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Abstract

The synthetic polymers that are used to prepare polymer therapeutics reaching clinical 

use are predominantly non-biodegradable and this severely limits the molecular weight 

range that will give certainty of safe elimination. The aim of this thesis was to 

synthesize water-soluble, biocompatible, functionalised polyacetals that would display 

pH-dependent degradation. Such degradable polymers would not be subject to the 

same restrictions of molecular weight as non-degradable polymers and provide a 

platform for the development of improved polymer therapeutics. Several approaches 

were examined to produce amino-functionalised polyacetals. A terpolymerization, 

using the hydrolytically stable diol 9-Fluorenylmethyloxycarbonyl (Fmoc)-serinol, 

P E G 3 4 0 0  and tri(ethylene glycol) divinyl ether, produced functionalised polyacetals of 

Mw = 20-77,000 g/mol and Mw/Mn = 1.8-2.0 which displayed pH-dependent 

degradation. An enhanced rate of hydrolysis was seen at pH 5.5, (~40 % Mw loss in 24 

h), compared to pH 7.4 (10 % Mw loss in 72 h). The polymers and their degradation 

products were non-toxic towards B16F10 cells in vitro ( I C 5 0  > 5 mg/ml) and non- 

haemolytic. Varying the ratios of diol monomer gave a family of polymers containing 

different amounts of pendent group.

Preliminary biodistribution studies using ^^^I-labelled polyacetal (APEG) after 

intravenous (i.v.) administration to rats showed no preferential accumulation in the 

major organs, (at 1 h; liver (4.2 % dose); lung (0.7 %) and kidney (1.1 %) and the log 

blood clearance with time was linear over 24 h. These results prompted the synthesis 

and characterisation of a high Mw polyacetal-DOX conjugates via a succinyl linker 

using standard carbodiimide coupling reagents with a range of DOX loading (4-8.5 

wt% DOX). In vivo pharmacokinetic studies in B16F10 tumour bearing mice indicated 

that the polyacetal-DOX conjugate exhibited significantly (p < 0.05) prolonged blood 

circulation times and enhanced tumour accumulation compared with the HPMA 

copolymer-DOX conjugate (PKl) which is currently in clinical trials. These novel, 

degradable, polyacetals have potential for further development as polymer-drug 

conjugates and potentially in other areas of polymer therapeutics.
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General Introduction

1.1 General Introduction

In the 1920s Harold Staudinger proposed the existence of polymeric macromolecules 

yet it was many years later that his ideas were accepted and in 1953 he received the first 

Nobel prize for polymer science. As the field of polymer science has progressed 

polymers have become extensively used in biomedical materials such as sutures, hip 

protheses, contact lenses (Polymers: Biomaterials and Medical Applications, 1989) and 

most recently, scaffolds for tissue engineering (reviewed by Langer, 1999). Moreover, 

in the pharmaceutical industry, synthetic and natural polymers are commonly used as 

excipients in formulation design (Handbook of Pharmaceutical Excipients, 2000) and as 

controlled release systems such as matrices and gels (reviewed by Uhrich et al, 1999).

The field of polymer science has expanded once again with the emergence of novel, 

water-soluble ‘polymer therapeutics’ (as defined by Duncan et al, 1996) which provide 

opportunities to improve existing chemotherapy and also facilitate the delivery of more 

complex bioactive agents which are limited by pharmacokinetic and pharmacological 

barriers (eg. proteins and DNA). Polymer therapeutics include biologically active 

polymeric drugs, polymer-drug conjugates, block copolymer micelles, polymer-protein 

conjugates, and polymer-based non-viral vectors for gene delivery (Figure 1.1). The 

development of this novel class of therapeutics has perhaps been delayed by the 

reluctance of the major pharmaceutical corporations to look beyond the high throughput 

screening (HTS) of low molecular weight, new chemical entities (NCBs). This is 

understandable when one considers the difficulties involved, not only in characterising 

polydisperse and macromolecular systems but also in gaining regulatory approval. 

However, it appears there may be light at the end of the tunnel with polymer-drug 

conjugates progressing through clinical trials and, more significantly, market approval 

for a number of polymer-protein conjugates (Duncan, 2002).

All classes of polymer therapeutics are now extensively studied and have been 

comprehensively reviewed elsewhere (Greenwald et al, 2000, Brocchini and Duncan, 

1999, Kataoka et al, 2001, Nucci et al, 1991, Roberts et al, 2002, Garnett, 1999). This 

thesis will focus on the synthesis of novel, hydrolytically-labile polymers for the 

development of polymer therapeutics. In particular, utilising the ‘degradable element’ 

to improve existing polymer-drug conjugates in the treatment of cancer.
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Figure 1.1: The different classes of polymer therapeutics (adapted from Duncan et al, 
1996).
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1.2 Polymer therapeutics: The biological rationale

For many, the pioneering work in the development of soluble polymers for the delivery 

of therapeutics began in the 1970s when Ringsdorf proposed the first model (Figure 1.2) 

for conjugation of a drug to a water-soluble polymer (Ringsdorf, 1975). However, as 

early as 1954 Jatzkewitz described the synthesis of a mescaline-N-vinylpyrrolidine 

conjugate attached via non-degradable or enzymatically degradable (glycyl-L-leucine) 

linkers (Jatzkewitz, 1955). Great progress was also being made in the biological 

understanding that macromolecular uptake by cells was limited to the pinocytic route 

and could be exploited to achieve ‘lysosomotropic drug delivery’ (reviewed by DeDuve 

et al, 1974). This was demonstrated in important studies using DNA as the carrier of 

cytotoxic drugs such as daunorubicin (Trouet et al, 1972). What Ringsdorf did was to 

acknowledge this previous work and highlight the need for a rational approach to design 

that required a clear understanding of both the chemistry and biology involved in the 

use of polymers as targetable drug carriers.

Whereas low molecular weight compounds undergo rapid systemic biodistribution via 

passive diffusion across cell membranes, macromolecules are limited to uptake by the 

process of endocytosis. Briefly, two mechanisms exist which describe this uptake by 

cells of extracellular fluid. Phagocytosis involves the processing of large foreign 

particles by specialised cells such as macrophages, which form part of the 

reticuloendothelial system (RES). Pinocytosis is common to almost all cell types and 

involves cell membrane invagination leading to the capture and vesicular internalisation 

of small amounts of extracellular fluid and the macromolecules therein (fluid phase 

pinocytosis) (reviewed by Mellman, 1996). If macromolecule capture occurs as a result 

of binding to specific receptors on the cell membrane, eg. via a targeting moiety, uptake 

is termed receptor-mediated pinocytosis. Following cellular internalisation the 

vesicular contents are transferred via endosomes (pH 6.0-6.5) to lysosomal 

compartments where they are subject to as many as 70 types of hydrolytic enzymes 

(Dean, 1977) and a pH ranging between 5.0 and 5.5 (Okamoto, 1998). Conjugation of a 

therapeutic agent to a macromolecule via a linker which degrades only upon exposure to 

these conditions would afford polymer-drug systems that are essentially non toxic in the 

extracellular environment yet allow intracellular release of the drug which would 

passively diffuse through the lysosomal membrane to reach its pharmacological target 

in the cell (Figure 1.3). This process of lysosomotropic drug delivery provides the
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Figure 1.2: The model for polymer-drug conjugates: A degradable spacer links a drug 
and targeting moiety to a water-soluble polymer (modified from Ringsdorf 1975).
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Figure 1.3: Lysosomotropic drug delivery of macromolecular polymer conjugates 
(adapted from Duncan et al, 1996).
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fundamental basis for design of polymer therapeutics but is perhaps an over 

simplification when the complexity of the cell biology and cellular trafficking involved 

in endocytosis is considered (Figure 1.4).

There is still a lack of understanding over the fate of polymer-drug conjugates after 

cellular internalisation, reflected by a paucity of research in this area. A recent review 

of the lysosome membrane permeability highlights the potential barrier of the 

membrane to lysosomotropic drug delivery, describing how the efflux of hydrophilic 

molecules such as glucose, all 20 amino acids, nucleosides and many more end- 

products of lysosomal metabolism was the result of substrate-specific porters rather 

than the original concept of a permeable lysosomal membrane (reviewed by Lloyd,

2000). Experimental studies by coworkers of the same author, assessed the membrane 

permeability of relatively low molecular weight anions (Klemm et al, 1998), cations 

(Andrew et al, 1997) and non-electrolytes (Iveson et al, 1989) and hypothesised that the 

‘notional hydrogen bonding capacity’ could be used to predict lysosomal permeance of 

a compound based on passive diffusion into the lysosome. Confusingly, doxorubicin, 

which has shown great promise as a lysosomotropic agent would be expected to be 

almost impermeant using this method. However, from these studies and others it is 

clear that polymeric carriers such as dextran, polyvinylpyrrolidone (reviewed by Lloyd, 

1973) and N-(2-hydroxypropyl)methacrylamide (HPMA) (Duncan et al, 1981) are 

incapable of crossing the lysosomal membrane. These findings have important 

implications for the design of polymer therapeutics for chronic administration. 

Degradation of the polymer allowing lysosomal clearance would be imperative to 

prevent potentially damaging accumulation in the lysosome (discussed in section 1.5.1).

1.3 Polymer-drug conjugates: Tumour targeting

Globally, 10 million people are diagnosed with cancer each year with greater than 6 

million deaths caused by the disease. In the USA, cancer has overtaken coronary 

disease as the major cause of mortality with the same set to happen in Europe (Sikora,

1999). Even with extensive treatment options, including surgery, radiotherapy, 

immunotherapy and cytotoxic chemotherapy, cures are only seen in approximately 35 

% of cases indicating an obvious need for improved cancer therapy. Polymer 

therapeutics afford the possibility of tumour specific delivery of chemotherapy which 

would decrease the incidence of non-specific toxicity commonly associated with current

7
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chemotherapy (reviewed in De Vita et al, 1993) and increase drug levels within the 

tumour tissue. Multidrug resistance is also a major cause of failure in cancer therapy 

and plasma membrane associated efflux pumps such as P-glycoprotein function to 

remove cytotoxic agents from resistant cells (German, 1996). Macromolecular drug 

delivery systems have the potential to circumvent this mechanism of drug resistance, 

due to the lysosomotropic route of drug delivery. This has been demonstrated in 

various in vitro systems (eg. polymer-drug conjugates (Wedge, 1991), block copolymer 

micelles (Alakhov et al, 1996), liposomes (Warren et al, 1992) and also in studies 

against resistant tumours in vivo (Minko et al, 2000).

1.3.1 Active targeting

For many years, antibodies, and the potentially highly specific antigen-antibody 

reactions, have been identified as a promising opportunity to develop an active targeting 

system (Kohler and Milstein, 1975). Antibodies have been extensively studied as 

macromolecular prodrugs in their own right (reviewed by Trail and Bianchi, 1999) and 

have been conjugated to a variety of anti-cancer drugs (Sievers et al, 1999), 

immunotoxins (Vitetta et al, 1991) and radioactive agents (Kaminski et al, 1996). The 

future for antibody-directed systems depends on the identification of specific targets 

within tumours and the synthesis of effective conjugates in which the reactivity of the 

antibody is maintained (reviewed by Kranz et al, 1998).

The Ringsdorf model (Figure 1.2) incorporated a targeting moiety which was designed 

to impart site specificity to polymer-drug conjugates through receptor-mediated 

pinocytosis. Antibodies have recently been utilised in the design of tumour targeted 

polymer-monoclonal antibody(mAb)-drug conjugates (reviewed by Rihova, 1998). For 

example, the star structure antibody-targeted HPMA copolymer-bound doxorubicin 

(DOX) has shovm potent antitumour effect using the B1 mAh to recognise the idiotype 

of surface IgM on BCLl leukaemic cells in BALB/c mice (Kovar et al, 2002). Other 

methods of targeting have had only moderate success due to the lack of tumour specific 

targets, illustrated by transferrin, growth factor and low density lipoprotein receptors 

which display elevated levels in tumour tissue but are also ubiquitously distributed 

(reviewed by DeSmidt and VanBerkel, 1990). To date, of these targeted conjugates 

only PK2, the HPMA copolymer-bound DOX bearing galactosamine to target the
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asialoglycoprotein receptor, has entered clinical testing, promoting ‘organ specific’ 

uptake in the liver for the treatment of hepatoma (Seymour et al, 1991).

1.3.2 Passive targeting: The enhanced permeability and retention (EPR) effect

Whilst ‘targeted’ polymer conjugates have yet to fulfil their potential as site specific 

delivery systems the pathophysiology of disease has afforded the possibility of passive 

targeting. Vascular permeability and cellular uptake of a conjugated drug are restricted 

by virtue of the molecular size. This prolongs the plasma circulation time and promotes 

specific uptake of the conjugate through hyperpermeable vasculature that is 

characteristic of diseased tissue sites such as solid tumours and other types of 

inflammation (Matsumura and Maeda, 1986, Murakami et al, 1996). Tumour 

vasculature is heterogeneous and associated with many functional and structural 

abnormalities associated with angiogenesis (reviewed by Carmeliet and Jain, 2000). 

This renders the vasculature permeable allowing extravasation of macromolecules into 

tumour tissue. There is also an inherent lack of lymphatic drainage in solid tumours 

resulting in the passive accumulation of macromolecules over time. Maeda and co

workers described this potential for the passive targeting of macromolecules as a 

function of the 'enhanced permeability and retention (EPR)' effect (Maeda and 

Matsumura, 1989, Maeda, 1992) (Figure 1.5).

The extent to which passive accumulation of macromolecules occurs is governed 

primarily by their plasma concentration. The effect of molecular weight on plasma 

circulation times and tumour accumulation is discussed in detail in Chapter 5. A 

number of studies using a range of water-soluble polymers have shown that by 

increasing the molecular weight above the renal threshold significantly improved 

plasma circulation times and tumour accumulation (section 5.1). The renal threshold 

describes the molecular weight above which a specific macromolecule is unable to be 

cleared from the circulation by the kidney glomeruli. The value changes depending on 

the macromolecule and is determined by the hydrodynamic volume which describes the 

conformation of the molecule in solution. For the majority of macromolecules the renal 

threshold appears between 30-70,000 g/mol (reviewed by Brocchini and Duncan, 1999). 

By using passive targeting the aim is to achieve long plasma circulating times to utilise 

the EPR effect.

10
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1.4 Polymer Therapeutics

The original concept for the use of water soluble polymer-drug conjugates has led to the 

development of a number of systems which utilise the properties of the polymer to 

enhance therapeutic efficacy. The desired properties of the polymer may alter slightly 

from system to system hence these classes of polymer therapeutic will be briefly 

reviewed before focusing in more detail on polymer-drug conjugates and in particular 

the polymeric component of these constructs.

1.4.1 Polymeric drugs

Most polymer therapeutics employ the polymer as a carrier, the prerequisite for their 

selection being that they should not exhibit any deleterious interaction with the 

biological environment. However, some polymers have inherent biological activity and 

must be considered chemical entities themselves. Copaxone® (glatiramer acetate), is a 

random copolymer of four amino acids (alanine, lysine, glutamic acid, and tyrosine) 

that has recently gained regulatory approval for the treatment of multiple sclerosis 

(Blumhardt, 2000). The polysaccharide analogue, dextrin-2-sulphate has also shown 

potential in early clinical trials as an anti-AIDS treatment (Shaunak et al, 1998).

Currently no polymers have reached clinical development that show direct anti-tumour 

activity. A number of synthetic polymers are known to have indirect activity via 

stimulation of the immune system, notably polyanions (eg. hydrolysed divinylether- 

maleic anhydride copolymer [DIVEMA]; Breslow, 1976) and polyribonucleotides 

(reviewed by Seymour, 1991). However, clinical trials of DIVEMA and polyinosinic- 

polycytidylic acid as single agent therapy were not encouraging suggesting future 

promise for these agents lies in combination therapy with either surgery or other 

antineoplastic agents.

1.4.2 Polymer-protein conjugates

Polymer-protein conjugates represent the most successful class of polymer therapeutic 

with several conjugates on the market for treatments including various cancer and 

hepatitis C (Table 1.1). Delivery of proteins is limited due to their immunogenicity and

12
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Table 1.1: Polymer-protein conjugates

Polymer-protein Company Use Status

SMANCS 
Zinostatin stimaler

Hepatocellular carcinoma Market

PEG-adenosine
deaminase
ADAGEN*

Enzon, Inc. Severe combined 
immunodeficiency 

syndrome

Market

PEG-a-interferon
PEG-a-INTRON™

Enzon, Inc. Hepatitis C Market

PEG-L-asparaginase
ONCASPAR®

Enzon, Inc. Acute lymphobalastoid 
leukaemia

Market

PEG-a-interferon
PEG-a-INTRON™

Enzon, Inc. Cancer (various) Phase III

PEG-anti-TNFa Celltech Rheumatoid arthritis and 
coronary restenosis

Market

13



Genera! Introduction

poor stability. However, the introduction of PEGylation technology has established a 

means for improving protein delivery (reviewed by Nucci et al 1991). Conjugation of a 

polymer to a protein is able to prolong blood circulation, reduce immunogenicity, 

provide greater protection against degradative enzymes and improve general 

formulation properties such as solubility. These findings were first identified by the 

pioneering research of Abuchowski and co-workers using poly(ethylene glycol) (PEG) 

conjugated bovine serum albumin (Abuchowski et al, 1977) and soon after, the anti

cancer enzyme L-asparaginase (Abuchowski et al, 1984) leading to the development of 

Oncaspar® now marketed by Enzon for the treatment of leukaemia. With a number of 

companies now active in the field, PEGylation is set up to provide many more protein 

conjugates with particular focus on cancer and infectious disease.

An example of a polymer-protein which utilises the EPR effect is SMANCS, which 

consists of the polymer, styrene maleic anhydride covalently attached to the anti-tumour 

protein, neocarzinostatin. The combination of local delivery and passive targeting gave 

remarkable tumour/blood ratios >2500 using the rabbit liver tumour model (Maeda, 

1992). More significantly the conjugate displayed prolonged circulation half life (10- 

fold) and significantly enhanced tumour/blood ratio’s compared to neocarzinostatin 

alone following i.v. administration (Matsumura and Maeda, 1986) and when 

administered by intra-arterial infusion in the lipid contrast agent lipiodol® to patients 

with primary hepatoma SMANCS showed potent antitumour activity (Konno et al, 1983 

and Maeda, 1991).

1.4.3 Copolymer micellar systems

Amphiphilic copolymers possessing hydrophilic and hydrophobic blocks aggregate to 

form polymeric micelles in aqueous solutions at concentrations above the critical 

micellar concentration (CMC). Drugs can be incorporated, depending on their 

hydrophilicity, into either section of the micellar structure or covalently attached. Of 

particular interest is the ability to design high molecular weight polymeric micelles 

which may optimise tumour targeting via the EPR effect due to prolonged plasma 

circulation times. Upon micellar dissociation and drug release the individual block 

copolymers can be safely excreted. Poly(ethylene glycol-aspartate) (PEG-PAsp) block 

copolymer DOX conjugates form micelles of 20-60 nm size. DOX is covalently 

attached via amide linkages to free carboxylic acids groups on the aspartic acid blocks

14
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with some free DOX also associated in the hydrophobic core (Yokoyama et al, 1990). 

This micellar system has shown significant tumour targeting and anti-tumour affect in 

C26 colon adenocarcinoma-bearing CDFl mice (Kwon et al, 1994 and Kataoka et al,

2000) and has recently entered phase I clinical testing (Nakanishi et al, 2001). 

Pluronic® micelles (triblock polymers of hydrophilic ethylene oxide and hydrophobic 

propylene oxide units) have also sparked interest with reports of anti-tumour activity, in 

combination with DOX, against MDR cells (Venne et al, 1996) and a number of animal 

models (Batrakova et al, 1996). This compound has also recently moved into early 

clinical testing.

Further examples of the progress in the development of copolymer micelles include the 

metal complex formation of ionic block copolymers. Simply mixing cisplatin with 

PEG-PAsp in distilled water yielded polymer-metal complexed micelles due to ligand 

substitutions involving the carboxylate functionality of PAsp (Yokoyama et al, 1996) 

and which displayed elevated levels in tumours (14 times higher compared with free 

drug) and reduced nephrotoxicity (Mizumura et al, 2001). Moreover, further research 

has been conducted to develop both polyion complex micelles for the delivery of DNA 

and micellar systems with specific targeting moieties (reviewed by Kataoka et al, 2001).

1.4.4 Polymeric vectors for intracytoplasmic delivery

Development of polymeric vectors which promote the cytosolic delivery of DNA or 

toxins requires the design of polymers with specialist properties. Whilst the need for 

the common requirements of all polymer therapeutics remains, eg. biocompatible, water 

soluble and capable of carrying a drug payload, these polymers must be designed so as 

to promote intracellular delivery via appropriate organelle trafficking thereby bypassing 

the degradative environment of the lysosomes (section 1 .2 ). Non-viral polymeric 

vectors for the delivery of gene therapy perhaps offer a safer alternative to the use of 

viral vectors which harbour risks including immune responses to viral antigens (Ferber,

2001). However, extensive work needs to be done before any compounds show similar 

transfection efficacy in vivo. Of the current vectors, cationic polymers such as 

polyethylenimine (PEI), poly-L-lysine (PEL), and PAMAM dendrimers have been 

widely studied (reviewed by Garnett, 1999) but these often suffer from toxicity and 

rapid capture by the liver due to their cationic charge (Boussif et al, 1995, Malik et al, 

2000, Sgouras and Duncan, 1990).

15
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Most systems are still in the very early stage of pre-clinical study, however some 

examples are worthy of note. A pH-sensitive, terpolymer composed of the membrane 

disruptive monomers dimethylaminoethyl-methacrylate (DMAEMA) and butyl 

methacrylate (BMA), functionalised acetal monomers and grafted PEG promoted 

delivery of fluorescently labelled oligodeoxynucleotides (ODNs) to the nucleus of 

hepatocytes compared to the punctate lysosomal distribution of the free ODN (Murthy 

et al, 2001). Poly-amidoamines have also shown promise. These amphoteric polymers 

are relatively non-toxic, can be designed to be non-hepatotropic and have displayed 

endosomolytic properties (Richardson et al, 1999 and Ferruti et al, 2002).

1.5 Polymer-drug conjugates

Many synthetic, semi-synthetic and natural polymers have been extensively investigated 

in the preparation of polymer-drug conjugates (reviewed by Brocchini and Duncan, 

1999). The criteria for their choice as the macromolecular component of the conjugate 

can be summarised as follows. The ideal polymer must be:-

1. Biocompatible, ie. non-toxic and non-immunogenic.

2. Water soluble and capable of solubilising a hydrophobic drug.

3. Preferably monodisperse, or have low polydispersity.

4. Biodegradable or, if non-degradable, be of a size which would allow excretion 

from the body.

5. Possess functionality for conjugation of a drug or targeting moiety via a 

lysosomally cleavable linker.

6 . Suitable for large scale manufacture in terms of reproducibility, characterisation 

and cost.

The relative advantages and disadvantages of some commonly used polymers in the 

preparation of polymer-drug conjugates are summarised in Table 1.2.

1.5.1 Non-degradable synthetic polymers

Non-degradable synthetic polymers including PEG and HPMA copolymers have been 

extensively studied as polymer-drug conjugates with particular emphasis on the
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Table 1.2: Commonly used polymers for the preparation of polymer-drug conjugates

Polymer Advantages Disadvantages Reference

PEG Solubilising ability 
Low polydispersity 

Biocompatible

Non-degradable 
Drug loading 

capacity

Greenwald, 2001

HPMA Solubilising ability 
Drug loading capacity 

Biocompatible

Non-degradable Duncan, 1992

Divinyl ether 
maleic acid 
copolymers

Drug loading capacity 
Inherent anti-tumour / 

adjuvant activity

Non-degradable Breslow, 1976

Dextran/Dextrin Potentially 
biodegradable 

Drug loading capacity

Immunogenicity
Characterisation

Mehvar, 2000 
Hreczuk-Hirst et al, 

2 0 0 1

Chitosan Potentially 
biodegradable 

Drug loading capacity

Solubility Dodane and 
Vilivalam, 1998

PEL Drug loading capacity Toxicity Drobnik, 1989

Poly (glutamic 
acid) and 
derivatives

Solubilising ability 
Drug loading capacity 

Potentially 
biodegradable

Li, 2002

PEG block 
copolymers

Solubilising ability 
Potentially degradable

Pechar et al, 1995
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treatment of cancer (Table 1.3). Both these polymers fulfil many of the ideal 

characteristics for the polymeric carrier.

HPMA was originally developed as a plasma expander (Sprincl et al, 1976) and is 

derived from methacrylamides, historically by free radical polymerisation although 

more recently, narrow molecular weight distribution copolymers have been synthesised 

by atom-transfer radical polymerisation (ATRP) (Godwin et al, 2001). It has been 

shown to be non-toxic up to 30 g/kg and biocompatible (Rihova et al, 1983). Further 

studies were conducted to ensure reproducible polymer synthesis possessing potential 

drug attachment sites (reviewed by Kopecek et al, 2000) and significantly, the design of 

oligopeptide side chains to promote lysosomal drug release (Duncan et al, 1983). The 

HPMA copolymer-DOX (PKl) (Figure 1.6A) represents the first and arguably most 

successful polymer-drug conjugate and is currently undergoing phase 11 clinical 

evaluation for treatment of breast, colon and non-small-cell lung cancer. Phase 1 results 

indicate PKl displays greatly reduced toxicity compared with free DOX and showed 

evidence of activity in chemotherapy refractive patients. Its maximum tolerated dose 

(MTD) was 320 mg/m^ in terms of DOX equivalents, which is 4-5 times higher than the 

clinical dose of DOX (60-80 mg/m^). Moreover, signs of cardiotoxicity, which restricts 

the cumulative dose of free DOX to 550 mg/m^, were not evident at 1680 mg/m^ for 

PKl where the dose limiting toxicity was bone-marrow suppression (Vasey et al, 1999).

Three other HPMA copolymer conjugates, analogues of paclitaxel (Figure 1.6B) 

(Meerum Terwogt et al, 2001), camptothecin (Caiolfa et al, 2000) and cisplatin (Gianasi 

et al, 1999) have also progressed to Phase 1 clinical trial having shown significant anti

tumour activity in pre-clinical development.

PEG is widely used in the pharmaceutical industry, generally recognised as safe 

(GRAS) and can be commercially produced with various end group functionality. A 

clear advantage of PEG is its very narrow polydispersity (Appendix 1). PEG can be 

synthesised commercially with a Mw/Mn = 1 .0 2 - 1 . 1 0  which allows better 

characterisation of subsequent conjugates and more complete understanding of their 

behaviour in vivo. However, the mainchain is not biodegradable and linear PEG 

conjugates have the added disadvantage that drug loading is restricted to conjugation at 

the terminal end group. This is clearly demonstrated by comparison of HPMA co

polymer-DOX (PKl) and PEG-DOX conjugates. PKl, Mw = 35,000 g/mol, contained
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Table 1.3: Examples of non-degradable polymer drug conjugates developed for cancer 

chemotherapy and their stage of development.

Polymeric Attached moiety 
backbone

Stage of development Reference

HPMA
copolymers

Doxorubicin

Cisplatin

Paclitaxel

Camptothecin

Phase I/II

Phase I 

Phase I

Phase I

Vasey et al, 1999

Gianasi et al, 1999

Meerum Terwogt 
et al, 2 0 0 1

Schoemaker et al, 
2002

Daunorubicin Significant growth delay of Cassidy et al, 1989 
Walker 256 tumour in rats

Melphalan

Mesochlorin e6

Similar reduction in Walker Duncan et al, 1991 
sarcoma tumours in rats to 

melphalan alone

Enhanced accumulation in 
OVCAR-3 ovarian 

carcinoma xenografts in 
nude mice

Shiah et al, 1999

Emetine Similar T/C value to drug
alone in B16F10 melanoma 

model in mice

Dimitrijevic & 
Duncan, 1998

Ellipticine Improved T/C value 
compared to free drug 
following single i.p. 

injection in mice bearing 
s.c. B16F10 melanoma

Searle et al, 2001

Geldanamycin In vitro cytotoxicity 
assessment in human 

ovarian carcinoma cell lines, 
OVCAR-3 and A2780

Kasuya et al, 2001

DIVEMA Methotrexate
(MTX)

Increased lifespan (ILS) 
compared to free MTX, 
with 20-30 % long term 
survivors against L 1 2 1 0  

leukaemia in mice

Przybylski et al, 
1978
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PEG Camptothecin

Podophyllotoxin

Phase I

Significant increase in 
activity against drug alone 
in p388 murine leukaemia 

model

Doxorubicin Delay in growth of
colorectal carcinoma 026 in 

mice better than 
doxorubicin alone

Paclitaxel Improved activity and 
reduced toxicity against 

P388 leukaemia model in

Hao et al, 2000

Greenwald et al, 
1999

Rodrigues et al, 
1999

Pendri et al, 1998

mice

2 0
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8.5 wt% DOX (Vasey et al, 1999) whereas more recently, monomethoxy(m)PEG and 

PEG-DOX conjugates of Mw = 20,000 g/mol contained 2.5 and 5 wt% respectively 

(Rodrigues et al, 1999). Notably, any increase in PEG molecular weight would further 

reduce the amount of DOX loading.

PEGylation of proteins has led to a number of compounds being approved for clinical 

use (section 1.4.2) and PEG-drug conjugates have also shown significant anti-tumour 

activity in pre-clinical development (Greenwald, 2001). PEG-drug conjugates have 

been synthesised using high and low molecular weight PEGs. Surprisingly, only when 

the concept that effective biodistribution is a function of molecular weight was applied 

to these conjugates in 1996 (Greenwald et al, 1996) did the larger conjugates display 

clinical potential (reviewed by Greenwald et al, 2000, Zalipsky, 1995). Of those, the 

PEG-camptothecin (CPT) conjugate (Prothecan®) has progressed furthest and recently 

begun Phase I clinical testing (Hao et al, 2000). As with the HPMA copolymer-CPT, 

the ability of the PEG to solubilise the compound, which alone is virtually insoluble in 

water, was fundamental to the design (Greenwald et al, 1996).

Whilst the properties of HPMA copolymers and PEG make them good candidates for 

polymer therapeutics, both suffer from being non-degradable. Detailed studies using 

radiolabelled HPMA copolymers with a range of Mw (22-778,000 g/mol), administered 

parenterally (i.v., i.p. and s.c.) to rats showed significant pharmacokinetic differences 

dependent on Mw. Following i.v. injection polymers with Mw < 40,000 g/mol were 

primarily cleared from the bloodstream by glomerular filtration (eg. Mw = 2 2 , 0 0 0  g/mol, 

ti/2 = 12 min) whereas high Mw fractions (78-778,000 g/mol) exhibited prolonged blood 

circulation times and were cleared only by extravasation into tissues. From this data a 

renal threshold for HPMA copolymers was estimated to be 45,000 g/mol (Seymour et 

al, 1987). Moreover, further studies in tumour bearing mice indicated enhanced tumour 

accumulation with HPMA copolymers of Mw greater than the renal threshold (up to 20 

% dose/g compared to 1.5-3.0 % dose/g) (Seymour et al, 1995). Similar results were 

reported by Yamaoka and coworkers following i.v. administration to mice of different 

Mw PEGs where increased blood circulation and the associated decrease in renal 

clearance corresponded with an increase in Mw, the most dramatic change occuring at 

30,000 g/mol (Yamaoka et al, 1994).
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Polymer-drug conjugates with Mw greater than the renal threshold for that polymer can 

optimise tumour targeting by virtue of their altered pharmacokinetics. This point is key 

in the development of degradable polymer conjugates. Due to the non-degradable 

nature of PEG and HPMA and reports of progressive accumulation in healthy tissue of 

the high Mw polymers (Goddard et al, 1991, Seymour et al, 1995), non-degradable 

systems are restricted to M w ’s below the renal threshold to ensure clearance of the 

polymer. The influence of Mw on polymer biodistribution is further discussed in 

Chapter 5 in relation to the design of anticancer polymer-drug conjugates.

Little mention is made to the fate of the polymer following lysomotropic drug delivery. 

The reason for this may be that current applications for polymer therapeutics exist in 

acute therapy for disease such as cancer. However, the potential of non-degradable 

polymer-drug conjugates as lysosomotropic delivery systems in other disease states 

characterised by hyperpermeable vasculature, eg. arthritis and requiring chronic 

administration would also be restricted due to problems with accumulation of the 

polymer in the lysosomes of cells following repeated administration. The 

impermeability of dextran, HPMA and PVP to the lysosomal membrane was described 

in section 1.2. However, more conclusive evidence on the development of lysosomal 

storage disease syndrome has been reported which underlines the potential risks 

associated with the use of non-degradable polymers. In a recent review of drug induced 

lysosomal disorders, Schneider and coworkers described overloading of liver lysosomes 

by non-digestable material and the increased size and number of lysosomes with Triton 

WR1339 and PVP (Schneider et al, 1997). High doses of methyl cellulose and 

polyvinyl alcohol given subcutaneously to rats were sequestered by the 

reticuloendothelial system and formed ‘foam’ cells within the glomeruli leading to the 

development of gomerulonephritis, ascites, edema and hypertension (Hall & Hall, 1961 

and 1962). Christensen also reported PVP storage in human tissue following repeated 

administration of PVP-containing preparations for injectable purposes and advised 

against long-term parenteral treatment containing PVP of Mw > 30,000 g/mol 

(Christensen et al, 1978).

1.5.2 Potentially degradable synthetic, semi-synthetic and natural polymers

In many facets of polymer science degradable polymers have become increasingly 

important. Over 30 years ago synthetic degradable polyesters based on lactic acid were

23



General fnlroductian

adopted in surgery as materials for sutures and bone fixation devices (Kulkami et al, 

1971). Permanent polymeric implants were developed to provide controlled drug 

release over prolonged periods thereby reducing the need for repeat administration of 

the drug but ultimately require removal from the body. Materials based on degradable 

polymers can be designed to resorb or degrade in body fluids so that the device 

disappears with no ill effects. Moreover, drug release from these devices can be 

controlled by degradation of the polymer (via surface or bulk erosion depending on the 

hydrolytic stability) aswell as diffusion of the drug through the polymer matrix.

Zoladex® is a biodegradable system composed of poly (lactide-co-glycolide) implanted 

subcutaneously (s.c.) into the abdomen as a means of delivering the luteinizing hormone 

analogue, goserelin acetate, for the treatment of prostate cancer (Debruyne et al, 1988). 

Bulk erosion of the implant is used to control goserelin release for up to 3 months. 

Examples of polymers which enable devices to degrade via surface erosion include 

poly(orthoesters) and polyanhydrides. The latter has been used to develop Gliadel®, a 

copolymer matrix composed of 1,3-bis(p-carboxyphenoxy)propane and sebacic acid for 

local delivery of carmustine (BCNU) for the treatment of residual tumour following 

malignant glioma removal (Wang et al, 1999).

Irrespective of the field of polymer science the principle behind the use of degradable 

polymers stems from concerns about the fate and subsequent deleterious effects of non- 

degradable materials in the body and can be equally applied to the development of 

polymer therapeutics.

Degradable polymers have been widely researched in the field of polymer-drug 

conjugates (Table 1.4). Natural polymers such as polysaccharides (eg. Dextran and 

chitosan) possess many of the qualities required for the macromolecular component of 

polymer-drug conjugates. They are water-soluble, enzymatically biodegradable and 

possess abundant conjugation functionality (eg. hydroxyl groups in polysaccharides). 

Dextran is an uncharged, water-soluble polymer of a - l ,6 -linked glucose units. Whilst 

the linear polymer alone is biodegradable, polymer molecular weight must still be 

controlled due to reports that dextrans larger than 1 1 0 , 0 0 0  g/mol cause erythrocyte 

aggregation and hypersensitivity reactions (Wileman, 1991). Moreover, with increasing 

chemical modification, dextrans exhibit the propensity to become non-degradable and 

immunogenic (Vercauteren et al, 1990, 1992 and reviewed by Shalaby and Park, 1994).
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Table 1.4: Natural and semi-synthetic biodegradable polymer-drug conjugates 

developed for cancer chemotherapy and their stage of development

Polymeric
backbone

Mode of 
degradation

Attached
drug

Stage of development Reference

Dextran Dextranases,
a-glucosidase?

Doxorubicin Phase I Danhauser- 
Riedl et al, 

1993

CM-Dextran Dextranases? Camptothecin
analogue

1 0  times more active 
against Walkers 256 
sarcomas in rats than 

analogue alone

Okuno et 
al, 2 0 0 0

Dextrin a-amylase Doxorubicin In vitro Hreczuk- 
Hirst et al, 

2 0 0 0

Chitosan Lysozyme 5-fluorouracil Improved antitumour 
activity against P388 

leukaemia in mice (i.p. 
transplant/i.p. injection)

Ohya et al, 
1991

poly (L- 
glutamic 
acid) (PG)

Papain, 
Cysteine 

proteases eg. 
Cathepsin B

Doxorubicin T/C in mice similar to 
doxorubicin alone vs 

L1210 leukaemia

Hoes et al, 
1993

Camptothecin Substantial tumour 
growth delay of a 
variety of human 

xenografts in mice

Singer et 
al, 2 0 0 1

Paclitaxel Phase II Sludden et 
al, 2 0 0 1

Poly-[^N-{2-
hydroxyethy
1)-L-
glutamine]
(PHEG)

Cysteine 
proteases eg. 
Cathepsin B

Mitomycin C Improved anti-tumour 
efficacy (P388 

leukaemia in mice) 
compared to free MMC

De Marre 
et al, 1995

Poly-L- 
lysine (PLL)

Methotrexate More toxic than free 
drug due to polymer 

related toxicity in L1210 
anti-tumour study in 

BDF mice

Chu&
Howell,

1981
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Nevertheless, dextran conjugates have shown improved anti-tumour effect versus free 

drug. Dextran-DOX (Figure 1.7A) reached phase I evaluation but caused WHO grade 

IV toxicity including thrombocytopenia and hepatotoxicity at the starting dose of 40 

mg/m^ DOX equivalent (Danhauser-Riedl et al, 1993). In more recent studies using 

high Mw ( 1 1 0 , 0 0 0  g/mol) carboxymethyl-dextran conjugated camptothecin, no mention 

of the biodégradation of the conjugates is made (Okuno et al, 2000 and Harada et al,

2001). Dextrin, composed mainly of a-l,4-linked glucose units (~5 % a -1,6 branching) 

is obtained from starch and closely related to dextran. It has also recently been used to 

develop polymer-drug conjugates (Hrezcuk-Hirst et al, 2000). In vitro studies indicated 

dextrin degradation could also be modified by the introduction of pendent groups. 

However these polymer were degraded by rat plasma amylase and not by lysosomal 

enzymes (Hreczuk-Hirst et al, 2001).

Semi-synthetic polymers derived from amino acids provide another platform for the 

design of biodegradable polymer-drug conjugates. Of those studied, poly-L-lysine, 

poly(glutamic acid) (PG) and its neutral derivative poly-[^N-(2-hydroxyethyl)-L- 

glutamine] (PHEG) have received most attention (reviewed by Drobnik, 1989). PG and 

PHEG are usually prepared by triethylamine initiated, ring-opening polymerisation of 

the N-carboxyanhydride of y-benzyl-L-glutamate followed by appropriate modification 

of the benzyl protected side chain (Li et al, 2002, Dekie et al, 2000). Enzymatic 

hydrolysis of both polymers and importantly, modified derivatives was demonstrated 

with papain (Pytela et al, 1990) aswell as lysosomal cystein proteases (McCormick- 

Thomson et al, 1989, Chiu et al, 1997). Whilst PHEG conjugates have shown improved 

anti-tumour efficacy (PHEG-mitomycin C vs mitomycin C in P388 leukaemia (De 

Marre et al, 1995)), the most promising biodegradable polymer conjugates prepared 

recently have used PG. PG-paclitaxel has now progressed to Phase 11 clinical trials 

following good tolerability in early phase 1 study (Sludden et al, 2001). This followed 

impressive preclinical reports of 6 - 1 2  fold enhancement of tumour accumulation vs 

paclitaxel alone (Li et al, 1998) and complete regression of a variety of breast and 

ovarian tumours following i.v. administration of the 36-49,000 g/mol PG conjugate (Li 

et al, 1999).

PG has the added advantage of permitting high drug loading, due to the carboxylate 

functionality on each monomeric unit which also improves the ability of the polymer to 

increase the aqueous solubility of hydrophobic drugs. This was illustrated recently by

26



General Inlroduclion

OH

OH

OH

OH

OH

OH

•OH

'OH

OH

OH

:h— O NI •NH 1

m

COOH

B NH NH

OH

Figure 1.7: Structures of (A) dextran-DOX and (B) PG-camptothecin.
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the development of PG-camptothecin (Figure 1.7 B) which displayed enhanced anti

tumour activity using a 49,000 g/mol PG backbone versus the lower Mw (33,000 g/mol) 

due to the improved pharmacokinetic profile, the 49,000 g/mol preclinical candidate 

containing 37 % w/w camptothecin which displayed significant tumour growth delay in 

human lung and colon xenografts in nude mice (Singer et al, 2001). The future of PG 

as an effective drug carrier system may be further enhanced following more recent 

research which has documented the production of poly-(y-glutamic acid) from 

microorganisms (Shih and Van, 2001).

From the hypothesis that tumour targeting via optimisation of the EPR effect could be 

achieved by the development of polymer constructs whose Mw inhibits renal clearance 

thereby increasing plasma residence times a number of high Mw HPMA and PEG block 

copolymers incorporating enzymatically degradable sequences have been developed. 

High Mw HPMA copolymer-adriamycin conjugates have recently been prepared by 

radical copolymerisation of HPMA and newly designed ornithine crosslinking reagents 

containing lysosomally cleavable tetrapeptides. These polymers do degrade in the 

presence of lysosomal enzymes to primary chains of lower Mw (35,000 g/mol) but are 

highly branched and polydisperse (Dvorak et al, 1999).

More extensive research has been focused on the synthesis of PEG block copolymers 

with the potential, not only of generating linear high Mw polymers but also of increasing 

the carrying capacity of the polymer by the incorporation of functionalised monomers 

(Figure 1.8A). This is illustrated by poly(PEG-lysine), which is not biodegradable but 

was developed to increase the carrying capacity of PEG derived polymers for the 

attachment of antimicrobials (Nathan et al, 1993) and doxorubicin (Nathan et al. 1994). 

More recently biodegradable polymers have been developed via polycondensation 

reactions using PEG blocks linked by enzymatically degradable oligopeptide (reviewed 

by Ulbrich et al, 1997) or hydrolytically degradable poly(ester-carbonate) (Vincenzi et 

al, 2001) and poly(aspartic acid) (Won et al, 1998) units. Poly(ethylene glycol) block 

copolymer-doxorubicin (Figure 1.8B) which incorporate oligopeptide sequences is 

degraded by the lysosomal enzyme cathepsin B and shows enhanced anti-tumour 

activity compared with free DOX using murine C26 colorectal carcinoma (Pechar et al, 

2000).
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Figure 1.8: (A) The model for the design of biodegradable block copolymers and (B) 
the structure of poly (ethylene glycol) multiblock copolymer-DOX.
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Of the degradable soluble polymers that have been developed the majority require the 

presence of enzymes to initiate degradation. Very little research has been conducted on 

the development of acid-labile polymers which could utilise the acidic environment of 

the endosome and lysosome to cause degradation. Observations that the extracellular, 

interstitial environment in some tumours is also acidic (Tannock et al, 1989 and Kuin et 

al, 1994) has the additional benefit of potentially releasing a low Mw analogue of the 

drug without cellular uptake of the macromolecule. Recently, a biodegradable polymer 

based on the cis-aconityl moiety was developed which hydrolytically degrades at 

increasing rates with decreasing pH (Clochard et al, 2001). However, these polymers 

are difficult to synthesise and the aconityl moiety is poorly characterised.

When considering non-enzymatically degradable polymers for lysosomotropic drug 

delivery a number of factors must be taken into account. Degradation of the polymer 

should occur quickly following uptake into the environment of the lysosome, the 

degradation products being metabolised or small enough to allow clearance from the 

lysosomal compartment. The behaviour of the polymer in circulation is also of great 

importance with regards to drug targeting and eventual clearance. If the polymer 

degrades too quickly in the circulation the potential advantage of enhanced passive 

accumulation due to increased circulation time will not be seen. If degradation occurs 

too slowly then the potential for accumulation in healthy tissue exists. However, the 

design of polymers which possess a degradable element that can be tailored to follow 

defined degradation profiles in the circulation and following cellular uptake would 

allow greater control over the fate of the conjugate and potentially improve drug 

delivery.

1.6 Linker design

A great deal of attention has been given to the macromolecular component of polymer- 

drug conjugates as this will be the focus of this research. However, mention must be 

made of the linkage between polymer and drug and its importance in the design of 

effective delivery systems. To ensure targeted drug delivery the linker should be stable 

in the circulation but undergo rapid degradation following cellular uptake into 

endosomes and lysosomes (reviewed by Soyez et al, 1996, Brocchini and Duncan, 

1999). A number of linker chemistries have been proposed in the development of 

polymer-drug conjugates (Table 1.5). However, following the concept of
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Table 1.5: Degradable linkers utilised in drug conjugates for anticancer therapy.

Linker Structure Cleavage conditions References

Peptidic Gly-Phe-Leu-Gly-DOX Cathepsin B Subr et al, 
1992

Ester

Gly-Gly-DOX Non-degradable

Generalised hydrolysis 
(non-specific degradation 

profiles)

Duncan et 
al, 1988

Li et al, 
1998

DRUG

Amide

HN.
DRUG

Non-degradable or 
enzymatic hydrolysis in 

combination with peptidic 
linkers

Duncan,
1992

Carbamate

HN>

O

DRUG

C-lactamase Senter et al,
(ADEPT therapy using 1995

cephalosporin-DOX linker)

cw-aconityl q

OH
H

DRUG

Acid hydrolysis Shen &
(DNM 50 % release at pH 5, Ryser, 1981 

6  h and pH 6 , 96 h)

Hydrazone V
H N ^  ^D R U G

Acid hydrolysis Firestone et 
al, 1996

Urea bond

HN.

NH

DRUG

Generalised hydrolysis Ohya et al,
1991
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Disulphide

DRUG

Reductive conditions

General Introduction

Ryser & 
Shen, 1978

Imine
(schiff base)

DRUG

Generalised hydrolysis Munechika
et al, 1994
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lysosomotropic drug delivery two broad classes of pendent chain linkers have emerged 

as the most applicable for this research. Peptidyl linkers are designed to be stable in the 

bloodstream and degraded by lysosomal enzymes whereas acid labile, pH-dependent 

linkers should only degrade by hydrolysis in the acidic environment of the endocytic 

pathway (pH 5-6.5). Both systems result in the intracellular release of the free drug.

The tetrapeptide Gly-Phe-Leu-Gly (GFLG) linker was developed to allow cleavage of 

the therapeutic agent by the thiol-dependent lysosomal protease cathepsin B (Duncan et 

al, 1983). This linkage has been extensively used in the design of the HPMA 

copolymer-drug conjugates including those which have progressed to clinical trials 

(HPMA copolymer conjugates of DOX, paclitaxel, cisplatin and camptothecin). HPMA 

copolymer-Gly-Phe-Leu-Gly-DOX is stable in human serum and liberates DOX when 

incubated with rat liver lysosomal enzymes (tritosomes; 100 % release over 48 h).

Significantly, the HPMA copolymer-paclitaxel trial was interrupted due to concerns 

about neurotoxicity, possibly due to premature release of the drug before cellular uptake 

(Meerum Terwogt et al, 2001). This is not thought to be due to cleavage of the GFLG 

linker by cathepsin B but, more likely because the terminal glycine is attached to the 

drug via an ester bond (not an amide as was the case with the original HPMA 

copolymer-DOX compound) which is less stable in the circulation (Figure 1.5). 

Recently, the clinical trial for HPMA copolymer-camptothecin, which also incorporates 

a terminal ester bond, has reported serious, dose-limiting bladder toxicity (Schoemaker 

et al, 2002). The introduction of various spacer groups between polymer and drug led 

to significant differences in biological activity of PEG-camptothecin and PEG- 

paclitaxel conjugates (reviewed by Greenwald, 2001) which further highlights the need 

for rational design of all aspects of the polymer conjugate.

The pH-dependent linkers which have been explored include those based on the cis- 

aconityl and hydrazone moiety. One advantage of conjugating a drug to an acid labile 

linker is that only free drug can be released rather than peptide-drug derivatives derived 

from peptidyl linkers. The rate of daunomycin release from alginate cis-aconityl 

conjugates increased with decreasing pH (Al-Shamkhani et al, 1995). However, 

complete release of the drug is seldom seen and is probably due to the formation of a 

non-degradable isomer during conjugation reactions (Soyez et al, 1996). The 

hydrazone linkage shows more promise and has been used recently in a number of
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HPMA copolymer systems (Rihova et al, 2001). In vitro studies indicate that the bond 

is relatively stable at the circulatory pH 7.4 (< 10 % DOX release in 48 h) and degrades 

rapidly at the lysosomal pH of 5 (50 % release in 5 h) (Etrych et al, 2001).

1.7 Polyacetals

The basis for the design of polyacetals revolves around the degradation of the acetal 

moiety. Acetals, which are routinely synthesised from solutions of alcohols and 

carbonyls, are subject to hydrolysis under mild acidic conditions (Figure 1.9).
D OH OR'

R'OH 
— — — —

R'OH

R R
Figure 1.9: Acetal equilibria.

Synthesis of high molecular weight polymers containing the acetal moiety as the 

degradable element affords the possibility of pH-dependent degradation. These 

hydrolytically labile polymers can be prepared so as to degrade quickly at the lysosomal 

pH, preferably to monomeric components which can be effectively cleared so avoiding 

the possibility of deleterious lysosomal accumulation. Moreover, unlike enzymatically 

degradable polymers, polyacetals should degrade, albeit more slowly, at the 

extracellular pH. This would allow the synthesis of anti-cancer polyacetal-drug 

conjugates at molecular weights above the renal threshold of the polymer to enhance 

tumour specific uptake via the EPR effect without the subsequent undesirable 

accumulation at other sites in the body. Furthermore, biodegradable polyacetals could 

conceivably be assessed as candidates for the chronic treatment of inflammatory disease 

which display hyperpermeable vasculature (Murakami et al, 1996) or as a degradable 

component of polymer-protein systems.

The preparation of polyacetals can be achieved by the condensation of polyols and 

carbonyl compounds or by the self condensation of carbonyl compounds. These 

equilibrium methods lead to the formation of low molecular weight by-product (eg. 

water, alcohol), the complete removal of which is required to ensure reproducible 

polymerisation, and require conditions which would be unsuitable for the use of 

functionalised monomers relevant for polymer-drug conjugates. Other methods afford 

the synthesis of polyacetals without the generation of a small molecule and will be
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discussed in more detail in Chapter 3. Briefly, the acyclic diene metathesis 

polymerisation (ADMET) (Wolfe & Wagener, 1998) can be used to synthesise 

unsaturated polyacetals. However the synthesis of monomers suitable for 

biocompatible polymers may be difficult to achieve. Cationic ring-opening 

polymerisations (Torres & Patten, 1999) use bicyclic acetals which are difficult to 

prepare with a wide range of chemical functionality useful for conjugation and 

polyaddition of diols to a bifunctional allene involves no equilibrium process but yields 

polyacetals which hydrolyse to give potentially toxic degradation products (eg acrolein) 

(Sato et al, 1999).

Very little research has been conducted on the preparation of water-soluble polyacetals. 

The synthesis of the water-soluble polyacetal, poly-1 -hydroxymethylene 

hydroxymethylformal (PHF) has been reported (Papisov et al, 1996) and recently its 

conjugation to a ‘model’ protein has been described (Yurkovetskiy et al, 2002). For this 

research, polyacetals have been prepared by the reaction of diols and divinyl ethers 

using an acid catalyst which had been used previously in the development of 

bioerodible implants intended for contraceptive use (Heller et al, 1980). The 

polymerisation occurs under mild conditions without the need for removal of a small 

molecule and is suitable for the polymerisation of monomers possessing functionality 

allowing conjugation.

1.8 Aims of the research

For many years polymer therapeutics have been developed that can improve existing 

chemotherapy. However, many of the current systems are limited by the non- 

degradable nature of the polymer backbone. The design of novel, degradable polymers 

is essential to optimise the potential of polymer-drug conjugates and promote their 

development in other applications.

The primary focus of this research was the synthesis and characterisation of a new 

family of water-soluble, degradable polyacetals with potential for development as 

polymer therapeutics. Following the synthesis of a water-soluble, degradable 'model’ 

polyacetal it was necessary to synthesise novel monomeric precursors possessing 

pendent chain functionality that would allow the conjugation of a therapeutic moiety 

following polymerisation. These first generation polyacetals were characterised, not
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only in terms of their molecular weight but also the degradation profile at 

physiologically relevant values of pH (Chapter 3). The first biological studies were 

then performed evaluate their suitability as polymeric carriers in terms of their 

biocompatibility and biodistribution (Chapter 4). To assess the potential of polyacetals 

as anticancer conjugates, high molecular weight polymers were synthesised and 

subsequently conjugated to the anthracycline DOX (Chapter 5). This high molecular 

weight, degradable polyacetal-DOX conjugate was compared to the HPMA copolymer- 

DOX (PKl) in pharmacokinetic studies using tumour bearing mice to evaluate the 

benefits, in terms of tumour targeting and general biodistribution, of the polyacetal 

conjugate (Chapter 6 ). Finally, the design of a novel polymer-drug system is described 

which is used to highlight other potential applications of systematically designed 

polyacetals (Chapter 7).

36



Materials anJ General Melhoiis

Chapter Two
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2.1 Materials

2.1.1 Analytical instruments

NMR analysis was performed on a Broker AM500 FT-NMR spectrometer. Nicolet 

supplied the AVATAR OMNI-sampler 360 FT-IR spectrometer and the UV visible 

(UV-vis) spectrometers (UV 1601 and Cary IG) were purchased from Shimadzu 

Scientific Instruments (Milton Keynes, U.K.) and Varian Ltd. (Surrey, U.K.) 

respectively. A ZAB mass spectrometer was used to perform fast atom bombardment 

(fab) mass spectrometry analysis. 717plus Autosampler and CIS reverse phase 

pBondapak columns for HPLC were from Waters Ltd. (Hertfordshire, U.K.). Mobile 

phase was delivered using a PU-980 Intelligent HPLC pump from Jasco Inc. (Essex, 

U.K.). A Spectroflow 783 UV detector from Kratos Analytical (Milton Keynes, U.K.) 

or a fluoromonitor™ III fluorescence detector from LDC/Milton Roy (UK) was used as 

a detector. All HPLC chromatography data was recorded and analysed using 

PowerChrom hardware and software (version 2.0.7). Fluoresence data was acquired 

using a AMINCO.Bowman Series 2 Luminescence Spectrometer (SIM-AMINCO, 

USA) or a FLUOstar OPTIMA detector (BMG labtechnologies, Germany) and 

fluorescence was viewed using a Leica DC5GO fluorescence microscope (Leica, UK).

GPC analysis was performed on three systems. A TriSEC system and software 

(Viscotek Corporation, UK) was used for light scattering, differential pressure and 

refractive index detection and analysis. A JASCO HPLC pump, Gilson 133 refractive 

index detector and Polymer Laboratories software (Caliber) were used with the other 

systems. A Severn Analytical SA6504 programmable UV-vis absorbance detector 

from Jaytee Biosciences (Kent, U.K.) was run in series for dual channel analysis of 

polymer-DOX conjugates. The organic phase GPC used a DMF, 0.1 % LiCl buffer and 

Styragel HR3 and HR4 columns (7.5 mm ID x 30 cm) in series. The aqueous phase 

GPC systems used phosphate buffered saline (PBS) or 0.2 M NaNOs/lO % CH3CN 

buffer and either Waters Ultrahydrogel 1000 and 250 columns (7.8 mm ID x 30 cm) or 

TSK-GEL G4000PW and G2000PW columns (7.5 mm ID x 30 cm) in series. 

Scientific Laboratory Supplies supplied the Ultra-Turrax T20 homogeniser and the 

Shandon paper electrophoresis tank. The Varifuge 3.0 RS centrifuge was supplied by 

Heraeus Instruments and the Cobra™ II Auto-gamma counter by Packard.
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2.1.2 Miscellaneous and general equipment

Cell culture equipment: The 96 well spectrophotometer (micro-titre plate reader) was a 

Titertek Multiscan Plus supplied by EFLAB (Finland). All cell culture work was 

carried out in a Class II Bio air® biological safety cabinet (Wolf Laboratories Ltd, 

UK).

In vivo equipment: L.I.P. Services and Equipment Ltd. (West Yorkshire, U.K.) 

supplied heparin/lithium blood tubes. Needles and syringes were from Becton 

Dickinson (Oxford, U.K.). Gases were from BOO Ltd. (Surrey, U.K.) and isofluorane 

was obtained from Abbott Laboratories Ltd. (Kent, U.K.).

The freeze-drying system for lyophilising samples was a Flexi-Dry freeze drier from 

FTS Systems (New York, U.S.A.) attached to a double stage high vacuum pump from 

Javac Ltd. (Melbourne, Australia). Dialysis membranes Spectra/Por® (Cellulose ester) 

were from Spectrum Laboratories Inc. (California, U.S.A.). All low speed centrifuge 

work was carried out using a Varifuge 3.0RS from Heraeus Instruments (Osterode, 

Germany). All other centrifuge work was carried out using an Allegra 6 KR, Avanti J- 

25 centrifuge or an Optima LE-80K ultracentrifuge from Beckman Coulter (California, 

U.S.A.).

2.1.3 Chemicals

Poly(ethylene glycol) (PEG) Mw 400, 3,400 and 2,900 g/mol was supplied by Aldrich 

and NOF corporation respectively. PEG standards for GPC were purchased from 

Polymer Laboratories. Iminodiacetic acid, dimethyl aminomalonate HCl, 3-amino-1- 

propanol vinyl ether, tri(ethylene glycol) divinyl ether, divinyloxybutane and p- 

toluenesulfonic acid monohydrate (p-TSA) were used as supplied from Aldrich. 

Diethylstilbestrol was obtained from SIGMA. Lancaster supplied the 2-amino-1,3- 

propanediol (serinol) and benzyl chloroformate (Cbz-Cl), Avocado supplied the 9- 

fluorenylmethyl chloroformate (Fmoc-Cl) and the benzyloxycarbonyl-glycine-N- 

hydroxy succinimide (Cbz-giy-NHS) was purchased from Nova Biochem. All general 

reagents were used as supplied from Aldrich, BDH, Acros Organics, Avocado, 

Lancaster or SIGMA unless otherwise stated. Dichloromethane (DCM) and 

tetrahydrofuran (THF) were supplied by BDH and freshly distilled. All other solvents
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were used as supplied from BDH or Avocado. PKl and doxorubicin hydrochloride 

were kindly donated by Pharmacia (Milan, Italy). The Vectashield mounting medium 

for fluorescence with the DAPI stain was obtained from Vector UK and the immersion 

oil (Cat No: 1151 38 59) used for the Leica microscope was obtained directly from 

Leica UK. All solvents used in High Pressure Liquid Chromatography (HPLC) and 

Gel Permeation Chromatography (GPC) applications were filtered through a 0.22 pm 

filter and subsequently sonicated for 1 0  min before use.

Medical grade oxygen, nitrogen and CO2 (all 95 % v/v) and liquid nitrogen were 

supplied by BOC (Surrey, UK) and Amersham Pharmacia Biotech (Hartfordshire, UK) 

supplied the [^^^I]iodide labelled Bolton and Hunter reagent.

2.1.4 Animals and cell culture

Animals: Bantin and Kingman Ltd. (Hull, UK) supplied the Wistar rats and C57 black 

mice were obtained from Harlan UK Ltd. (Bicester, Oxon, U.K.).

Cell culture: B16F10 murine melanoma cells were kindly donated by Prof. Ian Hart 

(St. Thomas’ Hospital, London, U.K.). Tissue culture grade dimethyl sulphoxide 

(DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tétrazolium bromide (MTT) and 

trypan blue were purchased from Sigma (Dorset, U.K.). Foetal Calf Serum (FCS), 

trypsin with ethylenediaminetetraacetic acid (EDTA) and RPMI 1640 media were 

purchased from Gibco BRL Life Technologies (Paisley, U.K.). Phosphate buffered 

saline (PBS) was obtained from Oxoid Unipath Ltd. (Hampshire, U.K.) and 0.9 % 

NaCl (normal saline) was prepared using sodium chloride from BDH (Dorset, U.K.) 

and distilled water and both these solutions were autoclave sterilised before use in cell 

culture work.

2.2 General methods

2.2.1 Biological evaluation: In vitro methods

All cell line usage was conducted under the guidelines outlined in the UKCCCR 

Guidelines for the use of Cell Lines in Cancer Research (2000). All cell manipulations, 

except centrifugation steps, were carried out in a Class II biological safety cabinet.
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Any equipment brought into the cabinet was sterile and sprayed with a solution of 

ethanol (70 %) and water. All solutions in contact with cells were osmotically 

balanced and heated to 37 °C in a water bath.

2.2.1.1 Growing cells from frozen vials

B16F10 cells were grown from frozen by heating vials to 37 °C in a water bath and as 

soon as they had defrosted they were added to 9 ml of RPMI-1640 media containing 10 

% FCS in a sterile container. This cell suspension was then centrifuged at 1,000 g for 5 

min at room temperature and the supernatant liquid discarded to remove DMSO 

included in the freezing media (section 2.2.1.4). 10 ml of the same media was then 

added and the cells were disaggregated through a syringe needle and added to a 75 cm  ̂

tissue culture flask. This was then put into a 37 °C incubator with a humidified 

atmosphere and 5 % CO2 .

2.2.1.2 Day to day maintenance of cells

Cells were maintained in the same media as outlined before in a 75 cm  ̂vented tissue 

culture flask. Cells were examined every day for confluence and at 75-95 % 

confluence were split 1:10 as follows. The old media was removed and the cells 

washed with 10 ml of sterile PBS twice. Trypsin (0.25 %)/EDTA (1 mM) solution (1 

ml) was then added and the cells returned to the incubator for 3-5 min until the cells 

had detached from the surface of the flask and disaggregated. Fresh media (9 ml) was 

added to this cell suspension. Subsequently 9 ml of this cell suspension was removed 

and 9 ml of fresh media was added to complete a 1:10 split. The 9 ml of cell 

suspension removed was used to produce further flasks of cells by adding 1 ml to a 

fresh flask containing 9 ml of fresh media.

2.2.1.3 Cell counting

To count cells, 50 pi of a cell suspension was taken and added to 50 pi of a solution of 

0.2 % trypan blue. This suspension was left for 2-3 min, then pipetted onto a 

haemocytometer slide with a cover slip. A cell count was made by counting the cells 

that were not blue in 4 of the grids on the haemocytometer and averaging the result. 

This value was then doubled to allow for the dilution by trypan blue and the number of
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cells calculated by multiplying this value by 1x 1 to get a final value of viable cells 

per ml of the suspension. Any cells which did not exclude trypan blue, and were 

therefore blue, were not counted and assumed to be non viable as intact cells should not 

take up this dye.

2.2.1.4 Freezing cells

Cells were periodically frozen as follows. Cells were trypsinised as detailed previously 

and made up to 10 ml with media. A 50 pi aliquot was taken for cell counting and the 

cell suspension was centrifuged at 1,000 g for 5 min at room temperature. After 

centrifugation the cells were made up to a concentration of 1 x 1 0  ̂cells/ml in a freezing 

media (90 % FCS with 10 % DMSO) and frozen at -20 °C before being stored at -80 

°C or transferred to a liquid nitrogen cell bank until required.

2.2.1.5 Growth curve

Cells were trypsinised as described in section 2.2.1.2 and made up to a volume of 10 ml 

with fresh media. A 50 pi sample was taken and the cell number counted as described 

in section 2.2.1.3. The rest of the suspension was centrifuged at 1,000 g for 5 min at 

room temperature. The supernatant liquid was decanted and the cells made up to a 

concentration of 1x10  ̂cells/ml using media. Aliquots of this cell suspension (100 pi) 

were added to each well of a 96 well plate which was then returned to the incubator 

overnight to allow the cells to attach to the surface and form a monolayer. The next 

day, and on each subsequent day, 20 pi of MTT (5 mg/ml in sterile PBS and filter 

sterilised through a 0 . 2 2  pm filter) was added to each well in one row of wells and the 

cells were incubated for 5 h at 37 °C. Viable cells metabolise MTT, in the 

mitochondria, to an insoluble formazan derivative in a time and cell number dependent 

manner (Sgouras and Duncan, 1990 and Figure 2.1). After 5 h all cell debris and media 

were removed and the formazan crystals dissolved in 1 0 0  pi of spectrophotometric 

grade DMSO at 37 °C for 30 min. The absorbance (550 nm) for each well was 

measured using a micro-titre spectrophotometer plate reader. The DMSO-formazan 

solution, was then removed from each well and fresh media or PBS was then added to 

prevent the DMSO from evaporating and causing toxicity to the remaining cells. 

Figure 2.2 illustrates a typical example of the growth curve for B16F10 cells.
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Figure 2.1: Metabolism of MTT by viable cells
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Figure 2.2: Standard growth curve for B16F10 cells grown in 1640 RPMI media 
containing 10 % FCS from 1x10  ̂cells/ml. Data represent mean ± SEM (n = 6).
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2.2.1.6 Cell cytotoxicity using the MTT assay

To determine drug cytotoxicity cells were plated into 96 well micro-titre plates in the 

same manner as for a growth curve. After 24 h, when the cells had adhered, media was 

removed and the drug to be tested, dissolved in media, was added. The cells were 

returned to the incubator for a further 67 h. After this time MTT solution (20 pi; 5 

mg/ml in PBS sterile filtered) was added to each well and the plates re-incubated for a 

further 5 h. The formazan crystals were dissolved in DMSO as before and read at 550 

nm using a micro-titre plate reader. Cells grown in media alone were used as a 

reference for 100 % viability. The absorbance of the other wells was calculated against 

the average absorbance of the reference and expressed as a percentage of this value.

Asso treated cells x 100 = Percentage cell viability 

A550 control cells

2.2.1.7 Cell preparation for s.c. injection into mice

Subcutaneous (s.c.) injection of B16F10 cells as cell suspensions was used to establish 

tumours in C57/B mice. Prior to injection cells were prepared by trypsinising and 

counting as described above. The cells were then made up to the appropriate volume 

(1x10^ cells/ml) in sterile saline solution.

2.2.1.8 Red blood cell (RBC) lysis assay

The method for determination of haematotoxicity was adapted from in vitro studies 

using polymer-Triton X-100 conjugates (Duncan et al, 1994). An adult rat (male 

Wistar) was killed and the blood immediately removed by cardiac puncture. Blood was 

placed in a lithium/heparinised tube (10 ml) and placed on ice. PBS (2 ml, pre-chilled) 

was added and the diluted blood centrifuged three times (1500 g, 10 min). Each time 

the supernatant was removed along with the heparin beads and fresh PBS added. A 2 

% w/v solution of RBCs was then prepared in PBS. Stock solutions of the polymers or 

samples to be tested were made in PBS (n = 4). To measure 100 % haemolysis Triton 

X-100 (1 % solution) was used as a reference sample. Dextran and polyethyleneimine 

(PEI) were used as positive and negative reference polymers respectively. All samples 

(100 pi) were placed in 96 well micro-titre plates (n = 6) and 100 pi of RBC’s were
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added. After the incubation period (1,5 or 24 h) the samples were centrifuged (1500 g, 

10 min) and the supernatant (100 |li1) was pipetted into a 96 well micro-titre plate. The 

absorbance at 500 nm was measured using a micro-titre plate reader blanked with PBS. 

The degree of lysis was determined by expression as a percentage of 100 % lysis seen 

using Triton X-100.

2.2.2 Biological evaluation: In vivo methods

All animal experiments were performed according to Home Office Guidelines. All in 

vivo work involving tumours was carried out according to the UKCCCR Guidelines for 

the Welfare of Animals in Experimental Neoplasia (1998). In all of these experiments 

the animals were allowed food and water ad libitum.

2.2.2.1 Radioiodination of polyacetals (APEGs) using the Bolton and Hunter method

To monitor the fate of APEG in vivo it was necessary to introduce a radiolabelled 

moiety. The polymer was radioiodinated using the Bolton and Hunter method (Bolton 

and Hunter, 1973).

APEG (5 mg) was dissolved in 500 pi of 0.1 M borate buffer pH 8.5. In a fume 

cupboard, 500 pCi (18.5 MBq) of ^^^I-labelled (di-iodo) Bolton and Hunter reagent in 

benzene/2 % v/v DMF was carefully dried using a stream of nitrogen gas. The APEG 

solution was added to the reagent and allowed to react for 15 min with periodic mixing. 

A crystal of KI was added to quench the reaction mixture. 10 pi of the crude reaction 

mixture was removed for determination of labelling efficiency. The remaining mixture 

(490 pi) was diluted with PBS pH 7.4 (10 ml) and dialysed at 4 °C in a Spectra Por® 

dialysis membrane (molecular weight cut off 1,000 g/mol) against PBS pH 7.4 (5 L) to 

remove unbound Bolton and Hunter reagent. The dialysate was changed twice a day 

until no radioactivity could be detected.

2.2.2.2 Determination of the purity of radioiodinated polymers by paper electrophoresis

Three 5x30 cm strips of Whatman chromatography paper were cut to size and the 

central portion divided into 5 mm strips by pencil lines (40 strips). The fifth strip was 

marked as the point for sample application. Barbitone buffer (Sigma B6632) was used
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to soak the chromatography paper which was then blotted dry. The same buffer was 

placed in the paper electrophoresis tank (Shandon) and the paper strips put in place 

across the supporting bars. The sample application was placed nearest the anode. As a 

reference control, 4 p,l of free *^^I-labelled Bolton and Hunter reagent was loaded onto 

the first strip using a gilson pipette. The crude and purified polymer preparations (4 p,l) 

were also loaded onto individual strips. The Shandon tank was switched on and the 

samples were run at 400 V for 30 min. The paper strips were removed and the marked 

5 mm strips were cut out and placed into Luckmans tubes containing 1 ml of water and 

assessed for radioactivity using a gamma counter. The results were plotted as counts 

per minute (CPM) against distance migrated.

2.2.2.3 Body distribution of ̂ ^^I-labelled APEGs in Wistar rats

Male Wistar rats weighing between 200-250 g were lightly anaesthetised using 

fluorothane and the polymer (100 pi, 5x10  ̂CPM) was injected intraveneously (i.v.) via 

the tail vein. After injection the rats were killed at the specified time points (each time 

point was repeated in triplicate) and the rat weighed. A blood sample was taken 

immediately by cardiac puncture and placed in a lithium-heparin coated tube to prevent 

clotting. The major organs were removed, washed in PBS, and homogenised to a 

known volume. Samples of homogenate (3x1 ml) were assayed for radioactivity. The 

total amount of radioactivity per organ was expressed as a percentage of the injected 

dose. Total blood volume for the rats was calculated assuming 7.2 ml per 100 g body 

weight (Dreyer and Ray, 1910).

2.2.2.4 Body distribution of APEG-DOX and PKl in C57/B mice bearing s.c, B16F10 

melanoma

The B16F10 cell line grows s.c. following injection of 1x10  ̂cells suspended in saline 

(section 2.2.1.7), into the nape of the neck of male C57/B black mice. After injection 

the tumours were allowed to establish to a palpable size of between 25-50 mm^ as 

determined by the measurement of the two longest diameters. Polymer conjugates 

were injected i.v. via the tail vein. After injection the mice were killed (CO2 

asphyxiation) at the specified time points (n = 3). A blood sample was taken and 

immediately centrifuged (1,000 g at 4 °C) to isolate the plasma, and the mouse
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weighed. The tumour and major organs were removed, washed in PBS and stored at 

-20 °C prior to DOX extraction. Total blood volume of the mouse was calculated 

assuming 5.77 ml per 100 g body weight (Dreyer and Ray, 1910) and the volume of 

blood attributed to plasma as 55 %. The amount of DOX per organ was expressed as a 

percentage of the injected dose per gram of organ. If the animal had lost more than 20 

% of body weight or was obviously sick (lethargic and unresponsive) or the tumour had 

reached 289 mm  ̂the animal was humanely killed by CO2 asphyxiation.

2.2.3 Analytical methods

2.2.3.1 Determination of molecular weight by GPC

The molecular weight and polydispersity of both the polymers and the polymer- 

conjugates were determined using aqueous or organic phase GPC (for definitions see 

Appendix 1). PEG standards were used to generate the standard curve (Figure 2.3). 

Samples were dissolved in the appropriate buffer (~4 mg/ml) and filtered (0.45 pm) 

prior to injection. Approximately 80 pi was injected to flush the 20 pi injection loop 

and samples were run using a flow rate of 0.7 or 1.0 ml/min. For polyacetal-DOX 

conjugates dual channel analysis was also performed using RI and UV-vis detection to 

give an indication of the homogeneity of DOX binding to the polymer.

2.2.3.2 pH-dependent degradation of APEGs

Degradation in acidic conditions'. Solutions of APEGs (4 mg/ml) were stirred for 10 

min in 0.1 M HCl at pH 1 and room temperature. GPC analysis of the samples (PBS,

1.00 ml/min, PEG standards) showed only low molecular weight material similar to 

that of the original starting materials.

Degradation at pH 7.4 (blood) and pH 5.5 (lysosome) at 37 °C\ APEG samples (n = 3) 

were prepared by dissolving the polymer in PBS solution (pH 7.4) at a concentration 

suitable for subsequent GPC analysis (3 mg/ml). The solutions at pH 5.5 and 6.5 (for 

polyacetal 3) were adjusted using dilute 0.1 M HCl. and all samples were filtered (0.45 

pm). The samples were kept in a 37 °C oven and at appropriate time points aliquots 

(100 pi) were taken and the molecular weight of each sample determined by
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Figure 2.3: (A) Superimposed GPC traces of PEG standards (Mw 4,180(1), 7,100(2), 
11,800(3), 22,100(4), 32,500(5), 58,400(6), 74,900(7) and 124,700(8) g/mol) used for 
calibration and (B) high Mw PEG (960 000) and glucose for determination of the 
column void volume (Vo) and bed volume (Vg) respectively (Ultrahydrogel columns).
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GPC. During the experiment the pH was adjusted if necessary with dilute (0.1 M) 

NaOH or HCl to maintain the pH ± 0.05.

2.2.3.3 Determination of DOX loading by UV-vis spectroscopy

APEG-DOX conjugates were analysed for their absorbance at 485 nm (Vigevani and 

Williamson, 1980) to determine total DOX content. All samples were dissolved in 

distilled water and stored in the dark at 4 °C prior to analysis. The standard curve was 

generated using DOX standards in the range of 0.005-0.1 mg/ml (Figure 2.4).

2.3.3.4 HPLC determination of free and total DOX in APEG-DOX conjugates

The method for the determination of free DOX associated with APEG-DOX conjugates 

was developed following unsuccessful attempts to adapt previous HPLC methods based 

on HPMA copolymer-DOX conjugates (Fraier et al, 1995, Configliacchi et al, 1996). 

Whenever possible samples were kept in the dark and stored in polypropylene tubes at 

4 °C to minimise degradation.

Determination o f free doxorubicin content: APEG-DOX (1 mg) was dissolved in 900 

pi of HPLC grade methanol. HCl (100 pi of a 1 M solution) was then added and the 

samples left for 30 min. Aliquots (100 pi) were then transferred to HPLC vials and 20 

pi injected, using an autosampler, onto a C l8 reverse phase pBondapak column. In 

parallel, DOX standards, both with and without the addition of HCl, (500 ng/100 pi) 

were run to ensure no degradation of DOX had taken place. The mobile phase of 

propan-2-ol 29 % in distilled water adjusted to pH 3.2 using o-phosphoric acid was 

delivered at 0.4 ml/min. Detection was by means of a UV-vis detector set to 485 nm 

(as outlined in Section 2,1.1 above). Data were collected and analysed using the 

PowerChrom system. The DOX standard curve (Figure 2.5) was generated without the 

addition of HCl and this will be discussed in detail in Chapter 5.

Determination o f total doxorubicin content: APEG-DOX (1 mg) was dissolved in 1 ml 

of HPLC grade methanol. HCl (1 ml, 2 M solution) was then added and the samples 

heated at 50 °C for 1.5 h to generate the aglycone (Configliacchi et al, 1996). Samples 

were then diluted with HPLC grade methanol so as to fall within the range of the 

aglycone standard curve (Figure 2.5). The standard curve was generated by exposing a
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Figure 2.4: Standard curve for determination of DOX concentration using UV-vis 
spectroscopy. Data represent mean ± SD (n = 3).
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Figure 2.5: Standard curves generated by HPLC and used for the determination of free 
DOX (A) and total DOX, via generation of the aglycone, (o). Data represent mean ± 
SD (n = 3).
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stock solution (1 mg/ml) of DOX, in methanol, to the conditions described above 

followed by serial dilutions to the range of 20-400 ng/100 \i\. Aliquots (100 gl) were 

then transferred to HPLC vials and 20 gl injected, using an autosampler, onto a CIS 

reverse phase gBondapak column under the same conditions as detailed for the 

determination of free DOX.

Determination o f total DOX from biological samples: This method was adopted from 

Wedge (1991) and was used to examine the total DOX content of tumour, plasma and 

major organs following body distribution studies. Samples from these studies were 

stored in polypropylene tubes in the dark at -20 °C before analysis to minimise 

degradation. On the day of extraction they were removed but stored on ice for the 

entire process of extraction to minimise any potential degradation. Using the method 

for determination of total DOX it is aglycone doxorubicin and daunomycin which are 

being detected.

Organs were homogenised in water to a known volume (2-4 ml). For each sample 975 

gl of homogenate (n = 2) was pipetted into a 15 ml polypropylene tube. For plasma, 50 

gl was added and diluted with 925 gl of distilled water. To each tube 25 gl of a 10 

gg/ml solution of daunomycin (10 gg/ml dissolved in distilled water) was added. The 

tubes were then vortexed to mix the contents. To each solution 1 ml of 2 M HCl was 

added. These tubes were then heated to 85 °C for 25 min. The solutions were buffered 

by adding 1.5 ml of a 1 M solution of ammonium formate adjusted to pH 8.5, 

revortexed and 1 ml of 2 M NaOH was then added to each tube to neutralise the acid. 

To each tube 5 ml of a 4:1 solution of chloroform:propan-2-ol was added and the 

solutions revortexed three times. These were then centrifuged at 1,000 g for 30 min at 

4 °C and the organic layer removed and evaporated under nitrogen gas to dryness. The 

residue was redissolved in methanol (100 gl) and 20 gl injected, using an autosampler, 

onto a C18 reverse phase gBondapak column with a mobile phase, delivered at 1 

ml/min, of propan-2-ol 29 % in distilled water adjusted to pH 3.2 using o-phosphoric 

acid. Detection was by means of a fluorescence detector (excitation (Ex.) 480 nm; 

emission (Em.) 560 nm) as outlined in Section 2.1.1 above. Data were collected and 

analysed using the PowerChrom system. Standard curves were generated by HPLC for 

determination of total DOX from rat liver homogenates (for tissue samples) and 

distilled water (for plasma samples) spiked with DOX, APEG-DOX and PKl (50-500 

ng/100 gl) and are shown in Figure 2.6.
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Figure 2.6: Typical standard curves generated by HPLC and used to determine total 
DOX concentration in biological samples. Standard curves represent the extraction of 
DOX (□ ), PKl (O) and APEG-DOX (A ) at the same DOX equivalent concentration, 
against the DNM control from (A) rat liver homogenate and (B) distilled water. Data 
represent mean ± SD (n = 3).
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2.3.3.5 Determination of the intracellular distribution of APEG-DOX and PKl using 

fluorescence microscopy

Fluorescence spectra: Fluoresence spectra for APEG-DOX and PKl samples (0.1 

mg/ml in distilled water) were acquired using a AMINCO.Bowman Series 2 

Luminescence Spectrometer to establish that the conjugates did not significantly alter 

DOX fluorescence wavelengths. Spectra were then obtained at 485 nm (DOX 

excitation wavelength (Ex.), Vigevani and Williamson, 1980) and 545 nm (Leica 

microscope TRITC filter Ex.) to determine whether a sufficient emission signal could 

be detected for the DOX conjugates using the microscope parameters (Figure 2.7A). 

Fluorescence quenching curves for DOX, PKl and APEG-DOX dissolved in distilled 

water (0-1 mg/ml polymer-conjugate concentration) were obtained using a FLUOstar 

OPTIMA detector at 485 nm (Figure 2.7B) to assess the amount of fluorescence 

quenching and determine suitable polymer-DOX concentrations for subsequent 

microscopy.

Fluorescence microscopy: Plastic coverslips (13 mm diameter) were sterilised by 

dipping in 100 % ethanol and left to dry under a Class II cabinet prior to insertion 

within a 12-well sterile plate. Cells were seeded (5x1 O'* cells/well, 0.5 ml) and left to 

adhere at 37 °C, for 24 h. Media was then removed using a gilson pipette and polymer 

samples (0.05 mg/ml and 0.5 mg/ml) in 0.5 ml of media were added and incubated for 

24 h. The media was removed and the cells were washed three times with 

approximately 2 ml of PBS for three minutes each wash. Approximately 1 ml of 3 % 

w/v paraformaldehyde in PBS was added to the cells for 15 min at room temperature in 

the dark, to fix them. The cells were then quickly washed a further three times with 

PBS and rinsed in PBS then DDW prior to mounting them on microscope slides with a 

drop of Vectashield mounting medium with the DAPI stain for nuclear contents. The 

cells were viewed with a Leica DC500 fluorescence microscope using a red TRITC 

(filter; Ex. 545 nm, Em. 570 nm) and a DAPI cube. Control cells with no treatment 

were also viewed to account for cell autofluorescence.

2.3 Statistics

All error bars used in in vivo studies and in vitro studies using cells are expressed as 

standard error of the mean (SEM). All other studies use the standard deviation (SD) of
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Figure 2.7: (A) Fluorescence emission speetra for APEG-DOX and PKl using 
excitation wavelengths of 485 nm and 545 nm and (B) fluorescence standard curves for 
DOX (□ ), PKl (O) and APEG-DOX (A) at 485 nm. Data represent mean ± SD (n = 3).
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the data. Statistical significance was calculated using the students’ t-test (two tailed). 

Statistical significance was defined as p < 0.05. All equations of a straight line were 

determined using Cricket Graph software (version 1.3.2). All calculations were 

performed using Microsoft Excel 98 software.
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Chapter Three

Synthesis and Characterisation o f  First Generation Polyacetals
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3.1 Introduction

Conjugation of a water-soluble polymer to bioactive agents, e.g. drugs or proteins, has 

been successfully used as a strategy to develop novel polymer therapeutics (reviewed 

by Kopecek et al, 2000, Brocchini and Duncan, 1999, Nucci et al, 1991, Greenwald et 

al, 2000). Although many polymers have been examined pre-clinically almost all 

conjugates reaching clinical evaluation have used either PEG (Bailon and Berthold, 

1998, Hao et al, 2000) or copolymers of HPMA (Vasey et al, 1999, Gianasi et al, 1999, 

Meerum Terwogt et al, 2001, Schoemaker et al, 2002). Both polymers are well 

tolerated in man, but they share the disadvantage that the main-chain is not 

biodegradable in vivo and this restricts use to a molecular weight < 40,000 g/mol 

(depending on structure) if renal elimination is to be ensured (Seymour et al, 1987, 

Goddard et al, 1991). Clinical use of higher molecular weight non-biodegradable 

polymers (e.g. polyvinylpyrrolidone) can give rise to lysosomal storage disease 

syndrome (Christensen et al, 1978, Schneider et al, 1997).

There is a pressing need to identify novel, water-soluble polymers that are 

biocompatible, that have sufficient functionality to allow carriage of a drug payload and 

that will degrade following parenteral administration. Availability of such polymers 

would allow the design of polymer therapeutics for repeated chronic administration and 

as treatments for illnesses other than life-threatening infectious diseases and cancer. It 

is also recognised that use of higher molecular weight polymers would potentially 

allow optimisation of the tumour targeting of anti-cancer conjugates (as discussed in 

section 1.3.3).

One option is to use natural polymers. Some polysaccharides and poly(amino acids), 

particularly polyglutamates, have been explored as potentially biodegradable platforms 

for drug conjugation. In vitro studies have demonstrated their degradation by 

mammalian enzymes although subsequent chemical modification often inhibits 

degradation, probably due to the substrate specificity of the enzyme (discussed in 

section 1.5.2). Polysaccharides and poly(amino acids) also share the disadvantage that 

they can be immunogenic (Rihova and Riba, 1984) so repeated administration must be 

treated with care.
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The aim of this research was to design novel polymers that would display main-chain 

hydrolytic degradation and, in particular, that would degrade more rapidly at the acidic 

pH values encountered in endosomes and lysosomes following endocytic 

internalisation by cells (Okamoto, 1998) and possibly in the extracellular, interstitial 

environment of some tumours (Tannock et al, 1989, Crowther et al, 2001). Moreover, 

these synthetic polymers could be modified to elicit changes in the rate of polymer 

degradation and would not be reliant on the presence of specific enzymes to promote 

degradation as is the case with current, natural and semi-synthetic, biodegradable 

polymers.

The acetal moiety was chosen as the degradable element as it is relatively stable at 

neutral pH and undergoes hydrolysis under mildly acidic conditions. The preparation 

of polyacetals can be achieved by a number of synthetic strategies. Historically, 

polyacetals have been prepared by the condensation of a carbonyl compound and a diol 

or by the self condensation of carbonyl compounds (Gaylord, 1969, Bevington and 

May, 1964). These equilibrium methods lead to the generation of low molecular 

weight by-products (eg. water, alcohol). Complete removal of these by-products often 

requires quite vigorous reaction conditions (e.g. prolonged heating at reduced pressure), 

but is necessary for reproducible polymerisation and to ensure the polyacetal does not 

degrade on storage. Other synthetic routes have been reported more recently and their 

suitability for the development of water soluble, biocompatible polyacetals for drug 

delivery is discussed here:-

The acyclic diene metathesis (ADMET) route to unsaturated polyacetals (Wolfe and 

Wagener, 1998): This research presented the ADMET polymerisation of an a,ct>-diene 

containing an acetal moiety yielding linear, unsaturated polyacetal resin with a number 

average molecular weight (Mn) of 23,000 g/mol and polydispersity = 1.5 (Scheme 3.1). 

This method produces well defined polymers and affords the possibility of producing 

hydroxy-terminated telechelics which would have great potential for the development 

of degradable polymer-protein conjugates, however, the synthesis of monomers 

suitable for functionalised, biocompatible and water-soluble polymers may be difficult 

to achieve.

Controlled/’’living” cationic ring-opening polymerisation for bicyclic acetals (Torres 

and Patten, 1999): The living polymerisation of 6,8-dioxabicyclo[3.2.1]octane is
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Benzene 
Reflux, -H2 O

Ci„

Ph

Scheme 3.1: ADMET polymerisation of bis(5-hexenoxy)methylbenzene using a 

ruthenium-based metathesis catalyst (Wolfe and Wagener, 1998).
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Scheme 3.2: (A) 1-chloroethyl isobutyl ether/zinc iodide initiated polymerisation of 

6,8-dioxabicyclo[3.2.1]octane (6,8-DBO). (B) Initiation and working propagation 

mechanism for the polymerisation of 6,8-DBO (Torres and Patten, 1999).
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described here (Scheme 3.2). Living (chain growth) polymerisations allow 

manipulation of polymer molecular weight by adjustment of the initial monomer-to- 

initiator ratio while maintaining a narrow molecular weight distribution. However, the 

bicyclic acetals used for this polymerisation are difficult to prepare with chemical 

functionality useful for conjugation and high molecular weight polyacetals are difficult 

to synthesise using the monomer described in this study.

Polyaddition o f diols to a bifunctional allene (Sato et al, 1999): This research 

describes a new synthetic method for polyacetals that does not involve an equilibrium 

process (Scheme 3.3). By utilising this method there exists the potential to incorporate 

a variety of diols to confer water solubility and functionality to the resulting polymer 

but the degradation products following its hydrolysis (eg. acrolein) are likely to be 

toxic.

Polyaddition o f divinyl ethers and polyols (Heller et al, 1980, Ruckenstein and Zhang, 

2000): The reaction between divinyl ethers and diols in the presence of an acid catalyst 

yields linear polyacetals. The published work of Heller and co-workers first described 

this synthesis in the development of bioerodible implants for contraceptive use 

(Scheme 3.4A) and more recently the same strategy was employed in the synthesis of 

degradable co-polymer networks for biomedical applications (Scheme 3.4B). In both 

cases the resulting polymers were not water-soluble but did display pH-dependent 

degradation. The polymerisation occurs under mild conditions without the need for 

removal of a small molecule making it suitable for preparation on an industrial scale 

and careful selection of appropriate monomers would yield water-soluble polyacetals.

In this chapter the synthesis and characterisation of polyacetals via the polyaddition of 

divinyl ethers and diols is described. The aim of this work was to prepare water- 

soluble, degradable polymers suitable for use as the macromolecular component of 

polymer-drug conjugates.
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pTSA (cat) 
C H 2 CI2

Scheme 3.3: Polyaddition of xylylene glycol to 1,4-bis(allenyloxy)xylene (Sato et al, 

1999).
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Copolymer networks

Scheme 3.4: (A) Preparation of polyacetals from 1,4-divinyloxybutane with trans-1,4- 

cyclohexanedimethanol (Heller et al, 1980) and, (B) Synthesis of copolymer networks 

using polyacetal crosslinking (Ruckenstein and Zhang, 2000).
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3.2 Methods

3.2.1 Synthesis of pendent chain functionalised divinyl ether monomers

3.2.1 .1  Synthesis using iminodiacetic acid 10

Step 1: Synthesis o f dimethyl iminodiacetate 11: Thionyl chloride (5.3 ml, 64 mmol) 

was added dropwise, with caution, to iminodiacetic acid (5.023 g, 38 mmol) in 

methanol (30 ml) with stirring at room temperature. The resulting mixture was boiled 

under reflux, using a silica drying tube, for 3 h. The cooled reaction mixture was 

diluted with water (20 ml), basified with 10 % NaOH (aq) and extracted with ethyl 

acetate (2x30 ml). The extracts were combined, dried (MgSO#) and filtered and the 

solvent removed to afford a colourless oil. Yield 78 %. NMR (^H, 500 MHz, CDCI3): 

6  = 3.5 (4H, s, -CH2-), 3.7 (6 H, s, -O-CH3). FTIR (neat): 1736 cm'  ̂ (ester).

Step 2: Protection o f dimethyl iminodiacetate: Triethylamine (0.8325 g, 8.2 mmol) 

was added to dimethyl iminodiacetate HCl (0.8175 g, 4.1 mmol) in freshly distilled 

DCM (5 ml). Following dissolution of the ester Cbz-gly-NHS (1.266 g, 4.1 mmol) was 

added with stirring at room temperature and allowed to react under Argon for 80 h. 

The reaction mixture was diluted with dichloromethane (100 ml) and extracted from 

0.1 N HCl (aq), water (70 ml), conc. NaCl (aq) (70 ml) and dried (MgS0 4 ). Filtration 

and solvent removal in vacuo yielded product of high purity 12. Yield 81 %. NMR 

(‘H, 500 MHz, CDCI3): Ô = 3.72-3.76 (6 H, d, -0 -CHj), 4.05 (2H, d, NH-CHrCO), 

4.10-4.21 (4H, d,N-CH2-), 5.11 (2H, s, O-CH2-), 7.29-7.34 (5H, m, Ar).

Step 3: Synthesis o f the divinyl ether 13: 3 -amino-1 -propanol vinyl ether (0.490 ml, 4.3 

mmol) was added to 12 (0.3572 g, 1 mmol) in freshly distilled THF (5 ml), with 

stirring, at room temperature under Argon. This was allowed to react for 72 h. The 

solvent was removed and the reaction mixture dissolved in DCM (50 ml) and extracted 

fi-om water (2x40 ml), conc. NaCl (aq) (40 ml) and dried (MgS0 4 ). The mixture was 

filtered and the solvent removed in vacuo to yield a crude pale yellow solid (yield 83 

%) which was recrystallised in ethyl acetate-hexane to give a white crystalline solid. 

Yield 72 %. NMR (‘H, 500 MHz, CDCI3): 8  = 1.85-1.92 (4H, d,t, -CH2-). 3.36-3.40 

(4H, m, NH-CH2-), 3.73-3.75 (4H, t, -CH2-O), 3.91-4.02 (4H, N-CH2-CO, 2H,
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C=C(H)H), 4.15-4.20 (2H, d,d, C=C(H)H), 5.10 (2H, s, O-CHz-Ar), 6.42-6.46 (2H, 

d,d, -CH=CH2), 7.30-7.34 (5H, m, Ar).

3.2.1.2 Synthesis using dimethyl aminomalonate 14

Step 1: Protection o f dimethyl aminomalonate: Cbz-Cl (1.682 ml, 11.1 mmol) was 

carefully added to dimethyl aminomalonate HCl (2.0339 g, 11.1 mmol) in 8  % 

NaHCOs (aq) (29 ml) with vigorous stirring at room temperature and allowed to react 

for 2 h. A white precipitate was isolated by filtration, dissolved in DCM (50 ml), 

washed with conc. NaCl (aq) (40 ml) and dried (MgS0 4 ). The mixture was filtered and 

the solvent removed to yield a white solid which was recrystallised from ethyl acetate- 

hexane to give a white crystalline solid 15. Yield 70 %. NMR (^H, 500 MHz, CDCI3): 

6  = 3.82 (6 H, s, -O-CH3), 5.05-5.07 (IH, d, -CH-), 5.13 (2H, s, O-CHz-Ar), 7.32-7.37 

(5H, m, Ar).

Step 2: Synthesis o f the divinyl ether 16: 3-amino-1-propanol vinyl ether (2.543 ml, 22 

mmol) was added to 15 (1.5049 g, 5.4 mmol) in freshly distilled THF (10 ml) with 

stirring at room temperature under Argon. This was allowed to react for 24 h. The 

solvent was removed in vacuo and the resultant yellow oil was dissolved in DCM (70 

ml) and extracted from water (60 ml), conc. NaCl (aq) (60 ml) and dried (MgS0 4 ). The 

mixture was filtered and the solvent removed to yield the crude product. Trituration of 

the crude product in hexane gave a white solid which was isolated by filtration. Yield

9 4 . 6  %. NMR (‘H, 500 MHz, CDCU): 5 = 1.84-1.88 (4H, d,t, -CHi-), 3.37-3.41 (4H, 

m, NH-CH2-), 3.70-3.72 (4H, t, -CH2-O), 3.99-4.00 (2H, d,d, C=C(H)H), 4.15-4.18 

(2H, d,d, CH=C(H)H), 4.67-4.68 (IH, d, -CH-), 5.14 (2H, s, O-CHz-Ar), 6.25-6.44 

(2H, d,d, -CH=CH2), 7.32-7.37 (5H, m, Ar).

3.2.2 Synthesis of pendent chain functionalised diol monomer

Synthesis o f Fmoc-protected serinol 19: Serinol 1^ (1.0015 g, 11 mmol) was dissolved 

in a 10 % solution of NazCOg in water (26.5 ml, 25 mmol). Dioxane (15 ml) was then 

added and the mixture was stirred in an ice water bath. Fmoc-Cl (2.851 g, 11 mmol) 

was carefully added and allowed to react at ice bath temperature for 4 h and room 

temperature for 8  h. The mixture was diluted with water (100 ml) and the product 

extracted from ethyl acetate (2x100 ml). The organic phase was dried (MgS0 4 ) and the
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solvent removed in vacuo. The crude product was recrystallised from ethyl acetate- 

hexane or chloroform to yield a white crystalline solid. Yield 90 %. NMR (*H, 500 

MHz, CDCI3): Ô = 3.5 (4H, d, -CH2-OH), 3.8 (IH, d,d, -CHN-), 4.3 (IH, m, Ar-CH- 

Ar), 4.7 (2H, d, O-CH2-), 7.3-7.S (8 H, m, Fmoc Ar). ("C, CDCI3): 5 = 156.2, 144.1, 

141.0, 128.0-125.6, 65.7, 60.8, 55.3, 38.0. CHN: (C18H19NO4) (313.4), Calc. C, 68.99; 

H, 6.11; N, 4.47. Found C, 68.97; H, 6.06; N, 4.50.

3.2.3 Synthesis of polyacetals

Synthesis o f polyacetal 3: Representative polymerisation in toluene. PEG 1 (Mw = 

3,400 g/mol; 17.0 g; 5.0 mmol, 1.0 eq), p-TSA (0.03 g, 0.15 mmol, 0.03 eq) and 

toluene (60 ml) were added to a 1 0 0  ml round bottom flask equipped with a stirrer and 

fitted with a thermometer, a Dean Stark trap and condenser. An azeotropic distillation 

of the stirred toluene solution (oil bath, T = 150 °C) under nitrogen was conducted for 2 

h. The solution was then allowed to cool to -50 °C and tri(ethylene glycol) divinyl 

ether 2 (1.073 g, 1.083 ml, 5.2 mmol, 1.04 eq) was added by syringe. Within 1 min the 

reaction mixture became visibly more viscous and after 15 min the viscosity appeared 

to be very high. Toluene (30 ml) was added to decrease the viscosity and the clear 

colourless reaction mixture was stirred a further 2 h at ambient temperature. Aqueous 

NaHCO] (8.0 % w/v, 2.0 ml) was added to the reaction mixture. It was then rapidly 

stirred for 15 min. The aqueous phase was allowed to settle and the toluene phase was 

carefully decanted into stirred hexane (200 ml) to precipitate the polyacetal. After 

stirring in hexane for an additional 1 0  min the polyacetal was collected and placed into 

a fresh solution of hexane and stirred for a further 10 min. The polyacetal was again 

collected and then dried in vacuum at 50 °C for 4 h to give a white fluffy solid. The 

molecular weight was: Mw = 43,000 g/mol, M„ = 27,000 g/mol; Mw/Mn = 1 . 6  as 

determined by aqueous GPC calibrated with PEG standards. NMR (^H, 500 MHz, 

CDCI3): 8  = 1.25-1.30 (3H, d, acetal CH3), 4.75-4.78 (IH, q, acetal -CH-).

Synthesis o f polyacetal 9: Copolymerisation in toluene/THF. PEG 1 (Mw = 3,400 

g/mol, 1.4009 g, 0.4 mmol), p-TSA (ca. 14 mg) and toluene (35 ml) were added to a 50 

ml round bottomed flask equipped with a stirrer and fitted with a dean stark trap, a 

condenser and an argon balloon. The mixture was refluxed, with stirring, using an oil 

bath (-200 °C). After 3 h, toluene was gradually removed via the trap until very little
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Table 3.1: Functionalised monomer synthesis
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remained. The oil bath was removed and the mixture allowed to cool before the 

addition of THF (5 ml). Divinyl ether 8 (0.2032 g, 0.4 mmol) dissolved in freshly 

distilled THF (4 ml) was added to the reaction mixture and allowed to react, under 

argon, for 6 h. Triethylamine (0.3 ml) was added, with stirring, to stop the reaction by 

consuming the p-TSA catalyst. The mixture was poured into stirred hexane (100 ml) to 

precipitate a white solid. After 10 min the precipitate was filtered and again stirred in 

hexane and isolated. Residual solvent was removed under vacuum in a dessicator. 

NMR ('H, 500 MHz, CDClj): 5 = 1.26-1.27 (3H, d, acetal CH3), 4.63-4.72 (IH, q, 

acetal CH ) GPC (PBS, l.Oml/min, PEO standards) Mw = 35,000 g/mol, Mw/Mn = 

1.9.

Synthesis o f polyacetal 17: Copolymerisation in THF. PEG3 4 0 01 (3.0263 g, 0.9 mmol) 

and p-TSA (10 mg, 0.05 mmol) were accurately weighed into a 50 ml double necked 

round bottomed flask equipped with a stirrer. The compounds were dried at 80 °C 

under high vacuum for 3 h to remove water and allowed to cool. Divinyl ether 16 

(0.3748 g, 0.9 mmol) dissolved in freshly distilled THF (10 ml) was then added using a 

syringe. The mixture was allowed to react with vigorous stirring for 3 h in a nitrogen 

atmosphere. Additional THF was added if the reaction mixture became too viscous. 

Isolation of the product was achieved as detailed above to give a white solid. NMR 

(’H, 500 MHz, CDCI3): 8 = 1.26-1.27 (3H, d, acetal CH3), 4.63-4.72 (IH, q, acetal - 

CH-), 7.32-7.33 (5H, m, Ar). GPC (DMF, 0.1 % LiCl, 0.7 ml/min, PEO standards): 

Mw = 23,000 g/mol, Mw/Mn = 1.7.

Synthesis o f amino-polyacetal 20: Terpolymerisation in THF. PEG3400 i  (5.0052 g,

1.5 mmol) and p-TSA (12 mg, 0.05 mmol) were accurately weighed into a 100 ml 

double necked round bottomed flask equipped with a stirrer. The compounds were 

dried at 80 °C under high vacuum for 3 h to remove water and allowed to cool. The 

reaction vessel was purged with nitrogen and a solution of the Fmoc diol 19 (0.4616 g,

1.5 mmol) in freshly distilled THF (10 ml) was added. A solution of tri(ethylene 

glycol) divinyl ether (0.601 ml, 3 mmol) in freshly distilled THF (10 ml) was then 

added by syringe to the reaction mixture and the solution stirred for 3 h. Additional 

THF was added if the reaction mixture became too viscous. Triethylamine (0.3 ml) 

was added to consume the acid catalyst and the mixture poured into a stirred solution of 

hexane (100 ml) to precipitate a white solid. After 10 min the precipitate was filtered, 

stirred again in hexane and isolated. Residual solvent was removed in vacuum.
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Polyacetal 20 had a molecular weight of 25,000 g/mol, Mw/M„ = 2.0 as determined by 

aqueous GPC calibrated with PEO standards. NMR (^H, 500 MHz, CDCI3): 5 = 1.23- 

1.30 (3H, m, acetal CH3), 4.75-4.78 (IH, m, acetal -CH-), 7.27-7.73 (8 H, m, Ar).

3.2.4 Deprotection of Polyacetals

Hydrogenation o f polyacetal 17: Palladium 10 % on activated charcoal (-0.1 eq) was 

added to a solution of polyacetal 17, THF (10 ml), ethanol (0.2 ml) and trace Na2C0 3 . 

This was allowed to react under hydrogen for 24 h. The mixture was filtered and 

washed with THF (10 ml), centrifuged 2x3 min (1500 rpm) and filtered again. Most of 

the solvent was removed in vacuo and the resulting liquid poured into stirred hexane to 

precipitate a grey-white solid. NMR (*H, 500 MHz, CDCI3) indicated the presence of 

the Cbz protecting group in the final product.

Fmoc-deprotection o f polyacetal 20: The Fmoc group was removed by adding 

polyacetal 20 (2.0509 g) to a stirred solution of 20 % piperidine in acetonitrile 

(CH3CN) (30 ml) at ambient temperature. TLC (ethyl acetate, UV) was used to 

monitor the reaction, which was complete after 0.5 h. The mixture was washed with 

hexane (2x50 ml) and the CH3CN removed in vacuo. The resulting oil was poured into 

stirred hexane to yield the desired polyacetal as a white solid 2 1  in quantitative yield. 

NMR (^H, 500 MHz, CDCI3) indicated complete removal of the Fmoc-protection by 

the absence of characteristic peaks at 7.3-7.8 , 4.6 and 4.3 ppm. The molecular weight 

(Mw) of polyacetal (APEG) 21 by GPC using PEO standards was 25,000 g/mol (Mw/Mn 

= 2.0), and this was the same as seen for the Fmoc-protected polyacetal 20.

3.2.5 Controlled degradation study of polyacetals.

The method used to determine the degradation profile of polyacetals is described in 

section 2.2.1.9. Briefly, polyacetals were exposed to conditions reflecting the 

temperature (37 °C) and pH environment of the bloodstream (pH 7.4) and the 

intracellular compartments (pH 6.5-5.5) and the extent of degradation monitored over 

time by GPC analysis.
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3.3 Results and Discussion

Most of the biodegradable, water soluble, synthetic polymers thus far proposed for drug 

conjugation have been prepared from amino acids or other metabolites (for example 

DeMarre et al, 1992, Abdellaoui et al, 1998, Ouchi et al, 1990, Nathan et al, 1993, Li et 

al, 1999). However such polymers and also the PEG-peptide block co-polymers 

prepared for intracellular enzymatic hydrolysis (Pechar et al, 2000) do not show pH- 

dependent degradation. One exception is a water-soluble polymer synthesised using a 

degradable element derived from cw-aconitic acid (Clochard et al, 2000). While this 

polymer undergoes faster degradation at acidic pH values, there still remain significant 

synthetic challenges for preparing well defined structures using this approach. 

Polyacetals seem to offer an ideal opportunity to reproducibly prepare a novel family of 

biodegradable polymers with broad application.

3.3.1 Synthesis o f water-soluble polyacetals

Polyacetals 3 were prepared by the reaction between a diol (e.g. PEG 1) and a divinyl 

ether (e.g. tri(ethylene glycol) divinyl ether 2) using an acid catalyst (Scheme 3.5). 

PEG was selected as the diol because it is generally recognised as safe (GRAS) by 

Drug Regulatory Authorities, is widely used in pharmaceutical and consumer products 

(Zalipsky and Harris, 1997) and would ensure that the resultant polyacetals were water- 

soluble. PEG related toxicity in respect to its application as a component of polymer 

therapeutics is discussed further in Chapter 4. No small molecule by-product is 

generated during this polymerisation reaction unlike the historical synthetic methods 

described earlier. Other synthetic routes towards polyacetals, which do not generate 

these by-products, were not considered suitable for the synthesis of water-soluble, 

biocompatible polymers as discussed in section 3.1.

Initial studies focused on the preparation and preliminary evaluation of polyacetal 3. 

An azeotropic distillation of a toluene solution of PEG and p-TSA was cooled to 30-50 

°C, depending on the molecular weight of PEG, and the divinyl ether 2 added. Upon 

addition of 2, an exothermic reaction typically followed with a rapid increase in 

viscosity over 15-45 min. After 2-12 h a small volume of concentrated aqueous 

Na2C0 3  was added to the stirred reaction mixture to extract the p-TSA. Removal of all 

p-TSA was required to prevent degradation of the polymer during isolation and storage.
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pTSA (cat)

Toluene, RT-50 "C, 
2-10 hours

Scheme 3.5: Synthesis of polyacetals
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The polymer was isolated by precipitation into hexane. Molecular weight 

characteristics depended on the molecular weight of the PEG used. The weight average 

molecular weight (Mw) of the polyacetals 3 prepared using PEG400 were typically in the 

range of 7,000-9,000 g/mol (Mw/Mn = 2.0-2.9) and with PEG3400 they were36,000-

43,000 g/mol (Mw/Mn = 1.6-1.8). ^H-NMR spectra clearly showed the acetal quartet at 

4.8 ppm and the acetal methyl doublet at 1.2 ppm with the correct relative integral (1:3 

protons) (Figure 3.1). Polyacetals 3 derived from PEG400 were colourless oils and 

those derived from PEG3400 were white solids. All polymers prepared under these 

conditions were water-soluble and there was no evidence of degradation (by GPC) 

when the polymer was stored in glass bottles at ambient conditions on a laboratory 

bench over a 6-month period.

One concern was the potential for competing reactions due to adventitious water that 

would consume vinyl ether functionality resulting in disruption of the hydroxyivinyl 

ether stoichiometry or of the strictly alternating structure of the polymer main-chain 

and loss of control of molecular weight. For example, competing water may in 

principle form hemi-acetal intermediates (e.g. 4) after reaction with a vinyl ether 

moiety (Scheme 3.6). This hydroxy intermediate can undergo further reaction with 

another vinyl ether group to give intermediates like 5 where the strictly alternating 

structure is broken up leading to contiguous acetal linkages in the main-chain. 

Presumably such linkages are more hydrolytically labile than the desired acetal 

moieties. When the polymerisation was conducted in toluene (using an equivalent each 

of the divinyl ether 2 and water) the solution rapidly became viscous but polymer could 

not be isolated. In addition, the viscosity would usually decrease with time. Optimally 

all water should be removed to ensure only PEG-derived hydroxy groups can 

participate in the polymerisation. An azeotropic distillation ensured that the amount of 

remaining water (measured in a Dean Stark trap) in the PEG toluene solution was very 

low but it was knovm (-0.05 %) (Weast, 1974). Conducting the polymerisation > 5g 

scale of PEG ensured that the reaction was reproducible and it was possible to 

compensate for the known amount of trace water remaining by adding a corresponding 

amount of the divinyl ether 2. Although PEG could have been dried prior to use (and 

trace water determined by Karl Fisher) the isolated PEG would still have contained 

trace water in addition to unknown amounts of water absorbed during handling. An 

azeotropic distillation prior to the polymerisation precluded the need to store, measure 

and transfer anhydrous PEG to pre-dried glassware.
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Figure 3.1: NMR spectra of polyacetal 3
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Scheme 3.6: Potential competition reactions from trace water during polymerisation
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Another important factor in this reaction was the polydispersity of PEG; typically in the 

range of 1.04 to 1.10 when PEG is obtained from commercial sources. Addition of a 

1:1 stoichiometric ratio of PEG 1 and divinyl ether 2 was not possible without 

knowledge of the exact PEG hydroxyl equivalence. Although titration of the PEG 

hydroxyl content is possible (Loccufier et al, 1991), it was found in subsequent 

polymerisations performed in THE that additions of single (p.1) aliquots of divinyl ether 

during the polymerisation reaction resulted in increased molecular weight (discussed in 

Chapter 5 section 5.3.1).

3.3.2. Incorporation o f pendent-chain functionality

To incorporate a functional pendent chain subsequently suitable for drug conjugation it 

was first decided to prepare functionalised divinyl ethers. Derivatisation of PEG was 

not attempted due to (1) the small but inherent polydispersity of PEG and (2) the 

difficulty to functionalise and purify completely PEG macro-monomers needed for 

polymerisation. Also, it was intended to have PEG diols as a "safe" degradation 

product and this potentially may not have been possible with derivatised PEG macro

monomers. To examine the polymerisation of different divinyl ether monomers, 

reactions were conducted with the model divinyl ether 8 (Scheme 3.7). The use of 

commercially available 3-aminopropyl vinyl ether 6 precluded the need to prepare 

directly the labile vinyl ether moiety, which often includes the use of heavy metals (e.g. 

mercury) and is a concern for developing any biomedical polymer. Coupling of amine 

6 with succinyl chloride 7 was achieved in 65 % isolated yield. The solid crude 

product was crystallised to give monomer 8 which appeared pure as determined by *H- 

NMR. Although polymerisation in toluene (after removal of water associated with 

PEG and p-TSA) yielded polyacetal 9 of Mw = 15,000 g/mol, the divinyl ether 8 was 

poorly soluble. Polymerisation was conducted in DCM or THE to give polyacetal 9 

(Mw = 35,000 g/mol; Mw/M„ = 1.9) after first removing the water via the toluene 

azeotrope and then distilling off the toluene.

The synthesis of functionalised divinyl ethers that would allow conjugation of a 

therapeutic agent following polymerisation was then attempted. Iminodiacetic acid 10, 

dimethyl aminomalonate_14 (Table 3.1) and glutamic acid were selected as precursors 

for the synthesis of divinyl ether monomers although glutamic acid derived compounds
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Scheme 3.7: Synthesis of model divinyl ether 8 using the commercially available 

amino vinyl ether 6 and its subsequent polymerisation with PEG3400 to yield polyacetal 

9

78



Synihcsis arii/ CharLictcrisation o f  First Generation Polyacetals

were not taken forward due to their non-symmetrical nature and difficulties in 

obtaining pure material. To prevent competition during polymerisation it was 

necessary to protect the amino group (e.g. R = Fmoc or Cbz) of these compounds. 

Acid-labile protecting groups were not considered because deprotection conditions 

would cause degradation in the polymer main-chain.

Preparation of Fmoc-protected divinyl ether monomers that were pure enough for 

polymerisation proved troublesome. Typically these compounds were difficult to 

crystallise and some hydrolysis of the vinyl ether groups occurred during purification. 

The Cbz-protected monomers 13 and 16 were more easily purified by recrystallisation 

sufficient for successful polymerisation (Section 3.2.1 and Table 3.1). Since these 

monomers were also poorly soluble in toluene other solvents were examined for the 

polymerisation. PEG and p-TSA catalyst were dried in the reaction vessel at 80 °C 

under high vacuum for 3 h, cooled to ambient temperature and the divinyl ether 

monomer added as a solution in either freshly distilled THF or DCM. In the case of the 

model polyacetalisation using PEG3 4 0 0 1 and tri(ethylene glycol) divinyl ether 2 

(Scheme 3.5) this procedure gave polyacetal 3 of Mw = 48,000 g/mol (Mw/Mn = 1.9). 

Use of dehydrating agents (e.g. MgS0 4 ) and molecular sieves during polymerization 

failed to increase polymer molecular weight. The reaction of divinyl ether 16 with 

PEG3 4 0 0 1 yielded the Cbz-protected amino-polyacetal 17 (Scheme 3.8). However, 

Cbz-deprotection by hydrogenation was incomplete and residual palladium-activated 

charcoal could not completely be separated from the final product.

It was concluded that modification of either the divinyl ether or PEG to introduce 

pendent chain conjugating functionality was not the best strategy and a 

terpolymerisation process was then explored (Scheme 3.9). The monomer 19 provided 

amine functionality in a hydrolytically stable diol that was easily prepared from serinol 

18 (section 3.2.2 and Table 3.1). One crystallisation from chloroform provided 19 of 

high purity for polymerisation. Divinyl ether 2 could be distilled prior to use to ensure 

its purity. A 1:1 ratio of PEG 1 (3,400 g/mol) to Fmoc-serinol 19 gave a polyacetal 20 

with 5-6 pendent groups with a near equal incorporation of PEG and Fmoc-serinol (as 

determined by the relative integrals of the Fmoc and acetal signals using ^H NMR) 

(Appendix 2.1). The Fmoc group could be completely removed to give the amine 

pendent functionalised APEG 21, The deprotection reaction was carried out in 20 % 

piperidine in acetonitrile and the polymer was isolated by precipitation as a white solid.
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Scheme 3.9: Terpolymerisation to give polyacetal 21 (APEG) with amine

functionalised pendent chain for drug conjugation
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GPC analysis (using either DMF or PBS (pH 7.4) as the eluent) indictated there was no 

change in the molecular weight characteristics (Mw = 25,000 g/mol; Mw/Mn = 2.0) 

caused by removal of the Fmoc group.

3.3.3 Degradation o f polyacetals

Following synthesis it was important to determine the rate of degradation of the 

polyacetals at pH conditions that might be encountered in a biological environment. 

Polyacetals 3 derived from either PEG400 or PEG3400 completely degraded within 10-15 

min to the monomeric PEG when stirred at ambient temperature in aqueous 0.1 M HCl 

(pH 1) (results not shown). A more controlled degradation study was required to 

provide an indication of the degradation profile that might be encountered after i.v. 

administration and following cellular uptake. For example, a PBS solution of pH 7.4 

was chosen to mimic the bloodstream and pH 6.5 and 5.5 to mimic the intracellular 

compartments, endosomes and lysosomes respectively. Using polyacetal 3 derived 

from PEG3400 (Mw = 42,000 g/mol; Mw/Mn = 1.6) it was clearly shown that the rate of 

degradation seen over 3 weeks was faster at pH 5.5 > pH 6.5 > pH 7.4 (Figure 3.2A). 

Considering the molecular weight of the PEG unit (3,400 g/mol) data shovm in Figure 

3.2A suggest that all the acetal moieties have been hydrolysised at pH 5.5 after 10-12 

days. The observed rise in Mw after 100 h at pH 7.4 is not expected to be a function of 

an altered molecular size of the polymer in solution and more likely to be attributed to 

experimental variation, possibly as a result of fluctuations in the column temperatures.

Generally degradation profiles for biomedical polymers are obtained under constant 

sink conditions and the results correlated with mass loss of the polymer. Since the 

polyacetals are water-soluble, the relative peak areas used in the GPC derived 

molecular weight calculations provided a suitable alternative to indicate the relative 

amount of the polyacetal that remained at each timepoint. As the polymer degraded 

there was a notable loss of polyacetal molecular weight with an increase in the presence 

of PEG3400. As more PEG3400 was generated, there was a decrease in the peak area for 

the part of the GPC trace used to calculate the polymer molecular weight at each 

timepoint and this can also be used to plot the degradation of the polymer (Figure 

3.2B). The degradation profile of polyacetal _3 showed great promise for 

lysosomotropic drug delivery and prompted the development of the functionalised 

polyacetals.

8 2



SvinheMM u nJ  ( 'h u idc len sa lion  o l /■ iiM  (jerierciiion l'oivciceials

100

? 80 -

'ê

I  6 0 -

î
U 40 -

I
=  10-

pH 7.4

pH 6.5

U  pH 5.5

0 100 200 300 400 500
Time (h)

100

i
^  8 0 -  

I  . 

ki
0  6 0 -X
1

pH 7.4

.2f= 4 0 -
%

I  '
I  2 0 -
o
S

pH 6.5

pH 5.5

400 5000 100 200 300
Tim e (h)

Figure 3.2: (A) pH-dependent degradation profile of polyacetal 3 obtained at the 
physiologically relevant pH values of 7.4 (blood), 6.5 (endosome) and 5.5 
(lysosome). (B) Degradation profile of polyacetal 3 showing the relative amount of 
the polyacetal remaining at each time point. Mean values ± SD (n = 3) are shown. 
(Data presented taken from studies performed by Klee, 1999)
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Following the synthesis of amino-polyacetals (APEG) _21 similar studies were 

performed to ensure that the incorporation of functionality had not significantly 

affected the degradation profile. Complete degradation was again seen within 15 min 

following dissolution in aqueous 0.1 M HCl (pH 1) (Figure 3.3) and in the controlled 

study APEG 21 (Mw = 25,000 g/mol; Mw/Mn = 2.0) also displayed an enhanced rate of 

degradation at pH 5.5 (Figure 3.4) compared with pH 7.4. The time to cause a 50 % 

reduction in Mw (ti/2) for polyacetal 3 and APEG 21 were approximately 40 and 50 h 

respectively although nearly all the acetal groups in APEG 21 appeared to have 

undergone hydrolysis within 5-6 days which appeared to be slightly faster than the non- 

functionalised polyacetals 3. It is not yet clear if protonated amino groups catalyse the 

main-chain acetal hydrolysis, whether the introduction of the low molecular weight diol 

had any effect in altering the spatial arrangement of the acetal moieties or if polyacetal 

degradation is affected by the initial polymer Mw (42,000 versus 25,000 g/mol). It is 

also conceivable that the introduction of carboxylate functionality or the use of lower 

molecular weight PEGs might further influence polymer degradation. As yet, these 

studies have not been performed but remain important if the potential to tailor 

polyacetal degradation is to be fully understood.

Two observations from these degradation studies are important for the design of 

polymer therapeutics. As there was a significant amount of degradation at pH 5.5 

during the first 2 days (-50 %) this confirms that polyacetal degradation would be fast 

intra-lysosomally following pinocytic internalisation into the cell. Although polyacetal 

degradation proceeded more slowly at pH 7.4, the polymer displayed notable 

degradation over a 3-week period (>25 %). This indicates that these polyacetals may 

potentially be suitable for parenteral administration at molecular weights greater than 

the renal threshold. This is an important feature for the design of long-circulating 

polymer-drug conjugates (advantageous for various applications including improved 

tumour targeting) without concern that a storage disease syndrome might emerge on 

repeated administration.
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3.4 Conclusion

Polyacetals were successfully prepared by the reaction of diols with divinyl ethers as 

previously described (Heller et al, 1980). By using PEG as the diol the resultant 

polyacetals were water-soluble and of high molecular weight. However, the first 

polymers possessed no functionality along the backbone preventing the conjugation of 

a therapeutic agent. Functionality was incorporated into the polymer backbone, 

initially, by the development of amine protected divinyl ethers and their polyaddition 

with PEG although problems with the deprotection of the amine restricted their 

development further. Amino-polyacetal (APEG) 21 was synthesised by 

terpolymerisation using the diol and divinyl ether monomers from the original 

synthesis and a functionalised, Fmoc-protected diol which was easily deprotected 

following polymerisation to yield free amine pendent groups available for conjugation.

One draw back of using a terpolymerisation is that the resultant polyacetals do not 

possess the strictly alternating and well characterised structure of a copolymer. Diols 

may be incorporated randomly or preferentially depending on the relative reactivity of 

the hydroxyl groups which make it difficult to predict the spatial arrangement of the 

pendent groups along the polymer mainchain and may affect subsequent conjugation 

reactions. Further elucidation of the polymer structure could be derived through 2D 

NMR spectroscopy but to date these studies have not been performed. During APEG 

synthesis the diol monomers were incorporated equally as confirmed by ^H NMR.

Conversely, the terpolymerisation allows the development of families of related 

polyacetals, with variations in molecular weight and amine functionality possible by 

simply altering the ratio of the diol monomers or using PEG of different molecular 

weight. The flexibility of this polymerisation is an important factor in developing 

polymers that can be tailored for specific applications and is a further advantage of 

polyacetals over the natural and semi-synthetic degradable polymers.

All the polyacetals synthesised were polydisperse (Mw/Mn = 1.6-2.6) which is typical 

for a polyaddition reaction and may complicate physicochemical and biological 

characterisation. Further development of these polymers may require fractionation 

techniques similar to those used to isolate narrow molecular weight HPMA copolymers 

(Kopecek and Rejmanova, 1979). However, polyacetals clearly display pH-dependent
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degradation at physiological values of pH (with faster rates of hydrolysis at acidic pH) 

which has great potential for the lysosomotropic delivery of drugs, not only in life 

threatening disease such as cancer but also in inflammatory conditions where repeated 

administration of a therapeutic agent is required.
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Chapter Four

Water-Soluble Polyacetals: In vitro Biocompatibility and in vivo
Biodistribution
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4.1 Introduction

The development of polymer conjugates which utilise a novel polymeric component 

has many more challenges than those which use well established polymers such as 

HPMA copolymers and PEG. This is one of the reasons behind the general reluctance 

to develop new, improved polymers in this field of drug delivery. Following the 

synthesis of the degradable polyacetals described in Chapter 3 it was necessary to 

investigate the ‘biocompatibility’ of these polymers to determine their suitability for 

use as polymer therapeutics. For biomaterials, biocompatibility has been defined as the 

ability of a material to perform with an appropriate host response in a specific 

application (Williams, 1987).

Both HPMA copolymers and PEG have been shown to be biocompatible in terms of 

their toxicity, immunogenicity and their ability to avoid specific organ accumulation 

both alone and when conjugated to a variety of therapeutic agents (Greenwald, 2000, 

Nucci et al, 1991, Kopecek et al, 2000). They can be confidently used in the 

knowledge that any toxicity of subsequent drug conjugates is not attributable to the 

polymer alone. This point is key in defining polymer ‘biocompatibility’ as applied to 

polymer therapeutics. Whilst the polymer itself must be biologically inert it is 

important that when conjugated to a biologically active compound the conjugate should 

display reduced toxicity and immunogenicity compared to the compound alone in 

achieving an equivalent therapeutic effect. Moreover, biocompatibility can only 

conclusively be determined following clinical trials in humans, a point highlighted by 

the dextran-DOX conjugate, AD-70. Following preclinical testing in mice, rats, rabbits 

and dogs a phase I clinical trial was performed. At doses as low as 20 mg/m^ DOX 

equivalence (compared to the MTD for DOX = 60 mg/m^) significant dose limiting 

toxicities (thrombocytopenia and hepatotoxicity) were observed (Danhauser-Riedl et al, 

1993). The recommended dose for clinical phase II studies was set at 12.5 mg/m^ but 

further trials were never performed.

For HPMA polymers, early studies during its development as a plasma expander 

indicated that both itself and dextran were non-immunogenic in CBA inbred mice 

(Korcakova et al, 1976) and this was later supported by Rihova and co-workers 

following repeated i.p. administration of HPMA copolymers in A/J mice (Rihova et al, 

1983). Richter and Akerblom found that PEG alone showed no or very poor
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immunogenic properties in animals and humans when given in Freund’s complete 

adjuvant but that PEG-proteins can elicit a mild anti-PEG response (Richter and 

Akerblom, 1983 and 1984). These findings seem to be of little clinical significance 

following the success of a number of PEGylated proteins (section 1.4.2). Indeed, 

recently anti-PEG monoclonal antibodies have been developed to improve prodrug 

cancer therapy. The mAh AGP3 (IgM), given 48 h after administration of a PEG- 

modified antibody-enzyme conjugate rapidly clears PEG-containing conjugates from 

the circulation resulting in subsequent prodrug activation primarily in the target tissue 

(Cheng et al, 1999 and 2000). Any PEG related toxicity, albeit relatively low, appears 

to be greatest with PEGs of molecular weight less than 400 (Herold et al, 1989). The 

amphiphilic nature of PEG has also stimulated interest in possible cell membrane 

interactions although the mechanisms involved remain relatively poorly understood 

(reviewed by Harris, 1992).

Of the biodegradable polymers, PG displays very low antigenic activity (Li, 2002, 

Hoes et al, 1993) whereas dextrans have been reported to be immunogenic in man at 

molecular weights greater than 90,000 g/mol (reviewed by Rihova and Riha, 1984). 

However, this comprehensive review demonstrates that a number of variables, 

including molecular weight, dose, chemical modification and species differences, 

influence polymer immunogenicity. In this study, polyacetal immunogenicity has yet 

to be determined.

Soluble polymers developed for parenteral use, be it intravenously, intraperitoneally or 

subcutaneously, will have prolonged contact with blood. As a preliminary screen for 

polymer-membrane interactions in vitro methods have been developed to assess RBC 

lysis, as determined by haemaglobin release following incubation of the polymer with a 

suspension of rat RBCs (Duncan et al, 1991 and section 2.2.1.8). This method was 

used to demonstrate that the cationic polymers, PEI and to a lesser extent poly-L-lysine 

caused haemolysis whereas accepted plasma expanders, dextran and PVP, did not. 

Scanning electron microscopy (SEM) can also be used if RBC aggregation is suspected 

(Duncan et al, 1991).

The biocompatibilty of a novel polymer can be further explored using in vitro 

cytotoxicity assays. It is unlikely that, if the polymer alone has intrinsic cytotoxicity, it 

will be suitable for in vivo use as a drug carrier. A number of methods have been
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developed using a wide range of techniques including the incorporation of a 

macromolecular dye (Schlager and Adams, 1983), the release (^*Cr, Bordenave et al, 

1993) and incorporation (^H-thymidine, Twentyman et al, 1984) of radiolabelled 

substrates, enzyme release (lactate dehydrogenase [LDH], Choksakulnimitr et al, 1995) 

and substrate metabolism (MTT, Mossman, 1983). Monitoring cell membrane 

integrity by the uptake of macromolecular dyes into dead and not live cells lack 

sensitivity and are now often used as a means of excluding dead cells during cell 

counting eg. trypan blue (Cook and Mitchell, 1989 and section 2.2.1.4). The use of 

radionuclides, either measuring ^^Cr-labelled protein after cell lysis or the incorporation 

of tritiated thymidine or leucine into proliferating cells provide a good indication of cell 

survival however the LDH release assay (Choksakulnimitr et al, 1995) and the MTT 

metabolism assay (Sgouras and Duncan, 1990) respectively have been shown to 

correlate well with these methods and have the added advantage of not requiring the 

use of a radioisotope.

LDH, which is found in the cytosol of the cell is released following disruption of the 

cell membrane. One disadvantage of this method is detecting non-membrane 

associated toxicity. The MTT assay is a colorimetric assay based on the metabolism of 

MTT to the formazan derivative (section 2.2.1.5). The method determines 

mitochondrial function and although subsequent research has suggested that other 

pathways of MTT metabolism may be involved (Liu et al, 1997) generation of the 

formazan dye is only possible in viable cells. Different cell lines do not generally 

exhibit equal ability to incorporate and metabolise MTT (Finlay et al, 1986). However, 

optimisation of the method for the analysis of soluble polymers in HepG] and CCRF 

cells (Sgouras and Duncan, 1990) demonstrated the MTT assay is a useful technique in 

helping to determine polymer biocompatibility. PEG (Mw 8,000 g/mol), dextran (Mw

40,000 g/mol), poly-L-glutamic acid (Mw 26,500 g/mol) and HPMA (Mw 30,000 

g/mol) have all been shown to be non-toxic using the MTT assay (Sgouras and Duncan, 

1990 and Musila, 2002)

Following in vitro analysis and prior to any conjugation of a therapeutic agent in vivo 

biodistribution studies must be performed on the polymer itself. This is usually 

undertaken in rats or mice using radiolabelled polymers. Not only do these studies 

provide information on potential acute toxicities and deleterious accumulation but also 

important pharmacokinetic data such as blood circulating half life and renal elimination
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(Seymour et al, 1987, Goddard et al, 1991, Yamaoka et al, 1995 and Murakami et al, 

1996). Biodistribution studies using HPMA copolymers and PEG radiolabelled with 

iodide indicated that both polymers were well tolerated and showed no preferential 

accumulation in any of the major organs. The effect of polymer molecular weight on 

the pharmacokinetic profile was also investigated in these studies and will be discussed 

in detail in Chapter 5.

Detailed studies on the biodistribution of the natural and semi-synthetic polymers are 

more scarce. Using a high performance size exclusion chromatographic method 

fluorescein-labelled dextrans (FD) showed molecular weight dependent accumulation 

in the liver and spleen. Recovery of FD in the liver was -60 % of the administered 

dose at a Mw of 70,000 g/mol (Mehvar et al, 1994). The effect of electric charge was 

also studied using [^"^CJdextrans (Mw = 70,000 g/mol) in tumour bearing mice 

(Takakura et al, 1990). Positively charged diethylaminoethyl-dextran was rapidly 

cleared from the plasma (no detectable radioactivity at 8 h) and displayed significant 

accumulation in the liver and lymph nodes after 24 h (-20 and 32 % dose/g 

respectively) whereas anionic carboxymethyl-dextran was retained in the plasma much 

longer (8 h; -30 % dose/ml) and liver radioactivity was lower (24 h; -6  % dose/g). 

^^^I-labelled PG and its neutral derivative PHEG have also been studied. Both 

polymers showed no specific organ accumulation, however blood clearance of PHEG 

was significantly delayed compared to PG (ti/2p = 10  and 2 h respectively) and the 

uncharged polymer also showed significantly lower uptake in RES organs, the liver and 

the spleen (Hoes et al, 1992).

In all studies describing the biodistribution of PEG and HPMA and in the research of 

many other water-soluble polymers (PVA; Yamaoka et al, 1995, PLAiPEG; Bridges et 

al, 2000, PG and PHEG; Hoes et al, 1992) the chloramine T method (Greenwood et al, 

1963) has been used. Briefly, this involves incorporation of a tyrosine or tyramine 

moiety to the polymer backbone followed by the attachment of iodide in an 

aqueous chloramine T solution. When the polymer backbone contains amine 

functionality radioiodination can be achieved by a one step reaction involving a simple 

aminolysis using the Bolton and Hunter reagent (Bolton and Hunter, 1973) and this 

method has also been used successfully to monitor the fate of polymeric compounds 

and proteins in vivo (PAMAM dendrimers; Malik et al, 2000 and poly-L-lysine and 

proteins; Pimm and Hudecz, 1996). Both methods result in the efficient and stable
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attachment of the radiolabel suitable for subsequent biodistribution study. For 

simplicity, the Bolton and Hunter method was chosen for the radiolabelling of 

polyacetals.

The aim of this study was to evaluate the haematotoxicity and cytotoxicity of APEG 

and its degradation products in preliminary in vitro studies and its biodistribution 

following i.v. administration in Wistar rats. It was hoped that due to the high 

proportion of PEG incorporated into the polymer backbone these polyacetals would 

display similar properties in terms of their toxicity and biodistribution making them 

suitable candidates for the development of polymer-drug conjugates.

4.2 Methods

4.2.1 In vitro cell cytotoxicity (MTT) assay and RBC lysis assay.

In vitro biocompatibility studies are described in detail in sections 2.2.1.5-6 (MTT 

assay) and 2.2.1.8 (RBC lysis assay). For cytotoxicity studies in B16F10 cells a growth 

curve was developed so that cells in the exponential phase of growth could be used. 

Dextran and Poly-L-lysine were used as negative and positive controls respectively as 

described previously (Sgouras and Duncan, 1990). For RBC lysis, results were 

expressed in terms of percentage of haemoglobin release in test samples relative to total 

release induced by a 1 % Triton X-100 solution (Duncan et al, 1994). Dextran and PEI 

(Mw 750,000 g/mol) were used as negative and positive controls respectively. PEI has 

been shown previously to induce haemolysis because of its cationic nature (Duncan et 

al, 1991)

4.2.2 Radiolabelling of APEG 21.

Section 2.2.2.1 describes the synthesis of ^^^1-labelled polyacetal using the Bolton and 

Hunter reagent. The reaction proceeds via a simple aminolysis involving the reaction 

between the primary amines of the polymer and N-hydroxysuccinimide di-iodo- 

benzylpropionate to leave the di-iodo radiolabel covalently attached via a non- 

degradable amide bond. Radiolabelled polyacetal _25 was purified by dialysis to 

remove unreacted Bolton and Hunter reagent and free [^^^IJiodide and characterised by 

paper electrophoresis (section 2.2.2.2).
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4.2.3 In vivo biodistribution of APEG 25 in male Wistar rats.

The biodistribution of polyacetals following i.v. administration was determined at 

seven time points over 24 h as described in section 2.2.2.3. All samples were assayed 

for radioactivity using a Cobra™ II Auto-gamma counter. Recent research had 

indicated that whole organ assays for radioactivity could affect the measured 

radioactivity due to a changes in sample volume. Quality control analysis of the 

Cobra™ II Auto-gamma counter indicated that 1 ml sample homogenates would 

provide accurate and reproducible results (Figure 4.1). All samples were analysed as 

soon as possible so as to minimise the decrease in radioactivity caused by the decay of 

the [^^ ÎJiodide (half life = 60 days).

4.3 Results and Discussion

Before any polymer can be considered as a component of any drug delivery system 

sufficient investigation of both the safety of the polymer and its suitability for use in 

terms of its proposed application has to be made. A novel, water-soluble, degradable 

polyacetal developed for intravenous administration as the macromolecular component 

of a polymer conjugate must display in vitro biocompatibility in preliminary studies. 

Not only the polymer itself but also its degradation products must be non-toxic and in 

vivo the polymer should avoid any organ specific accumulation and display prolonged 

circulation times.

4.3.1 In vitro biocompatibility assessment o f polyacetals

It is critical that the novel polymers designed for parenteral use are biocompatible (in 

respect of their proposed route and frequency of administration). The polymer 

metabolites must also be non-toxic. Hydrolytic degradation of polyacetals yields an 

equivalent of an aldehyde for each acetal group that is hydrolysed. For example 

degradation of APEG 21 gives the starting PEG 1, serinol 18, triethylene glycol 22 and 

acetaldehvde 23 (Scheme 4.1). The pattern of degradation is perhaps a little more 

complex. One concern is that upon drug conjugation the polymer mainchain degrades 

more quickly than the polymer-drug linkage resulting in prodrug intermediates which 

may possess different biological and immunological activity and requires careful 

consideration in future linker design. Degradation of the polymer backbone alone may
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Figure 4,1: Calibration of the Cobra™ II Auto-gamma counter using radioactive 
standards of different volume. Mean values ± SD (n = 3) are shown
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Scheme 4.1: Degradation products that are expected from the hydrolytic
degradation products of APEG 21
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generate a number of intermediates prior to formation of the monomeric components. 

However, by virtue of their polydispersity, synthetic polymers are composed of a broad 

size distribution of polymer chains hence analysis of APEG and its monomeric 

components should provide sufficient information for preliminary evaluation of in vitro 

biocompatibility. Neither polyacetals 3 (results not shown) nor APEG 21 (IC50 > 5 

mg/ml) were cytotoxic towards B16F10 cells, and importantly the degradation products 

were also non-toxic in this assay (Figure 4.2). Additionally, APEG 21 and their 

degradation products were non-haemolytic after 1 h and 5 h (concentrations up to 5 

mg/ml) indicating suitability for i.v. injection (Figure 4.3). Further studies to determine 

polyacetal immunogenicity are warranted, especially if the polymers are considered for 

applications that require repeated administration.

4.3.3 In vivo body distribution o f APEG 23

It is important that polymeric platforms used for drug targeting do not rapidly localise 

in liver, spleen and lung. This severely limits their usefulness for targeting to other 

disease sites such as cancer. In order to monitor the in vivo body distribution of APEG 

21, the polymer was radiolabelled via a simple aminolysis reaction with '^^I-labelled 

Bolton-Hunter reagent_24 to give APEG 25 (Scheme 4.2). Characterisation of the 

radiolabelled polymer was achieved using paper electrophoresis. Analysis of the crude 

reaction mixture indicated a labelling efficiency of 73.6 % (Figure 4.4A) and following 

purification by dialysis only 1.8 % free [^^^Ijiodide remained (Figure 4.4B). The 

radiolabelled polymer had a specific activity of -74 pCi/mg and was stable for > 3 

weeks with respect to the release of any radiolabel (Figure 4.4B).

Following i.v. administration into the tail vein of male Wistar rats ^^^I-labelled APEG 

25 displayed a linear log blood clearance profile over 24 h and elimination was 

accompanied by appearance of radioactivity in the urine. Urine radioactivity increased 

to 67.2 % of the administered dose after 24 h (Figure 4.5A). In real terms, polyacetal 

clearance is biphasic with an initial rapid rate of elimination. This can be attributed to 

the polydispersity of the sample (Mw/Mn = 2.0), the lower molecular weight fraction 

being cleared by the kidneys more quickly than the higher molecular weight which may 

be approaching the renal threshold for APEGs.
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Figure 4.2: Cytotoxicity (MTT assay) results for amino-polyacetal 2A_ (APEG) and 
its degradation products (APEG-deg) against B16F10 cells in culture over 72 h. 
Mean values ± SEM (n = 6) are shown.
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Figure 4.3: RBC lysis assay results for APEG ^  and APEG-deg (A) after 1 h and 
(B) after 5 h. Mean values ± SEM (n = 6) are shown.
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Scheme 4.2: Conjugation of ^^^I-labelled Bolton and Hunter reagent 24 to 
amine functionalised APEG 21
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Figure 4.5: APEG 2 5  body distribution in Wistar rats. (A) Distribution of
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of radioactivity in the major organs following i.v. injection. Mean values ± SEM (n 
= 3) are shown
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No specific organ, including the liver, showed accumulation of radioactivity over time 

(Figure 4.5B). Initially, relatively high levels of radioactivity were seen in the large 

and well perfused organs such as the liver and the kidneys. This may be explained by 

the incomplete removal of highly radioactive blood from the organs following excision 

and, in the case of the liver, initial uptake through the discontinuous epithelium prior to 

removal by lymphatic drainage. Figure 4.6 more clearly illustrates the 

pharmacokinetics of APEG 25 over 24 h.

APEG 21 possesses primary amine pendent chains distributed along the polymer 

backbone. Cationic polymers such as poly-L-lysine (Pimm and Hudecz, 1996), 

poly(amidoamine)s (Richardson et al, 1999) and PAMAM dendrimers (Malik et al, 

2000) are rapidly cleared from the circulation due to their extensive liver capture. 

APEG 21 (Mw = 25,000 g/mol) contains only 5-6 pendent amine groups which do not 

seem to significantly affect biodistribution. Indeed, APEG 25 compares well with the 

neutral, synthetic polymers, PEG and HPMA (Table 4.1). These observations suggest 

that this novel family of degradable polyacetals have the potential for further 

development, either as long-circulating platforms for drug delivery (in this case a 

higher molecular weight product would be required) or as targetable drug carriers 

(introduction of targeting moieties would be required).

4.4 Conclusion

Having synthesised polyacetals it was important to determine their suitability as the 

degradable macromolecular component of polymer therapeutics for parenteral use. 

Both the polymer and its degradation products showed no signs of toxicity during in 

vitro biocompatibility testing and the radiolabelled polyacetal also showed no signs of 

acute toxicity following i.v. administration in rats. Moreover, the polyacetals were not 

inherently hepatotropic nor showed any sign of organ specific accumulation re

inforcing the potential of polyacetals for development in a variety of polymer 

therapeutic applications.
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Figure 4.6: APEG 25 body distribution in Wistar rats. (A) Distribution of 
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= 3) are shown

105



If'ûrc/' Solnhle Polyacetals: In vitro Biocompatibility and in vivo Biodistribution

Table 4.1: Body distribution of ̂ ^^I-labelled polymers in rats or mice (see notes) 24 h

after i.v, administration

Location

Distribution (% administered dose)

APEG 25 HPMA-18 HPMA-40 PEG-20"

Blood 15.26 4.84 ~6 18,74

Liver 3.38 1.37 -2= 2.48

Spleen 0.35 0.10 <1.0" 0.13

Kidney 0.62 0.63 <1.0" 0.52

Lung 0.80 0.10 not given 0.26

 ̂values reported follov^ing i.p. administration 

 ̂values reported 4 h after i.v. administration

NB: APEG 25 and HPMA-40 (40,000 g/mol) studies were performed in rats, HPMA- 

18 (18,000 g/mol) and PEG-20 (20,000 g/mol) in mice. Biodistribution data; HPMA- 

18 (Goddard et al, 1991); HPMA-40 (Seymour et al 1987); PEG-20 (Yamaoka et al,

1994).
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Chapter Five

APEG Development: Synthesis and Characterisation o f  High Molecular
Weight APEG-DOX conjugates
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5.1 Introduction

Optimisation of passive tumour targeting by virtue of the influence of molecular weight 

on the EPR effect has encouraged the development of biodegradable or potentially 

degradable polymers. This is one of the major advantages of using natural polymers 

such as dextran and PG, and has stimulated the design of degradable block copolymers 

and copolymer micelles which can be administered at high molecular weight then 

degrade or dissociate, following release of the drug, to components which can be safely 

excreted (Chapter 1, section 1.5.2). The primary focus of the research in this Chapter 

was the development of higher molecular weight degradable polyacetals which might 

improve existing anticancer polymer-drug conjugates.

A wealth of research has been conducted on the effect of molecular weight on polymer 

pharmacokinetics and their accumulation in diseased tissue. Initial studies on HPMA 

homopolymers, designed as plasma expanders, indicated that the molecular weight of 

polymers influenced their clearance from the bloodstream (Sprincl et al, 1976). 

Following the observation that a styrene maleic anhydride polymer conjugated to the 

anticancer protein neocarzinostatin (SMANCS) accumulated more in tumour tissues 

than the protein alone (Maeda et al, 1984) Matsumura and Maeda conducted the first 

studies to determine the mechanism of this tumouritropic accumulation using (^^Cr- 

labelled) proteins of various Mw (12-160,000 g/mol). They concluded that 

macromolecular anticancer agents, such as SMANCS, could exploit this phenomenom, 

later termed the EPR effect (Matsumura and Maeda, 1986 and section 1.3.1).

In respect of some of the commonly used water-soluble polymers for drug delivery 

several recent studies have examined their biodistribution and tumour accumulation 

over a range of molecular weights. From initial pharmacokinetic studies, estimations 

of the renal threshold of these polymers were proposed (Table 5.1). In the case of the 

non-degradable polymers (PVA, PEG and HPMA) these values were of significant 

importance for the development of long circulating conjugates which could still be 

safely excreted by renal filtration. Similar studies were subsequently conducted in 

tumour bearing animals (Table 5.2). Prolonged blood circulation times and enhanced 

tumour accumulation were observed for polymers whose molecular weight prevented 

efficient clearance by the kidneys. For example, ^^^I-labelled HPMA copolymers
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Table 5.1: Biodistribution studies of radiolabelled polymers of different molecular 

weights and their proposed renal threshold

Polymer Mw Range (g/mol) Renal Threshold 
(g/mol)

Reference

Dextran 4-150,000 70,000 Mehvar et al, 1992

PEG 6-190,000 30,000 Yamaoka et al, 1994

PVA 14,8-434,000 30,000 Yamaoka et al, 1995

HPMA/HPEA 4-90,000 18-40,000 Goddard et al, 1991

HPMA 12-778,000 45,000 Seymour et al, 1987

Poly(amino
acids)

25-50,000 Not determined McCormick- 
Thomson et al, 1989

PG/PHEG 40-760,000 Not determined Hoes et al, 1992
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Table 5.2: The effect of molecular weight on passive tumour accumulation of 

radiolabelled polymers following i.v. administration

Polymer Animal model Study
Duration

Tumour accumulation 
(peak values)

Reference

HPMA Mice bearing 
sarcoma 180 or 

B16F10 
melanoma

72 h B16F10:
10 min; 22,000-3 % dose/g 
24 h; 78,000-10 %dose/g 

Sarcoma 180 
10 min; 22,000-1.5 % dose/g 

48 h; 78,000-19 % dose/g

Seymour et 
al, 1995

Sarcoma 180 
tumour bearing 

mice

6 h 10 min; 16,000-1 % dose/g 
6 h; 80,000-3 % dose/g

Noguchi et 
al, 1998

PEG Balb/c mice 
bearing Meth A 

fibrosarcoma

24 h 2 h; 31,000-2.5 % dose/g 
6 h; 215,000-5 % dose/g

Murakami et 
al, 1997

PVA Mice bearing 
Meth A 

fibrosarcoma

7h 3h;
13,500-1.5 % dose/g 
467,000-5 % dose/g

Tabata et al, 
1998

Dextran Mice bearing 
B16F10 

melanoma

72 h 70,000; 2.9 % dose/g between 
10-30 min

Steyger et al, 
1996
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(Mw = 22, 40, 78, 148, 297, 556, 778,000 g/mol; Mw/Mn = 1.2) were studied in mice 

bearing Sarcoma 180 or B16F10 melanoma models. Following i.v. administration 

those polymers of Mw greater than the renal threshold (> 45,000 g/mol) showed 

enhanced tumour accumulation over 72 h (78,000; up to 20 % dose/g cf. 22,000; max. 

3 % dose/g) without any evidence for accumulation in any of the major organs. 

However, substrates with Mw > 78,000 g/mol did progressively accumulate in the skin 

and muscle (Goddard et al, 1991, Seymour et al, 1995). This non-desirable 

accumulation of high Mw polymers in the skin was also observed with PEG (Mw

215.000 g/mol) (Murakami et al, 1997) and has also been reported with the 

development of palmar-plantar erythrodysaesthesia (‘hand and foot’ syndrome) with 

the liposomal formulation Doxil (Muggia et al, 1997) and demonstrates why the use of 

non-degradable polymers of molecular weight greater than the renal threshold has 

doubtful clinical future despite the potential for improved therapeutic efficacy.

The APEGs synthesised in Chapter 3 possess many of the ideal properties required of 

the polymeric component of polymer-drug conjugates in terms of their drug carrying 

capacity, biocompatibility and biodistribution. However, in terms of their usefulness in 

the design of anticancer conjugates it is unlikely that APEGs of this Mw (25,000 g/mol) 

would show significant improvement in therapy compared with the established non- 

degradable polymers that can be safely used at higher molecular weight (eg. PKl, Mw

30.000 g/mol). To realise the potential of APEGs it is necessary to utilise the 

degradable element in developing high molecular weight conjugates which 

significantly impact the pharmacokinetic profile leading to enhanced tumour targeting.

The second part of this chapter is concerned with the covalent conjugation of an 

anticancer agent to APEG_2_1. The anthracycline doxorubicin (DOX) is a potent 

antitumour antibiotic with a wide range of activity but its value clinically is limited due 

to significant general organ toxicities (Chabner and Myers, 1993, Chabner et al, 1996). 

These characteristics make it an ideal candidate for targeted drug delivery, highlighted 

by the extensive research conducted with polymer conjugates of DOX (Chapter 1, 

Table 1.2 and 1.3).

Many approaches have been used for the covalent attachment of DOX to a range of 

polymers. Peptide linkers, notably the Gly-Phe-Leu-Gly tetrapeptide which is 

susceptible to enzymatic hydrolysis by the cysteine protease cathepsin B (Subr et al,
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1992) and the acid labile, cis-aconityl (Choi et al, 1999, Al-Shamkhani and Duncan,

1995) and hydrazone (Rodrigues et al, 1999, Pechar et al, 2000) linkers promote 

predominantly lysosomal release of free DOX whereas the reportedly non-degradable 

succinyl linker has also been used to achieve conjugation to degradable polymers such 

as dextrin (Hzercuk Hirst et al, 2000). The choice of linker between the therapeutic 

agent and the polymer is of undoubted importance in the design of an effective 

polymer-drug conjugate (Soyez et al, 1996). Most linkers are designed to promote site 

specific release of the drug thereby further reducing the possibility of toxicity 

associated with generalised drug release in the circulation. However, for the purpose of 

this research initial attempts to attach DOX focused on the succinyl linker. This 

linkage is non-degradable but would allow important studies on the physicochemical 

properties, such as solubility and aggregation, and the pharmacokinetics of APEG- 

DOX conjugates to be performed.

5.2 Methods

5.2.1 Optimised synthesis of high molecular weight polyacetals (APEGs)

a) Alteration o f the PEG.'Fmoc-serinol ratio. Representative polymerisation in THF. 

PEG3400 1 (4.6927 g, 1.38 mmol) and p-TSA (12.0 mg, 0.05 mmol) were accurately 

weighed into a 100 ml double necked round bottomed flask equipped with a stirrer. 

The compounds were dried at 80 °C in high vacuum for 3 h to remove water and 

allowed to cool. The reaction vessel was purged with nitrogen and a solution of the 

Fmoc diol 19 (0.1081 g, 0.35 mmol) in freshly distilled THF (10 ml) in a dry vial was 

added via syringe, with stirring. The polymerisation was performed as described in 

section 3.2.3 to yield APEG 20 containing less Fmoc-protected amine pendent groups 

than the original polymer as indicated by the decrease of the Fmoc signal relative to the 

acetal signals in ^H NMR (section 3.3.2). GPC (PBS, 1.0 ml/min, PEG standards) Mw 

= 77,500 g/mol, Mw/M„ = 2.0.

b) Incorporation o f divinyloxybutane (DVOB) 26 in place ofTEGDVE 2. The synthesis 

of non-functionalised APEG 2_7, similar to polyacetal 3, was achieved by 

copolymerisation in THF (section 3.2.3) using DVOB as the divinyl ether. The 

terpolymerisation (section 3.2.3) was used to synthesise amine functionalised APEG 

28. GPC analysis (PEG standards, 0.7 ml/min) was conducted in THF unless otherwise
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stated. Polymerisations using PEG400 could then be monitored by GPC following the 

addition of DVOB. DVOB 26 was diluted with freshly distilled THF and aliquots (3x5 

% w/w increase in the amount of divinyl ether) were added at 45 min intervals 

following the initial 3 h polymerisation. Small (-30 mg calculated weight) samples 

were also removed at these intervals, diluted with THF (-4 mg/ml) and analysed by 

GPC immediately to indicate any increase in polymer molecular weight.

c) Optimisation o f the original terpolymerisation (section 3.2.3). Additional drying 

step involving Fmoc-serinol: Following the drying of pTSA and PEG 1 in vacuum the 

reaction vessel was purged with nitrogen and a solution of the Fmoc diol 19 in freshly 

distilled THF was added. THF and any residual water associated with any of the 

reactants was then removed by gradually re-introducing the vacuum (to remove THF) 

and a further drying step using a high vacuum at 80 °C, for 30 min with continuous 

stirring. The reaction mixture was removed from heat and vacuum and solubilised in 

freshly distilled THF (20 ml). TEGDVE 2 was then added as before with the resulting 

APEGs displaying higher molecular weight by GPC (PBS, PEG standards, 1.0 ml/min).

5.2.2 Conjugation of DOX 29 to APEG 21

A number of conjugation strategies were considered for initial conjugation reactions of 

DOX to APEG. Both compounds possess a nucleophilic amine group. DOX also 

contains an electrophilic carbonyl group. However, the possibility of attaching DOX 

directly via formation of a Schiff base was not explored because these bonds are not 

usually very stable in aqueous solution and their formation is catalysed in mildy acidic 

conditions which would degrade the polymer backbone. Therefore it was necessary to 

introduce functionality that would allow covalent attachment. For the purpose of this 

research initial attempts to attach DOX focused on the succinyl linker and all reactions 

were conducted in the dark to prevent any DOX degradation (Wedge, 1991).

Conjugation 1: Covalent attachment via synthesis o f a succinylated DOX intermediate. 

Succinic anhydride ^  (2.7 mg, 2.7x10'^ mol) was added to a solution of DOX.HCl 29 

(15.2 mg, 2.6x10'^ mol) and triethylamine (7.3 pi, 5.2x10'^ mol) in anhydrous methanol 

(7 ml) with stirring at ambient temperature in nitrogen. Thin layer chromatography 

(TLC) (CHCl3 :CH3 0 H:H2 0 , 8:10:2.5) indicated formation of succinylated DOX 31 (Rf 

= 0.4) (mass spec. Mw = 666 (Na^)) after 2 h. APEG 1\ (0.1045 g, 2.6x10"  ̂mol -NH 2
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equiv.) and DCC (11 mg, 5.3x10'^ mol) were added to the reaction mixture and allowed 

to react for 2 h at room temperature and for 48 h at 4 °C. TLC (as above) was used to 

monitor the reaction which proceeded slowly and was determined by the relative 

intensity of DOX at the baseline (polymer-bound) with that moving up the plate 

(compound 31). Solvent was removed under a flowing stream of nitrogen and the 

crude product was redissolved in methanol (3 ml) added prior to purification. APEG- 

DOX ^  was isolated by repeated (2-3 times) LH20 sephadex column separation 

(2.5x40 cm) using methanol eluent (Nathan et al, 1994). Polymer-bound DOX (5 ml 

fractions) eluted first (determined visually) and were pooled, disregarding the last 

fraction. Methanol was removed in vacuo and the conjugate was redissolved in 

distilled H2O and lyophilised to yield a red solid. Yield > 70%. GPC (PBS, 1.0 

ml/min, PEO standards) Mw = 91,800 g/mol Mw/Mn = 2.6.

Conjugation 2: Covalent attachment via succinylation o f APEG 2 f. Succinic

anhydride 30 (0.0853 g, 8.5x10 '* mol) and dimethylaminopyridine (DMAP) (0.1014 g, 

8.3x10 '* mol) were added to a solution of APEG 21, (0.716 g, 2.1x10''* mol -NH 2 

equiv.) and triethylamine (100 pi) in anhydrous THF (13 ml) with stirring at room 

temperature under nitrogen and allowed to react for 24 h. Succinylated APEG 

(APEGsucc) ^  was precipitated into diethyl ether and filtered. The crude product was 

then re-dissolved in distilled H2O (-15 ml), dialysed (Spectra Por® membrane, 

MWCO 2000) at 4 °C against distilled H2O (2x5 L) for 24 h and lyophilised to yield 

APEGsucc ^  (Yield > 95 %). GPC (PBS, 1.0 ml/min, PEO standards) indicated no 

change in molecular weight characteristics. NMR (*H, 500 MHz, CD3OD): ô = 2.4-2.5 

(4H, s, -NHCO-CH2CH2-COOH) (Appendix 2.2).

APEG-DOX 34 conjugates: a) Synthesis using N,N’-dicyclohexylcarbodiimide (DCC). 

DOX.HCl 2â  (9.8 mg, 1.7x10'^ mol) and triethylamine (7.1 pi, 5.1x10'^ mol) in 

anhydrous methanol (3 ml) were added to a solution of APEGsucc ^  (57.7 mg, 

1.7x10'^ mol -COOH equiv.) and DCC (7.0 mg, 3.4x10'^ mol) in anhydrous THE (10 

ml) with stirring under nitrogen and allowed to react at ambient temperature for 72 h. 

TLC (butan-l-ol;acetic acidiwater, 4:1:5, Vigevani and Williamson, 1980) was used to 

monitor the reaction by disappearance of the free DOX (R f = 0.33) and indicated that 

the reaction proceeded slowly and not completely. APEG-DOX ^  was purified by 

LH20 sephadex column separation (2.5x40 cm) and lyophilised as previously described 

for APEG-DOX ^  to yield a red solid (Yield > 85%).
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b) Synthesis using N-hydroxysuccinimide (NHS) and DCC: NHS (5.0 mg, 4.2x10'^ 

mol) and DCC (5.8 mg, 2.8x10'^ mol) were added to a solution of APEGsucc ^  (47.0 

mg, 1.4x10’̂  mol) in anhydrous THF (10 ml) and allowed to react at room temperature 

for 2 h in a nitrogen atmosphere. DOX.HCl 29 (8.0 mg, 1.4x10’̂  mol) and 

triethylamine (5.8 pi, 4.2x10'^ mol) dissolved in anhydrous methanol were then added 

and allowed to react for 48 h at room temperature. TLC (butan-l-ol:acetic acidiwater, 

4:1:5) was used to monitor the reaction and the conjugate was purified and isolated as 

previously described to yield APEG-DOX ^  in similar yield (yield = 83 %).

c) Synthesis using NHS and l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC): 

EDC (12.2 mg, 6x10'^ mol) was first added to a solution of APEGsucc 33 (52.2 mg, 

1.5x10'^ mol -COOH equiv.) in distilled H2O (5 ml) followed by NHS (4.2 mg, 3x10'^ 

mol) and the reaction allowed to proceed with stirring at ambient temperature for 30 

min. DOX.HCl 29 (8.8 mg, 1.5x10'^ mol) dissolved in distilled H2O (4 ml) was then 

added followed by the dropwise addition of triethlyamine (4.3 pi, 3x10'^ mol) with 

rapid stirring and allowed to react at room temperature for 24 h. TLC again monitored 

the reaction for the disappearance of free DOX. The crude reaction mixture was then 

lyophilised and the crude product redissolved in methanol and purified using LH20 

sephadex column chromatography (2.5x40 cm) as previously described. APEG-DOX 

34 was isolated as a red solid following evaporation of methanol, dissolution in 

distilled H2O and subsequent lyophilisation. Yield = 80 %.

5.2.3 Characterisation of APEG-DOX conjugates

The characterisation of APEG-DOX conjugates is described in detail in section 2.3.3. 

Briefly, GPC dual channel analysis using UV-vis spectroscopy and RI analysis in series 

(section 2.2.3.1) was used to determine conjugate molecular weight characteristics and 

the homogeneity of DOX binding. Subsequently analysis of APEG-DOX conjugates 

with a triSEC (Viscotek) triple detection system incorporating RI, viscosimetry and 

light scattering was performed to attempt to give definitive molecular weight 

information. UV-vis spectroscopy (section 2.2.3.3) was used as a preliminary 

determinant of total DOX content and HPLC analysis (section 2.2.3.4) for 

determination of free and total DOX content.
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5.3 Results and Discussion

Having developed a synthetic route for the preparation of water-soluble polyacetals it 

was important that greater control of the polymerisation could be achieved. As 

discussed in Chapter 3 (section 3.3.1) the presence of water in the reaction system was 

thought to compete with the polymerisation and whilst polyacetals could be 

reproducibly prepared, a degree of polymerisation (DP) greater than 12 was not 

achieved. In order for these polymers to be of value as the macromolecular component 

of polymer-drug conjugates it was important to be able to synthesise higher molecular 

weight compounds and also demonstrate the ability to tailor the design of the polymer 

using a synthetic polymerisation.

5.3.1 Optimisation o f the synthesis o f APEGs

Varying the ratios of PEG 1 to Fmoc-serinol 19 during the synthesis gave a family of 

polymers containing different amounts of pendent group as determined by comparing 

the ‘H NMR integrals for the Fmoc and acetal methyl groups (described in section

3.3.2 and Appendix 2.1). The molecular weight characteristics of the resultant APEGs 

20 (GPC, DMF eluent, PEO standards) are shown in Table 5.3. These results indicate 

that high Mw APEGs were synthesised by decreasing the amount of Fmoc-serinol 19 

used in the polymerisation suggesting that impurites of the functionalised monomer or 

associated water may be inhibiting the polymerisation. NMR and combustion 

analysis of this batch indicated the presence of water (~10 mol%) in the sample 

highlighting the need for anhydrous conditions to allow reproducible synthesis of high 

Mw polymers. The APEGs containing 4:1 and 9:1 (1:19) are unlikely to be suitable for 

conjugation of low molecular weight drug because the lack of functionality along the 

polymer backbone reduces the capacity to bind sufficient drug to be effective. 

However, these polymers could have potential for use in other applications (Chapter 8).

The commercially available divinyl ether 26 was also examined and used as supplied. 

The molecular weight characteristics of water-soluble APEGs prepared by 

polymerisation of this monomer with PEG alone, or by terpolymerization with PEG 

and 19 (Scheme 5.1) are shown in Table 5.4 (GPC, THF eluent, PEG standards). Using 

THF as eluent in the GPC allowed retrospective monitoring of the polymerisation. For 

example, by taking small aliquots of the reaction mixture, prior to and following the
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Table 5.3: Molecular weight characteristics of APEG 20 prepared with different ratios 

of PEG3 4 0 01 and Fmoc-protected serinol 19

Ratio 1:19 Mw (g/mol) Mn (g/mol) Mw/Mn

1:1 24,900 12,700 1.96

19,800" 10,700 1.86

20,500*’’" 11,600 1.77

4:1 77,500" 39,400 1.97

9:1 41,300" 22,600 1.83

 ̂ Triethylene glycol divinyl ether 2 distilled prior to use.

GPC conducted in THF (1.0 ml/min) using PEG standards (Styragel HR3 and HR4 

columns).

Single fil amounts of divinyl ether 2 were added after the initial reaction period.

n-m

NB: Increasing the amount of PEG 1 relative to Fmoc-serinol 19 results in a decrease 

in the ‘m’ repeat units per polymer chain (see schematic above).
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Scheme 5.1: Synthesis of APEG 28 by terpolymerisation using DVOB 26
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Table 5.4: Molecular weight characteristics of APEG 28 prepared with the butanediol

derived divinyl ether 26

Diol (ratio) Mw (g/mol) Mn (g/mol) Mw/Mn

PEG400 21,400" 8,500 2.54

PEG4oo:19 (4:1) 22,400" 8,800 2.54

PEG3400 98,100'’ 55,200 1.78

PEG34oo:1 9 (1 :1 ) 90,000 34,000 2.63

Single pi amounts of divinyl ether 22 were added after the initial reaction period. 

GPC conducted in DMF (1.0 ml/min) using PEG standards (Styragel HR3 and HR4 

columns).
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addition of calculated amounts of divinyl ether at specific time points it was possible to 

visualise the effect on the molecular weight characteristics of the polymer by 

immediately analysing the samples (diluted further with THF to ~3-4 mg/ml) by GPC 

(Figure 5.1). By using this technique it may be possible to manipulate the 

polymerisation to obtain higher molecular weight polymer although long term stability 

and the reproducibility of this method has yet to be studied.

Divinyl ether 26 was previously used to prepare polyacetals (Heller et al, 1980), is 

more hydrophobic than 2 and it was hoped would generate a new series of polyacetals. 

APEGs 28 derived from this monomer tended to display higher molecular weights, a 

factor of 2-4 times compared to polymers derived from the more hydrophilic divinyl 

ether 2. The use of monomer 26 provides a wider range of polymers for study and 

indicates that different commercially available divinyl ethers may yield compounds 

with different molecular weight characteristics. APEGs based on DVOB could be 

suitable for the development of polymer-drug conjugates, however one of the 

degradation products of these polymers would be 1,4-butanediol. A recent report 

indicated that dietary supplements containing this compound have been banned and 

ingestion can lead to coma, seizures, respiratory arrest and death (Zvosec et al, 2001) 

and whilst the quantities involved are much higher than reported here the APEGs 

derived from DVOB were not studied further.

High Mw APEG 20, with 50:50 incorporation of the diol monomers (PEG liFmoc- 

serinol 19) were synthesised by a small change in the terpolymerisation method. An 

additional, short, drying step to remove trace water from the diol monomers yielded 

amine functionalised APEG 21 (Mw = 65,000-90,000 g/mol, Mw/M„ = 1.8-2.6) 

following de-protection of Fmoc protecting groups (Scheme 5.2). In terms of the DP, 

APEG 21 with a Mw of 60,000 would have a D.P. = 30 which indicates that water 

removal during this final drying step is critical for improvement of the polymerisation 

reaction. APEGs of this Mw are expected be above the renal threshold and therefore 

provide the basis for a longer circulating, degradable polymer-drug conjugate.

5.3.2 Codaient attachment o f DOX to APEG

Conjugation of DOX to APEG ^  via the reactive amine functionality was achieved 

using succinic anhydride and carbodiimide-based coupling reactions. These initial
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Figure 5.1: Superposition of GPC traces indicating the increase in polymer molecular 
weight (shift left) with addition of measured amount of divinyl ether 1 2  (3x5 % w/w 
additions in THF) (Styragel HR3 and HR4 columns).
Key: APEG 28 following (— ) initial 3 h polymerisation, (— ) +1 addition (+45 min),
(— ) +2 additions (+90 min) and (—-) +3 additions (+135 min).
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OH
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3
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Scheme 5.2: Terpolymerisation to give polyacetal 21 (APEG) with amine

functionalised pendent chain for drug conjugation (reprinted from Scheme 3.9).
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conjugation reactions are not optimised and many others strategies exist for the 

covalent attachment of DOX to the polymer. Reactions could be performed under 

aqueous or organic conditions that were unlikely to cause degradation of the polymer 

backbone during synthesis. The resulting succinyl linker is non-degradable but 

appropriate for subsequent in vivo analysis of APEG-DOX conjugates (Chapter 6) and, 

as mentioned earlier, for assessment of physicochemical properties. Two strategies 

were used for the conjugation of DOX to APEG using the succinyl linker. The first 

involved the succinylation of DOX followed by its attachment to the polymer using a 

standard carbodiimide coupling reaction with DCC. The succinylated-DOX M could 

not be isolated from free DOX by solvent extraction to allow NMR characterisation but 

TLC and mass spectroscopy were used to identify the formation of a DOX analogue 

with the correct molecular mass. Subsequent conjugation of M to the polymer 

(Scheme 5.3) was also estimated, qualitatively, using TLC and indicated that the 

reaction proceeded slowly and that not all of the reactive DOX intermediate bound to 

APEG 21. Due to the lack of quantitative characterisation (NMR, CHN analysis) DOX 

which was not free or polymer-bound was attributed to succinylated-DOX M.

The second synthetic route involved succinylation of the polymer backbone (Scheme 

5.4). An excess of succinic anhydride and a catalytic amount of DMAP were used to 

promote the succinylation of all the available amine groups thereby minimising the 

chance of crosslinking with unreacted amines in subsequent conjugation reactions. 

APEG ^  was precipitated in ether, filtered, dried and redissolved in H2O and dialysed 

against distilled H2O at 4 °C for 24 h to remove excess reagents. NMR showed the 

succinyl -CH2- protons (2.4-2.5 ppm). The relative integrals of the succinyl and acetal 

methyl protons (1.2 ppm) were used to estimate the degree of succinylation which was 

in the range of 85-100 % (Appendix 2.2). GPC analysis suggested no degradation had 

occurred. Initial attempts to synthesise APEG-DOX involved a carbodiimide 

coupling reaction using DCC in anhydrous THE (Scheme 5.4). DOX was added as a 

solution in methanol to ensure its solubility during the reaction. However, reaction 

times of up to 72 h were required to achieve DOX loadings of 3-5 wt%. Formation of 

the NHS ester of the succinyl group using DCC in THF, prior to the addition of DOX, 

improved the reaction (5.4 wt% DOX loading in 48h). In distilled H2O, using the 

water-soluble coupling reagent EDC, improved drug loading and reduced reaction 

times were achieved (8.5 wt% in 24 h. Scheme 5.4). Theoretical (maximum) DOX
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Scheme 5.3: Synthesis of APEG-DOX ̂  via the reactive DOX intermediated.
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Scheme 5.4: Synthesis of APEG-DOX 34 via succinylation of the polymer backbone.
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loading onto APEG ^  (assuming Mw = 4,000 g/mol gives 1 succinic acid group 

available for conjugation [100% succinylation]) would be approximately 12 wt%. The 

lower, actual loading achieved may be the result of competitive reactions with 

methanol or water to consume the NHS ester or reduced availability of the succinyl 

groups along the polymer backbone. APEG-DOX conjugates ^  and ^  were separated 

from low molecular weight impurities (such as free drug and reactive intermediates) by 

gel filtration using an LH20 sephadex column (2.5x40 cm) and methanol eluent. For 

all conjugates purification resulted in approximately 1 % of the total DOX being 

attributable to free drug.

5.3.3 Characterisation o f APEG-DOX

GPC analysis was used to determine the molecular weight characteristics of the APEG- 

DOX conjugates. For the conjugates described here, no signs of degradation or 

crosslinking were apparent although it is difficult to predict whether chemical 

modification and drug conjugation effect the structure of the polymer in solution (ie. 

altered hydrodynamic volume). Dual channel GPC using RI and UV-vis detectors in 

series also indicated that the DOX had bound homogeneously across the polymer 

molecular weight range. Figure 5.2 shows that the traces obtained using a) the RI 

detector, for analysis of the molecular characteristics and b) the UV-vis detector, used 

for the analysis of conjugated DOX, are superimposable. APEG analysis by GPC has 

illustrated the difficulties in characterising polymers and polymer-drug conjugates in 

terms of molecular weight. Buffered, aqueous, conventional GPC and a triple detection 

system using RI, viscosimetry and light scattering (LS) were used to analyse APEGs 

and a series of APEG-DOX conjugates to determine molecular weight information.

Table 5.5 summarises the molecular weight characteristics of APEG 21, synthesised 

using either PEG3400 or PEG2900 as one of the diol monomers, the succinylated APEG 

33 precursor and APEG-DOX 34 conjugates synthesised by the carbodiimide coupling 

reactions previously described (Scheme 5.4). GPC traces from these systems are 

illustrated in Figures 5.3 and 5.4 and will be referred to throughout this discussion 

(note: traces are superimposed and were not obtained simultaneously). Analysis of 

APEG 21 and succinylated APEG ^  indicates that, irrespective of the GPC system 

used, succinylation of APEG 21 causes no significant change in polymer molecular 

weight characteristics. This is further illustrated in Figure 5.3 by the superimposable
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Figure 5.2: Superposition of GPC traces for APEG-DOX ^  and 34 conjugates
obtained using dual channel analysis (RI and UV-vis detection) and Waters 
Ultrahydrogel Columns (PBS eluent, 1.0 ml/min)
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Table 5.5: Molecular weight characteristics of APEG and APEG-DOX conjugates 

determined by different aqueous GPC systems

Polymer/Conjugate GPC system Mw (g/mol) Mn (g/mol) Mw/Mn

APEG3400 2 1 A 91,400 41,100 2 . 2

B 1 0 2 , 0 0 0 37,100 2.7
C 186,000 46,700 3.9

APEG3400SUCC 33 A 84,800 36,100 2.3
B 94,200 40,300 2.3
C 163,200 49,800 3.2

APEG2900 2 1 A 63,000 28,000 2.3
B 72,200 27,500 2 . 6

C 94,200 30,400 3.1

APEG2900SUCC ^ A 62,600 28,200 2 . 2

B 70,100 24,100 2.9
C 88,400 33,600 2 . 6

APEG3400DOX 34°‘ A 77,000 29,600 2 . 6

B ——

C 99,500 60,200 1.7

APEG29ooDOX34“̂ A 48,700 17,000 2.9
B 30,200 9,000 3.3
C 77,600 40,600 1.9

APEG2900DOX 3 4 ’’ A 41,800 16,300 2.5
B 29,400 1 2 , 2 0 0 2.4
C 57,200 21,500 2 . 6

APEG29ooDOX34‘ A 66,400 19,800 3.3
B 41,200 15,600 2 . 6

C 92,000 36,900 2.5

A: Waters Ultrahydrogel 1000/250 columns; RI detector; PBS eluent; PEO standards 

B: TSK GWXL 4000/2000 columns; RI detector; PBS eluent; PEO standards 

C: Waters Ultrahydrogel 1000/250 columns; RI/LS/viscosimetry triple detection; 0.2 

M NaNOs with 10 % CH3CN eluent; PEO standard

Synthetic route: APEG-succ + DOX: ® using DCC,  ̂using DCC and NHS and  ̂using 

EDC and NHS
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Figure 5.3: Superimposed GPC traces using Ultrahydrogel (A) and TSK (B) columns 
(R.I. detection, PBS eluent). A) APEG3400 21, APEG 3 4 0 0 SUCC ^  (grey) and APEG- 
DOX 34“ conjugates (red and black) and B) APEG2 9 0 0  2 1 ,  APEG2900SUCC 33 (grey) and 
APEG-DOX (red, black and purple respectively).
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Figure 5.4: Superimposed GPC traces using Waters Ultrahydrogel columns (triple 
detection; light scattering (LS), differential pressure (DP) and refractive index (RI), 
0.2 M NaNOj/lO % CH3 CN eluent). In each figure LS is displayed at the top; DP, 
middle; and RI, bottom. No RI data are shown in 5.4C. (A) APEG 21_ and ^  
polymers, (B) APEG2 9 0 0 DOX and the succinylated precursor ^  and (C) APEG- 
DOX 34 conjugates.

130



APEG Development: Synlhesis and Characterisation o f  High Molc.eiilar Weight APEG-DOX Conjugates

traces of APEG and its succinylated intermediate (grey traces) and confirms that no 

polymer degradation has occurred due to succinylation.

The molecular weight characteristics were subject to change depending on a number of 

variables. By simply changing the columns using conventional GPC it was possible to 

influence polymer molecular weight (sections A and B, Table 5.5). However, more 

significantly, the triple detection GPC, which provides more definitive molecular 

weight information, showed considerable disparity compared with the conventional 

systems (section C, Table 5.5). Figure 5.4A illustrates the chromatographs generated 

for APEG 21 and succinylated APEG ^  by the three detectors (light scattering (LS), 

viscosimetry (differential pressure, D.P.) and refractive index (RI)) used to determine 

polymer molecular weight. It can be clearly seen that light scattering and, to a lesser 

extent, viscosimetry detect a high molecular weight fraction in both APEG 21 and 

APEG ^  samples which is not as clearly evident by RI detection. The presence of this 

high molecular weight material in all of the APEG samples suggests that it may be 

caused by aggregation of the polymers during analysis. However, further studies are 

required to eliminate other possible causes such as polymer crosslinking.

Whilst the reaction conditions for conjugation (anhydrous organic solvent and/or base) 

were designed to minimise the potential for polymer degradation it was important to 

determine if any had occurred. Covalent attachment of DOX, which is inherently 

hydrophobic, was also expected to alter the polymer conformation in solution hence the 

molecular weight information for APEG-DOX 34 conjugates had to be carefully 

analysed. Conventional GPC analysis of APEG-DOX indicated a decrease in the 

polymer molecular weight which is illustrated in Table 5.5, Figure 5.3 and suggests that 

some degradation of the polymer has occurred. The chromatographs of succinylated 

APEG 33 and APEG-DOX ^  are superimposed in Figure 5.4B. These data were 

obtained by triple detection GPC and indicates that the decrease in molecular weight 

may in fact be due to the disappearance of the high molecular weight ‘aggregated’ 

fraction due to the altered solution characteristics of the conjugate. Figure 5.4C shows 

the GPC traces of the other APEG-DOX M  conjugates as determined by LS and 

viscosimetry (D.P.). The triple detection GPC system provides more information on 

the molecular weight characteristics of APEG and APEG-DOX conjugates in solution 

and their preparation using the synthetic route described does not seem to cause 

degradation to the polymer backbone. As anticipated, APEG and APEG-DOX display
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polydispersity characteristic of a poly-condensation reaction (Mw/Mn = 1.8-3.0) but 

these results suggest that further analysis is required to fully characterise these 

conjugates in terms of their molecular weight characteristics.

Table 5.6 lists APEG-DOX conjugates in terms of total DOX content and the amount 

of free DOX present following purification. UV-vis spectroscopy was used as a 

preliminary tool to establish the amount of total DOX for each preparation. Accurate 

determination of DOX was determined by reversed phase HPLC via generation of the 

aglycone 35 (Scheme 5.5, section 2.2.3.4), adapting the published method for the 

determination of total DOX from HPMA copolymer-DOX conjugates (Configliacchi et 

al, 1996). The disparity between the levels of DOX determined by UV-vis analysis of 

the intact conjugate and following HPLC may be attributed to alteration of the 

extinction coefficient of DOX caused by conjugation to the polymer. This potential 

difference in the UV-vis absorption of free and polymer-bound drug was recognised in 

the development of the HPLC method for HPMA copolymer-bound DOX 

(Configliacchi et al, 1996). APEG-DOX conjugates were synthesised with a range of 

DOX loading (2.6-8.5 wt%). In comparison with other polymer-DOX conjugates 

(PKl, 8.5 wt% (Vasey et al, 1999); PEG-DOX, 2.5-5 wt% (Rodrigues et al, 1999; PG- 

DOX, 5-16 wt% (van Heeswijk et al, 1985) these results suggest that APEG 21 has 

sufficient carrying capacity for effective drug delivery of a large hydrophobic drug.

The determination of free DOX required the design of a new analytical method. 

Published HPLC methods for utilising the separation of free DOX from HPMA 

conjugates using organic extractions (Fraier et al, 1995, Wedge, 1991) or gradient 

HPLC (Configliacchi et al, 1996) were unsuccessful due to the propensity of APEG- 

DOX to partition into both solvent phases (chloroform:IPA[4:l]/water) or due to the 

polymer conjugate being retained on the column (C l8 pbondpak). A suitable method 

was developed that involved degrading the polyacetal backbone to its monomeric 

components so as to allow efficient chromatography (detailed in section 2.2.3.4). The 

conditions for degradation were of critical importance as it was necessary to degrade 

the polymer backbone without causing DOX degradation. DOX is stable in acidic 

solutions in the pH range 3.0-6.5 (Vigevani and Williamson, 1980). However, below 

this range and at elevated temperatures DOX is hydrolysed to the aglycone 35 as 

illustrated in Scheme 5.5. APEG-DOX conjugates were degraded in the HPLC eluent 

(29 % IP A in distilled H2O pH 3.2 [adjusted with orthophosphoric acid]) at room
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Table 5.6: Characterisation of APEG-DOX ^  and M conjugates in terms of total 

DOX loading and amount of free DOX 29 following purification

Polymer
conjugate

Total DOX (wt%): 
UV^

Total DOX (wt%): 
HPLC^̂

Free DOX (% of 
total DOX)^^

APEG3400DOX n 2 . 8 3.4 1 . 0

APEG3400DOX3 4 " N/A 2.6 N/A

3.8 5.0 0.9

APEG2900DOX3 4 " 4.2 5.3 1.2

APEG2900DOX 3 4 '’ 3.9 5.4 0.77

A PEG29ooDOX34‘ 6.3 8.5 0.79

 ̂Determined by UV spectroscopic analysis at 485 nm 

Determined by HPLC analysis (Section 2.2.3.4)
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Scheme 5.5: Degradation of DOX 30 (and APEG 21) by acid hydrolysis to generate the 

aglycone derivative ^
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temperature. GPC (Figure 5.5) indicated that complete degradation of the polymer 

backbone occurred within 24 h. Solutions of DOX exposed to the same conditions 

showed no sign of degradation following HPLC analysis. The results of this study also 

confirmed that polyacetals continued to display pH-dependent degradation following 

chemical modification, although this was only tested at the relatively low value of pH 

(pH 3.2).

A number of the reportedly biodegradable polymers, notably the polysaccharides, show 

diminished (Hzercuk-Hirst et al, 2001) and inhibited degradation (Vercauteren et al, 

1992) following modification as a result of reduced enzyme specificity. In contrast, 

hydrolytic degradation of polyacetals, which is pH-dependent, is not expected to be 

dramatically effected by chemical modification. A controlled degradation study of the 

conjugates at physiologically relevant pH values was not performed due to the 

relatively small amount of APEG-DOX that was available and the observation that free 

DOX and low molecular weight DOX analogues generated by degradation of the 

polymer were being retained in the columns of the aqueous GPC system. However, 

these studies would be useful for further characterisation of APEG conjugates.

OH

•NH

OH

36

The HPLC method was improved by degrading APEG-DOX samples in 0.1 M HCl 

solutions in a similar fashion as described in section 2.2.3.2 for 30 mins. Solutions of 

DOX (10 pg/ml) in 0.1 M HCl did not degrade (as determined by HPLC) under these 

conditions for over 4 h and were run simultaneously with APEG-DOX samples and 

DOX standards (0.2-5 mg/ml in methanol) which had not been exposed to acid. Figure 

5.6 illustrates typical chromatograms obtained by this method. The peaks can be 

attributed to free DOX and DOX analogues generated by degradation of the polymer 

(eg. serinol-succ-DOX monomer 36). A third signal corresponds closely with the
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Figure 5.5; Degradation of APEG-DOX 34 at pH 3.2 over 22 h to generate PEG3 4 0 0  

and the serinol-succ-DOX 36 degradation product for HPLC analysis (Waters 
Ultrahydrogel columns, PBS eluent, 1.0 ml/min).

136



M ' i . a  I k’yc /o p i i i cn l  SvHilu'si.'; a n d  C h i i r a c k ' i i s a / i o n  o f  M o h 'c i th i r  W'ei^hl A T  l ' .( ' i- [)( ) . \  con j ii f i a le s

Solvent peak

- 0.01

- 0.02

< 0.00

- 0.01

0.004

0.000

-0 .004 r—

-0 .008

- 0.012

4 6 8 10 12

Retention time (min)

Figure 5.6: HPLC traces for the determination of free DOX content in APEG-DOX 
34 conjugates. (A) free DOX 29 (Rt = 6 ), serinol-succ-DOX M (Rt = 7.4) and 
aglycone ^  (Rt = 8 .6 ) after one purification step, (B) two purification steps and (C) 
DOX and aglycone standards.
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retention time for the aglycone. This can only be associated with degradation of the 

serinol-succ-DOX compound to the aglycone having determined the stability of the 

free DOX under these conditions.

This method allows the determination of free DOX and is suitable for analysis of 

APEG conjugates whereby DOX is bound to the succinylated APEG intermediate ^  

(Scheme 5.4). Problems arise where DOX intermediates are synthesised for attachment 

to the polymer (Scheme 5.3). In the case of succinylated-DOX 31, HPLC 

characterisation for the determination of unbound DOX derivatives using the method 

described above was not possible due to the similar retention time of 31 and serinol- 

succ-DOX 36. This problem is further augmented during purification. The LH20 

sephadex column affects the separation of compounds by molecular size but is also 

influenced by their lipopilicity. The more hydrophilic, succinylated-DOX 31 elutes 

more quickly than free DOX 29 resulting in poorer separation of the polymer-bound 

drug (Figure 5.7) thereby increasing the chance of inefficient purification and 

incorporation of an undetectable impurity.

Other strategies were considered for the conjugation of DOX to APEG. These include 

the use of the homobifunctional crosslinking reagent disuccinimidyl carbonate (DSC) 

37 (Miron and Wilchek, 1993) or the incorporation of an acid-labile spacer via the cis- 

aconityl (Shen and Ryser, 1981) and hydrazone (Willner et al, 1993, Rihova et al, 

2001) linkers which have been extensively studied as degradable linkers between 

polymer and drug. These acid-labile linkers are designed to preferentially release free 

drug in the lysosome and, along with the tetrapeptide GFLG linker (Subr et al, 1992), 

would be of great interest for future studies to evaluate the antitumour effect of APEG- 

DOX conjugates should APEG-DOX_34 display no activity by virtue of the non- 

degradable linker between polymer and drug.

5.4 Conclusion

Following the initial attempts to prepare APEGs described in Chapter 3 further 

development of APEG chemistry was achieved using a number of different synthetic
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Figure 5.7: LH20 sephadex column (2.5x40 cm) purification of APEG-DOX
conjugates using methanol eluent, (A) Synthesis via formation of the succinylated 
DOX intermediate and (B) via succinylation of APEG.
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strategies. It was possible to manipulate polymer molecular weight by incorporating a 

more hydrophobic divinyl ether, controlled addition of divinyl ether during 

polymerisation or simply by optimising the current polymerisation method. Moreover, 

the degree of pendent chain functionality could be modified by varying the diol 

monomer ratio or changing the PEG molecular weight, and further indicates the 

potential to generate a family of polymers with diverse characteristics. There also 

exists the possibility of introducing a different functionality along the polymer 

backbone (eg. carboxylic group) by preparation of suitable protected diol monomers 

which may influence APEG degradation or improve subsequent conjugate preparation 

although this has yet to be studied.

Conjugation of DOX to APEG 21 was successfully achieved via a succinyl linker with 

no apparent degradation of the polymer backbone. Conjugates were prepared with up 

to 8.5 wt% DOX loading and with less than 1 % of total DOX attributable to unbound 

drug following purification. APEG-DOX conjugates display a typical polydispersity 

for poly-condensation type polymers. However, their Mw is evidently greater than non- 

degradable polymer-DOX conjugates such as PKl (Mw = 30,000 g/mol) and would be 

expected to display an altered biodistribution associated with prolonged blood 

circulation and enhanced tumour accumulation due to inefficient clearance of the high 

Mw APEG-DOX by the kidneys. In vivo pharmacokinetic studies in tumour bearing 

animals comparing PKl and APEG-DOX M  are designed to give some indication of 

the potential of APEGs as the macromolecular component of polymer-drug conjugates 

and these studies are described in Chapter 6. This early work on the synthesis of an 

APEG-DOX conjugate is a positive step towards justifying further work leading to the 

development of a pre-clinical anti-cancer candidate.
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Chapter Six

APEG-DOX: Evaluation o f  the Potential fo r  Improved Tumour Targeting
by Direct Comparison with P K l
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6.1 Introduction

In the previous chapters the development of a high molecular weight polyacetal-DOX 

conjugates has been described, from the design and biological evaluation of the novel 

polymeric backbone through to its conjugation to the anti-tumour agent DOX. In this 

study, following preliminary in vitro cytotoxicity studies, a comparison of the 

pharmacokinetics of APEG-DOX 34 and PKl (HPMA copolymer-DOX) was made 

following i.v. injection in tumour bearing mice to establish whether the ‘degradable’ 

conjugate would display enhanced tumour accumulation by virtue of its higher 

molecular weight.

The rationale for the design of polymer-drug conjugates has already been discussed in 

detail (section 1.2) and the first evidence of improved therapy was demonstrated with 

an HPMA copolymer-DOX conjugate (PKl) which has progressed through to clinical 

trials (Vasey et al, 1999). This conjugate has a Mw of -30,000 g/mol. Enhanced 

tumour accumulation can be achieved by using higher Mw polymers (section 5.1) and 

was demonstrated using radiolabelled HPMA copolymers (Seymour et al, 1995). 

Ideally, high molecular weight, anti-tumour APEG conjugates can be developed which 

allow lysosomotropic drug release combined with degradation of the polymeric 

backbone to prevent accumulation within lysosomes and also, albeit more slowly, in 

the extracellular tissue of the muscle and skin, sites of accumulation identified in 

studies using high molecular weight, non-degradable HPMA copolymers (Goddard et 

al, 1991).

In vitro methods to evaluate the anti-tumour effect of polymer-drug conjugates often 

utilise a cell based method such as the MTT assay described in section 2.3.1.2 and used 

to determine the cytotoxicity of the polymer alone (section 4.3.1). However, in vitro 

IC50 values are not predictive of the therapeutic index in vivo and are strongly 

influenced by the amount of free drug associated with the conjugate, the cellular 

pharmacokinetics, and the rate of drug release. Free DOX rapidly penetrates the cell 

membrane and is extremely toxic to most cell lines (for example L1210/P388 cells, 

Duncan et al, 1992 and B16F10 cells, this study). In contrast, cellular entry of a 

polymer-DOX conjugate is governed by the rate of pinocytic uptake (ki) and the 

subsequent intracellular release of drug by the hydrolysis of the linker (k2) which 

proceed much more slowly (Figure 6.1).
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Figure 6.1: Cellular uptake of free DOX and polymer-DOX conjugates. The potential 
for rapid cytotoxic effect of unbound DOX impurity compared with the polymeric 
derivative controlled by the rate of pinocytic uptake (k,) and the intracellular release of 
the free drug (k2).
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The profound effect of trace unbound drug on in vitro cytotoxicity has been 

demonstrated using the MTT assay and PKl. Assuming that the polymer contained 0.1 

% free DOX, the cytotoxicity of the unbound agent was calculated from a DOX 

reference curve and was found to superimpose the cytotoxicity profile of the conjugate 

(Duncan et al, 1992). This suggests that over the 72 h assay, PKl itself displays little 

or no cytotoxic activity.

PKl employs the tetrapeptide (GFLG) linker which was designed to release DOX only 

in the presence of lysosomal proteases (cathepsin B) (Duncan et al, 1983), with 50 % 

release occurring in the first 24 h (Subr et al, 1992). In a series of studies using HPMA 

copolymer-GFLG-DOX conjugates, with or without incorporation of the pH-sensitive 

hydrazone linkage (Figure 6.2), the effect of the rate of release of DOX could clearly be 

seen. The hydrazone linkage promotes 50 % DOX release within 2-6 h at pH 5, more 

than 10 times faster than the release of DOX at pH 7.4 (Etrych et al, 2001 as previously 

reported by Greenfield et al, 1990). The cytotoxicity of the hydrazone possessing 

conjugates for T-splenocytes and EL-4 T cell lymphoma cells was much higher (Etrych 

et al, 2001) compared with the effect of the similar, GFLG-only, conjugates (Ulbrich et 

al, 2000). If the mechanisms of cellular uptake are considered these results are not 

surprising. Not only is DOX released more quickly from the polymer following 

cellular internalisation but also, over 72 h a significant percentage of bound DOX will 

be released in the extracellular media and passively diffuse, as free drug, across the cell 

membrane to exert a cytotoxic effect.

Many polymer-conjugates have been developed which have displayed disappointing 

antitumour effect in vitro have since shown activity in vivo (Table 6.1). This 

demonstrates the limitations of the current in vitro methods for screening antitumour 

effect and care must be taken when evaluating these results.

In vivo evaluation of polymer-drug conjugates provide a more definite prediction of 

their potential as antitumour agents, in particular preliminary pharmacokinetic studies 

which can show the extent of EPR-mediated targeting. PKl has been extensively 

studied to investigate conjugate pharmacokinetics, tumour tropism and antitumour 

efficacy in comparison with free DOX. Following i.v. administration in mice (5 mg/kg) 

the circulating half-life of PKl (Mw -30,000 g/mol) was -15 times longer than that of 

free DOX (AUC >70 fold increase after 1 h) with peak levels of free DOX in the heart,
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Figure 6.2: HPMA copolymer-DOX conjugates containing, (A) the ‘classic’ GFLG 
linker (taken from Ulbrich et al, 2000) and (B) the GFLG linker with the terminal 
hydrazone bond between linker and drug (taken from Etrych et al, 2001).
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Table 6.1: Comparisons of polymer-drug conjugate cytotoxicity using in vitro assays

and tumour models in vivo

Polymer conjugate In vitro activity In vivo activity Reference

HPMA copolymer- 
DOX

Less active than 
free drug (L1210 
and P388 cells)

Higher activity than 
DOX in a variety of 

tumour models

Duncan et al, 1992

HPMA copolymer- 
platinate

No activity 
against B16F10 

cells

Significantly more 
antitumour activity 

than cisplatin 
against B16F10 

melanoma

Gianasi et al, 1999

PAMAM dendrimer- 
platinate

Less active than 
free drug

Antitumour activity 
against s.c. B16F10 

melanoma. 
Cisplatin inactive.

Ferruti et al, 1999 
Malik et al, 1999

PEG-CPT Less active than 
free drug (P388 

cell line)

Enhanced tumour 
regression in HT-29 
colorectal xenograft

Conover et al, 1998 
Greenwald et al, 

1998

PG-paclitaxel Less active than 
free drug

Significantly more 
efficacious than 
free paclitaxel in 

syngeneic and 
xenograft tumours

Li et al, 1998 and 
1999
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the site of dose limiting toxicity, reduced 100 fold following administration of drug- 

conjugate (Seymour et al, 1990). Tumour accumulation was assessed at the same dose 

in mice bearing subcutaneous B16F10 melanoma. Injection of the polymer-bound 

DOX at the same DOX equivalent dose as the drug alone achieved rises of 1.7-fold 

(free DOX) and 17.1-fold (total, free and bound, DOX) in tumour AUC (0-48h). 

Increasing the dose of PKl (18 mg/kg DOX equivalent) resulted in a further increase in 

tumour AUC (4.6-fold, free and 77-fold, total DOX) compared to free drug (Seymour 

et al, 1994).

Antitumour efficacy of HPMA copolymer-bound DOX has also been demonstrated in a 

variety of tumour models. The conjugate displayed a higher activity than free DOX 

when administered i.p. against the ascitic L1210 tumour model (T/C >430 % and 214 

% respectively) (Duncan et al, 1989). This is known to be a sensitive tumour model 

and subsequent studies were performed in disease models which are potentially more 

difficult to treat. Table 6.2 summarises the activity of DOX and PKl against a number 

of established solid tumours. These results confirm that improved therapeutic response 

can be achieved using polymer-bound drug in a variety of tumour models (Duncan et 

al, 1992).

The development of PKl represents the pioneering research in the development of 

polymer-drug conjugates and to this day is still one of the most successful compounds 

developed. Pharmacokinetic comparison with the leading polymer-drug conjugate will 

go some way to establishing the potential of polyacetals as an effective drug delivery 

system for antitumour agents and hopefully stimulate future research into the 

antitumour efficacy of APEG-DOX conjugates.

6.2 Methods

6.2.1 In vitro cytotoxicity of APEG-DOX

The MTT assay used for in vitro screening of APEG-DOX cytotoxicity is described in 

detail in section 2.2.1.5-6. Dextran and poly-L-lysine were used as controls and free 

DOX was also tested for comparison with the conjugate. Cytotoxicity of APEG-DOX 

was also studied at various time points following incubation of the conjugate at pH 5.5 

and 37 °C. APEG-DOX (20 mg) was dissolved in PBS (2 ml) adjusted to pH 5.5 with
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Table 6.2: Effect of DOX and PKl on established solid tumours in mice (taken from

Duncan et al, 1992)

Treatment Dose“
(mg/kg)

T id ’ (%) Toxic deaths Long term 
survivors*^

Walker Sarcoma‘S
None —— 0/5 0/5
DOX 1x10 88 4/5 0/5
PKl 1x10 >196 0/5 2/5

P388
None —— —— 0/5 0/5
DOX 3x3 117 1/5 0/5
PKl 3x18 >312 0/5 1/5

B16 melanoma
None — * — 0/10 0/10
DOX 3x5 133 0/5 0/5
PKl 3x18 209 0/10 0/10

3x27 293 0/4 0/4
3x36 >320 0/3 3/3

LS174T xenograft
None - - —— 0/5 0/5
DOX 3x5 70 2/3 0/3
PKl 3x5 120 0/3 0/3

3x18 200 0/4 1/4

Represents DOX equivalent and all drugs were administered i.p.

 ̂For Walker and P388 the mean T/C is given, and for B16 melanoma and LS174T the 

median T/C value is shown

 ̂Animals surviving at 50 days (Walker, P388), 30 days (B16 melanoma) or 40 days 

(LS174T) following tumour administration 

 ̂Experiment performed using male Wistar rats
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0.1 M HCl. At each time point 200 pi was taken and immediately frozen prior to 

analysis. Samples were prepared for the assay by diluting with 1.8 ml media to 

generate a 1 mg/ml stock solution which was further diluted as appropriate. The PBS 

control was prepared using 200 pi PBS (adjusted to pH 5.5) diluted with 1.8 ml media.

6.2.2 Fluorescence Imaging

The method utilised to monitor the intracellular distribution of APEG-DOX and PKl, 

using the DOX fluorophore are described in section 2.2.3.5. The extent to which the 

natural fluorescence of the DOX moiety is quenched by conjugation to the polymer 

was also evaluated. Attempts to distinguish the intracellular distribution of the 

conjugates were made following incubation with B16F10 cells for 24 h.

6.2.3 In vivo pharmacokinetics of APEG-DOX and PKl in tumour bearing mice

C57 black mice were inoculated s.c. with B16F10 melanoma cells and upon the 

tumours reaching the appropriate size APEG-DOX and PKl were administered i.v. via 

the tail vein. Animals were killed and the appropriate organs removed and stored at 

-20 °C prior to analysis (described in detail in section 2.2.2.4). Tumour, plasma and 

organ levels of DOX were quantified by HPLC as described in section 2.2.3.4. 

Examples of representative HPLC traces for extractions from tissue and plasma are 

shown in Figure 6.3.

6.3 Results and Discussion

Many factors can influence the efficacy of a polymer-drug conjugate, often due to 

changes in the polymeric backbone or the attachment of the active drug. Having 

developed a new, degradable polymer-DOX conjugate it was important to make 

comparisons with current DOX conjugates in vivo. However, due to the degradable 

nature of the polyacetal backbone in vitro studies were also conducted to establish 

whether cytotoxicity or perhaps intracellular distribution might be affected by 

hydrolytic degradation of the polymer.
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Figure 6.3: HPLC traces for the determination of total DOX (free and bound) from 
biological samples. Extraction of DOX and DNM as the aglycone from (A) plasma, (B) 
tumour and (C) liver samples are shown.

150



APEG-DOX: Evaluation oj the potential for improved tumour targeting hv direct comparison with PKl

6.3.1 Evaluation o f the in vitro cytotoxicity o f APEG-DOX

The cytotoxicity of APEG-DOX against B16F10 cells is illustrated in Figure 6.4. The 

succinylated APEG intermediate synthesised during the conjugation of APEG-DOX 

was also studied and shown to be non toxic at concentrations up to 1 mg/ml (Figure 

6.4A). Direct comparison of the cytotoxicity of the polymer-bound and free DOX is 

best illustrated using Figure 6.4B which express both formulations in terms of their 

DOX concentration. As can be seen APEG-DOX (IC50 = 6 pg/ml DOX equivalent) 

was approximately 10-fold less toxic than free DOX (IC50 = 0.6 pg/ml). The 

cytotoxicity associated with APEG-DOX cannot be totally attributed to the presence of 

unbound DOX (~1 % of total DOX) as was described earlier with PKl (Figure 6.4B, 

dotted line). As the succinyl linker is assumed to be non-degradable any toxicity was 

due to the intact polymer conjugate or by generation of an active degradation product.

A dextrin-DOX polymer conjugate using the succinyl linker, also displayed in vitro 

cytotoxicity (IC50 = 8-23 pg/ml DOX equivalent). The activity was attributed to DOX- 

succinyl-saccharide analogues which displayed similar activity when tested alone (IC50 

= 8, 8 or 12 pg/ml where n = 2, 3 or 4 glucose units respectively) (Scheme 6.1 A and 

Hreczuk-Hirst et al, 2000). Hence it is conceivable that the DOX-succinyl-serinol 

(Scheme 6.IB) also displayed toxicity and that during the 72 h incubation with B16F10 

cells sufficient quantities are produced to cause cell death. If this were the case then 

APEG-DOX would be expected to show anti-tumour efficacy in vivo without the need 

for modification of the linker to allow release of the active drug. Initial attempts to 

synthesise DOX-succinyl-serinol were unsuccessful due to problems in obtaining pure 

material therefore a preliminary controlled degradation study was subsequently 

performed to attempt to elucidate the relationship between the degradation of the 

polymer backbone and the extent of in vitro cytotoxicity. APEG-DOX was stored at 37 

°C and at pH 5.5 to promote degradation of the polymer backbone. Aliquots were 

removed at 0, 12, 24, 48, 72, 120 and 624 h and frozen prior to analysis. From 

previous degradation studies (section 3.3.3 and Figure 3.3) it can be predicted that 

complete degradation of the mainchain will occur around 120 h, thereby releasing all of 

the DOX-serinol analogue. Figure 6.5 shows the results of this study. No significant 

increase in cytotoxicity was observed over all time points however a number of factors 

have been identified which make these results difficult to interpret. DOX is known to 

be stable in the pH range of 3-6.5 (Vigevani and Williamson, 1980) but degradation
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Figure 6.4: In  v i t r o  cytotoxicity studies against B16F10 cells. (A) Cytotoxicity of free 
DOX (□ ), APEG-DOX M (O) and APEG-succ ^  (A). (B) Data are expressed in 
terms of relative DOX concentration. Assuming that APEG-DOX contains 1 % free 
DOX, cytotoxicity attributable to this contamination can be calculated using (□ -□ )  as 
a reference curve. This theoretical data (# ) is also shown. Mean values ± SEM (n = 6) 
are shown.
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Scheme 6.1: Potentially cytotoxic degradation products of degradable polymer-DOX 

conjugates. (A) DOX-succinyl saccharide analogues from dextrin-DOX (Hrezcuk-Hirst 

et al, 2000) and (B) DOX-succinyl-serinol from APEG-DOX.
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can occur at elevated temperatures (Wedge, 1991). HPLC analysis of the 624 h 

sample, using the methods for free and total DOX described in section 2.2.3.4 indicated 

that some degradation of DOX had occurred (Appendix 3) with the appearance of an 

unknown peak (~30 %) in the analysis of total DOX. It is unlikely that this 

degradation, especially at the earlier time points would have a significant effect on the 

results but further studies which include a DOX control exposed to the same conditions 

as the conjugate are required.

Another complication of the method is that the sample referred to as time point, t = 0, is 

then subject to hydrolytic degradation during the 72 h assay time period which could 

lead to the generation of indeterminable amounts of DOX-serinol. Hence, while it 

seems that increasing the amount of the DOX-serinol analogue does not lead to an 

increase in cytotoxicity in vitro, results may be misleading and do not rule out the 

possibility that APEG-DOX may exhibit in vivo anti-tumour efficacy.

63.2 Intracellular distribution o f APEG-DOX and PKl

The auto-fluorescence of DOX allowed fluorescence microscopy studies to be 

performed, without further modification of the polymer conjugates, to assess any 

qualitative differences between APEG-DOX and PKl regarding their intracellular 

distribution. A previous study, using free DOX and a PEG-DOX conjugate 

demonstrated that, after 24 h DOX is associated with the cell nucleus whereas for the 

conjugate decreased fluorescence was detected in the nucleus but was observed 

primarily in the cytoplasm (Rodrigues et al, 1999). The effect of conjugation on DOX 

fluorescence was determined for both PKl and APEG-DOX (section 2.2.3.5 and Figure 

2.8A). In both cases the degree of fluorescence was reduced following conjugation, 

more notably in PKl. This may be explained by the propensity of the polymer-DOX 

conjugates to form intramolecular micelles, augmented in the case of PKl by the 

hydrophobicity of the GFLG linker along with the conjugated drug (Keane, 2002). The 

fluorescence was also determined at 540 nm (Ex) and 570 nm (Em) because this was 

the nearest available filter in the fluorescence microscope (section 2.2.3.5 and Figure 

2.8B). Again, measurable fluorescence was reduced but was deemed sufficient for 

fluorescent imaging at suitable concentrations.
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Results of the fluorescence microscopy are depicted in Figure 6.6 at concentrations of 

0.05 and 0.5 mg/ml. At both concentrations, PKl and APEG-DOX showed similar 

fluorescence profiles with the majority confined to the perinuclear region, similar to 

that of the PEG-DOX conjugate described earlier. However, these pictures do not 

provide any specific information about the intracellular trafficking of the conjugates 

and DOX may not be the best marker for such a study. A time-dependent study with 

incorporation of a fluorescence probe and co-localisation with organelle specific 

fluorophores such as lysotracker would give more definitive intracellular information, 

as has been demonstrated with endosomolytic polymers (Merdan et al, 2002, Pattrick, 

2002).

6.3.3 Pharmacokinetics o f APEG-DOX and PKl in tumour bearing mice

In the development of a novel preparation for a specific application advantages must be 

shown over existing therapy. At this stage of the research it was important to 

determine whether the first APEG-DOX conjugates were at least as effective in 

promoting tumour uptake of DOX as the well established HPMA copolymer-DOX 

conjugate, PKl. APEG-DOX (Mw = 86,000 g/mol, Mw/Mn = 2.6; 5.0 wt% DOX) and 

PKl (Mw = 30,000 g/mol, Mw/Mn = 1.3-1.5; 6.2 wt% DOX) were injected i.v. into the 

tail vein of C57 mice at the same DOX equivalent dose (5 mg/kg). Table 6.3 and 6.4 

summarise the results obtained following HPLC analysis for total (free and bound) 

DOX. Values are expressed as a percentage of the administered dose per gram (or ml, 

for plasma) of organ to compensate for variations in the weight of a particular organ. 

The 5 min time point is included in the plasma data to illustrate the biphasic clearance 

profile but it was not considered appropriate to include in the tissue data due to only 

one successful injection being made (n = 1) for APEG-DOX at this time point. 

However, these results are reported in tables 6.3 and 6.4.

Plasma DOX levels following administration o f APEG-DOX and PKl. The amount of 

DOX in the plasma is shown in Figure 6.1 K. Data was also expressed in terms of the 

percentage of the administered dose, by calculations based on estimations for the total 

blood volume and the composition of blood (section 2.2.2.4), and using a log time scale 

to indicate the apparent levels of polymer in the blood and their relative rates of 

clearance (Figure 6.7B). Plasma levels of APEG-DOX were significantly higher (p < 

0.05) than seen for PKl after 5, 48 and 72 h. Only the small study numbers, and high
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Figure 6.6 A: Fluorescence microscopy photographs of the cellular distribution of PKl. 
B16F10 cells were incubated with 0.05 and 0.5 mg/ml of PKl for 24 h. DOX 
Fluorescence was excited at 545 nm and detected at 570 nm (TRITC) and DAPI 
fluorescence (nuclear stain) at 358 nm and 461 nm.
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Figure 6.6B: Fluorescence microscopy photographs of the cellular distribution of 
APEG-DOX. B16F10 cells were incubated with 0.05 and 0.5 mg/ml of APEG-DOX M  
for 24 h. DOX Fluorescence was excited at 545 nm and detected at 570 nm (TRITC) 
and DAPI fluorescence (nuclear stain) at 358 nm and 461 nm.
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Table 6.3: Total DOX levels in plasma and tissues after i.v. administration of APEG- 

DOX to C57 mice (n = 3) bearing B16F10 melanoma

Sample* Time

Smin* Ih 5h 12h 24h 48h 72h

Plasma^ 75.6±0 58.3±4.0 42.6±3.0 40.1±6.4 24.4±4.6 15.3±2.4 10.1±L4

Tumour 4.85±0 3.00±0.2 7.46±1.0 6.68±1.0 6.01±0.5 5.14±0.8 3.2Ü0.6

Heart 4.75±0 4.49±0.8 3.74±0.7 2.51±0.4 1.81±0.2 1.43±0.1 1.12±0.2

Kidney 8.70±0 7.74±0.6 3.85±0.4 3.67±0.4 3.13±0.2 1.84±0.2 1.61±0.2

Lung 8.47±0 10.8±0.7 7.04±0.8 5.78±0.6 3.64±0.5 2.49±0.1 1.88±0.3

Liver 2.76±0 3.48±0.4 1.61±0.1 2.13±0.4 2.15±0 1.3U0.2 l.lliO .l

Spleen 4.09±0 3.12±0.4 2.41±0.2 4.18±0.6 3.05±0.7 2.57±0.5 2.36±0.3

* All tissue results expressed as %dose/g 

 ̂ Results for plasma expressed as %dose/ml 

 ̂ Results obtained from 1 mouse (n = 1)
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Table 6.4: Total DOX levels in plasma and tissues after i.v. administration of PKI to 

C57 mice (n = 3) bearing B16F10 melanoma

Sample* Time

5min 111 5h 12h 24h 48h 72h

Plasma^ 103.1±4.5 63.2±3 26.4±L3 19.9±0.8 10.1±2.5 5.22±0.5 2.46±0

Tumour 2.83±0.4 4.76±0.5 6.29±1.0 5.22±0.4 4.24±0.5 3.26±0.3 2.40±0.2

Heart 10.4±2.4 6.8Ü0.2 4.17±0.2 2.59±0.2 2.01±0.3 1.56±0.2 1.19±0.1

Kidney 16.4±2.8 18.4±4.1 7.78±0.6 5.55±0.2 3.65±0.2 2.59±0.2 1.94±0.2

Lung 15.9±2.7 16.1±0.8 7.45±1.1 5.46±0.1 3.52±0.3 2.31±0.2 1.46±0.1

Liver 4.71±0.2 4.46±0.5 3.06±0.3 3.61±0.4 3.34±0.4 3.47±0.4 3.06±0.4

Spleen 5.55±1.1 4.94±0.8 3.12±0.3 4.74±0.4 4.30±0.4 4.51±0.3 4.06±0.4

* All tissue results expressed as %dose/g 

 ̂ Results for plasma expressed as %dose/ml
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Figure 6.7: Plasma DOX levels following i.v. administration of APEG-DOX (O) and 
PKI (□) (5 mg/kg). Data expressed as (A) % dose per ml of plasma (* represents 
statistical significance, p < 0.05) and (B) % of the administered dose. Mean values ± 
SEM (n = 3) are shown.
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variance using the two-tailed student t-test assuming unequal variances prevented all 

values for APEG-DOX being significantly higher than PKI after 5 h. For both 

conjugates, the data suggest a biphasic clearance. During the initial phase the time to 

reach half the initial plasma value {imo) for APEG-DOX and PKI can be estimated to 

be 1 h for both conjugates. However, a subsequent 50 % decrease in plasma levels 

occurs after a ftirther 19 h for APEG-DOX and 3.5 h for PKI, with 20 % and 8 % of 

the administered dose remaining in the circulation after 24 and 72 h for APEG-DOX 

compared with 8 % and 2 % for PKI.

The apparent disparity in the circulation times of the two conjugates can be explained 

by two main factors. Immediately after injection conjugates can be removed from the 

circulation by diffusion into the peripheral tissues and by elimination (excretion) via 

the kidneys. Due to the macromolecular size of the conjugates diffusion into the 

periphery should be relatively low but can contribute to the initial, rapid, clearance. 

Therefore, clearance via glomerular filtration by the kidneys is the main mechanism by 

which conjugate circulation half-life is controlled. The similarity in the early phase 

clearance can be attributed to the polydispersity of APEG-DOX. Whilst APEG-DOX 

has a Mw of 86,000 g/mol it is also quite polydisperse. This means that a high 

proportion of the injected sample is potentially below the renal threshold for that 

polymer and can be efficiently cleared by the kidneys at a similar rate to PKI. 

However, after this initial clearance phase the high molecular weight APEG-DOX, 

exhibits prolonged circulation times compared to PKI, the majority of which, by virtue 

of its Mw (30,000 g/mol) and narrow polydisperisty (Mw/M„ = 1.3) can be effectively 

removed by the kidneys (Seymour et al, 1987). One consequence of the APEG-DOX 

clearance profile could be that the magnitude of the EPR effect is governed by the 

concentration of the conjugate in the bloodstream (Seymour et al, 1995) hence this 

significant early decrease in plasma levels may affect subsequent tumour accumulation.

Plasma area under the concentration-time curves (AUCi-72h) for total DOX were 1723 

and 872.1 % dose.h/g for APEG-DOX and PKI respectively indicating a 2-fold 

increase in plasma residence time. These results compare well with other studies using 

PKI. Seymour and coworkers reported a 45 % decrease in the initial plasma values for 

PKI after 1 h, with a circulating half-life of approximately 15 times that of free DOX 

(Seymour et al, 1990). In a study using free DOX, PKI, a dendrimer-DOX conjugate 

and the liposomal preparation Doxil® at 5 mg/kg in the same s.c. B16F10 melanoma
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mouse model, PKI displayed a similar circulation profile with 20, 5 and 2 % dose/ml 

of blood at 5, 24 and 72 h respectively. The larger (70-100 nm) Doxil® was retained 

longest in the circulation (Sat, 1999).

Tumour DOX levels following administration o f APEG-DOX and PKI. Figure 6.8 

illustrates the amount of total DOX in the B16F10 tumour tissue following i.v. 

administration of the conjugates. After 1 h tumour accumulation of PKI was 

significantly higher (P < 0.05) than for APEG-DOX. However, after this time point 

APEG-DOX consistently displayed elevated levels in the tumour with significance 

after 48 and 72 h (p < 0.05). Peak levels were attained for both polymers after 5 h with 

7.5 and 6.3 % dose/g for APEG-DOX and PKI respectively. The increased 

accumulation of PKI after 1 h is not that surprising considering the very similar 

circulation profiles of both conjugates up to this time and the possibility that the rate of 

uptake of PKI into tumour tissue may be enhanced due to its smaller molecular size.

The tumour AUCi-72h values for APEG-DOX and PKI were 384.1 and 280.7 % 

dose.h/g respectively. Calculation of the tumouriplasma AUG ratio for APEG-DOX 

(0.22) and PKI (0.32) indicate that a better ratio is attained with the lower molecular 

weight conjugate. This effect has been reported with radiolabelled HPMA copolymers 

with a range of Mw (22-778,000 g/mol). The higher molecular weight polymers 

displayed elevated tumour levels as a result of their prolonged blood circulation but a 

subsequent decrease in the tumour:blood AUC ratio (Seymour et al, 1995). A direct 

comparison can again be made with the study performed by Sat in which the tumour 

AUCi-72h for PKI was also expressed as % dose.h/g (Sat, 1999). Earlier tumour 

tropism data expressed total DOX levels as tumour AUCo-48h in pg.lVg (Seymour et al,

1994). Examination of our data indicate that both data correspond well with our 

findings and support the concept of improved tumour targeting using APEG-DOX 

compared to PKI and free DOX (Table 6.5).

In this study only total DOX (free and polymer-bound) values have been determined. 

It is possible that the values may be slightly affected by the release of DOX from the 

polymer and its subsequent clearance from the tissue. This effect was demonstrated 

using a radiolabelled-HPMA copolymer-DOX conjugate whereby after 12 h there was 

actually less DOX present in the tumour than would be predicted by measurement of
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Figure 6.8: Tumour levels of DOX determined in s.c. B16F10 murine melanoma 
following i.v. administration of APEG-DOX (O) and PKI (□) (5 mg/kg). * represents 
statistical significance (p < 0.05). Mean values ± SEM (n = 3) are shown.
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Table 6.5: Summary of total DOX accumulation in B16F10 murine melanoma 

following i.v. administration of APEG-DOX, PKI and free DOX at 5 mg/kg (DOX

equivalent)

(Reference)
Compound

Peak tumour levels (time) Tumour AUC (total DOX)

% dose/g fig/g 1-72 h 
(% dose.h/g)

0-48 h
(pg.h/g)

(This study)
APEG-DOX 7.5 (5 h) 10.0 (5 h) 384.1 345.4
PKI 6.3 (5 h) 7.7 (5 h) 280.7 259.6

(Sat, 1999)
PKI 7.8 (1 h) — 272 —

Free DOX 0.7 (1 h) — 34 —

(Seymour et al, 1994)
PKI — 7.5 (1 h) — 149.1
Free DOX — 0.55 (1 h) — 8.7
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the radioactivity associated with the polymer backbone (Seymour et al, 1994). 

However, the APEG-DOX conjugate is also susceptible to degradation, both extra- and 

intracellularly, with the release of a low molecular weight DOX analogue, so the 

potential for variance in tissue levels due to DOX release exists for both conjugates and 

cannot be accurately determined.

Accumulation o f APEG-DOX and PKI in the major organs. Whilst the focus of this 

research was to demonstrate that high molecular weight APEG-DOX would display 

prolonged blood circulation and higher levels of tumour accumulation it was also 

necessary to investigate whether these polymers would be taken up preferentially by 

any of the major organs in comparison with PKI. The organ accumulation of total 

DOX associated with both conjugates can be seen in Figure 6.9A-E. Organs were not 

perfused with saline prior to isolation, hence the presence of occluded blood and any 

polymer-bound DOX therein must be not be overlooked when interpreting the data, 

especially the 1 h time point where the concentration of the conjugates in the blood is at 

its highest.

No significant difference was seen in the uptake of either conjugate in the heart (Figure 

6.9A). At 1 h total DOX levels were 4.5 and 6.8 % dose/g for APEG-DOX and PKI 

respectively but these levels decreased steadily with ~1 % dose/g remaining after 72 h. 

Similarly, no difference was seen with accumulation in the lung except after 1 h (p < 

0.01) where peak levels of PKI were 16.1 % dose/g compared with 10.8 % dose/g for 

APEG-DOX (Figure 6.9B). For both conjugates, this accumulation in the lung seems 

quite high, even up to 12 h (6 % dose/g) and has not been previously reported. A study 

using HPMA-copolymer-DOX with a range of Mw (22-1,230,000 g/mol) at 1 mg/kg in 

nude mice did show a similar pattern of distribution but no explanation was given. 

Levels of total DOX did fall to 2 % dose/g after 72 h but it is not clear why elevated 

levels are seen at the earlier time points. However, it is worth mentioning that 

expressed as a percentage of the administered dose peak levels for APEG-DOX and 

PKI are 1.8 and 2.2 respectively.

Figure 6.9C and D show the relative uptake of both conjugates in the RES organs, the 

liver and spleen. In both organs significant differences were observed for APEG-DOX 

and PKI with the latter consistently displaying higher levels. In liver, uptake of PKI 

was significantly higher after 5, 12, 72 (p < 0.05) and 48 h (p = 0.01)(Figure 6.9C).
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Figure 6.9: Organ accumulation of total DOX following i.v. administration of APEG- 
DOX (O) and PKI (□ ) measured in (A) heart and (B) lung. ** represents statistical 
significance (p < 0.01). Mean values ± SEM (n = 3) are shown.
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Figure 6.9: Organ accumulation of total DOX following i.v. administration of APEG- 
DOX (O) and PKI (□) measured in (C) liver and (D) spleen. ** (p < 0.01) and * (p < 
0.05) represents statistical significance. Mean values ± SEM (n = 3) are shown.
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Figure 6.9: Organ accumulation of total DOX following i.v. administration of APEG- 
DOX (O) and PKI (□ ) measured in (E) spleen. ** (p < 0.01) and * (p < 0.05) 
represents statistical significance. Mean values ± SEM (n = 3) are shown.
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Liver AUCi-72h values for APEG-DOX and PKI were 122.1 and 244.4 % dose.h/g 

respectively indicating a 2-fold decrease in the amount of total DOX in the liver over 

the 72 h study period. Figure 6.9D clearly shows a similar pattern of distribution in the 

spleen with PKI levels significantly higher over the later time points. In terms of the 

AUCi-72h, APEG-DOX showed a 1.5-fold decrease in total DOX accumulation after 72 

h. Whilst both polymers accumulated in these organs in relatively low levels the 

preferential uptake of PKI compared to APEG-DOX was an unexpected advantage of 

the higher molecular weight, degradable conjugate. The accumulation of PKI in the 

liver and spleen is similar to that reported in the study by Sat (Sat, 1999) and suggests 

that the difference cannot be attributed to experimental error. The results suggest that 

APEG-DOX is not recognised to the same extent as PKI by the RES. The polyacetal 

backbone consists of a large proportion of PEG which has been widely used to modify 

the pharmacokinetics of proteins as described in section 1.4.2. Moreover, PEGylation 

of liposomes and nanoparticles has been used to confer ‘stealth’ properties to the 

formulation (reviewed by Gabizon et al, 1998). It is possible that the high degree of 

PEG within the APEG backbone influence its biodistribution in respect to uptake in the 

RES organs.

The kidney shows high levels of both polymers after 1 h which can be explained by the 

significant amounts of each conjugate which are being filtered through the kidney 

glomeruli (Figure 6.9E). Significantly higher levels of PKI were seen after 5 and 12 h 

(p < 0.05) which may be due to the continued passage of the conjugate through the 

kidneys. In all organs no progressive accumulation was seen for either PKI or the 

longer circulating APEG-DOX. The relative levels of APEG-DOX and PKI in the 

tumour compared with the other major organs are illustrated in Figure 6.10 and 

highlight the improved distribution profile of APEG-DOX.

For comparison with other high molecular weight polymer-DOX conjugates a recent 

study using a range (22, 160, 895 and 1,230,000 g/mol) of reportedly degradable 

HPMA copolymer-DOX conjugates (P-DOX) also warrants mention (Shiah et al, 

2001). P-DOX (Mw > 160,000 g/mol) showed significant increase in blood and tumour 

AUC and improved anti-tumour efficacy compared with free DOX and P-DOX (Mw = 

22,000 g/mol) although increased accumulation in the heart, liver and spleen occurred 

with increasing molecular weight. They hypothesise that these polymers, which 

contain lysosomally degradable oligopeptide crosslinks, would release DOX in the
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Figure 6.10: Distribution of total DOX associated with (A) APEG-DOX and (B) PKI 
in the tumour and the major organs following i.v. administration. Mean values ± SEM 
(n = 3) are shown.
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lysosome where the conjugate itself would also be degraded to the primary chains and 

be excreted. However, as previously reported (Goddard et al, 1991, Seymour et al,

1995) in acute therapy with high molecular weight polymers the problem is reportedly 

accumulation in the extracellular space of skin and muscle wherein degradation by 

lysosomal enzymes would not be expected to occur. Again, this highlights our need for 

a greater understanding of the fate of polymers following parenteral administration in 

order to design safe and effective polymer-drug conjugates.

6.4 Conclusion

The pharmacokinetics of DOX associated with APEG-DOX were markedly improved 

in terms of improved tumour targeting of DOX and reduction in its distribution in the 

major organs when compared with PKI following i.v. administration in mice bearing 

s.c. B16F10 melanoma. Moreover, significantly less DOX was measured in organs 

associated with the RES, the liver and the spleen. The increase in tumour accumulation 

would be expected for the higher molecular weight conjugate, although the high 

polydispersity of APEG-DOX may have reduced this effect due to the high proportion 

of low molecular weight conjugate. It is not clear whether this conjugate would show 

anti-tumour activity in vivo but these studies are warranted to determine whether a 

lysosomally degradable spacer is required for efficacy.

Whilst considerable research is still required polyacetals have demonstrated potential as 

the polymeric component of degradable polymer-drug conjugates and in this study 

have displayed improved biological properties compared with the HPMA copolymer- 

DOX, PKI, which has been the benchmark in the design of new conjugates. 

Pharmacological studies are now required to support this data and to determine whether 

APEG-DOX conjugates possessing the non-degradable succinyl linker possess any 

anti-tumour activity or whether a library of degradable linkers is required. It is not 

implausible to imagine the current non-degradable polymers being superseded by high 

molecular weight ‘degradable’ polymers to improve therapy and polyacetals represent a 

unique and promising approach to the design of such conjugates.
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Chapter Seven

Preliminary Investigations into the Development o f  Polyacetal Prodrugs 
which Incorporate the Drug within the Polymer Backbone: An alternative 

strategy fo r  designing polym eric drug conjugates
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7.1 Introduction

Until now APEG development has been focused on the preparation of high molecular 

weight polymers and ultimately their conjugation to the anthracycline antibiotic DOX 

to establish whether these synthetic, degradable polymers might confer advantages over 

existing polymer therapeutics as a platform for the delivery of cytotoxic drugs. From 

the data already presented it is clear that APEGs have potential in this area. However, 

the development of a new family of polymers also stimulates myriad ideas surrounding 

its application within the field of polymer therapeutics (as defined by Duncan et al,

1996) and in other areas of controlled release. This chapter describes preliminary 

studies investigating the development of polyacetals which incorporate the active 

compound within the polymer mainchain.

The concept of polymeric drugs has been studied for over 25 years (Breslow, 1976) and 

was discussed earlier in section 1.5.2. However, this research was founded on 

observations that some synthetic polymers possessed inherent biological activity 

(Seymour, 1991), often by virtue of their ability to stimulate the immune system. Very 

little research has been conducted on the design of degradable polymers that possess a 

therapeutic moiety chemically incorporated within the polymer structure. Such 

polymeric prodrugs have the ability to release the drug in a controlled manner as 

determined by the rate of degradation of the polymer itself.

Uhrich and coworkers have described the synthesis of salicylic acid-derived 

poly(anhydride esters) (Erdmann and Uhrich, 2000). The polymer, by design, 

undergoes hydrolytic degradation to release salicylic acid in a pH-dependent manner. 

In aqueous media the poly(anhydride ester) films displayed enhanced rates of salicylic 

acid release with increasing pH (Scheme 7.1). Negligible drug release was observed 

over 90 days at pH 3.5 whereas under neutral (pH 7.0) and basic (pH 10) conditions 

salicylic acid was released progressively quickly with 50 % drug release by day 20 at 

pH 7.0 and 100 % release within 38 h at pH 10. The authors suggest these polymeric 

prodrugs have potential in a variety of applications ranging from periodontal 

prosthetics (Erdmann et al, 2000) to inflammatory bowel disease where it is important 

to release the salicylic acid in the more basic environment of the lower intestine.
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Scheme 7.1: Hydrolytic degradation of salicylic acid-derived poly(anhydride ester) to 

yield salicylic acid and sebacic acid (Erdmann and Uhrich, 2000).
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The synthesis and characterisation of polyacetals as potential polymeric herbicides 

containing pesticides as pendent side chains or alternatively, incorporated as 

comonomer units in the polymer itself has also been reported (Schacht et al, 1978). 

The pesticide, 2,6-dichlorobenzaldehyde (DCBA) was either linked to hydroxyl 

containing polymers or, since the aldehyde may be regarded as bifunctional in acetal 

formation, polycondensation-type polymers were prepared using appropriate diols 

(Scheme 7.2). Water generated during the acétalisation process must be completely 

removed to ensure reproducible polymerisation of high molecular weight polyacetals 

and is difficult to achieve. In this instance the polyacetals possessing DCBA in the 

backbone were obtained in low yield and the molecular weight was always below 6,000 

g/mol. In both examples the polymeric prodrugs were insoluble in water and focused 

on the release of the active moiety from polymeric implants or films. However, the 

concept can be equally applied to the development of water-soluble polymers as 

polymer therapeutics.

In Chapter 1 the importance of the linker between polymer and drug in influencing the 

efficacy of polymer conjugates was discussed and highlighted by the dose limiting 

toxicity of HPMA copolymer-paclitaxel and camptothecin conjugates (Meerum 

Terwogt et al, 2001 and Schoemaker et al, 2002). This was attributed to uncontrolled 

release of the free drug caused by hydrolysis of the ester bond between the drug and the 

‘lysosomally’ degradable tetrapeptide spacer (section 1.6). In the case of degradable 

polymers, both linker design and the relative rate of linker and polymer degradation 

must be considered. It is important that degradation of the polymer mainchain does not 

occur more quickly than the rate of drug release or the potential for targeted drug 

delivery would be lost.

The relative stability of the acetal moiety under neutral conditions (pH 7.4) compared 

with the enhanced rate of degradation at mildly acidic pH values similar to those 

encountered in the lysosome has been demonstrated in this thesis (section 3.3.3) and 

used in the design of degradable polyacetals for polymer therapeutics and more 

recently, in linker design (Murthy et al, 2001). With this knowledge, the design of a 

polyacetal which incorporated the drug into the polymer backbone was proposed. 

Using the reaction between a diol and a divinyl ether a drug molecule would have to 

possess bis-hydroxyl functionality or be modified accordingly so as to be incorporated
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Scheme 7.2: 2,6-dichlorobenzaldehyde (DCBA)-generating polymers. (A) Containing 

DCBA as a pendent acetal group and (B) the synthesis of polyacetal incorporating 

DCBA in the polymer backbone (Schacht et al, 1978).
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into the polymer backbone (Scheme 7.3). Such polyacetals would potentially eliminate 

the need for subsequent drug conjugation reactions and the design of appropriate 

linkers as degradation of the polymer backbone within the lysosome would result in the 

release of free drug. However, it is essential that such polymers remained relatively 

stable at the circulatory pH to prevent systemic drug release.

Scheme 7.3: Synthesis of polyacetal prodrugs. R = drug molecule, R’ = suitable 

divinyl ether

The first attempt to synthesise a polyacetal-drug used diethylstilboestrol (DES) 

DBS possesses phenolic hydroxyl groups that should be suitable for polymerisation 

with a divinyl ether. Synthesis of polyacetals using bisphenol A, a similar compound 

in terms of its hydroxyl component, has previously been reported (Heller et al, 1980). 

DES is a synthetic non-steroidal oestrogen used in the treatment of malignant 

neoplasms of the breast and prostate for its anti-estrogenic/androgen antagonist activity 

(British Pharmacopoeia, 2001). However, toxicity is common and dose-related and 

side effects include nausea and vomiting, fluid retention, venous and arterial 

thrombosis (British National Formulary, 2002). Impotence and gynaecomastia also 

occur in men and cardiovascular morbidity has also been reported (Vogelzang, 1992). 

In breast cancer, DES has been superseded by tamoxifen which displays considerably 

less toxicity (Ingle et al, 1981).

The mechanisms of disease pathology and drug action are complex. Estrogen is the 

major stimulus for the growth of hormone-dependent breast cancer and therapy is 

directed at interfering with estrogen activity. DES, a synthetic estrogen, is effective 

against estrogen receptor positive (ER+) tumours because high dose estrogen is 

actually antiestrogenic (Swain and Lippman, 1990). The effectiveness of estrogens as 

potent antiandrogens in hormonal therapy of metastatic prostate carcinoma has also 

been described (Chodak et al, 2002) although the exact mechanism of tumour 

inhibition by pharmacological doses of estrogens is unknown (Vogelzang, 1992). 

However, particularly in breast cancer, by promoting tissue specific uptake of the 

polymer without significant systemic release of free drug it may be possible to reduce
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the toxicity commonly associated with DES therapy whilst maintaining therapeutic 

efficacy.

 ̂ ;  \
38

This chapter will focus on preliminary studies describing the synthesis and 

characterisation of water-soluble polyacetals, using DES ^  as a model drug which is 

chemically incorporated within the polymer backbone.

7.2 Methods

7.2.1 Synthesis of DES-polyacetals

Synthesis o f DES-polvacetal 40: Co-polymerisation in THF. DES 38 (0.440 g, 1.64 

mmol, 1.00 eq) and p-TSA (6.2 mg, 0.03 mmol, 0.02 eq) were accurately weighed in a 

25 ml double necked round bottomed flask equipped with a magnetic stirrer and 

dissolved with anhydrous THF (5 ml) added via a septum by syringe under nitrogen. 

TEGDVE 2 (0.340 g, 1.64 mmol, 1.00 eq) dissolved in anhydrous THF (5 ml) was then 

added using a syringe. The mixture was stirred for 4 h at ambient temperature under 

nitrogen and protected from light. Additional THF was added if the reaction mixture 

became too viscous to be stirred. Triethylamine (0.1 ml) was added to consume the 

acid catalyst and the product was isolated as a viscous oil following precipitation into 

stirred hexane (2x50 ml) and drying in vacuo at ambient temperature. NMR (Ôh, 300 

MHz, CDCI3): 0.8-0.9 (6 H, t, DES C H 3 ) ,  1.55-1.6 (6 H, d, acetal C H 3 ) ,  2.1-2.2 (4H, q, 

DES C H 2 ) ,  3.6-3.7 (6 H, m, TEGDVE C H 2 )  5.4-5.5 (2H, q, acetal -C H  ), 7.0-7.2 (8H, 

m, Ar). GPC (DMF, 0.1 % LiCl, 0.7 ml/min, PEG standards): Mw = 3,300 g/mol, 

Mw/Mn = 1.7.

Synthesis o f DES-polyacetal H : Ter-polymerisation in THF. PEG2900 i  (4.9208 g, 1.7 

mmol 0.5 eq) and p-TSA (15.4 mg, 0.05 mmol, 0.03 eq) were accurately weighed in a 

100 ml double necked round bottomed flask equipped with a magnetic stirrer. The 

compounds were dried at 80 °C under high vacuum for 3 h to remove water and 

allowed to cool. The reaction vessel was purged with nitrogen and a solution of DES
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38 (0.4557 g, 1.7 mmol, 0.5 eq) in anhydrous THF (10 ml) was added. A solution of 

tri(ethylene glycol) divinyl ether (0.7024 g, 3.4 mmol, 1.0 eq) in anhydrous THF (10 

ml) was then added by syringe to the reaction mixture and the solution stirred for 3 h, 

protected from light. Additional THF was added if the reaction mixture became too 

viscous to be stirred. Triethylamine (0.2 ml) was added to consume the p-TSA catalyst 

and the mixture poured into a stirred solution of hexane (100 ml) to precipitate the 

polymer as a white solid. After 10 min the precipitate was filtered, stirred again in 

hexane (100 ml) and isolated by filtration. Residual solvent was removed in vacuum at 

ambient temperature. DES-polyacetal ^  had a molecular weight of 18,900 g/mol; 

Mw/Mn = 1.9 as determined by organic GPC (DMF, 0.1 % LiCl, 0.7 ml/min, PEG 

standards). NMR ( 6 h ,  300 MHz, CDCI3): 0.75-0.85 (t, DES CH3), 1.25-1.30 (d, PEG- 

acetal CH3), 1.55-1.6 (d, DES-acetal CH3), 2.1-2.2 (q, DES CH2), 4.75-4.85 (q, PEG- 

acetal -CH-), 5.4-5.5 (q, DES-acetal -CH-), 7.0-7.2 (m, Ar).

7.2.2 In vitro cell cytotoxicity (MTT) assay and RBC lysis assay.

In vitro biocompatibility studies are described in detail in sections 2.2.1.5-6 (MTT 

assay) and 2.2.1.8 (RBC lysis assay) and were conducted using DES-polyacetal ^  and 

DES or its sodium salt.

7.3 Results and Discussion

Utilising the reaction between divinyl ethers and diols, polyacetals can be prepared 

which incorporate an active moiety into the polymer backbone providing the compound 

possesses bis-hydroxyl functionality suitable for polymerisation. Degradation of the 

polymer backbone in the acidic environment of the lysosome or the extracellular tissue 

of some tumours would then precipitate drug release.

7.3.1 Synthesis of DES-polyacetals

Initial attempts to synthesise DES-polyacetals used the copolymerisation of DES ^  

with TEGDVE 2 in THF with p-TSA catalyst (Scheme 7.4A). The polymerisation 

reaction was stopped using triethylamine after 4 h and the resultant polymer was 

isolated as a viscous oil. DES is practically insoluble in water (British
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Pharmacopoeia, 2001) and DES-polyacetal ^  was also insoluble in water, presumably 

due to the high proportion of drug within the polymer backbone (theoretical DBS 

loading = 57.0 wt%). *H NMR confirmed the presence of the acetal moiety with the 

appearance of peaks at 1.55-1.6 (d, acetal -CH3) and 5.4-5.5 ppm (q, acetal -CH-) 

(Figure 7.1). These values are significantly different to the acetal peaks associated with 

the polyacetals described in chapter 3 (1.23-1.30 (3H, m, acetal CH3), 4.75-4.78 (IH, 

m, acetal CH ) respectively) and this downfield shift can be attributed to the influence 

of the aromatic groups of DES adjacent to the acetal moiety. GPC performed using 

DMF as eluent confirmed the formation of low Mw DES-polyacetal ^  (Mw = 3,300 

g/mol, Mw/Mn = 1.7). The absence of suitable standards (PEG standards were used) 

means that the molecular weight characteristics are an estimation only but do indicate 

that the polymerisation reaction did occur.

A similar reaction has been demonstrated by Heller and co-workers using DVOB 26 or 

diethyleneglycol divinyl ether and bisphenol A (Scheme 7.4B) in the development of 

bioerodible implants. Under anhydrous conditions polymeric material of high 

molecular weight were synthesised (Mw up to 100,000 g/mol) (Heller et al, 1980). 

These two polymerisations bear many similarities yet the molecular weight 

characteristics of the resultant polyacetals are incomparable. Detailed comparison of 

the polymerisation methods provide evidence for this disparity and further 

demonstrates the importance of achieving completely anhydrous conditions to ensure 

efficient polymerisation. In the method of Heller, the polymerisation was performed on 

a larger scale (-30 g). Diols were weighed into the reaction vessel in a dry box. The 

flask was then moved to a hood and fitted with an argon-blanketed stop-bubbler prior 

to the addition of THE, the divinyl ether and the pTSA catalyst under the argon blanket 

(Heller et al, 1980). The purity of DES ^  in this study was confirmed by NMR, hence 

it must be acknowledged that the polymerisation conditions described above support 

optimised synthesis of polyacetals.

DES-polyacetal ^  was then prepared using the ter-polymerisation approach developed 

for the synthesis of APEG 2j_ (Scheme 7.5). However, the additional drying step, 

described in section 5.3.1 and used in the synthesis of high Mw APEGs was omitted due 

to concerns of the stability of DES. PEG29001 was used as the co-monomer diol to 

increase the molecular weight of the resultant polyacetals and, more importantly, 

convey water solubility to a system impaired by the lipophilic character of DES. The
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H
OH

pTS A (cat) 
THF

OH + <5=^^0"

pTS A (cat) 
THF

Scheme 7.4: (A) Synthesis of DES-polyacetal 40 and (B) synthesis of polyacetal 

derived from bisphenol A and DVOB (adapted from Heller et al, 1980).
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Figure 7.1: 'H NMR spectra of DES-polyacetal 40
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Scheme 7.5: Synthesis of DES-polyacetal ^
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polymer was isolated as a white solid following precipitation into hexane. A 1:1 ratio, 

PEG 1 (2,900 g/mol) to DES 38 gave DES-polyacetal ^  (Mw = 18,900 g/mol, M /̂Mn 

= 1.9). NMR (Figure 7.2) indicated the appearance of two distinct sets of acetal 

peaks which correspond to the two possible acetal conformations. The acetal bond 

between PEG and TEGDVE 2 (*, Figure 7.2) can be associated with peaks at 1.25- 

1.3(d) and 4.7-4.8(q) ppm which are characteristic of the polyacetals synthesised in 

Chapter 3 and between DES and TEGDVE (**. Figure 7.2), the signal at 1.55-1.6(d) 

and 5.4-5.5(q)ppm which are consistent with the acetal signals for the copolymer, DES- 

polyacetal 40. Nuclear Overhauser effect (NOE) difference spectra following 

irradiation of the acetal methine hydogen (5.4 ppm) confirmed DES incorporation with 

the appearance of a signal in the aromatic region (7.0 ppm) along with signals for the 

methylene hydrogens of TEGDVE (3.6 ppm) and acetal methyl hydrogens (1.5 ppm) 

(Appendix 2.3). By comparison of the relative integrals of the acetal methyl groups it 

was estimated that there was approximately 65:35 incorporation of PEG 1:DES ^  

which may be a result of the potentially different reactivity of the aliphatic hydroxyl 

group of PEG and the phenolic groups of DES. This ratio can be used to calculate an 

approximate value for DES loading which, for DES-polyacetal would be 4.3 wt %.

A number of issues surround the use of two diol monomers with different reactivities. 

One concern was that the ter-polymerisation had in fact created distinct polyacetal 

copolymers using PEG and DES as respective monomers (Scheme 7.6) or terpolymers 

which contained a high proportion of one diol compared to the other. Superposition of 

the GPC traces of DES-polyacetals 40 and 4_1 (Figure 7.3) does not conclusively 

counter this notion. DES-polyacetal ^  does displays a characteristic low molecular 

weight component which is usually attributable to PEG containing polyacetals with a 

low DP. However, it is possible that this low molecular weight material could be 

formed by a DES-rich polymer. DES-polyacetal 41 has been shown to be water- 

soluble at concentrations up to 20 mg/ml. The presence of a DES copolymer, or DES- 

rich terpolymer in this formulation may be expected to precipitate owing to the 

insolubility of DES in water as previously described. However, this is not strictly true 

as it is possible that the solubilisation of a polymer alters the dissolution media 

promoting the dissolution of compounds that were insoluble in water alone. Further 

studies are required to elucidate the structure of the DES-polyacetal terpolymers. 

Determination of whether the degradation of DES-polyacetal ^  displays a similar 

profile to APEG 21 (section 3.3.3) or whether the presence of the aromatic groups
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Figure 7.2: NMR spectra of DES-polyacetal ^
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OH +  H --
OH + 2x

pTSA (cat) 
THF

Scheme 7.6; Potential products of the polymerisation (worst case scenario) caused by 

the different reactivities of the competing diol monomers.
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Figure 7.3: Superposition of GPC traces for DES-polyacetal #  (grey) and DES- 
polyacetal ^  (red) performed in DMF, 0.7 ml/min and PEG standards.
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adjacent to the acetal moiety affect its degradation and subsequent release of the drug 

are also required but it was not possible to conduct these studies in the time course of 

this study.

7. S.2 In vitro biocompatibility o f DES-polyacetal £ /

Preliminary studies to determine haematotoxicity and cytotoxicity of DES-polyacetal 

41 were conducted to assess the biocompatibility of the polymer. However, unlike 

those studies performed using APEG 21 (section 4.3.3), a product of polymer 

degradation will be DES 38. Therefore, DES was also used in each experiment for 

comparison with the polymer. However, DES is virtually insoluble in water and results 

are expressed using either the sodium salt of DES or DES dissolved in a minimum 

amount of DMSO prior to analysis. DES-polyacetal ^  showed no haemolysis in the 

RBC lysis assay at concentrations up to 10 mg/ml after 24 h (0.43 mg/ml approx. 

DESequiv.). In comparison DES-Na^ showed some haemolytic activity ( I C 5 0  = 0.62 

mg/ml) over this time period. In vitro cytotoxicity assay of DES should be preferably 

performed using an oestrogen responsive cell line. However, DES also inhibits the 

assembly of microtubular proteins (Sharp and Parry, 1985) and displayed significant 

cytotoxicity ( I C 5 0  =19 pg/ml) against 3T3 fibroblasts (Miglietta et al, 1997). Initial 

studies using DES-polyacetal ^  and DES 38 (as the sodium salt or dissolved in 

DMSO) against the B16F10 cell line indicated that the polymer displayed greater 

cytotoxicity than DES alone (Figure 7.4). DES displayed very low levels of activity 

when formulated as the sodium salt. A maximum of 3 % DMSO was used to dissolve 

unmodified DES without effecting cell viability. At this DMSO concentration, 

dissolution of DES was still incomplete and stock solutions required filtering prior to 

the study. Hence, the higher levels of cytotoxicity of DES-polyacetal ^  could be 

attributed to the delivery of DES in a soluble form prior to its intracellular release 

following cellular uptake.

7.4 Conclusion

The focus of this study was to demonstrate the potential to adapt the polymerisation to 

customise polyacetals for a specific application. Preliminary results suggest that the 

practically insoluble, synthetic estrogen, DES can be successfully incorporated into the 

mainchain of water-soluble polyacetals by the reaction of divinyl ethers and diols.
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Figure 7.4: (A) Cytotoxicity of DES-Na  ̂ (□), DES (A) and DES-polyacetal ^  (O) 
towards B16F10 cells in vitro. (B) Data are expressed in terms of relative DES 
concentration. Mean values ± SEM (n = 6) are shown.
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These polymers require no further conjugation reactions and rely on the degradation of 

the polymer itself to control drug release.

DES may not be the best compound for such a polymer but is inexpensive, displays 

cytotoxic activity within the target tissue and has established the concept for design. 

The idea of polymeric prodrugs of this type is not unique and the previous work of 

Uhrich and Schacht who utilised the degradation rate of polymeric implants to control 

the release of the active moiety has been recognised. However, DES-polyacetals 

represent the first water-soluble, degradable polymers of this type. With the ability of 

medicinal chemists to modify small molecular weight therapeutic agents, the selection 

or modification of compounds possessing diol functionality may inspire the 

development of further polyacetals which promote the release of the active compound 

following their degradation within the acidic environment of target cells.
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More than 25 years ago Ringsdorf proposed the first clear concept of the use of 

polymers as targetable drug carriers. Since this time our understanding of the 

biological and chemical requirements for the design of an effective anti-cancer 

polymer-drug conjugate has progressed and encouraged the development of many 

systems which utilise the strategy to improve the pharmacokinetic, toxicological and 

ultimately, anti-cancer efficacy of the conjugated drug. However, in contrast to the 

development of polymer-proteins, which have seen a number of PEGylated compounds 

accepted for clinical use (Duncan, 2002), polymer-drug conjugates have moved slowly 

through early clinical trials and have yet to realise any market potential. This thesis has 

focused on the development of hydrolytically-labile polyacetals as a platform to 

improve existing polymer therapeutics, particularly anti-cancer polymer-drug 

conjugates.

The need for ‘degradable’ polymers

Throughout this research the argument for degradable polymers has been made in 

respect to the development of polymer therapeutics. To understand the parenteral use 

of polymers in the design of advanced drug delivery systems it is important to consider 

their application in more general terms. It has been suggested recently that the use of 

synthetic polymer-based drug delivery systems is fundamentally flawed owing to 

adverse effects caused by polymer heterogeneity and immunotoxicological factors that 

have been largely overlooked (Hunter and Moghimi, 2002). These factors have long 

been recognised however, and continued efforts to improve polymer characterisation 

and in vivo behaviour are being made. It is important to recognise that whilst 

medicines provide benefit in the treatment of disease, all have undesirable effects and it 

is the balance of this benefitirisk ratio which ultimately results in the most effective use 

of medicines.

By virtue of their macromolecular size polymer-drug systems will display some degree 

of immunogenicity following parenteral administration, the extent of which must be 

determined to ensure safety. However, in specific applications, such as the delivery of 

proteins and peptides, the polymer has been utilised to reduce immunogenicity 

(Abuchowski et al, 1977). Polymer characterisation, including issues surrounding 

polydispersity must be carefully controlled within defined limits to ensure batch 

reproducibility in much the same way as formulations for small drug molecules. In
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short, the benefits associated with the delivery of a therapeutic agent using a polymeric 

‘carrier’, ie. enhanced therapeutic index of a toxic anti-cancer agents such as DOX 

(Vasey et al, 1999) or reduced immunogenicity and increased stability of proteins, must 

be balanced against the potential risks associated with the parenteral administration of a 

synthetic polymer. The use of degradable polymers may have the potential to improve 

this balance by addressing the problems associated with the deleterious accumulation 

of the polymer.

The potential limitations of the non-degradable polymers in the field of polymer 

therapeutics has been discussed throughout this thesis and has stimulated research in 

the development of biodegradable polymers. Polysaccharides and poly(amino acids) 

have received most attention. In principle, a significant advantage of both poly(amino 

acids) and polysaccharides is the potential for complete enzymatic degradation to the 

respective individual amino acids or sugars. Such polymers could theoretically be used 

repeatedly without the potential for accumulation within lysosomes. However, 

chemical modification, particularly of the polysaccharides, as a result of conjugation is 

associated with inhibited and incomplete degradation (Vercauteren et al, 1992 and 

Hreczuk-Hirst et al, 2001). These polymers are also associated with immunogenicity 

upon repeated administration (reviewed by Rihova and Riha, 1984).

The possibility of using high molecular weight enzymatically biodegradable polymers 

in the treatment of cancer also exists. For example, PG is degraded upon exposure to 

lysosomal enzymes. However, its degradation outside the cell is less clear and upon 

the administration of high molecular weight polymers, as described earlier, 

accumulation of polymers was reported to be in the extracellular tissue of skin and 

muscle (Goddard et al, 1991). The extent and rate of degradation of polymer- 

conjugates outside the cell is an important determinant of its suitability for 

administration at molecular weights above the renal threshold.

Understanding the fate of the polymer following administration is critical in the 

development of a degradable polymer. Conclusive studies have yet to determine if 

polymers can exit the cell following endocytosis or the fate and process by which high 

molecular weight polymers accumulate in the body. A number of high molecular 

weight block copolymers have been synthesised using either PEG and HPMA blocks 

linked by lysosomally degradable oligopeptide spacers (section 1.5.2). Without
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complete awareness of the fate of these polymers it is possible that those polymers 

which are taken up by endocytosis will degrade within the lysosome to PEG/HPMA 

‘monomers’ of a molecular weight which cannot escape the lysosome whilst the 

polymers which accumulate in the skin and muscle are not exposed to the appropriate 

enzymes to allow degradation and clearance of the ‘monomeric’ components. Hence, 

these block copolymers could almost be considered non-degradable with respect to 

their application as anti-cancer conjugates.

The development of soluble polymers that have hydrolytically-labile moieties in the 

polymer mainchain represent a synthetic class of degradable polymers. PEG block 

copolymers incorporating poly(ester-carbonates) (Vincenzi et al, 2001) or poly(L- 

aspartic acid) (Won et al, 1998) have been synthesised. The poly(ester-carbonates) 

displayed rapid degradation (100 % within 24 h) to oligomeric components at pH 7.4 

and those based on poly(L-aspartic acid-co-PEG) were also relatively unstable at the 

circulatory pH and displayed increased stability with decreasing pH and therefore have 

doubtful potential as polymer-drug conjugates. Polymers based on the cis-aconityl 

moiety display similar degradation profiles to polyacetals but suffer from the complex 

chemistry associated with their synthesis (Clochard et al, 2000, Dinand et al, 2002).

Water-soluble, amine-functionalised polyacetals represent a novel class of degradable 

polymers for the synthesis of polymer-drug conjugates. The rationale behind APEG- 

DOX development proposes that polyacetals should be sufficiently stable at the 

circulatory pH to promote prolonged blood circulation times and subsequent 

accumulation in the tumour by virtue of the EPR effect. Once exposed to the acidic 

environment associated with the extracellular tissue of some tumours (Tannock et al, 

1989, Crowther et al, 2001) and within lysosomes following endocytosis by tumour 

cells the polymer would degrade to monomeric components which can be efficiently 

cleared from the body.

The ability of the polymer to degrade slowly at neutral pH suggests that high molecular 

weight material that is not efficiently cleared by the kidneys will slowly degrade to 

components that can be. It remains to be seen whether degradation of APEG-DOX at 

neutral pH (pH 7.4) will be sufficient to ensure clearance of high molecular weight 

conjugates before problems associated with deleterious accumulation in healthy tissue 

can occur. However, the synthetic nature of the polymerisation and the mechanism of
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degradation afford the possibility of tailoring the design of polyacetals for specific 

applications by selection of the appropriate monomers.

Are APEGs suitable as the macromolecular component of polymer-drug 

conjugates?

Preliminary investigations of APEG-DOX conjugates suggest that APEGs do have 

potential in the development of polymer-drug conjugates. They display a unique 

degradation profile suitable for lysosomotropic drug delivery, were biocompatible in 

preliminary in vitro testing and showed prolonged circulation time and no organ- 

specific accumulation in vivo. These properties prompted the synthesis of the first 

polyacetal conjugate, APEG-DOX 34.

However, when considering the use of APEGs as a platform for polymer-drug 

conjugates it is important to also address the limitations of these polymers. The 

terpolymerisation generates polymers with a heterogeneous structure. Unlike the 

strictly alternating structure of a copolymer, the position of the functional groups along 

a given APEG backbone can vary. Further investigations may also be required to 

determine how the stability of the acetal moiety is influenced by the adjacent 

monomers and whether this leads to preferential degradation and release of specific 

monomers following administration. The toxicity and fate of the APEG degradation 

products also needs greater understanding especially if conjugates require repeated 

administration. The condensation-type polymerisation also yields polymers with a 

relatively high degree of polydispersity (Mw/Mn = 1.6-2.6). The pharmacokinetics of a 

polymer with such a variance of molecular weight is more difficult to predict following 

i.v. administration. Attempts to fractionate APEGs or reduce their polydispersity by 

removal of low molecular weight material by dialysis may be required.

In the development of a degradable polymer its stability is of paramount importance. 

Storage at 4 °C and under nitrogen were required to ensure no degradation of the APEG 

occurred. Also, the conditions for conjugation of a drug have to be carefully controlled 

so as to minimise any potential degradation during synthesis. It is clear that the 

development of APEGs as the macromolecular component of polymer-drug conjugates 

is not without its challenges but these polymers represent a novel and potentially 

improved platform for conjugate design.
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Can APEG-DOX M  become a clinical candidate?

The main focus of this research was to establish whether a high molecular weight 

polyacetal-drug conjugate would demonstrate improved properties over current 

polymer-drug conjugates. An assessment of the anti-tumour efficacy of APEG-DOX 

34 conjugates has not yet been performed. However, a pharmacokinetic study in 

tumour bearing mice was performed against the non-degradable HPMA copolymer- 

DOX compound, PKl, (currently undergoing phase II clinical trials) to determine 

whether the concept of using higher molecular weight, degradable polymers could 

improve the delivery of the cytotoxic agent to the tumour. Our studies indicate that not 

only did APEG-DOX M  achieve significantly higher levels of DOX in the tumour but 

also showed markedly reduced accumulation in a number of the major organs (Chapter 

6). This provides a good platform to invest in further work to ascertain activity.

It is not clear whether APEG-DOX 34 will display any in vivo anti-cancer activity due 

to the non-degradable nature of the succinyl linker between APEG and DOX hence the 

potential of this particular conjugate as a possible developmental candidate cannot be 

accurately predicted. However, with the incorporation of a lysosomally degradable 

linker allied with the improved pharmacokinetic profile it is conceivable that APEG 

conjugates could be developed as effective anti-cancer systems.

Do polyacetals have potential application in other areas of polymer therapeutics?

The synthesis of DES-polyacetal ^  in Chapter 7 illustrated the potential to modify the 

synthesis of polyacetals to prepare polymers for a specific application. The 

polymerisation resulted in chemical incorporation of the active moiety within the 

backbone of the polymer and represented an alternative approach to the delivery of a 

therapeutic agent by utilising the properties of the polymer itself. It is possible that by 

careful selection of monomers, polyacetals could be synthesised that are appropriate for 

the delivery of other therapeutics such as proteins. Recently, the synthesis of fully 

biodegradable model polyal(polyacetal)-protein conjugates has been described which 

retain 85-98 % of the activity of the native enzyme (Yurkovetskiy et al, 2002). No 

experimental data was shown but the authors suggest that these biodegradable polyals 

display improved pharmacokinetic and safety profiles compared with non- 

biodegradable synthetic polymers.

197



Genera! Di.'>cussion

We can also contemplate the use of polymer-drug conjugates in the treatment of 

diseases other than cancer. Recently, the synthesis of HPMA copolymer-8- 

aminoquinoline (Nan et al, 2001) and -lectin (Wroblewski et al, 2001) have been 

reported for the treatment of leishmania and ulcerative colitis respectively and a 

dextrin-2-sulphate amphotericin B conjugate has been patented for the treatment of 

leishmania and coccidiosis (Patent No. WO 02/02146 A2). However, in the treatment 

of disease characterised by hyperpermeable vasculature (eg. sites of inflammation) 

repeated administration may be required. The use of degradable polymers such as 

polyacetals could be explored providing they are non-immunogenic and the 

degradation products of the polymer are efficiently cleared from the body following 

delivery of the drug.

Outside the field of ‘polymer therapeutics’ polyacetals have also been investigated for 

biomedical application. Heller and coworkers, whose work stimulated this research, 

reported the development of polyacetals as the basis of a bioerodible contraceptive 

implant. Polyacetals incorporating an active compound within the polymer structure or 

contained in the polymer matrix could be utilised to provide a depot effect whereby 

drug release is controlled by erosion of the polymeric device. The pH of the local 

environment could also be used to influence the rate of degradation, such as the acidic 

environment created during wound healing (Crowther et al, 2001).

The development of polyacetals as the macromolecular component of polymer 

therapeutics is in its early stages. APEG-DOX ^  represents the first conjugate 

synthesised in our laboratory using this degradable polyacetal carrier and has shown 

encouraging results against a leading, non-degradable anti-cancer conjugate. However, 

a number of issues surrounding polymer characterisation and appropriate linker design 

need to be addressed and the in vivo anti-cancer efficacy of conjugates derived from 

APEG have to be established. In conclusion, polyacetals warrant further study for their 

application in the developing field of polymer therapeutics.
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Appendix 1

Defining the molecular weight characteristics o f  polymers
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Polymers consist of macromolecules with a range of molar masses and are best defined 

by considering their distribution in terms of molar mass averages. The number-average 

molar mass (Mn) can be defined as ‘the sum of the products of the molar mass of each 

fraction and the number of molecules with that molar mass divided by the total number 

of molecules’ (Equation 1). Weight-average molar mass (Mw) is defined as ‘the sum of 

the products of the molar mass of each fraction multiplied by it weight fraction’ where 

the weight fraction describes the mass of molecules of molar mass Mi divided by the 

total mass of all the molecules (Equation 2). The ratio Mw/M„ is known as the 

polydispersity and is used as a measure of the breath of molar mass distribution (Figure 

1.6) (Young and Lovell, 1996). A perfectly monodisperse polymer would have Mw/M„ 

=  1.0 .

EN M

Equation 2. K  = ^
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Figure Al l: A typical molar mass distribution curve for a polymer whose 
polydispersity (MyM^) would be calculated as 199900/100000 = 1.999 (adapted 
from Young & Lovell (1996)).
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Appendix 2

NMR spectra o f  polyacetals
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Figure A2.3: NOE difference spectra for DES-polyacetal ^
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Appendix 3

HPLC analysis o f  degraded APEG-DOX  ̂

237



0.08
Solvent peak

0.06

(Uc/o
§O-
C/D(U

0.04

0.02

0.00

- 0.02

6 10 120 2 4 8

Retention time (min)

B(i)
0.012

Aglycone 36

0.008

o  0.004
Cli
c /3O
^  0.000

-0 .004

- 0.00»
10 122 4 6 80

0.012

Product of DOX degradation 
over 624 h0.008

2̂
C 0.004
&
oc 0.000

-0 .004

- 0.00»
0 2 4 6 8 10 12

Retention time (min)

Figure A3.1: HPLC traces obtained from the analysis of APEG-DOX 34 following 
incubation at 37 °C and pH 5.5 for 624 h. (A) Analysis using the free DOX method 
(section 2.3.3.3. Compare with figure 5.6). (B) Comparison of freshly prepared 
APEG-DOX (i) and the degraded polymer (ii) following acid hydrolysis to generate 
the aglycone species.
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