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ABSTRACT

Liposomes have been shown to act as an immunological adjuvant, both for 

entrapped and vesicle-surface-linked antigens. In this respect, dehydration-rehydration 

vesicles (DRV liposomes) have the advantage of simple manufacture under conditions 

which are not damaging to antigens. Furthermore, coupling procedures can be 

employed for the attachment o f antigens or ligands to the surface of DRVs under 

conditions where contact o f potentially damaging coupling reagents with labile solutes 

incorporated in liposomes is avoided: antigens or ligands are firstly linked to small 

unilamellar vesicles (SUV) which are then used to generate DRVs in the presence of 

solutes destined for entrapment. Much of the protein originally linked to SUVs ends 

up on the surface of DRV. Microfluidization was used as a method to obtained 

vesicles of smaller sizes (about 100 nm) from DRVs. During microfluidization for 

up to 10 cycles only up to 20 % of originally bound protein was released. The 

presence of proteins (tetanus toxoid or bovine IgG) in SUVs and DRVs was observed 

by freeze-fracture electron microscopy, which showed protein as particles (10-15 nm 

in diameter) on the liposomal surface. Cryo-electron microscopy and the small angle 

X-ray scattering (SAXS) method were applied to characterise liposomes. The effect 

o f vesicle size and phospholipid composition of DRVs (entrapped or surface linked 

antigens) on immune responses (IgGj, IgGja and IgG2 b) was studied in mice. Moreover 

the adjuvant activity of DRVs was compared to that of vesicles-in-water-in-oil 

emulsion and other adjuvants namely niosomes, Freund’s complete adjuvant and 

TiterMax®. No side effects were observed in mice immunised with liposomes, 

niosomes or vesicles-in-water-in-oil emulsion.
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GENERAL INTRODUCTION

LIPOSOMES-GENERAL

Liposome structure and properties

Since Bangham et al. (1965) observed that phospholipids and other polar 

amphifiles form closed concentric bilayer membranes when confronted with excess 

water, a wide range of phospholipids and other lipids (e.g. non-ionic surfactants) as 

well as lipids extracted from biological membranes have been used to prepare 

liposomes or other lipid-based vesicles. The uniquely versatile nature of liposomes and 

other lipid-based vesicles as well as their biodegradable and innocuous nature and 

similarity to biological membranes led to their use in targeted drug delivery 

(Gregoriadis and Ryman, 1972). Since then many hundreds of drugs, including 

antitumour and antimicrobial agents, chelating agents, peptide hormones, enzymes, 

other proteins, vaccines and genetic material have been incorporated into the aqueous 

or lipid phase of liposomes of various sizes, compositions and other characteristics by 

an ever increasing number of techniques (Gregoriadis, 1993a). Liposomes have been 

studied extensively in terms of both behaviour in vivo after enteral and parenteral 

administration, and pharmacological effect exerted by their drug contents either in 

experimental animals or, more recently, clinically (Gregoriadis, 1988a; Lopez- 

Berestein and Fidler, 1989; Ostro, 1987).

Non-ionic surfactant vesicles (niosomes)

Non-ionic surfactant vesicles have been studied widely as an alternative to 

liposomes (Baillie, 1988; Florence and Baillie, 1989; Florence, 1993). A number of 

non-ionic surfactants and amphiphatic materials have been found to interact with
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cholesterol and form vesicles (Florence et al., 1990). Physical properties and methods 

of preparations of niosomes are very similar to those of liposomes (Azmin et al., 1985). 

Sorbitan esters (Spans) are one of the surfactants recently used in niosome research 

because of their safety at least per os (already used as emulsifiers in food and 

pharmaceutical industry) and ability to form liposome-like vesicles (Chandraprakash 

et al., 1990). Yoshioka et al. (1994) studied niosomes prepared from a series of 

sorbitan monoesters (Span 20, 40, 60 and 80) and a sorbitan trioleate (Span 85) by the 

mechanical shaking method. Carboxyfluorescin was used as a model substance and the 

most efficient entrapment values were those obtained for niosomes made of Span 60 

(HLB 4.7). Entrapment efficiencies increased with increasing cholesterol content and 

phase transition temperature of the Span used. The size of the vesicles was found to 

depend on the hydrophile-lipophile balance (HLB) of the Span, with smaller sizes 

observed when niosomes were made of Span with lower HLB. The freeze-fracture 

replicates of niosomes composed of Span 80, cholesterol and dicetyl phosphate (in the 

molar ratios of 47.5:47.5:5) showed a similar appearance to the replicates of 

phospholipid vesicles (liposomes). Those niosomes were used to prepare a vesicles-in- 

water-in-oil emulsion (Yoshioka and Florence, 1994), allowing administration of 

vesicles in an aqueous phase within an external non-aqueous phase. The same sorbitan 

monoester (Span) used to prepare vesicles was also used to stabilise the water-in-oil 

emulsion formed by mixing the niosomal suspension with the oil phase. The release 

of entrapped solutes (drugs or antigens) could thus be potentially controlled by 

controlling the physicochemical properties of the v/w/o emulsion. A similar system, 

for application in cosmetics was developed by Albert et al. (1992).

Behaviour of liposomes in vivo

18



Liposomes have been administrated into animals and humans by every conceivable 

enteral and parenteral route (Gregoriadis, 1988b). Most of the studies have monitored 

the behaviour of liposomes after injecting a variety of formulations intravenously (for 

many therapeutic applications, the intravenous route is still the most important one). 

Intravenously applied liposomes are easier to monitor both in the blood circulation and 

in tissues . The oral route, although more convenient for the patient, is problematic 

in the case of liposomes due to their rapid destabilisation in gut following interaction 

with bile salts. After intravenous administration liposomes interact with at least two 

distinct groups of plasma proteins, probably simultaneously (Gregoriadis, 1988b). The 

first includes "opsonins" which, by adsorbing onto the surface of liposomes, mediate 

their endocytosis by the fixed macrophages of the reticuloendothelial system (RES) 

and circulating monocytes. The second are high density lipoproteins (HLD) which 

remove phospholipid molecules from the vesicle bilayers, leading to varying degrees 

of vesicle disintegration and subsequent release of encapsulated solutes at rates 

dependent on their size and the extent of bilayer damage (Kirby and Gregoriadis, 

1981). Destabilised liposomes and solutes still entrapped are intercepted by the RES, 

at rates that are influenced by a number of parameters including vesicle size, surface 

charge and bilayer fluidity (Gregoriadis and Florence, 1993). It was observed that 

packing the relatively loose bilayers of liposomes made of egg phosphatidylcholine 

(PC) by the addition of cholesterol (Gregoriadis and Davis, 1979; Kirby et al., 1980) 

or by replacing some or all of PC with phospholipids with a gel-liquid crystalline 

transition temperature (Tc) higher than 37 °C, led to drastic reduction of phospholipid 

removal by HDL and hence ensuing solute leakage both in vitro and in vivo (Kirby 

and Gregoriadis, 1980; Gregoriadis, 1988). The effect of lipid composition on vesicle 

half-life is substantial for small unilamellar liposomes (SUV) (Gregoriadis and Senior,
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1980) but for larger liposomes vesicles size is the determining factor for their uptake 

by RES (Senior et al., 1985). Prolonged half-life in the circulation is required for 

liposomes designed to interact with on non-RES tissues within the vascular system, 

extravascularly through leaky capillaries or to act as circulating drug reservoirs (eg. 

haemosomes). By using lipid-drug conjugates embedded in the bilayers or newly 

developed techniques that ensure substantial passive drug entrapment in the aqueous 

phase (Gregoriadis et al., 1990), long-lived small liposomes become even more 

attractive in drug delivery and targeting. Large liposomes are however, required for 

the transport of water-soluble, large molecular weight agents such as haemoglobin. 

Prolonged half-life of larger liposomes (approximately JOO nm in diameter) can be 

achieved by the presence of polyethyleneglycol and other hydrophillic molecules on 

the liposomal surface (Blume and Cevc, 1990; Klibanov et al., 1990; Senior et al., 

1991; Gabizon and Papahadjopoulus, 1992;). Much of the liposomaly injected dose 

is taken up via endocytosis by the RES cells to end up in the lysosomal apparatus 

where they are disrupted with released drugs acting either locally or, after diffusion 

outside the organelles, in other cell compartments (Gregoriadis, 1976). Due to their 

size (25 nm minimum diameter), intravenously injected liposomes cannot undergo 

trancapillary passage except in areas where vessels become leaky (e.g. inflamed 

tissue). With liposomes given by other parenteral routes (eg. subcutaneously or 

intramuscularly), a proportion that is determined by vesicle size, composition and 

route of injection, enters the lymphatic and blood circulation where vesicles behave 

as if given intravenously (Tumer et al., 1983), ie they are taken up by the liver, spleen 

and bone marrow. Lymph nodes take up a much greater proportion than any other 

RES tissue (relative to their size)(Gregoriadis, 1988b). Absorption of liposome- 

entrapped drugs given orally in the gastrointestinal tract depends on a lipid
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composition that renders them resistant to attack by bile salts or phospholipases. A 

small proportion can thus survive long enough to facilitate absorption of some of the 

intact liposomes and their contents (Gregoriadis, 1988b). The behaviour of niosomes 

in vivo is similar to that of liposomes (Florence et al., 1990).

PREPARATION OF LIPOSOMES

Most methods of preparing liposomes basically involve three or four stages: drying 

down of lipids from organic solvents, dispersion of the lipids in aqueous media, 

isolation of the resultant liposomes and analysis of final product. The main difference 

in the various methods of manufacture is in the way in which the lipid components 

are dispersed in aqueous media before being allowed to coalesce in the form of bilayer 

sheets. Such methods are classified according to the three basic modes of dispersion, 

namely physical, two phase dispersion and detergent solubilisation. Extensive 

description of methods of liposome preparation has been discussed by Gregoriadis 

(1984; 1993a) and New (1990). The method mostly used in our laboratory and, 

increasingly, elsewhere (Gregoriadis, 1993a) is dehydration-rehydration method 

developed by Kirby and Gregoriadis (1984).

Dehvdration-rehvdration method

Efficient entrapment of drugs in liposomes using a minimal amount of lipids is an 

important requirement for their use as a drug carrier. A high drug to lipid mass ratio 

is likely to reduce not only the cost of formulation, but also the risk of lipid-induced 

toxicity following injection. The procedure of dehydration-rehydration (DRV method) 

is one fulfilling such requirements. It is based on the induction of fusion of preformed 

vesicles by means of dehydration and controlled rehydration. The resulting liposomes
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are primarily oligo and multilamellar. The detailed procedure is described in M<aterials 

and Methods-General. Basically lipids are dispersed in the hydrated formi using 

sonication to produce SUV. These are than lyophilized in the presence of : solutes 

destined for entrapment. Following dehydration, the intimacy of the asso»ciation 

between lipid and solutes is increased, so that a greater proportion of the material is 

entrapped in the larger vesicles formed on the rehydration. Up to 80 % of the starting 

material can be entrapped by this procedure. The high efficiency of encapsulaition of 

solutes is achieved under mild conditions.

The main limitation of the method is that DRVs are heterogeneous in size (Kir!by and 

Gregoriadis, 1984; Gregoriadis et al., 1993)). Since reproducibility of size distribution 

is of great importance for pharmaceutical products, procedures must be developed to 

produce liposome of homogeneous size. Also, after intravenous injection, such (large) 

liposomes are removed from the blood circulation rapidly to end up in the 

reticuloendothelial system (RES) (Gregoriadis, 1988b). If injected intramuscularly, 

they fail to reach the regional lymph nodes efficiently to deliver vaccines and other 

agents to these sites. One of the methods that are suitable for size reduction o f  

liposomes is microfluidization (Gregoriadis, 1993a).

Microfluidization of liposomes

The microemulsifier (Microfluidizer MHO) (Fig.0.1.) was invented at Arthur D . 

Little Inc. (Boston, USA) and developed by Biotechnology Development Corporatio)n 

(BDC, Newton, USA). As shown schematically in Fig.0.1. a hydrated lipid suspension 

added to the reservoir, enters the pneumatic pump (the air and fluid streams do ncot 

come into contact thus eliminating the necessity of using an inert gas). The fluid lis 

pumped under high pressure through a 5 |im filter into the interaction chamber wherre
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it is separated into two streams which interact at extremely high velocities in 

dimensionally defined microchannels. The suspension can be used after a single pass 

or after being recycled through the reservoir (Mayhew et al., 1984). The size 

distribution of microfluidized liposomes is uniform, considerably high concentrations 

of lipid can be used and the handling the apparatus is quite simple. Microfluidization 

can be used for liposomes as well as other preparations, namely emulsions 

(Washington and Davis, 1988; Lidgate et al., 1989) or milk fat-coated microcapsules 

composed of milk fat and emulsifiers (Vuillemord, 1991). Scaling-up of production 

is quite simple (Vemuri et al., 1990).

P ro ce sse d
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Filter

Air

Fig.0.1.: Schematic representation of the Microfluidizer MHO (from Mayhew et 

al., 1984)

Talsma et al. (1989) compared the size distributions of microfluidized, sonicated and 

high pressure homogenised liposomes. Microfluidized and sonicated liposomes were 

found similar in terms of mean vesicle size, whereas extruded liposomes were larger. 

An advantage of microfluidization over sonication and extrusion is that higher lipid 

concentrations can be applied (up to 400 pmol lipid/ml). Gregoriadis et al. (1990)
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monitored the retention of entrapped solutes during microfluidization for various 

numbers of cycles and found that retention depends on the extent of microfluidization, 

the medium in which microfluidization is carried out and on whether or not DRVs are 

separated from the unentrapped solute before processing. The retention of covalently 

coupled proteins on the liposomal surfaces is discussed in Chapter 1.

COVALENT COUPLING OF PROTEINS ON LIPOSOMAL SURFACES

As with many scientific developments, the attachment of proteins to liposomes, 

is a procedure that was envisaged well before its development was fully possible. 

Since 1974 (Gregoriadis, 1974) numerous investigators interested in the use of 

liposomes for drug delivery proposed the possible advantages in attaching antibodies 

and other ligands to liposomes. The idea of delivering drugs to tumour cells bearing 

specific antigens with which the conjugated liposome could interact led to the 

development of numerous techniques for the conjugation of proteins to liposomes 

(Heath and Martin, 1986; Martin et al., 1990). Non-covalent attachment of protein 

relies on a fortuitous process, which is difficult to control in terms of the amount of 

protein that associates and it is appropriate only for those proteins that will do so non- 

specifically. The stability of such an interaction is however questionable, especially 

when liposomes are exposed to plasma. Therefore covalent attachment of proteins to 

liposomal surfaces has become imperative in many studies. Conjugation procedures 

can basically be divided into those in which proteins are attached to preformed 

vesicles and those where proteins are first linked to a lipid which is subsequently 

incorporated into liposomes.

Conjugation of proteins to preformed liposomes
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Direct attachment of a protein to preformed liposomes is carried out by the 

covalent coupling of the protein to a phospholipid or lipid species possessing polar 

headgroups that are predisposed to react in some way with the protein. The reaction 

will either involve the use of a coupling reagent, or will be based on the selectively 

reactive nature of the modified headgroups towards specific proteins. A commonly 

used starting group is the primary amino group of phosphatidyletanolamine. This 

amino group can either be linked directly to a protein through coupling agents such 

as glutaraldehyde, or may be preactivated by attachment to reagents such as N- 

succinimidyl pyridyl dithio propionate (SPDP). The advantages of this approach are 

that it is possible to use any of the liposome preparation methods, protein/lipid ratios 

are predictable and that the reaction occurs without exposing the proteins to the 

conditions of liposome formation. Disadvantages of the approach are that, as with 

glutaraldehyde which acts by crosslinking protein aminogroups to the amino groups 

on the liposomal surface (usually the head group of phosphatidylethanolamine), the 

creation of three different conjugates is possible, namely liposome-protein, liposome- 

liposome and protein-protein. Since large protein-protein conjugates may not be 

amendable to separation from liposomes, coupling procedures have been developed 

that are heterobifunctional in nature so that the reactive moiety on the liposome is 

only capable of combining with the reactive group on the protein and vice versa, as 

in the procedure described by Heath et al. (1980) in which horseradish peroxidase was 

coupled to liposomes through the reaction between aldehyde groups of the enzyme and 

primary amino groups of liposomes bearing vicinal hydroxyls (glycosphingolipids).

Preparation of protein-anchor conjugates

This approach involves prior modification of a protein by its attachment to a
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hydrophobic anchor, such as a fatty acid (Huang et al., 1980; Torchilin et al., 1980). 

The modified protein is thereby predisposed to intercalate into the lipid membrane 

when incorporated into a liposome preparation. The advantage of this approach is that 

reasonable products can be obtained with reagents that are subject to hydrolysis. A 

further advantage of this method is that all protein molecules are modified and can 

therefore be quantitatively incorporated into liposomal membranes, an important event 

for costly proteins. A disadvantage of the method is that the incorporation of the 

protein into liposomal bilayers requires the use of fairly specific liposome preparation 

methods, mostly the detergent dialysis method (Heath et al, 1980).

Diazotization method

The method for covalent coupling of proteins onto liposomal surfaces adapted in 

our laboratory was developed by Snyder and Vannier (1987). Inclusion of N-(p- 

aminophenyl)stearylamide (APSA) in the lipid composition of vesicles results in 

liposomes that can be "activated" by diazotization with NaNdj/HCL and subsequently 

coupled with protein.

PHOSPHOLIPID + CHOLESTEROL +  ►  ► LIPOSOM E N ------N PROTEIN
+ PROTEIN

(CII2)I6

Fig.0.2.: Scheme of diazotization coupling reaction
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Details of the procedure are presented in Materials and Methods-General. The method 

has been modified (Gregoriadis et al, 1993) to produce DRVs with surface linked 

antigen or ligands by means of linking the antigen to APSA-containing SU Vs by 

diazotization. The SUV-protein is then used to generate DRVs (see Chapter 1). An 

advantage of this procedure is the ability to monitor the efficiency of conjugation step 

by the appearance of a "tan" colour in the liposomes-protein conjugate.

Characterization of liposome-protein coniugates

For all coupling procedures, there are several steps in the characterization of 

liposome-protein conjugates. Firstly, the product (liposome-protein conjugate) is 

separated from un-reacted material, usually by gel chromatography. One problem 

involved here is that many of the proteins studied are prone to aggregation. Since gel 

chromatography separates on the basis of size, some of the protein aggregates may co

elute with liposomes. Therefore, a control preparation consisting of a mixture of 

protein and liposomes should be tested for complete separation under the same 

conditions (Leserman et al., 1980; Heath et al., 1981;). An additional problem that 

may occur is non-specific retention of the liposome-protein conjugate by the gel. 

Therefore,in the case of large liposomes, centrifugation as a method of separation 

would be preferable. Alternatively, centrifugation of liposome conjugates in two media 

of different densities, leads to liposomes floating out of the lower layer (isotonically 

dense medium) up to the interface between the second medium layer and a small 

buffer layer on the top of the gradient (Heath et al., 1981).

An important characteristic of a liposome-protein conjugate is protein to lipid mass 

ratio. It is most readily manipulated by changing the concentration of the protein in 

the reaction mixture. Changes in the lipid concentration have very little effect on the
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final ratio (Heath et al., 1981). The efficiency of coupling procedures is usually judged 

by comparing the final protein/lipid ratio. Hutchinson et al. (1989) proposed the 

weight-average number of protein molecules per liposome as a convenient parameter 

for the definition of the protein content of liposomes.

Retention of protein activity during conjugation, as well as retention of 

encapsulated liposomal contents are important requirements for an effective liposome- 

protein conjugate. Specific methods like enzyme catalysis of surface localised protein 

can be applied in characterization (Senior and Gregoriadis, 1989).

Electron microscopy has been used to establish that the liposomes are of similar 

size before and after conjugation (Heath et al., 1980).

MORPHOLOGICAL CHARACTERIZATION OF LIPOSOMES 

Freeze-fracture electron microscopv

Since the earliest stages in the development of liposomes as models for biological 

membranes, light and electron microscopy have been used to identify and characterise 

liposomes formed from different lipids and by different procedures or treated with 

membrane active agents. For examination by electron microscopy the most convenient 

method, due to its simplicity, was negative staining. In many instances, this has now 

been replaced by freeze-fracture and cryo-techniques (eg., Sternberg, 1993). Freeze- 

fracture electron microscopy is unique in the sense that it does not require chemical 

fixatives or staining and allows visualization of hydrophobic membrane regions and 

structures built up by lipids and/or proteins. Freeze-fracture is used mainly to 

characterize liposomal size (Guiot and Baudhuin, 1984), size homogeneity, lamellar 

character, bilayer integrity and polymorphic forms. They all depend upon the lipids 

and the procedures used for preparation of vesicles, entrapped material, the time of
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storage and, in thermosensitive liposomes, the phase behaviour of the lipids . 

Basically, the technique is divided into three steps; namely ultrarapid freezing of the 

samples at about -150 ®C, fracturing the sample under vacuum and producing a Pt/C 

replica which is cleaned and examined in a transmission electron microscope. 

Fracture faces (protoplasmic fracture face or PF and exoplasmic fracture face or EF) 

of the membrane are revealed as a result of a cleavage along the physically weaker 

hydrophobic core of the lipid bilayer during the fracturing event (Figure 0.3. A and B).

Freeze-Fracturing

PF

A B

Fig.0.3.A and B. Liposomal membrane splitting by freeze-fracturing revealing 

protoplasmic (PF in A) and exoplasmic (EF in B) fracture faces. (From Stenberg, 

1993)

The experimental details of the technique are presented in Chapter 2. The advantages 

of the technique are the use of cryofixation which avoids possible artifacts induced by 

chemical fixation methods and secondary ice crystal formation (recrystalisation) due 

to the storage of the specimen at the very low temperature during fracturing and 

shadowing. The method monitors directly the quality of cryofixation and thus allows 

examination of liposomes in the "native" state. Combined with other techniques such 

as etching and cryomarker techniques, freeze-fracture electron microscopy can
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elucidate structures appearing within the membrane or localised on the membrane 

surface by using label-fracture cytochemistry (Kan and da Silva, 1989).

Cryo-electron microscopy

Cryo-electron microscopy pioneered by Femandes-Moron (1960) has in recent 

years revived and become a powerful method for the ultrastmctural analysis of 

hydrated specimens. Since Taylor and Gleaser (1975) demonstrated that the structure 

of catalase is excellently preserved in frozen-hydrated specimens, cryo-electron 

microscopy was applied in the observation of macromolecules in their natural 

environment. Dubochet et al. (1982) developed the procedures for the transfer and 

observations of suspensions of vitrified solutions. The methods for the preparation of 

thin aqueous films and their observation by cryo-electron microscopy are well 

established (Dubochet et al., 1987). One of the critical points in the preparative 

procedures is the role of surface active molecules in the formation and thinning of 

aqueous films. Surface active molecules (even detergent residues on glassware) may 

unintentionally interfere with the successful formation of a thin film , or can be added 

deliberately to facilitate thin film formation. In both cases the air-water interfaces are 

covered by a continuous monolayer of surface active molecules (Frederik et al., 

1989b). In thin films formed on a grid, forces between the two interfacial layers will 

cause thinning of the central part of the film during which water is expelled from the 

thin parts towards thicker parts of the film near the grid. Initially, gravity and capillary 

forces will act on the thinning process but as thinning proceeds (thickness bellow 1 0 0  

nm) the surface layers in apposition come within the range of action of intramolecular 

forces. This can lead to the collapse of the thin film or to the attainment of an 

equilibrium configuration (Frederik et al., 1989a). Thinning of a film starts usually in
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its centre and spreads out radially. These fragile films in a thermodynamically stable 

thin configuration are of interest for cryo-microscopical observations. Lepault et al. 

(1985) and Frederik et al. (1989a,b) observed films (prepared from suspensions of 

small unilamellar vesicles made of dimiristoyl phosphatidylcholine (DMPC)) showing 

dispersed vesicles upon vitrification and cryo-transfer to the electron microscope. 

When a thin film is formed from DMPC, the phospholipid will orientate at the air- 

water interfaces with its polar head groups anchored in the interface and in contact 

with water and the hydrocarbon chain projected inwards out of the water. The thinnest 

possible configuration of a thin film is composed of two interfacial monolayers with 

a water layer in between. If the material is entrapped between the interfacial layers, 

it will prevent further thinning. When lipid vesicles are concentrated between the 

interfacial layers, there will be further loss of water and the vesicles appear to be 

arranged depending on their size (Frederik et al., 1989a). Small particles will be 

trapped in the central (thinnest) part of the film, whereas larger particles are initially 

expelled from these thin parts and become concentrated in thicker parts of the film. 

Frederik et al. (1989b) found that a suspension of sonicated DMPC vesicles, ferritin 

and polystyrene spheres (91 nm) orientates in a thin film in a way that ferritin is in 

the thin part of the film, vesicles together with ferritin are in a thicker part of the film, 

and all three components (spheres, vesicles and ferritin) in an even thicker part of the 

film. The thinning of a film prepared from surface active molecules (with or without 

added particulate material) may result in a film stable at room temperature or even 

under vacuum. The films have a continuous layer of material between the interfacial 

layers and this intermediate layer acts as a spacer keeping the interfacial layers apart. 

The intermediate layer can increase the mechanical stability of the film so that this 

"dry" film can be observed even without vitrification. The thin film can be used in the
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study of the various interactions between lipids, ions and proteins in a hydrated 

environment. By vitrification it is possible to arrest molecular motion in such a way 

that the vitrified film provides a "snapshot" of dynamic processes (Frederik et al., 

1989b). Cryo-electron microscopy of unilamellar vesicles prepared from dipalmitoyl 

phosphatidylcholine (DPPC) showed that it is possible to physically fix the membrane 

by vitrification and observe it by cryo-electron microscopy, suggesting that the more 

complex membrane systems found in living organisms could be observed by rapid- 

cooling at a physiological temperatures (Frederik et al., 1991). In that work the authors 

found for the first time a ripple-phase of small DPPC vesicles, which is in accordance 

with data obtained with other techniques, namely freeze-fracture and X-ray diffraction. 

The various morphologies of the lipid vesicles observed by cryo-microscopy can be 

related to the thermotropic phase behaviour of phospholipids. Vitrification of thin 

films formed on specimen grids by human blood platelets adhering to collagen fibres, 

confirmed the possibility of using cryo-electron microscopy in the study of membrane 

dynamics, both in relatively simple model membrane systems and in more complex 

biological membrane systems (Frederik et al., 1991). Cryo-microscopy can also be 

combined with immunogold labelling techniques (Baudhuin et al., 1989). In Chapter 

4 cryo-observations of microfluidized liposomes [made of phosphatidylcholine (PC) 

and disteroyl phosphatidylcholine (DSPC)] with surface linked proteins and liposomes 

(made of PC) with covalently coupled rabbit IgG exposed to protein A gold complex 

are described.

Small angle X-rav scattering (SAXS)

One of the physical methods only recently applied to the characterisation of 

vesicles is SAXS (Bouwstra et al., 1993). The method can provide both information
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on the electron density profiles of the bilayers of the vesicles and the location of the 

protein in the vesicles, and an estimate of the average number of bilayers of the 

vesicles in the dispersion (Bouwstra et ah, 1993). The advantages of the X-ray 

scattering method are in experimental convenience, use of relatively little material and 

quick yielding of data. It is an exact method that allows accurate calculations and 

resulting information on the electron density distribution across the liposome wall can 

be directly interpreted in chemical terms (Moody, 1993).

Theoretical considerations:

X-rays interact with the electrons of the structure under investigation. The scattered 

X-rays are characterised by the amplitude and the phase. The amplitude is directly 

proportional to the local electron density in the structure, whilst the phase depends on 

the localisation of the scattering centres in the structure. X-ray measurements take 

place over a time period which is very long compared to the time scale associated 

with the mobility of the atoms. Therefore, the diffraction pattern provides information 

on the time averaged electron density localisation in the sample. In X-ray diffraction 

experiments only the intensities of the scattered X-rays can be measured. No direct 

information about the phases of the scattered X-rays can be obtained. This constitutes 

one of the major problems in the reconstruction of the electron densities from the 

measured intensities. In those cases where symmetric bilayers are measured, the 

phases can only adopt the values 0  and n, whereas in the case of asymmetric bilayers 

the phases can adopt all values between 0 and 2k  (Bouwstra et al., 1993). In general, 

the scattering intensity of a membrane can be calculated from the electron density of 

the structure (membrane) by taking the Fourier equation (F ,̂ (Q)) of the electron 

density (p(x)) of the structure, where x is the spatial coordinate perpendicular to the 

basal plane of the membrane (Franks and Levine, 1981) and Q is the vector in
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reciprocal space. The Fourier equation (shown below) defines both the amplitude and 

the phase of the scattered X-rays.

5.
Fm (Q)=

p(x)exp (i 0 dx

8,

Ô; and Ô2 are thickness of the membrane. In general, the Fourier equation consists of 

a real part and an imaginary part. To be able to relate the Fourier equation to 

information obtained, the equation has to be multiplied by the equation complex 

conjugate. However, this results in loss of the phase information. This phenomenon 

is known as phase problem. Several methods (Blaurock, 1982) are available to deal 

with the phase problem such as swelling of the bilayers stack (for multilamellar 

vesicles) if the bilayer electron density profile is independent of the swelling. If the 

structure is unaffected by labelled atoms, heavy atom labelling of parts of the bilayers 

can be applied. In the case of asymmetric structures it is generally not possible to 

calculate the electron density from diffraction data without prior knowledge on the 

system (Bouwstra et al., 1993). Moody (1975) derived an equation for the diffraction 

profile of a dispersion of vesicles in which the curvature of the vesicles was included 

on the assumption that the vesicles were spherical and possessed a uniform membrane 

and that the electron density of the encapsulated content was equal to the electron 

density of the external medium. The latter could be set to zero since the diffraction 

intensity depends on electron density differences (Babinet principle). Based on all 

transformations of the Fourier equation, Bouwstra et al. (1993) calculated 1 ( 0  for a 

number of vesicles with diameters between 20 and 50 nm. For larger vesicles almost 

no deviations in the diffractions pattern were observed compared to the infinite 

membrane approximation, therefore the flat membrane approximation can be used. In
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fact a strong curvature of the vesicle membrane results in an imaginary part which is 

not in phase with the real part of the Fourier equation, although the electron density 

of the membrane is symmetric. The variation in bilayer thickness, which may be 

caused by inhomogeneity in the membranes and by the presence of proteins, also 

influences the scattering profiles of a plane membrane or vesicle. In natural 

membranes and vesicles, stacks of bilayers are often present and this has a profound 

effect on the diffraction pattern. When the average number of bilayers is not too high 

and an augmented number of unilamellar and bilamellar vesicles is present in the 

dispersion, it is possible to estimate the distribution of the number of bilayers in the 

vesicle dispersion (Jousma et al., 1987). Multilamellar vesicles will have scattering 

curves with first- and second-order diffraction peaks clearly displayed (Bouwstra et 

al., 1993). Only a few techniques besides SAXS are available to determine the mean 

number of bilayers in vesicle dispersions, an example being cryo-microscopy (Frederik 

et al, 1991). Combination of several techniques can provide additional information on 

the morphology of the vesicles (Jousma et al., 1987). In this thesis, the SAXS 

technique was applied for the characterisation of SU Vs and DRVs with or without 

surface-coupled protein (Chapter 3).

CLINICAL APPLICATION OF LIPOSOMES

The use of liposomes in drug delivery depends on the advantages of a given 

liposome-drug formulation over and above those seen with the conventional 

formulation of the drug. Encouraging results with liposomal drugs in the treatment or 

prevention of a wide range spectrum of diseases in experimental animals and in 

humans indicate that liposome-based products for clinical and veterinary applications 

are forthcoming (Gregoriadis 1988a, 1991; Lopez-Berestein and Fidler 1989). These
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include treatment of skin and eye diseases, antimicrobial and anticancer therapy, metal 

chelation, enzyme and hormone replacement therapy, vaccines and diagnostic 

imagining. The realistic prospects of development of liposomes as immunological 

adjuvants in vaccines are discussed below.

Liposomes as immunological adjuvants

A wide range of unrelated agents (immunological adjuvants) can provoke potent 

immune responses to antigens. They include alum, saponins complexes with membrane 

protein antigens (immune stimulation complexes) (Morein et al., 1984), pluronic block 

co-polymers with mineral oil, killed mycobacteria in mineral oil (Freund’s complete 

adjuvant (FCA)), bacterial products such as lipopolysaccharide (LPS) and muramyl 

dipeptide (MDP), and liposomes (for reviews on adjuvanticity see Gregoriadis et al, 

1989). Immunological adjuvants are believed to produce their effect either by the 

creation of a depot (e.g. alum, oil emulsions) at the area of injection thus prolonging 

the release of antigens and their interaction with antigen presenting cells (APC) or, 

alternatively or simultaneously, through activation of macrophages (e.g. by LPS or 

MDP) which are induced to release interleukin-1 (IL-1). Concerted action of IL-1 and 

antigen on T-cells produces interleukin-2 (IL-2) and other mediators which then 

activate either effector T cells to give rise to cell mediated immunity (CMI) or 

antibody forming B cells (humoural immunity; HI) (Allison and Byars, 1986). Many 

of the adjuvants currently available are toxic and known to induce granulomas, acute 

and chronic inflammations (FCA), cytolysis (saponins, some Pluronic polymers) and 

pyrogenicity, arthritis and anterior uveitis (LPS and MDP). Indeed, the only 

immunological adjuvant presently licensed for use in vaccines for humans is alum 

(aluminium salts). However, alum is not always effective and increases CMI only

36



slightly. Therefore, there is a real need for new adjuvants. Some of the criteria for 

effective, novel adjuvants are inexpensive row materials, simplicity in manufacture, 

stability under storage even at elevated temperatures, availability in a freeze-dried 

form when necessary, biodegradability, non-toxicity and non-immunogenicity. Ideally, 

adjuvants should induce both CMI and HI to antigens administrated by the variety of 

routes and act synergistically with other adjuvants (Gregoriadis, 1990; Alving, 1993). 

Many of this criteria are satisfied by liposomes. Industrial manufacture of liposomal 

products for clinical or veterinary use requires methodology for efficient drug 

entrapment in vesicles of narrow size distribution using simple, reproducible and inert 

(to drugs) technology (Gregoriadis, 1984, 1993a). During the last decade, there has 

been considerable success in this respect and a number of well defined formulations 

incorporating active agents can now be produced in a stable form by liposome 

biotechnology companies and other industries. However, most of the techniques 

developed have disadvantages in being capable to encapsulate only drugs of low 

molecular weight or requiring the use of detergents, sonication or organic solvents in 

the presence of drugs destined for entrapment (Gregoriadis, 1993). The DRV method 

(Kirby and Gregoriadis, 1984) is simple and amenable to scale-up and avoids harmful 

conditions. The method is applicable to the production of liposomal vaccines with 

entrapped and/or surface linked antigens. Moreover, high entrapment values have been 

achieved for a variety of antigens and immunomodulators, for instance tetanus toxoid 

(Gregoriadis et al., 1987), influenza virus subunit proteins (Tan et al, 1989), 

recombinant hepatitis B surface antigen (Gregoriadis et al., 1989), Leishmania major 

antigens (Kahl et al., 1989), poliovirus 3-VP2 peptides (Xiao et al., 1989) and 

recombinant IL-2 (Tan and Gregoriadis, 1989). It has also been observed that freeze- 

drying of DRV in the presence of a cryoprotectant leads to the retention of most of
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the antigen content within intact vesicles formed on reconstitution with saline 

(Gregoriadis et ah, 1987). An added advantage of the method is that microfluidization 

of solute-containing DRV (described earlier) produces small vesicles which retain 

much of the originally entrapped solute (Gregoriadis et al, 1990).

Immunoadjuvant action of liposomes

Liposomes may be used to induce immune responses against associated weak 

antigens by targeting the latter to macrophages and to stimulate other immune 

responses by blocking macrophage-mediated suppression (van Rooijen, 1993). 

Liposomal adjuvanticity, initially observed by Allison and Gregoriadis (1974), was 

subsequently confirmed and extended to include a large variety of antigens derived 

from sources as diverse as bacteria, protozoa, viruses, tumours, spermatozoa and snake 

venom (Gregoriadis, 1990). Elicited immunity was shown to be protective in several 

of the animal models used, with none of the studies reporting liposome-induced side 

effects such as granulomas, etc. Physical association between liposomes and antigen 

appears to be a prerequisite for adjuvanticity to occur (Shek, 1984). Such association 

can be in form of antigen entrapped in the aqueous space of liposome, electrostatic 

adsorption of antigen onto the surface or, for membrane-soluble antigens, hydrophobic 

insertion into the lipid phase. However, the spatial arrangement of antigens within the 

bilayers, as well as other characteristics, eg. vesicle size distribution and number of 

lamellae within vesicles, are largely undefined for most of the liposomal preparations. 

Certain viral subunits can form well organised structures in conjunction with liposomal 

phospholipids (virosomes) (Almeida et al., 1975). Moreover, the adjuvanticity of 

liposomes does not appear to depend on any specific formulation nor does it seem to 

be especially related to the mode of immunisation for which the choice of antigen and
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liposomal lipid dose and route and frequency of injections has often been arbitrary 

(Gregoriadis, 1990). Davies et al. (1987) showed that liposomal adjuvanticity occurs 

during primary immunisation and is observed within most IgG subclasses. In addition, 

there is no shift in subclass responses compared to responses seen with the free 

antigen (Davis et al., 1987; Phillips and Emili, 1992). Antibody production (humoral 

immunity) is stimulated partly or wholly as a result of the system’s function as an 

antigen depot (Gregoriadis, 1992). The ability of liposomes to induce CMI is one of 

the most important features of their immunoadjuvanticity (Manesis et al., 1979). 

However, it is unlikely that liposome-induced CMI occurs as a result of the antigen 

depot mechanism: adjuvants such as oil emulsions and alum acting in that way induce 

HI only. Therefore, liposome-induced CMI is probably related to the presentation of 

antigen in a hydrophobic microenvirement (Dailey et al., 1979). Liposomal modelling 

of immunological presentation of protein antigens has been extensively explained by 

Alving (1992).

Optimization of liposomal adiuvanticitv

Garcon et al. (1988) used receptor-mediated targeting to macrophages to improve 

liposomal immunoadjuvanticity. An other approach to that is the use of co-adjuvants

or modification of the vesicles’ structural characteristics (Gregoriadis, 1990). 

Liposomal adjuvanticity reflects the system’s vesicular structure and  ̂ nature

rather than being the result of its lipid composition or characteristics such as vesicle 

size, lamellarity, surface charges etc. These characteristics control behaviour in vivo 

and can thus influence the way immunoadjuvant activity is expressed. The extent to 

which bilayer fluidity influences immune responses has been studied by Kinsky 

(1978); Bakouche & Gerlier (1986) and Davies & Gregoriadis (1987), with
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contradictory results. The influence of vesicle size on immune responses was followed 

by Francis et al. (1985) who concluded that small liposomes (SUV) are needed to 

optimize adjuvanticity. Our results are not in agreement with theirs (see Chapter 5). 

Similar contradictions were observed in experiments in which the effect of surface 

charge (Kraaijeveld et al., 1984; Francis et al., 1985; Latif and Bachhawat, 1987; 

Garcon et al., 1989; Friede et al., 1993), lipid to antigen mass ratio (Davis and 

Gregoriadis, 1987, 1989) or mode of antigen localization on immune responses was 

monitored. Although some of the contradictions are due to the differences in 

experimental protocols, others could be explained on the basis of the anticipated 

diversity in interactions between membrane-or water-soluble antigens and antigen 

presenting cells in situ. Kinsky (1978) showed that liposomes with membrane-soluble 

antigens made of phospholipids (e.g. DSPC) with a transition temperature (Tc) above 

37 °C induce stronger response, whereas the reverse was seen (Davis and Gregoriadis, 

1987) for water soluble antigen (tetanus toxoid), strong responses seen with liposomes 

made of phospholipids with low Tes, whilst those obtained with DSPC were nil or 

minimal. The differential effect of DSPC on responses to the two types of antigen 

have been tentatively attributed (Davis and Gregoriadis, 1987) to the direct transfer 

of membrane antigens from liposomes to the plasma membranes of APC where they 

may associate without being first processed. Soluble antigens such as tetanus toxoid 

are probably transported directly into the APC’s interior. Protein to lipid ratio for 

liposomes with both surface-linked and encapsulated antigen is of a great importance 

in eliciting humoral responses (Therien et al., 1991). Therefore when comparing 

antibody responses induced by different liposomal-antigen preparations in different 

laboratories, liposomal lipid to antigen mass ratios must be similar. Failure to observe 

this is probably one of the reasons for the conflicting results of studies on the effect

40



of the antigen localization within liposomes on immune responses. Understanding of 

the balance of various mechanisms of liposomal antigen supply to APC is a 

prerequisite for optimal adjuvanticity to occur (Gregoriadis, 1990).
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MATERIALS AND METHODS-GENERAL

Preparation of N-(p-aminophenvl)stearylamide (APSA)

APSA was synthesised as described by Snyder and Vannier (1984). Two g of p- 

nitrophenylstearate (4.9x10'^ mol) (Sigma Chemical Co., Dorset, Poole, UK)) and 0.8 

g of p-phenylenediamine (7.4x10'^ mol) (Sigma) were dissolved in 30 ml of 

dimethylsulfoxide [British Drug House (BDH), Leicester, UK] at 50 °C. After adding 

1 drop of triethylamine (BDH), the mixture was heated at 50 °C for 2 hours. The dark 

brown solution was poured into 200 ml of cold water (4 °C) made basic by the 

addition of 2 ml of 6  M NaOH (BDH). A day later, the solid product was collected 

by filtration (Whatman filters) and recrystallized twice from 95 % ethanol (BDH). The 

melting point of the product was 123-126 °C, with an absorbency maximum at 385 

nm. Crystals were dissolved in warm chloroform (BDH) after weighing.

Preparation of calcein

Calcein (3,6-dihydroxy-2,3-bis(N,N-di(carboxymethyl)-aminomethyl)flouran) is a 

water-soluble, self-quenching fluorescent compound. Calcein fluoresces at similar 

wevelenghts to fluorescein and carboxyfluorescein, and at the pH range of 6-8.5 its 

excitation maximum is 490-500 nm with an emission maximum at 511-520 nm. 

Advantages over other fluorescent markers are its higher molecular weight (M^ 620) 

and therefore an increased retention by liposomes, and a non-pH dependent quenching 

in the physiological pH range (Allen, 1984).

A 0.2 M solution of calcein (Sigma) was prepared by dissolving 2.49 g of calcein in 

a minimum volume of 1 M NaOH, which was then adjusted to 20 ml with distilled 

water (final pH about 7.4). Fluorescent impurities were removed by passing the
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solution through a Sephadex G-50 (Pharmacia, St Albanas, Herts, UK) column.

Preparation of borate buffer

1 M borate buffer (pH 10) was prepared by mixing 1 M borax (500 ml) (BDH) and 

1 M sodium hydroxide (21.5 ml) (BDH). The concentrations (0.05 and 0.01 M) used 

in experiments were made by diluting 1 M solution.

Preparation of phosphate buffer saline (PBS)

PBS (0.44 mM sodium phosphate, 2.7 mM potassium chloride and 0.14 M sodium 

chloride, pH 7.4) (BDH) was prepared by dissolving the chemicals in distilled water 

and adjusting pH by the addition of 1 M sodium hydroxide.

Preparation of multilamellar vesicles (MLV)

MLV were prepared from equimolar phospholipid (egg PC or DSPC) and 

cholesterol with 20 % (molar) of APSA. 0.25 (or 0.125) ml of 100 mg/ml (32 or 16 

pmoles) egg PC (Lipid Products, Nutfield, Surrey, UK) or 0.26 (or 0.13) ml of 100 

mg/ml (32 or 16 pmoles) DSPC (Lipoid, Ludwigshafen, Germany), in chloroform, was 

mixed with 0.625 (or 0.313) ml of 20 mg/ml (32 or 16 pmoles) cholesterol (BDH) 

with addition of 0.255 (or 0.127) ml APSA (10 mg/ml) in a 50 ml round bottomed 

flask (Quickfit). The lipids were dried to a thin film by evaporation of the solvent at 

a low speed in a rotary evaporator (Buchi) connected to a running tap water pump. 

The flask was partially submerged in a water bath at about 37 °C for PC liposomes 

and about 60 °C for DSPC liposomes. To remove all traces of chloroform, the dry 

film was left under a stream of nitrogen for a 10 min. Two ml of PBS (pH 7.4), 

calcein solution (for the subsequent formation of calcein containing SUV), or 0.17 M 

NaCl/0.01 M sodium borate buffer (pH 8.0) for the preparation of MLYs used in
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coupling procedures, was added to the dried lipid film. The suspension was bath 

sonicated (Kerry) while being manually rotated. Glass beads were added to 

preparations when bath sonication alone was not sufficient. Liposomes were allowed 

to anneal above the transition temperature of the phospholipid for 1 hour.

Preparation of small unilamellar vesicles (SUV)

To convert multilamellar vesicles into small unilamellar vesicles, sonication of the 

MLV samples was performed using a MSB sonicator (probe 19 mm) adjusted to 

amplitude which caused the sample to vibrate vigorously. Sonication was performed 

by partially submerging the flask in a beaker of water, at or above the transition 

temperature of the lipid. Since sonication produces heat, a 1-min burst of ultrasound 

was followed by 30 sec of cooling. Under the conditions described, a total sonication 

time of 10 min gives a clear preparation. After sonication, the preparation was left at 

the corresponding temperatures for another hour. For the preparation of protein- 

containing SUV, sonicated preparations were centrifuged at 1000 x g for 7 minutes 

to spin down titanium particles, but without the concomitant deposition of large 

vesicles, as this would remove an unquantified amount of lipid.

Calcein-containing SUV together with unentrapped calcein were passed through a 

Sepharose CL-4B (Pharmacia) column to separate the entrapped from free calcein. 

SUV eluted in PBS at the end of void volume of the column were collected in 1 ml 

fractions. The liposome suspension could be concentrated within dialysis tubing 

exposed to solid water absorbing polyethylene glycol (PEG) 6000 (BDH).

Preparation of dehvdration-rehvdration vesicles (DRV)

One ml of SUV with or without covalently coupled protein, prepared as described
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in the preceding section, was mixed with 1 ml of the solution of the material to be 

entrapped. After freezing at -20 °C, the preparation was lyophilized in a freeze-dryer 

(Christ) overnight. The following day, the preparation was rehydrated with distilled 

water using a volume equivalent to one-tenth of the total volume of SUV used (0.1 

ml in the present case). During rehydration, the temperature of the suspension was 

maintained above the transition temperature of the phospholipid used to ensure 

adequate fluidity of the bilayers to enable liposomes to anneal. Larger volumes of 

distilled water used for rehydration can often result in reduced entrapment values, 

whilst smaller volumes might be insufficient to completely wet the material. 

Rehydration was aided by vortexing lightly and the preparation was left to stand for 

30 min. PBS (0.9 ml) was then added to bring the volume of the sample to 1 ml. 

Liposomes were separated from unentrapped material by diluting with PBS and the 

centrifuging at 27,300 x g at 4 °C for 20 min, three times (Sorvall Combi Plus 

ultracentrifuge, Dupont).

Covalent coupling of proteins to the liposomal surface

To couple tetanus toxoid or IgG to liposomes, the method of diazotization (Snyder 

and Vannier, 1984) as modified by Gregoriadis et al. (1993) was used. SU Vs or DRVs 

were prepared as described in the preceding section. SU Vs were activated by the 

addition of 0.4 ml of 1 M NaN 0 2 , mixed, 0.4 ml of 1 M NaCl/1 M HCl was added 

and the solution left for 5 min in an ice bath (1-4 °C). SU Vs were rapidly separated 

from reagents by centrifugation on Sephadex G-25 (Pharmacia) minicolumns (Fry et 

al., 1978) and then reacted with a cold (4 °C) solution of the protein in 0.05 M borate 

buffer (1 mg/ml) mixed with ^^^I-labelled tracer (approx. 300 000 cpm) of the same 

protein. The mixture was left in an ice bath to reach room temperature (20 °C)
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overnight. SU Vs with covalently bound protein (SUV-protein) were separated from 

unbound protein on a Sepharose 4B CL column (Pharmacia). DRV liposomes were 

prepared from SUV (with bound protein) [(SUV-protein)DRV] by the dehydration- 

rehydration procedure at the appropriate temperature depending on their phospholipid 

composition. Protein-DRV were prepared from DRV (procedure described earlier): 

The DRV suspension in 0.17 M NaCl/0.01 M borate buffer (pH 8.0) was centrifuged 

at 27,300 X g for 10 min (as above) and liposome pellet resuspended in 2.0 ml of 

cold (4 °C) 0.2 M NaNOg followed by 2.0 ml of cold 0.2 M NaCl/0.2 M HCl. The 

diazotization reaction was carried out for 5 min at 0-4 °C in an ice bath, and 

liposomes centrifuged (4 °C) at 27,300 x g for 10 min. The diazotized liposomal pellet 

was immediately resuspended in a cold solution of protein in 0.05 M borate buffer 

(pH 10) (1 mg/ml) mixed with a tracer of iodinated protein (approx. 300 000 cpm) 

The mixture was placed in an ice bath and allowed to reach room temperature 

overnight. The resulting tan-coloured liposomes were washed twice by centrifugation 

at 27,300 X g as above.

Microfluidization of liposomes

Microfluidization of DRV was performed by the use of three different 

microfluidizers, namely Microfluidizer M 110, M HOT and M llOS (Microfluidics 

Corp. USA). However, parameters of pressure, volume flow rates and 

microfluidization cycles were all adjusted to produce vesicles of a standard size. 

Volumes and flow rates used were 10-25 ml, and 35-75 ml/min respectively. 

Microfluidized DRV (passed through Sepharose 4B CL columns to separate 

liposomaly bound protein from released protein and from free calcein when 

appropriate) were then subjected to analysis in terms of size, protein retention and
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surface localization.

Measurement of vesicle size

Particle size distributions were measured by photon correlation spectroscopy of 

samples diluted in distilled water (3.5 ml), in a Malvern Model 4700 or Malvern 

Autosizer 2c apparatus (Malvern Instruments Ltd), equipped respectively with a 25 

and 5 mW helium/neon laser. Mean diameters, size distributions and polydispersity 

indexes as a function of the number of microfluidization cycles were determined. The 

performance of the instrument was checked with monodisperse polystyrene latex 

particle suspensions (Polysciences) of fixed size (100 and 800 nm).

Preparation of non-ionic surfactant vesicles (niosomes)

Multilamellar non-ionic surfactant vesicles (niosomes) were prepared by 

mechanical shaking of the lipid dispersion in the presence of hydrating fluid without 

subsequent sonication. Sorbitan-monooleate (Span 80)(Fluka Chemika, Buchs, 

Switzerland), cholesterol (Sigma) and dicetyl phosphate (Fluka Chemika) in the molar 

ratios of 71.25:71.25:7.5 were dissolved in chloroform (20 ml) in a 50 ml round 

bottomed flask. The solvent was removed at a temperature of 60 °C under reduced 

pressure in a rotary evaporator (Buchi) to form a thin film on the flask wall. The film 

was dried completely by exposing the film to oxygen-free nitrogen stream for 1 0  min. 

The dried lipid film was hydrated with 3 ml of (1:10 diluted) PBS containing protein 

with radiolabelled tracer and left shaking for 1 hour on a mechanical shaker in a water 

bath at 60 °C. The resulting niosomes dispersion was then left to reach room 

temperature. Gel chromatography (Sepharose 4B CL, Pharmacia) was used to separate 

unentrapped solute from the vesicles.
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Preparation of vesicles-in-water-in-oil emulsion

Niosomes were dispersed in water and then emulsified in an non-aqueous 

continuous phase to form the vesicles-in-water-in-oil (v/w/o) emulsion: equal volumes 

of vesicles suspension and oil containing 5 % Span 80 were emulsified using a vortex 

mixer. Com and sesame oils used in the experiments were purchased from Sigma.

Immunization protocols

Male Balb/c mice (Benten Kintgmen), 4-6 weeks old and average body weight of 

2 0  g, were immunised by two intramuscular injections at four week intervals with 

different antigen preparations. Twenty eight days after priming and 10 days after the 

booster injections, blood samples (50 pi) from tail vain were taken. In immunological 

studies with microfluidized liposomes, male CD, mice (the same source, body weight 

2 0  g)) were used.

Enzvme-linked immunosorbent assav (ELISA)

Antibody responses to liposome-associated and other antigens used in 

immunization studies, were monitored by a microplate ELISA as follows: A solution 

of the antigen in 0.05M sodium bicarbonate buffer (pH 9.6) was added into each of 

the wells of a plastic microelisa plate (Dynatech) and incubated either at 4°C 

overnight or at room temperature for 1 hour. The wells were washed three times with 

9.5 mM sodium phosphate buffer containing 0.8 % NaCl and 0.05 % Tween 20, pH 

7.4 (PBS-Tween buffer), allowed to dry and 60 pi portions of sera (diluted in PBS- 

Tween buffer with 1 % BSA) were dispensed into the microtitre plate wells and 

incubated at room temperature for 3 hours. Each well was washed three times with 

PBS-Tween buffer with a minimum of 3 min between washes. 50 pi of a horseradish
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peroxidase-labelled rabbit antimouse Ig serum diluted in PBS-Tween with 1 % BSA 

and 5 % fetal calf serum was dispensed into each well and incubated at room 

temperature for 3 hours. The washing procedure was then repeated as above. 

Subsequently, 200 pi of the substrate (40 mg 0-phenylenediamine in 100 ml of 2 mM 

Na phosphate/1 mM citric acid buffer, pH 5.0, into which 40 pi of 30 % H 2 O2  had 

been added immediately before dispensing) was added to each well. After 30 min, the 

reaction was stopped by the addition of 25 pi of 10 % H2 SO4  to each well and the 

colour read spectrophotometrically at 492 nm on a Multiscan MCC/340 Titertek 

apparatus. ELISA values were determined by calculating the mean of two duplicate 

readings, and expressed as the logarithmical value of the number of serum dilutions 

needed to obtain absorbance readings still higher than 0 .2 0 0 .

Radiolabelling of protein bv the chloramine-T method

a) Theoretical basis of radioiodination 

lodination of proteins and peptides is accomplished either directly or indirectly (by 

conjugation of a prelabelled tyrosine molecule to the protein). can also label other 

amino acids (eg. histidine) but not as efficiently. For large protein molecules, direct 

labelling is usually efficient, depending on the specific activity of the iodine used and 

the number and location of the tyrosine residues. For molecules (eg. small peptides) 

that do not contain a tyrosine residue, are too small to incorporate the large iodine 

atom, or where direct iodine incorporation may affect immunoreactivity, iodination 

may be accomplished by conjugation with a preiodinated molecule. Chloramine-T 

oxidises ^^^I-labeled sodium iodide for reaction with tyrosine residues. The method is 

rapid and simple, exposure to radiation is minimal and radiolabelling efficiency is high 

(Heal, 1985).
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b) Preparation of the column

To separate iodinated from non-iodinated protein, a prepacked PD 10 column 

(Pharmacia) or a 10 ml syringe filled with Sephadex G-25 gel (Pharmacia) was used. 

The column was rinsed with 1 % BSA in PBS in order to presaturate the gel, with 

PBS applied during separation.

c) The reaction

To the (10 pi, about 1 mCi) in an Eppendorf vial, 20 pi of 0.25 M Sodium 

phosphate buffer (pH 7.5) was added. After vortex mixing, 100 pi of the protein 

solution (containing a few pg of the protein) was dispensed. The reaction was 

activated with 10 pi of chloramine-T (1 mg/ml in 0.05 M phosphate buffer, freshly 

prepared), mixed and incubated for 5-10 min. The reaction was terminated with 20 pi 

of Na-metabisulphate (1.2 mg/ml in 0.05 phosphate buffer) and 300 pi of KI (1 mg/ml 

in phosphate buffer). The mixed solution was applied to the column and one ml 

fractions were collected and analyzed for radioactivity (see below). The fractions 

containing radiolabelled protein were pooled and dialysed against PBS for 48 hours.

d) TCA precipitation

Five pi of iodinated protein was mixed with 0.1 ml of 10 % BSA which was then 

supplemented with 2.5 ml of 10 % TCA and vortexed. After incubation for 1 hour at 

4 °C, the solution was centrifuged for 10 min at 3000 rpm (Jouan B 3.11 bench 

centrifuge). The pellet (containing iodinated protein) and supernatant (containing free 

^̂ Î) were counted for 60 sec in a 1275 Minigamma gama counter (Wallac). For 

protein pellets containing less then 90 % of initially used radioactivity, dialysis was 

repeated to ensure removal of all free iodine. TCA precipitation was regularly repeated 

for all iodinated proteins.
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Incubation with protease

Liposomes with covalently coupled protein were exposed to protease to determine 

the amount of protein available (for digestion) on the liposomal surface. 0 . 1  ml of 

liposomes was mixed with 0.1 ml of the protease solution (1 mg/ml, 4 units/mg, 

Sigma), PBS was added to a volume of 2 ml and the solution left in a water bath at 

37 °C for 3 hours. Controls, without the enzyme, were treated under the same 

conditions. The samples were centrifuged at 27,300 x g for 20 min in a refrigerated 

Sorvall ultracentrifuge and supernatants (containing released or digested protein) and 

pellets (containing protein associated with liposomes) were measured for 

radioactivity. Small microfluidized liposomes were passed through a Sepharose 4B CL 

column (Pharmacia) to separate released or digested from liposome-bound protein.

Statistical analvsis

Differences in logarithm of serum dilutions, as determined by ELISA, between two 

groups of mice were tested for significance by the Student‘s t test. To compare 

differences between immune responses within groups of mice immunised with 

different antigen preparations, the one-way analysis of variance for the equal sample 

sizes was applied.
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CHAPTER 1

EXPOSURE OF PROTEINS ON THE LIPOSOMAL SURFACE: THE EFFECT OF 

MICROFLUIDIZATION

Introduction

Previous studies (Gregoriadis, 1990) have shown that liposomes act as 

immunological adjuvants in vaccines, both for entrapped and vesicle surface linked 

antigens. In this respect, dehydration-rehydration vesicles (DRV liposomes) have the 

advantage of simple manufacture under conditions which are not damaging to antigens 

(Kirby and Gregoriadis, 1984). Furthermore, coupling procedures can be employed for 

the attachment of antigen or ligands to the surface of DRV liposomes under conditions 

where contact of potentially damaging coupling reagents with labile solutes (eg. 

cytokines) incorporated into liposomes is avoided: antigen or ligands are firstly linked 

to small unilamellar vesicles (SUV) which are then used to generate DRV in the 

presence of solute destined for entrapment (Gregoriadis et al., 1993). Transformation 

of SUV to the multilamellar DRV is associated with the appearance of much of the 

coupled protein on the latter’s surface (Gregoriadis et al., 1993). Interestingly, solute 

containing DRV can be microfluidized to produce smaller vesicles (down to about 100 

nm diameter) under conditions which ensure retention of much of the originally 

entrapped solutes (Gregoriadis et al., 1990). Such small vesicles are known to exhibit 

long half-lives in the circulation and are therefore appropriate for targeting (via cell- 

specific ligands bound to their surface) intravasculary to cells which do not normally 

take up liposomes, or when given extravascularly, to the lymphatics (Gregoriadis, 

1988b).
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Here we have investigated the fate of a protein antigen (tetanus toxoid) and a 

model ligand (immunoglobulin G; IgO) present on the surface of DRV following 

microfluidization to obtain vesicles of smaller size. The proteins were either coupled 

to SUV which were then used to generate DRV (with some of the protein expressed 

on their surface) or directly to the surface of preformed DRV. The appearance of 

protein on the liposomal surface was monitored either by treatment of the vesicles 

with protease (tetanus toxoid and IgG) or by the use of a protein A-Sepharose gel 

(IgG). Results show that most of the toxoid or IgG is localized on the surface of the 

small vesicles.

MATERIALS AND METHODS

Covalent coupling of proteins to liposomes

The method of diazotisation (Snyder and Vannier, 1984) as modified (Gregoriadis 

et al., 1993) was used to couple tetanus toxoid and IgG to liposomes. Briefly, SUV 

(prepared as described in page 44) composed of PC (16 pmoles) or DSPC (16 

pmoles), cholesterol (16 pmoles) and APS A (3.2 pmoles) were prepared (Gregoriadis 

et al., 1993) and activated by the addition of sodium nitrate and hydrochloric acid. 

After diazotization for 5 min at 4 °C, SUV were rapidly separated by centrifugation 

through Sephadex G-25 minicolumns (Fry et al., 1978) and reacted with a cold (4 °C) 

solution of protein (tetanus toxoid or IgG; 1 mg/ml) mixed with ^^^I-labelled tracer of 

the same protein. SUV with covalently bound protein (SUV-protein) were separated 

from unbound protein through a Sepharose 4B CL column. DRV liposomes were 

prepared from SUV (with bound protein) [(SUV-protein)DRV] by the dehydration- 

rehydration procedure at the appropriate temperature (for details see Materials and 

Methods, page 46), depending on their phospholipid composition (Kirby and
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Gregoriadis, 1984). In some experiments with IgG-coated SUV, DRV were generated 

in the presence of 0.2 M calcein. In other experiments, DRV generated (in the absence 

or presence of 0.2 M calcein) from SUV devoid of protein, were activated and coupled 

to protein as above (DRV-protein).

Microfluidization of liposomes

All experiments were performed as described earlier (see page 46). DRV 

suspensions were microfluidized for 1.8, 3, 10.6 or 10 cycles and passed through 

Sepharose 4B CL columns to separate liposomaly bound protein from released protein 

(or free calcein when appropriate). They were then subjected to analysis in terms of 

size, protein retention and surface localization (see later).

Assessment of the extent of protein presence on the liposomal surface

DRV-protein (20 pg protein and 0.6 mg phospholipid) and (SUV-IgG)DRV (20 pg 

protein and 0 . 6  mg phospholipid) were incubated in the absence or presence of 

protease (0.1 ml of 1 mg/ml) at 37 °C and then centrifugated at 27,300 x g (Sorvall 

Combi Plus refrigerated ultracentrifuge, Dupont) for 20 min (for details see page 51 

in Materials and Methods-General). The liposomal pellet (with retained protein) and 

the supernatant (with digested protein) were assayed for ^̂ Î (Kirby and Gregoriadis, 

1984) and digested protein expressed as % of released radioactivity. Microfluidized 

protein-coated liposomes were passed through Sepharose 4B CL column. Fractions 

containing the eluted liposomes and the digested protein were assayed for ^̂ Î 

radioactivity as above.

Interaction of antibodv bearing liposomes with protein A-Sepharose 4B CL gel
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Calcein-containing SUV-IgG, DRV-IgG and (SUV-IgG)DRV (0.2 or 0.5 ml and 

1.2 or 3 mg phospholipid, and up to 100 pg IgG) were mixed with 2 ml of protein A- 

Sepharose 4B CL and shaken overnight at 20 °C. Binding of liposomal IgG to the gel 

was monitored by measuring ^̂ Î radioactivity and calcein (Goding, 1978; Leserman 

et al., 1980) both in the gel and the supernatant after centrifugation at 3000 x g for 

10 min. The washed gel was then mixed with unbound liposomes and subjected to the 

same procedure until no further binding occurred. The capacity of the gel in terms of 

IgG binding (20 mg per 1 ml gel) was much greater than the maximum amount (100 

pg) of IgG applied. The following control preparations were also used for interaction 

with the protein A-Sepharose 4B CL gel: free IgG (100 pg) and calcein-containing 

SUV also incorporating ^H-cholesterol, the later used to determine non-specific 

binding. SUV-IgG were applied on the Sepharose 4B CL gel (under the same 

conditions) to see if any non-specific binding occurred.

RESULTS AND DISSCUSION

The effect of microfluidization of DRV on vesicle size

The mean diameters of DRV and vesicles derived thereof by microfluidization are 

presented in Table 1.2.. As previously shown (Gregoriadis et al., 1990), vesicle size 

after 10 cycles of microfluidization was about 100 nm. Further, polydispersity indexes 

decreased (through microfluidization) from a value 0.514 to values of 0.195-0.210 

(Table 1.1.). In agreement with previous work (Gregoriadis et al., 1993), there was no 

difference in size between DRV-protein and (SUV-protein)DRV (Table 1.2.). In the 

experiments with IgG coupled to liposomes of two different phospholipid 

compositions (PC and DSPC), DSPC liposomes were smaller (mean diameter about 

70 nm) in comparison with PC liposomes (mean diameter about 100 nm). The size of
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DRV liposomes before microfluidization (both types) (500-2000 nm) is probably an 

approximate estimate since DRV are multilamellar (Gregoriadis et al., 1993) and very 

heterogeneous in size (polydispersity indexes ranging between 0.398 and 0.514), with 

larger vesicles influencing the mean diameters.

Table 1.1.: The effect of microfluidization on the polydispersity of protein-coated 

vesicles

Polvdispersitv index

Liposomes Microfluidization cycles (number)

0 1 . 8 3 1 0 - 1 0 .6 "

(SUV-IgG)DRV' 0.514 0.265 0.195

((SUV-IgG)DRV" 0.509 0.286 0.199

IgG-DRV" 0.511 0.283 0 . 2 1 0

IgG-DRV’̂ 0.513 0.293 0 . 2 0 2

(SUV-TT)DRV' 0.513 0.399 0.203"

TT-DRV" 0.398 0.304 0.217"

 ̂ liposomes made of PC, cholesterol and APS A (molar ratios 1:1:0.2)

 ̂ liposomes made of DSPC, cholesterol and APS A (molar ratios 1:1:0.2) 

 ̂ liposomes microfluidized for 1 0 . 6  cycles
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Table 1.2: The effect of microfluidization on the size of protein-coated 

vesicles

Liposomes Mean diameter (nm) 

Microfluidization cycles (number)

0 1.8 3 10 orlO.6

(SUV-

IgG)DRV

634(589) 297(267) 108(69)

IgG-DRV 713(943) 278(254) 98(73)

(SUV-

TT)DRV

2008 496 138'

TT-DRV 943 482 136'

Liposomes were made of PC or DSPC (values in parentheses), cholesterol and APSA 

(molar ratios of 1:1:0.2).

 ̂ liposomes microfluidized for 10.6 cycles
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The effect of DRV microfluidization on protein retention by formed vesicles 

Figures 1.1-1.3. show retention of proteins bound to (SUV-protein)DRV and DRV- 

protein by vesicles formed through microfluidization. After 10.6 cycles of 

microfluidization, the amount of toxoid originally linked to TT-DRV (21.3 % of used) 

and (SUV-TT)DRV (13.8 % of used) was reduced to 18.2 % (14.5 % of bound protein 

released) and 12.6 % (8.7 % of bound protein released) respectively (Fig. 1.1.). Similar 

results were obtained for IgG bearing liposomes where after 10 cycles of 

microfluidization, originally linked IgG (38.2 % of the amount used) was reduced to 

29.9 % for IgG-DRV and from 29.4 % to 26.5 % (of the amount used) for (SUV- 

IgG)DRV (Fig. 1.2.). Comparing the two different phospholipid compositions (Fig. 1.2. 

and Fig. 1.3.), vesicles generated from protein-SUV released less of the bound protein 

for both phospholipid composition, through the process of size reduction. Previous 

work (Gregoriadis et al., 1990) has shown that solute retention values were 10-50 % 

of the originally entrapped material.
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Fig. 1.1; The effect of microfluidization on the retention of liposome-

conjugated tetanus toxoid

TT-DRV

(SUV-TT)DRV

O cycles 1.8 cycl. 10.6 cycles 

M icroflu id ization (number o f cycles)

Liposomes were made of PC, cholesterol and APSA (molar ratios 1:1:0.2) and 

microfluidized for 1.8 or 10.6 cycles at room temperature.
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Fig. 1.2: The effect of microfluidization on the retention of liposome-

conjugated IgG

O) 40  ■

IgG—DRV 

(SUV-lgG>DRV

0 cycles 3 cycles 10 cycles 

M icroflu id ization (number o f cycles)

Liposomes were made of PC, cholesterol and APSA (molar ratios 1:1:0.2) and 

microfluidized for 3 or 10 cycles at room temperature.
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Fig. 13: The effect of microfluidization on the retention of liposome-

conjugated IgG

O  40  -

IgG-DRV

(SUV-lgG)DRV

0 cycles 3 cycles 10 cycles 

M icroflu id ization (number o f cycles)

Liposomes were made of DSPC, cholesterol and APSA (molar ratios 1:1:0.2) and 

microfluidized for 3 or 10 cycles at about 50 °C.
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The effect of microfluidization on protein exposure on the liposomal surface 

Following conversion of SUV to DRV, most (86.1-93 %) of SUV-bound protein 

was recovered in (SUV-protein)DRV, mostly on the outer liposomal bilayer. As shown 

in Table 1.3., all preparations (two different proteins and phospholipid compositions) 

gave very similar results. Protease, expected to digest surface localised protein to low 

molecular weight fragments, was used to monitor protein exposure on microfluidized 

vesicles. Protease treatment of protein-DRV before microfluidization released from 50- 

56 % of the originally bound protein. Similar results were obtained for (SUV- 

protein)DRV, where 45-56 % of the bound protein was released. After 

microfluidization (10 and 10.6 cycles) released values increased to 81-89 % and 76-79 

% respectively. Experiments performed in the absence of protease (control) showed 

protein release of 10-18 %, probably representing loosely bound or adsorbed protein. 

The high values of protein exposure for (SUV-protein)DRV, where protein is expected 

to be present on the inner as well as the outer bilayers, can be explained by the 

inability of APSA-bound protein (M^ 150 000-160 000) to accommodate itself in the 

narrow water spaces between the bilayers, sterically preferring the outer bilayer. 

Interestingly, values for protein exposure in protein-DRV before microfluidization are 

lower then expected (all protein was linked to the surface of preformed DRV) and are 

probably an underestimate, caused by limited contact of the liposomal surface with the 

enzyme. In experiments were liposomes were incubated with the enzyme for a longer 

period (16 hours), values were similar as those after 3 hours of incubation. Values in 

Table 1.3. denote protein recovered on the surface of vesicles and are expressed as 

percentage of total vesicle-bound protein. For other details see the Materials and 

Methods-General.

62



Table 1.3.: The effect of DRV microfluidization on protein exposure on the surface of generated vesicles

Liposomes

(type)

Phospho

lipid

used

Vesicle surface protein (%±SD of originally bound)

0 cycles 1.8 or 3 cycles 10 or 10.6 cycles

PBS Protease PBS Protease PBS Protease

TT-DRV PC 15.1±3.1 50.1±9.1 19.2±1.4" 60.3±7.9" 18.1±2.4" 81.8±8.9"

(SUV-TT)DRV PC 14.6±1.4 56.5±9.0 13.3±2.4" 74.8±9.0" 14.2±2.8" 76 .5± 8 .r

IgG-DRV PC 14.3±1.9 54.9±5.4 11.9±1.6 69.0±7.7 10.9±0.9 87.1±8.0

(SUV-IGG)DRV PC 12.5±1.0 48.1±4.9 14.8±1.2 69.3±7.1 14.0±1.1 77.3±5.5

IgG-DRV DSPC 12.1±2.1 56.3±6.1 10.9±2.0 69.8±9.1 13.4±1.0 89.4±7.9

(SUV-IGG)DRV DSPC 13.0±1.2 45.1±4.1 12.7±2.0 66.2±5.8 13.1±1.1 79.4±6.1

0 \

in PBS with or without protease.



Presentation of antibodv on the liposomal surface

Protein A-Sepharose 4B CL gel has been used for the immunopurification of 

gamaglobulins (Goding, 1978). In our experiments we used gel to determine the 

availability of vesicle surface bound antibody (before and after microfluidization) to 

react with protein A (and with a specific target when appropriate). Calcein also was 

entrapped in such liposomes to monitor binding of intact vesicles rather than 

phospholipid-IgG fragments to the gel. Interaction between liposomal IgG and the gel 

was firstly followed by using SUV-IgG, where all antibody was present on outer 

bilayer.

Table 1.4.: Interaction of SUV-IgG with protein A-Sepharose 4B CL gel

Liposome

(volume

applied)

Percentage of bound IgG reacted with the gel

I mixing II mixing in  mixing IV mixing Total

A B A B A B A B A B

500 pi 59 50 52 43 8 10 2 1 86 78

200 pi 61 52 45 43 6 8 2 1 87 75

A= values based on radioactivity (̂ ^ Î); B= values based on calcein reading 

Gel and liposomes were mixed four times (I-IV).

The procedure was as described in Materials and Methods-General. After washing the 

gel, follows the first mixing, unbound protein-coated liposomes were applied again
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and the procedure repeated until no further binding occurred (4 mixing in the present 

work). Total percentage values in Table 1.4. are total amount of liposomaly bound IgG 

reacted with protein A. In experiments with IgG-DRV and (SUV-IgG)DRV, 500 pi 

of liposome suspension was applied to 2 ml of the gel, since in experiments with 

SUV-IgG different volumes applied to the gel did not interact differently with the gel. 

The values presented in Fig. 1.4. and Fig. 1.5. are final values (control binding of 3 % 

was subtracted from the original values). IgG-DRV before microfluidization interacted 

with the gel to a lower extent than expected (only 68 %), an event that might be 

explained by sterical hindrance in the interaction of multilamellar, heterogenous DRV 

with the gel. Microfluidized liposomes showed greater reaction with gel due to higher 

percentage of liposomaly bound IgG present on the outer bilayer and perhaps the 

smaller size. In all experiments, values for calcein corresponded to radioactivity 

measurements, confirming that liposomes were bound intact.
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Fig.1.4.: Percentage of microfluidized IgG-DRV reacted with the protein A

Sepharose 4B CL gel

O
O)

■Oa;
Q.
a
CO

o

(0-M
o

labelled
IgG
calcein

0 cycles 3 cycles 10 cycles 

M icroflu id ization (number o f cycles)

Liposomes were made of PC, cholesterol and APSA (molar ratios of 1:1:0.2) and 

microfluidized for 3 or 10 cycles at room temperature.
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Fig 1^.: Percentage of microfluidized (SUV-IgG)DRV reacted with protein A

Sepharose 4B CL gel
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Liposomes were made of PC, cholesterol and APSA (molar ratios of 1:1:0.2) and 

microfluidized for 3 or 10 cycles at room temperature.

CONCLUSION

Microfluidization was shown to be a suitable method for the reduction of vesicle
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size. Through microfluidization for 10 (10.6) cycles (leading to vesicles of about 100 

nm in size) no more than 20 % of liposomaly bound protein was released. Release of 

protein during microfluidization did not seem to be influenced by the type of the 

protein or the phospholipid composition of liposomes used.
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CHAPTER 2

STUDIES OF PROTEIN LOCALIZATION ON THE LIPOSOMAL SURFACE BY 

THE FREEZE-FRACTURE TECHNIQUE

Introduction

Freeze-fracture electron microscopy has been widely used as a technique to 

investigate biological and artificial model membrane systems including liposomes. The 

technique does not require chemical fixatives or staining methods (eg. negative 

staining) and allows examination of the hydrophobic membrane regions and structures 

built up by lipids and/or intrinsic proteins (Sternberg, 1993).

The technique has been mostly applied in the characterisation of liposomal size, 

size homogeneity, lamellar character, bilayer integrity and polymorphic form. Skriver 

et al. (1980) used freeze-fracture electron microscopy to study the incorporation of 

purified Na,K-ATPase (M^ 280 000, consisting of two subunits with 104 000 and 

two sialoglycoproteins with close to 40 000) into phospholipid vesicles, and its 

appearance. The protein appeared as single particles (about 10 nm in size) with only 

a few particles seen localised close to one another. Following this pioneering work, 

freeze-fracture electron microscopy was used in the characterisation of liposomes with 

membrane proteins incorporated in the inner bilayers (see General Introduction).

In the present study liposomes with surface-covalently linked proteins (IgG and 

tetanus toxoid) have been characterised by the same technique.

MATERIALS AND METHODS

Preparation of small unilamellar vesicles (SUV)
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Small unilamellar vesicles were made from egg PC, cholesterol and APSA in molar 

ratios of 1:1:0.2. The procedure is described in detail in Materials and Methods- 

General.

Preparation of dehydration-rehydration vesicles (DRV)

SUV (1 ml) with or without covalently linked protein were mixed with PBS (1 ml), 

frozen at -20 °C, and lyophilized in a freeze-dryer (Christ) overnight. The preparation 

was then rehydrated with distilled water (0.1 ml), vortexed lightly and left to stand for 

30 min, after which 0.9 ml PBS was added resulting in a total sample of 1 ml. In the 

case of DRV made from SUV with covalently linked protein, the suspension was 

centrifuged twice at 27,300 x g (at 4 °C) for 20 min (Sorval Combi Plus 

ultracentrifuge, Dupont) and the washed DRV pellet suspended in 7 ml of PBS.

Covalent coupling of proteins onto the liposomal surface

The diazotisation method (Snyder and Vannier, 1984; Gregoriadis et al., 1993) was 

used to couple tetanus toxoid or bovine IgG to liposomes. Briefly (for more details see 

Materials and Methods-General), SUV were activated by the addition of sodium nitrate 

and hydrochloric acid. After diazotisation at 4 °C (5 min), SUV were rapidly separated 

by centrifugation through Sephadex G-25 minicolumns (Fry et al., 1978) and reacted 

with a cold (4 °C) solution of protein (1 mg/ml) mixed with ^^^I-labelled tracer of the 

same protein. SUV with covalently bound protein (SUV-protein) were separated from 

unbound protein on Sepharose 4B CL column next day. DRV liposomes prepared 

from small unilamellar liposomes with bound protein [(SUV-TT)DRV] by the 

dehydration-rehydration procedure were separated from unbound protein as described 

above.
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Microfluidization of liposomes

Microfluidization of DRV and (SUV-TT)DRV was performed on a Microfluidizer 

M n o s  (Microfluidecs Corp., USA). The volume and flow rate used were 10 ml and 

75 ml/min respectively. The samples were microfluidized for 3 and 10 cycles. 

Microfluidized (SUV-TT)DRV were passed through Sepharose 4B CL columns to 

separate liposomaly bound from a protein released through the process of 

microfluidization, and subjected to analysis in terms of size distribution and vesicle 

surface localization of protein.

Measurement of vesicle size

Particle size distributions were measured by photon correlation spectroscopy of 

samples diluted in distilled water (3.5 ml) in a Malvern Autosizer 2c apparatus 

(Malvern Instruments Ltd) equipped with a 5 mW helium/neon laser. Mean diameters, 

size distribution and polydispersity indexes as a function of microfluidization cycles 

were determined.

Freeze-fracture electron microscopv

Borate buffer (0.05 M) solution, protein in borate buffer solution (1 mg/ml) or 

liposomal suspensions were sandwiched between copper plates and quickly frozen in 

KF 80 freezing device (Balzers, Liechtenstein) using liquid propane (-180 °C). Frozen 

samples were loaded in a holder under liquid nitrogen and transferred to a Balzers 

BAF 400 (Balzers, Liechtenstein). The samples were fractured at -150 °C and 

immediately replicated with Pt/C (2 nm) at a 45° angle and carbon (20 nm) from a 

90° angle. Replicas were cleaned with hydrochloric and chromic acid. The cleaned 

replicas were mounted on 400-mesh copper grids, dried, and examined in a Phillips
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201 or 410 transmission electron microscope (Phillips, Eindhoven, The Netherlands). 

Random micrographs were taken within regions of replicas which were representative 

of the sample.

RESULTS AND DISCUSSION

As was shown earlier (see Chapter 1), after microfluidization of 

(SUV-protein)DRV, only a small proportion (12 %) of linked protein was released, 

confirming that microfluidization is a suitable method for the reduction of vesicles size 

of liposomes with linked protein (Table 2.1.).

Table 2.1.: The effect of microfluidization on size and protein retention of 

liposomes

Liposomes

(type)

Microfluidization 

cycles (number)

Vesicle mean 

diameter (nm)

Bound protein 

pg/pmol PC

SUV 0 114 0

SUV-IgG 0 116 21.25

SUV-TT 0 121 20.56

DRV 0 906 0

(SUV-TT)DRV 0 696 20.01

DRV 3 267 0

(SUV-TT)DRV 3 287 18.72

DRV 10 99 0

(SUV-TT)DRV 10 101 17.61

Liposomes were made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2.
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Fig.2.1. is a freeze-fracture electron micrograph of bovine IgG (1 mg/ml) solution. 

The protein particles are about 10-15 nm in size. The appearance of tetanus toxoid 

particles was similar to that of bovine IgG particles (not shown). This is due to the 

similar molecular weight (160 000 and 150 000 respectively) of the proteins.

mm

Fig.2.1.: Electron micrograph of freeze-fractured bovine IgG (1 mg/mi) solution

Magnification 45 000 x 1.6 = 72 000. The bar represents 100 nm. Arrow indicates 

shadowing direction.

Freeze-fracturing of 0.05M borate buffer (pH 10) did not show any particles 

present (control).
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Fig.2,2. is a freeze-fracture electron micrograph of a suspension of SUV-IgG. The 

size of the vesicles determined from the micrograph is about 100 nm (corresponds to 

size values obtained by photon correlation spectroscopy) with IgG particles (size 10-12 

nm) seen on the liposomal surface. Protein particles (presumably released from SUV) 

were also present in the surrounding area.

Fig.2.2.: Electron micrograph of freeze-fractured SUV-IgG

Magnification 45 000 x 1.6 = 72 000. The bar represents 100 nm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in the

molar ratios of 1:1:0.2.
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Fig.2.3. is a freeze-fracture electron micrograph of a suspension of SUV-TT. The 

size of vesicles is about 100 nm (corresponding to the size values obtained by photon 

correlation spectroscopy) with tetanus toxoid particles (size 10-12 nm) seen on the 

liposomal surface. Some of the protein particles were again visualised in the 

surrounding area.

?€

Fig.2.3.: Electron micrograph of freeze-fractured SUV-TT

Magnification 69 000 x 1.6 = 110 400. The bar represents 100 nm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in the

molar ratios of 1:1:0.2.
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Fig.2.4. is a freeze-fracture electron micrograph of a suspension of SUV (control). 

The size of the vesicles is about 200 nm (corresponding to the size measured by 

photon correlation spectroscopy). No protein particles were seen either in the 

surrounding area or on the liposomal surface.
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Fig.2.4.: Electron micrograph of freeze-fractured SUV

Magnification 57 800 x 1.6 = 92 480. The bar represents 100 nm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in the

molar ratios of 1:1:0.2.
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Fig.2.5. is a freeze-fracture electron micrograph of DRV liposomes before 

microfluidization. The fracture was partly across the bilayers which allowed the 

visualisation of the multilamellar structure. In the absence of proteins, no small 

(protein) particles on the surface of liposomes were visualized. The liposomal size 

heterogenicity is clearly visible.

Fig.2.5.: Electron micrograph of freeze-fractured non-microfluidized DR Vs

Magnification 24 400 x 1.6 = 39 040. The bar represents 1 pm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in the

molar ratios of 1:1:0.2.
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Fig.2.6. is a freeze-fracture electron micrograph of DRV liposomes after 3 cycles 

of microfluidization. The size of liposomes is reduced to about 300 nm (as measured 

by photon correlation spectroscopy). As expected, no protein particles could be 

observed on the surface of the vesicles.

3-/

Fig.2.6.: Electron micrograph of freeze-fractured microfluidized (3 cycles) DRV

Magnification 33 900 x 1.6 = 54 200. The bar represents 100 nm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in the

molar ratios of 1:1:0.2.
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Fig.2.7. is a freeze-fracture electron micrograph of DRV liposomes after 10 cycles 

of microfluidization. The size of the vesicles is about 100 nm (corresponding to size 

values measured by photon correlation spectroscopy), confirming the effect of 

microfluidization for 10 cycles in terms of size. No protein particles could be observed 

in the micrograph.

Fig.2.7.: Electron micrograph of freeze-fractured microfluidized (10 cycles) DR Vs

Magnification 44 400 x 1.6 = 71 040. The bar represents 100 nm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in molar

ratios of 1:1:0.2.
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Fig.2.8. is a freeze-fracture electron micrograph of (SUV-TT)DRV liposomes 

before microfluidization. Tetanus toxoid appears as particles of 10-15 nm in size on 

the surface of liposomes and the surrounding area. The size of liposomes is about 500 

nm (similar to the size measured by photon correlation spectroscopy).

Fig.2.8.: Electron micrograph of freeze-fractured non-microfluidized 

(SUV-TT)DRV

Magnification 24 400 x 1.6 = 39 040. The bar represents 1 pm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in the

molar ratios of 1:1:0.2.
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Fig.2.9. is a freeze-fracture electron micrograph of (SUV-TT)DRV liposomes after 

3 cycles of microfluidization. The size of the liposomes is about 200 nm, with tetanus 

toxoid particles (size 10-15 nm) seen on the liposomal surface and the surrounding 

area. The size corresponds to that measured by photon correlation spectroscopy of 

DRVs microfluidized for 3 cycles.
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Fig.2.9.: Electron micrograph of freeze-fractured microfluidized (3 cycles) 

(SUV-TT)DRV

Magnification 33 900 x 1.6 = 54 240. The bar represents 100 nm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in the

molar ratios of 1:1:0.2.
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Fig.2.10. is a freeze-fracture electron micrograph of (SUV-TT)DRV after 10 cycles 

of microfluidization. The size of the liposome is about 100 nm, with tetanus toxoid 

particles (10-12 nm) on and around the liposome. The size of the liposomes 

corresponds to that of DRVs microfluidized for 10 cycles.

Fig.2.10.: Electron micrograph of freeze-fractured microfluidized (10 cycles) 

(SUV-TT)DRV

Magnification 33 900 x 1.6 = 54 240. The bar represents 100 nm. Arrow indicates

shadowing direction. Liposomes were made of egg PC, cholesterol and APSA in the

molar ratios of 1:1:0.2.
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CONCLUSION

Freeze-fracture electron microscopy can be used to observe protein covalently 

linked to liposomal surface if the molecular weight of the protein is large enough (as 

in the case of gama globulins and tetanus toxoid). The protein appears as particles of 

10-15 nm in size. Although all non-bound protein was removed from liposomaly 

bound protein before the freeze-fracture procedure, the presence of protein particles 

in the area surrounding liposomes suggests that some of the bound protein was 

released from liposomes either during freezing or freeze-fracturing. Considering that 

the fracture plane can go just above or through the liposomal surface, it is difficult to 

conclude whether particles seen around liposomes are released protein or protein still 

linked to liposomes. The controls clearly show that particles observed on liposomes 

with bound protein can not be seen on micrographs of fractured liposomes without 

protein. The size of non-microfluidized and microfluidized liposomes is corresponding 

to the size measured by photon correlation spectroscopy. After 10 cycles of 

microfluidization, DRV multilamellar liposomes are reduced to unilamellar (about 100 

nm) liposomes (with protein still present on the liposomal surface in the case of 

liposomes with bound protein). In agreement with Anner et al (1984), we could detect 

only a few protein particles per liposome, although the calculated number (Huang, 

1969) is about twenty for the concentration of protein used.
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CHAPTER 3

CHARACTERISATION OF LIPOSOMES BY SMALL ANGLE X-RAY 

SCATTERING (SAXS)

Introduction

The surface characteristics of liposomes can be influenced through attachment of 

proteins on their bilayers. Small angle X-ray scattering can provide inform^ation (in the 

form of scattering curves) on electron density profiles of the bilayers of tthe vesicles, 

the location of proteins in the vesicles and an estimate of the average; number of 

bilayers in the vesicles (Bouwstra et al., 1993). Using dispersions of unilamellar as 

well as multilamellar vesicles, it was shown that the scattering curve changes 

dramatically and that is possible to determine the average number of bilayers in the 

dispersion (Jousma et al., 1987). The theoretical considerations of the approach are 

explained in the General Introduction.

We have studied the influence of microfluidization on the size of vesicles and 

number of their bilayers as well as presence of originally bound protein, by several 

techniques: freeze-fracture (Chapter 2), cryo electron microscopy (Chapter 4) and 

small angle X-ray scattering (this chapter). Scattering profiles of liposomes with 

covalently bound protein and of microfluidized and non-microfluidized liposomes were 

determined.

MATERIALS AND METHODS

Preparation of small unilamellar vesicles (SUV)

SUV were made of egg PC (16 pmoles), cholesterol and APSA in molar ratios of
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1:1:0.2, as described in Materials and Methods-General.

Preparation of dehydration-rehydration vesicles (DRV)

SU Vs (1 ml) with or without covalently linked protein were mixed with equal 

volume of PBS (pH 7.4). The mixture was frozen at - 20 °C and lyophilised in a 

freeze-dryer (Christ) overnight. Rehydration was carried out, with distilled water (one 

tenth of the volume of SUV used). The temperature of the suspension was maintained 

above the transition temperature of the phospholipid used (to ensure adequate fluidity 

of the bilayers so as to enable liposomes to anneal). During rehydration, the 

suspension was vortexed lightly. After 30 min, PBS (0.9 ml) was added to bring the 

volume of the sample to 1 ml. In the case of DRV made of SUV with linked protein 

[(SUV-IgG)DRV], unbound protein was removed through centrifugation at 27,300 x 

g for 20 min (two times) in a Sorvall Combi Plus ultracentrifuge (Dupont).

Covalent coupling of proteins onto the liposomal surface

Bovine IgG was covalently linked to small unilamellar liposomes by the method 

of diazotization of Snyder and Vannier (1984) as modified by Gregoriadis et al. 

(1993). Detailed description is given in the Materials and Methods-General: briefly, 

SUV were activated by the addition of sodium nitrite and sodium chloride / 

hydrochloric acid. After diazotisation (5 min) in an ice bath (4 °C), SUV were 

separated from reagents by centrifugation on Sephadex G-25 minicolumns (Fry et al., 

1978). A cold solution of bovine IgG (1 mg/ml) was immediately added to SUV. The 

solution was left in an ice bath which attained room temperature overnight. SUV-IgG 

were separated from unbound IgG on a Sepharose 4B CL column.
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Microfluidization of liposomes

Microfluidization of DRV liposomes for 3 and 10 cycles was performed on a 

Microfluidizer M 1 lOS (Microfluidecs Corp., USA). Volume and flow rate used were 

10 ml and 75 ml/min respectively. Microfluidized liposomes were subjected to 

analysis in terms of size and scattering profiles (SAXS).

Measurement of vesicles size

Particle size distribution was measured by photon correlation spectroscopy of 

samples diluted in distilled water (3.5 ml) in a Malvern Autosizer 2c apparatus 

(Malvern Instruments) equipped with a 5 mW helium/neon laser. Mean diameters, size 

distribution and polydispersity indexes were determined. For details see Materials and 

Methods-General.

Small angle X-rav scattering (SAXS)

All measurements were performed at the Synchrotron Radiation Source (SRS), 

Daresbury Laboratories, using station 8.2. The camera produces a highly collimated 

beam with a cross-section of 0.4 x 4 mm^ at the sample position. With the SRS 

operating at 200 mA and 2 GeV, the X-ray intensity is about 4 x 10̂  ̂ photons/s with 

X= 0.15 nm at the sample position. Smearing of the diffraction pattern due to the finite 

size of the X-ray beam is negligible. The sample to detector distance can be set 

between 0.4-4.5 m enabling the study of systems with repeat distances 0.4 < d < 100 

nm. For data collection a multiwire position sensitive quadrant detector was used. This 

detector can handle count rates up to 250 000 counts/s (c/s). The detector system 

spatial resolution is 0.5 mm. The sample to detector distance was set to 1.7 m 

resulting in a Q range between 0.0 and 4 nm \  The diffraction patterns were
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normalised with respect to synchrotron beam decay. Background substractions and 

corrections for positional inhomogeneity in the detector sensitivity were performed as 

well. No smoothing algorithms were applied to the data. Calibrations were performed 

with the help of a wet rat tail collagen sample with a repeat distance of 67 nm. The 

sample holder was equipped with two mica windows. The X-ray pathlength through 

the sample was about 1 mm. The scattering intensities were plotted as a function of 

the scattering vector Q defined as Q =(4 n sin &)/X, in which 0  is scattering angle 

and X the wavelength.

RESULTS AND DISCUSSION

Table 3.1.: The effect of microfluidization on liposomal size

Liposomes Mean diameter 

(nm)

Bound IgG 

pg/pmol PC

SUV 123 -

SUV-IgG 1 2 0 23.7

DRV 1344 -

D R V 283 -

DRV^ 97 -

(SUV-IgG)DRV 653 21.7

Liposomes were made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

“ Microfluidized for 3 cycles 

 ̂ Microfluidized for 10 cycles
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As can be seen in Table 3.1., microfluidization of DRV liposomes for 10 cycles 

reduced their size down to about 100. Of the original IgG bound to (SUV-IgG).

91.6 % was recovered in (SUV-IgG)DRV.

Figure 3.1. presents scattering curves of two different preparations of small 

unilamellar vesicles.

FigJ.l.: Scattering curves of small unilamellar vesicles

SUV 16 umol

SUV 2

SUV 1

0 2 3 4
   Q (nm‘-1l

Liposomes were made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

SUVl and SUV2 denote two different preparations.

The scattering profiles of two different SUV preparations (SUVl and SUV2) were 

nearly identical, showing the reproducibility of the SAXS method as well as the 

reproducibility of the sonicadon method used to prepare liposomes. No sharp
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scattering peaks (expected for unilamellar structures) were observed.

Figure 3.2. presents scattering profiles of small unilamellar and of dehydration- 

rehydration vesicles generated from SU Vs (indicated by DRV SUV 1 in the Figure). 

The SUV preparation was divided into two parts, one of which was used to generate 

DRV, and the other used as such. The DRV SUV 1 curve strongly indicates that in 

the liposome dispersion at least two phases could be found, namely the 6.61 and 4.9? 

nm phase. The 6.61 nm phase can be identified as lamellar, since at least two peaks 

at 6.61 and 3.31 nm spacings could be located. The 4.97 nm phase could not be 

identified as it displays only one peak. The 1.69 nm peak can be assigned as a third 

order peak of the 4.97 nm phase, assuming that this phase is lamellar. The peak at 

3.37 nm indicates crystalline cholesterol^om e of the cholesterol was not completely 

solubilised). The peak at 1.69 nm might therefore also be due to crystalline 

cholesterol.

The two preparations resulted in identical scattering curves, indicating that the 

preparation method is reproducible.
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FigJ.2.: Scattering curves of multilamellar and unilamellar liposomes

SUV 16 umol

6.61 nm

3.37
I r ^ b R V  SUV 2

JL _
1.69DRV SUV 1

SUV 1

0 2 3 4
   0  (nm‘-1)

Liposomes were made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

DRV SUVl and DRV SUV2 denote two preparations made from SUVl and SUV2.

Fig.3.2. clearly shows difference in the scattering profiles of unilamellar and 

multilamellar liposomes. In the case of DRVs, multilamellarity of liposomes results 

in the appearance of two sharp peaks on the scattering curve, whereas whit the SUV 

scattering curve only a broad peak was observed between values of Q -  0.5 and 2 nm*.
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Fig3J.: Scattering curves of SUV, SUV-IgG and (SUV-IgG)DRV

SUV 16 pmol

SUV 1

S U V t JgG 
DRV/SU.V + JgG

0 2 3 4

* Q [nm*-1]

Liposomes were made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2.

The presence of protein either in the core of liposomes or their surface is known 

to change their scattering profile (Bouwstra et al., 1993). The SAXS method can be 

used to determine the presence of proteins in liposomes. Figure 3.3. shows the 

difference in scattering profiles between liposomes with and without protein (bovine 

IgG). It is of interest that in the case of DRV(SUV-protein) no diffraction peaks 

could be observed. This suggests that the preparations either are multilamellar 

liposomes with non-concentric bilayers (with no well-defined distances between the 

bilayers), or unilamellar liposomes.
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CONCLUSIONS

SAXS was proven to be a suitable method for the characterisation of liposomes, 

in terms of liposomal structure and presence or absence of proteins. The results 

obtained for SUV preparations showed that unilamellar vesicles were mainly present 

in the samples. The preparation method seems to be reproducible. The scattering 

profiles of multilamellar vesicles (DRV) show various diffraction peaks. It seems that 

the liposome dispersion is not homogeneous with respect to repeat distances between 

the lamellae. The 3.37 and 1.69 nm peaks indicate crystalline cholesterol. When 

protein was coupled to SUVs, the scattering profile changed. The reason for this 

change is not clear. It might be due to changed electron density because of the 

coupling of the protein. The most remarkable change is the difference between (SUV- 

IgG)DRV and DRV. No peaks were present when protein was present in the 

preparation. This might be due either to the presence of small unilamellar vesicles or 

to the presence of vesicles that still contain more than one bilayer, are no longer 

concentric and/or the distance between bilayers is variable. The scattering profiles 

indicate unilamellar vesicles [as seen in Figure 3.3. for (DRV/SUV+IgG)]. The 

scattering profiles of microfluidized liposomes (3 and 10 cycles) were similar to those 

for the small unilamellar vesicles.
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CHAPTER 4

CRYO-MICROSCOPICAL OBSERVATIONS OF LIPOSOMES

Introduction

The observation of hydrated material at low temperatures has long been a goal in 

electron microscopy. Taylor and Glaeser (1975) started the field with their work on 

the structural preservation of hydrated catalase crystals. Observations of vitrified water 

and vitrified solutions with suspended material (Dubochet et al., 1982) made great 

strides forward (see General Introduction). Recently, phospholipids have been added 

to the list of suspended materials studied in the vitrified state (Frederik et al., 1989a). 

Vitrified thin films are particularly well suited for studying lipid-protein and lipid-lipid 

interactions. The advantage of studying hydrated material in cryo-microscopy is high 

resolution in terms of time and space. Vitrification takes about 10'  ̂ sec, enabling fast 

processes to be studied, and the high spatial resolution of a transmission electron 

microscopy is combined with a vision through a thin film with all its components 

imaged in projection. Here we have investigated small unilamellar vesicles (with or 

without covalently bound protein) produced by sonication or microfluidization (for 1 0  

cycles).

Colloidal gold particles as markers in immuno-cytochemical studies at the electron 

microscopic level has been widely used in the last twenty years (see General 

Introduction). The performance of immuno-gold reagents is judged in terms of 

sensitivity of the immuno-reaction or of detection. It was observed that the sensitivity 

of an immuno-reaction increases with decreasing particle size, whereas the sensitivity 

of detection is directly related to the particle size: the larger the particle, the higher
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the contrast in electron microscopy. These two relationships can be adapted in order 

to obtain satisfactory results. Immuno-gold labelling is usually applied in combination 

with freeze-substitution or -fracture techniques (see General Introduction). Here we 

have used cryo-electron microscopy to observe liposomaly bound rabbit IgG labelled 

with protein A gold complexes.

MATERIALS AND METHODS

Preparation of small unilamellar vesicles

SUVs were made of egg PC or DSPC (16 pmoles), cholesterol and APSA in molar 

ratios of 1:1:0.2. SUVs were prepared from multilamellar liposomes by the sonication 

method described in Materials and Methods-General.

Preparation of dehvdration-rehvdration vesicles

1 ml of SUV-protein (SUV-TT for DSPC liposomes and SUV-IgG for egg PC 

liposomes) was mixed with 1 ml of PBS, freezed at -20 °C and lyophilised overnight. 

The preparation was rehydrated (at the appropriate temperature, depending on the 

phospholipid composition) with 0 . 1  ml distilled water and left standing (with 

occasional vortexing) for 30 min. The final volume (1 ml) was made up by the 

addition of PBS (for details see Materials and Methods-General). Unbound protein was 

removed from liposomaly bound protein [(SUV-protein)DRV] by centrifugation at 

27,300 X g twice for 20 min.

Covalent coupling of proteins to small unilamellar vesicles

Protein in borate buffer (0.5 M, pH 10) was covalently coupled to SUVs by the 

diazotisation method (Snyder and Vannier, 1984; Gregoriadis et al., 1993). The protein
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concentrations used in were 1 mg/ml for tetanus toxoid and bovine IgG, and 2 mg/ml 

for rabbit IgG. The detailed procedure is described in Materials and Methods-General. 

In immunogold labelling experiments, in which rabbit IgG (rIgG) (generous gift of 

Aurion, Wageningen, the Netherlands) was coupled to SUVs, stability of SUV-rIgG 

was tested by molecular sieve chromatography on a Sepharose 4B CL column after 

24, 48, 72 and 96 hours of storage at 4 °C.

Microfluidization of liposomes

Microfluidization of (SUV-protein)DRV was performed on a Microfluidizer M 

11 OS (Microfluidecs Corp., USA). The volume used was 10 ml and the flow rate 75 

ml/min. Microfluidization of (SUV-TT)DRV made of DSPC, cholesterol and APSA 

was performed at about 50 °C, while (SUV-IgG)DRVs made of PC, cholesterol and 

APSA were microfluidized at room temperature. All samples were microfluidized for 

1 0  cycles and subjected to the size analysis and cryo-microscopy observations.

Measurement of liposomal size

Particle size distributions of microfluidized DRVs and SUV-IgG liposomes were 

measured by photon correlation spectroscopy of samples diluted in distilled water (3.5 

ml) in a Malvern Autosizer 2c apparatus (Malvern Instruments Ltd). Details are given 

in Materials and Methods-General.

Thin-film preparation, vitrification of phospholipid suspensions and crvotransfer 

A thin aqueous film was formed by dipping in and withdrawing a bare specimen 

grid from the liposomal suspension. Grids were 3-4 pm thick with a fine (700-mesh)
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honeycomb pattern of bars. After withdrawal from the phospholipid suspension the 

grid was blotted against filter paper following which thin films were formed (Frederik 

et al, 1989a). The thin film was rapidly (1 sec) vitrified by plunging the grid into 

ethane cooled to its melting point by liquid nitrogen. A gravity-powered guillotine was 

used to guide the tweezers holding the grid into the ethane (Dubochet et al., 1982). 

The vitrified film with some adherent ethane was mounted (Frederik and Busing, 

1986) in a cryoholder with double shielding (Phillips, PW 6599/00). Mounting of the 

grid in the cryoholder was done in a styrofoam container under liquid nitrogen 

(Dubochet et al., 1982). The shields were closed during transfer of the cryoholder to 

the airlock of the microscope. The cryoholder was left for 15 min in the high vacuum 

of the microscope column with the shields still closed to protect against a transient 

rise of the partial vapour pressure of water (Frederik and Busing, 1986). In addition, 

the cryoholder was left for 15 min in its viewing position before the actual 

observations were started (this second period for equilibration reduces drift in the 

specimens). A standard cold-trap was mounted to operate in the objective lens area 

and was always cooled at least half-an-hour before cryotransfer was conducted.

Crvo-observations

The microscope (Phillips CM 12 or CIO) was equipped with the standard cold trap 

(cryo-sorption pump). The Gatan model 626 operating at -170 °C was used in the 

cryo-stage. Micrographs of the phospholipid suspensions were made with an 

acceleration voltage of 120 or 100 kV respectively (LaB^ gun, spot diameter < 200 

nm, condenser aperture = 50 pm, objective aperture = 40 pm). Defocus values of 3-6 

pm were employed to optimize phase contrast. The build in low-dose unit was 

employed in the recording of images at magnifications higher than 1 0 0  0 0 0  and
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observations were made under minimum dose conditions.

Immunogold labelling

Protein A ImmunoGold reagents ( 6  or 10 nm gold particles) (Aurion) were used 

in immunogold labelling. SUVs with covalently coupled rabbit IgG were mixed with 

the solution of protein A immunogold reagent (10 nm gold particles) in a volume ratio 

of 1:1, and incubated for 1 hour. Liposomes with bound gold were spined down, 

resuspended in PBS and subjected to cryo-observations.

The controls ( protein-free SUV) were incubated under the same conditions with 

protein A immunogold reagent and subjected to cryo-microscopy without removing 

of unreacted gold particles.

RESULTS AND DISCUSSION

The protein coupling efficiencies and liposomal size are presented in Table 4.1.. 

As previously shown (Chapter 1), after microfluidization of (SUV-protein)DRV 

liposomes for 10 cycles not more than 16 % [(SUV-IgG)DRV] and 18 % [(SUV- 

TT)DRV of the originally bound protein (SUV-protein) was released. The size of 

microfluidized liposomes was found to be similar to the size of sonicated small 

unilamellar liposomes. The values (pg of protein per pmol of phospholipid) for bound 

rabbit IgG are higher than other values because the starting protein concentration used 

in the coupling procedure was 2  mg/ml, whereas in all other experiments the starting 

protein concentration was 1  mg/ml.
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Table 4.1.: Covalent coupling of proteins to the liposomal surface

Type of liposomes Phospholipid

used

Protein

used

Bound protein 

(pg/pmol phosp.)

Mean 

diameter (nm)

SUV-IgG egg PC bovine IgG 2 0 . 8 1 1 2

SUV-rIgG egg PC rabbit IgG 33.0 117

SUV-TT DSPC tetanus toxoid 2 2 . 8 1 1 0

(SUV-IgG)DRV' egg PC bovine IgG 17.5 103

(SUV-TT)DRV' DSPC tetanus toxoid 18.7 109

LO
CO

Liposomes were made of egg PC or DSPC, cholesterol and APSA in molar ratios of 1:1:0.2, and microfluidized for 10 cycles C) at room 

temperature (PC) or at about 50 °C (DSPC).



To ensure that during cryo-observations free rIgG (possibly released from SUV- 

rIgG) would not compete with the liposomaly bound rIgG for protein A gold complex 

particles, a stability test on bound protein was carried out. Results from the test on the 

stability of SUV-rIgG complex under storage are presented in Table 4.2.. After storage 

for up to 96 hours at 4 °C and separation of liposomaly bound from released rIgG 

on a Sepharose 4B CL column (Pharmacia), only 1.12 pg (3.3 %) of originally bound 

rIgG was released.

Table 4.2.; Stability of SUV-rIgG complex

Time

(hours)

Covalently bound rIgG 

(pg/pmol PC)

24 33.01

48 32.60

72 32.24

96 31.91

Liposomes were made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

Originally bound rIgG was 33.02 pg/pmol PC.
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Cryo-observations

Figure 4.1. is a cryo-micrograph of small unilamellar vesicles made of egg PC, 

cholesterol and APS A in molar ratios of 1:1:0.2. At the magnification of 206 500, 

liposomes appear mostly as round structures with pale membranes which is typical for 

unilamellar vesicles. The bilayer structure can be clearly seen.

r S m m

Fig.4.1.: Cryo-micrograph of SU Vs

Magnification 206 500. The bar represents 100 nm. Liposomes were made of egg PC,

cholesterol and APS A in the molar ratios of 1:1:0.2.
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Figure 4.2. is a cryo-micrograph of SUV-IgG liposomes made of egg PC, 

cholesterol and APS A in molar ratios of 1:1:0.2. At the magnification of 206 500 the 

appearance of liposomes was similar to that of SUV (control). The bilayer structure 

of some liposomes can be seen. There is no detectable presence of protein on the 

liposomal surface.

Fig.4.2.: Cryo-micrograph of SUV-IgG

Magnification 206 500. The bar represents 100 nm. Liposomes were made of egg PC,

cholesterol and APS A in the molar ratios of 1:1:0.2.
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Figure 4.3. is a cryo-micrograph of microfluidized (10 cycles) (SUV-IgG)DRV 

liposomes made of egg PC, cholesterol and APS A in molar ratios of 1:1:0.2. The 

appearance of microfluidized liposomes is similar to that of sonicated vesicles.

Fig.4.3.: Cryo-micrograph of microfluidized (10 cycles) (SUV-IgG)DRV

Magnification 206 500. The bar represents 100 nm. Liposomes were made of egg PC,

cholesterol and APS A in the molar ratios of 1:1:0.2.
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Figure 4.4. is a cryo-micrograph of microfluidized (10 cycles) (SUV-TT)DRV 

liposomes made of DSPC, cholesterol and APS A in molar ratios 1:1:0.2. Liposomes 

are unilamellar in structure, roundly shaped, and their size within the range of that 

measured by photon correlation spectroscopy.

-
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Fig.4.4.: Cryo-micrograph of microfluidized (10 cycles) (SUV-TT)DRV

Magnification 206 500. The bar represents 100 nm. Liposomes were made of DSPC,

cholesterol and APS A in the molar ratios of 1; 1:0.2.
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Figure 4.5. is a cryo-micrograph of the same liposomes as those shown in Fig.4.4. 

except that this picture is good example of liposomes in cubic ice, ie different to the 

previous photos where liposomes are in the vitrified form.

m mïÇi
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Fig.4.5.: Cryo-micrograph of microfluidized (10 cycles) (SUV-TT)DRV in cubic

ice

Magnification 206 500. The bar represents 100 nm. Liposomes were made of DSPC,

cholesterol and APS A in the molar ratios of 1:1:0.2.
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Figure 4.6., immunogold labelled sample of SUV-rIgG observed by cryo- 

microscopy, shows gold particles (10 nm) on the liposomal membrane. Only a few 

gold particles per liposome could be observed with some of the liposomes being free 

of gold particles.

m m -

m m m

Fig.4.6.: Cryo-micrograph of immunogold labelled SUV-rIgG

Magnification 80 500. The bar represents 100 nm. Liposomes were made of egg PC,

cholesterol and APS A in the molar ratios of 1:1:0.2.
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Figure 4.7. shows SUV (control) liposomes incubated with protein A gold complex. 

There are no gold particles attached to the liposomal membrane. Gold particles around 

the vesicles represent unreacted gold that was not removed prior to vitrification.

Si

Fig.4.7.: Cryo-micrograph of immunogold labelled SUV (control)

Magnification 94 500. The bar represents 100 nm. Liposomes were made of egg PC, 

cholesterol and APS A in the molar ratios of 1:1:0.2.
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CONCLUSION

Cryo-observations of small unilamellar vesicles with or without covalently bound 

protein (prepared by the sonication method) showed roundly shaped structures, with 

characteristic pale membranes. The bilayer structure could be clearly seen. The 

presence of protein as was seen in freeze-fracture experiments (Chapter 2), could not 

be detected, probably due to lack of contrast.

Microfluidized liposomes (both phospholipid compositions) showed unilamellar 

structures characteristic for SUV, confirming that microfluidization for 10 cycles 

reduce the size as well as the multilamellarity of liposomes. We were not able to 

observe fractions of disc-like micelles as those seen by Lasic et al. (1992) however, 

phospholipid compositions used in the two studies were different, causing different 

images of vitrified images of liposomal suspensions.

Immunogold labelling applied to detect surface linked rabbit IgG by the use of 

protein A gold reagent showed some of the gold particles on liposomal surfaces, but 

to a lesser extent than expected. There were no gold particles on the surface of control 

IgG-free SUV. These pioneering results can only be considered as preliminary. 

Although gold particles were present on liposomes, some had none. In addition free 

gold particles were observed in areas around liposomes. The stability test on SUV- 

rIgG (Table 4.2.) excluded the possibility that free IgG was present in the sample 

before vitrification. As incubation time (1 hour) for the liposomal sample and gold 

regent was chosen randomly, future work should concentrate on a defining optimal 

incubation conditions.

107



CHAPTER 5

COMPARISON OF IMMUNE RESPONSES AGAINST TETANUS TOXOID 

SURFACE-LINKED TO OR ENTRAPPED IN MICROFLUIDIZED LIPOSOMES: 

THE EFFECT OF LIPOSOMAL SIZE AND COMPOSITION

Introduction

Adjuvanticity of liposomes is basically a projection of the system’s vesicular 

structure and, perhaps, o f its lipoid nature rather than of the identity o f its lipid 

components or other secondary characteristics (Gregoriadis, 1990). Since the behaviour 

o f liposomes in vivo is controlled by their composition and different structural 

characteristics, liposomal adjuvanticity can be influenced by the latter. Several groups 

(see General Introduction) have investigated the extent to which different parameters, 

for instance bilayer fluidity, vesicle size, lipid to antigen mass ratio and mode of 

antigen localization within liposomes, influence adjuvanticity. Results have often been 

contradictory or have not been confirmed.

Here we have investigated the effect of liposomal vesicle size on immune responses 

in mice, both for surface linked or internally entrapped tetanus toxoid. Liposomes of 

different sizes were prepared by microfluidization of DRV liposomes made of two 

phospholipid compositions. The adjuvanticity of liposomes of different sizes was 

compared with that of vesicles-in-emulsion system (for which immunological studies 

are described in Chapter 6 ).

MATERIALS AND METHODS

Preparation of small unilamellar vesicles fSUVI
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SUVs were prepared from egg PC, cholesterol and APS A (16 />tmol) in the molar 

ratios of 1:1:0.2, by the sonication method. For the details see Materials and Methods- 

General.

Preparation of dehvdration-rehvdration vesicles (DRV)

SUVs (1 ml) with or without covalently linked tetanus toxoid were mixed with 

1 ml of PBS or tetanus toxoid (1 mg/ml) respectively. After freezing at -20 °C, the 

preparation was lyophilized in the freeze-dryer overnight. The following day, the 

preparation was rehydrated with 0 . 1  ml of distilled water at the appropriate 

temperature as described in Materials and Methods-General. The final volume was 

adjusted by the addition of PBS. Unentrapped tetanus toxoid was separated from 

liposomes by centrifugation at 27,300 x g (4 °C) for 20 min, three times.

Preparation of vesicles-in-water-in-oil emulsion

DRV liposomes with entrapped tetanus toxoid were dispersed in an aqueous phase, 

which was then emulsified in an non-aqueous continuous phase, forming a vesicle-in- 

water-in-oil emulsion. Equal volumes o f vesicles suspension and sesame oil 

(containing 5 % Span 80) were emulsified using a vortex mixer (Yoshioka and 

Florence, 1994), for more details see Materials and Methods-General and Chapter 6 .

Covalent coupling of tetanus toxoid to the liposomal surface

The method of diazotization (Snyder and Vannier, 1984; Gregoriadis et al., 1993) 

was used to couple tetanus toxoid to the liposomal surface. SUVs prepared as 

described earlier, were activated by the addition of sodium nitrite and sodium chloride/ 

hydrochloric acid (for details see Materials and Methods-General). After removing the
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reagents by minicolumn centrifugation (Fry et al., 1978) a cold solution of tetanus 

toxoid ( 1  mg/ml) was added and the mixture was left in an ice bath overnight. 

Unbound protein was removed from liposomaly bound protein by gel chromatography 

on Sepharose 4B CL column. SUV-TT were used to prepare (SUV-TT)DRV by the 

procedure described earlier.

Microfluidization of liposomes

Microfluidization of DRVs (with entrapped tetanus toxoid) and (SUV-TT)DRV was 

performed on a Microfluidizer M 1 lOS (Microfluidecs Corp., USA). The samples were 

microfluidized for 3 and 10 cycles and then passed through Sepharose 4B CL column 

to separate released from liposome-associated toxoid. Particle size analysis and 

protease assay were applied for the characterization of liposomes.

Measurement of vesicle size

Particle size distributions were measured by photon correlation spectroscopy of 

samples diluted in distilled water (3.5 ml), in a Malvern Autosizer 2c apparatus 

(Malvern Instruments Ltd) as described in Materials and Methods-General. Mean 

diameters, size distributions and polydispersity indexes as a function o f the number of 

microfluidization cycles were determined.

Protease assav

Intact and microfluidized liposomes with covalently coupled or entrapped '̂ Î 

labelled tetanus toxoid were exposed to protease in order to determine the amount of 

protein available on the liposomal surface. Liposomes (0.1 ml) were mixed with 0.1 

ml of protease solution (1 mg/ml, 4 units/mg; Sigma) and PBS added to the volume
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o f 2 ml. The solution was placed in a water bath (37 °C) for 3 hours. Controls 

(samples without the enzyme) were treated under the same conditions. At the end of 

the incubation period non-microfluidized liposomes were centrifuged at 27,300 x g for 

20 min in a refrigerated Sorvall ultracentrifuge (Du Pont). The supernatants 

(containing released radioactivity from digested protein available on the vesicle 

surface) and pellets (containing radiolabelled protein still associated with liposomes) 

were measured for radioactivity. Small microfluidized liposomes were passed 

through a Sepharose 4B CL column to separate released from liposomal radioactivity. 

Collected fractions (1 ml each) containing liposome-associated (first peak) and released 

radioactivity (second peak) were analysed for radioactivity.

Immunisation protocols

Male CD, mice, 4-6 weeks old, with an average body weight 20 g, were 

immunised intramuscularly (with a four weak interval in between) with different 

tetanus toxoid preparations. 28 days after priming and 1 0  days after the booster 

injection, blood samples (50 /d) were obtained from tail vain, placed in PBS (450 /xl), 

centrifuged on a bench centrifuge and supernatants subjected to ELISA analysis.

Enzvme-linked immunosorbent assav (ELISA)

Immune responses (IgG,, IgG2 a and IgGjb) against tetanus toxoid in different 

preparations were monitored by a microplate ELISA technique. The concentration of 

tetanus toxoid in the coating buffer was 2 /xg/ml. The detailed procedure is described 

in Materials and Methods-General. ELISA values were determined by calculating the 

mean of duplicate readings. Immune responses were expressed as the logarithmic value 

of the number of serum dilutions which still gave absorbance readings (at 492 nm)
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higher than 0 .2 0 0 .

Statistical analysis

The differences in the logarithm of serum dilutions, as determined by ELISA, 

between two groups of mice immunised with different antigen preparations were tested 

for significance by the Student’t test. To compare the differences in immune responses 

within a set of groups of mice immunised with different antigen preparations, one-way 

analysis of variance for the equal sample sizes was applied (Sokal and Rohlf, 1973).

RESULTS AND DISCUSSION

The effect of microfluidization on liposomal size and retention of entrapped or 

covalently bound tetanus toxoid is presented in Table 5.1.. Microfluidization of 

liposomes for 3 cycles decreased their size to 205-225 nm for both types (with 

entrapped and covalently bound tetanus toxoid). After 10 cycles o f microfluidization, 

liposomal size was reduced to 104-128 nm (Table 5.1.). Retention o f covalently bound 

tetanus toxoid after 3 cycles of microfluidization was estimated to be 83.0 and

82.6 % of originally bound protein (before microfluidization) for liposomes made of 

egg PC and DSPC respectively (as shown in previous Chapters). Retention of 

entrapped tetanus toxoid after 1 0  cycles of microfluidization was 60.1 and 6 6 . 1  % of 

originally entrapped tetanus toxoid, in agreement with results obtained on the influence 

o f microfluidization on the retention of entrapped solutes (Gregoriadis et al., 1990). 

Thus, vesicle size and tetanus toxoid retention following microfluidization did not 

appear to depend on the phospholipid composition of liposomes.
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Table 5.1.: The effect of microfluidization on liposomal size and protein retention

Liposomes

(type)

Mean diameter 

(nm)

Retained protein 

/xg//Ltmol lipid

PC DSPC PC DSPC

DRV(TT) 

0  cycles

625 617 24.50 22.63

(SUV-TT)DRV 

0  cycles

583 532 20.69 23.33

DRV(TT) 

after 3 cycles

225 205 17.47 17.26

(SUV-TT)DRV 

after 3 cycles

224 208 18.54 21.23

DRV(TT) 

after 1 0  cycles

116 128 14.72 14.96

(SUV-TT)DRV 

after 1 0  cycles

113 104 17.17 19.27

Liposomes made of egg PC or DSPC (16 /xmol), cholesterol and APS A in molar ratios 

o f 1:1:0.2 and microfluidized for 3 or 10 cycles were analysed for size and protein 

retention.
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The presence of tetanus toxoid on the surface of liposomes (both types) was 

determined by the protease assay and the results are presented in Table 5.2..

Table 5.2.: The effect of microfluidization on tetanus toxoid exposure on 

the liposomal surface

Liposomes

(type)

Phospholipid

used

Surface protein ( % )

0

cycles

After 

3 cycles

After 

1 0  cycles

DRV(TT) egg PC 30.1 36.2 39.2

DRV(TT) DSPC 29.2 32.4 39.1

(SUV-TT)DRV egg PC 51.9 75.8 84.1

(SUV-TT)DRV DSPC 48.3 72.9 83.8

Liposomes made of egg PC or DSPC, cholesterol and APSA in molar ratios of 1:1:0.2 

were incubated with protease at 37 °C (3 hours) and centrifugated at 27,300 x g (20 

min) to separate released from liposome-associated tetanus toxoid.

After microfluidization of (SUV-TT)DRV liposomes more 9 /  covalently coupled 

tetanus toxoid was found exposed on the outer liposomal surface (about 84 % after 10 

cycles of microfluidization compared to about 50 % before microfluidization). 

Surprisingly, the values for tetanus toxoid exposure for DRV(TT) liposomes were high 

(30.1 and 29.2 %) even though most if  not all o f the toxoid is expected to be
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entrapped in the aqueous phase of liposomes. Similar results were observed by 

Gregoriadis et al. (1993) who attributed this to partial adsorption o f the protein on the 

liposomal surface during the entrapment procedure and/or to partial penetration of the 

bilayers. A detailed discussion of the effect of microfluidization on the exposure o f 

proteins on the liposomal surface is given in Chapter 1.

FIRST IMMUNISATION STUDY

CD; mice (5 mice in each group) were immunised with eight different preparations 

of tetanus toxoid. Animals were immunised (intramuscularly) on days 0 and 29 with 

1 ^g o f toxoid and blood samples (50 /xl) were taken from tail vain on days 28 and 

39. Sera were analyzed by ELISA and results expressed as the logarithm of serum 

dilutions (see Materials and Methods-General).

Preparations used in the immunization studies included free toxoid, DRV(TT) and 

(SUV-TT)DRV before and after microfluidization for 3 or 10 cycles and DRV(TT) 

in emulsion.
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Primary IgG,, IgGj  ̂and IgĜ y responses are presented in Figures 5.1.1., 5.1.2. and

5.1.3. respectively.

Fig^.1.1.: Comparison of immune responses against tetanus toxoid entrapped in 

or linked to liposomes of various sizes

primmry IgOl response

Q 4 H

1_ _ _ 1 free TT

DRV(TT)
in emulsion

i ï T î ï ï l DRVOT)
0 cycles

(SUV-TT)DRV
0 cycles

DRVfiT)
3 cycles

f S W N (SUV-TT)DRV
3 cycles

nil III II DRV(TT)
10 cycles

(SUV-TT)DRV
10 cycles

Tetanus toxoid ( IT ) was either entrapped [DRV(’IT )] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

DRVs were microfluidized for 3 or 10 cycles at room temperature. DRV(lT) in 

emulsion were prepared by mixing DRV( IT ) and sesame oil (with 5 % Span 80) in 

a volume ratio of 1:1. (For statistical analysis see Table 5.3.1.)
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Comparison of immune responses against tetanus toxoid entrapped in

or linked to liposomes of various sizes

primary Ig02B response
1 1 free TT

DRV(TT)
in emulsion

l l l l l l l DRVOT)
0 cycles

F m m (SUV-TT)DRV
0 cycles

t / //^ D R V O T
3 cycles

k \ \ \ i (SUV-TT)DRV
3 cycles

l U l l i D R V O T
10 cycles

(SUV-TT) DRV
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

DRVs were microfluidized for 3 or 10 cycles at room temperature. DRV(TT) in 

emulsion were prepared by mixing DRV(TT) and sesame oil (with 5 % Span 80) in 

a volume ratio of 1:1.(For statistical analysis see Table 5.3.1.)
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Fig J . l  J.: Comparison of immune responses against tetanus toxoid entrapped in

or linked to liposomes of various sizes

primary Ig02b response
1 1 free TT

wm DRV(TT)
in emulsion

l l l l l l l DRV(TT)
0 cycles

(SUV-TT)DRV
0 cycles

t///̂ DRV(TT)

3 cycles

fN W N (SUV-TT)DRV
3 cycles

l l l l l l l l l l l l DRVOT)
10 cycles

(SUV-TT)DRV
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

DRVs were microfluidized for 3 or 10 cycles at room temperature. DRV(TT) in 

emulsion were prepared by mixing DRV(TT) and sesame oil (with 5 % Span 80) in 

a volume ratio of 1:1.

Results of the Student’s t test applied to define the significance of differences in 

the responses between the groups are presented in Table 5.3.1.:
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Table 5.3.1.: Comparison of primary responses

Preparation IgG subclasses

IgG, IgÜ2b
1. free TT 2.55 1.92 1.42

2. DRV(TT) 
in emulsion

4.14" 2.80’’ 2.63*'

3. DRV(TT) 
0 cycles

3.63" 2.71*’ 2.26"̂

4. (SUV-TT)DRV 
0 cycles

3.84" 2.86”' 2.61‘*

5. DRV(TT) 
3 cycles

3.15" 2.06' 2.41''-”

6. (SUV-TT)DRV 
3 cycles

3.55" 2.90”-'’-' 2.90'

7. DRV(TT) 
10 cycles

3.45" 2.24' 2.49'

8. (SUV-TT)DRV 
10 cycles

3.80" 2.45” 2.52 '”

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

DRVs were microfluidized for 3 or 10 cycles at room temperature. DRV(TT) in 

emulsion were prepared by mixing DRV(TT) and sesame oil (with 5 % Span 80) in 

a volume ratio of 1:1.

“ prep.2 vs 1 (p<0.01); prep. 3 vs 1 (p<0.02); prep.4 vs 1 (p<0.01); prep.5 vs 1 

(rxO .l): prep.6 vs 1 (p<0.05); prep.7 vs 1 (p<0.05), prep.8 vs 1 (p<0.02)

 ̂ prep.2. vs 1 (p<0.05); prep.3 vs 1 (p<0.02); prep.4 vs 1 (p<0.02); prep.6 vs 1 

(p<0.02); prep.8 vs 1 (p<0.05)

 ̂prep.5 vs 3 (p<0.01); prep.7 vs 3 (p<0.01) 

prep.6 vs 5 (p<0.01)

® prep.4 vs 8 (p<0.01) prep.6 vs 8 (p<0.05)

 ̂ prep.2 vs 1 (p<0.01); prep.3 vs 1 (p<0.01); prep.4 vs 1 (p<0.01); prep.5 vs 1 

(p<0.02); prep.6 vs 1 (p<0.001); prep.7 vs 1 (p<0.01); prep.8 vs 1 (p<0.001)

® prep.4 vs 3 trXO.l)

 ̂ prep.5 vs 6 tp<0.1): prep.8 vs 6 (p<0.05)
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Table 5.3.1. shows that all liposomal preparations elicited significantly stronger 

primary IgG, response against the toxoid than that obtained with the free toxoid 

(except for DRV(TT) microfluidized for 3 cycles). Although the IgG, response for 

liposomes-in-emulsion was the highest, no significant difference between it and other 

preparations was observed. Non-significant differences in primary IgG, responses were 

observed between liposomes with entrapped and covalently coupled tetanus toxoid (all 

sizes) and between different sizes of the same type of liposomes. On the other hand, 

all liposomal preparations, except DRV(TT) microfluidized for 3 and 10 cycles, 

induced significantly higher primary IgG2 a responses than those against free tetanus 

toxoid. The response against DRV(TT) before microfluidization (size of about 600 

nm) was significantly higher than for DRV(TT) of smaller sizes (about 200 and 100 

nm). Non-microfluidized (SUV-TT)DRV liposomes (about 600 nm) induced 

significantly higher IgG 2 a response than (SUV-TT)DRV size of about 100 nm but not 

than (SUV-TT) size of about 200 nm. The responses against covalently linked and 

entrapped tetanus toxoid were significantly different only for the liposomes 

microfluidized for 3 cycles (about 200 nm in size), where surface linked toxoid 

induced higher response. Primary IgG 2b responses in all mice immunised with 

liposomal preparations were significantly higher than the responses in mice immunised 

with free tetanus toxoid. No significant difference in primary IgG 2 b between mice 

immunised with different sizes of the same liposomal type were determined [both 

DRV(TT) and (SUV-TT)DRV]. The response against liposomes-in-emulsion was not 

significantly different than the responses for other preparations.

One-way analysis of variance applied to test the effect of different tetanus toxoid 

preparations gave following results:
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Table 5.3.2.: One-way analysis of variance for primary responses

Subclasses Calculated

IgG. 5.58

IgĜ a 1.93

5.31

f̂ 0.05[7,32]~ 0̂.01 [7,32]—

Different tetanus toxoid preparations (1 pg per immunisation) had significant effect 

(p<0.01) on primaiy IgGj and IgGzy responses (F̂ : 5.58 > 3.20 and 5.31 > 3.20 

respectively). The effect of different antigen preparations on primary IgGz  ̂responses 

was not significant (1.93 < 2.20).
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Secondary IgGj, IgGj  ̂ and IgGjb responses are presented in Figures 5.1.4., 5.1.5. 

and 5.1.6. respectively.

Fig Comparison of immune responses against tetanus toxoid entrapped in 

or linked to liposomes of various sizes

secondAry IgOl response
free TT

ja 4 -

■ m  DRVfTT) 
in emulsion

l l l l l l l  DRV(TT)
0 cycles

l l l l l l l (SUV-TT)DRV 
0 cycles

X ///À  DRV(TT)
3 cycles

(SUV-TT)DRV 
3 cycles

DRV(TT)
10 cycles

(SUV-TT) DRV 
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC, cholesterol and APSA in molar ratios of 1:1;0.2. 

DRVs were microfluidized for 3 or 10 cycles at room temperature. DRV(TT) in 

emulsion were prepared by mixing DRV(TT) and sesame oil (with 5 % Span 80) in 

a volume ratio of 1:1.(For statistical analysis see Table 5.3.3.)
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Fig Comparison of immune responses against tetanus toxoid entrapped in

or linked to liposomes of various sizes

secondary IgG2a response

4 -

free TT

DRV(TT) 
in emulsion

DRV(TT)
0 cycles

(SUV-TT)DRV 
0 cycles

DRV(TT)
3 cycles

(SUV-TT)DRV 
3 cycles

DRV(TT)

10 cycles

(SUV-TT)DRV 
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

DRVs were microfluidized for 3 or 10 cycles at room temperature. DRV(TT) in 

emulsion were prepared by mixing DRV(TT) and sesame oil (with 5 % Span 80) in 

a volume ratio of 1:1. (For statistical analysis see Table 5.3.3.)
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Fig^.1.6: Comparison of immune responses against tetanus toxoid entrapped in

or linked to liposomes of various sizes

secondMTjr Ig02b response
1______1 free TT

DRV(TT)

in emulsion

l l l l l l l DRVfiT)
0 cycles

m m (SUV-TT)DRV
0 cycles

t///̂ DRVfTT)
3 cycles

i\\\N (SUV-TT)DRV
3 cycles

l l l l l l l l l l l l DRVfiT)
10 cycles

(SUV-TT)DRV
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

DRVs were microfluidized for 3 or 10 cycles at room temperature. DRV(TT) in 

emulsion were prepared by mixing DRV(TT) and sesame oil (with 5 % Span 80) in 

a volume ratio of 1:1.

The results of Student’s t test applied for the analysis of the significance in 

secondary IgGjb response between mice immunised with different antigen preparations
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are presented in Table 5.3.3.:

Table 5.3.3.: Comparison of secondary responses

Preparation leG subclasses

IgGi ISGza lê^ib
1. free TT 2.67 2.42 2.34

2. DRV(TT) 
in emulsion

4 .2 r^ 3.50= 3.29®’”

3. DRV(TT) 
0 cycles

3.65' 2.89= 2.59®

4. (SUV-TT)DRV 
0 cycles

3.90' 3.13= 2.89®’”

5. DRV(TT) 3.48' 2.65^ 2.77®’”

3 cycles

6. (SUV-TT)DRV 
3 cycles

3 94'.c 3.55= 3.40®’j

7. DRV(TT) 
10 cycles

3.54' 2.89= 2.79®’”

8. (SUV-TT)DRV 
10 cycles

3.86'’̂ 3.02='f 2.85®

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC, cholesterol and APSA in molar ratios of 1:1:0.2. 

DRVs were microfluidized for 3 or 10 cycles at room temperature. DRV(TT) in 

emulsion were prepared by mixing DRV(TT) and sesame oil (with 5 % Span 80) in 

a volume ratio of 1:1.

 ̂prep.2 vs 1 (p<0.001); prep. 3 vs 1 (p<0.001); prep.4 vs 1 (p<0.001); prep.5 vs 1 

(p<0.01); prep.6 vs 1 (p<0.001); prep.7 vs 1 (p<0.001), prep.8 vs 1 (p<0.001)

 ̂prep.2 vs 3 (p<0.05)  ̂ prep.6 vs 5 (p<0.02) prep.8 vs 7 (p<0.02)

® prep.2. vs 1 (p<0.05); prep.3 vs 1 (rXO.l): prep.4 vs 1 (p<0.05); prep.6 vs 1 

(p<0.01); prep.7 vs 1 (p<0.05); prep.8 vs 1 (p<0.02)

 ̂prep.5 vs 6 (p<0.02); prep.8 vs 6 (p<0.05)

® prep.2 vs 1 (p<0.001); prep.3 vs 1 (p<0.02); prep.4 vs 1 (p<0.01); prep.5 vs 1 

(p<0.001); prep.6 vs 1 (p<0.001); prep.7 vs 1 (p<0.01); prep.8 vs 1 (p<0.01)
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 ̂prep.2 vs 3 (p<0.001); prep.4 vs 3 (p<0.05); prep.5 vs 3 (p<OA); prep.7 vs 3 (p<0.n  

' prep.4 vs 6 (p<0.01); prep.8 vs 6 (p<0.01)  ̂ prep.6 vs 5 (p<0.001)

All liposomal toxoid preparations induced significantly higher secondary IgG, 

responses than free tetanus toxoid. Responses against tetanus toxoid covalently linked 

to microfluidized liposomes were significantly higher than those against the toxoid 

entrapped in liposomes of the same size, whereas the difference in responses against 

non-microfluidized liposomes was non-significant. No size dependency (both type of 

liposomes) was observed. All liposomal preparations except DRV(TT) microfluidized 

for 3 cycles (as for the primary IgG2a response) induced significantly higher secondary 

IgG 2 a response than the free toxoid. DRV(TT) and (SUV-TT)DRV liposomes o f the 

same size did not elicited significantly different secondary IgG2 a responses, except for 

the liposomes microfluidized for 3 cycles (about 200 nm in size) with liposomes with 

covalently coupled tetanus toxoid inducing stronger response (p<0.02). The effect of 

liposomal size was observed only for microfluidized (SUV-TT)DRV liposomes. All 

liposomal preparations elicited significantly stronger secondary IgG 2y responses than 

the free toxoid. Non-microfluidized (SUV-TT)DRV liposomes elicited stronger 

response (p<0.05) than DRV(TT) liposomes o f the same size. Secondary IgG 2 b 

response against tetanus toxoid in (SUV-TT)DRV liposomes (the size about 200 nm) 

was significantly higher than for DRV(TT) liposomes of the same size (p<0.001) and 

non- and 10 cycles microfluidized (SUV-TT)DRV liposomes (p<0.01).

The results of the one-way analysis of variance (the effect o f different antigen 

preparations on secondary responses) are presented in Table 5.3.4..
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Table 5.3.4.: One-way analysis of variance for secondary responses

Subclasses Calculated F,

IgG, 25.02

IgG2a 4.55

IgG2b 26.25

F o . 0 5 [ 7 , 3 2 ]  F o . 0 1 [ 7 , 3 2 ]  ^-^O

Different tetanus toxoid preparations (1 /xg per immunisation) had significant effect 

on secondary responses in all subclasses (p<0.01).

CONCLUSIONS FOR THE FIRST IMMUNISATION STUDY

All liposomal preparations induced significantly higher IgG, responses than those 

against free tetanus toxoid (dose used in immunisation was 1 /xg per injection). The 

highest measured response was against liposomes-in-emulsion preparation, but this was 

not significantly higher than responses against liposomes with covalently linked tetanus 

toxoid. Differences in the size of liposomes did not influence IgG, responses for the 

same type of liposomes, whilst microfluidized liposomes with covalently coupled 

tetanus toxoid induced significantly higher IgG, responses than microfluidized 

liposomes with entrapped tetanus toxoid.

IgGja responses against all liposomal preparations except DRV(TT) microfluidized 

for 3 cycles (about 200 nm in size) were higher than IgG 2 a response against free
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tetanus toxoid. The only difference in the responses against liposomes of different 

sizes [both DRV(TT) and (SUV-TT)DRV] was observed only for microfluidized 

(SUV-TT)DRV liposomes. Significance in differences in IgG2 a responses between 

liposomes with entrapped and surface linked tetanus toxoid was seen only between 

microfluidized liposomes (3 cycles), where surface linked antigen induced stronger 

response.

IgGjb responses against all liposomal preparations were significantly higher than 

responses against free tetanus toxoid. With primary IgG 2 b responses, no size 

dependency was observed, whilst with (SUV-TT)DRV liposomes microfluidized for 

3 cycles (size about 200 nm) secondary responses were significantly higher than with 

(SUV-TT)DRV of different sizes and DRV(TT) liposomes of all sizes. Liposomes-in- 

emulsion preparation induced significantly higher IgG2 b response than DRV(TT) 

liposomes used for its preparation.
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SECOND ANIMAL IMMUNISATION STUDY 

CD] mice (5 in each group) were immunised with ten different tetanus toxoid 

preparations. Mice were immunised intramuscularly on days 0 and 29 with I jug of 

tetanus toxoid and blood samples (50 jjl \  from the tail vain) were taken on days 28 and 

39. The sera were analyzed by ELISA and results expressed as the logarithm of serum 

dilutions (see Materials and Methods). The influence of liposomal size on the immune 

responses was determined for microfluidized liposomes (made of DSPC) with tetanus 

toxoid entrapped in or covalently linked to liposomes. Immune responses against 

tetanus toxoid (free TT), entrapped in liposomes made of egg PC(I) or DSPC (2) 

which were used to prepare liposomes-in-water-in-oil emulsion [DRV(TT)I and 

DRV(TT)2 in emulsion], entrapped in DRV liposomes [DRV(TT)1 or DRV(TT)2] or 

covalently attached to liposomes made of DSPC [(SUV-TT)DRV], before and after 

microfluidization for 3 or 10 cycles, were measured.
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Primary IgG,, IgGz. and Ig02b responses are presented in Figures 5.2.1., 5.2.2. and

5.2.3. respectively.

Fig^ Comparison of immune responses against tetanus toxoid entrapped in 

or linked to liposomes of various sizes

primBTy IgOI response
1 1 free TT

■ ■ DRV(TT)1
in emulsion

Buiiniin
DRV(TT)2
in emulsion

i i i i i i i DRV(TT)1
0 cycles

DRV(TT)2
0 cycles

F F Ï Ï f f l (SUV-TT)DRVi
0 cycles

V//À DRV(TT)2
3 cycles

(SUV-TT)DRV2
3 cycles

mi l  n i l DRV(TT)2
10 cycles

fc=-: 1 (SUV-TT)DRV2
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC(1) or DSPC(2), cholesterol and APSA in molar 

ratios of 1:1:0.2. DRVs (2) were microfluidized for 3 or 10 cycles at about 50 °C. 

DRV(TT) in emulsion were prepared by mixing DRV(TT)1 or DRV(TT)2 with sesame 

oil (with 5 % Span 80) in a volume ratio of 1:1. (For statistical analysis see Table

5.4.1.)
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Fig J.2.2.: Comparison of immune responses against tetanus toxoid entrapped in

or linked to liposomes of various sizes

primary Ig02B response
1 1 tree TT

DRV(TT)1
in emulsion

■xxTTTTWTTIITTTl DRV(TT)2
in emulsion

m m DRV(TT)1
0 cycles

s DRV(TT)2
0 cycles

(SUV-TT)DRV2
0 cycles

DRV(TT)2
3 cycles

[\\\N (SUV-TT)DRV2
3 cycles

m il n il DRV(TT)2
10 cycles

(SUV-TT)DRV2
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC(1) or DSPC(2), cholesterol and APSA in molar 

ratios of 1:1:0.2. DRVs (2) were microfluidized for 3 or 10 cycles at about 50 °C. 

DRV(TT) in emulsion were prepared by mixing DRV(TT)1 or DRV(TT)2 with sesame 

oil (with 5 % Span 80) in a volume ratio of 1:1. (For statistical analysis see Table

5.4.1.)
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Fig^.23.: Comparison of immune responses against tetanus toxoid entrapped in

or linked to liposomes of various sizes

primary IgOlb response

II
I

free TT

DRV(TT)1 

in emulsion 

DRV(TT)2 

in emulsion 

DRV(TT)1 

0 cycles 

DRV(TT)2 

0 cycles 

(SUV-TT)DRV2 

0 cycles 

DRV(TT)2 

3 cycles 

(SUV-TT)DRV2 

3 cycles 

DRV(TT)2 

10 cycles 

(SUV-TT)DRV2 

10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC(1) or DSPC(2), cholesterol and APSA in molar 

ratios of 1:1:0.2. DRVs (2) were microfluidized for 3 or 10 cycles at about 50 °C. 

DRV(TT) in emulsion were prepared by mixing DRV(TT)1 or DRV(TT)2 with sesame 

oil (with 5 % Span 80) in volume ratio of 1:1.

The results of Student’s t test applied to test the significance in primary responses 

between groups immunised with different tetanus toxoid preparations are presented in
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Table 5.4.1.:

Table 5.4.1.: Comparison of primary responses

Preparation Subclasses

igfii IeS2. Is& t,

1. free TT 1.30 1.30 1.30

2. DRV(TT)' 3.61“ 2.42* 2.12”’
in emulsion

3. DRV(TT)^ 3.66" 2.47® 2.40™
in emulsion

4. DRV(TT)’ 2.66"’*’ 1.60®’” 2.01™
0 cycles

5. DRV(TT)^ 2.79"’" 1.47' 1.92™
0 cycles

6. (SUV-TT)DRV^ 3.23"-'  ̂ 2.22®  ̂ 2.15™
0 cycles

7. DRV(TT)2 3.40"’̂  2.32®  ̂ 1.86™
3 cycles

8. (SUV-TT)DRV^ 2.92"’" 1.60*̂  2.05™
3 cycles

9. DRV(TT)^ 3.59"’̂  2.74®  ̂ 1.67™
10 cycles

10. (SUV-TT)DRV^ 2.80"’̂  1.43®’' 1.91™
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface o f DRV 

[(SUV-TT)DRV] made of egg PC(1) or DSPC(2), cholesterol and APSA in molar 

ratios of 1;1:0.2. DRVs (2) were microfluidized for 3 or 10 cycles at about 50 °C. 

DRV(TT) in emulsion were prepared by mixing DRV(TT)1 or DRV(TT)2 with sesame

011 (with 5 % Span 80) in a volume ratio of 1:1.

" prep.2 vs 1 (p<0.001); prep.3 vs 1 (p<0.001); prep.4 vs 1 (p<0.001); prep.5 vs 1 

(p<0.001); prep.6 vs 1 (p<0.001); prep.7 vs 1 (p<0.001); prep.8 vs 1 (p<0.001);prep.9
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vs 1 (p<0.001); prep. 10 vs 1 (p<0.001)

 ̂prep.4 vs 2 (p<0.001)  ̂prep.5 vs 3 (p<0.01)

prep.6 vs 5 (p<OA); prep.7 vs 5 (p<0.02); prep.9 vs 5 (p<0.01)

® prep.8 vs 7 (p<0.05);  ̂prep. 10 vs 9 (p<0.01)

 ̂ prep.2 vs 1 (p<0.001); prep.3 vs 1 (p<0.001); prep.4 vs 1 (D<0.11: prep.6 vs 1 

(p<0.05); prep.7 vs 1 (p<0.001); prep.9 vs 1 (p<0.001); prep. 10 vs 1 (p<OJ,) 

prep.4 vs 2 (p<0.01) ' prep.5 vs 3 (p<0.01)

j prep.6 vs 5 (p<0.1): prep.7 vs 5 (p<0.01); prep.9 vs 5 (p<0.001)

 ̂prep.8 vs 7 (p<0.05) ' prep. 10 vs 9 (p<0.001); prep. 10 vs 6 (p<0.05)

prep.2 vs 1 (p<0.001); prep.3 vs 1 (p<0.01); prep.4 vs 1 (p<0.01); prep.5 vs 1 

(p<0.1): prep.6 vs 1 (p<0.001); prep.7 vs 1 (p<0.01); prep.8 vs 1 (p<0.01); prep.9 

vs 1 (p<0.001); prep. 10 vs 1 (p<0.02)

Primary IgG, responses (Table 5.4.1.) in all mice immunised with liposomal 

preparations were significantly higher then free tetanus toxoid. Phospholipid 

composition (PC and DSPC) did not influence immune responses. Both DRV(TT) 

preparations induced weaker responses than DRV(TT) in emulsion. Primary IgG, 

responses against DRV(TT) microfluidized for 3 or 10 cycles were significantly higher 

than with (SUV-TT)DRV liposomes of the same size (p<0.05 and p<0.01 

respectively). The size dependency for IgG, responses was observed only for 

DRV(TT) liposomes with microfluidized liposomes inducing higher responses.

There were no significant differences in primary IgGja responses between mice 

immunised with free tetanus toxoid, non-microfluidized DRV(TT) and (SUV-TT)DRV 

microfluidized liposomes (3 cycles). Liposomal composition did not influence immune 

responses. The response against DRV(TT) in emulsion was higher than with 

DRV(TT). Non-microfluidized (SUV-TT)DRV liposomes induced higher primary 

IgGja response than microfluidized liposomes for 10 cycles (the size of about 100 nm). 

DRV(TT) liposomes microfluidized for 10 cycles (about 100 nm in size) elicited
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significantly higher primary IgG2 a response than the same type o f liposomes but of 

different sizes.

All liposomal preparations induced significantly higher primary IgGjb responses 

than with free tetanus toxoid. There was no significant differences in IgGjb responses 

against tetanus toxoid in liposomes-in-emulsion of two different phospholipid 

compositions and non-microfluidized DRV(TT) liposomes made of different 

phospholipids, between (SUV-TT)DRV and DRV(TT) (of all sizes) or between the 

same type of liposomes of different sizes.

One-way analysis of variance applied to test the effect of different tetanus toxoid 

preparations on primary responses gave following results (Table 5.4.2.):

Table 5.4.2.: One-way analysis of variance for primary responses

Subclasses Calculated F,

IgG, 46.67

IgG2a 15.54

IgG2b 4.04

I ^ 0 . 0 5 [ 7 , 3 2 ]  2.20 F o . 0 1 [ 7 , 3 2 ]  3.20

Different tetanus toxoid preparations (1 /xg per immunisation) exhibited significant 

effect (p<0.01) on primary responses (all subclasses). The effect o f different tetanus 

toxoid preparations on primary IgG, responses was highly significant (F :̂ 46.47 > 

3.20).
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Secondary IgG„ IgGj. and IgGjb responses are presented in Figures 5.2.4., 5.2.5. 

and 5.2.6. respectively.

Fig^,2.4.: Comparison of immune responses against tetanus toxoid entrapped in 

or linked to liposomes of various sizes

secondary IgOl response
free TT

I
I
!I
■s

DRV(T01 

in emulsion 

DRV(TT)2 

in emulsion 

DRV(TT)1 

0 cycles

b 1 DRV(TT)2
0 cycles 

HH-H -II (SUV-TT)DRV2 

0 cycles 

V //À  DRV(TT)2 

3 cycles 

(SUV-TT)DRV2 
3 cycles 

DRV(TT)2 

10 cycles 

(SUV-TT)DRV2 

10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC(1) or DSPC(2), cholesterol and APSA in molar 

ratios of 1:1:0.2. DRVs (2) were microfluidized for 3 or 10 cycles at about 50 °C. 

DRV(TT) in emulsion were prepared by mixing DRV(TT)1 or DRV(TT)2 with sesame 

oil (with 5 % Span 80) in a volume ratio of 1:1. (For statistical analysis see Table

5.4.3.)
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Fig J.2^.: Comparison of immune responses against tetanus toxoid entrapped in

or linked to liposomes of various sizes

secondBry Ig02B response
free TT

DRV(TT)1 

in emulsion 

DRV(TT)2 
in emulsion 

DRV(TT)1 

0 cycles 

DRV(TT)2 
0 cycles 

(SUV-TT)DRV2 

0 cycles 

DRV(TT)2 

3 cycles 

(SUV-TT)DRV2 
3 cycles 

DRV(TT)2 

10 cycles 

(SUV-TT)DRV2 

10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC(1) or DSPC(2), cholesterol and APSA in molar 

ratios of 1:1:0.2. DRVs (2) were microfluidized for 3 or 10 cycles at about 50 °C. 

DRV(TT) in emulsion were prepared by mixing DRV( lT )l or DRV(TT)2 with sesame 

oil (with 5 % Span 80) in a volume ratio of 1:1. (For statistical analysis see Table

5.4.3.)
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Fig^.2.6.: Comparison of immune responses against tetanus toxoid entrapped in

or linked to liposomes of various sizes

secondary IgGlh response

II
I
I

free TT

DRV(TT)1 

in emulsion 

DRV(TT)2 

in emulsion 

DRV(TT)1 

0 cycles 

DRV(TT)2 

0 cycles 

(SUV-TT)DRVi 
0 cycles 

V //À  DRV(TT)2 

3 cycles 

(SUV-TT)DRV2 

3 cycles 

DRV(TT)2 

10 cycles 

(SUV-TT)DRV2 

10 cycles

0

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC(1) or DSPC(2), cholesterol and APSA in molar 

ratios of 1:1:0.2. DRVs (2) were microfluidized for 3 or 10 cycles at about 50 °C. 

DRV(TT) in emulsion were prepared by mixing DRV(TT)1 or DRV(TT)2 with sesame 

oil (with 5 % Span 80) in a volume ratio of 1:1.

Student’s t test was applied to analyse significance in differences in secondary 

responses between groups immunised with different antigen preparations. The results

138



are presented in Table 5.4.3.:

Table 5.4.3.: Comparison of secondary responses

Preparation IgG subclasses

IgG| IgSza IgS 2 b

1. free TT 2.69 2.30 2.47

2. DRV(TT)' 4.42* 3.44' 3.51''
in emulsion

3. DRV(TT)^ 4.29" 3.28= 3.67^
in emulsion

4. DRV(TT)' 3.81"’*’ 2.93= 3.06^'
0 cycles

5. DRV(TT)^ 3.99" 2.98 3.51"
0 cycles

6. (SUV-TT)DRV^ 3.94" 3.77='  ̂ 3.60"
0 cycles

7. DRV(TT)^ 4.08" 3.34= 3.55"^
3 cycles

8. (SUV-TT)DRV^ 3.66"= 3.37=® 3.17"‘‘
3 cycles

9. DRV(TT)^ 4.06" 3.20= 3.61"'
10 cycles

10. (SUV-TT)DRV^ 3.59"'"' 3.21=® 3.20"''
10 cycles

Tetanus toxoid (TT) was either entrapped [DRV(TT)] or linked to the surface of DRV 

[(SUV-TT)DRV] made of egg PC(1) or DSPC(2), cholesterol and APSA in molar 

ratios of 1:1:0.2. DRVs (2) were microfluidized for 3 or 10 cycles at about 50 °C. 

DRV(TT) in emulsion was prepared by mixing DRV(TT)1 or DRV(TT)2 with sesame

011 (with 5 % Span 80) in volume ratio of 1:1.

" prep.2 vs 1 (p<0.001); prep.3 vs 1 (p<0.001); prep.4 vs 1 (p<0.01); prep.5 vs 1 

(p<0.001); prep.6 vs 1 (p<0.001); prep.7 vs 1 (p<0.001); prep.8 vs 1 (p<0.001);prep.9 

vs 1 (p<0.001); prep. 10 vs 1 (p<0.02)
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 ̂ prep.4 vs 2 (p<OJ_) prep.8 vs 7 (p<0.05)  ̂ prep. 10 vs 9 (p<OJ)

® prep.2 vs l(p<0.05); prep.3 vs 1 (p<0.02); prep.4 vs 1 (p<0.02); prep.5 vs 1 

(p<0.02); prep.6 vs 1 (p<0.001); prep.7 vs 1 (p<0.001); prep.8 vs 1 (p<0.001); prep.9 

vs 1 (p<0.001); prep. 10 vs 1 (p<0.001)

 ̂prep.6 vs 5 (p<0.1) ® prep.8 vs 6 (p<0.05); prep. 10 vs 6 (p<0.02)

 ̂ prep.2 vs 1 (p<0.01); prep.3 vs 1 (p<0.001); prep.4 vs 1 (p<0.01); prep.5 vs 1 

(p<0.001); prep.6 vs 1 (p<0.001); prep.7 vs 1 (p,0.001); prep.8 vs 1 (p<0.01); prep.9 

vs 1 (p<0.001); prep. 10 vs 1 (p<0.01)

' prep.4 vs 2 (p<0.1)  ̂ prep.7 vs 8 (p<0.11

 ̂prep.8 vs 6 (p<0.1); prep. 10 vs 6 (p<OJ.) prep.9 vs 10 (p<OJ)

All liposomal preparations elicited significantly stronger secondary IgGj responses 

than the response against free tetanus toxoid. No significant differences between 

responses for vesicles-in-emulsion preparations o f different phospholipid compositions 

or between non-microfluidized DRV(TT) liposomes of two lipid compositions were 

observed. Liposomes with entrapped or surface linked antigen did not show differences 

in IgG, response as a result o f different sizes. Microfluidized DRV(TT) liposomes 

induced significantly higher IgG, responses than (SUV-TT)DRV of the same size.

Secondary IgGja responses against all liposomal preparations [except for non- 

microfluidized DRV(TT) made of DSPC) were significantly higher than the response 

against free tetanus toxoid. Responses against liposomes (made of PC or DSPC)-in- 

emulsion or against non-microfluidized DRV(TT) liposomes made of PC or DSPC 

were not significantly different. Non-microfluidized (SUV-TT)DRV liposomes (size 

o f about 600 nm) induced significantly higher secondary IgG 2 a responses than 

microfluidized (SUV-TT)DRV liposomes (3 or 10 cycles) and a higher response 

(p<0.1)) than the response against DRV(TT) of the same size. Responses against 

DRV(TT) liposomes of different sizes were not significantly different.

All liposomal preparations induced significantly higher secondary IgGjb responses
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than against free tetanus toxoid. No significant differences between the two liposomes- 

in-emulsion preparations and the two non-microfluidized DRV(TT) liposomal 

preparations made of different phospholipids were observed. Secondary IgGjb 

responses against DRV(TT) microfluidized for 3 and 10 cycles were higher than those 

(SUV-TT)DRV liposomes of the same size, whereas no difference in the responses for 

non-microfluidized liposomes (both types) was observed. No significant differences 

between the responses against DRV(TT) liposomes of different sizes were observed, 

whilst (SUV-TT)DRV non-microfluidized liposomes (size o f about 600 nm) elicited 

higher responses than microfluidized liposomes (sizes of about 200 and 100 nm).

One-way analysis of variance applied to test the effect of different tetanus toxoid 

preparations on secondary responses gave the following results (Table 5.4.4.)

Table 5.4.4.: One-way analysis of variance for secondary responses

Subclasses Calculated F,

IgG, 4.70

IgG2a 2.80

IgGjb 8.30

^ 0 . 0 5  [ 7 , 3 2 ]  2.20 F o . 0 1 [ 7 , 3 2 ]  3.20

Different tetanus toxoid preparations (1 ^g per immunisation) had a significant
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effect (p<0.05) on secondary responses in all subclasses. The effect o f different tetanus 

toxoid preparations on secondary IgG, and IgGjb responses were significant (F < 0.01).

CONCLUSIONS FOR THE SECOND IMMUNISATION STUDY

All liposomal preparations induced significantly higher IgG, responses than free 

tetanus toxoid. No differences between IgG, responses for liposomes-in-emulsion made 

of the two liposomal compositions, or the two non-microfluidized DRV(TT) liposomes 

made of different phospholipids were observed. Microfluidized DRV(TT) liposomes 

induced significantly higher IgG, responses than (SUV-TT)DRV of the same sizes. No 

size dependency for the same type of liposomes was observed.

IgG 2 a responses against all liposomal preparations (except for non-microfluidized 

DRV(TT) liposomes made of DSPC) were significantly higher than for free tetanus 

toxoid. Liposomes-in-emulsion made of two different liposomal compositions induced 

similar responses. The same was observed for non-microfluidized DRV(TT) liposomes 

made of different phospholipids. Microfluidized DRV(TT) liposomes (size of about 

100 nm) elicited stronger primary IgG2 a responses than DRV(TT) liposomes of 

different sizes, but secondary IgG2 a responses were similar. Non-microfluidized (SUV- 

TT)DRV liposomes (600 nm) induced significantly stronger IgG2 a response than 

(SUV-TT)DRV microfluidized liposomes (200 and 100 nm).

IgG 2 b responses for all liposomal preparations were higher for free tetanus toxoid. 

Different phosphoilpid compositions used in the experiments did not influence 

secondary IgG 2 a responses for liposomes-in-emulsion or for non-microfluidized
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DRV(TT) preparations. Microfluidized DRV(TT) liposomes (sizes about 200 and 100 

nm respectively) induced significantly higher responses than (SUV-TT)DRV liposomes 

o f the same sizes. No size dependency in responses for the same type of liposomes 

was observed.
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CONCLUSIONS

In both animal studies, all liposomal preparations elicited significantly higher IgG, 

responses than free tetanus toxoid. Different phospholipid compositions did not 

influence IgG, responses for liposomes-in-emulsion preparations and non- 

microfluidized DRV(TT). There was no size dependency with responses for both 

covalently linked and internally entrapped antigen in PC liposomes. IgG, responses for 

microfluidized (SUV-TT)DRV liposomes (made of PC) were significantly higher than 

for microfluidized DRV(TT) liposomes, whereas the opposite was observed for 

liposomes made of DSPC: microfluidized liposomes with entrapped antigen induced 

stronger IgG, responses.

IgG 2 a responses against all liposomal preparations in both experiments were 

significantly higher than for free tetanus toxoid. The only exception was for DRV(TT) 

liposomes made of PC and microfluidized for 3 cycles. Phospholipid composition did 

not influence IgGja responses for liposomes-in-emulsion and non-microfluidized 

DRV(TT) liposomes. (SUV-TT)DRV liposomes made of egg PC and microfluidized 

for 3 cycles (about 200 nm) elicited stronger IgGja response than DRV(TT) liposomes 

of the same size. For liposomes made of PC, no size dependency was observed, 

whereas for DSPC liposomes, non-microfluidized (SUV-TT)DRV (about 600 nm) 

induced stronger IgGja response than the same liposomes of smaller sizes and 

DRV(TT) liposomes of the same size.

IgG 2b responses for all liposomal preparations were significantly higher than for 

free tetanus toxoid. Phospholipid composition did not influence responses against 

liposomes-in-emulsion and DRV(TT) liposomal preparations. In the experiments with
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liposomes made of PC, (SUV-TT)DRV liposomes microfluidized for 3 cycles (200 

nm) induced a stronger response than the same liposomes of different sizes and 

DRV(TT) liposomes of all sizes. For DSPC liposomes the opposite was true: 

microfluidized DRV(TT) liposomes (sizes of 200 and 100 nm) elicited significantly 

higher IgG2 b responses than (SUV-TT)DRV liposomes of the same sizes.

The effect of liposomal size on immune responses appear to depend on 

phospholipid composition used and is expressed differently with different IgG 

subclasses. The phospholipid composition used in the preparation of vesicles-in- 

emulsion did not influence the immune responses. Experiments comparing vesicles-in- 

emulsion preparation as an adjuvant to other adjuvants are presented in Chapter 6 .
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CHAPTER 6

IMMUNE RESPONSES AGAINST PROTEINS ENTRAPPED IN VESICLES AND 

VESICLES-IN-WATER-IN-OIL EMULSION: COMPARISON WITH OTHER 

ADJUVANTS

Introduction

Niosomes (non-ionic surfactant vesicles) have been widely studied as an alternative 

to liposomes (Baillie, 1988). Their physical properties, structure and preparation 

techniques are very similar to those of liposomes, and thus can be considered as an 

inexpensive alternative of non-biological origin (Yoshioka et ah, 1994). Liposomes 

and niosomes are generally administrated as aqueous dispersions for therapeutic 

applications. The vesicle-in-water-in-oil (v/w/o) emulsion system was developed in 

order to allow application in the form of an external non-aqueous phase of 

formulation, expected to maintain normal vesicular structure in an aqueous phase 

(Yoshioka and Florence, 1994).

Here we have investigated the adjuvant effect of non-ionic surfactant vesicles and 

of the vesicles-in-water-in-oil system for entrapped antigen and compared it with that 

of other known adjuvants: namely liposomes, Freund’s complete adjuvant and 

TiterMax®. Antibody responses to the proteins were measured by ELISA (results 

expressed as the logarithm of serum dilutions). Statistical significance of the results 

was measured by the Student’s t test and one way analysis of variance.
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MATERIALS AND METHODS

Preparation of niosomes

Non-ionic surfactant vesicles were prepared by mechanical shaking of a lipid 

dispersion in the presence of hydrating fluid containing the ‘̂ ^I-labelled proteins 

without subsequent sonication (Yoshioka et ak, 1994). The procedure is described in 

Material and Methods-General. To separate unentrapped protein from niosomes, 

molecular sieve chromatography on Sepharose 4B CL was applied. One ml fractions 

were collected, and the encapsulation efficiency was estimated on the basis of 

radioactivity.

Preparation of vesicle-in-water-in-oil emulsion

Vesicles-in-water-in-oil emulsions were prepared by dispersing niosomes in an 

aqueous phase which was then emulsified in an non-aqueous continuous phase 

(Yoshioka and Florence, 1994). The same surfactant as that used to form vesicles was 

added to the oil, dissolved completely, and equal volumes of vesicle suspensions and 

oil phase were emulsified using a vortex mixer. In animal studies described later, 

com and sesame oil were used to form emulsions.

Preparation of dehvdration-rehvdration vesicles (DRV)

SUV liposomes (made of equimolar PC and cholesterol, 33 pmol each) prepared 

as described earlier, were mixed with an equal volume of protein solution ( 1 mg/ml) 

containing a tracer of iodinated protein. After freeze-drying, the preparation was 

rehydrated (for details see Materials and Methods-General) and liposomes separated 

from unentrapped protein by centrifugation at 27,300 x g with repeated washing of the 

pellet.
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Preparation o f TiterMax® water-in-oil emulsion

TiterMax® Research Adjuvant (Vaxel, Inc., Atlanta, USA) combines the benefits 

of a potent synthetic adjuvant (copolymer CRL89-41) with those of a microparticulate- 

stabilized, water-in-oil emulsion containing a metabolizable non-toxic oil, squalene. 

Stable emulsions with the antigen were made by the two-syringe double hub method, 

recommended by the producer. For the preparation equal volumes of aqueous antigen 

and TiterMax® were used. The first syringe was loaded with the adjuvant, while the 

second was loaded with half the volume of antigen in aqueous medium. Two syringes 

were connected via a double hub emulsifying needle. The contents were mixed by 

forcing the materials back and forth through the needle. After 1 min of mixing a 

whipped-cream-like water-in-oil emulsion appeared. The empty syringe was loaded 

with the remaining antigen solution and mixing was repeated for 1 min.

Preparation of Freund‘s Complete Adjuvant (FCA)

Freud’s complete adjuvant (Sigma) contains 1 mg of killed Mvcobacterium 

tuberculosis in 0.85 ml paraffin oil and 0.15 ml mannide monooleate. FCA was 

emulsified with an equal volume of the appropriate concentration of antigen used in 

the immunisation study.

Animal immunisation experiments

Male Balb/c mice were immunised intramuscularly with 0.2 ml antigen 

preparations containing 1 or 0.1 pg of protein. The exception was TiterMax® 

preparation for which 0.04 ml was used in immunization. For details of immunisation 

protocols see Materials and Methods-General.
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Enzyme-linked immunosorbent assay (ELISA)

Antibody responses to different antigen preparations were monitored by ELISA as 

described in Materials and Methods-General. The logarithmic yalues of the number 

of serum dilutions which still giye absorbance readings higher than 0 . 2 0 0  (the mean 

of two duplicate readings) were examined for significance using the Student's t test 

and one-way analysis of yariance.

RESULTS AND DISCUSSION

Entrapment of boyine IgG and tetanus toxoid in niosomes and liposomes

The entrapment of proteins in niosomes (Table 6.1.) was high (53.82 ± 2.34 %, of 

the amount used) with yalues being higher than in experiments where 

carboxyfluorescein (CF) (34 %) was used as a model solute to inyestigate the 

entrapment efficiency of niosomes (Yoshioka et al., 1994). This was attributed to the 

higher molecular weight of proteins (150 000 and 160 000 for IgG and tetanus toxoid 

respectiyely), compared with that of CF (380) which is expected to leak out of the 

yesicles.

In agreement with preyious results obtained for a wide range of different tetanus 

toxoid concentrations (Dayis and Gregoriadis, 1987) entrapment of tetanus toxoid in 

DRV liposomes was substantial (27.23 ± 3.92 % of amount used) (Table 6.1.).
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Table 6.1.: Entrapment of proteins in niosomes and DRV liposomes

Animal study 

(number)

Encapsulation efficiency (% of protein used)

niosomes DRV liposomes

I 50.2P -

II 53.62" -

in 54.91" 30.09"

IV 56.60" 28.41"

V 53.72" 23.20"

Niosomes were made of Span 80, cholesterol and dicetyl phosphate in the molar ratios 

of 71.25:71.25:7.5. DRV liposomes were made of PC and cholesterol in a molar ratio 

of 1:1. Proteins used were bovine IgG “ or tetanus toxoid Entrapment efficiencies 

are expressed as a percentage of the total amount of protein used initially.

Results for immunisation studies in 5 animal experiments are discussed below.

FIRST IMMUNISATION STUDY

In this study male Balb/c mice divided in 5 groups (4 animals in each group) were 

immunized with different preparations of bovine IgG on days 0 and 29 and blood 

samples (50 pi) were taken from the tail vain on days 28 and 39 (50 pi). In this 

preliminary experiment, adjuvanticity of niosomes and of the vesicles-in-water-in-oil 

system as well as dose response were tested in terms of IgGj responses only.
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Primary IgG, responses against bovine IgG are presented in Figure 6.1.1..

Fig.6.1.1.: Comparison of immune responses against bovine IgG entrapped in 

vesicles or vesicles-in-water-in-oil emulsion
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Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

(v/w/o emul.) were made by mixing niosomes with com oil (containing 5 % Span 80) 

in a volume ratio of 1:1. (For statistical analysis of responses see Table 6.2.1.)
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Secondary IgG, responses against bovine IgG in niosomes and non-ionic surfactant 

vesicles-in-water-in-oil emulsion are presented in Figure 6.1.2.:

Fig.6.1.2.: Comparison of immune responses against bovine IgG entrapped in 

vesicles or vesicles-in-water-in-oil emulsion
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Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

(v/w/o emul.) were made by mixing niosomes with com oil (containing 5 % Span 80) 

in a volume ratio of 1:1. (For statistical analysis of responses see Table 6.2.1.)
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Table 6.2.1.: Comparison of IgGj responses

Preparation

1 . v/w/o emulsion 

( 1  H g )

2 . v/w/o emulsion 

(0 . 1  pg)

3. vesicles 

( 1  M g )

4. vesicles 

(0.1 Mg)

5. free bovine IgG 

(0.1 Mg)

IgG, responses 

primary secondarv

3.66

3.05

3.28

2.50"

2.30

3.80

3.61

3.62

2 .68'

2.61

Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

were made by mixing niosomes with com oil (containing 5 % Span 80) in a volume 

ratio of 1 : 1 .

" prep.4 vs 3 (p<0.05) 

prep.4 vs 3 (p<0.05)

Primary IgG, responses in mice immunised with bovine IgG (Table 6.2.1.) tested 

for significance by the Student’s t test showed that although v/w/o emulsion (1 

Mg/mouse) induced the highest response, no significant difference between it and that 

for vesicles preparations of the same dose was observed. Dose response was seen only 

for vesicles preparations (1 pg 0.1 pg per immunisation) for p<0.05. No 

significant differences between mice immunised with 0 . 1  pg in different preparations 

were observed.

It can be seen from Table 6.2.1. that the only significant difference in secondary

153



IgGl responses was observed between mice immunised with two different doses of 

vesicles preparation (p<0.05). Although mice immunised with v/w/o emulsion (1 

pg/mouse) elicited the strongest immune response, the standard deviation in the group 

was high (3.80 ± 1.07) influencing the significances in comparisons with the other 

preparations. In mice immunised with 0.1 pg in different preparations, no significant 

difference was observed.

One way analysis of variance (anova) was applied to test significance of the effect 

of different antigen prepartions on IgGi responses. The results are presented in 

Table 6.2.2.:

Table 6.2.2.: One-way analysis of variance for IgG, responses

Responses Calculated F,

primary IgG, 4.65

secondary IgG, 2.45

F o . 0 5 [ 4 , 1 5 ] ~  Fo0 1 [4 J 5 ]- 4.89

Different antigen preparations had significant (p<0.05) effect on primary IgG 

responses. In secondary IgG, responses no significant effect of antigen preparations 

was observed (2.45 < 3.06). The reason was that in the latter case the standard 

deviations within groups were high due to the small number (4) of animals in each 

group. The experiment was repeated with increased number (5) of animals in each 

group. Bovine IgG as antigen used for immunisation was replaced by tetanus toxoid, 

since its immunogenic properties are well established (Gregoriadis, 1990).
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SECOND IMMUNISATION STUDY

Male Balb/c mice (5 animals in each group) were immunised with different 

preparations of tetanus toxoid according to the protocol used in the first study.

Fig.6.2.1.: Comparison of immune responses against tetanus toxoid entrapped in 

vesicles or vesicles-in-water-in-oil emulsion
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Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

(v/w/o emul.) were made by mixing niosomes with com oil (containing 5 % Span 80) 

in a volume ratio of 1:1. (For statistical analysis of responses see Table 6.3.1.)
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Primary IgG2a responses are presented in Fig.6.2.2.. All responses were low and 

there was no significant difference in the various antigen preparations.

Fig.6.2.2.: Comparison of immune responses against tetanus toxoid entrapped in 

vesicles or vesicles-in-water-in-oil emulsion
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Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

(v/w/o emul.) were made by mixing niosomes with com oil (containing 5 % Span 80) 

in a volume ratio of 1:1. (For statistical analysis of responses see Table 6.3.1.)
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Primary IgGjb responses are presented in Fig.6.2.3..

Fig.6.2J.: Comparison of immune responses against tetanus toxoid entrapped in 

vesicles or vesicles-in-water-in-oil emulsion
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Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

(v/w/o emul.) were made by mixing niosomes with com oil (containing 5 % Span 80) 

in a volume ratio of 1:1. (For statistical analysis of responses see Table 6.3.1.)

Student’s t test was applied to analyse the significance in primary responses (all 

subclasses) between mice immunised with different tetanus toxoid preparations and 

the results are presented in Table 6.3.1.:

157



Table 6.3.1.: Comparison of primary responses

Preparation IgG subclasses

IgG, IgGj. Ig&b

1 . v/w/o emulsion 3.02 2.48 2.96

( 1  M g )

2. v/w/o emulsion 2.42^ 2.30 2.36^

(0 . 1  /xg)

3. vesicles 3.51 2.30 2.42*̂

( 1  i^g)

4. vesicles 2.36*’ 2.30 2.30

(0 . 1  /xg)

5. free bovine IgG 2.30 2.30 2.30

(0 . 1  /xg)

Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

were made by mixing niosomes with com oil (containing 5 % Span 80) in a volume 

ratio o f 1 : 1 .

 ̂ prep.2 vs 1 (p<0.05) *’ prep.4 vs 3 (p<0.05)

prep.2 vs 1 (p<0.01); prep.3 vs 1 (p<0.02)

Student’s t test applied to test significance in primary immune responses showed that 

although vesicles ( 1  /xg of tetanus toxoid per mouse) induced the strongest IgG^ 

response, it was not significantly higher than the response for v/w/o emulsion (same 

dose). Both v/w/o emulsion and vesicle preparations showed significant differences in 

dose responses. In mice immunised with preparations containing 0.1 /x  ̂of tetanus 

toxoid per injection, no significant difference in primary IgGj responses occurred. All 

primary IgGja responses were low and non-significantly different. A significant 

difference in primary IgGjb responses between mice immunised with two doses of
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v/w/o emulsion preparations, but not between mice immunised with two doses of 

vesicles preparations was observed. IgG2 b response for the v/w/o emulsion 

( 1  pg/mouse) was significantly higher than the response for vesicles (same dose) and 

all other preparations.

One way analysis of variance (the effect of different antigen preparations on 

primary responses) gave the following results:

Table 6.3.2.: One-way analysis of variance for primary responses

Subclasses Calculated F,

IgGl 6.72

IgGza 0

IgGzb 18.08

F o . 0 5 [ 4 , 2 0 ] “  F o . 0 1 [ 4 , 2 0 ] “  ^.43

The effect of different antigen preparations on primary IgG^ and IgG 2 b was 

significant (p<0 .0 1 ), while in primary IgG2a responses no significance could be 

observed.
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Results for secondary IgG,, IgGj, and Ig02b responses are shown in Figures 6.2.4.,

6.2.5. and 6.2.6. respectively.

Fig.6.2.4.: Comparison of immune responses against tetanus toxoid entrapped in 

vesicles or vesicles-in-water-in-oil emulsion
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Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

(v/w/o emul.) were made by mixing niosomes with com oil (containing 5 % Span 80) 

in a volume ratio of 1:1. (For statistical analysis of responses see Table 6.3.3.)
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Fig.6.2^.: Comparison of immune responses against tetanus toxoid entrapped in

vesicles or vesicles-in-water-in-oil emulsion
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Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

(v/w/o emul.) were made by mixing niosomes with com oil (containing 5 % Span 80) 

in a volume ratio of 1:1. (For statistical analysis of responses see Table 6.3.3.)
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Fig.6 J.6.: Comparison of immune responses against tetanus toxoid entrapped in

vesicles or vesicles-in-water-in-oil emulsion

secondary IgG2b response
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Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

(v/w/o emul.) were made by mixing niosomes with com oil (containing 5 % Span 80) 

in a volume ratio of 1:1.

The results of Student’s t test analysis for significances in secondary responses 

between mice immunised with different tetanus toxoid preparations are presented in 

Table 6.3.3.:
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Table 6.3.3.: Comparison of secondary responses

Preparation IgG subclasses

IgG, IgGja IgG2b

1. v/w/o emulsion 5.13 3.14 3.69

2. v/w/o emulsion 3.38“ 2.30^ 2.60^

(0 . 1  Acg)

3. vesicles 3.34“ 3.14 2.60^

( 1  /^g)

4. vesicles 2.30^' 2.42“ 2.36

(0 . 1  /xg)

5. free bovine IgG 2.30^ 2.30 2.30

(0 . 1  /xg)

Non-ionic surfactant vesicles (vesicles) were made of Span 80, cholesterol and dicetyl 

phosphate in the molar ratios of 71.25:71.25:7.5. Vesicles-in-water-in-oil emulsion 

were made by mixing niosomes with corn oil (containing 5 % Span 80) in a volume 

ratio o f 1 :1 .

“ prep.2 vs 1 (p<0.01); prep.3 vs 1 (p<0.01)

prep.4 vs 2 (p<0.02); prep.5 vs 2 (p<0.02)

“ prep.4 vs 3 (p<0.05)  ̂prep.2 vs 1 (p<0.05) “ prep.4 vs 3 (p<0.05)

 ̂prep.2 vs 1 (p<0.01); prep.3 vs 1 (p<0.01)

Secondary IgG, responses against tetanus toxoid (1 /xg per dose) in the v/w/o 

emulsion preparation were significantly higher than with both doses of all other 

preparations. The v/w/o emulsion and niosomal preparation showed significant dose 

response. The v/w/o emulsion (0.1 /xg per dose) preparation was significantly more 

immunogenic than the niosomal and free antigen preparations of the same dose.

A significant difference in secondary lgG 2 a responses was seen in mice immunised
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with different doses of same preparations (both v/w/o emulsion and vesicles). 

Secondary IgG2 a responses for v/w/o emulsion preparations (both doses) were not 

significantly different than responses for the same doses in vesicles preparations. In 

mice immunised with 0 . 1  pg (per dose) preparations no significant differences were 

observed (Table 6.3.3.).

Student’s t test analysis of significance in secondary IgGjb responses between 

groups immunised with different tetanus toxoid preparations, showed that immune 

response for the v/w/o emulsion ( 1  pg dose) was significantly higher than responses 

for vesicles (same dose) and all other preparations. Vesicle preparations did not induce 

significantly different responses for different doses of antigen used. In mice 

immunised with 0 . 1  pg of tetanus toxoid in different antigen preparations no 

significant differences between groups were seen.

Table 6.3.4.: One-way analysis of variance for secondary responses

Subclasses Calculated

I g G l 24.79

I g G z a 5.02

I g G 2 b 8.31

F o . 0 5 [ 4 , 2 0 ] -  ^  87 F o . 0 1 [ 4 , 2 0 ] “  ^.43

One-way analysis of variance (secondary IgG responses) showed significant 

differences for all subclasses (Table 6.3.4.).
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In conclusion, the v/w/o emulsion preparation was superior to the vesicles 

preparations ( 1  pg per dose), inducing significantly stronger responses (except IgG 2a).

In a third immunisation study we compared this novel v/w/o emulsion system with 

established adjuvants: namely Freund’s complete adjuvant, TiterMax® and DRV 

liposomes. In order to see whether different oils in the emulsion preparations influence 

immune responses, com and sesame oil were used.

THIRD IMMUNISATION STUDY

Male Balb/c mice (5 per group) were immunised with the same dose of tetanus 

toxoid (0 . 1  pg/mouse) in different adjuvant preparations following the immunisation 

protocol of the previous studies.
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Primary IgG,, IgGj* and IgGjb responses are presented in Figures 6.3.1., 6.3.2. and 

6.3.3. respectively.

Fig.6 J.I.: Comparison of immune responses against tetanus toxoid in various 

adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax* preparations were made as described in page 

148.(Statistical analysis of responses is presented in Table 6.4.1.).
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Fig.6J.2.: Comparison of immune responses against tetanus toxoid in various

adjuvant preparations

primary IgG2a response
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax® preparations were made as described in page 

148.(Statistical analysis of responses is presented in Table 6.4.1.).
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Fig.633.: Comparison of immune responses against tetanus toxoid in various

adjuvant preparations

primary IgG2b response
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax* preparations were made as described in page 

148.

Results of the Student’s t test analysis of the significance in primary responses 

between mice immmunised with different adjuvant preparations are presented bellow:
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Table 6.4.1.: Comparison of primary responses

Preparation IgG subclasses

I&Gi IgG2a IgGzb

1. DRV liposomes 2.00 1.30“ 1.42'’’''

(0 . 1  fig)

2. FCA 2.32 1.36“ 1.90

(0.1 f J L g )

3. v/w/sesame oil 2.00 1.30“ 1.36^''

emulsion (0 . 1  /xg)

4. v/w/corn oil 2.06 1.30“ 1.36^’*'

emulsion (0 . 1  /xg)

5. TiterMax® 2.41 1.54 2.08

(0 . 1  /xg)

DRV liposomes with entrapped tetanus toxoid were made o f egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and corn or sesame oil (containing 5 % Span 80) in a 

volume ratio o f 1:1. FCA and TiterMax® preparations were made as described in page 

148.

“ prep. 1 vs 5 (p<0.05); prep.2 vs 5 (p<0.02); prep.3 vs 5 (p<0.02); prep.4 vs 5

(p<0 .0 2 )

prep. 1 vs 5 (p<0.01); prep.3 vs 5 (p<0.001); prep.4 vs 5 (p<0.001) 

prep. 1 vs 2 (p<0.02); prep.3 vs 2 (p<0.01); prep.4 vs 2 (p<0.01)

As Table 6.4.1. shows, TiterMax® induced significantly different (higher) primary 

Ig 0 2 a responses than all other preparations. Non-significant difference in primary IgGjb 

responses was observed between mice immunised with FCA and TiterMax® 

preparations. Both preparations induced significantly higher IgG 2 b responses than 

liposomal and emulsion preparations. Immune responses against tetanus toxoid in
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liposomal and vesicles-in-water-in-oil emulsion preparations were not significantly 

different.

One-way analysis of variance (the effect of different antigen preparations on 

primary responses) is presented in Table 6.4.2.:

Table 6.4.2.: One-way analysis of variance for primary responses

CalculatedSubclasses

12.86IgG:

21.53IgG

0.01 [4,20] -  "^'43

One way analysis of variance showed a significant effect of different adjuvant 

preparations on primary IgG2 a and IgG2 b responses.
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Secondary IgG,, IgOj  ̂and IgOjb responses are shown in Figures 6.3.4., 6.3.5. and

6.3.6. respectively.

Fig.63.4.: Comparison of immune responses against tetanus toxoid in various 

adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax* preparations were made as described in page 

148.(Statistical analysis of responses is presented in Table 6.4.3.).
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Fig.6 J  J.: Comparison of immune responses against tetanus toxoid in various

adjuvant preparations

secondary IgG2a response
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1 :1 . v/w/o emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax® preparations were made as described in page 

148.(Statistical analysis of responses is presented in Table 6.4.3.).
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Fig.63.6.: Comparison of immune responses against tetanus toxoid in various

adjuvant preparations

secondary IgG2 b response
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax® preparations were made as described in page 

148.

Student’s t test was applied to analyse the significance in secondary responses 

between mice immunised with different antigen preparations and the results are
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presented in Table 6.4.3.:

Table 6.4.3.: Comparison of secondary responses

Preparation IgG subclasses

W i  IgGja IgG2 b

1. DRV liposomes 2.06"-  ̂ 1.30"'' 1.66='^

(0 . 1  fig)

2. FCA 3.56 1.90 2.39

( 0 .1  f x g )

3. v/w/sesame oil 2.20 "̂  ̂ 1.30 '̂  ̂ 1.72 '̂^

emulsion (0 . 1  f i g )

4. v/w/com oil 2.12 "̂  ̂ 1.30"̂ '̂  1.66 '̂^

emulsion (0 . 1  f i g )

5. TiterMax® 3.50 2.14 2.63

( 0 .1  f i g )

DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax® preparations were made as described in page 

148.

 ̂prep. 1 vs 5 (p<0.001); prep.3 vs 5 (p<0.001); prep.4 vs 5 (p<0.001) 

prep.l vs 2 (p<0.02); prep.3 vs 2 (p<0.02); prep.4 vs 2 (p<0.02) 

prep.l vs 5 (p<0.001); prep.3 vs 5 (p<0.001); prep.4 vs 5 (p<0.001)

 ̂ prep.l vs 2 (p<0.01); prep.3 vs 2 (p<0.01); prep.4 vs 2 (p<0.01)

® prep.l vs 5 (p<0.001); prep.3 vs 5 (p<0.001); prep.4 vs 5 (p<0.001)

 ̂prep. 1 vs 2 (p<0.001); prep.3 vs 2 (p<0.01); prep.4 vs 2 (p<0.001)

As it can be seen in Table 6.4.3., no significant difference in secondary IgG,
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responses in mice immunised with FCA and TiterMax® preparations was obtained. 

Secondary IgGj responses for liposomes and the two emulsion preparations were not 

significantly different but were significantly lower than immune responses in mice 

immunised with tetanus toxoid in FCA and TiterMax® preparations. The TiterMax® 

preparation induced significantly higher IgG2 a responses than the liposomal and the 

v/w/o emulsion systems but not with mice immunised with the FCA preparation. 

Antibody titters against tetanus toxoid in the FCA preparation were significantly 

higher than responses for the liposomal and vesicles-in-emulsion preparations. No 

differences in secondary IgGja responses for liposomal and emulsion preparations were 

seen. There was no significant difference in IgG2 b responses between mice immunised 

with FCA and TiterMax® preparations, and both preparations induced significantly 

higher immune responses than responses induced by immunisation with tetanus toxoid 

in liposomal and vesicles-in-emulsion (both oils) preparations.

The results of one-way analysis of variance (effect of different adjuvant preparations 

on secondary IgGj responses) are presented in Table 6.4.4.:

Table 6.4.4.: One-way analysis of variance for secondary responses

Subclasses Calculated F,

IgGi 14.63

I g G z a 26.36

I g G z b 38.48

F o . 0 5 [ 4 , 2 0 ] “  F o 0 1 [ 4 _ 2 0 ] -  4.43
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One way analysis of variance showed a significant effect of the various adjuvant 

preparations on secondary responses in all subclasses.

In this third immunisation study, in which the vesicles-in-emulsion system was 

compared with FCA and TiterMax® (used in veterinary immunisation) and the 

liposomal preparation, the TiterMax® preparation showed the strongest adjuvant effect. 

The dose of antigen used in the immunisation (0.1 pg/mouse) was too low to observe 

differences in immune responses against antigen in liposomal and vesicles-in-emulsion 

(both oils) preparations.

FOURTH IMMUNISATION STUDY

In this study, immune responses against tetanus toxoid in the same adjuvant 

preparations as those used in the third were followed. The mice were immunised with 

a 1 0  fold higher dose (since the dose used for immunisation in previous study was not 

sufficient to induce responses against all adjuvant preparations). The immunisation 

protocol was identical to that in the third study.
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Primary IgG„ IgG2a and IgGjb responses are presented in Figures 6.4.1., 6.4.2. and

6.4.3. respectively.

Fig.6.4.1.: Comparison of immune responses against tetanus toxoid in various 

adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax* preparations were made as described in page 

148.(Statistical analysis of responses is presented in Table 6.5.1.).
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Fig.6.4.2.: Comparison of immune responses against tetanus toxoid in various

adjuvant preparations

primary IgG2a response
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax* preparations were made as described in page 

148.(Statistical analysis of responses are presented in Table 6.5.1.).
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Fig.6.4 J.: Comparison of immune responses against tetanus toxoid in various

adjuvant preparations

primary IgG2b response
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax* preparations were made as described in page 

148.

The Student’s t test analysis of significance in primary responses between mice 

immunised with different tetanus toxoid prepartions is presented in Table 6.5.1.:
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Table 6.5.1.: Comparison of primary responses

Preparation IgG subclasses

IêÜ i IgGj, IgG a

1. DRV liposomes 2.30 2.00 2.00

( 1  t ë )

2. FCA 2.30 2.00 2.00

( 1  ftg)

3. v/w/sesame oil 2.36 2.00 2.00

emulsion ( 1  [xg)

4. v/w/com oil 2.30 2.00 2.00

emulsion ( 1  /xg)

5. TiterMax® 2.30 2.12 2.00

( 1  Mg)

DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and corn or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax® preparations were made as described in page 

148.

Primary responses (all subclasses) against tetanus toxoid in all preparations were 

similar and not significantly different.

One-way analysis of variance applied to test the significance of the effect of 

different antigen preparations on primary responses did not show any differences.
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Secondary IgG,, Ig02a and IgGẑ  responses in mice immunised with different 

adjuvant preparations are shown in Figures 6.4.4., 6.4.5. and 6.4.6. respectively.

Fig.6.4.4.: Comparison of immune responses against tetanus toxoid in various 

adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax* preparations were made as described in page 

148.(Statistical analysis of responses is presented in Table 6.5.2.).
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Fig.6.4^.: Comparison of immune responses against tetanus toxoid in various

adjuvant preparations

secondary IgG2a response
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax® preparations were made as described in page 

148.(Statistical analysis of responses is presented in Table 6.5.2.)
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Fig.6.4.6.: Comparison of immune responses against tetanus toxoid in various

adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio of 1:1. FCA and TiterMax® preparations were made as described in page 

148.

The results of Student’s t test analysis of significance of differences between 

secondary responses in mice immunised with the various tetanus toxoid prepartions
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presented in Table 6.5.2.:

Table 6.5.2.: Comparison of secondary responses

Preparation IgG subclasses

IgG, IgG â IgG,,

1. DRV liposomes 2.48*-’’ 2.41' 2.01'"^

(I

2. FCA 2 3 0 ^  2.06''' 2.01'-'

( 1  Mg)

3. v/w/sesame oil 4.20 3.35 3.41

emulsion ( 1  jug)

4. v/w/com oil 3.96 3.48 2.85

emulsion ( 1  ^g)

5. TiterMax® 2.47"'^ 2.65 2.08='^

( 1  /^g)

DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio o f 1:1. v/w/o Emulsion preparations were made of niosomes (with 

entrapped tetanus toxoid) and com or sesame oil (containing 5 % Span 80) in a 

volume ratio o f 1:1. FCA and TiterMax® preparations were made as described in page 

148.

 ̂prep. 1 vs 3 (p<0.001); prep.2 vs 3 (p<0.001); prep.5 vs 3 (p<0.001) 

prep.l vs 4 (p<0.01); prep.2 vs 4 (p<0.01); prep.5 vs 4 (p<0.01)

 ̂prep.l vs 4 (p<0.02); prep.2 vs 4 (p<0.001) prep.2 vs 3 (p<0.02)

® prep.l vs 3 (p<0.001); prep.2 vs 3 (p<0.001); prep.5 vs 3 (p<0.01)

 ̂prep.l vs 4 (p<0.05); prep.2 vs 4 (p<0.05); prep.5 vs 4 (p<0.05)

Student’s t test analysis of secondary IgG, responses (Table 6.5.2.) showed no 

difference in mice immunised with two different vesicles-in-oil emulsions. However, 

both preparations induced significantly higher responses than those with liposomal,
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FCA and TiterMax® preparations. Non-significant difference in IgG 2 a responses could 

be seen between mice immunised with two vesicles-in-emulsion systems and responses 

were not significantly higher than those in mice immunised with the TiterMax® 

preparation. Vesicles-in-water-in-com oil emulsion induced significantly higher 

response than liposomes but not vesicles-in-water-in sesame oil emulsion. No 

significance in IgG2 b responses between the two vesicles-in-water-in-oil emulsion 

preparations could be seen, although responses against tetanus toxoid in these 

preparations were significantly higher than those against antigen in liposomal, FCA 

and TiterMax® preparations.

One-way analysis of variance showed a significant effect of different adjuvant 

preparations on secondary responses in all subclasses (Table 6.5.3.).

Table 6.5.3.: One-way analysis of variance for secondary responses

Subclasses Calculated F,

IgGl 40.43

IgGza 37.81

IgGzb 13.97

I " 0 . 0 5 [ 4 , 2 0 ] —  I " 0 . 0 1 [ 4 , 2 0 ] ~
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In conclusion, the fourth immunisation study showed that the vesicles-in-water-in- 

oil emulsion system is suitable to be used as an adjuvant. As the third and fourth 

studies (the same preparations were used in immunisation but at different doses) gave 

different results, especially in mice immunised with tetanus toxoid in the FCA, a fifth 

study with two doses of tetanus toxoid ( 1  and 0 . 1  pg/mouse) in five different adjuvant 

preparations was carried out. These were DRV liposomes, vesicles-in-water-in-sesame- 

oil emulsion, FCA, TiterMax® and vesicle-free emulsion. The latter, of the same 

composition as that used to prepare the vesicles-in-water-in-oil emulsion, was used in 

order to test if immune responses were due to the vesicles-in-emulsion system or to 

emulsion itself.

FIFTH IMMUNISATION STUDY

Male Balb/c mice were immunised with tetanus toxoid in different preparations 

(1 or 0.1 pg/mouse) on days 0 and 29, and blood samples were taken on days 28, 39 

and 129. The protocol was the same as in previous studies. Sera were examined for 

antibody titters by ELISA (described in Materials and Methods-General) and results 

analysed for significance by the Student’s t test.
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Primary IgG,, IgOj  ̂and Ig02b responses are presented in Figures 6.5.1., 6.5.2. and

6.5.3. respectively.

Fig.6^.1.: Comparison of immune responses against tetanus toxoid (two doses) 

in various adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax* preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.(Statistical analysis of responses is presented in Table

6 .6 . 1.).
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Fig.6^.2.: Comparison of immune responses against tetanus toxoid (two doses)

in various adjuvant preparations

primary IgG2a response
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax® preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.(Statistical analysis of responses is presented in Table

6 .6. 1.).
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Fig.6^ J.: Comparison of immune responses against tetanus toxoid (two doses)

in various adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax® preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.

Results of the analysis of significance (Student’s t test) in primary immune
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responses between mice immunised with various antigen preparations and doses are 

presented in Table 6.6.1.:

Table 6.6.1.: Comparison of primary responses

Preparation IgG subclasses

IgGl Igfi2 , Ig&b

1. DRV liposomes 2.30 2.30 2.30

(0.1 fig)

2. DRV liposomes 2.30”-'’ 2.30''' 2.30

(1 fig)

3. v/w/sesame oil 2.30 2.33 2.30

emulsion (0 . 1  fig)

4. v/w/sesame oil 2.79“ 2.33*"’̂  ̂ 2.30

emulsion ( 1  /xg)

5. FCA 2.54“ 2.37" 2.30

(0 . 1  /xg)

6 . FCA 4.03 2.74 2.34

( 1  /^g)

7. TiterMax® 2.38 2.33"̂  2.30

(0 . 1  /xg)

8 . TiterMax® 3.15“ 3.56 2.30

( 1  Mg)

9. emulsion 2.30 2.30 2.30

(0 . 1  /xg)

10. emulsion 2.30“»̂ 2.30"'^ 2.30

(1 Mg)
DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax® preparations were prepared as described on page 148. Emulsions
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were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1 : 1 .

“ prep.2 vs 6  (p<0.001); prep.4 vs 6  (p<0.02); prep.5 vs 6  (p<0.001); prep . 8  vs 6  

(p<0.05); prep. 10 vs 6  (p<0.001) 

prep.2 vs 8  (p<0.05); prep. 10 vs 8  (p<0.05)

prep.2 vs 6  (p<0.01); prep.4 vs 6  (p<0.01); prep.5 vs 6  (p<0.01); prep. 10 vs 6

(p<0 .0 1 )

 ̂ prep.2 vs 8  (p<0.02); prep.4 vs 8  (p<0.02); prep.7 vs 8  (p<0.02); prep. 10 vs 8

(p<0 .0 2 )

Results of Student’s t test applied to determine significance of difference in 

primary IgGj responses between mice immunised with various adjuvant preparations 

are presented in Table 6.6.1.. The response against tetanus toxoid in FCA (1 pg per 

mouse) was significantly higher than responses for all other preparations. The 

TiterMax® preparation (1 pg) elicited significantly higher primary IgG^ response than 

liposomes and emulsion of the same antigen dose (but not with all other preparations). 

Two different doses of tetanus toxoid in FCA preparation induced significantly 

different responses. Primary IgG, responses against antigen in vesicles-in-water-in-oil 

emulsion were similar to responses against tetanus toxoid in the simple emulsion 

preparation (both doses). Analysis of significance in primary IgG2 a responses showed 

that TiterMax® and FCA (1 pg dose) induced significantly higher responses than those 

obtained with all other preparations. Non-significance in immune responses between 

these two preparations was observed although responses (IgG2 a) in mice immunised 

with tetanus toxoid in the TiterMax® preparation (1 pg dose) were the highest 

measured (Fig.6.5.2.). However, standard deviation was also high (0.72). FCA and 

TiterMax® of different toxoid doses (1 and 0.1 pg) were the only preparations 

inducing significantly different IgG 2 a responses for different doses. Primary IgG 2 b
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responses were similar for all preparations and not significantly different.

Secondary IgG„ IgGj  ̂ and IgGzb responses are presented in Figures 6.5.4, 6.5.5. 

and 6.5.6. respectively.

Fig.6^.4.: Comparison of immune responses against tetanus toxoid (two doses) 

in various adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax* preparations were made as described on page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.(Statistical analysis of responses is presented in Table

6.6.2.)
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Fig.6^ J.: Comparison of immune responses against tetanus toxoid (two doses)

in various adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax® preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.(Statistical analysis of responses is presented in Table

6.6.2.).
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Fig.6J.6.: Comparison of immune responses against tetanus toxoid (two doses)

in various adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax* preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.

The Student’s t test results of significance in the differences in secondary responses
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between m ice immunised with various antigen prepartions are shown in Table 6.6.2..

Table 6.6.2.: Comparison of secondary responses

Preparation IgG subclasses

IgGl IgG2a IgGjb

1. DRV liposomes 2.37^’’ 2.67 2.30

(0 . 1  Mg)

2. DRV liposomes 3.52 2.97^ 2.36

( 1  i^g)

3. v/w/sesame oil 3.18 2.54® 2.36

emulsion (0 . 1  /xg)

4. v/w/sesame oil 3.90® 3.01^ 2.49*̂

emulsion ( 1  /xg)

5. FCA 4.03 2.96^ 2.34

(0 . 1  /xg)

6 . FCA 4.24 4.08 2.81

( 1  Mg)

7. TiterMax® 2.33 '̂^ 2.37"'' 2.38

(0 . 1  /xg)

8 . TiterMax® 3.65®’̂  3.49 2.44

(1 Mg)

9. emulsion 2.30" 2.30"̂  ̂ 2.30

(0 . 1  /xg)

10. emulsion 2.50® 2.67^' 2.30

(1 Mg)

DRV liposomes with entrapped tetanus toxoid were made o f egg PC and cholesterol 

in a molar ratio o f 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio o f 1:1. 

FCA and TiterMax® preparations were made as described on page 148. Emulsions
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were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1 : 1 .

“ prep. 1 vs 2 (p<0.05)

 ̂ prep.l vs 5 (p<0.001); prep.7 vs 5 (p<0.001); prep.9 vs 5 (p<0.001)

 ̂ prep . 8  vs 6  (p<0.05); prep. 10 vs 6  (p<0.001)

prep.7 vs 8  (p<0.01); prep. 10 vs 8  (p<0.01)

® prep.4 vs 10 (p<0.01)

 ̂ prep.2 vs 6  (p<0.05); prep.4 vs 6  (p<0.01); prep.5 vs 6  (p<0.01); prep. 10 vs 6  

(p<0.01) ® prep.3 vs 4 (p<0.05)

 ̂ prep.7 vs 5 (p<0.02); prep.9 vs 5 (p<0.01)

' prep.7 vs 8  (p<0.01); prep. 10 vs 8  (p<0.05)

 ̂ prep.9 vs 10 (p<0.05) prep.4 vs 10 (p<0.02)

Application of the Student’s t test to analyse secondary IgG^ responses (Table

6 .6 .2 .), showed no significant difference between responses against tetanus toxoid in 

FCA and in vesicles-in-water-in-sesame-oil emulsion (both doses). Responses against 

antigen in the vesicles-in-emulsion ( 1  pg per immunisation) were significantly higher 

than those against tetanus toxoid in the simple emulsion preparation (both doses). 

The two doses of the DRV and TiterMax® preparations induced significantly different 

secondary IgGj responses. In mice immunised with the two doses of antigen in 

vesicles-in-emulsion, FCA and simple emulsion preparations there were no significant 

differences for each of the dose. There were no significant differences in secondary 

IgG2 a responses between mice immunised with FCA and TiterMax® preparations (1 

pg dose), but responses for the FCA preparation (1 pg dose) were significantly higher 

than for all other preparations. DRV liposomes, vesicles-in-water-in-sesame oil 

emulsion and TiterMax® preparations (1 pg dose) did not induce significantly different 

responses. Responses in mice immunised with the two doses of each of the
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preparations were significantly different for all preparations, except when the two 

doses were compared for DRV liposomes. As it can be seen in Table 6.6.2., secondary 

IgG 2 b responses in all mice were similar and the only significant difference was 

observed between vesicles-in-water-in-sesame oil emulsion preparation ( 1  pg/injection) 

and tetanus toxoid in emulsion only (same composition). Long term (memory) immune 

responses were followed by measuring antibody titres in blood samples taken on day 

129 (100 days after booster immunisation). The responses were measured by ELISA 

and tested for significance as described for primary and secondary responses.

197



IgGl, Ig^2a and IgGjb responses are given in Figures 6.5.7., 6.5.8. and 6.5.9. 

respectively.

Fig.6^.7.: Comparison of immune responses against tetanus toxoid (two doses) 

in various adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax® preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.(Statistical analysis of responses is presented in Table

6.6.3.)
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Fig.6^.8.: Comparison of immune responses against tetanus toxoid (two doses)

in various adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax® preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.(Statistical analysis of responses is presented in Table

6.6.3.)
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Fig.6^.9.: Comparison of immune responses against tetanus toxoid (two doses)

in various adjuvant preparations
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DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio of 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped 

tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax® preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1:1.

Student’s t test results of significance of differences in secondary responses
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(obtained 1 0 0  days after booster injection) between mice immunised with different 

antigen prepartions are shown in Table 6.6.3.:

Table 6.6.3.: Com parison of responses

Preparation IgG subclasses

IgG, Igfi2a IgÜ2b

1. DRV liposomes 1.52‘ 1.51' L 37

( 0  1 l*g)

2. DRV liposomes 3.01” 2.10” 1.88”'"’

(1 Mg)

3. v/w/sesame oil 2.87”-”'  2.49'''» 1.97'”

emulsion (0 . 1  jjg)

4. v/w/sesame oil 3.44'’ 2.69 1.91'

emulsion ( 1  /ig)

5. FCA 3.57' 3.278 2.49

(0 . 1  fig)

6 . FCA 3.62'' 3.20 2.83

(1 Mg)

7. TiterMax® 2.34'””'  2 .14 '” 1.50''”

(0.1 m)
8 . TiterMax® 3.56” 2.54 2.38

(1 Mg)

9. emulsion 1.30 1.30 1.30'

(0 . 1  ng)

10. emulsion 2.72' 1.79” 1 .6 6 ”'"

(1 Mg)

DRV liposomes with entrapped tetanus toxoid were made of egg PC and cholesterol 

in a molar ratio o f 1:1. v/w/o Emulsions were prepared from niosomes (with entrapped
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tetanus toxoid) and sesame oil (containing 5 % Span 80) in a volume ratio of 1:1. 

FCA and TiterMax® preparations were made as described in page 148. Emulsions 

were made by mixing tetanus toxoid solution with sesame oil (containing 5 % Span 

80) in a volume ratio of 1 : 1 .

“ prep. 1 vs 5 (p<0.001); prep.3 vs 5 (p<0.05); prep.7 vs 5 (p<0.01)

 ̂prep.2 vs 1 (p<0.01); prep.3 vs 1 (p<0.01); prep.7 vs 1 (p<0.05) 

prep.3 vs 9 (p<0.01); prep.5 vs 9 (p<0.001); prep.7 vs 9 (p<0.01); prep. 10 vs 9

(p<0 .0 0 1 )

prep.4 vs 10 (p<0.02); prep . 6  vs 10 (p<0.01); prep . 8  vs 10 (p<0.01)

® prep.l vs 5 (p<0.001); prep.3 vs 5 (p<0.05); prep.7 vs 5 (p<0.01)

 ̂prep.3 vs 1 (p<0.02); prep.7 vs 1 (p<0.05)

 ̂ prep.3 vs 9 (p<0.01); prep.5 vs 9 (p<0.001)

 ̂ prep . 2  vs 6  (p<0 .0 1 ); prep. 1 0  vs 6  (p<0 .0 1 )

' prep.2 vs 1 (p<0.01); prep.3 vs 1 (p<0.05) 

j prep.l vs 5 (p<0.001); prep.7 vs 5 (p<0.01); prep.9 vs 5 (p<0.05)

prep.3 vs 9 (p<0.05); prep. 10 vs 9 (p<0.01)

’ prep.2 vs 6  (p<0.01); prep.4 vs 6  (p<0.02); prep. 10 vs 6  (p<0.001) 

prep.2 vs 8  (p<0.05); prep.7 vs 8  (p<0.01); prep. 10 vs 8  (p<0.01)

Application of the Student’s t test (Table 6.6.3.) showed that IgG^ responses against 

DRV liposomes, vesicles-in-emulsion, FCA and TiterMax® preparations ( I p g  dose) 

were not significantly different 100 days after booster immunisation. The response 

against tetanus toxoid in vesicles-in-emulsion was significantly higher than that against 

tetanus toxoid in the emulsion only preparation of the same composition, showing that 

adjuvanticity is due to the vesicles-in-emulsion system as a whole rather than to the 

emulsion itself. A significant difference in immune responses against the two doses 

of the same antigen was observed in mice immunised with DRV liposomes, TiterMax® 

and emulsion preparations. Analysis of IgG 2 a responses 100 days after booster 

immunisation (Table 6.6.3.) showed that although FCA (1 pg dose) induced the
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highest IgG2 a response, this was non-significantly different than responses against the 

antigen in vesicles-in-water-in-sesame oil emulsion and TiterMax® the same dose. 

FCA (1 pg dose) elicited significantly higher IgG 2b responses than other adjuvant 

preparations, but not significantly higher than those against tetanus toxoid in 

TiterMax® (same dose). Significantly different IgG2 b responses for the doses were 

observed only in mice immunised with the antigen in TiterMax® and emulsion 

preparations. The vesicles-in-water-in-oil emulsion (0.1 pg dose) elicited significantly 

higher response than that against antigen in the emulsion (same dose), whereas no 

significant difference at the 10 fold dose (1 pg) was observed.

CONCLUSIONS

In the first animal immunisation study, in which adjuvanticity of the vesicles-in- 

water-in-oil emulsion system was compared to adjuvanticity of non-ionic surfactant 

vesicles and free antigen (bovine IgG), the v/w/o emulsion elicited higher IgGj 

responses, but with no significant difference between groups due to small number of 

animals in each group (4) (the standard deviation being too high). In the second study, 

where tetanus toxoid was used in immunisation and 5 mice in each animal group, the 

vesicles-in-water-in-oil emulsion system (1 pg dose) elicited significantly higher 

(Student’s t test) IgG^ and IgG2b responses than the other preparations. IgG2 a responses 

were not significantly different between mice immunised with the v/w/o emulsion 

system and niosomes of the same dose. The third animal study examined immune 

responses against tetanus toxoid in v/w/o emulsion, FCA, TiterMax® and DRV 

preparations. FCA is known to induce severe side effects in immunised animals, with 

in the present study two mice having granulomas on the injection site. In mice 

immunised with TiterMax® preparation (a new veterinary adjuvant) one mouse showed
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a feverish reaction, although the volume used for immunisation was 20 pi of adjuvant 

as recommended. In all five immunisation studies, none of the mice immunised with 

liposomes or the vesicles-in-water-in-oil emulsion showed any unwanted effect. 

Liposomes are an established adjuvant system, both for surface-linked and entrapped 

antigen. Immunisation with 0.1 pg antigen confirmed the adjuvanticity of TiterMax®, 

but the dose was too low to induce responses in mice immunised with liposomal and 

v/w/o emulsion preparations. In the forth animal experiment the dose used in 

immunisation was 10 fold higher (1 pg per dose) and the highest responses were 

observed in mice immunised with the vesicles-in-water-in-oil emulsion. Surprisingly, 

responses in mice immunised with the FCA preparation were very low. No significant 

difference between mice immunised with different oils (sesame and com oil) used in 

emulsion preparations was observed. Granulomas at the injection site were observed 

in mice immunised with FCA preparation (2) and in one mouse immunised with 

TiterMax®. The final immunisation experiment monitored immune responses against 

tetanus toxoid in liposomes, v/w/o emulsion, FCA, TiterMax® and emulsion only for 

two doses (0.1 and 1 pg). The vesicles-in-water-in-oil emulsion system appears to be 

a novel acceptable adjuvant system, eliciting responses similar to those against FCA 

and TiterMax®, but without any of the unwanted effects. This novel system, together 

with liposomes, can be used as new safe adjuvants.
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GENERAL DISCUSSION AND CONCLUSIONS

The immunological adjuvant and vaccine carrier properties o f liposomes are Avell 

established for a wide spectrum of bacterial, viral, protozoan and tumour antigens 

(Gregoriadis, 1990), and more recently for killed or live microbes (Antimisiaris et al., 

1993). Liposomes act as immunological adjuvants both for entrapped and vesicle 

surface linked antigens. Coupling procedures can be employed for the attachment of 

antigens or ligands to the surface of DRV liposomes in a way that contact of 

potentially damaging coupling reagents with labile solutes (eg. cytokines) incorporated 

in liposomes is avoided: antigens or ligands are firstly linked to small unilamellar 

vesicles (SUV) which are then used to generate DRV in the presence of solutes 

destined for entrapment (Gregoriadis et al., 1993). Transformation o f SUV to the 

multilamellar DRV is associated with the appearance of much o f the coupled protein 

on the latter's surface (Gregoriadis et al., 1993).

Here we have investigated the fate of a protein antigen (tetanus toxoid) and a 

model ligand (immunoglobulin G; IgG) present on the surface of DRVs following 

microfiuidization to obtain vesicles of smaller size. The proteins were either coupled 

to SUV which were then used to generate DRV (with some of the protein expressed 

on the latter’s surface) or, directly to the surface of preformed DRV. Microfiuidization 

was shown to be a suitable method for the reduction o f vesicle size. After 10 cycles 

o f microfiuidization, the size (mean diameter) o f the vesicles was found to be in the 

range o f 70-140 nm, with no more than 20 % of the liposomaly bound protein being 

released during the process. The release of bound protein during microfiuidization did 

not seem to depend on the protein or phospholipid composition used. The appearance 

o f protein on the liposomal surface was monitored either by treatment of the vesicles 

with protease (tetanus toxoid and IgG) or by the use of a protein A-Sepharose gel
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(IgG). Results show that the extent of toxoid or IgG localization on the surface of 

liposomes is greatest (89.4 % of the bound protein) for the small vesicles.

Non-microfluidized and microfluidized liposomes with or without covalently 

coupled proteins were observed morphologically by freeze-fracture and cryo- electron 

microscopy. Freeze-fracture electron microscopy can be used to observe proteins 

covalently linked to the liposomal surface if the molecular weight o f the protein is 

large enough (eg. tetanus toxoid and gammaglobulins with a of 160 000 and 150 

000, respectively). The proteins appeared on the liposomal surface as particles of 10- 

15 nm in size. It was observed that, although all unbound protein was removed prior 

to the freeze-fracture procedure, protein particles could also be observed in the area 

surrounding liposomes. A possible explanation could be that bound protein was 

released during the freezing step of the procedure, since released protein was also 

observed with cryo-microscopy (immunogold labelling). The control (protein-free 

liposomes) samples were devoid of protein particles. After 10 cycles of 

microfiuidization of (SUV-protein)DRV, the presence of protein on the liposomal 

surface was still detectable although, as observed by Aimer et al. (1984), only a few 

(up to 3) particles per liposome could be observed by freeze-fracture electron 

microscopy. However, one has to consider the possibility o f the fracture plane spliting 

the vesicles in a way that visualisation of protein particles is reduced. On the basis of 

the average size of such liposomes (radius 50 nm), the total amount o f lipid used (35.3 

/xmol) and the total vesicle surface area estimated, the total amount of protein bound 

(20 fjLg), the expected number of protein molecules per liposome is about 3. This is of 

the same order of the magnitude as that observed morphologically.

Cryo-observation of SUVs and microfluidized DRVs (10 cycles) (about 100 nm in 

size) with or without covalently bound protein revealed roundly shaped structures, with
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characteristic pale membranes and the bilayer structure clearly apparent. In contrast 

to freeze-fracture observations, the presence of protein could not be detected, probably 

due to lack of contrast. It was confirmed that microfiuidization (10 cycles) reduces the 

size as well as the lamellarity of multilamellar liposomes, since the appearance of 

microfluidized liposomes was similar to that of sonicated vesicles. We were not able 

to detect fractions of disc-like micelles, as observed by Lasic et al. (1992), possibly 

because the phospholipid composition and number o f microfiuidization cycles 

employed here resulted in vesicles relatively free of micelles. However, it is difficult 

to compare the two sets of results, since the number o f microfiuidization cycles, the 

composition o f liposomes and the nature of encapsulated solute were different. 

Immunogold labelling, applied to detect vesicle surface-linked rabbit IgG by the use 

o f the protein A gold reagent, showed some o f the gold particles on the liposomal 

surfaces, albeit to a lesser extent than expected. No gold particles could be observed 

on the surface of IgG-free liposomes. These preliminary results confirmed the presence 

of rIgG on the liposomal surface, although to a lesser extent than expected. Results 

obtained by these two techniques (i.e. freeze fracture and cryo-microscopy) are in 

agreement with each other, suggesting that the number o f particles per liposome 

observed in the experiments is the best possible in terms of accuracy, considering the 

limitations o f the techniques. The presence of protein on the liposomal surface has 

been also observed by scanning tunnelling microscopy (STM) (Fowler et al., 1992), 

but freeze-fracture and cryo- electron microscopy are easier to handle and the required 

equipment is more available.

Small angle X-ray scattering (SAXS) was proven to be a suitable method for the 

characterization of liposomes, in terms of liposomal structure and presence or absence 

of proteins. Results obtained with SUV preparations confirmed the abundant presence
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o f unilamellar vesicles in the sample. On the other hand the scattering profiles 

obtained for DRV showed various diffraction peaks. When protein was present in the 

liposomal bilayers [SUV-IgG and (SUV-IgG)DRV], no diffraction peaks could be 

observed. The reason for the change in the profiles is not clear, but it could probably 

be due to changed electron density because of the protein coupling. The scattering 

profiles of microfluidized liposomes were as those for SUVs. The combination o f the 

techniques described in the thesis has given information on the presence as well as the 

extent of such presence of protein on liposomal surface.

Attempts were made to resolve controversy over whether vesicle surface-linked or 

encapsulated antigens are more effective in eliciting an immune response, by 

comparing immune responses (IgG,, IgG2 a and IgG2 b) against tetanus toxoid covalently 

coupled to DRVs [(SUV-TT)DRV] or entrapped in DRVs [DRV(TT)] o f different 

sizes. The latter preparations were non-microfluidized liposomes (about 600 nm) or 

liposomes microfluidized for 3 cycles (about 200 nm) and 10 cycles (about 100 nm 

diameter). Two different phospholipids (egg PC and DSPC) were used to test the 

influence of phospholipid composition on immune responses. In both studies, all 

liposomal preparations of tetanus toxoid elicited significantly greater immune 

responses (IgG,, IgG 2 a and IgG 2 b) fhan the free toxoid. Comparison of immune 

responses for liposomes made of egg PC with surface-linked or entrapped antigen, 

showed that only (SUV-TT)DRV (surface-linked toxoid, microfluidized for 3 cycles) 

induced stronger responses (all subclasses) than liposomes of the same size (with 

entrapped toxoid) For liposomes made of DSPC, however IgG, responses for 

microfluidized DRV(TT) (3 and 10 cycles) were higher in comparison to liposomes 

with surface linked antigen of the same size. IgG2 a responses were favoured for non- 

microfluidized (SUV-TT)DRV. Microfluidized DRV(TT) induced stronger IgG 2b
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responses in comparison to (SUV-TT)DRV of the same size. Soluble antigens (eg 

tetanus toxoid) must be firstly processed by antigen presenting cells prior to exposure 

on their surface, an event that may be inhibited or interfered by DSPC or other 

phospholipids with high Tc (Gregoriadis, 1990). These results confirm that comparison 

o f immunogenicity for surface-linked and entrapped antigen can only be made when 

the phospholipid composition and vesicle size as well as the antigen, dose used and 

phospholipid/protein mass ratio are the same (Gregoriadis, 1990). Differences in 

responses for liposomes made of egg PC and DSPC (where liposomes of various sizes, 

and different ways of presenting the antigen elicited different immune responses for 

subclasses) indicate that in developing optimal liposomal vaccines one should keep in 

mind all liposomal characteristics influencing such responses.

The adjuvant activity of DRVs was compared to that of vesicles-in-water-in-oil 

emulsion and other adjuvants, namely niosomes, Freund’s complete adjuvant and 

TiterMax®. It was found that v/w/o emulsion induced stronger responses than its 

component vesicles (niosomes) or emulsion (of the same composition) (Chapter 6). 

That strongly suggests that adjuvanticity was the result o f the system prolonging the 

release o f antigen and therefore influencing its contact with APC. Although the 

responses for FCA and TiterMax® were higher than for liposomes and vesicles-in 

emulsion, no significant differences in responses 100 days after the booster 

immunisation were observed. Furtheremore, no side effects were observed in mice 

immunised with liposomes, niosomes or vesicles-in-water-in-oil emulsion, whereas in 

mice immunised with FCA and TiterMax® some of the animals developed granulomas 

at the site of injection (FCA) and showed feverish reactions. It appears that the 

vesicles-in-oil-in emulsion system can be used, as well as liposomes, as a safe 

adjuvant.
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