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Abstract
The research described in this thesis was undertaken to investigate firstly, the gelation 

of certain organic solvents by the non-ionic surfactant, sorbitan monostearate, and 

secondly, to investigate the immunoadjuvanticity of multi-component vesicle-in- 

water-in-oil (v/w/o) organic gels.

Sorbitan monostearate causes the gelation of a number of organic solvents, for 

example hexadecane and isopropyl myristate, to produce opaque, semi-solid, 

thermoreversible, physical organic gels (organogels). The organogel’s microstructure 

is a 3-dimensional network of tubules dispersed in the organic fluid phase. Gelation 

of organic solvents occurs on cooling a hot (60^C) solution/suspension of the gelator. 

Cooling results in reduced solvent-surfactant affinities and consequent surfactant self- 

assembly into tubules which interact and form the 3-dimensional network. Inclusion 

of a second surfactant, such as the hydrophilic polysorbate 20, in hexadecane gels 

increases the solubility of sorbitan monostearate in the solvent, enhances gel stability 

and results in star-shaped cluster arrangements, presumably of the surfactant tubules.

An aqueous phase, water itself or a niosome suspension containing entrapped 

antigens, can be added to the organogel to produce the multi-component systems, 

water-in-oil (w/o) and vesicle-in-water-in-oil (v/w/o) gels respectively. The aqueous 

phase is located within the hydrophilic surfactant tubules and consequently, aqueous 

electroconductive channels are established in the organic gel. A v/w/o gel entrapping 

antigen was investigated for its immunoadjuvant properties.

In vivo clearance studies in mice showed the v/w/o gel acts as an antigenic depot at 

the site of injection after intramuscular injection and releases the model antigen, 

bovine serum albumin, over a period of days. Immunogenicity studies using the 

influenza virus haemagglutinin (HA) subunit as the antigen, showed that w/o and 

v/w/o organogels significantly enhance the primary and secondary anti-HA antibody 

titres compared to aqueous and niosome suspensions. However, when a lower antigen 

dose is used, the v/w/o gel does not show immunoadjuvant abilities. This reflects the 

need for a minimum antigen load per vesicle for adjuvanticity.
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Thesis Aims â nd Rationale

During research on the multiple vesicle-in-water-in-oil (v/w/o) emulsions, it was noted 

that the non-ionic surfactant, sorbitan monostearate gels the organic solvent hexadecane. 

It was also noted that when sorbitan monostearate was used as an emulsifying agent in 

the preparation of v/w/o emulsions, the whole bulk of the v/w/o emulsion gelled. The 

research described in this thesis was carried out to further probe and understand these 

observations, as set out in the ‘Aims’ below.

AIMS:

The work described in this thesis was designed:

•  to investigate and understand the gelation of organic solvents by the non-ionic 

surfactant, sorbitan monostearate (Span 60), and

• to investigate the potential of the multi-component vesicle-in-water-in-oil (v/w/o) gel 

as vaccine adjuvants.



BACKGROUND AND RATIONALE

I) Gelation of organic solvents by sorbitan 

monostearate

During earlier studies in our laboratory on multiple vesicle-in-water-in-oil (v/w/o) 

emulsions, it was noted that the non-ionic surfactant sorbitan monostearate gelled 

hexadecane to form a semi-solid, opaque, thermoreversible gel with a silky and smooth 

‘feel’. Microscopical examination of the organic gel (organogel) by the author revealed 

the presence of tubular aggregates in the medium. The organogels were subsequently 

studied as inherently interesting non-aqueous formulations and also in an attempt to 

understand the gelation mechanisms, and to explore possible applications.

Interest in organogels has intensified recently, with the mostly accidental discovery of a 

number of small molecules which gel organic solvents at low concentrations. These 

non-aqueous gels exhibit interesting properties e.g. gel melting upon absorption of trace 

amounts of moisture, acute thermo-sensitivity the ability to solubilise guest molecules. 

As a result, they are being investigated for a number of applications, such as for the 

detoxification of contaminated waste waters, as temperature/moisture probes and 

sensors, for transdermal drug delivery and a number of patents have been granted.



Il) Vesicle-ln-water-in-oll gel: vaccine adjuvant

The vesicle-in-water-in-oil (v/w/o) emulsions mentioned above were developed in our 

laboratories [Yoshioka & Florence, 1994] as an elaboration of multiple emulsions such 

as the oil-in-water-in-oil (o/w/o) or water-in-oil-in-water (w/o/w) systems. They have 

also been described independently in a patent by Albert, Mathur and Wallach [1992]. 

Prepared by the émulsification of an aqueous vesicle suspension in an oil phase, the 

resulting multiple v/w/o emulsion consists of aqueous droplets (containing vesicles) 

dispersed in the continuous external oil phase (figure 1 ).

Figure 1: A photomicrograph of a v/w/o emulsion. Aqueous droplets (containing
vesicles) are dispersed in the external oil phase. lOp.



The multi-component v/w/o system was suggested as a controlled release delivery 

vehicle for drugs and vaccines encapsulated in the vesicles. The release of  

encapsulated molecules would be controlled not only by the vesicular membrane, but 

also by the w/o interface and the external oil phase. These barriers are expected to 

retard the release of encapsulated solute and are schematically represented in figure 2.

oil barrier

surfactant monolayer at the w/o 
interface

.aqueous droplet

.surfactant hi layers in the 
vesicle

Figure 2: Diagrammatic representation of the barriers to diffusion in a v/w/o emulsion. 
Adapted from Yoshioka T et al, J. Drug Targeting, 2, 533-539 (1995).

Release rates o f a model solute in vitro was indeed found to be retarded [Yoshioka & 

Florence, 1994] and in vivo studies to deliver tetanus toxoid antigen demonstrated 

strong adjuvant properties [Yoshioka et al, 1995].

During studies on these emulsions, it was found that when the surfactant sorbitan 

monostearate was used as the emulsifier, the resulting v/w/o emulsion gelled on



cooling. The novel v/w/o gels showed interesting internal microstructures, radically 

different from the conventional emulsions shown in figure 1. Gelation of the oil by 

sorbitan monostearate created an entirely different delivery system, both in terms of the 

physical state and the microstructure of the system. This multi-component v/w/o organic 

gel was investigated for adjuvant activities towards vaccines and the rationale behind 

this is explained below.

The v/w/o gel was thought to be a good candidate for a vaccine adjuvant as both 

components making up the complex system i.e. vesicles and water-in-oil emulsions are 

known vaccine adjuvants. Vesicles (liposomes and niosomes) enhance the immune 

responses generated to a variety of antigens, inducing both humoural and cell-mediated 

immunity. In fact, a liposomal formulation of hepatitis A vaccine, the Epaxal-Bema 

vaccine has recently been licensed for use in humans [Gluck, 1995]. Water-in-oil (w/o) 

emulsions, such as Freund's adjuvants have been widely used to enhance immune 

responses to antigens, both for laboratory purposes and in the field. It was therefore 

hypothesised that the combination of the two adjuvants in the v/w/o emulsion might 

enable synergistic actions and produce a more effective adjuvant which induces a whole 

range of immune responses. In addition. Coles et al [1965] found a direct correlation 

between the viscosity of aluminium monostearate-hydrocarbon gels and the level and 

duration of antitoxin titres induced in rabbits and guinea-pigs. This finding suggests that 

the gelled state of the formulation might also contribute towards adjuvant activity.



THESIS STRUCTURE

To introduce the concept of a v/w/o organogel as a potential vaccine adjuvant, a 

literature review on organogels, adjuvants and influenza (the model antigen used for 

immunogenicity studies) is presented in Chapter 1. This is followed by studies on the 

gelation of oils by sorbitan monostearate. Simple organic gels are examined to 

understand the gelation process, the microstructures making up the gels, the effects upon 

the inclusion of an aqueous phase in the gel and the environment surrounding the 

vesicles in v/w/o gels (Chapters 2 & 3).

These in vitro investigations are succeeded by in vivo studies in mice, firstly to 

determine the ability of the v/w/o gel to form an antigenic depot at the site of injection 

and its potential as a vaccine adjuvant (Chapters 4 & 5). A short, final conclusion of the 

thesis is then presented in “Concluding Remarks”.



Chapter 1: Literature review

In this Chapter, organogels, adjuvants and influenza are reviewed in turn to put into 

context the novel sorbitan monostearate organogels and to introduce the concept of 

v/w/o organic gel as potential vaccine adjuvants.

1.1 ORGANIC GELS (ORGANOGELS)

" The colloidal condition, the gel, is one which is easier to recognise than to define", 

was how J Lloyd started her review on gel systems in 1926 [Lloyd, 1926]. Some 

seventy years later, a universally accepted definition of the gel state is still lacking, 

though descriptions, examples and attempted definitions abound [Almdal, 1993].

Gels are an intermediate state of matter, containing both solid and liquid components.

Macroscopically, they have solid-like properties and do not flow. Microscopically, they

consist of a three-dimensional network of interconnected molecular aggregates (the solid

component) embedded in a liquid dispersing medium (the liquid component). The gels

are called hydrogels when the liquid medium is aqueous in nature and organogels when

the medium is an organic solvent. Gels may also be classified based on the nature of the

bonds involved in the three-dimensional network of aggregates - chemical gels arise
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when strong covalent bonds hold the network together and physical gels when weaker 

forces of attraction e.g. hydrogen bonds, electrostatic and van der Waals’ interactions 

maintain the gel network [Hermans, 1969].

Physical organogels are briefly reviewed here to put into context the sorbitan 

monostearate physical organogel and the multi-component vesicle-in-water-in-oil 

(v/w/o) gels formed from the former. Interest in organic gels has increased recently with 

the discovery of a number of small molecules which are able to gel organic solvents at 

very low concentrations. A  few examples of organogelators (defined as compounds 

which gel organic solvents) include 12- D -hydroxyoctadecanoic acid (12-D-HOA), D - 

homosteroidal nitroxide (SNO), calixarenes, l,3:2,4-di-0-benzylidene-D-sorbitol (D - 

DBS), 2,3-bis-n-decyloxyanthracene (DDOA), ALS compounds ( an ^om atic moiety 

attached to a Steroidal group by a Linker segment), lecithin, bis(2-ethylhexyl)sodium 

sulfosuccinate (AOT), gelatin and some azobenzene cholesterol derivatives. Figure 1.1 

shows the molecular structures of some of these gelator molecules.

OCO'

An ALS compound i.e. an Aromatic 
moiety attached to a Steroidal group by a 
Linker molecule where,
W = CH 
X = 0
Y = No atom 
Z = H
n=3 for cholesteryl 4-(2-anthryloxy) 
butanoate (CAB) gelator

Figure 1.1: A few examples of organogelators



cca 2,3-bis-n-decyloxyanthracene
(DDOA)

)‘Na bis(2-ethylhexyl)sodium sulfosuccinate (AOT)

12-Hydroxyoctadecanoic acid (12-HOA)

1,3:2,4-di-0-benzylidene-D-sorbitol (D-DBS)

D-homosteroidal nitroxide (SNO)

Figure 1.1 (continued): A few examples of organogelators.



These organogelators are small molecules with molecular weights usually less than 1000 

and cause gelation at concentrations as low as 1% w/v (in contrast to polymer-induced 

organic gels where a very large concentration of polymer is usually needed for gelation). 

The gels comply with Hory’s definition of the gel state, i.e. they appear solid-like with 

low elasticity and, above a finite yield stress, are deformed mechanically [Flory, 1974]. 

A few aspects of these gels is discussed below.

1.1.1 Gel formation

Preparation

Physical organogels are typically prepared by simply dissolving/dispersing the gelator in 

hot solvent and cooling the resulting sol which thereby sets to a thermoreversible gel. 

Gelation is considered successful when the gel container can be inverted without any 

accompanying sample flow.

In the sol phase, the gelator molecules are uniformly dispersed in the hot solvent. 

Coohng the sol results in reduced solubility of the gelator in the solvent, hence a lower 

affinity between solvent and gelator molecules. Consequently the latter molecules self- 

assemble into aggregates which interact with one another and form a three-dimensional 

network that immobilises the solvent, hence causes gelation. The importance of the 

appropriate solubility/insolubility balance of the gelator in the solvent for successful 

gelation can be appreciated.
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A few exceptions to this simple gel preparation are:

•  lecithin based organogels - a reverse micellar solution of lecithin in an organic solvent 

such as fjo-octane is gelled by the addition of trace amounts of a polar substance e.g. 

water, glycerol. The polar molecule is thought to form hydrogen-bonded bridges 

between adjacent lecithin molecules as spherical reverse micelles are converted to 

cylindrical ones which entangle and cause gelation [Scartazzini & Luisi, 1988, 

Shchipunov & Shumilina, 1995].

• AOT/phenol gels - an organic solution of AOT is gelled upon the addition of a 

phenolic species e.g. p-ethylphenol. The phenolic molecules are thought to form long 

strands via the stacking of the aromatic moieties while cross-linking between strands 

is thought to give rise to a 3-dimensional network which causes gelation [Xu et al, 

1993, Tata gr a/, 1994].

• Microemulsion-based gels (MBGs) - addition of gelatin to a hot water-in-oil 

microemulsion (H2 O/AOT/ijo-octane) causes gelation upon cooling as an 

interconnected network of water/gelatin rods are formed [Haering & Luisi, 1986, 

Atkinson et al, 1989].

Sol to gel transition and gelation temperature (Tg)

For gels prepared by cooling hot solutions/suspensions, the temperature at which this sol 

to gel transition occurs is known as the gelation temperature (Tg). The latter can be 

determined in a number of ways, such as:

V
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•  Differential scanning calorimetry (DSC) - a gel sample is heated and the temperature 

at which an endothermie peak occurs is taken as Tg.

•  Inverse-flow method - an inverted sealed glass tube containing a gel sample is 

immersed in a thermo-controlled water bath. The water bath temperature is then 

raised at a specified rate and the temperature at which the gel melts and either falls to 

the bottom as a mass or flows continuously is taken as Tg.

•  Ball-drop method - a steel ball is placed on a gel contained in a sealed glass tube. The 

latter is heated in a water bath at a specified rate and the temperature at which the ball 

drops to the bottom is taken as Tg.

•  Light microscopy - when gelator aggregates are large e.g. in calixarene gels [Aoki et 

al, 1993], melting of aggregates can be observed using a microscope attached to a hot 

stage. The temperature of the hot-stage is slowly raised and the temperature at which 

the aggregates melt is taken as Tg.

• Any measurable spectroscopic change e.g. in CAB gels, a large increase in 

fluorescence intensity was found to accompany gelation [Lin & Weiss, 1987]. The 

temperature at the onset of this fluorescence is taken as Tg.

• Rheological measurements - gelation is accompanied by an increase in zero shear 

viscosity. Viscoelastic measurements on gel samples may be carried out at increasing 

temperatures [Schurtenberger et al, 1989] and the temperature at which a large 

reduction in zero shear viscosity occurs can be taken as the Tg.
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Organogels usually have a broad Tg over a few degrees C. Additionally, for a given gel 

sample, Tg may differ slightly depending on which method is used for its determination. 

This is because all the above investigations refer to different events happening at 

gelation. For example, rheological determinations of Tg measure the temperature at 

which the junctions in the 3-D network are ruptured. Extensive individual aggregates 

may still be present in the sample at this temperature. Compare this with Tg obtained 

from heating a gel which reflects 'melting' of all gelator aggregates and solubilisation of 

the gelator molecules. In this case, a higher Tg value is obtained.

Another interesting point is the fact that Tg of gels was found to be quite different from 

the melting point of the neat gelator in all cases encountered in the literature search. Tg 

of gels were lower than the corresponding melting points of the neat gelators.

Gelation temperature depends on a number of factors e.g. the concentration of the 

gelator. An increase in gelator concentration results in a corresponding increase in Tg 

until the critical gelling concentration is reached, after which Tg increases only slightly 

(figure 1.2). The critical gelling concentration is the gelator concentration at which 

sufficient aggregates are present to immobilise the total sample volume. Any increase in 

gelator concentration thereafter serves a secondary role to further stabilise the network 

structure and the Tg increases only slightly.
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Figure 1.2: Tg of CAB organogel increases with increasing gelator concentration until 
the critical gelling concentration is reached, after which, Tg increases only slightly. 
From Lin Y & Weiss R, Macromolecules, 20,414-417, (1987).

The nature of the solvent also affects Tg, e.g. CAB/octanol gels have gelation 

temperature of 62°C while Tg of CAB/hexadecane gels is 39°C [Lin et al, 1989]. This is 

discussed in more details in section 1.1.3.

The gelation temperature of an organogel gives an indication of its stability; the higher 

the Tg, the more energy in the form of heat is needed to disrupt the bonds holding the gel 

network. This reflects the greater stability of the gel. Another marker of stability is the 

gel lifetime. The latter is defined as the length of time a gel remains intact without 

separating into its components when stored in sealed vessels under ambient conditions. 

Some gels have been found to stay intact for years, e.g. Microemulsion-Based-Gels 

(MBGs) have been found to be indefinitely stable in closed containers [Haering & Luisi, 

1986], others separate within 5 minutes of formation e.g. l-(2-anthraquinonyloxy)-2- 

(3B-cholesteryloxy)ethane in benzylalchol [Mukkamala & Weiss, 1996].
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Even though both Tg and gel lifetime are used as markers of gel stability, they are not 

always complementary i.e. a long lifetime is not always accompanied by a high Tg and 

vice versa. This discrepancy reflects the different thermodynamic and kinetic factors 

involved in ‘melting’ of the aggregates with the formation of a solution/suspension on 

heating (to evaluate Tg) and the separation of the gel into its solid and liquid components 

under ambient conditions (gel lifetime).

1.1.2 Gel network

As mentioned previously, during gel formation, gelator molecules self-assemble into 

individual aggregates which entangle with others. Contact points and junction zones are 

established and a 3-dimensional network is created. In this section, the initial self- 

assembly of gelator molecules is discussed first, followed by the formation of the 3- 

dimensional network by these aggregates.

Self-assembly of gelator molecules into aggregates.

A variety of aggregates have been reported e.g. tubules, fibres, rods, rope-like chains, 

worm-like chains, strands, ribbons and fan-like structures. Aggregate size ranges from a 

fraction of a nanometre to microns though, in all cases, the diameter along the length 

seems to be fairly uniform. This reflects unidimensional aggregate growth during 

gelator self-assembly. A number of forces of attraction e.g. van der Waals' interactions, 

hydrogen bonding and dipole-dipole attractions are involved in aggregate formation and 

a few examples are discussed.
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Stacking o f the planar moieties o f gelator molecules.

Tata et al [1994] have suggested that gelation of an organic solution of AOT by a 

phenolic species occurs when the aromatic rings of the phenols form stacks such that 

strands of infinite lengths are formed (figure 1.3). fT-n interactions between the electron 

clouds of the aromatic rings are thought to maintain the stack together while hydrogen 

bonding between the OH group on the phenol molecule and the head group of the AOT 

may further stabilise the stacked strand.

Figure 1.3: Schematic representation shows how the stacking of the phenolic aromatic 
rings leads to strand formation and hence gelation in AOT/phenol gels. From Tata M et 
al, J. Phys. Chem., 98, 3809-3817 (1994).

A similar stacking of the planar portions of gelator molecules is thought to be 

responsible for aggregate formation in a number of other gels. For example, ALS 

molecules are thought to form strands by the partial stacking of the anthracenyl moieties 

in a helical fashion[Lin & Weiss, 1987].
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Hydrogen bonding,

12-hydroxyoctadecanoic acid (12-HOA) is thought to form fibrillar aggregates due to 

extensive axial hydrogen bonding between the OH groups of the linear molecules (figure 

1.4). A head-to-head arrangement of the 12-HOA molecules held by dipolar attractions 

between the carboxylic polar heads gives rise to fibre length [Terech, 1992].

Figure 1.4: Schematic diagram shows the axial hydrogen-bonds between adjacent 12- 
HOA molecules which hold the fibres. The black spheres represent oxygen atoms. From 
Terech P, J. Phys. II France, 2,2181-2195, (1992).

A second example of the role of hydrogen bonding is provided by the gelation of a 

solution of lecithin upon the addition of trace amounts of a polar substance e.g. water. In 

this case, water molecules are thought to form hydrogen bonded bridges between the 

polar phosphate groups of lecithin molecules as shown in figure 1.5 [Shchipunov and 

Shumilina, 1996]. Hydrogen-bonding is thought to promote efficient association and 

aggregation between lecithin molecules which causes gelation.
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Figure 1.5: Schematic representation of water molecules forming hydrogen bond
bridges between lecithin molecules in lecithin organogels. From Shchipunov Y & 
Shumilina E V, Coll. Journal. 58(1), 117-125, (1996).

Formation o f a 3-dimensional network

Gelator aggregates entangle, junction points and contact zones are established and a 

meshwork results which immobilises the liquid medium. Figure 1.6 shows a few 

examples of such gel networks. The 3-dimensional meshwork acts a jdie gel skeleton V 

and confers strength and resilience to the gel. This is evidenced by rheological 

investigations where rupture of the junctions between aggregates and hence a breakdown 

of the 3-D network results in a loss of the gel phase even though extensive individual 

gelator aggregates may still be present.
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Figure 1.6a: Scanning electron micrograph shows fibrillar aggregates in AOT/phenol 
gels after removal of solvent by slow evaporation. From Tata M et al, J. Am. Chem. 
Soc. 116, 9464-9470,(1994).

lOOnm

Figure 1.6b: Electron micrograph of a gel replica shows entangled fibres form a 3-D 
network in SNO gels. Inset shows the ultrastructure of a fibre which consists of 2 
protofilaments. From Wade R etal, J. Coll. Inter. Sci. 114, 2, 442-451, (1986).
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Figure 1.6c: Freeze-fracture electron micrograph of a CAB/octanol gel. The individual 
fibre in (d) looks helically twisted. From Lin Y et al, J. Am. Chem. Soc., I l l ,  15, 5542- 
5551,(1989).
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Junction points between aggregates and the forces of attraction which drive aggregate- 

aggregate interactions have not been extensively studied, though evidence from small 

angle neutron scattering (SANS) measurements suggest that junction points do exist as 

important, finite entities between aggregates. Terech et al [1995] have found that 

junction points in DDOA gels seem to be microcrystalline nodes where the molecular 

arrangement is reminiscent of the solid state of the gelator. This would account for the 

strength of these junction zones.

The 3-dimensional gelator network can be described as a function of the mesh size. This 

has been defined as the mean filament separation. From this value, a statistical cell can 

be defined, whose repetition through the bulk of the gel gives a mesh which determines 

the physical properties of the gel. Interestingly, Furman and Weiss [1993] observed that 

if the size of the container in which gelation is desired is smaller than the mesh size, 

gelation is either inhibited or a different type of gel is formed.

1.1.3 Role of the liquid medium In the gel

A variety of organic fluids e.g. w-alkanes, cyc/o-alkanes, alcohols, alkenes, aldehydes, 

esters, carboxylic acids, anhydrides and aromatic solvents are gelled by small molecular 

gelators. The solvent plays a fundamental role in the various stages of the gelling 

phenomenon and affects both macroscopic e.g. opacity and microscopic (e.g. aggregate 

size, shape, cross-sectional nature, rigidity, helicity and gel network) properties of the 

gels. The mechanisms whereby solvent characteristics affect the gels are discussed.
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Solubilising power

The solvent must provide the correct solubility/insolubility balance for the gelator to 

firstly dissolve/disperse in the solvent at high temperatures and secondly to self assemble 

into aggregates on cooling due to reduced solubility. Very good solvents such as 

benzene do not gel easily.

Polarity

The polarity of solvents affects the nature of the gel formed. For example, Yamasaki & 

Tsutsumi [1995] reported D-DBS gels to be soft and to consist of rope-like helical 

aggregates in the apolar solvent, p-xylene. Increasing solvent polarity to a moderately 

polar solvent ( 1,4-dioxane) results in aggregates with a much smaller diameter while 

fairly rigid and columnar spherulites are obtained in the highly polar solvent, DMSO 

(figure 1.7).

a) p-xylene

bar = 1 OOnm

b) 1,4-dioxane

bar= 50nm

c) DMSO

bar = 1 OOp,

Figure 1.7: Electron micrographs show the different aggregate structures formed by d -  

DBS in solvents of increasing polarity. From Yamasaki S & Tsutsumi H, Bull. Chem. 
Soc. Jpn., 68, 123-127,(1995).
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Furman and Weiss, [1993] found the bulk solvent polarity was more important than 

specific gelator-solvent interactions at determining gel type. This is hardly surprising 

considering the large number of solvent molecules per gelator molecule in the gels, x 

When mixtures of 1 -octanol and hexadecane were used as the liquid dispersing medium, 

the resulting gels were found to be practically identical to neat hexadecane gels up to an 

octanol concentration of 75% in the mixture. Even though 3 out of every 4 solvent 

molecules were octanol, the gel obtained was a hexadecane-type gel since the bulk 

polarity of the mixture was closer to that of hexadecane than that of 1 -octanol.

Molecular shape of solvent molecule

The molecular shape of solvents has a profound effect on gelation and the properties of 

the gels formed. Terech [1989] reported the steroidal nitroxide (SNO) gelator forms 

isotropic and stable gels with cyclohexane and trans-decalin solvents whereas cis- 

decalin, methyl-cyc/o-hexane and /z-alkane gels were rather unstable.

Trans-decalin and cyclohexane solvent molecules present the same rigid chair 

conformation as the steroid ring junctions in SNO molecule (figure 1.8). The 

comparable steric shape between solvent and gelator molecules seems to ensure a snug 

fit and strong interactions which promote gelation. From these observations, Terech 

postulated that the shapes of solvent and gelator molecules might be used to predict gel 

formation and stability.
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î i N-homosteroidal nitroxide (SNO)

trans-àecdXm cyc/o-hexane

cw-decalin n-octane Methyl-cyc/o-hexane

Figure 1.8: The complementary shapes of trans-àoc2Am and c^c/o-hexane with that of 
the steroidal gelator ensures a snug fit and good gelation of these solvents. From Terech 
P, J. Phys. France, 50,1967-1982, (1989).

Functional group

The functional groups of the solvent affect gel characteristics through specific solvent- 

gelator interactions e.g. hydrogen bonding, dipole-dipole interactions etc. For example, 

short chain n-alcohols and n-alkanes gels have different gelation temperatures for the 

same gelator concentration, with the alcohols usually giving higher Tgs e.g. Tg of CAB 

gels is 6'fC  in 1-octanol and 39^C in hexadecane [Lin et al, 1989]. The higher Tg in
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octanol is presumably due to the additional attractive forces provided by hydrogen 

bonding between the solvent and the gelator aggregates.

Gel microstructure may also be altered - CAB gels in octanol form helically twisted 

fibres while those in «-alkanes do not. H-bonding between the OH group on the solvent 

molecules and specific locations on CAB strands is thought to be responsible for helix 

formation [Lin et aU 1989].

Minor changes in functional group can greatly affect the gel networks. Terech reported 

a considerable increase in fibre diameter (up to 50%) and rigidity in 

ethylcyclohexane/SNO gels compared to cyclohexane/SNO gels. The increased rigidity 

limits fibre entanglement and hence 'reticulation zones' and gel networks are altered by 

the additional ethyl group (figure 1.9) [Terech, 1989].

Figure 1.9: Schematic representation of SNO gel network and the “reticulation zones” in 
a) cyclohexane and b) ethyl-cyclohexane gels (the larger fibre diameter in ethyl- 
cyclohexane is not represented in the scheme). From Terech P, J. Phys. France, 50, 
1967-1982,(1989).
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These examples show how small differences between solvents can result in relatively 

large differences in gel aggregates, network, stability etc. The differences arise despite 

the fact that the majority of the solvent molecules are free from any direct ‘bonding’ to 

the aggregates, given the large number of solvent molecules per gelator. The 

independence of solvent molecules from ‘bonding’ with the gelator network and their 

unchanged liquid state is illustrated very neatly in NMR spectra on AOT/phenol gels 

[Tata et al, 1994] and lecithin gels [Capitani et al, 1991] which show the solvent 

molecules have relatively unrestricted freedom of movement in the gels.

This is similar to the situation in hydrogels where the great majority of solvent molecules 

are thought to be free from interactions with the gel network and are in the normal 

condition, exhibiting normal bulk solvent properties [Hermans, 1969].

1.1.4 Potential applications of organogels

The different organogels being investigated have shown a vast array o f interesting 

properties which may be exploited. Hydrophilic, hydrophobic and amphoteric guest 

molecules e.g. scopolamine, oestrogens, nifedipine, enzymes and even whole bacterial 

cells have been solubilised in gels. Solubilisation of guest molecules is carried out 

before gelation to ensure a homogeneous dispersion and the doped gels can then be used 

in a number of ways as described below. Hinze et al [1996] have compounded a review 

of analytical and related applications of microemulsion-based gels (MBGs) and lecithin 

gels. In this section, a brief overview of some of these applications is given and a few 

applications of the less known gels are discussed.
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Biotransformation using enzymes solubilised in Microemulsion-Based- 

Gels and lecithin gels

The organic milieu in organogels provides an interesting and alternative media for 

reactions [Nascimento et al, 1992, Rees et al, 1993, Jenta et al, 1997]. For example, the 

enzyme Chromobacterium viscosum (CV) lipase has been used to catalyse estérification 

reactions in microemulsion based gels. Lipase is solubilised in the aqueous phase of the 

MBG which is then pelleted into an oil containing the acid and alcohol substrates. The 

substrates diffuse into the organogel pellet, estérification is catalysed by the enzyme at 

the w/o interface and the ester produced diffuses out of the gel into the external oil while 

the co-product, water is retained in the gel pellet.

Such a set-up is possible due to the insolubility of the gel pellet in the external apolar oil 

and the absence of any appreciable leaching-out of gel components e.g. surfactants, 

enzyme, water or gelatin from the pellet into the external oil. This very simple and 

elegant procedure enables a one-pot reaction medium, straightforward product isolation, 

catalyst reuse and achieves remarkably high yields (up to 80%).

Reactions can also be carried out at sub-zero temperatures which is important for heat 

labile compounds and scale-up of synthesis has also been achieved [Nascimento et al, 

1992, Rees et al, 1993, Jenta et al, 1997]. Regioselective and enantioselective 

estérification by lipases in MBGs has also been demonstrated [Stamatis et al, 1993, 

Uemasu & Hinze, 1994, Backlund et a/,1996]. This provides an important alternative 

route for the synthesis of optically pure compounds and for the resolution of racemic 

mixtures [De Jesus eta l, 1995].
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Lecithin gels have also been used as reaction media for biocatalysis of reactions e.g. the 

hydrolysis of tricapryline to fatty acids [Scartazzini & Luisi, 1990]. From these studies, 

it seems that a gel system where some water can be incorporated (to provide a water 

shell for the enzyme) may be used for the biocatalysis of any reaction, provided the 

appropriate enzyme and substrates are present. Furthermore, after demonstrating 

analytical chemiluminescence measurements in reversed micellar solutions [Hinze et al, 

1991], Hinze et al have suggested that biotransformations occurring in organogels may v 

also be analysed by chemiluminescent signals via coupled reaction systems. [Hinze et al, 

1996].

Other syntheses

AOT gels have been suggested as apolar media for synthesis. The phenolic rings stacks 

which form strands can be doped with suitable reactants and used as templates. The 

synthesis of highly organised structures e.g. ordered phenolic polymers, polymer- 

ceramic composites (ceramers) and semi-conductor nanostructures (quantum plates, 

wires or dots) has been suggested [Tata et al, 1994]. The synthesis of cadmium sulphide

in situ in hydrocarbon gels has also been demonstrated by Petit et al [1988]. A"
'L  -

Transdermal drug delivery

Lecithin gels are being investigated for transdermal drug delivery. In vitro studies using

Franz diffusion cells have shown enhanced flux through the skin when model drugs

scopolamine, broxaterol and propanolol hydrochloride were solubilised in lecithin gels

compared to the corresponding aqueous solutions [Willimann et al, 1992]. The

enhanced drug passage through the skin is thought to be due to a transient disordering in
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the stratum comeum caused by interactions between the lipid layers in the skin and 

lecithin from the gel.

Lecithin gels (made with isopropyl palmitate oil) are considered safe for topical 

application. Willimann et al [1992] analysed skin samples using light microscopy and 

reported a lack of significant alterations in the stratum comeum after transport studies. In 

vivo skin irritation tests on human volunteers have also shown very low acute and 

cumulative irritancy potential of these gels [Dreher et al, 1996].

Other potential applications

•  Scartazzini & Luisi [1990] have suggested that lecithin gels incorporating solubilised 

lipophilic enzymes e.g. lipases may be used as a tool to study the behaviour of 

membrane-bound proteins. Lipophilic enzymes are normally membrane-bound or 

associated with other organised cellular structures in vivo while the microstructures of 

lecithin gels i.e. giant rod-like micelles are thought to bear some analogy to biological 

lipidic aggregates.

•  Probes and sensors: a very unusual and interesting feature of AOT gels is their acute 

sensitivity to moisture. When left exposed to the atmosphere, these gels melt to the 

liquid state after absorbing trace amounts of moisture. This property of the gels has 

led to speculation about their use as moisture sensors [Tata et al, 1994]. Similarly, 

some microemulsion-based gels have shown abrupt changes in conductivity over a 

narrow temperature range - this feature may be exploited in temperature sensors and 

in thermal switches [Howe eta l, 1988].
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• Seeboth et al [1994] have investigated MBGs as potential carriers for thermotropic 

liquid crystals. The properties of the MBG gels may be manipulated to optimize their 

carrier potential.

•  Purification of bulk apolar organic solvents: when an MBG is pelleted into an apolar 

organic solvent, polar contaminants rapidly partition into the gel and can thus be 

removed. Chemicals can also be incorporated into the MBG pellet so that in addition 

to removal of polar contaminants from bulk organic solvents, dangerous and 

hazardous substances can be detoxified or destroyed in^sim [Hinze et at, 1996]. ^

• Separation medium: AOT/phenol gels have been suggested as separation media 

where reactants can only come in contact with one another upon gel melting [Xu et 

al, 1993].

•  Films as separation media: thin films of MBGs have shown potential as separation 

and purification membranes e.g. for the separation of amino acids and proteins [Hinze 

et al, 1996]. Films may also find uses in environmental chemistry e.g. the films 

incorporating the phenoloxidase enzymes laccase and tyrosinase have been used to 

remove and transform toxic compounds e.g. phenols and aromatic amines from 

aqueous solutions. This approach could potentially be used for the detoxification of 

contaminated waste waters [Crecchio et al, 1995].

The range of applications that is currently being investigated for organogels is quite large 

as can be seen from the above examples. This reflects the intriguing properties of the 

various gel systems, their enormous versatility and the possibility of tailor-designing
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these gels for specific purposes. A number of patents have been granted and this trend 

seems set to continue as some o f the more speculative applications come of age.

1.1.5 Vesicle-in-water-in-oil (v/w/o) gel as a potential 

vaccine adjuvant

A  different organogel - a vesicle-in-water-in-oil (v/w/o) gel incorporating a niosome 

suspension - is discussed as a potential immunological adjuvant in this thesis. This leads 

to the following review on vaccine adjuvants.
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1.2 ADJUVANTS

The concept of adjuvants and their ability to enhance the immune responses to specific 

antigens was first introduced by Ramon when he demonstrated that the inclusion of agar, 

tapioca, starch oil, lecithin, saponin and even breadcrumbs in diphtheria or tetanus 

vaccines increased the antitoxin levels elicited to these antigens [Ramon, 1925].

Some seventy years later, the use of adjuvants to enhance immune responses to vaccines 

has been well established and a wide range of substances with adjuvant activity have 

been identified. Examples include Freund’s adjuvants (complete and incomplete), 

aluminium salts, liposomes, immunostimulating complexes (ISCOMs), Quil A, saponin, 

coenzyme Q, amphotericin B, vitamin A, levamisole, lipid A, muramyl dipeptide and 

derivatives, cytokines, Syntex Adjuvant Formulation (SAP) etc. (for reviews, see 

Bdelman, 1980, Warren et al, 1986, Allison et al, 1990, Gupta et al, 1993). This is a 

highly heterogeneous group with one common feature - their adjuvanticity.

In an attempt to categorise this wide repertoire of adjuvants, Allison and Byars [1990] 

defined an adjuvant as an agent that augments specific immune stimulation to antigens, a 

vehicle as the substance used for the delivery of antigen and an adjuvant formulation as 

the combination of adjuvant in a suitable vehicle. Later, Cox and Coulter [1992] 

proposed an even broader definition - an adjuvant was defined as any substance or 

procedure which results in a specific increase in the immunogenicity of a vaccine 

component. The latter broader definition of adjuvants is used in this thesis.
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Adjuvant research has developed in parallel with research into vaccines which have been 

established as the most cost effective way of combating infectious diseases [World 

Bank, 1993]. Vaccination has eradicated smallpox [WHO, 1980] while several other 

major infections e.g. diphtheria, tetanus, yellow fever, pertussis, polio, measles, mumps, 

rubella are being controlled in countries committed to an active programme of 

immunisation. The World Health Organisation has also set up projects e.g. the 

Expanded Programme on Immunisation (EPI) so that vaccination may be exploited fully 

to further the control of infectious diseases. As a result, vaccine and adjuvant research 

has bloomed in such culture.

The development of safer vaccines in the form of small, highly purified subunits, 

synthetic peptide and proteins has given a further boost to the adjuvant field. These 

small antigens are often poorly immunogenic and require an adjuvant to elicit sufficient 

immune responses for adequate protection. Indeed, some experts believe the use of an 

adjuvant to potentiate the immune responses of subunit vaccines is one of the best 

approaches for developing the next generation of subunit vaccines [Newman & Powell, 

1995]. In addition to enhancing efficacy, adjuvants allow the use of smaller quantities of 

antigens which lowers the toxicity and cost of these vaccines.

1.2.1 Effects of adjuvants

Adjuvants enhance the immune responses to antigens. This is normally manifested as 

increased level and duration of antibodies in the sera of immunised individuals (humoral 

immunity). Some adjuvants also alter the type of response. Antibody isotype and 

subclasses are changed from those of the immunogen alone. Certain adjuvants also
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induce the cell-mediated immunity (CMI) e.g. production of cytokines by T cells. It is 

important to remember that the heterogeneous group of adjuvants induce different 

effects or different combinations of effects due to their divergent modes of actions.

1.2.2 Mode of action of adjuvants

Adjuvants are thought to exert their effects in three major ways:

a) physical presentation of the antigen - adjuvants enhance the presentation of the 

antigen to the host immune system by stabilising and exposing the relevant epitopes 

involved in the immune responses. Small, soluble antigens are converted to 

particulate forms which are more effective at generating the appropriate responses.

b) antigen uptake and distribution (targeting) - adjuvants act as an antigen depot at the 

site of injection, releasing the antigen in a sustained manner. They attract the 

appropriate antigen presenting cells (APCs) and disperse the antigen to the relevant 

lymphatic organs, hence promoting the processing of antigens by the host immune 

system.

c) immune potentiation/modulation - some adjuvants alter the pattern of immune 

response generated to an antigen by inducing their intracellular traffic, proteolytic 

processing, association with MHC class I or II molecules and the expansion of T cells 

with different cytokine production [Morein et al, 1996].
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Most adjuvants however exert their effects through a combination of mechanisms. 

Figure 1.10 below gives examples of a few adjuvants and their overlapping mechanisms 

of action.

Adjuvants with 
sustained 
release of 
antigen /

Adjuvants that 
covalently modify 
the antigen 
(provide TH 
epitopes)

PLGA

HLH conjugates

alum

Cholera toxlBT

B subunit

ISCOMs

liposomes

cytokines

Adjuvants 
that likely 
induce a 
local 
immune 
response.

MTP-PE
QS21 Adjuvants 

known for site- 
specific delivery 
of antigen

MPL-A

MDP compounds

Figure 1.10: The overlapping mechanisms of actions of a few adjuvants, redrawn from 
Newman and Powell, Immunological and Formulation Design Considerations for 
Subunit Vaccines, in; Vaccine Design The Subunit and Adjuvant Approach, Ed., Powell 
M and Newman M J, Plenum Press, London, 1995, p i8.
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1.2.3 Considerations in the choice of adjuvants

Given the large number of potential adjuvants available, their different effects and safety 

profiles, an adjuvant must be chosen with care for a particular antigen taking into 

account the pathogen, disease state and immune responses required for protection.

First of all, the adjuvant must be effective. To ensure the efficacy of the adjuvanted 

vaccine, the latter must elicit the type of immune responses present following natural 

infection. This would increase the chances of combating any potential infection. For 

example, the induction of cytotoxic T cells is important in the defence against 

intracellular viruses, so that the virally infected cells may be destroyed.

Another consideration of paramount importance is the adjuvant’s safety. Vaccines are 

normally given to healthy individuals, including children, for the prevention of disease. 

Any toxic reactions and side effects are therefore unacceptable. Edelman [1980] has 

compiled a list of factors that would help assure the safety of adjuvanted vaccines. This 

includes non-toxicity, non-immunogenicity, chemical purity, biodegradability, lack of 

carcinogenic, teratogenic or abortogenic effects and absence of contamination by 

carcinogenic and reactogenic substances. The adjuvant must only potentiate the vaccine 

without a diverse array of nonspecific responses and the immunopotentiation achieved 

must not be so excessive as to induce hypersensitivity to the host’s tissues, which can 

result in autoimmune arthritis and amyloidosis.

In addition to safety, adjuvants must be relatively inexpensive, simple to manufacture 

reproducibly and stable with good storage life, preferably without requiring refrigeration.
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To satisfy the above criteria, a very large number of adjuvants are being investigated. 

Several excellent reviews have also been written on the various aspects of adjuvants 

[Edelman, 1980, Warren etaU 1986, Allison etaU  1990, Gupta eta l, 1993].

Brief overviews of vesicles (liposomes and niosomes) and oil emulsions - the two 

components which make up the complex vesicle-in-water-in-oil (v/w/o) gels under study 

- are given below. Alum is also reviewed briefly for its priviledged status during the past 

70 years.

1.2.4 Alum as adjuvant

Alum was first demonstrated to have adjuvant activity against diphtheria toxoid over 70 

years ago [Glenny, 1926]. It has since enjoyed considerable success compared to all the 

other adjuvants since, until recently, it was the only adjuvant licensed for use in human 

vaccines. No doubt its safety has played a crucial role in this success. Chemically, the 

commonly used alum is in the form of aluminium hydroxide or aluminium phosphate 

gels to which antigens are adsorbed. The degree of adsorption of the antigen is directly 

proportional to its immunogenicity.

A depot effect at the site of injection and consequent prolonged exposure of the antigen 

to the immune system is thought to be one of the mechanisms of action of alum [Glenny 

et al, 1931], though this explanation was challenged by Holt [1950]. Other mechanisms 

of action include the induction of local inflammation which attracts immunocompetent
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cells, the consequent formation of granulomas containing antibody-producing cells 

[White et al, 1955] and complement activation [Ramanathan et al, 1979].

Alum induces mainly humoural immunity, especially IgGi and IgE subclasses 

[Edelman, 1980]. Cellular immunity is not affected [Bomford, 1980]. Other limitations 

include its failure to enhance the immune responses to certain antigens e.g. influenza 

[Davenport, 1968] or typhoid fever [Cvjetanovic et al, 1965]. Mild local reactions at the 

site of injection such as erythemas and/or mild transient swelling in some vaccinees have 

also been reported/ [for review, see Aprile, 1966]. ^  ^

1.2.5 Vesicles (llposomes/nlosomes) adjuvants

Liposomes and niosomes are spherical vesicular structures made up of concentric 

surfactant bilayers, the surfactant being phospholipids in liposomes and nonionic 

surfactants in niosomes. The two vesicles will be reviewed separately; liposomes as the 

first vesicular adjuvants that have been extensively studied and niosomes as alternative 

vesicular adjuvants and the vesicles used in the v/w/o gels discussed in this thesis.

Liposomes, first shown to have adjuvant properties in 1974 [Allison & Gregoriadis, 

1974], have since been found to enhance the immune response to a wide range of 

bacterial, protozoan and viral antigens as well as some tumour cell antigens, venoms and 

allergens when administered 8  a number of routes e.g. oral, intramuscular, 

subcutaneously, intranasal etc. [for reviews, see Gregoriadis, 1990, 1995, Thérien et al,
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1990, Garçon & Six, 1991, Bulling et al, 1992]. Water-soluble and lipid-soluble 

antigens can be incorporated, the former entrapped in the aqueous compartments and/or 

attached to the vesicular surface and the latter within the lipid bilayers (figure 1.11). 

Physical association between the antigen and the liposomes (as compared to simple 

mixing) has been found to be a prerequisite for adjuvanticity [Shek, 1984].

Entrapped
hydrophilic
antigen

Hydrophobic
antigen

Surfactant bilayer

Aqueous
compartment

Surface-linked
hydrophilic
antigen

Figure 1.11: Diagrammatic representation of a vesicle with entrapped/covalently 
attached hydrophilic antigens on the vesicular surface and hydrophobic antigen present 
within the lipid bilayers.
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Fate o f vesicles in vivo: After intramuscular and subcutaneous administration, much of 

the injected liposomes remains at the site of injection or drains into the local lymph 

nodes and acts as a depot for the antigens. Subsequently, like any foreign body 

introduced into an organism, conventional liposomes are taken up and processed by the 

reticulo-endothelial system (RES).

Effects: Liposomes induce a strong humoral immune response and enhance the

production of most IgG subclasses. There is no shift in antibody subclass compared to 

the aqueous vaccine. Cellular immunity is also induced including lymphocyte 

proliferation, induction of cytotoxic T lymphocytes, delayed type hypersensitivity and 

the production of soluble mediators e.g. cytokines.

Mode o f  action: The depot effect of liposomes and subsequent sustained availability of 

antigen to immunocompetent cells is thought to be at least partially responsible for the 

enhancement of the humoural response. Cell-mediated immunity is thought to be a 

result of the presention of antigens within the liposomal hydrophobic microenvironment 

in the same way that proteins conjugated to lipids induce delayed-type hypersensitivity 

in proportion to the lipid’s hydrophobicity [Dailey & Hunter, 1977, Gregoriadis, 1995]. 

This favours the uptake of the complex by macrophages resulting in improved 

presentation to T cells with subsequent induction of cellular immunity

Further enhancement of the adjuvant activity of liposomes has been achieved by the:
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•  entrapment of co-adjuvants in liposomes e.g. interleukin -2 (IL-2) [Tan & 

Gregoriadis, 1989], lipid A [Naylor et al, 1982], muramyl dipeptide (MDP) and 

lipophilic derivatives [Kersten et al, 1988], saponin [Manesis et al, 1979],

•  modification of the vesicles’ structural characteristics e.g. vesicle size [France et al, 

1985], charge [Kraaijeveld et al, 1984], number of bilayers [Shek et al, 1984], bilayer 

fluidity [Gamier et al, 1991], lipid to antigen mass ratio [Davis & Gregoriadis, 1987], 

transition temperature of lipid [Davis & Gregoriadis, 1987] etc. and,

•  targeting of the liposomes to macrophages using mannose ligands [Garçon & 

Gregoriadis, 1988].

The extensive research into liposomes as adjuvants demonstrating their efficacy and 

safety has finally borne fruit with the first liposome-based vaccine against hepatitis A 

(Epaxal-Bema) [Gluck, 1995] being licensed for use in human.

Niosomes (non-ionic surfactant vesicles) are being widely investigated as alternatives to 

liposomes and the two vesicles appear to be similar in terms of their properties. A 

number of reviews have been written on the non-ionic surfactant vesicles, dealing with 

the preparation, physical and pharmaceutical chemistry, drug delivery etc. [Bailie et al, 

1985, Florence et al, 1989, Bouwstra et al, 1994, Uchegbu & Florence, 1995]. The 

adjuvanticity of niosomes will be discussed here.

Adjuvant activity of niosomes has been demonstrated for a broad range of antigens from

short peptides to particulates and both humoural and cell-mediated immunity are induced
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[Brewer & Alexander, 1992,1994, Hassan et al, 1996]. The mode of action of niosomes 

is similar to that of liposomes i.e. depot formation at site of injection and presentation of 

antigen in a hydrophobic microenvironment to immunocompetent cells [Brewer & 

Alexander 1994].

The popularity of niosomes results from the characteristics of the raw materials- the non

ionic surfactants used to prepare niosomes are often inexpensive, synthetically pure and 

of known chemical composition, versatile, stable in air and do not require special 

handling or storage requirements [Handjani-Vila 1979, Bailie et al, 1985]. The 

surfactants are also biodegradable in vivo and have a long history of safety as evidenced 

by their licensed use in foodstuffs. Non-ionic surfactant vesicles have shown extremely 

low toxicity when administered by the subcutaneous and intramuscular routes to rats 

[Brewer et al, 1994]. The niosomes were therefore chosen as one of the components of 

vesicle-in-water-in-oil gels for their efficacy and safety records.

1.2.6 Oil emulsions as adjuvants

An oil emulsion was first reported to have adjuvant activity in 1916 when Le Moignic 

and Pinoy [1916] found that a suspension of killed Salmonella typhimurium in mineral 

oil increased the immune response. Later, Freund [Freund et al, 1937] developed one of 

the most potent adjuvants to have been investigated - Freund’s Complete Adjuvant 

(FCA). This is a water-in-oil emulsion prepared by suspending dried, killed 

mycobacteria {Mycobacterium tuberculosis) in mineral oil and emulsifying this with an
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aqueous antigen preparation. Light and electron microscopy showed the emulsion to 

consist of 3-dimensional meshworks made up of interconnecting strands of antigen- 

containing water droplets interspersed in the oil phase. The mycobacteria were confined 

to the meshwork and were coated with an adherent layer of water droplets [Dvorak & 

Dvorak, 1974].

FCA induces both humoural and cell-mediated immunity. The humoural effect is 

exerted by i) establishing an antigenic depot at the site of injection which enables a 

gradual and continuous release of antigen, ii) acting as a vehicle for antigen transport 

throughout the lymphatic system to distant sites such that new loci of antibody formation 

are established and iii) attracting and presenting antigen to immunocompetent cells. In 

addition, the mycobacterial component in FCA induces cellular immunity [Freund, 

1956]. FCA has been used extensively for experimental purposes, but severe side effects 

e.g. abscess formation, inflammation, severe pain, fever, adjuvant arthritis and 

amyloidosis has curtailed its use.

Elimination of the killed mycobacteria from the emulsion produced Freund’s Incomplete 

Adjuvant (FIA) with fewer and less severe side effects but the absence of mycobacteria 

led to the loss of the cellular immunity component [Freund, 1956]. FLA has been used to 

augment the immune responses in human and veterinary vaccines but its use in human 

was discontinued when side effects e.g. abscesses, cysts, granulomas, inflammation were 

reported [Stuart-Harris, 1969].

These side effects were thought to be due to the inherent toxicity and the slow clearance 

of the non-metabolizable mineral oil from the injection site. Later, fears about the
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possible carcinogenicity of the oil and the surfactant, Arlacel A, led to the development 

of emulsions consisting of biodegradable vegetable oils e.g. peanut oil, sesame oil and 

safer, biocompatible emulsifiers e.g. lecithin and glycerol [Reynolds et al, 1980]. 

Kimura et al [1978] used multiple water-in-oil-in-water (w/o/w) emulsions in an attempt 

to reduce the viscosity and toxicity of oily vehicles. However, oil emulsions as 

adjuvants remain an experimental tool and no oil emulsion is currently licensed for use 

in human vaccines.

With nearly a century of research on adjuvants, it has become apparent that there is no 

one formulation that can be regarded as the ‘best’ adjuvant. They all have different 

immune response and side effects profiles and it seems highly likely that the next 

generation of adjuvant formulations will consist of several different adjuvants, each one 

chosen for a particular property conveyed to the vaccine formulation.

In this thesis, a vesicle-in-water-in-oil (v/w/o) gel was investigated as a possible 

immunological adjuvant. The gel comprises the two known adjuvants, vesicles and oily 

emulsions, as reviewed above. Haemagglutinin (HA) subunit from influenza viral 

envelope was chosen as a model antigen for immunogenicity studies. In the next 

section, the need for efficacious vaccines to combat this highly infectious virus and the 

choice of haemagglutinin as the antigen is discussed.
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1.3 INFLUENZA

Influenza (an infection of the respiratory tract) is an acute, febrile condition of sudden 

onset and lasts for a few days. Symptoms include myalgia, headache, fever, chills and 

other symptoms e.g. cough may also be present. The virus, an RNA myxovirus, is 

composed of RNA strands enclosed in a lipid envelope into which the surface 

glycoproteins haemagglutinin (HA) and neuraminidase (NA) are embedded (figure 

1. 12).

M e m b r a n e  p r o t e in

N u c le o p r o t e i n  ' ( A  R ib o n u c le i c  a c id

H y d r o p h o b ic
s u r f a c e

H e m a g g lu t in in

P o ly m e r a s e

N e u r a m in id a s e

Figure 1.12: A diagrammatic representation of the influenza virion. From Laver W G, 
Advan. Virus Res. 18, 57 (1973).
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There are 3 types of influenza virus, namely types A, B and C. Type A consists of 

further subtypes depending on the particular combination of HA and NA glycoproteins 

present in the viral envelope. There are 13 HA subtypes (HI to H I3) and 9 NA subtypes 

(N1 to N9). Table 1.1 gives a guide to the taxonomy of the influenza virus.

Table 1.1: Classification of Human Influenza Viruses

Type Subtypes Example of Strain designation

A HlNl A/England/1/51 (HlNl)*

H2N2 A/Japan/305/57 (H2N2)

H3N2 A/Hong Kong/8/68 (H3N2)

B None B/Great Lakes/1/54

C None C/Paris/1/67

* Type/place of isolation/isolation number/date of isolation (subtype). From Kilboume E 
D, Inactivated vaccines. In: Vaccines, Eds., Plotkin & Mortimer, 2"̂  edition, Saunders 
Company, London, 1994.

During infection, the haemagglutinin components attach to glycoprotein receptors on 

host cells. This leads to the fusion of viral envelope with that of host cell membrane and 

penetration of the virion with subsequent release of viral nucleocapsid into the host 

cytoplasm. Transcription and synthesis of influenza proteins follow. Newly formed 

proteins are incorporated into membranes and glycosylated. Finally the new virions bud 

off from the host cell, elution being aided by the neuraminidase surface proteins. The 

new viruses can go on to infect other host cells which leads to progressive infection.

HA and NA glycoproteins have been established as the two main surface antigens to 

which immune responses are generated in influenza infections.
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1.3.1 Importance of disease

Influenza is a highly infectious disease of global importance and spreads rapidly such 

that a large proportion of the population can get infected and clinically ill. In addition, 

complications such as secondary bacterial infection, especially Strep, pneumoniae and 

H. influenzae may arise. These increase the associated morbidity and can even cause 

death especially among the elderly, the very young and those debilitated by chronic 

pulmonary or cardiac disease. In fact, the “excess deaths” in the elderly population is 

often used as a reliable index of an influenza epidemic. Medical care and loss of human 

productivity due to workplace absenteeism also cause a huge economic impact.

In addition, world-wide pandemics have been reported to occur at irregular intervals. 

The 1918 pandemic is thought to have caused 20 million deaths world-wide i.e. more 

people were killed world-wide due to the pandemic than during the Great War. Clearly, 

there is a need to reduce the mortality and morbidity. Vaccination of individuals at risk 

is thought to be one of the best ways of controlling this infectious agent.

1.3.2 Vaccination and the control of Infection

The ideal vaccine is one that is given to an infant shortly after birth and which then 

confers life-long immunity to the particular antigen, without the need for boosters or 

reimmunisations. However, like a number of other infectious agents, the influenza virus 

has evolved very effective mechanisms to combat the possibility of such life-long 

immunity in the host i.e. continuous antigenic drifts and shifts [Kendal, 1987].
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Antigenic drift arises due to minor changes in the antigen nature and conformation 

within a subtype. These result from point mutations in the genome which causes 

changes in the amino acids in HA and NA. The resulting antigen may or may not be 

recognised and neutralised by existing immunity in individuals, depending on the 

individual's level of immunity and the extent of antigen change.

From time to time, antigenic shift occurs when there is a major change in the HA and!or 

NA antigenic subtype e.g. from H3N8 to H lN l in 1918. This is thought to occur due to 

recombination between an animal virus and a human virus producing a novel antigenic 

subtype. A pandemic where large numbers of people rapidly get infected by the novel 

virus may follow.

Obviously for effective immunisation, the vaccine must comprise the current antigens so 

that an appropriate immune response can be mounted to the circulating virus. The 

continuous antigenic drift and the possibility of antigenic shift means that the situation 

has to be monitored and the nature of the antigens in the current virus must be known.

The World Health Organisation responds to the antigenic drift and shift by maintaining 

Influenza Surveillance Centres in over fifty countries world-wide. Their role is to detect 

new mutants almost as soon as they arise and once a radically new strain is identified, 

the particular virus is rapidly distributed to vaccine manufacturers who can then produce 

the corresponding vaccine for that season. The need to produce enough vaccine cheaply 

and fast in the race against the natural spread of the virus is clear.
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1.3.3 Current vaccines against infiuenza and their 

imitations.

Presently, there are 3 types of vaccine against influenza:

•  "whole-virus” vaccine which contains inactivated flu virus;

•  "split-virus" where the virus has been treated with organic solvents or detergents to 

disrupt the viral envelope; and

• "surface-antigen" vaccine, consisting of HA and NA subunits which may be adsorbed 

onto an alum adjuvant.

These vaccines generally confer protection in 60-80% of vaccine recipients [Murphy & 

Webster, 1985, Kilboume, 1988]. However, among the elderly who are particularly 

susceptible to the morbidity and mortality associated with infection, antibody responses 

elicited by the vaccine were found to be variable. In a study by Arden et al [1986], only 

27% of elderly people in nursing homes were found to be protected.

The whole virus vaccines can not be given to children due to severe side effects in that 

subpopulation but the split virus vaccine is less effective, necessitating multiple dose, 

hence repeated visits to the clinic. Side effects of the vaccine include fever, malaise and 

myalgia, which begin 6-12 h after vaccination and last 1-2 days. Local reactions 

(redness and induration at injection site) have also been reported though they are usually 

mild. The imperative need for a more effective and safer vaccine to protect the 

vulnerable groups of the population can be appreciated.
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1.3.4 In search of more effective and safer vaccines

Live viruses

Live viruses are being investigated as vaccines. These are produced by reassortment i.e. 

the viruses with genes encoding for HA and NA surface antigens are grown together 

with attenuated strains comprising genes that code for the internal proteins. The two 

most promising types of attenuated viruses are cold-adapted and avian strains [Wright 

and Karzon, 1987]. Cold-adapted strains grow well at 25®C, but poorly at 37^C and 

hence they do not produce clinical illness, shown by phase I trials. Avian-human 

recombinant vaccines are produced from avian strains which are non-virulent in man. 

The efficacy of these live vaccines is being assessed.

As a rule, live vaccines are very effective and achieve the whole range of immune 

responses needed for protection. However, immunodeficient recipients may suffer 

severe infections following vaccination. Another major disadvantage with live viruses is 

the possibility of reversion to virulence, disease and subsequent spread of infection.

Subunit vaccines

The use of microbial subunit vaccines is thought to be one of the ways forward for

modem vaccinology, mainly due to their safety. Subunits have defined physical and

chemical characteristics and contain no infectious agent or other microbial

components/contamination which might give rise to side effects. The main drawback

with subunits is their poor immunogenicity and failure to elicit the types of immune

responses which occur following natural infections or vaccinations with attenuated

vaccines. This can be circumvented by the use of an appropriate adjuvant. Currently,
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the subunit vaccines are either in saline suspensions or adsorbed on alum. The latter, 

however was unable to boost the immune response to influenza in man [Jennings et al, 

1981] contrary to in vivo experiments in mice which did show enhanced immune 

responses [Hjorth, 1990]. An effective and safe adjuvant is needed to enhance the 

efficacy of subunit vaccines and a number of adjuvants e.g. ISCOMs, liposomes, SAF-1 

etc. are being investigated with various degrees of success in an attempt to fill this niche.

The approach used in the research described in this thesis was to use the HA subunit as 

the antigen and a vesicle-in-water-in-oil (v/w/o) gel as a potential adjuvant in the 

preparation of a subunit vaccine. The HA surface glycoprotein is widely accepted as an 

appropriate antigen for vaccines since anti-HA antibodies are thought to be the main 

defence mechanism which neutralize viral infectivity and confer protection in 

immunised individuals [Murphy & Webster, 1985].

HA is a large glycoprotein, MW 225 000, with three domains: a large hydrophilic, 

glycosylated domain on the external surface of the membrane, a small hydrophobic 

peptide spanning the membrane and a small hydrophilic domain on the internal side of 

the membrane. The HA structure comprises an elongated cylinder which consists of a 

long fibrous region with a globular region sitting on top of the fibrous stem [Wilson et 

al, 1981]. Viral infectivity is related to HA binding to sialic acid-containing host cell 

receptors [Hirst, 1942] and the initiation of membrane fusion, viral penetration and 

infection. In this thesis, the humoral response i.e. the production of anti-HA antibodies 

after immunisation with a v/w/o gel formulation is discussed.
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Chapter 2: Sorbitan monostearate 

organic £els (organogels)

In preliminary research on vesicle-in-water-in-oil (v/w/o) emulsions, hexadecane was 

used as the oil while sorbitan monostearate (Span 60) was used as the emulsifying agent 

to stabilise the w/o interface. In the course of this research it was noticed that a 

suspension of sorbitan monostearate in hexadecane at 60^C sets to a thermoreversible gel 

on cooling. The resulting organic gel (organogel) was opaque, white, semi-solid and 

smooth with a silky 'feel'. Like a number of other investigators who had accidentally 

come upon the ability of small quantities of a small molecule to gel organic solvents, the 

author decided to investigate this gelation phenomenon and a few aspects of the 

intriguing gel material.

2.1 INTRODUCTION

Sorbitan monostearate, a small non-ionic surfactant molecule (MW=431), gels 

hexadecane at concentrations as low as 1% w/v. At this concentration, 170 solvent 

molecules are immobilised by each surfactant molecule. A range of other solvents such 

as other «-alkanes and vegetable oils are also gelled by this non-ionic surfactant by
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firstly dissolving or dispersing the surfactant in the solvent at 60^C, then cooling the 

resulting solution/suspension. Hexadecane gels are thermoreversible, semi-solid, 

opaque, with a silky ‘feel’. Their microstructure was examined using light microscopy, 

ffeeze-fracture investigations and X-ray diffraction measurements. Events leading up to 

gelation when a hot solution/suspension is cooled, were followed using a hot-stage 

attached to a light microscope. This provided further insight into the microstructure of 

the gel phase.

The use of sorbitan monostearate as the emulsifying agent to stabilise the w/o interface 

in preliminary vesicle-in-water-in-oil emulsions was mentioned above. These emulsions 

were not stable and a small amount of a hydrophilic surfactant, polyoxyethylene sorbitan 

monolaurate (polysorbate 20) was included in the hope o f improving the emulsion. This 

was indeed realised with dramatically improved emulsions, presumably due to the 

formation of mixed surfactant films by sorbitan monostearate and polysorbate 20 

molecules at the w/o interface. The ability of polysorbate 20 to form mixed surfactant 

films with sorbitan monostearate in hexadecane also enhanced the solubility of sorbitan 

monostearate such that a cloudy suspension at 60°C became transparent. The effects on 

the resulting gel as the solution cooled were equally dramatic as evidenced by visual and 

microscopical observations. It was interesting to observe that the effects of polysorbate 

20 on the solubility of sorbitan monostearate and on the resulting gels were different in 

different solvents.

Other members of the sorbitan ester family of surfactants were also tested for any gelator 

ability. It was thought such an investigation might reveal the structural features of the 

sorbitan monostearate molecule responsible for its gelling ability. The effects of
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different polysorbates on the sorbitan ester/organic solvent systems were also 

investigated.

2.2 EXPERIMENTAL

2.2.7 Materials

The organogelator (defined as a compound which gels organic solvents) sorbitan 

monostearate was purchased from Sigma (UK) and used as received. Like most sorbitan 

esters, sorbitan monostearate is a mixture of sorbitan esters, with the stearate ester 

predominating.

The other sorbitan esters (sorbitan monolaurate, sorbitan monopalmitate, sorbitan 

monooleate and sorbitan tristearate) were also purchased from Sigma (UK) while the 

polysorbates (polysorbate 20, polysorbate 60 and polysorbate 80) were purchased from 

Fluka (UK). The organic solvents, hexadecane, c/5-decalin, rran^-decalin, isopropyl 

myristate, ethyl oleate, ethyl formate, squalene and the vegetable oils (cottonseed oil, 

soybean oil, sesame oil, com oil and olive oil) were also bought from Fluka (UK). 

Hexane and cyc/o-hexane were purchased from Rathbum (Scotland). Octane, iso- 

octane, decane, dodecane, tetradecane and octadecane were obtained from Sigma (UK). 

Benzene and toluene were from BDH (UK).

All the reagents were used as received, except for hexadecane, isopropyl myristate and

the vegetable oils which were dried in a vacuum oven (Gallenkamp, UK) at room
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temperature overnight. This was to ensure the absence of any moisture content in the 

oils which may affect gelation.

Methods

2,2,2 Gel preparation

Sorbitan monostearate gels: Sorbitan monostearate (Span 60) was dispersed/dissolved 

in the organic solvent at 60°C (using a water-bath). This suspension/solution was then 

allowed to cool on standing at room temperature. An opaque, white, semi-solid, 

thermoreversible gel was obtained.

Sorbitan monostearate /  polysorbate 20 gels: Sorbitan monostearate and polysorbate 

20 were weighed into a vial and the organic solvent was added. The mixture was heated 

in a water-bath at 60°C, then allowed to cool at room temperature.

The same procedures were used in the investigations on the gelling abilities of other 

sorbitan esters and the effects of polysorbates.
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22,3 Light microscopy

A light microscope (Nikon Microphot-FXA, Japan) was used, with attached camera 

(Nikon FX-35DX, Japan) or a high speed camera (Microscope Service & Sales, UK) and 

a hot-stage (Linkam TC93, UK). A video recorder was also used to record the events in 

selected experiments.

2,2,4 Differential Scanning Calorimetry (DSC)

A Perkin Elmer DSC7 (UK)differential scanning calorimeter was used to determine the 

gelation temperature of gels. Samples were weighed into aluminium pans using a Perkin 

Elmer AD-4 autobalance and the pans were then sealed non-hermetically. The samples 

were heated at a rate of 10°C per minute from 2CPc to l& C . The melting point was 

taken as the temperature corresponding to the apex of the melting endotherm. The 

equipment was calibrated using indium and low temperatures were maintained using 

liquid nitrogen.

2,2,5 X-ray diffraction studies

X-ray data on the gel sample was collected on a Siemens D500 diffractometer (in the 

Department of Crystallography, Birkbeck College) equipped with a copper tube and a 

quartz piimary-beam monochromator giving a wavelength (À) = 1.54056Â. The X-ray 

tube was run at 45kV and 30mA.
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The sample was mounted in a flat-plate specimen holder and flattened with a glass 

microscope slide. The sample was spun about an axis normal to its flat-plate surface. 

Diffraction patterns were measured using a scintillation detector. The data were 

obtained for the 2-0 range 1-35 degrees in steps of 0.05 degrees at 10 seconds per point.

2,2,6 Freeze fracture

Freeze fracture experiments were conducted by Benedicte van den Bergh in Dr 

Bouwstra’s laboratories in the University of Leiden. The gel was firstly sandwiched 

between copper plates, then quickly frozen using liquid propane (-180^C). The frozen 

samples were loaded in a holder under liquid nitrogen, transferred to a Balzers BAF 400 

and fractured at -150^C. The frozen planes were replicated with platinum (2nm) at an 

angle of 45° and with carbon (20nm) from an angle of 90°. The replicas were then 

cleaned, mounted on copper grids, dried and examined using a transmission electron 

microscope.
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2.3 RESULTS AND DISCUSSION

2.3.1 Span 60 organic gels

23.1.1 Gel formation and characteristics

Sorbitan monostearate (Span 60) is a monoalkyl lipophilic (HLB 4.7), non-ionic 

surfactant molecule (figure 2.1 shows the structure). A waxy solid with a grainy texture, 

it disperses in hexadecane on heating at 60^C to give a slightly turbid suspension. On 

cooling, the latter suspension sets to an opaque, white, semi-solid gel with a smooth 

texture (figure 2.2). Cooling results in reduced affinities between the solvent and the 

surfactant and this appears to cause surfactant self-assembly into aggregates. The latter 

aggregates then join with one another, thus forming a 3-dimensional network which 

captures small domains of the solvent, immobilises the latter and causes gelation.

The organogel is thermoreversible i.e. it melts on heating to the sol phase which can 

once again be gelled upon cooling. Heating and cooling cycles can be repeated an 

infinite number o f times without any appreciable change in gel properties. 

Thermoreversibility indicates the organogel is held by relatively weak physical forces of  

attraction e.g. van der Waals’ forces, which can be overcome by heating and which 

reform upon cooling the sol. The temperature at which the gel to sol transition occurs is 

called the gelation temperature (Tg). Differential scanning calorimetry (DSC) 

investigations found the gelation temperature of a hexadecane gel containing 10% 

sorbitan monostearate to be from 41®C to 44®C. This relatively broad range of gelation 

temperature is typical of physical organogels, involving firstly the rupture of the
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junctions between aggregates followed by dissolution of the surfactant aggregates as the 

temperature rise causes a corresponding increase in the surfactant solubility in the 

solvent. Note, the melting point of the solid sorbitan monostearate was found to be 51^C 

(using DSC). The higher melting point of the neat gelator compared to that of the gel 

seems to be a universal property of organogels (see Chapter 1, page 13).

Sorbitan monostearate gels hexadecane at concentrations as low as 1 % w/v (0.02M). At 

lower concentrations e.g. 0.2% w/v, a white fibrous gel mass is formed within the 

hexadecane solvent, as shown in figure 2.3. The fibrous mass within the solvent 

becomes denser with increasing surfactant concentration until all the hexadecane is 

gelled. This was surprising. Increasing surfactant concentration was expected to cause a 

gradual increase in viscosity of the bulk sample due to an isotropic dispersion of the 

increasing number of aggregates in the solvent until gelation occurred at the critical 

gelling concentration. It seems however, that aggregate-aggregate interactions are 

stronger than solvent-aggregate interactions, resulting in a preferential joining of 

aggregates to form a 3-dimensional network within the excess solvent. The surfactant 

network is then able to gel only part of the solvent and a fibrous gel mesh is observed 

within the excess solvent. The excess solvent is defined here as the fluid not gelled by 

the surfactant network.

This partial gelation within the excess solvent was most strikingly apparent in 

hexadecane. Other solvents such as isopropyl myristate, decane, com oil and squalene 

showed the anticipated isotropic dispersion of surfactant aggregates and a gradual 

increase in viscosity with increasing surfactant concentration until all the solvent was 

gelled. The difference in the gelation phenomenon reflects the importance of the
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solvent, which influences the attraction between the gelator structures. In hexadecane, 

aggregate-aggregate interactions are maximised so that the aggregates join to form a 

meshwork which immobilises part of the solvent. In other solvents e.g. isopropyl 

myristate, the aggregate-aggregate interactions required for entanglement and formation 

of a 3-dimensional network seem to be less favoured, probably because of stronger 

solvent-aggregate attractions. The latter interactions result in an isotropic dispersion of 

gelator aggregates in the solvent. Consequently a progressive increase in the sample 

viscosity is observed upon increasing the sorbitan monostearate concentration until 

sufficient aggregates are formed and gel the whole solvent volume.

HO OH
\ — r o

Figure 2.1: Molecular structure and space-filling model o f the gelator, sorbitan
monostearate.
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Figure 2.2: An opaque, white, semi-solid gel of sorbitan monostearate (10%w/v) in 
hexadecane.

Figure 2.3: A fibrous mass within the hexadecane solvent. Insufficient amounts of the 
surfactant (0.2% w/v) in the sample leads to gelation of only part of the solvent.
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23.1,2 Gel microstructure

Light microscopy on the organogels has revealed the surfactant aggregates to be tubular 

structures -10-20jLim by 1-2 pm (figure 2.4). The tubular aggregates entangle with 

others, forming a 3-dimensional network which immobilises the solvent. Figure 2.5 

shows some examples of gel networks in a few solvents.

In the succeeding sections, events leading to gelation, the molecular assembly of 

surfactant molecules in the tubules and the forces which drive tubule-tubule interactions 

in the formation of the 3-dimensional networks are discussed.

Figure 2.4: Organogel microstructure - tubular aggregates formed by the self-assembly 
of sorbitan monostearate molecules in hexadecane solvent.
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Figure 2.5: A few examples of gel networks in different solvents.
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2 3 ,1 3  Events at gelation

In an attempt to understand the formation of tubular aggregates, the gelation process was 

followed microscopically as a hot suspension of sorbitan monostearate in isopropyl 

myristate was slowly cooled using a hot-stage. As the suspension cools and the 

solubility of the surfactant in the organic solvent decreases, doughnut shaped, 

membrane-bound, inverse toroidal vesicular structures form. These vesicular structures 

(figure 2.6) are in constant motion about their axis. Using a high-speed camera, one of 

the toroidal vesicles was photographed in quick succession as it rotated about its axis 

(figure 2.7) and the asymmetric toroidal rather than spherical shape of the vesicle was 

confirmed.

Further coohng results in the vesicular structures changing into tubules. The mechanism 

of such a change is not understood at present. The toroid might contract into a more 

tubular form as represented in figure 2.8, or the toroid might split into one or more 

cylindrical segments, giving rise to the tubular structures seen in figures 2.4 and 2.5. 

The latter structures are believed to be tubular and not toroidal vesicles perpendicular to 

the plane of the micrograph as the probability that all the toroidal vesicles would lie at 

such an angle is rather small.

Formation of tubules is followed by random end-to-end joining of tubules and the 

establishment of contact points between individual rods. The sequential pictures in 

figure 2.9 obtained from a video recording of gelation demonstrate the migration of one 

tubule to join another. Extensive joining of individual tubules finally creates a 3- 

dimensional network which acts as a skeleton, 'holds' the solvent and forms the gel.
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Figure 2.6: A photomicrograph of an isopropyl myristate formulation at the transition 
temperature between sol and gel phases. A number of toroidal vesicular structures can 
be seen.
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Figure 2.7: I) One of the inverse toroidal vesicular structures seen in figure 2.6 was 
photographed in rapid succession as it rotated about its axis. The whole sequence (a-i) 
was accomplished in five seconds.

n) A representation of an inverse toroidal vesicle as it rotates on its axis.
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Figure 2.8: Contraction of a toroidal vesicle to give a tubule when a hot suspension of 
surfactant is cooled - a suggested mechanism for the formation of tubules from toroidal 
precursors.
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Figure 2.9: Sequential micrographs (a-d) show the migration of one surfactant 
aggregate to join another in the formation of the 3-dimensional network.
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23,1,4 The organisation of surfactant molecules in tubules

From the observation of gelation just described, it seems that inverse toroidal vesicular 

structures are the precursors of the tubules which cause gelation. The vesicular 

structures obtained here are thought to be analogous to other well-known vesicles - 

liposomes and niosomes - the difference being their toroidal shape and inverse nature as 

the hydrocarbon tails of surfactant molecules are directed into the solvent, shielding the 

polar head groups. Preferential self-assembly of surfactant molecules into toroidal 

vesicles instead of spherical ones may be due to the reduced membrane curvature present 

in toroids. Figure 2.10 shows a diagrammatic representation of such a vesicle consisting 

of bilayers of the surfactant molecules. Assuming this surfactant organisation is retained 

upon gelation, the tubules present in the gel would also consist of concentric sheets of 

bilayers (figure 2.10).

Bilayer organisation of surfactant molecules in the tubules is suggested by X-ray 

diffraction measurements on a sorbitan monostearate/hexadecane gel sample which 

show two peaks corresponding to distances 5.9nm and 0.4nm (figure 2.11). These 

distances are thought to relate to the bilayer width and the distance between 2 adjacent 

surfactant tails respectively as shown in the inset in figure 2.11. These values agree with 

the corresponding calculated distances (using Quanta & CHARMm software), which are 

5.9Inm and 0.46nm respectively, assuming close packing o f the surfactant molecules in 

the bilayers. Freeze-ffacture investigations on the gels also show some bilayered 

organisation (figure 2.12). This strengthens the bilayered structure hypothesis.

69



cross-section

Tubular cross-section
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Figure 2.10: Diagrammatic representations of a surfactant tubule, its precursor, an 
inverse toroidal vesicle and the aggregates’ cross-section. A segment o f the cross- 
section has been magnified to show the suggested surfactant organisation i.e. inverse 
bilayers.
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Figure 2.11: X-ray diffraction spectrum of sorbitan monostearate/hexadecane gel. The two peaks correspond to the distances 5.9nm and 0.4nm  
respectively in the surfactant bilayer as shown in the inset.



bilayered arrangement

Figure 2.12: Bilayered organisation can be seen in this freeze-fracture micrograph of an 
organogel sample. o.2 î
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23,1,5 Attractive forces involved in surfactant network formation

When tubular aggregates interact with one another, contact points are established and a 

3-dimensional network is formed which acts as the gel skeleton. The exact nature of the 

forces which drive tubule-tubule interactions have not yet been identified, though it 

seems there are several possibilities on which we can speculate.

Brownian collisions between tubules may create opportunities for the formation of 

junction points which are possibly assisted by long range van der Waals’ attractive 

forces. It seems that the contact points between tubules are constantly being established, 

broken and new junctions created. This is based on microscopic observations on gel 

samples where individual tubules previously connected to others, suddenly get detached 

and are seen moving in the organic medium until they join with other tubules.

It is also possible that surfactant alkyl chains found on the exterior of tubules 

interpenetrate at junction points as shown in figure 2.13. In an attempt to explore the 

forces operating in the interpenetrational domain at tubular junctions, the free volume 

theory used to understand polymeric stabilisation of colloids will be borrowed [Napper, 

1983]: the organic gel network can be considered as a flocculated assembly of individual 

tubules and the alkyl chains on the external side of tubules can be equated to the polymer 

chains adsorbed onto colloidal particles. According to the free volume theory, the total 

free energy of flocculation, AG f, in the interpenetrational domain is the sum of three free 

energy contributions (equation 1). Junction formation in the organic gel may be the 

result of an overall negative value of AGp.
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AGf = + AGv^®^ + AGf'̂ ®̂  equation 1,

where AGp^^^  ̂ = the combinatorial free energy, AG y^°^ = the free energy associated 

with contact dissimilarities and AGp^^  ̂= the free energy arising from the free volume 

dissimilarity between the alkyl chains and the solvent. AGp^®^ represents the entropie 

change when solvent molecules are forced out of the overlap volume upon segment 

interpenetration. There is a resulting reduction in combinatorial entropy which opposes 

tubule-tubule interactions. On the other hand, AGv^^^ and AGp^®  ̂ favour tubular 

interactions, as discussed below.

AGv^^^ represents the enthalpy o f segment interpenetration. It is usually exothermic as 

segment-solvent ( 1 -2 ) contacts are replaced by segment-segment ( 1 - 1 ) and solvent- 

solvent (2-2) contacts. AGp favours flocculation due to an enhanced entropy of 

solvent molecules. As segment interpenetration occurs, solvent molecules in their 

‘condensed’ state in association with the segments are forced out of the interaction zone 

into the bulk liquid. The greater free volume in the bulk liquid results in an increase in 

entropy of these molecules and hence, a more favourable state.

The free volume theory above only gives an indication about the possible energy

changes occurring at junction points. It is not possible in this thesis to explore further the

thermodynamics of the association between tubules. The principal question to be

answered is why the tubules associate through their rounded ends rather than laterally.

This could be due to greater repulsive forces between the flat sides of the tubules
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compared to those at the points of curvature where chain density is lower. Because not 

all surfactants tested form tubules in all solvents, the nature of the surfactant-solvent 

interactions are obviously paramount and the end point depends on balanced 

interactions.

surfactant tubule

junction
magnified

surfactant 
alkyl chains

alkyl chain interpenetration at 
junction points

Figure 2.13: A diagrammatic representation of 'surfactant tail-rich' regions at the contact 
points between tubules.
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2.3.2 The influence of a hydrophilic surfactant, 

polysorbate 20 on the organogel

Polysorbate 20 (Tween 20) is a hydrophilic non-ionic surfactant with an HLB of 16.7. 

Figure 2.14 shows its structure. Included in the gel to improve the vesicle-in-water-in- 

oil emulsion when it is eventually prepared with the oil phase, it was found to have 

interesting influences on the organogel (gel and sol phases) as well. These effects will 

be discussed with particular reference to the hexadecane gel. The effects are different in 

different solvents (see next section). The effects of 2%  w/v polysorbate 20 on the 

hexadecane organogel are described below.

When polysorbate 20 is added to the sol phase i.e. a hot suspension of sorbitan 

monostearate in hexadecane, the turbid suspension turns transparent as polysorbate 2 0  

apparently enhances the solubility of the organogelator, sorbitan monostearate in the 

hexadecane solvent, through mixed micelle formation. The transparent mixed micellar 

surfactant solution (sorbitan monostearate & polysorbate 2 0  in hexadecane) cools to a 

semi-solid, opaque gel which is similar in appearance to the gel without polysorbate 2 0  

shown in figure 2 .2 .

Microstructurally though, the two gels are quite different. Gels with polysorbate 20

comprise star-shaped ‘clusters’ of surfactant tubules existing in the organic medium

(figure 2.15). On cooling a hot surfactant solution, these ‘clusters’ were found to grow

as an entity, rather like the opening of a clenched fist, as shown in the sequential stills of

figure 2.16. As previously described, cooling the sol results in reduced solubility of the

gelator, with consequent self-assembly of the surfactant molecules into bilayered
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aggregates. In this case, however, the polysorbate 20 molecules are thought to become 

incorporated into these bilayers and therefore into the surfactant aggregates formed upon 

cooling. Given the geometry of the polysorbate 20 molecule, it is possible that its 

incorporation into the surfactant bilayers further reduces alkyl chain density at the 

tubular ends. This would reduce the steric repulsive forces acting against tubule-tubule 

interactions as discussed in section 2.3.1.5. A reduction in repulsive forces may allow 

the formation of multiple contact points between tubules and this might explain the 

tendency to cluster formation.

Hexadecane gel lifetime and stability was also improved. Gels spiked with the second 

surfactant have been found to be stable for months at room temperature without 

syneresis. This seems to be a direct result of the enhanced solubility in the system 

described above (it was noted that in solvents where the addition of polysorbate 2 0  

reduced the solubility of sorbitan monostearate, the gels formed were poor and separated 

easily). Inclusion of polysorbate 20 in hexadecane gel pushes the solubility/insolubility 

balance towards the optimum level required for stable gel formation.

The effects described above relate to hexadecane gel. In the other solvents tested, 

solubility was sometimes enhanced and reduced at other times. However an enhanced 

solubility was always followed by improvement in gel lifetime and stability and vice 

versa. The microstructure was not affected in the same way either, clustering was 

obtained with some solvents while there seemed to be no effect in others. These 

differences in relation to solvent are discussed in the next section.

77



Figure 2.14: Space filling model of a polysorbate 20 molecule.

y

Figure 2.15: The microstructure of a sorbitan monostearate/hexadecane gel that has 
been spiked with polysorbate 20. The tubular surfactant structures are organised into 
large star shaped clusters. 1 0 |i
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Figure 2.16: Sequential micrographs show the growth of a star-shaped cluster in a 
sorbitan monostearate/polysorbate 20/hexadecane gel. The cluster starts to grow from 
a central nucleus and grows outwards.
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2.3.3 Solvents gelled by sorbitan monostearate

The nature of the solvent plays a fundamental role in gel formation. It must provide 

sufficient solubility to firstly dissolve or disperse the gelator at high temperatures, and 

secondly to enable gelator molecules to self-assemble into aggregates when the 

temperature is lowered and solubility of the gelator in the solvent decreases. 

Furthermore, as discussed in the previous section, additives such as polysorbate 20 can 

affect this solubility/insolubility balance, enhancing or otherwise the gel. A large 

number of solvents e.g. n-alkanes, aromatics, alcohols, aldehydes, vegetable oils, were 

tested in order to determine the type of solvents that can be gelled by the surfactant 

sorbitan monostearate and the effects, if any, of the addition of polysorbate 2 0 .

Sorbitan monostearate (10% w/v) +/- polysorbate 20 (2% w/v) were used in all the 

solvents. Firstly, the solubility of sorbitan monostearate in the hot solvents (60^C) and 

the occurrence of gelation, if any, upon cooling the hot samples was determined. 

Secondly, the effect of polysorbate 20, if any, on the solubility of sorbitan monostearate 

in the solvents and on gelation upon cooling the hot mixtures was determined.

The gellable solvents include hydrocarbons (alkanes, cyclo-hexam, decalin, squalene), 

vegetable oils and the long-chain synthetic esters, isopropyl myristate, ethyl myristate 

and ethyl oleate. Polysorbate 20 reduces the solubility of sorbitan monostearate in the 

shorter chain alkanes (C<14) with consequent deterioration of the gels which were less 

stable, as evidenced by the occurrence of syneresis. The turning point seems to be 

tetradecane, where polysorbate 20 has no effect. The solubility of sorbitan monostearate 

is increased in longer chain hydrocarbons e.g hexadecane, octadecane and squalene on
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the addition of polysorbate 2 0  with a consequent enhancement of the gel formed. 

Increased solubility was always followed by enhanced gel stability while a reduction in 

solubility presaged a poorer gel. By increasing the solubility, polysorbate 20 seems to 

push the solubility properties towards the optimal level.

The long chain esters, ethyl oleate, isopropyl myristate, ethyl myristate and the vegetable 

oils also show an enhancement of the gel upon the addition of polysorbate 20. Table 2.1 

recapitulates these findings. The key feature seems to be the size of the solvent 

molecule. Large size or a long hydrocarbon chain seems to be equivalent to a beneficial 

effect by polysorbate 2 0  on solubility and gelation.

In terms of their microstructure, all the gels are composed of surfactant tubular 

aggregates. In gels spiked with the hydrophilic polysorbate 20, the tubules are organised 

into star-shaped clusters, except in octane and isooctane. Figures 2.17 shows an example 

of such clustering effect of polysorbate 2 0  in undecane gel.

Among the other solvents tested, benzene and toluene proved to be too good solvents for 

sorbitan monostearate and the solutions did not gel on cooling. Ethanol, isopropanol, 1- 

butanol and chloroform dissolved sorbitan monostearate on heating, but cooling resulted 

in precipitation of the surfactant and no gels were formed. Sorbitan monostearate was 

totally insoluble in a number o f other organic liquids tested e.g. 2 -methyl butane, ethyl 

formate, acetone, methanol and ethylene glycol and no gels were formed. Addition of 

polysorbate 2 0  did not seem to have any influence on this heterogeneous group of non- 

gellable organic liquids.
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Table 2.1: The effects of polysorbate 20 on the solubility of sorbitan monostearate in hot 

solvents (60^C) and on the resulting gels.

Sohem 0fp 0tymrba^2O m  the 

moms^arate

^ffe^0fp0l;j^smM02Om
meg^mh0mmeHt(1)

- i
hexane 4, i
cyclohexane i 1
octane i
isooctane i i
cis-decalin i
trans-decalin i 1
decane X

dodecane i X

tetradecane no effect no effect

hexadecane Î Î

octadecane T T

squalene T T
ethyl oieate no effect Î

isopropyl myristate no effect T

ethyl myristate no effect T

cottonseed oil no effect T

soybean oil no effect T

sesame oil no effect T

corn oil no effect T

olive oil no effect T
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A: sorbitan monostearate/undecane gel IQm-
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B: sorbitan monostearate + polysorbate 20/undecane gel -?ü^

Figure 2.17: Cluster formation in undecane upon the addition of polysorbate 20.
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2.3.4 Investigation of the gelling abilities of different 

sorbitan esters

In order to determine the key properties of sorbitan monostearate which makes it an 

organogelator, other members of the sorbitan ester family, namely, sorbitan monolaurate 

(Span 20), sorbitan monopalmitate (Span 40), sorbitan monooleate (Span 80) and 

sorbitan tristearate (Span 65) were investigated for gelling ability in hexadecane. The 

different sorbitan esters (structures shown in figure 2.18) were dissolved/dispersed in 

hexadecane at 1 0 % w/v at 60°C and the resulting mixtures were then allowed to cool by 

standing at room temperature.

The liquid esters, namely sorbitan monolaurate and sorbitan monooleate, did not gel 

hexadecane. Gelators are normally solids at room temperature, with low solubility in the 

cold solvent. This low solubility drives their self-assembly and the formation of 

aggregates and eventually the 3-dimensional network as the gel skeleton.

Among the solid sorbitan esters, in addition to sorbitan monostearate, sorbitan 

monopalmitate was found to gel hexadecane. The gel is similar in appearance to the 

sorbitan monostearate gel described i.e. it is white, semi-solid, opaque with a smooth 

silky ‘feel’. The gel is also thermoreversible, with a gelation temperature of 45^C. The 

microstructure of the gel comprised tubular aggregates interacting with one another to 

give a 3-dimensional network to immobilise the solvent (figure 2.19iia). When gelation 

was followed microscopically, the surfactant tubules were found to be formed from 

toroidal vesicle precursors as described for sorbitan monostearate in section 2,3.1.3.
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Sorbitan tristearate, the other solid sorbitan ester does not gel hexadecane, but 

crystallises out on cooling the hexadecane solution. One difference between the 

gelators, sorbitan monostearate and sorbitan monopalmitate and the non-gelator sorbitan 

tristearate is that the latter is a triester. The shape of the triester (figure 2.18) does not 

look conducive to the formation of bilayers and consequent tubule formation. Reports on 

vesicle formation by sorbitan tristearate in aqueous media could not be found in the 

literature. While it has not been confirmed that sorbitan tristearate does not form 

vesicles, this might be an important correlation.

The increased solubility of sorbitan monostearate in hexadecane and the enhanced gel 

strength and stability upon the addition of small amounts of the hydrophilic non-ionic 

surfactant, polysorbate 20 was discussed previously (section 2.3.2). Other polysorbates, 

namely polysorbates 60 and 80 were tested to determine if these had the same influence 

on the solubilities of the sorbitan esters and on the gels formed.

The solubilities of the poorly soluble sorbitan monoesters i.e. sorbitan monopalmitate, 

monostearate and monooleate was enhanced by the addition of a polysorbate surfactant, 

while that of the triester was reduced and the solubility of sorbitan monolaurate was 

unaffected (table 2.2). The enhanced solubilities of sorbitan monostearate, 

monopalmitate and monooleate is probably due to the formation of mixed inverse 

micelles by sorbitan ester and polysorbate molecules.

The hot solutions of sorbitan monostearate and monopalmitate (+polysorbate) cooled 

and set to gels. As for polysorbate 20, the inclusion of polysorbates 60 and 80 also 

resulted in star-shaped cluster organisation of surfactant tubules in sorbitan monostearate
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gels (figure 2.191). On the other hand, a drastically increased tubular size was observed 

in sorbitan monopalmitate gels upon the inclusion of polysorbates(figure 2.19Ü). These 

long tubules were formed from large toroidal vesicular precursors observed at the onset 

of gelation in these systems. It is not known why the polysorbates have such different 

effects on two sorbitan esters which only differ in their hydrocarbon tails by a C2 H4  

group.

Sorbitan tristearate is soluble in hexadecane at high temperatures and a transparent 

solution is formed. The surfactant molecules may be molecularly dispersed in the 

hexadecane or they may be forming small micelles. Why the addition of a polysorbate 

in this solution reduces the solubility of sorbitan tristearate is not understood.
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Figure 2.18: Structures and space filling models of some sorbitan ester surfactants.
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Table 2.2: The solubilities of sorbitan esters in hexadecane at 60^C and the effects of the addition of 
polysorbates on the solubilities of the sorbitan esters.

sorbitan tristearate 
HLB 2.1 

sorbitan monolaurate 
HLB 8.6 
sorbitan 

monopalmitate 
HLB 6.7 

sorbitan monostearate 
HLB 4.7 

sorbitan monooleate 
HLB 4.3

soluble i  i  i  

soluble noeffeel - no effect no effect 

white suspension T Î  Î

cloudy T : ' T- , „ T

cloudy Î  T Î

00
00
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Figure 2.191: Microstructures of sorbitan monostearate gels, a: absence of polysorbate 
surfactant, b: + polysorbate 2 0 , c: + polysorbate 60 and d: + polysorbate 80.
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2.4 CONCLUSIONS

A novel organogelator, sorbitan monostearate, has been reported in this Chapter. The 

small, non-ionic surfactant gels a number of organic solvents e.g. hydrocarbons, 

vegetable oils, long chain esters, to give opaque, thermoreversible gels. The gel 

preparation is a simple and rapid process, involving firstly, the dissolution or dispersion 

of the gelator in the solvent at high temperatures, followed by cooling the resulting 

solution/suspension. Cooling results in reduced affinities between the solvent and the 

gelator which leads to the self-assembly of the sorbitan monostearate molecules into 

tubular aggregates. The latter join with one another, junction points are established and 

consequently, a 3-dimensional network results which immobilises the solvent, hence 

causes gelation.

The addition of a hydrophilic surfactant, polysorbate 20, results in enhanced gel stability 

in long chain (C>14) organic solvent gels. In addition, the surfactant tubules aggregate 

into star-shaped clusters in most of the gellable solvents tested. Such clustering effect of 

the tubules is also induced by the other polysorbates, namely polysorbate 60 and 

polysorbate 80.

In addition to sorbitan monostearate, sorbitan monopalmitate was also found to gel 

hexadecane. The two sorbitan monoesters are solids at room temperature and have 

similar cylindrical shapes conducive to molecular self-assembly into a bilayered 

arrangement to form the surfactant aggregates responsible for gelation. The addition of

polysorbates to sorbitan monopalmitate gels does not however induce cluster formation.
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Instead, the aggregate lengths are considerably increased. The different effects of the 

polysorbates in the two sorbitan ester gels reflects the influence of the additional C2 H4  

group in the sorbitan monostearate ester.

A number of questions remain unanswered about this intriguing novel organogel e.g. the 

forces of attraction involved in the gel network, the interaction between sorbitan ester 

and polysorbates, the mechanism of tubule formation from toroidal vesicular precursors. 

A few investigations which may shed some light on these questions are discussed in the 

next section.

2.5 FUTURE WORK

2.5.1 Further elucidation of the organogel structure

From investigations on the organogel so far, it is known that the gel consists of a 

surfactant network which immobilises the solvent. The surfactant network is formed due 

to the establishment of contact points between individual tubules which are made up of 

surfactant molecules arranged in a bilayered organisation. Additional work is needed to 

reveal the ultrastructure of the tubular aggregates, the nature of the junction points 

between tubules, the interactions between the solvent and the surfactant network. A few 

techniques which may shed some light on these questions are briefly discussed.

92



High-sensitivity infra-red spectra of the organogel may reveal the extent of hydrogen 

bonding between the sorbitan ester head groups in the gel and any increase in 

attractive forces when polysorbate 20 is added to the samples.

Elucidation of the gel structure may also be assisted by solid NMR measurements. It 

is important that NMR spectra be carried out on solid samples such that the peaks on 

the spectra show the actual condition of the different atoms in the gel state. NMR 

spectroscopy is often carried out with chloroform solvent which dissolves the gel and 

thus breaks down the gel framework.

Small angle neutron scattering (SANS), small angle X ray scattering (SAXS) and 

wide angle X-ray scattering (WAXS) techniques may also be able to reveal 

interesting details of the tubule structures in the organogel. SANS and SAXS have 

been used in the organogel field to provide details of aggregate size and structure, e.g. 

the cross-sectional nature of tubules while WAXS has been used to probe the 

molecular arrangements within the aggregates. If, as speculated earlier, the tubules 

consist of surfactant bilayers, SAXS and SANS may also reveal the lamellarity and 

the distance between bilayers.
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2.5.2 Organogel as an oral drug delivery vehicle

The organogel may have potential as an oral drug delivery vehicle for lipophilic drugs. 

The drug is dissolved or dispersed in the sol phase (non-toxic, biodegradable and 

pharmaceutically acceptable oil + sorbitan monostearate + polysorbate 20) at 60°C. 

Aliquots of the drug-loaded sol are filled into gelatine capsules and then allowed to cool 

and gel. The gel-filled capsules can then be orally administered to laboratory animals 

and the plasma levels and bioavailability of the lipophilic drug can be measured. The 

surfactant component in the gel may be able to firstly, aid the solubilisation of the drug 

in the sol phase and secondly, to alter the gut permeability after oral administration and 

thus enhance drug absorption through the gatro- intestinal tract.

The drug-loaded organogel is a simple formulation to prepare, does not require any 

purification step and is a non-toxic and biodegradable drug delivery vehicle, when non

toxic and biodegradable oils are employed. It is also a highly versatile formulation: 

different oils may be used, sorbitan monopalmitate may be included in the gel as a 

second organogelator and polysorbates may be used individually or in combination to 

optimise the solubilisation o f the hpophilic drug in the organogel and to enhance drug 

absorption across the gut.

Sorbitan monopalmitate gels may also be investigated as an oral drug delivery vehicle as 

described above for sorbitan monostearate. It is possible that the 2 sorbitan monoesters 

will be suitable for different drugs.

94



Chapter 3: Inclusion of an aqueous 

phase in the or̂ anopfel

The vesicle-in-water-in-oil (v/w/o) gels under study as an immunoadjuvant are prepared 

by the émulsification of an aqueous niosome suspension into an oil phase at 60°C, using 

the surfactants sorbitan monostearate and polysorbate 20 as emulsifying agents. A 

vesicle-in-water-in-oil (v/w/o) multiple emulsion is obtained which gels on cooling, as 

shown in the diagram below. In this chapter, the conversion of the liquid emulsion to the 

gelled state will be explored.

Organogel cool

heat
oil phase 
(surfactants in oil)

aqueous mosome 
suspension

vortex, 60°C

v/w/o emulsion

heat / cool

v/w/o gel

Figure 3.1: Schematic diagram shows the preparation of a vesicle-in-water-in-oil gel.
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3.1 INTRODUCTION

In Chapter 2, the gelling ability of the non-ionic surfactant, sorbitan monostearate (Span 

60) towards organic solvents was reported. The resulting organogel consists of a 3- 

dimensional network of tubular structures in the organic fluid phase. The tubules are 

formed by surfactant self-assembly into bilayered arrangement upon coohng hot 

solutions/suspensions of sorbitan monostearate in gellable solvents.

Gelation of the multiple v/w/o emulsion upon cooling is expected to occur through the 

same mechanism i.e. surfactant self-assembly into tubular aggregates which 

consequently immobilise the oil phase. In this case however, the surfactants were 

previously found as monolayer films stabilising the w/o interface between the aqueous 

droplets and the oil phase in the emulsion. This raises questions about the fate of the 

niosome suspension formerly bound by the surfactant interfacial film and the effects of 

the aqueous phase on the organogel - the tubular structures, bilayer organisation of 

surfactant molecules etc.

In an attempt to answer the above questions, less complex water-in-oil (w/o) gels, where 

the aqueous phase was either water or a fluorescent solution o f 5,6-carboxyfluorescein 

(CF) solution, were used. The fluorescent CF dye enables determination of the aqueous 

phase location after the w/o emulsions have gelled. Light microscopy, freeze-fracture. 

X-ray diffraction and conductivity measurements were used to provide further insights 

into the microstructure of this complex organic gel.
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From these investigations, the structure of the v/w/o gel could be extrapolated. The 

multi-component v/w/o emulsion has been suggested as a delivery vehicle for drugs and 

vaccines and preliminary findings on the in vitro diffusion of an entrapped solute from 

these systems is reported.

3.2 EXPERIMENTAL

3,2,1 Materials

Sorbitan monostearate, cholesterol, 5,6-carboxyfluorescein and trizma hydrochloride 

were purchased from Sigma (UK). Cholesteryl-polyoxyethylene ether (Solulan C-24) 

was purchased from Amerchol (UK), while polysorbate 20 and hexadecane were bought 

from Huka (UK). All were used as received, except for hexadecane which was dried at 

room temperature overnight in a vacuum oven (Gallenkemp, UK) to ensure the absence 

of moisture in the oils which might affect gelation. Ultra High Quality water was used 

throughout.

3,2,2 Organogel preparation

Sorbitan monostearate (10%w/v) and polysorbate 20 (2%w/v) were weighed into a vial 

and the organic solvent hexadecane was added. The mixture was heated to 60^C in a 

water-bath, then allowed to cool at room temperature. A white, semi-solid, opaque gel 

was obtained on cooling.

97



3.2 J  Preparation o f w/o and v/w/o gels

The aqueous phase (aqueous solution / niosome suspension) was added dropwise to the 

oil phase (the gel prepared in section 3.2.2) while vortexing, both phases were at 60°C. 

An emulsion, water-in-oil (w/o) and vesicle-in-water-in-oil (v/w/o) was obtained 

respectively. On cooling at room temperature, the w/o and v/w/o emulsions gelled.

3.2.4 Light microscopy

A light microscope (Nikon Microphot-FXA, Japan) with an attached camera (Nikon, 

FX-35DX, Japan) and a hot-stage (Linkam TC 93, UK) was used analyse the gel 

microstructures.

3.2.5 X-ray diffraction studies

X-ray data on a gel sample containing 48 pL water/mL organogel were collected on a 

Siemens D500 diffractometer (in the Department of Crystallography, Birkbeck College) 

equipped with a copper tube and a quartz primary-beam monochromator giving a 

wavelength 1.54056Â. The X-ray tube was run at 45kV and 30mA. Samples were 

mounted in a flat-plate specimen holder and flattened with a glass microscope slide. The 

sample was spun about an axis normal to its flat-plate surface and diffraction patterns 

were measured using a scintillation detector. The data were obtained for the 2-0 range 1- 

35 degrees in steps of 0.05 degrees at 10 seconds per point.
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3.2,6 Freeze fracture

Freeze fracture experiments were conducted by Benedicte van den Bergh in Dr 

Bouwstra’s laboratories in the University of Leiden. The gel (containing 167)jL 

water/ml organogel) was firstly sandwiched between copper plates, then quickly frozen 

using liquid propane (-180°C). The frozen samples were loaded in a holder under liquid 

nitrogen, transferred to a Balzers BAF 400 and fractured at -150^C. The frozen planes 

were replicated with platinum (2nm) at an angle of 45  ̂and with carbon (20nm) from an 

angle of 90 The replicas were then cleaned and mounted on copper grids, dried and 

examined using a transmission electron microscope.

3.2.7 Conductivity measurements

A Wayne-Kerr conductivity bridge was used to measure the conductance of gel samples 

containing increasing amounts of water. Two carbon electrodes (diameter 5mm, 5cm 

apart) were used while a constant voltage from a DC source was applied. 5 conductance 

readings were taken for each gel sample and the mean was calculated.

3.2.8 In vitro diffusion studies

In vitro release rate profiles of the entrapped solute, 5,6-carboxyfluorescein (CF) from 

the vesicle-in-water-in-oil gel at different temperatures was investigated using a simple 

dialysis method. An aqueous solution, a niosome suspension and a w/o gel were used as 

controls. Visking tubing size 3 ( 20/32" ) was soaked, 1.2 mL of each formulation was 

pipetted into a Visking bag and the bag was then sealed. Each sample contained the 

same amount of CF. The Visking bags were then immersed in 20 mL of Trizma buffer
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in universal bottles and constantly shaken in water baths at 4°C, 30^C, 37^C and 60^C. 

At time intervals, 200|iL of recipient buffer was removed from each universal bottle and 

the fluorescence intensity was read at excitation 486nm and emission 514nm using a 

Perkin Elmer LS-3 spectrometer (UK), after dilution of the samples, if necessary. 

200|iL of fresh buffer was replaced in the universal bottles after each sampling. The 

fluorescence intensity obtained was expressed as a percentage of the fluorescence 

intensity of the total sample added into the Visking bags. Percentage CF released with 

time was then plotted for each sample at the different temperatures. The preparation of 

the CF formulations used in the diffusion studies is described below.

Preparation o f the aqueous CF solution in trizma buffer

A stock solution of CF was prepared by dissolving the solid CF in a few drops of 0.1 M 

sodium hydroxide solution. Trizma buffer (0.0IM, pH 7.4) was then added to make up 

to the required volume. The stock solution was diluted with trizma buffer to achieve the 

required CF concentration. The preparation of the trizma buffer is described in the 

appendix.

Preparation o f the niosome suspension

Niosomes were prepared by the rehydration method in a 100ml round bottomed flask.

Sorbitan monostearate, cholesterol and cholesteryl-polyoxyethylene ether (total 300

pmole in the ratio 45:45:10) were dissolved in 15ml chloroform. The solvent was then

removed by rotary evaporation and a thin film was formed on the flask wall. The film

was dried using oxygen-free nitrogen gas for 10 minutes, then rehydrated with 6ml of
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0.005M CF solution in trizma buffer, with mechanical shaking in a water bath at 60^C 

for Ih. The multilamellar niosome suspension obtained was then left to cool in the dark 

at room temperature. Unentrapped CF was removed by gel filtration - the niosome 

suspension was passed through a Sephadex G-50 column and niosomes entrapping the 

CF solute was collected.

The amount of CF entrapped in the vesicles was measured by fluorescence 

spectrophotometry. A sample of niosome suspension was first disrupted with lOx its 

volume of isopropanol. A clear solution was obtained which was diluted as required. 

The fluorescence intensity was measured at excitation 486nm and emission 514nm and 

the concentration of CF in the niosome sample was calculated from a standard curve (CF 

concentration versus fluorescence).

The niosomal size was measured by photon correlation spectroscopy (PCS). A Malvern 

Autosizer 2c apparatus (Malvern Instruments Ltd, UK) equipped with a 5mW neon laser 

was used to measure the z average particle size (diameter), size distribution and 

polydispersity indexes.

Preparation of w/o and v/wlo gels

The w/o and v/w/o gels were prepared by emulsifying the aqueous phase (CF 

solution/niosome suspension above) into the oil phase as described in section 3.2.3.
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3.3 RESULTS AND DISCUSSION

3.3.1 Organic gels Incorporating an aqueous phase

A water-in-oil gel is prepared by firstly, producing a conventional water-in-oil emulsion 

when the aqueous phase is added dropwise to the oil phase (both phases at 60^C), while 

vortexing. Figure 3.2 shows such an emulsion when a CF solution was used as the 

aqueous phase. The aqueous droplets are dispersed in the continuous external oil phase. 

The non-ionic surfactants, sorbitan monostearate and polysorbate 20 form mixed 

interfacial monolayers at the w/o interface, thus stabilising the w/o emulsion.

Figure 3.2: The microstructure of a w/o emulsion at 60^C - aqueous droplets (fluorescent 
CF solution) dispersed in the continuous oil phase. 200 .̂
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On cooling, the w/o emulsion sets to an opaque, semi-solid, thermoreversible gel. The 

gelation temperature was found to be 44^C. As discussed in Chapter 2, cooling the 

emulsion results in a lowered solubility of the surfactant sorbitan monostearate in the oil, 

with consequent surfactant assembly into aggregates. Figure 3.3 shows a w/o gel 

microstructure which comprises tubular and fibrillar aggregates. The latter join and 

interact with one another, junction points are established and a 3-dimensional network is 

formed. Figure 3.4 shows examples of junction nodes responsible for the integrity of the 

gel skeleton.

Fluorescent tubules and fibrils in figures 3.3 and 3.4 indicate the carboxyfluorescein 

solution is located within these surfactant aggregates. As discussed in Chapter 2, the 

aggregates are made up of surfactant molecules arranged in a bilayered organisation. 

Freeze-fracture investigations show the layered arrangement is retained when an 

aqueous phase is included in the gel (figure 3.5). The bilayer arrangement provides a 

hydrophilic environment around the surfactant headgroups and this suggests that the 

aqueous phase is located within the bilayer, bound by the headgroups as shown in figure 

3.6. Hydrogen bonding between the surfactant headgroups and water molecules further 

promote such an association and this arrangement seems to present the optimal location 

for the aqueous solution in the oily medium. The ‘water-in-bilayers’ hypothesis is also 

supported by X-ray diffraction measurements (figure 3.7) which show an increased 

bilayer width (from 5.9nm to 6.9nm) when an aqueous phase is accommodated within 

the bilayers.
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Figure 3.3: The microstructure of a w/o gel at 25°C; tubules and fibrils incorporating the 
aqueous fluorescent CF solution in the organic medium. 20g

20)j. 40y.

Figure 3.4: The microstructure of a w/o gel - examples of junction nodes responsible for 
the integrity of the gel skeleton.
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bilayered arrangement

Figure 3.5: Freeze-fracture micrograph shows a bilayered arrangement in a w/o gel 
sample,
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Bilayer organisation of 
surfactant molecules in 
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Bilayers enclose the 
aqueous phase in the 
gelled w/o emulsion

Legend:

hydrophilic headgroup m 
hydrophobic tail |  

of sorbitan monostearate / polysorbate 2 0  

surfactant molecule

aqueous CF solution

Figure 3.6 (not to scale): Schematic diagram shows the suggested location of aqueous 
phase within bilayers, bound by surfactant headgroups. The structures here are highly 
idealised.
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3.3.2 Amount of the aqueous phase which can be 

incorporated within surfactant biiayers

In an attempt to determine the maximum amount of an aqueous phase that can be 

contained within the gel, increasing amounts of water was incorporated in the gel and 

these were examined microscopically. Figures 3.8a-g show the transition from star

shaped tubular clusters in the anhydrous organogel to water-containing tubules and 

fibrils.

V

' M

Figure 3.8a: Star-shaped cluster organisation of tubules in the anhydrous gel (sorbitan 
monostearate + polysorbate 20 in hexadecane). No water. iO|i
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Figure 3.8b: 10|uL H20/mL organogel 2.4 H2O molecules/ surfactant molecule in the 
gel. Clusters and individual tubules coexist in the gel. lo^
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Figure 3.8c: 29|jL H20/mL organogel. 6.8 H2O molecules/ surfactant molecule in the 
gel. All clusters have broken up into individual tubules. I0|i
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Figure 3.8d: 91|jL H20/mL organogel. 22.4 H2O molecules/ surfactant molecule in the 
gel. Tubules swell as they enclose large volumes of water. 5|j.

Figure 3.8e: 167|llL H20/mL organogel. 44.4 H2O molecules/ surfactant molecule in the 
gel. The excess water which cannot be accommodated in the saturated tubules 
accumulates in droplets. 5m.
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Figure 3.8f: 333pL H20/mL organogel. 111.2 H2O molecules/ surfactant molecule in 
the gel. The proportion of water droplets to tubular aggregates increases as the volume 
of water in the gel increases. IOQm-

Figure 3.8g: 444pL H20/mL organogel. 177.9 H2O molecules/ surfactant molecule in 
the gel. Distorted water droplets interconnected by surfactant fibrils. I00|i
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upon the addition of increasing amounts of water, the star-shaped clusters of surfactant 

tubules break up gradually, initially coexisting with individual tubules (figure 3.8b) until 

all the clusters break and individual tubules and fibrils are seen in the medium (figure 

3.8c). Further addition of water results in swelling of these tubules as their bilayers 

enclose increasing volumes of water (figure 3.8d). Swelling of tubules is however a 

limited process i.e. the bilayers can only enclose a certain amount of water while 

retaining their integrity. Excess water added after the saturation point has been reached, 

accumulates in droplets, bound by surfactant films (figures 3.8e, f  and g). The droplets 

have a distorted shape as the surfactant molecules in the interfacial film interact with 

those in the tubular aggregates in the same way that tubules interact, join and form an 

interconnected network within the solvent. Addition of excessive amounts of water 

finally causes the breakdown of the gel integrity. In these cases, most of the surfactant 

molecules present in the gel are involved in interfacial films around water droplets and 

there is insufficient tubular structure for network formation and gelation.

The changing microstructures of the w/o gels incorporating increasing amounts of water 

is very well reflected in conductivity measurements as shown in figure 3.9. 

Conductivity increases linearly with increasing amounts of water as water channels are 

continuously formed until a peak is reached after which the conductivity decreases.

The undetermined peak lies between 91 and 167pL of water/ mL of organogel and 

corresponds to the saturation level of water in surfactant bilayers in the tubular 

aggregates. This tallies with the light micrographs in figure 3.8 which indicate a 

saturation point between 91 and 167|LiL water/mL of organogel.
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After saturation of the surfactant bilayers is reached, the distorted water droplets which 

contain the excess water cause a deterioration of the gel structure and integrity. This 

interferes with the electrical conductivity of the gel. A reduction in conductivity results 

as surfactant molecules are involved in interfacial films around the water droplets and 

fewer surfactant tubules providing aqueous channels are involved in electrical 

conduction.

Conductance of organogel

s
2w3■aB

4

3

2

1

0
0 50 100 150 200

(|4L) water/mL organogel

y = 0.0405X + 0.062 
= 0.9943

100
water/mL gel

Figure 3.9: The conductance (1/Q) o f gels containing increasing volumes of water. Inset 
shows linear dependence of 1/^ on the water volume before saturation point is reached.
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Electrical conduction through the surfactant aggregates in the organic gels raises 

questions about the nature of the junction points between aggregates, such that 

continuous water channels are established. Figures 3.8d demonstrates how end-to-end 

joining of a number of tubules may give rise to the formation of long fibrils. Long-range 

van der Waals’ forces and a reduction in the free energy after flocculation may be the 

driving forces behind tubule-tubule interactions as discussed in Chapter 2, section 

2.3.1.5. It is also possible that rearrangement of surfactant molecules occurs at the 

tubular ends in the presence of water, such that electrically conducting continuous water 

channels are formed.

Before moving on to the vesicle-in-water-in-oil (v/w/o) gels under study, the results 

obtained on less complex w/o gels so far is recapitulated. Water-in-oil gels are formed 

when the precursor conventional water-in-oil emulsions are cooled. This is due to the 

self-assembly of sorbitan monostearate surfactant molecules into tubules and fibrils. The 

aqueous phase previously bound by the surfactant interfacial film becomes incorporated 

within the surfactant bilayers in the aggregates. Presence of water in the surfactant 

aggregates enables electrical conduction in the organogels.
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3.3.3 Vesicle-in-water-in-oil gels

A  vesicle-in-water-in-oil (v/w/o) emulsion is formed when a vesicle (niosome) 

suspension is emulsified with an oil phase ( 1 0 %w/v sorbitan monostearate + 2 %w/v 

polysorbate 20 in hexadecane). The same surfactant i.e. sorbitan monostearate was used 

both as niosomal constituent and as the major emulsifying agent. This minimises 

surfactant exchange between the niosome bilayers and the w/o interfacial monolayers, 

thus promotes stability of the multiple emulsion [Omotosho et al, 1986]. The second 

surfactant, polysorbate 2 0  stabilises the w/o interface by forming mixed films with the 

sorbitan monostearate. Figure 3.10 shows the microstructure of a v/w/o emulsion at 

60°C. The vesicles (entrapping carboxyfluorescein solute) are found in Brownian 

motion in the water droplets which are dispersed in the external oil phase.

On cooling, the v/w/o emulsion sets to a gel as the surfactant molecules self-assemble 

into tubules and fibrils. Figure 3.11 shows the niosomes to be located wtihin large 

fibrillar aggregates in the organogel. Extrapolating from studies on w/o gels, it is 

possible that the niosome suspension is enclosed within the surfactant bilayers. The 

latter, though, are expected to be much wider in this case, due to the large size of the 

niosomes (size measured by PCS, 270nm). Figure 3.12 shows a diagrammatic 

representation of the transition from niosomes in discrete water droplets to niosomes 

located in an interconnected network of fibrils in the v/w/o gel.
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Figure 3.10: The microstructure of a v/w/o emulsion at 60°C. Vesicles are found within 
aqueous droplets which are dispersed in the continuous external oil phase.

Figure 3.11: The microstructure of a v/w/o gel at 25^C. The vesicle suspension is 
located within the large fibrils in the organogel. 2 0 p
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Niosomes in aqueous droplets 
bound by a surfactant monolayer 
film

Niosomes within surfactant 
bilayers

Legend _ _

Sorbitan monostearate/polysorbate 
surfactant molecule

aqueous buffer
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Figure 3.12: (not to scale): Schematic representation of the change in niosome
environment on cooling a multiple v/w/o emulsion to a v/w/o gel.
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3.3.4 In vitro release of entrapped solute from v/w/o 

gels

The v/w/o gel presents a complex and interesting environment for hydrophilic drugs and 

antigens entrapped within the vesicles and the v/w/o gel has been suggested as a delivery 

vehicle for drugs and vaccines. To this end, in vitro release profiles of a model water- 

soluble solute, 5,6-carboxyfluorescein (CF), from a v/w/o formulation were determined 

at 4^C, 25^C, S'fC  and 60^C, using an aqueous solution, a niosome suspension and a 

water-in-oil formulation as the controls.

The aims of this preliminary diffusion studies were:

• firstly to determine if the v/w/o formulation offers a slow release rate of entrapped 

solute due to its complex microstructure and the numerous barriers presented to 

diffusion e.g. niosomal membrane, surfactant tubules and the oil phase, and

• secondly, to determine whether the two states of the v/w/o formulation i.e. gel (at 

4^C, 25®C and S'fC) and liquid (at 60°C) provide different release rates 

corresponding to their different structures.

Release profiles of the carboxyfluorescein solute are shown in figure 3.13.

From figure 3.13, release of CF was slowest from the niosome suspension, followed by 

v/w/o gel, w/o gel and the aqueous solution at 4^C, 25®C and 37°C. At the higher 

temperature, 60^C, release is slowest from the v/w/o multiple emulsion, followed by the 

niosome suspension, w/o emulsion and the aqueous solution.
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Figure 3.13 shows the release rates of CF from the four systems: aqueous solution (•), 
niosome suspension (ml water-in-oil system (A) and vesicle-in-water-in-oil system (♦) at 
temperatures 60°C, 37T, 25°C and 4°C.

Note, the v/w/o and w/o formulations are in the gelled state at 4^C, 25^C and 37^C 
but as a droplet emulsion at 60^C.
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At 60°C, the v/w/o emulsion is composed of niosomes in aqueous droplets dispersed in 

the organic phase. Diffusion of the CF solute is thought to occur in a similar fashion to 

that through an o/w/o emulsion, i.e. the solute is released from the vesicles, diffuses 

through the aqueous droplet, across the w/o interface and finally through the oil, where 

diffusion is probably mediated via inverse surfactant micelles [Omotosho et al, 1989]. 

This complex mode of transfer and the oil to be crossed by a hydrophilic solute results in 

a slow diffusion rate from the w/o and the v/w/o emulsions at high temperatures.

At lower temperatures when the v/w/o formulation is in the gelled state, diffusion rate is 

faster compared to release from the simpler niosome suspension, despite the presence of 

oil in the former v/w/o system. This suggests the oil does not present a barrier to the 

diffusion of the solute enclosed within surfactant bilayers in the tubular aggregates. 

Diffusion of CF from the gel may be occurring through the aqueous channels within the 

surfactant aggregates which form hydrophilic conduits in the organic gel. Syneresis of 

the gels caused by experimental procedures (prolonged shaking and contact with the 

recipient buffer through the Visking bag barrier) also increases the diffusion rates of the 

solute by effectively removing some of the oil barrier.

This in vitro diffusion study which indicates that diffusion of a model solute is slower 

from a niosome suspension compared to a v/w/o gel at body temperature i.e. 37°C, 

implies that the niosome suspension may be a better in vivo depot than the v/w/o gel. 

However, direct extrapolation from in vitro investigations to in vivo situation cannot be 

assumed and in vivo experiments were therefore conducted to determine any depot effect 

of the above formulations. The findings are reported in the following Chapter.
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The occurrence of syneresis in the gels during the in vitro investigations at temperatures 

4^C, 30°C and 37^C, was mentioned above. Syneresis does not normally occur in gel 

samples stored in glass containers. In fact, the gels have been found to be stable for 

months at room temperature. During in vitro release experiments, the combination of 

prolonged shaking and the possible diffusion of the recipient buffer solution into the 

Visking bags containing the gel samples is thought to be responsible for the 

uncharacteristic syneresis. The experimental set up, therefore, though adequate for 

determining release rates from the aqueous solution and the aqueous niosome 

suspension, does not do justice to the non-aqueous gels.

3.4 CONCLUSIONS

The gelation of w/o emulsions upon cooling to form w/o gels has been followed. The 

gels consist of tubular and fibrillar surfactant aggregates which contain the aqueous 

phase within their surfactant bilayers. As a result of which, the bilayers increase in 

width and surfactant tubules appear swollen under the light microscope.

Incorporation of an aqueous phase in the surfactant tubular network results in the 

formation of aqueous channels able to conduct an electric current, conductivity being 

proportional to the volume of water in the gel, until a saturation point is reached. The 

latter point seems to be between 9 and 17% water in the gel sample using microscopy 

and conductivity measurements. Beyond this saturation point, excess aqueous phase 

added into the gel accumulates in distorted droplets bound by a surfactant film.
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When a niosome suspension is incorporated in the organogel, the niosomes are found 

within large fibrils in the organogel, presumably bound by surfactant molecules. To 

investigate the potential of the novel vesicle-in-water-in-oil gels as delivery systems for 

drugs and vaccines, preliminary in vitro diffusion experiments were carried out. The 

release profiles of a hydrophilic solute, 5,6-carboxyfluorescein was investigated from the 

v/w/o formulation at different temperatures. Release rate of entrapped solute was found 

to be slower when the v/w/o preparation was in the liquid state i.e. where niosomes were 

found in discrete aqueous droplets dispersed in the oil. In the gel state, diffusion of CF 

probably occurs via the hydrophilic aqueous conduits in the complex organic gel. Thus 

the oil phase is circumvented and does not present a barrier to diffusion in these in vitro 

investigations.
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Chapter 4: In vivo depot ^ect of 

vesicle-in-water-in-oil ^els

The aim of the work discussed in this Chapter was to determine whether vesicle-in- 

water-in-oil (v/w/o) gels can form antigen depots at the site of injection when 

intramuscularly administered to mice. This was approached by measuring the level of 

antigen remaining at the site of injection at different times post-injection. Non-gelled, 

conventional v/w/o emulsions in the liquid state were also tested to compare their depot 

properties and to give an indication of the contribution of the gelled state in v/w/o gels 

towards any depot characteristics observed.

4.1 INTRODUCTION

The vesicle-in-water-in-oil (v/w/o) gels described in the previous Chapter were thought 

to be possible candidates for vaccine adjuvants to enhance both the humoural and the 

cell-mediated immunity, as discussed in “Thesis Aims and Rationale”. The two 

components of the complex gel, namely vesicles and the water-in-oil emulsion have 

been recognised vaccine adjuvants for a long time and it was thought they may act in 

synergy to induce enhanced immune responses when incorporated in one system.
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With the ultimate aim of investigating the immune enhancing potential of the complex 

v/w/o formulations , the depot characteristics presented by these gels were determined. 

Though a debated issue [Holt, 1950, Freund's 1956], formation of an antigen depot, is 

thought to be one of the mechanisms of actions of a number of vaccine adjuvants, 

including liposomes, niosomes, alum and water-in-oil emulsions. These depots release 

antigen gradually and steadily which causes a continuous stream of stimulations on the 

immune system and consequently an enhanced immune response.

The possibility of a depot property in v/w/o gels is based on the complex environment in 

which the antigen is found. As described in the previous Chapter, the antigens are 

entrapped in the aqueous core of niosomes which are themselves located within 

surfactant-bound fibrils in the organic medium. A number of barriers (the niosomal 

membrane, the surfactant aggregates and the oil phase) have to be overcome before the 

entrapped antigen can be released from the gel. These barriers are expected to cause a 

slow clearance rate of antigen from the injection site.

A second investigation was carried to investigate the depot properties of non-gelled 

v/w/o emulsions. Sorbitan monooleate which does not gel organic solvents (as reported 

in Chapter 2) was used both as the amphiphile in the preparation of niosomes and as the 

emulsifying agent to stabilise the w/o interface in the v/w/o multiple emulsion. Such a 

formulation is a conventional liquid emulsion where aqueous droplets (containing 

niosomes entrapping antigens) are dispersed in the continuous oil phase. This system is 

markedly different from the v/w/o gels both in its physical state and its microstructure 

(figure 4.3). Comparison of the clearance rates between the two formulations gives us 

an indication of the contribution of the gelled state towards any depot effect.
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4.2 EXPERIMENTAL

4.2,1 Animals

In-bred male Balb/c mice (weighing approxiamtely 20g) were bought from Banting & 

Kingman, Hull, UK.

4.2.2 Materials

Sorbitan monostearate, cholesterol and bovine serum albumin (BSA) were purchased 

from Sigma (UK). Cholesteryl-polyoxyethylene ether (Solulan C-24) was purchased 

from Amerchol (UK), while polysorbate 20 and isopropyl myristate oil were bought 

from Fluka (UK). '^I used to radiolabel the protein was bought from Amersham (UK) 

and the chemicals used in the preparation of the phosphate buffered saline were 

purchased from BDH (UK). All were used as received, except for isopropyl myristate 

which was dried at room temperature, overnight, in a vacuum oven (Gallenkemp, UK) to 

remove all traces of moisture.

Ultra high quality water was used throughout.
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Methods

The presence of a depot property was investigated by measuring the amount of 

radiolabelled antigen which remains at the site of injection at different times post 

injection. An aqueous solution, a niosome suspension and a water-in-oil formulation 

were used as controls. Radiolabelled (^^I) bovine serum albumin (BSA) was used as the 

model antigen. The radioactivity count enables a rapid and neat method of measuring 

BSA levels. Male Balb/c mice in groups of 15, total number of groups = 4, were used 

for each study. The study protocol is illustrated in the following flow chart.

4,2,3 Study protocol

Time t = 0, each group of mice was injected intramuscularly with 50pL of a formulation 
(each mouse received the same amount of radiolabelled BSA)

At time t post injection, 3 mice from each group were killed

The injected leg was amputated and placed in a mini-y vial

Radioactivity in the leg was measured using a mini-y counter. The count obtained was 
expressed as a % of the initial total radioactivity at time t = 0

A graph of % radioactivity remaining in leg with respect to time t post injection was 
constructed.
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4.2 A Preparation o f the different formulations 

i) Aqueous solution

Radiolabelled bovine serum albumin (BSA) was diluted in 0.015M Phosphate Buffered 

Saline (PBS), pH 7.4, to achieve a radioactivity count of TOOOcpm per 50pL. The 

preparation of PBS and radiolabelling of the BSA protein are described in the appendix.

it) Niosomes entrapping radiolabelled bovine serum albumin

Niosomes were prepared by the rehydration method in a 100ml round bottomed flask. 

Sorbitan monostearate or sorbitan monooleate, cholesterol and Solulan C-24 (total 300 

pmole in the ratio 45:45:10) were dissolved in 15ml chloroform. The solvent was then 

removed by rotary evaporation and a thin film was formed on the flask wall. The film 

was dried using oxygen-ffee nitrogen gas for 10 minutes, then rehydrated with 2ml of 

radiolabelled bovine serum albumin (BSA) solution in PBS with mechanical shaking in 

a water bath at 60^C for one hour. The multilamellar niosome suspension obtained was 

then left to cool at room temperature.

Unentrapped albumin was removed by ultracentrifugation - the niosome suspension was 

diluted to 7mL with PBS and centrifuged at 50 000 rpm for one hour at 4°C. The 

supernatant was removed, the niosomal pellet was resuspended in 7mL fresh PBS and 

the suspension was ultracentrifuged once more as described above. The supernatant was 

discarded and The final pellet obtained was resuspended in 2 mL PBS and refrigerated 

until needed.
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Hi) Preparation o f emulsions 

A: Gelled w!o and vlwlo emulsions

The aqueous phase (aqueous solution / sorbitan monostearate niosome suspension) was 

added dropwise to the oil phase (10% w/v sorbitan monostearate + 2% w/v polysorbate 

20 in isopropyl myristate) while vortexing, both phases at 60®C. An emulsion, water-in- 

oil (w/o) and vesicle-in-water-in-oil (v/w/o) respectively was obtained. On standing at 

room temperature, the w/o and v/w/o emulsions cooled and gelled.

B: Non-gelled w/o and v/w/o emulsions

The aqueous phase (aqueous solution / sorbitan monooleate niosome suspension) was 

added dropwise to the oil phase (10% w/v sorbitan monooleate + 2% w/v polysorbate 20 

in isopropyl myristate) while vortexing, both phases being at 60^C. An emulsion, water- 

in-oil (w/o) and vesicle-in-water-in-oil (v/w/o) respectively was obtained. On standing 

at room temperature, the w/o and v/w/o formulations remained as conventional 

emulsions with the aqueous droplets dispersed in the external oil phase.

4,2,5 Choice o f oily vehicle

Isopropyl myristate was chosen as the oil for in vivo experiments. Isopropyl myristate is 

an ideal vehicle for use in vivo and is indeed used in a number of pharmaceutical and 

cosmetic preparations. It is physically and chemically inert (so does not interact with the 

vessel or other chemical entities in the formulation), it is resistant to oxidation and 

hydrolysis and does not become rancid [Bonhorst et al, 1948]. Biologically, isopropyl 

myristate is non-irritating, non-sensitising and non-toxic [Platcow & Voss, 1954]. The
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w/o and v/w/o gels produced from this oil are stable and can be reproducibly injected in 

mice using a glass syringe.

42,6  Use o f glass syringe

Injection of organic emulsions (gelled and non-gelled) was performed using a Hamilton 

glass syringe (Sigma, UK). Plastic syringes were avoided as their rubber plunger tips 

absorb the oily vehicle and swell. Consequently, the force needed to expel and thus 

administer syringe contents increases dramatically and the formulation under 

investigation is altered through loss of oil. Difficulty in the administration of oily 

vehicles using plastic syringes was previously reported by Halsall [1985] who 

recommended the use of glass syringes, and also by Dexter & Schott [1979] who 

examined the forces needed to expel oily vehicles from plastic syringes.

4,2,7 Injection technique

The injection technique to administer gelled formulations was very important to ensure 

reproducibility. The formulations were taken up into the glass syringes when hot and 

thus in the liquid state. The syringe contents were then allowed to cool at room 

temperature for a few minutes and set into the gel state (observed visually) before 

intramuscular injection of the required volume in mice.
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4.3 RESULTS AND DISCUSSION

4.3.1 Investigation 1: Does the geiied v/w/o system 

form a depot at the site of injection ?

Figure 4.1 shows the clearance rates of antigen from the following formulations: 

aqueous solution, sorbitan monostearate niosomes, w/o and v/w/o gels. Clearance is 

defined as the disappearance of the antigen from the leg.

From figure 4.1, the clearance rate of antigen is fastest from the aqueous solution as 

expected. Within 8h of injection, most of the antigen has been eliminated from the 

injected limb. The w/o gel and niosome suspension show a slower release rate of 

antigen from the formulations and thus a slower elimination rate from the limb as they 

provide the niosomal membrane and the oil barriers respectively.

Finally the v/w/o gel combines the barriers presented by the niosome suspension and the 

w/o gel and consequently shows the slowest release rate. Antigen is cleared from the leg 

over a period of days, with 40% of antigen still present in mice leg 48h after injection. 

From 8h post-injection onwards, clearance of antigen seems to follow zero-order kinetics 

and extrapolation of the curve suggests the v/w/o gel forms a depot at the site of 

injection which lasts for 3.5 days after gel administration.
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4.3.2 Investigation 2: importance of geiation and the 

resuiting structure on depot effect?

The clearance rate of entrapped antigen from a conventional non-gelled v/w/o emulsion 

was determined (figure 4.2) in order to evaluate the contribution of gelation and the 

resultant tubular microstructure towards the depot effect achieved by v/w/o gels. Figure 

4.2 shows the non-gelled v/w/o emulsion exhibits similar clearance rates compared to 

the niosome suspension and the w/o emulsion controls.

The combination of the two systems, vesicle suspension and w/o emulsion, in the 

multiple v/w/o emulsion does not result in an increase in the depot effect. It seems that 

the inherent lack of stability of multiple emulsions [Attwood & Florence, 1983] has 

resulted in coalescence of the water droplets and phase separation following injection. 

The separated aqueous component would then behave in a similar way to a niosomal 

suspension, hence, the similar rates of antigen clearance from the v/w/o emulsion and the 

niosomal suspension.

It could be said that gelation of the organic phase by sorbitan monostearate has conferred 

stability to the multiple v/w/o systems by compartmentalising and ‘locking away’ the 

niosome suspension inside surfactant aggregates. Such location of the aqueous niosome 

suspension presents a large steric barrier to any tendency of the aqueous phase to 

coalescence and enhanced stability of the v/w/o gel follows.
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Investigation 1
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Figure 4.1: The percentage antigen remaining at the site of injection at different times 
post injection for the following formulations: aqueous solution, niosome suspension, 
water-in-oil gel and vesicle-in-water-in-oil gel. Error bars represent the standard error of 
the means.

Investigation 2
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Figure 4.2: The percentage antigen remaining at the site of injection at different times 
post-injection for the following formulations: aqueous solution, niosome suspension, 
water-in-oil and vesicle-in-water-in-oil emulsions (non-gelled). Error bars represent the 
standard error o f means.
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Figure 4.3 below shows the microstructures and the clearance profiles of the gelled 

and non-gelled v/w/o emulsions (from figures 4.1 and 4.2) for ease of comparison 

between the two systems. The gelled formulation's superiority as a depot preparation 

is clearly established. In the next section, the possible fate of the v/w/o gel depot 

after intramuscular injection and the route o f antigen release from these gels is 

discussed.

v/w/o gel v/w/o emulsion (liquid state)

Clearance of labelled antigen
CDa
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I
g
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■o
2
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time post injection (h)

■ aqueous solution

■ v/w/o gel

• v/w/o emulsion

Figure 4.3: Comparison between the microstructures and the clearance rates of antigen 
from gelled and non-gelled v/w/o formulations. Error bars^ standard error of means.
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4.3.3 Possible fate of v/w/o gel In situ following IM 

Injection

After intramuscular administration, the v/w/o gel is expected to remain localised at the 

site of injection like other oily vehicles which form a pea-shaped depot after injection 

[Hirano et al, 1981, Howard & Hadgraft, 1983]. In an attempt to understand the fate of 

this depot in situ and the mechanisms through which an entrapped solute is released 

from the v/w/o gel, in vitro experiments were conducted, where an aqueous solution, 

simulating the interstitial fluid, was made to contact with a gel mass and the subsequent 

events were followed microscopically. The aqueous solution (toluidine blue) was seen 

to penetrate into the gel mass via the interconnected surfactant tubules which provide 

hydrophilic conduits in the gel. This aqueous invasion into the organic gel results in a 

gradual break up of the gel mass into smaller fragments as the gel skeleton is 

compromised. The sequential micrographs in figure 4.4 show the penetration of the 

aqueous solution into the organic gel through the surfactant tubules.

At the same time, émulsification between the oil and the aqueous solution occurs at the 

surface of the gel mass. Emulsification is aided by the surfactants present in the oil and 

results in a gradual erosion of the gel mass. Sequential micrographs in figure 4.5 show 

the budding off of oil droplets from the gel as the latter erodes at the surface. Oil-red-O 

dye was dissolved in the oil to enable easy recognition of the oil phase.

From the in vitro observations described above, it can be hypothesised that after 

intramuscular injection, interstitial fluid from the surrounding tissues penetrates the gel
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mass via the surfactant tubular network and causes a gradual break up of the gel into 

smaller fragments. Emulsification between the oil and interstitial fluid also occurs at 

the gel surface, causing further erosion of the gel mass. The two processes i.e. liquid 

penetration and émulsification result in a gradual disintegration of the v/w/o gel with 

consequent release o f the niosomes. The latter may rupture and release the entrapped 

antigen which is consequently taken up by the reticulo-endothelial system. The 

vesicles may also be internalised within macrophages, with consequent antigen 

processing by these cells.

The penetration o f toluidine blue solution in the organogel through the surfactant 
tubules

1
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Figure 4.4: Penetration o f the aqueous toluidine blue solution into the organic gel 
through the hydrophilic surfactant tubules.
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Figure 4.5: Emulsification occurring at the surface of the gel mass between the oil 
and the aqueous solution and the consequent budding off of oil droplets from the gel.
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4.4 CONCLUSIONS

The depot properties of gelled v/w/o systems has been established. Slow and gradual 

release of antigen from this complex gel may be important in enhancing immune 

responses to antigen. Effects on the immune responses by v/w/o gels are reported in the 

following Chapter. Failure of the non-gelled v/w/o emulsions to show a similar depot 

property suggests that gelation and the consequent microstructure is responsible for the 

sustained release achieved. A simple combination of two systems into one delivery 

vehicle such as the non-gelled v/w/o emulsion does not necessarily achieve synergistic 

depot action.

4.5 FUTURE WORK

The v/w/o gel has shown sustained release of the model antigen BSA, with a zero-order 

release rate from 8h onwards post-injection and a theoretical depot duration of 3.5 days. 

These release characteristics may be optimised by the use of a different oil, the addition 

of a second gelator, sorbitan monopalmitate and/or the inclusion of different 

polysorbates in the gel. The polysorbates have been visually observed to affect gel 

consistency and microstructure (Chapter 2) which may in turn influence in situ gel 

breakdown and release rates of the entrapped solute. Niosomal structural features e.g. 

size, lamellarity, may also be modified to alter the stability of the niosomes in vivo, 

enhance residence time and thus enhance the duration of the depot effect of the v/w/o 

gel, if such is desired.

139



Chdpter 5: Vesicle-in-water-in-oil 

(vlwlo)gel - a vaccine adjuvant?

The mythological Mithridates, King of Pontus, is said to have protected himself against 

poisons by drinking the blood of ducks treated with them. Similarly, reports exist of a 

Buddhist nun who recommended blowing dried and ground smallpox scabs into the 

nostrils to prevent infection with the virus [short history of vaccination, Plotkin, Stanley 

& Mortimer, 1994]. From such crude beginnings, vaccination has come a long way, 

with smaller, purer and safer antigens used today. The crowning glory has been the 

eradication of smallpox [WHO, 1980] and vaccination is now thought to be one of the 

most cost effective ways of combating infectious diseases. As a result, vaccine research 

is booming with a knock-on effect on adjuvant research for, the purer, smaller and safer 

antigens favoured today are poorly immunogenic and need an adjuvant to elicit adequate 

immune responses. In this spirit, the potential of v/w/o gels as vaccine adjuvants was 

investigated and is discussed in this Chapter.
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5.1 INTRODUCTION

A vesicle-in-water-in-oil (v/w/o) gel is made up of two known adjuvants - vesicles and 

water-in-oil emulsions. It was hypothesised that a combination of the two adjuvants in 

one delivery vehicle might enable synergistic actions and produce a stronger adjuvant. 

Furthermore, reports by Coles et al [1965] (who showed increased antibody titres with 

increasing viscosity of aluminium stearate/hydrocarbon gels) suggest the gelled state of 

the v/w/o formulation might contribute to adjuvant activity as well.

In the previous Chapter, the formation of a depot and the consequent slow release of 

entrapped antigen from the v/w/o gel was discussed. A depot effect and the resulting 

repeated stimulation of the immune system is one of the mechanisms of action of a 

number of adjuvants [Chapter 1]. The gel’s depot effect hereby strengthens the 

hypothesis under test i.e. v/w/o gel is an immunological adjuvant.

To test this hypothesis, in vivo immunogenicity studies were carried out using the model 

antigen, haemagglutinin (HA) subunit. The latter - a surface glycoprotein present in 

influenza virus envelope - was chosen as it is one of the major antigens involved in 

infection and anti-HA antibodies are believed to be the major aspect of protection 

against the virus as discussed in Chapter 1. It is important to point out, however, that the 

author’s main aim was to explore the immunoadjuvant properties of v/w/o gels, if any, 

for general application and not solely towards the production of a vaccine against 

influenza. Any potential applicability towards HA was of course noted.
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5.2 EXPERIMENTAL

5.2J Animals

In-bred male Balb/c mice (weighing approxiamtely 20g) were bought from Banting & 

Kingman, Hull, UK. Mice were used in groups of 6-7.

5.2.2 Materials

The antigen haemagglutinin subunit (from the influenza virus A/Nanchang) was 

obtained as an aqueous suspension in phosphate buffered saline (PBS), pH 7.4, as a gift 

from Professor Roy Jennings, Department of Medical Microbiology, University of 

Sheffield Medical School.

Sorbitan monostearate, cholesterol, all the reagents used in ELISA e.g. horseradish 

peroxidase conjugated antibodies, o-phenylene diamine etc. were purchased from Sigma 

(UK). Cholesteryl-polyoxyethylene ether (Solulan C-24) was purchased from Amerchol 

(UK), while polysorbate 20 and isopropyl myristate oil were bought from Fluka (UK). 

'^I label to radiolabel the HA subunit was purchased from Amersham (UK). All were 

used as received, except for isopropyl myristate which was dried at room temperature, 

overnight, in a vacuum oven (Gallenkemp, UK) to remove all traces of moisture.

Ultra High Quality water was used throughout except for the preparation of the washing 

buffer (PBS-Tween) where distilled water was used.

142



5,23 Immunisations

In order to investigate the adjuvanticity of v/w/o gels, the serum antibody titres elicited 

in mice to the entrapped haemagglutinin antigen was determined (see study protocol 

below). Preparation of the v/w/o gel and of the control vehicles, aqueous suspension, 

niosome suspension and water-in-oil gel is described in section 5.2.6. Two antigen 

doses (0.7pg and 0.1 pg) were used to test dose dependency of adjuvant activity, if any.

Study protocol

Day 29: Mice were booster injected in the left hind leg

Day 28: Mice were bled (lOOjjL) from the tail vein —> 1 response

Day 40: Mice were bled once more from the tail vein (lOOpL) —> 2  ̂response

Day 1: Mice (in groups of 6-7) were injected intramuscularly in the right hind leg with 
one of the HA preparations (lOOpL).

5,2,4 Blood collection and separation

The mice were bled from the tail vein and the blood was collected in heparinised 

microcapillaries. The blood samples (lOOpL) were diluted to 500 pL with phosphate 

buffered saline (PBS) and the diluted samples were centrifuged at 3000 rpm for 10 

minutes using a bench centrifuge (Megafuge 1.0, Heraeus, Sepatech, Germany). 

Supernatant sera were collected and frozen immediately until needed for assay.
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5,2,5 Determination o f anti-HA antibody levels

Mice sera were tested individually for the presence o f antibodies (total IgG and the 

subclasses IgGi, IgG]a and IgGib) by enzyme-linked immunosorbent assay (ELISA) 

as shown below. The preparation of reagents used is described in section 5.2.7.

Enzyme-linked immunosorbent assay (ELISA)

Flat-bottomed microtitre plates (Immulonl, Dynatech, USA) were coated with the 
antigen solution (50pL/well) and incubated for Ih at room temperature or overnight at 
4®C. The plates were then washed three times with washing buffer and dried.

u

Blocking buffer (lOOpL/well) was added to each well and incubated for Ih at room 
temperature, then washed as above and dried. Blocking prevents non-specific binding 
of serum antibodies to the microtitre plates.

u

\ /

Washing buffer (50pL /well) was added to all wells. Plasma (50fiL /well) was then 
added to the top well of each column and serial double dilution was performed down 
the plates. The final excess 50pL samples from the last row were discarded. Samples 
were incubated at room temperature for 3h or overnight at 4^C, followed by washing 
and drying.
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The secondary antibody solution of horseradish peroxidase-conjugated goat 
antimouse antibody (one of the subclasses) was added (SOpL/well) to the wells 
incubated for 3h at room temperature or overnight at 4®C. Plates were then washed 
and dried.

\ /

The o-phenylenediamine substrate solution (ZOOpL/well) was added to each well and 
incubated for 30 minutes at room temperature.

\ /

The reaction between hydrogen peroxide and o-phenylene diamine (catalysed by the 
enzyme peroxidase, conjugated to the second antibody) was stopped by the addition 
of 1.5M sulphuric acid (25pL/well). The absorbance at 492nm was measured using a 
Titertec Multiskan reader (Flow labs, UK).

ILCI
\ /

The antibody titres were defined as the reciprocal of serum dilution needed to attain 
an optical density of 0.2.

\ /

The means and standard error of means of antibody titres per group o f mice were 
calculated for each Ig class/subclass. The values obtained were plotted on a logio 
scale (see figures 5.1 & 5.2).

145



5,2.6 Preparation of vaccine formulations 

A: Aqueous haemagglutinin (HA) suspension

The HA suspension was diluted with 0.015M phosphate buffered saline (PBS) to obtain 

the required concentration of HA. Preparation of PBS is described in the appendix.

B: Preparation o f niosomes entrapping HA

Niosomes entrapping HA were prepared by the dehydration-rehydration method [Kirby 

& Gregoriadis, 1984]. Sorbitan monostearate, cholesterol and cholesteryl- 

polyoxyethylene ether, (SOOpmole total) in the ratio 45:45:10 were dissolved in 15ml 

chloroform in a 100ml round bottomed flask. The solvent was removed by rotary 

evaporation and a thin film was formed on the flask wall. The film was dried using 

oxygen-free nitrogen gas for 10 minutes, then rehydrated with 2mL of PBS with 

mechanical shaking in a water bath at 60Pc for one hour. The multilamellar niosome 

suspension formed (mean diameter by PCS, SOOnm) was sonicated for 5 cycles (1 cycle 

=1 minute on, followed by 0.5minute off) at 5 amps, (sonicator, Soniprep 150, UK), 

which produced smaller niosomes (mean diameter, 150nm). The titanium particles shed 

from the probe during sonication were removed by centrifuging the niosome suspension 

at 2500rpm for 5 minutes on a bench centrifuge (Megafuge 1.0, Heraeus, Germany).

ImL of HA suspension (radiolabelled tracer HA and non-labelled HA) was mixed with

the niosome suspension, the mixture was frozen using liquid nitrogen and then ffeeze-

dried overnight (ffeeze-drier, MicroModulyo, Edwards, UK). Phosphate buffered saline

(at 60^C, 0.5 mL) was added dropwise to the freeze-dried material (surfactant in intimate
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contact with antigen) while vortexing. The reconstituted product was then left to stand 

in a water-bath at 60^C for 30 minutes to allow the formation of dehydrated-rehydrated 

vesicles entrapping the antigen. Further addition of 0.5mL PBS (at 60^C) stopped 

vesicle formation. Unentrapped antigen was removed as described below.

Separation o f free HA from entrapped HA

Free HA was removed from the niosomal suspension by sucrose gradient centrifugation, 

using a method developed by Antimisiaris et al [1993] and adapted by Cristina Lopez- 

Pascual in our laboratories (personal communication). Sucrose solutions (1 mL) of 

decreasing concentrations (from 40 to 10% w/v, a total of 11 different concentrations) 

were carefully layered upon each other in centrifuge tubes. The sucrose solutions were 

prepared from 2 stock solutions: 10%w/v sucrose solution (A) and 40% w/v sucrose 

solution (B), as shown in scheme below. The niosome suspension was added as the last 

layer and the tubes were centrifuged using a swing rotor at 22 000 rpm for 24 h at 4°C.

Niosome suspension
1 mL of A
0.9mL A 4- 0.1 mL B 
0.8mL A + 0.2mL B

->• O.VmL A 4- 0.3mL B 
0.6mL A 4- 0.4mL B 
0.5mL A 4- 0.5mL B 
0.4mL A 4- 0.6mL B 

->■ 0.3mL A 4- 0.7mL B 
0.2mL A 4- 0.8mL B 
0.1 mL A 4- 0.9mL B 

^  ImLB

A: 10%w/v sucrose solution 
B: 40% w/v sucrose solution
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Free HA was found to migrate to the lower sucrose layers as evidenced by radiocounts in 

the different sucrose layers. The niosome suspension with entrapped antigen remained as 

the top layer. This was recovered and dialysed in a cellulose bag (MWCO 300, 000, 

Medicell, UK) against PBS buffer to ensure complete removal of the free HA.

Determination of the entrapment efficiency in niosomes

The radioactivity level in the niosome suspension was counted using a 1275 mini-y

counter (Wallac, UK). Percentage entrapment was then calculated as follows:

% entrapment = radioactivity counts in niosome suspension after removal of free HA 
total radioactivity counts in suspension before centrifugation

Percentage entrapment was found to be 30%.

C: Preparation o f water-in-oil (w/o) gel

The aqueous haemagglutinin suspension (50pL) was added dropwise to the oil phase 

(ImL of isopropyl myristate containing 10% w/v sorbitan monostearate + 2% w/v 

polysorbate 20) while vortexing, both phases being at 60^C. A w/o emulsion was 

produced which cooled to a w/o gel on standing at room temperature.

D: Preparation of a vesicle-in-water-in-oil (viwio) gel

The niosome suspension (50pL) prepared above (B) was added dropwise to the oil phase 

(1 mL, as in C above) while vortexing, both phases being at 60°C. A v/w/o emulsion 

was produced which cooled to a v/w/o gel on standing at room temperature.
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5.2.7 Preparation of reagents used in ELISA 

Antigen solution

Haemagglutinin solution (0.25|ig/mL) in carbonate buffer, pH 9.6 was used to coat 

microtitre plates. Concentration of HA was titrated prior to use to determine the optimal 

concentration. The carbonate buffer was prepared by dissolving 1.59g of Na2 C0 3  and 

2.93g of NaHCOg in 1 litre water and adjusting the pH to 9.6.

Washing buffer (PBS-Tween)

200g NaCl, 36.25g Na2HP04.2H20, 5g KH2PO4, 5g KCl and 12.5mL polysorbate 20 

(Tween 20) were dissolved in 2.5 litres o f distilled water to prepare a stock solution. 

The latter stock solution was diluted 10 times to prepare the washing buffer.

Blocking buffer

The blocking buffer was prepared by dissolving \%  w/v of bovine serum albumin (BSA) 

in the washing buffer.

Secondary antibody solution

Bovine serum albumin (l%w/v), foetal calf serum (5%v/v) and appropriate volumes of 

one of the horseradish peroxidase (HRP)-conjugated goat antimouse antibody solutions 

were added to washing buffer to produce secondary antibody solutions at the following
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dilutions (1/20,000 IgG, 1/10,000 IgGi, 1/4,000 IgGia and 1/2,000 IgGzb). The HRP- 

conjugates were titrated prior to use to determine the optimal concentrations to be used.

Substrate solution

To prepare lOOmL of substrate solution, 24.3mL of 0.1 M citric acid, 25.3mL of 0.2M  

Na2 HP0 4 .2 H2 0  and 50mL distilled H2 O were mixed. The pH was adjusted to pH 5.0, 

followed by the addition of 40mg o-phenylene diamine and 40|llL 30% hydrogen 

peroxide solution. This solution was used immediately after preparation.

52,8 Statistical analyses

The means and standard error of the means of antibody titres for each antibody 

class/subclass were calculated for each group of mice and statistical analyses were 

performed using Minitab Software. The non-parametric statistical tests, Kruskal-Wallis 

One-Way Analysis of Variance by ranks and Mann-Whitney tests were used to 

determine differences, if any, between the antigen formulations. The non-parametric 

tests were favoured instead of parametric tests since they make fewer assumptions about 

the data.

150



5.3 RESULTS AND DISCUSSION

To investigate the adjuvanticity of the multi-component vesicle-in-water-in-oil gels, the 

humoral response (serum antibody titres of total IgG, IgGi, IgG2 a and IgG2b) in mice was 

measured after immunisation with the different HA formulations. An aqueous 

suspension, a niosome suspension and a water-in-oil gel were used as controls.

Figures 5.1 and 5.2 show the antibody titres elicited by the different preparations for the 

2 antigen doses 0.7|jg and 0.1 pg respectively. The enhancement of antibody titres by 

the formulations was found to be different at the two antigen doses and therefore they 

will be dealt with separately.
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Figure 5.1: The primary and secondary antibody titres induced to 0.7pg HA antigen by the different formulations, aqueous suspension, niosome 
suspension, water-in-oil gel and vesicle-in-water-in-oil gel.

Mann-Whitney tests were used to compare the antibody responses elicited by each formulation. The niosome suspension, w/o and v/w/o gels were found 
to elicit higher titres compared to the aqueous suspension.
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Figure 5.2: The primary and secondary antibody titres induced to 0.1 pg HA antigen by the different formulations, aqueous suspension, niosome 
suspension, water-in-oil gel and vesicle-in-water-in-oil gel.

Mann-Whitney statistical tests showed the antibody responses elicited by the w/o gel were significantly higher than those elicited by the aqueous 
suspension, the niosome suspension and the v/w/o gel.



5.3.1 Antibody titres elicited to 0.7fig antigen

Figure 5.1 shows the v/w/o gel and the controls, aqueous suspension, niosome 

suspension and w/o gel induced different levels of antibody titres in mice (Kruskal- 

Wallis test, p<0.005). The v/w/o gel induced higher antibody titres compared to the 

aqueous and the niosome suspensions. However, the antibody titres induced by the other 

control, the w/o gel, was similar to those induced by the v/w/o gel. The niosome 

suspension induced higher titres compared to the aqueous suspension.

To recapitulate: aqueous suspension < niosome suspension < w/o and v/w/o gels.

Each of the adjuvants is discussed in turn below.

53,1.1 Niosomes as adjuvant

After the first immunisation, the niosome suspension induced higher IgG2 a titres, 

compared to the aqueous suspension (a<0.01). The humoral response was further 

enhanced after the booster injection, with significantly higher IgG (a<0.01), IgGi 

(a<0.05) and IgG2 a (a=0.01) antibody titres. Adjuvant activity of the niosome 

suspension is clearly demonstrated.

Niosomes are known to enhance both the humoral and the cell-mediated immunity to a 

variety of antigens [Brewer & Alexander, 1992, 1994, Hassan et al, 1996]. Such 

adjuvant activity has been attributed in part to the depot action of the niosome 

suspension at the site of injection. Sustained release of the antigen through the niosomal
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membrane followed by the consequent repeated stimulation of the immune system is 

thought to result in enhanced immune response [Brewer & Alexander, 1992,1994].

Antigen entrapment within the vesicle might also enhance immune responses due to a 

favourable presentation of antigen to immunocompetent cells. Niosomes, like their 

phospholipid counterparts, liposomes, are avidly taken up by macrophages in vivo and in 

vitro [Fidler et al, 1980, Poste et al, 1980]. Macrophage uptake of antigen entrapped in 

niosomes may be followed by enhanced antigen processing and presentation to T cells, 

hence an enhanced immune response [Brewer & Alexander, 1992]. Favourable 

antigenic presentation by niosomes has also been attributed in part to the surface activity 

of the components. Surfactant action is thought to denature and renature the antigen 

[Boggs et al, 1985]. Consequently, the antigenic tertiary structure may be altered and 

this may allow hidden epitopes to be presented to the immune system

The immunogenicity studies described in this Chapter have shown the niosomes to be 

effective at enhancing IgG2a antibody levels even before the booster injection. Brewer 

and Alexander [1992] have previously reported such a potent induction of IgGia 

antibodies by niosomes. This is thought to be a result of niosomal uptake by 

macrophages and the consequent preferential presentation of processed antigens to the 

T-helper 1 subset of T lymphocytes, which selectively induces IgG2a antibodies. IgG2 a 

antibodies are especially important in viral infection as this subclass fixes complement 

[Spiegelberg, 1974] and they have been reported to have the greatest neutralising 

capacity [Kipps et al, 1985, Coultier et al, 1987]. The niosome suspension therefore 

shows potential as an adjuvant for viral vaccines.
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53,1,2 Water-in-oil (w/o) and vesicle-in-water-in-oil (viwio) gels as 

immunological adjuvants

At 0.7pg HA, both the w/o and v/w/o gels elicited higher primary (a<0.05) and 

secondary (a<0.05) antibody titres (total IgG and the subclasses IgGi, IgG2 a and IgG2 b) 

compared to the aqueous and niosome suspensions. The organogels proved to be better 

adjuvants than the niosome suspension as far as the humoral immunity is concerned. 

There were no significant differences between antibody titres induced by the w/o and 

v/w/o gels (oo0.05). Possible modes of adjuvant action of the w/o and v/w/o gels is 

discussed below.

The surfactant component (sorbitan monostearate and polysorbate 20) of the organic gels 

may be partly responsible for adjuvanticity. As discussed above for niosomes, 

surfactants are thought to denature and renature antigens [Boggs et al, 1985]. Antigenic 

tertiary structure is thereby altered and this may allow hidden epitopes to be presented to 

the immune system. The importance of surface activity is reflected in the correlation 

found between the hydrophile-lipophile balance (HLB) and adjuvanticity [Hunter et al, 

1981].

The w/o and v/w/o gels may also enhance immune responses by recruiting 

immunocompetent cells to the injection site. After intramuscular injection, the injected 

mice limbs showed a transient swelling which starts at around 8h post-injection and 

completely disappears 24-48 hours later. The mice did not appear to suffer any 

permanent injury. The gels seem to cause temporary local inflammation, thus attracting 

antigen-presenting cells e.g. macrophages to the injection site. Such recruitment of the
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target cells to the vicinity of the antigen formulations promotes antigen uptake and 

processing by the immunocompetent cells such that a large immune response can be 

mounted.

In addition to the recruitment of target cells at the injection site, the antigen may also be 

transported to regional lymph nodes via the lymphatic circulation. Antigen 

dissemination may result in the establishment of a number of antibody-producing sites in 

the host. This is reminiscent of Freund’s Adjuvants where a number of remote foci of 

antibody production were found in the host [Freund, 1956]. Unlike Freund’s Adjuvants 

however, the w/o and v/w/o gels under study do not seem to cause any side-effects apart 

from the transient swelling of injected limbs already mentioned.

Depot effects of the organic gels (discussed in Chapter 4) may also be partly responsible 

for adjuvanticity. However, similar antibody titres induced by w/o and v/w/o gels 

despite their different depot characteristics, demonstrates a non-dependence of antibody 

titres on the duration of the depot action.

157



5.3,1 J  Similar antibody titres induced by w/o and v/w/o gels - the 

expected higher adjuvant effect o f v/w/o gel was not fulfilled

The v/w/o gel was expected to elicit higher antibody titres compared to the w/o gel, due 

to the presence of niosomes (which are themselves adjuvants) and their longer depot 

effect. However, this proved not to be the case in these preliminary investigations.

As mentioned above, the duration of the depot action did not seem to affect adjuvant 

activity, though the depot action itself could have contributed partly to adjuvanticity 

through repeated stimulation of the immune system. The vesicular component of the 

v/w/o gel also failed to increase the adjuvant activity with respect to that of the w/o gel. 

It is possible that the adjuvant effect of the w/o gel is so large that a small enhancement 

by the vesicular component goes unnoticed. It is also important to remember the low 

amounts of the vesicular component in the gel (4.8% of niosome suspension in the v/w/o 

gel). It is possible that increasing the proportion of vesicles in the v/w/o gel and 

optimising the vesicular characteristics e.g. size, lamellarity, may enhance the 

adjuvanticity of the niosomes and in turn, the adjuvanticity of the v/w/o gel.

From the above discussion, the adjuvanticity of the v/w/o gel appears to be mainly due to 

the surface activity of the surfactants making up the organogels, possible recruitment of 

reticulo-endothelial cells to the injection site and establishment of remote antibody- 

producing foci in the immunised host.

158



5.3.2 Antibody levels Induced by the lower HA dose 

(0.1 fig)

When 0.1|Lig haemagglutinin antigen was administered, the w/o gel was the only 

formulation which showed any adjuvant activity while the aqueous suspension, niosome 

suspension and the v/w/o gel induced similar antibody titres. After the first injection, the 

w/o gel induced higher IgG, IgGi and IgG2 b titres compared to the aqueous suspension, 

niosome suspension and v/w/o gel (a<0.005).

Adjuvant activity was more pronounced following the booster injection when all the 

antibody titres (total IgG, IgGi, IgGia, and IgG2 b) were significantly higher than those 

induced by the aqueous suspension, niosome suspension and the v/w/o gel (a<0.006) 

except for IgG2 a titres induced by the v/w/o gel. The latter induced similar IgG2a titres 

compared to the w/o gel (a=0.08). Such a selective enhancement of IgG2 a titres by the 

v/w/o gel can be attributed to the vesicular component which has previously been 

reported to be a potent stimulator of JgG2 a antibodies as described in section 5.3.1.1

Failure of the niosome suspension to enhance antibody titres at such a low antigen dose 

suggests that a minimum number of antigen molecules must be present in each vesicle 

for effective antigen presentation to immunocompetent cells. A low antigen content in 

vesicles results in insufficient stimulation of the immune system and consequent non- 

adjuvanticity of the niosomal preparation. This lack of niosomal adjuvanticity reflects 

similar non-adjuvanticity of liposomes when the phospholipid to antigen ratio was very 

high e.g. lO"̂  i.e. low antigen concentration per vesicle reported by Davis & Gregoiiadis 

[1987,1989].
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The v/w/o gel does not act as an adjuvant either at the low antigen dose. As in the case 

of niosomes, the lack of adjuvant activity may be a result of insufficient antigen load per 

vesicle. In fact, insufficient stimulation of the immune system may be worsened by the 

gel barrier, the longer depot effect and the consequent longer interval between immuno- 

stimulations.

On the other hand, the w/o gel has a ready supply of antigen, unhindered by a niosomal 

membrane barrier. The surface activity due to the surfactants in the gel, recruitment of 

reticulo-endothelial cells at the injection site and the possible establishment of remote 

antibody-producing foci then proceed to enhance the humoral responses to the antigen.

5.3.3 The difference between w/o and v/w/o gels

At the higher antigen dose of 0.7jig HA, the w/o and v/w/o gels elicit similar antibody 

titres. At lower antigen levels, however, the v/w/o gel does not enhance antibody titres 

while the w/o gel’s adjuvanticity is not affected. The w/o gel seems to be an ideal 

candidate for enhancing humoral immunity when low levels of antigens are desired to be 

used in vaccine formulations. Examples include instances where the antigen is 

prohibitively expensive, inherently toxic or pyrogenic or when large quantities of the 

vaccine needs to be produced rapidly e.g. when new strains of influenza virus are 

identified.
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The v/w/o gel may, however, be more effective at inducing cell-mediated immunity due 

to its vesicular component. Vesicles (liposomes and niosomes) are known to enhance 

both humoral and cell-mediated immunity [Gregoriadis, 1995, Hassan et al, 1996]. 

Water-in-oil emulsions without mycobacteria do not induce cell-mediated immune 

responses [Freund, 1956] and the same is expected of the w/o gel. The latter would be a 

useful adjuvant in infections where antibodies play the main defence actions against 

pathogens but may not be so effective when cellular responses are needed for protection. 

For example, in infections caused by intracellular parasites, e.g. leishmaniasis, cell- 

mediated responses kill infected host cells, thus stopping viral multiplication and 

preventing further infection. In such cases, the v/w/o gel may have the edge over the 

w/o gel even if higher antigen doses are required for adequate protection.

5.3.4 Safety of w/o and v/w/o organogels

Water-in-oil emulsions have had a bad press since severe side effects of Freund’s 

Complete and Incomplete adjuvants were reported [See Chapter 1]. Removal of the 

mycobacteria from the Complete Adjuvants reduced side effects. However, unwanted 

reactions due to the inherent toxicity of the non-metabolisable paraffin oil e.g. cysts, 

granulomas and fears about the possible carcinogenicity of the emulsions remained.

In the w/o and v/w/o gels under study, isopropyl myristate was used as the oil. Isopropyl

myristate is biodegradable and has been found non-toxic when administered

intramuscularly [Platcow & Voss, 1954]. The surfactants present in the gels are also

generally regarded as safe and sorbitan esters are widely used as emulsifiers in food and
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pharmaceuticals. The niosomes prepared from the non-ionic surfactants were found to 

have extremely low toxicity [Brewer et al, 1994].

After intramuscular administration of the gels, transient swelling of the injected limbs 

seems to be the only side effect. The swelhng disappears totally within 24-48 h post 

injection. There were no obvious cysts, abcesses or granulomatous reactions. 

Temporary irritation of the tissues leading to inflammation and swelhng may be 

compounded by the sheer volume injected (0.1 mL) in a 20g mouse. This is equivalent to 

350mL of an oily formulation injected in a 70kg human. It is also known that oily 

vehicles do not spread along the muscle fibres after intramuscular administration, but 

stay localised at the site of injection [Ballard, 1968, Hirano et al, 1981, Howard & 

Hadgraft, 1983]. Such localisation results in a concentration of the gel in close 

proximity to sensitised tissues and promotes inflammation and the accompanying 

swelling of the limbs.
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5.4 CONCLUSIONS

The niosome suspension, the w/o gel and the v/w/o gel were found to increase anti-HA 

antibody titres when used to deliver 0.7pg of the HA antigen. Surprisingly, the w/o gel 

was as effective an adjuvant as the v/w/o gel, despite the latter’s additional vesicular 

component and its longer depot effect. This suggested other mechanisms of adjuvant 

activity were at play in the enhanced antibody titres, namely, surface activity, 

recruitment of macrophages at the injection site and the establishment of remote 

antibody-producing foci in the host.

At the lower antigen dose (0.1 pg), the w/o gel retained its adjuvant properties, unlike the 

v/w/o gel and the niosome suspension. Non-adjuvanticity of the niosome suspension at 

the low dose reflects the requirement for a minimum antigen load per vesicle for 

adjuvant effect. Insufficient stimulation of immunocompetent cells due to the low 

amount of antigen per vesicle also explains the non-adjuvanticity of the v/w/o gels.

From this study, the w/o gel has emerged as a good adjuvant candidate when humoral 

immune responses are the main defence mechanisms against pathogens and when low 

antigen doses are imperative. The v/w/o gel may have the advantageous ability of 

inducing cell-mediated immunity. This needs to be investigated. A number of other 

investigations are listed in the next section to further probe the adjuvant actions of the 

two multi-component organogels.
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5.5 FUTURE WORK

In this Chapter, the humoral immune response towards the haemagglutinin antigen 

induced by the formulations has been discussed. The w/o and v/w/o organogels showed 

promise as potential vaccine adjuvants. Below are discussed some possibilities for 

future work to further probe the adjuvant activities of these novel organic gels. A few 

experiments to investigate the applicability of these gels as immunoadjuvants in 

influenza vaccines are also listed.

•  The possible induction of cell-mediated immunity (CMl) by v/w/o gels as a virtue of 

their vesicular component has been mentioned previously. CMl is an important part 

of the immune response and for some pathogens e.g. intracellular parasites, it is the 

major defence mechanism which fight off the infection. The ability of the organogels 

to induce CMl should be tested by carrying out lymphoproliferation assays and 

measuring the cytokine levels in the spleens of vaccinated mice. An increase in the 

vesicular content of the v/w/o gels and optimisation of the vesicular characteristics 

may enhance the induction o f CMl by v/w/o gels further.

•  The ideal vaccine is one which would be administered at birth and would elicit life

long immunity. This would remove the need for booster immunisations and repeated 

visits to the clinic. Quite often, especially in poorer communities, booster injections 

are not carried out with the consequent failure of the immunisation program. The 

ability of the w/o and v/w/o gels to elicit long-term immune responses has to be 

investigated. Vaccinated mice can be kept for their lifetime and the level of immunity 

monitored periodically.
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•  The w/o and v/w/o gels were found to increase serum anti-HA antibody titres. The 

first port of call of the influenza virus is, however, the respiratory mucosa. This is 

therefore, the ideal location for any defence mechanisms set up by the host to 

counteract viral challenge speedily. Host defence in mucosal lining is usually 

manifested by secretory IgA (sIgA) and the induction o f the latter antibody by the 

organogels needs to be determined. To determine the induction, if any, of sIgA by 

the organogels, nasal washings from immunised mice should be assayed. Nasal 

washings is obtained by administering phosphate buffered saline dropwise into the 

nostrils of immunised mice. The buffer passes from the nose into the mouth whence 

the nasal washings is collected using a pipette. The presence of antibodies is then 

determined by ELISA as described in section 5.2.5.

•  It is known that the very young and the elderly suffer the most morbidity and 

mortality from influenza infections. It is also known that the elderly do not respond 

as well to immunisation as healthy adults. The influenza vaccines currently used 

elicit protection in 60-80% of vaccinated healthy adults [Murphy & Webster, 1985, 

Kilboume, 1988]. However, in a study by Arden et al [1986], only 27% of the 

elderly population in a residential home were found to be protected after vaccination. 

To protect such high risk groups, a vaccine must generate sufficient immune 

responses in these individuals. In order to indicate the efficacy of w/o and v/w/o 

organogels in high risk groups, immunogenicity studies where very young and old 

mice are used will have to be carried out.

•  The presence of anti-HA antibodies in sera is often used as an indication of successful 

immunisation. However, vaccines still have to demonstrate the ability to protect
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vaccinated subjects upon viral challenge. To test the efficacy of the organogels, 

vaccinated and control mice should be infected with lethal doses of the virus (of the 

same or different strains) and the survival rate of mice determined. The presence or 

absence of virus in mice lungs should also be determined and this can be used as an 

indication of vaccine success. Cross-reactivity of antibodies between viral strains is 

of course a desirable property. However, protection against a different viral strain 

will depend on the extent of antigenic differences between the new strain and that 

used for immunisation as well as on the host’s level of immunity.

The purpose of the research described in this thesis was to investigate the potential of 

v/w/o gels as immunological adjuvants. During the course of the research, one of the 

control formulations, the w/o gel, was found to elicit as good a humoral immune 

response as the v/w/o gel. At low haemagglutinin levels, the w/o gel was even superior 

to the v/w/o gel as it retained its adjuvant activitities, unlike the v/w/o gel. Other 

advantages of the w/o gel include the simplicity of preparation, the stability and the 

relatively low cost. The short preparation time (few minutes) also ensures the antigen 

remains viable and is not denatured by preparation procedures.

It follows the w/o gel can be used as an immunological adjuvant where humoral 

responses are the main defence mechanisms required for protection e.g. tetanus, 

diphtheria. It would also be interesting to determine adjuvant activity, if any, when the 

w/o gel is delivered orally (contained in gelatin capsules). Oral administration presents a 

number of advantages over parenteral vaccination e.g. reduced cost, increased patient 

compliance and the possibility of generating local, site-specific mucosal immune 

responses to act as the first line of defence against mucosal pathogens. Due to the
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simplicity of the w/o gel preparation, the gel may have potential use as a multiple 

vaccine. An aqueous suspension containing a cocktail of antigens can be emulsified in 

the oil phase. The resulting w/o gel may induce immune responses to the various 

antigens. A multiple oral vaccine may thus be produced.
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Concluding remarks

The property of the non-ionic surfactant sorbitan monostearate as an organogelator was 

discovered. This small, hydrophobic surfactant molecule gels a number of organic 

solvents e.g. hydrocarbons, vegetable oils, at low concentrations to give 

thermoreversible, physical gels. The gel preparation is a simple and rapid process, 

involving but two steps, i.e. heating a mixture of the gelator and an appropriate solvent 

followed by cooling the resulting solution/suspension. This suggests scale-up may be 

achieved without much difficulty. Potential applications of the organogels include oral 

delivery vehicles for lipophilic drugs, where the surfactant component of the gel may 

alter gut permeability and enhance drug absorption.

Limited amounts of an aqueous phase e.g. aqueous solution, aqueous suspension, 

niosome suspension, has been incorporated in the organogel. This allows the delivery of 

hydrophilic drugs or vaccines within an organic medium, the latter providing a 

diffusional barrier, thus causing a depot effect and sustained release of incorporated 

guest molecules. Sustained release is further pronounced in vesicle-in-water-in-oil 

(v/w/o) gels, where the solute is entrapped in the aqueous core of vesicles. In this case, 

the vesicular barriers as well as the gel barriers have to be overcome before entrapped 

drugs or vaccines are released. A few ways whereby the release rates may be optimised, 

was discussed in Chapter 4, such as the use of different oils, the addition of a second
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gelator, sorbitan monopalmitate. Controlled delivery, which is one o f the main targets of 

drug delivery, may thus be achieved.

The v/w/o gel entrapping the haemagglutinin (HA) subunit antigen, was investigated for 

adjuvant activity, on the basis that its 2 components, vesicles and water-in-oil emulsion 

are known adjuvants. The v/w/o gel did indeed increase anti-HA antibody titres at the 

antigen dose of 0.7pg. Surprisingly, however, the less complex w/o gel was as effective 

at enhancing antibody titres despite the longer depot effect and the presence of vesicles 

in the v/w/o gels. These results have highlighted the non-linear dependence of adjuvant 

activity on the duration of depot action, an issue previously debated by Holt [1950] and 

by Freund [1956]. The additional vesicles in the v/w/o gels do not enhance further the 

raised antibody titres elicited by the w/o gels. It seems that other mechanisms of 

adjuvant action, such as, the surface activity, recruitment of macrophages at injection site 

are more important in the generation of the humoral response. The vesicles may be 

crucial however, in the induction of cell-mediated immunity by the v/w/o gels.

At the lower antigen dose (0.1 pg), the w/o gel retains its adjuvant activities while the 

v/w/o gel does not. Instead of taking this as a failure of the v/w/o gel, the success of the 

w/o gel at enhancing the humoral response at low antigen doses should be celebrated and 

exploited. The w/o gel may thus be a useful adjuvant when low vaccine doses are 

desired e.g. as a result of the inherent pyrogenicity of the antigen or when small 

quantities of vaccine is available, for example, due to high cost or when demand 

outstrips supply e.g. during an influenza epidemic.
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Appendix

Preparation o f trizma buffer

Trizma - tris (hydroxymethyl)amino methane - buffer was prepared by dissolving 3.152g 

trizma hydrochloride and 16g sodium chloride in 2 litres of distilled water. The pH was 

adjusted to 7.4 with a few drops of 0.1 M sodium hydroxide solution.

Preparation o f phosphate buffered saline (PBS)

PBS was prepared by dissolving 8g NaCl, 0.025g Na2 HP0 4  anhydrous, 0.05g 

NaH2 ? 0 4 .2 H2 0 , 0.2g KCl in 1 litreof distilled water. The pH was then adjusted to 7.4 

using IN NaOH solution.

Radiolabelling o f model antigen, bovine serum albumin (ESA) or 

haemagglutinin (HA) subunit

The label phosphate buffer (lOpL, 0.25M) and the protein (BSA/HA) suspension

(0.2mL) were mixed together in an eppendorf tube. A solution of chloramine-T (lOpL,

5mg/mL in 0.05M phosphate buffer at pH 7.5) was then added to incorporate the iodine

label into the tyrosine residues of the protein and the mixture was incubated on ice for 10
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minutes. Sodium metabisulphite (20pL, 1.2mg/mL in phosphate buffer) was then added 

to stop the reaction, followed by potassium iodide solution (Img/mL in phosphate 

buffer) to make up the volume to 0.5mL. The labelled protein mixture was then 

extensively dialysed, using a dialysis bag, against phosphate buffer in order to remove all 

unbound ’^1.

The extent of protein labelled was assessed by trichloroacetic acid precipitation. 

Labelled protein (5pL) was mixed with bovine serum albumin solution (100pL,10%w/v) 

in an eppendorf tube. Trichloroacetic acid solution (1.25mL, 20%v/v) was then added 

and the mixture incubated at f  C for Ihour. This is followed by centrifugation at 3000 

rpm on a bench centrifuge (Megafuge, Heraeus, Germany) for 10 minutes. The label 

bound to protein is precipitated out while the free label remains in the supernatant. The 

supernatant is recovered while the pellet is suspended in sodium hydroxide solution and 

the radioactivity count in both pellet and supernatant was determined using a mini-y 

counter.

The % radioactivity bound to the protein was calculated as follows:

% radioactivity bound = counts in pellet x 100
total counts

Any binding of < 90 must be subjected to further dialysis until a ratio of over 90% is 

achieved. In our experiments, the extent of protein-bound radioactivity was found to be 

96-98%.

The labelled protein was stored in lead containers at 4°C until used.
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