#HS %& T

"HHEH



ProQuest Number: 10105100

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10105100
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



For the father I never knew and the mother I always wanted

“Is all that we see or seem but a dream within a dream”

Edgar Allan Poe



Acknowledgements
I would like to thank my supervisor, Professor Ruth Duncan for her continued
guidance, motivation, enthusiasm, encouragement, and belief in the work presented in this
thesis. I would like to also express my warm thanks to Professors Tom Connors and
Helmut Ringsdorf for their continued enthusiasm and advice during the Ph.D. work and
beyond, making the work both fun and exciting to undertake.
Special thanks are expressed to Alan Keddle for his excellent assistance with in

vivo work and the support of Steve, David, and Donna in the iz vivo unit.

Over the last 3 years many members of the Centre for Polymer Therapeutics and
The School of Pharmacy past and present have offered support, assistance, and advice
making the working environment fun, my thanks go to all of them. In particular I would
like to offer my special thanks to Dr. Carrefio-Begofia Gomez, Dr. Elisabetta Gianasi, Dr.
Gareth Lowndes, Dr. Evagorus Evagorou, Dr. Alan Rhoden, Dr. Dejana Dimitrejevic, Dr.
Sasa Dimitrejevic, Dr. Gilles Piquet, Dr. Robert Buckley, Dr. Rainer Klopsh, Yeenee Sat,
Dr. Simon Richardson, Dr. Dale Hirst, Lisa German, Dr. Stephanie Breton, Dr. Marie

Clochard, Thelma Tsambas, and Samantha Kneller.

My appreciation goes to Dr. Elisabetta Gianasi and Samantha Kneller for reading

this thesis and offering helpful advice.

My thanks go to David McCarthy for his assistance during electron microscopy
work and Annie Cavanagh for assistance during preparation of presentations. I would also
like to thank Pam, Pauline, Carlos, and Glenda in the refectory for providing amusing

anecdotes and conversation during lunch and coffee breaks.

The School of Pharmacy is especially thanked for providing the studentship to

make this work possible.

Finally I would like to offer my deepest thanks to my friends and family for their
unreserved support throughout life making it both very exciting and challenging, Dorree
Parsche for her continued sustenance and advice during times of need, and dearest Vicky
for showing me amongst other things that a ‘cow’ is for life not just for Christmas. Last but
not least - thank you ‘Coca Cola Legs’ for making me realise that there is more to life then

just work.



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 (NH) 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 cis-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 modern 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), macromolecules (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 al.,
1996), low density lipoproteins (LDL) (Mankertz et al., 1997), transferrin, (Tanaka et
al., 1998), antibodies (Arnon et al., 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 al., 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 ef 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

22



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

Albumin
Transferrin, epidermal growth factor, LDL, mannose

Growth factors

Transferrin, insulin

Basophils, mast cells

Cardiac and Lung cells
Fibroblasts

Mammary acinar cells

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 al., 1989). The
development of vaccines has also been attempted to direct the antibody against viral
pathogens (reviewed by Spooner et al., 1995). Despite initially encouraging results a
number of problems remain to be resolved; lack of absolute specificity (Zhu ef al.,
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
et al., 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 al., 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 ef al., 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 ez al., 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 (PK1) with the
consequent administration of the activating system HPMA copolymer-cathepsin B after
5 h. This is sufficient time to allow PK1 to accumulate in tumour tissue, and the residual
PK1 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 ef al. (1982) showed that 7 um 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 ‘leaky’ 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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as tumour vascular permeability factor, bradykinin, and tumour necrosis factor (TNF).
Macromolecules and proteins such as; PK1 (Seymour et al,, 1994), styrene maleic
anhydride (SMANCS) (Maeda et al., 1979), and albumin (Sinn et al., 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
1.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 um), and nanoparticles (< 1 um). 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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Chapter 1: General Introduction

plasma membrane. The ‘late’ 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 ef al., 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 modern 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 milleu.

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 vifro 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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Figure 1.4 Overview of biocompatibility strategies
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etal., 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 fundamental 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.

Able to carry an acceptable drug payload.

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

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

Avoid drug uptake by sites of toxicity.

N W

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 RBC’s
White blood cells
» Proteins Antibodies

Fusion proteins

Low density lipoproteins (LDL), transferin

* Polymers Implants
Soluble polymers - Linear
- Hyperbranched
* Particles Nano/Micro- - particles
- spheres
*Vesicular systems Liposomes
Niosomes
* Micelles
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Table 1.3 Characteristics of technologies used for drug delivery

Properties Liposomes Glycoproteins Recombinant Monoclonal Microspheres Soluble polymers

proteins antibodies

Carrier stability Relatively Subject to Subject to Relatively stable Stable or Stable or
unstable, unless  proteolysis proteolysis biodegradable biodegradable
coated with poly
(ethyleneglycol)

Biocompatibility Variable Possible Possible Possible Variable toxicity,  Variable toxicity,
toxicity, immunogenicity immunogenicity immunogenicity, biodegradability, biodegradability
biodegradable unless humanised  and possible and possible

immunogenicity immunogenicity

Target specificity Can be targeted, Show target Shows target Shows target Poor targeting Can be targeted,
passively or specificity specificity specificity passively or active
actively

Coupling technique  Covalent and Covalent Covalent Covalent Covalent and Covalent /
entrapment entrapment complexation
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Papahadjopoulos, 1980; Cullis, 1987), and they can display a variety of physical forms
including large multilamellar vesicles (MLV) approximately ~1 um 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 |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. Microspheres 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 microsphere and so can only be administered by certain routes into the
body (e.g. im.) (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 al.,
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. (1979, b) described early use of microspheres 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 biodegradation 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 ef 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 al., 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 ef al, 1992a; Duncan et al., 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 al., 1992a). For example PEG-L-asparaginase (market, US) (Keating et al.,
1993), styrene maleic anhydride neocarzinostatin (SMANCS) (market, Japan) (Maeda,
1991), PK1 (Phase II clinical trials) (Vasey ef al., 1996, Vasey et al., 1999) including
galactose for liver targeting (PK2) (Pimm ef al., 1996), PEG-megakariocyte growth and
development factor (MGDF) (Phase I/II clinicals) (Cebon et al., 1996), and HPMA
copolymer linked to paclitaxel (taxol) (Phase I clinical trials, US) (Sparreboom et al.,
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/protein®/peptide ' Reference

HPMA copolymer Melphalan Duncan et al., 1991a
Divinylether maleic anhydride Cyclophosphamide Hirano et al., 1980
(DIVEMA)

poly(N-hydroxyethyl)-D,L-aspartamide Chlorambucil

(PHEA)

1-N-p-vinylbenzoyl (VBFU) conjugated to

maleic andydride (MA) or
methacroyl terminated PEG
6-0O-carboxymethyl chitin

HPMA copolymer

PEG

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

DIVEMA
poly(L-aspartic acid)
HPMA copolymer

PEG
PEG

5-fluorouracil

5- fluorouracil

5~ fluorouracil

5- fluorouracil

Dox

Dox
Dox
Taxol
Ricin *

Tyr-lle-Gly-Ser-Arg
[YIGSR T

Giammona et al., 1992

Yashima et al., 1990

Ohyaetal., 1992

Putman and Kopecek,
1995

Nichifor et al., 1995

Hoes et al., 1996

Pratesi et al., 1990
Pratesi et al., 1985

Mongelli et al., 1994

Katre and Knauf., 1990
Kawasaki et al., 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 ef al., 1985) and the convergent

approach (Fréchet et al., 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.

Bubhleier 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 progression4 = 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 = 36 = 108 - 324 - 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). Hummelen ef 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 ef al. (1991) first

described this route of synthesis.
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Figure 1.6 Approaches for dendrimer synthesis
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Chapter 1: General Introduction

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 '"H 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 N-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 [3-
amino acid, subsequent amidation with excess ethylenediamine yielded the branched
polyamine (PAMAM dendrimer). Other PAMAM dendrimers were synthesised from
different cores; including ethylenediamine, and aminoalcohols (Tomalia ef al., 1993).
Excess diamine, moderate reaction temperature (< 80 °C), and the avoidance of aqueous
solvents reduced the possibility of synthetic problems such as inframolecular
cyclization (lactam formation), retro-Michael reactions, incomplete addition, and
intermolecular coupling; as well as achieving a high degree of monodispersity (Tomalia

etal., 1985).
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PAMAM dendrimers have been characterised wusing 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 ef

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(methyldichlorosilane) 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 antisense oligonucleotides or DNA.
Roberts ef 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% ID/g, over 24h and 20% ID/g, over 2h). Interestingly gen 7 also
demonstrated a high urinary excretion (46% ID/g, over 2h and 74% ID/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 IB16-6). 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 (less-than-or-equal-to
0.025 eV) to yield high energy o 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 IB16-6 and PAMAM were studied
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Chapter 1: General Introduction

in normal and tumour-bearing C57 mice bearing s.c. BI6F10 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 1.p. in animals treated with
a s.c. BI6F10 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 antisense oligonucleotides
(Haensler and Szoka, 1993; Kukowska-Latallo et al., 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 antisense
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 antisense 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 al., 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 al., 1991)
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Figure 1.8 Structures of cisplatin and tetrachloroplatinum

Cisplatin

CI\P /NH3
t
Cl/ \NH

Tetrachloro-platinum

Cl\Pt /Cl
Cl/ \

54
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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 ef al., 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 ez al.,
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 ef 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 ez al., 1989). In vivo experiments demonstrated a polymeric

57



Chapter 1: General Introduction

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 ef 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 er 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 ef 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 ef 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 cafdiac 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 ef 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 G,.
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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 ef 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 (PK1) 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 /11 clinical trials (Vasey et al., 1999).

61



Chapter 1: General Introduction

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 1.p. and s.c. implanted tumours to determine anti-tumour activity
and in a s.c. B16F10 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, UK., with the exception of
carbodiimide (Pierce Warriner, U.K.), lanthanum (Avocado, UXK.), and '*’I-labelled Bolton
and Hunter reagent (Amersham, U.XK.). General purpose grade and high performance
chromatography grade solvents were from BDH, UK..

C57 and DBAj mice, and Wistar rats were from Banton & Kingman, UK.. All

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

from ECACC, UK. and cell culture media was from Gibco, UK..

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, UK.. The micro-titre plate reader
(multiscan plus) was from Titertek, UK.. The centrifuge (3.0RS) was from Varifuge, UK..
All dialysis tubing and ultra membrane separators (centriprep), were from Spectropor, UK.,

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

Dendrimer Molecular Number Diameter

generation weight (daltons)  of terminal groups  (A)

Cationic dendrimers

(-NH)

1 1,429 8 10
2 3,256 16 20
3 6,909 32 30
4 14,215 64 40
st 28,826 128 54
6" 58,048 256 67
7! 116,493 512 81
8’ 233,383 1024 97
9 467,162 2048 114
10 934,720 4096 135

Anionic dendrimers

(-COO" Na*)

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
7.57 204,649 1024 N/a
9.5 900,000 4096 N/a

*data from Aldrich (UK) and Dendritech Inc (USA).

All dendrimers purchased from Aldrich (UK), except 'Dendrimers supplied by
Dendritech Inc. (USA).

N/a - not applicable



Table 2.2 Characteristics of DAB and carbosilane dendrimers

DAB dendrimers T

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

TData obtained from Weener, 1997

Carbosilane dendrimers T

Generation Mol. Wt. No. of terminal
(daltons)  Groups (PEO)

1 4022 12

2 12289 36

TData 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, UK., 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, UK.. 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, UK..

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 CO; incubator (5 % CO,, 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
FCS and 10% DMSO 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 pl) 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 ul) 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

BI16F10 Murine, RPMI 1640 1x10* 1:4
Melanoma

CCRF-CEM  Human, RPMI 1640 5x10° 1:10
lymphoblastic
leukaemia

Hep G2 Human, MEM 1x10* 1:3
hepatocellular
carcinoma

Cor L23 Human, small RPMI 1640 5x10° 1:4
lung
carcinoma

L1210 Mouse, RPMI 1640 1x10* 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 10? for suspension, in 100 pl) 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 ul of MTT solution (5 mg/ml
in PBS) was added to a row of cells (8 wells). The plate was returned to the CO, 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 pl).
Dendrimer (100 pl) or polymer control solutions (PLL and dextran) in media supplemented
with 10 % FCS were added at the concentrations shown (n = 4, 100 pl). 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 HCI).
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Cell growth (Abs 550nm)

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 CO; incubator (37 °C, 5 % CO,). After 67 h MTT (20
ul, 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 pl, 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 centrifuging 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 ul) 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 pl, 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 pl) 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
centrifugation 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 pl, 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 (A 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 2.4 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 lcm
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 '**I-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.

2.3.5.2 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 fully 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 CD1 and CD2)

77



3L

Table 2.4 Synthesis method and analytical profile of 7 batches of dendrimer-Pt

Batch code Amount Yield Yield Purification Pt (Wt %) '
(synthesised) (mg) (wt %)
CD1 10 mg (3.5) and 12 mg (CDDP) N/k N/k Dialysis bag 23 (oPDA)
CD2 10 mg (3.5) and 12 mg (CDDP) N/k N/k Dialysis bag 22 (oPDA)
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 (AA), 25.6 (external)
CD5 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)
CD8 1 g(3.5) and 0.845 g (CDDP) 500 mg 27.1 Dialysis bag 269 (AA)

tMethod 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 CD1 and 2, where the ratio used was1:50.

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 pl) 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 0-PDA (o-phenylenediamine) assay

The o0-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 0-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 al., 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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o-PDA Platinum(II) compound o-PDA-platinum complex

2.3.6.4 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
vitro-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 1 — 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 0.1M HCl was added
to the PBS solution to prevent the formation of platinum oxides. This reaction can be

summarised as follows:

4La+30, < 2La,0;

La+ Pt, 02 ~ = La, 03 + Pt,
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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, 10M) 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.

2.3.6.5 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 pl) 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 pl) 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 '*I-

labelled dendrimer sample. A Shandon tank was prepared by adding barbitone buffer
(0.01M, 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 ul) 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 '*’I-labelled dendrimers in rats

Rats (Wistar, male, 250g) 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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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 DBA, 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 - 15 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. BI6F10 tumour were injected i.v. with either cisplatin
Img/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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Chapter 2: Materials and Methods

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 ul) was
pipetted into each tube containing 5 pl 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 + H,O (urease) > 2NH; + CO,
NH; + a-Ketoglutarate + NADH (GLDH) > Glutamate + NAD + H,0

Urea is hydrolysed to ammonia and carbon dioxide in the reaction catalysed by
urease. The ammonium serves to aminate o-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. HCI (1 ml, 2M) was added and the solution was heated to 80
°C in a water bath for 20 min. NH,COOH buffer at pH 8.5 (1M. 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 mls 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 pl) 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), after
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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Chapter 3: Dendrimer Biocompatibility

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 ef al, 1997) in order to avoid future
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).
*ICr 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 (1->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 ez al. (1983) both as an antineoplastic agent
and as a tumour-specific drug carrier. More recently Felgner (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 ef 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), [*H]thymidine 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 ef 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 3.52). 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 pg/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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RBC lysis (%control

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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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 (Hbsg) 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 ICsy values,
similar to PLL (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 S — 8, were cytotoxic against BI6F10 cells (Figure 3.8a), and showed
ICso values again comparable to PLL (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 pg/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, PLL 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,, values for the different families of dendrimers

Dendrimer HBs
mg/ml
PAMAM
Gen 2 >5
Gen 3 4.5
Gen 4 1.5
DAB (original synthesis)
Gen 2 3
Gen 3 25
Gen 4 2
Carbosilane
Gl >2
G2 >2
PEI ~1
Dextran >5

104



O(I S % ) - - 2"E "D

> 2"E "D H
- K ,5 L 0>
2<32 3 O0(A
"EDc 3 B(A
"HDW 3 (A
"BW
)
EDW
HDW
BDW
(D " B D
( = F >
>
* 3 O(A :D(DDH

3 0(A =" F >



Figure 3.8 a) Cytotoxicity of (a) cationic and (b) anionic PAMAM’s on B16F10 cells, 72 h.
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