Levels in the kidney (8 -  48 %/g) and liver were found to be high at 4 h after i.v. 

administration.

This preliminary study was conducted to give some indication of the likely 

biodistribution of PAMAM dendrimers to be used later as drug carriers. There is still a need 

for systematic investigation of the biodistribution of PAMAM dendrimers over shorter and 

longer time points with full pharmacokinetic analysis. The renal threshold for dendrimer 

excretion must also be established as PAMAM dendrimers are probably not biodegradable 

and hence long-term accumulation might lead to toxicological side-effects if dendrimers of 

“too high” molecular weight were chosen as carriers. As the PAMAM dendrimer gen 3.5 

has a molecular weight of 12, 419 Da it was felt that this would be able to pass through the 

kidney (and there are observations to support this here) so this generation was selected for 

conjugation to the anticancer agents cisplatin and Dox in the following studies (Chapter 5, 6 

and 7). It is also necessary to determine dendrimer biodistribution after administration by 

other routes including the oral route. At present these studies are already ongoing 

(Wiwattanapatapee e/a/., 1998).
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Chapter 5; Synthesis and in vitro Evaluation o f PAMAM Dendrimer-Pt

5.1 Introduction

The need for effective new anti-tumour agents or better methods of delivering 

existing ones is becoming ever more apparent (Connors, 1996a). Recently, cancer officially 

overtook heart disease (including strokes) as the “number one killer” in the UK (Mason, 

1998). Currently, one in three people in the western world will suffer from cancer at some 

stage in their life and one in four will die from a neoplastic disease.

Because the anionic PAMAM dendrimers were biocompatible and showed a longer 

blood circulation time then cationic dendrimers they were chosen to investigate the potential 

of dendritic or hyperbranched systems as a vehicle for the delivery of anticancer agents. In 

particular, PAMAM gen 3.5 was chosen as the carrier.

Cisplatin was selected as a model compound for complexation with gen 3.5 as it is 

widely used in the treatment of ovarian, head and neck, and testicular cancer and it is 

especially effective in the combined chemotherapy against squamous cell carcinoma and 

small cell lung carcinoma (Gordon and Hollander, 1993). Nevertheless the platinate anti

tumour drugs still have well recognised drawbacks including severe toxicity and platinum 

resistance. Some tumours are inherently resistant to platinates, others develop resistance 

after repeated chemotherapy (Eastmen et al., 1988). Clinically, platinum resistance typically 

exhibits a 1 - 5 fold resistance index, thus the if dendrimer-Pt can increase the tumour 

platinum concentration more than 2 - 5  fold this may lead to opportunities to overcome the 

plethora of platinum resistance mechanisms described to date.

A number of structural or analogues of cisplatin have been investigated as potential 

anti-tumour agents. It was hoped that these might provide better efficacy combined with 

reduced toxicity (Gordon and Hollander, 1993; Kelland, 1993). Examples of these analogues 

include carboplatin and oxaliplatin (Figure 5.1) (Weiss and Christian, 1993; Gordon and 

Hollander, 1993). Unfortunately the > 1000 platinum-containing compounds synthesised and 

tested have led to the transfer of only two, carboplatin and oxaliplatin into clinical use. Other 

platinates are still under investigation (Goodman and Gilman, 1990).
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Figure 5.1 Cisplatin and its analogues
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Chapter 5: Synthesis and in vitro Evaluation of PAMAM Dendrimer-Pt

There are a number of essential structural features of a platinum complex or 

analogue, which determine its anti-tumour behaviour. The amine groups must be in the cis 

position. The complex must possess one or more NH groups as a lack of the proton(s) leads 

to an inactive compound and the hydrogen bonding determines the overall activity of the 

compound. This also facilitates the discrimination between adenine and guanine within the 

DNA structure, and stabilises the DNA-Pt complex due to NH—0-phosphate interactions. A 

platinum complex must also have two or more strongly bound leaving groups e.g. Cf 

(Harrap, 1983).

Platinum complexes, like the nitrogen mustards and many other alkylating agents, 

react with DNA primarily at guanine-N7 positions. Platinum being bidendate reacts easily 

with two guanines, either on the same strand or opposite strands of DNA to generate 

interstrand and intrastrand crosslinks. In addition, these compounds produce DNA-protein 

crosslinks. These crosslinks have been effectively measured in cells by DNA alkaline filter 

elution assays (Kohn, 1987) and they have been correlated with cell killing. In many cases, 

cell death is not induced solely by the presence of DNA lesions, but may also involve an 

interaction with a vital cellular process such as replication or chromosome segregation. 

Therefore, these crosslinks may be seen as potentially cytotoxic when the lesion interferes 

with a crucial genomic process such as replication or mitosis (Kohn, 1989).

One of the challenges with working with cisplatin is the need to control the release of 

a biologically active platinum species intracellularly which can bind to DNA in the nucleus 

and eventually prevent replication. Also there is a danger that cisplatin can become 

inactivated by hydrolysis from the biologically active di-aqua species to the biologically 

inactive hydroxy species through loss of the chloride ions. Whilst in the circulation, where 

the chloride ion concentration is high {ca. 104 mmol dm'^) the cisplatin does not lose its 

chloride ions readily maintaining an equilibrium between the -C f and -OH species. 

However, once the cisplatin enters the cell, the chloride ion concentration is considerably 

lower {ca. 4 mmol dm'^), so the chloride ions can be lost and the platinate becomes 

activated. The various species which may be formed are summarised in Figure 5.2. Also, 

cisplatin has the disadvantage in that it can easily become inactivated by the cell defence
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Figure 5.2 Species of cisplatin found in different body compartments
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mechanisms including glutathione and glutathione-S-transferases (GST) (Meyer et al., 

1990). In addition increased rates of repair of DNA-adducts can cause resistance (Parker et 

al., 1991). Figure 5.3 summarises the pharmacokinetic barriers which must be considered 

when designing a system for improved delivery of anti-tumour platinate.

Use of drug delivery systems (Table 5.1) to improve the selectivity and activity of 

cisplatin provides an alternative to the development of improved platinum analogues. 

Microspheres (reviewed by Cummings, 1998) liposomes (Kakinuma et al., 1996), and 

polymers (reviewed by Duncan et al., 1996) have all been investigated as potential carriers 

for improved delivery of cisplatin. It is important to develop such drug delivery systems 

carefully to ensure that the active di-aqua species is eventually available intracellularly. For 

example, polymethyl methacrylate implants have been developed to encapsulate cisplatin, 

but this led very slow in vitro release rates and unexpected toxicological problems in vivo in 

rabbits concerning renal and hematological toxicity (Mestiri et al., 1995).

Polymer-platinum conjugates have the potential to target more platinum compounds 

selectively to the tumour by the EPR effect whilst reducing systemic toxicity, and also they 

can theoretically reduce formulation problems such as poor water solubility or poor stability. 

A number of polymers have been used as carriers for platinates and have been reported 

(reviewed by Duncan et al., 1996; Schechter et al., 1989). Table 5.2 summarises the 

polymers investigated as carriers for platinum. Like gen 3.5, several of these conjugates / 

complexes have used, pendant carboxylate groups for platinum chelation (Figure 5.4). To 

date virtually no clinical candidates have emerged because of issues relating to toxicity of the 

carrier or lack of anti-tumour activity in vivo. Very recently however a HPMA copolymer 

platinate has entered pre-clinical development (Gianasi et al., 1999).

Cisplatin interaction with other ligands can be explained using basic co-ordination 

chemistry. The definition of a co-ordinate bond is “an interaction between a metal (acid or 

acceptor) and a ligand (base or donor) where both the bonding electrons are provided from 

the donor.” The PAMAM dendrimer gen 3.5 that was reacted with cisplatin here has a
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Figure 5.3 Pharmacokinetic release of active platinum
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Table 5.1 Drug delivery systems proposed for cisplatin or platinum analogues

System Analogue/cisplatin Comment Reference

Liposome DACH-platinum complexes
(in clinic) (diaminocyclohexane)

DACH analouges lack 
nephrotoxicity and cross 
resistance with platinum

decreased nephrotoxicity 
but emesis and nephrotoxicity 
still potential problems as well 
as bone marrow toxicity.

Perez-Soler g/a/., 
1988

Nanoparticles cisplatin biodegradable colloid systems 
(polyalkylcyanoacrylates), 
increased association of 
cisplatin to nanoparticle matrix, 
improved tumour targeting.

Egeae/a/., 1994

Microparticles cisplatin improved tumour targeting Kratz and Schutte, 
1998

Implants cisplatin cisplatin released from 
polymethyl methacrylate 
implants, in vitro and in vivo 
studies in rabbits, in vitro release 
very slow and incomplete, 
no plasma peak compared to 
control cisplatin (i.v ), 
some renal and hematological 
toxicity seen for drug loaded 
implants.

Mestiri e ta l,  
1995
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Table 5.2 Polymer-based platinates

Reference Polymer Comments

Howell et al., 
1986

Poly(N-vinylpyrollidone) 
and poly(N-vinyl-5-methyl- 
2-oxazolidone)

Poly(N-vinylpyrollidone) 
and poly(N-vinyl-5-methyl 
-2-oxazoIidone) complexes 
of cisplatin. Potential time- 
release anti-tumour agents

Carraher et a l, 
1984

PEI Synthesis and biological 
characterisation of cisplatin 
derivatives of poly- 
ethyleneimine

Schechter et a l, 
1986

Carboxymethyl dextran Synthesis of cisplatin 
complexes of 
carboxymethyl dextran

Sohn et a l, 
1996

Polyphosphazene-diamine Synthesis and properties of 
polyphosphazene-di amine- 
platinum (II) conjugates

Bogdanov e ta l ,  
1996

PEG-LL succinate An adduct of cisplatin with 
PEG-PLL succinate. Synthesis 
and cytotoxicity properties

Imai et a l, 
1997

Alginates Control of pharmacokinetics 
and nephrotoxicity of 
cisplatin by alginates

Gianasi et a l, 
1998

HPMA copolymer cisplatin conjugates with HPML' 
copolymer bearing amine and 
carboxyl groups
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Figure 5.4 Polymer-platinate conjugates involving Pt chelating via pendant carboxylate groups
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Chapter 5: Synthesis and in vitro Evaluation of PAMAM Dendrimer-Pt

carboxyl (sodium salt) surface and amine group inside the core. It is known that both these 

ligands can theoretically bind with different affinities to platinum. Therefore the stability with 

which the platinum is held and its release both in vitro and in vivo can have marked effects 

on the cytotoxicity induced or anti-tumour activity. For example carboxyl groups form a 

poorly stable bond and have been shown to release platinum relatively quickly (Gianasi et 

al., 1999) when compared to amine functionality which releases platinum relatively slowly 

or not at all (Gianasi et al., 1999). In both cases the platinum was bound to HPMA 

copolymer (Figure 5.4).

The aim of this study was to prepare a dendrimer-Pt based on PAMAM gen 3.5 and 

evaluate its biological properties in vitro.

5.2 Method 

Preparation

PAMAM gen 3.5 and gen 4 were chosen to synthesise the dendrimer-Pt conjugates. 

Initially, a range of cisplatin : dendrimer molar ratios were used to optimise the reaction 

procedure (according to the method described in Chapter 2, section 2.3.6.1). Subsequently a 

cisplatin ; dendrimer molar ratio of 35 ; 1 was chosen for all further reactions as this 

provided an opportunity to have a relatively large surface coverage of platinum, whilst 

maintaining water solubility of the conjugate. Throughout the reaction rate was monitored 

by measuring chloride ion release using a chloride meter as described in Chapter 2 (section 

2.3.62).

Analysis

After purification of the dendrimer-Pt reaction mixture by centrifugation or dialysis, 

the total platinum loading (wt %) in the dendrimer-Pt was assessed using initially the 

colorimetric oPDA assay, and then later by AAS (flame and graphite) as described in 

Chapter 2 (section 2.3.6.3 and 2.3.6.4). The final was product was assessed for free
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platinum using TLC as described in Chapter 2 (section 2.3.4.2). GPC was also used to 

compare the relative differences in retention time for gen 3.5 and dendrimer-Pt.

Briefly, gen 3.5 or dendrimer-Pt were made up to concentrations of 1, 2, or 5 mg/ml 

in the mobile phase of DDW, PBS or sodium chloride solution. Two silica based GPC 

columns were linked in series (G2000PW and G4000PW). The columns were allowed to 

equilibrate with the mobile phase at a flow rate of 1 ml/min for 2 h. The columns were linked 

in series with a differential refractive index (RI) detector and UV-vis spectrophotometer. 

The RI and absorbance of the dendrimer-Pt and gen 3.5 were monitored and the columns 

calibrated. Linear pullulan standards (molecular weight range of 5,000 Da to 840,000 Da) 

and protein standards (molecular weight range 5,000 Da to 800,000 Da) were used. The 

void volume was determined using blue dextran (molecular weight 2,000,000 Da).

PCS was used to determine the particle size of the PAMAM dendrimer (26 mg/ml) 

and dendrimer-Pt (8.5 mg/ml). The particle sizer was set to an aperture of 100 |im, count 

rate was set for 120 sec, the refractive index used was 1.33 and the viscosity was 0.894, 

both set for water. The dendrimer or dendrimer-Pt were dissolved in double deionised water 

(DDW), and filtered through a 0.2 pm acrodisk sterile filter. The solutions were then 

carefully transferred to a cuvette and the solution checked for bubbles. The particle size was 

then determined in triplicate using the particle sizer, only readings which were off sufficient 

count rate and which hence passed the quality control were finally used. The particle sizer 

was previously calibrated using latex beads (diameter 91 nm) and was found to agree with 

theoretical size.

Biological characteristics in vitro

In vitro release of platinum from the dendrimer-Pt and cell cytotoxicity of the 

dendrimer-Pt were assessed according to the method described in Chapter 2 (section 

2.3.6.5) (cisplatin was used as a positive control for cytotoxicity experiments).

164



Chapter 5: Synthesis and in vitro Evaluation of PAMAM Dendrimer-Pt

5.3 Results

Preparation
Several batches of gen 3.5 dendrimer-Pt were synthesised giving a mean loading of 

23.6 ± 1.8 wt % (Table 5.3). After reaction with cisplatin, gen 4 did not show any platinum 

loading as determined by AAS.

Monitoring the reaction of gen 3.5 and gen 4 with cisplatin using a chloride ion 

release meter demonstrated that the chloride ion release from cisplatin proceeded faster in 

the presence of dendrimer then simple hydrolysis alone. In addition, the chloride release for 

cisplatin in the presence of gen 3.5 reached 100 % whereas the chloride release for cisplatin 

in the presence of gen 4 reached 80 % (Figure 5.5).

When a range of cisplatin : dendrimer gen 3.5 molar ratios were used the maximum 

platinum loading achieved was 40 wt %. A molar ratio of 1 : 35 (dendrimer ; cisplatin) was 

subsequently selected for further reactions as the addition of more cisplatin did not result in 

a proportionately higher platinum loading. There was also a possibility that higher cisplatin 

concentrations might either lead to cross-linking of the dendrimer and the poor yield would 

certainly waste cisplatin, an expensive drug (Figure 5.6).

Analysis

A comparison between methods of platinum analysis; oPDA and AAS (flame and 

graphite) as well as analysis by an external contractor (Butterworth Laboratories, UK) 

demonstrated a total wt % loading which was in close agreement for each method (Table 

5.3). Using TLC it was confirmed that the gen 3.5 dendrimer-Pt and gen 3.5 remained on 

the baseline remained on the baseline and that free platinum could be resolved (RF = 0.76, 

Figure 5.7). Throughout, all the dendrimer-Pt batches contained no free platinum by TLC.

Analysis of the dendrimer-Pt using GPC revealed the presence of a higher molecular 

weight species or aggregates as well as the lower molecular weight dendrimer-Pt species 

(Figure 5.8). In addition, PCS analysis revealed that the gen 3.5 dendrimer-Pt had a larger 

particle size of approximately 44 nm when compared to the native gen 3.5 size of 4 nm 

(Figure 5.9).
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Table 5.3 Characteristics of seven batches of gen 3.5 dendrimer-Pt

Batch of dendrimer-Pt Pt Content 
(Wt %)

Method of 
Pt analysis^

GDI 23.0 oPDA
CD2 22.0 oPDA
CD3 23.2 AAS
CD4 22.0, 25.6 AAS, external
CD6 * Not analysed
CD5 24.5 AAS
CD7 21.8 AAS
CDS 26.9 AAS

Mean - 23.6 ± 1.8

* CD6 was synthesised using a different method (reflux) and product was black powder so 
the conjugate was disregarded.
 ̂Abbreviation; AAS: atomic absorption spectroscopy.

External: external contractor - Butterworth Laboratories, UK.
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Figure 5.5 Chloride release from dendrimer gen 3.5, 4 and 
cisplatin in DDW
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Figure 5.6 Effect on platinum loading of varying the molar ratios of cisplatin to dendrimer
(as determined by flame AAS)
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Figure 5.7 TLC analysis of dendrimer-Pt
after purification, solvent DMF
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Figure 5.8 GPC (SEC) of dendrimer-Pt conjugate on GP2000/4000 (DDW)
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Figure 5.9 PCS of PAMAM gen 3.5 and dendrim er-Pt
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In vitro release of platinum

In vitro release studies incubating the dendrimer-Pt at two physiological pH’s 

representing the extra- and intracellular environments showed virtually no release of 

platinum over 72 h at 37 °C (Figure 5.10).

In vitro cytotoxicity

Dendrimer-Pt demonstrated a lower cytotoxicity than cisplatin after incubation with 

CCRF and Cor L23 cells (Figure 5.11b,c). This was not surprising as the dendrimer-Pt 

would be expected to be captured slowly by the cells by pinocytosis. In addition, when 

incubated with the B16F10 cells (Figure 5.11a) the dendrimer-Pt was inactive over the 

concentration range used and the complex was at least 222 fold less toxic than cisplatin 

alone (Table 5.4).

5.4 Discussion

Several batches of gen 3.5 dendrimer-Pt were synthesised using a ratio of 1 : 35 

(dendrimer ; cisplatin). Reproducibly the platinum content was 20 - 25 wt % and the mean 

platinum content was 23.6 ± 1.8 wt %. All the methods used to determine the platinum 

loading gave similar results. Analysis of the product showed that a range of dendrimer-Pt 

species are probably formed (Figure 5.6). Generally the water solubility of cisplatin is very 

poor. Solubility tests conducted in water at ambient temperature showed that the gen 3.5 

dendrimer-Pt dissolved rapidly with a maximum solubility of 60 mg/ml. This represents a 

platinum concentration of 14.4 mg/ml; an eleven fold increase in the maximum solubility 

compared to that of cisplatin (maximum solubility of Pt in water is 1.3 mg/ml).

Reflection on the factors important for design of polymer-platinates tells us that it is 

essential to have ligands which can release the biologically active di-aqua platinum species at 

the site of action. It is known that the amine-platinate bond is much more stable than the 

carboxyl-platinate bond. Consequently the platinates are much more readily released from a 

carboxyl group than an amine group (Schechter et al, 1986). During the preparation of gen
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Figure 5.11 In vitro cytotoxicity of dendrimer-Pt (n = 3, SEM)
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Figure 5.11 (cont.) In vitro cytotoxicity of dendrimer-Pt (n = 3, SEM)
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Table 5.4 In vitro cytotoxicity (ICgg values) for cisplatin and gen 3.5 dendrimer-Pt
measured in different cell lines

Cell
Line

Cisplatin Dendrimer-Pt Toxicity
difference

B16F10 9 > 2 0 0 0 > 2 2 2  fold

CCRF 0.96 500 520 fold

Cor L23 4 1003 250 fold

IC50 values for cisplatin and dendrimer-Pt conjugate (pg/ml)
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3.5 platinate the desire to prevent total conversion of an active di-aqua platinum species to 

the hydroxy species (inactive) led to the need for rapid purification, thus reducing to a 

minimum the time the complex remained in water. During dialysis a large amount of water is 

used (5 L) and although an equilibrium must be formed between the dendrimer-Pt and fi-ee 

platinate (in solution) the equilibrium will be effected when the dialysate is changed over 

several days. Loosely bound platinum species would be expected to be lost during dialysis.

When injected i.v. it is desirable to maintain the platinate complexed to the gen 3.5 

dendrimer until the dendrimer-Pt arrives at the tumour site after capture by the EPR effect. 

This potentially would reduce the possibility of non-specific systemic toxicity. Thus, before 

administrating the dendrimer-Pt in vivo it was considered important to determine the 

stability of the complex in biological fluids (buffers). These experiments should identify the 

potential toxicity should the platinum be rapidly released. As was seen in Figure 5.10 very 

little platinum was released from gen 3.5 dendrimer-Pt at both pH 7.4 and 5.5 (representing 

the physiological pH of the plasma and lysosomal compartments respectively). Although 

some release from the carboxyl pendant groups might be expected, very low levels of release 

were seen at both pH’s. The tight chelation of platinum suggests a structure formation may 

form between platinum and the dendrimer surface giving a bidendate structure. When the 

platinum is bound in a bidendate manner or where the platinum forms cross-bridges between 

dendrimer molecules increased stability would be expected compared to a monodendate 

linkage. The low release of platinum was in contrast to the release profile seen by Gianasi et 

al. (1999) who found that HPMA copolymer-GFLG-COO-Pt (Figure 5.4) was able to 

liberate platinum very quickly (> 80 % release in 1 h). Conversely, HPMA copolymer- 

GFLG-en-Pt (designed to release Pt after enzymatic cleavage) released very little platinum 

over 72 h (< 10 % total). These observations clearly demonstrated the effect of the ligand 

stability on platinum release rates. The exact mechanism of platinum binding to the gen 3.5 

dendrimer is yet not so clear, but the failure of cisplatin to react with gen 4 suggests that 

there is probably no interaction with the dendrimer core.

177



Chapter 5; Synthesis and in vitro Evaluation of PAMAM Dendrimer-Pt

Whereas the anionic gen 3.5 dendrimer did produce a platinum complex, the cationic 

gen 4 dendrimer did not, even though it did show the ability to cause chloride ion release 

during reaction with cisplatin. The gen 4 product had no measurable level of platinum 

loading (as determined by flame AAS). It might be inferred that the cisplatin was reacting 

with the dendrimer surface and not the core since gen 4 shares the same core as gen 3.5. It 

should be noted, however, that the inability to detect platinum after reaction of cisplatin with 

gen 4 might not necessarily be indicative of the absence of platinum since interference 

problems (with flame AAS) are known to prevent successful detection of platinum. The lack 

of platinum in gen 4, even after an apparent successful reaction, might have been caused by 

the formation of an amine salt between the amine group on the dendrimer surface and the 

chloride ions from the cisplatin in preference to the gen 4 dendrimer-Pt. If such a reaction 

occurred the cisplatin would have been lost during purification. In order to further 

investigate this issue further gen 4 was reacted with tetrachloroplatinate which is a more 

appropriate platinum species for reaction with amine surfaces. During the reaction at a 

dendrimer : cisplatin ratio of 1 : 35 (as for gen 3.5), addition of the dendrimer to 

tetrachloroplatinate caused an amorphous, crystalline product to be precipitated which was 

insoluble in several solvents, even after heating. Determination of the platinum loading by 

AAS was therefore not possible.

The starting ratio of dendrimer : cisplatin (1: 35) should theoretically provide a 50 % 

coverage of the dendrimer surface if the platinum bonding to the dendrimer is monodendate. 

It is interesting to consider the number of atoms in a ring that might be formed between the 

gen 3.5 dendrimer surface and cisplatin. It is known that the most stable ring structures 

formed by platinates are a 5 or 6 membered rings Figure 5.12. However, it can be seen that 

if cisplatin were to complex with the surface of gen 3.5 in a bidendate manner a 10 

membered ring would result (Figure 5.12). This structure should theoretically have little 

stability, as platinum ring structures with more than 7 or 8 atoms are known to be unstable. 

The likely stability of platinum cross-bridges is not known, but crosslinking or aggregation 

of the dendrimer-Pt molecules might afford an environment where greater stability of the 

dendrimer-Pt complex was possible. Burrows et al. (1997) investigated the properties of a
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Figure 5.12 Platinum ring structures (a) general ring structures and 
(b) possible dendrimer-Pt ring structure
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phosphine derivative of platinum which was bound to a dicarboxylic acid, and found that the 

conjugates could be synthesised which were bidendate in nature and stable. However, this 

study did not specifically obtain the end compounds expected, demonstrating the difficulty in 

predicting whether mono- or bi-functional adducts are formed when reacting cisplatin with 

compounds which could give rise to either of these linkages. Future studies are required 

using and platinum NMR to try to elucidate the structures of the dendrimer-Pt further.

Analysis of the dendrimer-Pt using GPC and PCS indicated that dendrimer-Pt was 

either aggregating in the presence of platinum or that the platinum was forming cross

bridges between individual gen 3.5 dendrimer molecules. It is entirely feasible that a number 

of different species were formed as indicated by the GPC spectra. Exact identification of 

these species was not determined and the use of platinum NMR might reveal exactly how 

the platinum was bound to gen 3.5 dendrimer, but this too will be complicated if there are 

multiple species.

During in vitro cytotoxicity studies, cisplatin was found to be substantially more 

cytotoxic (IC50 0.96 -  9 p.g/ml) than the dendrimer-Pt (IC50 0.5 - > 2 mg/ml) by several 

orders of magnitude. The fact that the dendrimer-Pt was cytotoxic against some cell lines 

confirms that an active di-aqua platinum species can be released and that this was probably 

able to crosslink with DNA with induction of cell death. The difference in toxicity between 

cisplatin and the dendrimer-Pt, may have been indicative of the slower capture of the 

complex by pinocytosis although this was not specifically shown. Gianasi et al. (1999) 

showed that cisplatin HPMA copolymer-platinates containing the fast releasing carboxylate 

species has an IC50 of 10 pg/ml (in very good agreement with the IC50 value obtained for 

cisplatin using B16F10 cells in the present study. Table 5.4). Further, Gianasi et al. (1999) 

showed that HPMA copolymer-GFLG-en-Pt conjugate requiring enzymatic activation was 

not cytotoxic towards B16F10 cells over the concentration range studied ( 0 - 1  mg/ml).

In other studies (Eastman and Richon, 1986), it was shown that cisplatin has an IC50 

value of 0.15 pg/ml against L1210 cells (12 h incubation), this value is in good agreement 

with the IC50 value obtained here for cisplatin against other suspension cells (CCRF) and
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Cor L23 cells (Table 5.4). Los et al., (1991) described the in vitro cytotoxicity of cisplatin 

and carboplatin against a colonic carcinoma cell line (CC531) and found IC50 values of 0.36 

and 30.8 pg/ml respectively using [^H]thymidine incorporation to assess cellular viability. 

This cytotoxicity data reflects the range found in the present study and demonstrates the 

reduced cytotoxicity of the bicarboxylate ligand of carboplatin.

As mentioned in the introduction (section 5.1), a number of polymeric platinum 

derivatives have already been reported. In particular, Duncan et al. (1998) have synthesised 

a number of conjugates. These include HPMA copolymer-platinates containing different 

pendant groups and peptidyl spacers designed to be enzymatically cleavable (GFLG) or non- 

biodegradable (GG). Polyamidoamine-platinates and natural products containing platinum 

including carboxymethyldextran, poly-L-glutamic acid, and high G and high M alginates. 

Kataoka et al. (1998) has synthesised PEG-based polymeric micelles containing platinates. 

Like gen 3.5 dendrimer-Pt many of these polymeric-platinates have shown increased water 

solubility, reduced toxicity in vitro, and reduced toxicity in vivo.

Even though the exact structure of the gen 3 .5-platinate remains to be defined, 

batches were synthesised reproducibly and thus it was considered appropriate to move on 

and test their pharmacokinetics and pharmacology in vivo.
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Chapter 6: PAMAM Dendrimer-Pt: Pharmacokinetics and Pharmacology

6.1 Introduction

In the previous Chapter the synthesis and in vitro testing of the gen 3.5 

dendrimer-Pt was described. However it is well known that in vitro testing is a poor 

predictor of the anti-tumour activity of polymeric drugs and their activity must be 

established in vivo. In vivo tumour models must be reproducible (like the in vitro 

models), and show a low rate of spontaneous regression. The particular animal models 

selected for pharmacology and pharmacokinetic studies must be carefully chosen, in 

respect of the class of compounds to be studied. It is clear that solid tumour models are 

particularly important for evaluation of polymer-drug conjugates as only they can be 

used to determine whether the compound accumulates in tumour tissue by the EPR 

effect.

In this study i.p. B16F10 and L1210 models were first selected as a preliminary 

screen to establish the activity of gen 3.5 dendrimer-Pt. These i.p. models were 

originally used in the National Cancer Institute (NCI) screening systems to select 

cisplatin and carboplatin as potential clinical candidates (Van Putten, 1987) so a direct 

comparison with the dendrimer-Pt was thought important.

Although employment of a single compartment, such as the peritoneal cavity, 

for both establishing the tumour and administration of the conjugate can be favourable 

as an initial screen, such i.p. models, however, only provide preliminary information 

since the conjugate is directly in contact with the tumour cells at an early stage. Often 

treatment is given immediately after tumour inoculation, thus not providing time for the 

cells to establish and therefore they may easily be eradicated. In the 1970’s and 1980’s 

typical i.p. tumour models like the L1210 model became established as the primary 

screen for selecting candidates as potential anti-tumour agents (Goldin, 1966).

A more relevant test system, a s.c. the B16F10 melanoma model, was chosen as 

a more specific second system to determine the anti-tumour activity and 

pharmacokinetics of the dendrimer-Pt. The treatment was administered i.v. when the 

tumour became palpable and this probably is more relevant to the clinical situation and 

allows the dendrimer-Pt the opportunity of passive targeting by the EPR effect.
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6.1.1 Pharmacokinetics, pharmacology, and toxicology of low molecular weight 

platinum analogues

The preclinical pharmacology and mechanism of action of low molecular weight 

platinum analogues has already been documented (see Chapter 1, and McBrien and 

Slater, 1986). As can be seen from Table 6.1 cisplatin has a good spectrum of anti

tumour activity (T/C in the range 157 -  257 %). Platinum compounds have been shown 

to be active against the following cell lines: L1210, B16F10, Lewis lung carcinoma, 

Madison 109 lung carcinoma, and colon 26 carcinoma. Platinum resistant L1210 

sublines are typically used to monitor the ability of novel platinum compounds to 

overcome mechanisms of resistance relevant to platinum chemotherapy (Rose et al., 

1982). Typically cisplatin has an MTD of between 4 - 1 0  mg/kg when given in animals 

i.p. (single dose) (Rose et al., 1982). When given i.v. cisplatin has an MTD which is 

considerably lower, in the range of 1 mg/kg (single dose) (Gianasi et al., 1999).

The dose limiting toxicities of cisplatin and carboplatin are well known and 

include ototoxicity, nausea and vomiting, peripheral neuropathy, and myelosuppression 

(Goodman and Gillman, 1990). Because low molecular weight platinum analogues 

target the tumour ineffectively and cause this non-specific toxicity it seems logical to 

investigate drug delivery systems that might allow higher doses be administered with 

reduced toxicity and increased accumulation in tumour tissue.

The pharmacokinetics of cisplatin is well documented (Smith and Taylor, 1974; 

Gormley et al., 1979). Its plasma clearance is biphasic, with a t!6a in the order of 

minutes and a terminal half-life in the order of days. During this time cisplatin rapidly 

leaves the bloodstream entering all tissues including sites of toxicity (Gormley et al., 

1979). The cisplatin left circulating in plasma becomes quickly bound to plasma 

proteins with a protein interaction XVi of 200 min (Gormley et al., 1979). After 24 h 

more than 90 % of the circulating platinum is bound to proteins and erythrocytes 

(Manaka and Wolf, 1978).
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Table 6 . 1  In vivo anti-tumour activity of low molecular weight platinate and platinate
drug delivery systems

Drug/DDS Dose-Pt
(mg/kg)

Timing
(days/route)

Tumour model 
(cell line/route)

Activity 
(% T/C)

Reference

Low molecular 
weight nlatinum 
analogues
Cisplatin 2 1, 2, 3 (i.p.) L1210(i.p.) 157 Gianasi et a l, 

1999
Cisplatin 4-10 1 (i.p.) L1210(i.p.) 157-186 Rose et a l, 

1982

Cisplatin G.8-2.4 1-9 (i.p.) B16F10(i.p.) 186-257 Rose et a l, 
1982

JM84* 60 and 
90

1 (i.p.) L1210 (i.p.) 143 Rose et a l, 
1982

JM84*

Platinum drug 
deliverv svstems

40 1-9 (i.p.) B16F10(i.p.) 148 Rose et a l, 
1982

Liposomes
Liposome-
DACH-Pt

25 1 (i.p.) L1210(i.p.) 178 Perez-Soler 
et a l, 1988

Polymers
HPMA-
copolymer-
GFLG-en-Pt

15 1, 2, 3 (i.p.) L1210(i.p.) 133 Gianasi et al., 
1999

HPMA-
copolymer-
GFLG-en-Pt

15 1 (i.v.) B16F10(s.c.) 105 Gianasi et al., 
1999

DIVEMA-Pt 10 1 (i.p.) F9 embryonal 
carcinoma

114 Schechter et 
a l, 1989

Polyphosphazine-
Pt

55 1, 5, 9, 13 
(ip .)

L1210(i.p.) >566 Sohn et a l, 
1997

The analogue JM84 consists of square planar platinum structure with n-Butylamine 
substituting the ammine groups and 2-hydroxymalonato substituting the chloride groups.
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6.1.2 In vivo anti-tumour activity and pharmacokinetics of platinum delivery 

systems

A number of platinum delivery systems have been explored in recent years. The 

opportunity for improved efficacy i.p. using a polymeric carrier was clearly 

demonstrated using polyphosphazine-platinates. After administration of a single dose 

(55 mg/kg) a T/C > 566 % was seen in DBA] mice bearing an i.p. L1210 tumour (Sohn 

et al., 1997). Bogdanov et a l (1996) synthesised a polymer based polyethylene 

glycol/poly-L-lysine (PEG-PLL-Pt). This derivative had a 4.3 wt % loading and showed 

high water solubility. The plasma clearance of the conjugate displayed a half-life of 63 

h and the conjugate accumulated in an experimental mammary adenocarcinomas to a 

level of 2.5 - 3.5 % injected dose. More recently, a number of HPMA copolymer 

platinates have been evaluated for anti-tumour activity in vivo (Gianasi et al., 1999). 

Pharmacological studies with HPMA-GFLG-en-Pt demonstrated activity in i.p. tumours 

and significant enhancement in survival times in mice treated with the conjugate i.v. 

against a s.c. tumour (Table 6.1). Although HPMA copolymer platinates were equi- 

active with cisplatin in i.p. L1210 models the toxicity was considerably less (15 fold). In 

a s.c. B16F10 model the HPMA copolymer platinates demonstrated enhanced survival 

times compared with cisplatin and tumour accumulation was ~ 60 times greater than 

seen for cisplatin when both were administered at their respective MTD (15 and 1 

mg/kg respectively for HPMA-copolymer-GFLG-en-Pt and cisplatin) (Gianasi et a l, 

1999).

Table 6.2 shows the pharmacokinetic profile of cisplatin and a number of 

conjugates in tumour bearing and non-tumour bearing animals. It can be seen that the 

XV2CL of cisplatin is very rapid in the order of 5 min when compared to platinum bound to 

a macromolecular carrier such as HPMA copolymer where the t!6a is increased to 10 h. 

This increase in half-life results in the significant enhancement of tumour tissue 

accumulation.

Figure 5.2 (Chapter 5) shows schematically the hydrolysis pathway of cisplatin 

and Chapter 5 discusses the factors which control this equilibrium in vivo. After i.v. 

administration it is also possible that cisplatin might react with blood components 

including RBC and proteins thus reducing the platinum available for anti-tumour
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Table 6.2 Pharmacokinetics of different drug delivery systems

delivering cisplatin

Cisplatin/DDS Dose-Pt
(mg/kg)

T !6 a
(min)

Tumour
model
(cell
line/route)

AUG
V
cisplatin

Reference

Cisplatin 2 (i.v.) 5 min No tumour N/a Siddik ûf/., 1986
HPMA-GFLG- 15 (i.v.) 10 h B16F10(s.c.) 63 X Gianasi et al.,
en-Pt tumour 1999
CM-dextran-Pt 5 (i.p.) 4.1 h No tumour 12.7 X McIntosh et al..

blood 1997
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activity. Manaka and Wolf (1978) showed that cisplatin interaction with erythrocytes 

and plasma proteins is essentially irreversible. The use of a macromolecular carrier to 

carry platinum might lead to less platinum binding to RBC/proteins and hence increase 

its bioavailability to tumour sites.

Imai and Otagiri (1997) investigated the pharmacokinetics of cisplatin 

complexed to alginate, an anionic polysaccharide obtained from marine brown algae. 

After i.v. administration plasma levels of cisplatin were significantly increased and the 

increase was dependent on the molecular weight of alginate used. Renal excretion of 

cisplatin was enhanced by complexation to alginate because of increased glomerular 

filtration. In addition, irreversible protein binding of cisplatin in plasma was inhibited 

by complexation. Evaluation of pharmacokinetic behaviour after 8 days demonstrated 

that accumulation in key organs including the kidney, liver, and RBC were significantly 

reduced by the alginate-cisplatin complex. Finally, the alginate-cisplatin complex 

avoided an increase in the BUN levels by cisplatin whilst still maintaining anti-cancer 

activity.

Another study evaluating the pharmacokinetics (over 72 h) of carboxymethyl 

dextran (McIntosh et a l, 1997) found that after i.v. in GDI mice administration of 

cisplatin or carboxymethyl dextran conjugated to cisplatin (all doses were 5 mg/kg) the 

AUG in plasma increased 12 fold with respect to the conjugate. Evaluation of tissue 

distribution demonstrated that whereas cisplatin accumulated at high levels in kidney, 

muscle, liver, and lung. Carboxymethyl dextran bound to cisplatin showed much less 

levels of accumulation (15 fold reduction in the case of the liver).

One of the dose-limiting toxicities of cisplatin is nephrotoxicity (Krakoff, 1979; 

Matsumoto et a l, 1991). To circumvent this problem a number of low molecular weight 

platinum analogues have been prepared with the hope of reducing nephrotoxicity 

(Lelieveld et a l,  1984; Connors et a l, 1979). At present only carboplatin is routinely 

used in the clinic because of its reduced toxicity when compared with cisplatin. 

Measurement of BUN is commonly used as a method to evaluate kidney function after 

administration of low molecular weight platinates. The levels of BUN are regulated by 

the metabolism of proteins and by renal excretion (Cantarow and Trumper, 1975), and a
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increase in BUN levels occurs if there is an impairment of kidney function due to 

chronic nephritis, glomerulonephritis and tubular necrosis. Although there are several 

methods for measurement of BUN, the procedure of Talke and Schubert (1965) appears 

to be the most convenient and is therefore used in clinical laboratories (Martinek, 1969). 

Therefore this procedure was used to assay BUN.

6.2 Methods

The batches of gen 3.5 dendrimer-Pt used in these studies had a platinum content 

of between 20 -  25 wt % and they were synthesised according to the methods described 

in Chapter 2 (section 2.3.6). The experimental tumours were established and treated 

according to the methods described in Chapter 2 (section 2.3.9 and 2.3.10).

All animal experiments were carried out according to criteria laid down in the 

United Kingdom Co-ordinating Committee on Cancer Research (UKCCCR) guidelines 

for the welfare of animals in experimental neoplasia (UKCCCR, 1998). Mice suffering 

a body weight loss greater than 80 % were killed. For the first studies a limit of tumour 

size of 300 - 400 mm^ was used and following a Home Office review in 1998 the 

maximum tumour size was reduced to 200 - 300 mm .̂

For the pharmacokinetic studies calculation of blood mouse volume was made 

assuming 5.77 ml per 100 g of mouse body weight (Dreyor and Ray, 1910). All AUC 

values were calculated using GraphPad Prism (GraphPad software incorporated, UK) 

and all AUC values were expressed over the total time period 5 min to 48 h.

To evaluate the nephrotoxicity of cisplatin and the dendrimer-Pt an experiment 

was conducted in mice. Following i.v. administration of cisplatin and dendrimer-Pt the 

BUN levels were monitored for up to 4 days using the method described in Chapter 2 

(section 2.3.11).
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6.3 Results

6.3.1 Anti-tumour activity of cisplatin and the dendrimer-Pt (gen 3.5)

Figure 6.1 and Table 6.3 summarise the results of several experiments using 

mice implanted i.p. with L1210 and B16F10 tumours and subsequently treated i.p. with 

cisplatin or dendrimer-Pt. When unmodified PAMAM gen 3.5 dendrimer (without 

platination) was administered to L1210 bearing mice no anti-tumour activity was seen 

(Table 6.3). No significant loss in body weight was seen after dendrimer administration 

indicating lack of toxicity (Figure 6.2). Loss of body weight was seen after 

administration of cisplatin at doses of 2 and 3 mg/kg and in the case of the 3 mg/kg 

group animals were killed when their body weight fell below 80 % of the starting level.

After administration of dendrimer-Pt to L 1210 bearing mice at doses higher than 

15 mg/kg the number of toxic deaths dramatically increased indicating that the MTD for 

the dendrimer-Pt was approximately 15 mg/kg. On post-mortem examination some of 

the mice showed gross-morphological changes including an enlarged and darkened 

spleen. However this was also noted in those animals treated with cisplatin alone 

although to a lesser degree. Such signs may be indicative of longer-term chronic toxicity 

of the dendrimers or simply platinum-related toxicity. Administration of lower doses of 

cisplatin (2 mg/kg) and dendrimer-Pt (2 -1 5  mg/kg) resulted in a sharp reduction in the 

number of toxic deaths and a concomitant increase in the mean survival (T/C) of the 

DBA] mice. Generally the dendrimer-Pt was equi-active when compared to cisplatin, 

however the dendrimer-Pt at equi-dose (2 mg/kg) showed much higher T/C.

When cisplatin (5 mg/kg) and dendrimer-Pt (5 -1 5  mg/kg) were administered as 

a single dose to C57 mice bearing i.p. B16F10 tumours anti-tumour activity was seen 

only at the highest dose (15 mg/kg) of dendrimer-Pt which produced a significant 

increase in the life span of the animals compared to saline controls. In addition the final 

tumour weight of those animals treated with dendrimer-Pt at 15 mg/kg dose was 

significantly reduced compared to the tumour weight seen after the administration of 

cisplatin (5 mg/kg) (Figure 6.3). This is interesting since the dendrimer-Pt was shown to 

be inactive against the B16F10 cells in vitro (Chapter 5).
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Table 6.3 Summary of the survival data obtained for all experiments involving i.p. treatment of mice bearing i.p. L1210 or B16F10
tumours

L1210 i.p.; i.p. treatment days 1, 2, and 3
Treatment Survival / days Mean survival time days Mean Toxic T-test

(±SD) T/C % deaths
Control (saline) 11, 11, 11, 12, 12 11.4 (0) 100 0/5
Cisplatin 2 mg/kg 12, 18, 18, 15, 20 14 (3.3) 146 0/5 ** V saline
Dendrimer-Pt 2 mg/kg 14, 15, 15, 25, 40 21.8(9.9) 191* 1/5 ** V saline, NS v Pt
Dendrimer-Pt 5 mg/kg 12, 13, 14, 14,14 13.4 (0.8) 118 1/5 ** V saline, NS v Pt
Dendrimer-Pt 10 mg/kg 16, 15, 15, 16, 20 16.4(1.9) 144 1/5 ** V saline, NS v Pt
Dendrimer-Pt 15 mg/kg 15, 15, 15, 17,21 16.6 (2.3) 146 0/5 ** V saline, NS v Pt
Long-term survivor (1/5) at 40 days

L1210 i.p.; i.p. treatment days 1, 2, and 3
Treatment Survival / days Mean survival time days Mean Toxic T-test

(±SD) T/C % deaths
Control (saline) 10, 10,10, 10, 10 10(0) 100 0/5
Cisplatin 2 mg/kg 12, 12, 14, 16, 16 18(4.3) 140 0/5 ** V saline
Cisplatin 3 mg/kg 5, 5, 5, 5, 5 5(0) 50 5/5
Dendrimer alone 95 mg/kg 10, 10, 10, 10,10 10(0) 100 0/5 NS V saline
Dendrimer-Pt 25 mg/kg 4, 4, 4, 4, 4 4(0) 40 5/5
Dendrimer-Pt 40 mg/kg 4, 4, 4, 4, 4 4(0) 40 5/5

B16F10 i.p.; treatment day 1 only
Treatment Survival / days Mean survival time days 

(±SD)
Mean 
T/C %

Toxic
deaths

T-test

Control (saline) 17, 17, 17, 17, 17 17(0) 100 0/5
Cisplatin 5 mg/kg 7, 10,18, 19, 24 15.6 (6.2) 90 2/5 NS V saline
Dendrimer-Pt 5 mg/kg 16, 16, 17, 17, 23 17.8 (2.6) 105 0/5 NS V saline, NS v Pt
Dendrimer-Pt 10 mg/kg 17, 17, 19, 22, 16 18.2 (2.1) 107 0/5 NS V saline, NS v Pt
Dendrimer-Pt 15 mg/kg 21,21,21,22, 25 22(1.5) 129 5/5 * * *  V saline, NS v Pt

;s



Figure 6.2 Effect of dendrimer (gen. 3.5) administered (i.p.) on the body weight 
of DBA2 mice bearing L1210 leukaemia.
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Figure 6.4 shows the change in body weight of C57 and DBA: mice after 

treatment. Cisplatin generally caused a reduction in body weight, and this was greater 

degree than seen for the dendrimer-Pt. The maximum weight loss observed in all groups 

of mice bearing i.p. B16F10 tumours is shown in Figure 6.5. It can be seen that the 

greater loss in body weight loss was suffered by mice treated with cisplatin at its MTD 

(5 mg/kg) then dendrimer-Pt at its MTD (15 mg/kg).

When cisplatin and dendrimer-Pt were administered i.v. to treat the s.c. B16F10 

model the MTD of cisplatin and dendrimer-Pt were found to be 1 and 15 mg/kg 

respectively. At its MTD cisplatin was completely inactive against the s.c. B16F10 

tumour. However the dendrimer-Pt at all the doses tested (5, 10, and 15 mg/kg) 

demonstrated increased T/C values (Figure 6.6). Figure 6.7 shows the growth of the 

B16F10 tumour in each group during the course of the experiment. Tumour size in mice 

treated with saline and cisplatin grew at a faster rate then those treated with the 

dendrimer-Pt.

6.3.2 Pharmacokinetics of cisplatin and dendrimer-Pt (gen 3.5)

The platinum concentration (pg/g) detected in the liver, kidney, tumour, and 

blood of mice bearing s.c. B16F10 tumours after administration with cisplatin (1 mg/kg, 

i.v.) or gen 3.5 dendrimer-Pt (1 or 15 mg/kg, i.v.) is shown in Figure 6.8. Figure 6.9 

shows the same data as the percentage injected dose/g. The results have been expressed 

in these two forms to enable the reader to see the exact platinum tissue concentration 

(pg/g), but also from the percentage dose per gram data have a direct comparison 

between the distribution of cisplatin and dendrimer-Pt at the doses used.

When the results were expressed in term of platinum content in pg/g (Figure 

6.8) the higher dose of dendrimer-Pt (15 mg/kg) administered not surprisingly led to a 

higher level of platinum accumulation in all the organs than was seen for either cisplatin 

(1 mg/kg) or the dendrimer-Pt at equi-dose to cisplatin (1 mg/kg). In contrast, where the 

platinum content in the organs was expressed as percentage dose/g (Figure 6.9) 

administration of the dendrimer-Pt at a dose of 1 mg/kg generally led to a higher level 

of accumulation in the tumour and kidney. When content was expressed as % dose/g the
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Figure 6.4 Changes in body weight, mice bearing i.p. tumours,
n = 5
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Figure 6.5 Maximum weight loss percentage C57 black mice 
bearing i.p tumours following single i.p dose of dendrimer-Pt (n = 5, ± SD)
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Figure 6.6 T/C of dendrimer-Pt and cisplatin, against B16F10
s.c. tum eur in C57 mice. The data represent the mean ± SD, n = 5
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Figure 6.7 Growth of tumour surface area in 
C57 mice, bearing s.c. B16F10 tumours, n = 5, ± SD
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Figure 6.8 Biodistribution of dendrimer-Pt and cisplatin over 48 h after administration to C57 mice bearing s.c. B16F10 tumour:
Data expressed as Pt levels pg/g. (n =3, ± SD)
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Figure 6.9 Biodistribution of dendrimer-Pt and cisplatin over 48 h 
in C57 mice bearing s.c. B16F10 tumours;
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liver levels were generally higher, and in the blood administration of dendrimer-Pt at the 

15 mg/kg dose produced the highest levels.

Although, the pharmacokinetic data did not always produce a smooth curve it 

was felt useful to estimate the relative AUC’s over the observation time period 5 min - 

48 h (|ig/g). At equi-dose (1 mg/kg) the AUC for the blood clearance was the same for 

dendrimer-Pt and cisplatin (Table 6.4). However the fate and rate of clearance of these 

two species is different. The liver uptake of cisplatin was much higher than seen for 

dendrimer-Pt at equi-dose (3 fold), whereas the kidney levels of the dendrimer-Pt were 

higher than seen for cisplatin (over 2 fold). Most importantly the tumour accumulation 

of the dendrimer-Pt was 5 fold higher than seen for cisplatin given at the same dose 

(Table 6.4). The MTD of cisplatin and dendrimer-Pt was 1 mg/kg and 15 mg/kg 

respectively so it is interesting to compare the AUC at these doses. The blood clearance 

of dendrimer-Pt after administration at 15 mg/kg was much higher than seen for 

cisplatin given at 1 mg/kg (53 fold). The AUC levels seen in the liver and kidney for the 

higher dose of dendrimer-Pt were also not surprisingly higher (3.7 and 4.2 fold 

respectively). However this increase did not reflect the 15 fold increase in the dose 

given. Once again and importantly, the tumour platinum levels at the MTD for the 

dendrimer-Pt were considerably seen to be the higher (50 fold) than could be achieved 

by cisplatin at its MTD (1 mg/kg).

Comparison of the platinum levels measured in the blood and tissues after 

administration of dendrimer-Pt at 1 and 15 mg/kg showed the higher dose produced the 

longer blood residence time (47 fold higher) (Table 6.4). The liver and kidney platinum 

AUC’s measured after administration of the higher dendrimer-Pt dose were 11.7 fold 

and 1.8 fold higher respectively than seen at the lower dose. The increase in tumour 

AUC was 10 fold after dose escalation. These changes in AUC value indicate 

concentration-dependent changes in the biodistribution of dendrimer-Pt over the dose 

range used. Perhaps indicative of an aggregation effect at the higher dose leading to the 

longer circulation time in blood, an important pre-requisite for the EPR effect.

When the tumour to normal tissue AUC ratios were examined it was found that 

in the case of cisplatin the ratio was poor, showing greater uptake in non-tumour tissue
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Table 6.4 Analysis of the AUC (|ig/g/h) for platinum levels in various 
tissues taken from C57 mice bearing s.c. B16F10 tumours after 

administration of cisplatin and dendrimer-Pt (i.v.)

5 min-48 h

Organ Cisplatin 
(1 mg/kg)

Dendrimer-Pt 
(1 mg/kg)

Dendrimer-Pt 
(15 mg/kg)

Blood 9.44 10.71 502.0

Liver 51.59 16.98 193.2

Kidney 57.58 138.1 244.2

Tumour 5.29 25.39 264.8
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(Table 6.5). The dendrimer-Pt in comparison generally showed a more favourable 

uptake in the tumour tissue compared to that seen in the non tumour tissue.

BUN assay in vivo in C57 mice bearing B16F10 tumours

Over 48h, Mice treated with either cisplatin (1 mg/kg) or dendrimer-Pt 

(15mg/kg) showed no increase in BUN levels compared to the saline treated animal 

controls (Table 6.6).

6.4 Discussion

6.4.1 Pharmacology and pharmacokinetics of dendrimer-Pt

The dendrimer-Pt proved equi-active compared with free cisplatin when anti

tumour activity was evaluated using the i.p. L1210 leukaemia tumour model. In the i.p. 

B16F10 melanoma the dendrimer-Pt was active at the highest dose used whereas 

cisplatin was inactive. The dendrimer-Pt was considerably less toxic (at least 15 fold). 

These observations compare well with studies of Rose et al. (1982) where a 60 and 90 

mg/kg single i.p. dose produced a T/C of 143 % and Perez-Soler et al. (1988) where a 

25 mg/kg single i.p. dose produced a T/C of 178 % (Table 6.1). In these studies doses 

far in excess of the MTD found in the present study produced equivalent or slightly 

better survival times. In the i.p. B16F10 model, the dendrimer-Pt showed activity at the 

highest dose used (T/C = 129%), and this was significantly better than the saline 

control. The data here compares favourably with previous studies using JM84 at doses 

of 40 mg/kg over 9 consecutive days i.p. (T/C = 148 %) (Rose etal., 1982, Table 6.1).

In the i.p. B16F10 model it was possible to dissect out the tumour mass at the 

end of the experiment, due to its black colour. Analysis of the final tumour weights 

using the student-t test for small sample sizes indicated that mice treated with 

dendrimer-Pt mice at the highest dose (15 mg/kg) had a tumour weight that was 

significantly lower than seen following treatment with cisplatin (1 mg/kg) (p < 0.05).

In contrast the s.c. B16F10 tumour model was responsive to treatment by the 

dendrimer-Pt, whereas it did not respond to cisplatin (figure 6.6). When compared with 

Gianasi et al. (1999) the dendrimer-Pt shows better activity (Table 6.1). This is also 

represented in the slower rate of tumour growth seen.
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Table 6.5 Tumour : normal tissue ratios of platinum levels measured in tissues of C57 
mice bearing s.c. B16F10 tumours over 48 h

a) ratio of AUC for accumulated dose

Tumour ; normal 
tissue ratio

Cisplatin Dendrimer Dendrimer-Pt 
-Pt 1 mg/kg 15 mg/kg

Tumour ; blood 0.56 2.37 0.52

Tumour : liver 0.1 1.49 1.37

Tumour : kidney 0.09 0.18 1.08

b) comparison between AUC fold differences for cisplatin and dendrimer-Pt

Tumour : normal 
tissue ratio

Dendrimer-Pt Dendrimer-Pt 
( 1 mg/kg) V (15 mg/kg) v 
cisplatin cisplatin 
(1 mg/kg) (1 mg/kg)

Dendrimer-Pt 
15 mg/kg V 
1 mg/kg

Blood 1.13 53.17 46.80

Liver 0.33 3.74 11.37

Kidney 2.39 4.24 1.76

Tumour 4.79 50.0 10.43
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Table 6.6 BUN levels in C57 mice treated with cisplatin and dendrimer-Pt

Treatment BUN levels

Mean ± SD n = 5

Saline 12.64 mg/dL (+ 1.02)
Dendrimer-Pt (15 mg/kg) 11.79 mg/dL (±5.67)
Cisplatin (1 mg/kg) 17.49 mg/dL (± 6.45)

No significant differences were seen between cisplatin and the dendrimer-Pt
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The plasma profile (percentage of the dose injected) of the dendrimer-Pt at both 

doses used (1 mg/kg and 15 mg/kg) were very similar the t!6 values being -30 min and 

~1 h respectively. If there was a linear correlation for the dendrimer-Pt dose and plasma 

concentration one would expect a simple 15 fold increase in the plasma AUC between 

the two doses. This was not the case. The ratio of AUC at the two doses was 47 fold.

It was interesting to compare the body distribution of the PAMAM dendrimer 

gen 3.5-Pt (measured by detection of platinum) and that of the ^^^I-labelled gen 3.5 

(measured by detection of radioactivity) (Chapter 4). The respective levels seen in 

blood, liver, and kidney were compared by plotting the data as a percentage of the 

injected dose seen in the tissue at 1 h (Figure 6.10). The levels observed in the blood 

and kidney show a reasonable correlation between platinum levels observed and 

radioactivity. In the case of the liver however, the ^^^I-labelled dendrimer showed a 

substantially higher liver accumulation than the dendrimer-Pt. This may have been 

indicative of the capture of the anionic ^^^I-labelled dendrimer due to the higher degree 

of exposure of the carboxyl surface possibly leading to identification and uptake by 

macrophages. It is unlikely that the Bolton and Hunter (radiolabel) itself caused this 

degree of uptake to the liver.

Comparison of the anti-tumour activity observed in the i.p. and s.c. B16F10 

models shows clearly that the best activity was seen after administering the dendrimer- 

Pt by the i.v. route when treating the s.c. B16F10 tumour. It seems highly likely that this 

is due to preferential tumour targeting of the dendrimer-Pt the EPR effect in the solid 

tumour model. Indeed studies on the pharmacokinetics of the dendrimer-Pt showed 

improved platinum levels in tumour tissue compared with those seen following 

administration of cisplatin at its MTD (Table 6.4). The fact that the dendrimer-Pt has the 

larger molecular weight (and potentially are present as cross-linked species, diameter 44 

nm) and extended plasma half-life (Figure 6.8) allows tumour targeting by the EPR 

effect.

Hoshino et al. (1995) described the pharmacokinetics of cisplatin (1 mg/kg) and 

transferrin-bound cisplatin (1 mg/kg) in Balb/C mice (not bearing tumours). The organs 

were assayed for platinum over a 48 h period. The ratios of AUC observed showed that 

at a molar ratio of administration of 15 : 1 (transferrin-cisplatin to cisplatin) showed that 

transferrin-bound cisplatin had a 4.6-fold higher blood level, and a 9.3-fold higher liver 

level, but that the kidney levels were comparable.
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Figure 6.10 Comparison of percentage injected dose for dendrimer-Pt (gen 3.5) 
and radioiodinated dendrimer (gen 3.5), i.v. at Ih in 2 organs and blood

o
•o
■o

(J

50 1

40

Gen 3.5 dendrimer-Pt (15mg/kg in C57 mice) 

*^^I-labelled gen 3.5 (75 )Lig/kg in Wistar rats)
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EPR effect

The extended plasma half-life of the dendrimer-Pt, even at equi-dose, offers a 

greater opportunity for accumulation in tumour tissue by the EPR effect, but an 

important question is whether this trend is also reflected in other non-tumour tissues?

It is interesting to compare the extent of EPR seen for the dendrimer-Pt in the 

B16F10 model to that reported for other polymer-Pt’s. Gianasi et al. (1999) have 

studied a number of HPMA copolymer platinates in this model. They found that the 

HPMA-GFLG-Pt administered i.v. at 15 mg/kg enhanced the uptake of platinum in a 

solid s.c. B16F10 tumour by 63 fold at its MTD (15 mg/kg) following i.v. 

administration in C57 mice bearing s.c. B16F10 tumours. Additionally the plasma half- 

life was increased from 2 min (cisplatin) to 15 h (conjugate). The molecular weights of 

these HPMA copolymer used to carry the platinum was -30,000 Da. The lower 

molecular weight of the dendrimer gen 3.5 (12,400 Da) showed an AUC increase of 50 

fold compared to cisplatin at its MTD (1 mg/kg). The plasma half-life was also 

increased to 1 h (15 mg/kg), where the cisplatin only showed a half-life of several min.

A comparison of the tumour to normal tissue ratios revealed that the levels of 

cisplatin in non-tumour tissue were much higher than in tumour tissue (Table 6.6a). 

This indicated a very broad distribution of the drug. The highest ratios were seen for the 

liver and kidney where 10 times more cisplatin was found in these organs then in the 

tumour itself. In contrast, the dendrimer-Pt at the 1 mg/kg dose showed 1.7 fold higher 

levels in the tumour than the liver and the kidney showed a 5 fold increase with respect 

to the kidney, and were 2.4 fold higher in the tumour then in the blood. The 15 mg/kg 

dose showed a levels in the tumour which were about the same as the kidney, and which 

were slightly higher then the liver. The levels in the blood were 1.9 fold higher 

compared to the tumour.

Ikada et al. (1997) investigated the effect of tumour accumulation of PEG, 

poly(vinyl alcohol) (PVA), dextran and amylopectin of different molecular weight The 

molecular weight was assessed by GPC (PEG standards) or dynamic light scattering 

(DLS) measurement. The water-soluble polymers were radioiodinated using the 

Chloramine T method after introducing tyramine residues. CDFl mice were inoculated 

with meth A fibrosarcoma cells in their footpad to provide a solid tumour model and
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were injected with polymers i.v. after the tumour was established. At different time 

intervals blood, organs, and tumour tissue were collected and the radioactivity assessed 

on a y-counter. The authors found that all of the polymers accumulated in the tumour 

tissue to a maximal molecular weight range of between 100,000 and 300,000 Da. In 

addition tumour accumulation was maximal when the polymers were in the molecular 

size range of 20 -  50 nm. Tumour accumulation increased with time for up to 6 h before 

showing a steady decline (PEG). Tumour accumulation was found to be dependent also 

on the plasma half-life, smaller molecular weight polymers tended to accumulate in 

tumour tissue at a faster rate than larger polymers (PEG) which needed longer times to 

accumulate, helped by the longer half-life when compared to the polymers which were 

below the renal threshold and so readily excreted.

Toxicity

No increase in BUN was seen for doses of dendrimer-Pt administered i.v. in 

mice (C57) at 15 mg/kg (the MTD). BUN levels were the same as for controls (saline), 

and lower than for cisplatin which caused an increase in BUN. This was encouraging 

since one of the problems associated with cisplatin administration is nephrotoxicity. The 

expected range for BUN in mice is 5 -  17 mg/dl (Tietz, 1976) and the values observed 

fell within this range. Although the cisplatin vale was also at the upper ceiling in this 

range, it was much higher than seen for saline and dendrimer-Pt groups. Studies in rats 

3 days after i.v. administration of cisplatin (8 mg/kg) or carboplatin (80 mg/kg) showed 

levels of 113.0 mg/dl and 12.5 mg/dl respectively. Carboplatin showed reduced 

nephrotoxicity (Siddik a/., 1986).

In the future the PAMAM dendrimer-Pt will only be useful as an anticancer 

treatment if the complex does not display dendrimer-related toxicity and preferably it 

should also reduce platinum-related toxicity.

To understand better the potential of the PAMAM dendrimer-Pt it will be 

important to study the following in the future:-

1. The analytical chemistry of the dendrimer-Pt to determine its exact structure by use 

of techniques such as platinum NMR.

2. The effect of the dose dependence of dendrimer gen 3 .5-Pt on pharmacokinetics.
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3. The effect of repeat dose administration and optimisation of the dosing schedule 

using B16F10 tumours.

4. The effect of PAMAM gen 3.5-Pt on human xenograft tumours including those 

which are resistant to cisplatin.

5. The effect of generation on pharmacology and pharmacokinetics of the complex.
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7.1 Introduction

Following the observation that PAMAM dendrimer gen 3.5 could be used to 

improve the delivery of cisplatin it was decided to conduct preliminary experiments to 

investigate whether PAMAM gen 3.5 could also be used as a carrier for Dox

During the early 1960’s the anti-tumour agents Dox and Dnm were discovered 

and classified as anthracycline antibiotics. They demonstrated excellent anti-tumour 

activity in paediatric solid tumours (Tan and Tasaka, 1965) and acute lymphoblastic 

leukaemia (Jacquillat et al., 1966). As outlined in Chapter 1, Dox (Adriamycin®) is a 

14-hydroxy analogue of Dnm. Dox is isolated from cultures of a mutant streptomyces 

peucetius {yar. caesius) that was originally derived from the Dnm-producing organism, 

streptomyces peucetius (Arcamone et al., 1969). Its pre-clinical therapeutic index 

against solid tumours was better in solid tumours than Dnm which only works 

effectively against leukaemia’s (Di Marco et a l, 1969) and so it is preferentially used 

clinically in cancers such as breast. The anti-tumour activity of anthracyclines is 

facilitated in a number of ways e.g. by inhibition of mitochondrial oxidative 

phosphorylation (Muhammed et a l, 1982), topoisomerase, DNA polymerases, RNA 

polymerases, and inhibition of DNA repair enzymes, production of free radicals 

(Bachur et a l, 1992), and it has even been suggested that they can modulate membrane 

behaviour (Tritton, 1991).

The use of anthracyclines have been limited due to dose-limiting toxicities, 

particularly cardiotoxicity and myelosuppression. Acute toxicity is in the form of severe 

bone-marrow suppression and this toxicity limits individual doses to 60 -  80 mg/m^ 

every 3 weeks. Chronic cardiotoxicity results after cumulative doses of > 550 mg/m^ 

Dox. Hence treatment must be stopped at this ceiling. Like many other natural product 

anticancer agents Dox is a substrate for p-glycoprotein and thus patients often acquire 

resistance after repeated administration by the phenomenon known as MDR.

To improve the effectiveness of anthracycline antibiotics but reducing the 

toxicity and overcoming MDR a number of delivery systems have already been 

proposed. These include Stealth® liposomes (Gabizon, 1993) and water soluble 

polymers such as HPMA-copolymer-Dox (Duncan et a l, 1992c).

The Stealth® liposome known as Caelyx^^ (Europe) or Doxil® (USA) is 

currently used clinically to treat AIDS patients suffering from Kaposi’s sarcoma. Doxil®
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as described in Chapter 1 comprises a PEGylated liposome made from a mixture of 

hydrogenated soy phosphatidylcholine, N-(carbamoyl-methoxypolyethylene glycol 

2000)-l,2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt, and cholesterol in 

the weight ratio of 1:3:1. The total content of lipid in the formulation is 16 mg/dl, and 

the Dox concentration in the final formulation is 2 mg/ml (Working and Dayan, 1996).

Doxil® displays altered pharmacokinetics and tissue distribution compared to 

Dox. After i.v. administration the PEG-coated liposomes are able to circulate for 

extended periods. The t!6a for Doxil® in humans (20 mg/m^) is 5.6 h compared to a t!6a 

of 0.16 h for the Dox. This long circulation time and the small liposome size results in 

selective extravasation of liposomes into solid tumour tissue and a significant level of 

targeting by the EPR effect. Because of their size, once inside the tumour tissue the 

liposomes remain in the extracellular space slowly release Dox extracellularly (Working 

and Dayan, 1996).

When Doxil® was administered to tumour bearing mice (3 or 6 mg/kg i.v. once 

weekly or 1.5 or 3 mg/kg twice weekly) a number of improvements were noted. The 

mean survival time was extended (74 days), and the inhibition of tumour growth and 

onset of tumour regression were greatest when mice were treated with a single dose of 6 

mg/kg once weekly. It was also noted that liposomes size (96, 121, and 156 nm) had 

little effect on the activity. A number of other human xenograft and mouse tumour 

models have also been used to study the anti-tumour activity of Doxil®. When compared 

to Dox at equi-dose, Doxil® was found to show better activity (Working and Dayan, 

1996).

Although Doxil® produced clear anti-tumour benefits, in animals and man, this 

formulation causes a number of distinct toxicological problems. Cardiotoxicity and 

myelosuppression are reduced when using Doxil®, however repeated administration in 

rats, dogs, and humans leads the dose-related, reversible dermal lesions, primarily in the 

feet and legs (hand and foot syndrome). This hand and foot syndrome is the major dose- 

limiting toxicity seen in man. It is also important to note that as free Dox liberated from 

Doxil® enters the cell from the extracellular space MDR may still remain an issue when 

using Doxil®.

Several polymeric-Dox conjugates have been synthesised, including HPMA 

copolymer-Dox, dextran-Dox, alginate-Dnm, and PEG-Dox (reviewed in Duncan et al..
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1996). Some of these were discussed in Chapter 1. The polymeric conjugates have 

shown a number of advantages such as reduced toxicity in vitro and in vivo, enhanced 

pre-clinical activity, and enhanced clinical activity with reduced side-effects (Duncan et 

al., 1996). PKI was shown to be active in solid tumours refractory to conventional 

treatments and also no polymer-related toxicities were seen. PKl enters the cell by 

pinocytic uptake before liberation of Dox by the lysosomal thiol-dependent proteases 

and experiments conducted in human ovarian carcinoma indicate that PKl bypasses p- 

glycoprotein thus it has potential to overcome MDR (Vasey et a l,  1999). Recently, a 

Phase I clinical study and pharmacokinetic evaluation for PKl has been reported (Vasey 

et al., 1999). Whereas the MTD for Dox given 3 weekly is 80mg/m^, the MTD observed 

for PKl was 320 mg/m^Dox equivalent. The PKl had a longer plasma half-life (1 h) 

than Dox (5 min) and there was no release of Dox from PKl in the circulation. PKl is 

currently undergoing Phase II evaluation, it has already demonstrated a number of 

advantages including a very high MTD, but until it has completed its clinical evaluation, 

the full benefits of PKl will not be fully understood. Because the dendrimer-Dox is 

based on a similar principle (without use of a spacer) it was hoped that these 

mechanisms could also be overcome by the dendrimer-Dox, although this was not 

tested. The dendrimer-Dox was used as a non-degradable model to test the feasibility of 

this system.

Another polymer-based anthracycline system is the alginate-Dnm. Al- 

Shamkhani and Duncan (1995) synthesised and evaluated the anti-tumour acitivity of 

alginate-czj-aconityl-Dnm conjugates. Dnm was first reacted with cz5-acotinic 

anhydride to produce V-cw-aconity-Dnm. This conjugate was subsequently bound to an 

amino-modified alginate using EDC. High molecular weight (250, 000 Da) and low 

molecular weight (61, 000 Da) alginate conjugates were synthesised. This conjugate 

contains a linker designed to be cleaved by the fall in pH as it enters the cell by 

pinocysosis. In vitro release studies demonstrated that 22 - 60 % of Dnm was released 

from the conjugate over 48 h under acidic conditions (pH 5 and 6, likened to the 

intracellular pH of the endosome and lysosome respectively). The using reverse phase 

HPLC free Dnm was shown to be liberated from the high molecular weight alginate 

conjugate. The low molecular weight conjugate liberated a Dnm derivative. In 

preliminary in vivo experiments with C57 mice bearing s.c. B16F10 tumours of palpable
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size (70 mm^, the product of two orthogonal diameters), administration (i.p., single 

dose) of low molecular weight conjugate (equivalent to 5 mg/kg Dnm) resulted in a 

delay in tumour growth (14.1 % increase in T/C). The authors stated that further 

pharmacokinetic evaluation was required to understand the release properties in vivo. 

The alginate conjugate warranted further investigation due to its biocompatibility and 

low immunogenicity.

Other delivery systems used for the delivery of Dox have included the use of 

antibodies. A conjugate combining Dnm and anti-a-fetoprotein antibody showed 

increased in vitro activity against mouse hepatoma cells (Belles-Isles and Page, 1980). 

Although Dox is usually ineffective against melanoma, a monoclonal antibody 

conjugate directed against melanoma-associated proteoglycan suppressed the tumour 

growth of established tumour xenografts in nude mice (Yang and Reisfeld, 1988) and 

these conjugates have shown enhanced anti-tumour activity relative to the anthracycline 

alone in several cancers including human bladder cancer (Yu et al., 1988).

In this study, a water-soluble carbodiimide linker EDC was used to enable the 

conjugation of Dox to PAMAM gen 3.5. This zero-space (the carboxyl and amine form 

an amide bond) linker is used widely for reactions involving peptides and proteins 

where exposed carboxyl groups can be linked under acidic conditions to primary amine 

containing matrices using carbodiimide. As EDC reacts with a carboxyl group first to 

form an amine-reactive intermediate, 0-acylisourea, and this is unstable in aqueous 

solutions, it is not suitable for two step conjugation procedures without stabilisation of 

the intermediate using A-hydroxysuccinimide (Grabarek and Gregely, 1990). The EDC 

reaction scheme used here is shown in Figure 7.1.
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Figure 7.1 Dendrimer-Dox synthesis
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It should be noted that this linker is not biodegradable and thus the dendrimer- 

Dox conjugate produced would be predicted to display poor anti-tumour activity. 

However synthesis of this model compound provides the opportunity to allow the to 

evaluate the pharmacokinetics of the conjugate in vivo. Also in the future this 

dendrimer-Dox probe was prepared to provide the opportunity to follow the dendrimer 

intracellularly to thus determine the cellular pharmacokinetics and sub-cellular 

distribution of the dendrimer using Dox as a fluorescent probe. Unfortunately lack of 

time prohibited these studies in this thesis.

7.2 Methods

The dendrimer-Dox was synthesised according to the method described in 

Chapter 2 (section 2.3.12.1) using either a molar ratio of dendrimer to Dox of 1 : 1 to 1 :

2. The conjugate was then purified by solvent extraction and dialysis according to the 

method described in Chapter 2 (section 2.3.12.1). TLC was used as a qualitative tool to 

determine the purity of the conjugate at different stages of the reaction. TLC analysis 

was conducted according to the method described in Chapter 2 (section 2.3.4.2).

After synthesis purification an HPLC method was used to quantify the amount 

of Dox in the conjugate according to the method described in Chapter 2 (section 

2.3.12.2). The mobile phase used was 29 % propan-2-ol in DDW, pH 3.2. Samples 

dissolved in MeOH (100pi) for analysis. A flow rate of 1 ml/min was used. The HPLC 

column used was specifically designed (CIS pbondapak™, lOpM) to allow 

hydrophobic interaction between the column and the sample being analysed. A 

fluorescent detector was used to measure Dox levels.

PCS was used to determine the particle size of the starting PAMAM dendrimer 

gen 3.5 (26 mg/ml) and dendrimer-Dox (10 mg/ml). The particle sizer was set to an 

aperture of 100 pm, count rate was set for 120 sec, the refractive index used was 1.33 

and the viscosity was 0.894, both set for water. The dendrimer gen 3.5 or dendrimer- 

Dox were dissolved in double deionised water (DDW), and filtered through a 0.2 pm 

acrodisk sterile filter. The solutions were then carefully transferred to a cuvette and the 

solution checked for bubbles. The particle size was then determined in triplicate using 

the particle sizer, only readings which were off sufficient count rate and which hence
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passed the quality control were finally used. The particle sizer was previously calibrated 

using latex beads (diameter 91 nm) and was found to agree with theoretical size.

7.3 Results

Several batches of dendrimer-Dox were prepared (Table 7.1a). Binding of Dox 

to PAMAM gen 3.5 by use of an EDC linker gave a product with a maximal loading of 

3 wt % and a molar ratio of 1 dendrimer to 2 Dox molecules. Solvent extraction 

provided an ideal way of removal of free Dox since the dendrimer-Dox and dendrimer 

were not soluble in chloroform. Thus the crude reaction could be precipitated and 

washed using chloroform. TLC characterisation indicated that there was no free Dox in 

the conjugate (Figure 7.2). From HPLC analysis the amount of free Dox in the product 

was 0.4 % of the total Dox bound (limit to detection 2 ng/ml). The HPLC traces showed 

that the dendrimer-Dox was eluted earlier then the Dox alone. Figure 7.3 and 7.4 show 

the spectra obtained after HPLC analysis, for the Dox standards and the dendrimer-Dox.

PCS analysis indicated that the particle size of the dendrimer-Dox was in the 

range of 5.7 nm compared to 4.1 nm (Figure 7.5). No evidence of aggregation was seen 

using PCS.

The dendrimer-Dox conjugate was tested against B16F10 and L1210 cells in 

vitro. The IC50 values observed were less than seen for free Dox (Figure 7.6). When the 

amount of free Dox was calculated at the dendrimer-Dox IC50 level, it was found that 

for B16F10 cell line the amount of free Dox in 40 pg/ml was 0.16 pg/ml, and for the 

L1210 cell line the amount of free Dox at the dendrimer-Dox IC50 level of 3 ng/ml was 

0.012 ng/ml (Table 7.1b). If we calculate the IC50 values for Dox itself and then 

recalculate the contribution made by the free Dox in the dendrimer-Dox solution 

towards the cytotoxicity; for the B16F10 cells this amounts to 26.6 % and for the L1210 

cells this amounts to 3 %. This confirms that the cytotoxicity seen was not simply due to 

free Dox present in the dendrimer-Dox conjugate.
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Table 7.1a Batches of dendrimer-Dox synthesised

Batch no. Surface
coverage

Dendrimer : 
Dox

Weight %

DD 1 1 group 25 ; 2.3 mg 1.9
D D 2 1 group 25 : 2.3 mg 1.6
DD 3 2 groups 30 : 2.5 mg 3.1
DD98 2 groups 30 : 2.5 mg 3.2

Table 7.1b ICgQ values for Dox and dendrimer-Dox conjugate (^g/ml)
(n = 3)

Cell Line Dox Dendrimer-Dox Toxicity difference
B16F10 0.3 40 133 fold
L1210 0.2 3 15 fold
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Figure 7.2 TLC analysis of dendrimer-Dox

Aluminium backed silica TLC plate
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Spot 4 = Dox in water RF 3.9/5.3 = 0.735
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Figure 7.3 Analysis of Dox.HCl using HPLC
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Figure 7.4 Dendrimer-Dox analysis on HPLC
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Figure 7.5 PCS for PAMAM gen 3.5 and dendrimer-Dox
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Figure 7.6 Evaluation of cytotoxicity of dendrimer-Dox ( n = 3)
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7.4 Discussion

Dox is poorly water soluble and so in aqueous environments it is used as the 

hydrochloride salt. Dox was reacted with dendrimer in a molar ratio from 1 : 1 to 1 : 2. 

At higher ratios the reaction product either precipitated out of solution or was very 

poorly water-soluble.

A water-soluble dendrimer-Dox with an approximate loading of 3 wt % Dox 

indicates that there is 1 Dox molecule for every two dendrimer molecules i.e. a very low 

loading. .

It is entirely possible that Dox, being a hydrophobic molecule, could have the 

opportunity of becoming entrapped within the core or internal cavity of the dendrimer. 

Indeed early experiments (data not shown) were performed by simply mixing the 

dendrimer (gen 3.5 and gen 4) and Dox together at a range of ratios of dendrimer to Dox 

(1:1 to 1:5). It was found that some Dox was still associated with the dendrimer after 

extensive purification including Centriprep concentration and dialysis, but the amount 

of Dox was very low. The dendrimer core is partially hydrophobic, therefore it is quite 

feasible that the Dox.HCl could enter the core and remain there whilst in an aqueous 

solution.

HPLC analysis demonstrated that there was very little free Dox present within 

the product in the order of 0.4 % of the total amount bound at 3 wt %.

In vitro cytotoxicity experiments demonstrated that the dendrimer-Dox was 

several fold less cytotoxic then Dox alone, even when the results were standardised to 

account for free Dox in the sample. This is consistent with the slower uptake of 

dendrimer-Dox by pinocytosis -  free Dox is able to pass through the plasma membrane 

very quickly by diffusion. It is interesting however that cytotoxicity was seen since the 

Dox was conjugated to the surface of the dendrimer by an amide bond (assuming no 

Dox was entrapped passively). It is unlikely, but not proven, that the Dox may have 

been liberated from the dendrimer to exert its anti-tumour activity, although the exact 

mechanism has yet to be established. The IC50 values indicated that the adherent cell 

line (B16F10) was more resistant to the Dox when compared to the suspension cells 

(L1210), which were more sensitive. Other studies examining the in vitro cytotoxicity 

of Dox and PKl have found that the IC50 of Dox and PKl were 50 tig/ml and 1 mg/ml
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respectively (O ‘Hare et al., 1993). It was also suggested that the free Dox in the PKl 

could almost certainly contribute towards the cytotoxicity seen in that study.

Although the mechanism of action of Dox in vitro is well-documented (Grandi 

et al., 1988) it is also believed that immobilised Dox (where the amine group is 

involved in conjugation) has the ability to exert anti-tumour effects in vitro and in vivo. 

For Dox to exert its anti-tumour activity at the DNA level the amine group on the 

aglycone is required to be free. It is also known however that Dox has other 

mechanisms of cytotoxicity. For example the cell surface actions of Dox are well known 

(reviewed in Tritton, 1991). Immobilised Dox however has been shown to remain active 

to a certain degree in vitro whilst being non-toxic in vivo. Hacker et al. (1989) 

synthesised Dox immobilised on agarose beads (6 % cross-linked with average diameter 

of 100 pm) via a stable carbamate linkage to the free amine on Dox. Groups of 6 to 10 

C57 black 6 mice were used to evaluate the toxicity of i.p. administered immobilised 

Dox (0.1 -  4 mg/kg) in quantities of between 10 -  200 mg of polymer to ensure 

maximum peritoneal distribution (injection volumes ranged between 0 . 1 - 2  ml). The 

mice were allowed to survive for 60 days, sacrificed and submitted for histological and 

pathological examination. Mice exposed to polymer-Dox experienced no weight loss, 

whilst mice exposed to free Dox showed a 40 % weight loss. The lack of toxicity of the 

immobilised Dox was attributed to lack of accessibility to sensitive intracellular targets. 

It was also believed that the i.p. cavity might provide an added layer of protection 

against the immobilised drug, perhaps due to the presence of non-proliferating cells. 

The in vitro results in contrast demonstrated cytotoxicity against foetal mouse heart 

organ cultures and mitochondrial fractions (beef heart mitochondria). Foetal heart was 

unaffected by immobilised Dox, free Dox was cytotoxic. In mitochondria both free Dox 

and immobilised Dox were found to be cytototoxic interacting with the enzymatic 

elements of respiration by acting as one electron acceptors. This study demonstrated 

that immobilised Dox can only exert cytotoxicity if internalised in actively dividing 

cells.

In another study by Tritton and Yee (1982) it was demonstrated that Dox 

coupled to in insoluble agarose support was cytotoxic towards L1210 cells in culture 

conditions under which no free Dox could enter cells. In a further study investigating 

the cell surface effects of Dox and carminomycin immobilised via a stable carbamate 

linkage on cross-linked polyvinylalcohol, Wingard et al. (1985) found that such a
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conjugate could be internalised by cells and that although some drug release was seen 

with resultant cytoxicity, immobilised drug was also found to be cytotoxic. This was 

demonstrated in two cell lines (L1210 and S I80 cells over a 2 or 20 h incubation). It 

was also found that the orientation of the drug also affected its cytotoxicity. 

Cytotoxicity of immobilised Dox was also attributed to restriction or modification of 

fluidity of the cell membrane, changes in membrane transport systems for ions or 

nutrients, or inhibition of the rate of synthesis or degree of activity of membrane 

messenger molecules. This study demonstrates that exposure of the Dox at the 

dendrimer surface (since it is conjugated to the surface) might be a contributory factor 

to increasing the accessibility of part of the Dox molecule to potential sites of 

cytotoxicity, even though it is unlikely that it is released in the free form. Furthermore 

this cytotoxicity might be exaggerated once the dendrimer-Dox is internalised and 

meets interior membranes such as that of the lysosome. This can be contrasted with 

linear random coil polymers conjugated to Dox where the Dox has the ability to sit and 

hide within the centre of the linear polymer with the more hydrophillic backbone of the 

polymer exposed to the surrounding media.

Future studies are required to:

determine characterisation of the dendrimer-Dox better

- improve the overall loading 

evaluate the pharmacokinetics in vivo

- assess any anti-tumour activity
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8.1 Dendrimers as drug carriers

The use of dendrimers as carriers of therapeutic molecules was proposed several 

years ago (Tomalia, 1995) and has recently been reviewed (Uhrich, 1997). The variety and 

complexity of novel dendritic structures is continuously increasing with the advent of new 

and innovative synthetic chemical strategies (reviewed in Newkome et al., 1996). A wide 

variety of types of dendrimer are now available and they may be used for both biological and 

industrial applications. Although a large number of the dendrimers synthesised were never 

intended for pharmaceutical or biomedical use (as obvious from their very poor water 

solubility, and the presence of functional groups and internal structures which might be 

predicted as very toxic) a number of families of dendrimer are now emerging which may 

offer more ‘biologically friendly' structural characteristics. These include dendrimers which 

are synthesised from monomers which should have a high degree of water solubility and the 

availability of surface groups which can either be further modified or used for surface 

grafting of other biologically useful molecules. For example, it has been shown here that 

anionic PAMAM dendrimers are not toxic in vitro and in vivo.

Dendrimers have also recently been synthesised using nucleic acid monomers 

(Hudson et al., 1998), from alternating atoms of silicon and germanium in their repeating 

branches (Nanjo and Sekiguchi, 1998), from carbohydrates as the so-called “sugar balls” 

(Aoi et al., 1998), hyperbranched oligomers (Martinez and Hay, 1998), polyfunctional 

amino acids to give chiral dendrimers (Ritzen and Frejd, 1999), and glycopeptides for the 

purpose of tumour targeting (Meldal and StHilaire, 1997). The toxicological properties of 

these novel dendrimers has still not been studied.

In addition theoretically biodegradable dendrimers have been made feasible with the 

advent of structures synthesised from carbohydrate and amino acid building blocks, but their 

rates of degradation have yet to be reported.

Dendrimers, like linear polymeric carriers that have already progressed to clinical 

use, offer a number of alternatives for drug delivery. These strategies are outlined in Figure 

8.1. They include dendrimer structures which could allow simple controlled release of a drug 

entrapped within the dendrimer core, dendrimers which could deliver a drug
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lysomotropically after pinocytic capture by a target cell, and dendrimers which could deliver 

a therapeutic gene or antisense oligonucleotide intracytoplasmically.

8.2 Dendrimer biocompatibility

An understanding of the biological properties of some of these dendrimers is finally 

increasing. Immunogenicity studies are an important aspect of biocompatibility of 

dendrimers. The immunogenicity of cationic PAMAM dendrimers has been explored by 

Roberts et al. (1996). The authors used an immunoprécipitation assay and the Ouchterlony 

double diffusion assay. The cationic dendrimers tested were found to be non-immunogenic. 

Plank et al. (1996) also investigated the potential for cationic polymers (PEI and PEL) 

including PAMAM dendrimers to activate complement. The authors found that PAMAM 

dendrimers, high molecular weight PEI, and PEL strongly activated complement. However 

when DNA was complexed with each polymer, the complexes showed decreased 

complement activation.

Data in this thesis (Chapter 3) clearly show that cationic PAMAM and DAB 

dendrimers are cytotoxic and heamolytic in a manner similar to their linear counterparts. 

Conversely anionic dendrimers were neither cytotoxic nor haemolytic.

8.2.1 Whole body and cellular pharmacokinetics of dendrimers: dendrimer imaging 

agents

Over the last 3 years several studies have investigated the body distribution of 

dendrimers. The body distribution of PAMAM dendrimers has been investigated by a 

number of studies including the present one (Chapter 4). These have been examined using 

unmodified cationic PAMAM dendrimers (Roberts et al., 1996) and antibody modified 

PAMAM dendrimers (Barth et al., 1994). In a study by Margerum et al. (1997) the body 

distribution of gen 3 PAMAM dendrimer-gadolinium chelates was followed in rats. The 

authors found that high levels of the chelate were still present in the liver at 7 days ( 1 - 4 0  

%). The extent of localisation in the liver and blood clearance was related in some way to 

the molecular weight of the conjugate (18,400 -  61,800 Da). When PEG chains were
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grafted to the surface however, the blood half-life increased significantly and the extent of 

capture by the liver fell to 1 -  8 % at 7 days.

Kobayashi et al. (1999) examined the biodistribution of ^^Hndium and ^^yttrium- 

labelled-dendrimer (generation 2)- lB4M(2-(/?-isothiocyanatobenzyl)-6-methyl- 

diethylenetriaminepentaacetic acid) - DTP A (a derivative of DTP A) and its conjugation with 

anti-HuTac (humanised anti-Tac IgG) monocloncal antibody. PAMAM -1B4M was labelled 

with “̂ in at 37 - 48 Mbq/mg (1.0 - 1.3 mCi/mg) or with at 3.7 - 4.8 MBq/mg (0.1 - 

0.13 mCi/mg), and an aliquot of radiolabelled conjugate was then saturated with the 

respective stable yttrium or indium. Mice were administered i.v. with 55.5 - 66.6 KBq (1.5 - 

1.8 mu Ci) of Y-88-labelled PAMAM-1B4M or with 185 KBq (5 mu Ci) of “ ^In-labelled 

PAMAM-1B4M. The mice were then culled at 15 min, 90 min, 1 day, and 4 days. The 

PAMAM-1B4M was conjugated to HuTac and labelled with “ În at 111 - 259 MBq/mg (3 - 

7 mCi/mg). Another preparation of “ ^In-labelled HuTac-PAMAM- 1B4M was saturated 

with stable indium. The immunoreactivity of both preparations and their biodistribution was 

evaluated in normal mice 1 h after administration and in ATAC4 and A431 tumour-bearing 

mice 18 h after administration and compared with “ ^In-labelled lB4M-HuTac. It was found 

that significantly (p < 0.05) higher amounts of radioactivity were recovered of the 

unsaturated “ În and labelled dendrimer in the liver, kidney, spleen and bone at most of 

the time points. The whole-body clearance times of the unsaturated preparations were 

significantly slower than those of saturated preparations at all of the time points with the 

exception of 168 h for “ ^In-labelled PAMAM-1B4M. The saturated preparation of “ În- 

labelled HuT ac-PAMAM-1B4M showed lower hepatic uptake (27 ± 2 % ID/g) then the 

unsaturated (32 ± 2 % ID/g), but greater than the HuTac 1B4M control (10 ± 0 % ID/g). 

The biodistribution of the dendrimer conjugated HuTac in normal organs of tumour bearing 

mice was similar to non-tumour bearing mice. Specific tumour tissue uptake (ATAC4) was 

higher than that in non-specific tumour tissue (A431). In conclusion the authors found that 

the high uptake of chelates seen in the liver, kidney, and spleen decreased significantly when 

the chelates were saturated with a stable element. This decrease was also observed when the 

unsaturated and saturated “ ^In-labelled HuT ac-PAMAM-1B4M were compared.
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In Chapter 4, the body distribution of both cationic and anionic PAMAM dendrimers 

was presented, and the results demonstrated the importance of not only molecular weight 

but also surface charge type in relation to the distribution. Certain organs such as the liver 

demonstrated unusually large rates of capture of anionic dendrimers bearing the carboxylate 

functionality, when compared with amine functionalities. In addition the route also played a 

role on the extent of liver uptake as well as the non-specific adsorption to the i.p. cavity 

wall. However, when the surface of PAMAM gen 3.5 was modified with platinum and the 

body distribution further investigated, the effect of surface modification producing a more 

neutrally charged surface dramatically altered the uptake of the dendrimer-Pt by the liver 

without significantly altering its uptake by other organs and plasma concentration at 1 h.

The studies emerging in the literature are in agreement with the findings in Chapter 4 

with regards to the body distribution of anionic and cationic PAMAM dendrimers. As can be 

seen from the changes in body distribution of PAMAM dendrimer-Pt, altering the surface 

topology alters the body distribution of the dendrimers.

Although the parameters governing the body distribution of dendrimers is becoming 

clearer, an understanding of the cellular pharmacokinetics of dendrimers is still lacking. 

Factors which govern the rate of capture of dendrimers and their cellular trafficking as 

dictated by dendrimer generation (shape and flexibility), molecular weight, size (stokes 

radius), and surface charge (charge density) are still poorly understood. What is very well 

understood in this respect relates to linear polymers.

The uptake by cells of linear macromolecular polymers of a diameter smaller than 30 

nm has been shown to be restricted to pinocytosis (Pratten and Lloyd, 1986), since almost 

all living cells instigate this process it is important to understand the parameters which 

govern it. Macromolecules with a diameter greater than 30 nm approaching the micron 

range are taken up by triggering phagocytosis (Pratten et al., 1980). Since dendrimers 

generally do not increase in size above -10 nm, they are probably captured by pinocytosis, if 

factors relating to charge are ignored (e.g. cationic surfaces).

The effect of surface charge would dictate the interactions of the dendrimers with the 

plasma membrane during pinocytosis. Anionic dendrimers should freely pass into the cell in
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the fluid phase, cationic dendrimers may induce slightly different mechanisms. For example, 

cationic polymers have been shown to induce pinocytosis in several cell types. There have 

been a number of mechanisms postulated behind the triggering of this process. Ryser and 

Hancock (1965) investigated the possibility that cationic polyamino acids enhanced the 

uptake of ^^^I-labelled human serum albumin by Sarcoma-180 cells by interacting with the 

plasma membrane, thereby introducing a new endocytic mechanism of uptake. However, 

Seljelid et al. (1973) and Deierkauf et al. (1977) found that the enhancement of polycation 

uptake was purely based on an elevation of the level of adsorptive endocytosis resulting 

from an increase in membrane-substrate affinity.

8.3 Dendrimers for delivery of anti-tumour agents

To date the number of other dendrimer-anti-tumour conjugates described in the 

literature has been limited. Barth et al. (1994) used dendrimers for the delivery of 

radionucleotides to murine melanoma very few studies have made use of anticancer drugs. 

Recently however Zhou et al. (1999) described the synthesis and in vitro release of 5- 

fluorouracil from cyclic core dendrimers. Dendrimers based on a core of 1,4,7,10- 

tetraazacyclododecane were synthesised from gen 0.5 to 5.5. Full generations were also 

synthesised and characterised (2, 3, 4, and 5). Parts of gen 4 and 5 amine surface were 

acylated using acetic anhydride. This increased the water-solubility of the dendrimer. The 

acetylated dendrimers were then reacted with 1 -bromoacetyl-5-fluorouracil to produce 

dendrimer-5FU conjugates. Hydrolysis of these conjugates in PBS (pH 7.4) at 37 °C caused 

release of free 5FU. This effect was shown to be generation dependent.

It is clear that the potential for use of dendrimers for the delivery of anti-cancer 

agents whether on the surface or within the core has yet to be fully exploited; the dendrimer- 

Pt was the first dendrimer-anti-cancer based system to emerge and was only successful in 

vivo through careful biological characterisation of the complex in vitro. In vivo the 

pharmacology and pharmacokinetics increased the understanding of these novel 

architectures with respect to their biological properties. This leads the way forward to 

synthesising other drug conjugates based on other generations or families of dendrimers.
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In Chapter 5 and 6 the synthesis, pharmacokinetics and pharmacology of the 

PAMAM gen 3.5 dendrimer-Pt were outlined. In chapter 8 the synthesis, characterisation 

and in vitro cytotoxicity of PAMAM gen 3.5 dendrimer-Dox was outlined.

8.4 Dendrimers as gene delivery systems?

The key question when examining dendrimers for such biological use is determining 

whether they are a) toxic and b) how this toxicity is mediated, in order to predict the sort of 

carriers which can be designed in the future, with real biological potential. Although lower 

generation cationic PAMAM dendrimers were shown to be non-toxic when compared to 

higher generation cationic PAMAM dendrimers (Chapter 3), it may be possible that higher 

generation cationic dendrimers may be used in biological applications if their cationic surface 

is neutralised or they are partly degraded. Tang et al. (1996) investigated the ability of 

partially degraded PAMAM dendrimers synthesised from different cores (ethylenediamine, 

ammonia, and tris(2-aminoethyl)amine (TABA)) to successfully transfect cells in vitro. 

Degraded dendrimers were obtained by hydrolysis on heating with solvolytic solvents 

including water or butanol to break the amide linkage. The authors found the heterodisperse 

dendrimers (ranging from < 1,500 Da to several tens of kDa) had a better transfection ability 

then undegraded dendrimers. It is thought that the high buffering capacity of the titratable 

amines leads to release of DNA in the endosome (Haensler and Szoka, 1993). The 

dendrimers were proposed as endosomal/lysosomotropic delivery agents, since they have 

been observed to induce osmotic swelling and lyse the membrane in response to the drop in 

pH of these compartments (Tang et al., 1996).

It should be noted that neutralising the surface charge (even in excess) may not be 

sufficient in determining whether these carriers can safely be administered systemically. This 

was demonstrated in a preliminary investigation by Okoldekwe et al. (unpublished data, 

1998). The authors found using high generation PAMAM dendrimers (gen 10) that both 

haemolysis and substantial RBC damage (as demonstrated by SEM) were not avoided by 

surface charge neutralisation with calf thymus DNA, even when a large excess of DNA was 

used (ratio of dendrimer to DNA of 1 : 500). In fact recent studies using cationic dendrimers 

as carriers of genetic material have seldom determined the level of cell viability after
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successful transfection, which may be a key question when determining the suitability of 

these polymers for antisense delivery.

8.5 Possibility for active targeting of dendrimers

As early as the beginning of this century Elhrich (1909) postulated the importance of 

targeting in combating disease in an effective manner. Of course targeting is an important 

concept in the design of formulations for the delivery of potent anti-tumour drugs where the 

therapeutic index is often very narrow (Duncan et al., 1996a; Langer, 1998). Barth et al. 

(1994) previously used PAMAM dendrimers to target boron to tumours using antibodies 

directed against B16F10 melanoma. As a follow up to this work more recently, Lang et al. 

(1997) investigated tumour targeting using PAMAM dendrimers conjugated to epidermal 

growth factor (EOF). A large number of gliomas are known to over-express the gene for 

EGF receptor, conversely normal brain tissue has low or undetectable levels. Fischer rats 

bearing C6-EGF transfected glioma were administered i.v. with ^^^I-labelled boronated- 

PAMAM gen 4 dendrimers conjugated to EGF using a heterobifunctional linker. Low levels 

of radioactivity were found in the tumour (0.01 and 0.006 % dose/g at 24 and 48h 

respectively) were found, in contrast uptake of radioactivity in the liver and spleen reached 5 

- 12 % of the dose/g. The high levels of uptake by the RES might have been indicative of 

receptor mediated uptake due to EGF receptors being expressed or as demonstrated in 

Chapter 4, the propensity for the cationic dendrimer to localise there.

As outlined in Chapter 1, a number of receptors are emerging as possible candidates 

for receptor-mediated targeting of dendrimers. Although the EPR effect was used to target 

dendrimer-Pt to the solid s.c. B16F10 melanoma very effectively it is possible that PAMAM 

dendrimers could in the future be actively targeted at different levels (e.g. organ or cellular) 

to tumours. PKl was previously defined as the HPMA copolymer carrying Dox (10 wt %) 

using a biodegradable linker. A second-generation conjugate was synthesised however, 

comprising of PKl with the added receptor functionality of galactosamine (PK2) for 

targeting to the liver (Pimm et al., 1996). PK2 was able to target up to 70 % of the injected
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dose i.v. to the liver, thereby having important potential in the treatment of primary and 

secondary liver cancer.

The folate receptor is over-expressed on a number of human tumours (including 

ovary, kidney, uterus, colon, lung, testis, and brain). Previous studies have demonstrated 

that when conjugated to the folate receptor, an improvement can be made in the targeting 

and uptake of antineoplastic drugs (reviewed in Wang and Low, 1998). Once again gen 4 

was attached to a receptor and evaluated. PAMAM dendrimer gen 4 were attached to the 

nanomolar folate (dendrimer-folate) (Wiener et al., 1997). This receptor has been previously 

shown to be expressed or up-regulated in the cells of tumours of epithelial origin. These 

tumours include ovarian, endometrial, choroid plexus, and breast cancers (Garin-Chesa et 

a l,  1993). Using flourescine as a marker, fluorescent studies demonstrated that up to 400 % 

more dendrimer-folate could be targeted to cells in vitro, and that the binding was saturable 

and reversible, using free folate. In vivo studies were not undertaken, however if non

specific uptake can be avoided, and exploiting the EPR effect, greater levels of tumour 

targeting may be possible.

An important consequence of the data presented in Chapter 6 is that the dendrimer- 

Pt was able to target the solid tumour (melanoma, s.c.) passively without the added 

complexity and cost of using a targeting moiety. This was obvious when the 

pharmacokinetics were evaluated. At equi-dose to cisplatin at its MTD i.v. (1 mg/kg) the 

dendrimer-Pt was able to deliver five times more platinum to the tumour. An important facet 

if mechanisms of resistance are to be overcome. In addition the dendrimer was able to divert 

the platinum away from potential sites of toxicity and increase the plasma half-life and hence 

bioavailability, once again an important facet when the drug is considered alone. The 

problem of low plasma-half-life of small bioactive molecules leads to repeated 

administrations of doses, which in-tum are limited by toxicity issues.

8.6 Entrapment of molecules within the dendrimer core: opportunities for controlled 

release

A unique feature of dendrimers is their ability to entrap therapeutic molecules within 

the core of the dendrimer. But the question of how they are held their and how release is
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effected is still very much an open one. Jansen et al. (1994a) have investigated the ability of 

DAB dendrimers to entrap various dye molecules such as bengal rose using polyamine 

(DAB) dendrimers treated with A^-hydroxysuccinimide activated ester of A-(tert- 

butoxycarbonyl)phenylalanine capped on to the dendrimer surface. Modified DAB 

dendrimers gen 1 - 5  (gen 5, 64 amine groups) were synthesised and were protected with 

derivatives of amino acids including L-alanine, L-leucine, L- and D-phenylalanines, L- 

tyrosine, and L-tryptophane. The DAB dendritic box (gen 5) has 4 large cavities, combined 

with 4 smaller cavities. Up to 4 molecules of bengal rose were trapped after the surface was 

coated with the amino acid and large blocking group (tBOC). Release of the blocking 

groups was afforded by hydrolysis. It would be interesting to utilise such a dendritic box for 

the selective entrapment and release of drug molecules of varying size. An amino acid or 

carbohydrate surface might also be susceptible to degradation intracellularly. Perhaps 

initially the smaller drug molecules could be released, then subsequently after further surface 

degradation the larger drug molecules could be released. A study by Twyman et al. (1999) 

described the synthesis of two water-soluble dendrimers. The formation of water-soluble 

inclusion complexes was also described with a variety of small, hydrophobic guest 

molecules, however this work was very preliminary.

8.7 Comparison of dendrimers versus linear polymers as potential drug carriers

Dendrimers have a number of potential advantages with respect to linear polymeric 

carriers. Fundamentally, their most important feature is their very low polydispersity, 

approaching monodisperse natural systems such as proteins. Heterogeneity is often a major 

problem which has limited the use of linear polymeric systems. A polydisperse polymer not 

only leads to difficulties in characterisation of the product but can also lead to unpredictable 

biological properties particularly in relation to pharmacokinetics.

The effects of their discrete particulate size range ( 1 -1 0  nm) as still under biological 

evaluation with respect to their behaviour by different routes of administration. Studies by 

Wiwattanapatapee et al. (1998) have already demonstrated superior in vitro rates of uptake 

across the gut. In the present work (Chapter 6) the anti-tumour activity of dendrimer-Pt
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showed activity which was at least comparable to linear polymer-Pt (Gianasi et al., 1999), 

and this was achieved without the use of specific linkers to hold and release the platinum.

8.8 Future studies

In the future it will be essential to establish a library of dendrimers which are 

biocompatible, biodegradable (if their molecular weight is above the renal threshold) and 

non-immunogenic which can be used to carry a multitude of drugs. An important feature of 

the dendrimer is the ability of attaching biologically active molecules to the surface as well as 

guest-host entrapment. With these issues in mind, dendrimers can find applications especially 

in cancer and drug delivery in a host of specific strategies. Some of these are outlined by the 

European Organisation for Cancer research (EGRTC) research programme. Some of these 

strategies are summarised in Table 8.1. Within the current developments there are a number 

of prodrug approaches and new classes of drugs are continuously emerging. However, for 

future with respect to the use of dendrimers as drug delivery systems, it may be possible to 

use dendrimers in a role based on ADEPT, to carry current molecules which have anti- 

angiogenesis properties or which might act as signal transduction or apoptosis modulators. 

Just as Ringsdorf (1975) proposed the use of linear polymers in drug delivery, dendritic 

polymers can also find applications in a wide range of delivery applications through careful 

design (Figure 8.2). The use of dendrimers to carry therapeutic molecules either entrapped 

or conjugated directly to the surface are emerging with real potential for use in drug 

delivery, gene therapy and in imaging (Newkome et al., 1996), however dendrimers will 

only offer a serious alternative to the plethora of other delivery systems when their biological 

potential is carefully and systematically evaluated. This ultimately requires closer co

operation between chemistry and biology to ensure that the new classes of dendrimers 

synthesised meet the requirements of biology and are exploited to their fullest.
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Table 8.1 Current EORTC cancer therapy development 
(after Connors, 1996)

Phase n  Trials

Making present day agents more selective

• Analogues

• Prodrugs (bioreductives)

• Polymers

• ADEPT (antibody directed enzyme pro drug therapy)

Phase I Trials

Concentrating on new targets

• Inhibition of crucial signal transduction/cell regulatory pathways

• Inhibitors of metastases/angiogenesis/tumour blood vessels

• Vaccines

For The Next Millennium

• Inhibitors of cachexia

• Inhibitors of telomerase

• Modulators of apoptosis

• Antisense approaches

• Gene therapy (VDEPT/Restoration of wild type genes)
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Figure 8.2 Proposal of dendrim er-drug conjugate
(after Ringsdorf, 1975)

Dendrimer (hyperbranched polymer)

Targeting
or

imaging
residue

I 1

Hydrolytically or 
Enzymatically 

cleavable linker

24



References

242



References

Al-Shamkhani A and Duncan R (1995) Alginates as a macromolecular drug delivery 

system for the antitumour agent daunomycin: synthesis, controlled release properties 

and antitumour activity of alginate-cis-aconityl-daunomycin conjugates, International 

Journal o f Pharmaceutics 122, 107-119.

Aoi K, Tsutsumiuchi K, Yamamoto A, Okada M (1998) Globular carbohydrate 

macromolecule “sugar balls”, Macromolecular Rapid Communications 19, 5-9.

Arcamone F, Cassinelli G, Fantini G, Grein A, Orezzi P (1969) Adriamycin, 14- 

hydroxydaunomycin, a new antitumour antibiotic from S. peucetius var. caesius. 

Biotechnology and Bioengineering 9, 1101-1110.

Arlin Z, Case DC Jr, Moore J, Wiernik PH, Feldman E, Saletan S, Desai P, Sia I, and 

Cartwright K (1990) Randomised multicentre trial of cytosine-arabinoside with 

mitoxantrone or daunorubicin in previously untreated adult patients with acute non- 

lymphocytic leukaemia. Leukaemia 4, 177-183.

Arnold LJ, Dagan A, and Kaplan A (1983) NO targeted drugs. Goldberg, EP (Ed) Wiley 

and Sons, New York 1-49.

Amon R, Hurwitz E, and Schechter B (1989) In: Drug carrier systems. Roerdink FH 

and Kroon AM (Eds) John Wiley and Sons, New York 33-56.

Artursson G, Granath K, Thoren L, and Wallenius G (1964) Dextran and its filtration by 

the kidney, Acta Chirurgica Scandinavica 127, 543-551.

Asghar SS (1984) Pharmacological manipulation of complement system. 

Pharmacological Reviews 36, 223-244.

Bachur NR, Yu F, Johnson R, Hickey R, and Wu Y (1992) Helicase inhibition by 

anthracycline digtnis. Molecular Pharmacology 41, 993-998.

Bagshawe KD, Sharma SK, Springer CJ, and Antoniw P (1995) Antibody directed

243



References

enzyme prodrug therapy (ADEPT): a pilot scale clinical trial, Tumour Targeting 1, 17- 

29.

Baldwin RW, Byers VS, and Mann RD (Eds) (1990) Monoclonal antibodies and 

immunoconjugates. Parthenon, Carnforth 1-102.

Barenholz Y, Bolotin E, Cohen R, and Gabizon A (1996) Sterically stabilised 

doxorubicin loaded liposomes: From basics to clinic. Phosphorus, Sulphur, and Silicon 

and the Related Elements 110, 293-296.

Barrett AJ and Heath MF (1972) In: Lysosomes, a laboratory handbook. Dingle JT (Ed) 

North-Holland publishing Co, Amsterdam 19-145.

Barth RF, Adams DA, Soloway AH, Alam F, and Darby MV (1994) Boronated 

starburst dendrimer-monoclonal antibody immunoconjugates: Evaluation as a potential 

delivery system for neutron capture therapy. Bioconjugate Chemistry 5, 58-66.

Belles-Isles M and Page M (1980) In vitro activity of daunomycin-anti- 

alphafoetoprotein conjugate on mouse hepatoma cells, British Journal o f Cancer 41, 

841-842.

Bielinska A, Kukowska-Latallo JF, Johnson J, Tomalia DA, and Baker JR (1996) 

Regulation of in vitro gene expression using antisense oligonucleotides or antisense 

expression plasmids transfected using starburst PAMAM dendrimers. Nucleic Acids 

Research 24, 2176-2182.

Bishop CT and Jennings HJ (1982) The polysaccharides. Aspinall GO (Ed) Academic 

Press New York, 291-330.

Black FE, Vansteenkiste SO, Davies MC, Schacht E, Tendler SJB, Roberts CJ, 

Williams P, Malik N, and Duncan R (1998) Characterisation of the starburst™ 

dendrimer interactions with model surfaces. Proceedings 3'’̂  International Symposium 

on Polymer Therapeutics, London. 71.

244



References

Blakey DC (1992) Drug targeting with monoclonal-antibodies -  a review, Acta 

Oncologica 31, 91-97.

Bogdanov AA, Martin C, Bogdanova AV, Brady TJ, and Weissleder R (1996) An 

adduct of cis-diamminedichloro platinum (II) and poly(ethylene glycol)poly(L-lysine)- 

succinate: Synthesis and cytotoxic properties. Bioconjugate Chemistry 7, 144-149.

Bordenave L, Bareille R, Lefebvre F, and Baquey C (1993) A comparison between ^^Cr 

release and LDH release to measure cell integrity -  interest for cytocompatibility studies 

with biomaterials. Journal o f Applied Biomaterial 4, 309-315.

Brothers HM II, Piehler LT, and Tomalia D (1998) SLAB-gel and capillary 

electrophoretic characterisation of polyamidoamine dendrimers. Journal o f 

Chromatography (submitted).

Buhleier E, Wehner F, and Vogtle F (1978) “Cascade” and “nonskid -  chain like” 

synthesis of molecular cavity topologies. Synthesis 2, 155-156.

Burchenal JH, Kalaher K, Dew K, Lokys L, and Gale G (1978) Studies of cross -  

resistance, synergistic combinations, and blocking activities of platinum derivatives. 

Biochimie 60, 961-965.

Burfeind P, Chernicky CL, Rininsland F, Han J, and Han J (1996) Antisense RNA to the 

type I insulin-like growth factor receptor suppresses tumour growth and prevents 

invasion by rat prostate cancer cells in vivo. Proceedings. National Academy o f 

Sciences, United States o f America 93, 7263-7268.

Burrows AD, Mingos DMP, Lawrence SB, White AJP, and Williams DJ (1997) 

Platinum (II) phosphazine complexes of dicarboxylates and ammonia. Journal o f the 

Chemical Society -  Dalton Transactions 8, 1295-1300.

Cantarow A and Trumper M (1975) In; Clinical Biochemistry. WB Saunders Company 

Philadelphia, 207.

245



References

Cao SG, Zhao Q, Ding ZT, Ma L, Yu T, Wang JH, Feng Y, and Cheng YH (1990) 

Chemical modification of enzyme molecules to improve their characteristics, Annuals o f  

the New York Academy o f Science 613, 460-467.

Carraher CE, Ademujohn C, Fartman JJ, Giron DJ, and Linville R (1983) Synthesis and 

physiological and biological characterisation of platinum (II) polyhydrazines. Abstracts 

o f the Papers o f the American Chemical Society 186 AUG, 43-PMSE.

Cebon J, Basser R, Clarke K, Fox R, Green M, Chipman M, Zalcberg J, Marty J, 

Mechaca D, Sheridan W, and Begley G (1996) Thrombopoietic effects of recombinant 

megakaryocyte growth and development factor in patients with advanced cancer. 

Proceeding 9̂  ̂NCI-EORTC Symposium on New Drugs in Cancer Therapy, 202.

Chaudhuri G, Mukhopadhyay A, and Basu SK (1989) Selective delivery of drugs to 

macrophages through a highly specific receptor. Biochemical Pharmacology 38, 2995- 

3002.

Chen J, Zhou JH, and Ball ED (1996) Targeting growth factor receptors with bispecific 

molecules. Current Medical Chemistry 'i, 87-100.

Choksakulnimitr S, Masuda S, Tokuda H, Takakura Y, and Hashida M (1995) In vitro 

cytotoxicity of macromolecules in different cell culture systems. Journal o f Controlled 

Release 34, 233-241.

Chu BCF and Whiteley JM (1980) The interaction of carrier bound methotrexate with 

L1210 cells. Molecular Pharmacology 17, 382-387.

Connors TA, Cleare MJ, and Harrap KR (1979) Structure activity relationships of the 

antitumour platinum coordination complexes. Cancer Treatment Reports. 63, 1499- 

1502.

Connors TA (1996a) Cancer treatment or prevention. Anticancer drugs 7, 179-183.

246



References

Connors TA (1996b) Is there a future for cancer chemotherapy, Annals o f Oncology 7, 

442-445.

Cook GMW (1968) Glycoproteins in membranes, Biological Reviews 43, 363-391.

Cowan JD and Von Hoff DD (1987) In: Clinical evaluation of antitumour therapy. 

Muggia FM and Rozencweig M (Eds). NijhofTBoston, 33-56.

Cullis P (1987) In: Liposomes: from biophysics to therapeutics. M Ostro (ed) Marcel 

Dekker New York, 39-72.

Cummings J (1998) Microspheres as a drug delivery system in cancer therapy. Expert 

Opinion on Therapeutic patents 8, 153-171.

Dabholkar M, Vionnet J, Bostick-Bniton F, Yu JJ, and Reed E (1994) Messenger RNA 

levels of XPAC and ERCCl in ovarian cancer tissue correlate with response to 

platinum-based chemotherapy. Journal o f Clinical Investigation 94, 703-708.

Danhauser-Riedl S, Hausmann E, Schick HD, Bender R, Dietzfelbinger H, Rastetter J, 

and Hanauske AR (1993) Phase I clinical and pharmacokinetic trial of dextran 

conjugated Doxorubicin, Investigational New Drugs \1, 187-195.

Davis SS and Hansrani P (1985) The influence of emulsifying agents on the 

phagocytosis of lipid emulsion by macrophages. International Journal o f 

Pharmaceutics 23, 69-77.

De Brabander-van Berg EMM, and Meijer EW (1993) Poly(propylene imine) 

dendrimers -  large scale synthesis by hetereogeneously catalysed hydrogenations, 

Angewandte Chemie International Edition English, 32, 1308-1311.

de Duve C, Debarsy T, Poole B, Trouet A, Tulkens P, and Van Hoof F (1974) 

Lysosomotropic agents, Biochemical Pharmacology 23, 2495-2531.

247



References

Dean RT (1977) In: Lysosome. Edward Arnold, London. 1-149.

Debruyne FM, Denis L, and Lunglmayer G (1988) Long term therapy with depot 

lutenizing -  hormone releasing hormone analog (Zoladex®), Journal o f  Urology 140, 

775-777.

Deierkauf FA, Beukers H, Deierkauf M, and Riemersma JC (1977) Phagocytosis by 

rabbit polymorphonuclear leukocytes. Journal o f Cell Physiology 92, 169-175.

Denkwater RG, Kolc JF, and Lukasavage WJ (1983) US Patent 4, 410, 688.

Di Marco A, Gaetani M, and Scarpinato B (1969) Adriamycin (NSC 123127): a new 

antibiotic with antitumour activity. Cancer Chemotherapy Reports (parti) 53, 33-37.

Draper RK and Simon MI (1980) Diptheria toxin forms transmembrane channels in 

planar lipid layers. Journal o f Cell Biology 87, 849-856.

Dreyer G and Ray W (1910) “III. The blood volume of mammals as determined by 

experiments upon rabbits. Guinea-pigs and mice and its relationship to body weight and 

surface area expressed in a formula” Philosophical Transactions o f the Royal Society o f 

Science, United States o f America 201, 133-137.

Drobnik J and Rypacek F (1984) Soluble synthetic polymers in biological systems. 

Advances in Polymer Sciences 57, 1-131.

Duncan R (1992a) “Drug polymer conjugates; potential for improved chemotherapy” 

Anticancer Drugs 3, 175.

Duncan R, Bhakoo M, Riley ML, and Tuboku-Metzger A (1991b) In: Progress in 

membrane biotechnology. Gomez-Fernandez/Chapman/Packer (Eds) Birkhauser Verlag 

Basel, 121-129.

Duncan R, Dimitrijevic S, and Evagorou EG (1996) “The role of polymer conjugates in

248



References

the diagnosis and treatment of cancer” Scientific and Technical Pharmacy- 

Pharmaceutical Science 6, 237-263.

Duncan R, Evagorou EG, Kneller S, Malik N, Wasil M, Gianasi E, Buckley RG, Keddle 

A, Ferruti P, and Wilson G (1998) Polymeric platinates and the EPR effect, Proceeding. 

3^  ̂International Symposium on Polymer Therapeutics, London, 10.

Duncan R, Hume IC, Yardley HJ, Flanagan PA, Ulbrich K, Subr V, and Strohalm 

(1991a) Macromolecular prodrugs for use in targeted cancer chemotherapy; melphalan 

covalently coupled to N-(2-hydroxypropyl) methacrylamide copolymers. Journal o f 

Controlled Release 16, 121-136.

Duncan R, Kopeckova-Rejmanova P, Strohalm J, Hulme I, Cable HC, Pohl J, Lloyd JB, 

and Kopecek J (1987) Anticancer agents coupled to N-(2-hydroxypropyl) 

methacrylamide copolymers. 1. Evaluation of daunomycin and puromycin conjugates in 

vitro, British Journal o f Cancer 55, 165-174.

Duncan R, Lloyd JB, and Kopecek J (1980) Degradation of side chains of N-(2- 

hydroxypropyl) methacrylamide copolymers by lysosomal enzymes. Biochemical and 

Biophysical Research Communications 94, 284-290.

Duncan R, Seymour LW, 0 ‘Hare KB. Flanagan PA, Wedge S, Hume IC, Ulbrich K, 

Strohalm J, Subr V, Spreafico F, Grandi M, Ripamonti M, Farao M, and Surato A 

(1992b) Preclinical evaluation of polymer-bound doxorubicin, Journal o f Controlled 

Release 19, 331-346.

Duncan R, Seymour LW, O ‘Hare KB, Flanagan PA, Wedge A, Ulbrich K, Strohalm J, 

Subr V, Spreafico F, Grandi M, Ripamonti M, Farao M, and Surato A (1992c) Polymers 

containing enzymatically degradable bonds. XII -  Effect of spacer structure on rate of 

release of daunomycin and adriamycin from N-(2-hydroxypropyl) methacrylamide 

copolymer drug carriers in vitro and anticancer activity measured in vivo. Journal o f 

Controlled Release 18, 123-132.

249



References

Eastman A (1983) Characterisation of the adducts produced in DNA by cisplatin and 

cisdichloro(ethylene diammine) platinum (II), Biochemistry 22, 3927-3933.

Eastman A and Richon VM (1986) In: biochemical mechanisms of platinum antitumour 

drugs. McBrien DCH and Slater TF (Ed) Oxford -  Wahington DC IRL Press, 91-99.

Eastmen A, Schutle N, Sheibani N, and Sorensen CN (1988) In: Platinum and other 

metal co-ordination compounds in cancer chemotherapy. Nicolini M (Ed) Martinus 

Nijhoff Boston, 178-217.

Egea MA, Gamisans F, Valero J, Garcia ME, and Garcia ML (1994) Entrapment of 

cisplatin into biodegradable polyalkylcyanoacrylate nanoparticles, Farmaco 49, 211- 

217.

Ehrlich P. (1906) Collected Studies on Immunity John Willey New York, 2, 8.

Einhorn LH (1986) Have new aggressive chemotherapy regimens improved results in 

advanced germ-cell tumours, European Journal o f Cancer and Clinical Oncology 22, 

1289-1293.

Fakhimzadeh K (1998) Innovations -  improved device for venom extraction, Bee World 

79, 52-56.

Feldman EJ, Albrerts DS, Arlin Z, Ahmed T, Mittleman A, Baskind P, Peng YM, Baier 

M, and Plezia P (1993) Phase I clinical and pharmacokinetic evaluation of high-dose 

mitoxantrone in combination with cytarabine in patients with acute leukaemia. Journal 

o f Clinical Oncology 11, 2002-2009.

Feigner PL (1990) Particulate systems and polymers for in vitro and in vivo delivery of 

polynucleotides. Advances in Drug Delivery Reviews 5, 163-187.

Finlay GJ, Wilson WR, and Baguley BC (1986) Comparison of in vitro activity of 

cytotoxic drugs towards human carcinoma and leukaemia cell lines, European Journal

250



References

of Cancer and Clinical Oncology 22, 655-662.

Fisher EH and Stein EA (1960) In: The enzymes. Vol IV(A) (Ed) Boyer PD Academic 

Press New York, 304-307.

Flessner MF, Dedrick RL, and Schultz JS (1985) Exchange of macromolecules between 

peritoneal cavity and plasma, American Journal o f Physiology 248, 15-25.

Flory P (1952) Molecular size distribution in three dimensional polymers. VI. Branched 

polymers containing A -  R -  Bf.i type units. Journal o f American Chemical Society 74, 

2718-2723.

Fodstad O, Olsnes S, and Pihl A (1976) Toxicity, distribution and elimination of the 

cancerostatic lectins abrin and ricin after parenteral injection into mice, British Journal 

o f Cancer 34, 418-425.

Fréchet JMJ, Hawker CJ, and Phillippides AE (1991) US Patent 5,041,516.

Frey H (1996) (Personal communication).

Gabizon A (1989) In: Drug carrier systems. Roerdink FHD, Kroon AM, (Eds) John 

Wiley New York, 9, 185-212.

Gabizon A (1993) Tailoring liposomes for cancer drug-delivery from the bench to the 

clinic. Annales De Biologie Clinique 51, 811-813.

Garin-Chesa P, Campbell I, Saigo PE, Lewis JL, Old LJ, and Rettig WJ (1993) 

Trophoblasst and ovarian cancer antigen -  LK26 sensitivity and specificity in 

immunopathology and molecular identification as a folate-binding protein, American 

Journal o f Pathology 142, 557-567.

Giammona G, Carusi B, Cavallaro G, Pittaresi G, and Palazzo S (1992) Anticancer 

agent coupled to polyaspartamide as drug carrier, European Journal o f Pharmacology

251



References

and Biopharmacology 38, 159-162.

Gianasi E, Wasil M, Evagorou EG, Keddle A, Wilson G, and Duncan R (1999) N-(2- 

hydroxypropyl) methacrylamide copolymer platinates as novel antitumour agents: in 

vitro properties, pharmacokinetics and antitumour activity, European Journal o f Cancer 

in press.

Goldin A (1966) Experimental screening procedures and clinical predictability value. 

Cancer Chemotherapy Reports 50, 173-218.

Goodman LS and Gilman A (1990) In: Pharmacological basis of therapeutics. Gilman 

AG, Rail TW, Nies AS, and Taylor P (Eds) 8, 1250-1252.

Gordon M and Hollander S (1993) Review of platinum anticancer compounds. Journal 

o f Medicine 24, 209-265.

Gormely PE, Bull JM, LeRoy AF, and Cysyk R (1979) Kinetics of cisplatin. Clinical 

Pharmacology and Therapeutics 25, 351-357.

Grabarek Z and Gregely J (1990) Zero length crosslinking procedure with use of active 

esters. Analytical Biochemistry 185, 131-135.

Grandi M, Giuliani FC, Verhoef V, and Filppi J (1988) In: Anthracycline and 

anthracenedione based anticancer agents. Lown JW (Ed) Elsevier Oxford, 6, 571-585.

Gregoriadis G, Safifie R, and de Souza JB (1997) Liposome mediated DNA vaccination, 

Federation o f European Biochemical Societies Letters 402, 107-110.

Gregoriadis G (1977) Targeting of drugs. Nature 265, 407-411.

Hacker MP, Lazo JS, Pritsos CA, and Tritton TR (1989) Immobilised adriamycin -  

toxic potential in vivo and in vitro. Selective Cancer Therapeutics 5, 67-72.

252



References

Haensler J and Szoka FC Jr (1993) Polyamidoamine cascade polymers mediate efficient 

transfection of cells in culture, Bioconjugate Chemistry 4, 372-379.

Harrap KR (1983) In: Cancer chemotherapy. Muggia FM (Ed), Martinus Nijhoff 

Boston, 171-217.

Hashida M and Takakura Y (1997) Pharmacokinetics of polymer drugs. Proceedings 2”"̂ 

International Symposium on Polymer Therapeutics Kumamoto, 15.

Hawker C and Fréchet JMJ (1990a) A new convergent approach to monodisperse 

dendritic macromolecules. Journal o f chemical Society Chemical Communications 29, 

1010-1013.

Hawker C and Fréchet JMJ (1990b) A new convergent growth approach for the 

synthesis of dendritic macromolecules. Journal o f chemical Society Chemical 112, 

7638-7647.

Hespe W, Meier AM, and Blankwater YJ (1977) Excretion and distribution studies in 

rats with two forms of carbon-14-labelled polyvinylpyrrolidone with a relatively low 

mean molecular weight after intravenous administration. Drug Research 27, 1158.

Hint HC (1968) Biodistribution of dextran, Acta Anaesthesiologica Belgica 19, 119- 

138.

Hirano T, Ringsdorf H, and Zaharko D (1980) Antitumour activity of monomeric and 

polymeric cyclophosphamide derivatives compared with in vitro hydrolysis. Cancer 

Research 40, 2263.

Hoes CJT, Ankone M, Grootoonk J, Fey en J, Van Der Struik E, Van Doommalen A, 

Pham D, De Man A, Van Ettekoven A, Schlachter I, Boon PJ, Kaspersen F, and Bos ES

(1996) Synthesis and biological evaluation of immunoconjugates of adriamycin and a 

human Igm linked by poly[N-5-(2-hydroxyethyl-L-glutamine], Journal o f Controlled 

Release 38, 245-266.

253



References

Hoshino T, Misaki M, Yamamoto M, Shimizu H, Ogawa Y, and Toguchi H (1995) 

Receptor binding in vitro cytotoxicity and in vivo distribution of transferrin - bound 

cisplatinum of different molar ratios, Journal o f Controlled Release 37, 75-81.

Howell BA and Walles EW (1986) Poly(N-vinylpyrrolidone) and poly(N-vinyl-5- 

methyl-2-oxazolidane) complexes of cis-dichloro compounds -  potential time release 

anticancer agents. Abstracts o f the Papers o f the American Chemical Society 191, 243- 

POLY.

Huang JC, Zambie DB, Reardon JT, Lippard SJ, and Sancar A (1994) HMG -  Domain 

proteins specifically inhibit the repair of major DNA adduct of the anticancer drugs 

cisplatin by human excision nuclease. Proceedings National Academy o f Sciences 

United States o f America 91, 103 94-103 98.

Hudson RHE, Robidoux S, and Damha MJ (1998) Divergent solid -  phase synthesis of 

nucleic acid dendrimers. Tetrahedron Letters 1299-1302.

Hughes JA, Aronsohn AI, Avrutskaya AV, Juliano RL (1996) Evaluation of adjuvants 

that enhance the effectiveness of antisense oligonucleotides. Pharmaceutical Research 

13, 404-410.

Hulme B, Dykes PW, Appleyard I, and Arkell DW (1968) Retention and storage sites of 

radioactive polyvinylpyrrolidone, Journal o f Nuclear Medicine 9, 389-393.

Hummelen JC, van Dongen JLJ, and Meijer EW (1997) Electron spray mass 

spectrometry of poly(propylene imine) dendrimers: The issue of dendritic purity and 

polydispersity. Chemical European Journal'5, 1489-1493.

Ikada Y, Tabata Y, and Murakami Y (1997) Tumour accumulation of PEG, PVA, and 

dextran of different molecular weight afl;er intravenous injection. Proceeding 

International Symposium on Controlled Release o f Bioactive Materials Stockholm, 111.

254



References

Ilium L, Davies SS, Wilson CG, Thomas NW, Frier M, and Hardy JG (1982) Blood 

clearance and organ disposition of intravenously administered colloidal particles, 

InternationalJoumal o f Pharmaceutics 12, 135-146.

Imai T, Fujii K, Shiraishi S, and Otagiri M (1997) Alteration of pharmacokinetics and 

nephrotoxicity of cisplatin by alginates. Journal o f Pharmaceutical Sciences 86, 244- 

247.

Imai T and Otagiri M (1997) Pharmacokinetic study on reduction of nephrotoxicity of 

cisplatin by alginate complexation. Proceedings 2”̂  International Symposium on 

Polymer Therapeutics Kumamoto, 54.

Ishizaka T, Ariizumi T, Nakamura T, and Koishi M (1985) Preparation of serum -  

albumin microparticles. Journal o f Pharmaceutical Sciences 74, 342-343.

Jacquillat C, Tanzer J, Boiron M, Najean Y, Weil M (1966) Rubidomycin, Lancet 2, 27- 

28.

Jain RK (1987) Transport of molecules across tumour vasculature. Cancer Metastatis 

Reviews. 6 559-593.

Jansen JFGA, de Brabander-van den berg EMM, and Meijer EW (1994a) Encapsulation 

of guest molecules into a dendritic box. Science 266, 1226-1229.

Jansen JFGA, Meijer EW, and Debrabandervandenberg EMM (1994b) Encapsulation of 

guest molecules into a dendritic box, Macromolecular Symposia 102, 1710.

Jeanes A (1966) In: Encyclopedia of Polymer Science and Technology. Vol 4 (Ed) 

Mark HF John Wiley New York, 805-824.

Kakinuma K, Tanaka R, Takahashi H, Sekihara Y, Watanabe M, and Kuroki M (1996) 

Drug delivery to the brain using thermosensitive liposome and local hyperthermia. 

International Journal o f Hyperthermia 12, 157-165.

255



References

Kataoka K, Nishiyama N, Yokoyama M, Aoyagi T, Okano T, and Sakurai Y (1998) 

Polymeric micellar systems for delivery of cisplatin and other anticancer drugs to solid 

tumour, Proceedings 3'̂  ̂International Symposium on Polymer Therapeutics, London, 7.

Kataoka K (1997) In; Controlled drug delivery - challenges and strategies. Park K (Ed), 

American Chemical Society, 4, 49-71.

Katchalsky E, Levin Y, Neumann H, Riesel E, and Sharon N (1961) Studies on the 

enzymatic hydrolysis of poly-a-amino acids. Bulletin Research Conference o f Israel 

lOA, 159-171.

Katre NV and Knauf MJ (1990) US Patent 4, 917, 888.

Kawasaki K, Namikawa M, Mizuta T, Inoue S, Maeda M, and Kakiuchi M (1995) 

SMANCS, Biological Pharmaceutical Journal 18, 1714-1717.

Kearney AS (1996) Prodrugs and targeted delivery. Advanced Drug Delivery Reviews 

19(2), 225-239.

Keating MJ, Holmes R, Lerner S, and Ho DH (1993) L -  asparaginase and PEG 

asparaginase -  past, present and future. Leukemia and Lymphoma 10, 153-157.

Kelland LR (1993) New platinum antitumour complexes Critical Reviews in 

Oncology/Haematology 15, 191-219.

Kissel T and Demirdere A (1987) In: VIII Microspheres -  controlled release system for 

parenteral application APY 17, 103-131.

Klopsch R and Duncan R (1998) Unpublished results.

Kobayashi H, Wu CC, Kim MK, Paik CH, Carrasquillo JA, and Brechbiel MW (1999) 

Evaluation of the in vitro biodistribution of indium-111 and yttrium-88 labelled 

dendrimer- 1B4M-DTPA and its conjugation with anti-Tac monoclonal antibody.

256



References

Bioconjugate Chemistry 10, 103-111.

Kohn KW (1987) In: Concepts, clinical developments and therapeutic advances in 

cancer chemotherapy (Ed) Muggia FM 3-38.

Krakoff IH (1979) Nephrotoxicity of cisplatin. Cancer Treatment Reports 63, 1523- 

1531.

Kratz F and Schutte MX (1998) Anticancer metal complexes and tumour targating 

strategies. Cancer Journal 11, 176-182.

Kukowska-Latallo IF, Bielinska AU, Johnson J, Spindler R, Tomalia DA , and Baker 

JR, Jr (1996) Efficient transfer of genetic material into mammalian cells using starburst 

polyamidoamine dendrimers. Proceedings National Academy o f Sciences, United States 

o f America, 93, 4897-4902.

Labrude P and Vigneron C (1975) Les substituts du sang revue generale et perspectives, 

Lyon Pharmaceutique 26, 629-646.

Ladino CA, Chari RVJ, Bourret LA, Kedersha NL, and Goldmacher VS (1997) Folate -  

maytansinoids: Targeting -  selective drugs of low molecular weight. International 

Journal o f Cancer 73, 859-864.

Lang WL, Barth RF, Adams DM, and Solo way A (1997) Intratumoural delivery of 

boronated epidermal growth factor for neutron capture therapy of brain tumours. Cancer 

Research 57, 4333-4339.

Langer R (1998) Drug delivery and targeting. Nature 392(supp), 5-10.

Launchbury A? and Habboubi N (1993) Epirubicin and doxorubicin -  A comparison of 

their characteristics, therapeutic activity and toxicity. Cancer Treatment Reviews 19, 

197-228.

257



References

Law LW (1952) Origin of the resistance of leukaemic cells to folic acid antagonists, 

Nature 131, 628-629.

Lee RJ and Low PS (1997) Folate -  targeted liposomes for drug delivery. Journal o f 

Liposome Research 7, 455-466.

Lelieveld P, van der Vijgh WJF, and Veldhuizen RW (1984) Pharmacokinetics of 

cisplatin and 3 recently developed derivatives, European Journal o f Cancer and 

Clinical Oncology 20, 1087-1104.

Lindberg B, Lote K, and Teder H (1984) In; Micro spheres and drug therapy. Davis SS 

(Ed) Elsevier Science Amsterdam, 153-188.

Lloyd JB and Williams KE (1984) Non -  specific adsorptive pinocytosis. Biochemical 

Society Transactions 12, 527-528.

Lorenz K, Holler D, Stuhn B, Mulhaupt R, and Holger F (1996) A mesogen -  

fimctionalised carbosilane dendrimer: A dendritic liquid crystalline polymer. Advances 

in Materials Research 8,414-418.

Los G, Vergegaal EZS, Acteborn HPJM, Ruevekamp M, Gmelf ADE, Meesters EW, 

Hurnink DTB, and McVie JG (1991) Cellular pharmacokinetics of carboplatin and 

cisplatin in relation to their cytotoxic action. Biochemical Pharmacology 42, 357-363.

Maeda H, Takeshita J, and Kanamaru R (1979) A lipophilic derivative of 

neocarzinostatin. A polymer conjugation of an antitumour protein antibiotic. 

International Journal o f Peptide and Protein Research 14, 81-87.

Maeda H (1991) SMANCS and polymer conjugated macromolecular drugs -  

advantages in cancer chemotherapy. Advanced Drug Delivery Reviews 6, 181-202.

Malik N and Duncan R (1999) Unpublished results.

258



References

Malik N, Klopsch R, and Duncan R (1998) Unpublished results.

Manaka RC and Wolf W (1978) Distribution of cisplatin in blood, Chemico-Biological 

Interactions 22, 353-358.

Mankertz J, Nundel M, von Baeyer H, and Riedel E (1997) Low density lipoproteins as 

drug carriers in the therapy of macrophage -  associated diseases, Biochemical and 

Biophysical Research Communications 240, 112-115.

Margerum LD, Campion BK, Koo M, Shargill N, Lai JJ, Marumoto A, and Sontum PC

(1997) Gadolinium (III) D03A macrocycles and polyethylene glycol coupled to 

dendrimers. Journal o f Alloys and Compounds 249, 185-190.

Marsh M, Bolzau E and Helenius A (1983) Preparation of semliki forest virus from 

acidic prelysosomal vacuoles. Cell 32, 931-940.

Martinek RG (1969) Blood urea nitrogen: a test for nephrotoxicity. Journal American 

Medical Technologist. 31, 678.

Martinez CA and Hay AS (1998) Synthesis of hyperbranched oligomers with activated 

aryl chloride and phenol terminal groups. Journal o f Macromolecular Science-Pure and 

Applied Chemistry A35, 57-90.

Mason P (1998) Osteoporosis: The effects of nutrition and lifestyle. The 

Pharmaceutical Journal 260, 949-953.

Masquelier M, Baurain R, and Trouet A (1980) Amino acid and dipeptide derivatives of 

daunorubicin. 1. Synthesis, physiochemical properties, and lysosomal digestion. Journal 

o f Medicinal Chemistry 23, 1166-1170.

Matsumoto T, Endoh K, Akamatsu K, Kamisango K, Mitsui H, Koizumi K, Morikawa 

M, Koizumi M, and Matsuno T (1991) Comparison of the antitumour effects and 

nephrotoxicity-inducing activities of two new platinum complexes, (-)-(R)-2-

259



References

aimonomethylpyrrolidone (l,l-cyclobutanedicarboxylato)-platinum (II) monohydrate, 

and its enantiomeric monomer, British Journal o f Cancer 64, 41-46.

Matsumura Y and Maeda H (1986) A new concept for macromolecular therapeutics in 

cancer chemotherapy -  mechanism of tumoritropic accumulation of proteins and the 

antitumour agents SMANCS, Cancer Research 46, 6387-6392.

Mauzac M, Maillett F, Jozefonvicz M, and Kazatchkine MD (1985) Anticomplementary 

activity of dextran derivatives. Biomaterials 6, 61-63.

McBrien DCH and Slater TF (Eds) (1986) In: Biochemical mechanisms of action of 

platinum antitumour Drugs. Oxford UK, 1-123.

McIntosh DP, Cooke RJ, McLachlan AJ, Dley-Yates FT, and Rowland MR (1997) 

Pharmacokinetics and tissue distribution of cisplatin and conjugates of cisplatin with 

carboxymethyldextran and a5b7 monoclonal antibody in cdl mice. Journal o f 

Pharmaceutical Sciences 86, 1478-1483.

Meijer C, Mulder NH, Hospers GAP, Uges DRA, and deVries EG (1990) The role of 

glutathione in resistance to cisplatin in a human small - cell lung-cancer cell-line, 

British Journal o f Cancer 62, 72-77.

Meijer DKF and van der Sluijs P (1989) Covalent and non-covalent protein binding of 

drugs: Implications for hepatic clearance, storage and cell-specific targeting. 

Pharmaceutical Research 6, 105-118.

Meijer EW (1998) (Personal communication).

Meldal M and StHilaire PM (1997) Synthetic methods of glycopeptide assembly and 

biological synthesis of glycopeptide products. Current Opinion in Chemical Biology 1, 

552-563.

Mellman I (1996) Endocytosis and molecular sorting, Annual Review o f Cell

260



References

Development and Biology 12, 575-625.

Melton RG, Knox RJ, and Connors TA (1996) Antibody directed enzyme prodrug 

therapy (ADEPT), Drugs o f the Future 21, 167-181.

Meltzer AD, Tirrell DA, Jones AA, Inglefield FT, Downing DM, and Tomalia DA 

(1989) C-13 NMR relaxation in poly(amido amine) starburst dendrimers, Abstrac/5 o f 

Papers o f the American Chemical Society 30, 121.

Mestiri M, Benoit JP, Hemigou P, Devissaguet JP, and Puisieux FG (1995) Cisplatin- 

loaded poly(methyl methacrylate) implants - a sustained drug-delivery system. Journal 

o f Controlled Release 33, 107-113.

Miller N and Whelan J (1997) Progress in transcriptionally targeted and regulatable 

vectors for genetic therapy, Human Gene Therapy 8, 803-815.

Mokotoff M, Chen J, Zhou JH, and Ball ED (1996) Targeting growth factor receptors 

with bispecific molecules. Current Medicinal Chemistry 3, 87-100.

Mongelli M, Pesenti E, Suarato A, and Biasoli G (1994) US Patent 5, 362, 831.

Moore S and Stein WH (1954) A modified ninhydrin reagent for the photometric 

determination of amino acids. Journal o f Biological Chemistry 211, 907-913.

Morgan DML, Clover J, and Pearson JD (1988) Effects of synthetic polycations on 

leucine incorporation, lactate - dehydrogenase release, and morphology of human 

umbilical vein endothelial-cells. Journal o f Cell Science 91, 231-238.

Morgan DML, Larvin VL, and Pearson JD (1989) Biochemical-characterization of 

polycation-induced cyto-toxicity to human vascular endothelial-cells. Journal o f Cell 

Science 94, 553-559.

Mossman T (1983) Rapid colorimetric assay for growth and survival: Application to

261



References

proliferation and cytotoxicity assays, Journal of Immunological Methods 65, 55-63.

Muhammed H, Ramasarma T, and Ramarkrishna Kurup CK (1982) A hexokinase effect 

in the inhibition of oxidative-phosphorylation in heart - muscle mitochondria by 

adriamycin, Biochimica et Biophysica Acta 722, 43-50.

Mukhopadhyay A, Chaudhuri G, Arora SK, Sehgal S, and Basu SK (1989) Receptor - 

mediated drug delivery to macrophages in chemotherapy of leishmaniasis. Science 244, 

705-707.

Myers CE (1988) In: Organ - directed toxicities of anticancer drugs. Hacker MP, Lazo 

JS, and Tritton TR (Eds) Martinus Nijhoff Boston, 17-30.

Nagy Z, Peters H, and Huttner I (1983) Charge - related alterations of the cerebral 

endothelium. Laboratory Investigations 49, 662-671.

Nanjo M and Sekiguchi A (1998) Group-14-element-based hybrid dendrimers. synthesis 

and characterization of dendrimers with alternating Si and Ge atoms in the chains, 

Organometallics 17, 492-494.

Nevo A, de Vries, and Katchalsky A (1955) Interaction of basic polyamino acids with 

the red blood cell. 1. Combination of poly-L-lysine with single cells, Biochimica et 

Biophysica Acta 17, 536-547.

Newkome GR, Moorefield CN, and Vogtle F (1996) In: Dendritic molecules, concepts - 

syntheses - perspectives. VCHNew York, 1-195.

Newkome GR, Yao ZQ, Baker GR, and Gupta VK (1985) Micelles. 1.cascade 

molecules - a new approach to micelles - a [27] -  arborol. Journal o f Organic Chemistry 

50, 2003-2004.

Nichifor M, Coessens V, and Schacht E (1995) Macromolecular prodrugs of 5- 

fluorouracil. 1. Synthesis and hydrolytic stability. Journal o f Bioactive and Compatible

262



References

Polymers 10, 199-222.

Nishida K, Mihara K, Takino T, Nakane S, Takakura Y, Hashida M, and Sezaki S 

(1991) Hepatic disposition characteristics of electrically charged macromolecules in rat 

invivo and in the perfused liver, Pharmaceutical Research 8, 437-444.

Nogusa H, Yano T, Okuno S, and Hamana H (1995) Synthesis of 

carboxymethylpullulan peptide doxorubicin conjugates and their properties. Chemical 

and Pharmaceutical Bulletin 43, 1931-1936.

O’Hare KB, Duncan R, Strohalm J, Ulbrich K, and Kopeckova P (1993) Polymeric drug 

carriers containing doxorubicin and melanocyte -  stimulating hormone: in vitro and in 

vivo evaluation against murine melanoma. Journal o f Drug Targeting 1, 217-229.

Ohya Y, Inosaka K, and Ouchi T (1992) Synthesis and antitumor-activity of 6-o- 

carboxymethyl chitin fixing 5-fluorouracils through pentamethylene, monomethylene 

spacer groups via amide, ester bonds. Chemical and Pharmaceutical Bulletin 40, 559- 

561.

Okoldekwe A, Malik N, and Duncan R (1998) (Unpublished results).

Oku N and Namba Y (1994) Long - circulating liposomes. Critical Reviews in 

Therapeutic Drug Carrier Systems 11, 231-270.

Parker RJ, Eastmen A, Bostick-Bruton F, and Reed E (1991) Acquired cisplatin 

resistance in human ovarian-cancer cells is associated with enhanced repair of cisplatin- 

DNA lesions and reduced drug accumulation. Journal o f Clinical Investigation 87, 772- 

777.

Paulus W (1996) Personal Communication.

Perez-Soler R, Khokhar AR, and Lopez-Berestein G (1988) In: Liposomes as drug 

carriers. John Wiley and Sons Ltd New York, 401-450.

263



References

Petrak K and Goddard P (1989) Transport of macromolecules across the capillary walls, 

Advanced Drug Delivery Reviews 3, 191-214.

Pierce-Warriner (UK (1996) Zero linker Coupling Instructions (product no. 

22980/22981).

Pimm, MV, Gribben SJ, Bogdan K, and Hudecz F (1995) The effect of charge on 

biodistribution in mice of branched polypeptides with a poly(L-lysine) backbone 

labelled with ^^4n or ^^Cr, Journal o f Controlled Release 37, 161-172.

Pimm MV, Perkins AC, Strohalm J, Ulbrich K, and Duncan R (1996) Gamma 

scintillation chromatography the biodistribution of ^^^I-labelled N-(2-hydroxypropyl) 

methacrylamide copolymer-doxorubicin conjugates in mice with transplanted 

melanoma and mammary carcinoma. Journal o f Drug Targeting 3, 375-383.

Pitas RE, Boyles J, Mahley RW, and Russel DM (1985) Uptake of chemically modified 

low-density lipoproteins in vivo is mediated by specific endothelial - cells. Journal o f 

Cell Biology 100, 103-117.

Plank C, Mechtler K, Szoka FC, and Wagner E (1996) Activation of complement 

system by synthetic DNA complexes. A potential barrier for influenza gene therapy. 

Human Gene Therapy 7, 1437-1446.

Plummer DT (1978) In: An introduction to practical biochemistry. McGraw-Hill 

London, 136-144.

Poznansky MJ and Juliano RL (1985) Biological approaches to the controlled delivery 

of drugs -  a critical-review. Pharmacological Reviews 36, 277-336.

Pratesi G, Savi G, Pezzoni vG, Bellini O, Penco S, Tinelli S, and Zunino F (1985) Poly- 

L-aspartic acid as a carrier for doxorubicin: a comparative in vivo study of free and 

polymer-bound drug, British Journal o f Cancer 52, 541-548.

264



References

Pratesi G, Tortoreto M, and Zunino F (1990) Increased effect of doxorubicin linked to 

pyran copolymer in the intracavitary treatment of human ovarian cancer in nude mice, 

Regional Cancer Treatment 3, 40-43.

Pratten MK and Lloyd JB (1986) Pinocytosis and phagocytosis - the effect of size of a 

particulate substrate on its mode of capture by rat peritoneal-macrophages cultured in 

vitro, Biochimica et Biophysica Acta 881, 307-313.

Pratten MK, Duncan R, and Lloyd JB (1978) A comparative study of the effects of 

polyamino acids and dextran derivatives on pinocytosis in the rat yolk sac and rat 

peritoneal macrophage, Biochimica et Biophysica Acta 540, 455-462.

Pratten MK, Duncan R, and Lloyd JB (1980) In: Coated vesicles. Ockleford and Whyte 

(Eds) Cambridge University Press Cambridge UK, 1-25.

Putman D and Kopecek J (1995) Polymer conjugates with anticancer activity. Advances 

in Polymer Science 222, 55-123.

Putman D and Kopecek J (1995) Enantioselective release of 5-fluorouracil from N-(2- 

hydroxypropyl) methacrylamide-based copolymers via lysosomal enzymes. 

Bioconjugate Chemistry 6, 483-492.

Pyatak PS, Abuchowski A, and Davis FF (1980) Preparation of polyethylene glycol: 

superoxide dismutase adduct, and an examination of its blood circulation life and anti

inflammatory activity, Research Communications in Chemical and Pathological 

Pharmacology 29, 113-127.

Rejmanova P, Kopecek J, Pohl J, Baudys M, and Kostka V (1983) Polymers containing 

enzymatically degradable bonds 8 Degradation of oligopeptide sequence in N-(2- 

hydroxypropyl) methacrylamide copolymers by bovine spleen cathepsin B, 

Makromolekulare Chemie-Macromolecular Chemistry and Physics 184, 2009.

Remy JS, Erbacher P, Bettinger T, Zou S, Belguise-Valladier, and Behr JP (1998) New

265



References

polyethyleneimine derivatives towards systemic delivery of genes. A biophysical study, 

Proceedings 3rd International Symposium on Polymer Therapeutics London, 60.

Renkin EM and Gilmore JP (1973) In: Handbook of physiology, (VIII) Renal 

physiology. Orloff J and Berliner RW (Eds) Washington DC, 1-87.

Rennke HG, Venkatachalam MA, and Patel YJ (1979) Glomerular permeability of 

macromolecules. Effect of molecular configuration on the fractional clearance of 

uncharged dextran and neutral horseradish peroxidase in the rat. Journal o f Clinical 

Investigation 63, 713-717.

Rhoads CP (1946) Nitrogen mustards in the treatment of neoplastic disease. Journal o f 

American Medical Association 131, 656-658.

Rihova B (1996) Biocompatibility of biomaterials: Haemocompatibility,

immunocompatibility and biocompatibility of solid polymeric materials and soluble 

targetable polymeric carriers. Advanced drug Delivery Reviews 21, 157-176.

Ringsdorf H (1975) Structure and properties of pharmacologically active polymers. 

Journal o f Polymer Science Polymer Symposia 51, 135-153.

Ritzen A and Frejd T (1999) Synthesis of a chiral dendrimer based on polyfunctional 

amino acids. Chemical Communications 2, 207-208.

Robert KY, Cheng Z, and Cheng CC (1989) Delivery of anticancer drugs. Methods and 

Findings in Experimental and Clinical Pharmacology 11, 439-529.

Roberts JC, Bhalgat MK, and Zera RT (1996) Preliminary biological evaluation of 

polyamidoamine (PAMAM) starburst^^ dendrimers. Journal o f Biomedical Materials 

Research 30, 53-65.

Roerdink FH and Kroon AM (Eds) (1989) In: Drug carrier systems. John Wiley and 

Sons New York, 57-211.

266



References

Roovers J, Toporowski PM, and Zhou LL (1992) Synthesis of carbosilane dendrimer 

and its application on the preparation of 32 arms and 64 arms star polymers. Polymer 

Preprints'iZ, 182-183.

Roper PR and Drewinko B (1976) Comparison of in vitro methods to determine drug- 

induced cell lethality. Cancer Research 36, 2182-2188.

Rose WC, Schurig JE, Huftalen JB, and Bradner WT (1982) Antitumour activity and 

toxicity of cisplatin analogs. Cancer Treatment Reports 66, 135-146.

Rosenberg B, Van Clamp L, and Krigas T (1965) Inhibition of Escherichia coli by 

electricity in products from a platinum electrode. Nature 205, 698-699.

Rosenberg B, Van Clamp L, Grimley EB, and Thomson AJ (1967) The inhibition of 

growth or cell division in Escherichia coli by different ionic species of platinum (IV) 

complexes. Journal o f Biological Chemistry 242, 1347-1352.

Rosenberg B, VanCamp L, Trosko JE, and Mansour VH (1969) Platinum compounds: 

A new class of potent antitumour agents. Nature 222, 385-386.

Rosenberg B (1973) Platinum coordination complexes in cancer chemotherapy, 

Naturwissenschaften 60, 399-406.

Rozencweig M, Von Hoff DD, Slavik M, and Muggia FM (1977) Cis- 

diamminedichloroplatinum (II). A new anticancer drug. Annals o f International 

Medicine 86, 803-812.

Ruponen M, YlaHerttuala S, and Urtti A (1999) Interactions of polymeric and liposomal 

gene delivery systems with extracellular glycosaminoglycans: physicochemical and 

transfection studies, Biochimica et Biophysica Acta-Membranes 1415, 331-341.

Ryser HJP and Hancock R (1965) Histenes and basic polyamine acids stimulate the 

uptake of albumin by tumour cells in culture. Science 150, 501-503.

267



References

Ryser HJP and Shen WC (1986) Conjugation of methotrexate to poly-l-lysine 

increasing drug transport and overcomes drug resistance in cultured cells, Proceedings 

National Academy o f Sciences United States o f America 75, 3867-3870.

Ryser HJP (1967) A membrane effect of basic polymers depends on molecular size. 

Nature 215, 934-936.

Sanders LM, Bums R, Vitale K, and Hofifrnan P (1988) LHRH agonist nafarelin shows 

increased efficacy in cynomolgus monkey. Proceeding 15̂  ̂International Symposium on 

Controlled Release o f Bioactive Materials 62.

Sanders LM, Kent JS, McRae GI, Vickery BH, Tice TR, and Lewis DH (1984) 

Controlled release of a luteinizing-hormone-releasing hormone analog from poly(d,l- 

lactide-co-glycolide) microspheres. Journal o f Pharmaceutical Science 73, 1294-1297.

Sandvig K and Olsnes S (1980) Diptheria toxin entry into cells is facilitated by low pH, 

Journal o f Cell Biology 87, 828-836.

Sat YN and Duncan R (1998) Factors controlling tumour capture of polymers by the 

EPR effect. Proceeding 3''  ̂International Symposium on Polymer Therapeutics London^ 

51.

Sat YN and Duncan R (1998) (Unpublished Results).

Sat YN, Malik N, and Duncan R (1998) (Unpublished results).

Sat YN, Malik N, Turton JA, and Duncan R (1999) Tumour targeting by the EPR effect: 

Comparison of three delivery systems containing doxorubicin. Proceedings o f the 25̂  ̂

International Symposium on the Controlled Release o f Bioactive Molecules (Accepted).

Satchi R, and Duncan R (1998) PDEPT: Polymer directed enzyme prodrug therapy, 

British Journal o f Cancer 78, 149.

268



References

Schechter B, Neumann A, Wilchek M, and Amon R (1989) Soluble polymers as carriers 

of cisplatinum, Journal o f Controlled Release 10, 75-87.

Schechter B, Pauzner R, Arnon R, and Wilchek M (1986) Cis-platinum(II) complexes 

of carboxymethyl-dextran as potential antitumour agents. 1. Preparation and 

characterization. Cancer Biochemica Biophysica 8, 277-287.

Seljelid R, Silverstein SC, and Cohn ZA (1973) The effect of poly-L-lysine on the 

uptake of reovirus double stranded RNA in macrophages in vitro. Journal o f Cell 

Biology 54, 484-498.

Seymour LW, Duncan R, Strohalm, and Kopecek J (1987) Effects of molecular weight 

(Mw) of N-(2-hydroxypropyl) methacrylamide copolymers on body distribution and 

rate of excretion after subcutaneous, intraperitoneal and intravenous administration to 

rats. Journal o f Biomedical Material Research 21, 1341-1358.

Seymour LW, Miyamoto Y, Maeda H, Brereton M, Strohalm J, Ulbrich K, and Duncan 

R (1995) Influence of molecular weight on passive tumour accumulation of a soluble 

macromolecular drug carrier, European Journal o f Cancer 31 A, 766-770.

Seymour LW, Ulbrich K, Steyger PS, Brereton M, Subr V, Strohalm J, and Duncan R 

(1994) Tumour tropism and anticancer efficacy of polymer-based doxorubicin prodrugs 

in the treatment of subcutaneous murine B16F10 melanoma, British Journal o f Cancer 

70, 636-641.

Seymour LW, Ulbrich K, Wedge SR, Hume IC, Strohalm J, and Duncan R (1991) 

Pharmacokinetics of polymeric drug carriers targeted to the hepatocyte falactose 

receptor, British Journal o f Cancer 63, 859-866.

Sgouras D and Duncan D (1990) Methods for the evaluation of biocompatibility of 

soluble synthetic polymers which have potential for biomedical use; 1- Use of the 

tetrazolium-based colorimetric assay (MTT) as a preliminary screen for evaluation of in 

vitro cytotoxicity. Journal o f Materials Science: Materials in Medicine 1, 67-68.

269



References

Sgouras D (1990) The evaluation of biocompatibility of soluble polymers and 

assessment of their potential as specific drug delivery systems, PhD. Thesis, University 

of Keele.

Shapiro AB, Fox K, Lee P, Yang YD, and Ling V (1998) Functional intracellular p- 

glycoprotein, InternationalJoumal o f Cancer 76, 857-864.

Sharma SK (1996) Immune response in ADEPT, Advanced Drug Delivery Reviews 22, 

369-376.

Sheldon K, Marks A, and Baumal R (1989) Sensitivity of multidrug resistant kb-cl cells 

to an antibody - dextran-adriamycin conjugate. Anticancer Research 9, 637-641.

Shen WC and Ryser HJP (1981) Cis-aconityl spacer between daunomycin and 

macromolecular carriers - a model of ph-sensitive linkage releasing drug from a 

lysosomotropic conjugate. Biochemical and Biophysical Research Communications 

102, 1048-1054.

Shen WC, Ryser HJP, and LaManna L (1985) Disulfide spacer between methotrexate 

and poly(D-lysine) - a probe for exploring the reductive process in endocytosis. Journal 

o f Biological Chemistry 260, 10905-10908.

Shimoyama Y, Kubota T, Watanabe M, Ishibiki K, and Abe O (1989) Predictability of 

invivo chemo sensitivity by in vitro MTT assay with reference to the clonogenic-assay. 

Journal o f Surgical Oncology 41, 12-18.

Siddik ZH, Dible SE, Boxall FE, and Harrap KR (1986) In: Biochemical mechanisms of 

platinum antitumour drugs. McBrien DCH and Slater TF (Eds) IRL Press (Oxford- 

Washington DC), 171.

Sigot-Luizard MF and Warocquier-Clerout R (1993) In: Test procedures for the blood 

compatibility of biomaterials. Dawids F (Eds) Kluwer Dordrecht, 545.

270



References

Simionescu N (1993) Endothelial; multifunctional renal peptides, Physiological 

Reviews 73, 375-411.

Singh AK, Kasinath BS, and Lewis EJ (1992) Interaction of polycations with cell- 

surface negative charges of epithelial -  cells, Biochimica et Biophysica Acta 1120, 337- 

342.

Sinn H, Shrenk HH, Freidrich EA, Schilling U, and Maier-Borst W (1990) Design of 

compounds having an enhanced tumor uptake, using serum - albumin as a carrier, 

Nuclear Medicine and Biology 17, 819-et seq.

Smith GK, Banks S, Blumenkopf TA, Cory M, Humphreys J, Laethem RM, Miller J, 

Moxham CP, Mullin R, Ray PH, Walton LM, and Wolfe L (1997) Toward antibody - 

directed enzyme prodrug therapy with the T286G mutant carboxypeptidase Al and 

novel in vitro stable prodrug of methotrexate, Journal o f Biological Chemistry 272, 

15804-15816.

Smith PHS and Taylor DM (1974) Distribution and retention of antitumour agent ^̂ ^Pt -  

cisplatinum in man. Journal o f Nuclear Medicine 15, 349-358.

Sohn S, Baekh H, Choy H, Lee YA, Jungo OS, Lee CO, and Kim YS (1996) 

Polyphosphazene conjugates of cisplatin. Proceeding EORTC/NCI Amsterdam, 106.

Soyez, H, Schacht E, and Vanderkerken S (1996) The crucial role of spacer groups in 

macromolecular prodrug design. Advanced Drug Delivery Reviews 21, 81-106.

Soyez H, Schacht E, Jelinkova M, and Rihova B (1997) Biological evaluation of 

mitomycin C bound to a biodegradable polymeric carrier. Journal o f Controlled Release 

47, 71-80.

Sparreboom A, van Tellingen 0 , Nooijen WJ, and Beijnen JH (1994) Non - linear 

pharmacokinetics of paclitaxel in mice results from the pharmaceutical vehicle 

cremopher EL, Cancer Research 56, 2112-2115.

271



References

Speyer J, Green MD, Kramer E, Key M, Sanger J, Ward C, Dublin N, Ferrans V, Stecy 

P, Zeleniuch-jecquotte A, Wemz J, Feit F, Slater W, Blum R, and Muggia F (1988) 

Protective effect of the bisprperazinedrone ICRF -  187 against doxorubicin induced 

cardiac toxicity in women with advanced breast cancer, New England Journal o f 

Medicine 319, 745-752.

Spooner RA, Deonarain MP, Neri G, and Epenetos AA (1995) DNA vaccination for 

cancer treatment. Tumour Targeting 1, 1-10.

Sprincl L, Exner J, Sterba O, and Kopecek J (1976) New types of synthetic infusion 

solution. III. Elimination and retention of N-(2-hydroxypropyl) methacrylamide 

copolymers in a test organism. Journal o f Biomedical Material Research 10, 953-963.

Stahmann MA (1980) In: Proceedings of an international symposium on polyamino 

acids. Stahmann (Ed) University of Winsconsin Press, 329-340.

Stanley TH (1988) New routes of administration and new delivery systems of 

anesthetics. Anesthesiology 68, 665-668.

Stein O and Stein Y (1980) Bovine aortic endothelial cells display macrophage -  like 

properties towards acetylated ^^^I-labelled low density lipoprotein, Biochimica et 

Biophysica Acta 620, 631-635.

Straus W (1964) proteins and their fate after internalisation. Journal o f Cell Biology 21, 

295-308.

Sundqvist T, Magnusson KE, and Tagesson C (1988) Characterization of size- 

dependent exchange of peg molecules between the blood and extravascular space in the 

pig. Computers Biomedical Research 21, 110-116.

Supersaxo A, Hein WR, and Steffen H (1990) Effect of molecular-weight on the 

lymphatic absorption of water - soluble compounds following subcutaneous 

administration. Pharmaceutical Research 7, 167-169.

272



References

Szoka FC Jr and Papahadjopoulos D (1980) Comparative properties and methods of 

preparation of lipid vesicles (liposomes), Annual Review o f Biophysics and 

Bioengineering 9, 467-508.

Takakura Y and Yakugaku Z (1996) Development of drug delivery systems for 

macromolecular drugs, Journal o f the Pharmaceutical Society o f Japan 116, 519-532.

Takakura Y, Atsumi R, Hashida M, and Sezaki H (1987) Development of a novel 

polymeric prodrug of mitomycin C, mitomycin C-dextran conjugate with anionic 

charge. II Disposition and pharmacokinetics following intravenous and intramuscular 

administration. International Journal o f Pharmaceutics 37, 145-154.

Talke H and Schubert GE (1965) Enzymatische Harnstoffbestimmung im Blut und 

Serum im Optischen Testnach Warburg Klin Wochschr 43, 174.

Tan C and Tasaka H (1965) Doxorubicin and daunomycin: Activity as anthracycline 

antibiotics. Proceedings o f the American Association for Cancer Research 6, 64.

Tanaka T, Kaneo Y, and Miyashita M (1998) Intracellular disposition and cytotoxicity 

of transferrin-mitomycin C conjugate in HL60 cells as a receptor-mediated drug 

targeting system, Biological and Pharmaceutical Bulletin 21, 147-152.

Tang MX, Redemann CT, and Szoka FC Jr (1996) In vitro gene delivery by degraded 

polyamidoamine dendrimers, Bioconjugate Chemistry 7, 703-714.

Tang MX and Szoka FC Jr (1997) The influence of polymer structure on the 

interactions of cationic polymers with DNA and morphology of the resulting 

complexes. Gene Therapy 4, 823-832.

Teece R, Fraioli R, De Fabritis P, Sandrelli A, Savarese A, Santoro L, Cuomo M, and 

Natali PG (1991) Production and characterization of 2 immunotoxins specific for m5b 

anil leukaemia. International Journal o f Cancer 49, 310-316.

273



References

Tewey KM, Chen GL, Nelson EM, and Liu LF (1984) Intercalative antitumour drugs 

interfere with the breakage-reunion reaction of mammalian DNA topoisomerase-II, 

Journal o f Biological Chemistry 259, 9182-9187.

Thies C (1983) Micro spheres and their distribution. Biomedical Engineering 8, 335- 

383.

Tietz NW (1976) In: Fundamentals of Clinical Chemistry. WB Saunders and Company 

Philadelphia, 991.

Tomalia DA, Baker H, Dewald J, Hall M, Kallos G, Martin S, Roeck J, Ryder J, and 

Smith P (1986) Dendritic macromolecules: Synthesis of starburst dendrimers. 

Macromolecules 19, 2466-2468.

Tomalia DA, Baker H, Dewald J, Hall M, Kallos G, Martin S, Roeck J, Ryder J, and 

Smith P (1985) A new class of polymers: Starburst-dendritic macromolecules, Polymer 

Journal \1, 117-132.

Tomalia DA and Dewald JR (1985) US Patent. 4,507,466 4,558,120.

Tomalia DA and Dewald JR (1986) US Patent. 4,568,737 4,587,329 4,631,337; (1987) 

4,694,064 4,713,975.

Tomalia DA and Dewald JR (1988) US Patent. 4,737,550.

Tomalia DA and Dewald JR (1989) US Patent. 4,871,779 4,857,599.

Tomalia DA (1995) Dendrimer molecules. Scientific American 272, 62-66.

Tomalia DA, Swanson DR, Klimash JW, and Brothers HM (III) (1993) Cascade 

(starburst) dendrimers, synthesis by the divergent dendron / divergent core anchoring 

methods. Polymer Preprints 34, 52-53.

274



References

Tomlinson E (1986) In: Site - specific drug delivery. Tomlinson E and Davis SS (Eds) 

John Wiley and Sons New York, 1-125.

Tomlinson E (1983) Microsphere delivery systems for drug targeting and controlled 

release, International Journal o f Pharmaceutics Technology and Product 

Manufacturing 4, 49-57.

Tritton TR and Yee G (1982) The anticancer agent adriamycin can be actively cyto

toxic without entering cells. Science 217, 248-250.

Tritton TR (1991) Cell-surface actions of adriamycin. Pharmacology and Therapeutics 

49, 293-309.

Tritton TR and Hickman JA (1990) How to kill cells: Membranes and cell signalling as 

targets in cancer chemotherapy. Cancer Cells 2, 95-105.

Tritton TR, Murphree SA, and Sartorelli AC (1978) Adriamycin: A proposal on the 

specificity of drug action. Biochemical and Biophysical Research Communications 84, 

802-808.

Trouet A (1974) Isolation of modified liver lysosomes. Methods in Enzymology 31, 

323-329.

Turunen MP, Hiltunen MO, Ruponen M, Virkamaki L, Szoka FC, Urtti A, and 

YlaHerttuala S (1999) Efficient adventitial gene delivery to rabbit carotid artery with 

cationic polymer-plasmid complexes. Gene Therapy 6, 6-11.

Twyman LJ, Beezer AE, Esfand R, Hardy MJ, and Mitchell JC (1999) The synthesis of 

water soluble dendrimers, and their application as possible drug delivery systems. 

Tetrahedron Letters 1743-1746.

Uchida H, Kabe Y, Yoshino K, Kawamata A, Tsumuraya T, and Masamune S (1990) 

General strategy for the systematic synthesis of oligosiloxanes - silicone dendrimers.

275



References

Journal o f the American Chemical Society 112, 7077-7079.

Uhrich K (1997) Hyperbranched polymers for drug delivery, Trends in Polymer Science 

5, 388-393.

United Kingdom Co-ordinating Committee on Cancer Research (UKCCCR) guidelines 

for the welfare of animals in experimental neoplasia (second edition) (1998) British 

Journal o f Cancer 77, 1-10.

Vaidyanathan G, Affleck DJ, and Zaluutsky MR (1997) Method for radioiodination of 

proteins using n-succinimidyl 3 -hydroxy-4-iodobenzoate. Bioconjugate Chemistry 8, 

724-729.

Van Putten LM (1987) In: Clinical evaluation of antitumour therapy. Muggia FM and 

Rozencweig M (Eds) Nijhoff Boston, 17-29.

Vande-Woude GF, Schulz N, and Zhou R (1991) In: Views of cancer research. Fortner 

JG, Rhoads JE (Eds) JB Lippincott Company/General Motors Cancer Research 

Foundation Philadelphia, 128-143.

Vasey P, Duncan R, Twelve C, Kayes B, Strolin-Benedetti M, and Cassidy J (1996) 

Clinical and pharmacokinetic phase I study of PKl, Annals o f Oncology 7, 97.

Vasey PA, Kaye SB, Morrison R, Twelves C, Wilson P, Duncan R, Thomson AH, 

Murray LS, Hilditch TE, Murray T, Burtles S, Fraier D, Frigerio E, and Cassidy J 

(1999) Phase I clinical and pharmacokinetic study of PKl [N-(2-hydroxypropyl) 

methacrylamide copolymer doxorubicin]: first member of a new class of

chemotherapeutic agents-drug-polymer conjugates. Clinical Cancer Research 5, 83-94.

Vasey PA, Twelves C, Kaye SB, Wilson P, Morrison R, Duncan R, Thomson A, 

Hilditch TE, Murray T, Burtles S, and Cassidy J (1998) Phase I and pharmacokinetic 

study of ly231514, the multitargeted antifolate, Clinical Cancer Research 4, 605-610.

276



References

Vogel CW (1986) (Ed) In: Immunoconjugates: the current status of antibody conjugates 

for radioimaging and therapy. Oxford university press New York, 1-45.

Waller DG and George CF (1989) Prodrugs, British Journal o f Clinical Pharmacology 

28, 497-507.

Wang S and Low PS (1998) Folate-mediated targeting of antineoplastic drags, imaging 

agents, and nucleic acids to cancer cells. Journal o f Controlled Release 53, 39-48.

Watson E. (1978) High performance liquid chromatography determination of 

methotrexate and its major metabolite 7 -  hydroxymethotrexate in human plasma. 

Cancer Treatment Reports 62, 381-387.

Wedder K, Senyei AE, Ovadia H, and Patterson PY (1979a) Magnetic protein A 

micro spheres: A rapid method for cell separation. Clinical Immunology and 

Immunopathology 14, 395-400.

Wedder K, Senyei AE, and Ranney DF (1979b) Magnetic protein A micro spheres: A 

rapid method for cell separation. Advanced Pharmacology and Chemotherapy 16, 213- 

270.

Weener JW (1997) (Personal communication).

Weiss L (1969) Interactions of charged polymers with membranes. International 

Review o f Cytology 26, 63-67.

Weiss RB and Christian MC (1993) New cisplatin analogs in development - a review. 

Development Drugs 46, 360-377.

Werner L (1997) Drug delivery a crucial role. Scrip Magazine November, 53-55.

WHO Press Release (1998) BBC News 24 May.

277



References

Wiener EC, Konda S, Shadron A, Brechbiel M, and Gansow O (1997) Targeting 

dendrimer - chelates to tumors and tumor cells expressing the high - affinity folate 

receptor, Investigative Radiology 32, 748-754.

Wiernik PH, Banks PL, Case DE, Jr, Arlin ZA, Periman PO, Todd, MB, Ritch RS, Enck 

RE, and Weitberg AB (1992) Cytarabine plus idarubicin or daunorubicin as induction 

and consolidation therapy for previously untreated adult patients with acute myeloid- 

leukemia. Blood 79, 313-319.

Wilbur DS, Pathare PP, Hamlin DK, Buhler KR, and Vassella RL (1998) Biotin 

reagents for antibody pretargeting. 3. Synthesis, radioiodination, and evaluation of 

biotinylated starburst dendrimers. Bioconjugate Chemistry 9, 813-825.

Williams DF (1989) A model of biocompatibility and its evaluation. Journal o f 

Biomedical Engineering 11, 185-191.

Williams SD, and Einhom LH (1985) In: Medical oncology. Calabresi P, Schein PS, 

and Rosenberg SA (Eds) Macmillan publishing Co New York, 1077-1088.

Wingard LB Jr, Tritton TR, and Egler KA (1985) Cell-surface effects of adriamycin and 

carminomycin immobilized on cross-linked polyvinyl-alcohol, Cancer Research 45, 

3529-3536.

Wiwattanapatapee R, Carreno-Gomez B, Malik N, and Duncan R (1998) Dendrimers as 

a potential oral drug delivery system. Proceedings 3rd International Symposium on 

Polymer Therapeutics London, 38.

Wolfert MA and Seymour LW (1996) Atomic force microscopy analysis of the 

influence of molecular weight of poly(L-lysine)on the size of polyelectrolyte complexes 

formed with DNA, Gene Therapy 3, 269-273.

Working P and Dayan DA (1996) Pharmacological -  toxicological expert report 

Caelyx™, Human and Experimental Toxicology 15, 752-785.

278



References

Wroblewski F and LaDue JS (1955) LDH release as a method for assessing toxicity, 

Proceeding Society fo r  Experimental Biological and Medicine 90, 210-215.

Yamaoka T, Tabata Y, and Ikada Y (1994) Distribution and tissue uptake of 

poly (ethylene glycol) with different molecular-weights after intravenous administration 

to mice. Journal o f Pharmaceutical Science 83, 601-606.

Yang HM and Reisfeld RA (1988) Doxorubicin conjugated with a monoclonal-antibody 

directed to a human melanoma-associated proteoglycan suppresses the growth of 

established tumor xenografts in nude-mice. Proceedings National Academy o f Sciences, 

United States o f America 85, 1189-1193.

Yashima E, Uchida S, Akashi M, Miyauchi N, Morita N, and Minota T (1990) Polymer 

drugs and polymeric drugs. Part VII: Antitumour conjugated polymeric drugs consisting 

of 5-fluorouracil and polyanionic polymers. Journal o f Bioactive and Compatible 

Polymers 5, 53-64.

Yu DS, Chu TM, Yeh, MY, Chang SY, and Cheng-Ping MA (1988) Antitumour 

activity of doxorubicin monoclonal antibody conjugated to human bladder cancer. 

Journal o f Urology 140, 415-421.

Yuanbin L, Peterson DA Kimura H, and Schubert D (1997) Mechanism of cellular 

MTT reduction. Journal o f Neurochemistry 59, 581-589.

Zhou RX, Du B, and Lu ZR (1999) In vitro release of 5-flouruoracil with cyclic core 

dendritic polymer. Journal o f Controlled Release 57, 249-257.

Zhu H, Jain RK, and Baxter LT (1998) Tumour pretargeting for radioimmunodetection 

and radioimmunotherapy. Journal o f Nuclear Medicine 39, 65-76.

Zwelling LA and Kohn KW (1982) In: Pharmacological principles of cancer treatment. 

Chabner BA (Ed) WB Saunders Co Philadelphia, 309-339.

279



Appendix I

280



PATENT

Malik N and DUNCAN R 

“Dendritic-Platinate Drug Delivery System”

US Patent Appl. 7th July (1997)

Licenced to Dendritech

PAPERS

Malik N, Evagorou EG and Duncan R. “Dendrimer-based Anticancer Agents for 

Tumour Targeting ” Anticancer Drugs. (1998) In press.

Malik N. Wiwattanapatapee R, Lorenz K, Frey H, Weener JW, Meijer E, Paulus W and 

Duncan R. “Dendritic Polymers: Relationship of Structure with Biological Properties.” 

Journal of Controlled Release. (1999) In Press.

Wiwattanapatapee R, Carreno-Gomez B, Malik N and Duncan R “Dendrimers as a 

potential oral drug delivery system.” Pharmaceutical Research.

ABSTRACTS

Gianasi E, Evagorou E, Buckley R G, Kneller S, Malik N, Wilson G and Duncan R 

“HPMA Copolymer Platinates as novel anticancer agents” Joint meeting of the British 

Association of Surgical Oncology and British Association for Cancer Research; Cancer 

Cure: Drugs, Genes or Surgery. London, U.K. (1997) 4.10

Malik N. Evagorou RG. and Duncan R. “A PAMAM Dendrimer-Platinate”. ULLA 

Summer School. Leiden. (1997) Deliv-23.

Malik N and Duncan R. “Dendrimers: biocompatibility and potential for delivery of 

anticancer agents” Proceedings of 23"̂  ̂International symposium on controlled release of 

bioactive materials. (1996) 23 105.

Malik N, Lorenz K, Frey H and Duncan R. “Evaluation of the biological properties of 

dendritic polymers: their potential for use as drug delivery systems” Proceedings of the 

conference on Recent Advances in Polymer Synthesis”. York (1996) 38.

281



Malik N and Duncan R. “Investigation of the biocompatibility of polyamidoamine 

dendrimers” Proceedings of the 1  ̂ International symposium on Polymer Therapeutics 

London. (1996) 59.

Duncan R. Evagorou EG, Malik N, Wasil M, Gianasi E, Buckley RG, Keddle A. 

Bignotti F, Ferruti P, Wilson G. “Comparative Evaluation of Novel Polymer Platinates” 

2"̂  International Symposium on Polymer Therapeutics, Kumamoto (1997) 47.

Malik N. Wiwattanapatapee R, Lorenz K, Frey H, Weener JW, Meijer E, Paulus W and 

Duncan R. “Dendritic Polymers: Relationship of Structure with Biological Properties.” 

Proceedings of 24* International symposium on controlled release of bioactive 

materials. (1997) 24 527.

Malik N and Duncan R. “PAMAM Dendrimers for the Delivery of Cisplatin”. 3rd UK 

Controlled Release Society Symposium on Controlled Drug Delivery: Current 

Perspectives and Future Trends. (1997) 5.

Malik N and Duncan R. “Investigation of the Biocompatibility of Polyamidoamine 

Dendrimers” 2"  ̂ UK Controlled Release Society Controlled Release Society 

Symposium on Controlled Drug Delivery: Current Perspectives and Future Trends. 

(1996)7.

Duncan R, Evagorou EG, Kneller S, Malik N, Wasil M, Gianasi E, Buckley R, Keddle 

A, Ferruti P and Wilson G “Polymeric platintes and the EPR effect.” 3rd International 

Symposium on Polymer Therapeutics. (1998) 10.

Malik N and Duncan R “Dendrimer conjugates: evaluation of pharmacokinetics after 

intravenous administration.” 3rd International Symposium on Polymer Therapeutics. 

(1998)36.

282



Wiwattanapatapee R, Carreno-Gomez B, Malik N and Duncan R “Dendrimers as a 

potential oral drug delivery system.” 3rd International Symposium on Polymer 

Therapeutics. (1998) 38.

Black FE, Vansteenkiste SO, Davies MC, Schacht E, Tendler SJB, Roberts CJ, 

Williams P, Malik N and Duncan R “Characterisation of the starburst™ dendrimer 

interactions with model surfaces.” Proceedings of the 3rd International Symposium on 

Polymer Therapeutics. (1998) (Appendix).

Weener JW, Malik N, Meijer EM, Boesten WHJ, Duncan R and Miejer EW. 

“Biological evaluation of the Dendritic Box.” Proceedings of the 3rd International 

Symposium on Polymer Therapeutics. (1998) (Appendix).

Duncan R, Malik N, Richardson SWC, Ferruti P. “Polymer conjugates for anticancer 

agent and DNA delivery”. ACS Boston (1998).

Wiwattanapatapee R, Carreno-Gomez B, Malik N, and Duncan R. “PAMAM 

dendrimers as a potential oral drug delivery system; Uptake by everted rat intestinal 

sacs in vitro’" J. Pharmacol. 1998 (suppl): 99 (1998).

Duncan R, Sat YN, Satchi R, Gianasi E, Malik N and Richardson S. “Tumour targeting 

of anticancer drugs and oligonucleotides using polymeric carriers.” 1998. BACR. 

London.

Sat YN, Malik N, Turton JA, and Duncan R. “Tumour Targeting by the EPR effect: 

Comparison of Three Delivery System Containing Doxorubicin”. 25^ International 

Symposium on Controlled Release of Bioactive Materials. Boston (1999).

Black FE, Malik N, Allen S, Davies MC, Tendler SJB, Roberts CJ, Williams PW, and 

Duncan R. Proceedings of the 3"̂  ̂ International Symposium on Polymers and Bioactive 

Agents (1999).

283



Awards and Prizes

1997 CRS-Capsugel Minisymposium on Innovative Aspects of Controlled Drug 

Release.

Malik N, Evagorou EG and Duncan R “A PAMAM Dendrimer-Platinate”.

Proceedings of 24* International symposium on controlled release of bioactive 

materials. (1997) 24 105 and 107.

School of Pharmacy Poster Prize

Malik N and Duncan R. “Dendrimers: biocompatibility and potential for delivery of 

anticancer agents”. School of Pharmacy, Postgraduate Research Day. (April 1997)

School of Pharmacy Poster Prize

Wiwattanapatapee R, Carreno-Gomez B, Malik N, and Duncan R. “PAMAM 

dendrimers as a potential oral drug delivery system: Uptake by everted rat intestinal 

sacs in vitro’' School of Pharmacy, Postgraduate Research Day. (October 1998).

Travel Awards

Malik N and Duncan R. “PAMAM Dendrimers for the Delivery of Cisplatin” 2"̂  

International Symposium on Polymer Therapeutics, Kumamoto, Japan. (1997) 29.

Malik N and Duncan R. Dendrimer conjugates: Evaluation as novel anticancer agents. 

Supramolecular Chemistry (EU). Kekrade, The Netherlands (1998).

284


