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SUMMARY

This study is concerned with bilayer lipid membranes (BLM), of
bimolecular thickness, as simple potential models for some aspects of the

physical chemistry of biological membranes.

Lipid bilayers can be assembled from lipids either as spherical
structures, liposomes, which are layer lattices of alternating, closed
bimolecular lipid sheets intercalated by aqueous space, or as single planar
structures that separate two aqueous phases. These models, while having
both advantages and shortcomings, complement each other, and both types

of systems have been considered here.

The first section of this work deals with the effect of electric
fields on liposomes prepared from only lipid components. Several methods
of preparation, such as sonication, removal of detergent from mixed
lipid/detergent micelles, and extrusion through polycarbonate membranes,
have been investigated. Detailed characterisation of each system was
undertaken to determine the method resulting in the most suitable liposomes.
Effects of applied fields have been linked to changes, occurring in the
arrangement of the lipid molecules constituting the bilayer, which affect the
permeability of the membranes. In this work a solute was trapped in the
internal volume of the liposomes and fluorescence or absorption
spectroscopy was used to detect its presence in the external medium after the

application of a field.

In the second section the movement of electrons across the lipid
bilayer and redox reactions at the membrane/solution interfaces has been
investigated. Planar bilayer films allow easy access to the aqueous phases on

both sides of the bilayer so that electrical properties, such as specific



capacitance and resistance, can be measured. Experimental apparatus
consisted of two monolayer troughs separated by a septum containing an
aperture. A lipid monolayer is applied to the aqueous phase on either side of
the septum. When the level of aqueous solution in each compartment is
raised above the aperture, a lipid bilayer membrane is formed by the
apposition of the hydrocarbon chains from each monolayer. This method
results in membranes that are almost free of entrapped solvent, with the

added advantage of enabling the formation of asymmetrical lipid bilayers.

Investigations of the electrical properties of such membranes have
been undertaken and results compared to those membranes containing more
solvent, the black lipid films. Preconditioning of the membrane support, an
essential prerequisite for the formation of stable membranes, has also been
considered, as well as the stabilising effect observed with the addition of

cholesterol to the BLM-forming solution.

The liquid-crystalline structure of BLM is a very good insulator,
but incorporation of electroactive modifiers, such as tetracyanoquinodi-
methane (TCNQ), ferrocene, and iodine, cause marked changes in the
electrical properties when redox couples are present in the aqueous solutions
on either side of the membrane. The modified membranes act as electronic
conductors with reduction occurring on one side and oxidation on the other
side of the interface. Cyclic voltammetry was used to investigate electron
transfer and redox reactions at the membrane/solution interface of suitably
modified membranes, using several redox systems. The resulting
voltammograms, confirming that the modified BLMs act as the working
electrode, indicated that electron transfer was indeed occurring across the

membranes.
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CHAPTER 1 - INTRODUCTION

Knowledge of the boundary or barrier which separates the inner
contents of the cell from its surroundings is believed to be central to an
understanding of life processes. It has been accepted for many years that the
basic structural component of biological membranes is a bimolecular lipid
layer modified by oil- and water-soluble proteins. Research has shown that
the physical properties of bilayer lipid membranes separating two aqueous
phases are similar to the corresponding properties of natural membranes
[1,2,3,4]. Therefore bilayer lipid membranes, even without the protein
components known to be present, are valid models for investigations of

some aspects of biological membranes.

Membrane lipids are amphipathic molecules, consisting of non-
polar, long hydrocarbon chains at one end, while the other end of the
molecule is highly polar and therefore has a different reactivity to water. In
an aqueous environment, lipids adopt specific arrangements due to the
presence of the non-polar chains and polar headgroups in the same
molecule. Examples of the polymorphic phases of lipids in aqueous solution
are shown [Fig. 1.1]. The orientation of the amphipathic lipids to form
micelles, inverted micelles, or lamellar (smectic) phases occurs
spontaneously, requiring no input of energy. The polar regions of an
amphipathic lipid form hydrogen bonds with water molecules, which
compensate for the distortion of pure water occurring with the addition of
lipids to an aqueous phase. As non-polar groups form no hydrogen bonds
with water, lipids are thought to increase the ordered structure of water as
the hydrogen-bonding between neighbouring water molecules increases.

Thermodynamically, this causes a decrease in the entropy of the system and
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FIGURE 1.1 : A schematic representation of several lipid polymorphic phases. The Ly,
phase is a liquid crystalline (melted chain) bilayer phase, whereas in the Lg and Lg' phases
the chains are in a gel (frozen) state. The Hyy and Hj phases consist of hexagonally packed
tubes of liquid crystalline lipids [S]. (Each lipid molecule consists of a polar headgroup and

a non-polar hydrocarbon chain.)

this unfavourable situation is remedied by burying the non-polar groups
away from the aqueous phase. Bilayer assembly is predominantly due to this
hydrophobic effect [6]. The geometry actually occurring in equilibrium is
one in which compromises are made between entropy and all intermolecular
interactions, such that the overall free energy per molecule is minimised.
Factors to be considered include Van der Waals forces, hard core molecular
packing constraints, hydrogen bonding, and electrostatic and hydrophobic
interactions [7]. Lipids that form bilayers are those that cannot pack into
small micellar structures, because i) the non-polar hydrocarbon chains are
too bulky to fit into such small aggregates while maintaining a surface area
at the optimal value, which is the case when the lipids contain two or more
hydrocarbon chains; ii) a larger area is needed to accommodate their polar

head groups [8,9]. The "optimal surface area" per head group, at which the
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total interaction free energy per lipid molecule is a minimum, is a result of
the two opposing forces, the hydrophobic force tending to decrease, and the
hydrophilic one tending to increase, the head group area in contact with
water [9]. Under certain conditions, for example, in the presence of excess
water, it becomes more favourable for closed spherical bilayers, liposomes;
to form rather than infinite, planar bilayers. Mesophases that lipids
spontaneously adopt when dispersed in water are therefore the result of
forces arising from intrinsic factors such as, the nature of the lipid head
group, length and degree of the unsaturation of the lipid chain(s), or
extrinsic factors such as, the lipid concentration, hydration temperature, pH,
ionic strength, divalent cations, or the presence of other lipids, ions, or

proteins [10]. The preferred structural forms of some lipids are:

Micellar phase - lysophospholipids, detergents

Bilayer phase - phosphatidylcholine (PC), phosphatidylserine (PS),
phosphatidylinositol (PI), phosphatidylglycerol (PG),
sphingomyelin

Hexagonal phase (Hjy) - phosphatidylethanolamine (PE) (unsaturated),
PS (pH<4), cholesterol

Non-bilayer lipids, such as PE and cholesterol, can be stabilised in
a bilayer structure by the presence of bilayer-preferring lipids, for example,
PC, PS, or sphingomyelin. It has been found that 20-30 mole percent of
bilayer-preferring lipids are required to maintain a bilayer organisation
when mixed with Hjj-preferring lipids [11]. The stabilising effect of some

common membrane lipids increases in the following order:

sphingomyelin < egg yolk lecithin < PS < PE < cholesterol [12].



Pure phospholipid bilayer membranes undergo a phase transition,

upon heating, from a solid "gel" (L) phase to a fluid "liquid-crystalline"
(Lo phase. This phase transition is accompanied by the following changes:
i) increased conformational freedom and flexibility of the hydrocarbon
chains leading to decreased segmental orientational order and decreased
bilayer thickness, and
ii) increased lateral diffusivity of the lipid molecules parallel to the
plane of membrane and the onset of a more rapid rotational diffusion
about the long molecular axis, corresponding to decreased
microviscosity.
The higher fluidity of the high temperature phase is therefore caused by
changes in both orientational order and microviscosity. On heating,
crystalline lipids pass through an intermediate mesomorphic or liquid-
crystalline phase before becoming fully liquid. The temperature at which
this crystalline to liquid-crystalline transition occurs involves
rearrangements in the bilayer form and is dependent on factors such as, the
fatty acid composition, the type of polar head group, the presence of water,
and the addition of other lipids. The hydrocarbon chain length is a major
determinant for T, the phase transition temperature. Increasing the
number of segments on the hydrocarbon chains increases Tyn. Conversely,
increases in the chain tilt and degree of saturation tend to decrease Tp,. It is
important that the temperature is monitored throughout experiments
involving lipids, so that their state is always known and can be considered

when interpreting the results.

Cholesterol, a neutral lipid, is often distributed randomly in
biological membranes. It is known to influence the packing of hydrocarbon
chains of phospholipids, possibly by forming a cholesterol-phospholipid
complex. In vitro studies with liposomes and bilayer films indicate that the

presence of cholesterol in the membrane reduces the permeability and



increases the stability of the structure [13]. Spectroscopic studies indicate
that cholesterol increases the hydrocarbon chain mobility in lipids in the gel
state at temperatures below their phase transition, and reduces chain
mobility in lipids at temperatures above their phase transition. At
sufficiently high cholesterol concentrations, the gel-liquid crystalline phase
transition is completely eliminated in cholesterol/phospholipid mixtures and
the system has the properties of a two-dimensional liquid over a wide range
of temperatures [14]. Cholesterol has been added to some of the bilayer lipid
forming solutions used in this work to increase the stability of the

membranes.

The formation of bilayer lipid membranes (BLM) of bimolecular
thickness in vitro enables the systematic study of membranes under well-
defined and easily controlled conditions. Studies of these much simpler
model membrane systems can give valuable basic information on the
physical behaviour of membrane components and the use of progressively
more sophisticated, well-characterised systems can then give additional

insight into the roles that these structures may play in vivo .

Studies of lipid bilayers, in the form of planar structures and
liposomes (the closed spherical bilayers) have increased the understanding of

the behaviour of cell membranes.

Liposomes are layer lattices of alternating bimolecular lipid
sheets, intercalated by aqueous spaces [Fig. 1.2]. During preparation of
liposomes, where the dry lipids are hydrated with aqueous solutions, there is
opportunity for solutes to be sequestered in the internal aqueous space.
While much research has concentrated on the possibility of using liposomes
to administer drugs, they are also useful in permeability studies. Increasing
concem about the effects of electromagnetic fields on humans, has prompted

investigations into their effects on membranes. Applications of fields to
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FIGURE 1.2 : Diagram of a lipid vesicle.

membranes have caused changes, occurring in the arrangement of the lipid
molecules constituting the bilayer, which affect their permeability. In Part I
liposomes were used, as simplified models for biological membranes, in
further investigations of these field effects. A solute was trapped in the
intemal volume of the liposomes, and spectroscopic techniques, fluorescence
and absorption, were used to detect its presence in the external medium after

the application of a field.

In Part II Montal-Mueller planar bilayer lipid membranes were
used as model systems for studying the electrical properties of lipid bilayers.
This type of membrane is particularly useful as it allows easy access to the
aqueous phases on both sides of the bilayer. Experimental apparatus
consisted of two monolayer troughs separated by a septum containing an
aperture. A lipid monolayer is applied to the aqueous phase on either side of
the septum. When the level of aqueous solution in each compartment is
raised above the aperture, a lipid bilayer membrane is formed by the
apposition of the hydrocarbon chains from each monolayer. This method
results in membranes that are almost free of entrapped solvent. They have
the further advantage of facilitating the formation of bilayers that exhibit
phospholipid asymmetry, which is characteristic of many biological
membranes [15,16,17,18,19]. Studies have been made of the electrical
properties of the membranes formed and the electron transfer across the

membrane has also been investigated.
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CHAPTER 2 - INTRODUCTION

As advancing technology plays a major role in modern society,
our everyday exposure to electric, magnetic, and electromagnetic fields has
increased. This is of great concern and has prompted research into the

possible effects of such exposure on human health.

The biological effects of microwave radiation has received much
attention, particularly at a frequency of 2450 MHz, which is used
extensively in therapeutic, domestic, and industrial applications, and is
proposed as a transmission frequency for future power satellites [1]. Three
conclusions arising from such studies are particularly important. Firstly,
exposure of rats to low intensity 2450 MHz [2] (or 2800 MHz [3]) magnetic
fields has resulted in changes in their behaviour [2] with a pronounced effect
under pulsed rather than continuous wave exposure [3]. Secondly, the
frequency of radiation is highly relevant as was shown by the finding that
cardiac activity of isolated chick embryo hearts was affected by 2450 MHz
microwave radiation [4], whereas the application of radiation in the
frequency range 6400-7200 MHz showed no alterations in the heart rate [5].
Thirdly, studies on human [6] and rabbit [7,8,9] erythrocytes have shown
that efflux rates of labelled ions through the erythrocyte membranes
exposed to microwave radiation (2400 [7] or 2450 [6,9] or 8450 [8] MHz)
were identical to control rates, except at critical temperatures where
irradiation increased the efflux; thus the effects on erythrocyte permeability
are restricted to the narrow temperature range that coincides with the

presence of an apparent membrane phase transition [9].

Extremely low frequency (50 or 60 Hz) electromagnetic fields

generated by transmission power lines and by many convenience appliances,
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have also raised considerable concem. Railroad switchyard workers exposed
to large sinusoidal 50 Hz electromagnetic fields were found to be subject to
elevated chromosome damage and there are other occupational groups

exposed in vivo to similar electromagnetic fields [10].

Various epidemiological studies have been carried out in order to
evaluate the electromagnetic effects on humans, with the most quoted study
being that done by Wertheimer and Leeper [11] in Denver, in the late 1970s.
It was suggested that a link existed between childhood cancer and an excess
of electrical wiring configurations indicating high current flow, and further

studies [12] have extended this link to adult cancer.

The implications are that physiological effects may be produced
by prolonged exposure to alternating magnetic fields of frequency as low as
60 Hz. These conclusions were reinforced by establishing a relationship
between electrical constructions and residences of childhood tumour cases,
where the type of construction caused an increase in the magnetic field at the

residence [13].

Studies of animal cells and tissues have demonstrated that under
certain circumstances weak low-frequency electromagnetic fields can
produce changes at the cellular level. Exposure of rat [14] and chick [15]
brains to such electromagnetic fields led to the observation of small effects
that were strongly dependent on both frequency and amplitude of the
radiation. The existence of frequency and power "windows" was
corroborated by reports [16,17] that there are ranges of effective
frequencies and intensities separated by ranges that are ineffective in causing
statistically significant changes in the efflux of calcium ions from chick
brains in vitro [18,19,20]. For example, at 60 Hz enhanced calcium ion
efflux occurred at three intermediate values of field strength, but not at

higher or lower values. In addition, when field strength was held constant,
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enhanced efflux occurred at a series of specific frequencies, but not at
intermediate values. It appears that the combination of frequency and
intensity is an important factor determining the extent of changes induced by
the field.

Epidemiological and biological studies of animals and whole
organs have demonstrated that weak low-frequency electromagnetic fields as
well as microwave radiation can produce changes of biological significance.
In order to gain a better understanding of the factors influencing the effects
of such fields, it is necessary to turn to relevant model systems. Liposomes,
consisting only of lipids arranged in concentric bilayers, are recognised as
being one of the simplest model systems of a biological membrane, and in
fact, they have already been used to consider the effects of applied fields
[1,21,22,23]. Many of the effects are subtle requiring particularly well-
characterised liposome preparations to ensure unambiguous results, and in
general, this condition has not been satisfactorily fulfilled by the previous
studies. The purpose of this work has been, accordingly, the preparation and
characterisation of liposomes suitable for providing unequivocal

interpretation of the effect of applied fields.

According to an informal agreement made at the New York
Academy of Sciences meeting on "Liposomes and their Uses in Biology and
Medicine", held in 1978, all types of lipid bilayers surrounding an aqueous
space are considered to belong to the general category of liposomes [24].
Liposomes can then be classified into three distinct types of vesicles:

i) multilamellar vesicles (MLV) consist of more than a single lipid
bilayer and have diameters of 100-5000 nm,

ii) small unilamellar vesicles (SUV) consist of a single lipid bilayer and
have diameters less than 50 nm, and

iii) large unilamellar vesicles (LUV) consist of a single lipid bilayer

and have diameters larger than 50 nm.
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In the early 1960s, it was found that sonication of dispersions of
phospholipids resulted in the formation of SUVs [25,26]. Bangham and co-
workers [27] were the first to describe the formation of MLVs and since
that time the preparation and characterisation of both SUVs, formed using

sonication, and MLVs has been extensively researched.

One of the earliest alternatives to sonication as a method of
forming liposomes was injection of an ethanolic solution of phospholipid
into water [28]. Numerous other techniques for preparing liposomes
followed and have been reviewed [29,30,31,32,33].

Generally, unilamellar liposomes are preferred, as studies
involving multilamellar liposomes are complicated by the presence of the
multiple concentric bilayers and by the difficulty of preparing a uniform

size distribution of MLVs.

The surface of SUVs have a high degree of curvature which
affects many of the physical properties of their phospholipids such as, for
example, molecular packing density and the attendant molecular motions,
transbilayer distribution of lipids in multicomponent systems, and
thermotropic behaviour of component phospholipids [34]. The outer
monolayer of SUVs parallels that of a planar bilayer, but the inner
monolayer is subjected to packing constraints unique to systems with a small
radius of curvature. Such differences in molecular packing lead to structural
asymmetries so that various substances, such as water, might penetrate the
inner monolayer of small liposomes less than the corresponding outer
monolayer [35]. In addition, because of the strongly curved and elastically
strained nature of SUVs, there is a strong tendency for their spontaneous
fusion with time [36].
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Biological membranes are thought to be better represented by
LUVs [37]; packing constraints of the lipids in such liposomes are of no
great significance and, in addition, properties such as the large entrapped
volume of solution make LUVs the preferred form of liposome to be used

as a model system.

Liposome size depends not only on the values of physical and
chemical parameters of the system, but also on the method of preparation.
LUYVs have been prepared by a number of methods, including ultrasound
irradiation of MLVs [38], Ca2+-induced fusion (limited to acidic
phospholipids) [39], ether infusion [40], reverse phase evaporation [41],
French press [42], extrusion [43], and removal of detergent from
lipid/detergent micelles by dilution [44], gel filtration [45,46], specific
binding to bio-beads [47,48] or dialysis [49,50]. In this work several
methods have been used to prepare LUVs and the resulting liposomes
carefully characterised since, at least to some extent, conflicting findings on
the effects of exposure to magnetic fields may well be due to differences in
the characteristics and behaviour of liposomes prepared using different

lipids and methods of preparation [22].

In the following section the methods of preparation of the
liposomes will be described. Particular attention has been directed to the
characterisation as the liposomes formed must be reproducible with every
preparation in order to achieve meaningful comparisons of results when
fields of various types and magnitude are applied. Effects of applied fields
have been linked to changes, in the arrangement of the lipid molecules
forming the bilayers, which affect the permeability of the membrane. In this
work a solute was trapped in the internal volume of the liposomes and
spectroscopic techniques, fluorescence and absorption, used to detect its

presence in the external medium after application of a field.
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CHAPTER 3 - METHODS OF PREPARATION
AND CHARACTERISATION

Details of the lipids used are given in Appendix 1.

3.1 SONICATION

Sonication induces collisions of the lipid particles, which
disintegrate on collision to form many small fragments. These fragments
then reaggregate until the resultant bilayer is large enough to seal forming a
closed sphere, minimising unfavourable interactions of water with

hydrophobic surfaces.

Until recently, sonication had been the most widely used method
of preparing SUVs [25,34,38,54]. It is recognised that high-energy
sonication, using a probe-type sonicator, will cause oxidation and
degradation of the phospholipids [55,56], which is reduced to a certain
extent by controlled conditions. Any solute molecules present may be
damaged and titanium particles from the probe contaminate the resulting
solution of liposomes. Some of the problems can be solved by using a bath-
type sonicator with low-energy sonication, but this procedure varies in
efficiency usually resulting in a more heterogeneous population, requires
long periods of sonication, can only be used for small quantities of solution

and is still destructive to the lipids present.

Sonication carried out in this work utilised the probe-type
sonicator. Instrumental settings (for example, power output, tuning of the
probe and duration), the geometry of the tip of the probe relative to the
sample beaker, the volume, concentration, liquid depth and temperature, the
depth to which the tip of the probe is immersed, and the atmosphere
surrounding the sample all influence the effect of sonication, particularly the

amount of chemical degradation caused by the ultrasonic cavitation [56].
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Experimental

The buffer solution was saturated with nitrogen (N) before and
after the lipid was added to it and the solution was kept under N3 during
sonication, in order to reduce the oxygen present and thus, minimise

oxidation of the lipid.

About 10 ml of the buffer containing the lipid (approximately 0.1
mgcm-3) was vortexed to obtain MLVs. This phospholipid dispersion was
then sonicated using a Branson Sonifier B-12 (Branson Sonic Power
Company, Division of Branson Ultrasonics, Co.) at low power (nominal
frequency 20 kHz, input power 150 Watts). Sonication was performed in a
25 ml beaker, using the macrotip, at about 65 Watts (corresponding to an
output power setting of 3 to 4) for 20 to 30 minutes, or until optical clarity
was achieved. The beaker was immersed in an ice-water bath and magnetic
stirrers used to stir both the bath and the lipid solution. Intermittent
sonication was sometimes necessary to keep the temperature of the solution

at an acceptable value.

Following sonication, the lipid solution was centrifuged using a
Beckman Model J2-21 Centrifuge, on a setting of (19,000 rpm) for about 30
minutes, at 2° C. This was necessary to remove any titanium particles
released from the tip of the probe, as well as any MLVs and undispersed
phospholipids.

Passive entrapment of solutes : Passive entrapment of solutes into
the interior of liposomes was achieved by adding the desired amount of the
solute to the buffer used to hydrate the lipid film. After sonication and
centrifugation, the unencapsulated dye was removed from the external

buffer by gel chromatography.
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3.2 DETERGENT REMOVAL

Detergents possess the ability to solubilise lipid bilayers by
forming thermodynamically stable macromolecular aggregates known as
mixed micelles. Small [57] suggested that a mixed micelle consisted of a
lipid bilayer disc surrounded on its perimeter by bile salts (a class of
detergent) oriented so that the hydrophilic surfaces face the aqueous
solution, while the hydrophobic surfaces interact with the hydrocarbon
chains of the lipid (Fig. 3.1 (a)). This model was extended by Mazer, et al.
[58] who proposed that bile salts exist not only on the perimeter of lipid
bilayers but are also incorporated within their interior in high
concentrations (Fig. 3.1 (b)). Experimental observations have been
explained more fully by the "mixed disc" model, confirming that it is a

better model for the structure of mixed micelles of lipid and detergents.
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FIGURE 3.1 : Schematic models for the structure of the bile salt-lecithin mixed micelle,
shown in longitudinal (cut through the disc diameter) and cross section (cut through middle
of the hydrocarbon steroid parts and fatty acid chains of bile salts and lecthins, respectively).

(a) Small's mixed micellar model {57] (b) "mixed disc" model [58]
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Kagawa and Racker [49] were the first to demonstrate that
removal of detergent from mixed micellar solutions of lipids and bile salts
resulted in the formation of liposomes. Small, ez al. [S9] had already
observed that mixtures containing ratios of bile salt to phospholipid of 1:2 in

excess water gave "lamellar structures".

As the lipid to detergent molar ratio determines the size of the
mixed micelles [60,61], it is expected that it will also affect the size of the
liposomes prepared from the mixed micellar solution. The kinetics of
detergent removal from mixed micelles is also thought to influence the size
of the resulting liposomes [45]. Preparations of liposomes having different
diameter sizes are possible by varying the amounts of detergent and lipid
added to the aqueous solutions. Clarification of these solutions is assumed to
be the endpoint of mixed micelle formation and this state should be reached

before commencing detergent removal.

Gel filtration [45,46,62] is a rapid and efficient way of removing
the detergent but another technique, involving the more conventional
method of dialysis of lipid/detergent micelles [50,63,64,65,66,67] has also
been widely used. Special dialysis cells have been designed allowing
controlled and reproducible detergent removal at a defined temperature,
resulting in the generation of a single, homogeneous population of
unilamellar liposomes. The technique is gentle, organic solvents are not
used, and the sample is not diluted. The parameters that can influence size
can easily be varied, for example, the rate of dialysis (involving the type,
thickness, and molecular weight cutoff of the dialysis membrane used), type
of detergent, type of lipids, lipid/detergent molar ratio, concentration of

lipid, electrolyte content, and pH.



19

3.2.1 Gel Filtration

Lipid (1-2% (w/v)) was added to the buffer and this solution was
vortexed, resulting in a milky dispersion. Sodium cholate was added to
obtain a final concentration of at least 0.03 M (ie. 1.3%), which was
sufficient to disperse the MLVs. The clear solution of small mixed micelles
was applied to a Sephadex G-50 column (fine particle size; 20 X 1.5 cm) to
achieve separation of liposomes, which were eluted at the void volume, and
the cholate micelles [45]. It has been reported [45] that less than 1% of
cholate remained in the preparation, but a second chromatography reduced

the residual detergent even further.

Sample volumes and column dimensions were chosen to ensure the

complete separation of liposomes and detergent micelles.

As the lipid is known to adsorb to the gel particles [38], all
columns were presaturated with the lipid dispersion and then washed and
equilibrated with the buffer. After detergent is used on the column part or
all of the adsorbed lipid will be removed and the column must be
resaturated [68]. If this procedure is carried out lipid recovery after

chromotography is high.

Passive entrapment of phenol red : Passive entrapment of solutes
into the interior of liposomes was achieved following a technique developed
by Allen [69]. The solution containing phospholipid, detergent, and phenol
red was loaded onto a column which had been presaturated with an equal
volume of detergent-free phenol red. The phospholipid/detergent solution
moves faster through the column than the free dye and will overtake the
preloaded dye 1 to 2 cm down the column where liposome formation and

entrapment of phenol red takes place. Liposomes containing trapped dye
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appeared in the void volume, while free dye and detergent eluted at larger

volumes.
3.2.2 Dialysis Using the Lipoprep

Initially, the buffer solution, with appropriate amounts of lipid
and detergent added, was vortexed and then sonicated using a Branson
Sonifier B-12, at about 65 Watts (output power level of 3 to 4) for 15
minutes. It was then necessary to centrifuge the solution for about 15
minutes, using the Beckman Model J2-21 Centrifuge (19500 rpm) before the

solution was ready to be dialysed.

Another method of preparing the lipid/detergent solutions was
adopted to avoid the problems caused by sonication. The lipid was added to
an organic éolvent, usually ethanol, methanol or chloroform, in a pear-
shaped flask. Use of a rotary evaporator, with water aspirator, for about
one hour removed the organic solvent and deposited the lipid as a thin film
on the walls of the flask. During this process a water bath was used to keep
the temperature above that causing the gel to liquid crystalline phase
transition of the highest melting lipid used. The flask was then put in a
dessicator under vacuum and left for about 10 hours to remove any

remaining solvent.

A portion of detergent was usually added to the organic solvent
and deposited as a thin film with the lipid as this increased the rate of
solubilisation of the lipid film [70]. The remainder of the required detergent
was then added with the buffer at a temperature above the phase transition
temperature of all of the lipids used and the lipid film dispersed with gentle
shaking. This solution was then left to stand until the solution was clear
indicating the complete formation of mixed lipid/detergent micelles. Given

an efficient method of removal of the detergent from the homogeneous
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mixed micelles the population of resulting liposomes was expected to be

relatively monodisperse.

The clarified mixed micellar solutions were added to the
Lipoprep® -GD-1 (Diachema Ltd., Riischlikon, Ziirich) and dialysed against
the buffer, using high permeability cellulose disc membranes with a
molecular weight cutoff (MWC) of 5000 (Type 10.14). The speed with
which the apparatus was rotated in the buffer solution was usually 12 rpm
and the temperature kept above the phase transition temperature of the lipids

used.

Passive entrapment of solutes : Passive entrapment of solutes into
the interior of liposomes prepared using the Lipoprep device necessitates
following a careful procedure. The small water-soluble compounds should
be dissolved in the buffer at the same concentration as that of the mixed
micellar solution, otherwise they will be dialysed out. The external buffer
solution should contain the solute for, at least, the first few hours of dialysis.
Studies [67] have shown that with the lipid/cholate system liposome
formation is accomplished after 2 hours and the lipid/n-OG system requires
only 1 hour. Once the compound is trapped in the sealed liposome it is no

longer required to be in the external solution.

Entrapment is a very tedious procedure when undertaken at the
same time as dialysis is performed. It is necessary to place the Lipoprep
device in a container capable of holding the 9 dm3 of buffer solution
necessary to ensure removal of the residual detergent. It would be possible
to use a smaller container initially but a longer dialysis time would be
required. Use of an expensive solute also makes the recovery of the non-

entrapped solute desirable, necessitating another involved process.
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3.3 EXTRUSION

A technique for the rapid production of LUVs by repeated
extrusion, under moderate pressures, of MLVs through polycarbonate
filters was demonstrated by Hope, et al. [43]. This was an extension of the
procedure developed by Olson, et al. [71] which used extrusion to increase
the trapped volume of MLVs. The advantages of this method of preparation
are as follows:

i) direct production of unilamellar vesicles by extrusion techniques

(LUVETS and SUVETS) from MLVs, formed by simple hydration of

dry lipid,

ii) it is a rapid and simple procedure,

iii) all lipids and lipid mixtures which assume bilayer structure on

hydration can be used,

iv) lipid concentrations can be varied up to 400 mgcm3,

v) high-trapping efficiencies can be achieved,

vi) no organic solvents or detergents are present,

vii) there is little or no loss of lipid or sample during liposome

preparation,

viii) the polycarbonate membranes used in the extruding device do not

interact with liposomes containing charged groups, and

ix) homogeneous size distributions of liposomes are obtained with mean

diameters from 50 to 400 nm, depending on the pore size of the filter.
It has been reported that repetitive freeze-thaw cycles enhance the trapped
volumes, trapping efficiencies, and equilibrium transmembrane distributions
of solutes present in the buffer [43,72,73]. During freezing, the transient
destabilisation of the bilayer structure aids in the encapsulation of solutes
[74] and promotes equilibrium solute distributions across the membrane

[73]. Together with the larger diameter this ensures that a higher proportion
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of water-soluble compounds can be trapped in the aqueous interior of the

liposomes formed using a freeze-thaw procedure followed by extrusion.
Experimental

About 10 cm3 of a suitable organic solvent, usually n-hexane, was
filtered through a Millipore filter (pore size 0.45 pm) several times before
being added to the lipid (up to 400 mgcm-3) in a pear-shaped flask. This
clear solution was then put on a rotary evaporator for two hours and the
solvent evaporated off, leaving a thin film of lipid deposited on the walls of
the flask. The flask was put in a dessicator under vacuum and left for about
10 hours to remove any remaining solvent. If necessary, the buffer solution
was heated to a temperature above that causing a transition from the gel to
liquid-crystalline phase of the highest melting lipid. Asolectin has a phase
transition temperature below zero (approx. -10° to -15° C) so solutions were
prepared at room temperature, but when DPPC is used buffers needed to be
heated to about 50° C, well above the phase transition temperature of about

41° C. Vortexing of this solution resulted in the formation of MLVs.

All LUVET: (large unilamellar vesicles by extrusion technique)
underwent a freezing and thawing procedure, usually performed 8 to 10
times, before extrusion. The solution of MLVs was frozen using liquid
nitrogen and thawed using a warm bath at 40°-60° C. The frozen and thawed
MLVs (FATMLVs) were then ready for extrusion utilising the Extruder

(Lipex-Biomembranes Inc., Vancouver, B. C., Canada).

The solution of FATMLVs was injected into the chamber above
the Nucleopore polycarbonate filters with 100 nm diameter pore size and
nitrogen pressure applied via a standard gas cylinder fitted with a high
pressure regulator. Pressures of about 1700 kPa (or 250 psi) were used to
extrude the vesicles through the filter into the sample tubes. Lipid

composition, lipid concentration, buffer composition, and operation
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temperature all affect the pressure required for extrusion. The majority of
LUVETs were prepared by passing the MLV solutions through two stacked

filters ten times.

Preparation of DPPC liposomes required the Extruder to be
placed on a hotplate and kept at about 50° C, while the samples of liposomes
were kept in a water bath, heated to 50° C, throughout the extruding
procedure. When asolectin was the lipid used the operation was carried out

at room temperature.

Passive entrapment of solutes : Passive entrapment of solutes into
the interior of liposomes was achieved by adding the desired amount of the
solute to the buffer used to hydrate the lipid film. After extrusion through
the polycarbonate filters, the encapsulated dye was removed from the

external buffer by gel chromatography.

3.4 LIGHT SCATTERING

Quasielastic laser light scattering (QELS) has been used for many
years to measure the average diffusion coefficient and the associated

hydrodynamic radius of monodisperse suspensions of small macromolecules
[75].

QELS, also referred to as dynamic light scattering or photon
correlation spectroscopy, employs digital autocorrelation to analyse
fluctuations in scattered light intensity generated by diffusion of particles in
solution. It is based on the fact that time-dependent coherence of light
scattered by a particle is sensitive to particle diffusion which is dependent on
the viscosity of the aqueous medium and the size of the particles. Therefore

the measured diffusion coefficient can be used to obtain the average
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hydrodynamic radius and hence, the mean diameter of a sample of

liposomes.

With advances made in the analysis of QELS data [76,77,78], it is
now possible to use photon correlation spectroscopy to determine not only
the diameter of phospholipid liposomes but also the degree of polydispersity
of the sample [34,75,79,80,81]. A check on the polydispersity of the system
helps in interpreting the data as it is easy to obtain misleading results for
heterogeneous systems exhibiting bimodal or a more complex size

distribution.

Varying the scattering angles is another test of homogeneity. If a
liposome preparation is homogeneous, all the liposomes scatter the light in
the same way and the calculated diffusion coefficient and hence, the
measured diameter will be independent of the scattering angle [82]. If the
preparation is inhomogeneous, at smaller scattering angles the larger
particles are emphasised resulting in larger diameter values calculated for

that sample.
Experimental

Light scattering cells were washed in a detergent solution and
protected from dust. Immediately before use they were rinsed thoroughly
with millipore-filtered water. To further reduce the dust contribution to
noise in the QELS analysis, the solution of liposomes was syringed through
a Millipore filter of 0.45 pm nominal pore size and collected directly into
the light scattering cell. It was necessary to dilute some liposome
preparations as multiple scattering occurs if the concentration of the sample

is too high.

The light scattering apparatus consisted of a He-Ne laser (Ao=

632.8 nm) light source, a temperature-controlled scattering cell-holder and



26

a Malvern K7027 "LOGLIN" Correlator (incorporating a digital 64-channel

correlator, a control microcomputer and a magnetic disc storage unit).

The cylindrical light scattering cell was immersed in an index
matching liquid bath, thermostatted at 25° C, and an equilibration time of
about 15 minutes was allowed before each measurement. The intensity of
scattered light was observed with a photomultiplier tube at angles of 90°,
60°, and 45° to the incident beam. The electrical signal was amplified and
fed into the correlator, where the data was analysed by a "two parameter
cumulants"” fitting method. An "exponential sampling” technique was also

used to obtain additional information on the polydispersity of the samples.

Calibration of the light scattering apparatus was performed using
a standard monodisperse sample of polystyrene latex spheres, with diameter
of about 125 nm.

3.5 GEL CHROMATOGRAPHY

Gel exclusion chromatography, or gel filtration, was a method
used by Huang [38] in one of the earliest characterisations of a liposome
preparation. Gel chromatography is a quick and convenient method of
analysis when it is necessary to have a reasonably accurate measure of the
average size of the liposomes, but only a semi-quantitative measure of

polydispersity [83].

As it has been observed that lipids adsorb to the gel beads [38],
presaturation of the column with the lipid minimises any effects of
adsorption, thus ensuring high lipid recovery and reproducible elution
profiles. Before adding the liposome prepa'rations to the columns, they were
centrifuged for several minutes to remove very large liposomes that could

clog the column.
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A mechanical fraction collector was often used and the elution of
sample through the column was carried out at a temperature of 4° C.
Turbidity (absorbance at 300 nm) was used as a measure of liposome
concentration in each fraction of 1 or 2 cm3 taken from the column.
Fractions were sometimes pooled, concentrated using an apparatus which
utilised a vacuum to remove the aqueous solution through a membrane, and

rechromatographed.

Sepharose 4B [38,45,46] is suitable for use with liposomes having
a small diameter, but Sephacryl can analyse much larger particles, with
Sephacryl S-1000 [68,83,84] being suitable for size analysis of liposomes

with diameters of up to 250 nm.

Blue Dextran 2000 was eluted through the column and the passage
of the dark blue band noted to ensure that it was packed properly and to
determine the void volume. Blue Dextran 2000 contains some material of
very high molecular weight which is excluded from the column. The leading
peaks of the elution profile, which contain these very large molecules
indicate the void volume. Theoretically, the void volume of the column is
32-36% of the actual volume of the column and the calibration analysis

generally confirmed this estimate.

3.6 31P NMR SPECTROSCOPY

31P NMR can be used to monitor the phospholipid phosphorous
signal intensity to determine the lamellarity of the phospholipid dispersions
[37,43,85,86,87]. Addition of an impermeable paramagnetic or broadening
agent to the external medium will decrease the intensity of the initial 31P
NMR signal by an amount proportional to the fraction of lipid exposed to

the external medium.
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The paramagnetic ion, Mn2+, in the form of a 5 mM MnSO4 (or
MnCl,) solution has been used to "quench" the 31P NMR signal of
phospholipids in the outermost monolayer. Addition of Mn2+ to a LUV
solution should result in a 50% reduction in the signal intensity. A reduction
of more than 50% is expected for SUVs, as the number of phospholipids in
the external monolayer is greater than that found in the internal monolayer,
due to the highly curved nature of the vesicles. MLVs should give residual

signal intensities of greater than 50%.

If the vesicles are leaky to Mn2+ the 31P NMR spectrum of the
same solution obtained several days later will show a further decrease in the

intensity of the signal.

31P NMR spectra were obtained before and after a 5 mM solution

of Mn2+ was added to the vesicle dispersion.
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CHAPTER 4 - CHARACTERISTICS OF
LIPOSOME PREPARATIONS

As emphasised earlier, liposomes prepared for the purpose of this
study must have the following properties:
i) a narrow size distribution and
ii) a relatively large diameter, so as to be capable of sequestering a
sufficiently high number of the probe molecules.
Liposomes prepared by the various methods will, accordingly, be evaluated

by the extent to which they satisfy these primary criteria.

4.1 SONICATION

Typical examples of chromatographic elution profiles, from
Sepharose 4B columns, of liposomes prepared by sonication are shown in
Figs. 4.1 and 4.2, where turbidity at 300 nm is indicative of the presence of
liposomes; details of the conditions of the preparations are provided in the

caption to the figures.

Although the elution profiles do not show the characteristic two
distinct peaks usually reported for such preparations [38,88], they
correspond to the early elution of relatively large, presumably
multilamellar, liposomes in the void volume of the column followed by the
passage of the smaller unilamellar liposomes in the form of a broad peak,
implying considerable polydispersity in size distribution for both

populations of liposomes.
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FIGURE 4.1 : Elution profile from a Sepharose 4B column (50 cmX1 cm).
42 mg of asolectin and 2.5 mg of phenol red (approx. 1 mM) were sonicated for 30 minutes
in 7 cm3 of phosphate buffer, pH 7.5, followed by centrifugation for 30 minutes. 0.5 cm3

of this solution was applied to the column. 5 cm3 was eluted initially and then 2 cm3
aliquots were collected in tubes. In tube 9 the faint pink colour of the solution indicated the

presence of phenol red (diameter of 5 A).
Absorbance values were recorded at 300 nm. (The void volume is eluted by tube 5.)
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FIGURE 4.2 : Elution profile from a Sepharose 4B column (50 cmXx1 cm).

280 mg of asolectin and 2.9 mg of phenol red (approx. 1 mM) were sonicated for 30 minutes
in 7 cm?3 of phosphate buffer, pH 7.5, followed by centrifugation for 30 minutes. 0.25 cm3
of this solution was applied to the column (flow rate : 2 cm3 per 7.5 mins.). 4 cm3 was
eluted initially and then 2 cm3 aliquots were collected in tubes. In tube 10 the faint pink

colour of the solution indicated the presence of phenol red (diameter of 5 A).
Absorbance values were recorded at 300 nm. (The void volume is eluted by tube 5.)
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Some samples were also investigated by light scattering (Appendix
II1, Table II), which confirmed the presence of a broad size distribution
with a standard deviation of the order of 55% about the mean size. The
results obtained reinforce the belief that sonication involves the

inhomogeneous disruption of lipid structures [89].

Lack of reproducibility of the physical properties of sonicated
samples was understandable considering the difficulty involved in

controlling all of the experimental parameters, as discussed in Chapter 3.

It is clear that this particular method of preparation does not
fulfill the first requirement of a narrow size distribution of the liposomes.
In addition, the amount of phenol red included into the aqueous interior of
the liposomes (monitored by measurement of the absorbance at the peak of
the spectrum of the neutral dye at 420 nm) was found to be negligibly small.
As a result, sonication, as a means of preparing liposomes for the purposes
of this work, was considered unsuitable and was not used for further

preparations.

4.2 DETERGENT REMOVAL BY GEL
FILTRATION

Gel chromatography involving the removal of sodium cholate

from mixed lipid/detergent micelles was investigated.

Residual cholate levels in the liposomes formed by gel filtration
were reported by Brunner, et al. [45], to be 2 mole% after Sephadex® G-50
chromatography and by Allen, et al. [62], to be 8 mole% after a single

passage over the same column. A second passage of the liposomes over
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Sephadex® G-50, G-200, Sepharose 4B, or a 12 hour dialysis, reduced
detergent levels to below 1 mole% [45,62].

The elution profile from the Sepharose 4B column after using a
Sephadex® G-50 column to remove the detergent consisted of a single,
relatively symmetrical peak (Fig. 4.3) with almost all the liposomes eluting
in the void volume of the column. Slower flow rates would have improved
the resolving power of the gel-exclusion columns [68], but to minimise
oxidative degradation reasonably fast chromatography is necessary.
Homogeneity of the liposome size may be improved by rechromatography

on the Sephadex® G-50 column, as shown in Figure 4.4.

In some cases an attempt to include phenol red molecules into the
liposomes during preparation was made. Absorption spectra of the eluted
liposomes showing little absorbance at 420 nm, the wavelength indicating
the presence of phenol red, suggest that very only small amounts were

included in the aqueous interior of the liposomes.

One concludes that although the size distribution of liposomes
formed by gel filtration may be sufficiently narrow for the purposes of this
work, the liposomes will entrap only a small percentage of phenol red in
their aqueous interior and thus the resulting preparations would not be
suitable. The low trapping efficiency of such liposomes has been noted
previously [69], with another disadvantage being the two-fold dilution of a

sample each time it passes through a column.
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FIGURE 4.3 : Elution profile from a Sepharose 4B column (50 cmx1 cm).

80 mg of asolectin and 1.3% sodium cholate in 5 cm?3 of phosphate buffer, pH 7.5, were
applied to a Sephadex ® G-50 column and 1 cm?3 of the eluent was applied to the Sepharose
4B column and the resulting liposomes collected in tubes.

Absorbance values were recorded at 300 nm. (The void volume was about 14 cm3.)
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FIGURE 4.4 : Elution profile from a Sephadex ® G-50 column (24 cmx1.5 cm).

56 mg of asolectin, 25 mg of phenol red (ie. 10 mM), and 1.5% sodium cholate in 7 cm? of
phosphate buffer, pH 7.5, were sonicated for 10 minutes and applied to the Sephadex ® G-
50 column. Tubes containing most of the liposomes were concentrated and 1.5 cm3

reapplied to the column. (o-o-o) First chromatography (x—x—x) Second

chromatography
Absorbance values were recorded at 300 nm. (The void volume was about 14 cm3.)
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4.3 DIALYSIS TO REMOVE DETERGENT

Controlled dialysis using the Lipoprep device provided an
efficient method of removing the detergent from mixed lipid/detergent

micelles without diluting the samples.

Extensive light scattering measurements were done on each
preparation of liposomes using different initial molar ratios of lipid to
detergent. The results are summarised in Appendix III, Tables I-VI giving
the mean diameter of the liposomes, together with the total spread of values,
and the Q factor [75,90] or normalised variance about the mean, which is
taken as a measure of the polydispersity of the system. Ideal scatterers, such
as highly homogeneous latex spheres, used in the calibration of light
scattering apparatus, gave Q values of about 0.05 [50]. The liposome
preparations by this method generally had Q values around this value, thus

indicating that they are relatively monodisperse.

In general, dialysing for longer than 10 hours did not significantly
alter the diameter size which is consistent with the formation of liposomes
occurring after a few hours and further dialysis just necessary to remove the

residual detergent.

Data for preparations using sodium cholate as the detergent are
presented in Appendix III, Table II. The asolectin/sodium cholate molar
ratio varied from about 0.2 to 2 in a pH 7.4 buffer, resulting in liposomes
with diameters ranging from 37 nm to 61 nm. This is comparable to egg
PC/sodium cholate molar ratios of 0.2 to 1.15 giving diameters ranging
from 27.4 nm to 40.3 nm [64]. The diameter of liposomes increased with
increasing asolectin/sodium cholate molar ratios in buffers of pH 7.4 (Fig.

5, Appendix III-Table IT), which is also in agreement with Shankland's
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findings [91] that the radius of egg PC/sodium cholate mixed micelles

increases with increasing lipid/detergent ratios.

Results indicate that liposomes prepared by removing sodium
cholate using the Lipoprep are sufficiently monodisperse samples for the
purposes of this work, but the diameters of the liposomes are relatively
small. It is reported [92] that, when using sodium cholate as the detergent,
the resulting liposomes have the largest diameters at pH 6, and their size
decreases as the pH increases. Establishment of a pH gradient requires
liposomes to be formed in acidic buffers, but a lower limit is placed on the
pH of cholate dialysis procedures. As the pKa of cholic acid is pH 5.5, at a
pH of less than 6 non-micellised cholate will precipitate out of the solution
[92,93]. For this reason, and also in an attempt to increase the diameters of
liposomes, n-OG (n-octyl-B-glucoside) was used as the detergent. A
molecular model for the preparation of liposomes by removal of detergent
has been formulated [94] to explain why it is that n-OG produces liposomes

with larger diameters than those formed when using sodium cholate.

Liposomes containing low residual detergent result from the
relatively fast removal of n-OG from phospholipid/detergent solutions; n-
OG has a higher CMC value than sodium cholate (Appendix II). It has been
used as the preferred detergent in many studies [64,65 ,67,69,70,95], since it
was first introduced [64]. Its very high rate of dialysis and a residual
detergent concentration of less than 0.1% in the final liposome preparation
compare favourably to the preparation using cholate with 0.5% to 1.5%
residual detergent [64,70]. Also clear mixed micellar solutions were

obtained more rapidly when n-OG was used.

Data for preparations from phospholipid/n-OG in a phosphate
buffer, pH 7.4, are given in Table III. The asolectin/n-OG molar ratio was

varied from 0.125 to 0.875 resulting in liposomes with diameters ranging
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from 136 nm to 50 nm. Contrary to the trend observed when using sodium
cholate in a neutral buffer, liposomes have diameters which increase with

decreasing asolectin/n-OG molar ratio (Fig. 4.5, Appendix III, Table III).
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FIGURE 4.5 : Diameter of liposomes against molar lipid/detergent ratio for liposomes
prepared using the Lipoprep device. FIGURE 4.5 : Diameter of liposomes against molar
lipid/detergent ratio for liposomes prepared using the Lipoprep device.

(x=x—x) Liposomes prepared with asolectin and 1.4% sodium cholate in phosphate buffer,

pH 7.4, after 10 hours dialysis. (o-o-o) Liposomes prepared with asolectin and 50 mM
n-octylglucoside in phosphate buffer, pH 7.4, with 10 hours dialysis.

Using n-OG as the detergent it was possible to form liposomes in
acidic buffers and the data on asolectin liposomes prepared in buffers of
varying pH are summarised in (Appendix III, Tables III and IV). All
preparations were comparatively monodisperse, but it was difficult to
ascertain any trend in the conditions which affected the diameter of the

resulting liposomes.

Several preparations resulted in liposomes having diameters

around 100 nm, but it was noted that asolectin/n-OG molar ratios below 0.1
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in acidic buffers formed relatively monodisperse populations of liposomes

with diameters larger than 200 nm after slightly longer dialysis.

Dipalmitoylphosphatidylcholine (DPPC) was used in some of the
preparations with DPPC/n-OG molar ratios varying from 0.15 to 0.37, in
buffers at pH 3 (Appendix III, Table V). Relatively polydisperse populations
of liposomes resulted, with diameters ranging from about 115 nm to 260

nm, with most liposomes having diameters greater than 150 nm.

Another class of non-ionic detergents, the N-D-gluco-N-
methylalkanamides (OMEGA, MEGA-9, MEGA-10) are chemical analogues
of n-OG and, as they also possess high CMC values (Appendix II), are
rapidly removed from solutions by dialysis [96]. It is reported that they have
low solubility at low temperatures [97], which could explain why after one
week of standing at room temperature a solution of MEGA-10 with
asolectin in an acidic buffer was still not clear. Attempts to form mixed
micelles using the zwitterionic detergent, CHAPS, in an acidic buffer also
failed to produce a clear solution of mixed micelles after standing for one
week. A reasonably clear solution of asolectin/MEGA-9 mixed micelles was
formed after a normal standing time (of about 1 hour). Asolectin/MEGA-9
molar ratios varying from 0.15 to 0.27 in buffer solution, pH 3.6, resulted
in relatively polydisperse populations of liposomes, with diameters ranging
from about 50 nm to 105 nm (Appendix III, Table VI).

Several of the dialysed preparations had their diameter sizes
redetermined using light scattering some time after their formation and
initial characterisation. Up to 10 days after formation the diameter of the
liposomes had changed by less than 10%. As the diameters usually decreased
or increased only slightly it was evident that the liposomes were sufficiently

large so as not to fuse together, a problem often encountered when storing
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SUVs for longer periods. Polydispersity usually increased slightly after
standing for several days.

For liposomes prepared from the same lipid/detergent molar
ratio, but on different days, the agreement between the measured diameters

was usually within +(10 to 15) nm.

In summary, liposomes formed from asolectin in buffers of
varying pH and using either n-OG or MEGA-9 as the detergent have very
narrow size distributions and also have sufficiently large diameters for

inclusion of probes.

Although controlled dialysis using the Lipoprep ensures that
residual detergent in the preparations is kept to a minimum, the retention of
even a small amount of detergent is unavoidable. Any detergent present in
the bilayer structure is likely to increase the passive permeability and
decrease the stability of the membrane. Given this, it was considered

necessary to consider another form of preparation.

4.4 EXTRUSION

The extrusion technique offers an alternative method of
preparation which does not involve the use of solvents or detergents and

which produces liposomes with a high trapping efficiency.

Populations of LUVs prepared with 2-10 mgem-3 of asolectin in
buffers at pH 3.6 to 7.3 were relatively monodisperse with diameters
ranging from 88 nm to 140 nm, depending upon the buffers used (Appendix
III, Table VII). Up to 13 days after preparation, light scattering

measurements showed a less than 2% change (either increase or decrease) in
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the diameter size compared to measurements done when the liposomes were

initially formed.

Studies performed on liposomes prepared by extrusion produced
typical spectra with "bilayer" line shapes having a high-field peak and a low-
field shoulder. Addition of a paramagnetic cation, Mn2+, broadened the
peak as it quenched the signal of phospholipids that it could approach. A
reduction of approximately 50% of the signal indicated that the majority of

liposomes produced by extrusion were indeed large and unilamellar.

Liposomes prepared from DPPC in a pH 7.3 buffer were more
polydisperse and generally had larger diameters ranging from 130 nm to
174 nm.

Results indicate that extrusion of certain lipid solutions results in
monodisperse populations of LUVs having diameters around 100 nm.
Therefore, these liposomes satisfy the criteria for this study, and have the

added advantage of being free of membrane-perturbing contaminants.
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CHAPTER 5 - STUDIES ON FIELD EFFECTS

As stated earlier, biological membranes are suggested as the
possible site of interaction between non-ionising radiation and biological
systems. It is important to determine whether proteins, phospholipids, or
both are participating in any membrane response to fields by examining
effects on the lipid bilayer in the absence of membrane proteins, on protein

components alone, and on combinations of the two.

The interaction mechanism, although still not known, appears to
involve a change in the permeability of the membranes after exposure to
fields [23]. Research previously undertaken, using both biological
membranes and model systems, suggests that fields interact with membranes
in such a way as to create pores rather than causing complete breakdown

and degradation of the bilayers [23,98].

As an extreme case, exposure of liposomes to electric fields
exceeding 30 kVem-1 has resulted in enhanced permeability of trapped ions
[99,100]. The leakage is attributed to the field-induced transmembrane
potential (in this case, about 200 mV), which allows the passage of ions
through the membrane. This electrical breakdown of the membrane is
completely reversible without any adverse side effects, as long as the

exposure time is not too long or the field intensity is not too high [98].

Microwave fields have also affected the diffusion of ions through
biological membranes [9]. As in the case of exposure to high electric fields,
this enhanced permeability is reversible and transient, so that immediately
following termination of the exposure the diffusion is significantly reduced
and eventually (after about 1 hour) returns to normal. Results found by

Liburdy and Magin [23] also demonstrate that phospholipid liposomes are
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influenced by non-ionising radiation, as they become permeable and release

entrapped drugs when irradiated by microwaves.

This work aims to further investigate the effects of fields on
liposomes consisting only of phospholipids, as this is the first step in

understanding the responses of biological membranes to irradiation.

5.1 PROBES

Radioactive tracer methods have been widely used to monitor
transport of ions across membranes but absorbance and fluorescence
measurements of suitable probes are very sensitive alternative methods. In
this work spectroscopic methods were used to investigate the release of a

number of probes.
5.1.1 Phenol Red [101]

Phenol red, a pH-sensitive dye, is incorporated into liposomes
prepared in a buffer solution, at pH 7. After removal of the unencapsulated
dye from the external medium the suspension of phenol red-containing
liposomes should be a cloudy yellow-orange colour. After application of a
field the pH of the external medium is increased from 7 to 9.4 by adding
NaOH and any dye which has been released undergoes a distinct colour
change to red-purple. The acidic and alkaline forms of phenol red have

absorption maxima at 420 nm and 520 nm, respectively.

As the NaOH is added after the field has been removed there is no
pH gradient across the membrane during its application. This ensures that
changes observed are associated with dye leakage and not with membrane

permeability to H* and OH-.
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Experimental

Phenol red was added to the 5 mM potassium phosphate, 150 mM KCl
buffer (pH 7.4) either before or at the same time as the buffer was added to
the lipid. Solutions of phenol red (0.4 mgcm-3/1 mM or 3.5 mgem-3/10
mM) were prepared with the lipid concentration varying from 6 to 40
mgcm-3. Sonication was carried out as described earlier and the resulting
cloudy yellow-orange coloured solution was applied to a Sephadex G-50
(fine particles; 20 cm X 1.5 cm) column using the phosphate buffer (pH 7.4)
as the eluent. The unencapsulated dye was separated from the phenol red-

containing liposomes eluting in the void volume.

Solutions of 3.5 mgem-3 (10 mM) or 18 mgem-3 (50 mM) phenol
red were also prepared in a 20% sodium cholate solution with 10 mgem-3 of
asolectin. Gel filtration was performed on a Sephadex G-50 (fine particles;
20 cm X 1.5 cm) column to remove the detergent and form liposomes

containing phenol red.

The solution eluted by the columns was collected in 1 or 2 cm3
samples by utilising the fraction collector. A cloudy solution indicated the
presence of liposomes. Absorption spectra of those samples containing
liposomes were recorded at room temperature, using a Varian Cary 219

spectrophotometer.

5.1.2 Tris (2,2'-bipyridyl) ruthenium (II) ion
[Ru(bipy)s 2+]

This system uses the fact that Fe(CN)g 4 quenches the
fluorescence of Ru(bipy)3 2*. Liposomes are prepared with Ru(bipy)3 2+
present in the buffer. During formation it is included into the liposomes and
the unencapsulated complex ions removed by use of gel chromatography.

Ru(bipy)3 2+ has an emission maximum at about 650 nm with an excitation
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wavelength of 453 nm, when liposomes are present. When Fe(CN)g 4- is
added to the solution of liposomes, it is expected that there will be very

little, if any, quenching of the fluorescence signal because of the absence of

Ru(bipy)3 2+ in the external buffer.

A field can then be applied to this system and any perturbation
allowing Ru(bipy)3 2+ to be released from the interior of the liposomes will
be reflected in a decrease in the fluorescence intensity when the complex

ions become exposed to the Fe(CN)g 4-.

Total disruption of the liposomes would lead to the signal being
fully quenched. It would be distinguishable from the formation of pores as

complete release of Ru(bipy)3 2+ into the external buffer via pores is

unlikely and would require a considerable amount of time.
Experimental

Tris (2,2'-bipyridyl) ruthenium (II) chloride hexahydrate
[Ru(bipy)3Cl2.6H20] was added to the 20 mM Hepes buffer (pH 7.3) and
this solution used to dissolve the lipid film. Solutions of Ru(bipy)3 Cl2.6H20
(0.5 mgem-3/0.7 mM) were prepared with a lipid concentration of 10
mgcm-3. The solution was vortexed before carrying out the freeze-thaw
procedure followed by extrusion using the Rapid Extruder. The resulting
yellow-orange coloured solution was applied to a Sephadex G-25 (fine
particles; 20 cm X 1.5 cm) column using the Hepes buffer (pH 7.3) as the
eluent. Liposomes containing Ru(bipy)3 2+ eluted in the void volume, while
the much smaller free ions were retarded by the gel and were eluted several
tubes later. Utilisation of the fraction collector enabled collection of 1 or 2
cm3 samples from the column. The tubes with a distinctive yellow-orange
colour and also opalescence due to the presence of liposomes were used in

further studies. Various amounts of K4Fe(CN)g were added to the cuvettes,
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which were inverted, with parafilm covering the opening, to mix the

contents.

Fluorescence measurements were recorded on a Aminco SPF-500
spectrofluorimeter, with excitation at 453 nm and observation of the
emission maximum at about 650 nm. The cuvette and its contents were kept

at a constant temperature by a circulating water bath.
5.1.3 Fluorescent Amines

Studies [102,103,104] have shown that lipophilic cations and drugs
can be accumulated efficiently into liposomal sysyems in response to
establishing a K+ diffusion potential (inside negative) across the membrane.
Alternatively, some drugs can be loaded into the interior aqueous space for
in vivo drug delivery when the liposomes have a transmembrane pH
gradient (interior acidic) [105]. Trapping efficiencies, drug retention times,
and concentrations of entrapped drugs achieved in this way are superior to

those possible by passive trapping procedures.

In the presence of a pH gradient, fluorescent amines move into the
internal volume of liposomes where their fluorescence intensity may be
quenched [106]. This behaviour allows the ApH across membranes to be
measured. Some fluorescent amines, such as acridine hydrochloride and
quinine, show a pH-dependent shift of their emission maximum [107], which
is also useful in determining the internal pH of liposomes. This method has
been utilised in this work as it involves the use of a much lower probe
concentration than that required by the fluorescence-quenching method, and
therefore should have a less perturbing effect on the natural responses of the

membranes.

When added to a solution of acidic liposomes in a more alkaline

medium, the amine molecule is expected to accumulate in the internal
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aqueous space in its neutral form and become charged as it accepts a proton
from the acidic medium. Any pores created during application of a field
would allow the protonated trapped amine molecules into the excess external
buffer. Thus, any response to the field can be monitored by observing the
fluorescence emission spectrum of the amine. If the field perturbs the
membrane it is expected that there will be a shift of the emission peak
indicating that the amine has moved from an acidic environment to a more

alkaline one.
Experimental

The fluorescent amines chosen as having the desired properties
were acridine hydrochloride and quinine. Liposomes were prepared in the
usual way using sonication, detergent removal employing the Lipoprep
device, and extrusion through the Rapid Extruder. The buffer used to
dissolve the lipid was 20 mM glutamate buffer with pH ranging from 2.5 to
3.5. The resulting acidic liposomes were added to an excess (about 2 cm3) of
20 mM sodium citrate buffer, pH 6, in the cuvette. A small aliquot of
acridine hydrochloride or quinine solution was added and the contents of the
cuvette mixed by covering the opening with Parafilm and gently inverting

the cuvette.

Fluorescence spectra were recorded with a Aminco SPF-500
spectrofluorimeter, using a circulating water bath to keep the temperature

of the solutions in the cuvette constant.

Amine Concentration : To obtain meaningful spectra, the amount
of amine present must give a reasonably intense fluorescence peak, but also
be such that all of it becomes protonated and is thus sequestered in the acidic
interior of the liposomes.

For each system studied, the following calculations were done to determine

the concentration of amine needed in the cuvette.
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The following notation is introduced:

N moleculesdm-3  the number density of phospholipids

r dm the radius of a liposome
R dm the thickness of the bilayer
A dm2 the cross sectional area of a lipid molecule

It is assumed that the liposomes are large and unilamellar so that

the number of phospholipids in the outer and inner layers are equal. The
number density of the liposomes, Ny , is

N, = N/(8TC 12/A) dm-3

and the fraction of the total volume entrapped by the liposomes, f; , is just

N, multiplied by the internal volume of a single liposome,

fy = Ny(470/3)(r-R)3.

Neglecting the concentration of the hydrogen ions in the outer solution (pH
7) relative to that in the entrapped volume, (pH), , and given that the total

volume of the solution is V, the number of moles of entrapped protons,

(nH+)Q ’ is

(ng+) =V f 10-(PH),

and this is also the number of moles of amine molecules which will become

protonated and trapped in the interior of the liposomes.

Generally, a slightly lower concentration of amine than that
calculated was added to each cuvette to ensure that all of it could be trapped

in the acidic interior of the liposomes.
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The following assumptions were made: i) the liposomes are LUVs;
ii) R, bilayer thickness is about 50 A; iii) the cross-sectional area of a
phospholipid molecule is 60 A2; iv) accurate determinations of the diameter
of liposomes were made in light scattering measurements and v) the
concentration of phospholipid in solution is equal to that of the phospholipid
dispersion of MLVs obtained prior to formation of LUVs.

5.1.4 5,6-Carboxyfluorescein

5,6-CF is one of the most commonly used fluorescent markers to
assess the rates of leakage of water-soluble substances from liposomes. Since
the introduction of this simple fluorescent method in 1977 [108], it has been
used in measuring liposome-cell interactions [109,110,111,112] and
liposome stability [111,113,114].

In dilute solutions of 5,6-CF fluorescence is proportional to the
number of dye molecules present, but as the concentration increases above
10 mM the yield per molecule decreases because of the interaction between
the fluorophore molecules. The fluorescence of 5,6-CF is quenched at high
dye concentrations inside the liposomes (about 95% quenching for
concentrations over 100 mM [111]), but increases when the dye is released
and diluted into the external medium. When a field is applied, any
perturbation of the membrane that would cause release of 5,6-CF molecules
may be monitored by an increase of the fluorescence intensity of the

emission peak at 520 nm (with excitation wavelength set at 490 nm).

5,6-CF is considered to be a better choice of probe than its parent
compound, fluorescein, as it is more polar and hence leaks out of the
liposomes more slowly [108]. Therefore the natural leakage of the dye from

the liposomes is less likely to be interpreted as an effect of the application of
a field.
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Experimental

A solution of asolectin (11 mgem-3), 5,6-CF (37 mgem-3) and
sodium cholate (1.3%) was vortexed and then applied to a Sephadex G-50
column (fine particles; 20 cm X 1.5 cm) in order to form liposomes
containing 5,6-CF by gel filtration. The column was equilibrated with lipid
in the 5 mM potassium phosphate, 150 mM KCl solution, at pH 7.5, and this
buffer was also used as the eluent. A second chromatograph of this solution
further separated the liposomes containing 5,6-CF from the free dye and

also removed any residual detergent.

Extrusion was also used as a method of preparation of liposomes
containing 5,6-CF. Asolectin (10 mgcm-3/12.5 mM) and 5,6-CF (7.5
mgem-3/20 mM) were dissolved in a neutral buffer (20 mM Hepes solution,
pH 7.5), and extruded through polycarbonate filters using the Rapid

Extruder and utilising the freeze-thaw procedure.

A Sephadex G-50 (fine particles; 20 cm X 1.5 cm) column was
used as described above to obtain liposomes containing 5,6-CF and no dye in

the external medium.

Fluorescence spectra were recorded on a Aminco SPF-500
spectrofluorimeter, with excitation at 492 nm and observing the emission
maximum at about 520 nm. The cuvette and its contents were kept at a
constant temperature by a circulating water bath. A thermocouple probe has

been used to monitor the temperature.

5.2 FACTORS OF RELEVANCE

Investigation of the effect of fields on model systems for

biological membranes involves the consideration of the following factors.
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Disruption of the Liposomes : Triton X-100, a non-ionic
detergent, is used in this work to disrupt the membranes and release all of
the sequestered solute into the external medium. It is one of the most
effective solubilisers of both biological and artificial membranes and is used

extensively in reconstitution studies.

When small amounts of detergent are added to liposomes some of
it is incorporated into the bilayers without disrupting them. At this stage the
permeability of the liposomes may be affected allowing the release of some
solute from the interior. As the amount of detergent is increased the bilayers
become saturated and additional detergent induces the formation of mixed
detergent/phospholipid micelles [115]. Thus there is a special region, where
the barrier efficiency of the phospholipid membrane is reduced, which
occurs at a far lower concentration than that at which the liposome is
destroyed [116]. Treatment of liposomes with detergent is assumed to free
all of the solute which then partitions into the aqueous phase. Reports
[112,117,118,119,120,121] have indicated that the amount and rate of
release of solute upon addition of detergent is a function of the type of
liposome (that is,whether they are MLV, SUV, or LUV), lipid composition
of the liposome, Triton concentration, and temperature and duration of

detergent incubation.

In general, a solution of Triton X-100 at a low concentration was
added to the liposome suspension, the cuvette shaken and sufficient time

allowed to ensure complete disruption of the liposomes.

Quenching of the Fluorescence by Other Ions : The presence of
some ions can affect the fluorescence observed. For example, quinine is
extremely sensitive to quenching by chloride ions [107], necessitating that

the pH adjustment of buffers was carried out using H2SO4 and NaOH.
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Entrapment of Solutes : Efficiency of entrapment of a solute into
liposomes is dependent upon several factors [122], such as type of liposomes,
lipid composition of liposomes, charge of liposome surfaces, aqueous buffer
strength, and nature of the compound to be entrapped. The solute used
should i) be water-soluble with a low affinity for the lipid bilayer; ii) be
stable during liposome formation; and iii) not react with the polar head

groups of the phospholipids.

Column chromatography, which is necessary to separate liposomes
from non-entrapped solutes, dilutes the sample necessitating a concentration

procedure which utilises a vacuum technique to remove some of the solvent.

Osmotic Gradient : The osmotic gradient across the phospholipid
membrane, which is created with the inclusion of solutes, should be
relatively small and not be a perturbing influence on the system, as the
unilamellar liposomes used have diameters between 30 nm and 200 nm. It is
therefore not necessary to include permeating neutral ions, such as glucose
or urea, which would translocate across the liposome and dissipate any

osmotic gradient [123].

Background Fluorescence : The buffers used throughout showed
no fluorescence except a small peak at about 385 nm, due to the Raman

scattering of water.

A high degree of Rayleigh scatter is associated with suspensions of
large liposomes [35]. To evaluate the extent of this extraneous scatter,
fluorescence measurements involved obtaining spectra for the buffer, the
buffer with the liposome suspension added, and finally, the spectra of the
amine after it was added to the solution of buffer and liposomes. All spectra

have had the emission from the buffer and liposomes subtracted. This
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background fluorescence was kept as low as possible, so as not to interfere

with the fluorescence due to the probe.

Temperature : It is well-established that the liposomal
permeability to aqueous solutes is greatly increased at the thermotropic (gel
to liquid crystalline) phase transition temperature of the relevant lipids used
[124,125,126,127,128]. At this temperature the bilayer changes from a
crystalline solid (gel) phase, with conformationally ordered hydrocarbon
chains, to a liquid (liquid crystalline) phase, with conformationally
disordered hydrocarbon chains. Temperature must be carefully controlled
and monitored during exposure to fields so that any effect observed can be

attributed to the imposition of a field and not just unequal solvent heating.

The pH of a buffer solution is also known to decrease with an

increase in temperature [101].

Proton Permeability : Proton permeability is dependent on the
buffer used [129]. In the presence of sodium acetate there is prompt
equilibration of H* concentration across liposomes, but substantial pH
gradients are maintained with the other buffers, such as phosphate. As
liposome membranes are relatively permeable to chloride [130,131], it is
possible that any chloride in the medium could move with a proton and

discharge the pH gradient.

Apparent proton transfer rates are substantially greater for single

than for multicompartment liposomes.
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5.3 RESULTS

Spectroscopic methods of following the release of a solute from
the interior space of liposomes were investigated using different probes.
Each probe was assessed as to whether it would be useful in observing any

change in permeability of the lipid membranes after application of a field.
5.3.1 Phenol Red

Phenol red was not a useful probe for ascertaining the extent of
inclusion of a water-soluble compound into the aqueous interior of the
liposomes. As mentioned earlier, insufficient amounts of phenol red were
included into liposomes, thus further investigations using phenol red were

not undertaken.
5.3.2 Ru(bipy);2+

Fluorescence measurements on liposomes containing Ru(bipy)3 2+
in a buffer at pH 7.3 resulted in an emission maximum at 650 nm (excitation
wavelength set at 453 nm) [Fig. 5.1 i)]. Addition of the quenching ion,
[Fe(CN)g]4-, gave a peak of the same shape with only a very slight decrease
in intensity, indicating that column chromatography was successful in
removing the Ru(bipy)3 2+ from the external buffer. After addition of the
Triton X-100, there was a considerable decrease in intensity (dependent on
the amount of quenching ion present) and the emission peak also underwent
a hypsochromic shift to about 635 nm [Fig. 5.1 ii)]. Addition of more
quencher caused no shape change but lowered the intensity of the peak [Fig.
5.1 iii)] and confirmed that the decrease of fluorescence intensity was not
only the result of adding Triton X-100 but, in fact, a quenching effect from
exposure of more Ru(bipy)3 2+ molecules to Fe(CN)g*-. As a comparison,
the fluorescence spectrum of free Ru(bipy)s 2t in the buffer at pH 7.3 was

obtained [Fig. 5.1 iv)]. Presence of liposomes did not appear to affect the
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FIGURE 5.1 : Fluorescence intensity against wavelength for the Ru(bipy)s2* quenching
system. Liposomes prepared from 10 mg cm-3 asolectin and 0.7 mM Ru(bipy)3?* in 20 mM
Hepes buffer, pH 7.3, and extruded through 100 nm pore size polycarbonate filters.

(i) (x-x=X) liposomes containing Ru(bipy)32* just after being passed through the column to
remove the free complex ions (ii) (0-0-0) after addition of Triton X-100

(iii) (- & - #) after addition of more quencher, Fe(CN)g*-, to the solution containing Triton
X-100 (iv) (o-o-o) free Ru(bipy)s2* in 20 mM Hepes buffer, pH 7.3
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intensity but did cause a bathochromic shift of the emission peak suggesting
that Ru(bipy)3 2t was associated with the liposome surface. The

fluorescence intensity of free Ru(bipy)3 2+ in buffer was stable for at least

20 hours.

A spectrum was obtained on a preparation immediately after it had
been eluted through a column and consisted therefore of only liposomes
containing Ru(bipy)3 2+ and no ion present in the external buffer [Fig. 5.2
i)]. This solution was then left for four days before the quencher, Fe(CN)e 4-
was added [Fig. 5.2 ii)], resulting in a more noticeable (approximately 20%)
decrease in intensity due to the release of Ru(bipy)3 2+ into the external
buffer. Addition of Triton X-100 and addition of more quencher caused the
expected hypsochromic shift and a large decrease in intensity [Fig. 5.2 iii)
and iv)]. In this case, the emission peak was shifted to 620 nm, which is the
same position as free Ru(bipy)3 2+ in buffer at pH 7.3. It appears that the
older and hence less stable preparations of liposomes are more completely
disrupted and the complex ion is then likely to be totally free in the solution.
Sometimes liposomes are not totally disrupted allowing some association,
which shifts the peak from that of free dye, but usually enough detergent is

added to increase solute permeability and decrease the intensity of the peak.

Standing of the liposomal solutions for up to 1 hour generally
showed little release of Ru(bipy)3 2+ but often after longer periods the
fluorescence intensity of the emission peak had increased. This suggests that
there may be another quenching mechanism which may become ineffective
with time. The slight increase of fluorescence intensity is seen to occur only
in solutions containing liposomes, therefore Ru(bipy)3 2+ may initially be
penetrating into the hydrophobic bilayer structure where its fluorescence is
quenched but later increases as the ion again has contact with an aqueous

environment.
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FIGURE 5.2 : Fluorescence intensity against wavelength for the Ru(bipy)s2* quenching
system. Liposomes prepared from 10 mg cm-3 asolectin and 0.7 mM Ru(bipy)32* in 20 mM
Hepes buffer, pH 7.3, and extruded through 100 nm pore size polycarbonate filters.

(i) (0-0-0) liposomes containing Ru(bipy)32* just after being passed through the column to
remove the free complex ions (ii) (X-x-x) after leaving the liposomes containing
Ru(bipy)s2t for 4 days and then adding quencher, Fe(CN)g*", to the solution

(iii) (#- - ) after addition of Triton X-100 (iv) (o-oO-0) after addition of more quencher,
Fe(CN)g4, to the solution already containing Triton X-100
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Preliminary experiments involving exposure of liposomes
containing Ru(bipy)3 2+ to microwave fields were inconclusive. Exposure
of these liposomes, with quencher present in the external buffer, to fields of
73 uW (at a distance of 40 cm) caused little change to the fluorescence
intensity. Spectra of test sample and control solutions were almost identical
up to 24 hours after exposure. After this time a second exposure to the field
caused a larger decrease in the intensity of the emission peak of the exposed
sample relative to that which occurred for the control. Both the sample and
the control showed an increase in fluorescence intensity after solutions were
left standing overnight and the position of the peaks indicated some
association of Ru(bipy)3 2+ to the liposomes, which complicates
interpretation of the results. Further studies are required to determine the
locations of the fluorescent probe and the quencher in the system and the
effects of lipids, quencher, detergent, temperature, and other parameters on
the fluorescence intensity of Ru(bipy)3 2+. Any intrinsic quenching or
enhancement of the intensity must be fully understood, before any
meaningful conclusions can be made from the effects of fields on this
system. As association of Ru(bipy)3 2+ to the phospholipids in the bilayer
also occurs this probe was considered unsuitable for further field effect

studies.
5.3.3 Acridine Hydrochloride

The effect of pH on the fluorescence emission spectrum of
acridine hydrochloride is shown in Fig. 5.3. When the excitation wavelength
is set at 350 nm, an acidic peak occurs at 475 nm and an alkaline peak at 425

nm, while a peak at 450 nm is dominant at about pH 6.
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FIGURE 5.3 : Effect of pH on the fluorescence emission spectrum of acridine

hydrochloride.
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0.05 cm3 of 2x104 M acridine hydrochloride was added to 2 cm3 of 20 mM citrate buffer,
pH 6.17. The emission spectra were recorded with the excitation wavelength set at 347 nm.

Small aliquots of concentrated NaOH and HCI were added obtain several different pH

values.

(#-¢-4)pH 3.17 (0-0-0) pH 5.64 (x-x-x) pH 6.17 (o-o-o) pH 8.04
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When acridine hydrochloride solution was added to acidic
liposome suspensions in excess neutral buffers the fluorescence emission
spectrum had a peak at about 430 nm [Fig. 5.4 i)], indicating that the
acridine hydrochloride experienced only the more alkaline environment of
the external buffer and very little, if any, was included into the acidic
interior. All liposome samples behaved in this way whether they had been
prepared by extrusion or had been dialysed, using the Lipoprep device to

remove detergent.

Column chromatography of an acidic liposome sample in excess
alkaline buffer after acridine hydrochloride was added halved the intensity
of the alkaline emission peak at about 430 nm [Fig. 5.4 ii)], and a second
chromatography resulted in a spectrum due entirely to the fluorescence of

the liposome suspension [Fig. 5.4 1ii)].

Alternatively, when the liposome preparation was added to the
acridine hydrochloride solution (pH 6.22) [Fig. 5.5], some of the molecules
seem to be experiencing an acidic environment. It should be noted that the
pH of the bulk solution is lower than in Figure 5.4 and therefore the acidic
nature of the fluorescence could reflect this fact. The decrease in intensity
suggested that perhaps some molecules were incorporating into the bilayer
and not contributing to the emission intensity. This is consistent with reports
[132,133] that a related compound, 9-amino-acridine, binds to liposomes,
which complicates interpretation of the fluorescence spectra of acridine

derivatives.

Fluorescence emission peaks of acridine hydrochloride are
quenched by addition of Triton X-100 [Fig. 5.6]. Ethanol and NH4Cl also
cannot be used to equilibrate the pH gradient across the membrane as the
former changes the pH of the solution while the latter causes quenching.

There is, in fact, considering the above mentioned results, some doubt as to
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passages of solutions of liposomes and acridine hydrochloride solution through a Sephadex

G-25 column (using a neutral buffer as eluting solution).

Liposomes prepared from 5 mg cm3 DPPC in glutamate buffer, pH 3.6, and extruded

through 100 nm pore size polycarbonate filters.

(i) (o-o-n) liposomes and acridine hydrochloride solution added to a Hepes buffer, pH 7.5

(i1) (x=-x-x) after one passage through the Sephadex G-25 column (iii) (0-0-0) after second

passage through the Sephadex G-25 column
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FIGURE 5.5 : Fluorescence emission spectra of acridine hydrochloride with and without the

liposome preparation.

Liposomes prepared from 2 mg cm-3 asolectin in glutamate buffer, pH 4.82, and extruded

through 100 nm pore size polycarbonate filters.

(i) (o-o-n) acridine hydrochloride solution in Hepes buffer, pH 6.22

(ii) (0-0-0) after addition of liposome preparation
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FIGURE 5.6 : Effect of Triton X-100 on the fluorescence emission spectrum of acridine
hydrochloride. Emission spectra were recorded with the excitation wavelength set at 350

nm.

(i) (x-x=x) 0.05 cm3 of 2x10~4 M acridine hydrochloride solution in 2 cm?3 of Hepes

buffer, pH 7.5

(ii) (0-0-0) after addition of a small amount of concentrated Triton X-100 to cuvette and

shaking the solution
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whether a pH gradient even exists when the acridine hydrochloride is

initially added to the acidic liposomes in an excess of more alkaline buffer.

Due to the above problems with acridine hydrochloride further
investigation of the fluorescent amine technique necessitated use of another

probe.
5.3.4 Quinine

The effect of pH on the fluorescence emission spectrum of quinine
has been determined [107] and [Fig. 5.7] shows the spectra of quinine in
both buffers used throughout these experiments. In an acidic environment
quinine has an emission peak at about 450 nm (excitation wavelength set at
340/345 nm), while in a more alkaline environment its emission peak is at
about 380 nm (excitation wavelength set at 340 nm) and has a lower

quantum Yyield.

When quinine was added to a solution of liposomes prepared in an
acidic buffer and then diluted with an excess of more alkaline buffer the
emission peak occurred at about 450 nm [Fig. 5.8 i)] indicating that quinine
had responded to the pH gradient and was sequestered in the acidic interior

of the liposomes.

Self-quenching often occurred, where the properties of the
liposomes, the concentration of the probe and the length of time involved all
influenced the extent of decrease in the intensity of the peak. It is possible
that the internal concentration of the probe may reach such a level that
energy transfer between the molecules may cause a decrease in the quantum
yield. This phenomenon has been observed previously [134] and an extreme
case is illustrated by [Fig. 5.8 ii)]. Once the liposomes were disrupted by
addition of Triton X-100, quinine was released into the external buffer and

the emission peak was at 390 nm [Fig. 5.8 iii)], indicating that quinine was
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FIGURE 5.7 : Effect of pH on the fluorescence emission spectrum of quinine
hydrochloride. Emission spectra were recorded with the excitation wavelength set at 347
nm. The background intensity due to the buffer was subtracted from the spectra.

(i) (x=-x-x) 0.1 cm3 of 25 UM quinine was added to 2 cm3 of 20 mM citrate buffer, pH 6.0

(ii) (0-0-0) 0.1 cm?3 of 25 UM quinine was added to 2 cm3 of 20 mM glutamate buffer, pH
3.55
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FIGURE 5.8 : Emission spectra were recorded with the excitation wavelength set at 347 nm.
The liposomes used were prepared from solutions with asolectin/MEGA-9 molar ratios of
0.15 and 0.24 in 20 mM glutamate buffer, pH 3.6, after at least 17 hours dialysis using the
Lipoprep device.

The background intensity due to the buffer was subtracted from the spectra.

(i) (x-x-X) after addition of quinine to acidic liposomes in alkaline buffer
(ii) (0-0-0) self-quenching of acidic peak after solution left standing for 1 hour

(iii) (o-o-n) after addition of Triton X-100 and standing for 2 hours before recording
spectrum
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experiencing an alkaline environment. Triton X-100 had no effect on the
intensity of fluorescence emission of quinine over the wavelengths used and

did not alter the pH of the solutions.

Addition of more quinine to a solution of acidic liposomes in a
more alkaline buffer already showing quinine to be in an acidic environment
resulted in two observations: i) a decrease in the intensity of the peak at
about 450 nm and a concomitant increase in the alkaline peak at about 390
nm; or ii) a large increase in the acidic peak incorporating a small increase
in the alkaline environment. The former case corresponds to liposomes
already containing a large amount of quinine where self-quenching occurs if
more quinine is added to the interior and excess quinine remains in the
external buffer, while the latter occurs when liposomes are able to

accommodate more quinine molecules in their interior.

While some liposomes prepared using the Lipoprep device showed
that quinine added to acidic liposomes in an excess of a more alkaline buffer
remained in an acidic environment for about 4 hours with little self-
quenching, this was not common. Usually much less time (as little as 15
minutes) elapsed before quinine started to experience a more alkaline
environment and the spectra showed emission at 390 nm and very little, if

any, at 450 nm.

Equilibrating acidic liposomes in an excess of a more alkaline
buffer and then adding quinine resulted in a peak at about 385 nm, similar
to that obtained when quinine was added to the more alkaline buffer at the
same time as the liposomes and left to stand for the same equilibration time
(Fig. 5.9]. Thus it appears to be pH equilibration across the membrane that

causes this phenomenon.
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FIGURE 5.9 : Emission spectra were recorded with the excitation wavelength set at 347
nm. The background intensity due to the buffer was subtracted from the spectra.

(i) (o-o-n) after addition of quinine to a solution of acidic liposomes in an excess of a

more alkaline buffer
(i) (x-%x-x) the solution after it has been standing for 3 hours
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(iii) (0-0-0) acidic liposomes added to an excess of a more basic buffer and left for 3 hours

after which time quinine was added (using a different sample of the same preparation)
[Liposomes prepared by adding 11.5 mM asolectin and 45.6 mM MEGA-9 (ie.
asolectin/MEGA-9 ratio of 0.25) in 20 mM glutamate buffer, pH 3.55, to the Lipoprep

device and dialysing for 36 hours.]
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Values determined for the permeability of H*/OH- through the
bilayer membranes of liposomes (where bilayer thickness assumed to be 5
nm range from 10-3 cm s-1 to 10-9 cm s-1 (that is, 104 nm s-1 to 10-2 nm s°1)
[135,136,137,138]. Differing permeability values probably resulted from
minor impurities such as residual solvent or detergent remaining in the

membranes after preparation.

Liposomes prepared only one or two days before measurements
were performed were more likely to hold a pH gradient (inside acidic) for a

reasonable length of time.

While very little detergent is expected to remain in the liposomes
prepared by detergent dialysis using the Lipoprep device, it could be
sufficient to modify the permeability properties of the phospholipid bilayers
[117,118].

Experiments using extruded liposomes were carried out for
comparison and showed that quinine only experienced an alkaline
environment and was not moving into the acidic interior of the liposomes.
The only concession to this behaviour was the observation of a broad peak
showing emission in both alkaline and acidic environments which, after a
short time, reverted to a larger peak at 380 nm [Fig. 5.10]. Additional
aliquots of quinine just increased the intensity of the peak at the lower

wavelength.

Liposomes were also prepared in acidic buffers containing quinine
and colﬁmn chromatography used to remove the quinine from the external
buffer. These samples behaved similarly to those prepared without quinine,
with the spectra usually showing some emission around 450 nm which

disappears after a short time leaving only a peak at about 380 nm.
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FIGURE 5.10 : Fluorescence emission spectra of quinine with LUVETSs.

Liposomes prepared from 2.5 mg cm-3 of asolectin in 20 mM glutamate buffer, pH 3.6,
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using the Rapid Extruder. These acidic liposomes were added to an excess of 20 mM Hepes

buffer at pH 7.5.

Spectra were recorded with the excitation wavelength set at 347 nm. The background

intensity due to the buffer was subtracted from the spectra.
(i) (o-o-o) after addition of 0.1 cm3 of 2.5x10-5 M quinine solution

(ii) (0~0-0) after allowing solution to stand for 30 minutes at room temperature
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In spite of the above problems with interpreting the resulting
spectra it was still considered worthwhile investigating the effects of an
applied field. Preliminary tests were carried out using those liposomes,
prepared by detergent removal, that exhibited stable pH gradients over a
reasonable time. Control and test samples were taken from the same
preparation and their spectra analysed together. Most samples exposed to
radiofrequency radiation exhibited a larger decrease in the emission around
450 nm and a larger increase in that around 390 nm than that observed for

the control samples [Fig. 5.11].

The temperature of the solution in the cuvette was monitored
using a thermocouple. During exposure, the temperature of the solution
changed from 23° C to about 45° C returning to about 27° C as soon as the
field was removed. Mixing the solution by bubbling gas through it or using
a Teflon magnetic stirrer would have minimised this temperature excursion.
As asolectin was the lipid involved, all temperatures were above the phase
transition temperature of -(10°-15°) C and, therefore less likely to affect the

permeability of the bilayer structure.

Light scattering measurements were carried out at all stages of the
exposure experiments. Application of a radiofrequency field caused no
noticeable change in the diameter size of the liposomes but did seem to be
consistent with an increase in the polydispersity of the solutions. This
suggests that release of the solute occurs via the formation of pores rather

than complete disruption.

Addition of Triton X-100 immediately caused an increase in the
permeability of liposomes but light scattering measurements showed little
change in the diameter size, as extra time was needed to break down and
completely disrupt the liposomal structures. An equilibration time of about

30 minutes (depending on the amount added and the system involved)
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FIGURE 5.11 : Effect of radiofrequency radiation on the fluorescence emission spectrum of
quinine which has been included into liposomes.

Liposomes prepared by adding 12.1 mM asolectin amd 51 mM MEGA-9 (ie. lipid/detergent
molar ratio of 0.24) in 20 mM glutamate buffer, pH 3.62, to the Lipoprep device and
dialysing for 17 hours.

Emission spectra were recorded with the excitation wavelength set at 347 nm. The
background intensity due to the buffer and liposomes was subtracted from the spectra.

(a) Control sample : (x-Xx-Xx) after addition of quinine to acidic liposomes in excess alkaline
buffer (0-0-0) after solution left standing for 1 hour at room temperature

(o-o-n) after solution left standing for 90 more minutes

(b) Test sample : (x-x-X) after addition of quinine to acidic liposomes in excess alkaline
buffer (o-0-0) after solution left standing for 1 hour at room temperature

(o-o-n) after solutionexposed to radiofrequency radiation for 90 minutes
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changed monodisperse solutions of LUVs into very polydisperse solutions of

much smaller dimensions (approximately 20 nm diameter).

Quinine and its isomer, quinidine, have been shown [139] to have
a fluidising effect on the bilayer membrane of sonicated PC liposomes,
which increases the release of drugs trapped in their aqueous interiors. It
was found that 5 mM quinine was sufficient to substantially increase the
release of the drugs, even when the liposomes were above Tm , the phase
transition temperature, of PC. This need not be a concern in this work, as
the concentrations of quinine used are much lower and thus less likely to

have a perturbing effect on the membrane.
5.3.5 5,6-Carboxyfluorescein

Insufficient amounts of 5,6-CF were trapped in the aqueous
interior of liposomes prepared from lipid/detergent mixed micelles after
elution through Sephadex G-50 columns. However, extrusion of solutions
containing lipids and 5,6-CF in neutral buffers resulted in very
monodisperse populations of LUVs (diameter size about 120 nm).
Concentrations of up to 20 mM 5,6-CF were possible in the interior of the
liposomes and column chromatography (using Sephadex G-50 columns)

removed the dye from the external buffer.

Preliminary experiments showed that this system would allow
unambiguous results to be obtained on whether or not the application of
fields would perturb the membrane sufficiently to allow the release of 5,6-
CF. The advantage of this system is that it has been used extensively to
measure the stability of liposomes, therefore its behaviour is well

characterised.
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5.4 CONCLUSIONS

Interest in the effects of electromagnetic fields on human health is
increasing and many studies have been undertaken recently which investigate
the link between exposure and illnesses, such as depression [140,141,142],
fetal death [143,144] and childhood cancer [145]. Other publications address
the general hazards [146] and mechanisms [147,148] of the fields. There is a
recognised need for more quality epidemiological studies, but the problem is
what to study - should it be maximum field strengths, changes in field
strengths, average exposure, electric and/or magnetic fields, specific

combinations of frequency and intensity of fields or induced currents?

Reba Goodman of Columbia University and Ann Henderson of the
City University of New York have undertaken preliminary (but reproducible)
tests which indicate that electromagnetic fields indirectly stimulate genes and
thereby alter the proteins cells produce [149]. A field of 60 Hertz (no
stronger than that produced near many domestic appliances) was found to be
a strong promoter of gene transcription, and 45 Hertz had even greater
effect. With more experiments of this type, involving biomembranes and also
characterised model membranes, more relevant epidemiological studies can
be designed and our knowledge of the effects of electromagnetic fields will be

increased.

Further studies carried out at Chalmers University using the
liposomes prepared and characterised by the method presented here [150]
have given conclusive evidence that the permeability of liposomes has indeed
been affected after exposure to a field. Extrusion was used as the method of
preparation in order to ensure that factors such as residual detergent or
organic solvent would not affect the stability and properties of the

liposomes.
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The lipid used was PC (phosphatidylcholine) and light scattering
was used to determine that the liposomes had an average diameter of 18510
nm. The method of preparing the liposomes, with the fluorescent dye (5,6-
CF) trapped in the aqueous interior but absent in the external buffer, was as

described earlier in this work.

Control samples were heated to a temperature higher than that
reached by the irradiated samples as a result of the absorption of microwave
irradiation, with optical fibres used to monitor the temperature of the
solutions. Exposure of the liposomes to microwave fields took place above
the phase transition of PC, eliminating thermal effects as a possible cause of

the increase in the permeability of membranes.

Therefore the model system presented and characterised here is
suitable for investigating the effects of electromagnetic fields and

continuation of this study using different fields is desirable.
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APPENDIX I - Lipids Used

Asolectin was the most commonly used lipid. It was obtained
commercially as a soybean product and purified [51]. The composition of
asolectin is reported to be 28% phosphatidylcholine, 25.6%
phosphatidylethanolamine, 14.4% phosphatidylinositol, 8.8%
lysophosphatidylcholine, 6.7% cardiolipin, 3.7%
lysophosphatidylethanolamine, 3.6% lysophosphatidylinositol, 3%
phosphatidylglycerol, 2.9% phosphatidylserine, and 3.3% unidentiﬁed
phospholipids [52]. Molecular weight of asolectin is assumed to be 800
gmol-1. The phase transition temperature was taken to be similar to egg
yolk lecithin, that is, -10° to -15° C.

DL-o-Dipalmitoylphosphatidylcholine (DPPC) was obtained from
Sigma Chemical Co. and was 99% pure. The phase transition of DPPC is
determined, by fourier transform infrared spectroscopy, to occur at 41.5°

C, with a pretransition range from 36° C to 38° C [53].

Both lipids used were stored as solids at -15° C under an

atmosphere of nitrogen.
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Critical Micelle Concentrations (CMC) for the various detergents

used in the preparation of liposomes.

DETERGENTS CRITICAL MICELLE REFERENCE
CONCENTRATION
n-octylglucoside 25 mM in H20, at 25° C 151
(NaCl lowers the CMC)
(17.4 - 25) mM, in solutions 152
of varying ionic strength
sodium cholate 3 mM in 0.15 M NaCl, 152
pH7-9
MEGA 8 60 mM, at 25° C 153
MEGA 9 25 mM 97
MEGA 10 7 mM 97
CHAPS 4 mM, at 25° C 153
Triton X-100 0.2 mM, at 25° C 153
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APPENDIX III - Light Scattering Results

The following tables summarise the results of the light-scattering
measurements on liposome preparations in the form of two quantities :
i) the mean liposome diameter size (in nm), and
ii) the degree of polydispersity given as the normalised variance of liposome

diameter about the mean.

For both quantities the values given represent the results of
several separate determinations (typically 4) on a given sample, where the

range indicates the total spread of values measured.

When the Q factor (ie. the polydispersity factor) was not much
larger than 0.05 (ie. considered homogeneous) this was also consistent with
good agreement between values for diameter calculated at all scattering
angles ie. 90°, 60° and 45°. Therefore, even at lower angles where larger
structures tend to be overemphasised, approximately the same value was

determined for the same sample.



APPENDIX III

TABLE 1 : The results of light scattering measurements are shown. All liposomes were prepared

with asolectin as the lipid (at a concentration of 12.5 mM), and the sonication time was 20 minutes. Concentrations of

asolectin solutions were calculated assuming that the M.W. of asolectin is 800 gmol-1.

NO. OF DAYS BUFFER SCATTERING DIAMETER SIZE| POLYDISPERSITY
AFTER ANGLE (NM) FACTOR
PREPARATION
2 20 mM glutamate 90° 88+4 0.27£0.03
buffer, pH 2.49 60° 9515 0.40+0.1
12 20 mM glutamate 90° 8613 0.30%0.1
buffer, pH 2.49 60° 9615 0.35x0.05
6 20 mM glutamate 90° 6514 0.23%0.03
buffer, pH 6 60° 7715 0.35+0.05

LL



TABLE II : Liposomes prepared using the Lipoprep to remove the detergent. All preparations were made from

mixed

micellar solutions of asolectin with 32.5 mM sodium cholate in 5 mM potassium phosphate/150 mM KCl buffer,

at pH 7.4.

NO. OF DAYS
AFTER
PREPARATION

CONC. OF
ASOLECTIN
(mM)

NDNNDNDDNDN NNDNDDNDN

Wwwww

12.5
12.5
12.5
12.5
12.5

6.25
6.25
12.5
25
25

12.5
43.75
43.75
62.5
62.5

MOLAR
LIPID/DETERGENT
RATIO

.38
.38
.38
.38
.38

oNeNoNoNe)

.19
.19
.38
17
77

OO O OO0

.38
.35
.35
.92
.92

PP RPO

DIALYSIS
TIME
(Hours)

DIAMETER
SIZE
(NM)

POLYDISPER-
SITY FACTOR

5442
4512
38%2
4412
4712

37+1
4012
40%2
4312
4412

40%2
512
50%2
612
59%2

.05%0.02
.05%0.03
.07£0.02
.081+0.01
.15%£0.03

OO O OO

.05x0.02
.06x0.02
.05%0.02
.05%+0.02
.06x0.02

OO OO O

.06£0.03
.052£0.03
.07x0.02
.07%0.02
.07+£0.02

OO O OO

8L



TABLE III : Liposomes prepared using the Lipoprep to remove the detergent. All preparations made from mixed

micellar solutions of asolectin and n-OG.

NO. OF DAYS

CONC. CONC. MOLAR BUFFER DIALYSIS |DIAMETER SIZE| POLYDISPERSITY

AFTER OF ASO- OF LIPID- SOLUTION TIME (NM) FACTOR

PREPAR- LECTIN n-0G DETERGENT (Hours)

ATION (mM) RATIO
2 12.5 50 0.25 5 mM 10 9043 0.07+0.02
3 12.5 50 0.25 phosphate 27.5 8712 0.04%0.02
3 25 50 0.5 /150 mM KC1 10 5942 0.0440.03
3 43.75 50 0.88 buffer 10 4613 0.06+0.03
3 43.75 50 0.88 pPH 8.2 27.5 4643 0.06%0.03
1 6.25 50 0.13 5 mM 10 136%4 0.06%0.02
1 6.25 50 0.13 phosphate 25 1426 0.0740.02
1 12.5 50 0.25 /150 mM KC1 10 9043 0.0740.02
1 25 50 0.5 buffer 10 5912 0.0540.02
1 43.75 50 0.88 pH 8.2 10 50+3 0.07+0.02
2 6.25 50 0.13 20 mM 10 5543 0.06+0.03
2 6.25 50 0.13 glutamate 22 53%2 0.06+0.02
2 12.5 50 0.25 buffer, 10 5613 0.0740.02
2 12.5 50 0.25 pH 5.0 22 58%2 0.06%0.02
2 25 50 0.5 10 53+2 0.05+0.03
3 6.25 50 0.13 20 mM 10 4213 0.0740.03
3 6.25 50 0.13 glutamate 21 43+3 0.0740.03
3 12.5 50 0.25 buffer, 10 56x3 0.05+0.03
3 12.5 50 0.25 pH 3.5 21 5343 0.0740.03
3 25 50 0.5 10 5213 0.0740.03

6L



TABLE IV : Liposomes prepared using the Lipoprep to remove the detergent. All preparations made from mixed
micellar solutions of asolectin and n-OG in 20 mM glutamate buffer, pH 2.5.

NO. OF DAYS| CONC. OF CONC. MOLAR DIALYSIS | DIAMETER SIZE| POLYDISPERSITY
AFTER ASOLECTIN OF LIPID- TIME (NM) FACTOR
PREPAR- (mM) n—-0G DETERGENT (Hours)
ATION RATIO
2 12.5 50 0.25 10 6212 0.06+0.04
2 1295 50 0.25 22 6242 0.06+0.02
2 25 50 0.5 10 9013 0.07+0.02
2 25 50 0.5 22 5613 0.06+0.02
2 43.75 50 0.88 10 8218 0.45+0.05
10 12.5 50 0.25 10 63+1 0.06+0.03
10 12.5 50 0.25 22 5543 0.07+0.02
1 6.25 50 0.13 10 5542 0.09+0.02
1 12.5 50 0.25 10 5242 0.0540.03
1 25 50 0.5 10 5343 0.05+0.02
1 12.5 25 0.5 10 55+3 0.05%0.02
1 6.25 37.5 0.17 10 5213 0.05+0.02
9 12.5 50 0.25 10 5812 0.06+0.03
3 6.25 50 0.13 10 5313 0.07+0.02
3 12.5 50 0.25 10 6312 0.05+0.02
3 12.5 50 0.25 25 6212 0.06+0.02
3 25 50 0.5 10 10216 0.08+0.04
3 25 50 0.5 25 11613 0.12+0.05
1 11.4 141.8 0.08 10 25018 0.10%0.04
2 11.4 141.8 0.08 34 24045 0.12+0.04
1 11.4 120 0.095 10 208t2 0.104+0.04
1 11.4 120 0.095 17 23343 0.07+0.04
2 11.4 120 0.095 34 20615 0.08+0.03
7 11.4 120 0.095 34 1822 0.09+0.02

08



TABLE V : Liposomes prepared using the Lipoprep to remove the detergent. All preparations made from mixed

micellar solutions of DPPC and n-OG.

NO. OF
DAYS
AFTER
PREPAR-
ATION

DN N DN DN

N NN DN DN

CONC. CONC. MOLAR BUFFER DIALYSIS DIAMETER POLYDISPER-
OF OF LIPID- TIME SIZE SITY FACTOR
DPPC n-0G DETERGENT (Hours) (NM)
(mM) RATIO
13.62 68.11 0.20 20 mM 8 16317 0.15%0.1
13.62 68.11 0.20 glutamate 10 185£10 0.16%0.1
13.62 68.11 0.20 buffer, 21 11518 0.14%+0.03
13.62 90 0.15 pPH 2.5 10 165%10 0.14%0.05
13.62 90 0.15 21 16416 0.12+0.05
2T 2 72.8 0.37 20 mM 10 252110 0.15%0.1
27.2 72.8 0.37 glutamate 25 210%5 0.08%+0.02
27.2 111.2 0.25 buffer, 10 26018 0.15%0.1
27.2 111.2 0.25 pH 3.5 20 210%4 0.0810.04
27.2 111.2 0.25 25 205%4 0.07+0.03

I8



TABLE VI : Liposomes prepared using the Lipoprep to remove the detergent. All preparations made from mixed

micellar solutions of asolectin with MEGA-9, in 20 mM glutamate buffer, pH 3.62.

NO. OF
DAYS
AFTER
PREPAR-
ATION

B D b wWwwk wkEk

NNEDNDPRP

CONC. OF CONC. MOLAR
ASO- OF LIPID-
LECTIN MEGA-9 DETERGENT
(mM) RATIO
11.5 45.6 0.25
11.5 45.6 0.25
11.5 69.8 0.16
11.5 69.8 0.16
11.5 69.8 0.16
12.1 80.5 0.15
12.1 80.5 0.15
12.1 51 0.24
12.1 51 0.24
12.1 51 0.24
12 44.5 0.27
12 44.5 0.27
12 54.7 0.22
12 54.7 0.22
12 54.7 0.22

DIALYSIS
TIME
(Hours)

10
36
10
36
44

23
44
17
23
44

22
48
22
48
48

DIAMETER
SIZE
(NM)

542
57+1
50110
52%2
55%5

5818
6016
8816
9816
104t6

5414
58%2
6814
64%3
6814

POLYDISPER-
SITY FACTOR

.07£0.03
.06£0.03
.20%x0.15
.14%0.04
.12+0.04

OO O OO

.12%0.05
.20%0.05
.1710.06
.15%0.04
.1710.05

OO O OO

.08%0.03
.0910.03
.07+£0.03
.08%+0.03
.08%£0.02

OO O OO
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TABLE VII : Liposomes prepared by extrusion, using the Rapid Extruder.

NO. OF DAYS LIPID CONC. BUFFER NO OF NO. OF DIAMETER | POLYDISPER-
AFTER OF FREEZE/TH |EXTRUSION SIZE SITY FACTOR
PREPARATION LIPID AW S (NM)
CYCLES
0 asolectin 2.5 1 7 10 9142 0.06x0.02
2 i " " " " 90%3 0.05%x0.03
3 " " " i i 8842 0.06+0.03
1 asolectin 2.5 2 8 8 115%3 0.06x0.02
0 asolectin 2.5 3 9 BEFORE 22515 0.15%0.1
" " " " " 10 126%3 0.05+0.02
0 asolectin 2.5 4 10 BEFORE 268x8 0.144+0.05
N " " n " 10 124+4 0.06%0.03
13 " " " " N 12244 0.07+0.01
1 asolectin 2.5 4+quinine 10 BEFORE 24418 0.12+0.03
N i ) u N 10 119+2 0.06x0.02
N L n " " AFTER 11742 0.06%x0.02
ELUTION
0 asolectin 2.5 4+quinine 10 BEFORE 241t4 0.16%x0.02
N b g N " 10 1202 0.05+0.03

£8



TABLE VII : [CONT.]

NO. OF DAYS LIPID CONC. BUFFER NO OF NO. OF DIAMETER | POLYDISPER-
AFTER OF FREEZE/THAW | EXTRUSIONS SIZE SITY FACTOR
PREPARATION LIPID CYCLES (NM)
asolectin 2.5 10 BEFORE 280x40 0.13%0.02
g " N i i 10 12142 0.06+0.02
0 asolectin 2.5 5 10 10 114%3 0.06+0.02
6 asolectin 2.5 6 10 10 141+2 0.06%x0.02
1 asolectin 12.5(74Ru (bipy) 32t 10 10 111£2 0.05%£0.02
11 i n " " . 111+1 0.04%+0.02
2 DPPC 12.5| 74Ru (bipy) 321 10 10 174410 0.15%0.04
" . . " Ul AFTER 14043 0.12+0.02
" ELUTION
4 asolectin 12.5 7+5, 6—CF 10 10 1232 0.07%x0.02

v8



TABLE VII : [CONT.]

Buffer 1: 20 mM glutamate buffer, pH 3.63.

Buffer 2: 175 mM glutamate buffer + 75 mM KOH, pH 5.19.
Buffer 3: 85 mM glutamate buffer + 40 mM NaOH, pH 3.6.
Buffer 4: 33 mM glutamate buffer + 3 mM KOH, pH 3.64.
Buffer 5: 175 mM glutamate buffer + 150 mM KOH, pH 4.8.
Buffer 6: 50 mM glutamate buffer + 30 mM KOH, pH 4.4.
Buffer 7: 20 mM Hepes buffer, pH 7.3.

NOTE : Concentration of quinine solution added before preparation was 5 uM.
Concentration of acridine hydrochloride solution added before preparation was 0.5 mM.
Concentration of Ru(bipy)32+ solution added before preparation was 0.7 mM.
Concentration of 5,6-CF solution added before preparation was 20 mM.

S8
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CHAPTER 6 - INTRODUCTION

Historically, it was Overton who was the first to associate lipids
with the cellular membrane when he found that lipids or lipid-like
substances readily diffused across the membranes [1]. The plasma membrane
model proposed by Davson-Danielli [2,3] was based on the results of
independent experiments done by Fricke [4] and Gorter and Grendel in the
1920s [5]. This bimolecular lipid leaflet model was later modified by

Robertson [6], and is still subject to discussion.

It was recognised that studies of basic, well-defined "synthetic
bilayer systems" could provide relatively simple models for the physical
chemical characterisations of natural membranes. Early attempts to generate
such a lipid bilayer membrane system were made [7,8,9], but it was not until
the early 1960s that Mueller, et al. [10] first reported the formation of
membranous structures, from lipids and proteolipids of bovine brain, and
suggested the probable structure of a bimolecular lipid membrane in
aqueous solution. It has been assumed that bilayer lipid membranes adopt the
'neat’ smectic mesomorphic form. The polar headgroups face outward in
contact with the aqueous solution and the non-polar hydrocarbon chains are
assumed to be in a liquid state. Lipids and proteolipids extracted from
bovine brain were used in further experiments on reconstituted membranes
in vitro [11,12,13].

In the following discussions, the nomenclature suggested by
Montal [14] will be used, where black lipid films will be used to describe
the Mueller-Rudin-Tien-Wescott bilayers, which are thought to contain
solvent. Those bilayers which are "solvent-free", prepared by methods
similar to that of Montal and Mueller, are called lipid bilayers. Although the

term BLM has been used extensively, especially by Tien [15], to mean
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"black lipid membrane", in this work it instead has the more general

meaning of "bilayer (or bimolecular) lipid membrane”.
(a) Black Lipid Membranes

Adaption of the methods used to prepare soap films permitted the
formation of bimolecular lipid membranes in saline solutions [16]. Water-
insoluble lipids in chloroform/methanol solutions were spread underwater
across frames or loops composed of non-polar materials which are more
strongly wetted by the organic solution than by water. The optical
appearance of the resulting black films was the complete analogue of soap
films. Artificial membranes formed in this way consist of planar lipid
bilayers surrounded by a thick annulus of the parent lipid solution called the
Plateau-Gibbs border [17]. Since the annulus, or torus, has an average
thickness much greater than that of the bilayer, it is assumed that the
electrical and permeability properties of the system are determined by the
bilayer portion of the film [18]. There have been many reviews published
that discuss the formation and properties of these black lipid films
[15,19,20,21,22,23]. Black lipid films usually retain some of the solvent
used for their formation and have a thickness greater than the thickness of
the bilayer portion of a biological membrane [24]. It was therefore
recognised that "the black lipid film is not precisely a lipid bilayer since
from the nature of the system in which it is formed, it must, in general,

contain some lipid solvent" [23].

White [25,26] and others [27,28,29,30] have shown that the
residual solvent present in bilayers formed by traditional Mueller-Rudin
methods described above considerably modifies the physical properties of
the resultant membranes. One solution to this problem is to use long-chain
hydrocarbons, such as octadecane or squalene, as solvents [31], as they are

more likely to be excluded from the bilayer. White also developed a
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technique in which the solvent is "frozen out" of the bilayer by lowering the
temperature of black lipid films to below the melting point of the solvent
[32,33]. Another approach, proposed by Waldbillig and Szabo [34],
produced planar bilayer membranes from a variety of pure lipid mixtures.
While these methods eliminate most of the solvent, which is believed to be
trapped as microlenses in the bilayer, they are still not able to be used to
investigate the effects of membrane asymmetry (i.e., the asymmetrical
distribution of lipids and/or proteins), which most natural membranes have
shown [35,36,37,38,39].

(b) Apposition of Monolayers

Montal and Mueller [40], using a modification of the procedure
first described by Langmuir and Waugh [8] and later developed by Takagi,
et al. [41],were the first to form asymmetrical lipid bilayers that contained a
minimal amount of solvent. Experimental apparatus consists of two troughs
separated by a septum containing an aperture. A lipid monolayer is applied
to the aqueous phase on either side of the septum. When the level of aqueous
solution in each compartment is raised above the aperture, a lipid bilayer
membrane is formed by the apposition of the hydrocarbon chains from each

monolayer.

Lipid bilayers formed from monolayers may not be completely
solvent-free, because of the need to use petroleum jelly (vaseline) or silicone
grease to coat the membrane support [42,43,44]. When the solvent added
with the preconditioning agent evaporates, an oleophilic coat is formed on
the support. This improves the conditions for membrane formation, as
Teflon is hydrophobic but not lipophilic. Indeed, it was found that the
presence of alkane solvent or other non-polar hydrocarbon molecules on the
surface of the support, which act as a torus surrounding the bilayer, assists

in formation and promotes stability and is a necessary condition for bilayer
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formation. Whether the preconditioning agent or non-polar solvent used in
the formation is or is not present in the bilayer depends on their water
solubility and molecular size relative to the size of the hydrocarbon chain of
the lipid [45]. Squalene, a nonsurface-active, long-chain, conjugated
hydrocarbon molecule, which is liquid at room temperature, has been used
successfully, both as a solvent [31] (as mentioned earlier) and a
preconditioning agent [43,46], to stabilise the bilayer. It does not appear to
dissolve in the bilayer [31], but instead is partitioned towards the periphery
of the membrane and therefore is less likely to modify the lipid bilayer or
any other molecules that it may contain [46]. Furthermore, while the purity
of petroleum jelly and silicon grease is questionable, squalene has been

found to be essentially free of contaminants.

It has been proposed that "solvent-free" membranes are more
stable than black lipid membranes; however any comparison between their
relative stabilities must involve consideration of the respective areas of each
type of membrane. It is known that the lifetime of a membrane is dependent
upon its area [47,48], increasing with decreasing area, and "solvent-free"”

membranes have usually been formed on apertures with smaller diameters.

In this work an adaption of the method used to form bilayers from

monolayers was used as will be described in detail in the following Chapter.
(c) Some Factors Affecting Bilayer Stability

Determination of the electrical properties, capacitance and
resistance, require the application of an electric field across the membrane.
The transmembrane potential (or measured potential difference across the
membrane) at which the membrane breaks, the breakdown voltage, is
dependent upon the past history of the membrane, the duration and nature of

the applied potential, the temperature, the lipid composition as well as the
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concentration, the concentration of modifiers (or non-lipid compounds), and

nature of the electrolyte in the aqueous phase.

Temperature and pH of the aqueous solutions used in any
experiment should be controlled or, at least, noted. Temperature is a
particularly important variable, as the various structural forms of the lipids
forming the liquid crystalline phase, which constitutes the bilayer, are
temperature dependent. Formation of BLMs and their stabilities are known
to be affected by small temperature changes [15] (although this effect may
be less pronounced when the solvent present in the bilayer is kept to a

minimum).

Cholesterol is found in cell membranes, occurring at much higher
concentrations in the plasma membrane than in many intracellular
membranes. As cholesterol exhibits amphipathic character, it is readily
accommodated in membranes at phospholipid/cholesterol molar ratios of 1:1
and higher. The polar hydroxyl of the molecule faces the aqueous solvent
and the hydrophobic steroid ring is oriented parallel to, and buried in, the
hydrocarbon chains of the phospholipids [49]. Many investigations of the
distribution of cholesterol and its effects on the lipid bilayers have been
undertaken [49,50,51,52,53,54,55].

Addition of cholesterol to phospholipid-containing lipid solutions
helps to increase the membrane stability [16,56,57,58], and for this reason it
has often been added to membrane-forming solutions in this work to allow a

more extensive investigation of each system.
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CHAPTER 7 - PREPARATION OF BILAYER
LIPID MEMBRANES

Materials used in the preparation and investigation of bilayer lipid

membranes are given in Appendix L

7.1 BLM-FORMING SOLUTIONS

An amphipathic molecule (e.g. a phospholipid or oxidised
cholesterol) and a neutral lipid solvent are essential constituents of a

membrane-forming solution.

Monoolein, PC and PS were supplied as 5 mg of dry compound,
while PE was supplied as 5 mg in 0.5 cm3 of a chloroform/methanol (9:1,
v/v) solution. All of these lipids were stored at about -20° C. Natural
lecithin was stored as obtained, at about 5° C, in sealed containers. Once it
was prepared in n-hexane, the oxidised cholesterol was stored as a solution,

also at about 5° C.

BLM-forming solutions were usually prepared fresh each day.
Methanol and n-hexane were used as the solvents in the BLM-forming
solution; as they are reasonably volatile the time required for them to
evaporate from the surface of the solution in the troughs was minimal.
Chloroform, being denser, was used only together with one of the two
solvents already mentioned. The main solvent used was n-hexane, although it
was sometimes necessary to add small amounts of chloroform to ensure that
all of the lipids had dissolved. Lipid concentration in the BLM-forming
solutions was generally about 1 mM. Unlike the solution necessary for the
formation of black lipid films, the final lipid concentration was not required

to be at or near saturation.
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A Langmuir-Adam surface film balance was used to plot surface
isotherms in order to determine the area that is covered by one monolayer
with the addition of a certain volume of BLM-forming solution [59]. Three
surface isotherms were obtained for each solution and the values obtained
were averaged. This procedure was carried out before use of the BLM-
forming solutions, so that an estimation could be made of the amount of
lipid added to the surface of solutions in the troughs. Concentration of the
BLM-forming solutions was usually chosen so that about 20 microlitres of
solution corresponded to 10 times the amount of lipid needed to form a

monolayer on the surface of the solution in each trough.

7.2 DESCRIPTION OF THE EXPERIMENTAL SETUP

The experimental setup was a simplified modification of that used
by Tancréde, et al. [43]. The system is composed of two Teflon troughs
which are placed in a perspex support with a removable cover (Fig. 7.1). A
screw is fixed to a perspex bar on one side of the support and is tightened
once the apparatus is assembled to ensure that the Teflon film containing the
aperture remains positioned securely between the troughs throughout the
experiment. The troughs are machined from a solid Teflon block and Figure
7.2 shows the dimensions and also the positions of the film-holders and
trough dividers. The dividers separate each trough so that the surfaces of
solutions in the main and minor troughs are not connected. As solutions are
added to the minor troughs, surface-active contaminants will not be able to

pass into the main troughs where the bilayer formation occurs.
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FIGURE 7.1 : Schematic diagram of the apparatus used in the formation of bilayer lipid

membranes [Chee Hoong Lai, Honours Report, University of Adelaide, 1987].
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FIGURE 7.2 : Dimensions of troughs and film holders [Chee Hoong Lai, Honours Report,
University of Adelaide, 1987].
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The thin Teflon film, which is positioned between the film-
holders, was the septum used as a support for the lipid bilayers. Lipid
bilayers were formed across a small hole in the thin Teflon film (50 mm X
19 um, supplied by Chemfab Toralon Division). Teflon is a suitable
material for both the troughs and the BLM support as it satisfies the
requirements of being chemically inert to both aqueous and organic

solvents, is non-conducting, and is easily cleaned.

The formation of the aperture is a critical procedure. If the edges
are rounded, the monolayers will be unable to pass over the aperture evenly,
and it will be difficult to form or stabilise the membranes. An aperture that
is too large will also cause the membranes to be unstable; apertures formed
from punches with nominal diameters of 0.35 mm, 0.5 mm, or 0.6 mm
were used in this work. Actual diameters of the punches were measured
with a micrometer and found to be 0.33 mm, 0.50 mm, and 0.55 mm,
respectively. Two machine-flattened stainless steel plates 3 mm thick were
fixed by a joint or positioning pins [43] (apparatus used is shown in Figure
7.3). A hole of the required diameter was drilled through both plates. The
blunt end of the drill was ground smooth and perpendicular to its length so
as to give a sharp, circular cutting edge. It was used as a punch to form the
aperture in the thin Teflon film, which was clamped between the stainless
steel plates. With a firm movement, the drill was brought down through the
Teflon film, rotated slightly, and removed. About 6 sheets of Alfoil were
also clamped between the plates to support the thin film. The resulting
apertures were then inspected under a microscope. Any apertures not

suitably circular and smooth were discarded.

The thin Teflon film containing a suitable aperture was trimmed
and placed, together with an O-ring, between the two Teflon film-holders

with positioning pins, ensuring that the aperture was in the centre of the
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FIGURE 7.3 : Apparatus used to form the aperture in the thin Teflon film [Chee Hoong
Lai, Honours Report, University of Adelaide, 1987].

larger hole in the Teflon holders. The diameter of this larger hole decreased
gradually from 12 mm to 6 mm across the thickness of each piece. This
feature ensures a smooth, uniform flow of the solutions when the levels in
the troughs are raised over the aperture where the lipids form the bilayer.
The film-holders were then tightly clamped in the cut-away section between
the two troughs. Leakage of solution from either of the two troughs was
unlikely with the design of this apparatus. Silicone grease (High vacuum
grease from Dow Corning, D1400) was used to insulate the two
compartments electrically. It was lightly applied between the film-holders
and the film, and also to the edges of the film-holders. Therefore an infinite
resistance was measured across the troughs when the water levels on the two

sides were below the aperture in the thin Teflon film.

The experimental setup described above was placed in a Faraday
cage which, when properly earthed, effectively isolates the bilayer from any
source of electrical interference. High resistances of the membranes

necessitate this isolation of the BLM-forming setup. The Faraday cage rested
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on an experimental table which was designed to eliminate, or at least
minimise, any vibrations capable of rupturing the membrane. The heavy,
three-legged, steel table was laid on three partially inflated rubber inner
tubes, which should absorb most of the vibration coming from movement on
the floor surrounding the table. Concrete slabs and a slate top on the table

added to its weight and helped increase its stability.

All experiments were carried out at room temperature, which was

maintained at (22 + 2)° C.

A Nikon SMZ-2B microscope was used to observe the aperture

region when raising and lowering the solutions.

7.3 CLEANING PROCEDURE

It is imperative that stringent cleaning rituals are performed
before every attempt to form a bilayer is made, as it is accepted that
inadequate cleaning of the apparatus can hinder or prevent BLM formation

or decrease BLM stability.

Before use, the Teflon blocks and film-holders were soaked in a
chloroform/methanol (7:1, v/v) solution [60] for at least 12 hours. The
equipment was then rinsed with deionised water, followed by rinsing about
10 times with millipore-filtered water. Between experiments the aperture
region and troughs were sometimes cleaned in situ by rinsing thoroughly
with chloroform and allowing the apparatus to dry at room temperature
before further use. When the aperture became deformed or it was suspected
that the inability to form stable membranes was due to the cleanliness of the
system, the thin Teflon film was discarded and the apparatus was again

soaked in the chloroform/methanol solution.
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After a suitable aperture had been formed in the thin Teflon film
it was soaked in a chloroform/methanol (7:1, v/v) solution. It was then
rinsed repeatedly with deionised water and finally with millipore-filtered

water.

The rubber O-ring was rinsed in a dilute HCI solution followed by
thorough rinsing with millipore-filtered water. No detergent or organic

solvent was used in the cleaning of the O-ring.

Glass syringes and plastic tubing used for adding the aqueous
solutions to the troughs were rinsed with deionised water after use followed

by dilute HCI solution, before finally rinsing with millipore-filtered water.

The Agla syringe used for dispensing the BLM-forming solution

was thoroughly rinsed with chloroform.

All other glassware and equipment used in the preparation and
storage of solutions were soaked in a detergent (DECON-90) solution,
rinsed with deionised water, soaked in dilute HCI solution, rinsed again with

deionised water and finally, with millipore-filtered water.

All equipment was allowed to dry, at room temperature, in a dust-
free environment, for example, the Teflon apparatus was placed under glass
dishes. The millipore-filtered water used throughout was obtained as Milli-

Q Reagent Water.
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7.4 PROCEDURE FOR PREPARATION OF BLMs

During assembly the Teflon equipment was handled using
disposable plastic gloves to prevent contamination of the system with
surface-active lipids from the hands. It was advisable to wear them for the

entire experimental procedure.

As discussed earlier, preconditioning of the aperture region
greatly improves both the ease of formation of a bilayer and also its

stability.

A 2% (w/w) petroleum jelly in n-hexane solution was tried as the
preconditioning agent, but a 2-6% (v/v) squalene in n-hexane solution was
found to be more successful, confirming the observations of others [43] and

therefore was used throughout this work.

The following procedure was followed for each attempt to form
stable BLMs :

i) The thin Teflon film was positioned between the film-holders, which were
then clamped between the two troughs (as detailed in the description of the
experimental setup). Preconditioning was then performed as the 2-6% (v/v)
squalene in n-hexane solution was applied to each side of the film and film-
holders. Two or three applications of squalene solution were made using a
thin paint brush. The setup was left to dry at room temperature for at least 1

hour.

ii) The perspex holder containing the troughs was placed inside the Faraday
cage and the light source (FSE Scientific, 6 volt/20 watt) positioned behind

the apparatus so as to illuminate the aperture region. During monitoring of
the stability and properties of membranes, the light source was often used

for several hours. The temperature of the bathing solutions was raised by
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about 2° C after 4 to 5 hours of illumination of the aperture. Whether or not
the light was on affected neither stability nor properties once the membrane

was formed.

iii) Both troughs were then filled with the buffer/electrolyte solution so that
the meniscus of each solution was just touching the thin Teflon film but still
well below the aperture. Two stainless steel capillaries were fitted to the
ends of the plastic tubing of the syringes and small holes in the perspex
cover over the minor trough accommodated these capillaries during raising
and lowering of the solutions. Nitrogen was usually bubbled through the
solutions in the minor troughs for several minutes, before the tubing
delivering it was raised above the surface to allow continuous nitrogen
flushing of the system throughout the experiment. Gas bubbles, which are
likely to cause optical and electrical interference or cause rupture of the

membrane [15], were avoided and removed when found in the main trough.

iv) The surface of solution in both troughs was swept clean with thin tissue
paper (Olympic Lens Cleaning Tissue). Tweezers were used in order to
avoid touching the paper with fingers. The process was repeated at least 6

times, discarding the paper after each sweep.

v) Using an Agla microsyringe the BLM-forming solution, consisting of the
lipid(s) in an organic solvent, with or without the addition of a membrane
modifier, was delivered to both troughs. Each trough contained a solution
with a surface area of 22.5 cm2. The microsyringe was held very close to
the nitrogen/aqueous interface before being adjusted to give a small drop on
the end. This drop was then touched against the surface of the solution. It
was applied close to the aperture so that any surface impurities would be
swept back away from the aperture [14]. The amount of lipid solution added
was often in large excess compared with the amount needed to form a

monolayer, as the stability of membranes seemed to be enhanced with the
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spreading of lipid films instead of just a monolayer [43]. Regular
observation of the levels of the solutions in both troughs and adjustments
using the syringes ensured that they remained below the aperture during

application of the BLM-forming solution.

vi) After the monolayers or lipid films were spread, sufficient time (about

10 to 20 minutes) was allowed for solvent evaporation to occur.

vii) To form a bilayer two monolayers were brought into contact in the
aperture. This was achieved by raising the aqueous solutions above the
aperture. Adjustment of the level of the solutions was always performed
using the glass syringes, with the attached metal and plastic capillaries, to
add the solution to the minor troughs. One monolayer was adjoined to the
Teflon film and then the second one. Usually the solution in the back trough
was raised first, to facilitate viewing of the water levels with the
microscope. It was considered beneficial [61] to initially raise and lower
both sides separately so that the aperture region was also "preconditioned”
with the lipid monolayer. The syringes were sometimes used in conjunction
with a mechanical device, which allowed the solutions to be raised smoothly
at several different rates. Generally, a very slow rate was used. However,
careful manual adjustment of the level of the solutions resulted in the
formation of stable membranes, so use of the device was considered to be

time-consuming and unnecessary.

viii) If a bilayer was formed the solutions in both troughs were raised well
above (i.e. at least 2 mm above) the aperture and made level. When the
solution levels are equalised the membrane is planar and not otherwise

deformed by a difference in hydrostatic pressure between the two sides [43].
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CHAPTER 8 - ELECTRICAL
MEASUREMENTS

The cell arrangement for the electrical properties of BLM is:

non-polarisable | aqueous BLM on aqueous |non-polarisable

electrode. |solution 1 | Teflon support | solution 2 electrode

Aqueous solutions serve as ohmic contacts to the BLM, which can
be represented by an equivalent circuit consisting of a capacitor in parallel

with a resistor.

Saturated calomel electrodes were used as the non-polarisable
electrodes in this work and a platinum wire was the third electrode when
required. Reversible saturated calomel electrodes did not introduce a

potential difference of greater than 2 mV into the circuit.

The high resistances of unmodified BLM necessitated that great
care was taken in the insulation of switches and connections to avoid current

leakage.

After formation of the membrane, application of an intermittent
voltage pulse allowed the electrical properties to be monitored. It has been
suggested that the stability of the membrane is improved if the voltage
applied is kept below 30 mV and is intermittent rather than continuous [14].
The following sections outline the methods used to determine the capacitance

and resistance of the membranes.
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8.1 CAPACITANCE

Determination of the capacitance of a membrane involved using a
Universal Programmer (Model 175, Princeton Applied Research, Princeton,
N. J.) to apply a single pulse of amplitude 25 mV (sometimes 50 mV or 100
mV) and pulse width 1 msec across the membrane. Current flowing through
the membrane was determined by measuring the voltage drop across a
resistor (105 Q) in series with the membrane, recording the signal on a
cathode ray oscilloscope (Model 434, Tektronix, Inc., Beaverton, Oregon,
U. S. A.) and also feeding it into a transient recorder (Model DL90S5,
Datalab). The transient recorder was programmed to take 1024 samples of
the current signal at varying rates, with a resolution of 8 bits. A computer
was used on-line to collect the data and analyse the response to the charging
of the series RC circuit. Data collected with the membrane potential at zero
were subtracted from those values found after the small pulse was applied.

This zero correction was carried out before further analysis of the data.

A voltage follower was added to the circuit between the electrodes
and the transient recorder, as it effectively isolates the signal and
measurement circuits by presenting a very high impedance to the signal and

a very low impedance to the load.

The series RC circuit acted as a high-pass filter (Fig. 8.1), where

the output was taken across the known resistor [62].
c 1
3@ }
R e

FIGURE 8.1 : A high-pass filter [62].
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After a single pulse, E, (usually 25 mV) has been applied to the
circuit the capacitor begins to charge to the applied potential. During the
charging process er =i R and ec = q/C, where i is the current, R is the
resistance, q is the charge on the capacitor, and C is the capacitance.

From Kirchoff's law:

—irR+3
E—1R+C (1)

As the charge on the capacitor increases, i decreases and the rate
of charging is decreased. Substitution of dQ/dt for i in Eqn. (1) and

integration gives the following expression for ec ,
ec = E(1-e't/RC) (2)

which shows that ec =0 when t = 0 and ec approaches E
exponentially as t approaches infinity. The product RC=t has units of

seconds and is known as the time constant.
From Eqns. (1) and (2), the following is obtained:
er = Eet/RC 3)

When t = 0, all of the applied potential, E, has developed across the resistor.
Current and eg then decreases with time and are zero when the capacitor is
fully charged. The plot of eg vs. time is shown in Figure 8.2. After one
time constant the current and hence eg has dropped to e-1 of the value of

the applied potential.

E

ez |
0.5E 4
0376 - — N
J f

RC, sec

FIGURE 8.2 : eRr during series RC charging [62].
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The computer program used in the analysis of the data calculated

the capacitance of the membrane using two different methods:
i) In analysis : From Eqn. (3),

ner=IE-GGe @

where eg is the voltage across the resistor. Computer analysis
yielded an intercept of In E and a slope of -1 / RC [4] after consideration of

Inegr vs.t.
ii) Integral analysis [27,40]:

Charge, Q = CE (5)

_dQ
Asl= dat

C=JIdt/E (6)
Also, I =eg /R, where eg = Ee-t/RC,

Therefore,
C = | Eet/RC dt/RE (7

Computer analysis determined the integral, | Be-t/RC dt from the
plot of eg vs.t, by calculating the area under the curve. Two methods,
involving either Newton-Cotes' rule or Simpson's rule, were used with the

value found being exactly the same for each case.

Capacitance values determined from both the In and integral
analyses were usually in agreement. Note that the value of E calculated from
the intercept was consistently lower than the actual voltage applied. During
calibration of the system the capacitance values determined using the voltage
calculated from the intercept was considered to be slightly more accurate

than when the value of the actual applied voltage was used.



118

Measurements of capacitance were also performed with a
Universal Bridge B641 (frequency = 104 rad sec-1), from the Wayne Kerr
Company Limited, New Malden, Surrey. A low frequency AC bridge signal
[63] was used to measure the equivalent parallel capacitance and conductance

of the circuit [64].

Capacitance values for each system were obtained by subtracting
the capacitance resulting when the solutions in both troughs were below the
aperture (ie. the capacitance of the septum) from the total capacitance found
with the solutions above the aperture with a membrane in place. This
procedure was used in all capacitance measurements irrespective of the

method used.

The system was calibrated with capacitors of known values and the
accuracy found to be better than 2% for both the DC and Wayne-Kerr
bridge methods. Signal averaging was not performed for either the DC or
AC method, but at least 5 measurements were taken for each membrane and

the capacitance values obtained were averaged.

Capacitances of the electrodes are large but, since they are in

series with the bilayer, their effect on the measured capacitance is small.

Shielded, low-noise cables were used between the instruments to
minimise the effect of stray capacitance. Stray capacitances of less than 100
pF found in the circuit used for these measurements were probably due
principally to the voltage follower and cancelled as the capacitance of the
system with solutions in both troughs below the aperture was subtracted

from the total capacitance.
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8.2 RESISTANCE

Resistance was measured by a DC method which involved
applying a small voltage (0-100 mV) across both the BLM and a known
resistance, Rj (105-1010 Q), in series with the membrane, via a pair of
reversible electrodes. The voltage drop across the BLM was measured using
a high impedance electrometer (Model 602, Keithley Instruments, Inc.,
Cleveland, Ohio) and BLM resistance found by the direct application of
Ohm's Law :

E=i R (8)

where E is the voltage, i the current and R is the resistance.

Membrane resistance, R = | (E—fgii—m) ] Rs 9

where Rg is known resistance of the resistor in series with the membrane,
E;is known input voltage, and
Em, the membrane potential, is the voltage appearing across BLM.
The voltage usually applied was 25 mV, which was low enough so as not to

introduce any instability into the membrane.

It can be seen that the ratio of resistances is equal to the ratio of

the respective potential drops. The most accurate values of membrane
resistance, Ry, are found when the known resistance is almost that of the

membrane (Rj ~ Rpm ), so that Em ~ 0.5 E;.

BLM resistance was also determined from the plot of i against E,
using the X-Y recorder incorporated in the setup used for obtaining cyclic
voltammograms. As I = E / R, the slope of the plot allows the resistance to
be determined. The resistance of an unmodified membrane is ohmic until

the breakdown voltage is applied.
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Specific resistance values are expressed as Q cm? [65], requiring
the measured resistance to be multiplied by the area of the membrane.
Specific capacitance values are expressed as nF cm-2, obtained by dividing

the capacitance measured by the area of the membrane.

In practice, the determination of the membrane area is the limiting
factor in obtaining accurate and, more importantly, reproducible specific
electrical values. Therefore, although greater accuracy and precision for
electrical measurements was possible with modifications to the setup, this
was not considered necessary due to the uncertainties in the estimation of the
membrane area. For all calculations the membrane area was taken to be
equal to the geometric area of the aperture. Accurate measurements of the
aperture diameter were performed with an OMT (Optical Measuring Tools,
England) measuring microscope with projection apparatus and graticule.
Diameters of the apertures formed from 0.55 mm, 0.50 mm, and 0.33 mm
drill punches were determined to be 0.52 mm, 0.47 mm and 0.31 mm,
respectively. A standard deviation of less than 1% was observed for about
20 samples of each size. These measured values were used in any

calculations where the area of the membrane was required.
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CHAPTER 9 - DISCUSSION OF THE
PROPERTIES OF BLMSs

Although the main purpose of this work was to investigate the
electron transfer occurring across these model systems, it was first
necessary to determine some of the properties of the bilayers involved in the
measurements. Controversy has always existed over which planar bilayers
are the best models for biological membranes, but all researchers have
agreed that lipid bilayers are not well behaved or easily understood. An
important consideration to be addressed here,which is of much relevance
when considering model systems for biological membranes, is whether or
not the properties of bilayers formed by apposition of monolayers are less
likely to be affected by the presence of solvent, than those formed by the
more traditional Mueller-Rudin-Tien method. Our attempt to answer this
question has been via comparisons of some of the static electrical properties

of the bilayers.
(a) Formation and Stability

In general, electrical measurements are made on a system that is
much larger than the bilayer of interest, comprising the transition zone
between the bilayer and the solid support (known as the torus, annulus or
Plateau-Gibbs border), the Teflon support, the troughs, the aqueous
solutions on either side of the membrane and the electrodes [66]. White, et
al. [45] have shown that a transition zone is present in membranes prepared
from monolayers and its presence is, in fact, necessary for the formation of
stable membranes; clearly, even if it is of less significance than that present
in black lipid films, it still influences the electrical properties of membranes

[66]. In this context, a membrane is generally taken to mean the structure
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covering the entire aperture, including the torus, while bilayer refers to the

regions of the membrane that are only two molecules thick [66,67].

Experimental factors contributing to the lack of success in
obtaining membranes have been listed by earlier researchers and many of
them, such as the presence of impurities in the system, inadequate
preconditioning, and the use of unsuitable BLM-forming solutions, were
encountered in this work, preventing the formation of stable membranes.
Successful experiments became more routine with time, although strict
adherence to the careful procedures for preparing solutions and apparatus

was always necessary.

In agreement with others, it was found that the membranes were
most prone to rupture during the first few seconds after their formation;

some membranes were stable for up to several hours.

From Langmuir trough measurements of each BLM-forming
solution, an estimate of the amount of surface-active material added to the
surface of the solution in each trough was made. The amount of lipid added
was sufficient to form from about 5 to over 100 monolayers, with the
majority of membranes formed from between 10 and 30 monolayers on the
surface of the solutions. Benz, et al., [27] also added much more of the lipid
to the surface of the solution in both troughs than was needed to form a
monolayer. Membranes were, therefore, formed from multilayers rather
than monolayers, although it is only a monolayer from each trough that
covers the aperture when the solutions are raised above the aperture.
Tancréde, et al. [43] used troughs that were specially designed to allow
formation of bilayers from a single monolayer on the surface of solution in
each trough, also permitting characterisation of the monolayers before
formation. Even with this adapted apparatus, they found that it was slightly

more difficult to form a membrane from monolayers rather than lipid



123

films. In this work, addition of excess BLM-forming solution to the surface
of the electrolyte was often required to obtain stable bilayers, but no
noticeable differences were observed in the properties of the membranes
formed from many or few monolayers. It should be noted that the terms
several monolayers, multilayers, and lipid films are not meant to suggest
that the lipids are stacked uniformly on the surface of the aqueous phase, as
clumps or reservoirs of lipid are perhaps more likely when an excess is
added.

(b) Membrane Capacitance

The formation of membranes was usually followed by observing
the continuous capacitance curve on the oscilloscope. The capacitance
increased above the background level of the thin Teflon film as the second
solution was slowly raised above the aperture. Thinning of the bilayer
occurs with the loss of any solvent present causing the capacitance to
increase. If the capacitance of a newly-formed bilayer was very low or
increased very slowly to its limiting value and did not stabilise within 10
minutes, it was thought that it contained a considerable amount of residual
solvent. If, on the other hand, the bilayer was considered to be relatively
solvent-free, a steady value was attained within a few seconds [68]. The most
commonly used solvent, n-hexane, having limited solubility in water, would
tend to diffuse into the aqueous phase and escape into the atmosphere. The
presence of chloroform, in particular, has been known to cause long-term
drifts in the capacitance values [64]. Unusually low values of specific
capacitance can also result if there is water present in the BLM-forming
solution which causes the films to be abnormally thick or have thick patches.
Generally, for unmodified membranes, neither capacitance nor resistance
values varied significantly with time after both solutions were level above
the aperture. The average capacitance values given in Table 9.1 exclude

values which were extremely low or which varied with time.
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BLM-FORMING NO.OF | CAPACITANCE
SOLUTION BLMS (nFcm-2)
[calculated using
In analysis]
Monoolein 88 869 + 11
Monoolein/cholesterol | 20 874 + 8
Monoolein/TCNQ 120 975 £ 55
Monoolein/cholesterol 15 913 £ 6
/
TCNQ
75 732 £ 16
Natural lecithin 11 659 + 2
Natural lecithin/chol-
esterol 9 741 £ 2
Natural lecithin/TCNQ 6 701 £ 3
Natural lecithin/I2 8 717 £ 3
Natural lecithin/ox.
chol./TCNQ 5 544 £ 1
Natural lecithin/ox.
chol./I2
26 725 £ 4
PE 7 760 £ 2
PE/TCNQ
97 676 + 3
PE/PS symmetrical 27 754 + 13
PE/PS/TCNQ
symmetrical 52 819 + 10
PE/PS/I2 symmetrical
2 666 + 1
PS
4 812 £ 4
PS/monoolein

CAPACITANCE
(nFcm-2)
[calculated using
integral analysis,

with

852
867
981
908

727

658

730

702

713

561

724

763

678
765

821

636

792

intercept

voltage]

H B H K
o0

H H H
O W o0

TABLE 9.1 : Capacitance values (standard deviations given) for membranes formed on 19
pm thick Teflon film in a bathing solution with ionic strength of about 0.1 M.
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Often when the solution in one of the troughs had been raised the
bilayer seemed to be formed and the maximum capacitance value was
reached even before the aperture was completely covered by the solution on
the other side. This phenomenon seems to suggest that the lipid molecules
'run' ahead of the solution and momentarily form a bilayer supported by a
solution on only one side. Visual observation of the aperture area
distinguishes the above behaviour from that also observed in this work, and
described earlier by other researchers [40], where the water level rises
rapidly above the aperture as soon as the level of the solution being raised
reaches the lower rim of the aperture. The latter action is believed to be due
to capillarity. In experiments where preconditioning of the Teflon film-
holders and thin Teflon film with the squalene solution was not performed,
this capillary action was enhanced and, in all cases, caused the rupture of the
bilayer during formation. This reinforces the observations of other
researchers that preconditioning is necessary for not only the stability of the

membrane, but also for its formation.

Several investigators have demonstrated that solvent-containing
lipid bilayers show voltage-dependent capacitance. Babakov, et al. [69] were
the first to note that capacitance increases with the square of the applied
voltage, and later White [70] performed an extensive study of the effect. The
voltage dependence is believed to be due to the geometric changes brought
about by electrocompression which results in the decrease of membrane
thickness as the hydrocarbon solvent is squeezed out into microlenses, with
the torus kept at approximately constant area. Voltages of 25 mV, 50 mV,
and 100 mV were successively applied to some of the membranes formed
and there was no change in the capacitance with voltage within the limits of
experimental error. The membranes used in this work are therefore
determined to be "solvent-free" using the criteria introduced by earlier

researchers [27,31,69]. However, Alvarez and Latorre [71] showed that
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bilayers, formed by the apposition of two separate monolayers spread at the
air-solution interface, also exhibited increased capacitance as a linear
function of the square of the membrane potential. It should however be
noted that the changes observed are much faster and 3 orders of magnitude
smaller, than those observed in black lipid films reflecting the relative
amounts of solvent present. In their study, the method of determining the
capacitance used was sufficiently sensitive to observe the very small changes

occurring.

Capacitance values for the various BLM-forming solutions are
given in Table 9.1. The standard deviation for membrane capacitance for

the majority of the systems investigated was less than 1%.

Statistical evaluation of these data using 'tests of significance' [72]
(Appendix II) showed that the capacitance values obtained were statistically

different for some lipid systems.

Presence of TCNQ in the BLM-forming solutions seemed to
increase the capacitance of resulting systems. Addition of another membrane
modifier, I , decreased the capacitance of natural lecithin and natural
lecithin/cholesterol membranes, but increased the capacitance of

symmetrical PE/PS membranes.
(c) Membrane Resistance

Compared with values for black lipid membranes, and also other
membranes formed from monolayers [40], membrane resistance was found
to be slightly lower at 105-107 Q cm?. BLM resistance is noted for being
irreproducible from one membrane to another, although the resistance of a
given membrane was usually found to be relatively constant until just before
it burst [Fig. 9.2].
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BLM-FORMING RESISTANCE
SOLUTION (Qcm?2)
monoolein 1 (2.0 + 0.6) x100

[10]
2 (1.0 £ 0.6) x103
[3]
PE / PS (5.0 £ 0.5) x106 [8]

monoolein / TCNQ | (2.5 + 1.0) x105 [6]
(no redox couples) (4.5 + 1.5) x105 [6]

(2.0 £ 1.0) x106 [4]
+

monoolein + (7.8 = 1.3) x104 [4]
cholesterol / TCNQ
(redox couples
present)

TABLE 9.2 : Resistance values for some membranes. Values in square brackets are the
number of membranes formed.

1 Electrolyte solution is 0.1 M NaCl.

2 Electrolyte solution is 0.1 M CH3COOH /0.1 M KCL

It has been noted that the appearance of lipid "crystals" at the
periphery of BLMs lowers the resistance by an order of magnitude or so,
presumably by providing low resistance pathways [73]. Resistance values of

membranes containing visible "crystals" were rejected.
(d) Reproducibility of Electrical Properties and their Precision

BLM capacitance was generally found to be more reproducible
from one membrane to the next than resistance, but the average values for
the same systems measured on different days, or more specifically with
different setups, showed a much greater variation. Recently, Brullemans and

Tancréde [66] have suggested that completely reproducible conditions for
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producing membranes from monolayers are unlikely. There is a significant
dependence on the thickness of the thin Teflon film supporting the aperture ;
the thickness of the Teflon film across which the bilayers are formed is
thought to affect the volume of the transition region and possibly, also its
composition. It is not possible that punching of the apertures or
preconditioning with the squalene solution can be repeated precisely enough
to produce membranes of exactly the same dimensions (ie. with the same
torus). Almost all the values quoted here were obtained using a different
setup and therefore a different aperture and different preconditioning

conditions.

Both the formation and measurement of the aperture was
considered to be sufficiently precise, with standard deviations of about 1%
observed for the diameter sizes of the apertures formed from the three
punches used. When comparing different systems it is sufficient that the
precision is high, but for comparison of measurements made by different

researchers the accuracy must also be considered.

The accuracy of the estimation of the area also limits the
reproducibility of the measured values. For calculation of specific values of
capacitance and resistance, the area of the bilayer was assumed to be equal to
the area of the aperture. This probably results in an overestimate of the
actual area, since there must be a torus surrounding the bilayer that occupies
part of the area of the aperture which, because it is many orders of
magnitude thicker, makes no direct contribution to the electrical properties
[18,45], although its presence does have an effect. Thus it is possible that the
values of capacitance quoted from this work may be slightly lower and
resistance values slightly higher than values obtained under exactly the same
experimental conditions, but using more sophisticated methods for

determining the actual area of the bilayer [14,70].
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The thin transparent Teflon film, which is used as a support for
the aperture, allowed precise adjustment of the water levels. As the meniscus
levels of the solutions were made level after both solutions were raised
above the aperture, the capacitance and resistance values presented are those
corresponding to a membrane across which the difference in hydrostatic
pressure is assumed to be negligible. Therefore, there should not be any
significant bowing of the bilayer, which would increase its area and
introduce an error into the calculation of specific capacitance and resistance
values. Benz, et al. [27] also observed that the capacitance of the membrane

is at a minimum when the levels of solutions in both troughs are equal.
(€) Results and Comparison with previous data

Capacitance values for several systems are presented for
comparison with the values found in this work for similar systems
(Appendix III). Differences between the capacitance value for each lipid
system are less than 20%, but consideration must be made of the
experimental conditions. In cases where incomplete information is given
about the method and conditions of formation, it is not possible to make

meaningful comparisons.

The breakdown voltage was determined experimentally by
gradually increasing the applied voltage until the BLM ruptures. Rupture
was observed on the oscilloscope by the disappearance of the capacitance
curve. Membranes formed in this work generally burst after a potential of
at least 200 mV had been applied across them. The breakdown potential of
membranes tends to occur at voltages between 150 and 500 mV, but for
most lipids it is around 300 mV [14]. Solutions of less than pH 4 or greater
than pH 8, exhibit lower breakdown potentials [74].
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The presence of cholesterol is known to have an "ordering" effect
on the membrane, decreasing membrane permeability and increasing
stability. Membrane thickness is also altered with the addition of cholesterol
to other lipids in the BLM-forming solutions. Incorporation of a cholesterol
molecule, oriented normally to an interface with its hydroxyl group in the
aqueous phase, and being approximately equivalent in length to a normal
alkyl chain of 14 carbon atoms, will cause the membrane, composed of
lecithin (or another lipid) with average chain length of 18 carbon atoms, to
become thinner [74, 75]. The following equation is true if it is considered

[73] that a bilayer behaves like a parallel plate capacitor.

€m
4 Tt

Membrane capacitance, Cp =

where €, is the dielectric constant, and

t is the membrane thickness.

The observed decrease in thickness is therefore sufficient to cause
a slight increase in capacitance but it was also discovered that the presence
of cholesterol increases the dielectric constant of the hydrocarbon chains
[57], and it was this that contributed more to the increased capacitance
value. The dielectric constant of the hydrocarbon residues of cholesterol has

been estimated to be 2.39, compared to 2.20 for monoolein (18:1) [23].

Therefore, with BLM-forming solutions consisting of lipids
having hydrocarbon chain lengths of 18 carbon atoms, the addition of
cholesterol is expected to increase the capacitance of the membrane. Hanai,
et al. [57] observed an increase in membrane capacitance when the mole
ratio of cholesterol/lecithin was at least 0.8, with capacitance gradually
increasing as more cholesterol is added to the BLM-forming solution until at
higher mole ratios the capacitance stabilised and no further changes were

observed. Ohki [74] observed a similar effect when PC and cholesterol
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constituted the BLM-forming solution, but it was found that the capacitance
increased as the concentrations of cholesterol in the sample solution
increased until the concentration reached 80% in weight, with increasing

concentrations having no further effect.

When cholesterol was added to BLM-forming solutions in this
work, the resulting capacitance values were consistently and statistically
lower than those values formed from solutions not containing cholesterol.
This was true for all the systems studied with the exception of monoolein,
where a slight (that is, less than 1%) increase was found for membrane

capacitance when cholesterol was present.

Black lipid films are usually employed in studies of the effects of
cholesterol on the lipids of bilayers, therefore the lack of solvent could
contribute to the discrepancy between the previously reported effects and

those observed in this work.

It is possible that the relatively inaccurate determination of the
area contributed to the difference observed between capacitance values in
this work compared to those found by other researchers. This should not be
considered a major reason as the method used here to calculate the area is

widely used.

Comparison with natural membranes : Electrical measurements on
natural membranes result in resistance values ranging from 102 to 105 Q
cm2 [76] and capacitance values in the range 0.5 to 1.3 pF cm-2 [77].
Biological membranes, unlike the bilayers used in this work, have
translocators that modify the membranes and lower their resistance. The
obvious difference between artificial films and natural bimolecular
membranes is the presence of solvent hydrocarbon in the former. Langmuir
trough experiments of earlier researchers [78] showed that it is possible that

cell membrane lipids are less closely packed than the chains in artificial
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films. Thus, the hydrocarbon solvent may act as a filler of space which
would otherwise be occupied by more polar molecules, such as water. If this
were true, it is expected that the capacitance and conductance of the artificial
films is smaller than the corresponding property of a membrane containing
no solvent [64]. Average capacitance values for black lipid films are
generally around 450 nF cm-2. Solvent-containing membranes, being
thicker, have lower capacitances than solvent-free systems [68].Therefore
the relatively high specific capacitance values (up to 900 nF cm-2) found for
membranes used in this work (Table 9.1) confirm that while the membranes
may contain slight amounts of solvent it is certainly much less than that in
black lipid films.

It should be noted that the systems presented here are suitable for
investigations of the role of asymmetric lipid-lipid and protein-lipid

distributions and interactions in membranes.

Different values for resistance and capacitance of membranes have
been found by different researchers, even when the BLM-forming solutions
are the same. When comparing observed properties of model membrane
systems, detailed information on all the experimental conditions, the
thickness of the supporting septum, and the number of membranes formed

must be given.

When a membrane system is being considered as a model for
biological membranes it is important that each membrane is stable and its
properties are shown to be unvarying over reasonable periods of time and
reproducible. It can not be assumed that every lipid bilayer system will be
homogeneous and at equilibrium [25]. The systems studied were found to be
reasonable models for cell membranes and were therefore used in studies on

electron transfer.



133

CHAPTER 10 - ELECTRON TRANSFER

10.1 INTRODUCTION

As early as 1928, Lund [79] suggested that electrical potentials in
cells were the result of redox reactions occurring on either side of the cell
membrane. In support of the electronic, rather than exclusively ionic,
behaviour of living systems, Szent-Gyorgyi suggested that energy in living
systems might be transferred by conduction bands [80]. The transduction of
solar energy into chemical energy by green plant photosynthesis occurring
in the thylakoid membrane [81] and oxidative phosphorylation in cell
respiration, which takes place in the cristac membrane of mitochondria [82],

are just two examples of electronic processes in biological membranes.

It has been suggested that the mechanism of electron transfer in
living systems is electrostenolysis, which was first observed by Becquerel
[83] and Braun [84]. Electrostenolysis describes the phenomenon of coupled
electrochemical reactions occurring on both sides of the membrane when a
direct current is passed through a membrane (or barrier) of high electrical
resistance separating two aqueous solutions. Oxidation takes place on the

side facing the negative electrode and electrons move across the membrane.

Electron-transfer systems of biomembranes usually consist of
protein moieties, which are imbedded in the matrix of lipids forming the
bilayer. Mueller, et al. [11,85] were the first to demonstrate that the addition
of excitability inducing material (EIM), such as proteins, reduced the
resistance of phospholipid bilayers and induced characteristics similar to

nerve membranes.



134

An unmodified bilayer membrane behaves essentially as an
insulator, exhibiting a high resistance (DC) and low permeability for ions,
but when certain compounds are incorporated into such systems, they
become electron-conducting. Substances interacting with the lipid membrane
(by adsorbing on the surface or penetrating the membrane) and changing its
electrochemical characteristics are called modifiers. BLM modifiers may be
divided into five categories:

1) those altering the passive electrical properties,
ii) those changing the mechanical properties,
iii) those conferring ion selectivity,
iv) those inducing electrical excitability, and

v) those generating photoelectric effects [15].

Compounds such as antibiotics, drugs, poisons, dyes, and
detergents, which in many cases affect the membranes of living cells, also
drastically alter the electrical characteristics, structure and mechanical

properties of model lipid bilayers.

When pigments are incorporated into BLMs they become
photoelectric, so that light-induced electron-transfer and redox reactions
have been observed [86,87,88,89,90,91,92] and recently reviewed [93].
Evidence for electronic processes occurring in BLMs in the absence of light
has more recently been investigated by Tien, et al. [94,95,96] , with the
black lipid films behaving as bipolar redox electrodes. Contrary to the
earlier belief that current carriers involved in the dark conductivity in
unmodified BLM are most likely ions, rather than electrons and holes, the
results indicate that electron movement is occurring across the lipid bilayer

and redox reactions are occurring at the membrane/solution interfaces.

In this work the electrical properties of unmodified and modified

BLM were investigated by cyclic voltammetry. Tien and co-workers have
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explored this area of research using black lipid films, which contain
considerably more solvent than the membranes used in this work. The
following details the study of the behaviour and properties of those
membranes containing little or no solvent, as it is, after all, not a natural

component of biological membranes.

10.2 THEORY AND EXPERIMENTAL

As recognised by many other researchers the BLM system is an
ideal model system as it allows easy access to both sides of the membrane.
Voltammetric (or current-voltage) techniques are easily performed with
such a setup. Cyclic voltammetry is very useful for investigating redox
reactions in bilayers. Conventional voltammetry and, more specifically,
cyclic voltammetry are mentioned below before the discussion of their

application in the investigation of BLMs.

10.2.1 VOLTAMMETRIC TECHNIQUES
[97,98,99,100,101,102,103,104]

Voltammetry is the measurement of the current which flows at an
electrode as a function of the potential applied to the electrode. Usually, the
electrochemical cell for these measurements consists of three electrodes,
referred to as working, reference and counter (or auxiliary) electrodes.
Under certain conditions a two-electrode system is suitable. In the
voltammetric experiment (Fig. 10.1), the potential of the working electrode
is controlled by the potentiostat. The purpose of having a counter electrode
is to avoid large currents being passed through the reference electrode
during the potential scan;large currents are capable of changing the potential
of the reference electrode. Attention is focussed on the working electrode,
but the current at the counter electrode is equal, but of opposite sign, to that
at the working electrode. The current flowing through the cell (between the

working electrode and the counter electrode) is then plotted as a function of
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FIGURE 10.1 : The Voltammetric Experiment. Current passing through the working
electrode is measured as a function of the applied potential. The curves represent samples of

various kinds of voltammetric techniques [103].

the working electrode potential. This potential is the voltage difference
between the working electrode and an independent non-polarisable reference
electrode. The device used to measure this potential difference should have a
high input impedance so that negligible current is drawn through the
reference electrode,ensuring that its potential remains constant. Current-
voltage (i vs. E) response patterns, obtained during the potential scan by
measuring the current at the working electrode, are known as
voltammograms. The type of voltammogram observed depends on the way
that the power supply is varied and on the physical and electrochemical
properties of the cell. The faradaic current that flows at any time is a
measure of the rate of the electrochemical reaction taking place at the
electrode. It is largely dependent on the following factors:

i) the rate at which the species moves from the bulk solution to the

electrode (mass transport), and
ii) the rate at which electrons transfer from the electrode to the species

in solution and vice versa (charge transfer).
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Chemical reactions preceding or following the electron transfer and
additional surface reactions, such as, adsorption or desorption, also affect
the electrode reaction rate, but will not be considered here.
The modes of mass transport are :
i) diffusion - movement of a species under the influence of a
concentration gradient,
ii) convection - stirring, using mechanical vibrations of the cell or
movement caused by temperature or density gradients, and
iii) migration - movement of a charged body under the influence of a

gradient of electrical potential.

Keeping the solution quiescent and adding a supporting electrolyte
eliminates the convective and migrational modes of transport. If the current
is controlled by mass transport or a steady state process, it may be
determined from the flux associated with the change in concentration given

a change in distance from the electrode:

i t)=nFAD 8%:_,Q (1)
x=0
where n is the number of electrons (faradays mol-1), A is the

electrode area, and F = 96500 C faraday-!. Equation 1 is valid, when only

diffusion contributes to the flux at the electrode surface.
Cyclic Voltammetry

Cyclic voltammetry, just one type of voltammetric technique, is
very suited to membrane studies and is very informative. Cyclic
voltammetry involves cycling the potential of the working electrode in an
unstirred solution, and measuring the resulting current. A triangular wave

voltage is applied to the system. If the scan starts at a potential positive of
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E®' for the reduction, only residual currents flow. As the electrode potential
approaches E°', reduction begins and the current starts to flow. As the
potential becomes more negative, the surface concentration of the species
drops, leading to an increase in the flux to the surface, and hence an increase
in the current. As the potential moves past E®', the surface concentration
drops to near zero, the mass transfer (diffusion) to the electrode reaches a
maximum rate, and then declines due to the depletion of the reducible
species in the vicinity of the electrode. When the scan direction is reversed
at the switching potential, the potential then sweeps in a positive direction.
There is a large concentration of the oxidisable species in the vicinity of the
electrode. As the potential becomes more positive, approaching and then
passing E®, oxidation will occur resulting in an anodic peak. In this
experiment, the characteristic peaked shape of the voltammogram occurs
because the rate of variation of the potential was too rapid for the diffusion
processes to maintain equilibrium with the bulk solution.

Each cyclic voltammogram is characterised by the following
parameters: the separation of the cathodic and anodic peak potentials (Epa-
Epc), the ratio of the peak currents (i pa /i pc ), the cathodic half-peak
potential (Epp), and the half-wave potential (E;2). The half-wave potential
is related to the standard redox potential by

N =

D
Eip=E° +RT/n Fln (—D—@) @)
0).4

where Dreq and Doy are the diffusion coefficients for the reduced
and oxidised species respectively, n is the number of electrons involved and

the other terms have their usual meaning.

In a reversible system the rate of a charge transfer process is fast

enough to maintain the laws of thermodynamics and the ratio of surface
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concentrations of oxidant and reductant can be calculated from the Nernst
equation. A reversible system has a voltammogram which satisfies the
following criteria (where all symbols have their usual meaning):
i) Ep , the peak potential, is independent of v , the scan rate,
ii) Epc - Epa = 2.2RT/n F mV at 25° C, and is independent of v,
iii) i p / v 12 is independent of v,
iv) i pa /i pc is unity and is independent of v , and

v) Eqp is situated exactly midway between Epa and Epc.

When the charge transfer process is much slower than the
diffusion rate, the electrode surface concentrations of the oxidised and
reduced species, and therefore the current, is determined by kinetics alone.
In this case the system does not obey the Nernst equation and is said to be
irreversible. The cathodic peak is shifted more negatively and the anodic
peak shifted more positively along the potential axis, with the peak
separation so large that there is often no current observed on the return
potential sweep. For a quasi-reversible system, the current is controlled by
both diffusion and charge transfer kinetics. Note that if the product of a
reversible charge transfer is destroyed by a rapid chemical reaction such
that no reverse reaction can proceed, the response will be similar to that of

an irreversible charge transfer reaction.

10.2.2 APPLICATION OF CYCLIC VOLTAMMETRY
TO INVESTIGATIONS OF MODEL MEMBRANES

All measurements were made with a three-electrode potentiostatic
circuit. The potentiostat (Amel, Model 554) was used to control the variable
power supply. The signal generator consisted of a universal programmer
(Princeton Applied Research, Model 175), which provided the triangular
waves. The triangular potential sweep was usually applied at a scan rate of

200 mV s-1, Current-voltage responses of the system were recorded on a X-Y
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recorder. Negative potential and cathodic current coordinates in the resulting

figures were directed to the left and downwards, respectively.

Throughout the investigation presented here, the potential was
applied across the calomel electrode immersed in the trough, referred to as
the back trdugh (ie. the one farthest from the microscope), and the
reference electrode (RE), which was a calomel electrode placed in the front
trough. The counter electrode (CE), a platinum wire, was placed in the
front trough, close to the reference electrode. It should be noted that to
minimise interference with the formation of membranes, the electrodes
were all placed in the minor troughs. Generally, an oxidising agent or an
equimolar solution of oxidising agent/reducing agent was added to the back
trough. The species to be investigated was then added to the front trough.
Tien, et al. [105] suggest that if the concentration of the species in the back
trough is high enough, the modified BLM-aqueous solution interface in the
front trough behaves like the conventional working electrode in the sense
that the current is determined by the concentration gradient and diffusion in
the front trough. Therefore, voltammograms represent the redox processes
of the investigated species in the front trough, and the current is limited by
its diffusion. It is important that there is sufficient modifier present so that
the current is not limited. In some cases, the current/potential response of

the system may be influenced by the concentration gradients in both troughs.

The potential of the working electrode (the BLM-aqueous
solution interface in the front trough) in this setup is determined by
consideration of the reaction at the calomel electrode in the back trough and
also the reactions occurring at the BLM-aqueous solution interfaces in both
troughs. All voltammograms from this work show the current measured at
the working electrode plotted against the voltage applied between the
working electrode and the reference electrode. The reactions occurring at

the calomel electrodes on either side of the membrane cancel. Therefore, the
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values on the potential scale are the difference between the potentials on

either side of the membranc.

Usually a certain voltage exists across the membrane even if no
voltage is applied from an external source, so that zero-current does not
necessarily mean zero-voltage for the BLM. There may be a small potential
difference between the calomel electrodes (which was shown to be less than
2 mV for the calomel electrodes used in these experiments) and redox
equilibria in solutions on either side of the membrane may cause a potential
difference. Therefore, in order to attain the zero-current point it may be
necessary to apply an initial voltage to the membrane in order to compensate

for the inherent voltage in the system.

To explain the observed membrane potential, the membrane is
assumed to behave like an ideal electron conductor and the BLM as an
electrical cell, where each membrane-aqueous solution interface is assumed to
behave as a redox electrode. The observed current of a redox system is a
measure of the rate of an electrochemical reaction and the Eyring equation
[106] gives the relationship between the current and various parameters, such
as the rate constant, transfer coefficient, applied voltage, redox potentials and
concentrations of species. At equilibrium the current will be zero and
substitution of this into the Eyring equation reduces it to the Nernst equation
[106]:

lnl_]_

Applied voltage, U = Uy [Red]

where Uy is the standard redox potential of the redox
couple and [Ox] and [Red] are the concentrations of the oxidised and reduced

forms of the electroactive species. (F, R and T have their usual meanings.)
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The electrical potential of each side of the membrane can be
written in the same way, so that the overall potential generated by the

transfer of electrons from a donor to an acceptor is

) ) RT. [Ox]y[Red];
U=Uz2-Ui= Upz-Uos + g In medi ronn,

where Uy and U, are the potentials of the two troughs, and Ug;

and Uo are the standard redox potentials for the two redox couples.

When [Ox] = [Red] in each trough the potential difference of the
troughs, AU = Uy = Upz - Up,1 , where Up, is the membrane potential
measured under open circuit conditions (i = 0). When considering the
cyclic voltammetry of BLMs at non-equilibrium, equations other than the

Nernst equation must be considered [106].

The membrane potential, measured using a voltmeter (Keithley
Instruments) or the potentiostat (with CELL OUT), agreed with the value of
the applied potential at which the current was zero (read from the
voltammogram). Therefore, when the potential difference between the two
solutions on either side of the membrane was applied to the working
electrode, no current flowed. When a negative potential is applied to the
working electrode, it is driven to become more negative than the rest
potential. Conversely, when a positive potential is applied, the working

electrode becomes more positive than the rest potential.
10.2.3 MODIFICATION OF MEMBRANES

Current-voltage curves of unmodified membranes show that there
is a linear relationship between membrane current and the voltage applied,

so that Ohm's Law : i =% , is obeyed.
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Results from studies investigating redox reactions in BLM systems
suggest that on one side of the BLM electrons are donated to the membrane
interface by electron donors, and on the other side of the membrane
electrons are taken away from the interface by electron acceptors. A
modifier acting as an electron donor or acceptor incorporated into the
membrane phase transports the electrons across the bilayer. Examples of

modifiers suitable for electron transfer investigations are discussed below.
TCNQ

In the early 1960s, 7,7,8,8-tetracyano-p -quinodimethane (TCNQ)
was synthesised and found to be a new powerful electron acceptor, as it can
gain an electron to become an anion radical [107]. TCNQ is a planar,
symmetric molecule with w-delocalisation extending throughout the
molecule [108]. It is generally accepted that it is the excitation of &
electrons, which move throughout the whole molecule, that leads to the
generation of mobile charge carriers. There is a possibility that molecular
diffusion of TCNQ and/or TCNQ- is involved.

IODINE

The effect that iodine has on the the properties of membranes has
been a subject for discussion since it was first noticed. Rosenberg and
Jendrasiak[109,110] observed that the presence of iodine in the aqueous
phase increased the conductivity of a BLM by several orders of magnitude.
This was consistent with reports of Liauger, et al. [111], who suggested that
the increase was due to formation of a molecular complex between the lipid
and iodine, indicating that an electronic conduction mechanism involving
redox reactions at the bilayer-aqueous solution interface could occur. It was
thought that I» interacts with the polar groups of lecithin resulting in

charge-transfer complexes in which the molecular ratio of components is
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1:2 [112]. The two lecithin molecules in the complex act as donors and
iodine acts as an acceptor. Studies of permeability and electrical properties
led Finkelstein and Cass [113] to the conclusion that polyiodides (eg. Iz~ and
I5s-) are the major charge carriers in an ionic mechanism. Jain, et al. [114]
made observations that were consistent with polyiodide-mediated electron
transfer across the BLM. It is believed that the polyiodides penetrate the
membrane and become electron sources. Liberman, ez al. [115] supported
the idea that an ionic mechanism was responsible for the increase in
conductance. More recently, it was suggested by Bhowmik, ef al. [116] that
the total conductivity across the BLM is equal to the ionic conductivity

outside the BLM plus the electronic conductivity inside the BLM.
OTHER ELECTRON CONDUCTORS

Tetrathiafulvalene (TTF), an electron donor {117], and ferrocene
have also been found to act as electronic conductors in BLMs, but are not

discussed in this work.
10.2.4 EXPERIMENTAL PROCEDURE

Planar bilayer membranes were formed as described in Chapter 7.
When TCNQ was used as the modifier it was included in the BLM-forming
solution. Iodine was usually present in the BLM-forming solution added to
the troughs but to observe a non-ohmic voltammogram it was often
necessary to add iodine (in an n-hexane solution) to the surface of the

solution in the back trough after formation of the BLM.

After stirring a solution of TCNQ (solid) in a small amount of the
membrane-forming solution the remaining solid was allowed to settle or
centrifugation at low speeds was used to remove the undissolved solid

material.
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To generate the redox gradient, an equimolar solution of oxidising
agent/reducing agent is added to the back trough and the redox couple to be
investigated is added to the front trough. It was possible to have only an
oxidising agent in the back trough when the species in the front trough was a
reducing agent. The investigated species are usually of lower concentration

than those present in the back trough.

A small magnetic stirrer was placed in an indent at the bottom of each
trough and the solution in the trough was stirred vigorously for several
minutes after the addition of the solutions containing the redox couples. The

stirring was stopped and the voltammogram was recorded.

In electron transfer experiments, Tien has often added a saturated
solution of KIOg4 to the back trough. As the solubility of potassium
metaiodate (KIO4) is 0.66 g /100 cm3 of water (approx. 13° C) [118], the

concentration of a saturated solution is 2.87 X 10-2 M.
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CHAPTER 11 - RESULTS

Cyclic voltammograms given in this work show the current as
measured between the calomel electrode in the back trough and the CE
(platinum wire) in the front trough against the voltage applied between the
calomel electrode in the back trough and RE (calomel electrode) in the front

trough.

Membranes prepared from several different lipids will be assessed
on the extent to which they act as a working electrode in a three-electrode
arrangement. For discussion we consider first the lipid comprising the
bilayer, then the modifier and finally the species under investigation, which

is always placed in the front trough.

Voltammograms are compared with those obtained by Tien where
possible, but it should be noted that Tien appears to make a correction for
the membrane potential so that almost all his plots have zero current at zero
voltage. Therefore the potential at which peaks occur is given relative to the

potential at which i =0.

I. Natural lecithin
a) TCNQ-MODIFIED BLM

Fe(CN)g4 : The membranes were formed in 0.1 M
CH3COONa/0.1 M KCl1 (pH 8). When the front trough contained 1.0 x 10-2
M Fe(CN)g*- and the back trough contained 3.5 X 10-2 M Fe(CN)g3-
/Fe(CN)g*- (Fig. 11.1) the plot was asymmetrical with almost no cathodic
current. The anodic current reaches a plateau at 12pA cm-2, which is
usually indicative of a constant supply of oxidisable ions (Fe(CN)¢*) to the

working electrode.
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FIGURE 11.1 : Cyclic voltammogram of a TCNQ-modified natural lecithin BLM with a

3.5x10"2 M Fe(CN)g3-/Fe(CN)g*- solution in the back trough and a 1x10-2 M Fe(CN)g*-
solution in the front trough. Diameter of aperture was 0.52 mm.
Electrolyte solution was 0.1 M CH3COONa/0.1 M KCl. Scan rate = 200 mV s-1,

b) I>-MODIFIED BLM

All the following systems were investigated using I>-modified
natural lecithin membranes. Unless otherwise stated the membranes were
formed in 0.1 M CH3COONa/0.1 M KCl (pH 8).

1) Fe(CN)g¢4- : When I, was used as the modifier instead of
TCNQ, almost all the voltammograms exhibited peaks, were symmetrical
about (0,0), and the current was much higher (by at least an order of
magnitude). In Figure 11.2 the back trough contained 3.5 X 102 M
Fe(CN)g3-. The cyclic voltammogram of a system was sometimes
asymmetrical, but after adding more I to the back trough and forming a
new membrane a more symmetrical plot resulted (Fig. 11.2(b)). From
Figure 11.2, it appears that concentration of the species in the front trough

is not the only factor determining the current, as a less concentrated solution
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FIGURE 11.2 : Cyclic voltammograms of an I,-modified natural lecithin BLM (I in only
lipid solution added to back trough) with a 3.5x10-2 M Fe(CN)¢>- solution in the back

trough. (a) (@) 1x10-2 M Fe(CN)g*" solution in the front trough ; (A) plot of second
membrane formed with same system and solutions, but after the addition of I, in n-hexane
to the surface of the solution in the back trough

(b) (o) 5x10-3 M Fe(CN)g*- solution in the front trough ; (A) plot of second membrane

formed with same system and solutions, but after the addition of I in n-hexane to the
surface of the solution in the back trough

Electrolyte solutions were 0.1 M CH3COONa/0.1 M KCl. Scan rate =200 mV s71,
Diameters of apertures were 0.52 mm.
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may actually result in peaks of higher current (compare 11.2(a) and (b)).
The indication is that the amount of I, in the BLM is a more significant
factor. There were many cases when addition of more I, to the back trough
resulted in a large increase in the current of subsequent membranes. In fact

additions of more I, was often needed to even observe a non-ohmic plot.

When a very stable membrane was formed it was possible to
change the scan rates and observe the change in the plot (Fig. 11.3). An
essentially linear relationship is obtained when i p is plotted against v1/2
(Fig. 11.4) and as the voltammograms also show that i pa /i pc is
approximately unity, it appears that the reaction is reversible [119]. It
should be noted that the separation between the anodic and cathodic peaks is
around 100 mV, and not 57 mV (that is, the peak separation is not equal to

2.2RT/n F mv, where n =1) as expected for a reversible system.

According to cyclic voltammetry theory, when the cathodic and
anodic peak positions shift along the potential toward more negative and
more positive potentials, respectively with higher scan rates, the rate
limiting step of the process is no longer diffusion (neither in water phases in
contact with BLM, nor the membrane itself), but charge transfer across the
BLM [105]. As there is very little change in the peak positions for Figure
11.3, diffusion seems to be the rate-limiting step.

Symmetrical plots exhibiting peaks of comparable current are also
obtained when KIO4 (2.5 X104 M) replaced Fe(CN)g3- in the back trough

(Fig. 11.5), under the same conditions.

These plots can be compared to I,-modified natural
lecithin/oxidised cholesterol membranes, with 0.1 M KCl and 0.01 M
sodium acetate buffer (pH 5.5) as the bathing solution, which were formed

by Krysinski and Tien [105]. With a calomel electrode inside the 10 cm3
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FIGURE 11.3 : Cyclic voltammograms of an Ip-modified natural lecithin BLM (I in only
lipid solution added to back trough) with a 3.5x10-2 M Fe(CN)¢3- solution in the back
trough and a 5x10-3 M Fe(CN)g#- solution in the front trough. () Scan rate =20 mV s-1

(o) Scan rate = 100 mV s°! (A) Scan rate =200 mV s-! (*) Scan rate = 500 mV s-1

Electrolyte solution was 0.1 M CH3COONa/0.1 M KCl. Diameter of aperture was (.52
mm.
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FIGURE 11.4 : Plot of peak current (i p) against (scan rate)!/2 when the scan rate is varied
from 20 mV sec”! to 500 mV secl.

Teflon cup, which contained 100 mm3 of saturated KIO4 solution, and
reference and counter electrodes placed outside the cup in 5 X 104 M
K4Fe(CN)g, a peaked voltammogram was obtained. With a scan rate of 100
mV s-1, 1 anod peak (120-130 mV) occurred at 44 X 10-5Acm-2 and i cath
peak (-90-100 mV) at -27 x 10-5Acm-2. The peak separation is higher than

that found for the voltammograms presented here.

ii) (NH4)2S04.FeS0O4.6H,0 @ With KIO4 (100 mm3 of
saturated solution ; approximately 1.2 X 10-4 M) in the back trough and 5 x
10-4 M (NH4)SO4.FeSO4.6H;0 in the front trough, a peaked symmetrical
voltammogram resulted (Fig. 11.6).

iii) KI : Plots exhibiting non-ohmic behaviour were obtained
with the modified membrane in buffer only, but the current was very low.

Addition of KIOj4 to the back trough resulted in the current-voltage plot
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FIGURE 11.5: Cyclic voltammograms of an Io-modified natural lecithin BLM (I, in only
lipid solution added to back trough) with a 2.5x104 M KIQy solution in the back trough and

5x10-3 M Fe(CN)g# solution in the front trough. Conditions were exactly the same for
both plots; they were obtained on consecutive days using the same setup (ie. same Teflon
septum and therefore same aperture), but the solutions were replaced after the setup was
rinsed with chloroform.

Electrolyte solutions were 0.1 M CH3COONa/0.1 M KCl. Scan rate =200 mV s-1,
Diameter of aperture was 0.52 mm.
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FIGURE 11.6 : Cyclic voltammograms of an I;-modified natural lecithin BLM (I in only
lipid solution added to back trough) : (A) no redox couples in troughs () with a 1.2x104
M KIOy; solution in the back trough and a 5104 M (NH,4),SO4.FeS0O4.6H,0 solution in

the front trough.

Electrolyte solution was 0.1 M CH3COONa/0.1 M KCl. Scan rate =200 mV s71,
Diameter of aperture was 0.52 mm.
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becoming more ohmic, while the current remained at a low level. Addition
of KI to the front trough (concentration 5 X 10-4 M) greatly increased the
current and either resulted in the plot becoming completely ohmic (Fig.
11.7(a)) or resulted in peaks in both the anodic and cathodic current (Fig.
11.7(b)). With a scan rate of 200 mV s-1, i anod peak (80 to 90 mV)
occurred at 24x10-5Acm-2 and i cath peak (-70 to -80 mV) at -15x10-5Acm-2.

Peaked voltammograms were more likely if more I, was added to
the surface of the solution in the back trough, either before or after
formation of a new membrane (Fig. 11.8 and 11.9), and the magnitude of

the current increased as expected.

These plots can be compared to I;-modified natural
lecithin/oxidised cholesterol membranes, with 0.1 M KC1/0.01 M sodium
acetate buffer (pH 5.5) as the bathing solution, which were formed by
Krysinski and Tien [105]. With a calomel electrode inside the 10 cm3 Teflon
cup, which contained 100 mm3 of saturated KIO4 solution, and reference
and counter electrodes placed outside the cup in 5 X 104 M KI an
asymmetrical peaked voltammogram was obtained. With a scan rate of 100
mV s1, { anod peak (90-100 mV) occurred at 22x10-5Acm-2 and i cath peak
(-60-70 mV) at -14x10-5Acm-2.

iv) KIO4/ KIO3 : With a 10:1 molar ratio of KIO4/KIO;
solution in the back trough and a 1:10 molar ratio of KIO3/KIOj4 in the front
trough, voltammograms of the I,-modified membranes exhibit non-ohmic
behaviour, after more I, is added to the surface of the solution in the back
trough (Fig. 11.10(a)).
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FIGURE 11.7 : Cyclic voltammograms of an I,-modified natural lecithin BLM : (A) no
redox couples present in the troughs (@) 1.15x10-4 M KIO;4 solution in the back trough

and 5x10~4 M KI solution in the front trough. (a) and (b) were obtained on different days
with different setups (ie. different apertures).

Electrolyte solution was 0.1 M CH3COONa/0.1 M KCl. Scan rate =200 mV s-1.
Diameters of apertures were 0.52 mm.
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FIGURE 11.8 : Cyclic voltammogram of an I,-modified natural lecithin BLM (I in only
lipid solution added to back trough) with a 1.6x104 M KIOy4 solution in the back trough and

a 5.5%10~4 M KI solution in the front trough. It was necessary to add more I to the back
trough after formation of the BLM in order to obtain a peaked voltammogram of significant
current.

Electrolyte solution was 0.1 M CH3COON3/0.1 M KCl. Scan rate =200 mV s-1. Diameter
of aperture was 0.47 mm.
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FIGURE 11.9 : Cyclic voltammograms of an I;-modified natural lecithin BLM (I3 in only
lipid solution added to back trough) with 2.5x10-4 M KIO, solution in the back trough and
5.5x104 M K1 solution in the front trough. The plots were obtained on different days with

different setups with (a) diameter of the aperture used was 0.52 mm (b) diameter of the
aperture used was 0.47 mm.

Electrolyte solutions were 0.1 M CH3COON2/0.1 M KCl. Scan rate = 200 mV s™1.



158

v) Dehydroascorbic acid / Ascorbic acid : With KIO4 (2.5
%X 10-4 M) in the back trough and 5.5 x 10-4 M ascorbic acid in the front
trough, the voltammogram of the system shows slight deviation from ohmic
behaviour (Fig. 11.10(b)). It was probably necessary to add more I, to the
back trough, as the current was very low. Peaked voltammograms of
considerable current were obtained by Krysinski and Tien [105] under

similar conditions.

vi) No redox couples present : Note that it was often
observed that even when no redox couples are added to the buffer solution,
the I>-modified natural lecithin membranes exhibit non-ohmic behaviour.
For I>-modified membranes, the voltammograms of the system usually have
peaks, but once an electroactive species or redox couple is added to the back
trough the voltammogram may exhibit more ohmic behaviour, where the
current is directly proportional to the voltage applied (Fig. 11.11). While
this was a consistent and interesting phenomenon, the currents are very low
and further studies are necessary before this could be considered to be

significant.

II. Natural lecithin / oxidised cholesterol

a) TCNQ-MODIFIED BLM

Q/H2Q : Numerous quininoid compounds are known to play
important roles in biomembranes and quinhydrone is the simplest of those
that have been characterised electrochemically. Quinhydrone consists of

quinone and hydroquinone at equal concentrations.

Unless otherwise stated the membranes were formed in 0.1 M
CH3COONa/0.1 M KCl (pH 8). For systems where a TCNQ-modified
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FIGURE 11.10 : (a) Cyclic voltammogram of an I;-modified natural lecithin BLM (I in
only lipid solution added to back trough) with a 3.4x10-3 M KIO4/3.1x10-4 M KIO3
solution in the back trough and a 3.4x10-4 M KIO4/3.1x10-3 M KIO; solution in the front
trough. Two plots obtained with the same setup and without changing the solutions, but
from different membranes with the addition of more Ip/n-hexane to the surface of the back
trough resulting in higher current. (b) Cyclic voltammogram of an I>-modified natural
lecithin BLM with a 2.5x10"4 M KIQj4 solution in the back trough and a 5.5x10-4 M

ascorbic acid solution in the front trough.
Electrolyte solutions for both setups were 0.1 M CH3COONa/0.1 MKCl. Scan rate = 200

mV s-1. Diameters of apertures were 0.52 mm.
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FIGURE 11.11 : Cyclic voltammograms of an I,-modified natural lecithin BLM : (a) (o) no
redox couples present in the troughs (A) with a Fe(CN)g3- solution in the back trough ;

(b) (o) no redox couples present in the troughs (A) with a 2.5x10-4 M KIOy4 solution in the

back trough.

Electrolyte solutions were 0.1 M CH3COONz/0.1 M KCl. Scan rate =200 mV s-1.
Diameters of apertures were 0.52 mm.
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membrane separates an equimolar solution of Fe(CN)g*/Fe(CN)g3- (3.5 X
10-2 M) in the back trough and quinhydrone (2.5 x 10-3 M) in the front
trough, zero current flows at a value around -120 mV (Fig. 11.12). The
current is quite low; the highest Iznod obtained was about 2.4 pAcm-2. The
plots are asymmetrical with the anodic current being much higher, that is,
oxidation takes place more readily than reduction. It appears that larger
negative potentials should have been applied in order to observe a cathodic
peak.

The low current suggests that there is very little TCNQ in the

BLMs to transport the electrons across the bilayer.

As the back trough contained an equimolar concentration of ferri-
/ferrocyanide and the front trough contains quinhydrone, which consists of
equal amounts of quinone and hydroquinone, it is assumed that the solutions

in each trough attain a potential close to E° for that particular system.
For the quinhydrone system, Q + 2H* + 2e- — H;Q :
EQ = EQ° + (RT/F) In ay
= EQ° + (RT/F) In [H¥]

= 0.69976 volts + [(8.314 JK-Imol-! x 298° K)/96500 C] In 10-pH
at 25°C

0.4751 volts , at pH 3.8.

0.2268 volts , at pH 8.

E° of equimolar [Fe(CN)g3-]/[Fe(CN)e#-] is 0.36 volts, when measured

against a hydrogen electrode.
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FIGURE 11.12 : (a) and (b) : Cyclic voltammograms of a TCNQ-modified natural
lecithin/oxidised cholesterol BLM with a 3.5x10-2 M Fe(CN)g3-/Fe(CN)g4~ solution in the

back trough and a 2.5x10-3 M BQ/H,Q solution in the front trough. Plots were obtained
over two days with different setups (ie. different Teflon septums and therefore different

apertures).

Electrolyte solutions were 0.1 M CH3COONa/0.1 M KCl. Scan rate =200 mV s-1.

Diameters of apertures were 0.52 mm,
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The membrane potential is the potential difference between the
two redox couples (quuinone/hydroquinone - Eoferri-ferrocyanide =(0.23 - 0.36)
volts = -0.13 volts, at pH 8).

This voltammogram can be compared with a TCNQ-modified
natural lecithin/oxidised cholesterol membranes, with 0.1 M KCl as the
bathing solution, which were formed by Tien [120]. With a calomel electrode
inside the 10 cm3 Teflon cup, which contained an equimolar Fe(CN)g3-
/Fe(CN)g*- solution, and reference and counter electrodes placed outside the
cup in 5 X 104 M quinhydrone a peaked voltammogram was obtained. With a
scan rate of 200 mV s-1, i anod peak (80 to 90 mV) occurred at 0.17x10-5
Acm-2and i cath peak (-80 t0-90 mV) at -0.17x10-5Acm-2.

Another comparison can be made between this system and I,-
modified natural lecithin/oxidised cholesterol membranes, with 0.1 M KCI
and 0.01 M sodium acetate buffer (pH 5.5) as the bathing solution, which
were formed by Krysinski and Tien [105]. With a calomel electrode inside
the 10 cm3 Teflon cup, which contained 100 mm3 of saturated KIO4
solution, and reference and counter electrodes placed outside the cup in 4.63

X 10-3 M hydroquinone a peaked voltammogram was obtained. With a scan
rate of 100 mV s-1, i anod peak (80 to 90 mV) occurred at 18x10-5Acm-2

and i cath peak (-80 t0o-90 mV) at -20x10-5Acm-2,
b) I>-MODIFIED BLM

Fe(CN)g4 : The membranes were formed in 0.1 M
CH3COONa/0.1 M KCl (pH 8). The presence of cholesterol in the BLM-
forming solution did not significantly change the peaked voltammograms
from those obtained when there was no oxidised cholesterol in the BLM-

forming solution. The plot in Figure 11.13 is an example of the behaviour
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i anode (10°°Acm2)

5 =
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FIGURE 11.13 : Cyclic voltammograms of an I,-modified natural lecithin/oxidised
cholesterol BLM (I in only lipid solution added to back trough) with a 2.5x104 M KIO4
solution in the back trough and a 5x10-3 M Fe(CN)g*- solution in the front trough. (A)
initial plot with i increasing with continued scanning (o) after adding more I to the surface

of the back trough (#) with continuous scanning i decreased to this plot.

Electrolyte solution was 0.1 M CH3COONa/0.1 M KCl. Scan rate =200 mV s-1. Diameter
of aperture was 0.52 mm.
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of I,-modified membranes, where as more I in n-hexane was added to the
surface of the solution in the back trough, the current increased, stabilised

and then decreased to a lower value with continuous scanning.

Monoolein
TCNQ-MODIFIED BLM

All the following systems were investigated using TCNQ-modified
monoolein membranes. Unless otherwise stated the membranes were formed
in 0.1 M CH3COONa/0.1 M KCl (pH 8).

Dehydroascorbic acid / Ascorbic acid : TCNQ-modified
BLM were formed in 0.0998 M NaCl. The back trough contained an
equimolar solution of ferro-ferricyanide at the same concentration (5 x 10-3
M) as the solution of ascorbic acid on the other side of the BLM. The
resulting voltammogram indicates that there is no net current at -100 mV
(Fig. 11.14). A steady state appears to be reached in the anodic current; this
is usually indicative of a stirred solution where the supply of reacting species
is continuous. The anodic current becomes constant at +34.6 pAcm-2, while
the cathodic current reaches -23.1 pAcm-2 in the range scanned. It should be
noted that the current of this voltammogram is considerably higher than that
obtained with most other BLMs modified with TCNQ.
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FIGURE 11.14 : Cyclic voltammogram of a TCNQ-modified monoolein BLM with a
5x10-3 M Fe(CN)g3-/Fe(CN)g4- solution in the back trough and a 5x10-3 M ascorbic acid
solution in the front trough.

Electrolyte solution was 0.0998 M NaCl. Scan rate =200 mV s-1. Diameter of aperture
was 0.47 mm.
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PE / PS
a) TCNQ AS THE MODIFIER

Dehydroascorbic acid / Ascorbic acid : The membranes
were formed in 0.1 M CH3COONa/0.1 M KCl (pH 8). TCNQ-modified
PE/PS (2:1) membranes were formed with Fe(CN)g3-/Fe(CN)g#- (3.5 x 10-2
M) in the back trough. As the concentration of ascorbic acid in the front
trough increased from 5.0 X 10-3 M to 1.5 x 10-2 M the rest potential
(where no current flows) read from the voltammograms varied from -100
mYV to -175 mV. Voltammograms obtained with this system (buffer solution
at pH 8) are asymmetrical with an anodic current (indicating that oxidation
occurred) but very little, if any, reduction (Fig. 11.15). The currents are

quite low.
i anode (MAcm?)
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FIGURE 11.15 : Cyclic voltammograms of a TCNQ-modified PE/PS (2:1) BLM with a 3.5x

102 M Fe(CN)¢3-/Fe(CN)g*- solution in the back trough with 1x10-2 M ascorbic acid
solution in the front trough.

Electrolyte solutions were 0.1 M CH3COONa/0.1 M KCl. Scan rate =200 mV s71.
Diameters of apertures were 0.47 mm.
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b) I>-MODIFIED BLM

All the following systems were investigated using I2-modified

PE/PS membranes. Unless otherwise stated

KIO4 / KIO3 : The membranes were formed in 0.1 M
CH3COONa/0.1 M KCl (pH 8). With a 10:1 molar ratio of KIO4/KI1O3
solution in the back trough and a 1:10 molar ratio of KIO4/KIO3 in the
front trough, voltammograms of the I>-modified membranes exhibit no

peaks in the range scanned but the currents are significant (Fig. 11.16).
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30
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FIGURE 11.16 : Cyclic voltammogram of an Ir-modified PE/PS (2:1) BLM (I3 in only lipid
solution added to back trough) with a 3x 10-3 M KIO4/4.3x 10-4 M KIOj3 solution in the
back trough and a 3x 10-4 M KIO4/4.3x 10-3 M KIOj3 solution in the front trough.

Electrolyte solutions were 0.1 M CH3COONa/0.1 M KCl. Scan rate = 200 mV s-1.
Diameter of aperture was 0.47 mm.
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CHAPTER 12 - DISCUSSION

In electron transfer experiments the BLM usually separates an
acceptor-rich side and a donor-rich side, which are referred to as the
acceptor and donor sides by many researchers [121]. This was the case for
some systems presented here, but in general the back trough contained a
reasonably high concentration of redox couples (both acceptor and donor),
while a lower concentration of another redox couple (or only the donor
species) was present in the front trough. As mentioned earlier, it is assumed
that when electron transfer occurs it is the BLM-aqueous solution interface
in the front trough that functions as the working electrode. A higher
concentration of redox species in the back trough should ensure that the
current is not limited by processes occurring there. Therefore, current and
the extent of deviation from the ohmic plot is dependent on the amount of
modifier present in the BLM and the concentration of the redox species in

the front trough [105,106].

During the cathodic scan (applied potential is increasingly
negative), more and more electrons are available for reduction to the species
adjacent to the BLM. This means that the BLM becomes a stronger reducing
electrode. Conversely, as the potential is increased in the positive direction,
the BLM becomes a better oxidising electrode, with positive holes

increasingly ready for oxidation [119].

It is difficult to compare voltammograms of systems prepared on
a different days, as the concentration of the solutions may be similar but the
amount of modifier present greatly affects the current-voltage behaviour.
To further complicate comparisons, it is unlikely that the concentration of
the modifier in the BLM-forming solution is the same as that of the

modifier actually incorporated into the BLM [120].
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"The midpoint potential always corresponded to the Nernst
potential of the BLM partitioned cell"[122,123]. Tien observed [106] that the
extrapolated value for the membrane potential with equal molar
concentrations of ascorbic acid and ferri/ferrocyanide on opposite sides of
the BLM agrees with the difference of the two standard potentials (that is,
about 300 mV). This ignores the fact that the standard potential to which he
refers is measured with equimolar solutions of the reductant and the oxidant
in the same trough. In experiments where ascorbic acid is added to the
trough the concentration of dehydroascorbic acid is very low and certainly
not equal to the concentration of ascorbic acid. If the modified membrane
behaves as a ideal electron conductor, the measured potential difference
should be equal to the difference of the equimolar redox couples on opposite

sides of the barrier.

With few exceptions voltammograms reported by Tien and co-
workers have zero current when zero voltage is measured between the
calomel electrode in the back trough and the reference electrode (in the
front trough). While this has been the case for many iodine-modified
membrane systems, it certainly is not true for many other systems. Tien has
not mentioned that the zero on the potential axis in his diagrams refers to
the rest potential, leading to the observation that for the majority of his
experiments, zero current does indeed occur when there is no applied

voltage.

During the investigation of many of these systems small residual
currents were obtained and too much emphasis should not be placed on the

interpretation of these plots.

Throughout the investigation, TCNQ-modified membranes gave
plots showing less current than the iodine-modified membranes. The

majority of the plots were above the level of residual current, but were
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dependent on the amount of electron carrier present in the membrane.
Although the currents obtained by Tien and co-workers are comparable for
most systems there is a possibility that the additional solvent present in black

lipid films assists in attaining a higher concentration of TCNQ in the BLM.

When the BLM-forming solution contained a fine suspension of
very small TCNQ crystals, Tien found that the resulting BLMs had
voltammograms of similar shape but higher current than BLMs prepared
from a clear solution [124]. Using a microscope they observed crystals,
which were assumed to span the entire thickness of the BLM, providing
conductance pathways across the membrane. In our experiments, the small
crystals of TCNQ sometimes present in the BLM-forming solution applied
to the troughs usually floated on the surface and were removed to assist
formation and avoid disruption of formed membranes. On one or two
occasions TCNQ crystals were observed on the periphery of a BLM and

voltammograms had a higher current than when they were not present.

Iodine-modified membranes often produced considerable currents
with the voltammograms sometimes approaching reversible systems. There
appeared to be some leakage of iodine through the BLM, which often

complicated the interpretation.

The application of cyclic voltammetry to membranes is still a
relatively new field and the work presented here has indicated the need for
more investigations into these models for the electron transfer occurring in
biological membranes. The technique is certainly suitable for studies of this

type on the membranes prepared here.

It has been suggested [125] that the peak height and peak position
could be dependent on the lipid content of the BLMs and this would be an

interesting aspect to investigate further.
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One of the most interesting observations involves the shapes of
voltammograms obtained. Although the characteristic voltammogram
features two current peaks, a positive one and a negative one, both of the
same height, another type, which shows a large non-linear increase of
current for linearly increasing applied potential, has often been observed.
Perhaps these systems do not yield peaked voltammograms or if so, the
peaks might occur beyond the potential sweep range [125]. For most
membranes it was possible to scan to a potential at least 200 mV more
positive or negative than the rest potential (where there was no current

flow) before the membrane ruptured.

Many voltammograms exhibited currents that reached a plateau.
This behaviour usually occurs in solutions where stirring is continuous so
that the species reacting is not depleted in the vicinity of the electrode, but
stirring was not undertaken during voltammetric measurements. Recent
work by Bond and co-workers involving electron transfer at protein-
graphite electrode interfaces [126] may offer a reason for these types of
plots. They suggest that voltammograms not exhibiting peaks may be a
result of radial diffusion rather than an indication of limited electron
transfer. Their model assumes that mass transport to the electrode occurs by
radial diffusion when the density of surface-active sites are low and by
linear diffusion when there are sufficient active sites to cause overlap of the
diffusion layers. When radial diffusion occurs it is possible to obtain
irreversible voltammograms with fast electron transfer. TCNQ would be a
suitable modifier for further studies of this aspect occurring in bilayer

membranes .
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APPENDIX I - Materials Used

ORGANIC SOLVENTS

Freshly distilled solvents were used in order to remove impurities
and water. The removal of water is important as phospholipids have a
strong affinity for water,and its presence in the BLM-forming solution may
result in thick patches of lipid occurring in the bilayers [23]. Solvents were
also applied to an Adam-Langmuir trough to test for the presence of
surface-active contaminants. The main solvent used in the BLM-forming
solutions, n-hexane (Sigma Chemical Co.), was doubly-distilled . Squalene,
supplied as a clear, odourless solution (C3oHsg, M.W. = 410.74; Sigma
Chemical Co., No. S-3626, 98-100% ), was stored at -20° C and used

without further purification.
LIPIDS

All lipids were obtained from Sigma Chemical Co. and used as
supplied, without further purification.
1-Monooleoyl-rac-glycerol (Monoolein; glyceryl monooleate;
Ci17H33.CO.0OCH,.CH(OH).CH,0H, [C 18:1, cis 9], approx. 99%), Sigma No.
M-7765. M.W. = 356.5 gmol-1.
L-a-phosphatidyl-L-serine (PS, approx. 98% from bovine brain), Sigma
No. P-7769. Assume M.W. = 800 gmol-1.
L-a-phosphatidylethanolamine (L-c-cephalin; PE, approx. 98% from E.
coli ), Sigma No. P-3511. Assume M.W. = 800 gmol-1.
L-a-phosphatidylcholine (PC, approx. 99% from egg yolk), Sigma No. P-
4139. Assume M.W. = 800 gmol-1.
Natural lecithin was obtained as unbleached 98% lecithin granules (Lowan
Whole Foods) from a health food shop.
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Cholesterol (Sigma Chemical Co., No. C-8253, M.W. = 386.7
gmol-1) was used to prepare oxidised cholesterol, following the method
described by Tien [15]. The octane was removed in vacuo from 1 cm3 of
the supernatant resulting and the oxidised cholesterol was redissolved in 2
cm3 of n-hexane with a small amount of chloroform (0.2 cm3), which was

needed to fully dissolve the oxidised cholesterol.
All lipids were stored under argon at about 5° C.

ELECTROLYTE AND BUFFER SOLUTIONS

All solutions were prepared using millipore-filtered water (Milli-
Q Reagent Water). Sodium chloride (NaCl, analytical grade, Univar, Ajax
Chemicals) was roasted at 400° C for 5 hours to destroy any organic
contaminants. Potassium chloride (KCl) and sodium acetate (CH3COONa)
were supplied by BDH Chemicals and acetic acid (CH3COOH) from Ajax
Chemicals.

Buffers with pH values ranging from 3.6 to 5.6 were prepared by

combining different amounts of acetic acid and sodium acetate.
MEMBRANE MODIFIERS

7,1,8,8-Tetracyanoquinodimethane (TCNQ, M.W. = 204.2 gmol-1)
was obtained from Sigma Chemical Co. (No. T-1636).

Iodine (I, M.W. = 253.8 gmol-!) was obtained from Sigma
Chemical Co. (No. I-0385).

REDOX COUPLES

All redox couples were obtained from BDH Chemicals or May
and Baker, with the exception of quinhydrone. Quinhydrone (C12H;9O4,
M.W. = 218.2 gmoll; Selby Co.) was recrystallised from millipore-filtered
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water at 70° C to ensure that the two components, quinone (OCgH40) and
hydroquinone (HOCgH4OH), were present in equimolar proportions. The
product was dried at room temperature in a dessicator (with phosphorous

pentoxide as the drying agent).

The electroactive species, such as periodate ions, ferro/ferri-
cyanide ions, ascorbic acid, used in the measurements , were considered

unlikely to penetrate the BLM.

During most experiments, Ny was flushed through the system in

order to minimise the effect of O, on the reactions taking place.
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APPENDIX II - Statistical Evaluation of

Data

TEST OF SIGNIFICANCE [127]

The population means are denoted by W and p; and the population
variances by 6,2 and 6,2. The data consist of two samples of observations
{x1,x2,...,xn}and {y 1,y2,..,ym } and the hypothesis to be tested is

that pt; = Hly. For the case considered here, the variances are known.

The best estimates of |1; and L, that can be obtained from these
data are x and y , respectively, the two sample means. If the null hypothesis
that Wy = Yy is true then x -y has a distribution with zero mean and a
variance 612/n + 622/m, since the variance of the difference x -y is the sum

of the variances of x andy .

The statistic chosen to measure agreement between p; and p; is,

therefore:

x -y
(01%/n + G62%/m)1/2

X =

The distribution of X depends on the distributions of the
variables x and y. If these are assumed to be normal the distribution of X

is a standardised normal distribution N (0,1).

Values of X varied from between 5 and 200.
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APPENDIX III - Comparison of
Capacitance Values

The following table lists the experimental conditions and resulting

capacitance values for several systems investigated by other researchers.

N is the number of membranes formed.



Teflon partition thickness lonic Hole
Lipid (Lm) N Capacitance Type of strength diameter Ref.
(nFem-2) membrane  (Molar) (mm)
PE/PE 19.0 - 650+10 monolayer 1.0 - [71]
- - 630+30 - - - [128]
- - 680+10 - - - [129]
PE/PS asymmetric 6.4 54 661150 monolayer - - [66]
9.5 38 665125
12.7 55 663144
19.0 49 694142
25.4 25 724148
PE/PS 12.0 15 750 monolayer - 0.225 [43]
Lecithin (average of 18 12.5 13 72121 monolayer  0.01-0.1 0.2-03  [27]
carbon atoms)
egg lecithin, bovine 25 - 900+100 monolayer 0.01 0.226 [40]

cardioplin, plant P,
glycerol dioleate,
oleoyoy! acid phosphate

6L1



Teflon partition thickness lonic Hole
Lipid (Lm) N Capacitance Type of strength diameter Ref.
(nFecm-2) membrane  (Molar) (mm)
Monoglyceride 19.0 26 750130 ) 1.0 ) [71]
(18:1)
[monoolein]
Monoolein - - 790+10 - - - [129]
Monoolein 20.0 - 852143 - - 0.3 [130]
Monoolein (18:1) 12.5 33 745124 monolayer 0.01-0.1 0.2-0.3 [27]
Monoolein : - 735 Solvent . . [32]
freeze-out
Monoolein - - 7901 Solvent - - [32]
freeze-out
Monoolein - - 77715 Solvent 0.1 - [31]
exclusion

081
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SUMMARY

The influence of 2.45 GHz microwave radiation on the membrane
permeability of unilamellar liposomes was studied using the marker
5(6)—carboxyfluorescein trapped in phosphatidylcholine liposomes.

The release of the fluorescent marker was {ollowed by
spectrofluorimetry after an exposure of 10 minutes to either microwave
radiation or to heat alone of the liposome solutions. A significant increase
of the permeability of carboxyfluorescein through the membrane was
observed for the microwave—exposed samples compared to those exposed to
normal heating only. Exposure to 2.45 GHz microwave radiation of
liposomes has been previously found to produce increased membrane
permeability as compared with heating. However, in contrast to previous
studies, the observations reported here were made above the phase
transition temperature of the lipid membrane.

The experimental setup included monitoring of the temperature
during microwave exposure simultaneously at several points in the solution
volume using a fiberoptic thermometer.

Possible mechanisms to explain the observations are discussed.
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INTRODUCTION

It is well known that leakage from the interior of liposomes and natural
membranes of entrapped substances may take place [1-7]. More recently,
an increase in such leakage upon microwave €xposure of these systems has
been reported [8—13], although the observation of the effect is not
unequivocal [14,15]. In the work to be described here we studied the release
of the fluorescent marker 5(6)—carboxyfluorescein from liposomes made
from L—a—phosphatidylcholine. Particular attention has been directed
towards ensuring that the liposomes were of uniform size, of narrow
size—distribution and possessing pure lipid membranes. On the basis of our
results we confirm that microwave exposure enhances the release of the
dye. Although no definite mechanism for the effect emerges we shall be

able to exclude some potential mechanisms for the phenomena observed.
MATERIALS AND METHODS
Preparation of unilamellar liposomes

The lipid used was L—a—phosphatidylcholine (PC) from soybean in
chloroform solution (SIGMA Cat.no. P6263) and the dye to be entrapped
was 5(6)—carboxyfluorescein (CF) also obtained from SIGMA (Cat.no. C
7153). The method involves adding the dye during the liposome
preparation process which results in its incorporation into the liposome
interior. The complete preparation is carried out in two major steps. First
multilamellar liposomes are produced which may be freeze—dried and
stored ready for the next stage of the preparation of unilamellar liposomes

through extrusion. The preparative procedures are described in more detail

as follows.



250 mg of PC in chloroform solution was evaporated to dryness in a
rotary evaporator and the dry PC film redissolved in first 2 cm3 and then
an additional 8 cm3 of a 0.017 mol dm3 CF solution in 0.05 mol dm-3
tris/saline buffer of pH 7.4. In order to assist dispersion of the PC a bath
sonicator (Branson Sonifier B—12) at a power setting near 65 W was used.
Vortexing of the solution produced multilamellar vesicles which were then
7_8 times in succession frozen in liquid mitrogen and thawed in order to
ensure equal distribution of the solute between lamellae and adequate
hydration of the lipid. Finally, the liposome solutions were freeze—dricd
and stored until the next stage of the preparative procedure; we note that
freeze—drving has been reported to enhance the capacity of encapsulating
solutes by the liposomes (7).

The preparation of the unilamellar liposomes proceeded from the
freeze—dried PC/CF mixture; this was first rehydrated by dissolving it in
10 cm3 of 0.05 mol dm-3 tris/saline buffer. The solution was then passed
through an extruder (Lipex Biomembranes Inc., Vancouver, Canada)
equipped with a base filter and a 0.1 ym filter (Nucleopore, SN:110605).
The solution was extruded 5 times interspersed with freezing/thawing

using liquid nitrogen as for the preparation of the multilamellar liposomes.

3
1

Finally the excess CF was separated {rom the liposomes by gel-filtratio
using columns packed with Sephadex G—25. The resulting unilamellar
liposomes are stable for at least 2—3 days at a storage temperature of 59C;
however, all experiments were carried out as soon as possible, usually
within 10 hours, after completion of the preparation.

The phase transition temperature of the liposomes was found to be
within the reported range of between -—150C and +70C  of
phosphatidylcholine liposomes (16). The size and polydispersity of the
liposomes were determined by dynamic light scattering using an

instrument consisting of a laser light source, a temperature—controlled cell



holder and a MALVERN K7027 'LOGLIN' correlator. The apparatus was

calibrated using a standard monodisperse sample of polystyrene latex

spheres.
Spectrophotomelric measurements

Absorbance and fluorescence of the solutions were measured using a Varian
Cary 219 spectrophotometer and an Aminco SPF—500 spectrofluorimeter,
respectively. For the purposes of the fluorescence measurement the
liposome solutions were diluted with tris/saline buffer to an absorbance
near 0.25 in a 0.5 cm cuvette at 490 nm, the excitation wavelength to be
used. Fluorescence emission was measured at 518 nm.

The liposomes were checked for the possibility of the leakage of the
dye through the membrane by measuring the fluorescence intensity
immediately after dilution of the liposome sample and comparing it with
that measured 3 hours later. Only sample solution that showed no change
in fluorescence intensity were used for the subsequent exi)erimems of
microwave exposure.

All  spectrofluorimetry was carried out at constant room
temperature of 219C; however, between measurements the samples were

placed in an ice—bath and kept in the dark.

Microwave exposure ezperiments

Microwzlive radiation was generated by a continuous wave magnetron
operating at 2.45 GHz. The magnetron was coupled to an IEC R32
waveguide (S—band) which was terminated with a horn antenna with
aperture dimensions of 157 mm x 135 mm in the E and H planes,

respectively. The output power was monitored with a power meter
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connected to a waveguide directional coupler situated between the
magnetron and the antenna. All irradiations were performed at & distance
of 0.4 m between the sample and the antenna aperture. The walls of the
exposure room were lined with microwave absorbing material (Eccosorb,
Emerson and Cumming Inc., Canton, MA, USA).

The sample container was made of polytetrafluorethylene (TeﬂonR)
with a volume of 1 cm3; it has been described in detail elsewhere (17). The
sample container was placed inside a poly(methylmethacrylate)
(PerSpexR) trough, as shown in Figure 1, through which water was
circulated from a thermostat placed well outside the radiation field.
Stirring of the sample ‘tself was achieved by a slow flow of air bubbles via
a small plastic tube protruding through the lid of the sample container.
Temperature of the sample was measured using a Luxtron 755
multichannel fluoroptic thermometer with four fiberoptic non—perturbing
probes positioned at different depths in the sample. The thermometer and
the power meter were connected to an HP 85 desk computer based
measurement system programmed to register the temperature on all four
probes every fourth second. We ascertained that the presence of the

thermometer had no influence on the fluorescence results.

Ezperimental procedure

The experimental procedure was as follows. Liposome samples were
removed from ice, left at room temperature for one minute and then placed
in a waterbath at 38.50C for another minute. One liposome sample (1 cm3)
was exposed to miCrowaves for 10 minutes and another identical sample
was placed, without exposure to radiation, in a water bath kept at a
temperature 1.0 — 1.50C higher than the final temperature of the

microwave irradiated sample; the heating of this second sample was



continued for 11 minutes compensating for the time taken to fill the
sample container for microwave €xposure. After the exposure period the
temperature of both samples was decreased to 100C rapidly, within about
30 seconds, the samples were then transferred to 0.5 cm3 silica cuvettes
and their fluorescence determined as soon as they warmed to room
temperature of 219C. Finally, the average liposome size of the samples was
measured by dynamic light scattering and compared with that prior to the

microwave or heat exposure.

Dosimetry

Specific absorption rate (SAR) of the radiation was determined in a
separate experiment. The test solution in the sample container and the
stationary water in the PerspexR trough were allowed to come to room
temperature; without bubbling air through the sample the container was
exposed to microwave radiation for about 10 minutes and the temperature
of the sample was recorded as a function of time of exposure. if we write w
for the absorbed power and M for the mass then SAR, the absorbed power
per unit mass is given by
sm:ﬁ-:cp-% (1)

where Cp is the heat capacity and AT/AT corresponds to the initial slope

of the temperature versus time function during irradiation.

Determination of Complez permittivity

The complex permittivity is defined as
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where ¢' is the real permittivity, ¢" is the loss factor and j2 = —1. The
complex permittivity of solutions of liposomes at a temperature of 219C
and at various concentrations was determined at 3.1 GHz using the
resonance method. The resonance curves were displayed and measured by
means of a network analyzer connected to the cavity; the real permittivity
is determined by the frequency of the resonance, f, and the loss by the

sharpness of the resonance. The latter is expressed as the Q-factor,
Q=Af/f 3)

where Af is the bandwidth at an attenuation of 3 decibels of the maximum
current (18,19). The relevant formulae for a thin sample in a cylindrical

TMoo cavity are given by (19).

¢ _ \Y f—f1 -
E=1+053975 T (4)
€ _oopqV [l _1

Ly [QT Qz] (5)

where v is the volume of the sample, V the volume of the cavity and the

subscripts 1 and 0 refer to the results of the measurements with and

without the sample in the cavity, respectively.

RESULTS

From the dynamic light scattering measurements we obtained the average
diameter of 185 # 10 nm of the liposomes in the samples used. The

standard deviation was estimated from an essentially monoexponential



autocorrelation function (20). Its value reflects low polydispersity of the
liposomes in the preparations. Importantly, the same measurements
showed no significant change in either the average size of the liposomes or
its standard deviation for either the microwave irradiated samples or the
control samples exposed to heat only.

In Figure 2 are shown the results of the fiberoptic temperature
measurements for both the microwave—exposed and the normally heated
control samples. As already referred to in the previous section the
temperature to which the control samples were exposed was somewhat in
excess of that reached by the irradiated samples as a result of the
absorption of microwave radiation. This was done to ensure that the
observed effect could not be due to a macroscopic overheating of the
microwave—exposed sample.

In the dosimetry determinat_ion the temperature increase as a
function of time was registered when the liposome sample was exposed to
high intensity microwave radiation. From the initial slopes of these curves,
using, as an approximation, the heat capacity value of water at 200C and
scaling 1o the output power used we obtain SAR values of 38 £ 1 W/kg for
the liposome solution.

In order to determine the microwave dissipation of the liposome
solution the complex permittivity e was mesured as a function of liposome
concentration, see Figure 3. The imaginary part of ¢, which is proportional
to the microwave losses, increases with liposome concentration.

In figure 4 are shown the fluorescence spectra of four liposome
solutions. The minimum fluorescence intensity is shown by a sample before
exposure to either radiation or heat and the maximum intensity is achieved
when the sample is heated to 90°C when, due to rupture of the liposomes,
all CF is released into free solution. The significant result is shown by the

remaining two spectra: the leakage of the dye as a result of microwave



irradiation is greater (58% of maximal fluorescence) compared with the
heated control (36% of maximal fluorescence) in spite of the fact that the
control was exposed to higher temperatures.

As an additional control experiment we observed that if a sample
was heated to 45°C, instead of 400C, the leakage of the dye increased by a
further 7%. This would give a leakage of 43% of maximal release for the
normally heated sample, which is still significantly less than the 58%

resulting from microwave irradiation.

DISCUSSION

We first note that the method of preparation of the liposomes did not
involve organic solvents, detergent and, except for aiding the dissolution of
the lipids, the use of sonication; all of these are factors that make liposomes
more complex and may affect their stability. In addition, the average size
of the liposomes was reproducible from sample to sample showing
relatively little polydispersity. Thus the quality of the liposome
preparations adds confidence to the assertion that the results of microwave
exposure experiments reflect a true property of the lipid bilayer forming
the vesicle membranes.

Next we recall that we studied the liposomes, which were kinetically
stable, well above their liquid—crystalline phase transition temperature.
Liposomes are generally known to release encapsulated water soluble
contents more readily near to their phase transition temperature
(1-7,11,13). Our results extend this observation by demonstrating that
liposomes display leakage that increases with temperature far above their

lipid membrane phase transition temperature.

Tt has also been proposed (13) that increased liposome leakage as a

result of microwave exposure should occur only near the phase transition



temperature. However, the proposition that such changes in permeability
are associated with the lipid liquid—crystalline transition are not
substantiated by our results that recorded a significant increase in leakage
of liposomes above their phase transition temperature upon exposure to
microwave radiation compared with the heated control samples.

The mechanism through which microwave radiation causes an
increase in the membrane permeability is, of course, of prime interest and
as a result of this study we may, at least, exclude some potential
mechanisms.

First, the release of the dye on microwave radiation increases
without a corresponding release of membrane phospholipids as the average
size of the liposomes remains unchanged as measured by dynamic light
scattering. We conclude, in agreement with a previous report (13), that the
increase in permeability cannot be due to the disruption of the membranes
to any significant extent.

Second, it is unlikely that the release of the dye from the liposome
interior is due to dielectric breakdown of the phospholipid bilayer; pore
formation has been reported to occur as a result of intense electric field
exposure when the field strength exceeded 3000 kV m-! (21), several orders
of magnitude larger than the electric field strength of approximately 10 \Y%
m-! used in this study.

Third, thermal effects deserve most serious consideration. We
believe that since the samples were stirred the possibility of local
temperature rises due to inhomogeneous heating may be excluded. There
is, however, a significantly larger dissipation of microwave energy in the
liposome solution compared with buffer and, accordingly, local heat effects
due to inhomogeneous absorption of the radiation must be considered. We
assume that in this relatively dilute liposome solution the structure of the

solvent remains sensibly unchanged and attribute the increased microwave



energy dissipation to the liposomes present. The iaigest localized heating
effect would occur if the energy was dissipated within the membrane rather
than in the whole of the liposome cavity leading to a possible membrane
disruption. However, dynamic light scattering does not show the presence
of debris from ruptured liposomes after microwave irradiation; indeed, as
shown in the Appendix, the diffusion of heat from the thin membrane to
the surrounding is highly efficient and should prevent local temperature
rises of sufficient magnitude to cause disruption of the membrane.

The increase in the leakage of the dye from the liposomes with
increasing temperature without disruption of the membrane in the absence
of microwave radiation implies that, at least for the particular liposomes
studied here, thermal motion of the lipid molecules within the membrane
results in the formation of transient pores through which entrapped
molecules may be released from the interior of the liposomes. Thus,
although we excluded the possibility of a disruption of the liposome
membrane, localized energy dissipation of microwave radiation may,
nevertheless, cause the formation of additional transient pores that may
account for the release of the entrapped dye in excess of the leakage from

the non—irradiated control samples. Accepting this explanation for our
observations leads to the question of why additional energy dissipation
should occur in the liposome membranes, particularly in view of the fact
that pure lipid systems generally show much lower absorption of
microwaves than water. Although we cannot provide at this stage an
answer to the question posed, we believe that, as a consequence of the

particular structure of the liposomes, microwave exposure may lead to

localized absorption in the membrane.
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APPENDIX

The transfer rate of energy due to microwave absorption per unit volume
of membranes, j in units of J 51 m"3, may be estimated from the additional
temperature rise, AT, observed for liposome solution, compared to buffer

solution, during the exposure time At:

j=(CopAT [ At) (V[ V) (A1)

where C, and p are, respectively, the average heat capacity and density of
the solution, V is the volume of the solution and v that of the membrane.
Assume first that there is no conduction of heat from the membrane to the
ambient solution; the corresponding temperature rise in the membrane.

ATy, is then obtained from:

j At - ATm Cpm Pm (.AAQ)

where Cpn and py are, respectively, the heat capacity and density of the
membrane. This may represent a very substantial rise in temperature; for
example, AT, = 1000 K is obtained for an observed bulk temperature rise
of AT = 2 K with the approximations Cpn ~ Cp and p = pn when the lipid
volume fraction is v/V = 0.002.

A membrane heated to such an extent is certainly expected to

disintegrate; however, as evidenced by the dynamic light scattering results,



this does not happen which Jeads to the conclusion that owing to the small
thickness of the membrane the diffusion of heat from it to the surrounding
medium is highly efficient. This proposition may be tested by approximate
numerical estimates of the cooling of the membrane. Specifically, according
to the Fourier law of thermal diffusion the thermal energy flux, ¢ in units
of J st m2, is proportional to the temperature gradient in the system; if
we assume that the maximum temperature rise occurs in the centre of the

bilayer of total thickness d, the heat transfer rate at the membrane

boundary per unit area is
€ =-AATy /(0.5d) (A3)

where we may take the value of A = 0.3 J s7t m"t K- for glycerol to be a
reasonable approximation for the lipids and d = 5.0 nm. One now defines a
characteristic cooling time, ¥, which is the time required to transfer
through the outer membrane boundary into bulk solution the heat

generated inside the membrane due to the absorption of radiation,

calculated form the equality
AtjAd=1cA (A4)

where A is the outer membrane surface area. Using the approximate values
of Cpm = 4200 J kgt and pn = 1000 kg m™3 one obtaines v ~ 10710 s.

Next one needs some estimate of the time required for the
disintegration of the membrane. This we take, tentatively, to be no less
than the smallest relaxation time, the rotational correlation time, Trot, 0f &
spherical membrane fragment whose radius, r, determined by the thickness

of the membrane, is 2.5 nm. The Debye expression [22].



Troo=4 7137/ (3kT) (AS)

requires a value for 7, the viscosity of the medium. Taking the viscosity to
be that of water one calculates Tro ~ 1078 s; this is the lower limit for Trop
since the rest of the membrane, laterally joining the revolving part, must
have a damping effect increasing the effective value of the viscosity.
Nevertheless, the results of these numerical estimates show that the cooling
time is at least 2 orders of magnitude less than the minimum time required

for the membrane to disintegrate.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4
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Figure legends
Schematic picture of PTFE (Teflon) exposure cuvette (A).
The cuvette is lowered into a water jacket (B), which 1s
connected to a thermostated water bath by tubing (C). The
lid (D) has holes (E) for optical fibre temperature probes.

The sample is stirred by air, which is supplied via the tube

(F)-

Temperature as a function of time in a representative
9 45—GHz microwave—exposed sample (A) with temperature
measurements in 4 points taken with a fiberoptic
thermometer. Curves (B) shows temperature measurements

in the control sample which is in the water bath.

Results of measurements of the complex permittivity as 2
function of the lipid concentration in tris/saline buffer.

a, the real part of the complex permittivity

b, the imaginary part of the complex permittivity

The error bars indicate standard error of mean.

Representative fluorescence, emission, spectra obtained on
four differently treated liposome samples in a 0.5 cm quarts
cuvette:

(- —-) microwave—exposed (2.45 GHz) sample (380C, 10
minutes), (+ + +) normally heated sample (39°C, 11 minutes),
(—) non—exposed  sample and (—e—— ) sample
fluorescence after total disintegration of liposomes (90°C, 10

minutes) defines the upper limit of membrane leakage.
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