A desire for knowledge, an interminable thirst

Leads a dogged search, where truth comes first

The journey yields a need for yet more understanding
A cyclic path that is tortuous and winding

Each circular path reveals a logic to our existence

Each roundabout navigated feeds our persistence.
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ABSTRACT

Vesicular drug delivery systems prepared from two types of non-ionic surfactants,
cholesterol and other additives were studied and characterized with regard to their
physicochemical and biological properties. Sorbitan ester (Span) niosomes containing
doxorubicin showed an inverse correlation between mean vesicle size and surfactant
hydrophilic lipophilic balance (HLB) number (r = -0.92). The remote loading method
(exploiting transmembrane proton gradients) was used to increase the encapsulation
efficiency of doxorubicin niosomes. Encapsulation efficiency of Span surfactant
niosomes increased with increasing mean niosome size, except with Span 80 niosomes
which gave lower than expected values. Span 60 niosomes in female NMRI mice
bearing the MAC 15A tumour were fairly stable in vivo, with 90% of plasma
doxorubicin being niosome associated (determined by a gel filtration technique) 4h
after dosing and 50% niosome associated 24h after dosing. Plasma area under the
time level curve (AUC) was increased 6 fold by encapsulation of the drug.
Doxorubicin levels in all tissues, except the heart, were also increased. The AUC
tumour to heart ratio was increased from 0.27 to 0.36. Hexadecyl-diglycerol ether
(C,¢G,) niosomes containing doxorubicin, when compared to the free drug, doubled
the area under the plasma level time curve (plasma AUC), following intraperitoneal
injection, but resulted in an inflammatory response in the lung of male AKR mice.
This response was however not seen when empty niosomes were administered
intraperitoneally, doxorubicin niosomes were administered intravenously or with
doxorubicin solution, by any route. In vivo C(G, niosomes were equiactive with
doxorubicin solution, against a subcutaneously implanted MAC 13A tumour whereas
Span 60 niosomes doubled the activity of doxorubicin against a subcutaneously
implanted MAC 15A tumour. In vitro doxorubicin niosomes reduced the ICs, slightly
against a resistant variant of a human ovarian cancer cell line.

Large (12-60pm) disc shaped structures formed from C,G, were found to be an
intermediate structure in the Solulan C24-mediated C,,G, vesicle to micelle transition
and were termed discomes. These structures were able to encapsulate and retain 45%
of an aqueous marker (5-(6)-carboxyfluorescein) after 24h at room temperature.
From the above, there appears to be a future for niosomal drug delivery systems in the

field of drug targeting.



CHAPTER ONE

INTRODUCTION



1.1  Data presented in this thesis will detail efforts at drug targeting by the
encapsulation of the chemotherapeutic anthracycline antibiotic doxorubicin (DOX)
(Figure 1.1) in non-ionic surfactant vesicles (niosomes). Niosomes, initially based on
surfactants synthesised by L’Oreal (Vanleberghe et al.,1972) have been studied in our
laboratories as alternatives to liposomes for some time (Azmin et al., 1985; Baillie et
al., 1985; Baillie et al., 1986; Rogerson et al., 1987; Hunter et al., 1988; Kerr et al.,
1988; Rogerson et al., 1988; Rogerson et al., 1989; Florence and Baillie, 1989;
Florence et al., 1990; Florence, 1993; Yoshioka and Florence, 1994; Yoshioka et al.,
1994). These and similar vesicles have also been studied in the laboratories of others
(Handjani-Vila et al., 1979; Vanleberghe et al., 1978; Okahata et al., 1981; Kiwada
et al. 1985; Echegoyen et al., 1988; Kiwada et al., 1988; Moser et al., 1989;
Chandraprakesh ¢t al., 1990; Handjani-Vila et al., 1990; Lesieur et al., 1990; Moser
et al., 1990; Schenk et al., 1990; Tanaka et al., 1990; Ozer et al., 1991; Hofland et
al., 1992; Seras et al., 1992; Parthasarathi et al., 1994). This brief introduction to the
topic deals with the general pharmacology of doxorubicin to emphasise the need for
drug targeting and also presents a review of other DOX drug delivery systems and the

previously established properties of niosomal drug delivery systems.

Conventional drug delivery systems can be inefficient and imprecise. Optimization
of therapy requires that the drug molecule enjoys an exclusive interaction with the
tissue of interest, rather than the systemic exposure to which the organism is usually
subjected e.g. after intravenous injection of a drug in solution. Novel drug delivery
systems have been used to achieve this selectivity with varying degrees of success

(Juliano, 1991; Leyland-Jones, 1993). In no other area is the need for an exclusive
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Figure 1.1: DOX and DOX metabolites. I = DOX, II = doxorubicinol (DXOL), III
= doxorubicinone (DXONE), IV = doxorubicinolone (DXOLONE), V = 7-
deoxydoxorubicinone (DEOXONE)
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pharmacodynamic relationship greater than in the field of cancer chemotherapy
(Gupta, 1990). The indiscriminate pharmacological actions of antineoplastic agents
means that their clinical use is associated with severe systemic toxicity (Calaberesi and
Chabner, 1990), leading to poor host compliance and, in some cases therapeutic

failure.

DOX was first identified in 1969 (Arcamone, 1969), a product of the fungus
Streptomyces peucetius var caesius. It is a potent antineoplastic agent, used either as
the sole agent or in combination chemotherapy (Calaberesi and Chabner, 1990). This
drug is effective against solid tumours, namely carcinomas of the ovaries, breast, small
cell carcinoma of the lung, non-Hodgkins lymphoma, a wide range of sarcomas,
bladder carcinomas, neuroblastoma and is also active against acute leukaemia

(Calaberesi and Chabner, 1990).

1.2 MECHANISM OF ACTION OF DOXORUBICIN

The cell life cycle is divided into a number of phases, namely the G, phase in which
the cell is performing its normal function and is not usually engaged in activities
necessary for cell division; the G, phase in which cellular organelles are manufactured;
an S phase in which there is DNA replication; a G, phase in which there is a brief
period of protein synthesis and finally the G, phase in which there is actual cell
division (Martini, 1992). At low concentrations (< 0.15 pg.mL™"), DOX is most active
in the period covering the late S phase through to the G, and G, phases of the cell

cycle (Minderman et al., 1993). These are the cell cycle phases where DNA cell
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content is highest. At higher concentrations, however, DOX is most active in the S
phase, the cell cycle phase of highest DNA synthetic activity (Calaberesi and Chabner,

1990).

A number of mechanisms have been said to account for the cytotoxicity of DOX -
intercalation of deoxyribonucleic acid (DNA); inhibition of the enzyme necessary for
DNA replication - topoisomerase II; the generation of free radicals and an action on
the cell membrane. DOX also induces apoptosis (programmed cell death) by a
mechanism which is unrelated to the activity of DOX against DNA, killing the cells
in the G, phase (Skladanowski and Knopa, 1993). Although DOX has been shown to
exert all these effects, the principal mechanism responsible for its cytotoxicity in vivo,

remains unclear.

1.2:1 INTERCALATION OF DNA AND INHIBITION OF DNA
TOPOISOMERASE I1

DOX in the presence of copper ions (Cu®™), forms a ternary complex with DNA
(Yourtee ¢t al., 1992). This complexation amplifies the mutagenicity of DOX. DOX
intercalates between cytosine and guanine base pairs in the DNA molecule (Wang et
al., 1987), with the aglycone portion of the molecule orientated at right angles to the
long dimension of the DNA base pairs. The O14 hydroxy group (Figure 1.1) is
hydrogen bonded to a water molecule which is in turn hydrogen bonded to a nearby
phosphate group. Substituents on the cyclohexane ring A are hydrogen bonded to the
base pairs above and below the intercalation site while the O9 hydroxy group forms

2 hydrogen bonds with an adjacent guanine base. The DOX molecule in order to
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accommodate this interaction is present in an altered conformation about ring A. The
DNA-DOX complex is a distorted form of DNA with slight unwinding of the DNA

helix.

Within the complex described above, the sugar molecule sits with its functional
hydroxy and amino groups facing outwards for possible interaction with polymerases.
Mammalian DNA topoisomerase II is responsible for the catalysis of a number of
topological isomerization reactions via a transient intermediate involving protein linked
double strand breaks. DNA topoisomerase II reversibly cuts double stranded DNA
and becomes covalently linked to the break site via phosphotyrosyl bonds. The
enzyme then allows passage of an intact DNA double strand through the cut and then
closes the break. The net result is a topological modification of the DNA molecule.
The DNA-topoisomerase II intermediate is called the cleavable complex. In vivo this
action of topoisomerase II serves mainly to separate daughter chromosomes at the end
of DNA synthesis (Darnell et al., 1990). DOX stabilises the topoisomerase II
cleavable complex (Tewey et al., 1984), by an interaction with topoisomerase II at
position C10 (Jensen et al., 1993). A combination of the intercalation of DNA and
stabilisation of the cleavable complex inhibits DNA strand passing activity and results
in DNA strand breaks (Tewey et al., 1984) and the inhibition of RNA synthesis
(Calaberesi and Chabner, 1990). The fact that the cleavage of DNA by DOX is not
quantitatively correlated with the drug’s cytotoxicity (Belvedere et al., 1989) suggests
that this may not be the only mode of action of this drug in vivo. However the strong
binding of DOX to DNA (Frezard and Garnier-Suillerot, 1991; Mustonan and

Kinnunen, 1993), which allows the drug to traverse vesicular membranes in response
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to a driving force provided by intravesicular DNA (Frezard and Garnier-Suillerot,
1991) implies that the interaction of DOX with DNA is a major mechanism of action,
probably by way of the interaction of DOX with topoisomerase II, a conclusion drawn

in an excellent review on the subject by Cummings and others (1991).

1.2:2 THE GENERATION OF FREE RADICALS

DOX can generate free radicals either by a process known as redox cycling (Figure
1.2) or by the formation of a DOX-iron complex (Figure 1.3) (Keizer et al., 1990).
DOX in the presence of oxygen is oxidised enzymatically to the semiquinone free
radical (Figure 1.2). The semiquinone free radical on reduction back to the parent
compound produces a superoxide free radical (Bachur et al. 1977; Goodman and
Hochstein 1977), which could in turn lead to the formation of the toxic free radical
OH’. This reaction demonstrates an absolute requirement for NADPH (Bachur ez al.,
1977; Goodman and Hochstein, 1977) and is catalysed by NADPH-cytochrome P450
reductase (Gutiérrez et al., 1983; Goodman and Hochstein, 1977; Doroshow, 1983) in
the endoplasmic and sarcoplasmic reticulum; a requirement for NADH and is
catalysed by NADH dehydrogenase in the cardiac mitochondria (Doroshow, 1983;
Davies et al., 1983) or a requirement for xanthine and is catalysed by xanthine oxidase
in the cytoplasm (Doroshow, 1983). The reaction has also been identified in the
nucleus (Bachur ¢f al., 1982) and is termed redox cycling, due to the fact that there
is no net metabolite formation during this process although there is the production of
oxygen free radicals, toxic hydroxyl free radicals and hydrogen peroxide. Following
the depletion of oxygen (under anaerobic conditions), the semiquinone free radical is

converted to the aglycone metabolite 7-deoxydoxorubicinone (DEOXONE - Figure
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1.2) (Gutiérrez et al., 1983), hence the presence of DEOXONE in vivo (Takanashi and
Bachur 1976) is indicative of the generation of potentially toxic DOX and oxygen free
radicals (Bachur et al., 1977; Goodman and Hochstein, 1977; Gutiérrez et al., 1983).
Theoretically these free radicals, once produced can then attack endogenous
macromolecules, and cause cell membrane lipid peroxidation, although it has been
stated that for reasons of non-site-specific production, an action of oxygen free
radicals originating from redox cycling on endogenous macromolecules is unlikely
(Cummings et al., 1991). Nonetheless, evidence exists that the production of reactive
short lived DOX metabolites, (most probably free radicals) by enzymatic redox cycling
does increase the cytotoxicity of the drug (Bartoszek and Wolf, 1992) and that
specifically these reactive intermediates do alkylate nucleic acids (Sinha and Gregory,

1981).

DOX binds iron (Fe™) between the Cl2-carbonyl and the Cl1-hydroxyl groups
(Muindi et al., 1985). This stable adduct in the presence of thiols generates free
radicals (Figure 1.3) (Gutteridge, 1982; Muindi et al., 1985)) which destroy
deoxyribose (Gutteridge, 1982; Gutteridge and Toeg, 1982) and DNA (Eliot et al.,
1984; Muindi et al., 1985) in vitro, as well as cause the peroxidation of lipids
(Gutteridge, 1982). Although no evidence of this reaction has been found in vivo
(Cummings et al., 1991), the potential of the DOX iron complex to generate toxic free
radicals is considered relevant to the drugs cardiotoxic propensity, especially as DOX
is able to extract iron from ferritin stores in vivo (Muindi et al., 1985; Keizer et al.,

1990; Dupou-Cézanne et al., 1993).
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Figure 1.3: The generation of free radicals by the complexation of DOX with Fe™.
DOX_Fe*™ = DOX ferric conjugate, DOX_Fe™ = DOX ferrous conjugate, Fp =
cytochrome P450 reductase, GSH = reduced glutathione, GSSG = oxidised glutathione
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1.2:3 DOX AND THE CELL MEMBRANE

DOX demonstrates activity at the site of the cell membrane. In an elegant study
Tritton and Yee (1982), demonstrated that the drug can be cytotoxic even when
located exclusively outside the cell. This was achieved by the covalent linkage of the
drug to polymer beads. However, considering the affinity of DOX for DNA (Frezard
and Garnier Suillerot, 1991; Mustonen and Kinnunen 1993), it is not clear how related
this in vitro study is to the in vivo situation. The case for a cell membrane mediated
mode of action, despite being by no means proven, cannot be entirely discounted,
especially since DOX complexes with cardiolipin and other anionic and neutral
membrane phospholipids in vitro (de Wolf et al., 1991a; de Wolf et al., 1991b; Burke
and Tritton, 1985; Marti et al., 1992). In a separate study, where the potential for an
association of DOX with DNA was excluded, DOX was shown to alter the
ultrastructure of erythrocyte plasma membranes, possibly by membrane insertion of
the DOX molecule (Arancia and Donelli, 1991). These cells were chosen primarily
because they lack a nucleus and hence DNA. Further evidence in support of a cell
membrane mode of action is the lipid peroxidation of biomembranes by DOX free
radicals generated by the DOX iron complex (Keizer et al., 1990). In consideration
of the foregoing it can be said that the exact mechanism of DOX cell-membrane

mediated cytotoxicity is still unclear.

1.2:4 CONCLUSIONS ON THE MECHANISM OF ACTION OF DOXORUBICIN
In summary, it is broadly agreed that the main locus of action of DOX is intracellular,
possibly at a DNA site. The action of free radicals on DNA is thought to be a minor

one and the action of DOX at the cell membrane is not considered to be responsible
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for its main activity. The consequences of DOX activity on such a fundamental and
universal property of cells such as DNA function means that on drug administration,
the effects of DOX will be widespread. By employing the drug targeting ability of
novel drug delivery systems, it is hoped that the resulting systemic side effects will

be reduced.

1.3 DOXORUBICIN METABOLISM

The impact of drug delivery systems on subsequent drug metabolism has not attracted
much interest, despite the fact that alterations in metabolic profile on shifting from one
delivery system to another are apparent (Azmin et al., 1985; Rogerson et al., 1988;
Kerr et al., 1988; Magnusson et al., 1984). This alteration could affect the ultimate
goal of the therapeutic strategy, leading to either increased formation of toxic
metabolites or a greater inactivation of the drug by a deactivating pathway. The latter
was, in fact, the case with a microencapsulated formulation of digoxin (Magnusson
et al., 1984). Although the desired goal of the drug delivery system, i.e. decreased
gastric hydrolytic degradation was achieved, this was accompanied by increased

inactivation of the drug by a reductive metabolic pathway.

The metabolism of DOX is complex (Powis, 1987) and the most commonly identified
metabolites are given in Figure 1.1. DOX metabolism involves principally carbonyl
reduction at the C13 side chain by the ubiquitous aldoketose reductase enzymes,
reductive glycosidic cleavage taking place principally in the liver (Loveless et al.,

1978), hydrolytic glycosidic cleavage, and various other minor pathways such as O-
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demethylation, O-sulfation and O-B-glucoronidation (Takanashi and Bachur, 1976;
Powis, 1987). DOX metabolism in humans is not minor (Takanashi and Bachur,
1976) and of the metabolic pathways listed above, carbonyl reduction is the major
enzymatic conversion encountered in humans giving rise to doxorubicinol (DXOL)
(Takanashi and Bachur, 1976). This compound is cytotoxic and is implicated in the
cardiotoxic reaction of DOX (Olson et al., 1988). The next major metabolite is the
inactive compound DEOXONE, the product of reductive glycosidic cleavage, which
is also believed to undergo enterohepatic circulation (Mross et al., 1988). The
enzymatic production of DEOXONE (Figure 1.2) is accompanied by the generation
of toxic free radicals (Keizer et al., 1990). Although no metabolites were found in
human tumours (Cummings and McArdle, 1986) after the administration of DOX
solution, DEOXONE has been found in rat mammary tumours (Sp 107) in vive
(Cummings et al., 1992a) after the administration of DOX albumin microspheres and
DOX solution. It is interesting that the presence of this metabolite could not be
correlated with either lipid peroxidation or drug-DNA adduct formation, indicating that
the formation of this metabolite is not associated with these events in rat SP 107
tumours and is considered in this particular tumour model to be a deactivating
transformation. It is known that the administration of DOX in albumin microspheres
resulted in increased levels of DEOXONE in rat tumours (Cummings et al., 1992a).
The administration of DOX niosomes prepared from a C16 alkyl glycerol ether
surfactant - C, G, (Figure 1.6) increased the level of liver reductive glycosidase
activity (Kerr et al., 1988; Rogerson et al., 1988), giving increased DEOXONE levels
with the niosomal formulation over the free drug. An increased level of 7-

hydroxymethotrexate was found with the administration of C,;G; methotrexate
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niosomes (Azmin et al., 1985).

Bearing these facts in mind we examined the metabolism of DOX subsequent to the
administration of DOX in sorbitan monostearate (Span 60 - Figure 1.7) niosomes as
it is possible that any alterations in the DOX metabolic profile, on the administration
of DOX niosomes could have profound implications on the overall tolerance and/or

activity of the preparation.

1.4  DOXORUBICIN TOXICITY

The main aim of drug delivery should be to improve the therapeutic index of the drug
of interest. Any reductions in toxicity enhance the possibility of achieving this
purpose. In order to fully appreciate the potential of niosomal drug delivery in
alleviating any toxic responses to DOX chemotherapy, it is appropriate to identify the
main biological sites of toxicity encountered with conventional DOX delivery systems
and the main toxic manifestations experienced. The work carried out, at improving

the clinical tolerance to DOX prior to the work described here, also will be mentioned.

A number of toxic reactions to DOX chemotherapy have been identified, namely
cardiotoxicity and myelosuppression (Calabersi and Chabner, 1990), nephrotoxicity
(Bertani et al., 1986), ocular adverse reactions (Curran and Luce, 1989), ulcer
formation after drug extravasation especially at the injection site (Powis, 1987) and
other toxic skin reactions, namely palmar and plantar erythema and skin

hyperpigmentation (Jones and Crawford, 1989; Kumar and Kochupillai, 1990; Konoha,
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1992). A few other reversible and less worrying side effects are gastrointestinal tract

disturbances, and alopecia (Calaberesi and Chabner, 1990).

Of all the above reactions, cardiotoxicity and myelosuppression offer significant

threats to clinical use of the compound (Calaberesi and Chabner, 1990).

1.4:1 MYELOSUPRESSION

DOX induced myelosuppression is dose related and is characterised by leucopenia,
thrombocytopenia and anaemia (Calaberesi and Chabner, 1990). Leucopenia and
thrombocytopenia reach their lowest point approximately 16 days after the DOX dose
returning to normal thereafter (Speth ef al., 1988). A relationship exists between the
degree of systemic exposure to unencapsulated DOX (area under the serum level time
curve - AUC) and the severity of myelosupression encountered in small cell lung
cancer patients; the former being dependant on the presence or absence of hepatic
impairment (Piscitelli et al., 1993). The impact of the long circulation times of most
vesicular preparations on the incidence of myelosupression has not been established
and while liposomal DOX formulations do not appear to alleviate the bone marrow
supression encountered with DOX solution (Cowens et al., 1993; Hengge et al., 1993),
the effect of niosomal DOX on this toxic side effect has not been reported. It is
hoped that future studies within the niosomal drug delivery programme will explore

this area.

1.4:2 CARDIOTOXICITY

DOX cardiotoxicity can be either acute or chronic (Olson and Mushlin, 1990). The
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former is less dangerous than the latter (Calaberesi and Chabner, 1990) and is usually
characterised by electrocardiographic (ECG) changes, a decreased ejection fraction
and, in rare cases, frank congestive cardiac failure. Chronic DOX cardiac toxicity,
characterised by negative inotropy and negative chronotropy (Neri et al., 1989) is
directly correlated to cumulative life time dose and has a mortality in excess of 50%.
Doses as low as 250 mg.m? can trigger this response, although below a cumulative
dose of 400 mg.m?, the risk of DOX induced cardiotoxicity is less than 3%
(Doroshow, 1991). A lifetime cumulative dose upper limit is thus set at 400 - 500
mg.m?, for this reason. This fact notwithstanding extreme caution is recommended
with the use of DOX; especially as sub-clinical signs of chronic DOX toxicity have
been detected, characterised by impaired diastolic filling, at doses of 150-520 mg.m™
(Cittadini et al., 1991). Recently a more insidious form of DOX cardiotoxicity has
been recognised. Cancer survivors treated with the drug in childhood and with
apparently normal cardiac function at the time of receiving treatment, have been
shown to develop a DOX type cardiomyopathy in adulthood (Goorin et al., 1990;
Steinherz and Steinherz, 1991). In these individuals, cardiac musculature was found
to be underdeveloped, and not commensurate to somatic growth. The need for cardiac
follow up in cancer survivors treated with anthracyclines is emphasised by these

reports.

Ultrastructural damage to cardiac tissue in the chronic phase of DOX cardiotoxicity
is defined by a vacuolisation of the sarcoplasmic reticulum, swelling and disruption
of the mitochondria and a disorganisation and eventual decrease in the number of

myofibrils (Olson and Mushlin, 1990). The mechanism of DOX cardiotoxicity is still
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uncertain, although a number of possibilities have been examined. An inhibition of
muscle gene expression has been implicated in this myofibrillar loss (Ito et al., 1990),
indicating a possible role for anti-DNA activity in the origin of DOX cardiotoxicity.
DOX (Combs et al., 1985; Olson and Mushlin, 1990; Dodd et al., 1993) and DOX
aglycones (Sokolove and Shinaberry 1988) interfere with calcium homeostasis, causing
calcium cytoplasmic overload and destroying the mechanisms of excitation contraction
coupling. It has been widely thought that the ability of DOX to generate free radicals
in vitro is directly responsible for its cardiotoxicity (Goodman and Hochstein, 1977;
Myers et al., 1977; Doroshow, 1983; Davies et al., 1983; Keizer et al., 1990;
Doroshow, 1991). Free radicals generated by redox cycling (Bachur et al., 1977,
Goodman and Hochstein, 1977) or from DOX-iron complexes (Muindi et al, 1985) can
lead to the peroxidation of membrane lipids (Goodman and Hochstein, 1977;
Gutteridge, 1984) and cardiomyopathy (Cummings et al., 1987; Fu et al., 1990; Keizer
et al., 1990; Olson and Mushlin, 1990). One confounding aspect to this hypothesis
is that free radical scavengers are unable to attenuate the histological lesions seen in
chronic DOX dosing (Olson and Mushlin, 1990), even though tocopherol
administration prior to DOX injection is associated with decreased lipid peroxidation
and a decrease in the number of histological lesions seen after a single injection of the
drug (Myers et al., 1977). It may well be that the mechanisms of acute and chronic
DOX cardiotoxicity are fundamentally different. Also, low concentrations

(0.5 pg.mlI'") of DOX in the presence of an iron overload in vitro are not associated

with increased lipid peroxidation (Hershko et al., 1993).

The alteration in mitochondrial energy metabolism by DOX (Fu et al., 1990) and
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DOX aglycones (Sokolove, 1991) is also considered to be a contributory factor in

DOX cardiotoxicity.

DOX metabolites have been strongly implicated in the toxic cardiac reaction to the
drug. DXOL, a metabolite synthesized in cardiac muscle, is more cardiotoxic than the
parent drug (Olson et al., 1988: Mushlin et al., 1993; de Jong et al., 1993), disrupting
calcium homeostasis to a greater extent than the parent drug (Boucek et al., 1987;
Olson et al., 1988). Considering this fact in conjunction with the fact that toxic free
radicals are produced by the bioreduction of DOX and also taking due cognisance of
the action of DOX aglycones on calcium homeostasis (Sokolove and Shinaberry,
1988) and mitochondrial energy function (Sokolove, 1991), it is not untenable to
suppose that the action of DOX on the heart may be potentiated by metabolite
formation within the heart (Olson and Mushlin, 1990; Mushlin et al., 1993)).
Alternatively DXOL and the aglycones when synthesised elsewhere in the body may
by their action on heart muscle amplify the cardiotoxic reaction observed with the

clinical use of this agent.

The contribution of DOX metabolites to DOX cardiotoxicity is especially important
with drug delivery systems that alter the metabolite profile of the drug, as this could
well bring about fundamental changes to the degree of patient tolerance to the

formulation - in either direction.

Various anthracycline analogues have been developed in an effort to abolish the

problem of cardiotoxicity while still retaining the excellent therapeutic response to
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Figure 1.4: DOX analogues synthesized to overcome anthracycline cardiotoxicity. I
= Epirubicin, II = Idarubicin, III = hydroxyrubicin. Epirubicin and idarubicin have
been used clinically
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these agents. Epirubicin (Figure 1.4), a C4' stereoisomer of DOX gives a lower
incidence of cardiotoxicity in clinical use than DOX (Neri et al., 1989; Lahtinen et al.,
1991), and the clinical use of Idarubicin (Figure 1.4), in which the C4 methoxy group
is replaced by a hydroxy group and which also lacks the C14 hydroxy group, is still
associated with concern for its cardiotoxic effects (Chan-Lam et al., 1992).
Hydroxyrubicin (Figure 1.4), in which the basic C3/ amino group is replaced by a

hydroxy group, is less cardiotoxic in mice than the parent drug (Priebe et al., 1993).

Notwithstanding any slight improvements in therapeutic index by these chemical
modifications, anthracycline cardiotoxicity in conventional drug delivery systems is
still a problem (Doroshow, 1991). 'DOX is a broad spectrum anticancer agent,
consequently the dose-limiting and irreversible nature of this adverse effect has led to
the development of various drug delivery systems in an effort to circumvent this

obvious limitation.

1.5 DOXORUBICIN DELIVERY SYSTEMS
DOX conjugates, emulsions, suspensions and particulate delivery systems have been
studied in an effort to develop marketable DOX formulations that would offer all the

benefits and fewer of the disadvantages of conventional drug delivery systems.

Micellar DOX polyethylene glycol-polyaspartic acid (Figure 1.5) (Yokoyama et al.,
1990) and DOX hydroxypropylmethacrylamide conjugates (Yeung et al., 1991) gave

therapeutic responses comparable to that obtainable with the free drug in murine
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neoplasms. The use of the DOX polyethylene glycol-polyaspartic acid conjugate
resulted in less body weight loss than controls and the use of the DOX
hydroxypropylmethacrylamide conjugate resulted in a lower degree of cardiotoxicity.
DOX dextran conjugates, on the other hand, have undergone phase I clinical trials
(Danhauser-Riedl et al., 1993), with resulting significant toxicity to the bone marrow

and accompanying hepatotoxicity.

DOX hydrochloride emulsions containing polyoxyethylene (60) hydrogenated castor
oil as the emulsifying agent showed that the amount of emulsifying agent used had
a direct bearing on the distribution of the drug in vivo (Lin et al., 1992). A stable
lipiodol (a poppy seed fatty acid ethyl ester) suspension given by intrarterial injection
resulted in demonstrable anti-cancer activity and prolonged drug levels in hepatic
tumour patients, when compared to the administration of an emulsion formulation

(Katagiri et al., 1989)

Other particulate formulations that have been used are large (10pm) DOX albumin
microspheres (Wilmott et al., 1984). These were found to accumulate in the lung by
capture in the lung capillary bed - a form of passive targeting, that may be exploited
in lung carcinomas. These albumin microspheres also show improved therapeutic
activity over the drug in solution (Wilmott and Cummings, 1987). Submicron albumin
magnetic "microspheres” (0.75pm) injected via the tail vein extravasated in the tail and

decreased DOX delivery to the heart (Gupta and Hung, 1989;
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Figure 1.5: DOX polyethylene glycol-polyaspartic acid micelle forming conjugate,
molecular weight = 5,000. a, b and c refer to a variable number of subunits.
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Gupta et al., 1989) in response to an applied magnetic field. Clinical trials have been
undertaken with DOX polyisohexylcyanoacrylate nanoparticles (Kattan et al., 1992)
and this formulation was not associated with any reported cardiotoxicity, although it

must be stated that the dose did not exceed a cumulative level of 180 mg.m2.

Phospholipid vesicles (liposomes) loaded with DOX have received a considerable
amount of attention in recent times and certain conventional liposomes, containing
either phosphatidylcholine, phophatidlylglycerol or cardiolipin have entered clinical
trials, with good patient tolerance and tumoricidal data being achieved (Rahman et al.,
1990; Owen et al., 1992; Cowens et al., 1993). Most scientific efforts have been
focused on diverting vesicles away from their traditional in vivo target, (more correctly
described as an anatomical sink for intravenously administered vesicles) namely the
liver - as identified in the early days of liposome research (Gregoriadis and Ryman,
1971). This anatomical sink is now recognized to be the reticuloendothelial system
(RES) (Hwang, 1987). Parallel efforts have centred on achieving ever longer blood
residence times for these vesicles, as the longer blood residence time is deemed to
directly influence tumour localization. However the effect of these long blood
residence times on drug resistance after a durable sub-therapeutic blood level or the
effect of long circulating vesicles on bone marrow localisation have not been fully
addressed to date. The coating of liposomes with hydrophilic polymers exemplified
by work with ganglioside Gy, (Unezaki et al., 1993) and polyethylene glycol
(Papahadjopoulos et al., 1991; Huang et al., 1992; Vaage et al., 1992; Gabizon et al.,

1993; Williams et al., 1993) has achieved extended blood residence times and, where
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evaluated, improved tumoricidal activity. The use of high phase transition temperature
phospholipid liposomes also achieved extended blood residence times (Gabizon et al.,
1989; Papahadjopoulos and Gabizon, 1990; Gabizon, 1992). The altered
pharmacokinetics of hydrophilic coated liposomes has resulted in a broadly accepted
hypothesis (Lasic et al., 1991), which proposes that the confinement of these vesicles
to the vascular space is due to the steric hinderance to opsonization by plasma
molecular opsonins. This non-opsonization prevents recognition of the particles by
the phagocytic apparatus of the reticuloendothelial system. However it is proposed,
in some quarters, that ganglioside Gy, may act by some other as yet undefined
mechanism (Mori ¢t al., 1991; Parr et al., 1993). These extended circulation times,
experienced with certain DOX phospholipid vesicles are advantageously associated
with decreased DOX cardiac levels (Gabizon et al., 1989; Gabizon, 1992; Unezaki et
al., 1993) and liposome DOX delivery does result in decreased cardiotoxicity (Herman
et al., 1983; Balazsovits et al., 1989). The long residence time of DOX vesicles in
the blood when compared to the drug in solution allows the tumour tissue a longer
time to equilibrate with the drug and evidence has been presented of the extravasation
of DOX liposomes containing ganglioside Gy, (Huang et al., 1992). Also an increase
in the level of DOX in malignant pleural and ascitic effusions was found in patients
treated with liposomal DOX (Gabizon et al., 1994). A depot of antineoplastic agent
in such close proximity to the tumour cells gives these drug delivery systems great

therapeutic potential.

Liposomal non-ionic surfactant vesicle formulations, specifically containing

hydrogenated castor oil 60 (HCOG60) have been prepared and could be adequately
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targeted to the liver. Liposomes prepared with above 60% w/w levels of this non-
ionic surfactant increased the accumulation of the liposomal marker in the liver (Kato

et al., 1993).

Thermosensitive liposomes which release their contents in response to a temperature
stimulus accumulated in tumour tissue in response to local hyperthermia (Maruyama
et al., 1993). The use of this strategy on deep seated tumours may pose a problem
however. Another fast growing area of research is the use of immunoliposomes.
Surface antibodies have been used, with moderate success, to target vesicles to certain

experimental neoplasms (Ohta et al., 1993; Ahmad et al., 1993).

While it is clear from the foregoing that liposomal DOX delivery has achieved an
improvement in therapeutic response and a decrease in cardiotoxicity (Rahman et al.,
1985), efforts at ameliorating myelosupression have been less successful (Treat, 1989;
Balley et al., 1990; Rahman et al., 1990; Owen et al., 1992; Cowens et al., 1993;
Hengge et al., 1993); an indication that this area of DOX toxicity is still an area
requiring further study. A recent study in which conventional DOX liposomes were
compared to DOX loaded microspheres suggests that in addition to DOX microspheres
offering improved cytotoxicity, they also decrease DOX myelosuppressive effects

compared to liposomal DOX (Codde et al., 1993).

Although the data on DOX liposomes are extensive, the fact remains that
phospholipids, the main ingredients of liposome manufacture have some (disadvantages,

as they are not yet produced at the relatively low cost demanded by pharmaceutical
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excipients and also require stringent storage conditions (Florence et al., 1990) to avoid

degradation e.g. hydrolytic degradation (Kemps and Crommelin, 1988).

1.6 NIOSOMAL DRUG DELIVERY SYSTEMS

Niosomes are non-ionic surfactant vesicles prepared in a manner analogous to
liposomes, except that the vesicle membrane is constructed from non-ionic surfactants
(Handjani-Vila et al., 1979; Baillie et al., 1985; Rogerson et al., 1988). These
niosomes offer an alternative to liposomes in the field of drug delivery and have the
potential applicability of liposomes as outlined above. An understanding of alternative
drug delivery systems is desirable as this leads to the elucidation of unifying factors
that could aid in the subsequent prediction of vesicle behaviour in vivo. Niosome
surfaces differ somewhat from liposome surfaces as the latter are made up of charged
or zwitterionic lipids and hence possess a defined potential for electrostatic
association. It is not clear how these differences would affect the in vivo disposition
of these particles, and indeed if any differences will be expressed which are solely

attributable to the nature of the vesicle surface.

The various non-ionic surfactant molecular structures that form vesicles on hydration
have been reviewed by Ozer and others (1991) and Florence (1993). Israelachvili

(1985, 1992) derived the critical packing parameter (CPP)

CPP = v/l a, 1.1

where v = hydrocarbon chain volume, 1, = hydrocarbon critical chain length,
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Figure 1.6: L’Oreal non-ionic vesicle forming surfactants and Solulan C24. I=C,(G,,
II = C,,C,,G;, I = 92: 8 mixture of A and B (together referred to as surfactant III),
IV = C,(G,, V = Solulan C24.
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Figure 1.7: Alkyl sorbitan (I) ester vesicle forming amphiphiles (Spans). R1
sorbitan monolaurate (Span 20), R2 = sorbitan monopalmitate (Span 40), R3
sorbitan monostearate (Span 60), R4 = sorbitan monooleate (Span 80).
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a, = hydrophilic head group area. This value is a dimensionless figure derived from
the geometry of any particular amphiphile and it predicts the close packing
characteristics of the surfactant molecules and ultimately the nature of the structure
that will be formed on association. A calculated value of between 0.5 - 1 is predictive
of flexible bilayer formation and thus an aggregation into closed vesicles. The CPP
is affected by certain environmental factors, which indirectly affect lipid geometry,
such as the ionic strength, pH and temperature of the surrounding medium. A number
of single chain amphiphiles form bilayer vesicles quite easily, contrary to views held
by some authors (Israelachvili, 1992; Menger, 1993), and while the aggregation of
monomers into a bilayer structure requires a definite molecular hydrophilic-
hydrophobic geometry (Israelachvili, 1992), the packing parameters are often satisfied
just as well by single chain synthetic non-ionic surfactants as they are by double chain
amphiphiles. Vesicles produced from single chain ionic C,, - C,; fatty acid and soap
mixtures by Hargreaves and Deamer (1978) demonstrated that vesicles could be
produced from such single chain amphiphiles. A series of non-ionic single chain
surfactants synthesized by L’Oreal (Figure 1.6) have been used in our laboratories to
prepare vesicles (niosomes) with a drug delivery objective for a number of years.
C,G, was one of the earliest compounds used (Azmin et al., 1985; Baillie et al.,
1985). Relatively stable niosomes could be prepared from the single chain non-ionic
surfactants C,G,, C,G, and surfactant III with the inclusion of cholesterol, by the
same methods used to prepare liposomes; these were found to encapsulate and retain
solutes (Baillie et al., 1985; Rogerson et al., 1987; Hunter et al., 1988; Rogerson et
al., 1989; Florence et al., 1990). C, G, has been employed in the encapsulation of

methotrexate (Azmin ¢t al., 1985), sodium stibogluconate (Baillie et al., 1986; Carter
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et al., 1988; Hunter ¢t al., 1988), DOX (Rogerson et al., 1987; Kerr et al., 1988;
Rogerson et al., 1988) and haemoglobin (Moser et al., 1989a; Moser et al., 1990).
C,6G, has been used to prepare DOX niosomes (Florence et al., 1990) and Sodium
stibogluconate niosomes have also been prepared from Surfactant III (Hunter ez al.,

1988).

The biodistribution of methotrexate niosomes was altered by the encapsulation in the
single chain amphiphile C,(G;, and there was found to be preliminary evidence of
increased delivery of methotrexate to the brain and a slight increase in the oral
bioavailability of the compound (Azmin et al., 1985). The in vivo evaluation of DOX
C,¢G; niosomes showed that these DOX niosomes improved tumour localisation and
hence tumoricidal activity (Kerr et al., 1988; Rogerson et al., 1988), especially when
formulated with equimolar quantities of cholesterol. The administration of cholesterol-
free C,,G; DOX niosomes resulted in less tumour localisation of the drug (Rogerson
et al., 1988), probably due to their poor latency (potential for retention of encapsulated
solutes) (Rogerson et al., 1987). C,(G, DOX niosomes also reduced DOX cardiac
levels (Kerr et al., 1988). In cases where improved tumoricidal activity is not actually
achieved, as was the case with C,;G, DOX niosomes, there was a reduction in cardiac
levels of DOX (Florence et al., 1990). Sodium stibogluconate encapsulated in C;G;,
and Surfactant III niosomes increased the efficacy of the drug in experimentally
induced leishmaniasis in a murine model (Baillie et al., 1986; Carter et al., 1988;
Hunter et al., 1988). The effective suppression of leishmaniasis by sodium
stibogluconate niosomes is a result of the rapid uptake of the vesicles by the liver, the

site of leishmania infestation. This effect is seen regardless of the surfactant that is
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used.

Other monoalkyl surfactants used to prepare niosomes as drug carriers are C,, - Ci¢
alkyl glucosides, galactosides and mannosides (Kiwada et al., 1985a; Kiwada et al.,
1985b; Kiwada et al., 1988). These, however, were found to be rapidly degraded in

plasma by a specific heat stable plasma component (Kiwada et al., 1988).

Sorbitan monoalkyl esters and anhydrides (Spans) (Figure 1.7) containing a C,, - Cj4
alkyl chain forms stable multilamellar vesicles capable of entrapping solutes and
which are proposed as potential drug carriers (Chandraprakesh et al., 1990; Udupa et
al., 1993; Yoshioka and Florence, 1994; Yoshioka et al., 1994, Parthasarathi et al.,
1994). The pharmacokinetics of methotrexate was altered by encapsulation into large
(1.5 - 13.5pm) sorbitan monostearate (Span 60 - Figure 1.5) niosomes with the drug
experiencing a longer blood residence time (Chandraprakash et al., 1990; Udupa et al.,
1993). Tumoricidal activity was concomitantly increased (Udupa et al., 1993). The
encapsulation of vincristine sulphate in Span 60 niosomes decreased the toxicity and

improved the anti-cancer activity of the drug (Parthasarathi et al., 1994).

When a non-ionic dialkyl surfactant - C,,C,,G, (Figure 1.4) - niosome was compared
with CG,, in the area of encapsulation efficiency and 5(6)-carboxyfluorescein
latency, no differences could be found (Baillic er al., 1985). There was also no
difference in the pharmacological activity of sodium stibogluconate niosomes formed
from dialkyl and monoalkyl surfactants (Hunter et al., 1988). However it was found

that while the single chain amphiphile could produce vesicles without the inclusion
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of cholesterol in the bilayer, the same could not be said of the dialkyl amphiphile

(Rogerson et al., 1989).

C,6 and C,4 dialkyl amphphilic amino acids have been used to prepare amino acid
vesicles capable of entrapping 5(6)-carboxyfluorescein (Neumann and Ringsdorf,
1986). These vesicles can be converted to peptide vesicles by simple chemical means.
Synthetic dialkyl C,, - C,, polyhydroxyl lipids have also been used to prepare
niosomes with encapsulation efficiencies comparable to egg phosphatidylcholine
(Assadullahi et al., 1991). Sucrose palmitate stearate, an amphiphilic mixture of
mono, di and tri-esters has been used to prepare vesicles encapsulating the cytostatic
drug methylglyoxal-bis-guanyl hydrazone (Schenk et al., 1990). This formulation was
found to be as efficacious as the free drug. Niosomes have also been produced from
poly(oxyethylene) (10) hydrogenated castor oil ether (Tanaka et al., 1990). The head
group structure in these vesicle forming surfactants is by no means limited to
monosaccharide or amino acid derivatives and compounds possessing neutral crown

ether head groups also form niosomes (Echegoyen et al., 1988).

From the foregoing, it becomes apparent that niosomes can be formed from a variety
of amphiphiles, but it appears that a minimal alkyl chain length of at least 12 carbons
and a head group area in the region of 0.25 - 0.5nm’ are necessary prerequisites to
vesicle formation (Florence, 1993). The molecular requirements conducive to vesicle
formation must be assessed not only in relation to environmental factors such as ionic
strength, pH and temperature of the medium; but also in relation to the nature of the

encapsulating solute. This is especially true for DOX, which interacts with both
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neutral and anionic bilayers (Burke and Tritton, 1985; de Wolf et al., 1991a; de Wolf
et al., 1991b; Marti et al., 1992). A critical examination of the nature of the
encapsulating solute is desirable if we are to exploit fully these amphiphiles as drug
carriers. Considerable success has been achieved with niosomal formulations in
experimental animals. It is hoped that similar success will be achieved in the clinic

at some time in the future

Certain physicochemical properties of C,G, (Figure 1.6) and monoalkyl sorbitan
(Figure 1.7) niosomes have been evaluated in this work and are discussed in Chapter
2. We have also studied the biodistribution of intravenously injected DOX sorbitan
monostearate niosomes and have assessed the tumoricidal activity of the said
preparation. Additionally, the tumoricidal activity of DOX C,,G, niosomes was
evaluated in a murine tumour model. Details on the biodistribution of DOX niosomes
following intravenous administration and the tumoricidal activity of DOX niosomes

are discussed in Chapter 5.

1.7 THE INTRAPERITONEAL ADMINISTRATION OF DOXORUBICIN
VESICULAR DELIVERY SYSTEMS

The intraperitoneal administration of antineoplastic agents is considered important
when abdominal metastasis following bowel resection is to be avoided. Unfortunately
the intraperitoneal administration of DOX solution is associated with marked local
toxicity and is not recommended as a general strategy (Demicheli et al., 1985).
Mayhew and co-workers (1990) have studied the intraperitoneal administration of
DOX liposomes in mouse colon 26 tumours, and report that although the liposome
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formulation conferred no therapeutic advantage to the DOX dose when both liposomal
DOX and DOX solution were administered at what the authors describe as equitoxic

doses, liposomal DOX was generally less toxic than DOX solution.

We have also studied in this work the biodistribution of DOX niosomes prepared from
C,,G, (Figure 1.6) on intraperitoneal administration to mice and characterised an
adverse response to the formulation following administration by the same route.

These results are discussed and presented in chapter 4.

1.8 DOXORUBICIN RESISTANCE

Apart from the toxic effects of DOX outlined above, another problem associated with
DOX chemotherapy is the development of DOX resistance. DOX along with a few
other compounds of natural origin, on continued patient exposure, causes
chemotherapeutic resistance to develop although, in certain cases the resistance is
intrinsic to host tissue, being present without prior chemotherapeutic stimulus. Its
influence is on a broad spectrum of anticancer agents, most of natural origin and it is
for this reason that this reaction is termed "multi-drug resistance". Once this non-

susceptibility develops, the prognosis for the patient is poor (Doyle, 1993).

1.8:1 MECHANISMS OF MULTIDRUG RESISTANCE
The mechanisms of multidrug resistance are as diverse as they are poorly understood,
and while a problem is posed to data interpretation by the non-uniformity of the

various biological systems used, it is clear that a number of drug resistance
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mechanisms are operating in any single situation (Volm and Mattern, 1993).

The most consistent finding in cells exhibiting multidrug resistance is the over
expression of a 170 kilodalton membrane glycoprotein termed P-gp. This was found
to be common to multidrug resistant cells (Riordan and Ling, 1979) and later
correlated with the amplification of a family of multidrug resistant genes (Riordan et
al., 1985) termed the MDR1 gene. The over expression of this gene has been
encountered in human tumours that are resistant to chemotherapy (Bourhis and
Bénard, 1990; Areci, 1993). This membrane protein P-gp is deemed to act as an
energy dependant pump, expelling intracellular drug, the kinetics of which have been
described (Dordal et al., 1992), or by creating membrane pores for eventual drug
efflux (Beck, 1987). A lower level of DOX associated with the cell membrane is
observed in some resistant cells and thus any membrane mediated cytotoxicity
(Awasthi et al., 1992) might also be decreased. Intracellular drug concentrations may
also be decreased by an indirect mechanism of action, whereby the intracellular pH
is raised by as yet undefined cellular processes to discourage intracellular pH
dependant sequestration and encourage cellular efflux of largely basic drugs (Roepe,
1992). Additionally intracellular drug binding/sequestration within the cell which
prevents the molecule reaching its site of activity within the nucleus (Beck, 1987;
Boicchi and Toffoli, 1992; Sognier et al., 1992; Doyle, 1993) is the hypothesis
favoured by some to account for drug resistance, disregarding the action of the efflux
pump. Direct evidence of a shift from a nuclear localisation to an extranuclear site
was obtained in studies where the concentration of DOX was quantified in nuclear and

cytoplasmic sites. There was a clear reduction in the ratio of nuclear to cytoplasmic
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DOX quantities as cells went from being susceptible to resistant (Keizer et al., 1989;
Schuurhuis et al., 1991; Lange et al., 1992). Although these studies showed no
apparent correlation between the observation of an increased cytoplasmic to nuclear
ratio and the overexpression of P-gp. It is quite likely that the efflux mechanism and
the diversion from nuclear sites mechanism may both be at work at different stages
of the development of resistance or in different kinds of multi drug resistance
syndromes. However there is doubt as to which is the major mechanism of multidrug

resistance.

The expression of P-gp is by no means essential to the development or existence of
the multidrug resistance syndrome and the level of P-gp expression is not the only
marker of multidrug resistance (Lee et al., 1989; Schott et al., 1993) as in some cases
its level bears no correlation to the decreased accumulation of intracellular DOX (Kato
et al., 1990; Ramachandran et al., 1993) or presence or absence of clinical resistance
(Ideguchi et al., 1991). These findings have led some workers to propose alternative
mechanisms of multidrug resistance, one of which is the non P-gp mediated energy
dependant drug export mechanism which prevents the drug accumulating at the
nucleus (Doyle, 1993). Increased free radical protection is also observed in some
resistant cells, specifically increased levels of the glutathione (GSH) detoxification
system - GSH peroxidase and GSH S-transferase (notably GSH S-transferase m) (Lee
et al., 1989; Nair et al., 1989; Benchekroun et al., 1993) . Equivocal results however
were obtained on the correlation between the absence of drug induced lipid
peroxidation and multidrug resistance (Benchekroun et al., 1993). An ability to

detoxify DOX in certain cell lines to an inactive metabolite is also thought to
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contribute to the drug resistance of such cell lines (Zhang et al., 1992). Another of
the less well studied mechanisms of multidrug resistance is a resistance to

topoisomerase II inhibitors (Doyle, 1993).

1.8:2 MODULATION OF MULTIDRUG RESISTANCE: THE ROLE OF DRUG
DELIVERY SYSTEMS

Various intervention procedures have been employed in cases where drug resistance
is established, namely the use of chemical modulators like verapamil, which interact
with P-gp (Solary et al., 1991) and other calcium entry blockers (Bruno and Slate,
1990). Unfortunately, the use of verapamil in the clinical management of resistant
small cell lung cancer patients showed no significant improvement in survival (Doyle,
1993). The combined depression of DOX and verapamil on cardiovascular function
comes to mind. The removal of the basic centre in DOX reversed the DOX resistance
and resulted in the intracellular accumulation of the drug (Priebe et al., 1993). The
authors attribute this to the abolition of the P-gp binding site. However the proposal
that certain acid lysozymes in resistant cells may bind the drug and extrude it to the

cells exterior (Doyle, 1993) is apparently supported by this evidence.

A drug delivery approach to the problem of multidrug resistance has been mounted,
using in turn: surfactants, nanoparticles and liposomes. The surfactant Cremophor EL
(a polyoxyethylated form of castor oil) reverses daunorubicin resistance ir vitro by
supposedly altering the fluidity of the cell membrane and increasing the intracellular
concentration of daunorubicin (Woodcock et al., 1992). DOX loaded

polyisohexylcyanoacrylate nanospheres delivered the same amount of DOX to resistant
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cells as did free DOX to sensitive cells (Cuvier et al., 1992), resulting in comparable
levels of cell growth inhibition. A phase I clinical trial of these nanospheres in
patients with refractory neoplastic disease reports the occurrence of a grade 2 allergic
reaction (World Health Organisation criteria) and dose limiting myelosupression
(Kattan et al., 1992). Cardiac toxicities were not reported although none of the

patients exceeded a maximum cumulative dose of 180 mg.m?,

Empty liposomes appear to interact with P-gp and partially overcome resistance in
vitro (Thierry et al., 1992). DOX loaded liposomes in vitro are also more effective
against resistant cell lines than DOX solution (Thierry et al., 1989: Oudard et al.,
1991; Rahman et al., 1992; Thierry et al., 1993), possibly by a direct interaction with
P-gp (Rahman et al., 1992). A combination of verapamil and DOX loaded liposomes
produced favourable results in vitro with evidence of a synergistic relationship in
occurrence (Sadasivan et al., 1991). In vivo, the activity of DOX liposomes was
retained and the formulation improved the effectiveness of DOX in a refractory mouse
tumour (Mickisch et al., 1992). Following on from the success of these liposome and
non-ionic surfactant formulations in improving the susceptibility of these resistant cell
lines, it was deemed appropriate to subject niosome formulations to a similar test. To
this aim, we have studied the activity of DOX niosomes of various composition, size
and vesicular DOX load against a resistant human ovarian carcinoma cell line in vitro.
The ovarian carcinoma cell line had been made resistant by repeated in vitro exposure

to DOX. Data and discussions on this study are presented in chapter 3.

45



1.9  VESICLE TO MICELLE PHASE TRANSITIONS
While seeking the optimum DOX niosome formulation, various lipid compositions
were examined, one of which gave rise to the production of large discoid structures

previously observed by Cable and Florence (1988).

Totally new structures can be formed by adding an amphiphilic compound with
different molecular aggregate packing parameters to a stable system of amphiphilic
aggregates (Israelachvili, 1992). The addition of critical amounts of soluble surface-
active molecules to vesicular dispersions of phospholipids leads to the breakdown or
solubilization of the vesicles and the formation of a mixed micellar phase. Such
vesicle to micelle transitions, of sonicated egg yolk phosphatidylcholine liposomes,
have been achieved by the addition of non-ionic surfactants of the polyoxyethylene
cetyl ether class (Kim and Kim, 1991). In this system a region occurs where lamellar
and mixed micelles coexist. In studies of the vesicle-micelle transition in cholate-
phosphatidylcholine systems, Walter and others (1991) identified structures
intermediate between vesicles and micelles. On increasing the bile salt concentration,
more multilamellar vesicles were detected, but in addition "open" vesicles, large (20 -
several hundred nanometres in diameter) bilayer sheets, and long (150 - 300nm)
flexible cylindrical vesicles were seen (Walter et al., 1991). Earlier studies (Small et
al., 1969) of the phase behaviour of phosphatidylcholine in cholate-water systems led
to the hypothesis of an intermediate discoidal mixed micelle, a view later substantiated

by the more recent studies (Walter et al., 1991).

In the current work, non-ionic surfactant vesicles were formed from C,G, ,
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dicetylphosphate (DCP) and cholesterol and solubilized by the soluble surfactant
Solulan C24 (a cholesteryl polyoxyethylene ether - Figure 1.6). The resulting phase
transitions were studied by turbidometric means. Large disc shaped structures, as a
distinguishable phase in the vesicle to micelle transition phase diagram of this system,
were observed.  Vesicle to micelle transitions of sonicated vesicles prepared from
C,¢G, have been studied using the detergent octylglucoside (Lesieur et al., 1990; Seras
et al., 1992), but structures similar to the ones identified in the present study were not
reported in the C,,G,-octylglucoside study. Disc shaped structures have been prepared
from amphotericin and cholesteryl sulphate (Guo et al., 1991), however these
amphotericin disc shaped structures are not thought to be similar to the ones reported
here. Discoid structures have also been identified in a C; dialkyl polyoxyethylene (15
oxyethylene units) aqueous dispersion (Okahata et al., 1981). The vesicle to micelle
transition of the C,(G, - Solulan C24 system and the discoid structures so produced

are discussed in chapter 2.

1.100  OUTLINE OF WORK

The objective of the work described in this thesis was to define the applicability of
niosomes to drug targeting. DOX was used as the model drug and the non-ionic
surfactants used were C,G,, C,¢G, and Spans 20, 40, 60 and 80, the latter chosen
because of their use in foodstuffs and pharmaceuticals. The task was subdivided as
follows. Vesicle size, encapsulation efficiency and latency were initially studied. The
optimisation of these physico-chemical characteristics for the eventual in vivo study

was the goal of this initial phase of the work. In the quest for an optimum vesicle,
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a transition from a vesicle to a novel discoid structure was noted and this transition
and the structures produced therefrom were defined. The clinical problem of
multidrug resistance, already discussed above was approached from a drug delivery
perspective. It was in this respect that niosomes were tested in vitro against a
synthetically produced resistant cell line. The in vivo pharmacokinetic investigations
were aimed at two broad fronts, the first entailing examining the fate of DOX
niosomes on intravenous injection. Particular attention was paid to the persistence of
the niosomes in the vascular space and the altered metabolite profile of the drug on
encapsulation. The second area of interest was the fate of niosomes after
intraperitoneal injection. An adverse reaction was observed in these studies, namely
an inflammatory response in the lung tissue. The pharmacodynamic activity of DOX
niosomes was also studied in a variety of murine tumour models and the issue of

model selection was raised by the data obtained from these investigations.

The ultimate destination for any drug formulations is the patient, and specifically in
this case the cancer patient. Derived benefits are principally an increased incidence
of cures from the disease and a better quality of life. The acceptability of any
pharmaceutical is unfortunately not simply limited to these qualities, as the issue of
production costs also bears considerable influence. The significance of the work
presented in this thesis on perceived patient benefits are summarised in the last chapter

of the thesis.
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CHAPTER TWO

THE PHYSICOCHEMICAL PROPERTIES OF
DOXORUBICIN NIOSOMES AND SOME

VESICLE TO MICELLE TRANSITIONS
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21 THE NEED FOR AN OPTIMUM, SIZE, ENCAPSULATION
EFFICIENCY AND LATENCY

The size of the administered vesicles affects their disposition in vivo, in as much as
the extravasation of vesicles to certain tissues is limited by the sheer size of these
vesicles (Hwang, 1987). Capillaries can be categorized as being continuous e.g. in the
dermis, fenestrated - found in the exocrine glands and kidney and discontinuous
(sinusoids) - found in the liver and spleen (Clough, 1991). Continuous capillary
membranes permit the transport of particles of less than 10 nm in diameter, whereas
the fenestrated capillaries permit the transport of particles in the upper size range of
about 30 nm. Discontinuous or sinusoidal capillaries on the other hand permit the
transport of particles of up to 100 nm (Hwang, 1987). Liposomes larger than 500 nm
are not believed to extravasate and are thus removed from the vascular space by the
phagocytic cells of the RES (Hwang, 1987). Tumour tissue differs from normal host
tissue in that it is highly heterogenous, consisting of continuous, fenestrated and
sinusoidal capillaries in one anatomical unit as well as capillary sprouts and certain
blood channels that do not possess an endothelial lining (Jain, 1990). The
heterogeneity of tumour vasculature is doubtless responsible for the higher
permeability to macromolecules observed in studies using albumin, fibrinogen
(Peterson and Applegren, 1973) and dextran (Nugent and Jain, 1984). An advantage
of particulate drug delivery to neoplastic tissue is the opportunity to exploit this
inherent leakiness in tumour tissue. Extravasation of silver enhanced colloidal gold
particles (80 - 100 nm in diameter) has been observed in experimental murine
neoplasms (Huang et al., 1992). This extravasation could be especially promoted if
circulation times could be enhanced. On a comparative basis smaller liposomes for
example circulate for longer than larger liposomes (Hwang, 1987; Woodle and Lasic,
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1992; Gabizon et al., 1994). In addition, a hydrophilic surface promotes longer
circulation times by avoiding the action of blood opsonins and thus preventing particle
recognition by the RES (Allen et al., 1991; Woodle and Lasic, 1991; Woodle et al.,
1992; Lasic 1992). While the size of the administered particle is important, an
optimum size must not be gained at the expense of maximal drug encapsulation. This
refers to the niosome payload. The lipid/surfactant level - as with all excipients, must

be kept to a minimum in the majority of cases (Cullis et al., 1987).

2.1:1 SIZE REDUCTION OF NIOSOMES

In this chapter are presented attempts to reduce vesicle size by well established means
e.g. sonication (Baillie ¢t al., 1985; Florence, 1993), microfluidization (Mayhew et al.,
1984; Gregoriadis et al., 1990; Vemuri et al., 1990) and homogenisation (Brandl et
al., 1993). The surfactants used were the L’Oreal surfactants C,G;, C,(G, (Figure
1.6) and the Span surfactants (Figure 1.7). The Span surfactants were studied to
enable the product make a smooth transition from the bench to the clinic, as these
surfactants are already established pharmaceutical excipients and are used in

foodstuffs.

The head group area, according to the critical packing parameter derived by
Israelachvili (1985, 1992) - see section 1.6, also determines to some extent vesicle
size, in that the larger its contribution to the overall parameter (within certain
restrictions of course) the larger the vesicle curvature and, in effect, the smaller the
vesicle size. This particular characteristic was exploited and the head group area was

manipulated in order to reduce vesicle size. Specifically this was carried out by a
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progressive increase in the level of Solulan C24 (a compound with 24 polyoxyethylene

units within its structure - Figure 1.6), in the formulation.

There are various methods of determining vesicle size - namely light scattering,
electron microscopy and gel filtration (Schurtenberger and Hauser, 1993). In this
work, vesicle size in the submicron range was measured using dynamic light scattering
(photon correlation spectroscopy). This method has been reviewed by Phillies (1990).
Basically the instrumentation is designed to obtain measurements on the diffusion of
colloidal particles in any given dispersion. A laser beamrecords this diffusion as
temporal fluctuations in light scattering data. These values can then be computed to
give values of particle size - typically expressed as z-average mean hydrodynamic
diameter. Static light scattering was used to measure the size of the multilamellar
vesicles with size distributions greater than a micron. With the static light scattering
procedure, the intensity of scattered light is recorded and this is used to compute the

radius of the particle (Schurtenberger and Hauser, 1993).

2.1:2 THE OPTIMIZATION OF NIOSOME ENCAPSULATION EFFICIENCY
Details are presented on efforts to obtain an optimum encapsulation efficiency in

conjunction with an optimum particle size.

Specifically DOX encapsulation efficiency was first studied as a function of overall
lipid/surfactant level (referred to hereafter for simplicity as total lipid), in order to
determine an optimum initial DOX/total lipid ratio. The method of transmembrane

gradients has been shown to yield improved encapsulation of basic drugs like DOX
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(Mayer et al., 1985; Haran et al., 1993; Montero et al., 1993; Praet et al., 1993). In
this work we have loaded DOX by an active trapping method involving a

transmembrane pH gradient.

A preliminary comparison was made between the encapsulation efficiency of
phosphatidylcholine liposomes, C,,G, niosomes and Span 60 niosomes with the use
of pH gradients. Final molar DOX/phospholipid ratios of 0.05 have been reported
with phosphatidylcholine, phosphatidylethanolamine liposomes in response to a pH

gradient (Praet et al., 1993).

The 5(6)-carboxyfluorescein and DOX latency of certain formulations was also studied
in order to gain some knowledge of the stability of these formulations at room

temperature.

22  C,G, - SOLULAN C24 VESICLE TO MICELLE TRANSITIONS

The incorporation of increasing amounts of Solulan C24 into C,G, vesicle
formulations (ostensibly to reduce vesicle size, by increasing vesicle curvature), led
to the formation of large discoid structures similar to those previously observed by
Florence and Cable (1988) in C,(G, - Solulan C24 systems. The physicochemical
characteristics of these structures were studied, with a view to examining the
possibility of utilising these novel structures as drug carriers. This is considered
especially relevant as amphotericin B in combination with the sterol cholesteryl

sulphate produces a stable discoid structure (admittedly in the colloidal size range)
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with a therapeutic index 4 - 6 fold higher than the free drug (Guo et al., 1991).
Geometrically similar structures have been observed in egg phosphatidylcholine -
cholate mixtures (Walter et al., 1991) and in C,4 - dialkyl polyoxyethylene (15

polyoxyethylene units) aqueous dispersions (Okahata et al., 1981).

2.3  MATERIALS

The materials used in the various experiments discussed in this chapter are as given
in Table 1.' All solvents used for HPLC analysis were of HPLC grade. All other
reagents and chemicals were of analytical grade, unless otherwise stated. All materials
were used as obtained from suppliers without further purification and the water source
was from an ultra high quality reverse osmosis water purifier (Elgastat UHQ PS - Elga

UK). Equipment sources are stated within relevant portions of the text.

METHODS

24  THE PHYSICOCHEMICAL PROPERTIES OF CG;, C,,G,, AND SPAN
SURFACTANT NIOSOMES

2.4:1 GENERAL METHODS FOR THE PREPARATION OF NIOSOMES
Lipids were dissolved in chloroform, and the solvent removed under reduced
pressure at 60°C, in a round bottomed flask. Residual organic solvent was
removed by drying the lipid film under a stream of nitrogen for 20 min. The lipid
film so obtained was then hydrated at 60°C (75°C for Span surfactant niosomes)
for 1 h with constant shaking on a mechanical shaker, with either water or DOX

solution in phosphate buffered saline (PBS), (pH 7.4), (NaCl 140 mM, Na,HPO,
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Table 1: Materials used in the study of the physicochemical characteristics of

niosomes.

MATERIAL SOURCE

C,G, Donated by L’Oreal, France.
C,G; Donated by L’Oreal France.

5(6)-carboxyfluorescein (CF)
Chloroform

Cholesterol

Dicetylphosphate (DCP)
Disodium hydrogen phosphate

Doxorubicin hydrochloride

Isopropanol

Potassium chloride

Sephadex G50

Sodium Chloride

Sodium dihydrogen phosphate
Solulan C24

Span 20

Span 40

Span 60

Span 80
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Sigma Chemical Company (UK) Ltd.
Rathburn Chemicals, UK.

BDH Laboratory Supplies, UK.
Fluka Chemika, Germany.

BDH Laboratory Supplies, UK.
Donated by Mr P. Launchbury and Dr A.
Suarato, Farmitalia Carlo Erba, Italy.
Rathburn Chemicals Ltd, UK

BDH Laboratory Supplies, UK.
Pharmacia (UK), Ltd.

BDH Laboratory Supplies, UK.
BDH Laboratory Supplies, UK.

D.F. Anstead, UK.

Fluka Chemika, Germany.

Fluka Chemika, Germany.

Fluka Chemika, Germany.

Fluka Chemika, Germany.



0.18 mM, NaH,P0,.2H,0 {3.2mM, KCI 2.7 mM - pH adjusted to 7.4 with 1 M
NaOH). The lipid dispersion was sonicated using an MSE PG100 150W probe
sonicator with the instrument set at 15% (40% for Span surfactant niosomes) of its
maximum power output. Sonication was usually carried out in 10 30 s bursts with 30
s in between each burst for cooling. The temperature of the dispersion during

sonication was 40°C. The dispersion was then left to cool to room temperature.

2.4:2 THE REDUCTION OF NIOSOME SIZE BY THE MICROFLUIDIZATION
OF C,(G, NIOSOMES

A 5 mL dispersion C,,G;, cholesterol, DCP (47.5: 47.5: 5) niosomes (150 pmol total
lipid) was diluted to 28 mL with water and passed through a microfluidizer 100™,
(donated by Microfluidizer Corp, USA). Microfluidization was carried out at an
operating pressure of (.55 MPa and a flow rate of 48 mL.min"'. At regular intervals

samples were obtained from the microfluidizer efflux and sized as described below.

2.4:3 THE REDUCTION OF C,,G, NIOSOME SIZE BY THE INCORPORATION
OF INCREASING AMOUNTS OF SOLULAN C24 INTO THE BILAYER

Niosomes were prepared from the 150 pmol of lipid in the following molar
proportions; C,G,, cholesterol, Solulan C24 (45: 45: 10) (40: 40: 20) (35: 35: 30) (30:
30: 40) (25: 25: 50) and 10 mL of water. These niosomes were sized as described

below.

2.4:4 THE REDUCTION OF C,G, NIOSOME SIZE BY HOMOGENISATION

DOX niosomes were prepared from C,,G,, cholesterol, Solulan C24 (30: 30: 40) and
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DbX in PBS in an initial DOX/total lipid ratio of 0.0115. 10 mL of the unsonicated
dispersion (30 mM lipid) was diluted to 100 mL with PBS (pH 7.4). The diluted
dispersion was then passed through a Westfalia Separator homogenizer at 60MPa
pressure. Homogenised material was collected at various time intervals and sized as
described below. The same procedure was carried out using lipid films prepared from
the following mixtures of lipids: a) C,4G,, cholesterol, Solulan C24 (45: 45: 10) and
b) C,¢G,, cholesterol, DCP (47.5: 47.5: 5). The encapsulation efficiency of these

formulations was determined as described below.

2.4:5 SIZING OF SUBMICRON NIOSOME DISPERSIONS

Sonicated vesicular dispersions were sized by photon correlation spectroscopy (PCS)
on a Malvern Autosizer 2c, at a temperature of 25°C by diluting 20 pL of the
dispersion (15 - 30 mM lipid, O - 2.24 mM DOX) to 4 mL in doubly filtered (0.22 ym

pore size) water. Results are expressed as the z-average mean diameter.

2.4:6 SEPARATION OF UNENCAPSULATED MATERIAL, ASSAY OF
NIOSOMES FOR DOXORUBICIN CONTENT AND THE DETERMINATION OF
DOXORUBICIN ENCAPSULATION EFFICIENCY

1.5 mL of the dispersion (15 - 225 mM total lipid and 0.35 - 5.2 mM DOX) was
applied to a 400 x 10 mm Sephadex G50 column. The void volume containing the
vesicles was eluted with PBS (pH 7.4) into a 10 mL volumetric flask. To the flask
was added 1 mL isopropanol to disrupt the niosomes. The volume was then made up
with PBS (pH 7.4). In the event of this solution being too concentrated, further

dilutions were made as appropriate. A calibration plot was produced by diluting stock

solutions of DOX with PBS (pH 7.4) whilst ensuring that the final dilutions contained
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10%v/v isopropanol. The fluorescence of these solutions was measured on a Perkin-
Elmer LS-3 fluorescence spectrometer (excitation 480 nm, emission 560 nm).
Encapsulation efficiency was calculated and expressed as a percentage of the hydrating
solute actually encapsulated and as the molar ratio of encapsulated solute to initial

total lipid.

24:7 THE OPTIMIZATION OF DOXORUBICIN ENCAPSULATION
EFFICIENCY BY VARYING THE INITIAL LEVEL OF TOTAL LIPID

Niosomes were prepared by hydrating 75 - 450 pmol total lipid in the molar
proportion C,,G,, cholesterol, Solulan C24 (45: 45: 10) an(; C,+G,, cholesterol, Solulan
C24, DCP (42.75: 42.75: 9.5: 5) with 2 mL 3.45 mM DOX in PBS (pH 7.4). The
dispersions were assayed for entrapped DOX and niosome encapsulation efficiency

computed.

2.4:8 SIZE AND ENCAPSULATION EFFICIENCY OF SPAN SURFACTANT
NIOSOMES

DOX niosomes were prepared by hydrating Span surfactants (Span 20, 40, 60 and 80)
in the ratio Span surfactant, cholesterol, Solulan C24 (45: 45: 10) with DOX in PBS.
Initial DOX/total lipid ratios were 0.029. Unsonicated niosomes were sized as
described below and sonicated niosomes were sized and assayed for encapsulation

efficiency in the usual way.

2.4:9 SIZING OF MULTILAMELLAR SPAN SURFACTANT VESICLES
Multilamellar vesicles were sized on a Malvern series 2600 droplet and particle sizer,
by diluting 100pL of the dispersion (60 mM total lipid, 0.42 - 0.66 mM DOX) to 30

mL with water. Results are expressed as volume mean diameter.
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2.4:10 OPTIMISATION OF DOXORUBICIN ENCAPSULATION EFFICIENCY BY
LOADING NIOSOMES USING TRANSMEMBRANE PROTON GRADIENTS

Method 1: DOX Niosomes were prepared from C,¢G,, cholesterol, Solulan C24 (45:
45: 10) and DOX in tris buffered saline (trizma HCI 10 mM, NaCl 140 mM, adjusted
to pH 4.0 with 1 M HCI - TBS) (pH 4.0). The initial molar ratio of DOX/total lipid
was 0.069. After sonication the pH of the dispersion was adjusted from 6.13 to 7.2
with 1 M NaOH and left in the dark at 22°C for 24 h. Similarly DOX niosomes were
also prepared from Span surfactants (Span 40 and 80) from lipid proportions of Span
surfactant, cholesterol, Solulan C24 (45: 45: 10). The initial DOX/total lipid ratio in
these cases was 0.029. Smaller initial DOX/total lipid ratios could be used with the
Span surfactants as the encapsulation efficiency with these surfactants was superior
to those obtained with C,(G,. Sizing and the assay of encapsulated material was

carried out in the usual fashion, except that the gel filtration eluate was TBS (pH 7.4).

Method 2: DOX niosomes were prepared from C,G,, cholesterol, Solulan C24 (45:
45: 10) and 1.5 mL TBS (pH 4.0). To the ensuing dispersion was added DOX in TBS
(pH 4.0) in the ratio DOX/total lipid 0.029 or 0.035 and the pH adjusted upwards
from 6.2 to 7.3. The dispersion was incubated at 60°C for 1 h and left to cool slowly
overnight, protected from light. Similarly DOX niosomes were also prepared from
Span 60 and phosphatidylcholine using lipid proportions - Span 60, cholesterol,
Solulan C24 (45: 45: 10) and phosphatidylcholine, cholesterol, Solulan C24 (45: 45:
10) respectively. Initial DOX/lipid ratios of 0.029 were used in both the latter cases.

Sizing and the assay for unentrapped drug was carried out in the usual way.

59



2.4:11 MEASUREMENT OF THE RELEASE OF 5(6)-CARBOXYFLUORESCEIN
(CF) AND DOX FROM C,G, NIOSOMES

a) CF niosomes were prepared from C,G,, cholesterol and Solulan C24 (30: 30: 40)
at an initial CF (in PBS)/lipid ratio of 0.27. Assay was carried out as described under
the assay of DOX, except that CF standards were used in conjunction with a

fluorescence excitation of 484 nm and emission of 516 nm.

4 mL of CF loaded niosomes (45.6 uM CF), contained in 100 mm of dialysis tubing
(Visking 20/32), secured 10 mm from either end with dialysis clips, were placed in
each of 3 stoppered 250 mL conical flasks, the latter containing 100 mL PBS (pH
7.4). 3 other flasks contained controls - 4 mL CF (45.6 pM) in dialysis tubing. The
flasks were placed in a shaking water bath (25 + 1°C) and at regular intervals, samples
of PBS external to the dialysis tubing were sampled and their fluorescence measured.
Samples were returned to the flask after measurement to maintain a constant volume
of dialysis medium. CF efflux into the dialysis medium was expressed as a

percentage of the total initial aqueous marker released with time.

b) DOX niosomes prepared from C,,G,, cholesterol, Solulan C24 (30: 30: 40) and with
a DOX/total lipid ratio 0.023 were used to measure the DOX efflux from C;G,
niosomes: The procedure outlined above for the CF niosomes was generally followed
except that DOX niosomes (0.033 mM) were used in place of CF niosomes and DOX

solution (0.031 mM) was used as control.
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2.5 VESICLE TO MICELLE TRANSITIONS IN THE C,(G, - SOLULAN C24
SYSTEM

2.5:1 SOLUBILIZATION OF VESICLES USING SOLULAN C24

Niosomes prepared from C,,G,, cholesterol and DCP (69: 29: 2) (initial total lipid =
15 mM) were diluted to produce dispersions containing total lipid concentrations of
1.5 mM, 3.0 mM and 7.5 mM. These dispersions were incubated with various
proportions of 15 mM Solulan C24 in a shaking water bath at a temperature of 74°C
for 1 h. Once the mixtures had cooled to room temperature, their absorbance was
measured on a Shimadzu multipurpose recording spectrophotometer with the

wavelength set at 350 nm.

2.5:2 SIZE GROWTH STUDY

Lipid aggregates were prepared by hydrating0.3mmolC,(G,, cholesterol, Solulan C24,
DCP (49: 19.5: 29.5: 2) with 10 mL 65 pM CF in PBS (pH 7.4). This was followed
by probe sonication in 10 X 1 min bursts with the instrument set at 20% of its
maximum output and with a 30 s cooling period in between each burst. The hydration
and initial sonication temperature was 55-60°C. Once the dispersion had cooled to
room temperature samples were carefully withdrawn and sized on a Malvern series

2600 droplet and particle sizer (M4.4) using PBS (pH 7.4) as the diluent.

2.5:3 PREPARATION OF DISCOMES

C.G, (95.6 mg), cholesterol (37.7 mg), Solulan C24 (212.8 mg) and DCP (5.5 mg) -
molar proportions 49: 19.5: 29.5: 2 were hydrated with either 8 mM CF in PBS (pH
7.4) or with PBS (pH 7.4) alone and then sonicated as described above. The

dispersion containing PBS alone will be referred to as empty discomes. The
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dispersions were left to stand at room temperature for at least 18 h and the discomes
containing CF were subsequently dialysed in 150 mm of dialysis tubing (Visking
20/32), clipped 10 mm from each end with dialysis clips, for 80 h against 800 mL of
PBS (pH 7.4) at a temperature of 4°C. Dialysis was carried out in the dark. The
dialysis medium was changed 6 times and the removal of CF not encapsulated by the
lipid aggregates was assumed to be complete when the fluorescence in the dialysis
medium had reached a limiting value. Fluorescence was measured as previously
described for CF. Fluorescence photomicrographs of these discomes were recorded
(Nikon Microphot FXA equipped with a fluorescent light source). Discomes were
assayed as previously described for CF niosomes. Entrapment volumes were
calculated as litres of hydrating solution per mole of lipid used initially. It was
assumed that the aqueous solution entrapped by the lipid aggregates was at the same
concentration as the solution used to hydrate the lipids initially and also that there was

no loss of lipid during the procedures.

2.5:4 THE RELEASE OF CF FROM DISCOMES AT ROOM TEMPERATURE
The release of CF from CF loaded discomes, empty discomes + CF or CF solution

was assessed in a similar manner to that described for CF niosomes.

2.5:5 TURBIDITY MEASUREMENTS ON C,,G, DISCOMES AND NIOSOMES
AS A FUNCTION OF TEMPERATURE

C,6G,, cholesterol and Solulan C24 in the following proportions, a) 50: 40: 10; b) 50:
30: 20 and c) 50: 20: 30, present as films that had been prepared by the evaporation
of suitable chloroform solutions under vacuum were hydrated with water (150 pmol
lipid: 10 mL water). They were then sonicated as describe previously. Microscopic
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examination of the dispersions after sonication revealed discomes in the 20 and 30%
Solulan C24 preparations. Turbidity measurements were carried out on all three
samples on a Sigma ZWSII spectrophotometer at temperatures of 30°C and 37°C at

350 nm.

RESULTS AND DISCUSSION

2.6 THE PHYSICOCHEMICAL PROPERTIES OF C,G;, C,;G, AND SPAN
SURFACTANT NIOSOMES

As a necessary preliminary to any in vivo investigation, certain characteristics of the
niosome formulation must be optimised. Efforts described in this chapter focus on

particle size and encapsulation efficiency.

2.6:1 MICROFLUIDIZATION OF C,,G, NIOSOMES

Microfluidization techniques have been used in the preparation of liposomes (Mayhew
et al., 1984; Gregoriadis et al., 1990; Vemuri et al., 1990) and microemulsions
(Washington and Davis, 1988). The technique involves pumping a stream of the
vesicle dispersion into an "interaction chamber" under high pressure, where it is
divided into two separate streams. These two streams are then forced to collide with
one another at a high velocity. These collisions produce shear forces capable of
reducing vesicle size and size distribution (Mayhew et al., 1984). This work is the
first report of the effect of microfluidization on niosome size (Figure 2.1). There is
efficient size reduction of C,,G, niosomes suspended in water after the first 3.4 cycles
(2 min) with z-average mean diameters falling from 95 nm to 83 nm. Thereafter the
fall in size is gradual reaching about 69 nm after 34.3 cycles (20 min). Any large size
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Figure 2.1: The effect of microfluidization at a pressure of 0.55 MPa and a flow rate
of 48 mL min’' on the size of C,G;, cholesterol, DCP (47.5: 47.5: 5) niosomes. 1
cycle = 35 s.
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reduction is minimal after 5.1 cycles. These findings are in accordance with
previously published data on dehydration-rehydration phosphatidylcholine liposomes
entrapping maltose and suspended in water (Gregoriadis et al., 1990). In these studies
maximal size reduction was obtained after 3.5 cycles, sizes fell from 464 nm to 150
nm with only minimal size reduction obtained on prolonging the procedure to 10.6
cycles, whereas if these same vesicles were suspended in PBS (pH 7.4), the procedure
was maximally effective after 10.6 cycles, due to flocculation, which reduces the
efficiency of the procedure. Size reduction of metaproterenol PC liposomes was also
found to be maximal after 3 cycles, particle size fell from 640 nm to 180 nm (Vemuri
et al., 1990). While the initial niosome size in this work was a little under 100 nm,
the size of liposomes used in the other studies was much greater 640 nm (Vemuri et
al., 1990) and 464 nm (Gregoriadis et al., 1990). A critical radius has been defined
by Israelachvili (1985, 1992), below which a vesicle bilayer may not curve without
unfavourable energetic constraints - notably the head group in the outer monolayer is
unable to achieve an optimal head group area. The energy barrier that needs to be
surmounted to reach ever smaller vesicle sizes will increase as this critical radius is
approached. It is for this reason that the % size reduction obtained in this study is not
as large as the reduction in size quoted in previous reports. The polydispersity of the
C,¢G, niosome suspension changed only minimally falling from 0.34 to 0.31 after 34.3
cycles (20 min). Similar small changes in polydispersity were recorded with
metaproterenol loaded PC liposomes as the polydispersity fell only 1.25% per cycle
(Vemuri et al., 1990). This is contrary to earlier findings (Gregoriadis et al., 1990)
which report the production of narrower size bands with the technique. It is

concluded that while efficient niosome size reduction of C,;G, niosomes is possible
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after 3 microfluidization cycles, the reduction in polydispersity of the dispersion is

minimal.

2,6:2 SOLULAN C24 IN C,G, NIOSOMES

Solulan C24 (Figure 1.6) is a relatively hydrophilic cholesterol derivative that has been
used experimentally in pharmaceutical formulations to solubilize ( Tasset et al., 1990)
and enhance paracellular transport (Drewe et al., 1993) of various pharmaceuticals.
It is used here in attempts to reduce vesicle size to an optimum minimum, based on
the principle of the critical radius being dependant on molecular geometry of the

bilayer lipids.

The critical packing parameter (CPP) (Israclachvili 1985, 1992) can be used to
compute a critical radius R_:

R. =1/ (1-v/a, 1) 2.1
The terms of the equation are defined in section 1.6. From equation 2.1, it can be
seen that, the larger the optimum headgroup area (a,) in relation to the critical chain

length (1), the smaller the value of the critical radius.

The increasing incorporation of Solulan C24 into C,(G, niosomes results in the
production of progressively smaller niosomes (Figure 2.2) - falling from 83 nm to 48
nm in diameter. Solulan C24 is a highly hydrophilic compound and its incorporation
into the bilayer in increasing amounts, increases the net headgroup area of the lipid/
surfactant aggregates, resulting in a reduction in niosome size. Similar results were

obtained when niosomes were produced from the dialkyl surfactant C,,G,, cholesterol
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Figure 2.2: The effect of increasing Solulan C24 content in niosome formulations on
vesicle size. Niosomes, consisted apart from Solulan C24, of a 1: 1 molar ratio of
C,sG; and cholesterol.
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and Solulan C24 (molar proportions - 50: 50-X: X) (Cable, 1989). In this work it was
essential that the an equimolar ratio of C;G,, cholesterol was maintained for niosomes
to form. When the molar ratio of C,(G, was fixed at 50% and the ratio of cholesterol,
Solulan C24 was varied in the order 50-X: X (in a manner similar to Cable, 1989);
large disc shaped structures were formed once the level of Solulan C24 exceeded 10
mole %. Cable and Florence (1988) observed similar disc shaped structures with
C,¢G,, cholesterol, Solulan C24 in the molar proportions (50: 50-X: X). A partial
explanation for these phenomenon can be sought from a consideration of the influence
of the CPP (Israelachvili, 1985, 1992) on the nature of lipid aggregate that is
ultimately formed. It is plausible that when the mole % of C,(G, is fixed at 50, the
continued reduction in cholesterol content experienced as the mole % of Solulan C24
is increased, would decrease the hydrocarbon volume (v) and critical chain length (1)
components in favour of an increase in head group volume (a,). This reduction in v
and I, and increase in a, would be greater when cholesterol (a largely hydrophobic
molecule) is replaced by Solulan C24 than when both C;,G, and cholesterol are
replaced by Solulan C24 - as is the case where C,(G, and cholesterol are present in
equimolar ratio. At such a point when the critical packing parameter no longer fell
between the limits of 1/2 - 1, but had decreased far beyond this value, alternative
structures to conventional vesicles would then predominate in the dispersion. It is
observed that the higher mole % Solulan formulations prepared in the present
work(equimolar C,,G,, cholesterol) are relatively unstable and when left to stand large
apparently flat structures are observed (Figure 2.3), similar to the disc shaped

structures characterized in section 2.7 of this work.
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2.6:3 SEPARATION OF DOX NIOSOMES BY GEL FILTRATION

After the preparation of DOX loaded niosomes the separation of unentrapped drug
solution is both efficient and quick,as shown in Figure 2.4. This method of niosome
purification is faster than previously reported dialysis methods (Baillie et al., 1985;
Cable 1989) taking only 3 - 4 min as opposed to 80 h used for dialysis. The gel may
be reused after washing and the size of the column adjusted to meet the requirements
of the sample. The disadvantage of this method is the dilution of the sample by
passage through a gel filtration column. However, where a concentrated sample is
desired, this can be obtained by subsequent dialysis against solid polyethylene glycol

6,000 at 4°C for 2 - 3 h.

2.6:4 DOX NIOSOME MORPHOLOGY

Microscopic examination of the various niosome dispersions yielded many interesting
structures. Apart from the large irregular shaped structures seen when DOX C,(G,,
cholesterol, Solulan C24 (30: 30: 40) niosomes were left to stand (Figure 2.3), there
were tubular and helical structures (Figure 2.5), seen with the incorporation of 5 mole
% DCP and the large unilamellar niosomes seen with the incorporation of sodium
dicetylphosphate (NaDCP - Figure 2.6). Helical and tubular liposomcs have been
reported with the helical liposomes forming in response to Ca®* (Lin et al., 1982).
The Ca* are believed to serve as the foci for periodic ~membrane-membrane
attachment converting tubular vesicles to helices. Self assembling lipid helices have
also been synthesized by the attachment of the nucleoside cytidine to phospholipids
(Yanagawa et al., 1989). The tubular and in some cases helical structures reported in

this work were often visualised in lipid dispersions, mixed with the more commonly
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observed spherical vesicles. Flexible bilayers were also observed and vesicles were
seen to alter their shape. The association of monomers into bilayer aggregates is a
dynamic phenomenon and the final structure visualised is merely the distribution about
some mean (Israelachvili 1992). The presence of flexible bilayers in the dispersion
and the tubular and helical structures photographedserves to emphasize this fact. The
principle features of a niosome dispersion that promote the formation of tubular and
helical structures as opposed to the commonly observed spherical aggregates remains

to be elucidated.

Large (10 pm) unilamellar niosomes (Figure 2.6) were obtained after sonication of
DOX C,(G,, cholesterol, NaDCP (47.5: 47.5: 5) niosomes. DOX can be seen as
fluorescence in the bilayer. The production of large unilamellar vesicles (LUV’s - =
1 pm in diameter) is usually by detergent dialysis (Philpott and Liautard, 1993) in
which detergent is removed from a mixed micelle system to produce LUV’s.
Alternatively LUV’s may be prepared from cochleate cylinders (swiss roll type
cylinders of phospholipid sheets). Cochleate cylinders are calcium-phospholipid
complexes, which form LUV’s (0.2 - 4.0 pm) on chelation of Ca* (Gould-Fogerite
and Manino, 1993). The structures shown in Figure 2.6 are larger than conventional
LUV’s and are produced by simply hydrating and sonicating C,¢G,-NaDCP lipid films
with DOX solution. These large unilamellar niosomes were not seen when NaDCP
was omitted from the formulation. It is surprising that even after sonication such a

large size is maintained.

At the pH used (pH 7.4), the phosphate groups would be ionized and the electrostatic
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association of DOX, an amine and the membrane would account for the bilayer
fluorescence. DOX is known to associate with anionic and neutral bilayers (Burke

and Tritton, 1985; de Wolf et al., 1991; de Wolf et al., 1991b; Marti et al., 1992).

2.6:5 HOMOGENIZATION OF DOXORUBICIN C,,G, NIOSOMES

High pressure homogenization is a size reduction process whereby bubbles of gas are
created in the dispersion which on implosion generate high local stress and ultimately
bilayer shear (Brandl et al., 1993). The homogenisation at a pressure of 60 MPa of
C,sG,, cholesterol, Solulan C24 (30, 30, 40) niosomes reduced vesicle size of
multilamellar vesicles (11.3 pm) to 32 nm after 20 homogenisation cycles (Figure 2.7).
However after only 5 cycles vesicle size had been reduced to 50 nm, once again
indicating that the procedure did not require prolonged periods of operation to be
effective. This 5 cycle optimum is in accordance with published findings (Brandl et
al., 1993) in which liposomes of diameter of 16 - 90 nm were produced from hand-
shaken multilamellar vesicles, after 5 homogenisation cycles at pressures of 140MPa.
Niosomes containing 10 mole % of Solulan were on the whole slightly larger than
niosomes containing 40% Solulan C24 (Figure 2.7), as previously discussed and the
10% Solulan niosome size was reduced from an initial value of 11.1 pm to 70 nm
after only 5 cycles at 60 MPa pressure. The polydispersity of the 40% Solulan C24
DOX C,,G, niosomes was decreased from 0.42 after 5 cycles to 0.26 after 20 cycles,
while the polydispersity of 10% Solulan C24 C,G, niosomes remained largely
unchanged between 5 and 20 homogenization cycles. However, it must be stated that
with all preparations homogenized, there was a narrowing of the size distribution on

going from the hand-shaken multilamellar niosomes to the homogenized niosomes.
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Figure 2.7: The homogenisation of DOX multilamellar niosomes at 60 MPa pressure.
® = C,(G,, cholesterol, Solulan C24 (45: 45: 10) niosome size, O = C,,G,, cholesterol,
Solulan C24 (45: 45: 10) niosome encapsulation efficiency, O = C,¢G,, cholesterol,
Solulan C24 (30: 30: 40) niosome size.
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The encapsulation efficiency of the homogenized 10% Solulan C24 niosomes generally
followed size trends. The direct relationship between encapsulation efficiency and
vesicle size in any given formulation is generally acknowledged and experimental data
has been presented in the past in support of this logical assumption (Vemuri et al.,
1990). When the formulation is slightly altered however encapsulation efficiency
values may alter drastically. Table 2.2 gives the encapsulation efficiencies of two
different C,(G, niosome formulations. The substitution of 5% DCP for 10% Solulan
C24 alters the encapsulation efficiency increasing it 10 fold. This increase is not
related to vesicle size, as both vesicles are similarly sized (78 nm - DCP and 70 nm -
Solulan C24). It appears that DOX forms a more efficient association with DCP
containing bilayers than it does with Solulan C24 bilayers. At the working pH DOX
is still ionized at its 3’ amino group (pKa = 7.2 - 7.4) (Bouma et al., 1986). DOX
would thus form an electrostatic association with anionic phosphate groups in the
bilayer membrane. DOX has been known to associate with anionic bilayers (Figure
2.6) in both the charged and uncharged form (de Wolf, 1991, de Wolf et al., 1993)
and specifically with phosphate headgroups (Dupou-Cézanne et al., 1989; de Wolf et
al., 1991a). It is interesting that this increased encapsulation efficiency did not lead
to an increase in vesicle size. It appears that the CPP of this particular DOX-DCP
aggregate, assuming an association between DOX and the bilayer, was not sufficiently
altered to give rise to larger sized vesicles. DOX molecules are thought to penetrate
the bilayer and interact with the hydrophobic portion of the membrane (de Wolf et al.,

1993).
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Table 2.2: The effect of vesicle formulation on the DOX encapsulation efficiency

and size of homogenized C,,G, niosomes. Initial DOX/lipid ratio = 0.0115

Niosome lipid number of z-average | encapsulation initial size
composition homogenization mean efficiency of niosomes
cycles diameter | (mol DOX.mol (pm)
(nm) lipid™)
C,:G,, cholesterol, 5 78 0.00174 6.4
DCP (47.5: 47.5: 5)
C,4G,,cholesterol, 5 70 0.00016 11.1
Solulan C24
(45: 45: 10)
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Figure 2.8: The effect of total amount of lipid on the size and encapsulation efficiency
of C,;G, niosomes. @ = C,,G,, cholesterol, Solulan C24 (45: 45: 10) niosome size;
O = C,G,, cholesterol, Solulan C24 (45: 45: 10) niosome DOX encapsulation
efficiency; M = C,G,, cholesterol, Solulan C24, DCP (42.75: 42.75: 9.5: 2) niosome
size; O = C,4G,, cholesterol, Solulan C24, DCP (42.75: 42.75: 9.5: 2) niosome DOX
encapsulation efficiency. Figures in parenthesis are the percentages of DOX actually
encapsulated.
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2.6:6 THE EFFECT OF THE LEVEL OF LIPID ON THE DOXORUBICIN
ENCAPSULATION EFFICIENCY OF C,,G, NIOSOMES

Figure 2.8 presents interesting observations on the influence of total initial lipid on
niosome size when C,,G,-Solulan C24 niosomes are formulated with and without
DCP. As the amount of lipid in the DCP niosomes is increased there is an almost
linear increase in vesicle size. With non-DCP, the particle size increased on
increasing the total lipid from 75 pmol to 150 pmol and fell thereafter as the level of
lipid was increased to a value of 300 pmol. The relationship between vesicle size of
elastic bilayers is defined by the equation given below (Israelachvili, 1992):

M = (CH)'” (2.2)
M = mean aggregation number, which determines vesicle size
C = amphiphile concentration
o = an amphiphile interaction parameter, that depends on the strength of the various

molecular interactions.

For elastic bilayers, this interaction parameter defines the effect the repulsive forces
between the headgroups and the repulsive forces between hydrocarbon chains have on
vesicle curvature. If chain repulsion dominates headgroup repulsion, these chain
repulsion forces oppose bilayer bending and polydisperse and larger vesicles result
from increased levels of lipid. With the DCP niosomes, this appears to be the case.
With the non-DCP, when lipid levels above 150 pmol are used, niosome size fails to
rise. The most likely explanation for this is the fact that at a high enough lipid level,
the geometry of the individual monomers not withstanding, non-vesicular structures
(bilayer sheets etc) will be formed from individual monomers because of insufficient
hydrating solvent, space constraints or the attractive forces between vesicles
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(Israelachvili, 1992). The attractive forces between DCP niosomes will be less than
the attractive forces between non-DCP containing niosomes because of the presence
of electrostatic repulsions, hence non vesicular structures would form more readily in

the non-DCP dispersion than in the DCP dispersion.

The percentage of solute actually encapsulated (Figure 2.8 - figures in parentheses)
was directly proportional to the level of initial lipid, irrespective of bilayer
composition. A correlation coefficient (r) of 0.97 was calculated for these parameters.
However the encapsulation efficiency (expressed as the number of moles of DOX
encapsulated per mole of lipid) was progressively decreased as the level of lipid was
increased (Figure 2.8). This is especially true for the non-DCP niosomes. The
increase in encapsulation efficiency observed with the non-DCP niosomes on
increasing the lipid level from 75 to 150 pmol appears to follow the observed increase
in size. When initial lipid levels above 150 pmol are employed, encapsulation
efficiency drops drastically from a DOX/lipid ratio of 0.0074 for 150 pmol lipid to
0.0049 for 300 pmol lipid. Once again this is thought to be due to the production of
a lower proportion of niosomes in this formulation as the amount of initial lipid is
increased. With the DCP niosomes, as the proportions of niosomes produced with
increasing lipid are thought to change only minimally for reasons of surface charge
and attendant electrostatic repulsions, the final DOX/lipid ratio also changes only

minimally; falling from 0.055 for 150 pmol lipid to 0.048 for 300 pmol lipid.

The addition of DCP to C,,G,-Solulan C24 niosomes did not increase entrapment

efficiencies as was noted with the replacement of 10% Solulan C24 by 5% DCP in
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C,¢G, niosomes (Table 2.2). It can only be assumed that the presence of Solulan C24
in the bilayer in conjunction with DCP, reduced the association of DOX with the
bilayer. It is possible that the bulky Solulan C24 headgroup, would resist the

incorporation of the DOX glycoside into the bilayer.

It is concluded that an initial optimum lipid concentration in a solution of 0.0035M
DOX for efficient entrapment is in the region of 0.075M (initial DOX/lipid ratio =
0.046) for non DCP C,,G,-Solulan C24 niosomes and 0.038M (initial DOX/lipid ratio
= (0.092) for DCP C,(G,-Solulan C24 niosomes and yields niosomes with DOX/lipid

ratios of 0.0074 and 0.0060 respectively.

2.6:7 SIZE AND ENCAPSULATION EFFICIENCY OF SPAN SURFACTANT
NIOSOMES

Span surfactants, are sorbitan monostearate esters (Figure 1.7), although they are
usually commercially supplied as impure mixtures of the anhydrides and esters. The
Span surfactants differ from each other in the nature of the hydrocarbon chain. Span
20 has a C,, acyl chain, Span 40 a C, acyl chain, Span 60 a C,; acyl chain and Span
80 an unsaturated (cis) C,s acyl chain. These surfactants were studied as vesicle
forming surfactants to enable the data generated on the bench to be utilized in future
clinical trials, without the added worry of toxicological profiling of the fairly novel

L’Oreal surfactants.

Size distributions of empty unsonicated multilamellar Span surfactant niosomes
showed no dependence on acyl chain length (Figure 2.9), with volume distribution
mean diameters ranging from 10 - 20 pm. The size of Span 60 niosomes (volume
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Figure 2.9: The size of unsonicated Span surfactant, cholesterol, Solulan C24 (45: 45:
10) niosomes. Niosomes were prepared by hydrating lipid films with water.
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mean diameter = 19.7 pm), especially and to a lesser extent Span 20 (volﬁmc mean
diameter = 16.1 pm) niosomes was shifted to somewhat higher values than those of
Spans 40 and 80 niosomes (volume mean diameters of 11.6 and 10.4 pm respectively).
While no obvious trends can be found in the sizes of the unsonicated niosomes,
sonicated empty Span surfactant vesicles show a progressive increase in size as HLB
values are reduced (Figure 2.10). HLB values are a measure of the ratio of
hydrophilic to lipophilic regions of any amphiphile. Higher HLB numbers define
higher hydrophilicity and vice versa. It is generally accepted for liposomes that the
more hydrophilic the amphiphile the smaller the resulting vesicles (Cevc, 1993). The
increase in acyl chain length on going from Span 20 to Span 60 would result in an
increased CPP (equation 1.1 - Israelachvili, 1992) as the value v/l increases. This
ultimatély leads to a larger vesicle size. With Span 80, the cis unsaturation would
further reduce 1. (Israelachvili, 1992), once again increasing the CPP further and
cpncomitantly, vesicle size. When unsonicated Span surfactant niosomes are loaded
with DOX, niosome size seemed to increase as HLB number decreased (Figure 2.11),
although the size distributions of all Span surfactant niosomes were all fairly similar
(volume mean diameters 5.7 - 6.9 pm). This increase in size, with increasing HLB
number, could be attributed to an increase in bilayer hydration associated with the
more hydrophilic amphiphiles, Increased bilayer hydration would lead to an increase
in bilayer separation (Cevc, 1993) and hence an increase in niosome size. It is not
clear why a similar size trend was not observed when empty niosomes were formed
and the exact reason why empty unsonicated multilamellar niosomes were larger than
drug loaded unsonicated ﬁlultilame]lar niosomes is also unclear. However, what does

become apparent is the fact that DOX interacts with the bilayer to change the vesicle
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forming properties of these surfactants, resulting in the different size distribution

profiles between empty and DOX containing niosomes.

The cncapsglation efficiencies of these unsonicated DOX Span surfactant niosomes
were similar (final molar DOX/lipid ratios of 0.0074 - 0.0082), with the notable
exception of the Span 60 niosomes (final molar DOX/lipid ratio = 0.0108). It appears
that DOX does seem to show a predilection for Span 60 niosomes, which appeared
not to be dependant on niosome sizez. DOX has been shown to interact with
zwitterionic phospholipids at neutral pH (Marti et al., 1992) and hydrophobic
interactions between DOX and acyl phospholipid chains have been reported (Burke
and Tritton, 1985; de Wolf et al., 1993). It is possible that DOX would associate
favourably with Span 60 niosome bilayers by virtue of hydrophobic and hydrophilic
(hydrogen bonding) interactions, probably because of some particular molecular
packing characteristics. Alternatively the Span 60 bilayer would be present in the gel
phase at room temperature (Yoshioka et al., 1994) and not the liquid crystal phase.
This would encourage solute retention. This particular observation does indeed

deserve further study.

The picture was clearer somewhat with the sonicated DOX Span surfactant niosomes
as niosome size was inversely proportional to Span surfactant HLB, for reasons
advanced above. Encapsulation efficiencies followed size trends, increasing with size,
except for niosomes formed from the unsaturated surfactant Span 80. Unsaturation,
increases chain fluidity, thus increasing the permeability of the bilayer to solutes

(Cohen, 1975). Unsaturation of long chain fatty acid bilayers, makes the resulting
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bilayers more leaky and less able to retain solutes. (Gebicki and Hicks, 1976).

Scanning electron micrographs of DOX loaded Span 60 niosomes are shown in Figure
2.13. Distinct spheres may be seen of about 100 - 300nm diameter. Figure 2.14 is
a cryo TEM of 120nm Span 20-DCP niosomes loaded with DOX. Delicate bilayer
detail may be seen as well as an electron dense region in the vesicle interior
(presumably drug). Vesicles within vesicles are also seen. Micrographs obtained by
the cryo TEM procedure differ markedly from the "onion like" structures normally
seen with transmission electron microscopy and could offer new insights into vesicular

microstructure.

It is concluded that surfactant molecule geometry plays very little part in predicting
vesicle size of empty unsonicated multilamellar Span surfactant niosomes, although
interfacial energy must change with surfactant structure. Any changes in this
parameter are not reflected in vesicle size. DOX associates with Span surfactant
bilayers to alter the size profile of unsonicated Span surfactant niosomes. DOX
appears to form a particularly favourable association with Span 60 niosomes and Span
surfactant geometry serves as a useful prediction to the size profile of Span surfactant
sonicated niosomes. Detailed molecular modelling studies may provide a working
hypothesis for this association which could then be tested in future work. The
unsaturation in the Span 80 acyl chain reduces the propensity of DOX to associate
with the niosomes, probably by altering the order of acyl chains in the bilayer and

producing a leakier niosome.
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2.6:10 THE OPTIMIZATION OF DOX ENCAPSULATION EFFICIENCY

The remote loading of weak anionic and cationic drugs into vesicles has been used to
entrap vinblastine dibucaine, chlorpromazine as well as DOX (Cullis et al., 1987).
Briefly a transmembrane gradient is set up using either protons (Harrigan et al., 1993;
Montero et al., 1993; Partharsarathi et al., 1994), NH,* (Haran et al., 1993; Lasic et
al., 1992) or K* (Mayer et al., 1985: Praet et al., 1993). The drug then accumulates
in the interior of the niosome in response to this gradient, sometimes even
precipitating in the interior of the vesicle (Cullis et al., 1987) or forming a
thermodynamically stable gel (Lasic et al., 1992).  Extremely high levels of

entrapment are obtained with this method (Cullis er al., 1987).

2 methods of remote loading were used. Method 1 involved the initial formation of
DOX loaded niosomes with an internal pH of 4.0 and an external pH of 7.0 - 7.6.
Method 2 required that empty niosomes would be formed encapsulating a suitable
buffer at pH 4.0. DOX solution at a pH of > 7.0 was then introduced exterior to the
niosomes and allowed to incubate with the niosomes at an elevated temperature. The
primary 3/ amine in the DOX molecule has a pKa of about 7.2 - 8.99, while the acidic
C6 and C10 phenol functions have pKa’s of between 8.53 - 10.16 (Bouma et al.,
1986). At pH 4.0 the amino group would thus be protonated and at pH 9.0 the
phenolic functions would be ionic. At pH 7.0 however ionisation of both functions
would be suppressed. The unionized DOX molecule exterior to the niosome would
then traverse the membrane in response to the pH gradient and once inside the
niosome the molecule would become protonated, effectively trapping it within the

niosome; as the work required to place an ionic drug into the hydrophobic membrane
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Table 2.3: The effect of transmembrane proton gradients on the encapsulation

efficiency of C,,GG, DOX niosomes. Lipid composition = C,G,, cholesterol, Solulan

C24 (45: 45: 10)

Proton encapsulation initial Initial z-average
gradient' efficiency molar concentration of mean
method used (mol DOX.mol | DOX/ipid DOX in diameter

lipid™) ratio medium external (nm)
to preformed
empty
niosomes
(mg mL")
method 1 0.026 0.070 - -
method 2 0.010 0.043 1.5 167
0.005 0.034 0.67 199
no proton 0.003 0.038 - 153
gradient used 0.007 0.259 - 74
0.007 0.230 61

'See methods text for the different transmembrane proton gradient methods used.
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Table 2.4: The effect of transmembrane proton gradients on

encapsulation efficiency of Span surfactant niosomes.

the DOX

Niosome Initial Transmembrane | Initial DOX Final molar z-
lipid molar gradient method | concentration | DOX/lipid ratio average
composition DOX/lipid used' external to (mean % sd) mean
ratio niosomcs in diameter
mcthod 2 (nm)
(mg mL™")

Span 40, 0.029 no - 0.0034 £ 0.0008 187
cholesterol, transmembranc
Solulan C24 gradicnt used
(45: 45: 10)

Span 40, 0.029 method 1 - 0.0082 £ 0.0002 150
cholesterol,

Solulan C24
(45: 45: 10)

Span 80, 0.029 no - 0.0026 £ 0.0003 210
cholestcrol, transmembrane
Solulan C24 gradient used
(45: 45: 10)

Span 80, 0.029 method 1 - 0.0030 £ 0.0007 197
cholesterol,

Solulan C24,
(45: 45: 10)

Span 60, 0.029 mcthod 1 - 0.0103 £ 0.0006 173
cholesterol, 0.034 mcthod 2 0.67 0.0095% 182
Solulan C24 0.043 mcthod 2 1.5 0.01282 174
(45: 45: 10) 0.020 mcthod 2 1.75 0.0144? 171

0.043 method 2 2.00 0.01512 212

*These values represent single determinations.
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Table 2.5: The DOX encapsulation efficiency of niosomes and liposomes using the

method of transmembrane gradients (method 2)".

Lipid/ Initial Initial Final z-average
composition DOX/lipid concentration DOX/lipid mean diameter
molar ratio of DOX molar ratio (nm)
external to the
vesicles
(mg mL™")
Span 60, 0.034 0.67 0.00954 182
cholesterol,
Solulan C24
(45: 45: 10)
C,sG,, 0.034 0.67 0.00524 199
cholesterol,
Solulan C24
(45: 45: 10)
PC, 0.034 0.67 0.00331 188
cholesterol,
Solulan C24
(45: 45: 10)
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core for eventual travel out of the vesicle is rather large (Gennis, 1989). DOX
encapsulated in phospholipid vesicles in response to transmembrane proton gradients
is found to be 99% associated with the inner portion of the bilayer (Harrigan et al.,

1993).

The method relies on a pH gradient as bilayer membranes are highly permeable to
protons (H,0%) (Gennis, 1989). The entrapment although high, could be undermined
by the movement of protons across the membrane. For this reason, formulations were
always freshly prepared. After storing the formulation at 4°C for 14 days about 50%
of entrapped drug was found to have leaked out of the niosomes and two bands were

seen on a Sepharose 2B gel filtration column.

With the C,G, niosomes, the remote loading by exploiting transmembrane gradients
increased encapsulation (Table 2.2). This finding was in accordance to published
findings (Cullis et al., 1987; Harrigan et al., 1993; Montero et al., 1993). Admittedly
encapsulation was largely dependant on the initial ratio of DOX/lipid and while initial
molar ratios of DOX/lipid of 0.230 - 0.259 yielded final molar DOX/lipid ratios of
0.007 when no gradient was used. Use of a gradient transformed an initial molar
DOX/lipid ratio of 0.043 into a final molar DOX/lipid ratio of 0.010. The remote
loading method 2 showed that encapsulation depended largely on the concentration of
DOX external to the empty niosomes at the start of the remote loading procedure.
The higher external concentration of 1.5 mg mL"' gave an encapsulation efficiency
of 0.0095 mol DOX.mol lipid"!, whereas the corresponding value for an initial exterior

concentration of 0.067 mg mL"' gave an encapsulation efficiency of 0.0055 mol DOX.
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mol lipid'. Initial DOX/lipid ratios were comparable with both higher and lower
external concentration method 2 procedures (Table 2.3) being 0.043 and 0.034

respectively.

It is obvious that the higher concentration gradient generated by having a higher
concentration of DOX external to the niosomes encouraged the migration of DOX
from the exterior to the interior of the niosomes as dictated by the laws of diffusion

(Gennis, 1989).

The story repeats itself almost verbatim for the Span surfactants (Table 2.4). With
Span 40 niosomes encapsulation virtually increased 2.5 fold on changing from a
method that did not to a method that did rely on transmembrane proton gradients.
Encapsulation efficiency increased from 3.36 to 8.24 mmol DOX.mol lipid”’. With
Span 80 niosomes however such differences in encapsulation efficiency were not
apparent on shifting from a method that did not utilize transmembrane gradients to one
that did (method 1 - in which there is an initial quantity of DOX within the niosome
before the remote loading procedure commenced) (Table 2.4). It appears that the
unsaturation within Span 80 once again resists any gains that can be achieved from
the use of transmembrane proton gradients. It is known that the unsaturation of acyl
surfactant chains increases chain fluidisation (Cevc, 1993) and hence membrane
permeability (Cohen, 1975). It appears that Span 80 operates within the membrane
in a similar manner, causing any encapsulated material to leak out. The incorporation
of cholesterol into the bilayer decreases membrane fluidity and tends to decrease non-

lonic surfactant bilayer permeability to DOX (Baillie et al., 1985; Rogerson et al.,
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1987).

The data on the remote loading of Span 60 niosomes (Table 2.4) demonstrate that the
encapsulation efficiency of the method 2 process is determined principally by the
concentration of DOX external to the niosomes at the start of the procedure. A
correlation coefficient (r) of 0.996 was calculated for these two variables. High DOX
concentrations in buffer solutions forms a viscous unmanageable solution (Hayakawa
et al., 1991). However high entrapment (0.1 - 0.42 mol DOX.mol lipid™) has been
achieved by other authors (Haran et al., 1993) using ammonium sulphate gradients and
external DOX to empty liposome concentrations of up to 11.6 mg mL" (using DOX
sucrose solutions). In this method DOX is said to precipitate within the liposomes.
In the current work, however, there was no correlation between the initial DOX/lipid
ratio and the eventual encapsulation efficiency (r = -0.021), when the concentration

of DOX external to the niosomes at the start of the procedure was not considered.

A comparison between the encapsulation efficiencies of C,¢G, niosomes, Span 60
niosomes and egg phosphatidylcholine vesicles showed that the phospholipid vesicles
encapsulated poorly compared to the niosomes (Table 2.5) although all vesicles were
of comparable size. Egg phosphatidylcholine forms comparatively fluid membranes
which would reduce solute retention. Additionally, DOX in response to proton
gradients accumulates in the inner monolayer (Harrigan et al., 1993) and it is
conceivable that any molecular geometry characteristics of the various monomers
would affect the accumulation of DOX at this site. It appears that all the data so far

presented point to a unique association of Span 60 niosomes and DOX.
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In conclusion the use of transmembrane gradients increased encapsulation efficiency,
except with the use of Span 80 niosomes. Optimum encapsulation could be achieved
by increasing the concentration of DOX external to the niosomes, when employing

method 2.

2.6:11 THE LATENCY OF C,.G, NIOSOMES

The aqueous marker CF is commonly used to measure solute release from various
vesicular structures (Weinstein et al., 1977; Ralston et al., 1980). In a preliminary
experiment the release of this aqueous solute from C,,G,, cholesterol, Solulan C24
(30: 30: 40) niosomes was measured over 24h. 97% of the aqueous marker CF
(Figure 2.15) was retained after 24h and in a similar experiment it was found that 90%
of encapsulated DOX (Figure 2.16) was retained after 6h at room temperature. The
release of an aqueous solute from vesicles is determined by the permeability of the
vesicle bilayer. Permeability typically decreases with the ability of the solute to form
hydrogen bonds, showing that dehydration of the solute must take place before the
solute may traverse a bilayer membrane (Cohen, 1975). CF is a highly polar
compound (Figure 2.17) and at pH 7.4 is fully ionized as shown in Figure 2.17, quite
unlike the DOX molecule which does not experience full ionization at neutral pH.
The more polar compound CF thus enjoys less permeability to the membrane, for

reasons of enhanced bonding of this molecule with water.

Permeability also decreases with increasing cholesterol content (Cohen, 1975; Baillie
et al., 1985; Rogerson ¢t al., 1987; Florence et al., 1990; Sada et al., 1990; Florence,

1993). Cholesterol tends to decrease the fluidity of the membrane thus decrease the
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Figure 2.15: The release of CF from C,G,, cholesterol, Solulan C24 (30: 30: 40)
niosomes at room temperature (22°C). O = 45.6uM CF solution, B = 45.6pM CF in
niosomes. Each point represents the mean of 3 measurements.
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Figure 2.16: The release of DOX from C,(G,, cholesterol, Solulan C24 (30: 30: 40)
niosomes at room temperature (22°C). O = 0.031mM DOX solution, B = 0.033mM
DOX in niosomes. Each point represents the mean of three measurements.
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Figure 2.17: 5(6)-carboxyfluorescein (CF) at pH 7.4.
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ease with which substances traverse the membrane (Gennis, 1989). In the present
work niosomes were formulated with a 1: 1 ratio of surfactant to cholesterol. As
membranes pass from a liquid crystalline to a gel state or as the vesicle becomes

smaller in size (Niven et al., 1991) they tend to become less permeable (Cohen, 1975).

The release of DOX from these C,,G, niosomes is in accordance with published values
of between 0.5 - 10% after 6 h (Rogerson et al., 1987; Florence et al., 1990). Release
of DOX and CF from C,,G, niosomes was minimal and these niosomes were fairly

stable over 6 and 24 h periods respectively at room temperature.

2.7:  VESICLE TO MICELLE TRANSITIONS IN THE C,,G, - SOLULAN C24
SYSTEM

2.7:1 SOLUBILIZATION OF VESICLES USING SOLULAN C24 AND THE
PREPARATION OF DISCOMES

Following the report of disc like structures found in C,4G; - Solulan C24 niosomes by
Cable and Florence (1988) and the observation of similar structures in C,G, - Solulan
C24 systems, the solubilization of C,(G, niosomes by Solulan C24 was studied. The
change in turbidity of the niosomes on incubation with Solulan C24 was measured.
Turbidity measurements on the vesicle dispersions (Figure 2.18) expressed as a
function of the Solulan C24 concentration gave plots that are similar in shape and can
be largely characterized by three break-points as indicated by the arrows. These
break-points indicate a distinct change in the nature of the dispersion. Turbidity
titrations of vesicles with soluble surfactants are used to characterize the solubilization

of vesicle bilayers by such soluble surfactants by way of turbidity vs surfactant
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Figure 2.18: Turbidity measurements on C,(G,, cholesterol, DCP (69: 39: 2) niosomes
incubated with Solulan C24 at 74°C for 1h. @ = niosome total lipid concentration -
1.5mM; O = niosome total lipid concentration - 3.0mM; B = niosome total lipid
concentration - 7.5mM; [0 = niosome total lipid concentration - 15mM. Arrows
indicate points of distinct change in the nature of the dispersion. Dotted arrows
indicate the start and hatched arrows indicate the end of the micellization process.
The solid arrows indicate similar troughs in all four plots.
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Figure 2.19: Vesicle to micelle transition phase diagram for C,G,, cholesterol, DCP
(69: 39: 2) niosomes solubilized with Solulan C24.

105



concentration plots (Jackson et al., 1982; Paternoste et al., 1988; Almog et al., 1990;
Lesieur et al., 1990; Kim and Kim, 1991; Walter ¢t al., 1991). Plots of Solulan C24
concentration vs total lipid concentration at these identified break-points yield straight
line plots (Figure 2.19) that effectively describe the partial phase diagram of the
system. A novel phase was identified which we have called the "discome" phase.
This phase consisted of large disc shaped structures (11-60 pm volume mean diameter)
(Figures 2.20a&b). Freeze fracture electron micrographs of the discome dispersion
revealed (Figure 2.21) large flat vesicular structures, confirming the discoid shape.
The equations that describe the straight line plots in Figure 2.19 are:

1. micelle/undefined phase: y = 3.540x + 0.848 (r=0.89)

2. undefined/discome phase: y = 0.343x + 0.015 (r=0.98)

3.lamellar/discome phase: y =0.108x - 0.089 (r=0.99).

The structures identified in the present study are unique by virtue of their large size.
The large sizes of the aggregates is unexpected in a sonicated lipid dispersion.
Discomes are also unique because they possess asymmetric structures within their
population. They are formed when Solulan C24, C,G,, cholesterol and DCP are
hydrated in the following proportions 29.5: 49: 19.5: 2 and the resulting dispersion
sonicated. They form slowly from the original smaller aggregates in the sonicated

dispersion.

The size of the discomes is, to some extent, dependent on the Solulan C24
concentration in the system. Discomes produced when C,G,, cholesterol, DCP

niosomes (69: 39: 2) were incubated with Solulan C24 in the ratio total lipid: Solulan
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Figure 2.22: Growth of niosomes produced by the sonication of C,(G,, cholesterol,
Solulan C24, DCP (49: 19.5: 29.5: 2). Size distribution data is expressed as: volume
distribution mean diameter (M) and % undersize (% undersize refers to a specified
diameter beneath which a certain % of the particle population fall); 90% undersize (O),
50% undersize (), 10% undersize (@).
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C24 (12.86: 2.14) (Figure 2.20a), show smaller structures than the discomes produced
when niosomes were incubated with Solulan C24 in the ratio of total lipid: Solulan
C24 (10.71: 4.29) (Figure 2.20b). Volume distribution mean diameters of both
dispersions of 17.75 pm and 53 pm respectively were recorded. The turbidity of the
dispersions, however, decreases with increasing Solulan C24 concentration (Figure
2.18). This decrease in turbidity with increase in size is explained by the
accompanying decrease in the number of the particles leading to a lower light
scattering. The increase in size of the discomes that accompanies the increase in the
level of Solulan C24 in the system is due to the fact that Solulan C24 is a much larger
molecule (molecular weight = 1443) with a greater surface area than the other
molecules in the system (C,,G, molecular weight = 390, cholesterol molecular weight=
386.7); the inclusion of Solulan C24 in the lipid membrane would thus give rise to
larger structures due to the inherent large bulk of the Solulan C24 molecule. Solulan
C24 is also a relatively hydrophilic molecule. It contains 24 oxyethylene units and
would thus be well hydrated. The added bulk created by the associated water
molecules would lead to an increase in the hydrophilic head group cross-sectional area
and in turn to an increase in volume of the non-ionic surfactant aggregates produced
in these systems of increasing Solulan C24 content. The molecules of hydration (H,0)
when also incorporated into the discome membrane in increasing quantity would be
expected to yield structures with decreasing light density. The equations describing
the straight lines in the partial phase diagram can be used to describe quantitatively
the solubilization process in the fashion of Levy and associates (1990):

[Dr] = R4[L] + Dy,

where L and D, are the total lipid (C,¢G,, cholesterol and DCP) and Solulan C24
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concentration respectively, Dy, is the Solulan C24 concentration in the continuous
phase and R.4 is the effective Solulan C24: lipid ratio at which the phase transitions
occur. The transition from lamellar to discome phase occurs at an effective Solulan
C24 : lipid ratio of 0.108 or alternatively at a Solulan C24 mole fraction of 0.1 within
the lipid aggregates. The transition from discome to the undefined phase occurs at an
effective Solulan C24 : lipid ratio of 0.343 or a Solulan C24 mole fraction of 0.25
within the lipid aggregates. The transition from the undefined phase to the micellar
phase occurs at a Solulan C24 : lipid ratio of 3.540 or a Solulan C24 mole fraction
of 0.78 within the lipid aggregates. It follows, therefore, that the formation of
discomes is only favoured if the mole fraction of Solulan C24 in the lipid aggregates
lies between approximately 0.1 and 0.25. A Solulan C24 level within the lipid
aggregates above a mole fraction of 0.25 does not yield discomes; once the Solulan
C24 mole fraction within the lipid aggregates reaches 0.78 the formation of mixed
micelles is favoured and an isotropic liquid is obtained. Size measurements on the
mixed micellar dispersion gave a z-average mean hydrodynamic diameter of 3.9 nm

(Malvern automeasure 4700V4).

A C\G, : cholesterol molar ratio of 7: 3 favours the formation of discomes.
Increasing the cholesterol level in the vesicular dispersion above this, prior to
challenge with Solulan C24, suppresses the production of discomes. In order to
prevent the formation of discomes and produce conventional vesicular dispersions
which nevertheless incorporate Solulan C24 in the bilayer, a molar ratio of C,G;:
cholesterol of 1: 1 is optimal. This was found to be the case (Section 2.4) when

niosomes were prepared from C,,G,, cholesterol, Solulan C24 (30: 30: 40). The role
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of cholesterol in preventing the insertion of octylglucoside into the bilayer of C,;G,
vesicles during the micellization of these vesicles has been reported (Lesieur et al.,
1990). It is clear that the low mole fraction of cholesterol in the vesicular dispersion
prior to their challenge with Solulan C24 facilitates the production of discomes by
making the vesicular bilayer more permeable to the Solulan C24 molecules. The
solubilization of non-ionic surfactant vesicles by Solulan C24 can be said to proceed
in the following manner. As the Solulan C24 concentration in the system increases,
it partitions progressively between the continuous phase and the bilayer until a critical
level is reached in the vesicular bilayer phase and the vesicular phase gives rise to the
discome phase. The partitioning of Solulan C24 within the discome membrane and
continuous phase proceeds until eventually the level of Solulan C24 in the discomes
leads to their breakdown to give other aggregates. Finally solubilization is complete

with the production of mixed micelles.

When discomes are prepared by hydrating appropriate lipid mixtures e.g. C,G,,
cholesterol, Solulan C24 and DCP (49: 19.5: 29.5: 2) with 8mM CF (Figure 2.23a&b),
it appears that the dispersion attains equilibrium relatively slowly. It is possible that
discome formation may be limited by kinetic processes as well as by the nature of the
lipid mixture. The change in size of the dispersion immediately after sonication
corroborates this assumption. An increase in size is experienced by the non-ionic
surfactant particles after sonication (Figure 2.22). Most of the growth takes place in
the first 5 h after sonication with little change thereafter. This increase in size is
accompanied by an easily distinguishable change in the turbidity of the dispersion,

with the discomes eventually forming a loose sediment in what was previously an
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almost clear dispersion. It is possible that the formation of discomes may be limited
by the time taken for the system to achieve an optimum distribution of Solulan C24
within the bilayer, hence the slow attainment of a discome like size (Figure 2.22).

The rate limiting step to the solubilization of C,(G, niosomes by octylglucoside is said
to be the actual insertion of the detergent molecules into the bilayer (Seras et al.,

1992).

Discomes (Figure 2.23a&b) are different from the bilayer sheets reported in the
transition from vesicle to micelles in the phosphatidylcholine-sodium cholate system
reported by Walter and others (1991). They are also different from the discoid
micelles found in phosphatidylcholine-octylglucoside vesicle to micelle transitions
(Levy et al., 1990). Discomes are much larger than both of these structures and in
addition, they appear in the main to be oval in shape. Asymmetric structures are also
observed (Figure 2.23), atypical to the spherical bilayer conformations usually
predicted by various theoretical models (Lipowsky, 1991). This observed asymmetry
could be the result of a grossly heterogenous distribution of monomers within the
bilayer. A heterogenous distribution of detergent molecules during C,G, -

octylglucoside vesicle to micelle transitions has been postulated (Lesieur et al., 1990).

Discomes loaded with CF could be visualised under the light microscope using a
fluorescent light source (Figures 2.23a&b). They were largely similar in structure to
the discomes obtained by Solulan C24 solubilization of the C,;G, niosomes (Figures
2.20a&b). The different methods of preparation of the discomes: viz Solulan C24

vesicle solubilization (Figures 2.20a&b) and the hydration of a lipid film (Figures
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2.23a&b) did not appear to affect the discome structure. Discomes encapsulating
water (Figures 2.20a&b) and discomes encapsulating a buffered CF solution (Figures

2.23a&b), were also similar in structure.

The solubilization of liposomes by various detergents namely octylglucoside (Jackson
et al., 1982; Almog et al., 1990), octaethylene glycol mono-n-dodecyl ether (Levy et
al., 1990) and polyoxyethylene cetyl ethers (Kim and Kim, 1991) at room temperature
produced transition phase diagrams consisting of essentially 3 phases, the lamellar
phase, the micellar phase and a region where lamellae and micelles are coexistent.
The region of transition of vesicles to spherical micelles in the PC-cholate system has
been described as consisting of "open" vesicles and bilayer sheets from which develop
cylindrical micelles (Walter et al., 1991). Solubilization of C;,G,, cholesterol rich
vesicles using the detergent octylglucoside has been described as consisting of
essentially 3 stages: namely a lamellar phase, a micellar phase, and a phase in which
octylglucoside penetrates the vesicle membrane - attains a level of saturation, albeit
non-homogeneous distribution within the membrane and is then distributed throughout
the membrane; and micellization results. In the present study, the micellization of
niosomes studied at elevated temperatures by multiple sample preparation as opposed
to the titrimetric methods used elsewhere (Walter et al., 1991; Kim and Kim, 1991;
Jackson et al., 1982) produced a novel phase consisting of large stable discomes in
addition to the lamellar phase, micellar phase and the third phase which marks the

transition from discomes to micelles.
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2.7:2 THE CARBOXYFLUORESCEIN ENCAPSULATION EFFICIENCY AND
CARBOXYFLUORESCEIN RELEASE FROM DISCOMES IN VITRO

Discomes are able to encapsulate and retain an aqueous volume. The CF aqueous
entrapment efficiency of discomes showed considerable batch-to-batch variation. A
mean value ( n=3) of 1.2009 * 0.97 litres of hydrating solution per mole of lipid used

was obtained. This represents a percentage entrapment of about 3.603 + 2.916%.

The discomes retain about 50% of their aqueous volume marker over a 24 hour period
at room temperature (Figure 2.24). A mixture of empty discomes and CF that had
been incubated with CF at room temperature for 1 h showed a virtually identical
release profile with a CF solution of similar concentration. This is evidence that CF
is not adsorbed on the surface of the discomes to any significant degree and that any

CF associated with the discomes must be encapsulated within the discome interior.

2.7:3 PROLONGED DIALYSIS AT ROOM TEMPERATURE

An apparently oligolamellar non-ionic surfactant aggregate was produced after dialysis
of a dispersion of CF loaded discomes at room temperature for 80 h (Figure 2.25).
Entrapment of CF is still evident in this particle as indicated by the fluorescence
exhibited. It is interesting that while the separation of the entrapped solute from the
unentrapped solute by dialysis of these discomes at 4°C did not appear to change their
morphology (Figures 2.23a&b), dialysis at room temperature for prolonged periods
does affect the morphology of the discomes (Figure 2.25). In the latter figure, an
oligolamellar lipid aggregate is formed with the retention of the entrapped CF. It

seems that the discome structure collapses to produce conventional multilamellar
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Figure 2.24: In vitro release of CF from discomes. O = 65pM CF in discomes, B =
65pM CF solution, O = 65pM CF + empty discomes.

117



/11196 <4/77> 3:
3 <B ) 3/. +3' <.-6 ,-196 /-196 />
A7 1 & J 77 !



0.90 -

0.75 -

0.60 -

0.45

0.30 -

Absorbance at 350nm

0.15 -

0.00 T T 1
0 10 20 30

X Solulan C24

Figure 2.26: Turbidity measurements on niosomes and discomes containing various
proportions of Solulan C24, at 30 and 37°C. B = 30°C, O = 37°C.
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