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ABSTRACT

The aim of this thesis was to investigate the mechanisms by which liposomes are
produced via the hydration of phospholipid films, with a view to gaining a greater
understanding of the formation of multilamellar vesicles (MLVs) and the entrapment of
water soluble drugs. The formation of liposomes from egg phosphatidylcholine and
dipalmitoylphosphatidycholine (DPPC) films was examined using differential
interference contrast microscopy and Environmental Scanning Electron Microscopy
(ESEM). On addition of water to the films, tubular structures were observed which
formed ‘buds’ with continuing hydration. ESEM studies indicated that a slower
hydration induced by lowering the atmospheric pressure did not produce the tubular
structures, but buds were seen to form directly from the film. A single agitation step was
shown not to be sufficient to fully break down the tubular and other structures to ML'Vs,
but annealing followed by a second agitation step produced a more homogeneous
vesicular population. The thermal characteristics of the various stages of MLV
production were measured using differential scanning calorimetry, with thermal events

indicative of the different stages being noted.

The factors affecting the size and size distribution of multilamellar liposomes were
investigated using univariate and multivariate factorial design. The factors investigated
were the concentration of the phospholipid in organic solution, vacuum applied, amount
of water added, duration of agitation stages before and after annealing, and the duration
of annealing. The results indicated that the post-annealing agitation, phospholipid
concentration, pre-annealing agitation, hydration time and water added to the film are

all significant in affecting both the mean size and size distribution of MLVs.

To investigate at which stage optimum aqueous drug entrapment occurs, a mainly
aqueous marker, carboxyfluorescein (CF), was added at different stages of MLV
production and the percentage of marker entrapped measured using fluorescence
spectrometry. It was shown that adding the CF as an aliquot immediately prior to the first

agitation step resulted in the greatest encapsulation.
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‘For the best and safest method of philosophizing seems to be, first diligently to
investigate the properties of things and establish them by experiment, and then to seek
hypotheses to explain them. For hypotheses ought to be fitted merely to explain the
properties of things and not attempt to predetermine them except in so far as they can
be an aid to experiments.’

ISAAC NEWTON*

* Principitia Mathematica (1686-1687), Motte’s translation reviewed by Cajori, Vol
2, University of California Press, Berkley, California, 1934
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Chapter 1- Introduction

1.1  Liposomes As Drug Delivery Vehicles

Liposomes are spherical closed structures composed of concentric phospholipid
bilayers which entrap aqueous phases into their interior (Figure 1.1). They may have one
(unilamellar) or several (multilamellar) bilayers; their size ranges from approximately
15 nm to 20 pm, while the thickness of the bilayer is approximately 4 nm (Lasic, 1993a).
Due to their amphiphilic nature, liposomes can incorporate hydrophobic drugs within the
lipid bilayers and hydrophilic drugs within the aqueous core and interlamellar spaces,
while amphiphilic drugs can partition between the hydrophobic and hydrophilic regions

of the liposome.

The principal classification of liposomes is basedona combination of their size and bilayer
number. Multilamellar vesicles (MLVs) have a wide distribution of sizes from 100 nm -
20 um, where each vesicle comprises of several concentric bilayers. Small unilamellar
vesicles (SUVs) consists of one lamella and have a size less than 100 nm. The smallest
achievable size for SUVs depends on the ionic strength of the aqueous medium and the
type of phospholipid, e.g. for pure egg phosphatidylcholine Qegg PC) in normal saline
it is 15 nm and 25 nm for dipalmitoylphosphatidylcholine (DPPC) liposomes (New,
1990a). Large unilamellar vesicles (LUVs) also comprise one bilayer but, have a greater

size i.e. in the order of 1000 nm (New, 1990a).

1.1.1 Routes of Administration and the Role of Liposome Size

Liposomes may be used to deliver a wide range of drugs via different routes of
administration. The parenteral route (particulary intravenous administration ( iv)) is the
most frequently used means of delivery. Liposomes delivered by this method are
normally rapidly removed from the circulation by the MPS (mononuclear phagocyte
system), also known as the RES (reticulo-endothelial system), especially by fixed
macrophages in the spleen and liver. Other;types of macrophages reside in the gut, lungs,
serosal cavities, skin and may also circﬁléte as monocytes in the blood. The fate of
liposomes following IV administration will depend on their composition and size, with

smaller vesicles being clearedi with a shorter half-life than larger vesicles (Juliano and
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Chapter 1- Introduction

{
great|influence in determining vesicle clearance in the circulation.

The MPS is not the only mechanism reducing liposomal circulation. IV administered
liposomes will encounter plasma high density lipoproteins which remove phospholipid
molecules from liposomes prepared from natural unsaturated phosphatidylcholines, such
as egg PC which results in the leaking and subsequent disintegration of these attacked
liposomes (Damen et al, 1981; Tall et al, 1983 and Gregoriadis et al, 1983). Substituting
the natural PC with ‘high melting’ phospholipids such as DSPC results in bilayers which
are more ‘rigid’ at 37°C and resistant to HDL (high density lipoprotein) attack.
Similarily, inclusion of cholesterol in the bilayers also increases bilayer rigidity (Allen,
1981). By suppressing HDL uptake, the liposomes are more exposed to the effect of the
MPS. The principal mode of action of this systems involves the adsorption or insertion
of plasma proteins (opsonins) into the liposomes which are subsequently ‘recognized’
and engulfed by the macrophages (fixed in the liver and spleen or mobile in the
circulation). Such opsonic interaction is also decreased by adjusting the lipid
composition (e.g. with excess cholesterol) (Gabizon and Papahadjopoulos, 1988).
However, overall with conventional liposomes the size and surface charge override the
state of membrane permeability in affecting liposomal clearance (Senior et al, 1985).
Extended circulation times can be achieved by reducing the effect of the MPS i.e. by
interfering with this interaction of opsonins with the liposomes’ surface. This was
exemplified by liposomes which consisted of a small size, rigid bilayers and the
incorporation of particular lipids such as gangliosideEGMl or hydrogenated (plant)
phosphatidylinositol (HPPI) in the liposome bilayers (Gabizon and Papahadjopoulos,
1988). Further development of liposomal formulations produced synthesized diacyl
lipids with polymeric polar heads, which resulted in a further prolongation of liposome
circulation (Woodle and Lasic, 1992). The mechanism of this prolongation was believed
to be due to the introduction of steric hindrance within the liposomes preventing the

attachment of opsonins.

The fate of liposomes administered via intramuscular ('iim), subcutaneous (/sc’) and
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Chapter 1- Introduction

intraperitoneal 1 ip) routes are very similar as they all drain from the injection site into
blood circulation. SC injection of liposomes can provide local action or prolonged
release, being once again dependent on the liposomal size. Terminal lymphatics provide
a physical barrier to the uptake of LUVs and MLVs as they have a diameter of
approximately 0.1 um, although if they are inflammed they enlarge dramatically. While
under normal circumstances only SUVs would enter the lymphatic system via the SC
route, such enlarged openings allow entry of MLVs and LUVs. It is thus possible to
deliver high concentrations of cytotoxic drugs to lymphomas or solid tumours that have
metastasize to the regional lymph nodes (Segal et al, 1975).

Non-parenteral routes of administration include delivery to the airways, a site of action
where the delayed release of liposomes offers a potential for prolongation of drug action
and the tendency of some liposomes to interact directly with cells allows the introduction
of materials to the airways epithelium. Most recently this has found application in the
delivery of!  genes to the airways in the treatment of cystic fibrosis (Alton et al,
1993). Other routes of application include topical (Mezei and Gulasekharam, 1980),
nasal (Alpar et al, 1992), intra-articular (de Silva et al, 1979) and ophthalmic route
(Smolin et al, 1981) and oral delivery (Iwanaga et al, 1997). Individual disease states are
treated using the passive systemic targetting, depot effect or more recently active

targetting.

1.1.2 Therapeutic Applications of Liposomes
This section gives an outline of an extremely wide area of research involving the
therapeutic applications of liposomes. In the interests of brevity, only selected examples

are given and the section is not intended to be an exhaustive description of the field.

Liposomes have been used as vaccine carriers and act as adjuvants to the immune
response. It has been shown that the frequency of the serum antibody response and the
level of antibody titres obtained with protein antigens entrapped in liposomes were

superior to those produced by aqueous antigen solutions (Allison and Gregoriadis, 1974).
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Chapter 1- Introduction

Liposomes, through their passive targeting to the MPS, may have an application for the
treatment of microbial infections, e.g. bacterial, parasitic, fungal and viral infections of
MPS tissues. Viral infections are particularly difficult to treat due to their intracellular
mode of action on the host cells and liposomes with their ability to deliver drugs across
the cell membranes offer a treatment for viral infections. Liposomal-encapsulated
ribavirin administered to mice infected with the Rift Valley Fever virus yielded a 500 %
increase in drug concentration in the liver, the primary site of viral proliferation, with an
accompanying increase in therapeutic index (Popescu et al, 1987). The parasitic disease
leishmaniasis causes great morbidity and mortality in the Third World countries. The
parasite grows and multiplies in the macrophages of the MPS (Reed et al, 1984) and
therefore liposomes with their passive targeting of the MPS are used as a treatment for
this disease. It is believed that the liposomes enter the parasite itself after uptake by a
macrophage. Therefore, delivery of antiparasitic drugs is localized and a reduction in the
administered dose from this targeting reduces the toxic systemic effects (Davidson et al,
1991). For example, IV liposomal primaquine was curative at concentrations when acute
toxicity of the free drug prevented its use (Popescu et al, 1987). Liposome encapsulation
may improve specific uptake of antibiotics particularly potent antibiotics with toxic side-
effect such as cardiotoxicity by decreasing their accumulation in the sensitive tissues

(Gabizon et al, 1982).

A promising use of liposomes is as carriers for antifungal drugs indicated for systemic
fungal infections which are often lethal in debilitated patients such as immuno-
suppressed individuals. The mechanism of these drugs is the binding with sterols of
membranes causing cell lysis and death. Amphotericin B has a stronger binding affinity
for the sterol of the fungal membranes as opposed to the sterols of human cell
membranes (cholesterol). This drug is recommended for parenteral use, but the mode of
action is not completely selective, hence the drug is very toxic. Acute reactions are fever
and chills while chronic use causes dose-limiting nephrotoxicity and side effects in the
central nervous system. The antifungal is insoluble in water and carriers such as

liposomes are capable of solubilizing it. Liposomes do not accumulate in the kidneys and
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cells of the nervous system and, in addition offer a wide spectrum of solubilizing
properties. Further, liposomes accumulate in the same cells where fungi often reside.
Liposomal amphotericin B is much less toxic than free amphotericin B administered IV.
This was shown in a clinical study in which 12 patients who failed treatment with
conventional amphotericin B and other drugs were treated with amphotericin B
encapsulated in liposomes. Three patients were completely cured, 5 showed a partial
response and 4 failed to respond to the therapy. This therapy did not cause any
deterioration in renal function, the major cause of toxicity (Lopez-Berestein et al, 1985).

Other applications involve the ability of liposomes to cross cell membranes is used in
metal poisoning. Anionic agents such as ethylenediaminetetraacetic acid (EDTA) are
used to chelate metals, but it is difficult to transport across membranes, is often degraded
in the plasma and is toxic due to its lack of specificity. Liposomal entrapment of EDTA
may allow the transport of this agent across the cell membrane and allow natural
targeting of the MPS cells of the liver, which are the primary site of metal disposition

in poisonings such as iron and plutonium overdose (Rahman et al, 1973).

Liposomes are capable of being passively targetted to the MPS, however they can also
be actively targetted. The most common type of active; targetting involves the attachment
of a ligand to the surface of the liposome. Antibodies are the most commonly conjugated
ligands resulting in the formation of immunoliposomes. There are numerous successful
delivery to cells by immonoliposomal delivery. One of which involves liposomes
conjugated to protein A which are 100 times more effective than unencapsulated drug

in causing growth inhibition on the murine T-cell leukaemia (Matthay et al, 1986)

A type of surface binding occurs with gene delivery, which has recently involved the
polycation condensation approach, in which negatively charged nucleic acids form a
complex with positively charged liposomes which can bind electrostatically to the cell
membranes. This surface adherent complex is then susceptible to endocytosis and

delivery of the gene. This process has been optimised to reduce toxicity and improve
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transfection (expression of the gene) to treat the disease conditions of melanoma and

cystic fibrosis (Gao and Huang, 1991).

There is an enormous potential for using liposomal delivery systems with prolonged
circulation times achieved with Stealth™ (Woodle and Lasic, 1992) liposomes and site
specific delivery achieved with pH-sensitive immunoliposomes (Connor and Huang,
1985). The latter system involved liposomes covalently bonded to antibodies specific to
a target tumour cell (immunoliposomes) which released the encapsulated drug when
exposed to the acidic medium of the endosomes at the target cell as a result of

endocytosis.

1.2  Methods of Producing Liposomes

The traditional method of producing multilamellar liposomes is to evaporate an
organic phospholipid solution to produce a thin phospholipid film in a round bottomed
flask. This is hydrated with an aqueous phase at a temperature in excess of the main
phospholipid phase transition temperature (T,), and the mixture agitated to produce large
multilamellar liposomes (Bangham et al, 1965). One of the major drawbacks of this
method of liposomal production is the poor encapsulation of water-soluble drugs, as only
about 5-15% of the total drug (hydrophilic) is encapsulated (Betageri et al, 1993).

Another method of preparing ML Vs is to form reverse-phase evaporation vesicles (REV)
(Pidgeon et al, 1987). This process involves the preparation of MLVs from aqueous
phase emulsified in organic solvent, usually ether containing dissolved phospholipid.
Initially ether is the continuous phase, but evaporation of the ether generates a gel
followed by water becoming the continuous phase. The advantage of this latter method
is the higher water-soluble drug entrapment. It was shown that the optimum entrapment
from the MLV-REV process depends on the volume of emulsion water, the type and
amount of lipid, and the container used to prepare the vesicles (Pidgeon et al, 1987).
Using a test-tube as the vessel from which to remove the organic solvent, the aqueous

phase entrapped more solute (- 18%) compared to round-bottom/pear-shaped flasks. The
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disadvantage of MLV-REV method is the use of organic solvents and removal of any

residual solvent.

The reverse-phase evaporation may also be used to prepare large unilamellar vesicles
(LUV) (Szoka and Papahadjopoulos, 1978) whereas small unilamellar vesicles are
prepared by such techniques as detergent removal (Hauser et al, 1976), ethanol injection
(Batzri and Korn, 1973) and sonication of MLVs (Papahadjopoulos and Watkins, 1967).

1.3  Structure of Phospholipid Bilayers and Liposomes

Phospholipid molecules tend to form aggregates due to their amphiphilic nature.
The type of aggregate formed is dependent on the shape of the constituent phospholipid
molecule. With single-chain molecules the polar head is relatively small compared to the
non-polar part and they pack into spherical micelles (Israelachvili et al, 1980). Double
chained phospholipids (e.g. phosphatidylcholines) tend to be cylindrical in shape and can
pack best into bilayer structures, in which the hydrophilic head groups tend to be in
contact with water and the hydrophobic tails are shielded in the interior (Figure 1.1). It
is the double chained phospholipids that have traditionally been used for the production
of multilamellar liposomes, in particular the phosphatidylcholines.

1.3.1 Structure of Phosphatidylcholines

Phosphatidylcholines consists of a polar head group with a zwitterionic
quaternary ammonium group covalently bonded to phosphoric acid. The phosphoric acid
is esterified to one of the hydroxyl groups of the glycerol backbone, the other two
hydroxyl groups being esterified to the fatty acid chains, thus being a link to the polar
head and hydrocarbon tails (Marsh, 1990). By convention, the fatty acid chains occupy
the 1 and 2 positions of the glycerol bridge while the polar headgroup occupies position
3 (Chapman et al, 1967; Marsh, 1990).
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R,~O—CH,
R,—O0-C—-H O~

CH,~0—P—O0-R,
|

Figure 1.2 Chemical structure of a phospholipid

where
R,,R,= CO-R
For phosphatidylcholine

R,:- CH,CH,N " (CH,),

where R, and R, are fatty acid chains whose chain lengths may range from 8 to 24
carbon atoms. However, the most common fatty acid chains are from 14 to 18 carbon
atoms, and they can be fully saturated or unsaturated with 1 to 4 double bonds. In natural
phosphotidylcholines about half of the fatty acids are saturated, predominately 16:0 at
the sn-1 position (i.e. predominately sixteen carbon atoms at position one on the glycerol
backbone, fully saturated with no double bonds), while R, groups predominately have
sixteen saturated carbon atoms with one double carbon bond positioned at eight and nine
on the hydrocarbon chain (Marsh, 1990). The structure of a saturated fatty acid is as
follows :-

CH,(CH,),COOH

The structure of an unsaturated fatty acid chain (oleic acid) is as follows:-

CH,(CH,),CH=CH(CH,),COOH
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Synthetic phospholipids most commonly used in liposome production contain two
saturated fatty acid chains (e.g. palmitic acid for dipalmitoylphosphatidylcholine
(DPPC)) at the R, and R, positions. The saturated fatty acid chains, when in a fully
mobile state, can exhibit a large number of conformations because each single bond has
complete freedom of rotation. The most probable conformation is the fully extended
chain (#rans conformation), which has minimal energy (Lasic, 1993a). This is in
comparison to the unsaturated fatty acid chains, which have at least one double bond
which does not rotate. The cis double bond produces a bend of nearly 30° in the
hydrocarbon chain, while the trans formation resembles the fully extended form of the
saturated chain, but this conformation is rare for unsaturated phospholipids. The
difference between the molecules of synthetic DPPC and those in natural egg PC are
mainly in terms of the whether the fatty acid chain at R, is saturated or not and this
difference will also impact on the conformation of the bilayer structures produced from

such lipids and possibly the liposome formation process itself.

Egg PC is a mixture of PC molecules with different length of acyl chains, examples of
the different compositions of acyl chain lengths from difference sources are shown in
Table 1.1. In this table, positions 1 and 2 refer to the point at which the fatty acid
attaches to the glycerol backbone of the phospholipid (Figure 1.2) and where the figures
are percentages of total fatty acid the given positions.
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hydrocarbon chains in the nonpolar core. Simultaneously the polar head group hydration
also greatly reduces AG (Lasic, 1993b).

The total interfacial energy for molecules in an aggregate (j1y°), can be calculated from
(Evans and Rawicz, 1990)

Kr

°= a + —
By =Y 2

Eqn. 1.1
where:

ya = hydrophobic contribution of the interface, of surface area, a

K. = empirical constant representing the repulsion of the polar head (termed the excluded

volume effect due to the effect of steric repulsion between the polar head groups)

This interfacial energy is responsible for the organization of amphiphiles into various
lyotropic structures such as micelles, bilayers or inverse structures as well as other
intrabilayer forces such as hydration, electrostatic forces and London Dispersion Forces
among hydrocarbon chains. The organization of the amphiphiles e.g. phospholipids
occurs at a certain amphiphile (phospholipid) concentration in water known at the critical
micelle concentration (cmc). The cmc is defined as the concentration of lipid (in this
case, phospholipid) in water above which the lipid forms either micelles or bilayer
structures rather than remaining in solution as monomers (or more accurately that the
monomer solution is in equilibrium with the micellar solution). Any attempts to raise the
concentration by addition of more monomer results in the formation of more micelles
(Gruner et al, 1985). The cmc of dipalmitoylphosphatidylcholine was found to be 4.6 x
10"°M (Smith and Tanford, 1972) this very low concentration indicating the preference
of a phosphatidylcholine molecule to be in a hydrophobic environment rather than an
aqueous one. This fact is confirmed by the large free energy change (~64 kJ/mole for
DPPC) when this molecule leaves an aqueous environment for a hydrophobic one
(Weiner et al, 1989). These energy considerations are the driving force to formation of

structures such as bilayers, thus it has been proposed that the bilayer structures do not
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exist in the total absence of water. However, this type of large free energy change does
not necessarily mean that the molecule will form a bilayer structures; the shape of the
aggregate will be very much dependent on the structure on the monomer phospholipid
itself.

1.3.3 Shapes of Aggregates

The types of aggregate that phospholipids form on addition of an aqueous phase
is dependent on the geometric shape of the monomer phospholipid and its interaction
with water, most importantly, whether the surface area of the polar head group upon
hydration is smaller or larger than the surface area of the hydrophobic tails (Weiner et
al, 1989). Double chain phospholipids with the hydrocarbon chains having greater than
eight carbon atoms tend to form bilayered lamellar structures as opposed to micelles on
addition of aqueous phase. The two hydrocarbon chains are too bulky to be incorporated
within the small aqueous core. However, phospholipids with the hydrocarbon chains

containing less than eight carbon atoms can form micelles (Lasic, 1993a).

The shape of bilayered aggregates formed will depend on the number of molecules in
both monolayers where there is an approximation that there is zero lipid transfer between
the monolayers, an assumption based on studies of shapes of giant unilamellar vesicles
(Svetina and Zeks, 1989). Larger differences in the number of lipid molecules in each
monolayer result in cylindrical structures, while spheres, the most stable shape with
minimal bending energy and with maximal entrapped volume, form when the two
numbers are roughly equal (Svetina and Zeks, 1989). The entrapped volume increases
with a decreasing ratio of the lipid molecules in outer and inner monolayer. The ratio can
change due to a tension driven flip-flop, quick reopenings and resealings, transient pore

formation or shedding of daughter vesicles (Evans and Rawicz, 1990).

This principle proposed for unilamellar vesicles, can also be qualitatively applied to
multilamellar structures, especially if the concentric bilayers are equal in phospholipid

monomer numbers. Quite often, however, inner lamellae are too big after full hydration
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is achieved, forcing the rupture of the whole liposomes or the formation of entrapped
smaller liposomes. A lipid bilayer can store some tension. However, when the liposome
surface area changes by more than 3%, the membrane becomes unstable and breaks apart
and then recloses, in the process shedding off some daughter vesicles (Evans and Rawicz,
1990). Whether the bilayer is stable is dependent on the ratio of area/volume of the

vesicle and on the forces involved in the stability of the vesicle.

1.3.4 Forces Involved in Maintaining Bilayer Structure Within An Aqueous
Medium
Four forces predominate in the interaction between bilayers in aqueous
environments: attractive van der Waals forces that limit multilayer hydration, repulsive
electrostatic forces (Cowley et al, 1978), hydration (Lis at al, 1982; Rand and Parsegian,
1989) and steric forces (Helfrich, 1978) which may be repulsive or attractive, but are
mainly repulsive in phospholipid bilayers (McIntosh et al, 1987). A brief summary of

the forces involved are described.

The van der Waals forces act between neutral atoms or molecules. If the molecules are
polar there is a net attractive force due to attraction of the antiparallel orientations of
other permanent dipoles. In addition to this attraction between permanent dipoles
(Keesom attraction) there is also an attractive force between polar and nonpolar
molecules due to the dipole moments induced. This interaction was shown by Debye and
is proportional to the polarizability of the nonpolar substance. Van der Waals forces also
exist between nonpolar molecules. This force is called the London dispersion force and
is responsible for the attraction of hydrocarbon chains in a liposome, while for inter-

liposomal interactions all three forces must be taken into consideration.

Electrostatic interactions are present only in systems with surface charge and depend on
the ionic strength, pH, and dielectric properties of the medium. The classical DLVO
(Deryagin and Landau and Verwey and Overbeek) theory of colloid stability treats water

as a structureless continuum and considers the stability of a particular colloidal to be a
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balance between the attractive van der Waals and repulsive electrostatic interaction
between particles of the same charge. The DLVO theory does not explain the stability
of non-charged liposomes and one of the reasons for such stability is the existence of
hydration forces. These arise whenever polar heads are hydrated and their origin lies in
the excluded volume effect i.e. the polarization alignment of water molecules on the
surface, which limits the mobility of the water molecules in the next layers, which causes
repulsion by preventing the close approach of another polar head which also has a
hydrated layer. The stability of bilayers on close approach is attributable to repulsive
hydration forces which overcome the van der Waals attraction (Harbich and Helfrich,
1984). This repulsion occurs when the water contents range from 10-23 water molecules
per lipid molecule. At low water contents, steric repulsion becomes more of a significant
force (McIntosh et al, 1987). For liposomal systems there can be two different
mechanisms of steric repulsions mainly that associated for systems with large polar
heads, and for all liposomes, the repulsive forces associated with thermal undulations of

the bilayer (Helfrich, 1978).

A direct role of all these forces can be observed in the swelling behaviour of dry
phospholipid films when hydrated, in which water molecules force the separation of
stacked phospholipid bilayers. One phospholipid molecule in egg PC requires an area of
0.48 nm? in the dry and 0.61 nm? in the hydrated state (Klose et al, 1986). The bilayers
decrease in width (above the main bilayer transition temperature, section 1.4.1), but the
area of the phospholipid molecule increases, hence the phospholipid swells. Whereas, in
the reverse situation, i.e. dehydration, a decrease in bilayer thickness was observed
(Parsegian et al, 1979). For neutral phospholipids, such as egg PC, the spacing between
the bilayers reach an equilibrium separation (2.75 nm for egg PC). At this distance the
bilayer is stabilized with the attractive van der Waals balanced by the repulsive hydration
force (Harbich and Helfrich, 1984; Marsh, 1989).

In contrast to the finite swelling behaviour of neutral phospholipids, where in the excess

water region the interbilayer distance reaches an equilibrium value, an infinite swelling
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behaviour ocurs with charged phospholipids (Lasic, 1993b). This separation continuously
increases upon dilution and is an important factor for the hydration of charged
phospholipids. This ‘infinite’ swelling does not occur with egg PC, but the length of
hydration time may still be a factor to be considered in the formation of egg PC
liposomes through the hydration of the phospholipid film. Insufficient hydration may
produce liposomes in which the inner phospholipid bilayers are not fully hydrated which

may produce problems such as bursting of the vesicle.

1.3.5 Conformation of Hydrocarbon Chains Within Phospholipid Bilayers
Within phospholipid bilayers, the hydrocarbon chains can exist in a number of
conformations or phases, dependent on the constituent phospholipid molecules, the
environmental temperature and the aqueous content of the environment. These phases
are described as intermediate mesomorphic or liquid-crystalline states as they are neither
a crystal or fluid state (Chapman et al, 1965; Ladbrooke and Chapman, 1969). The liquid
crystalline materials have the characteristic of periodicity in one (L), two (P) or three
dimensions (C), but the molecules are not in a rigid lattice. The molecules exhibit liquid-
like diffusion with the/anisotropic constraint of the polar head (Gruner et al, 1985). A two-
letter nomenclature is used to classify the various phospholipid-water phases. An upper-
case Latin letter characteristics the type of long-range organization (one, two-, or three-
dimensional lattice). A lower-case Greek suffix is used to describe the short-range
conformations of the hydrocarbon chains (Marsh, 1990). The long range order is
described with the letters L, H, P or C, while the conformation of the hydrocarbon chains

is described as «, B, B’ or d.

Long-range order: L, one-dimensional (lamellar)
H, two-dimensional hexagonal
P, two-dimensional oblique or centred
C, three-dimensional crystalline
R, rhombohedral,
Q, cubic
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Short-range order:  a, disordered (fluid)
B, partly ordered (elongated), untilted
pB’, partly ordered (elongated), tilted
0, partly ordered (helical)

Y, bilayered phase consisting of an & monomer and § monomer

Above a certain temperature known as the main bilayer transition temperature, the
hydrocarbon chains within the bilayer are in a highly disordered conformation, with the
average of the chain orientations perpendicular to the lipid-water interface. This is
termed the a conformation where the hydrocarbon chains have liquid-like disorder
(Tardieu et al, 1973). Below this temperature, with a very small amount of water (less
than 10%), the hydrocarbon chains are orientated at right angles to the plane of the lipid
bilayer. This type of conformation is termed either the B or f’ conformation. The B phase
is observed with various phospholipids, but only if the hydrocarbon chains are
chemically heterogeneous, particularly in the case of natural phospholipids, e.g. egg PC
where some of the phospholipid molecules contain unsaturated hydrocarbon chains. The
f’ conformation is similar to the B phase i.e. the chains are rigid and parallel, except that
the hydrocarbon chains are tilted with respect to the plane of the bilayers (Tardieu et al,
1973). This type of conformation is observed with synthetic phospholipids, which have
fully saturated hydrocarbon chains. A difference between the two types beta phases is
in the action of water i.e. the amount of water incorporated in phases of type B’ can be
larger than in phases of type [, with the angle of the hydrocarbon tilt increasing with
increasing water content. With diacyl C16 lipids (e.g. DPPC) two B’ phases exist, Lp’
and PP’ .The PP’ phase is similar to L’ phase but contains slightly distorted bilayers of
the ' type producing periodic ripples (Tardieu et al, 1973). The phase diagrams for egg
PC and DMPC are shown in Figures 1.3 and 1.4 respectively. The diagram for egg PC
shows a number of phases at lower water concentration which is in contrast to the DMPC
where there are only two phases present in the diagram. For DMPC, the low-water high-
temperature region, not shown in Figure 1.4 is similar to egg PC (L, P9, C, Ra, Qa,
Ho) with L being replaced by L’ and PP’. How this difference in the phase diagrams
of a synthetic and a natural phospholipid in water affects the production of MLVs from
these phospholipids is unknown.
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Another phase observed is the 6 conformation, where the hydrocarbon chains appear to
be helical, with 3.4 monomers (CH, groups) per turn. The lamellar L is observed ‘pure’
i.e. without the presence of any other phase with egg PC at the very anhydrous end of
the phosphatidylcholine phase diagram, and over a narrow temperature range. Whereas,
the phase PO was observed ‘pure’ diC12 (dilaurylphosphatidylcholine), diC14 (DMPC),
diC16 (DPPC) and egg-PC, at the anhydrous end of the phase diagram and at a higher
temperature than phase L& and the former consisting of greater disordering at the end of
the hydrocarbon chains (Tardieu et al, 1973).

Phase C is observed in all the phosphatidylcholines, in the anhydrous state for diC18
(DSPC), but slightly hydrated (2 to 4%) in the other compounds; the temperature range
of this phase is approximately -30 to 90°C for synthetic compounds and -30 to 50°C for
egg PC. Unique in displaying a 3-d lattice, chains are clustered in planar sheets, in each
sheet the chains of one side of the bilayer are all parallel and equally spaced, with the

orientation of heads reversed in comparison to the next sheet.

Egg PC has been extensively studied revealing another two phases i.e. Pap and Py
(combination of a and B phases) shown in Figure 1.5 (Ranck et al, 1973). These phases
were formed by studying the transition from a - B. At the onset of the transition, Py is
formed, where one monolayer is in the & conformation and the other in the
conformation. As the maximum [ content is reached in Py, the phase converts gradually
to the Paf3, whose B content is larger and more variable. This difference in the o and
content is proposed to occur as a result of the segregation of chains of different length
and degree of saturation i.e. due to the chemical heterogeneity of the hydrocarbon chains.
The longest and most saturated are presumed to ‘crystallize’ into domains of 8, followed
by the shorter and less saturated chains. However, at the end of the transition finally to
form the L phase; there are still some of the chains which remain relatively disordered,
Lp is therefore never encountered as one phase (Ranck et al, 1973). This gradual change
of disorder to order is in contrast to the synthetic phosphatidylcholines (in which the

hydrocarbon chains are identical), such as, DMPC, where the transitions are sharp and
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long range order is maintained in contrast to the melting of the crystal lattice). This has

been termed the main bilayer transition temperature (T,) (Phillips et al, 1969).

The main bilayer transition temperature is also described as the gel to liquid-crystalline
phase transition temperature and has been measured using differential scanning
calorimetry (DSC) for a number of synthetic and naturally occurring phospholipids
(Ladbrooke and Chapman, 1969) (Table 1.2). Naturally occurring phospholipids are
mixtures of components having different length hydrocarbon chains and headgroups
(section 1.3.1). Such mixtures would be expected to produce broad transitions e.g egg
PC comprises predominately C,s and C,3 chain phospholipids and a broad defined
transition can be measured (Table 1.2). The T, generally depends on the nature of the
polar head group and the length and degree of unsaturation of the hydrocarbon chains.
For phospholipids with the same head group and degree of hydration, increasing
saturation in the hydrocarbon chains increases the T, (Ladbrooke and Chapman, 1969).

Phospholipid Main bilayer phase transition (°C)
DLPC (C,,) | 0
DMPC (C,,) 23
DPPC (Cy¢) 41
DSPC (Cyg) 58
DBPC (C,,) 75
Egg PC -5to-15
Soya PC -20to -30
Table 1.2 Gel to liquid-crystalline phase transition temperatures for
phosphatidylcholine bilayers (Ladbrooke and Chapman, 1969)
f hydrated

Phospholipids with longer hydrocarbon chains have a higher T, than those with shorter
ones (Chapman et al, 1967). On addition of water to a phospholipid, the main bilayer

transition occurs at a lower temperature and reaches a limiting value when the water
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A plot of heat adsorbed in ice melting against concentration extrapolates to zero at 20
%w/w water content. At this concentration, which is equivalent to approximately 10
molecules of water per molecule of phospholipid, water does not freeze. The maximum
number of molecules of hydration water (non-freezing and freezing) was estimated to

be approximately 20 mol water/mol of phospholipid (DPPC) (Offringa et al, 1987).

1.4.2 Molecular Basis of the Main Bilayer Phase Transition

The basis of the transition involves the phospholipid molecules packed into
bilayers, such that their mobility is restricted, with one end of the hydrocarbon chain
attached to a polar head group sited at the water interface. This anisotropic constraint
reduces the amount of disordering occurring at the phase transition compared to the
isotropic melting of alkanes (Nagle, 1980). This reduction subsequently leads to a
reduction in the excess heat capacity of the phase transition compared to alkanes (Hinz
and Sturtevant, 1972). Chain rotation is forced to be a cooperative event, in a direction
perpendicular to the bilayer surface. Below the main transition temperature the
hydrocarbon chains are parallel and the C-C bonds are in the:f trans configuration. At the
main bilayer transition there is disordering of the chains due to ‘) trans to ‘ gauche

conformational changes of the C-C bonds (Nagle, 1980).

Vs

Figure 1.7  Schematic diagram of one half of a phospholipid bilayer (DMPC) below
and above the main bilayer phase transition (Nagle, 1980)
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Each C-C bond can be regarded as existing in one of three discrete conformations. These
are tht?: trans (t) and two gauche (g-,g+) conformers. The two gauche states are formed
by rotation of the C-C bond through +110-120 deg from thg trans state (Gruen, 1982).
There is a predominance of the trans states of C-C bonds in the hydrocarbon chains in
the ordered state below the main bilayer transition temperature, but it has also been
shown that definite all-transsegments occur in the fluid phase (Vogel and Jahnig, 1981).
From this, it is deduced that the rotameric disordering involved in the main bilayer
transition does not result in all of the C-C bonds undergoing rotation to thei gauche
conformation. It is the location of the C-C bond within the hydrocarbon chain that
dictates whether the bond is likely to undergo rotameric disordering. In the upper and
middle parts of the chain, all motion occurs by concerted rotations around at least two
C-C bonds at a time, presenting a structure with kinks (that is/‘-i gauche £ trans + gauche
conformations) as the only deviations from the all transchain. However, towards the end
of the chain, independent rotations around C-C bonds play a larger part (Eldholm, 1981).
Menger et al (1988) have shown that adding a methyl branch to a phospholipid
hydrocarbon chain has a much more pronounced effect mid-chain than at either end.
This, they suggest, is due to carbons in that part of the chain nearest the head group being
relatively immobilised, with chains remaining linear even if a methyl group is added.
Adding the methyl group to the middle C,, of the chains divides the chain into the stiff
upper chain with the lower chain lying perpendicular to the surface, where the methyl
group stabilizes the critical bend. Thus the methyl branch can be regarded as a kink-
inducing entity, both above and below the main bilayer transition temperature (whether
or not it functions in this capacity depends on its location within the hydrocarbon chain).
Near the head group the chains remain linear. Near the centre, a methyl group induces
a kink essential to the melting of the chains above the T, . Near the termini, kinking can
readily occur, but the impact on the membrane behaviour is modest. From the ester
carbonyl bond to about C,,, the chains are relatively confined, while from C,; to Cyg, the

molecular motion increases rapidly and uniformly.

The two main causes of energy absorption at the main transition are the reduction in van
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der Waals forces and an increase in the number ofi gauche C-C linkages (Nagle, 1973).
The average number oﬂgauche conformations increases from 0 to 2-6 (Seelig and Seelig,
1974; Trauble and Haynes, 1971). The probability of a nonjtrans conformation markedly
increases beyond the mid-point of the chain (Hubbell and McConnell, 1971). It has been
shown that there is an average bonding of the fatty acid chains such that near the polar
head groups the chains are comparatively rigid and tilted at about 30° relative to the
bilayer plane, whereas near the terminal methyl groups chains are flexible and on
average parallel to the bilayer plane (McFarland and McConnell, 1971). In fact for DPPC
it has been shown that the chain tilt varied between 0° and 30° depending on the water
content of the DPPC (Tardieu et al, 1973; Stamatoff et al, 1979). It is interesting to note
that at maximum hydration the main transition is sharper compared to phospholipids
below the maximum hydration. This maybe interpreted as the hydrocarbon chains being
closer together in the tilted state, hence the transition has to be completely cooperative

and the peak of the transition is sharper.

1.4.3 The Phospholipid Pre-transition

The main bilayer phase transition is not the only transition observed with
phospholipids. A small pre-transition peak is observed with fully saturated phospholipids
in excess water. The enthalpy of the main transition is about five times the enthalpy of
the pre-transition (Gruen, 1982). The temperature interval between this peak and the
main endothermic peak increases as the chain length of the phospholipid decreases
(Ladbrooke and Chapman, 1969). Below the pre-transition temperature the hydrocarbon
chains are fully extended and tilted with respect to the plane of the bilayer (Lg.). The
angle of tilt of the hydrocarbon chains decreases with increasing temperature, reaching
a minimum value of 30° at the pre-transition of the phospholipid (DPPC and DMPC)
(Janiak et al, 1976). The pre-transition is associated with a structural transformation from
a one-dimensional lamellar (L) to a two-dimensional monoclinic lattice (Pg) consisting
of lipid lamellae distorted by a periodic ripple (Figure 1.8). The hydrocarbon chains
remain tilted in the temperature range intermediate between the pre-transition and chain-

melting main transition. At the main bilayer transition, the hydrocarbon chains of the
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Chapter 1- Introduction

Following prolonged incubation at low temperatures, DPPC exists in an ordered
condensed crystalline subgel (Lc) state, in which the hydrocarbon chains are fully
extended and in the all trans conformation and the polar head groups are relatively
immobile (Cameron and Mantsch, 1982; Lewis et al, 1987). On heating, the L state
phospholipids undergo a transition (the subtransition) to the Ly state, in which the polar
head groups have increased mobility, and there is increased penetration of water into the
interfacial region of the bilayers (Cameron and Mantsch, 1982; Lewis et al, 1987; Ruocco
and Shipley, 1982). Heating of the Ly state phospholipids results in conversion (the pre-
transition) to the gel (Pg.) state. Heating the Py state phospholipids induces the
cooperative ‘melting’ of the hydrocarbon chains (main gel to liquid-crystalline phase
transition) to produce the L, state. Phospholipid bilayers within liposomes above the
main phase transition are in this L, state, often with bulk water as an external phase

(Frederik et al, 1989).

1.4.4 Other Phase Transitions
The pre-transition and the main bilayer transition are not the only phase
transitions that occur with saturated, long chain, fully hydrated phosphatidylcholine

bilayers (such as those of DPPC). These transitions are termed the ‘sub’ transitions.

The ‘sub-transition’ can be categorised into two groups. In one group, type I, a ‘solid-
solid’ transition between subgel and gel phases occurs. This type of behaviour has been
found in the saturated hydrated phospatidylcholines with chain lengths of 16,17 and 18
carbons (Chen et al, 1980; Finegold and Singer, 1984) and in charged
dipalmitoylphosphatidylglycerol (Wilkinson and McIntosh, 1986). Type I transitions are
%categon'sed by having only a very small change in rotameric disordering (an average
of one or fewer gauche rotamers formed per lipid molecule). The second subtransition
type II is more associated with the complete melting of the subgel phase into the Lo (gel)
phase, and it involves a greater rotameric disordering. An example of a material
exhibiting type II behaviour is saturated hydrated phosphatidylethanolamines (Wilkinson
and Nagle, 1984). A sub-subtransition has been reported at 6.8°C, on cooling from 50°C
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(Slater and Huang, 1987). An explanation for this transition is a change in the packing
of the phospholipid bilayers (believed to involve a reorientation of the acyl chains from

hexagonally disordered packing to orthorhombic packing).

It is clear from the above discussions that there a number of transitions involved on
heating phospholipids depending on the temperature, the aqueous environment, the type
of phospholipid and the treatment of the phospholipid prior to being thermally analysed.
What has not been shown is the type of transitions that are apparent throughout the
formation of MLVs via the hydration of a phospholipid film. There are a number of
theoretical proposals for the formation of MLVs.

1.5 Mechanism of Formation of Liposomes

There are many methods which émay be used to produce liposomes. The
mechanisms by which MLVs, SUVs or LUVs are formed will certainly differ, with
SUVs and LUVs requiring a greater input of energy into their formation (Figure 1.9).
There are two basic mechanisms postulated for their formation regardless of their method
of manufacture. On removal of the organic solvent from DPPC solutions, preformed
bilayers of LB’ (Chapman et al, 1967; Tardieu et al, 1973) phase are formed which on
hydration can yield liposomes either by a budding off mechanism (Lasic, 1988; Harbich
and Helfrich, 1984) or by the formation of small bilayered phospholipid fragments (BPF)
which close upon themselves (Lasic, 1982; 1983; 1987; 1990). In the former mechanism,
the continuity and integrity of the bilayer is preserved up to the final detachment while,

in the latter mechanism, the bilayer is disrupted in earlier stages.
MLVs are most usually formed by the hydration of a phospholipid film and it is the

formed budding-off mechanism that is the theoretical basis for the formation of these type
of MLVs (Lasic, 1988).
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Chapter 1- Introduction

Water penetrates in between the bilayers as well as through bilayer and such blisters. The
exothermic hydration reaction reduces the energy of the system which causes the system
to increase its specific surface area. Bilayers grow from such blisters into tubular fibrils,
greatly increasing the contact area with water (Figure 1.10). The bilayers will eventually
reach an equilibrium distance where the attractive van der Waal forces are balanced by
repulsive undulation/steric forces (section 1.3.4). Upon agitation the tubules detach and
immediately seal off exposed edges to form MLVs.

e = __,A

T I TT T T T I f 7T

Figure 1.10  Hypothetical schematic diagram of the formation of a MLV upon the
hydration of a phospholipid film (Lasic, 1988)

The basis of the ‘sealing’ of the exposed edges, may be related to the formation of
bilayered phospholipid flakes (Lasic, 1982; 1983) and the interaction energy of the
contact of the non-polar hydrocarbon chains with water. This energetic boundary reaction

is termed E; and is thermodynamically unfavoured:
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Eqn 1.2

where S is the circumference of the polar/non-polar boundary, a circle having the
minimum circumference for a fixed area and vy is the boundary interaction per unit length
(Helfrich, 1974). To seal the edges of any part of an exposed tubule, the system would
have to minimize E, and would curve (to offer the least exposure of the hydrocarbon

chains to water). This would increase the elastic curvature energy, E_:

E, = %ix4/R®
Eqn 1.3

where x is the elastic modulus, A the surface area of the exposed bilayer and R the mean
radius of curvature (Helfrich, 1974). E, increases until the bilayer forms a closed system.
The liposomes formed are not necessarily spherical but may be oval or cylindrical in
shape because of the nature of their formation. Helfrich (1973) stated the only elasticity
controlling non-spherical shapes is that of curvature. With time, non-spherical structures
normally slowly transform into spherical ones where the curvature energy is minimal and
the entrapped volume maximized. The relaxation of this curvature tension is probably
achieved via an asymmetric flip-flop of phospholipid molecules. The ratio of outer/inner
molecules in a particular (stack of) bilayers(s) depends on the events occurring during
the MLV formation which also dictates its shape. There may be as much as one-half of
all phospholipid molecules in the outer bilayer structure which is characteristic for large
spherical structures. As a result of this imbalance liposomes can suddenly burst, shedding
off some daughter vesicles and reclosing into a more stable form. Shedding of these
vesicles may arise due to the inner monolayer being insufficiently hydrated. The
induction of curvature and shape transformation of vesicles are a direct consequence of

the interplay of thermodynamic and kinetic processes: an exothermic hydration reaction
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and a slow, growth rate limiting water permeability through the bilayer.

1.6  Overall Aims of the Investigation

Lasic’s (1988) hypothesis on the formation of MLVs is based on microscopic
observations of hydrating a phospholipid film. However, this hypothesis was proposed
in isolation of other techniques such as thermal analysis, and describes the hydration of
a phospholipid film rather than a holistic approach examining the phospholipid film
before hydration through intermediate structures to the final MLV stage. There is a lack
of correlation between the formation of different phases such as Ly and L, and the
formation of MLVs. This investigation studies the MLV formation process by examining
the different conformational phases and the intermediate stages of MLV production using
microscopic and thermal analysis. The reason that more hypotheses have not previously
been proposed may relate to the difficulty of analyzing the transient intermediate
structures of MLV formation as they are inherently unstable. As the formation of MLVs
results in an heterogeneous population, precise planning and investigation of the MLV
formation must occur before any intermediates can be reproducibly measured. The study
includes a factorial design to allow randomisation and optimization of the MLV process.
The results of this investigation will produce hypotheses regarding the mechanism by
which liposomes form via the hydration of a phospholipid film, based on a
microscopical, thermal and factorial analysis of the MLV process. Finally, with this
proposed mechanism, an investigation for establishing the optimum stage during the
MLV formation process at which an aqueous marker may become entrapped will be
investigated. Once this optimum stage has been shown then a hypothesis concerning the
encapsulation process of MLVs will be proposed with suggestions to improve this

process.
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CHAPTER TWO

EXAMINATION OF PHOSPHOLIPID FILMS AND
LIPOSOMES USING MICROSCOPY
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2.1 Introduction

A theoretical mechanism by which liposomes form has been proposed by Lasic
(1988). This mechanism outlined in section 1.5.1 was based on observation using phase
contrast microscopy of the structures formed on hydrating a phospholipid film. However,
there has been no systematic study of liposome formation, as yet. The structures formed
during multilamellar vesicle production, termed intermediate structures, have not
previously been analysed using DIC microscopy from the start to the completion of the
process. The formation process did not only involve examining the intermediate
structures of MLV production, but also the analysis of the hydration of phospholipid
films. The objective of this is to compare the structures obtained during a conventional
MLV production process (hydration, agitation and annealing) to that produced by
hydrating a phospholipid film (with no agitation or annealing stage). The way the water
is added to the film is also investigated by two methods namely introducing the water as
a bulk phase, and by reduction of the environmental atmospheric vacuum. This may
permit comparison of how the rate of hydration affects the structures observed. The
swelling of the phospholipid film has been proposed to involve the lateral expansion of
the phospholipid molecules as each molecule increases in size as hydration progresses at
and above the main bilayer phase transition temperature (Lasic, 1988). If this is the case,
then introducing cholesterol which is known to interact with the bilayer and reduce
cooperative main bilayer phase transition may affect this process (Oldfield and Chapman,
1972). Microscopy is a qualitative method by which structures occurring during the
hydration of phospholipid film may be observed and the technique of microscopy

involves how these structures interact with light.

2.2  The Principles of Optical Microscopy
2.2.1 Interaction of Light with Matter

Light interacts with matter in a number of ways: reflection, refraction, absorption,
polarization, fluorescence and diffraction. All these interactions may be utilized in the

field of optical microscopy (Bradbury, 1991).
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Reflection often occurs when light strikes a surface. If the surface is smooth then specular
reflection occurs, in which the angle at which the beam is reflected is equal to the angle
at which it is incident upon the surface. Roughness in the surface leads to diffuse
reflections with the light being returned at all possible angles. Reflection is the means by
which light reaches the eyes from illuminated objects; in microscopy reflection is used

for the study of surfaces of opaque objects.

Refraction occurs when light passes from one medium to another of a different refractive
index, e.g. from air into glass or vice-versa. As a result, the difference in the speed of the
waves of light in the two media, the light deviates from a straight line. Refraction is the

process by which glass lenses work and is essential to the action of the light microscope.

Absorption is the commonest interaction between light and matter. The object is made
visible because it reduces the amplitude of the light passing through air, either entirely
or over a given range of wavelengths. Light normally contains waves of different
frequencies and with all possible directions, vibrating in all possible planes. If the
vibrations of light are restricted to a single plane, then the light is plane polarized. The
rays may then behave differently in their passage through crystalline or birefringent
material according to their orientation with respect to the structure of the material. The
speed (and hence refractive index) of waves vibrating in one plane is usually different
from that of waves vibrating in a plane at right angles to the first. Thus, if these two
polarized waves were initially in phase, a phase difference between them would be
generated by the time that they leave the material. This phase difference is used in the
polarizing microscope to provide a means of obtaining contrast. If an object is irradiated
with blue light or with UV radiation, then some of the energy may be absorbed. If this
energy is subsequently released as light of longer wavelength, this is the phenomenon of

fluorescence (Chapter 5).

Another important interaction between light and the specimen is diffraction. This is the
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scattering of light which occurs when a beam passes an edge or irregularity in an object,
i.e. the apparent bending of the beam so that the light tends to extend into the dark
shadow areas. The amount of this bending is related to the wavelength, being more
marked with longer wavelengths. Therefore, sometimes it is not possible to produce an

absolutely sharp image of an object because diffraction limits the resolution.

2.2.2 Basic Concepts used for Microscopy

The objective lens, which provides the resolution and most of the magnification,
forms a real magnified and inverted image of the specimen in the primary image plane
(Bradbury, 1991). This image is viewed with an eyepiece which further magnifies and
produces a virtual image for observation. Resolution and magnification are therefore
important concepts in microscopy. Resolution may be defined as the least distance
between two closely apposed points at which they may be recognized as two separate
entities. With the eye, for such resolution to occur, the separate images of the points must
fall on adjacent cones on the retina. When this occurs, the two points will subtend an
angle, (designated as B in Figure 2.1) at the eye which, at the conventional least distance
of distinct vision (250 mm), is about 1 minute of arc (1/60 th of a degree). This
corresponds to the ability of the eye to distinguish points about 0.07 mm apart (O-O in
Figure 2.1). An object of the same size but further away (O’-O’, Figure 2.1) would
subtend a smaller angle i.e. less than one minute of arc which would mean that the
distance between the two points would not be resolved and hence the points could not
visually be observed as distinct. If the two points are closer together then the images can
only be resolved as separate if the visual angle is increased. The visual angle may be
increased by moving the object nearer to the eye (if it was situated at a greater distance
than the least distance of distinct vision, when the angle increases to that indicated by B
in Figure 2.1) or using magnification by the use of a lens or a microscope. Both
instruments increase the apparent visual angle which the detail subtends at the retina of
the eye. In practice, single lenses (or simple microscopes) are restricted to relatively low

magnifications (x 25). The microscope most commonly used is the compound
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microscope, which has at least two lenses in the optical path (Figure 2.2).

The primary resolution, with most of the magnification, is provided by the first lens
system (the objective) which produces a real, inverted and magnified image of an object
place just outside its front focal point. A real image is then magnified further by a second
lens system (eyepiece). In contrast to the primary image, the final image is virtual, i.e.
one from which the rays appear to diverge and which therefore cannot be projected onto
a screen, unless by alteration of the focus this virtual image may be projected as a real
one, at a finite distance from the eyepiece, for recording on film or by a television

camera.

Figure 2.1  Schematic diagram of the visual angle subtended at the eye by two points
O-O0 at the nearest distance of distinct vision (250 mm) angle B, if the

same points are more distant (O’-O’) the points are not seen as separate
(Bradbury, 1991).
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Figure 2.2 Schematic ray diagram of the compound optical microscope
OBJ: objective lens; O: object; O': real, inverted and magnified image
of object; O° F,, : focal point of the objective; PIP: primary image plane;
F,, : focal point of eye-piece (EP) (Bradbury, 1991).

The resolution and hence magnification cannot be increased indefinitely, therefore the
wavelength of light (~ 550 nm for green light) and diffraction phenomena which result
from the wave nature of light limit the maximum resolution to about 0.25 um. Further
increases may be obtained by using light of shorter wavelengths to illuminate the
specimen such as ultraviolet radiation or X-rays, but the greatest resolution is achieved
using a beam of electrons. For 60 kV electrons, used in a standard transmission electron
microscope, the nominal wavelength of the electrons is ~ 0.005 nm and the resolution
increases to a maximum of 0.3 - 0.5 nm, allowing for lens aberrations. The resolving
power obtained in practice is a joint property of the optical instrument, the light used to
form the image and of the recording device. The actual resolving power may be much
less than the nominal resolution due to aberrations in the lens systems or to faulty

operation of the microscope.
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2.3  Theory of Differential Interference Contrast Microscopy

Differential interference contrast microscopy is a technique for introducing
contrast into non-absorbent objects. The specimen is illuminated with plane polarized
light (light vibrating in only one plane). This polarized light incident on the sample is
separated into two beams by a Wollaston prism. One of the beams passes through a
feature of the object, the other to one side (Figure 2.3). This separation is small, usually
of the order of the resolving power. When the beams are recombined by a second prism
above the objective, the phase change introduced into the object beam by the presence
of the specimen is converted into an amplitude of colour difference. For optically
isotropic specimens there will be no colour change, as the light is constant and is
independent of direction. In optically anisotropic specimens the light is divided into two
components which are plane-polarized in mutually perpendicular planes. For biaxial
crystals the velocities (or wavelengths, or refractive indices) of both of these components
are different and vary with direction. For uniaxial crystals in which one component has
a constant velocity (or wavelength or refractive index) irrespective of direction, this is
called the ordinary ray or o-ray. The velocity (or wavelength or refractive index) of the
other component varies with direction, this is called the extraordinary ray or e-ray.
Optically anisotropic materials exhibit double refraction or birefringence because they
have two refractive indices - a fixed one (ordinary ray) and a variable one (extraordinary
ray). Since, the refractive index of the extraordinary ray varies with direction, or
equivalently the apparent position of an object observed by an e-ray through an
anisotropic crystal varies with direction. Most crystalline materials are optically
lanisotropic ;, whether they are biaxial, uniaxial or isotropic is determined by the crystal
symmetry. Triclinic, monoclinic and orthorhombic crystals are biaxial. Tetragonal,
hexagonal and rhombohedral crystals are uniaxial, while cubic crystals are isotropic

(Bradbury, 1993).

In an uniaxial, optically anisotropic material there is one particular direction in which the

light is not divided into two components plane-polarized in planes at 90°. This direction
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analysis of Lasic (1988), who used phase contrast microscopy which relies on
introducing optical contrast externally rather than relying on the absorbent nature of the
specimen. DIC offers a colourful separation of phases present within the specimen and
has an application for the examination of phospholipid films which are the basis to the

formation of MLVs and subsequent intermediate phospholipid and MLV structures.

2.4  Principles of Environmental Scanning Electron Microscopy\(ESEM)

With ESEM a cathode ray tube, which contains a fine flow of electrons focused
to a point less than one micrometer in diameter, is scanned over the specimen surface in
a raster pattern (Figure 2.4). Image magnifications from x 10 to 100,000 and beyond may
be obtained by varying the size of the projected raster (Baumgarten, 1989).

The advantage of using the ESEM technique as opposed to SEM is the effect on the
sample preparation (D'Emanuele and Gilpin, 1996). Specimens that have previously been
found to be difficult to examine using conventional SEM may be examined using ESEM
which reduces problems such as those caused by the high vacuum chamber of the SEM
and the possibility of introducing artifacts not associated with the specimen. One way
around this is to freeze-fracture or coat the specimens, which may then be examined
using traditional SEM. However, this process may introduce artifacts into the sample.
The ESEM has been developed to produce high-resolution secondary-electron images of
virtually any specimen, regardless of its composition (Danilatos, 1988). ESEM is claimed
to combine the high resolution and field depth of the SEM with flexibility and ease of the
light microscopy. A practical problem with the ESEM is in the avoidance of
contaminating the clean, high vacuum requirement for the cathode gun, with air from the
moist sample chamber. The ESEM uses a vacuum technique of differential pumping, in
which a series of chambers at increasing vacuums along the beam path is linked by small
apertures. Dedicated pumps at each stage maintain the required vacuum gradient and stop
contaminants from reaching the clean upper column. The specimen environment can then
be held at vacuums exceeding 20 torr (26 mbar), the saturated partial water vacuum of
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where information is lost in the high vacuum SEM.

2,5  Objective of Analysing Phospholipid Films and Liposomes

There are a number of studies considering the shape of phospholipid vesicles.
Williams et al, (1991) considered the vesicular structures from alveolar lavage and the
effect on these vesicular structures by the addition of surfactant proteins. Valentin¢i¢ and
Lasic (1987) formed giant vesicles by preventing multivesicular formation with the
introduction of a cationic surfactant into the phospholipid. Svetina and Zeks, (1989)
considered the shape of phospholipid unilamellar vesicles and red blood cells in terms
of minimizing the membrane bending energy. However, all of these studies consider the
vesicle formation process in isolation and not as a preparation for liposomes. The
objective of this study was to compare the structures actually formed in the MLV process
to those obtained by a simple hydration of a phospholipid film. The starting point to the
preparation of ML Vs by conventional techniques is the formation of a phopholipid film.
The study of these films is frequently neglected during investigations and they were
therefore examined. The next step to the formation of MLVs involves the hydration of
the phospholipid film, which in previous investigations has involved the addition of water
to the film. This approach was used here. In addition, hydration of the film was also
induced by lowering the atmospheric vacuum (in the ESEM) and by storing the film in
a high humidity environment. The hydration phase was therefore investigated in terms
of fast hydration (addition of water), slow hydration (reducing atmospheric vacuum) and
very slow hydration (storage at elevated humidity). These hydrations were conducted at
room temperature and hence above the main bilayer phospholipid transition temperature
(T,) since the phospholipid used was egg PC (T, -5 to -15°C). An investigation was also
carried out to examine the fast hydration of DPPC below and above its T, (41°C), to

establish whether the structures were present above and below the T..
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2.6 Materials and Methods

2.6.1 Materials

Phosphatidylcholine, egg(PC), about 90% (BDH Chemicals Ltd., UK)
Lea-dipalmitoylphosphatidylcholine (99 %, purity, Sigma Chemical Co. Ltd., UK)
Cholesterol (Sigma, UK)

Aluminium oxide, active, neutral, Brockman Grade 1 (BDH Chemicals Ltd., UK)
Phosphomolybdic acid, crystalline (Sigma Chemical Co. Ltd., UK)

Butanone (BDH Chemicals Ltd. UK)

Ethanol, absolute (James Burrough plc., UK)

Acetone (AnalaR grade, BDH Chemicals Ltd. UK)

Chloroform (AnalaR grade, BDH Chemicals Ltd. UK)

Methanol (AnalaR grade, BDH Chemicals Ltd. UK)

Potassium Sulphate (AnalaR grade, BDH Chemicals Ltd. UK)

Water deionised (Elgastat UHQ)

2.6.2 Purification of Egg Phosphatidylcholine (Egg PC)

Approximately 10 g of egg PC was dissolved in a small volume of chloroform (10 ml).
The egg PC was purified using chromatography in which a glass chromatography column
(600 mm x 30 mm) fitted with a tap plugged with glass wool was filled half way with
chloroform. Aluminium oxide, neutral, was slowly added and allowed to settle, forming
an even packing. This was continually added until it reached approximately 10 ml from
the top of the column ensuring that the aluminium oxide remains wetted with chloroform
throughout the column formation process, it was left for an hour to settle. The dissolved

egg PC was added to the top of the column.

Pigments and impurities such as free fatty acids and phosphatidylethanolamine were
removed by eluting the column with 90 ml of chloroform:methanol (8:1). Some pigments
were retained by the column as the purified egg PC was eluted from the column with 240

ml chloroform:methanol (3:1) and collected as 30 ml fractions. Five drops from each
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fraction was delivered from a capillary tube were spotted on to silica gel thin layer
chromatography (TLC) plates (Polygram sil-N-HR, Camlab UK) and eluted, in a glass
chromatography tank, with a mobile phase of chloroform:methanol:water (14:6:1) (210
ml). The plates were developed by spraying with 5% phosphomolybdic acid in absolute
ethanol, followed by incubation for 15 minutes at 100°C. Phospholipids were visualized
as black spots.

Fractions containing the purified egg PC were combined and evaporated to dryness in a
quick fit round bottom flask, at reduced vacuum on a rotary evaporator (Rotavapor R110,
Orme Scientific Ltd.). Egg PC on the inner wall of the flask was dissolved in the smallest
volume of butanone (5.5 ml) and recrystallized by addition of acetone to this solution.

The purified egg PC was stored under acetone at -20°C until required.

2.6.3 Equipment

For the light microscopy, an Olympus BX50 was used fitted with DIC prism (U-DICT)
and analyzer (U-AN) for DIC microscopy, for polarizing light the analyzer (U-ANT) was
fitted. Hot stage microscopy was performed using a Mettler FP5 and FP52. For colour
prints the camera used was a Nikon (F-601M) and for video prints a Sony video camera
(YS.W130P) with printer (UP-860CE) was used. The ESEM studies were conducted at
the University of Manchester with the aid of Dr Anthony D’Emanuele on an ElectroScan
E-3 microscope (Wilmington, MA, USA).

2.6.4 Preparation of Phospholipid Films for Microscopic Examination

All phospholipid films examined by optical microscopy were prepared by the
evaporation on a microscope slide of between 0.2 to 0.6 ml of phospholipid solution of
either egg PC or DPPC dissolved in chloroform at a concentration of either 40 mg/ml or
100 mg/ml. The solvent evaporation occurred at ambient (25°C) conditions and the
evaporation process was examined by light microscopy to completion (the process was

considered complete when the solvent front disappeared, the resulting structures
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sharpened, held focus and remained unchanged after 45 mins). Hydration of the
phospholipid films was achieved by addition 0.2 ml deionised water or storage of the
microscopic slide at 97% RH (desiccator containing a saturated salt solution of' potassium

‘sulphate ) for one week.

To examine the melting of the phospholipid films, the films once formed were covered
with a coverslip and placed into the hot stage microscope. The slide was held for 5
minutes at 30°C, then heated at 1°C per min for 4 min to 36°C, the rate of heating was
then increased to 2°C per min at 36°C until a maximum temperature of 45°C was
reached. For all experimentation using the hot stage microscopy a coverslip was

necessary because the hot stage microscopy requires an enclosed system.

For the sample prepared for fESEM, the evaporation of solvent was induced by the
formation of a vacuum within the sample chamber. The :ESEM’ stub was covered
completely by a solution of 100 mg/ml of egg PC in chloroform. A stub prepared with
5 consecutive additions of a 10 mg/ml egg PC in chloroform did not produce images of
good quality (data not shown). For the; ESEM , hydration was induced into the sample
chamber and on to the surface of the phospholipid film situated on the sample stub by
reduction of the chambers’ atmospheric vacuum to 9.4 Torr which induced an apparent

water layer on the films’ surface.

2.6.5 Preparation of Intermediate Structures of MLV Production and MLYVs for

Microscopic Examination

The method to produce the ML'Vs was based on the traditional method described
by Bangham et al (1965) and consists of forming a thin phospholipid film by the
evaporation of chloroform from 6 ml of either a 10 mg/ml (egg PC) or 40 mg/ml (DPPC)
phospholipid solutions, using a round-bottomed flask and rotary evaporation, at a
temperature of either 40°C (egg PC) or 55°C (DPPC) for 45 min. The resultant
phospholipid film was flushed with nitrogen for 1 minute and then hydrated with 6 ml
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water. During the hydration stage, white filaments were observed. These filaments were
removed using a pasteur pipette (~0.5 ml) and examined under the optical microscope;
this was termed the hydration stage. Agitation of the remaining mixture for 5 min using
a mechanical flask shaker (Rotavapor R110, Orme Scientific Ltd.) followed. A sample
from this stage was also removed (0.5 ml) for examination. This was termed the pre-
annealing agitation stage. The mixture was then annealed by placing the flask in the
water bath at either 40°C (egg PC) or 55 °C (DPPC) for 45 min. The final agitation stage
involved an agitation for 5 min using the flask shaker, this last stage was sampled in the
usual manner and was termed the post-annealing stage. This latter stage was additional
to the method described by Bangham et al (1965) and was introduced into the process as
a result of visually observing that the suspension after the initial agitation stage was not

homogeneous, i.e. some white filaments visible were within the flask.

2.7  Results;and Discussion
2.7.1 Formation of an Egg PC Film

The evaporation of 0.6 ml chloroform from a 40 mg/ml solution pipetted onto a
microscope slide was observed. Initially, the organic solution appeared as droplets on the
microscope slide, as the solutioql' evaporatedthe solvent front mpved across the slide (this
is apparent in Figure 2.5 a in the top left-hand corner). The evaporation of this solvent
ﬁ'ont;‘z left behind ridges in the phospholipid film as it forms (Figure 2.5 b). After 5
min, the focus on the phospholipid filmremainedconstant and unchanged (remained
unchanged after examination after 30 min) (Figure 2.5 c¢). There was a colour difference
(change from blue to gold) observed on the edge of the solvent front. This suggests that
the phospholipid film varies in its thickness and may contain different phases. Egg PC
has been shown to produce a number of phases at ambient temperature in the absence of
exherent water (Ranck et al, 1973; Tardieu et al, 1973). If there are different phases

present, then their interactions with water may differ.
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