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v ABSTRACT

Sonicated aqueous dispersions of 8-y Dipalmitoyl D-L-

Phosphatidyl Choline (DPC) vesicles were studied by means of 90°

light scattering and turbidity measurementsf/ Such model membrane

studies provide structural and functional information ‘about biological
membranes. 7 4

The distribution of vesicle sizes of various DPC dispersions was
investigated by the turbidity method developed by earlier workers.
The time dependence of 90° scattered light intensity was studied as
a function’Bf\Qy for 0 and 10-§g'Ca+2: ‘Relative 90° scattered
light intensity Las studied as a function of temperature in the
presence of K* and Ca*?.

"Turbidity data were explained in terms of a bimodal vesicle size
distribution. The average size of smaller particles was éstimated to
be 275$25 R from specific turbidity méasyrements. The larger
particies were estimated to have a size of about 103 R using the
power fact;r which is obtaiaed experimentaily frqm avlogarithmic plot |
of turbidity as a function of wavelength. The time variation of 90°
scattered light is thought to be due to aggregation or fusion of DPC
particleé. “An attempt was madé,to modgl the time dependence to
reaction rate theory. Vesicle surface charge is.believed to determin;
the rate of‘ﬁggregation or fusion of vesicles. The study of 90°-
scattered-light 1ntepsity showed anomalous beﬁaviour as a function of
temperature in the presence of K* and ca*2. This Qas explained in

terms of thermally induced aggregation or fusion of vesicles.

iii



The‘techniqueﬁ"utilized in this experiment_ could be of value in
determining the’bnysico-chemical conditions which enhance vesicle
fusion or aggregation, and possibly helb to establish a molecular

: "
mechanism for these phenomena. These problems are of fundamental

importance to the fusion of biological membianes.

iv
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CHAPTER 1

=

INTRODUCT TON

The structure and function of membranes are highly significant in
bilological Systems. Functions such as passive, active or facilitated
transport involve highly specialized meﬁbranes. Membranes are also
known to play a central role in signal transmission and eieitability
phenomena. Blological membranes also provide sites for enzymatie,
hormonal and drug activities. The elucidation of membrane struéture,
the organization of component macro-molecules and the studies of their -
dynamical behaviour have been the subjects of much research fér the
past few decades.

Membranes have been shown to be composed primarily of two classes
of compounds, lipids and proteins. Several attempts have been made to
model the geometrical)arﬁangement of these two compohent classes of
molecules in biological membranes. Early investigations by Gorter and
Grendal (1925) on monolayers of lipids extracted from erythrocytes
indicated that the erythrocyte membrang was bounded by a bilayer of
lipid. A similar hypothesis was propoéed by Davson and Danielli
(1934) to explain some of the permeability properties of the plésma
membrane  They proposed that membranes consist of a continuous

w
—hydrocarbon phase which is contributed by the lipid gomponents of the

membrane while proteins are situated exterior to the membrane in



globular or extended form (Fig. 1.1a). Robertson (1957) noting
similarities in the electron micrographs of many different types of
cell membranes came to conclusions similar to those of eariier
authors. Robertson’s representation has been tefmed the unit
membrane. Variations in the size of different membranes and the
existe?ce of subunits in the plane of tpe membrane (Sj6strand 1963 )
caused several authors<(Green, 1966; Korn, 1966; and Parsons, 1967) to
criticize the unit membrane hypothesis. New models of membrane
structure weré proposed by Sjostrand (1963 ), Lucy (1964), Benson
(1966), Green and Perdue (1966), Wallach and Zahler (1966), Lenhard
and Singer (1966), and Hybel and Dorset (1970). However none of these
models has enjoyed the wide acceptance of the unit membranel

Current information on the gtruciural organization of biological
;membranes has been reviewed recently by several authors (Singer 1971,
Hallagh 1972, Green 1972, Vanderkooi 1972, Singer and Nicholson‘1972,
Capaldi 1974). The overall packing arrangment of macromolecules in
membranes indicated by these studies is of a lipid bilayer‘which is
interrupted by globular protein molecules called intrinsic or integral

proteins. These proteins are considered to be amphipathic with a

1. A general review and evaluation of these models may be found in

Hendler (1971).

L/



highly polar and a non-polar end (Fig. 1.1a). The polar region is
considered to be in contact with the aqueous phase. It contains
preferentially polar amino acid residués and covalently bound
saccharide residues while the non-polar regions are embedded to
varying degrees in the hydrophobic core of the membrane. Extrinsic or
peripheral proteins are held at the membraneosurfacé primarily by
electrostatic interactions with lipid polar groups. The basic feature
of this type of membrane model is its "mosaic" character which allows
large fractions of lipids and proteins to be organized independently
of each other. Coupled with recent findings that indicate lipids may
exist in a bilayer in a fluid state the mosaic model offers the
advantage that components of a membrane need not exist in rigidly

fixed positions.

p—
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(1) The Davson-Danielfi—Robertson model.

(11) The fluid mosaic model.

Fig. 1.1a Schematic representations of ‘two membrane models. (1) The
Davson-Danielli-Robertson modelkand (11) the fluid mosaic model.
Symbols p, h and f denote the polypeptide chains of the proteins, thev
polar head and the fatty acid chains of ihe phoapholipids
respect{gely. The + and - signs represent the ionié residues of the

protein (adapted from Singer, 1971). v
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phospholipid, dipalmitoyl lecithin is shown with the polar group in
the gauche conformation. The hydrogen atoms bonded to the carbon

atoms are not shown.
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Since lipids are known to be basic components of all cell
membranes it seems worthwhile spudy{ng the properties of model lipid
membranes in water in the absence of proﬁeins. Four types of
experimental model systems which have received particular attention
are monolayers, multilayers, black films and vesicles (Fig. 1.1b).

Monolayers of lipid molecules at an air-water interface can be
used to considerable advantage for the evaluation of chemical and
physical interactions between moleculés. The work of Langmuir (1935)
and laﬁer, Shah and Schulman (1967) gave intérésting results on the
interactions of membrane lipids and various ions in the aqueous
solution. The obvious drawbacks of this syséem are that a monolayer
consists of only one layer of 1lipid mplcules at an air-ﬁater interface
and it.does not separate two aqueous phases.

Luzzati (1969) used multilayers to study structural parameters
and phase transitions of various lipids by means of x-ray diffraction.

By varying the water content and the tempéréture of various lipid

.systems he was able to obtain phase diagrams and packing abranggfhts

s
of lipids in various physical situations. Changes in phase were

attributed to changes in the packing arrangements of lipid molecules
and variations in the mobility of the hydrocarbon chains of the

lipids.



Black films (Rudin and Mueller et al. 1964) are produced by
dissoiving lipid in an organic solvent such as n-decane and spreading
this éolution over a Teflon hole which separates two aqueous
compartments. Capacitance (Hanai et al. 1964) and Optical (Thompson
and Huang 1966) measurements showed this film to be of lipid bilayer
thickness. While this is a useful system for electrical conductance
studies it sometimes gives insufficient sensitivity when larger
amounté of materials are required for calorimetry, NMR, ESR,
fluorespent probes, electron microscopy and light»ﬂqettering which are
useful techniques to obtain information on phase transitions,
molecular conformation and mobiLity.

A model'system‘which has proven useful when higher sensitivity is
requireq is a suspension of lipid particles in water (Bangham 1968).
These suspensions are called vesicles. The lipid used in this thesis
was ,fB=yDipalmitoyl D-L-a Phosphatidyl Choline called DPC. The
choice was based mainly on the fact that .a substantial fraction of
phospholipids in cell membranes is phosphatidyl choline. The presence
~of a well documented hydéocarbon chain length (16:0) is important in a
model system experiment. In addition DPC has a characteristic
thermotropic phase transition at an experimentally convenient

temperature (41°C in excess water).
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Size and shape are important properties of vesicles whetper
single-walled or multilamellar. The method of predaration determines
the vesicles one obtains. Bangham merely shqok the lipid Qater mixture
until a cloudy suspension was obtained. These vesicles were shown to
be onion shaped structures. Huang (1969) shoﬁed that prolonged
sonication followed by treatment on a sepharose column gave vesicles
‘- consisting of a single bilayer of lipid separating two aqueous phases.
More recently Batzri, Korn (1973) and Colbow (1973) have shown that
vesicles of a bilayer nature may be obtained by dissolving a 1ipid in
a polar solvent such as ethanol and injecting the mixture into water.
Irrespective of the mode of preparation there is aiways the problem of
determining the size distributioﬁ of the suspension which is usually
done by electron microscopy. With electron microscopy there is always
the question of how much the system may be perturbed by the fixing'
procedure. Optical technique; such as light scattering which are
simple and non-destruct;ve give a detailed specification of a sample
one may wish to use in later experiments. However interpretation of
optical data such as light scattering has been difficult in the past
(Atwood and Saunders 1971, Tinker'1972). Recent progress (Chong 1975,
Chong and Colbow to be published) has yielded new methods for
interpreting 909 scattered light and turbidity data on vesicles by
utilizing the Rayleigh-Gans theory of light scattering which is
discussed in Chapter 5. The author has utilized turbidimetry to
determine the distribution and size of lipid vesicies prepared by the

sonication method.



1.2 DETECTION OF VESICLE FUSION BY LIGHT SCATTERING

Experiments involving the fusion of two black films have been
performed by Montal and Muller (1972 ), Liberman and Nenashev (1972),
Badzhinyan et al. (1971) and Neher (1974). This tgchnique is of
importance in the construction of asymetric model membranes. It
should be possible to obtain information on the kinetics of this
fusion process by observation of changes in electrical papametérs such
as conductance of capacitance as a function of time. Recently Pohl et
al. (1973) and Drachev (1974) have incorpofated dyes-or proteins into
black bilayers by the fusion of liposomes with bilayers. This
technique may be of further importance in studying vesicle-cell
interactions.

The fusion of single compartment vesicles of certain
bhospholipids has been reported by Taupin and McConnel (1972), Maeda
and Ohnishi (1974), Prestegard and Fellmeth (1974) and Papahadopoulas
et al. (1973). Although fusion between vesicles may be an’
oversimplification of evehts involved in the fusion of intact
membranes the results of these recent experiments seems to demonstrate
that vesicles will be an extremely valuable model system for the study

of membrane fusion. Background on the fusion of biological membranes

. 1s discussed in Chapter 2.
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Since éhanges in scattered light intensity are indicative of
changes in the size, shape_and number of scattering,particlés it seems
reasonable that light 50;£te;ing and turbigimetry be a worthwhile
technique for the investigation of a membrane phenomena such as
fusion. Since intact biological membranes abe extremely complex the
author has confined himself to investigating the intensity of
scatteéed light as a function of time and lipid concentration for DPC
vesicles prepared by sonication. Changes in scattered light intensity
with time were attributed to fusion or aggregation of vesicles.

While some work has been done on the topic of vesicle‘fusion, as
ouglinéd in an earlier paragraph, little is known of the mechanism by
which fusion may take place and factors which affect fusion, such as .
membrane fluidity and membrane surface charge; of interest_in this |
thesis is the effect of vesiclé sufface charge»on the time variation
of scattered light intensity. Since DPC has a negative{y charged
phosphat; group and a positively charged trimethyl ammonium group
variations in vesicle surface charge are obtainable by varying the *
bulk pH of the vesicle solution. Addition of ionspwhich bind to DPC
such as Ca*+? provide an alternative method of charging vesicles.

The AS/At values obtained as a function of pH gave interesting results
which could be interpreted by comparing the coulombic repulsion energy
to vesicle thermal energy. Also of interest was the kiﬁetics of the
fusion or aggregation process. An attempt to explain the daté in

terms of reaction rate theory was made, but much work remains to be i

done in this regard.-



1.3 TEMPEﬁATURE DEPENDENCE OF SCATT&RED LIGHT INTENSITY.
Tr4duble (1971) and Chong (1975) have used 90° light scattering

to observe theréotrop}c lipid phase transitions. Lipid phase
transitions are dfgcussed in more detail in Chapﬁer 3.3. By applying
the Rayleiéh-Gans theory of light scattering to the varioué structural
‘parameters of DPC, Chong (1975) was able to predict a 30-39% decrease
in scattering intensity between 25°C and 50°C. This decrease is
in good agreement with the experimental observations of this author,
Chong (1975) andyearlier workérs on vésicle suspensions prepared at
temperatures above the phase transition temperature of 419¢c in
aqueous solutions at pH 6.87and low ionic strength. We are ihterested
in the effect of-ions (speécifically K* and Ca+2) on these phase
‘transitions. In particular two effects are expected. 1) A slight
variation in transitibn temperature due:to binding of ions is expected
on the basis of the Guoy theory (Trauble and Eibl 1974). This effect
“is small for DPC due to the low ;urface charge on DPC. 2) Even though
théisurfage charge is low the coulombic interactions between vesicles
are shown to be sufficient to cause repulsions between vesicles.
Variation of temperature increases the thermal energy of vesicleé'and
may cause variations in ion binding {the binding’of ions is discussed

in 3.4) which in turn may céusé fusion or aggregatidh of vesicles.

Strong indications of this behaviour were observed in the presende of

K* and Ca*2 in the vesicle suspension.

~ha
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CHAPTER 2
MEMBRANE FUSION
2.1 INTRODUGCTION

The purpose of this chapter is to provide discussion on the
fusion of biological membranes. Though the concern of thi§ thesis is
directed towards a model sysﬁem approach, the aughor feels that the.
motivation for this study has its roots ih b;plogical membrane
phénomena and therefore the blological aspects of the problem should

not be ignored.

2.2 IMPORTANCE OF FUSION IN BIOLOGY

Fusion of membranes}gs an important event in cell biology.
within living cells, membrane fusion.is necessary for the
incorpo;ation (endocytosis) and subsequent digestion of éxtracellular
material and also for the€ transport and'discharge of intracellular
material to the extracellular space (exocytosis); The formation of - -
endocytotic vesicles at the cell surface involves the invagination of
a segmeﬁt,of the Slasma membrane which must fuse in order to form a
closed vesicle. Subsequently the digestion in the ehdocytotic
vesicles involves a series of membrane fusion sequenée; bétween these

vesicles, lysosomes and Golgi vesicles (Fig. 2.1). Membrane fusion

may also play a role in the reverse process of exocytosis in which
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fus%on takes place/at the cell sQ;face*between'the membréne of the
exocytotliec vesicle and the plasma memprane. Exocytotic discharge is.
basiz to”the.process of cell excretion and secretion (Fig. 2.1) and

is known to be involved in the release of a wide variety of enzymes,
hormones and neurotransmitter substances from a wide vériety of cells: -
Table 2.1 summarizes some tissues which are thought to exhibit these
Lproperties. It should be stressed here that there is not universal
agréement that exocytosis is the only mechanism by which secretion and
digestion are attained, A detailed Qiscussion of this point‘may be
found in (Poste and Allison 1973). Other alternatives to actual
fusion which have beep suggested and no doubt have applicability in
certain situations are summarized in Fig. 2.2’(Smith, 1972). It may
be noted however that all these suggestions involve the interaction of

a vesicle with a membrane, the difference lying in the mechanism.
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Table 2.1: Some Examples of Membrane Fusion in Secretion and

Exocytosis Observed by Electﬁon>Microscopy.

-

Tissue’

A

Diameter of -Secretory

Granule (pm)(microné)

Substance Secreted

Adrenal Medulla
Pancreas

Pancreas

Mast Cells
Cholinergic Synapses

Adrenergic Synapses

0.3
1.0
0.4
0.05

0.08

Catecholamines
Iﬁsulin

Digest?vg Enzymés
Histamine
Acetylcholine

Noradrenaline

S
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Fig. 2.1 Schematic representation of importance of membréne fusion
in the functional relationship between the endoplasmic reticulum, the

golgli apparatus and lysosomes and in the entry and release of material

from the cell.
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The fusion and incorporation of vesicles from the Golgi apparatus
into discrete regions of cell membranes may be a common occurance in
most, if not all cells and has been suggested as a possible mechanism
for obtaining quantitative and-qualitative variations in the
distribution of materials at the cell surface and for determining
specificity on the cell surface (Hirano et al. 1?72). Membrane fusion
is also felt to be important in the turnover and redistribution of L

membranes within a cell. Bursts of eXocytdtic activity involving
.fusion of secretory granules with the plasma membranerare expected to
produce a significant increase in the surface area of the plasma
membrane unless mgchanisms were available to compensate for the
increase. Therefore cycles of-exocytosis and endocytdsis are thought
to provide a mechanism for reutIlization and retrieval of membranes
(Nagasawa et al. 1970).

Cell fusion is knéwn to occur as a cytofic or cytopathic respdnse
to infection with a number of DNA and RNA containing vird. Tﬁe Ve
emergence of virus induced cell fusion as a tool for producing hybrid
cells and heterokaryons for the experimental study of genomic and
phenotypic regulation, gene mapping and the study of malignancy in
cells has shown the need to understand the molecular mechanism of the

fusion reaction.

,,
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Fig. 2.2 Schematic representation of the possible mechanisms by

which material within a secretory vacuole can reach the extracellular

space.
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2.3 FACTORS WHICH MAY AFFECT MEMBRANE FUSION

Knowledge of the preferred conformations of membrane
macromolecules and theif @otional freedom is nécessary for any
understanding of the membrane fusibn reaction&since these factors
determine the type of interaction that can occur between
macromolecules in adjacent membranes during fusion. The
conformational state of macromolecules in membranes has been briefly
discussed in Chapter 1 in terms of the fluid mosaic model of membrane
structure. This model offers considerable opportugzi?“for rapid
changes in the conformation and distribution of membrane
macromolecules in response to changes in environment near the
membrane . i

The mofiaﬁal freedom of membrane macromolecules is clearly of
importance in the membrane fusion reaction. No firm conclusions can
yet be made concerning the precise identityyof the interaction between
membrane macromolecules during fusion but it is possible to discuss
factors which constrain the motion of mgmbrane components. A

discussion of thermal behaviour of lipids will follow in Chapter 3.3.

The motional fregdom and spatiaf‘arrangement of proteins is thought to

be sensitive to the relative fluidity of the 1lipid matrix. A fluid

lipid matrix facilitates the lateral diffusion of membrane components.

It is possible that this lateral diffusion might provide a sensitive

mechanism for rapid structural rearrangements of membranes in response

. to change in the environment close to the membrane.
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Membrane fusion requires that membranes be brought inté
opposition at molecular distances. The fact that cells are charged
suggeéts the éxistence of electrostatic interactions between
membranes. The fact that all vertebrate cells carry a ﬁet negative
charge (Weiss 1967).suggests that electrostatic interactions between
cells would be repulsive at large distances (several cell diameters).
The other primary interaction is the short range interaction the
London-Van der Waals force, which is attractive.» An excellent review
of the theory of electrodynamics applied to Biology is found in
Parsegian (1974). Although these are exact physical theories their
application to membranes has been limited due to uncertainties in
membrane structure. Suffice it to say that contact is determined by
rzhe charge distributions on membranes over entiréAsurfaces and in : «
small domains. However we do not know the charge distribution.

The ability of membranes to fuse is also affected by the local v
aon concentration specifically Ca*2 Mg*2 | ATP and ATPase

activity. This is discussed in the next section.

2.4 A POSSIBLE SCHEME FOR MEMBRANE FUSION
Poste and Allison (1973) postulate that membrane fus}on, whether
it be cell-cell fusion or -«esiele-cell fusion, may be thought of as a
four stage reaction.
The first stage ié a direct molecular contact between membranes.
As mentioned earlier the electrodynamic approach to determining

membrane contact is useful only when one knows the distribution of
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charge on the surface, Other fac;ors which are believed to influence

cell contact have been suggested by various authors. These may be

" natural tissue specific "aggregating" factors (Henkert et al. 1973),

s

synthetic polymers (Brooks, 1973), or polyelectrolytes (Katchalsky et
al.71959)§ Divalent catians are believed to sit between negative. acid -
groups on opposing surfaces (Steinburg 1962). There can be extensive
hydrogen bonding between cell subface dipoles holding onto OtherAEElif
or ontg)an artificial substrate. Enzyme substrate complexing may
occur between adjacent‘surfaces (Roth 1973). Binding betweeﬁ‘
antibodies and antigenic sites mqgrtake place. Electrostatic v
attr§ction betweén surfaces of unlike charge may arise in some cases
while long—range‘electrodynaq;c attractive forces may act at longer
distances (Curtis 1962). Théadg?ree to which somé or'all.of these
po;siSilities are applicable in real 1ife4is unknown. What is
important here is thaE}contact is necessary for fusion po take place.
The second stage in the reaction#is the induction stage. This
stage is considered to require displacement of Ca*2 and ATP from the

membranes. This statement is based on widespread findings which »

demonstrate that fusion is dépendent upon an active energy source and
the presence of Ca*2, but is inhibited by high concentrations of
Ca*2, Mg*2 and ATP at both the cellular and subcelré;ar level. It
has been postulated that fusion is similar at the-celldlar and -
subcellular level (Poste and Allison 1974). U
Further evidence ;upporting this hypothesis is the observation

~

that ATPase is necessary for the removal of membrane bound Ca+2,
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This is expected to increase the fluidity of the membranes. As
mentioned earlier changes in membrane fluidity imparts different
motional freedom to membrane components. Little work has been done
relating membrane fluidity with fusion capacity. '

The third stage in the reagtion is the fusion itself. This
involves the fbrmation of stable linkages between macromolecules- in
neighbouring membranes. Membrane fluidity is thought tovbe important
here for two reasons. First, increased motional freedom of |
macromolecules due to Ca*2 displacement is expected to increase the

chance for,successful interactions between molecules in opposed

‘membranes. Secondly, a fluid structure wquld encourage rapid .

intermixing of components during fusion. Lucy (1970) suggests that

 fusion occurs by interdigitation of’micelles in adjacent membranes.

This hypothesis seems unacceptabie since there i3 no evidence in
support of lipid micelles in physiological conditions. Ipxgiéo
ignores thé likelihood that intrinsic ﬁroteins are igéolved in the
fusion reaction.

__The last stage is stabilization of the membrane which is thought
to be the reverse of stage 2, the replacement of Ca*2 and ATP to the
membrane. ' //ﬁ\‘

An important deficiency in this scheme is the lack of a stimulus
for each of thése stages. What stimulus is there to promote cell
contact? What stimulates membranes to release ATP and Ca*2? 1Ip
stage 4, how does Ca*2 and ATP bind to the membrane? There are a

number of agents which are known to enhance membrane fusion.

—
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Lysolecithin (Lucy 1970) is often mentioned as a candidate for
triggering the fusion reaction by enhancement of micellization of
lipid in membranes. However many other lipophilic and lipolytic
agents have been shown to induce fusion. These include retinol, oleic
acid, glycerol mono-oleate, sucrose monolaurate, DL—sphi;gosine
sulphate, SOrbitan‘monolaurate and bhosphoiipase C. There seems to be
no solid evidence to confirm lysolecithin as a fusion initiator. ‘
Another notion on how fusion is initiated is that of Poste and Allison
{1971). Formation of minimum primary contacts between opposed
membranes ﬁay be sufficiént to initiatefthé,fﬁsion reaction. Surface
contact between membranes is expected to alter the orientation of
charged groups and dipolar groups within membranes. Changes in charge
and dipolar orientation would be expected to produce conformational
changes of some membrane macromolecules. These conformational changes
may account for changes in Ca*2 binding in stage 2. Though much of
this discussion is speculative in nature and the experimental evidence .

for various stages scarce, this model may be subjected to experiment

and is therefore worth considering.

2.5 EXPERIMENTAL MODELS FOR MEMBRANE FUSION
Most of the information obtained on membfane fusion has been
through observations of the cellular procésses in which fusion occurs.
Direct experimental study of the fusion reaction hgs been frustrated
by the lack of suitable systems in which events in the membrane may be

evaluated at the molecular level.
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Cell fusion "in Qitro" has been advanced as a potential model for
the study of membrane fusioh. Although the actual fusion of two cells
takes place very rapidly, the numb%r of cells fusing at any time is
very low and fusion assessed in te;;s of the whole system is extenged
over several hours with still only a small percentage of cells fusing.
Although certain cell fusion viruses (Harris H. 1970) may enhance
this process, this technigue is far from perfected. The study of
factors which influence the extent of the fusion reaction and gross
aspects'of control and regulation are undoubtedly useful but cannot
yet provide precise information on the molecular changes in membranes.
One'example of virus induced cell fusion which may overcome these
criticisms is the fusion of lipid enveloped virus such as the Sendai
virus with the plgsma membranes of cells "in vitro" which occurﬁ in
the first stage of virus infection (Apostolov and Poste 1972).

It seems rgﬁsonable that systems of lower complexity should be
useful in this type of study. The use of artificial membrane systems
prepared from components known to occur naturally in membranes‘uould
appear to offer such possibilities. An attempt to model this

behaviour is part of the concern of this thesis.
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CHAPTER 3

VESICLES

3.1 METHODS OF PREPARATION

Earlier methods of preparing lipid water suspensions consisted of
dissolving a known amount of lipid in chloroform. A known volume of
solution could then be evaborated over dry N2. An aqueous solution
was added and the mixture was shaken until a cloudy suspeﬁsion was
obtained (Bangham and Horne 1964). The micro-structure of these
suspensipns was shown to be the smectic mesophase or onion structure
by x-ray diffraction and electron microscopic techniques (Stoeckenius,
Schulman and Prince 1960). The size distribution of vesicles produced
in this manner was highly variable thus making certain types of
experiments, such as transport studies, very difficult to perform.
Therefore, more refined methods were required.

Prolonged ultrasonic treatment of lipids in water followed by a
secondary treatment, such as column chromatography (Huang 1969, Sheetz
and Chan 1972), has been shown by electron microscopy and
sedimehtation velocity experiments to produce a nearly homogenous
distribufion of single bilayer vesicles of an average diameter of
about 250 ®, The efficiency of this procedure has been shown to

depend upon sonication time (Atwood and Saunders 1965), salt

concentration (Sheetz and Chan 1972) and the temperature at which the
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sonication takes place (Chapman 1974). It has-also been suggested
that chromatography may influence the vesicles aggreg;tion.
Furthermore,Jthe pretreatment for electron microscopy may be open to
the criticism that the method of treatment may not produce a trué
replica of the vesicles., Desapite ihese c;iticisms and the
difficulties involved in obtaining a homogenous distribution of

. vesicles, sonication followed by secondary treatment remains the most
widely utilized method of vesicle preparation.

A more recent method for making vesicles involves the dissolving
of a bilayer forming lipid in a water soluble organic solvent such as
ethanol. The ethanol lipid solution is injected into water with a
Hamilton syringe. This procedure gives lipia water suspensions which
are indistinguishable from those obtained by other methods provided
the ethanol concentration is sufficiently small (less than 10% by ';“,
weight; Batzri and Korn 1973, Colbow 1973). The average ;ize of these
vesicles was estimated to be about 250 ® by electron microscopy.
Vesicles prepared by this method must be concentrated usually by
ultrafiltration before they are useful in other experiments. This
method has not yet been implemented as extensively as the sonication
method for vesicle preparation, but may prove useful in future.

A
3.2 THERMAL BEHAVIOUR OF LIPIDS IN WATER

As mentioned in the previous chapter, the conformations and

physical states of membrane macromolecules influences membrane

phenomena such as fusion. Thus it seems reasonable to devise methods

o
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for studying these properties in model systems. Factors which
influence properties of lipids are temperature, degree of saturation,
' and hydrocarbon chain lengths.

The capillary melting points of anhydrdus lipids are quite high
(diaéyl phosphatidylethanolamine ZOOOC, phosphatidyl cholines
é30°C). These values are independent of both the chain length and
the degree of unsaturation of the fatty acid residue associated with
the phospholipid. ‘These melting points can be compared with those of
other long chain molecules. The melting points of fatty acids
containing the same length of hydrocarbon chain are much lower
(stearic acid 69.7°c). On the other hand, the capillary melting
point éf sodium stearate is 300°C. The high capillary melting
pointslare therefore consistent with the occurrence of ionic linkages
existing in the crystal associated with the polar groups of the
phospholipid. The higher melting points of the sodium soaps, compared
with the phospholipids, suggest that there is greater ionic character
associated with the polar groups of‘these molecules. In addition to
the capillary melting point, a number of other thermotropic phase
changes occur. These thermotropic phase changes have been
demonstrated by a wide yariety of phfsical techniques (Chapman 1974).
The main conclusioqs of these various studles are as follows.
Firstly, even with fully saturated phospholipids some molecular motion
occurs in the solid, Secondly, when the phospholipid is heated to a
higher temperature, it reaches a transition point where a marked

endothermic change occurs and the lipid hydrocarbon chains exhibit a
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much higher degree of molecular motion. For phospholipids containing
shorter chain lengths or unsaturated bonds, those marked endothermic
phase transitions occur at lower temperatures; The temperatures at
which these transitions oceur parallel the behaviour of the melting
point of the related fatty'acids. The transition temperatures are
nigh for the fully saturatéd long chain phospholipids and are lower
when there is a double bond pEesent. This varigtion of transtion
temperature seems to imply that this phase transition is primarily
associated with a melting of the hydrocarbon chains of the
phospholipids which is a reflection of the dispersion forces between

the chains.
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(adapted from Chapman et al. 1967).
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Since bio%ggical membranes exlst in an aqueous environment it is
important to study the effects of water on lipid systems. mall
amounts of water are known to have unusual effects upon th |
mesomorphic behaviour of phospholipids. Fig. 3.1 shows the phsse
diagram of the 1,2 dipalmitoyl—1-phssphatidyl,choline-wate? system
(Chapman et al. 1967)1 It is seen that on the addition of water the
transition temperature of the phospholipid is lowered to a certain
limiting value T, which is independent of addition of more water.
Above T, the phosphatidyl choline water system exists in a
mesomorphic lamellar phase consisting of bimolecular 1ayers of lipid

ﬁolecules separated by layers of water. The long hydrocarbon chains
™
of the lecithin molecules are in a fluid state and the polar groups

S

are on the surface separating the lipid watér layers. The composition

¢

of the system at maximum hydration is about 40% water. On addition of
more than 40% water the system dissociates into two phases, the
mesomorphic lamellar phase and the water phase. When the phosphatidyl
choline/water system is cooled below the Tc line, the hydrocarbon
chains adopt an ordered packing. The structure of this phase is also
lamellar. The large amount of bound water tsken up by the
phosphatidyl cholines (about 20%) which does not form ice below 0°C -
is probably due to the formation of a hydrate structure associated
with the polar groups. In dispersions of synthetic lipids this phase
transition has been observed by a variety of physical techniques such .
as x-ray diffraction (Luzzati 1968), differential thermal analysis

(Chapman et al. 1967), dilatometry (Trauble and Haynes 1971), ESR

/



(Hubbel and McConnell 1971}, NMR (Barker et al. 1972; Lee et al. 1972)
and léser Raman investigations (Lippert and Peticolas 13971). Most
recently, the phase transition has been revealed by several conveﬁiént
optical methods using 900 1ight scattering, absorption, or

fluorescent probing (Trauble 1971; Sackmann and Trauble 1972; Célbow
19%3: Chong 1975). As a result of these studies, it became apparent
that below the traﬁsition temperature Tc’ which is éharacteristic

for each lipid, the hydrocarbon chains in the bilayer are in Ehe
all-t;ans conformation forming a hexagonal closgly packed array. The
transition is accompanied by a loss of order in the two dimensional '
lattice, a sudden increase in chain mobility, a lateral expansion in
the plane of the membrane and a net increase in volumé per lipid
molecule. The fluid sta?e, T>Tc, permits rapid lateral diffusion of
the 1ipid molecules in the plane of the membrane. The transition is
highly co-operative and therefore, a large number of lipid molecules
in a continous phase are a prerequisite for its occurence. For
dipalmitoyl~phosphatidyl choline this temperature has beén measured to
be 419,

In addition to the usual 41°C phase transition a second phase
transition at about 34°C (which we term the pretransition) has been
observed by fluorescent probing (Colbow 1973), calorimetry (Hinz and
Sturtevant 1972), NMR (Sheetz and Chan 1972} and dilatometry (Nagle
1974). The nature of this phenomena is not well under;tood but it has
been suggested té be due to the bealignment of lipid polar groups.
(Colbow 1973; Ladbrook and Chapman'1969). A discussion of polar group

configurations appears in the next section.
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Lipid phase transitions have been detected in Mycoplasma

laidlawii, Micrcooccus 1ysodeicticﬁs and maﬁmalian membranes by
differential sca;ning calorimetry (Steim et al.fi969;-Reinert and
Steim 1970; Melchior et al.’1970; Ashe and Steim 1971; Blazyk and
Steim.1972). 1In Mycoblasma membranes’Engleman (1970, 1971) and
Abramsén and Pisetsky (1572)‘have detected thermal transitions by
X-ray Qiffraétion and tubbidimetry. It is not surprisiﬁg that 1ipid
pbase'transitions are detected in living organisms, butAyet it must be -
noted that most organisms are remarkably stable with respect to
temperature, thus it would seem that thermally induced phase
transitions do not play a rolé in most living systems. However, ions
binding to the polar groups may affect membrane fluidity (Trauble and
Eible 1973). Organisms which are capable of altering  hydrocarbon
“chain length or degree of saturation may be capéble of changing phase
transition temperature in their membranes. The degree to which
praoteins affect membrane fluidity has not been studied to any great
extent, It is suspected that protein configurations are partly
controlled by the state of 1lipid molecules in membranes. Lipid
vesicles woﬁld seem to be a good model for studying thermethods by

which phase transition may be induced in membranes,

)

3.3 INTERACTIONS OF IONS WITH LIPID VESICLES
The binding of alkali and alkaline earth metals by lipids‘gas
suggested by Somerf,the earliest investigators of lipid chemistry

(Koch and Pike 1910). The first quantitative study of sodium and
. ~
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potassiﬁm binding by cephalin'was rg?ortéd by Christensen and Hastings
(1940). ,Recently investigators have,again emphasized the importance
'of this type of metal binding in piological systems. There are
indications that such metal chelation is 1mpo;tant in lipoprotein
formation, cation transport and other biochemical processes such as
rmemﬁbane'fusién:

The binding of ions to monolayers of various lecithins such as
dioleoyl, egg and dipalmitoyl phosphatidyl choline has been studied
exténsively by Shah and Schulman (1965a, 1965b, 1967) by means of the
Langmuir technique and surface potential measurements. This'work kI
showed that ions such as K* and Ca*? were able to bind to the
polar head of lipid molecules. The degree of binding was found to be
prpportional to thg degree of saturation of the hydrocarbon chaihsﬁ
(Fig, 3.2) which is important in the packing of lipid molecules. At
large molecular separations (due to unsaturated hydrocarbon chains)
water and hydrated monovalent ions compete for binding sites with
Ca*?, s the intermolecular distance decreasés one Ca*? shared
between two. phosphate grqus binds more readily than two monovalent
ions. The highly saturatéd lipids such as DPC were found to bind

divalent cations more readily than highly unsaturated lecithins.
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Fig. 3.2 -The effect of hydrocarbon chain saturation and internal salt

linkage on binding of ions.
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The binding of ions cannof be explained on the basis of
intermolecular spacing alone, as has been shown by varying the head
groups of lipids with the same hydrocarbon c@gins. Also occurring are
internal salt linkages (Fig. 3.2) between the phosphate group and the
trimethyl ammonium which inhibit the bindiﬁg of ions on the polaf
group of lipids. The strength of this salt linkage is dependent upon
the degree of saturation of the hydngiggbon chains. The polar groﬁps
of highly unsaturated lipids have lower ionic repulsion between like
charges allowing the salt linkage to occur more readily. Highly
unsaturated 1lipids have high interionic repulsions, thus one way the
dipoles may align themselves is perpendicular to the layer, thus
minimizing the internal’'linkage. High salt concentration is also
capable of breaking this linkage by internal neutralization of
oppositely charged groups of adjacent molecules. Ca*? seems to be

more effective than Na* in discharging the salt linkage. It is not
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known how well these concepts will apply to vesicles since parameters
related to intermolecular spacing and state of compression are not as
well defined as in monolayers,
Tt is believed that at low pH’s a phospholipid such as
dipalmitoyl phosphatidyl choline is protbnated at the phosphorous head

group and dissociates according -to

3

K .
-POH b -PO] + HY 4.1

-

The bulk pK1 of this reaction was found to be 1.40 (Seimya‘and Onki

1972). At higher pH the methyl ammonium group must ébsorb a

hydroxide:
N(CH_)* OH™ EZ;N(CH )Y + on” - 4.2
33 v e e -— 33 . .

t

An estimate of pK2 by Joos and Carr (1967) is 11.6. Molecular salt

formation is thought to occur:
-PO; + N(CHo)?% Ei»N(CH )% o7 4.3
4+ 33 -~ 373 *tcTh RN ' ‘

K3 was measured by Seimya and Ohki (1972) to be 8.85 x 10°.

Ca+2 binds to the negatively charged phosphate group:

‘ K
Ca*2 + 2 (-PO}) = Ca(-POy), 4.4
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Ky was measured to be 6.41 x 102, No quantitative data for the
binding of monovalent cations have been found in the literature. This
scheme agrees qualitatively with what was said_in the preceding
parag;aph. High Cafz concentration causes chelation of ca*? with

the 1ipid phosphate while low Ca*2 concentration would allow the
formation of the internal salt linkage. The internal salt linkage 1is
further. controlled by the pH which controls the éharge on the'lipid
groups. It is expected that the internal salt linkage would be
strongly in effect for the pH range 4-7 since most authors quote this
as the isolelectric‘range of phosphatidyl.choline. However,
measurements of resistance and dielectric breakdowp potentials for
black films as a function of pH show strong peaks at bH 4 (Ohki 1969).
These results are best understood if one assumes this is the ’
isoelectric point of the lipid. One may criticize this work since the

degree of saturation of the hydrocarbon chains is not specified, thus

-

g '
equilibrium constants measured by different authors and different

techniques are not as meaningful as they could be.

The binding of ions to lipids should affect the phase t:izéition
of 1lipids (Tréuble and Eible 1973), high surface charge causes N
repulsions between polar groups, which cause bilayer expansion; thus
’ellouing the hydrocarbons more motional freedom. Low surface charge
results in tighter packing of lipiﬁ?‘ﬂmd therefore less motional
freedom for the hydrocarbon chains. Trduble’s expression for the

change in Tc is
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where R is the universal gas constant, T is the absolute tempera?ure,
AS isrége;entropy change during the phase transition, f, isithe épea
‘per moiéﬁle for T > Tc, f2 is the area per molecule for T > Tc, Af
= f2 - f‘1 and a is the degree of dissociation of the phosphate
groups. Assuming f‘1 and f2 are relatively independent of 1lipid
charge; which may not be true, Eqn. 4.5 predicts that the transition
temperature is a function of the degree of dissociation of the lipid
polar groups. The significance of the phenomena is that changes in pH
or ion concentration in the external medium are capable of inducing
phase traﬁéitions oﬁ membranes. This may be of critical importance to
recentAtAeories on nerve exéiiation and senéory transduction where
" cation induced’stﬁuctural changes in biomembranes are believed to
exist. This theory has shown good quantitative agreement for simple
lipids such as phosphatidic acid. However, more complex polar groups
such as phosphoryl choline and ethanolamine may carry positive‘and
negative charges simultaneously which means estimates of surface
charge require assumptions about the-conformations of the polar
groups. To date no reliable method fof accurately determining polar
group conformation as a function of pH or ion concentration is
available.

' Since the binding of ions to lipids is a function of pH and ion
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concentration one expects the aggregation and/or fusion of vesicles to
be dependent ubon these parameters. Fusion of phospholipid vesicles
has been demonstrated by NMR (Taupin and McConnell 1972), PMR
-{Prestegard and Fellmeth 1974), gel filtration, electronmicroscopy,
and differential scanning calorimetry (Papahadjopoulos et al. 1973).
These studies report that vesicle fusion is enhanced at temperatures
greater phan\fc,_or with Ca+2“shared between negatively charged
lipids. However, no mechanism has been established for fusion of
model membranes. Light scattering, which gives information on the
size and shape of vesicles, is believed to be.a technique which may

i/

prove useful in studying these problems.
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CHAPTER 4 _
EXPERIMENTAL

4.1 MATERIALS

Synthetic DPC was purchased from Sigma Chemical Company. Thin
layer chromatography showed only one spot and the lipid was used
without further purification, All water used waé double disgiii;a and
storea in Pyrex glassware. The ionic strengﬁh of this water was
assumed tq be very amall in comparison to what was added to water
beforeian experiment since the electrical resistance of the water was
measured to be 10-100 MQ . Other reagents used in the'experiment were
CH3C1, CH50, CaCt,. 2H,0, KOH, KC1 and HC1. All cheQicals

used in this study were spectrograde.

g

~— 4.2 SAMPLE PREPARATION

k desired amount of DPC (usually about 50 mg.) was weighed on a
Mettler H20 balance. The DPC was dissoived in sufficient CH3C1 to
A obtain a 25 mg/ml solution of DPC in CHyC1 and immediately
refrigerated at about 2°C until required. A known amount of tpié
solution, usually .08ml or 2mg was placed via a number 710 Hamil%ag
syringe into a clean dry.silica glass tube. This solution was pladéa

in a warm dry chamber in which N2 gas was genily blown over the
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solution to evaporate the CH_C1 and leave a uniform thin film of DPC

3
on the bottom of the tube. - When the film appeared to be a white

powder it was assumed that no CH,C1 remained in the DPC.

3
About 50 aqueous solutions ranging in concentration from 10‘”M
to 10~y of appropriate ion content were mixed, the pH being
ad justed By addition of appropriate volumes of KOH or HC1. pH
measurements were taken on anxzééﬁmet model 320 expanded scale
fesearch pH meter equipped with a Fisher 13-639-92 combination pH
electrode. To the dried DPC film was added 4 mls of the prepared
solution. This mixture was placed in a water jacket heated to
SOtBOC and sonicated for 30 minutes by a Biosonic IV sonicator
equipped with a low power probe. The samples were placed with&lt
further treatment into the sample holder ;nd cooled to 25°C in about
3-5 minutes, after which measurements commenced. ’

2 r'a
4.3 SCATTERING MEASUREMENTS

A diagram of the apparatus used for 90° 1ight scattering
measurements is shown in Fig. 4.1. The light source was a:PEK
100-watt mercury vapour lamp type 112-2118. A dC91 Corning glass
filter which transmits below 400 nm was used in combination with'an
Oriel 400 interference filter which eliminated Ehe fluorescence of the
glass filter. The only spectral lines dete&&éblé‘with this pai;';;e
the 366 nm, 368 nm doublet and 404 nm., The light was chépped at 80

hertz and focused on the s8lit of a Jarell Ash grating spectrometer

—
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(Spec 1 in Fig. 4.1) which was adjusted to pass 366 nm light. The
emerging beam was split by a quarti slide into a reference beam I1
and sampling beam 12. I, was directed onto an RCA 331
photomultiplier, and the photocurrent fed into a PAR JB=-5 phasé léck
amplifier. The amplifier output was fed through an operational |
amplifier manifold, which corrects the differential output of the UB-5
to a signal directly proportional to the input, into channel 1 o(ya 23
M1P Philbrick Multiplier Divider. The beam I, was collimated and
reflected to the sample. The light scattered from the sample at 90°
was focuged onto Spectrometer II (Spex Industry). Spec II was
adjusted to the wavelength of the light incident on the sample. The
spectrometer exit was equipped with an ITT photomultiplier. The
photomultiplier output wasbfed into a PAR HR-8 phasé lock amplifier
which gave an output e, directly proportional to the’input. The
amplifier output is fed into channel 2 of the multiplier divider. The-
quotient (32/91) is éompgted by the divider circuit and the;
divid;r output was fed into a strip chart recorder. By dividing
(02/91), the effect of variations in sourde intensity on scattered
intensity I, was eliminated since both I, and I, would vary by

the same fraction.
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J
The only optical path for light to reach the slit of Spectrometer’

II was from the light source. All sources of stray light were

carefully elimina;ed by-placing the apparatus in a blackened box.

1

uyu TURBIDITY MEASUREMENTS
Turbidity measurements were made on a Cary 14 spectrophotometer

at 25°C as a function of wavelength in the range of 340 to 550 nm.
All measurements were made with respect to a water blank.

el

%.5 TEMPERATURE CONTROL AND MEASUREMENT

Samples contained in a2 quartz cuvette were placed in a brass
sample holder equipped with a water circulation jacket. The sample
holder was machined so the tight fit between the quartz cuvette and
the water jacket would give an excellent thermal contact. The
temperature of the sample holder was controlled by a Haake circulation
pump which permitted one to either maintain a constant temperature or
a temperature continually varying at a controlled raté. The
experimental accuracy of temperatures measured in this worklia
estimated to be ¢ .25%¢,

In experiments where a continuous variation of temperature was
desired;ra lag was noted between the temperature of the water in the
pump and the sample temperature. Thus the sample temperature was

always lower (about 0.5 to 2°C) than the pump temperature.
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Therefqre it was necessary to calibrate the system so that the pump
temperature could be corrected to a true samble temperature. This
method is reasonable as lohg as one scans in the same temperature
range and at the same rate. An élternative méthod qould be to place a
thermocouple in each sample and continually record the thermal voltage
buﬁ this would not realiy be any more efficient than the method
employed. |

To calibrate the pump-sample temperature differenqe, a Fenwal GD
25 P2 glass thermistor was placed in the quartz cuvette in the sample .
holder while ﬁhe temperature was varied continuously from 25°¢ to
62°C at an averagé rate of 3/4 degre;’per minute. The resistance of
the thermistor as a function of;temperature was mon;tpred‘on'a 4470
Dana digital volt-ohm meter while the pump température was monitored
with a thermometer. The resulps are plotted in Fig. 4.2a. The
resistance temperature characteristic of the thermistor was previously
determined by placing the thermistor and a thermometer close together
in a heating bath and recording resistance and temperature in this
case, These results are also plotted in Fig. 4.2a. As one may
observe, the two curves inaicate that the sample temperature lagé the
pump temperature by up to 2°C, A plot of true temperature versus
pump temperature is shown in Fig. 4.2b which is used for the

calibration.

J
~
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CHAPTER 5
SCATTERING OF LIGHT BY LECITHIN DISPERSIONS
5.1 INTRODUCTION

The.scientific study of light scattering commenced over a century
ago. The scattering of light by very small pérticles was investigated
by Tyndall in -1869 and is sometimes referred to as the Tyndall effect.
This was followed by Lérd Rayleigh'j theoretical work (1881) and
scattering by particles of sizes much smaller than the wavelength of
the scattered light is frequently referred to as Rayleigh scattering.

Approximate theory for particles with dimensions comparable to the

‘wavelength of the incident radiation was developed by Rayleigh (1914),

Debye (1915) and lagér by Gans (1925). This type of scattering is
called Raylgigh—Gans scattering or Rayleigh-Debye scattering. The
problem was solved in a rigorous fashion for spheres of arbitrary size
by Hié (1968)'and independently by Debye (1909) and is commonly
referred to as the Mie theory.1

Light Scattering methods have often been used to determine the
sizes and shapes of cells, subcellular particles and phospholipids
dispersed in water. ?koch (1961) employed the Rayleigh-Gans

2

FOOTNOTE !, %;:\reader is referred to an excéllent book on

scattering o&light by Kerker (1969).
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approximation of light scattering to estimate the size of mitochondria

and the bacteria Escherichia coli. Physiochemical differences between

fragments of plasma memb{ané and endoplasmic reticulum were studied by
Wallach et al.l (1966) using‘turbidity measurements. - Atwood and
Saunders (1965) studied changes in theisize and shape of egg lecithin
aggregates subjected tojvarying lengths of time of sonication by'means
of light scattering. Ihe presence of thermotropic phase transitions
in both natural and model membranes dispersed in water have also been
observed by light scatterirg and‘turbidimetric methods. Abramson
(1971) observed a decrease in turbidity of an aqueous dispersion of
dipalmitoyl lecithin in the range of 24° to 33°C and a sharp

decrease at the transition temperature of 41°C., A sharp decrease in
scattered light intensity at the phase transition was also observed

for isolated phospholipids, and meﬁgianes of the fatty acid auxotroph

of Escherichia ccli supplemented with different fatty acids in the

growth medium (Overath and fréuble, 1973). -

Theoretical studies of 1light scattering by phospholipid
disﬁersions have been made on the assumption of a spherical shell
modei for the lipid vesicle (Seufert, 1970; Tinker, 1972). Such a
modei is applicable to the micrpvesicles prepared by the method of
Huang (1969). However, for normal preparations of phospholipid
dispersions, electron micrographs often reveal onion-shaped

multilamellar liposomes of various sizes ranging from a few microns
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down to a fraction of a micron (Bangham and Horne, 1964; Chapman et
al., 1968). Aggregates of liposomes w;re often observed, however the
sizes and shapes of the lecithin partiéleé observed in the electrqn:
micrographs depended on therdifferent tech&iques used for examination
of the speéimen (Colbow, 1974). Light scattering methods offer a
distinct advéntagé, since the system under study can be observed in
situ without significant perturbation.

This chapter is organized into two parts In Seegion 5.2,
Rayleigh scattering and the Rayleigh-Gans theory are prebented 2 I
hgve calculated the scattered light intensity, turbidity and other
useful quantities as a function of particle size for aysy;ﬁem of
particles of the same size (i.e. monodispersed).

?FOOTNOTEZ_ The theor§>presented is based on the treatmeht of‘

Chong (1975).
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N,

- Model 1
Single lipid shell vesicle

Model 2

Multilamellar vesicle

. Fig. 5.1 Models of lecithin vesicle structure.
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5.2 THEORY OF LIGHT SCATTERING

Based on the work of earlier workers who showed DPC vesicle
diameters to vary from 250 ® to several microns, I have attempted
‘ to apply the Rayleigh-Gans theory of light scattering. I sﬁall first
consider Rayleigh scattering wh;ch applies to particles much smaller
than the wavelength of the incident light, and then the Rayleigh-Gans
approximation which is applicable to particles of size comparable to
the wavelength of the incident radiation.
~ (a) Rayleigh Scattering

The intensity of light scattered by an isotropic particle in
vacuum, smaller in size in comparison to the wavelength of incident
light, as first pointed out by Rayleigh (1881) is given by

no-

s(6) = (1 + cos?g) q%? I

¥

2r2 (5.1)

where q = 2x/A, A is the wavelength of the incident light in vacuum,$8
is the angle of observation measured from the incident beam, r is the
distance of observation, ais the poiarizability of the particle and
I, 1s éhe intensity of the natural incident light. The term 1 in

the brackef'corresponds to the component perpendicular to the
scattering plane and the term coslg corresponds to the component
parallel té the scattering plane which is defiged by the direction of

the incident light and the scattered beam.
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Y

For a homogeneous dielectric sphere of dielectric constant €

5

immersed in a medium of dielectric éohstant ¢, the polarizability e is

given by (Bottcher, 1952; p 51)

a= 3V (éo_e)

——————————

b (e + ?e) - . (5.2)

where V is the volume of the particle. In the optical frequency
region, we replace the dielectric constants by the refractive indices
and we obtain for N isotropic spheres/unit volume, the intensity

scattered per unit volume of solution

S(8) = 912V2Nnu(m2—1)2(1+c0520)10

2rext  (p241)2 (5.3)

m is the relative refractive index given by the ratio no/n, where

n, is the refractive index of the particle and n is that of the

medium,

Integrating over the surface of a sphere of radius r yields the

total light scattered

S = 2ux3y2ynt(n2-1)2 I,

A (m242)2 : (5.4)



Similar to the Beer-Lambert s law for absorptién, the transamitted

light intensity IT is written as

IT = I_ exp(-7l) or IT = I 10'Al (5.5)

o} (o]

v 5
N ﬂ._“u
where r the attenuation constant is called the turbidity, 1 is the
pathlength and A the absorbance of the sample is the quantity measured

with the spectrophotometer. It is readily seen that

r= 2.303A = 24x3y2Nnt(m3-1)2

A (m242)2 (5.6)

(b) Rayleigh~Gans Theory

When a particle has a linear dimension comparable to the incident

b ,iight wavelengph, wavelets from different parts of the particle

KE. inteffere. Mor: light ig scattered in the forward direction.

‘;)Rayleigh (1914), and Gang (1925) considered the interference of light
scattered from differehg parts of the particle but neglected the phase
changes in light traversing the particle. The criteria necessary for
the approximapion are:

=

. : .
(1) The refractive index of#the’particle is close to that of the

medium, i.e. 1m-U <1 /

(2) The phase shift through the particle is small, i.e.

bxR(m=-1)n/x<<1- o,
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Under such conditions, the scattered light is reduced by the
scattering factor P(§), which for spherically symmetric particles with
continuous scaitering elements, is given by the square of the form

factor (éee e.g. Kerker, 1969, p 423)

.funZ G(r) (sin kr)/kr dr ’ '
£

. f“"z G(r) dr - | (5.7)

where k = (4xsing/2)n/\ and G(r) is the radial distribution function.

Consequently, the turbidity is modified by the disSipaﬁion factor

Q=3/8 f P(8)(1+cos29) sing df (5.8)

P(#) can be written in simple analytic forms for some common particle

shapes. These expressions are: For a sphere (Rayleigh, 1914),

b

-P(8) = |3 (3in x - x cosx) 2, x = YmnR sinf/2
-_— , N
x3 ‘ ‘ (5.9)

For a shell of thickness (1-t) R (Oster and Riley, 1952),
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3 (sinx - x cosSx + tx cosx - sin t x) e,
P(8) = . : K
(1-£3) 3 ‘ S -
X = YyxnRsinf/2 ' :
A (5.10)

For a rod of length L (Neugebauer, 1943),

1 ' 8in W dw - (sinx)? x = 2xL sin@ /2
P(8) = —— —— -— A
X . W X {5.11)

The expressions for P(§) in the case of the sphere and shell can
be directly obtained from Eqn.7 taking G(r) = 1 for tR<r<R and G{r) =

o elsewhere. In the case of multilamellar structure, I take the model
of concentric shells of lecithin enclosing water between the shells
(Fig. 5.1). Let the thickness of the lecithin shell be 1 and that of

the water w. Likewise frohm Eqn.7,

£ = ;?R; S sin kxj-sin k(xj-l)+k(xj—l) cos k(xj-l)‘
' J:l

-k xj cos kxjy 1 : (5.12)

where XJ = Ry + (J=1) w + Jl, vy is the total number of lecithin
shells and R, is the radius of the central core of enclosed water.
V is the total volume of lecithin material in the structure and is

given by

R ;_EI. E [xj3 - (x4 - 13
3

=1 . o (5.13)
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In order to express 5(f) and 7 in terms of more directly
measuﬁe&bie>ﬁérameters we use the treatment of Y1 and MacDonald (1973)
which states that the refractive index of a dispersion ns is a

linear function of concentration. ] %;

ns = n, + Wdn/dW (5.14)

where n, is the refractive index of water, W 1s the weight fraction

of lecithin and dn/dW is the refractive index increment with respect
to changes in weight fraction.

‘The concentration ¢ (in gm/ml) is related to the weight fraction

W and the density of the dispersion P by Eqn. 5.15
c=z=p_ W (5.15)
The density of lecithin Pj= 1.056 (Sheetz and Chan, 1972) and

thus Pgr the density of the dispersion, differs only slightly from

unity for the range of lecithin concentration which is of interest. e

Thus to a good approximation,
dn/dW = p dn/dc (5.16)

and the numerical value of dn/dc is only slightly less than that of

dn/dW. Equation 5.14 may now be written in the form

Ng = n, + cdn/de _ (5.17)
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Setting n:nw, m-_-ns/nw we obtain

-

n (m-1) = (1/V) M dn/dc ‘ . (5.18)

where M is'the anhydrous mass of a single particle, ¢ the
concentration of DPC and dn/dc is the measdréd refractive index
increment. Thus, with c¢=MN, we finally get the.expressiqns for the

specific inténsity and the specific turbidity

1]

5(0) 912n3V(dn)(m+1)2(m-1) (1+cos?9) P(8) I,

¢ 2 r2) \de/(mBs2)? (5.19)

; 2Hr3n3vldn)(m+1)2(m-1) Q

c Xﬁ\pc (m2+2)2 . (5.20)

Power dependence of 7 on A
W
From Eqn. 5.20, we obtain the derivative

1]

-d log7 = 4§ - d log Q/d logh - d log B/d logh
d logh
:u—ﬁ—'}‘ (5.21)

where B = n3(m+1)2(m-15 dn/dc -

(m24+2)2

B=d log Q/d logh , v=d log Bs/d logh . (5.22)
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Cleariy B for a-given wavelength depends only on the dimension D
of the scattering particle. It has been coméuted by Doty .and Steiner
-(1950) for rods and spheres of size range 0 < nb/Xx < 0.8. We shall
compute g fof shells of various thickness and éhe onion-shaped
structure. It is useful to note the limiting cases of f for large D.
Koch (1961) showed that for a sphere B= 2, for a long rod 8= 1 and
for a thin spherical shell B = 1.83. |

v is esgzﬁatgd from a plot of log B versus log Ausing -
measurements of refractive indices of waper and dispersions of
;different concentrations. For DPC, Chong (1975) has estimated n =
1.347, an/dé = .160, m = 1.120 and ¥y = 0.32 at A = 366 -nm.

I haQé'computed thevquantities ?(0), Q, S(90°)/c, B and r/c for
both the models shown in Fig. 5.1 for monodisperse éystems. The »
choice of 1 and W in the second model (multilamellar vesiéle} was
based on the electron micrograph observations of Bangham and Hérné
(1964). The lipid thickness 1 was chosen to be 45 % while the
water thickness was 20 X. The comp;tations and graphical plots
are presented in the Appendix section. The results obtained for the
firs£ model (single lecithin shell model) are in Appendix 1 and those
obtained from the multilamellar model are put in Appendix 2.

As mentioned earlier, the single shell model is a good model for
lecithin dispersions with a smail veg}cle Size parameter. It is of
interest to note from Tables A1.4 and A2.4 that the @ values
calculated for both models are not much different when the particles

are sufficiently large and have ﬁhe same water core radius and the
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same size. However, from Tables A1.5 and A2.5, the turbidity for the
second model is about 0.6 of that of the first model. 1In view of the
multilamellar structure, one should have used an efféctive relative
refractive index in tﬁe calculation of turbidity for model 1. From
Eqn. 5.20, oné finds that a change in the relative refracti&e index
changes the'turbidity mainly through the term (m-1). A choice of @ =
1.07 for the effective relative refractive‘index would give the ratio
of 0.6 for the turbidities.

I shail now describe the procedure for the estimation of size
and structure of lecithin particles in a monodisperse system. The
turbidity of the dispersion is first obtained for a range of
wavelengths (300 nm to 650 nm)‘using a conventional spectrophotometer.
A log-log plot of the turbidity against wavelength is then obtaihed.
The gradient of the curve at 366 nm is found and S can them be
’caleulated from Eqn. 5.17 knowing the value of A. The specific
turbidity at 366 nm can also be calculated knowing both the turbidity
at 366 nm and the concentration of lecithin in the dispersion (c is in
mg/ml). Tables A1.4 and A1.5 (or A2.4 and A2.5) are then examined.
The size parameter which gives the best match of the measured values
of both 8 and /¢ to the calculated values then provides a reasonable
eatimate of the mean aize and structure of the lecithin particles in
the dispersion. Interpolation of the calculated values may be
necessary to obtain good matching.

If a good match of the measured and calculated values of bothf

and 7/c cannot be found, the particles are assumed to have a wide
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range of sizes and the calculations obtained for the polydisperse
system will have to be used. Polydispersity is briefly discussed in
Chapter 6.

The specific 90° scattered light intensity was not used to
provide estimation of the sizes of the particles for three reasons.
Firstly, the scattered light intensity measurements were not absolute
measurements and the instrument calibration had not been made.
Secondly, the oscillatory nature of S(90°)/c as a function of the
size parameter limits its usefulness. ‘The third reason concerns the
range of validity of the Rayleigh-Gans approximation. It was shown
for solid spheres (see Kerker (1969, p 427) that 7/c agreed with the
more rigorous Mie Theory to within 10% for values of nR/\ up to 1.5
ghereas the range of validity for the scattered light intensity
decreaséd rapidly for ihcreasing angle of scatterimg. Although no
calculations'have been performed, we shall assume that the abové
conclusion is applicable to the multilamellar structure. 90°
scattered light intensity measurements would be more useful if the
size distribution is sufficiently narrow and the size parameter is
less than 0.2.

The oscillatory region of the scattering factor P(8) can be
avoided by working with low angle scattering. We shall briefly
describe in this subsection, a useful method for determining particle
sizes utilizing the angular variation of scattering close to the
forward direction.

For smallf, one can write (see Kerker, 1969, p 433)



P(8)

1 - 1672p2 Rg2 sin20/2 ' (5.23)

362

where Rg is the radius of gyration of the particle. We shall

rewrite Eqn. 5.18 in the form

5(8) 9 x 2n2Mo an \ 2 (m+1)2 P(8) (1+coszﬂ) Io

c 2 rz)\“uo de (m2+2)2 (5.24)

where Mo = NOM is the molecular weight of the lecithin particle,
NO is Avagadro’s number and M is the anhydrous mass of the particle
used in Eqn. 5.18.

Defining

9 x2p° d;\ 2 (m+1)2  (14c0s2g)

K = m
2 A, dc} (m242)2 (5.25)

and the Rayleigh ratio

4

R = S(9) re

Io , (5.26)
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I obtain the relationship

Ke = 1

R M,P(8) (5.27)
If concentration fluctuations are taken into account, the right
hand side of Eqn. 5.25 is modified. We then get (see Kerker, 1969, p

434 and p 507)

Ke = 1 + 2Bc

R M P(8) P(6) (5.28)

where B is the second virial coefficient:
In the limit of ¢— o0, we can neglect the concentration

fluctuations. From Eqn. 21 and 25 we get

Ke = 1 1+ 16%2p2 Rgz sin6/2\

R Mo 3N (5.29)

On the other hand, in the limit § — o (forward direction), we get

Kc = 1 + 2Be l
- P(8)
R Mo (5.30)
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The molecular weight Ho, the radius of gyration Rg'and the
second virial coeff}cient B can be e;aluated from a Zimm plot (Zimm, .
1948) in which Ke/R 1is plotted against [sin2(0/2) + gc] where g is
arbitrarily chosen to provide a convenient spread of data. Mo is
obtained from the interception of the plot in the limit § — 0 and B is
the slope. Having found Ho, Rg is obtained from the slope in the
limit ¢ — o.

The Zimm-plot method provides a distinct advantage over t?e
turbidity method of size estiﬁation since it Iééds to-a measure of

both M and R, independent of any assumptions regarding the shape

4
of the particle. However, instrumental calibration and precise

measurements of angles are necessary to givg good results. Since the
specialized instrumentation was not available, the Zimm-plot method
cquld not be employed. It is felt that the turbidity method offers a
reasonable alternative to the Zimm meihod of determining partidle

size.
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CHAPTER 6
RESULTS AND DISCUSSION

6.1 DETERMINATION OF VESICLE SIZE BY THE TURBIDITY METHOD

The purpose of this section is to determine the size distribution
of vesicles used in this experiment. The specific turbidity 7/¢ and
the power factor 8 were obtained from our experimental data using
Eqns. 5.6 and 5.21. The results are summarized in Table 6.1. It is
impossible to find a size parameter for these suspensioris which
matches the specific turbidity and the power factor. The B values
give relatively large values of x while the 7/c values give much
smaller values of x. To see this, one need only observe that for ¢ =
0, and pH 5.8, 7/c is .387 while B8 is 1.55. Examining Table A1.5 one
sees that for 7/¢c = ,387, x is approximately .1 for ry/ry ; .T.
It is easily shown that R is approximately 270 i, which is roughly
the size of bilayer vesicles quoted by other authors. However,
examining T;ble A1.4 for B = 1.55 gives a size parameter of about .3
which corresponds to’R = 800 R, Larger values of R are also
possible due to the bscillitory nature of 8. A summary of 7/c, 8 and
estimates of vesicle size is given in Table 6.1. In all cases the 7/c¢
indicates a smaller particle size than the smallest size possible for

the corresponding S.
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Table 6.1

o
A= 366 nm. Size parameters obtained from
single shell model X = nR/\A.
[Cca*?)

(DPC] | pHY | B |x(8) (min) /¢ x (7/¢) R (r/¢) R
0 5.8 .55 .2700 .387 .1023 277 .4

.15 5.8 .24 L2147 .322 .0831 225.3
.13 5.3 .01 1.0807 .160 L0743 201
1.46 5.8 .88 .9969 .276 .1302 353.0
~14.60 5.8 _ .28 1.13826 .294 .1302 353.0
0.00 10.2 .01 1.0807 .316 .0800 216.9
.15 10.2 .25 214 .552 .1023 277.3
.13 10.2 .64 .2980 .138 .0660 179.0
1.46 10.2 .18 1.1087 .276 L0743 201.4
14.60 10.2 .59 - 1.790 .1582 428.9
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The previous data is understandable if one assumes that a
polydisperse distribution of vesicle sizes exists. Let the weight
concentration of lecithin part@cles éf a given size parameter xJ bé
53. The size parameter is a dimensionless variable given by nRJ/A
where BJ is8 the radius of the j'th particle. If c¢ is the total &
lipid concentration of lecithin in the dispersiong then fj*= cj/c
is the weight fraction of lecithin particles of size xj. One notes

that

= . o _ ’
e Z 37y 3809/ - E £3°3

ES

-d logr = H-v- E fj JBJ/(T/c)
d log A :

= ’4-7-63 ’/ 6.1
Cne may seé from Eqn. 6.1, that since 63 depends only on the size
of particles and not the number, ﬁs should bé sensitive to the presence
of a few large particles, while 7/c¢ may be ddminated by a large
percentage of amaller veéicles. if this,is~true, tﬁen r/¢ should be a
more réliabie estimate of the size of particles in suspensigp. One
way to explain this data, is to postulate thét there are two particle
J,aize‘dist;}butionsxin the suspension{ f{ being the weight fraction
of smaller vesicles, and f2 being the weight fraction of larger

particles as estimated from the 3 values.

“
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/e = f.r, + f.1 6.2

If £, >> f, then the specific turbidity must be dominated by the

2
smaller particles. A possible reason for the existencg of a small
fraction of larger particles, may be ;hat the sonication introduces
some metallic particles into the suspension, or large lipid aggregates
are preseni due to incomplete sonication. In earlier experiments
metal particles were not a problem, but since these sonicator probés
decay, metal particles may have been a problem in later experiments on
2hrﬁid1metry. The existence of some larger 1lipid particles is in
agreement with the work of Huang (1969). .
Another way of discussing this problem is to assume that there is

a continuous distribution of particle sizes. Ngturally occuring

populations are fﬁequently skewed. We shall assume that the

distribution of the lecithin particles behaves similar to the electron

micrograph observations (Seufert 1970; Sheetz and Chan, 1972). A

satisfactory choice of a skewed distribution function is the lognormal

distribution (see Kerker, 1969, p 353).

6.3

f(x) = : [ exp- [(1n x/x '
q%x" ‘ [ 265]2

In this distribution,‘it is ln'xm rather than x which is normally
distributed. The mean value of ln x is lnx; and o is the standard+
deviation. X is the geometric mean of all x values. Some

lognormal distribution curves are shown in Fig. 6.2a, for varibus

values of ¢ and X placed into Eqn. 6.3. C -

>
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The summations in Egn. 6.1 are then feplaced'by integration.
However, in the computer calculation, the proqedure is still that of a
summation. fJ is simply replaced by f(x) Ax which gives the
fraction of particles with sizes between x - 1/2Ax and i + 1/2ax. We

[4

polydispersed systems.
The QUaniities T/¢c and Bs are célculated~psing Eqn. 6.1 for a

variety of lognormal distributioné.,.we shall call these values the

effective turbidity and effedtive power factor respectively. The 7]

and’ﬁj values are those which are already calculated for the

monodisperSeisystem. We have only computed the effective values at
436 nm for the multilémellér model with no central water core. Taking
into accéﬁnt the encl;;?d volume of water in the aqueous core, the
correction is minimal. %The results of the computations are shown in

T
Fig. 6.2b and 6.2c.

7/-
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To estimate the distribution of the lecithin particles in the
dispersion, the experimental values of 7/c¢ and 63 are first obtained
as described previously. The experimental values are then matched
igainst those values given in Fig. 6.2b and 6.2c. It may then be
possible to obtain a2 reasonable estimate of the distribution of
lecithin particles in the dispersion, if the distribution is
;og-qprmal.

A/In computing Fig. 6.2b and 6.20,’the_multilamellar model with _
lipid layer thickness 1 = 45 & and water layer thickness w = 25
2 has been implicitly assumed. fhis is a reasonable assumption on
the basis of both electron micrograph observations and x-ray |
diffraction studies.

It can be seen that';xmgich of B and 7/c for a size parameter
cannot be made with the log-normal distributions calculated. For
example, in Table 6.1 7/¢c = .387 and § = 1.55, one notes that for the
7/¢ value a size parameter xm_of less than or equal .1 is obtained
with various standard deviations. A f8 value of 1.55 corresponds to a
size parameter x which is at least twice as large as that obtained
from 7/¢. Thus a single log-normal distribution does not seem ﬁ; be
present. Thus it seems reasonable that ;he earlier suggestion of a
pimodal distribution of particle sizes is more probable with the very
large particles beiﬁg a small percentage of petallic residue from the
sopicator tip, or large lipid particles due to incompfete sonication.

If we assume the 7/¢ measurements give an esE}uﬁie of the size of

tne largest fraction of particles in the suspension, I estimate the

v
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average size of smaller vesicles to be 277 + 25 ® in diameter

where 25 ® is the standard deviation of the measurements. This
agrees reasonably well with the 250 ® size estimates Sf other
workers (Huang, 1969, Batzri and Korn, 1973; Sheetz and Chan, 1972)

for single bilayer vesicles. 1In these calculations the lipid

thickness is assumed to remain the same while the size of the aqueous

L 4

core varies,

The measurements indicate particles whose sizes range from 580

_ .

® to 3200 8. It is stressed that these were the smallest
possible sizes that were taken from the tables in Appendix 1 sorthat
the size might actually be much larger. Two possible reasons for this
have already been discussed. To prepare mqnodisperse vesicle
suspensioﬁs one should follow up the sonication with some secondari
treatment such as sepharose chromatography, ultra centrifugation or
filtration. However, as will be seen in the next section, secondary

treatments are not desirable for all experiments and the puFpose

behigd this section was to estimate the size of vesicles used in this

Sééé;iment.

6.2 TIME DEPENDENCE OF 90° SCATTERED LIGHT
Observations on Hg 366 nm light scattered at 90° indicates that
S(90°) is a function of time which depends upon parameters such as
.lipid concentration, pH and Ca*? concentration. These factors were

studied for suspensions prepared as described in Chapter 4. The

£
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experiments were carried out at 25°C, Changes in‘scattéred light
intensity are thought by the author to be indicative of vesicle fusion
or aggregation processes.

To understand why S(90°) may be a function of time, one recalls
from Eqn. 6.1 that the speéific scattering S/c¢ = E:fﬁsj, Noting
that the weight fraction of the j’th particl? size fj is Cj/c’ 6.1

may be rewritten as

S(t)

> egte) sy
ds Z d cj(t) Sj

at dt 6.4

The Sj's are functions of size only, therefore they need not be
differentiated with respect to time. 1If one treats a vesicle
suspension as if it were made up of a discrefé'number of particle
sizes and hypothgg%zes a rate mechani;m by which the number of
vesicles of a givegkaize varies witﬂ time, then it 1s possible to
determine any Cj asvé function of time and hence the specific
scattering can be determined explicitly as a function of time. The
simplest possible example of this treatmept is to assume a bimodal
particle distribution with particles of concentrations ¢, and o
respectively. 1In analogy with Chapter 6.1, ¢, corresponds to the
concentration of small (275 %) single walled vesicles and cy

would correspond to larger multilamellar (103 %) vesicles.
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Assuming the simplest possible rate law ¢ El,cz where at t= o, c,

1

= ¢,, and ¢, = 0, it is straightforward to show; ’
C:1 = coS1 exp =~ k1t; ¢y = 0052 (1—exp—k1t) 6.5
Knowing the time dependence of ¢, and ¢, one may Write
S = ¢S, exp - kyt + ¢ S,(1-exp-k t)

as = ¢ K (32—51) exp - kqt

1

at 6.6

Factors which complicate this mechanism are numerous. The
precise distribution of particles is not known in our experiments but
‘a bimodal distribution is likely from the discussion in Section 6.1.
The molecularity of the rate processes involved are obviously more
complex than indicated in Egn. 6.5. Other rate processes yhich seem
likely to be important are nc1—-»cj where n is usually 1, 2 or 3.

Also, mixed rates such as Cq + cj—-»ck would become important for
larger times t. Of greater interest to this work than the full
details of/the mechanism, are the effects of externally controlled
parameters such as lipid concentration, pH and Ca*z concentration on
S and dS/dt.

Fig. 6.3a shows the effect ofﬁlip;d concentration on dS/dt for
two pH values. dS/dt was measured41 hr. after the samples were
cooled to 25°C. & straight line qf ﬁ;it slope was drawn through the
experimental points. For low lipid concentrations (<10‘3M) this
iine fits the experimental data. Measurements at much lower
concentrations are difficult due to sighal to noise ratio problems.
Thus at low lipid concentrations the value of dS/dt is proportional to

lipid concentration, This is indicative of the presence of a first

order rate process.
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Fig. 6.3a Time rate of change of scattering intensity (relative
units/nr.) as a function of DPC concentration for two pH values. {OpH

5.1, QpH 5.8.



P

U R

78 -

A conclusion one may draw from the linear dependence of AS/At on
DPC concentration is that for low lipid concentrations a highly
homogenous vesicle distribution is obtained. - Another is that there is
a first order rate process present, At higher lipid concentrations
the slope indicates the power is less than one. Two reasons for this
behaviour are believed to exist. First, since all these samples were
sonicated for the same length of time, samples of higher lipid
concentration contain a larger fraction of large vesicles, therefore
are less sensitive to changes in scattering due to fusion or
aggregation of small vesicles. Sééond, higher lipid concentrations
may give rise to multiple scattering of photons which should decrease
light intensity. Another kinetic study in the literature by Maeda and
Ohnishi (1974) utilized E.S.R. spectra of 12-nitroxide stearic acid
labelled lipids to study mixing of lipid molecules. Their data
indicated that aygimilar dependence existed between lipid
concentration and rate of fusion.

Fig. 6.3b shows the scattered light intensi§;>s(900) as a
function of time t for samples prepared at various pH values S(90°),
plotted on a logarithmic scale. The sharp increase in S(90°) during
the first five minutes is dge to the cooling of the samples from
50°C to 25°C. For t > 5 min. all curves are linear with respect
to time with slopes varying with the bulk pH of the suspension. Since
log d3/dt is a linear function of time, t and dS/dt is a positivé ‘
decreasing function of time, one concludes that a rate law of the

form;



dS o k exp - kt

dt 6.7

must exist where k is a rate constant which describes the overall\time
behaviour of the system. If one agrees that a change in S(90°) with
time must indicate either fusion or aggregation of vesicles, then k

must be related to the degree of dissociatién of the lipid polar

groups.
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Fig."6.3c Shoﬁs dS/;t as affunction of ﬁﬂ fér various times ;ft%r
sonication. As one can see, AS/AE décreasés for increasing t at a
given pH. This is expect;d ifAdé/dtjns propgrfional to k exp—ki.'
More interestidg‘grg‘tﬁé;maxfm; aﬁd‘minima wh%bq are observed in
Fig. 6.3c. Tﬁiq_ié intérpreted as a variation in the rate constant k
as the degrée of dissociatibﬁ of ﬁPC m&léeules changeé. Rééailing
from qu. 4.3 ﬁhat the phosphate group of DPd4can bind‘a'proton
where pK, is 1.40 for the bulk éolhtioﬂ, we write.

PK1 = pH - log[P0,~]

WO, 1 6.8

. We recall the'eq@ilibrium constant for the formation of the intern;l

3 is 8.85 x 10°. For pH < 3(thé'measub¢d value of .

AS/At is very low for all time t.
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-units/hr.) as a function of pH for various times.
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It is easily shown that at pH 3 99.5% of the lipid molecules are

dissociated into PO}, and may form internal salt linkages with
the trimethylammonium group. 0.5% of the lipid molecules are
protonated, thus they will carry a net positive charge of q = 1.6 x
10719 coulombs. Accepting that the molecular welight of bilayer
vesicles is 2.1 x 100 (Huang, 1965) and noting that the molecular v
weight of DPC is 734, it is easily seen that there are approximately =~
2.86 x‘10u lipid moleéules per vesicle. The average_ﬁhmber of
charged lipids per vesicle is about 140. Assuming these charges to be
uniformly distributed on a sphere of radius’275 . and‘immobile,

the electrostatic repulsive energy between two vesicles 1000 R

apart in pure water is approximately given by

ER = 919y/47€r = 5.5 x 10”12 ergs : 6.9

where q1 and q, are the charges on the two vesicles rys is the

center to center distance between the vesicles and ¢ is the dieléctric
constant of water. The thermal energy Et per vesicle for dilute

suspensions at roonm temégfaiure (298%k) is
E, = 3/2 kT = 6.18 x 10" ergs. 6.0
where T is the absolute temperature (298°K) and k is Boltzmann’s

constant (1.38 x 10-16 erg/°K) . When'Et/ER > 1 the vesicles

- have sufficient thermal energy to overcome the electrostatic energy
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barrier and fusion‘or aggregation may take place.r From Eqns. 6.9 and
6.‘10“Et/ER = 0.011 at 103 %. Decreasing r,, or increasing

_the surface charge on ‘the vesicles wiii decrease Et/ER further.

Thus at pH < 3 few collisions are éﬁpectéd to océur, which permit
fusion or aggregation, because of the high surface charge 6n the
vesicles. There are several factors which may modify ﬁhé assumptions
made in this treatment. The charge on the lipid is not toﬁally
immobile. Léteral diffusion of lipid molecules is.dependent on
membrane fluidity.' Since this experiment was performed at 25°C the
author would expect diffusién of charges to be at a miniﬁum. For T >
Tc chafges may diffusé rapidly through lateral diffusion. The
vesicles are expeqted’to act similar to conducting spheres. The
charge distribution will become nonunifo;m S0 as to relax the
electrostaéic repulsions. Sinée T (< Tc ;nd diffusion of charges is
small the initial treatmentpis thought to be sufficient. The surface
charge 1is scréened by counter ions (Cl‘), but it is believed that
these had only a small effect since solutions of low ionic strength
were utilized. Van der Waals forces which are attraétive and
_proportional to r=® will bve negligible at larger distances (since .
electrostatic forces are proportional to r‘2), but at shorter
distances will dominate the electrostatic forcesr For Et/ER < 1

Van der Haals_interactions should be negligible. At pH 4 ASAAt rises
very sharply to a peak which occurs at pH 4.8. At ﬁH 4;8 éﬁé fraction
of charged lipids is 6.3 x 10-4 whichlis an average of 17.6 charges/ 7

vesicle. Et/ERvin this cése is8 1.77 which means the thermal
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energy of vesicles 1s suflecient to overcome electrostatic repulsions.
Thus AS/At is expected to increase due to fusion or aggregation. The
minimum at pH 5.5415 more difficult to explain. The surface chaﬁge is
smaller than in the previous cases, thus Et/ER > 1 which,

according to theory should enhance AS/at, It is believed internal
salt bihding may explain the minimum. A second peak which decreases
with increasing pH is observed at pH 5.9, For pH > 8.54aS/At becomes:
small. This is thought to be due to,the equilibrium of Eqn. 4.3.2
which charges vesicles by absorption of OH™ ions on the
trimethylammonium groups. The PK, foé this reaction is 11.6. .One

has for pK2

PK5 = pH + log [N(CH3)3 +....]o

[(N(CH )%, .. 0H7] 6.11

where the dissociation of a proton i3 considered physically equivalent
to the binding of an hydroxide ion. Lipids with headgroups such as

serine or ethanolamine simply lose a protbn in basic solution, but
-

since choline has no dissociable protdg on the trimethylammonium
group, it must absorb an hydroxide in highly basic solutions. If #1is

the fraction of uncharged lipids then

}o(pxz-pH)

1410 PK2-PH)
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For pH 10, a is .975 which means the fraction of charged vesiclég is
.025. This corresponds to about 700 charges making Et/EH.u'ue X
10'“. Thus above pH 10 AS/At should be small since the surface
charge is high. Below pH 10 the surface charge decreases rapidly and
E,/Ep increases. 4S/At increases as expeqted.r

Fig. 6.3d shows the effect of 10~ 3y Ca‘c12.2320 in the
aqueous média on AS/At as a function of pH. Basicél%? the same
behaviour as in Fig, 6.3c is noted in Fig. 6.3d. The first peak is
shifted to a lower pH ( 4), The minimum in Fig. 6.3d is much broader
than that in Fig. 6;30 (4.8 to 6.0) and the second peak is steeper and
narrower than in Fig. 6.3c. To understand this one must note that for
low pH [H*]>>[0H"] reactiohs 4.1, 4.2 and 4.4 will be in
competition. The amount of PO} available to interact‘_with
Ca*® or to form an internal salt linkage is controlled by the pH of
the suspensionn‘ For high [H*] vesicles become charged according to
Eqn. 4.3.1. Increasing {H*] 10 times will cause fPOE] to
decrease by a factor of 10. The amountvof bound Ca*+? is expected to
decrease by a factor of 100 accor&ihg to Eqn. 4.4, thus low pH's
should reduce Ca*2 binding and internal salt linkage and increase
surface charge by protonation of'POZ. ‘The overall effect of
this, modified by counter ions ahd charge dobility, should tend to
decrease aggregation or fusion of vesicles. The binding of Ca*? to
neutral lipid'molecules snould'impart a positive charge. If there is
some pﬂ‘where ca*2 may begin binding to vesicles, then one might

expect a decrease in AS/At, 'Increasing the pH further'should gause
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vesicles to accumulate negative charge (OH™) which would cancel the
positive charges of Ca*2, Neutral vesicles should then be free to
collide thus increasing aS/at. Increasing the pH furthefkcauses aa
excess of negative charge thus reducing AS/at by increased |
electrostatic repulsions. To successfully apply this reasoning Ku
must be less than the va}ue indicated to- explain low ca*? binding at
lower pH values. The value for K, quoted from Seimiya and Ohki
(1972) was for phosﬁhatidyl ethanolamine, which has a dissociable
proton’(pK2 = 7.5), which would lower the potential barrier
experienced by cations, thus binding to the phosﬁhate groups should
readily occur. In the case of DPC there is no dissociable proton on
the trimethylammonium group thus an hidroxide mq;t bind according to
Eqn. 4.2. Prior to this, the trimethylammonium group would tend to
strongly repel cations, thus Ca*2 binding would be relatively low at
physiological pH. The'findings of Joos and Carr (1967) indicate that
Ca*? does not bind to phosphatidyl choline beiow pH 10. Work by
Ohki (1969) on the resistance of black films as a function of pH and

ca*e concentration .showed behaviour remarkably similar to that

-
v

observed in Figs. 6.3c and 6.3d. As the pH was increased the
electrical resistance increased to pH 4.4 where R was a maximum. This
was attributed to minimum charge on the dipoles (isoelectric point).
Above this pH the resistance decreased up to a pH of 10 where stable
films could no longer be formgd. In the presence of Ca Cl2 this
behaviour was modified as the peak was eliminated ;nd the resistance

rose steadily. This difference could be attributed only to the
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binding of Ca*? to the black film. Thus there is a difference of
ppinion among authors on the binding propeﬁties of Ca*? to

phosphatidyl choline. This difference is more easily understood if as

mentioned in Section 3.4 the degree of saturation is important to the

way in which ions bind to lipids. This information is summarized in
Fig. 3.2. Completely saturated chains at T < Tc pack closer and

bind Ca*? more readily. Work by previous a&thors often stated that
phosphatidyl choline was used, without making reference to the degree
‘ of saturation of hydrocarbon chains. This may account for variations
in experimental results. The author’s work indicates that there is
some Ca*2 binding at pH values as low as 4.5. Applying K, to the
equilibrium conditions set out in Chapter 3 one might expect a greater
effect on the data in Fig. 6.3d. Since this is not the case, Ku

must be smaller than the figure obtained in the literature.
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6.3 TEMPERATURE DEPENDENCE OF SCATTERED LIGHT INfENSITY
Thermotropic phase transitions of lipids have been discussed‘:in

Section 3.3. Recalling Egn. 5.19

one notes that\Ehanges in temperature may cause changes in{y, dn/dec, m
and P(8) which cause S(90°) to change. The percentage‘chaﬁge in
scattering between two‘temperatures is given by the sdd of percentage ’
changes in these variables. The observations of Sheetz and Chan
(1972) indicate a 3% increase in the volume of the vesicles. The work
of Chapman et al. (1967) shows the lipid layer thickness 1 decreases
from 45 R to’MO ﬁ, while the water layer thickness w increases

from 25 ® to 30 & when the temperature is increased above
Tc: Chapg (19755 has shown that P(#) should decrease anywhere from

2% }avibﬁ depending on the vesicle radius and aqueous core radiugj
The™av »aée decrease was shown to be about 7% . Yi and MacDonald
(1973) and Chong (1975) have shown that the term dn/dc decreases by
about 16% from 25°C to 50°C. Change in the relative refractive

index m leads to an additional change in the scattering primarily
through a change in the term (m-1) giving a further decrease of 15%.
Thus the expected decrease in scattering should range from 30% to 39%,
depending upon P(#). 1In addition, a slow decrease in S(90°) is
predicted by dn/dc and m terms above and below the phase transition.
Large variations from this behaviour are noted in Fig. 6.4a and 6.4b
for samples prepared in solution of high ion concentration. ¢ is the

ratio of ion concentration to lipid concentration. The lipid

concentration in all cases was 6.84 x 10‘“M.
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- 92 -

e d

Fig. 6.4a shows $(90°) as a function of temperafure for varioggﬁ,’—
mole fractions of K¥, K* is added before sonication, therefore is
expected to be uhiformly distributed in the'aqueous solution. For ¢ =
0 and pH 6 we observe a smooth curve with a sharp tran;ition at
vu1.5°c. A slight change in slope is also noted at about 33°¢
which may be .the pretransition reported by other authors (see Section
3;3). Between 25°C and 50°C the scatteringAintensity decreases Dy
-28%, slightly less than that predicted by theory. For pH 10.2 and ¢ =
7..23 a change of 30}81 is noted and a much sharper drop in S(90°) at
32°C. oOn increasing the KC1 content of the pH 6-samples there is an
increase in scattering intensity between 329¢ and 38°C which ‘
increases with increasing KC1rconc§%tratiqn. The percent decrease in
scattered light intensity between 25°C and 50°C remains near the
limits proposéd in the theory. This information is_summarized‘in

Table 6.2.

»
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Table 6.2

Summary of changes in secattered light 1ht§nsity

for various K* concentrations.

&

[S(25)-5(36)110°

[S(25)-5(50)]10°

o= EK*) pH + .1
[bPC) $(25) s(25)
0.00 6.0 1.90 25
15 6.0 0.00 .28
.73 6.0 . 1.75 25
1.09 6.0 -.4y 34
1.46 6.0 -.38 27
14.60 6.0 -3.80 30
.23 " 10.2- 7.30 33
.38 10.2 6.30 31
.96 10.2 4.80 29
1.33 10.2 5.20 27
1.60 10.2. 6.20 33
14.60 10.2 4 .40 33
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This behaviour is not observed at pH 10.2 where S always

decreases in the 25°C to 36°C range. Some of the pH 10.2 curves

show what may be preiransition type behaviour, but this change is very

small and may not be experimentally significant. For pH 6 the percent

decrease in S bétween 259C and 50°C is on average 28% which is
slightly lower than predicted by theory. For pH 10.2 this figure is
on average 31% which is within the predictions of theory. Higher
values of ¢ seem to cause higher initial levels of scattering. It is

z

believed that high concentration of KCi increases screening of charge
. .

- and hence reduces repulsions between vesicles causing larger vesicles

~

to form initially. This effect is the same ai pH 6 and pH 10.2. The
bumps on the pH 6 curves are best explained if there is some change in

aggregation properties of vesicles which is triggered by temperature.

VThe fact that this change ‘occurs in a region where the pretransition

-

has been observed leads one to hypothésize that some dipolar

rearrangements may be occuring. If temperature causés the disruption'
of the internal salt linkage , a corresponding rearrangement in local
ion concentrations is feasible. Counter ions will cancel free charge

on the dipoles proportional to the ion concentration, causing

.aggregation of vesicles due to low eleciﬁostatic repulsions (kT is

also increased due to higher temperature). At pH 10.2 one does not
see this effect because the internal salt linkaée is broken by the
high pH whichﬂcggrges thg vesicles.

Fig. 6.4b shows S(90°) as a function of temperature for pH

values of 6.0 and 10.2 for vesicles prepared in solutions of various

-
o T

Pt
tlm
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© Ca*2 concgntrations. The percentage change %n scattered light
intensity bet%een 2500, and 36°C and 25°C and 50°C are .
summarized in Table 6.3. ¢ 'is the ratio of Ca+% concentration to
lipid concentration. The lipid concentration is kept EOnstantrat 6.8N
x 10"y, Examination of Fig. 6.4b and Table 6.3 shows the perceht
decrease in scattered light intensity is leéss than predicted by theory
for the ”1°_transition by about 4% on average for pH 6. The

decrease in S(90°) between 25°C and 36°C shows anomalous

behaviour at pH 10.2 but not at 6.0. For pH 10.2 the 41° transition
shows highly anomalous behaviour. If one assumes that a small
percentage of Ca*2 is bound at pH 6 then it is expected that some
iipid molecules would be held in a more rigid structuré. The
parameters which decriease S would be affected less due to the binding .
of Ca*z. This agrees gith the notion that Ca*? stabilizes
membranefstructures. At pH 10.2 the thermal behaviour of the 1lipid
suspensions is highly anomalous. A larger degree of Ca*? binding at K
vthis pH is expected due to presence of a het negative charée on some
vesicles which should lower electrostatic repulsion of cations. By

Eqn. 6.12 the fractibg/of negatively chérged lipid moleculkes is

expectea to be .036 assuming sz is 11.6. A lower pK2 would

increase this fraction and thus ircrease the degree of Ca*? binding.

The presence of small amounts of ca*2 cause a sharp anomoly in the

259C to 36°C region. The greatest effect in this reéioniis noted

at ¢ = .4 to .5, This effect is interesting éince one Ca*2 binds

with two PO3. Increasing the concentration of ca*? further

-

e

-~
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causés the anomoly to shift to higher temperaturés. It is believed
that this is a mass action effect; The higher Ca*? concentration
causes the equilibrium described by Eqn. 4.4 to shift further to the
right. The unpredicted rise in scatteriné?inténsity is attributed to-
aggregation or fusion of vesicles. No mechanism for this anomaly is
proven in this data but the author suggests that the breaking of

Ca+2, POH bonds might cahse aggregation of vesicles. No

variations in TC with ion concentration are observed in these

experiments. It is felt this is due to low surface charge (charges of

order 1 per lipid molecule are necessary to change Tc by Egn. 4.5).
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Fig. 6.4b Scattering intensity (relative units) as a function of

temperature for various Ca+2 concentrations for two pH values, ¢ =

(ca*2]/[DPC], [DBC] = 6.84 x 1074 M,



for various Ca*? concentrations.

- 98 -

Table 6.3

Percentage change in scattered light intensities

¢= [Ca*?) PH + .1 [5(25)-5(36)110° | [S(25)-5(50)]1102
a;;;;_ 5(25) S(25)
.15 6.0 6.15 30
.55 6.0 2.8 24
.73 6.0 3.2 21
.82 6.0 4.4 25
1.46 - 6.0 6.3 26
14.6 6.0 9.1 26
.15 10.2 2.6 26
.37 10.2 -4.5 22
.55 10.2 -8.5 12
.65 10.2 -3.0 17
.73 10.2 9.0 14,5
.82 10.2 -3.6 2.7
1.1 10.2 4.5 5.3
1.46 10.2 5.8 -9.8
14.6 10.2 3.3 7.4
231 10.2 -8.0 22.5
22! 10.2 -1.2 27.17
40! 10.2 -13.0 27.0

Other measuremenf? taken but not shown on Fig. 6.4b

A
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6.4 DISCUSSION OF RESULTS

The results in Section 6.1 are explained in terms of a bimodal
distribution of particle sizes. Small vesicles of diameter 275 R
are obtained by sonication in addition to a fraction of larger
particles which are present due to incomplete sonication of lipids and
the péeaggce of particles from the sonicator probe. A single narrow
distributiégﬁé;uld be obtained by methods such as ultracentrifugation,
chromatography, and ultrafiltration. However, studies involving
scattering intensity as a function of time make secondary treatment a
source of error since the more treatment steps involved, the more
difficult it becomes to define initial conditions. For this reason
secondary treatments were not gtilized in this experiment.

The study of scattering intensity as a function of time indicates
an exponential rate process for fusion. This is supported by

scattering at a given time after sonication and by the time rate of

change in scattering as a function of pH. The latter is attri-

' buted to electrostatic charge which resides on the polar head of

the DPC moleéules. Knowledge of the exact lipid distribution should
enable a precise kinetic analysis of scaﬁtering as-a function of time.
A general method for doing this is given in Eqn. 6.4. A linear rate
law was put into Eqn. 6.4. Reasonable agreement with experimental
data was observed. This could prove to be a useful method for
invéstigating the fusion of vesicles. Exténding this study to
different temperatures the activation energy for these processes could

be obtained by this method.
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Using published data of the refractive index, volume and lipid
thickness as a function of temberatubelRaYleigh-Gans scattering’theory
predicts a130 to 39% decrease in scattering intensity béﬁween 25°c
and 50°¢ for vesicles prepared in distilled H,0, in agreement with
experiment. K* and Ca*2? ions have been shown to cause anomalies |
in this behaviour. K% ioné are believed to screen charges on. the
vesicles thus causing fusion or aggregation of vesicles on breaking

the internal salt linkage present at pH 6. At pH 10.2 the salt

linkage is expected to be broken already by the pH condipions.‘ Ca*r'2
on the other hand, is believed ;o bind to the lipid between POH
groups. Changes in temperature may change the amount of Ca*2 Bound,
thus causing reorganization of the suspension due to changes in the .
distributions of charge in the vesicles. This could be tested further

by studying scattering at fixed temperatures as a %unction of time.
\
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CHAPTER 7

. GENERAL CONCLUSIONS

The attention in this thesis has been directed towards two basic
questibnsT - The 'first is how does.vesicle.gurface charge affect the
fusion>or‘aggregation of vesicles? The second is how do ions of
biolbgiéal importance affect the phase transition behaviour of DPC'
vesicles as feflected by changes in light scat;ering.

90° light scattering measurements have provided a method of

“ measuring fusion or aggregation of vesicles through changes in the

3

vesicle size q1étribution. Variations in the time rate of change ofaf
scattering was accounted forvﬁy vesiéle surfacé charge. A small rate
of change in scattering is obtaihed when the electrosiatic repulsive
energy is greater than the thermal energy of the vesicles. The
minimum at pH 5.8 is not explainéd by this rule sinéé the surface
chgrge is low at this pH. Ege author suggésts that internal sélt'
binding lowers the time rate éf change of scattering at this pH.
Linear rate theory was'appliéd to the data, and was found consistent’
with the data. However, more complex rates are éxpectéd for longer '

times. Future experiments could extend this analysis to studying S(t)

at various temperatures to obtain an estimate of the activation

energy. The activation energy in turn should be related to the

vesicle charge distribution. The author suspects the activation

‘energy could also be related to vesicle surface charge.
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Analysis of Rayleigh-Gans séattering theory predicts a 30 to';?f"‘i
decrease in scattering ihtensity(between 25°¢ to 50°C for liﬁid
d;spersions prepared in distilled Hzo, K* ions in the aqueous
mediarcaused anomalous behaviour at pH 6 but nop 10.2. The results
are explained in terms of internal salt linkage which is expected to
be strong at pH 6 but fiot pH 10.2. The salt linkage may be
dissociated thermally at approximately 3u°c, The dissociation of
the salt linkage is followed by aggregation or fusion of vesicles.
Ca*? is believed to bind to lipid polar groups, one Ca+2 binding
to two POy groups. Two phenomena are predicted in this case.

+
First, T  is expected to increase with ca*2 binding. No change
was observed in the data which is accounted for in terms of low
surface charge. For a measureable change in Tc a charge of nearly
one per lipid molecule is expected. The presence of ca*? does
change the magnitude of the pgase transition. The amount of Ca*?
bound should be temperature dependent. The anomalies observed with
Ca*? are believed to be indicative of Ca*? bonds being broken

thermally.
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APPENDIX 1 ,
Computer Calculations For The Single Lecithin;Shell Model
The computation was carried out for six values of t (ratio of
aqueous core radius to the outer radius of the vesicle). The maximum
vesicle size considered was about fhe wavelength of incident light.
P(§) was first calculated using the expréssion in Eqgn. 5.9 for various
values of R and the quantities's (90°)/¢, Q, B, and 7/c were
calculated for various values of the size parameter. S (90°)/c¢ and
7/c are specific values normalized for a lecithin concentration of 0.1
mg/ml and 1 mg/ml respectively. The computed values for the
wavelength of 366 nm arefg;Ven in Table A1.1 to A1.5 and graphical
plots are shown in Fig. A1.1 to Fig. A1.5. Note that in Fig. 1,3,4

the origins of the curves for different core radii are shifted.
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A1.2 Specific scattering as a function of size parameter
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FPig.Al.2 Plot of specific scattering as a function of size
parameter for single lecithin shell vesicles.
(Refer +2 PFlg. A1.1 for the legend.)
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Tavle Al.3 Dissipation factor as a function of size parameter
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Fig.A1l.3 Plct =z diszipation factor as a function of size
parameter for single lecithin shell vesicles. Note
that thnat tne taseiines of the curves are displaced
.2 Zurit from cne another.
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ratio of inner/outer radius (t)
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APPENDIX 2

Computer Calculations for the Multilammelar Model

The computations are limited to 6 agueous core radii and 50
concentric lecithin bilayers. The water layer thickness used was w =
25 R and the 1ipid thickness 1 used was 45 R, The computation
starts with the form factor f using Eqn. 5.12. The calculated values
of P(8), I(90%)/c, Q, B and 7/c for the wavelength 366 nm are in
Tables A2.1 to A2.5 and the plots are shown in Fig. A2.71 to Fig. A2.5.
In the Tables, under each of the six values of Ro (inner aqueous
core radius), the first column gives either kR or ﬁhe size parametér.
The second column shows the calculated values of P(8) or the other
quantities. Note that in Fig. 1,3, and 4 the origins of the curves

for different core radii are displaced with respect to each other.
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