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ABSTRACT

The aim of this thesis was to investigate the mechanisms by which liposomes are 

produced via the hydration of phospholipid films, with a view to gaining a greater 

understanding of the formation of multilamellar vesicles (MLVs) and the entrapment of 

water soluble drugs. The formation of liposomes fi*om egg phosphatidylcholine and 

dipalmitoylphosphatidycholine (DPPC) films was examined using differential 

interference contrast microscopy and Environmental Scanning Electron Microscopy 

(ESEM). On addition of water to the films, tubular structures were observed which 

formed ‘buds’ with continuing hydration. ESEM studies indicated that a slower 

hydration induced by lowering the atmospheric pressure did not produce the tubular 

structures, but buds were seen to form directly from the film. A single agitation step was 

shown not to be sufficient to fully break down the tubular and other structures to MLVs, 

but annealing followed by a second agitation step produced a more homogeneous 

vesicular population. The thermal characteristics of the various stages of MLV 

production were measured using differential scanning calorimetry, with thermal events 

indicative of the different stages being noted.

The factors affecting the size and size distribution of multilamellar liposomes were 

investigated using univariate and multivariate factorial design. The factors investigated 

were the concentration of the phosphohpid in organic solution, vacuum applied, amount 

of water added, duration of agitation stages before and after annealing, and the duration 

of annealing. The results indicated that the post-annealing agitation, phospholipid 

concentration, pre-annealing agitation, hydration time and water added to the film are 

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

To investigate at which stage optimum aqueous drug entrapment occurs, a mainly 

aqueous marker, carboxyfluorescein (CF), was added at different stages of MLV 

production and the percentage of marker entrapped measured using fluorescence 

spectrometry. It was shown that adding the CF as an aliquot immediately prior to the first 

agitation step resulted in the greatest encapsulation.

1



Acknowledgements

I would like to thank my supervisors, Dr D. Q. M. Craig and Dr K. M. G. Taylor for 

their continuous support and encouragement throughout the course of my studies.

I would also like to thank Professor J. M. Newton and the Dean for providing the 

financial support via a School of Pharmacy Scholarship. Support from the staff of the 

Pharmaceutics Department and Computer Unit especially Graham Florence was much 

appreciated.

The statistical advice from Ksenia Kostritskaya and Alistair Craig was also very much 

appreciated.



Dedication

This thesis is dedicated to my parents Mrs Mary Jane Morris and Mr William 

Glenville Morris for their support throughout my education and it is through their 

hard work and devotion that this work is accredited.



‘For the best and safest method of philosophizing seems to be, first diligently to 

investigate the properties of things and establish them by experiment, and then to seek 

hypotheses to explain them. For hypotheses ought to be fitted merely to explain the 

properties of things and not attempt to predetermine them except in so far as they can

be an aid to experiments.’

ISAAC NEWTON*

*Principitia Mathematica (1686-1687), Motte’s translation reviewed by Cajori, Vol 

2, University of California Press, Berkley, California, 1934



Index
Page No.

CONTENTS

ABBREVIATIONS 19

SYMBOLS 21

Chapter One Introduction 23

I . I Liposomes as drug delivery vehicles 24

1.1.1 Routes of administration and the role of liposome size 24

1.1.2 Therapeutic applications for liposomes 27

1.2 Methods of producing liposomes 30

1.3 Structure of phospholipid bilayers and liposomes 31

1.3.1 Structure of phosphatidylcholines 31

1.3.2 Energetic considerations for the aggregation of 34

phospholipid molecules

1.3.3 Shapes of aggregates 36

1.3.4 Forces involved in maintaining bilayers within an 37

aqueous medium

1.3.5 Conformation of hydrocarbon chains within phospholipid 3 9

bilayers

1.4 Phase transitions of phospholipid bilayers within liposomes 43

1.4.1 Main bilayer phase transition 43

1.4.2 Molecular basis of the main bilayer phase transition 46

1.4.3 The phospholipid pre-transition 48

1.4.4 Other phase transitions 50

1.5 Mechanism of formation of liposomes 51

1.5.1 Mechanism of the formation of multilamellar vesicles 52

(MLVs) via the hydration of a phospholipid film

1.6 Overall aims of the investigation 55



________________________________________________________________ Index
Page No.

Chapter Two Examination of phospholipid films and 56

liposomes using microscopy

2.1 Introduction 57

2.2 The principles of optical microscopy 57

2.2.1 Interaction of light with matter 57

2.2.2 Basic concepts used for microscopy 59

2.3 Theory of differential interference contrast microscopy 62

2.4 Principles of environmental scanning electron microscopy 64

2.5 Objective of anlayzing phospholipid films and liposomes 66

2.6 Materials and Method 67

2.6.1 Materials 67

2.6.2 Purification of egg phosphatidylcholine (egg PC) 67

2.6.3 Equipment 68

2.6.4 Preparation of phospholipid films for 68

microscopic examination

2.6.5 Preparation of intermediate structures of MLV 69

production and MLVs for microscopic examination

2.7 Results 70

2.7.1 Formation of an egg PC film 70

2.7.2 Hydration of an egg phosphatidylcholine film by 72

addition of water

2.7.3 Storage of an egg phosphatidylcholine film within 74

a high humidity environment

2.7.4 Hydration of an egg phosphatidylcholine film 79

using the ESEM

2.7.5 Hydration of a DPPC film below and above the 81

main transition temperature



________________________________________________________________ Index
Page No.

2.8 Microscopical examination of the intermediate stages of 89

MLV formation

2.8.1 The hydration stage 89

2.8.2 The pre-annealing agitation stage 93

2.8.3 The post-annealing agitation stage 94

2.8.4 Examining the intermediate stages of MLV production with 96

phospholipid films including cholesterol

2.9 Conclusion 99

Chapter Three Thermal analysis of phospholipid films and 101

multilamellar vesicles

3.1 Introduction 102

3.2 Principles of thermal analysis: Differential thermal 102

analysis versus differential scanning calorimetry

3.3 Theory of the differential scanning calorimeter (DSC) 103

3.4 Experimental parameters of DSC 104

3.4.1 Perkin-Elmer DSC-7 104

3.4.2 Sampling techniques 106

3.5 DSC analysis of phospholipid films and MLVs 106

3.6 Materials and Methods 108

3.6.1 Materials 108

3.6.2 Preparation and analysis of phospholipid films 108

3.6.3 Preparation of egg PC films 108

3.6.4 Preparation and analysis of DPPC films 109

3.6.5 Preparation of DPPC MLVs for thermal analysis 109

3.7 Results and Discussion 110

3.7.1 Effect of the thickness of egg phosphatidylcholine films 110

analysed by DSC



________________________________________________________________ Index
Page No.

3.7.2 Discussion on the effect of thickness of phospholipid films 113

3.7.3 The effect of temperature during the evaporation of 114

Chloroform from DPPC solutions

3.7.4 Discussion of DPPC film results 120

3.8 A thermal investigation into the intermediate structures formed 121

during the production of multilamellar vesicles (MLVs)

3.8.1 Results of the analysis of intermediate stages of MLV 122

manufacture

3.8.2 Discussion 122

3.9 Conclusion 123

Chapter Four Examination of the factors influencing liposome 125

formation using factorial design

4.1 Introduction 126

4.2 Experimental design and statistical analysis of experiments 126

4.2.1 Levels of measurement 126

4.2.2 Parametric and non-parametric tests 128

4.2.3 Hypothesis testing 129

4.2.4 ANOVA versus MANOVA 130

4.2.5 Factorial design of experiments versus one-at-a-time 130

experimentation

4.2.6 The 2*̂ factorial design 131

4.2.7 The 2̂  factorial design 131

4.2.8 Advantage of an orthogonal design 138

4.3 Objective 139

4.4 Materials and methods 139

4.4.1 Materials 139



________________________________________________________________ Index
Page No.

4.4.2 Preparation of multilamellar liposomes (MLVs) 139

4.4.3 Measurement of liposome size 140

4.4.4 Primary experiment results 140

4.4.5 Factorial experiment 142

4.5 Computer statistical analysis 144

4.5.1 Test for normality and homogeneity of variance 144

4.5.2 Non-parametric test 148

4.5.3 Analysis of variance 152

4.6 Results and discussion 152

4.6.1 Deviation Contrasts for multivariate and univariate factors 154

4.6.2 Observed means for size and span variables depending 156

on factor and its level

4.6.3 Interaction between factors affecting the mean size 158

and span of liposomes

4.7 Conclusion 159

Chapter Five Entrapment of carboxyfluorescein within liposomes 161

5.1 Introduction 162

5.2 The theory of fluorescence 163

5.2.1 Rayleigh and Raman scattering of light 165

5.3 Carboxyfluorescein (CF) as a marker of the aqueous phase 166

of liposomes

5.4 Materials and methods 171

5.4.1 Materials 171

5.4.2 The operation and calibration of the fluorescence spectrometer 171

5.4.3 Method for the preparation of the Trizma buffer and 173

and Sephadex gel filtration column

9



________________________________________________________________ Index
Page No.

5.4.4 Standard method to prepare liposomes 173

5.4.5 Establishing the loading concentration for the liposomes 174

5.4.6 Calibration curve for CF measuring fluoresecence versus 175

concentration

5.4.7 Preparation of multilamellar liposomes with entrapped CF 176

5.4.8 Optimisation of the elution process and measurement of 178

fluorescence from CF-entrapped liposomes sephadex

loaded column

5.4.9 Particle size analysis of CF containing liposomes 178

5.5 Results and discussion 179

5.5.1 Experiments examining the effect of adding an aqueous 179

marker at different stages of liposome manufacture

5.5.2 Particle size of CF containing liposomes 182

5.6 Conclusion 186

Chapter Six Conclusion 187

References 197

Appendix 210

10



Index
Page No.

LIST OF FIGURES

Chapter One

1.1 Schematic diagram of a multilamellar vesicle with two 25

phospholipid bilayers, an aqueous core and an aqueous

interbilayer space

1.2 Chemical structure of a phospholipid 32

1.3 Phase diagram for egg PC 41

1.4 Phase diagram for DMPC 41

1.5 Phase diagram of egg PC-water system 43

1.6 DSC curves for DSPC as a function of hydration 45

1.7 Schematic diagram of one half of a phospholipid bilayer 46

(DMPC) below and above the main bilayer phase transition

1.8 Schematic diagram of the pre-transition and the main phase 49

transition of a synthetic phospholipid such as DPPC

1.9 Schematic diagram of different methods of forming liposomes 52

1.10 Hypothetical schematic diagram of the formation of an MLV 53

upon the hydration of a phospholipid film

Chapter Two

2.1 Schematic diagram of the visual angle subtended at the eye 60

by two points

2.2 Schematic ray diagram of the compound optical microscope 61

2.3 Schematic ray diagram of DIG microscopy using a 63

Wollaston prism

2.4 Schematic diagram of the optical column and differential 65

pumping system of the environmental scanning

11



________________________________________________________________ Index
Page No.

electron microscope

2.5 a) DIC examination of an egg PC film formed via the evaporation 71

of a 40 mg/ml organic solution onto a microscope slide: 

solvent evaporation (x 200 magnification)

2.5 b) DIC examination of an egg PC film formed via the evaporation 71

of a 40 mg/ml organic solution onto a microscope slide: film 

formation (x 200 magnification)

2.5 c) DIC examination of an egg PC film formed via the evaporation 72

of a 40 mg/ml organic solution onto a microscope slide: film 

formation stabilized (x 200 magnification)

2.6 a) DIC examination of a hydrated egg PC film, 5 min after 73

hydration (x 400 magnification)

2.6 b) DIC examination of a hydrated egg PC film, 30 min after 73

hydration (x 400 magnification)

2.6 c) DIC examination of a hydrated egg PC film, 30 min after 74

hydration (x 400 magnification)

2.7 a) Optical micrograph of an egg phospholipid film formed 75

by solvent evaporation (x 200 magnification)

2.7 b) The phospholipid formed in Figure 2.7 a), observed using 76

DIC microscopy after storage at 97 % RH for one week 

(x 200 magnification)

2.7 c) The beaded structures observed in Figure 2.7 b) examined 76

using cross-polarized light (x 200 magnification)

2.7 d) Striated features observed at lower magnification in 77

Figure 2.7 b) and c), observed at higher magnification 

(x400 magnification) using DIC microscopy

12



________________________________________________________________ Index
Page No.

2.7 e) Striated features observed at lower magnification in Figure 77

2.7 b) and c), observed at higher magnification (x400 magnification) 

using cross-polarized microscopy

2.7 f) Schematic diagram of an undulating paired disclination 78

structure shown in longitudinal section

2.7 g) Perpendicular section of paired disinclinations 79

2.8 a) Egg PC film formed by the evaporation of chloroform using the 80

vacuum chamber of the ESEM (x 1650 magnification)

2.8 b) Egg PC film saturated with water, hydrated for 16 min observed 80

using ESEM (x 1300 magnification)

2.8 c) Egg PC film saturated with water, hydrated for 30 min observed using 81

ESEM (x 1450 magnification)

2.9 a) DPPC phospholipid film formed by the evaporation of 83

chloroform firom a 40 mg/ml DPPC in chloroform solution 

(x 200 magnification)

2.9 b) DIC photomicrograph of a hydrated DPPC film, below 83

the main phase transition temperature (30°C)

(x 200 magnification)

2.9 c) DIC photomicrograph of a hydrated DPPC film, below the 84

main phase transition temperature (30 °C) (x 400 magnification)

2.9 d) Photomicrograph of a DPPC film viewed using cross-polarized 85

light, below the main phase transition temperature (30°C),

(x 100 magnification)

2.9 e) Photomicrograph of a DPPC film hydrated with water, below the 85

main transition temperature (30°C) using cross-polarized light 

(x 100 magnification)

13



________________________________________________________________ Index
Page No.

2.9 f) DIC Photomicrograph of a DPPC film hydrated with water, below 86

the main transition temperature (30°C) (x 100 magnification)

2.9 g) DIC Photomicrograph of a DPPC film hydrated with water, 86

at 36°C (x 100 magnification)

2.9 h) DIC Photomicrograph of a DPPC film hydrated with water at 87

45°C (x 100 magnification)

2.9 i) Photomicrograph of a DPPC film hydrated with water at 45 °C , 88

X 100 magnification, analysed with cross-polarized light

2.10 a) Hydration stage of egg PC liposomes (x 400 magnification) 90

2.10 b) Hydration stage of egg PC liposomes (x 400 magnification) 91

2.10 c) Hydration stage of DPPC liposomes (x 400 magnification) 91

2.10 d) Hydration stage of DPPC liposomes (x 400 magnification) 92

2.10 e) Hydration stage of DPPC liposomes (x 400 magnification) 92

2.11 a) Pre-annealing agitation stage of egg PC liposomes 93

(x 200 magnification)

2.11b) Pre-annealing agitation stage of DPPC liposomes 94

(x 400 magnification)

2.12 a) Post-annealing agitation stage of egg PC liposomes 95

(x 400 magnification)

2.12 b) Post-annealing agitation stage of DPPC liposomes 95

(x 400 magnification)

2.13 a) Hydration stage of egg PC/ cholesterol intermediate stage of 97

MLVs (x 400) magnification

2.13 b) Pre-annealing agitation stage of egg PC/ cholesterol 97

intermediate stageof MLVs (x 400 magnification)

2.13 c) Post-annealing agitation stage of egg PC/ cholesterol 98

intermediate stageof MLVs (x 400 magnification)

14



________________________________________________________________ Index
Page No.

Chapter Three

3.1 Schematic diagram of the two cells contained within a DSC-7 105

Perkin-Elmer instrument

3.2 a) Initial DSC heating scans of a range of egg PC films 111

3.2 b) Cooling scans of a range of egg PC films 112

3.2 c) Second DSC heating scans of a range of egg PC films 112

3.3 DSC scan of a DPPC film produced using rotary evaporaion at 45 °C 116

3.4 DSC scan of a DPPC film produced using a rotary evaporation 116

at55°C

3.5 DSC scan of white material observed during the evaporation of 118

chloroform fi*om a DPPC solution at 55°C

3.6 The effect of different DSC pan types on the thermal analysis of white 119 

material observed during the evaporation of chloroform firom a

DPPC solution

3.7 DSC scans of thermal cycling of DPPC film formed at room 120

temperature

3.8 Heating DSC scans of the different stages occurring within the 121

production of DPPC multilamellar vesicles (MLVs)

Chapter Four

4.1 A 2  ̂Factorial Design 135

4.2 Histogram of observed values for size variable 145

4.3 Histogram of observed values for span variable 145

4.4 Normal plot of residuals for span data 147

4.5 Normal plot of residuals for raw mean size data 147

4.6 Normal plot of residuals of transformed mean size data 148

15



________________________________________________________________ Index
Page No.

Chapter Five

5.1 Schematic diagram of the electronic transitions that may occur 163

when a molecule absorbs a photon of energy

5.2 Molecular Structure of 5(6)-CF indicating isomerism 167

5.3 Dissociation States of the Phenolic Hydroxy Group attached to 169

Fluorescein

5.4 Elution profile for CF containing DPPC MLVs 175

5.5 Calibration curve for measuring fluoresence versus concentration 176

of carboxyfluorescein

5.6 Schematic diagram of the CF encapsulation experimental design 177

LIST OF TABLES

Chapter One

1.1 Typical acyl chain length composition of PC from different sources 34

1.2 Gel to liquid-crystalline phase transition temperatures for 44

phosphatidylcholine bilayers

Chapter Three

3.1 Summary of DSC data for the thermal analysis of egg PC films 111

of various weights

3.2 Summary of DSC data for the thermal analysis of DPPC films 115

prepared by different evaporating conditions

3.3 Summary of DSC data for the thermal analysis of white material 117

observed during the evaporation of chloroform from a DPPC solution

16



________________________________________________________________ Index
Page No.

Chapter Four

4.1 General arrangement for a Two Factorial Design 133

4.2 Treatment combinations in standard order to calculate contrast 136

coefficients

4.3 Degrees of freedom associated with main effects and interaction 137

4.4 Results of primary experiment investigating factors affecting the 141

production of MLVs

4.5 Factors and levels used in the Experimental Factorial Design 142

4.6 Results from the Mann-Whitney comparing the different levels of 150

factors and their effect on the size of liposomes

4.7 Results from the Mann-Whitney comparing the different levels of 151

factors and their effect on the span of liposomes

4.8 Multivariate analysis of variance of the factors affecting the production 153

of MLVs in terms of their size and size distribution (span)

4.9 Univariate analysis of variance of the factors affecting the individual 154

size and span

4.10 Deviation contrast (multivariate effect) for factors assessing factor 155

factor level differences on the total response and variability

associated by grouping variable

4.11 Deviation contrast (eta squared) for factors assessing effect on 155

individual dependent variables

4.12 Observed means for the size of MLVs depending on factor and its level 156

4.13 Observed means for the span of MLVs depending on factor and its level 157

4.14 Significant two-way interactions for factors analysed multivariate 158

and univariate analysi of variance

17



________________________________________________________________ Index
Page No.

Chapter 5

5.1 Typical values of internal volume and encapsulation efficiency for 170 

different liposomal types

5.2 Encapsulation of CF at different stages of liposomes manufacture 181

5.3 The effect of adding CF at different stages of MLV production 182

on the median size of MLVs (50% undersize)

5.4 The effect of adding CF at different stages of MLV production 183

on the size of MLVs (10% undersize)

5.5 The effect of adding CF at different stages of MLV production 185

on the size of MLVs (90% undersize)

18



ABBREVIATIONS

a

ANOVA

P
P ’
EPF

C

CF

Ô

DIC

DMPC

DPPC

DSC

DSPC

DTA

e-ray

EDTA

ESD

ESEM

Y

H

HDL

HPPI

IM

IP

IV

L

LUV

Disordered (fluid) phase

Analysis of variance

Partly ordered (elongated) untilted phase

Partly ordered (elongated) tilted phase

Bilayered phospholipid fragments

Three-dimensional crystalline lattice

Carboxyfluorescein

Partly ordered (helical) phase

Differential interference contrast

Dimyristylphosphatidylcholine

Dipalmitoylphosphatidylcholine

Differential scanning calorimetry

Distearoylphosphatidylcholine

Differential thermal analysis

Extraordinary ray

Ethylenediaminetetraacetic acid

Environmental secondary detector

Environmental scanning electron microscope

Bilayered phase consisting of an a  monomer and P monomer

Two-dimensional hexagonal lattice

High density lipoprotein

Hydrogenated (plant) phosphatidylinositol

Intramuscular

Intraperitoneal

Intravenous

One-dimensional lamellar lattice 

Large unilamellar vesicle

19



MANOVA - Multivariate analysis of variance

MLV Multilamellar vesicle

MMPS Mass Median Particle Size

MPS Mononuclear phagocyte system

O-ray Ordinary ray

P Two-dimensional oblique or centred lattice

pKa Dissociation constant of an acid

PC Phosphatidylcholine

Q Cubic lattice

R Rhombohedral lattice

RES Reticulo-endothelial system

REV Reverse-phase evaporation vesicle

RH Relative Humidity

SC Subcutaneous

SEM Scanning electron microscope

SUV Small unilamellar vesicle

Te Main bilayer phase transition temperature

TEC Thin layer chromatography

20



SYMBOLS FROM EQUATIONS

A - Factor A

a - Factor A at a high level

B - Factor B

b - Factor B at a high level

(1) - All factors at a low level

p - Column factor effect

Contrast - The total effect of a factor

E - Effect due to error

e - Random error component

Eg - Elastic curvature energy

Eh - Interaction energetic boundary reaction of the contact of non

polar hydrocarbon chains with water 

Fo F ratio

Y - Boundary interaction per unit length of polar/non-polar boundary

ya - Hydrophobic contribution of the interface of surface area ‘a’

Ho Null hypothesis

Hi - Alternative hypothesis

k - Elastic modulus

Kj - Empirical constant

\i - Overall mean effect

MS - Mean square

Q - Energy

R - Mean radius of curvature

S - Circumference for a fixed area

Sq - Ground state

Si - First formed excited state

SS - Sum of squares, equal to the contrast squared divided by the

number of observations

21



T Row factor effect

T - Temperature

j  - Total effect

t - Time

Ti - Triplet state

- Total interfacial energy for molecules in an aggregate 

Y - Observed response

22



Chapter 1 -  Introduction

CHAPTER 1

INTRODUCTION

23



Chapter 1- Introduction

1.1 Liposomes As Drug Delivery Vehicles

Liposomes are spherical closed structures composed of concentric phospholipid 

bilayers Wiich entrap aqueous phases into their interior (Figure 1.1). They may have one 

(unilamellar) or several (multilamellar) bilayers; their size ranges from approximately 

15 nm to 20 pm, Wiile the thickness of the bilayer is approximately 4 nm (Lasic, 1993a). 

Due to their amphiphihc nature, liposomes can incorporate hydrophobic drugs within the 

lipid bilayers and hydrophilic drugs within the aqueous core and interlamellar spaces, 

while amphiphilic drugs can partition between the hydrophobic and hydrophilic regions 

of the liposome.

The principal classification of liposomes ; is based on a combination of their size and bilayer 

number. Multilamellar vesicles (MLVs) have a wide distribution of sizes from 100 nm - 

20 pm, where each vesicle comprises of several concentric bilayers. Small unilamellar 

vesicles (SUVs) consists o f one lamella and have a size less than 100 nm. The smallest 

achievable size for SUVs depends on the ionic strength of the aqueous medium and the 

type of phospholipid, e.g. for pure egg phosphatidylcholine (egg PC) in normal saline 

it is 15 nm and 25 nm for dipalmitoylphosphatidylcholine (DPPC) liposomes (New, 

1990a). Large unilamellar vesicles (LUVs) also comprise one bilayer but, have a greater 

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

1.1.1 Routes of Administration and the Role of Liposome Size

Liposomes may be used to deliver a wide range of drugs via different routes of 

administration. The parenteral route (particulary intravenous administration ( iv)) is the 

most frequently used means of delivery. Liposomes delivered by this method are 

normally rapidly removed from the circulation by the MPS (mononuclear phagocyte 

system), also known as the RES (reticulo-endothelial system), especially by fixed 

macrophages in the spleen and liver. Other j types of macrophages reside in the gut, lungs, 

serosal cavities, skin and may also circulate as monocytes in the blood. The fate of 

liposomes following IV administration will depend on their composition and size, with 

smaller vesicles being cleared with a shorter half-life than larger vesicles (Juliano and

24
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%  
#CCCO#

Phospholipid hilayers with two 
hydrocarbon chains per phospholipid 
molecule

%%
\/\/^

JOO* •CCÛÛ» 
-0# f^ 0 3 #

Aqueous
compartments

Figure 1.1 Schematic diagram o f a multilamellar vesicle with two phospholipid 
bilayers, an aqueous core and an aqueous interbilayer space

Stamp, 1975). The effect of liposomal size on circulation time was also shown by Senior 

et al (1985), where the circulation half-lives for neutral cholesterol-rich DSPC 

(Distearoylphosphatidyl choline) SUVs (64±5.9 nm) was 7.5 h and that for DSPC LUVs 

( 400 nm ) was 0.2 h. It was also shown by Juliano and Stamp (1975) that the surface 

charge is an important factor affecting the clearance of liposomes from the circulation, 

with neutral and positive liposomes being cleared less rapidly than negative ones. 

However, a negative charge has been described as a pre-requisite for the effective uptake 

of the vesicles by cells (Monkkonen et al, 1995). Gregoradis (1988) summarised that 

even if a liposome has a good stability in vitro, the vesicle size and surface charge have

25



Chapter 1- Introduction

great I influence in determining vesicle clearance in the circulation.

The MPS is not the only mechanism reducing liposomal circulation. IV administered 

liposomes will encounter plasma high density lipoproteins which remove phospholipid 

molecules from Hposomes prepared from natural unsaturated phosphatidylcholines, such 

as egg PC which results in the leaking and subsequent disintegration of these attacked 

liposomes (Damen et al, 1981; Tall et al, 1983 and Gregoriadis et al, 1983). Substituting 

the natural PC with ‘high melting’ phosphohpids such as DSPC results in bilayers which 

are more ‘rigid’ at 37°C and resistant to HDL (high density lipoprotein) attack. 

Similarily, inclusion of cholesterol in the bilayers also increases bilayer rigidity (Allen, 

1981). By suppressing HDL uptake, the liposomes are more exposed to the effect of the 

MPS. Thp principal mode of action of this systems involves the adsorption or insertion 

of plasma proteins (opsonins) into the liposomes which are subsequently ‘recognized’ 

and engulfed by the macrophages (fixed in the liver and spleen or mobile in the 

circulation). Such opsonic interaction is also decreased by adjusting the lipid 

composition (e.g. with excess cholesterol) (Gabizon and Papahadjopoulos, 1988). 

However, overall with conventional liposomes the size and surface charge override the 

state of membrane permeability in affecting liposomal clearance (Senior et al, 1985). 

Extended circulation times can be achieved by reducing the effect of the MPS i.e. by 

interfering with this interaction of opsonins with the liposomes’ surface. This was 

exemplified by liposomes which consisted of a small size, rigid bilayers and the 

incorporation of particular lipids such as ganglioside'GMi or hydrogenated (plant) 

phosphatidylinositol (HPPl) in the liposome bilayers (Gabizon and Papahadjopoulos, 

1988). Further development of liposomal formulations produced synthesized diacyl 

lipids with polymeric polar heads, which resulted in a further prolongation of liposome 

circulation (Woodle and Lasic, 1992). The mechanism of this prolongation was believed 

to be due to the introduction of steric hindrance within the liposomes preventing the 

attachment of opsonins.

The fate of liposomes administered via intramuscular (jim), subcutaneous (Isc !) and

26



Chapter 1- Introduction

intraperitoneal  ̂ip) routes are very similar as they all drain from the injection site into 

blood circulation. SC injection of liposomes can provide local action or prolonged 

release, being once again dependent on the liposomal size. Terminal lymphatics provide 

a physical barrier to the uptake of LUVs and MLVs as they have a diameter of 

^>proximately 0.1 pm, although if they are inflammed they enlarge dramatically. While 

under normal circumstances only SUVs would enter the lymphatic system via the SC 

route, such enlarged openings allow entry of MLVs and LUVs. It is thus possible to 

dehver high concentrations of cytotoxic drugs to lymphomas or solid tumours that have 

metastasize to the regional lymph nodes (Segal et al, 1975).

Non-parenteral routes of administration include delivery to the airways, a site of action 

where the delayed release of hposomes offers a potential for prolongation of drug action 

and the tendency of some hposomes to interact directly with cells allows the introduction 

of materials to the airways epithelium. Most recently this has found application in the 

delivery of i genes to the airways in the treatment of cystic fibrosis (Alton et al,

1993). Other routes of application include topical (Mezei and Gulasekharam, 1980), 

nasal (Alpar et al, 1992), intra-articular (de Silva et al, 1979) and ophthalmic route 

(Smolin et al, 1981) and oral dehvery (Iwanaga et al, 1997). Individual disease states are 

treated using the passive systemic targetting, depot effect or more recently active 

targetting.

1.1.2 Therapeutic Applications of Liposomes

This section gives an outline of an extremely wide area of research involving the 

therapeutic apphcations of hposomes. In the interests of brevity, only selected examples 

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

Liposomes have been used as vaccine carriers and act as adjuvants to the immune 

response. It has been shown that the frequency of the serum antibody response and the 

level of antibody titres obtained with protein antigens entrapped in hposomes were 

superior to those produced by aqueous antigen solutions (Allison and Gregoriadis, 1974).
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Liposomes, through their passive targeting to the MPS, may have an application for the 

treatment of microbial infections, e.g. bacterial, parasitic, fungal and viral infections of 

MPS tissues. Viral infections are particularly difficult to treat due to their intracellular 

mode of action on the host cells and liposomes with their ability to deliver drugs across 

the cell membranes offer a treatment for viral infections. Liposomal-encapsulated 

ribavirin administered to mice infected with the Rift Valley Fever virus yielded a 500 % 

increase in drug concentration in the hver, the primary site of viral proliferation, with an 

accompanying increase in therapeutic index (Popescu et al, 1987). The parasitic disease 

leishmaniasis causes great morbidity and mortality in the Third World countries. The 

parasite grows and multiplies in the macrophages of the MPS (Reed et al, 1984) and 

therefore liposomes with their passive targeting of the MPS are used as a treatment for 

this disease. It is believed that the liposomes enter the parasite itself after uptake by a 

macrophage. Therefore, dehvery of antiparasitic drugs is localized and a reduction in the 

administered dose from this targeting reduces the toxic systemic effects (Davidson et al, 

1991). For example, IV liposomal primaquine was curative at concentrations when acute 

toxicity of the free drug prevented its use (Popescu et al, 1987). Liposome encapsulation 

may improve specific iq)take of antibiotics particularly potent antibiotics with toxic side- 

effect such as cardiotoxicity by decreasing their accumulation in the sensitive tissues 

(Gabizon et al, 1982).

A promising use of liposomes is as carriers for antifimgal drugs indicated for systemic 

fungal infections which are often lethal in debilitated patients such as immuno- 

suppressed individuals. The mechanism of these drugs is the binding with sterols of 

membranes causing ceU lysis and death. Amphotericin B has a stronger binding affinity 

for the sterol of the fungal membranes as opposed to the sterols of human cell 

membranes (cholesterol). This drug is recommended for parenteral use, but the mode of 

action is not completely selective, hence the drug is very toxic. Acute reactions are fever 

and chills while chronic use causes dose-limiting nephrotoxicity and side effects in the 

central nervous system. The antifimgal is insoluble in water and carriers such as 

liposomes are capable of solubilizing it. Liposomes do not accumulate in the kidneys and
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cells of the nervous system and, in addition offer a wide spectrum of solubilizing 

properties. Further, liposomes accumulate in the same cells where fungi often reside. 

Liposomal amphotericin B is much less toxic than free amphotericin B administered IV. 

This was shown in a clinical study in which 12 patients who failed treatment with 

conventional amphotericin B and other drugs were treated with amphotericin B 

encapsulated in liposomes. Three patients were completely cured, 5 showed a partial 

response and 4 failed to respond to the therapy. This therapy did not cause any 

deterioration in renal function, the major cause of toxicity (Lopez-Berestein et al, 1985).

Other applications involve the ability of liposomes to cross cell membranes is used in 

metal poisoning. Anionic agents such as ethylenediaminetetraacetic acid (EDTA) are 

used to chelate metals, but it is difficult to transport across membranes, is often degraded 

in the plasma and is toxic due to its lack of specificity. Liposomal entrapment of EDTA 

may allow the transport of this agent across the cell membrane and allow natural 

targeting of the MPS cells of the liver, which are the primary site of metal disposition 

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

Liposomes are capable of being passivel>j targetted to the MPS, however they can also 

be actively targetted- The most common type of active targetting involves the attachment 

of a hgand to the surface of the hposome. Antibodies are the most commonly conjugated 

ligands resulting in the formation of immunoliposomes. There are numerous successful 

delivery to cells by immonoliposomal delivery. One of which involves liposomes 

conjugated to protein A which are 100 times more effective than unencapsulated drug 

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

A type of surface binding occurs with gene delivery, which has recently involved the 

polycation condensation approach, in which negatively charged nucleic acids form a 

complex with positively charged liposomes which can bind electrostatically to the cell 

membranes. This surface adherent complex is then susceptible to endocytosis and 

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

cystic fibrosis (Gao and Huang, 1991).

There is an enormous potential for using liposomal delivery systems with prolonged 

circulation times achieved with Stealth™ (Woodle and Lasic, 1992) liposomes and site 

specific delivery achieved with pH-sensitive immunoliposomes (Connor and Huang, 

1985). The latter system involved liposomes covalently bonded to antibodies specific to 

a target tumour cell (immunoliposomes) which released the encapsulated drug when 

exposed to the acidic medium of the endosomes at the target cell as a result of 

endocytosis.

1.2 Methods of Producing Liposomes

The traditional method of producing multilamellar liposomes is to evaporate an 

organic phospholipid solution to produce a thin phospholipid film in a round bottomed 

flask. This is hydrated with an aqueous phase at a temperature in excess of the main 

phospholipid phase transition temperature (TJ, and the mixture agitated to produce large 

multilamellar liposomes (Bangham et al, 1965). One of the major drawbacks of this 

method of hposomal production is the poor encapsulation of water-soluble drugs, as only 

about 5-15% of the total drug (hydrophilic) is encapsulated (Betageri et al, 1993).

Another method of preparing MLVs is to form reverse-phase evaporation vesicles (REV) 

(Pidgeon et al, 1987). This process involves the preparation of MLVs fi*om aqueous 

phase emulsified in organic solvent, usually ether containing dissolved phospholipid. 

Initially ether is the continuous phase, but evaporation of the ether generates a gel 

followed by water becoming the continuous phase. The advantage of this latter method 

is the higher water-soluble drug entrapment. It was shown that the optimum entrapment 

from the MLV-REV process depends on the volume of emulsion water, the type and 

amount of lipid, and the container used to prepare the vesicles (Pidgeon et al, 1987). 

Using a test-tube as the vessel fi*om which to remove the organic solvent, the aqueous 

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

residual solvent.

The reverse-phase evaporation may also be used to prepare large unilamellar vesicles 

(LUV) (Szoka and Papahadjopoulos, 1978) whereas small unilamellar vesicles are 

prepared by such techniques as detergent removal (Hauser et al, 1976), ethanol injection 

(Batzri and Korn, 1973) and sonication of MLVs (P^ahadjopoulos and Watkins, 1967).

1.3 Structure of Phospholipid Bilayers and Liposomes

Phospholipid molecules tend to form aggregates due to their amphiphilic nature. 

The type of aggregate formed is dependent on the shape of the constituent phospholipid 

molecule. With single-chain molecules the polar head is relatively small compared to the 

non-polar part and they pack into spherical micelles (Israelachvili et al, 1980). Double 

chained phospholipids (e.g. phosphatidylcholines) tend to be cylindrical in shape and can 

pack best into bilayer structures, in which the hydrophilic head groups tend to be in 

contact with water and the hydrophobic tails are shielded in the interior (Figure 1.1). It 

is the double chained phospholipids that have traditionally been used for the production 

of multilamellar liposomes, in particular the phosphatidylcholines.

1.3.1 Structure of Phosphatidylcholines

Phosphatidylcholines consists of a polar head group with a zwitterionic 

quaternary ammonium group covalently bonded to phosphoric acid. The phosphoric acid 

is esterified to one of the hydroxyl groups of the glycerol backbone, the other two 

hydroxyl groups being esterified to the fatty acid chains, thus being a link to the polar 

head and hydrocarbon tails (Marsh, 1990). By convention, the fatty acid chains occupy 

the 1 and 2  positions of the glycerol bridge while the polar headgroup occupies position 

3 (Chapman et al, 1967; Marsh, 1990).
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— O— CH,
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C H ^ - O - P - O - R .

Figure 1.2 Chemical structure o f a phospholipid

where

For phosphatidylcholine

where Rj and R 2 are fatty acid chains whose chain lengths may range from 8 to 24 

carbon atoms. However, the most common fatty acid chains are from 14 to 18 carbon 

atoms, and they can be fully saturated or unsaturated with 1 to 4 double bonds. In natural 

phosphotidylcholines about half of the fatty acids are saturated, predominately 16:0 at 

the sn-1 position (i.e. predominately sixteen carbon atoms at position one on the glycerol 

backbone, fully saturated with no double bonds), while R2 groups predominately have 

sixteen saturated carbon atoms with one double carbon bond positioned at eight and nine 

on the hydrocarbon chain (Marsh, 1990). The structure of a saturated fatty acid is as 

follows

CH^{CH^)^COOH

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

CH3 (CHj)^ CH=CH{CH^)j  COOH
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Synthetic phospholipids most commonly used in liposome production contain two 

saturated fatty acid chains (e.g. palmitic acid for dipalmitoylphosphatidylcholine 

(DPPC)) at the Ri and R2 positions. The saturated fatty acid chains, when in a fully 

mobile state, can exhibit a large number of conformations because each single bond has 

complete freedom of rotation. The most probable conformation is the fully extended 

chain {tram conformation), which has minimal energy (Lasic, 1993a). This is in 

comparison to the unsaturated fatty acid chains, which have at least one double bond 

which does not rotate. The cis double bond produces a bend of nearly 30° in the 

hydrocarbon chain, while the tram formation resembles the fully extended form of the 

saturated chain, but this conformation is rare for unsaturated phospholipids. The 

difference between the molecules of synthetic DPPC and those in natural egg PC are 

mainly in terms of the whether the fatty acid chain at R2 is saturated or not and this 

difference will also impact on the conformation of the bilayer structures produced from 

such lipids and possibly the liposome formation process itself.

Egg PC is a mixture of PC molecules with different length of acyl chains, examples of 

the different compositions of acyl chain lengths from difference sources are shown in 

Table 1.1. In this table, positions 1 and 2 refer to the point at which the fatty acid 

attaches to the glycerol backbone of the phospholipid (Figure 1.2) and where the figures 

are percentages of total fatty acid the given positions.
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Acyl
chains Position 1 Position 2

Sova bean PC(%) 
Position 1 Position 2

Rat liver(%) 
Position 1 Position 12 

2

16:0 68.8 1.8 34.4 - 23.3 5.6

18:0 25.8 1.2 7.6 - 64.9 3.8

18:1 4.7 48.9 30.2 15.8 7.4 13.3

18:2 0.2 11.1 23.8 71.8 1.3 22.5

18:3 0.5 - 4.0 13.1 - 1

20:4 - 2.1 - - 0.2 39.4

20:5 - 7.1 - - - -

22:5 - 2.6 - - - -

22:6 - 25.2 - - - 7.0

see

Figure 2

Table 1.1 Typical acyl chain length composition o f PCfrom different sources (New, 
1990b).

1.3.2 Energetic Considerations for the Aggregation of Phospholipid 

Molecules

The formation of liposomes involves introducing phospholipid molecules to an 

aqueous environment, which causes the molecules to aggregate into various structures 

above a certain temperature. The free energy (AG) of this system (which describes how 

far the system is from equilibrium) gives an insight into the driving force of this 

aggregation. The aggregation minimises the free energy of the whole system by trying 

to maximise the hydrophilic interaction and minimise the hydrophobic one (Weiner et 

al, 1989).

For each -CH2- and CH3 group in the hydrocarbon chain an enthalpy gain of -3000 and 

-8500 J/mol respectively is achieved Wien the molecule is transferred from water to the 

nonpolar phase (Marsh, 1990). This value may be reduced by 10% if it is transferred into 

a phase with limited mobility, such as the core of a micelle. In addition, the free energy 

(AG) of the system is lowered by the attractive dispersion (London) forces between the
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hydrocarbon chains in the nonpolar core. Simultaneously the polar head group hydration 

also greatly reduces AG (Lasic, 1993b).

The total interfacial energy for molecules in an aggregate (Pn°)» can be calculated from 

(Evans and Rawicz, 1990)

Eqn. 1.1 

where:

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

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

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

This interfacial energy is responsible for the organization of amphiphiles into various 

lyotropic structures such as micelles, bilayers or inverse structures as well as other 

intrabilayer forces such as hydration, electrostatic forces and London Dispersion Forcfes 

among hydrocarbon chains. The organization of the amphiphiles e.g. phospholipids 

occurs at a certain amphiphile (phosphohpid) concentration in water known at the critical 

micelle concentration (cmc). The cmc is defined as the concentration of lipid (in this 

case, phospholipid) in water above which the lipid forms either micelles or bilayer 

structures rather than remaining in solution as monomers (or more accurately that the 

monomer solution is in equihbrium with the micellar solution). Any attempts to raise the 

concentration by addition of more monomer results in the formation of more micelles 

(Gruner et al, 1985). The cmc of dipalmitoylphosphatidylcholine was found to be 4.6 x 

10‘*°M (Smith and Tanford, 1972) this very low concentration indicating the preference 

of a phosphatidylcholine molecule to be in a hydrophobic environment rather than an 

aqueous one. This fact is confirmed by the large free energy change (~64 kJ/mole for 

DPPC) when this molecule leaves an aqueous environment for a hydrophobic one 

(Weiner et al, 1989). These energy considerations are the driving force to formation of 

structures such as bilayers, thus it has been proposed that the bilayer structures do not
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exist in the total absence of water. However, this type of large free energy change does 

not necessarily mean that the molecule will form a bilayer structures; the shape of the 

aggregate will be very much dependent on the structure on the monomer phospholipid 

itself.

1.3.3 Shapes of Aggregates

The types of aggregate that phospholipids form on addition of an aqueous phase 

is dependent on the geometric shape of the monomer phospholipid and its interaction 

with water, most importantly, whether the surface area of the polar head group upon 

hydration is smaller or larger than the surface area of the hydrophobic tails (Weiner et 

al, 1989). Double chain phospholipids with the hydrocarbon chains having greater than 

eight carbon atoms tend to form bilayered lamellar structures as opposed to micelles on 

addition of aqueous phase. The two hydrocarbon chains are too bulky to be incorporated 

within the small aqueous core. However, phospholipids with the hydrocarbon chains 

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

The shape of bilayered aggregates formed will depend on the number of molecules in 

both monolayers where there is an approximation that there is zero lipid transfer between 

the monolayers, an assumption based on studies of shapes of giant unilamellar vesicles 

(Svetina and 2eks, 1989). Larger differences in the number of lipid molecules in each 

monolayer result in cylindrical structures, while spheres, the most stable shape with 

minimal bending energy and with maximal entrapped volume, form when the two 

numbers are roughly equal (Svetina and Éeks, 1989). The entrapped volume increases 

with a decreasing ratio of the lipid molecules in outer and inner monolayer. The ratio can 

change due to a tension driven flip-flop, quick reopenings and resealings, transient pore 

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

This principle proposed for unilamellar vesicles, can also be qualitatively applied to 

multilamellar structures, especially if the concentric bilayers are equal in phospholipid 

monomer numbers. Quite often, however, inner lamellae are too big after full hydration
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is achieved, forcing the rupture of the whole liposomes or the formation of entrapped 

smaller Hposomes. A Hpid bilayer can store some tension. However, when the liposome 

surface area changes by more than 3%, the membrane becomes unstable and breaks apart 

and then recloses, in the process shedding off some daughter vesicles (Evans and Rawicz, 

1990). Whether the bilayer is stable is dependent on the ratio of area/volume of the 

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

1.3.4 Forces Involved in Maintaining Bilayer Structure Within An Aqueous

Medium

Four forces predominate in the interaction between bilayers in aqueous 

environments: attractive van der Waals forces that limit multilayer hydration, repulsive 

electrostatic forces (Cowley et al, 1978), hydration (Lis at al, 1982; Rand and Parsegian, 

1989) and steric forces (Helfrich, 1978) which may be repulsive or attractive, but are 

mainly repulsive in phospholipid bilayers (McIntosh et al, 1987). A brief summary of 

the forces involved are described.

The van der Waals forces act between neutral atoms or molecules. If the molecules are 

polar there is a net attractive force due to attraction of the antiparallel orientations of 

other permanent dipoles. In addition to this attraction between permanent dipoles 

(Keesom attraction) there is also an attractive force between polar and nonpolar 

molecules due to the dipole moments induced. This interaction was shown by Debye and 

is proportional to the polarizabihty of the nonpolar substance. Van der Waals forces also 

exist between nonpolar molecules. This force is called the London dispersion force and 

is responsible for the attraction of hydrocarbon chains in a liposome, while for inter- 

liposomal interactions all three forces must be taken into consideration.

Electrostatic interactions are present only in systems with surface charge and depend on 

the ionic strength, pH, and dielectric properties of the medium. The classical DLVO 

(Deryagin and Landau and Verwey and Overbeek) theory of colloid stability treats water 

as a structureless continuum and considers the stability of a particular colloidal to be a
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balance between the attractive van der Waals and repulsive electrostatic interaction 

between particles of the same charge. The DLVO theory does not explain the stability 

of non-charged liposomes and one of the reasons for such stability is the existence of 

hydration forces. These arise whenever polar heads are hydrated and their origin lies in 

the excluded volume effect i.e. the polarization alignment of water molecules on the 

surface, which limits the mobility of the water molecules in the next layers, which causes 

repulsion by preventing the close approach of another polar head which also has a 

hydrated layer. The stability of bilayers on close approach is attributable to repulsive 

hydration forces which overcome the van der Waals attraction (Harbich and Helfrich, 

1984). This repulsion occurs when the water contents range from 10-23 water molecules 

per lipid molecule. At low water contents, steric repulsion becomes more of a significant 

force (McIntosh et al, 1987). For liposomal systems there can be two different 

mechanisms of steric repulsions mainly that associated for systems with large polar 

heads, and for all hposomes, the repulsive forces associated with thermal undulations of 

the bilayer (Helfiich, 1978).

A direct role of all these forces can be observed in the swelling behaviour of dry 

phospholipid films when hydrated, in which water molecules force the separation of 

stacked phosphohpid bilayers. One phosphohpid molecule in egg PC requires an area of

0.48 nm^ in the dry and 0.61 nm^ in the hydrated state (Klose et al, 1986). The bilayers 

decrease in width (above the main bilayer transition temperature, section 1.4.1), but the 

area of the phosphohpid molecule increases, hence the phosphohpid swells. Whereas, in 

the reverse situation, i.e. dehydration, a decrease in bilayer thickness was observed 

(Parsegian et al, 1979). For neutral phosphohpids, such as egg PC, the spacing between 

the bilayers reach an equihbrium separation (2.75 nm for egg PC). At this distance the 

bilayer is stabilized with the attractive van der Waals balanced by the repulsive hydration 

force (Harbich and Helfiich, 1984; Marsh, 1989).

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

water region the interbilayer distance reaches an equihbrium value, an infinite swelling
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behaviour ocurs with charged phospholipids (Lasic, 1993b). This separation continuously 

increases upon dilution and is an important factor for the hydration of charged 

phospholipids. This ‘infinite’ swelling does not occur with egg PC, but the length of 

hydration time may still be a factor to be considered in the formation of egg PC 

liposomes through the hydration of the phospholipid film. Insufficient hydration may 

produce liposomes in which the inner phospholipid bilayers are not fully hydrated which 

may produce problems such as bursting of the vesicle.

1.3.5 Conformation of Hydrocarbon Chains Within Phospholipid Bilayers

Within phospholipid bilayers, the hydrocarbon chains can exist in a number of 

conformations or phases, dependent on the constituent phospholipid molecules, the 

environmental temperature and the aqueous content of the environment. These phases 

are described as intermediate mesomorphic or liquid-crystalline states as they are neither 

a crystal or fluid state (Chapman et al, 1965; Ladbrooke and Chapman, 1969). The liquid 

crystalline materials have the characteristic of periodicity in one (L), two (?) or three 

dimensions (C), but the molecules are not in a rigid lattice. The molecules exhibit liquid

like difhision with the/anisotropic constraint of the polar head (Gruner et al, 1985). A two- 

letter nomenclature is used to classify the various phospholipid-water phases. An upper

case Latin letter characteristics the type of long-range organization (one, two-, or three- 

dimensional lattice). A lower-case Greek suffix is used to describe the short-range 

conformations of the hydrocarbon chains (Marsh, 1990). The long range order is 

described with the letters L, H, P or C, Wiile the conformation of the hydrocarbon chains 

is described as a, p, P’ or ô.

Long-range order: L, one-dimensional (lamellar)

H, two-dimensional hexagonal 

P, two-dimensional oblique or centred 

C, three-dimensional crystalline 

R, rhombohedral,

Q, cubic
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Short-range order: a, disordered (fluid)

p, partly ordered (elongated), untilted 

P’, partly ordered (elongated), tilted 

Ô, partly ordered (helical)

Y, bilayered phase consisting of an a  monomer and p monomer

Above a certain temperature known as the main bilayer transition temperature, the 

hydrocarbon chains within the bilayer are in a highly disordered conformation, with the 

average of the chain orientations perpendicular to the lipid-water interface. This is 

termed the a  conformation where the hydrocarbon chains have liquid-like disorder 

(Tardieu et al, 1973). Below this temperature, with a very small amount of water (less 

than 10%), the hydrocarbon chains are orientated at right angles to the plane of the lipid 

bilayer. This type of conformation is termed either the P or p’ conformation. The P phase 

is observed with various phospholipids, but only if the hydrocarbon chains are 

chemically heterogeneous, particularly in the case of natural phospholipids, e.g. egg PC 

where some of the phospholipid molecules contain unsaturated hydrocarbon chains. The 

P’ conformation is similar to the P phase i.e. the chains are rigid and parallel, except that 

the hydrocarbon chains are tilted with respect to the plane of the bilayers (Tardieu et al, 

1973). This type of conformation is observed with synthetic phospholipids, which have 

fully saturated hydrocarbon chains. A difference between the two types beta phases is 

in the action of water i.e. the amount of water incorporated in phases of type p’ can be 

larger than in phases of type P, with the angle of the hydrocarbon tilt increasing with 

increasing water content. With diacyl C l6  lipids (e.g. DPPC) two p’ phases exist, LP’ 

and PP’ .The Pp’ phase is similar to LP’ phase but contains slightly distorted bilayers of 

the p' type producing periodic ripples (Tardieu et al, 1973). The phase diagrams for egg 

PC and DMPC are shown in Figures 1.3 and 1.4 respectively. The diagram for egg PC 

shows a number of phases at lower water concentration Wiich is in contrast to the DMPC 

where there are only two phases present in the diagram. For DMPC, the low-water high- 

temperature region, not shown in Figure 1.4 is similar to egg PC (La, Pô, C, Ra, Qa, 

Ha) with Lp being replaced by Lp’ and Pp’. How this difference in the phase diagrams 

of a synthetic and a natural phospholipid in water affects the production of MLVs from 

these phospholipids is unknown.
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V. c . /# ; :

Figure 1.3 Phase diagram fo r  egg PC (Tardieu et al, 1973)

Wot«r(7«)

Figure 1.4 Phase diagram fo r DMPC (Tardieu et al, 1973)
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Another phase observed is the ô conformation, where the hydrocarbon chains appear to 

be helical, with 3.4 monomers (CH2 groups) per turn. The lamellar Lô is observed ‘pure’

i.e. without the presence of any other phase with egg PC at the very anhydrous end of 

the phosphatidylcholine phase diagram, and over a narrow temperature range. Whereas, 

the phase Pô was observed ‘pure’ diC12 (dilaurylphosphatidylcholine), diC14 (DMPC), 

die 16 (DPPC) and egg-PC, at the anhydrous end of the phase diagram and at a higher 

temperature than phase LÔ and the former consisting of greater disordering at the end of 

the hydrocarbon chains (Tardieu et al, 1973).

Phase C is observed in all the phosphatidylcholines, in the anhydrous state for diC18 

(DSPC), but slightly hydrated (2 to 4%) in the other compounds; the temperature range 

of this phase is approximately -30 to 90°C for synthetic compounds and -30 to 50°C for 

egg PC. Unique in displaying a 3-d lattice, chains are clustered in planar sheets, in each 

sheet the chains of one side of the bilayer are all parallel and equally spaced, with the 

orientation of heads reversed in comparison to the next sheet.

Egg PC has been extensively studied revealing another two phases i.e. PaP and Py 

(combination of a  and P phases) shown in Figure 1.5 (Ranck et al, 1973). These phases 

were formed by studying the transition from a  ^ p. At the onset of the transition, Py is 

formed, where one monolayer is in the a  conformation and the other in the P 

conformation. As the maximum p content is reached in Py, the phase converts gradually 

to the Pap, whose P content is larger and more variable. This difference in the a  and p 

content is proposed to occur as a result of the segregation of chains of different length 

and degree of saturation i.e. due to the chemical heterogeneity of the hydrocarbon chains. 

The longest and most saturated are presumed to ‘crystallize’ into domains of P, followed 

by the shorter and less saturated chains. However, at the end of the transition finally to 

form the Lp phase; there are still some of the chains which remain relatively disordered, 

Lp is therefore never encountered as one phase (Ranck et al, 1973). This gradual change 

of disorder to order is in contrast to the synthetic phosphatidylcholines (in which the 

hydrocarbon chains are identical), such as, DMPC, where the transitions are sharp and
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involve the formation of La via Pp’ and Lp’ (section 1.4).
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Figure 1.5 Phase diagram of egg PC-water system (Ranck et al, 1973)

1.4 Phase Transitions of Phospholipid Bilayers Within Liposomes

Phospholipids form different conformations (section 1.3) depending on the 

amount of solvent (water) present and the environmental temperature. They are said to 

exibit lyotropic and thermotropic mesomorphism (Ladbrooke and Chapman, 1969). In 

the former case either different solvent or the amount of solvent differs between 

mesomorphs and in the latter case different mesomorphs occur by heating. The co

operative structural rearrangement for each phase, due to a change in heating and/or 

change in solvent, is termed a phase transition.

1.4.1 Main Bilayer Phase Transition

On heating, phospholipids do not undergo a simple melting process (in which the 

long range order breaks down), passing from solid to liquid state, but depending on the 

amount of water present, exist in one or more intermediate liquid-crystalline or 

mesomorphic forms (Chapman et al, 1967). A transition point occurs on heating where 

the hydrocarbon chains ‘melt’ and exhibit a higher degree of molecular motion (although
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long range order is maintained in contrast to the melting of the crystal lattice). This has 

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

The main bilayer transition temperature is also described as the gel to liquid-crystalline 

phase transition temperature and has been measured using differential scanning 

calorimetry (DSC) for a number of synthetic and naturally occurring phospholipids 

(Ladbrooke and Chapman, 1969) (Table 1.2). Naturally occurring phospholipids are 

mixtures of components having different length hydrocarbon chains and headgroups 

(section 1.3.1). Such mixtures would be expected to produce broad transitions e.g egg 

PC comprises predominately Cig and C%g chain phospholipids and a broad defined 

transition can be measured (Table 1.2). The Tc generally depends on the nature of the 

polar head group and the length and degree of unsaturation of the hydrocarbon chains. 

For phospholipids with the same head group and degree of hydration, increasing 

saturation in the hydrocarbon chains increases the T  ̂(Ladbrooke and Chapman, 1969).

Phospholipid Main bilayer phase transition (°C)

DLPC (C,2) 0

DMPC (Ch) 23

DPPC (C,g) 41

DSPC (C,8) 58

DBPC (C22) 75

Egg PC -5 to -15

Soya PC -20 to -30

Table 1.2 Gel to liquid-crystalline phase transition temperatures for
phosphatidylcholine bilayers (Ladbrooke and Chapman, 1969)

I hydrated
Phosphohpids with longer hydrocarbon chains have a higher than those with shorter 

ones (Chapman et al, 1967). On addition of water to a phospholipid, the main bilayer 

transition occurs at a lower temperature and reaches a limiting value when the water
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content exceeds 20 % (Figure 1.6) (Ladbrook and Chapman, 1969). This is the minimum 

temperature at which water enters the crystal lattice corresponding to an increase in the 

amount of water molecules associated with lipid bilayers at this temperature (Wilkinson 

et al, 1977). At this temperature and water content phospholipid tubule formation was 

observed (Chapman and Pluck, 1966). The water associated with the bilayer is bound and 

an endothermie peak corresponding to the melting of ice is not observed until the water 

reaches a minimum of 25 % w/w (Figure 1.6).

to

Figure 1.6 DSC curves fo r  DSPC as a function o f  hydration: curve a), anhydrous;
curve b) 10 % w/w water; curve c), 20 % w/w water; curve d), 25 % w/w 
water; curve e) 30 % w/w water; curve f) 40%  w/w water (Ladbrooke and 
Chapman, 1969)
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A plot of heat adsorbed in ice melting against concentration extrapolates to zero at 20 

%w/w water content. At this concentration, which is equivalent to approximately 10 

molecules of water per molecule of phospholipid, water does not freeze. The maximum 

number of molecules of hydration water (non-freezing and freezing) was estimated to 

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

1.4.2 Molecular Basis of the Main Bilayer Phase Transition

The basis of the transition involves the phospholipid molecules packed into 

bilayers, such that their mobility is restricted, with one end of the hydrocarbon chain 

attached to a polar head group sited at the water interface. This anisotropic constraint 

reduces the amount of disordering occurring at the phase transition compared to the 

isotropic melting of alkanes (Nagle, 1980). This reduction subsequently leads to a 

reduction in the excess heat capacity of the phase transition compared to alkanes (Hinz 

and Sturtevant, 1972). Chain rotation is forced to be a cooperative event, in a direction 

perpendicular to the bilayer surface. Below the main transition temperature the 

hydrocarbon chains are parallel and the C-C bonds are in ih!6, trans configuration. At the 

main bilayer transition there is disordering of the chains due io trans to gauche 

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

Figure 1.7 Schematic diagram o f one half o f a phospholipid bilayer (DMPC) below
and above the main bilayer phase transition (Nagle, 1980)
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Each C-C bond can be regarded as existing in one of three discrete conformations. These 

are ih^transit) and two gauche (g-,g+) conformers. The two gauche states are formed 

by rotation of the C-C bond through +110-120 deg from the trans state (Gruen, 1982). 

There is a predominance of the trans states of C-C bonds in the hydrocarbon chains in 

the ordered state below the main bilayer transition temperature, but it has also been 

shown that definite all-^mw5segments occur in the fluid phase (Vogel and Jahnig, 1981). 

From this, it is deduced that the rotameric disordering involved in the main bilayer 

transition does not result in all of the C-C bonds undergoing rotation to thé gauche 

conformation. It is the location of the C-C bond within the hydrocarbon chain that 

dictates whether the bond is likely to undergo rotameric disordering. In the upper and 

middle parts of the chain, all motion occurs by concerted rotations around at least two 

C-C bonds at a time, presenting a structure with kinks (that isj gauche ±  trans ± gauche 

conformations) as the only deviations from the all! chain. However, towards the end 

of the chain, independent rotations around C-C bonds play a larger part (Eldholm, 1981). 

Menger et al (1988) have shown that adding a methyl branch to a phospholipid 

hydrocarbon chain has a much more pronounced effect mid-chain than at either end. 

This, they suggest, is due to carbons in that part of the chain nearest the head group being 

relatively immobilised, with chains remaining linear even if a methyl group is added. 

Adding the methyl group to the middle Cio of the chains divides the chain into the stiff 

upper chain with the lower chain lying perpendicular to the surface, where the methyl 

group stabilizes the critical bend. Thus the methyl branch can be regarded as a kink- 

inducing entity, both above and below the main bilayer transition temperature (whether 

or not it functions in this capacity depends on its location within the hydrocarbon chain). 

Near the head group the chains remain linear. Near the centre, a methyl group induces 

a kink essential to the melting of the chains above the T^. Near the termini, kinking can 

readily occur, but the impact on the membrane behaviour is modest. From the ester 

carbonyl bond to about Cio, the chains are relatively confined, while from Cio to Cjg, the 

molecular motion increases rapidly and uniformly.

The two main causes of energy absorption at the main transition are the reduction in van
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der Waals forces and an increase in the number of\gaucheC-C linkages (Nagle, 1973). 

The average number of gawcAe conformations increases from 0 to 2-6 (Seelig and Seelig, 

1974; Trauble and Haynes, 1971). The probabihty of a non-j trans conformation markedly 

increases beyond the mid-point of the chain (Hubbell and McConnell, 1971). It has been 

shown that there is an average bonding of the fatty acid chains such that near the polar 

head groups the chains are comparatively rigid and tilted at about 30° relative to the 

bilayer plane, whereas near the terminal methyl groups chains are flexible and on 

average parallel to the bilayer plane (McFarland and McConnell, 1971). In fact for DPPC 

it has been shown that the chain tilt varied between 0° and 30° depending on the water 

content of the DPPC (Tardieu et al, 1973; Stamatoff et al, 1979). It is interesting to note 

that at maximum hydration the main transition is sharper compared to phospholipids 

below the maximum hydration. This maybe interpreted as the hydrocarbon chains being 

closer together in the tilted state, hence the transition has to be completely cooperative 

and the peak of the transition is sharper.

1.4.3 The Phospholipid Pre-transition

The main bilayer phase transition is not the only transition observed with 

phosphohpids. A small pre-transition peak is observed with fully saturated phospholipids 

in excess water. The enthalpy of the main transition is about five times the enthalpy of 

the pre-transition (Gruen, 1982). The temperature interval between this peak and the 

main endothermie peak increases as the chain length of the phospholipid decreases 

(Ladbrooke and Chapman, 1969). Below the pre-transition temperature the hydrocarbon 

chains are fully extended and tilted with respect to the plane of the bilayer (Lp.). The 

angle of tilt of the hydrocarbon chains decreases with increasing temperature, reaching 

a minimum value of 30° at the pre-transition of the phospholipid (DPPC and DMPC) 

(Janiak et al, 1976). The pre-transition is associated with a structural transformation from 

a one-dimensional lamellar (Lp ) to a two-dimensional monoclinic lattice (Pp.) consisting 

o f lipid lamellae distorted by a periodic ripple (Figure 1.8). The hydrocarbon chains 

remain tilted in the temperature range intermediate between the pre-transition and chain- 

melting main transition. At the main bilayer transition, the hydrocarbon chains of the
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phospholipid ‘melt’ and assume a liquid-like conformation (L„) and the lattice reverts 

to a one-dimensional lamellar phase. The appearance of the pre-transition and 

accompanying two-dimensional lattice may arise from specific interactions between the 

choline moiety of the polar head group and the structured water matrix surrounding it 

(Janiak et al, 1976). The choline group as a whole is thus characterized by a flexible, 

temperature-dependent structure. Increasing the temperature rotates the choline methyl 

group into the vicinity of the phosphorus atom. The T̂  at 41 °C (DPPC) was detected 

using deuterium and phosphorus magnetic resonance spectra of the choline moiety, while 

no change was observed at the calorimetric pretransition of 34 °C. Thus the calorimetric 

pre-transition did not seem to be associated with a conformational change in the choline 

group (Gaily et al, 1975).

Figure L8 Schematic diagram o f the pre-transition and the main phase transition 
o f a synthetic phospholipid such as DPPC (Janiak et al, 1976)
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Following prolonged incubation at low temperatures, DPPC exists in an ordered 

condensed crystalline subgel (Lc) state, in which the hydrocarbon chains are fully 

extended and in the all trans conformation and the polar head groups are relatively 

immobile (Cameron and Mantsch, 1982; Lewis et al, 1987). On heating, the Lc state 

phosphoHpids undergo a transition (the subtransition) to the Lp. state, in which the polar 

head groiq)s have increased mobihty, and there is increased penetration of water into the 

interfacial region of the bilayers (Cameron and Mantsch, 1982; Lewis et al, 1987; Ruocco 

and Shipley, 1982). Heating of the Lp state phospholipids results in conversion (the pre

transition) to the gel (PpO state. Heating the Pp state phospholipids induces the 

cooperative ‘melting’ of the hydrocarbon chains (main gel to liquid-crystalline phase 

transition) to produce the L„ state. Phospholipid bilayers within liposomes above the 

main phase transition are in this L„ state, often with bulk water as an external phase 

(Frederik et al, 1989).

1.4.4 Other Phase Transitions

The pre-transition and the main bilayer transition are not the only phase 

transitions that occur with saturated, long chain, hilly hydrated phosphatidylcholine 

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

The ‘sub-transition’ can be categorised into two groups. In one group, type I, a ‘solid- 

sohd’ transition between subgel and gel phases occurs. This type of behaviour has been 

found in the saturated hydrated phospatidylcholines with chain lengths of 16,17 and 18 

carbons (Chen et al, 1980; Finegold and Singer, 1984) and in charged 

dipalmitoylphosphatidylglycerol (Wilkinson and McIntosh, 1986). Type I transitions are 

j categorised by having only a very small change in rotameric disordering (an average 

of one or fewer gauche rotamers formed per lipid molecule). The second subtransition 

type n  is more associated with the complete melting of the subgel phase into the La (gel) 

phase, and it involves a greater rotameric disordering. An example of a material 

exhibiting type II behaviour is saturated hydrated phosphatidylethanolamines (Wilkinson 

and Nagle, 1984). A sub-subtransition has been reported at 6.8°C, on cooling from 50°C
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(Slater and Huang, 1987). An explanation for this transition is a change in the packing 

of the phosphohpid bilayers (believed to involve a reorientation of the acyl chains from 

hexagonally disordered packing to orthorhombic packing).

It is clear from the above discussions that there a number of transitions involved on 

heating phosphoHpids depending on the temperature, the aqueous environment, the type 

of phosphohpid and the treatment of the phospholipid prior to being thermally analysed. 

What has not been shown is the type of transitions that are apparent throughout the 

formation of MLVs via the hydration of a phospholipid film. There are a number of 

theoretical proposals for the formation of MLVs.

1.5 Mechanism of Formation of Liposomes

There are many methods which imay be used to produce liposomes. The 

mechanisms by which MLVs, SUVs or LUVs are formed will certainly differ, with 

SUVs and LUVs requiring a greater input of energy into their formation (Figure 1.9). 

There are two basic mechanisms postulated for their formation regardless of their method 

o f manufacture. On removal of the organic solvent from DPPC solutions, preformed 

bilayers of LP’ (Chapman et al, 1967; Tardieu et al, 1973) phase are formed which on 

hydration can yield Hposomes either by a budding off mechanism (Lasic, 1988; Harbich 

and Helfrich, 1984) or by the formation of small bilayered phospholipid fragments (BPF) 

which close vpon themselves (Lasic, 1982; 1983; 1987; 1990). In the former mechanism, 

the continuity and integrity of the bilayer is preserved up to the final detachment while, 

in the latter mechanism, the bilayer is disrupted in earlier stages.

MLVs are most usually formed by the hydration of a phospholipid film and it is the 

formed budding-off mechanism that is the theoretical basis for the formation of these type 

of MLVs (Lasic, 1988).
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Figure 1.9 Schematic diagram o f different methods o f forming liposomes (Lasic, 
1988) For abbreviations see page 19

1.5.1 Mechanism of the Formation of Multiiamellar Vesicles (MLVs) Via the

Hydration of a Phospholipid Film

Hydrating a phospholipid film has been shown to produce a swelling of the film 

to form ‘myelin figures’ (such as tubules). This was reported by Lehman (1911). A more 

recent study consisted of an extensive study of tubules formed from hydrated egg PC in 

the La phase (Harbich and Helfrich, 1984). A detailed study of MLV formation has not 

yet been reported. Lasic (1988) on the basis of phase contrast microscopy proposed the 

following hypothesis for the formation of MLVs from the hydration of a phospholipid 

film. On adding water to the phospholipid film, the outer monolayer hydrates more than 

the inner ones. The hydration of the polar head of this outer monolayer leads to an 

increase in the surface area of the polar heads such that the outer layer swells to form 

blisters (Saupe, 1975). There is a gradient of water concentration across the bilayer(s).
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Water penetrates in between the bilayers as well as through bilayer and such blisters. The 

exothermic hydration reaction reduces the energy of the system which causes the system 

to increase its specific surface area. Bilayers grow from such blisters into tubular fibrils, 

greatly increasing the contact area with water (Figure 1.10). The bilayers will eventually 

reach an equilibrium distance where the attractive van der Waal forces are balanced by 

repulsive undulation/steric forces (section 1.3.4). Upon agitation the tubules detach and 

immediately seal off exposed edges to form MLVs.

+ M/) +HiO
'TT n r r n r r n t n m n m i r m T T yrffmn t t t t t t t t t

+ M,0 + M,0

TTrmrnttttnfnttffrftr

§

Figure 1.10 Hypothetical schematic diagram o f the formation o f a MLV upon the 
hydration o f a phospholipidfilm (Lasic, 1988)

The basis of the ‘sealing’ of the exposed edges, may be related to the formation of 

bilayered phospholipid flakes (Lasic, 1982; 1983) and the interaction energy of the 

contact of the non-polar hydrocarbon chains with water. This energetic boundary reaction 

is termed and is thermodynamically unfavoured:
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= y s Eqn 1.2

where S is the circumference of the polar/non-polar boundary, a circle having the 

minimum circumference for a fixed area and y is the boundary interaction per unit length 

(Helfirich, 1974). To seal the edges of any part of an exposed tubule, the system would 

have to minimize Eh and would curve (to offer the least exposure of the hydrocarbon 

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

E = VxkAIR^
Eqn 1.3

where k  is the elastic modulus, A the surface area of the exposed bilayer and R the mean 

radius of curvature (Helfiich, 1974). Ec increases until the bilayer forms a closed system. 

The liposomes formed are not necessarily spherical but may be oval or cylindrical in 

s h ^  because of the nature of their formation. Helfiich (1973) stated the only elasticity 

controlling non-spherical shapes is that of curvature. With time, non-spherical structures 

normally slowly transform into spherical ones where the curvature energy is minimal and 

the entrapped volume maximized. The relaxation of this curvature tension is probably 

achieved via an asymmetric flip-flop of phospholipid molecules. The ratio of outer/inner 

molecules in a particular (stack of) bilayers(s) depends on the events occurring during 

the MLV formation which also dictates its shape. There may be as much as one-half of 

all phospholipid molecules in the outer bilayer structure which is characteristic for large 

spherical structures. As a result of this imbalance liposomes can suddenly burst, shedding 

off some daughter vesicles and reclosing into a more stable form. Shedding of these 

vesicles may arise due to the inner monolayer being insufficiently hydrated. The 

induction of curvature and shape transformation of vesicles are a direct consequence of 

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

1.6 Overall Aims of the Investigation

Lasic’s (1988) hypothesis on the formation of MLVs is based on microscopic 

observations of hydrating a phospholipid film. However, this hypothesis was proposed 

in isolation of other techniques such as thermal analysis, and describes the hydration of 

a phospholipid film rather than a holistic approach examining the phospholipid film 

before hydration through intermediate structures to the final MLV stage. There is a lack 

of correlation between the formation of different phases such as Lp and L„ and the 

formation of MLVs. This investigation studies the MLV formation process by examining 

the different conformational phases and the intermediate stages of MLV production using 

microscopic and thermal analysis. The reason that more hypotheses have not previously 

been proposed may relate to the difficulty of analyzing the transient intermediate 

structures of MLV formation as they are inherently unstable. As the formation of MLVs 

results in an heterogeneous population, precise planning and investigation of the MLV 

formation must occur before any intermediates can be reproducibly measured. The study 

includes a factorial design to allow randomisation and optimization of the MLV process. 

The results of this investigation will produce hypotheses regarding the mechanism by 

which liposomes form via the hydration of a phospholipid film, based on a 

microscopical, thermal and factorial analysis of the MLV process. Finally, with this 

proposed mechanism, an investigation for establishing the optimum stage during the 

MLV formation process at which an aqueous marker may become entrapped will be 

investigated. Once this optimum stage has been shown then a hypothesis concerning the 

encapsulation process of MLVs will be proposed with suggestions to improve this 

process.
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CHAPTER TWO

EXAMINATION OF PHOSPHOLIPID FILMS AND 

LIPOSOMES USING MICROSCOPY
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2.1 Introduction

A theoretical mechanism by which liposomes form has been proposed by Lasic 

(1988). This mechanism outlined in section 1.5.1 was based on observation using phase 

contrast microscopy of the structures formed on hydrating a phospholipid film. However, 

there has been no systematic study of liposome formation, as yet. The structures formed 

during multiiamellar vesicle production, termed intermediate structures, have not 

previously been analysed using DIC microscopy from the start to the completion of the 

process. The formation process did not only involve examining the intermediate 

structures of MLV production, but also the analysis of the hydration of phospholipid 

films. The objective of this is to compare the structures obtained during a conventional 

MLV production process (hydration, agitation and annealing) to that produced by 

hydrating a phospholipid film (with no agitation or annealing stage). The way the water 

is added to the film is also investigated by two methods namely introducing the water as 

a bulk phase, and by reduction of the environmental atmospheric vacuum. This may 

permit comparison of how the rate of hydration affects the structures observed. The 

swelling of the phospholipid film has been proposed to involve the lateral expansion of 

the phospholipid molecules as each molecule increases in size as hydration progresses at 

and above the main bilayer phase transition temperature (Lasic, 1988). If this is the case, 

then introducing cholesterol which is known to interact with the bilayer and reduce 

cooperative main bilayer phase transition may affect this process (Oldfield and Chapman, 

1972). Microscopy is a qualitative method by which structures occurring during the 

hydration of phospholipid film may be observed and the technique of microscopy 

involves how these structures interact with light.

2.2 The Principles of Optical Microscopy

2.2.1 Interaction of Light with Matter

Light interacts with matter in a number of ways: reflection, refraction, absorption, 

polarization, fluorescence and diffraction. All these interactions may be utilized in the 

field of optical microscopy (Bradbury, 1991).
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Reflection often occurs when light strikes a surface. If the surface is smooth then specular 

reflection occurs, in which the angle at which the beam is reflected is equal to the angle 

at which it is incident upon the surface. Roughness in the surface leads to diffuse 

reflections with the hght being returned at all possible angles. Reflection is the means by 

which light reaches the eyes from illuminated objects; in microscopy reflection is used 

for the study of surfaces of opaque objects.

Refraction occurs when light passes from one medium to another of a different refractive 

index, e.g. from air into glass or vice-versa. As a result, the difference in the speed of the 

waves of hght in the two media, the light deviates from a straight line. Refraction is the 

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

Absorption is the commonest interaction between light and matter. The object is made 

visible because it reduces the amplitude of the light passing through air, either entirely 

or over a given range of wavelengths. Light normally contains waves of different 

frequencies and with all possible directions, vibrating in all possible planes. If the 

vibrations of light are restricted to a single plane, then the light is plane polarized. The 

rays may then behave differently in their passage through crystalline or biréfringent 

material according to their orientation with respect to the structure of the material. The 

speed (and hence refractive index) of waves vibrating in one plane is usually different 

from that of waves vibrating in a plane at right angles to the first. Thus, if these two 

polarized waves were initially in phase, a phase difference between them would be 

generated by the time that they leave the material. This phase difference is used in the 

polarizing microscope to provide a means of obtaining contrast. If an object is irradiated 

with blue light or with UV radiation, then some of the energy may be absorbed. If this 

energy is subsequently released as light of longer wavelength, this is the phenomenon of 

fluorescence (Chapter 5).

Another important interaction between light and the specimen is diffraction. This is the
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scattering of light which occurs when a beam passes an edge or irregularity in an object, 

i.e. the apparent bending of the beam so that the light tends to extend into the dark 

shadow areas. The amount of this bending is related to the wavelength, being more 

marked with longer wavelengths. Therefore, sometimes it is not possible to produce an 

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

2.2.2 Basic Concepts used for Microscopy

The objective lens, Wiich provides the resolution and most of the magnification, 

forms a real magnified and inverted image of the specimen in the primary image plane 

(Bradbury, 1991). This image is viewed with an eyepiece which further magnifies and 

produces a virtual image for observation. Resolution and magnification are therefore 

important concepts in microscopy. Resolution may be defined as the least distance 

between two closely apposed points at which they may be recognized as two separate 

entities. With the eye, for such resolution to occur, the separate images of the points must 

fall on adjacent cones on the retina. When this occurs, the two points will subtend an 

angle, (designated as B in Figure 2.1) at the eye which, at the conventional least distance 

of distinct vision (250 mm), is about 1 minute of arc (1/60 th of a degree). This 

corresponds to the ability of the eye to distinguish points about 0.07 mm apart (0 -0  in 

Figure 2.1). An object of the same size but further away (O’-O’, Figure 2.1) would 

subtend a smaller angle i.e. less than one minute of arc which would mean that the 

distance between the two points would not be resolved and hence the points could not 

visually be observed as distinct. If the two points are closer together then the images can 

only be resolved as separate if the visual angle is increased. The visual angle may be 

increased by moving the object nearer to the eye (if it was situated at a greater distance 

than the least distance of distinct vision, when the angle increases to that indicated by B 

in Figure 2.1) or using magnification by the use of a lens or a microscope. Both 

instruments increase the apparent visual angle which the detail subtends at the retina of 

the eye. In practice, single lenses (or simple microscopes) are restricted to relatively low 

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

The primary resolution, with most of the magnification, is provided by the first lens 

system (the objective) which produces a real, inverted and magnified image of an object 

place just outside its front focal point. A real image is then magnified further by a second 

lens system (eyepiece). In contrast to the primary image, the final image is virtual, i.e. 

one from which the rays appear to diverge and which therefore cannot be projected onto 

a screen, unless by alteration of the focus this virtual image may be projected as a real 

one, at a finite distance from the eyepiece, for recording on film or by a television 

camera.

Figure 2.1 Schematic diagram o f the visual angle subtended at the eye by two points
0 -0  at the nearest distance o f distinct vision (250 mm) angle B, i f  the 
same points are more distant (O ’-O ’) the points are not seen as separate 
(Bradbury, 1991).
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OBJ

PIF

Figure 2.2 Schematic ray diagram o f the compound optical microscope
OBJ: objective lens; O: object; O’: real, inverted and magnified image 
ofobject; ; focal point o f the objective; PIP: primary image plane;
Fep : focal point o f eye-piece (EP) (Bradbury, 1991).

The resolution and hence magnification cannot be increased indefinitely, therefore the 

wavelength of light (~ 550 nm for green light) and diffraction phenomena which result 

from the wave nature of light limit the maximum resolution to about 0.25 pm. Further 

increases may be obtained by using light of shorter wavelengths to illuminate the 

specimen such as ultraviolet radiation or X-rays, but the greatest resolution is achieved 

using a beam of electrons. For 60 kV electrons, used in a standard transmission electron 

microscope, the nominal wavelength of the electrons is ~ 0.005 nm and the resolution 

increases to a maximum of 0.3 - 0.5 nm, allowing for lens aberrations. The resolving 

power obtained in practice is a joint property of the optical instrument, the light used to 

form the image and of the recording device. The actual resolving power may be much 

less than the nominal resolution due to aberrations in the lens systems or to faulty 

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

Differential interference contrast microscopy is a technique for introducing 

contrast into non-absorbent objects. The specimen is illuminated with plane polarized 

light (light vibrating in only one plane). This polarized light incident on the sample is 

separated into two beams by a Wollaston prism. One of the beams passes through a 

feature of the object, the other to one side (Figure 2.3). This separation is small, usually 

of the order of the resolving power. When the beams are recombined by a second prism 

above the objective, the phase change introduced into the object beam by the presence 

of the specimen is converted into an amplitude of colour difference. For optically 

isotropic specimens there will be no colour change, as the light is constant and is 

independent of direction. In optically anisotropic specimens the light is divided into two 

components which are plane-polarized in mutually perpendicular planes. For biaxial 

crystals the velocities (or wavelengths, or refractive indices) of both of these components 

are different and vary with direction. For uniaxial crystals in which one component has 

a constant velocity (or wavelength or refractive index) irrespective of direction, this is 

called the ordinary ray or o-ray. The velocity (or wavelength or refractive index) of the 

other component varies with direction, this is called the extraordinary ray or e-ray. 

Optically anisotropic materials exhibit double refraction or birefringence because they 

have two refractive indices - a fixed one (ordinary ray) and a variable one (extraordinary 

ray). Since, the refractive index of the extraordinary ray varies with direction, or 

equivalently the apparent position of an object observed by an e-ray through an 

anisotropic crystal varies with direction. Most crystalline materials are optically 

lanisotropic :, whether they are biaxial, uniaxial or isotropic is determined by the crystal 

symmetry. Triclinic, monoclinic and orthorhombic crystals are biaxial. Tetragonal, 

hexagonal and rhombohedral crystals are uniaxial, while cubic crystals are isotropic 

(Bradbury, 1993).

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

hght is not divided into two components plane-polarized in planes at 90°. This direction

62



Chapter2 -Microscopy

is called the optic axis (for biaxial crystals there are two optic axis). Crystals oriented in 

a specimen such that the light travels along an optic axis appear to be isotropic i.e. the 

light is not split into an o-ray and an e-ray when travelling along an optic axis. In all 

other directions the light is divided into an o-ray and an e-ray. The e-ray vibrates in a 

plane which contains the optic axis; the o-ray vibrates in a plane perpendicular to the 

optic axis. The largest difference between the velocities of the o-ray and e-ray (or the 

largest difference between their refractive indices) occurs when the light is travelling in 

a direction perpendicular to an optic axis. In this case the interference effects are most 

marked. Hence crystals oriented such that their optic axes lie in the plane of the section 

(perpendicular to the light) show the most pronounced interference effects and colour 

changes.

c

Figure 2.3 Schematic ray diagram o f DIC microscopy using a Wollaston prism 
(Bradbury, 1993)

If phospholipid films form a p or p’ phase on the evaporation of an organic solvent 

(section 1.3.4), these phases are optically active (being liquid crystalline material) and 

could possibly be observed using a DIC microscopy and the subsequent structures of 

MLV production may also be analysed. This compares to the optical microscopical
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analysis of Lasic (1988), who used phase contrast microscopy which relies on 

introducing optical contrast externally rather than relying on the absorbent nature of the 

specimen. DIC offers a colourful separation of phases present within the specimen and 

has an application for the examination of phospholipid films which are the basis to the 

formation of MLVs and subsequent intermediate phospholipid and MLV structures.

2.4 Principles of Environmental Scanning Electron Microscopy |(E SEM)

With ESEM a cathode ray tube, which contains a fine flow of electrons focused 

to a point less than one micrometer in diameter, is scanned over the specimen surface in 

a raster pattern (Figure 2.4). Image magnifications from x 10 to 100,000 and beyond may 

be obtained by varying the size of the projected raster (Baumgarten, 1989).

The advantage of using the ESEM technique as opposed to SEM is the effect on the 

sample preparation (D’Emanuele and Gilpin, 1996). Specimens that have previously been 

found to be difficult to examine using conventional SEM may be examined using ESEM 

which reduces problems such as those caused by the high vacuum chamber of the SEM 

and the possibility of introducing artifacts not associated with the specimen. One way 

around this is to freeze-fracture or coat the specimens, which may then be examined 

using traditional SEM. However, this process may introduce artifacts into the sample. 

The ESEM has been developed to produce high-resolution secondary-electron images of 

virtually any specimen, regardless of its composition (Danilatos, 1988). ESEM is claimed 

to combine the high resolution and field depth of the SEM with flexibility and ease of the 

light microscopy. A practical problem with the ESEM is in the avoidance of 

contaminating the clean, high vacuum requirement for the cathode gun, with air from the 

moist sample chamber. The ESEM uses a vacuum technique of differential pumping, in 

which a series of chambers at increasing vacuums along the beam path is linked by small 

^)ertures. Dedicated pumps at each stage maintain the required vacuum gradient and stop 

contaminants from reaching the clean upper column. The specimen environment can then 

be held at vacuums exceeding 20 torr (26 mbar), the saturated partial water vacuum of
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water vapour at room temperature. At these vacuums, samples remain fully hydrated and 

hydrating conditions may even be induced.

To operate at these elevated chamber vacuums, a secondary electron detector was 

developed to detect low-energy secondary electrons, which have been shown to be the 

carriers of the highest-resolution imaging signal (Goldstein, 1984).

Electron
Gun ̂Torr

.Projection
Aperture

Uognelic
Objective
Lena

Detector

Torr

Gas Inlet £ 
1 -  20 Torr

Specimen
Holder

Stcçe

Figure 2.4 Schematic diagram o f the optical column and differential pumping system 
o f the environmental scanning electron microscope (Baumgarten, 1989)

The environmental secondary detector (BSD) of the ESEM uses gas within the specimen 

as a signal amplifier. Gas ionization is induced by a moderate electric field, forcing 

collisions between highly mobile secondary electrons and neutral gas molecules, resulting 

in the cascading multiplication of the secondary signal. The signal from the ESEM is 

produced exclusively from surface secondary electrons, instead of the higher-energy 

backscatter electrons which are a large component of the SEM secondary signal. The 

ESD is sensitive to the energy spectrum of secondary electrons, unlike a SEM detector
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where information is lost in the high vacuum SEM.

2.5 Objective of Analysing Phospholipid Films and Liposomes

There are a number of studies considering the shape of phospholipid vesicles. 

Williams et al, (1991) considered the vesicular structures from alveolar lavage and the 

effect on these vesicular structures by the addition of surfactant proteins. Valentincic and 

Lasic (1987) formed giant vesicles by preventing multivesicular formation with the 

introduction of a cationic surfactant into the phospholipid. Svetina and Éeks, (1989) 

considered the shape of phospholipid unilamellar vesicles and red blood cells in terms 

of minimizing the membrane bending energy. However, all of these studies consider the 

vesicle formation process in isolation and not as a preparation for liposomes. The 

objective of this study was to compare the structures actually formed in the MLV process 

to those obtained by a simple hydration of a phospholipid film. The starting point to the 

preparation of MLVs by conventional techniques is the formation of a phopholipid film. 

The study of these films is frequently neglected during investigations and they were 

therefore examined. The next step to the formation of MLVs involves the hydration of 

the phosphohpid film, which in previous investigations has involved the addition of water 

to the film. This approach was used here. In addition, hydration of the film was also 

induced by lowering the atmospheric vacuum (in the ESEM) and by storing the film in 

a high humidity environment. The hydration phase was therefore investigated in terms 

of fast hydration (addition of water), slow hydration (reducing atmospheric vacuum) and 

very slow hydration (storage at elevated humidity). These hydrations were conducted at 

room temperature and hence above the main bilayer phospholipid transition temperature 

(TJ since the phosphohpid used was egg PC (T  ̂-5 to -15 °C). An investigation was also 

carried out to examine the fast hydration of DPPC below and above its T  ̂(41 °C), to 

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

2.6.1 Materials

Phosphatidylcholine, egg(PC), about 90% (BDH Chemicals Ltd., UK) 

La-dipalmitoylphosphatidylcholine (99 %, purity. Sigma Chemical Co. Ltd., UK) 

Cholesterol (Sigma, UK)

Aluminium oxide, active, neutral, Brockman Grade 1 (BDH Chemicals Ltd., UK) 

Phosphomolybdic acid, crystalline (Sigma Chemical Co. Ltd., UK)

Butanone (BDH Chemicals Ltd. UK)

Ethanol, absolute (James Burrough pic., UK)

Acetone (AnalaR grade, BDH Chemicals Ltd. UK)

Chloroform (AnalaR grade, BDH Chemicals Ltd. UK)

Methanol (AnalaR grade, BDH Chemicals Ltd. UK)

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

Water deionised (Elgastat UHQ)

2.6.2 Purification of Egg Phosphatidylcholine (Egg PC)

Approximately 10 g of egg PC was dissolved in a small volume of chloroform (10 ml). 

The egg PC was purified using chromatography in which a glass chromatography column 

(600 mm x 30 mm) fitted with a tap plugged with glass wool was filled half way with 

chloroform. Aluminium oxide, neutral, was slowly added and allowed to settle, forming 

an even packing. This was continually added until it reached approximately 10 ml fi-om 

the top of the column ensuring that the aluminium oxide remains wetted with chloroform 

throughout the column formation process, it was left for an hour to settle. The dissolved 

egg PC was added to the top of the column.

Pigments and impurities such as fi-ee fatty acids and phosphatidylethanolamine were 

removed by eluting the column with 90 ml of chloroform:methanol (8:1). Some pigments 

were retained by the column as the purified egg PC was eluted fi-om the column with 240 

ml chloroformimethanol (3:1) and collected as 30 ml fractions. Five drops fi-om each
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fraction was delivered from a capillary tube were spotted on to silica gel thin layer 

chromatography (TLC) plates (Polygram sil-N-HR, Camlab UK) and eluted, in a glass 

chromatography tank, with a mobile phase of chloroform:methanol:water (14:6:1) (210 

ml). The plates were developed by spraying with 5% phosphomolybdic acid in absolute 

ethanol, followed by incubation for 15 minutes at 100°C. Phospholipids were visualized 

as black spots.

Fractions containing the purified egg PC were combined and evaporated to dryness in a 

quick fit round bottom flask, at reduced vacuum on a rotary evaporator (Rotavapor R110, 

Orme Scientific Ltd.). Egg PC on the inner wall of the flask was dissolved in the smallest 

volume of butanone (5.5 ml) and recrystallized by addition of acetone to this solution. 

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

2.6.3 Equipment

For the light microscopy, an Olympus BX50 was used fitted with DIC prism (U-DICT) 

and analyzer (U-AN) for DIC microscopy, for polarizing light the analyzer (U-ANT) was 

fitted. Hot stage microscopy was performed using a Mettler FP5 and FP52. For colour 

prints the camera used was a Nikon (F-601M) and for video prints a Sony video camera 

(YS.W130P) with printer (UP-860CE) was used. The ESEM studies were conducted at 

the University of Manchester with the aid of Dr Anthony D’Emanuele on an ElectroScan 

E-3 microscope (Wilmington, MA, USA).

2.6.4 Preparation of Phospholipid Films for Microscopic Examination

All phospholipid films examined by optical microscopy were prepared by the 

evaporation on a microscope slide of between 0.2 to 0.6 ml of phospholipid solution of 

either egg PC or DPPC dissolved in chloroform at a concentration of either 40 mg/ml or 

100 mg/ml. The solvent evaporation occurred at ambient (25 °C) conditions and the 

ev^x)ration process was examined by light microscopy to completion (the process was 

considered complete when the solvent front disappeared, the resulting structures
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sharpened, held focus and remained unchanged after 45 mins). Hydration of the 

phospholipid films was achieved by addition 0.2 ml deionised water or storage of the 

microscopic shde at 97% RH (desiccator containing a saturated salt solution of | potassium 

sulphate ) for one week.

To examine the melting of the phospholipid films, the films once formed were covered 

with a coverslip and placed into the hot stage microscope. The slide was held for 5 

minutes at 30°C, then heated at 1 °C per min for 4 min to 36 °C, the rate of heating was 

then increased to 2°C per min at 36°C until a maximum temperature of 45 °C was 

reached. For all experimentation using the hot stage microscopy a coverslip was 

necessary because the hot stage microscopy requires an enclosed system.

For the sample prepared for ; ESEM, the evaporation of solvent was induced by the 

formation of a vacuum within the sample chamber. The ESEM stub was covered 

completely by a solution of 100 mg/ml of egg PC in chloroform. A stub prepared with 

5 consecutive additions of a 10 mg/ml egg PC in chloroform did not produce images of 

good quality (data not shown). For the JESEM, hydration was induced into the sample 

chamber and on to the surface of the phospholipid film situated on the sample stub by 

reduction of the chambers’ atmospheric vacuum to 9.4 Torr which induced an apparent 

water layer on the films’ surface.

2.6.5 Preparation of Intermediate Structures of MLV Production and MLVs for

Microscopic Examination

The method to produce the MLVs was based on the traditional method described 

by Bangham et al (1965) and consists of forming a thin phospholipid film by the 

evaporation of chloroform from 6 ml of either a 10 mg/ml (egg PC) or 40 mg/ml (DPPC) 

phospholipid solutions, using a round-bottomed flask and rotary evaporation, at a 

temperature of either 40°C (egg PC) or 55°C (DPPC) for 45 min. The resultant 

phospholipid film was flushed with nitrogen for 1 minute and then hydrated with 6 ml
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water. During the hydration stage, white filaments were observed. These filaments were 

removed using a pasteur pipette (-0.5 ml) and examined under the optical microscope; 

this was termed the hydration stage. Agitation of the remaining mixture for 5 min using 

a mechanical flask shaker (Rotavapor R110, Orme Scientific Ltd.) followed. A sample 

from this stage was also removed (0.5 ml) for examination. This was termed the pre- 

annealing agitation stage. The mixture was then annealed by placing the flask in the 

water bath at either 40°C (egg PC) or 55 °C (DPPC) for 45 min. The final agitation stage 

involved an agitation for 5 min using the flask shaker, this last stage was sampled in the 

usual manner and was termed the post-annealing stage. This latter stage was additional 

to the method described by Bangham et al (1965) and was introduced into the process as 

a result of visually observing that the suspension after the initial agitation stage was not 

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

2.7 Results and Discussion

2.7.1 Formation of an Egg PC Film

The evaporation of 0.6 ml chloroform from a 40 mg/ml solution pipetted onto a 

microscope shde was observed. Initially, the organic solution appeared as droplets on the 

microscope shde, as the solutionjevaporatedthe solvent front! rnoved across the shde (this 

is apparent in Figure 2.5 a in the top left-hand comer). The evaporation of this solvent 

front left behind ridges in the phosphohpid film as it forms (Figure 2.5 b). After 5 

min, the focus on the phosphohpid frlmremained constant and unchanged (remained 

unchanged after examination after 30 min) (Figure 2.5 c). There was a colour difference 

(change from blue to gold) observed on the edge of the solvent front. This suggests that 

the phosphohpid film varies in its thickness and may contain different phases. Egg PC 

has been shown to produce a number of phases at ambient temperature in the absence of 

exherent water (Ranck et al, 1973; Tardieu et al, 1973). If there are different phases 

present, then their interactions with water may differ.
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Figure 2.5 a) DIC examination o f an egg PC film  formed via the evaporation o f a 40 
mg/ml chloroform solution on a microscope slide: solvent evaporation 
(x 200 magnification) (red bar indicates 40pm)

Figure 2.5 b) DIC examination o f an egg PC film  formed via the evaporation o f a 40 
mg/ml chloroform solution on a microscope slide: film  formation 
(x 200 magnification) (cyan bar indicates 70pm)
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Figure 2.5 c) DIC examination o f an egg PC film  formed via the evaporation o f a 40 
mg/ml chloroform solution on a microscope slide: film  formation 
stabilized (x 200 magnification) (cyan bar indicates 70pm)

2.7.2 Hydration of an Egg PC Film by Addition of Water

The egg PC film formed as described in section 2.7.1 (focus remained constant 

for 45 min) was hydrated with 0.2 ml of deionised water (Elgastat) for 30 min at ambient 

temperature. Initially a mass of tubules was formed which elongated and thickened 

during the 30 min. Budding of the tubules was observed resulting in the formation of 

beaded structures (Figure 2.6 a). It was noticed that thin tubules (less than ~ 6pm in 

diameter) were more likely to form beaded structures within 5 min (Figure 2.6 a), 

whereas a thick tubule of greater than ~10 pm thickness formed tubules after 30 min 

(Figure 2.6 b). It may be proposed that the thick tubules consist of more phospholipid 

bilayers than the thinner 1 ones ;. These latter tubules may have a reduced ridigity and 

thus able to form the beaded structures in which more stable spherical structures are 

formed. The thicker tubules on further elongation have a reduced thickness and are less
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rigid and then begin to form the beaded structures. Vesicular structures were observed to ‘bud- 

o ff from the tubular/vesicular masses (Figure 2.6 c).

Figure 2.6 a) DIC examination o f a hydrated egg PC film, 5 min after hydration by 
addition o f water (x 400 magnification) (white bar indicates 20pm)

Figure 2.6 b) DIC examination o f a hydrated egg PC film, 30 min after hydration by 
addition o f  water (x 400 magnification) (White bar indicates 15pm)
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Figure 2.6 c) DIC examination o f a hydrated egg PC film, 30 min after hydration by
addition o f water (x 400 magnification) (white bar indicates 17pm)

2.7.3 Storage of an Egg PC Film Within a High Humidity Environment

The previous formation of an egg PC film (Figure 2.5 c), showed an apparent phase 

difference on the edge of a solvent front, which may have been due to a thickening of the film 

at this point. It was proposed to form a thickened film (previous studies of a 10 mg/ml 

phospholipid solution produced a film on evaporation which when hydrated produced structures 

that were difficult to observe, hence a thickened film was necessary) and examine the hydration 

process by a slower process i.e. by storage of a phospholipid film formed on a microscopic slide 

in a high relative humidity environment. The phospholipid film was prepared in a similar 

manner to that of 2.7.1 i.e. 0.5 ml of an egg PC in chloroform solution (100 mg/ml) was pipetted 

onto a glass microscope slide and allowed to evaporate at ambient temperature forming a film 

(Figure 2.7 a). The microscope slide was stored in a desiccator at 97% RH at 20°C and 

examined after one week. Beads were observed on the edges of the solvent front (Figure 2.7 b), 

where there was presumably a thicker layer of phospholipid. These beads when examined under 

polarized light produced Maltese crosses (Figure 2.7 c) which extinguished on rotation, which 

indicates anisotropic crystalline material (i.e. the velocity of light varies with the direction of 

propagation). At ambient temperature and at this water content (DSC studies indicate a 5 % 

water gain with storage of the phospholipid at 97 % RH section 3.4). The egg PC will be on the
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border line according to the phase diagram of Tardieu et al, (1973) (Figure 1.3) between Lp and 

L„ phases. It is hypothesised that the crosses are indicative of a biaxial crystal i.e. the 

orthorhombic Lp phase. The formation of striations occurring on the hydration of the 

phospholipid film (due to storage at 97% RH) are shown in Figures 2.7d) and 2.7e). Similar 

striations or disclinations have been observed with DMPC (with molecular layers of the 

phospholipid built onto a microscopic slide) (Schneider and Webb, 1984) and have been 

attributed to the formation of the L„ phase of the phospholipid.

Figure 2.7 a) Optical micrograph o f an egg PC film  formed by solvent evaporation, 
(x 200 magnification) (white bar indicates 190pm)
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Figure 2.7 b) The egg PCfilm formed in Figure 2.7 a), observed using DIC microscopy 
after storage at 97% RH fo r  one week (x 200 magnification) (white bar 
indicates 70pm)

■ ■

Figure 2.7 c) The beaded structures observed in Figure 2.7 b) examined using cross
polarized light (x 200 magnification) (cyan bar indicates 55pm)
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Figure 2.7 d) Striated features observed at lower magnification in Figure 2.7 b) and c), 
observed at higher magnification (x400 magnification) using DIC 
microscopy (red bar indicates 15pm)

V

Figure 2.7 e) Striated features observed at lower magnification in Figure 2.7 b) and c), 
observedat higher magnification (x400 magnification) using cross
polarized microscopy (red bar indicates 15pm)
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Schneider and Webb (1984) offered no obvious explanation as to why the striations 

formed, but that they appear in the fully hydrated phospholipid bilayers and also occur 

when multilamellar vesicles are dehydrated via the aqueous core, but with the bilayers 

still remaining hydrated. In general, there is an increase in energy for a structure with 

undulations and it may be proposed that this increase in energy is as a result of the 

hydration energy on storage of the phospholipid under a high humidity. Why the 

undulations should be observed under polarised light in the photomicrographs, may be 

considered by reference to the schematic diagram proposed by Schneider and Webb 

(1984) (Figure 2.7 f) and g). Where paired disclinations intercept (P and ? ’), polarised 

light passes through the defect L, which has different optical properties and therefore is 

not extinguished by the polarisers thus appearing as a bright disclination.

Figure 2.7 f i  Schematic diagram o f an undulating paired disclination structure shown 
in longitudinal section (cross-hatched area represents centre areas o f the 
two disclinations (Schneider and Webb, 1984)
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These disinclinations are proposed to be due to the uniaxial nature (section 2.3) of the 

phospholipid and it may indicate that where the disclinations or undulations are present 

in the photomicrographs of egg PC that this is the La phase (a hexagonal crystal phase). 

Maltese crosses may indicate biaxial crystals and this is may be indicative of the P phase 

(an orthorhombic crystal phase (Chapman et al, 1967)).

Figure 2.7 g) Perpendicular section o f  paired disinclinations (Schneider and Webb,

2.7.4 Hydration of an Egg Phosphatidylcholine Film Using the ESEM

Phospholipid films formed by the evaporation of the organic solvent without any 

vacuum were visualized as consisting of peaks and troughs indicating that these films 

were apparently of differing thickness (Figure 2.5 c). It was decided to examine a 

phospholipid film formed in the vacuum chamber of the ESEM. The phospholipid film 

was formed within the ESEM itself by pipetting a 100 mg/ml egg PC in chloroform 

solution sufficient to cover the sample stub (approximately 0.1 ml), with the vacuum 

within the microscope drying the layer to form a film (Figure 2.8 a). An environment of 

high humidity was introduced into the sample chamber by reducing the chamber’s 

atmospheric vacuum to 9.4 Torr, which saturated the surface of the film with water. After
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After 12 min the surface became nodular in appearance (Figure 2.8 b) and after 30 minutes the 

surface became ven nodular (Figure 2.8c), with the diameter of the nodules approximating to 1 pm.

Figure 2.8 a) Egg PC film formed by the evaporation o f  chloroform using the vacuum 
chamber o f the ESEM (x 1650 magnification; bar indicates 10pm)

Figure 2.8 b) Egg PC film  saturated with water, hydrated fo r  16 min observed using 
ESEM ( X 1300 magnification; bar indicates 10pm)
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Figure 2.8 c) Egg PC film  saturated with water, hydrated fo r  30 min observed using 
ESEM (magnification x 1450;bar indicates 10pm)

Figures 2.8 a) to 2.8 c) show the egg PC film formed and the induced hydration of the film by 

lowering the chamber’s atmospheric vacuum of the ESEM. The nodular formation was regular 

and induced by the water layer on the phospholipid’s film surface. There was no apparent tubule 

appearance in the ESEM studies, the appearance of which have been attributed to prolonged and 

rapid hydration of a phospholipid film (Figure 2.6 a and b) with a relatively slow solvent 

evaporation. It is possible that this type of vacuum produces a relatively smooth phospholipid 

film which following a slow hydration does not result in the appearance of tubules.

2.7.5 Hydration of a DPPC film Below and Above the Main Transition Temperature

The experiments described in section 2.7.1 to 2.7.4 have employed egg PC above its 

main bilayer transitions temperature (TJ. Formation of ML Vs occur above T̂ , a phase in which 

the bilayers are in the La phase (Lipka et al, 1984). There is no known previous study involving 

the hydration of a phospholipid below its T̂  and then heating the phospholipid above its T̂  with 

visualization of the structures present during this process. DPPC undergoes its main bilayer
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transition above room temperature (41 °C) and was used to study the hydration of a phospholipid 

film below and above its main phase transition temperature.

Figure 2.9 a) shows the film formed by the evaporation of chloroform from 0.2 ml of a 40 

mg/ml DPPC in solution at ambient conditions (25 °C). This phospholipid film derived from a 

synthetic phospholipid was compared to that of a naturally-derived phospholipid of egg PC 

(Figure 2.5 c). The DPPC film ^ypears to have a more ordered appearance which may be related 

to the bilayer phases these type of phospholipids form on removal of an organic solution. The 

DPPC film forms a Lp. phase (section 1.3.5, Tardieu et al, 1973) with these type of evaporating 

conditions. This phase contains hydrocarbon chains which are much more ordered than the Lp 

phase present in egg PC films at this temperature. It is proposed that the structures that are 

apparent microscopically may be related to the molecular structure of the bilayers. It would be 

reasonable to propose that the structure of the monomer phospholipid would relate to the 

appearance of bilayers formed from such monomers, especially in the case of egg PC which 

consists of a mixture of phospholipids with varying lengths of acyl chain. One would expect a 

heterogeneous structure this is in contrast to DPPC which consists of only one phospholipid with 

two identical acyl chain lengths. Figure 2.9 a) certainly illustrates ordered appearance of 

diagonal striations having a length of approximately 100 pm.

Hydrating the DPPC film observed in Figure 2.9 a) with 0.5 ml water (Elgastat) at a temperature 

of 25 °C immediately disnq)ted the film with the appearance of tubular structure (Figure 2.9 b); 

a higher magnification! revealed some vesicular structures (Figure 2.9 c). It is noted that tubules 

are present below the main bilayer transition temperature (TJ (although previous studies by 

Chapman et al, 1967 indicated that tubules only form once the temperature equals or exceeds 

that ofTJ. The formation of tubules have been proposed as a starting point to MLV formation 

(Lasic, 1988). This indicates that MLV formation can occur below T̂ .; indeed liposomes have 

previously been manufactured below T  ̂using a sonication method, but the resulting liposomes 

have defects (Lawaczeck et al 1976).
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wim.

Figure 2.9 a) DPPC phospholipid film  formed by the evaporation o f  chloroform from  
a 40 mg/ml DPPC solution (x 200 magnification)
(red bar indicates 95pm)

■■

Figure 2.9 b) DIC photomicrograph o f  a hydrated DPPC film, below the main phase 
transition temperature (30 °C) (x 200 magnification)
(red bar indicates 35pm)
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Figure 2.9 c) DIC photomicrograph o f a hydrated DPPC film, below the main phase 

transition temperature (30 °C) ( x 400 magnification)
(white bar indicates 15pm)

Figure 2.9 d) shows the phospholipid film before the addition of water viewed under polarised 

light. Again the regular appearance of striations of the DPPC film were visible, but in addition 

there were a number of Maltese crosses present. Addition of 0.5 ml of deionised water to the 

DPPC film, again results in the appearance of a few tubules, which are visualized under cross

polarized light in the top right-hand comer as expanded Maltese crosses (Figure 2.9 e). The 

appearance of tubules is shown in Figure 2.9 f), using DIC microscopy, the tubules are in the 

same place as the expanded Maltese Crosses (top right hand comer). It is postulated here that 

the Maltese crosses are representing phospholipid in the Lp phase in Figure 2.7 c) and similarly 

in Figure 2.9 d) represent the Lp. phase which when hydrated expand forming tubules (Figures 

2.9 e) and f).
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Figure 2.9 d) Photomicrograph o f a DPPC film  viewed using cross-polarized light,
below the main phase transition temperature (30°C)(x 100 magnification) 
(red bar indicates 60pm)

Figure 2.9 e) Photomicrograph o f a DPPC film  hydrated with water, below the main
transition temperature (30 °C) using cross-polarized light ( x 100 magnification) 
(red bar indicates 60pm)
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Figure 2.9 j) DIC Photomicrograph o f a DPPC film hydrated with water, below the 
main transition temperature (30 °C) (x 100 magnification)
(white bar indicates 200pm)

Figure 2.9 g) DIC Photomicrograph o f a DPPC film hydrated with water, at 36 °C ( x 
100 magnification) (white bar indicates 200pm)
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The hydrated phospholipid film was then heated using the hot stage as described in section 2.6.3. 

As the temperature reached 36°C there was a sudden change in the appearance of the 

phospholipid film (Figure 2.9 g). The DPPC film became more opaque and the DIC microscope 

revealed an apparent change in its birefiingence (section 2.3). The temperature of the pre

transition phase temperature is 36 °C and corresponds to a change from the Lp- phase to Pp phase 

(Janiak et al, 1976). This latter phase consists of a two dimension lattice and it is possible that 

the observed change in the birefiingence in the DPPC film with water at 36°CWasa result of a 

change fi’om a one dimension to a two dimension liquid crystalline phases. As the temperature 

was increased to 45 °C, tubules formed on the borders of the striated crystalline material 

lengthened (Figures 2.9 h) and 2.9 i), there was no apparent pinching of these tubules into 

beaded structures probably because a coverslip was present

Figure 2.9 h) DIC Photomicrograph o f a DPPC film  hydrated with water at 45 °C, (x 
100 magnification) (white bar indicates 200pm)
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Figure 2.9 i) Photomicrograph o f a DPPC film  hydrated with water at 45 °C, x 
100 magnification, analysed with cross-polarized light 
(white bar indicates 200pm)

Figures 2.9 a-i) show the hydration of a DPPC film both below and above its T̂ . The DPPC film 

initially formed showed the presence of Maltese crosses; these may indicate the presence of 

biaxial crystalline material (section 2.3). It is known that DPPC on removal of an organic solvent 

exists in the Lp- phase which has been shown to be of orthorhombic structure (a biaxial crystal, 

two optical paths for polarized light to pass) (Chapman et al, 1967). On hydration this Lp- phase 

forms the L„ phase at the T̂ , this latter phase is described as a hexagonal phase (a uniaxial 

crystal, section 2.3) (Chapman et al, 1967). The Maltese crosses present in Figure 2.9 d) may 

indicate the presence of the Lp- phase which on hydration became brighter (Figure 2.9 e) and 

eventually formed elongated tubules only after T̂ , was reached. Although the appearance of 

tubules occurred below T̂  at the pre-transition temperature of 36°C, the elongation of the tubules 

occurred above T̂ .. It is proposed that these elongated phospholipid tubules exist in the L„ phase, 

which is uniaxial hence the light is diffracted in one direction and the tubules exist in single 

luminescence (Figure 2.9 i) as opposed to the two axes of the Maltese crosses (biaxial). Figure 

2.9 d) shows the presence of Maltese crosses which have been hypothesized to be phospholipid 

in the Lp- phase. In addition to these crosses, bright linear striations were observed. It has been
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shown that synthetic phospholipids produce only one phase at this particular temperature, 

namely the Lp. phase, it is possible that the linear striations produced may be due to a different 

orientation of the phospholipids i.e. the phospholipid molecules lie in the horizontal plane with 

one optical axis. For the Maltese crosses the phospholipids are hypothesized to be in the vertical 

plane with two optical axes for which the polarized light to pass through hence the Maltese 

cross.

2.8 Microscopical Examination of the Intermediate Structures of MLV

Formation

In sections 2.7.1 to 2.7.5 the hydration of phospholipid films was examined. It was 

decided to examine the intermediate structures formed during a MLV production process and 

compare these structures to that obtained by a simple hydration of a phospholipid film. Within 

this section this MLV production process has been divided into three stages i.e. hydration, pre

annealing and post-annealing stages (section 2.6.5).

2.8.1 The Hydration Stage

This stage was represented by a sample removed from the water above a phospholipid 

film within a flask in a water bath at either 40°C (egg PC) or 55 °C (DPPC), 30 min after 

hydration (section 2.6.5). Figure 2.10 a) shows an egg PC tubule with budding vesicular 

structures (no covershp present). The diameter of the main tubule was approximately 30pm and 

that of the vesicular structures varied from 1 to 20pm. This budding or 'blebbling' phenomenon < 

represents the proposed increase in excess area (lateral expansion) that occurs on hydration of 

the egg PC molecule within the bilayer as observed previously with hydrated synthetic 

phosphohpids (Evans and Rawicz, 1990). Other structures present during the hydration stage of 

egg PC liposomes are shown in Figure 2.10 b), which shows varying vesicular and tubular 

structures which varied in size from 1 to 20pm. Figure 2.10 c) shows the hydration stage of 

DPPC hposomes, beaded structures are present, it is noticeable that edging of these vesicles are 

more pronounced. Further examination of different parts of this tubular and vesicular population 

reveal tubules (Figure 2.10 d) and vesicular structures (Figure 2.10 e). Both figures show a 

frayed edge of the tubules/vesicles. These tubules, manufactured from DPPC were observed at 

room temperature (25 °C), the bilayers within these structures would have frozen (due to the
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temperature being below T̂ . at the time of microscopical examination) from the La (liquid) to 

La (gel) phase and the roughness observed at the edge of these tubules/vesicles may be due to 

the freezing of the bilayers.

Figure 2.10 a) Hydration stage o f egg PC liposomes (x 400 magnification(red bar
indicates 30pm) (observed by optical microscopy)
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Figure 2.10 b) Hydration stage o f egg PC liposomes (x 400 magnification) 
(red bar indicates 20pm)

Figure 2.10 c) Hydration stage DPPC liposomes (x 400 magnification)
(red bar indicates 20pm)
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Figure 2.10 d) Hydration stage o f DPPC liposomes (x 400 magnification) 
(red bar indicates 15pm)

Figure 2.10 e) Hydration stage o f  DPPC liposomes (x 400 magnification)
(red bar indicates 30pm)
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A higher concentration of DPPC solution was used to form a thicker phospholipid film which 

generated a greater vésiculation, this was as a result of the hydration phase being difficult to 

observe with the hydration of the phospholipid film formed at the same concentration of 

chloroform solution as Egg PC. This may be as a result of the budding capacity of the two type 

of films with egg PC having a greater ability to form tubular structures and thus being easier to 

sample. The hydration stage consists of sampling from the supernatant, hence a greater presence 

of tubular structures would lead to a greater population of tubules in the sample.

2.8.2 The Pre-annealing Agitation Stage

A sample from the phospholipid in water after an intial agitation, was taken section as 

described in 2.6.5. A visual inspection of this phase showed masses of white material surrounded 

by clear liquid. Upon microscopical examination it was shown that there were still masses of 

vesicles adhered together (Figure 2.1 la) and b). Figure 2.11 a) shows the pre-annealing stage 

of egg PC liposomal manufacture and Figure 2.11 b) shows the pre-annealing stage of DPPC 

liposomal manufacture. There was a greater tubular presence with DPPC, but this was probably 

as a result of a greater concentration of DPPC compared to egg PC (section 2.6.5), but both 

phospholipid concentrations were within normal limits for the production of ML Vs,

Figure 2.11 a) Pre-annealing agitation stage o f egg PC liposomes
(x 200 magnification) (red bar indicates 40pm)
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m

Figure 2.11 b) Pre-annealing agitation stage o f DPPC liposomes 
(x 400 magnification) (red line indicates 15pm)

2.8.3 The Post-annealing Agitation Stage

A final agitation occurs after the phospholipid in water has annealed for 45 min (section 2.6.5.)- 

Figures 2.12 a) and b) show the post-annealing stage of egg PC and DPPC liposomes 

respectively. Both photomicrographs show a greater homogeneity of vesicular structures 

compared to the pre-annealing agitation stage, however the DPPC post-annealing stage (Figure

2 .1 2  b) appeared to be a more cloudy suspension, this probably was a result of the higher 

concentration used for this phospholipid.
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Figure 2.12 a) Post-annealing agitation stage o f egg PC liposomes 
(x 400 magnification) (red bar indicates 10pm)

Figure 2.12 b) Post-annealing agitation stage o f  DPPC liposomes
(x 400 magnification) (red bar indicates 10pm)
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Both phospholipids produced similar type of intermediate structures, i.e. a gradual change of 

tubular structures in the hydration stage to mainly vesicular structures in the post-annealing 

agitation stage. It was interesting that a more homogeneous population and a more vesicular 

shaped population was produced by including a latter post-annealing agitation. This is postulated 

to represent a more equlibriated stage as the vesicular shape is the preferred structure for diacyl 

phospholipids minimizing energy constraints (Lipowsky, 1991).This latter agitation step is not 

usually included in the manufacture of MLVs. Including this step suggests that the system that 

was achieved would tend to be at equilibrium quicker than when manufactured without this 

stage.

2.8.4 Examining the Intermediate Stages of MLV Production with Phospholipid Films

Including Cholesterol

The question arises as to Wiether tubules are formed when a molecule such as cholesterol 

is introduced into the phospholipid bilayers as this molecule is believed to produce an 

intermediate state of the phospholipid between ordered/disordered (Oldfield and Chapman, 

1972). A phospholipid film was produced with equimolar ratios of cholesterol (Sigma, UK) and 

egg PC. A phospholipid and cholesterol film and subsequent MLVs were produced according 

to the method described in section 2.6.5. The hydration stage is shown in Figure 2.13 a). The 

intermediate structures do not form the tubular structures that budded into vesicles which were 

present without cholesterol (Figure 2.10 b), but appear as large vesicular structures with an 

apparent large clear possible aqueous channel.
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Figure 2.13 a) Hydration stage o f egg PC/ cholesterol liposomes (x 400 magnification) 
(cyan bar indicates 15pm)
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Figure 2.13 b) Pre-annealing agitation stage o f cholesterol/egg PC intermediate stage 
o f  ML Vs (x 400 magnification) (red bar indicates 20pm)
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Figure 2.13 c) Post-annealing agitation stage o f cholesterol/egg PC stage o f
MLVs (x 400 magnification) (red bar indicates 20pm)

The formation of some of the tubules may be related to the hydrostatic vacuum associated with 

water penetrating between the bilayers, and forming an aqueous channel in the centre of the 

tubules, this is particularly noticeable in the hydration stage of cholesterol and egg PC (Figure

2.13 a). The propagation of tubular structures was possibly blocked by cholesterol (Figure 2.13 

b) which also possibly prevented the beading of the tubules (beading would possibly lead to the 

greater production of smaller vesicles with agitation) producing larger diameter vesicles 

(observed with microscopy. Figure 2.13 c).
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2.9 Conclusion

It has been shown that the process of forming liposomes by the hydration of a 

phospholipid film is not a straightforward one, but rather dependent on the method of 

forming the phospholipid film, the rate of hydration of the film and the type of 

phospholipid used. An initial starting point to the formation of liposomes is the 

phospholipid film and the effect of phospholipid type was observed with egg PC being 

a very heterogeneous phospholipid in chemical composition formed an irregular film in 

terms of its visual appearance. DPPC formed a phospholipid film with a regular 

^jpearance Wiich would be consistent with a molecule that is synthetic and contains two 

homogeneous hydrocarbon chains. For egg PC it has been shown that the chains are 

mainly in the Lp phase (Tardieu et al, 1973; Ranck et al, 1973) fi*om -30°C to 50°C. 

However, heterogenicity within the hydrocarbon chains also gives rise to other phases 

dependent on the thickness of the film and its hydration state. (Storing the egg PC film 

at a high environmental humdity (25 °C/ 97% RH) produced beaded structures (which 

may be suggested as the Lp phase) and disinclinations which have been shown for 

synthetic phospholipids to be the Lg phase (Schneider and Webb, 1984)).

Hydrating egg PC films (both by the hydration of a phospholipid film and as an integral 

part of the MLV production process) produced tubules, the elongation of which was 

shown to be prevented by the addition of cholesterol at an equimolar ratio. It was 

proposed that the elongation of the tubules involved the phospholipid bilayers expanding 

during the main bilayer transition in length (not thickness) which was proposed to be 

blocked by cholesterol. The DPPC film is described as being in the Lp. conformation, a 

phase in Wiich the hydrocarbon chains are stiff and tilted. On hydration below the main 

transition temperature, tubules are observed. This contradicts the theory that the 

formation of tubules occurs above Tc (Ladbrooke and Chapman, 1969). There was a 

complete change in the birefiingence of the DPPC film when hydrated with water and 

heated to 36 °C. This temperature has been associated with the Pp phase of DPPC (Janiak 

et al, 1976) which has not been previously observed with the DIC microscope.
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Elongation of the tubules was observed only above the main bilayer transition 

temperature which supported the expanding phospholipid bilayers hypothesis postulated 

on the basis of the interaction of cholesterol and egg PC with water. The hydration of 

phospholipid films either via the addition of water onto a microscope slide onto which 

a phospholipid film has been formed or as an integral part of MLV formation produced 

comparable tubular structures

To conclude this swelling behaviour may provide an insight to improving liposome 

manufacture. The formation of tubules may not be a prerequisite to the formation of 

ML Vs, as vesicles immediately formed directly fi*om the phospholipid film would 

probably produce a more homogeneous population of MLVs. This hypothesis is 

supported by the ESEM data which produced a more visually homogeneous 

vesicular/nodular population with a slow evaporation and a subsequent slow hydration. 

By forming a phospholipid film that will be homogeneous via solvent evaporation, a 

vacuum with no rotation replicating that of the ESEM would be required. If the hydration 

occurs slowly possibly with the introduction of high relative humidity and followed by 

the addition of the aqueous phase will produce a more even swelling of the phospholipid 

film and hence presumably more homogeneous liposomes. This hypothetical proposal 

to the observed phenomena is primarily based on the shapes that vesicles form at 

different temperatures (Kas and Sackmann, 1991). Slow hydration of the phospholipid 

film produced budding directly fi*om the film with no tubular structures present which 

is postulated here to induce a small area/volume change of the hydrated phospholipid 

which results in budding. The fast hydration as observed during MLV production (and 

additionally by the direct addition of water to a phospholipid film) is postulated to 

produce a rapid change in area/volume of the phospholipid forming tubules (in which 

budding of the tubules themselves was observed only during MLV production). The 

vesicular/budding structures observed seemed to be more prolific with the natural 

phospholipid egg PC in comparison to DPPC, which suggests that egg PC is possibly 

more 'elastic' probably as a result of its heterogeneous nature.
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CHAPTER THREE

THERMAL ANALYSIS OF PHOSPHOLIPID FILMS AND 

MULTILAMELLAR VESICLES
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3.1 Introduction

Phospholipid molecules within a bilayer structure can exist in a number of 

conformations depending on the type of phospholipid, the water content within the 

bilayer and the temperature of the environment (section 1.3.5). The transformation of one 

conformation to another occurs by a process termed a phase transition (section 1.4). 

These phase transitions have been extensively studied in the phospholipid bilayers 

(Tardieu et al, 1973; Ranck et al, 1973) and in the formed liposomes (Imaizumi and 

Garland, 1987). However, there is no systematic study of the formation of phospholipid 

films and the subsequent formation of MLVs, by measuring the phase transitions of the 

various stages. One method of detecting the phase transitions is to measure the heat 

evolved or absorbed on conversion to a different conformation using differential scanning 

calorimetry (DSC) as the method of analysis.

3.2 Principles of Thermal Analysis: Differential Thermal Analysis Versus

Differential Scanning Calorimetry

Whenever a material undergoes a change in physical state, such as melting or 

transition fi*om one crystalline form to another, or whenever it reacts chemically, heat is 

either absorbed or liberated (Mcknaugton and Mortimer, 1975). Thermal analysis 

measures such changes in heat flux; the approach originally consisted of elementary 

experiments in which the temperature of a substance was recorded while cooling and 

plotted against time to yield a curve showing breaks corresponding to thermal transitions 

in the sample. It was found that the sensitivity of this analysis could be improved by 

plotting the difference in temperature between the sample and its surroundings; this is the 

basis of differential thermal analysis (DTA) (Ladbrooke and Chapman, 1969). In DTA, 

the sample and an inert reference material are heated or cooled as the same rate and the 

difference in temperature between them is recorded. The differential temperature remains 

zero or constant until a thermal reaction occurs in the sample when the differential 

temperature increases until the transition is complete and then decreases again. A peak 

is obtained on the curve for differential temperature versus time. The direction of the 

peak indicates whether the transition is endothermie or exothermic. The magnitude of this
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peak at a given time is proportional to the enthalpy change, heat capacities (section 3.3) 

and the total thermal resistance to heat flow, R (McNaughton and Mortimer, 1975). There 

have been attempts to calculate the area under the peak and relate this area to the heat of 

transition. However, this technique is unreliable since a simple conversion of the peak 

area into energy units from a plot of aT  against time is not possible as one needs to know 

the heat capacities and variation of R (which is dependent on the nature of the sample and 

the manner by which it is packed into the sample pan) with temperature (McKnaughton 

and Mortimer, 1975). The main difference between DTA and (for power compensation) 

DSC is that in the latter case, the sample and the reference have individual heaters. The 

system may be thought of as consisting of two control loops, one of which is the average 

temperature control, in which the temperature of the sample and reference may be 

increased (or decreased) at a predetermined rate, which is recorded. The second loop 

adjusts the power input if a temperature difference occurs between the sample and 

reference. The temperature of the sample holder is kept the same as the reference holder 

by a continuous and automatic adjustment of the heater power (Ladbrooke and Chapman, 

1969). A recorder measures the average temperature of the sample and reference and any 

difference between the heat input to the sample and that to the reference (dH/dt). Thus 

the difference between DTA and DSC is that in the former case heat is supplied at the 

same rate to both cells and measures the difference in temperature between the cells, 

Wiereas the DSC scans the two cells at the same rate and measures the difference in heat 

necessary to maintain equal temperatures. The advantage of DSC over differential 

thermal analysis is that the measurement may be directly related to the energy of the 

transition.

3.3 Theory of Differential Scanning Calorimetry

A scanning calorimeter measures heat transfer as a function of temperature, i.e. 

the temperature of the calorimeter cell is increased or decreased at a constant rate, and 

the heat necessary to cause the temperature change is measured (Gaud, 1982). A 

differential calorimeter measures the difference in the amounts of heat transferred 

between two different cells and their environments. Thus a differential calorimeter is
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composed of two cells, the temperatures of which are held equal. The instrument 

measures the difference in the amounts of heat necessary to change the temperature of 

the two cells at the same rate (Gaud, 1982).

A differential scanning calorimeter provides two outputs: the average temperature of the 

two cells and the difference in power supplied to the cells. To scan the temperature of the 

cells, energy must be siq>pHed or removed. The amount of energy supplied per unit time 

is power. Thus, the calorimeter measures not energy, but the rate of energy transfer 

(power). The power (dQ/dt) may be related to the heat capacity via:

dQ dQ dT
dt dT dt Eqn. 3.1

where Q is energy, T represents temperature and dQ/dT is the energy required to raise 

the temperature of the sample by IK (i.e. the heat capacity) and dT/dt is the scanning 

rate.

Thus, a differential scanning calorimeter is a device for measuring the difference in heat 

capacities as a function of temperature. However most studies are of apparent or excess 

heat capacities which result from chemical or physical changes taking place in the 

calorimeter as the temperature changes. These processes either absorb or liberate heat, 

and since the calorimeter measures the energy necessary to heat or cool the sample, any 

heat absorbed or liberated by chemical or physical changes is in excess of the true heat 

capacity.

3.4 Experimental Parameters of DSC

3.4.1 Perkin-EImer DSC 7

The type of differential scanning calorimeter used in this experimentation was a 

Perldn-Elmer DSC-7. A schematic diagram of the cells is shown in Figure 3.1. The cells 

are platinum alloy cups and are in direct contact with separate electric heaters and

104



Chapter 3 - Thermal Analysis

platinum thermometers. Each cell has a cap and is designed to hold a sample pan. Both 

cells are housed in a large aluminium block that acts as a heat sink. The temperature of 

the cells is always held above that of the heat sink; consequently, there is always heat loss 

from the cells to the sink. Current (heat) must be provided to each cell to keep the cell 

temperature above that of the sink.

Pt sensors

Individual
heaters

Figure 3.1 Schematic diagram o f the two cells contained within a DSC-7 Perkin- 
Elmer-instrument

This calorimeter can be run in three modes: cooling, isothermal and heating. In the 

isothermal mode the instrument measures the difference in the power necessary to 

maintain a constant temperature in each cell against the heat loss to the sink. Strictly 

speaking, this measurement is not a heat capacity since the temperature is constant, yet 

any heat effect in a cell will result in a change in the power necessary to compensate for 

it. The heating mode is operated by providing power above that necessary to compensate 

the heat loss to the sink. As the temperature increases, the power requirement also 

increases due to the difference between the cells and the sink. Again, the difference in 

power to the cells is recorded. Cooling is achieved by reducing the power input below 

that necessary to compensate the heat loss to the sink. Again, the difference in power 

supplied to the two cells is measured. There is less control over the cooling mode, since
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the cooling is provided by a passive process, heat conduction and convection to the sink.

3.4.2 Sampling Techniques

Optimal DSC results are obtained using the smallest sample size and minimum 

heating rate which will provide a satisfactory signal (Ladbrooke and Chapman, 1969). 

This will also minimize thermal gradients within the sample and even the particle size 

of the sample may affect DSC curves obtained (Craig and Newton, 1991). Aluminium 

pans are used for most DSC studies, with the pans being left open to study solvate 

systems (Ladbrooke and Chapman, 1969). Most solids are examined in closed pans for 

DSC analysis in which the lids are placed or crimped onto the pan to maximise thermal 

contact (Coleman and Craig, 1996). An exception to the use of aluminium pans is where 

the sample may react with the aluminium and those which may exceed the operating 

temperature of 600°C, in such cases copper, platinum or gold pans can be heated to at 

least 700°C. Hermetically sealed pans are used for aqueous systems or volatile liquids, 

since they are within an airtight seal. A typical sample size is 10 pi for liquids and 10 mg 

for solids.

Another parameter affecting the shape of the DSC curve is the scanning rate, which is 

typically between 10 and 20 °C per minute. Low scanning rates result in a high 

resolution, i.e. the ability to distinguish between two thermal events that are close 

together in terms of temperature. However this is at a cost to the sensitivity which is low 

at low scanning rates, i.e. smaller events may not be detected. The converse occurs at 

high scanning rates, with a low resolution in which thermal events close together in terms 

of temperature are indistinguishable, but small thermal events are detected due to an 

increase in sensitivity (Coleman and Craig, 1996).

3.5 DSC Analysis of Phospholipid Films and MLVs

Previous analysis of phospholipids (Chapman et al, 1967) considered the 

structures deposited from the evaporation of organic phosphohpid solutions using thermal 

analysis and X-ray diffraction. It is interesting to note that the structures observed were
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believed to be hydrates of the phospholipid even though no water was added. However, 

it was shown that the phospholipid was extremely hygroscopic and absorbed water 

molecules during the film formation process on evaporation of organic solvent fi*om a 

phospholipid solution (Chapman et al, 1967). It was also shown that there were two 

different hydrates formed from chloroform/methanol DPPC solutions which were termed 

the «1 and 0L2 forms.

The «1 form produced an endotherm at 65 °C while on cooling an exotherm was observed 

at 92° C (a weight loss of about 3 % was observed during this cycle which corresponded 

to the loss of one water molecule to one molecule of DPPC). On reheating the sample, 

an endotherm was observed at 92 °C. This endotherm corresponds to a melting of the 

hydrocarbon chains and this transition is believed to be lowered in the presence of water 

to 65°C with hydrate a, and 50°C hydrate «2. On heating, water was believed to be 

removed to form the anhydrous form of the phospholipid which melted at 92 °C. It was 

stated that when the water content of the phospholipid was less than that of the 

monohydrate tti both transitions occur (i.e. a, and «2 ) rather than a single one at an 

intermediate temperature (Chapman et al, 1967). Although, there was no explanation 

within this publication why the two transitions occurred, it may be hypothesized that 

during the evaporation process the phospholipid film produced areas of different 

thickness which trapped various amounts of water some of the areas within the a, and 

other areas in the «2 form. Therefore, even if the total 'water' content of the phospholipid 

film is less than the monohydrate ( a j  it is postulated that there are areas of film 

containing an equivalent 'water' content of a monohydrate ( a j  and other regions 

containing a lower amount of'water' absorbed, possibly a hemihydrate («2).

Both phases (a^ and cxq) analysed by X-ray diffraction are described as existing in the the 

lamellar liquid crystalline phase above 70 °C and in the cubic liquid crystalline phase 

above 125 °C. Chapman et al (1967) observed after the difference in the initial heating 

run the sample producing an 0L2 was stated to behave the same as the a 1 form on 

subsequent heating and cooling runs. It is possible to propose that the initial heating run
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and subsequent cooling reorders the phospholipid film producing greater homogeneity 

therefore resulting in thermal behaviour analogous with thermal cycling of the form.

Precipitation from chloroform solution with diethyl ether yielded another polymorphic 

(according to Chapman, 1967) form of DPPC Wiich was designated the P form, although 

thermal analysis was not performed on this phase. Although this publication noted that 

different phosphohpid phases were formed by different evaporating solutions, the factors 

affecting this process were not defined and the analysis did not consider this data in terms 

of an initial starting point for the formation of liposomes. It was decided to investigate 

the phospholipid conformations formed via the evaporation of organic solvent with 

changes in parameters normally varied in the MLV formation process. The 

conformations proposed would be on the basis of DSC analysis. The study also consists 

of a systematic study following the hydration of a DPPC film to the ultimate stage, i.e. 

MLVs, the results of which would give a greater understanding of the MLV formation 

from a thermoanalytical viewpoint.

3.6 Materials and Methods

3.6.1 Materials

Phosphatidylcholine, egg (PC), about 90% (BDH Chemicals Ltd., UK, purified as in 

section 2 .6 .2 )

La-dipalmitoylphosphatidylcholine (DPPC, 99 %, purity. Sigma Chemical Co. Ltd., UK) 

Chloroform (AnalaR grade, BDH Chemicals Ltd. UK) ; The speed of the rotary
I evaporator was critical to

Deionised water (Elgastat, UHQ) I forming » smooth phosphohpid
j film. A slow speed was used 
I to reduce chloroform solution 

until the solution just disappears 
the speed of rotation is greatly 
increased which then forms a 
smooth film on the inside of the 
vessel.

3.6.2 Preparation and Analysis of Phospholipid Films

3.6.3 Preparation of Egg PC Films

Purified egg PC (section 2.6.2) was dissolved in chloroform (100 mg/ml) and this 

solution was added to the aluminium powder pan (1 0  pi to 100  pi) using a micropipette. 

The pans were weighed on the DSC balance (cahbrated to 200 mg operated in the 20 mg 

range). The solution in the pan was evaporated for 30 min at 760 mmHg within a rotary
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evaporator (Rotavapor R110, Orme Scientific Ltd.) and flushed with nitrogen for one 

minute to produce a thin phospholipid film (0.3-0.8 mg/mm^); the process was repeated 

to produce a thicker film (1.0-1.3 mg/mm^) within the sample pan. The open pans (n=3) 

were subjected to three temperature cycles consisting of an initial heating cycle fi*om -2 0  

°C to 100 °C, a cooling cycle fi*om 100 °C to -20 °C and a second heating cycle from 

-20 °C to 100 °C, all at a scan rate of 10 °C/min within a Perkin-Elmer DSC-7 (3 ramp- 

cycle). Liquid nitrogen was used as the coolant.

3.6.4 Preparation and Analysis of DPPC Films

DPPC (Sigma Chemical Co. Ltd., UK, 99 % purity ) was dissolved in chloroform 

(100 mg/ml). This solution (50 pi) was added to aluminium powder pans, the solution 

being evaporated at room temperature (24°C), or by rotary evaporation for either 30 min 

at 40 °C or 55 °C. The pans were weighed on the DSC balance (calibrated to 200 mg 

operated in the 2 0  mg range) and then the open pans were subjected to three temperature 

cycles consisting of an initial heating cycle from -20 °C to 100 °C, a cooling cycle from 

100 °C to -20 °C and a second heating cycle from -20 °C to 100 °C, all at a scan rate of 

10 °C/min. Liquid nitrogen was used as the coolant.

3.6.5 Preparation of DPPC MLVs for Thermal Analysis

The transient structures of liposome formation have been theoretically proposed 

(section 1.5). However, there is no thermal analysis of these intermediate stages. The 

objective of this study was to analyse the transient structures of MLV production and 

measure the main phase transition of these individual stages

DPPC MLVs were prepared by the thin film method. Two ml of a 100 mg/ml DPPC in 

chloroform solution was evaporated at 760 mmHg for 45 min. The resultant DPPC film 

was flushed with nitrogen for 1 min, and 2  ml of distilled water was added to the flask. 

The flask was left in the water bath at 55 °C for 30 min to allow DPPC to hydrate fully. 

After this period (hydration stage) the flask was agitated by a mechanical flask shaker 

for 5 min (pre-annealing stage). The flask was then annealed for 45 min in the water
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bath at 55 °C (annealing stage). The final stage of preparation involved mechanical 

agitation of the flask for 5 min (post-annealing stage). Samples from the stages outlined 

above were then analysed via the DSC in hermetically sealed pans from -10°C to 90°C 

at a scan rate of 10°C per min.

3.7 Results and Discussion

3.7.1 Effect of the Thickness of Egg PC Films Analysed by DSC

The purpose of this experiment was to vary the thickness of the phospholipid film 

within the DSC pan and measure the subsequent thermal response.

A range of weights of phospholipid films were prepared according to the method 

specified in section 3.6.3. These gave an equivalent area range of 0.3 mg to 1.3 mg/mm^ 

(calculated using the weight of the phospholipid and the area of the DSC pan). These 

were subjected to the 3 ramp-cycle consisting of a heating, cooling and reheating cycle. 

Figure 3.2 a) shows the change in the response for the initial heating scan; as the 

thickness of the film increases the endotherm at T , (0.3 - 0.8 mg/mm^ ) changes to a two 

peak endotherm (Tj and T2, 1.0 mg/mm^). These latter endotherms disappear with 

increasing the phospholipid film to 1.3 mg/mm^ with the appearance of an endotherm at 

T3. Cooling phospholipid films I shows that an increase inf im weight causes the sharp exotherm at 

T4 (0.3 - 0.8 mg/mm^) to disappear with the appearance of a broad exotherm at Tg (1.0 -

1.3 mg/mm^) (Figure 3.2 b). The sharp endotherm at Tg (0.3 - 0.8 mg/mm^) occurring on 

the second heating scan, also disappeared as the weight of sample increases producing 

a broad endotherm at T? (1.0 - 1.3 mg/mm^) (Figure 3.2c). The values of T, to T? are 

shown in Table 3.1. A 0.5-5.0 % weight loss occurred after the thermal cycling with the 

range of films. This weight loss was very variable and was not attributable solely to the 

loss of water, but also the possible loss of organic solvent. The weight loss was difficult 

to measure after thermal cycling as the phospholipid was hygroscopic and hence the 

weight increased continually on removal from the DSC.
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initial
heating {

{cooling

2nd f
heating t

Transition Temperature
CC)

Calorimetric heat of reaction ( a H ) 

(J/g)

11 24.1 (±0.8) 9.9 (±0.9)

1 2 17.0 (±0.3) 3.1 (±0.4)

13 14.2 (±0.9) 6.3 (±0.4)

1 -7.5 (±0.1) -19.6 (±0.6)

T5 18.5 (±1.5) -26.3 (±6.2)

16 1.3 (±0.1) 20.4 (±0.6)

17 33.5 (±6 .8) 15.9 (±7.2)

Table 3.1 Summary ofDSC data for the thermal analysis o f  egg PC films o f  various
weights n 3

40.

35-
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Temperature (°C)

1.3  mg/mm" 
1.0  mg/mm" 
0 .8  mg/mm' 
0 .4  mg/mm' 
0 .3  mg/mm"

Figure 3.2 a) Initial DSC heating scans o f  a range o f egg PC films
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Figure 3.2 b) Cooling scans o f  a range o f egg PC films
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Figure 3.2 c) Second DSC heating scans o f a range ofphospholipid films
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3.7.2 Discussion on the Effect of Thickness of Phospholipid Films

The broad endotherms occurring on the initial heating scan may be interpreted as 

the melting of the hydrocarbon moiety of the phospholipid molecules; this transition is 

very broad and is termed the main bilayer phase transition (Chapman et al, 1967) (section 

1.4.1). This melt of the hydrocarbon chains has been termed as a short range disordering 

process (Marsh, 1990). The breakdown of the long-range order which would be the 

disruption of the polar lattice (i.e. when the whole phospholipid melts) occurs at a much 

higher temperature (capillary melting point is approximately 235 °C for 1,2 - diacyl 

phosphatidylcholines; Marsh, 1990). This hydrocarbon melt results in a very broad 

endotherm for egg PC on heating, as this molecule contains a mixture of phospholipid 

molecules and some decomposition products which tend to contain heterogeneous 

hydrocarbon chains which melt gradually. With a phospholipid film of 1 mg/mm^, the 

initial endotherm consists of two peaks which are not observed on the second heating run, 

but are replaced by a single endotherm which appears at a similar temperature domain. 

The formation of the thick film (^1.0 mg/mm^) occurred with a successive build up of 

phospholipid layers (section 3.6.3). It has been suggested that the phase formed at this 

particular temperature and water content is a Lp phase (Tardieu et al, 1973) in which the 

hydrocarbon chains are relatively stiff. If the chains are stiff, then layering of the 

phospholipid is possible. Heating of these chains would lead to the main bilayer transition 

of the phospholipid in which the chains are in a mobile state and any domains due to 

layering of the phospholipid would be lost at this stage. Cooling this mobile phase and 

reheating would produce an endotherm of one broad transition, due to the loss of the 

structured domains.

Chapman et al (1967) has shown that on evaporation of an organic solvent phospholipids 

form a hydrate suggested to be a monohydrate. It is possible that the thick phospholipid 

film (1.0 mg/mm^) retains the associated solvent and forms two phases, which during the 

heating, cooling and reheating cycle form one phase. This suggests that the thermal 

cycling has reordered the film into one phase. However, in contrast a thin phospholipid 

film, which although on the first heating scan produces a broad endotherm similar to that
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o f the film of 1 .0  mg/mm^ on recrystallisation and remelting of the phospholipid film 

produces much sharper peaks at lower temperatures (phases which have been associated 

with the crystalline form of the phospholipid). The effect observed with the thin film may 

be compared to the results presented by Chapman et al (1967) in which the solvent 

(proposed to be water) was removed on heating DPPC forming an anhydrous system. 

However, the effect of a thick film observed in this study on thermal analysis is proposed 

to retain a certain amount of the solvent and not form the lower transition observed with 

the thin phosphohpid film. The phase diagram for egg PC by Tardieu et al (1973) (Figure 

1.3) reveals a possible additional insight into the difference between of thick and thin 

phospholipid films and their response to thermal cycling. The phospholipid films form 

a hydrated state on the ev^wration fi*om an organic solution, hence a thicker film would 

presumably contain a greater amount of solvent (postulated to be water), this phase 

according to the phase diagram would be in the Lp. phase. Thermal cycling of the thicker 

film is presumed not to remove all the solvent present whereas within the thin film the 

solvent is removed on thermal cycling forming L,. (anhydrous) phase, shown to be 

crystalline in nature (Tardieu et al, 1973).

The possible crystalline phase (LJ associated with 0°C may be confused with the melting 

of water and therefore to examine this type of phase, a phospholipid with a crystalline 

phase occurring at a higher temperature than the melting of water was investigated.

3.7.3 The Effect of Temperature During the Evaporation of Chloroform from

DPPC Solutions

The thermal analysis of a phospholipid film has indicated that a ‘thin’ film as 

defined in section 3.7.2 when heated released solvent (believed to be water molecules on 

the basis on previous work by Chapman et al (1967), whereas the removal of solvent 

molecules forming another phase was stabilized with a thick film. An important 

consideration for the formation of MLVs is whether any residual solvent remains within 

the film. To avoid confusion with the melting of water, a phospholipid with main bilayer 

transitions above this point was chosen, i.e. DPPC. It was decided to investigate the
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evaporating conditions to remove any additional thermal peaks that may be due to the 

remainder of residual solvent. During the production of DPPC MLVs, it was also noticed 

that on forming the phospholipid film, an additional white precipitate was apparent as 

well as the film. This appearance of this white precipitate was a common occurrence and 

the phase was investigated using the DSC. Rotary evaporation of chloroform from a 

DPPC solution at a temperature of 45 °C produced a phospholipid film which was 

examined in the DSC. An initial heating scan showed two endotherms at and Ty 

(Figure 3.3). A cooling scan showed an exotherm at (Tc was not used as notation here 

because this may lead to a confusion with the main bilayer transition temperature) and 

a second heating scan showed that the low temperature endotherm disappears on the 

second heating scan with only the latter endotherm at T̂  which was sharper in appearance 

compared to the endotherm at Ty (Figure 3.3). Rotary evaporation of chloroform from 

a DPPC solution at a higher temperature (55 °C) produced a phospholipid film which 

when heated did not produce a low temperature endotherm, but an endotherm at Tf 

(Figure 3.4). On cooling an exotherm was observed at Tg and on reheating an endotherm 

was observed Ti,. The values of T. to Tu are shown in Table 3.2.

Transition Temperature (°C) 
mean of n=3 (sd)

Calorimetric heat of 
reaction (aH)

(J/g)

Ta 50.1 (±2.5) 5.1 (±5.6)

Tb 105.0 (±3.8) 3.6 (±2.9)

Td 86.0 (±1.9) -16.9 (±14.8)

Te 106.0 (±2.9) 9.9 (±6.5)

Tf 107.7 (±2.1) 22.1 (±3.0)

Tg 87.69 (±1.5) -  29.22 (±10.3)

Tb 107.1 (±3.9) 19.49(±1.0)

Table 3.2 Summary o f DSC data for the thermal analysis o f DPPC films prepared
by different evaporating conditions
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Figure 3.3 DSC scan o f a DPPC film  produced using rotary evaporation at 45 °C 
(open pan)
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Figure 3.4 DSC scan o f a DPPC film  produced using rotary evaporation at 55 °C 
(open pan)
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The white material observed during the production of DPPC MLVs was similar to that 

produced without rotation of the round bottomed flask during the evaporation process of 

5 min. This material was isolated and when heated in open pans produced an endotherm 

at Ti and at Tj (Figure 3.5), on cooling produced an exotherm at T^ and the second 

reheating of this vÂnte material showed an endotherm at T,. When the white material was 

evaporated for 45 min, the DSC data was similar to that of a film prepared after 45 min 

evaporation, even though the physical appearance was still a white material. The values 

of Ti to T, are shown in Table 3.3.

Transition Temperature (°C) 

mean of n=3 (sd)

Calorimetric heat 

of reaction (aH)

(J/g)

Ti 74.5 (±2.02) 7.8 (±4.4)

Tj 109.4 (±4.31) 12.8 (±9.3)

Tk 83.8 (±0.48) -32.6 (±4.2)

T, 108.3 (±3.68) 23.6 (±4.4)

Table 3.3 Summary ofDSC data for the thermal analysis o f white material observed
during the evaporation o f chloroform from a DPPC solution

It is proposed that in Figure 3.5, Ti represents the loss of water; Tj is associated with the 

general melt of the hydrocarbon chains; T  ̂the recrystallization of the phospholipid and 

Ti represents the remelting of the hydrocarbon chains of the phospholipid.
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Figure 3.5 DSC scan o f white material observed during the evaporation o f  
chloroform from a DPPC solution at 55°C (open pan)

Examining the white material in hermetically sealed pans (Figure 3.6) in an initial 

heating cycle produced only one endotherm. A hermetic pan would prevent the release 

of solvent molecules and it seems reasonable to conclude that the loss of a solvent 

molecule (such as water) that was observed in open pans would not occur and hence only 

one endotherm was observed with a hermetic pan (Figure 3.6). The postulated removal 

of water that was believed to occur with heating the phospholipid in open pans would 

lead to the formation of an anhydrous phospholipid, the hydrocarbon chains of which are 

proposed to melt at a higher temperature than the hydrated phospholipid i.e. the presence 

of a solvent lowering this hydrocarbon melt. It was interesting to note that the use of 

closed pans did not prevent this proposed loss of solvent but an increase in intensity of 

the peaks compared to transitions measured in open pans was observed and is likely to 

be attributed to the increase thermal contact between the closed pan lid with the 

phospholipid.
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Figure 3.6 The effect o f  different DSC pan types on the thermal analysis o f  white 
material observed during the evaporation o f chloroform from a DPPC 
solution

Chapman et al (1967) did not state the temperature at which the organic solvent was 

removed to form the phospholipid hydrates (a, and « 2  forms) and as there was no 

mention of the use of evaporating vessels it is possible that this evaporation occurred at 

room temperature. Studies here have observed different endotherms when heating 

phospholipid films produced by different evaporating conditions indicating possible 

formation of different phospholipid conformations. In addition to these conditions, it was 

decided to investigate the evaporation of organic solvent from phospholipid solutions at 

room temperature. Two low temperature endotherms were observed during DSC analysis 

which were similar to those at and T; were produced when the DPPC in chloroform 

was evaporated at room temperature (24°C) (Figure 3.7). The possibility that solvent 

remains in the phospholipid, leading to the low temperature endotherms, was investigated 

by studying the films within hermetically sealed pans, which should prevent the loss of 

hydrates. The phase associated with the temperature of T̂  was removed by heating within 

the hermetically sealed pans, while the phase associated with the Tj was still observed on 

the second heating scan which may be related to the loss of organic solvent or the
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removal of an unstable structure associated with this temperature. Chapman et al (1967) 

remarked on the appearance of two similar type endotherms and although a direct 

comparison cannot be made to that research although it is interesting to note that the 

lower endotherm (0 :2) was removed after an initial heating run.

25-

Î

Rrstheetingscan 
Qdingscan 

Second healing scan

Figure 3.7 DSC scans o f thermal cycling o f DPPC film  formed at room temperature
(hermetic pan)

3.7.4 Discussion of DPPC Film Results

Changing the conditions of evaporation of chloroform from a solution of DPPC alters 

the thermal response of the subsequent DPPC film/froth (white material). The endotherm 

associated with the 50°C temperature may be interpreted as being more unstable as it is 

removed easily on heating within hermetic pans and a long evaporation time of 45 min. 

The endotherm that occurs at 65-75 °C appears to be more stable as the endotherm 

reoccurs on thermal cycling within hermetic pans, however this response is also removed 

by the long evaporation time. Chapman et al (1967) related the presence of endotherms 

at 50°C and 65 °C to the formation of hydrates of DPPC that occur on removal of 

organic solvent. It may be concluded that the endotherms observed here may also be 

solvates, but whether they are hydrates cannot be conclusive. What was observed here
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was the removal of the two endotherms (T  ̂or TJ by heating the phospholipid in open 

pans to form a proposed anhydrous form of the phospholipid (this was described as the 

Lc phase by Tardieu et al, 1973). It is a possibility that the removal of the transition T, 

by heating within hermetic pans, suggests that this phospholipid form may be converted 

to the phospholipid form at Tj on reheating. O ilm an  et al (1967) described the hydrates 

of DPPC as polymorphs and on this basis a hypothesis is proposed that the transition at 

Ta is an unstable polymorph of DPPC whereas the phase at T; is the more stable 

polymorph with both phases existing as solvates.

3.8 A Thermal Investigation Into the Intermediate Structures Formed During

the Production of Multilamellar Vesicles (MLVs)

The intermediate structures of MLV formation were analyzed in four stages 

described as the hydration, pre-annealing, annealing and post-annealing stages (section 

3.6.5)

32-I
30-

l i d c tk n

Reareeling

Aneeling

RBt-aneeling

TarperatirefQ
Figure 3.8 Heating DSC scans o f the different stages occurring within the 

production o f DPPC multilamellar vesicles (MLVs) (hermetic pans)
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3.8.1 Results of the Analysis of Intermediate Stages of MLV Manufacture

The main transition (T,. ) that occurs with DPPC was observed with all the stages 

of MLV manufacture (Figure 3.8), however the peak increased from the hydration 

stage (39.012.6 °C, heat of reaction 1.310.7 J/g) to the pre-annealing stage (41.3±0.9°C, 

heat of reaction 2.312.5 J/g) to the annealing stage (41.910.2 °C, heat of reaction 2.713.5 

J/g) and finally to the post-annealing stage (42.510.3 °C, heat of reaction 4.5H.2 J/g). 

From the pre-annealing stage onwards the scans show an additional broad endotherm at 

35.0°C (the pre-transition).

3.8.2 Discussion

The increase in Tc observed by DSC data of the intermediate stages of MLV 

formation may be interpreted in terms of the changes in the packing characteristics of 

the phospholipid bilayers during the formation process, i.e. bilayers within the tubular 

structure (such as in the hydration stage) may be considered to be less tightly packed 

compared to the closed vesicular structure as the former structure is elongated. As a 

phase transition is interpreted as a cooperative event, a greater spacing between the 

phospholipid molecules would reduce the sharpness of the peak and is a possible 

explanation to the broad endotherm observed with the hydration phase. An analogous 

situation may be interpreted from sonication of MLVs to form SUVs (Melchior and 

Steim, 1976) in which the phase transition of MLVs is reduced from 41 °C (MLVs) to 

32 °C SUVs. This reduction of transition temperature is attributed to the slight 

disordering of the lipid bilayers and reduction in cooperativity of the phospholipid 

molecules during the main transition.

The pre-transition may be associated with the vesicular stages occurring after the first 

agitation. There may still be a heterogeneous population of vesicles and possible other 

structures, which would offer an explanation to the main transition temperature being 

slightly lower than that associated with DPPC within vesicles and fully hydrated 

bilayers. In fact, the progression of the main transition observed may be interpreted as 

a progressive increase in the hydration of all phospholipid molecules. The phases
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analysed within this study were analysed immediately on manufacture; most studies with 

DPPC are with fully hydrated phospholipid molecules or the phospholipid molecules 

within the liposomal structures have equilibrated to the final stage. However, including 

the latter post-annealing agitation speeded up this equilibrium and would have an 

obvious implication to the retention of drug molecules for the drug entrapment within 

liposomes, such as preventing leakage of the drug while manufacturing the liposomes.

3.9 Conclusion

Producing a ‘thin’ phospholipid film has the advantage of removing a postulated 

monohydrate stage by extended evaporation conditions of the phospholipid film. 

Thermal ramping has the effect of removing the proposed solvent fi*om a ‘thin’ 

phospholipid film to form a crystalline form of the phospholipid. This postulated 

monohydrate stage is represented by Lp phase for this particular temperature and water 

content domain (Tardieu et al, 1973) and the crystalline state at ~0° C as the Lc phase 

(Tardieu et al, 1973). A 'thick' phospholipid film was believed to retain some of the 

solvent (presumably water) and postulated to maintain the film in the Lp phase An 

additional physically apparent stage observed during the evaporation of DPPC i.e. white 

material has not been reported, which when heated produced an endotherm at 75°C 

(Table 3.3), this endotherm was removed with continuing evaporation. However, this 

phase was retained within hermetically sealed pans, which suggests that the phase is 

stable to heating within an hermetic environment. The removal of the phase at 50°C 

within hermetically sealed pans suggests that this phase is unstable to a heating cycle and 

it was observed that this phase did not appear with the phospholipid film being formed 

at 55°C with a continued evaporation of 45 min. Therefore, it is postulated to form a 

phospholipid film that does not appear to have residual solvent according to the DSC 

data presented here (this would need additional conformation with a technique such as 

gas chromatography), the evaporation of organic solvent should occur above the main 

transition temperature (at least 10°C above) of the phospholipid and for a duration of 45 

min.

It was noted that there was a gradual increase in the main phase transition temperature
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associated with structures at the initial stage to the final stage of ML V production, w ith
I

the pre-transition first apparent after the first agitation stage. This suggests that the 

phospholipid molecules within these transitions have not reached an equilibrium stage 

until a final agitation stage was added. However, it was observed that the equilibriated 

stage is shown if the ML Vs are examined 3 hours later and this suggests that the post

annealing agitation stage quickens the rate at which the phospholipid molecules are in 

a thermodynamic equlibrium within the MLV structures. This proposed attainment of 

equilibrium would be an important consideration for drug encapsulation.
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CHAPTER 4

EXAMINATION OF THE FACTORS INFLUENCING LIPOSOME 

FORMATION USING FACTORIAL DESIGN
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4.1 Introduction

The traditional method of producing liposomes involves the hydration and 

subsequent agitation of a phospholipid film above the main phospholipid bilayer 

transition temperature (Bangham et al, 1965). The liposomes from this method of 

production tend to be multilamellar vesicles (MLVs), which are heterogeneous in size 

distribution. There are a large number of factors that could affect this process and 

although studies have investigated factors such as the length of time for liposomes to 

anneal after an input of energy (Lawaczeck et al, 1976), there has not been a holistic 

systematic study of the factors influencing the MLV formation process. An investigation 

into the factors affecting the production of MLVs in terms of their size and their size 

distribution would produce an optimised system and provide data which may contribute 

towards an hypothesis for the formation of MLVs. Since the number of factors likely to 

influence the process is large, a statistical experimental plan was devised.

A designed experiment is one in which the variables affecting a process are changed so 

that changes in the output response may be identified and directly related to the variable 

(Montgomery, 1991). The statistical design involves planning the experiments so that 

appropriate data can be collected and statistically analysed, resulting in valid and 

objective conclusions with the minimum amount of experimentation. There are two parts 

to an experimental investigation; the design of the experiment and the statistical analysis 

o f the data, both of which are interlinked and must be proposed before the start of 

experimentation. If the hypothesis and statistical test are known at this initial stage, then 

the necessary data may be collected without the implication of untestable results wasting 

experimental effort.

4.2 Experimental Design and Statistical Analysis of Experiments

4.2.1 Levels of Measurement

Any research involves the measurement of something. There are different levels 

of measurement depending on what is being measured, e.g. the size of vesicles is clearly 

a different type of measurement from the classification of pain. Recognizing the levels
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of measurement is the key to choosing the correct statistical test. These levels of 

measurement have been classified as the nominal level, ordinal level, interval and ratio 

levels.

The nominal level is based on names or classifications. This has been described as the 

‘weakest’ level and is used to identify the groiq) to which an object belongs e.g. infected 

or not infected with a specific organism. All measurements within a group are 

equivalent, i.e. a person is either infected or not, the magnitude of the illness is not 

measured for nominal levels. To summarize the experimental results the firequency of 

results in each group is used and the central tendency is described by the mode.

The ordinal level involves ranking the measurements. It is used when objects are either 

related to each other, e.g. longer, better, or it is used for ranking conditions such as pain. 

Ordinal is ‘higher’ than nominal measurement because a measurement can be placed in 

a group, it is ranked with relation to others in that group. The distribution of this type 

of data may be described using the interquartile range, i.e. where the distribution is 

divided into four quarters, the interquartile range being the difference between the first 

and third quartiles. The median describes the central tendency of this type of 

distribution. It is a notable point that the mean and the standard deviation must not be 

used for describing data at the ordinal or nominal levels.

For the interval and ratio levels there is a known distance between any two numbers on 

the scale, e.g. °C, concentration, vacuum. The differences between the numbers are 

described as definable relationships, i.e. the difference between 10 and 20°C is the same 

as than between 40 and 50°C. Results may be added, subtracted, multiplied or divided, 

so that the mean may be used to estimate central tendency and the standard deviation for 

the spread of the data.

From the above it can be seen that there are three ways in which the central tendency 

may be described, i.e. in increasing levels of complexity, the mode, median and mean.
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The mode only indicates the most frequent result, the size and position of all other 

results is ignored. The median is the value above and below which half the results are 

found, once they have been placed in ascending order. The comparative size of each 

result is accounted for and the median is more representative of the group than the mode. 

To calculate the mean, the absolute value of each the result is accounted for, not only its 

position. It is the most sensitive measurement for central tendency. However, it should 

be noted that it is very sensitive to outlying results and a single large or small result can 

have a significant effect on the mean.

4.2.2 Parametric and Non-parametric Tests

The measurements for this study were the size and size distribution of liposomes 

and are therefore described in the third category, i.e. the interval level. In general, when 

the values of interval data are plotted (x axis) against frequency with which they occur 

(y axis) then a symmetrical bell-shaped curve is sometimes formed. If the data from a 

parameter forms a bell-shaped frequency distribution plot, then the data is said to fit a 

Gaussian (or ‘normal’) distribution. There is a greater number of statistical analyses that 

can be performed for normal than for non-normal distributions. The tests on these 

Gaussian distributions (called parametric tests) may be able to extract more information 

than those which are used for non-Gaussian data (non-parametric tests). If a parametric 

test is performed on non-Gaussian data, then misleading results could be the outcome. 

However, if a non-parametric test is performed on Gaussian data, then valuable 

information may be lost compared with the results obtained from a parametric test. To 

summarize, parametric tests are more powerful and robust, but fewer assumptions e.g. 

normality of the data are necessary for non-parametric tests (Maxwell and Delaney,

1990).

Apart from the normality of the data, other considerations which may affect the choice 

of test are the number of readings in each group (variable) and the number of groups 

being tested. The more readings there are in each group, the greater the chance of finding 

a difference between the groups. The smaller the true difference between the groups, the

128



Chapter 4  -  Factorial Design

greater the amount of readings required to demonstrate it. If more than two variables are 

being tested then different tests are needed. A t-test is used to compare two groups. If 

more than two groins are to be compared then a technique of analysis of variance should 

be employed. A one way analysis of variance (ANOVA) compares the measure of scatter 

(or variance) within each variable or treatment group with the scatter between each 

group. The result of the test produces an F value and if significant means that the 

differences between the variables are unlikely due to chance. An «-way ANOVA is 

performed where the number of classifications is greater than one, e.g. a two way (where 

n equals two) ANOVA analyzes effect of the size of liposomes with different variables 

such as phospholipid concentration and the volume of water added to the phospholipid 

film. The matrix resulting from this two way ANOVA ensures that each group of each 

classification is compared against all others and interactions between groups may also 

be studied (Montgomery, 1991).

4.2.3 Hypothesis Testing

Using the determination of the factors influencing liposome size as an example 

two statistical hypotheses are proposed; a 'null hypothesis' in which no variable affects 

the mean population size and the 'alternative' hypothesis in which one or more variables 

affect the mean population size. As it is only possible to sample some of the population, 

a statement of the results will reflect whether the null or alternative hypothesis is 

accepted based on this sample of the population only. It is possible to make two types 

of errors based on arriving at this conclusion. A type 1 error may occur from the analysis 

of the data suggesting that there is a difference in means between the different variables, 

whereas if the whole population had been sampled there is no real difference in means 

between the variables. The probability of this occurring is termed alpha. A type 2 error 

occurs when the variables affect the mean population, but the results fail to show this 

and the conclusion is that there is no difference between the effect of the variables on the 

mean population. The probability of a type 2 error occurring is termed beta (Swinscow,

1991).
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4.2.4 ANOVA Versus MANOVA

An analysis of variance (ANOVA) is used to analyse the effect of the variables 

in terms of evaluating the mean differences on a single dependent variable (such as 

liposome size). If there are two or more dependent variables (two types of measurement) 

in the study, a multivariate analysis of variance (MANOVA) is used to evaluate the 

mean differences on the dependent variables simultaneously (Bray and Maxwell, 1985). 

The first part to the statistical analysis is to test the null hypothesis establishing whether 

there is any difference in means between the different variables and then follow-up with 

tests to explain group differences.

As the proposed design of the experiment is factorial, which has the advantage of 

comparing a number variables and interactions between them, the analysis will be a 

MANOVA. This provides a distinct advantage over separate ANOVAs because the 

MANOVA test considers interactions between the variables. Performing separate 

ANOVA tests implies that either the correlations between the variables are zero or the 

interactions (if any) are not of interest (Bray and Maxwell, 1985). It should be noted, 

however, that testing many dependent variables and performing a subsequent MANOVA 

is no substitute for controlling the experiment and having prior knowledge of the levels 

of variables to be tested. It is therefore advisable if the experimental field is not well 

known to the experimenter that an initial set of experiments should be performed to ‘get 

a feel’ for the area before conducting a fiill factorial study. In fact, the use of too many 

dependent variables may reduce the chances of finding a significant result because of the 

low statistical power or the hindrance caused by chance spurious results (Bray and 

Maxwell, 1985).

4.2.5 Factorial Design of Experiments Versus One-at-a-time Experimentation

The traditional experimental design approach is the one-at-a-time experiment in 

which the value of a response is found for a particular treatment combination 

(experiment), after which factors affecting the response are altered one-at-a-time while 

keeping the other factors at their initial value (Chatfield, 1991). However, one-at-a-time
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experiments have a serious defect in that they are unable to detect interactions between 

factors (i.e. if two or more factors interact to produce an increase or decrease in the 

response being measured), whereas complete factorial experiments can detect these 

interactions. A factorial design experiment allows examination of a number of variables 

in terms of both their individual effects and the interactions between them (Chatfield, 

1991; Montgomery, 1991). In order to examine an individual variable in isolation, it is 

necessary to keep all other parameters constant. However, the levels of these parameters 

may mask the effect of this variable (e.g. volume of hydration water and duration of 

hydration might interact). Factorial analysis allows several variables to be examined with 

the minimum amount of experimentation, thereby giving an indication not only of the 

significance of the individual conditions of each factor but on their interaction.

4.2.6 The Factorial Design

Factorial designs as discussed earlier are used in experiments involving several 

factors in which it is necessary to study how an individual factors affect the response 

variable and any interactions present between factors. A particular type of factorial 

design is one in which a number of factors {k factors) are investigated at two levels, e.g. 

prolonged hydration of the phospholipid film or short hydration which may be 

nominated Tiigh' and 'low* conditions for each particular variable (Montgomery, 1991). 

Since there are two levels for k factors, a complete replicate of such a design requires 2 

X 2 X ... X 2= 2  ̂observations and is termed a 2  ̂factorial design. Before commencing 

with a 2  ̂ factorial design a number of assumptions must be made, i.e. the response is 

approximately linear over the range of the factor levels chosen and that the factors are 

fixed. The 2  ̂factorial design is particularly useful in the early stages of experimental 

work, when there are likely to be a large number of factors to be investigated. The 

simplest type o f2f factorial design is where there are only two factors to be investigated 

at two levels, i.e. the 2  ̂factorial design.

4.2.7 The 2̂  Factorial Design

The 2  ̂factorial design consists of two factors, e.g. A and B, each investigated

131



Chapter 4  -  Factorial Design

at two levels, the levels being termed ‘high’ and ‘low’. The effect of A and B is defined 

as the change in response produced by a change in its level, called the main effect^ as this 

relates to the primary factors of interest. As already mentioned the advantage of factorial 

experiments is that interactions between factors are also investigated.

For a general case of a two-factor factorial, let be the observed response when factor

A is at the ith level (i = 1,2,...,a) and factor B is at the jth level (j= l,2,...,b) for the kth 

replicate (k= l,2,...,n). In a completely randomized model, it is assumed that the 

response being measured is linear over the range of factor levels chosen, the 

observations may be described by the linear statistical model

Eqn 4.1

where p is the overall mean effect (i.e. the mean of all the observations), t , is the effect 

of the ith level of the row factor A, p, is the effect of the jth  level of column factor B, 

(Tp)ÿ is the effect of the interaction between x, and Py, and Eÿ* is a random error 

component (due to experimental error). Both factors are initially assumed fixed and the 

treatment effects (each experiment) is defined as deviations from the overall mean, so 

Xj= 0 and pj=0. Similarly the interaction effects are fixed and defined so that 

J^%,(xp)ij=J^'j=i(xp)=0. With n replicates of the experiment there are abn total 

observations
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Table 4.1 General arrangement for a Two 
Factorial Design (Montgomery, 1991)

The shaded area shown in Table 4.1 represents a 2̂  design, for example the top left-hand 

comer of this shaded area represents the factor A and factor B at their lowest level with 

n replicates.

To test whether any of the experiments (treatment combinations) within a grid (Table 

4.1) have an effect on what is measured (response variable) a hypothesis is proposed 

which states that all row treatments are equal (factor A) and another hypothesis states 

that all column treatments are equal (factor B) within the grid.

For the row treatments, the null hypothesis (Hq) would state that there is no difference 

between the rows:

Eqn 4.2
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The alternative hypothesis (H J would state that not all the row treatment effects were 

equal

least one T 0 Eqn 4.3

Similarly for the column effects, the Hq would state that there is no difference between 

the columns, where Hi would state that not all the column treatment effects were equal.

"o- Pi = P2 =   = P» = ® Eqn 4.4

at least one  ̂ 0
Eqn 4.5

For factorial experiments interactions (ip)ij between row and colrnnn effects may be also 

be tested using a null and alternative hypothesis 

For all i, j

"o- (^P), = 0
Eqn 4.6

at least one (%P)  ̂ * 0 Eqn 4.7

Simplifying, for a 2̂  factorial design with a single replicate the shaded area in Table 4.1 

is represented in Figure 4.1. The effect of a factor is denoted by a capital letter, ‘A’ 

refers to the effect of a factor A, ‘B’ refers to the effect of factor B. ‘AB’ refers to the 

AB interaction. For this design, the low and high levels of A and B are denoted by 

and *+’ respectively. Thus, - on the A axis represents the low level of concentration 

whereas + represents the high level and similarly for the B axis. The four treatment 

conditions (experiments) are represented in the lower case (i.e. a, b and ah).
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F actor B

b ab

(I) a

Low High

Factor A

Figure 4.1 A 2  ̂factorial design (Montgomery, 1991)

The high level of any factor in the treatment combination is denoted by the 

corresponding lowercase letter (e.g. a represents factor A at a high level) and the low 

level of a factor in the treatment combination is denoted by the absence of the 

corresponding letter (e.g. a represents Factor B at its low level). In figure 4.1, 6 

represents the treatment combination of B at the high level and A at the low level and 

(1) is used to denote both factors at the low level and ab the factors are at the high level. 

The notations {\ \  a, b and ab represent the total of all n replicates (Montgomery, 1991).

An analysis of variance (ANOVA) is used to determine the magnitude and direction of 

the factor effects to determine which variables are likely to be important. ANOVA is 

derived from partitioning of total variability into its component parts. Initially each 

factor is divided into its contrast, which is described as the total effect of that factor e.g.

Contrasty = ab + a - b -  (\) Eqn 4.8

The treatment conditions (individual experiments) are written down in the standard order 

method i.e. (I), a, b, ab and the resulting positive or negative sign represents the factor
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at its high (+) or low (-) level.

Effects (1) a b ab

A -1 +1 -1 +1

B -1 -1 +1 +1

AB +1 -1 -1 +1

Table 4.2 Treatment combinations in standard order to calculate contrast 
coefficients (Armstrong and James, 1990)

(1) represents all factors at their low level so the factors have the minus sign, while the 

interaction AB is a product of the corresponding coefficients for the two main effects A 

and B (i.e. (-1) x (-1) the result of which is a positive sign). If the effect of A is read 

across, then the Contrasty may be derived. From this the sum of squares may be 

computed in which the sum of squares (SS) is equal to the contrast squared divided by 

the number of observations in each total in the contrast times the sum of the squares of 

the contrast coefficients e.g. sum of squares for factor A (Montgomery, 1991).

\ab + fl -  Ô -  (1)1
Eqn 4.9

The total variability of the data is measured using the total sum of squares which can be 

partitioned into a sum of squares of the differences between the treatment averages and 

the grand average, plus a sum of squares of the differences of observations within 

treatments from the treatment average. The difference between the observed treatment 

averages and the grand average is a measure of the differences between the treatment 

means, whereas the differences of observations within a treatment from the treatment 

average can be only due to experimental error.

SS = SS + SST TREATMENTS B
Eqn 4.10
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Total sum of squares (SSj )

T. j= i  ^ijk
Eqn 4.11

i.e. the total sum of squares which measures the variance of the whole experiment is 

equal to the sum of the square of the individual measurements minus the sum of the 

individual measurements squared divided by the number of observations. The error sum 

of squares is usually calculated by subtraction

sŝ  = SS, - SS, - SS, - ss„ Eqn 4.12

The number of degrees of freedom associated with each sum of squares is

Effect Degrees of Freedom

A a-1

B b-1

AB interaction (a-l)(b-l)

Error ab(n-l)

Total abn-1

Table 4.3 Degrees o f freedom associated with main effects and interaction 
(Montgomery, 1991)

Each sum of squares divided by its degrees of freedom is a mean square. If the null 

hypotheses of no row treatment effects, no column treatment effects, and no interaction 

are true, then MS a, MSg, MSab and MSg all estimate to o  ̂(variance).

However if there is a difference the significance is derived by using the F ratio.
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Fq= m ean square of effect = within-group means square
mean square of error between-group means square Eqn 4.13

To calculate the F ratio for factor A, Fq = MSa/MSe-

The within-groups means square is based on how much the observations within each 

group vary. The between-groups mean square is based on how much the group means 

vary among themselves. If the null hypothesis is true, the two numbers should be close 

to each other. If we divide one by the other, the ratio should be close to one. If this value 

is greater than one, then the effect may be significant in affecting the response variable. 

To calculate Wiether this F value is significant, then a comparison of the value obtained 

for the ratio of F is compared to a family of curves analogous to the t-distribution, but 

the F distribution takes into account not only the size of the samples, but also how many 

samples are compared. In general, the smaller the samples (and/or the fewer of them), 

the bigger must the F-ratio be in order to attain significance. To achieve the correct 

critical value:

1) Choose the greatest confidence level that the F value will support i.e. for 95 %

confidence levels (this relates to that there will be a 5 % chance that a type 1 

error has occurred ), this is termed a  = 0.05

Calculate Vi, which is the numerator degrees of fi-eedom e.g. for factor A this 

would be (a - 1) as there are two levels of a, this value would equal 1 

3) Calculate V2, which is the denominators degrees of freedom i.e. degrees of

fi-eedom of the error component e.g. for a 2  factor design = ab(n-l)

The critical F value is referenced in statistical tables (Maxwell and Delaney, 1990) once 

a  is chosen, v% and V2 are calculated and the critical F value is read off the table.

4.2.8 Advantage of an Orthogonal Design

A complete factorial design is orthogonal if each treatment combination 

(experiment) is tested the same number of times so that the experiment is symmetric
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with regard to all the factors. Orthogonal designs have a number of advantages

1) The resulting calculations are simplified (this is in comparison to fractional 

factorials or imcomplete factorials which are more complex requiring nested 

designs)

2) The estimate of one effect is not affected by changes in one or more of the other 

effects

3) For a given number of tests the effects can be estimated with greater precision 

using an orthogonal design than with any other design (Chatfield, 1991).

4.3 Objective

There are a large number of experimental variables that could possibly affect the 

size of liposomes. The objective of this study was to investigate a number of these 

variables in an initial experiment and develop the experimentation to a full factorial 

experiment on the basis of a primary experiment.

4.4 Materials and Methods

4.4.1 Materials

Phosphatidylcholine, egg(PC), about 90% (BDH Chemicals Ltd., UK)

Aluminium oxide, active, neutral, Brockman Grade 1 (BDH Chemicals Ltd., UK) 

Phosphomolybdic acid, crystalline (Sigma Chemical Co. Ltd., UK)

Butan-2-one (BDH Chemicals Ltd. UK)

Ethanol, absolute (James Burrough pic., UK)

Acetone (AnalaR grade, BDH Chemicals Ltd. UK)

Chloroform (AnalaR grade, BDH Chemicals Ltd. UK)

Methanol (AnalaR grade, BDH Chemicals Ltd. UK)

Water (deionised, Elgastat UHQ)

4.4.2 Preparation of multilamellar liposomes (MLVs)

Sixty mg of purified egg PC (section 2.6.2) was weighed on a Oertling balance 

(U40) and dissolved in 6  ml of chloroform. The solution was placed into a round
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bottomed flask and the organic solvent was slowly removed using a rotary evaporator 

(Rotavapor RllO, Orme Scientific Ltd.) (speed 1 until almost all of the solvent was 

removed then increased to speed 8 ) at 40°C, such that a thin film of dry lipid was 

deposited on the inner wall of the flask. The flask was then flushed with nitrogen for one 

minute to remove all traces of the organic solvent. Six ml of the aqueous phase (distilled 

water) was added slowly to the film and with a slow rotation of flask to ensure the 

phosphohpid film was hydrated. The flask was left for 30 minutes at 40°C (in the water 

bath) to ensure adequate hydration of the phospholipid film. After 30 minutes the 

solution was mechanically shaken (in a flask shaker, Rotavapor R110, Orme Scientific 

Ltd.) for 2 minutes and allowed to stand for another 45 minutes at 40°C. This was the 

control method of producing MLVs, for the primary experiment.

4.4.3 Measurement of Liposomal Size

Liposome samples were analysed using a Malvern 2600c (Malvern Ltd, UK) 

lazer diffraction. A 63 mm lens was fitted to the Malvern which enables a range of 

particles from 1.2pm to 118 pm to be analyzed. The sample cell was a PSl and was 

stirred with a magnetic stirrer bead throughout all measurements. The liposomal samples 

were pipetted into the cell which was filled with dispersant (deionised water), the latter 

was used for the background reading. The sample equilibriated for one minute before 

readings were taken with the obscuration value at an optimized level. The volume 

median diameter (VMD) and Span were measured the latter being defined:

90% undersize -  10% undersize . . . .  . . .  aSpan = ---------------------------------------------- o f  particle size distribution Eqn 4.14
S0% undersize

4.4.4 Primary Experiment Results

The objective was to assess the factors affecting the production of MLVs in terms 

of their size and size distribution (which was termed the span, defined in section 4.4.3). 

The factors investigated were phospholipid concentration in chloroform (10 mg/ml in
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6  ml was the control, 50 mg/ml in 6  ml and 5 mg/ml in 6  ml chloroform were the tests), 

hydration time (30 min was the control and 5 min the test), increasing volume of water 

(6  ml was the control and 12 ml was the test), agitation after hydration (pre-annealing 

agitation was 2  min for the control and 15 min for the test) and finally an agitation step 

was included at the end of the annealing time for the test which was 15 min and 2  min 

for the control. The samples were analysed for their size distribution.

The reference for the experiment consisted of experimental conditions of lOmg/ml of 

egg phosphatidylcholine in 6ml of chloroform, hydration time of 30 minutes, pre-and 

post annealing agitation of 2 minutes. The test conditions involved altering one or at the 

most two of these conditions.

Change in factor Volume MedianParticle 
size (pm)

(isd)

Span
(±sd)

Reference (lOmg/ml) 7.16 1.37
(0 .12) (0.06)

Phospholipid conc. 11.63 2 .0
50mg/ml in 6  ml 

chloroform
(2.89) (<0 .0 1 )

Phospholipid conc. 7.17 1.6
5mg/ml in 6ml chloroform (0 .2 1 ) (<0 .0 1 )

Hydration time (5 min) 8.83 1.47
(0.40) (0.06)

Post-annealing agitation 8.17 1.7
(2  min) (no pre-annealing) (0 .2 1 ) (0 .10)

Post-annealing agitation 7.90 1.4
(2  min) 12ml water (0 .10) (<0 .0 1 )

Post-annealing agitation 7.13 1.3
(15 min) 12ml water (0.06) (0 .1)

Post-annealing 6.5 1.17
(15 mins) 6 ml water (<0 .0 1 ) (0.06)

Table 4.4 Results ofprimary experiment investigating factors affecting the 
production o f MLVs (n=3)
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The results from the primary experiment showed that the phospholipid concentration has 

a dramatic effect on the size of the liposomes, although the effect of the other factors 

was not so apparent. A factorial experiment would consider the effect of a factor in 

terms of statistical significance of the individual factors and any interactions present 

between factors (such as the amount of water added to the film and the length of 

hydration).

4.4.5 Factorial Experiment

On consideration of the primary investigation, a factorial design was chosen to 

investigate the following factors as main effects and as interacting effects. Each factor 

was investigated at high and low levels specified.

Notation Factors Levels investigated

A Phospholipid concentration 10 mg/ml,40 mg/ml

B Hydration time 0 min,30 mins

C Pre-annealing agitation 10 secs, 15 mins

D Post-annealing agitation 0 min,15 mins

E Volume of hydrating water 6  mls,2 0  mis

F Annealing time 15 mins,45 mins

G Vacuum pressure 500 mmHg,760 mmHg

Table 4.5 Factors and levels used in the Experimental Factorial Design

The factors were of interest for different reasons. The phospholipid concentration levels 

chosen were within usual experimental limits for drug encapsulation and below the 

concentration used in the primary experiment as this produced a much larger liposome 

size than the other factors. The length of hydration time has been shown to be important 

for the production of tubules and the effect of these tubules on liposome size could be 

postulated if conditions were and were not favourable to their formation. Agitation
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would have an obvious reduction in liposome size, but the effect of this agitation before 

and after an annealing stage is not so apparent especially in the latter stage which 

represents an agitation step not usually included in liposome manfacture. The latter 

agitation stage was included in the factorial experiment as it was noticed in initial 

experiments that after the annealing stage apparent heterogeneity was visually apparent 

within the suspensions, this was not the case if a latter agitation step was included. The 

volume of water was chosen as a factor to investigate any effect due to excess hydration 

of the phospholipid. The evaporating vacuum was chosen to investigate the effect of any 

residual solvent in the phospholipid film and the effect of the phospholipid film 

formation with a higher or lower evaporating vacuum.

In total there were seven factors of interest, therefore a 2’’ factorial design was 

investigated, in which the following hypothesis was tested.

Hq= a change in each factor is not significant, i.e. no difference between treatment 

means.

Hi= there is a difference in the treatment means.

Notation

Factors are represented by capital letters, with the subscript o representing factors at

their lowest level. Similarly the subscript i represents factors at their highest levels. The

high level of any factor is statistically denoted by the corresponding lower case letter and

the low level of any factor in the combination is denoted by the absence of the

corresponding letter. For instance the notation Ai,Bi,Co,Do,Eo,FoGo corresponds to

Phospholipid conc" : 40 mg/ml

Hydration time: 30 minutes

Pre-agitation time: 15 minutes

Post-agitation time: 0 minutes

Water added: 6  ml

Annealing time: 15 minutes

Vacuum pressure: 500 mmHg
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Factors A and B are at their high level, whereas factors C,D,E, F and G are at low levels.

A grid is formed with all the possible combinations of the factors at their high and low 

levels. For this factorial experiment 2̂  experiments were performed with three replicates, 

leading to a total of 384 individual experiments.

4.5 Computer Statistical Analysis

With this large amount of data (a total of 384 experiments inclusive of three 

replicates), a computer program was necessary to calculate the main effects of the factors 

and any interactions present. The factors investigated were termed independent variables 

as their value was fixed, whereas the factors being measured the MMPS (mass median 

particle size) and span of the MLVs (section 4.4.3) are termed the dependent variables.

4.5.1 Test for Normality and Homogeneity-of-variance

The data was analysed using a computer package SPSS (SPSS Inc., USA). The 

data from the factorial study was initially examined to test its normality. This is a 

primary requirement for using parametric tests and is described in the SPSS as 

descriptive statistics (if the data does not fit the assumption of normality then either a 

transformation of the data must occur or a statistical test which does not need an 

assumption of normality must be used). One of these estimates is a histogram plot which 

represents the observed data graphically. The range of the observed values is subdivided 

into equal intervals and the number of cases in each interval is obtained. Each bar in a 

histogram represents the number of cases with values within the interval. Figures 4.2 and

4.3 show the histograms for the size and span variables, the latter appearing to be 

normally distributed, while the size data appears to be of a skewed distribution.
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Apart from visual inspecting the Figures 4.2 and 4.3, an estimation of the normality of 

the data may be computed using a homogeneity of variance test. The Levene test is a 

homogeneity of variance test that is less dependent on the assumption of normality than 

most tests. It is computed, for each case, the absolute difference from its cell mean and 

performing a one-way analysis of variance on this difference. The Levene test, which 

tests whether the data is derived from normal populations with the same variance showed 

a rejection of the null hypothesis that the size data obeyed the homogeneity-of-variance, 

while the span data did not reject this null hypothesis. A MANOVA test was performed 

on the data to test the residuals (the residual of a particular observation is the difference 

between the observation and the average observation of that particular treatment 

combination) to see if the deviation from normality for the size data would violate the 

analysis of variance test. The distribution of residuals should be approximately normal 

i.e. the plot of observed residuals against those expected should fall more or less on the 

normal line. In the case of the size distribution data there was a deviation from normality 

(Figure 4.5). It was therefore decided to perform a non-parametric test on this data and 

subsequently transform the size data before performing any parametric tests. In this case 

a logio transformation of the raw mean size data produced data that was normal (Figure 

4.6) and that did not reject the null hypothesis that all variances were the same.

Figures 4.4 and 4.5 show two plots of the residuals for each of the size and span data. 

Where the raw residual is the difference between the observed and predicted values. The 

standardized residual is the raw residual divided by an estimate of its standard deviation 

(in this case, standard deviation is the square root of the within-cells mean square). 

Figure 4.6 shows the plot of residual for the transformed (each size result is logged) size 

data illustrating the normality of this data after transformation.
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4.5.2 Non-parametric Test

Comparing the observed and expected results (section 4.5.1 ), the assumptions of 

normality were violated for the size variable. Although, it has been shown that the 

MANOVA test is a robust test (i.e. robust to departures from normality) and this 

violation would probably not affect the analysis of variance (Maxwell and Bray, 1985). 

It was decided to perform a non-parametric test on both size and span data and then 

perform a log transformation on the size data before proceeding with the ANOVA and 

MANOVA tests.

One type of non-parametric test is the Mann-Whitney test (also known as the Wilcoxon 

test, SPSS Base Systems Manual), it does not require the assumption of normality (i.e. 

there is no assumption for the shape of the underlying distribution), but does require that 

the populations have the same distribution. The test involves ranking all observations 

and calculating a mean rank for each level of a factor (the mean rank is defined as the
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sum of ranks of a level of a factor divided by the number of cases). The hypothesis test 

is that the two distributions (high and low levels of a factor) are equal. If the hypothesis 

is true the levels for each factors should have a similar distribution of ranks. If one of the 

levels has more than its share of small or large ranks, there is reason to suspect that the 

two distributions are different (Swinscow, 1991). The results from the Mann-Whitney 

test for all factors affecting size and span are shown in Table 4.6 and 4.7, respectively.

There are four factors that significantly affect liposome size according to the Mann- 

Whitney test (Table 4.6) derived from the differences in the ranking of the two levels of 

a factor. The evaporating vacuum producing the phospholipid film from organic 

solution; the length of pre-annealing agitation; presence of a post-annealing agitation 

step and the phospholipid concentration. From the ranking, it can be shown that the 

lower the number for the mean rank, the lower the observed effect in this case it was a 

reduction of median size of the liposomes. To summarize, a lower phospholipid 

concentration of 10 mg/ml, a pre-annealing agitation time of 15 minutes, a post

annealing agitation time of 15 minutes and an evaporating vacuum of 760 mmHg all 

significantly reduce the median size of the liposomes.

The results from the Mann-Whitney test for comparing the levels of factors and their 

effect on the span of hposomes shows a different ranking for the affect on liposomal size 

(Table 4.6). The span measures the distribution of liposome size (section 2.4.3) and the 

smaller the number the more homogeneous the liposomal population. The factors which 

affect the span are the hydration time, pre and post-annealing agitation, phospholipid 

concentration and the amount of water added to the phospholipid film. Lowering the 

span, i.e. creating a more homogeneous liposomal size distribution may be achieved by 

not allowing the phospholipid fihn to hydrate (i.e. agitating immediately after adding the 

water); a lower phospholipid concentration of 10  mg/ml; pre-and post-annealing 

agitation of 15 minutes and reducing the amount of water added to film to 6  ml.

149



Chapter 4 - Factorial Design

Factor Mean Rank 
(ascending order)

Rejection of null 
hypothesis

Phospholipid 
concentration (1 0  mg/ml)

137.87 p<0.05

Post-annealing agitation 
(15 min)

138.44 p<0.05

Pre-annealing agitation 
(15 minutes)

146.88 p<0.05

Evaporating vacuum (760 
mmHg)

179.21 p<0.05

2 0  ml water added 183.16 NS

Annealing time (15 
minutes)

190.52 NS

Hydration time (0 min 
before agitation)

191.93 NS

Hydration time (30 min 
before agitation)

193.07 NS

Annealing time (45 min) 194.48 NS

6  ml water added 201.84 NS

Evaporating vacuum (500 
mmHg)

205.79 p<0.05

Pre-annealing agitation 
(1 0  secs)

238.60 p<0.05

Post-annealing agitation 
(0  min)

247.70 p<0.05

Phospholipid 
concentration (40 mg/ml)

247.13 p<0.05

Table 4.6 Results from the Mann-Whitney test comparing the different levels o f 
factors and their effect on the size o f liposomes (NS= Not significant)

150



Chapter 4 - Factorial Design

Factor Mean Rank Reject null hypothesis 
(95% confidence level)

Hydration time (0 
minutes before agitation)

155.35 p<0.05

Pre-annealing agitation 
(15 minutes)

164.43 p<0.05

Phospholipid 
concentration (1 0  mg/ml)

168.63 p<0.05

Post-annealing agitation 
(15 minutes)

171.85 p<0.05

6  mis water added 176.44 p<0.05

Annealing time (15 
minutes)

186.36 NS

Evaporating vacuum (760 
mmHg)

187.90 NS

Evaporating vacuum (500 
mmHg)

197.10 NS

Annealing time (45 
minutes)

198.64 NS

2 0  mis water added 208.56 p<0.05

Post-annealing agitation 
(15 minutes)

213.59 p<0.05

Phospholipid 
concentration (40 mg/ml)

216.37 p<0.05

Pre-annealing agitation 
(1 0  seconds)

2 2 0 .8 6 p<0.05

Hydration time (30 
minutes)

229.65 p<0.05

Table 4.7 Results from the Mann-Whitney test comparing the different levels o f 
factors and their effect on the span o f liposomes
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4.5.3 Analysis of Variance

An analysis of variance (ANOVA) may be performed on data once the 

assumptions of normality, homogeneity of variance and random sampling have been 

satisfied. The size data was transformed by a log transformation (a log transformation 

is the transformation of choice for data that is skewed, (Chatfield 1991) so that the 

normality assumption was not violated. The data from the factorial design was analysed 

in terms of the main effects (the factors variables individually) and the interactions 

(various combinations of factor variables) via the ANOVA. ANOVA examines 

variability of the observations within each group (within-groups mean square) as well 

as the variability between group means (between-groups mean square). If the null 

hypothesis is true, there should be no significant difference between the means and the 

two numbers should be close to each other. If one divides one by the other, the ratio 

should be close to 1. The statistical test for the null hypothesis that all groups have the 

same mean in the population is based on this ratio, called the F ratio (section 4.2.7).

4.6 Results and Discussion

The results from the analysis of variance (Table 4.8) show that the significant 

factors affecting both mean size and size distribution of ML Vs are the post-annealing 

agitation, initial phospholipid concentration, pre-annealing agitation, hydration time, 

volume of water added to the phospholipid film and evaporating vacuum producing the 

film where significance was defined as a sig. of F < 0.05. Analysis of the data showed 

that the effect of annealing time did not have a large enough F ratio and was considered 

not significant in affecting the multivariate dependent variables i.e. both the span and 

mean size of MLVs.
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Factor F ratio sig.of F

Water volume 13.59 0 .0 0 0

Evaporating vacuum 5.96 0.003

Pre-anealing agitation 110.93 0 .0 0 0

Post-annealing agitation 143.48 0 .0 0 0

Hydration time 29.09 0 .0 0 0

Phospholipid conc. 141.50 0 .0 0 0

Annealing time 1.58 0.207

Table 4.8 Multivariate analysis o f variance o f the factors affecting the
production o f MLVs in terms o f their size and size distribution (span)

Table 4.9 shows the xmivariate analysis of the factors, this analysis considers how the 

factors affect the span and mean size of liposomes (dependent variables) individually. 

In this analysis it was shown that the water volume added to the phospholipid film, pre- 

and post-annealing agitation stages and the initial phospholipid concentration affected 

both the span and mean size of MLVs. The evaporating vacuum pressure factor was 

significant in only affecting the mean size of the MLVs and the hydration time factor 

was significant in only affecting the span of MLVs. The annealing time factor was 

shown in the analysis to be not significant either span or size of the MLVs.
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Factor Size
F ratio Sig. of F

Span
F ratio Sig. of F

Water 10.13 0 .0 0 2 16.44 0 .0 0 0

Evaporating
vacuum

10.64 0 .0 0 1 1.51 0 .2 2 0

Pre-annealing 201.72 0 .0 0 0 24.23 0 .0 0 0

Post
annealing

269.46 0 .0 0 0 22.094 0 .0 0 0

Hydration
time

1.67 0.197 56.12 0 .0 0 0

Phospholipid
conc.

265.81 0 .0 0 0 21.74 0 .0 0 0

Annealing
time

0.73 0.393 2.51 0.114

Table 4.9 Univariate analysis o f variance o f the factors affecting the individual 
size and span

4.6.1. Deviation Contrasts for M ultivariate and Univariate factors

The F ratio depicts whether there is a factor or interaction effect, but it does not 

pinpoint the amount by which the factors are different. One way to examine factor level 

differences is to construct linear contrast of their means, e.g. comparing the average of 

each factor level to the grand mean, known as deviation contrasts (Table 4.10).

To assess which factors have the greatest affect on the size and span of MLVs is shown 

in Table 4.10. Where the deviation contrasts are calculated, a value close to 1 indicates 

that the total variability is attributable to differences between the groups (i.e. the factor 

affects the size and spans of the MLVs), while a value close to 0 indicates that the 

groining variable explains little of the total variability (any difference observed on the 

size and span of the MLVs is due to chance and experimental error). Therefore in 

descending order the factors affecting the multivariate production of MLVs are post

annealing agitation, phospholipid concentration, pre-annealing agitation, hydration time 

and water volume (the evaporating vacuum and annealing were not significant in the F 

test).
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Factor Multivariate
Effect

Variability

Water volume 0.068 6 .8

Evaporating Vacuum 0.031 3.1

Pre-annealing agitation 0.372 37.1

Post-annealing agitation 0.433 43.3

Hydration time 0.134 13.4

Phospholipid conc. 0.430 43.0

Annealing time 0.008 0 .8

Table 4.10 Deviation contrast (multivariate effect) for factors assessing factor level 
differences on the total response and variability associated by 
grouping variable.

Factor eta square

Size Span

Water volume 0.026 0.042

Evaporating vacuum 0.027 0.004

Pre-annealing 0.350 0.061

Post-annealing 0.417 0.056

Hydration time 0.004 0.130

Phospholipid conc. 0.414 0.055

Annealing time 0 .0 0 2 0.007

Table 4.11 Deviation contrast (eta squared) for factors assessing effect on individual
dependent variables.

In a one-way analysis of variance design, the eta-squared statistic (for univariate 

analysis) is used to describe the proportion of the total variability “explained” by the 

grouping or factor variable. Again a value close to 1 shows that all of the total variability
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is attributable to differences between the groups, while a value close to 0  shows that the 

grouping variable explains little of the total variability. An eta squared is sometimes 

called an effect-size measure. For a factorial design, the partial eta-squared statistic is 

used as an effect-size measure. The numerator is the same as the eta-squared statistic, i.e. 

the sum of squares for the effect of interest, but instead of the total sum of squares in the 

denominator, it has the sum of the sum of squares for error and the sum of squares for 

the effect of interest. The eta squared deviation contrast for the individual effects were 

for the factors affecting mean size of MLVs (Table 4.11) in descending order are post

annealing agitation, phospholipid concentration, pre-annealing agitation, evaporating 

vacuum and water volume. The eta squared deviation contrast for the factors affecting 

the span of MLVs were the hydration time, pre-annealing agitation, post-annealing 

agitation, phospholipid concentration, and water volume.

4.6.2 Observed Means for Size and Span Variables Depending on Factor and its

Level

The observed means for mean size (Table 4.12) and mean span (Table 4.13) are

shown

Factor Observed size means (pm)

Low level High level

Annealing time 7.40 7.49

Phospholipid conc. 6.28 8.83

Hydration time 7.57 7.34

Post-annealing agitation 8 .8 8 6.27

Pre-annealing agitation 8.67 6.40

Evaporating vacuum 7.72 7.18

Water volume 7.72 7.19

Table 4.12 Observed means fo r the size o f MLVs depending on factor and its level
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To conclude the level of the factors that would give an optimum combination to produce 

MLVs of reproducible small (relative) size and uniform distribution, a consideration of 

the F ratio, deviation contrasts and observed means for the effects was made. Table 4.12 

shows the observed means for size of MLVs; it is noted that the significant level of the 

factors producing a small mean MLV size (within the bounds of these experimental 

parameters) are:-

Post-annealing agitation 15 min

Phospholipid concentration 10 mg/ml 

Pre-annealing agitation 15 min

Evaporating vacuum 760 mmHg

Water added 6  ml

Factor Observed span means

Low level High level

Annealing time 1.75 1.80

Phospholipid conc. 1.71 1.84

Hydration time 1.67 1 .88

Post-annealing 1.84 1.71

Pre-annealing 1.84 1.70

Evaporating vacuum 1.79 1.76

Water volume 1.72 1.83

Table 4.13 Observed means for the span o f MLVs depending on factor and its level

Table 4.13 shows the observed means for span of MLVs. The significant level of the 

factors producing a small mean MLV size (within the bounds of these experimental 

parameters) are:-
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Hydration time 5 min

Post-annealing agitation 15 min

Phospholipid concentration 10 mg/ml 

Pre-annealing agitation 15 min

Water added 6  ml

4.6.3 Interaction between factors affecting the mean size and span of liposomes

The advantage of a factorial design is the establishment of any interaction present 

between the factors. Table 4.14 shows the significant two-way interactions between 

factors.

Factors Multivariate F Univariate F

size span

Post-annealing
*water

9.16 NS 10.94

Post-annealing
*pre-annealing

19.10 21.38 NS

Hydration*water 8.44 NS 11.25

Hydration*
post-annealing

4.95 NS 4.39

Conc. * 
pre-annealing

5.79 8.67 NS

Conc * 
post-annealing

28.17 6.09 28.38

Conc * hydration 17.26 6.58 13.39

Table 4.14 Significant two-way interactions forfactors analysed by multivariate and
univariate analysis o f variance (* indicates an interaction between 
factors, Not significant^ NS to 95% Confidence Limits)

With the knowledge gained from the above analysis of variance, deviation contrasts and 

observed means, it may be deduced that increasing the post-annealing agitation time 

reduces the increased size distribution (span) caused by increasing the volume of water
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added to the phospholipid film and a long hydration time. While increasing both pre- and 

post-annealing agitation additively reduces the mean size of MLVs. There is an 

interaction between the amount of water added and the length of hydration time, both 

of which increase the size distribution of MLVs. Increasing the pre- and post-annealing 

time reduces the increase in size of MLVs due to the increased concentration, while the 

post-annealing agitation also reduces the increased span effect. Increasing the 

concentration and hydration time produces an increase in both the span and mean size 

of MLVs.

4.7 Conclusion

The results shown in section 4.6 indicate that the post-annealing agitation, 

phospholipid concentration, pre-annealing agitation, hydration time and water added to 

the film are aU significant in affecting both the mean size and span of MLVs. Although 

Table 4.12 and 4.13 show that the differences between the factors are relatively small 

this was the reason that a large amount of experimentation and statistical analysis was 

employed to investigate the underlying trends. Although factorial designs have been used 

to investigate the parameters that affect pharmaceutical processes (McCallion and Po, 

1995). Their use to investigate factors affecting the size of MLVs by factorial design is 

unique. The trends observed during the factorial investigation of the parameters affecting 

the MLV size distribution would have a direct relation to the mechanism by which the 

liposomes are formed. An understanding of how the MLVs form may explain why these 

factors have this effect. It was proposed (Lasic, 1988) that the hydration of the 

phospholipid film involves swelling of the film forming tubules which on agitation break 

off. Increasing the phospholipid concentration would increase the film thickness so the 

tubules which would presumably be thicker and so give a greater size of MLVs. The 

agitation stage would decrease the size of the MLVs due to the shearing the tubules, 

however the post-annealing stage is more significant, suggesting that this stage 

completes the transformation of the tubules to MLV formation. This suggests that the 

post-annealing agitation stage should be a prerequisite to the formation of MLVs of 

reproducible size distribution, however, this stage is not always included in the
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liposomal production process. Increasing the hydration time increases the size 

distribution of MLVs, which is interesting in that this factor was not significant in 

affecting the median size of MLVs (Table 4.9). This latter case suggests that increasing 

the hydration time increases the swelling of the phospholipid film, but these tubules are 

not equal in size as indicated by the increase in the MLV size distribution (span) and the 

median size which remains statistically unchanged. From this analysis it suggests that 

allowing the phospholipid film to hydrate for this period of time produces a 

heterogeneous size population of MLVs, this is in comparison to the film being allotted 

to no hydration time produces a more homogeneous distribution. If the production 

process of MLVs involved no hydration time, with the agitation step being an immediate 

step after water was added to the phospholipid film a more homogeneous distribution 

of MLVs would occur in comparison to that with this stage, although it is not yet clear 

how this would affect the encapsulation of drugs.

To conclude, factors affecting the production of MLVs may be rationalised by 

understanding of the mechanism of MLV formation, although some of the factors 

produced changes in MLV size that were not greatly different, it was interesting to 

observe the factors that were statistiscally different and relate the effect of these to the 

postulated formation of MLVs by Lasic, 1988. Thereby supporting his hypothesis with 

experimental significant data.
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CHAPTER 5

ENTRAPMENT OF CARBOXYFLUORESCEIN IN

LIPOSOMES
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5.1 Introduction

The economic production of liposomal drug delivery systems requires 

maximization of the liposomal drug loading capacity. To optimize drug entrapment, it 

would be an advantage to discover at which stage during liposome manufacture most of 

a drug becomes incorporated into the liposomal system. It has been shown that 

encapsulation within liposomes is dependent on the type of drug encapsulated and its 

partition coefficient (Washington, 1989; Margalit et al, 1991). The efflux from 

liposomes is also dependent upon the bilayer composition and the method of preparation 

(Deamer and Uster, 1983; Taylor et al, 1990a). However, what is not currently known 

is Wiether the encapsulation of a model drug would alter if added at different stages of 

MLV manufacture.

The objective of this chapter was to establish at which stage during MLV formation an 

aqueous marker becomes entrapped within the liposome system, to what extent and 

establish a correlation (if any) between the fluorescence of entrapped solute and the 

presence of liposomal structural intermediates. The model aqueous marker, 5-(6) 

carboxyfluorescein (CF) was used for this purpose, as this molecule has been used 

previously to study drug entrapment and release. For example, the amount of dye 

released from CF loaded SUVs in the interaction of lymphocytes and frog retina was 

analysed by measuring the increase in fluorescence as free CF was released (Weinstein 

et al, 1977). The release of CF from hposomes has also been investigated when they are 

mixed with blood components in vitro (Lelkes and Tandeter, 1982). Another study 

investigated the CF leakage from unilamellar vesicles in vitro and the corresponding 

pulmonary absorption in vivo (Woolfrey et al, 1988). Carboxyfluorescein was also used 

to study the mechanism of drug release from liposomes using fractional dialysis 

(Henriksen et al, 1995). All of these studies have concentrated on the release of CF from 

unilamellar vesicles. This study investigates the amount of CF encapsulated in 

multilamellar vesicles based on the optimized process developed from chapter four and 

is intended to identify the stage at which CF should be added to achieve the greatest 

entrapment.
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5.2 The theory of fluorescence

The phenomenon of fluorescence generally involves the absorption by a molecule 

of visible or UV radiation resulting in excitation of the outer electrons of a fluorophore 

(fluorescent molecule) to a higher energy state which, on returning to the ground state, 

emit radiation (fluorescence) with a wavelength longer than that which was originally 

absorbed. At the molecular level, most organic molecules have an even number of 

electrons with all electrons paired (according to the Pauli exclusion principle). Within 

each pair, the opposing electron spins cancel, and the molecule has no net electronic 

spin. Such an electronic structure is called a singlet state. When a ground state singlet 

(So) absorbs a photon of sufficient energy (visible or UV radiation), it is converted to the 

first excited singlet state (S,) or some higher singlet level. The process is a vertical 

transition; that is, the electronic excitation is so fast that the excited state has the same 

geometry of bond distances and bond angles as the ground state (Figure 5.1). However, 

in practice molecules have many bonds and the resulting pattern of energy levels is 

multidimensional and complex (Streitwieser et al, 1992).

vibrational
relaxation

internal conversion
vibrational intersystem crossing 
relaxation

absorption

S.
fluorescence

phosphorescencer

S,
vibrational relaxation

Figure 5.1 Schematic diagram o f the electronic transitions that may occur when a 
molecule absorbs a photon o f energy (Streitwieser et al, 1992)
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The first formed excited state Si will have a local excess of energy at the light-absorbing 

group. Since the time required to execute a vibration (10'*'* to 10 *̂ s) is much shorter 

than the decay or mean lifetime (10'^ s) for the fluorescent state, the S% generally 

redistributes its extra vibrational energy to other bonds in the molecule and falls to an 

excited vibrational level of this state (internal vibrational redistribution). In the next step, 

this vibrationally and electronically excited state gives up more energy in collisions with 

solvent and relaxes to the lowest vibrational level of the lowest excited state. So 

(vibrational relaxation), i.e. most of the excess vibrational energy dissipates to the 

surroundings as heat, and the excited molecules decay to their ground vibrational levels. 

However, the Si state can lose its energy in other ways: emission of fluorescence, 

chemical reaction (photochemistry), radiation-less intersystem crossing to a triplet state 

and energy transfer to another molecule.

The emission of fluorescence occurs Wiere a molecule in the Si state emits a photon and 

undergoes an electronic transition to the ground state. Because the excited state has lost 

energy by vibrational relaxation before fluorescence occurs, the fluorescence photon has 

less energy than the exciting photon and light of a longer wavelength than the light 

required for the original excitation is emitted. Si can also undergo internal conversion 

to an excited vibrational level of the ground state of a different compound, an isomer 

wfiose lowest vibrational level of Sq corresponds to a different geometry than that of the 

starting material. Alternatively Si can react on collision with another molecule. In either 

case, a photochemical reaction has occurred.

The Si state can undergo intersystem crossing to the triplet state, Ti in which one 

electron spin has been changed so that the molecule has two electrons that cannot pair, 

i.e. the state is paramagnetic. The lowest triplet state is usually of higher energy than the 

ground state. Electrons with the same spin tend to stay apart because of the Pauli 

principle. As a result the electrostatic energy of electronic repulsion is less than in 

comparable singlet states. Triplet states are fairly long-lived, with lifetimes of greater 

than 10  ̂ s and in some cases up to a second or even several seconds. One reason for
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such lifetimes is that conversion to So again requires switching an electronic spin. The 

rate at which intersystem crossing takes place depends in large part on the energy 

difference between the two states. The energy difference between Si and Ti is generally 

much less than between Ti and S q; hence the latter intersystem crossing is much less 

probable. Triplet states themselves have ways for shedding their excess energy. Ti can 

rearrange to the T, of an isomeric molecule or undergo intersystem crossing to the Sq of 

an isomer. Either process results in a photochemical isomerization. Alternatively Ti can 

react on coUision with another molecule in a photochemical reaction characteristic of a 

diradical. Ti can also transfer its electronic spin to another molecule and become 

converted to S q. This process is called triplet energy transfer,

Ti + So'- So+Ti'

Phosphorescence offers a different path for the return of an excited molecule to the 

ground state with the emission of light. Phosphorescence can be readily distinguished 

from fluorescence by two characteristics. First, phosphorescence has a much longer 

delay period than fluorescence (about lO'^s to several seconds). Second, a molecule in 

the phosphorescent state is paramagnetic containing two unpaired electrons; that is, it is 

in a triplet state. After the excitation of an electron to Si, a process called radiationless 

transition follows in which the electron flips its spin and drops from Si to Ti, the lowest 

triplet level, without the emission of light. In the end, a radiative transition involves a 

change in spin multiplicity (from triplet to singlet) which has a low probability and 

accounts for the long lifetimes observed. Because the excited state (T J is easily 

deactivated by collision, phosphorescence, unlike fluorescence cannot be studied in a 

liquid phase. The most convenient state for studying phosphorescence is in a frozen glass 

at or below the liquid nitrogen temperature (77 K).

5.2.1 Rayleigh and Raman scattering of light

Fluorescence and phosphorescence are not the only radiation that may be emitted 

from a molecule (Udenfriend, 1962). Light incapable of producing an excited electronic
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state can be absorbed by the molecule leading to a higher vibrational energy level. The 

energy is entirely conserved and a photon of the same energy is re-emitted within 10 ‘̂ ŝ, 

while the electron returns to its original state. Light emitted in such a manner is termed 

Rayleigh scattering and occurs at all wavelengths and its intensity varies inversely with 

the fourth power of the wavelength. This type of light scattering is nonspecific and the 

vibrational excitation leading to this phenomenon influences a large proportion of the 

molecules compared to the electronic excitation which produces relatively few excited 

molecules. Rayleigh light scattering may become a problem when the absorption and 

fluorescence spectra of a substance are close together and when the intensity of 

fluorescence is low compared to that of the exciting light.

The Raman effect is another form of light scattering which is similar to the Rayleigh 

effect, i.e. an electron absorbs a photon of energy producing vibrational excitation. This 

vibrational excitation may be added to or subtracted to this photon depending on the 

characteristic frequency of the electronic state. When re-emission occurs (within 10'̂  ̂

s), the electron may contain more (+) or less (-) energy. The energy difference is 

characteristic of a given molecular structure and is independent of the energy of the 

exciting light. In fluorescence spectrometers the Raman scatter appears at a lower 

frequency (higher wavelength) than does the exciting light. The Raman bands appear as 

satellites of the Rayleigh scatter peak (i.e. increasing the pattern of emission spectra), 

having a constant frequency difference from the exciting light. In liquids the Raman 

bands are much fainter than the Rayleigh scatter peak, but become significant in 

fluorescence studies when high intensity exciting sources are used. Raman bands are a 

concern in fluorescence studies because they can occur near a wavelength coinciding 

with the fluorescence emission band of a given compound. Thus optimisation of the 

fluorescence system must occur before any analytical investigation occurs.

5.3 Carboxyfluorescein as an aqueous marker for liposomes

CF has previously been used as an aqueous marker in liposomes mainly for 

estimating its release from the hposome formulations in vivo and in vitro. There is some
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confusion regarding the exact structure of CF. It was originally marketed as 6 -CF 

(Kodak catalog No 49), but then renamed 4(5)-CF (Kodak catalog No. 50) when it was 

realized that the preparation was in fact a mixture of two isomers (Ralston et al, 1981). 

The name has been resolved as 5(6)-CF, in Chemical Abstracts. The 6 -isomer of the 

closed lactone form is listed as 3',6'-dihydroxy-3-oxo-spiro(iso-benzofuran-l(3H),9'- 

(9H)xanthen)-6-carboxylic acid (registry number [3301-79-9]).

H\

C O i H

Figure 5.2 Molecular structure o f 5(6)-CF indicating isomerism (Kodak)

The property of CF that is measured is fluorescence, which is proportional to the number 

of dye molecules (concentration) present. However, at high concentrations (>10 mM), 

CF self-quenches reducing the intensity of the fluorescence compared to the relative CF 

concentration, this phenomena is believed to be caused by intermolecular interactions 

(Weinstein et al, 1977). The self-quenching ability of CF provides the advantage of 

permitting a direct assay of the released marker in the bulk solution without prior 

separation fi-om the liposomes, as the CF within entrapped liposomes is at the self- 

quenching concentration enabling the background fi*ee CF concentration to be measured. 

Disruption of the Hposomes, releases entr^yped CF and the increase in CF concentration 

can be measured. CF has also been used to establish efflux rates fi’om entrapped 

liposomes previously isolated fi*om the fi-ee CF (Lamson et al, 1994; Henriksen et al.
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1995)

CF is used in preference to fluorescein since it is less lipophilic, more water soluble and 

diffuses out of vesicles more slowly (Weinstein et al, 1977). For this study, the efflux 

of CF was not the phenomenon of interest, but rather the amount that could be 

liposomally entrapped. The efflux of CF was however an issue of concern, as a rapid 

efQux would lead to difhculties in accurately calculating the amount of CF encapsulated. 

The pH of the CF environment is an important factor to consider as the rate of efflux 

from liposomes has been shown to correlate with the ionic status of the molecule 

(Thomas et al, 1979), i.e. the anionic form of the CF molecule diffuses more slowly than 

fluorescein and the former is coupled to the sodium counterion movement (Bramhall et 

al, 1987). For this reason the efflux of CF will depend on the pH of its environment and 

in situations at low pH where the CF molecule is protonated assuming an electrically 

neutral configuration there is a possiblity of neutral dye permeation across the lipid 

hi layer becoming probable. However, it was shown by Bramhall et al (1987) that the 

actual percentage of neutral dye molecules was too small for this type of efflux to be 

significant. Thus, the greatest efflux of CF would occur when CF was ionized and 

regulated by the counterion effect. To reduce the efflux of CF a low pH would be 

optimum on this basis, however, for CF the greatest fluorescence intensity is observed 

at neutral or alkaline pH. The fluorescence intensity progressively decreases until at low 

pH (<3), the solution is nonfluorescent (Bramhall et al, 1987). For both fluorescein and 

5(6)-CF, the midpoint of the titration curve occurrs at approximately pH 6.3, which 

corresponds to the pK  ̂for the dissociable phenolic hydroxyl group on the xanthoyl ring 

system (Figure 5.3).The decrease in fluorescence intensity at low pH is partly 

attributable to the decrease in the fluorescence quantum yield which occurs upon 

protonation of the hydroxyl group. There are also changes in the light absorption 

properties of the molecules (Thomas et al, 1979).

The addition of the carboxyl group at the 5(6) position does not affect the dissociation 

of the phenohc groiq), however there is a dramatic reduction in solubility in octanol and
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phospholipid caused by the addition of a carboxylate moiety to fluorescein (Bramhall 

et al, 1987). The latter may explain why 5(6) CF can be retained within sealed vesicles, 

whereas rapid release was observed from vesicles with the unsubstituted fluorescein 

(Bramhall et al, 1987).

Na^  0 “

5

pH 6.3

HO

5

O Na

Figure 5.3 Dissociation states o f the phenolic hydroxy group attached to fluorescein
(Bramhall et al, 1987)
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There are two parameters which may be used to describe the amount of encapsulated CF 

within aqueous compartments of MLVs i.e. the internal volume and the encapsulation 

efficiency (Weiner et al, 1989). The internal volume is usually expressed entrapped 

aqueous volume per unit quantity of lipid (pl/pmol or pl/mg) and the encapsulation 

efficiency describes the percentage of aqueous phase (and hence aqueous drug, assuming 

there are no partitioning gradients) that becomes entrapped (expressed as % 

entrapment/mg lipid). The percentage of CF that can be entrapped will depend on the 

liposome type, concentration and method of liposome manufacture. Typical values for 

drug encapsulation of aqueous drugs are shown in Table 5.1.

Liposome type Internal volume 
pl/pmol lipid

Entrapment Efficiency 
% entrapped/mg lipid

SUV <0.5 <1

MLV >4 5 -1 5

REV > 1 0 35-65

Table 5.1 Typical values o f internal volume and encapsulation efficiency 
for different liposomal types (Weiner et al, 1989)

These values are high compared to the values proposed by Henriksen et al (1995) where 

typical values for total CF encapsulation were 13 % with 20 mM CF loading and a value 

of 9.7 % CF encapsulation for 100 mM CF loading both with a phospholipid 

concentration of 50 mg/ml for MLVs (manufactured by the freeze and thaw method). 

It should be noted that the values presented by Weiner et al (1989) show a general 

summary of enc^sulation values based on adding other materials such as charged lipids 

whereas Henrikson et al (1995) studied egg PC as the only bilayer constituent to the 

liposomes. Egg PC liposomes were utilized to assess drug release kinetics of CF by 

Henrikson et al (1995) rather than for optimising drug encapsulation per se.

The objective for this study was to add CF at different stages of MLV production and 

establish the encapsulation at each different stage. As the whole of this thesis
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concentrated only on simple constituents to establish mechanisms of liposome formation, 

a simple range of constituents were chosen for the study of encapsulation. The choice 

of marker was an aqueous one as encapsulation is usually low in MLVs (Henrikson et 

al, 1995) and there was a perceived need to increase this type encapsulation. A Triz 

buffer was used throughout the experimentation to maintain a pH 7.4 this was chosen 

to maintain optimum fluorescence for CF (Bramhall et al, 1987). DPPC was used as the 

phospholipid component of the liposomes as its relatively high main bilayer transition 

temperature prevented very r^ id  leakage of CF from the vesicles (Bramhall et al, 1987).

5.4 Materials and Methods

5.4.1 Materials

' Trisma hydrochloride (Sigma, UK)

Sodium chloride (General grade, BDH, UK)

Sephadex 050 beads (medium grade. Sigma, UK) (Dry bead diameter 50-150pm) 

5,6-carboxyfluorescein (5,6 CF, 99 % purity. Sigma, UK) 

Dipalmitoylphosphotidylcholine (DPPC, 99% purity. Sigma, UK)

Chloroform (AnalaR grade, BDH)

Propan-2-ol (AnalaR grade, BDH)

Sodium hydroxide (IM  AnalaR grade, BDH)

Water (deionised; Elgastat UHQ)

5.4.2 The Operation and Calibration of the Fluorescence Spectrometer

Fluorescence was measured using a fluorescence spectrometer (Perkin-Elmer, 

PE-3000). Samples were placed in plastic (optical methacrylate) cuvettes. The 

dimensions of the cuvettes were 45 x 12.5 mm and the path length was 10 mm. The 

fluorescence spectrometer could either measure the fluorescence of luminescent samples 

over the wavelength range of the instrument (or part of that range) or at preselected 

points within the range. Briefly, it consisted of an optical and electronic system. The 

optical system comprises two reflection grating monochromators (excitation and 

emission) and sample and reference photomultiplier detectors. The detectors’ outputs are
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processed by ratio-recording electronics to produce an output that is proportional to the 

level of emission from the sample. The source for the optical system is a special xenon 

flash tube; each flash is of high intensity and short duration and provides a continuum 

of energy over the spectral range of interest.

The stepper motors that move the excitation and emission monochromator gratings are 

controlled by the microprocessor so that the monochromators can be scanned over their 

ranges independently or synchronously, or driven to selected points in their ranges. The 

other controllable components in the optical system are the slits; the pairs for each 

monochromator (slits 1 and 2 ) can be changed independently, there being four available 

sht widths for each pair (0.5, 1, 2.5 and 5nm). The monochromators wavelength ranges 

are: excitation 230 to 720 nm; emission 250 to 800 nm.

To calibrate the Fluorescence Spectrometer a O.OlmM CF solution in buffer was 

prepared. This value was chosen from literature values and is a concentration of CF 

which produces fluorescence without any self-quenching of the molecule, and the 

fluorescence intensity is linearly correlated with concentration (New, 1990c). A cuvette 

was filled with the 0.01 mM CF solution and placed within the fluorimeter. The chart 

recorder (Servoscribe) connected to the fluorimeter was set to a zero position in which 

there was no deviation from this value by ± 5 divisions achieving a stable base line. The 

sensitivity was set to lOmV and the chart speed to 30mm/min. The fluorescence 

spectrometer was set to the scan mode for excitation and emission monochromators, with 

the wavelength scanned between 400 and 550 nm at 60 nm/min for both 

monochromators. The CF solution within the cuvette produced a maximum fluorescence 

intensity assessed from the chart recorder’s profile at Àex488 nm for excitation and 

514 nm for emission monochromators. The scans were repeated for the buffer and 

propan-2 -ol and there was no significant fluorescence measured for the optimum 

wavelengths of Àex488 nm and 514 nm. For the experiments, both excitation and 

emission fluorescence readings were measured, but only the emission readings were 

correlated to the concentration of the CF. This was to prevent erroneous readings from
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the excitation spectrum (the excitation spectrum may contain erroneous readings from 

such effects as Raman and Rayleigh light scattering (section 5.2.1)). The excitation 

spectrum determines the best wavelength for raising the sample to an activated state and 

is controlled by both the absorbance of the compound and the intensity of the radiant 

energy, while the emission spectrum is characteristic of the light emitted when the 

activated state returns to the ground level (White and Argauer, 1970). The excitation 

spectrum has been reported to be dependent on the type of vesicle, i.e. LUV were excited 

at 430 nm and SUV excited at 493 nm (Wilschut et al, 1980), therefore it was necessary 

to establish the maximum readings for fluorescence at the optimum wavelength.

5.4.3 Method for the Preparation of the Trizma Buffer and Sephadex Gel

Filtration Column

A Trizma buffered saline was prepared containing 10 mM Trizma and 140 mM 

sodium chloride at a pH 7.4 (adjusted by adding IM NaOH). The buffered saline was 

added to the Sephadex-G50 beads at a ratio of 1:4 and left overnight to swell and 

equihbrate. The swollen Sephadex was poured into a burette (100 ml), with additional 

buffer added to ensure that the surface of the column remained wetted. The resulting 

Sephadex column measured a height of 90 ml, with 3 ml of buffer above the swollen 

Sephadex beads.

5.4.4 Standard Method to Prepare Liposomes

The liposomes manufactured for the fluorescence studies were prepared 

according to the optimised method derived from section 4.6, with the exception that the 

phospholipid was changed from egg PC to DPPC. The reason for this change of 

phospholipid was that with egg PC would be in a 'fluid’ liquid crystalline phase i.e. 

above its main bilayer transition temperature for the duration of the experiments. This 

would be a disadvantage for measuring entrapment of CF as the release of any entrapped 

liposomal fluorescence increases above the transition temperature of the phospholipid 

(P^ahadjopoulos et al, 1973). The length of time above this temperature was minimized 

by using DPPC which has its main bilayer transition temperature at 41 °C.
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5.4.5 Establishing the Loading Concentration for the Liposomes

Six ml of 0.1 mM CF in Trizma buffer was added to the DPPC film at the 

hydration stage as the bulk aqueous phase (temperature of the water bath was 55 °) and 

the standard method of manufacture (section 5.4.4) was followed. After manufacture, 

the liposomes were eluted on the Sephadex column with 300 ml buffer which separated 

the hposomal phase, which appeared as a cloudy, pale yellow colour from the brilliant 

yellow-green coloured external phase. The liposomes were separated passing through 

in the void volume of the column, while the bulk solution was absorbed onto the beads 

and eventually eluted at a later stage than the liposome phase. Therefore, the liposome 

component eluted from the column prior to the bulk CF solution (Figure 5.4). The size 

of the Sephadex beads chosen (Sephadex G-50 had been shown to be suitable to 

separating free and liposome associated CF (New, 1990c). The elution volumes were 

analysed for fluorescence, with each 0.1  ml of each minute fraction combined with 0.1  

ml propan-2-ol (Uchegbu, 1994) and made up to 3 ml with buffer. The propopan-2-ol 

is used to disnqjt the hposomal bilayers and allow the release of CF. Propan2-ol (0.1 ml) 

and buffer (up to 3 ml) alone were mixed in a cuvette and examined for fluorescence 

over the wavelength range for CF to visualise any significant readings at these 

wavelengths. There was no such significant readings at the range at which CF emits 

fluorescence. The fluorimeter was operated in the magnified mode of seven for the 

liposomal readings (x 7 sensitivity) and at unity for the external phase (x 1 sensitivity).

Figure 5.4 shows the elution profile for the experiment investigating the entrapment of 

CF added to the hydration stage during liposome preparation, the liposomal 

measurements (after propan-2-ol was added to release CF) are the first peak (magnified 

seven times) and this is followed by the large subsequent peak which corresponds to the 

fluorescent readings for the external phase.
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Figure 5.4 Elution profile fo r  CF containing DPPC ML Vs. The liposomal phase is
represented by the first peak and external phase represented by the 
second higher peak.

5.4.6 Calibration Curve for CF Measuring Fluorescence Versus Concentration

CF solutions were prepared in buffer with a concentration range of 0.1 pM to 0.5 

pM as standards for the calibration curves. A cuvette of propan-2-ol (0.1 ml) and buffer 

(up to 3 ml) was placed in the fluorescence spectrometer as a blank sample and the 

intensity of the fluorescence set to zero, before measurements of the calibration sample 

measured. The range of CF concentrations were measured for their fluorescence in the 

fluorimeter at a wavelength of 488 nm for excitation and 514 nm for emission (Figure

5.5). From this figure it was established that the range of CF concentrations that could
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be measured by linear correlation to fluorescence using this particular fluorimeter was 

in the range of 0.1 pM to 0.5 pM CF.
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Figure 5.5 Calibration curve for measuring fluoresence versus concentration o f 
carboxyfluorescein (n = 3,±SD; r2=0.9947)

5.4.7 Preparation of Multilamellar Liposomes with Entrapped CF

From the elution profile (section 5.4.5) and calibration curve (section 5.4.6) it 

was established that an aqueous phase loading concentration 0.1 mM CF, produced 

liposome preparations Wiose fluorescence was on the linear part of the calibration curve 

(section 5.4.6). Six ml of a 10 mg/ml solution of DPPC in chloroform was placed in a 

pear shaped flask (this type of flask was chosen to increase the contact of the 

phospholipid film with CF/buffered saline). The chloroform was slowly removed using 

a rotary e v ^ ra to r  (Rotavapor R110, Orme Scientific Ltd.) (speed 1 until almost all of 

the solvent was removed then increased to speed 8 ) at 55°C, such that a thin film of dry 

lipid was deposited on the inner wall of the flask using a vacuum pressure of 760 mmHg.
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The flask was flushed with nitrogen gas for 1 min. For experiment A, a 6 ml solution of 

CF in Tris buffer (0.1 mM) was added to the phospholipid film and the latter left to 

hydrate in a water bath at 55 °C for 30 min (hydration stage). After this, the flask was 

agitated for 5 min in a mechanical flask shaker (pre- annealing stage) and then annealed 

for 15 min at 55 °C (annealing stage). The preparation within the flask was then agitated 

for 5 min in the mechanical flask shaker (post-annealing stage).

For experiments (B), (C) and (D), separate aliquots of 5.4 ml of Triz buffer were used 

as the aqueous phase to hydrate the DPPC film with the CF being added as 0.6 ml 

aliquots of a 1 mM CF solution before the respective pre-annealing (B) and after the 

annealing stage (C). All these latter experiments were completed as for experiment (A) 

(summarised in Figure 5.6). The experiments were repeated at a 10 fold higher 

concentration, i.e. for the bulk CF solution of 1 mM for experiment A and 10 mM for 

the concentrated CF of experiments (B) and (C) and after the post-annealing stage (D). 

A schematic diagram showing the different stages of adding CF to the liposome 

preparation is shown in Figure 5.6

Phospholipid film

I
Hydration with water E xp erim en t A : C F  a d ded

as bulk so lu tion

I
Pre-annealing agitation E xp erim en t B: C F  added

as a sm a ll a liquo t

I
A nnealirtg 4— ExpertmenI C: C F  added

as a sm a ll a liquo t

I
Post-annealing a g ita tio n ^ ^  E xp erim en t D : C F  a d ded

as a sm a ll a liq u o t

Figure 5.6 Schematic diagram o f  the CF encapsulation experimental design
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5.4.8 Optimisation of the elution process and measurement of fluorescence from

CF-entrapped liposomes from ajSephadex loaded column

Before loading the column with the sample, the amount of buffer eluted in one 

minute from the column was measured. This calibrates and correlates the time of elution 

of the sample with the volume of sample eluted. The sample was loaded as described in 

section 5.4.5. and one minute fractions collected. One ml fractions of the liposomal 

phase were mixed with one ml fractions of propan-2-ol made up to 4 ml with buffer. For 

the external phase, 0.1 ml of the sample was mixed with 0.1 ml of propan-2 -ol and made 

up to 4 ml with buffer within the cuvette. For a higher loading concentration of CF of 

1 mM, 0.1 ml of the liposomal phase was mixed with 0.1ml of propan-2-ol and diluted 

to 4 ml with buffer within the cuvette. Whilst 0.1 ml of the external phase was mixed 

with 0.1 ml of propan-2-ol and diluted to 4 ml with buffer. This solution was diluted 

further, 0.1 ml of this latter solution was diluted to 4 ml with buffer. These dilutions 

were necessary for the fluorescence to be directly correlated with the concentration of 

CF entrapped, using the linear part of the calibration curve. The amount of propan-2-ol 

is different in these samples and the corresponding blanks were correlated to these 

different amounts.

5.4.9 Particle Size Analysis of CF Containing Liposomes

DPPC hposomal suspensions (10 mg/ml) containing either O.lmM or ImM CF 

were pipetted into the cell of the Malvern 2600c lazer diffraction sizer (Malvern Ltd, 

UK) operated in the particle in liquid mode (63 mm lens), the method of analysis was 

as described in section 4.4.3. The sample cell (PSl) was stirred with a magnetic stirrer 

bead throughout all measurements. The liposomal samples were pipetted into the cell 

which was filled with dispersant (deionised water), the latter was used for the 

background reading. The sample equihbriated for one minute before readings were taken 

with the obscuration value at an optimized level.
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5.5 Results and Discussion

5.5.1 Experiments Examining the Effect of Adding Carboxyfluoresecein at 

Different Stages of Liposome M anufacture

The objective of these experiments was to establish whether there was any 

difference between adding the CF at different stages of manufacture. The effect of 

adding CF at the three stages was measured initially by calculating the percentage of CF 

entrapped for a loading concentration of 0.1 mM CF. The settings on the fluorimeter 

were varied until results that did not exceed the limit of fluorescence were achieved, i.e. 

slit width of 2.5 and x 1 sensitivity.

The traditional method of incorporating an aqueous marker in MLVs was represented 

by experiment A, in Wiich the CF was added to the DPPC film as a bulk aqueous phase 

at the start of the hydration stage. The total encapsulation for this stage was 5.4% shown 

in Table 5.2 i.e. this represents the percentage of the amount of CF that was entrapped. 

This figure is lower than that achieved by Henrikson et al, (1995), but the latter (9.7 

%CF entrapped, section 5.3) consisted of five freeze-thaw cycles which may have 

increased the encapsulation and also used a higher phospholipid content of 50 mg/ml 

which would have increased the absolute amount of CF encapsulated. Adding the CF as 

a small aliquot just prior to the pre-annealing agitation stage showed the greatest 

entrapped CF of 7.7% (p<0.01) (Experiment B). The least entrapped CF of 2.0% 

(p<0.001) was observed with adding the CF as an aliquot just prior to the post-annealing 

agitation stage (Experiment C). Where P equals the probability that the increase in 

encapsulation was due to chance.

Addition of CF at a higher loading concentration of 1 mM at the different stages (A),

(B), (C), and an additional control stage (D) showed a similar trend with (A), (B) and

(C) for 0.1 mM CF concentration (Table 5.2). Experiment B showed an increased 

encapsulation (14%) i.e. adding CF just prior to the pre-annealing agitation stage, this 

value was almost double that achieved at a lower CF loading this was unusual as one 

would have expected similar % of enc^sulation regardless of the loading concentration.

179



Chapter 5 -Carboxyfluorescein encapsulation

Experiment D, the control showed entrapment that was not significantly measurable and 

represented the experiment when CF was added after MLVs had been formed and 

annealed. Experiments A and C entrapped CF at 4.5% and 1.25% of the loading 

concentration, respectively. The actual amount entrapped in the liposomes was 

calculated for all experiments and as expressed as a ratio of the molarity of CF to that 

of DPPC (Table 5.2). It would be presumed that the % CF would not be related to the 

loading concentration, whereas the amount entrapped as expressed by the molarity ratio 

would. A series of experiments would need to be performed to confirm this trend at the 

higher CF encapsulation.

Considering the molar/CF phospholipid ratios (Table 5.2), experiment A which 

represents the standard method of adding an aqueous marker to phospholipid films 

produced a similar enc^sulation as expressed by the % CF. The molarity ratio obtained 

at the low CF loading concentration showed a similar trend with a 10 fold increase in the 

loading concentration (Table 5.2). This result would need further experimentation for 

the higher loading concentration. A similar situation applies to experiment C, but the 

fact that encapsulation may still occur after the first agitation stage (experiment C) is 

interesting and leads to a proposal that during this latter agitation stage the phospholipid 

that had not formed a closed system during the first agitation does so in the second. 

There would also be a concentration gradient between formed liposomes and the bulk 

phase on addition of CF. This may also lead to some encapsulation of CF as measured. 

However it is noted that the encapsulation of experiment C is reduced in comparison 

with experiment A. With experiment D, any CF is present was in such a small amount 

that it could not be quantified. This was the control experiment and represented CF 

added at the end of the experimentation and represents that the liposomal system was a 

'closed one'. It is noted that on adding the CF for experiment D the temperature of the 

liposomal system was not maintained at 55 °C, but returned to room temperature for the 

duration of the experiment and subsequent measurement (25 °C). The bilayers of the 

liposomes would be below the main transition temperature and hence in a relatively 

immobile state, it is not surprising that there was no measurable fluorescence
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encapsulated even though there existed a concentration gradient between the 'empty' 

liposomes and the bulk fluid.

Experiment Total % CF 
encapsulated 
(0.1 mMCF 

loading) 
(n=3, ±SD) 

(%)

Total % CF 
encapsulated 
(1.0 mMCF 

loading)

(%)

Molar 
CF/phospholipid 

ratio 
(0.1 mMCF 

loading) 
(n=3, ±SD)

Molar 
CF/phospholipid 

ratio 
(1 mM CF 
loading) 

n=l

A 5.4
(0.40)

4.5 0.071 pmole CF/ 
pmol DPPC 

(0.005)

0.593 pmole CF/ 
pmol DPPC

B 7.7
(1.54)

14.0 0.101 pmole CF/ 
pmol DPPC 

(0 .0 2 0 )

1.843 pmole CF/ 
pmol DPPC

C 2 .0
(0.5)

1.25 0.026 pmole CF/ 
pmol DPPC 

(0.007)

0.165 pmole CF/ 
pmol DPPC

D Not
performed

Not
measurable

Not performed Not measurable

Table 5.2 Encapsulation o f CF added at different stages o f liposome manufacture

The anomalous result was that of experiment B which produced liposomes with the 

greatest CF entrapment. The actual percentage of CF encapsulated increased with a 

higher loading concentration. One possible reason for this is that CF when added as a 

small aliquot during experiment B just prior to agitation gave a high local concentration 

of CF before a homogeneous solution is attained. The presence of a relatively high 

concentration of an anionic species during this crucial moment of vesicle sealing may 

lead to larger vesicles formed individually or may induce aggregation or even fusion of 

the vesicles (which would lead to larger vesicles as shown in Table 5.3). Thus, the 

particle size of the vesicles were measured. However, this result must be treated with 

caution as the experiment was not repeated.
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5.5.2 Particle Size of CF Containing Liposomes

The size of liposomes containing CF were measured to establish if the effects 

observed above were related to changes in liposomal size. The different stages A to D 

are shown in Figure 5.6. A further two experiments were considered for particle sizing 

experiments and consist of either CF added directly to the phospholipid film as a small 

aliquot (0.5 ml in buffer, experiment E) or formed MLVs without CF (also 

manufactured with buffer, experiment F). The results are shown in Table 5.3 all the 

distributions of particle size were symmetrically unimodal with the exception of the pre

annealing stage (B) with 1.0 mM loading concentration of CF which contained a 

’shoulder' to the right of the unimodal distribution.

Stage at which CF is added to 
the MLV manufacture

Volume median 
diameter at O.lmM 
CF loading (pm) 

(±SD)

Volume median diameter 
at 1.0 mM CF loading 

(pm)
(±SD)

CF added to the hydration 6 .8 6 6.25
stage (A) (0.05) (0.04)

CF added to the pre-annealing 6.34 13.5
stage (B) (0.04) (0.29)

CF added to the post- 6 .8 6 6.42
annealing stage (C) (0.06) (0 .0 2 )

CF added to DPPC film 
ImM CF loading (E)

5.77pm (0.04)

Control CF added after 
preparation of MLVs (D) 

ImM CF loading

7.09pm (0.02)

MLVs without CF (F) 7.10pm (0.02)

Table 5.3 The effect o f adding CF at different stages o f MLV production on the 
median size o f MLVs (50 % undersize) (n=3)

The effect of CF on hposomal size seemed to be dependent on where the CF was added 

during the hposome manufacturing process. The effect of CF on liposome size after the
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post-annealing agitation stage (D) is negligible (no significant difference) as the size of 

these liposomes are very similar to those without CF (F) (no significant difference). 

However, adding the CF during the first (pre-annealing) agitation stage (B) with IM CF 

loading noticeably increased the size of the MLVs (p<0.001), especially the 90 % 

undersize value (p<0.001) (Table 5.5) which gives a possible indication that liposome 

aggregation and possible fiision has occurred.

The assumption that aggregation has occurred during the pre-annealing stage when CF 

was added is based on experiment B. The 10 % and 50 % undersize values of the 

liposome population of experiment B at 0.1 M CF loading were very similar to those of 

the rest of the experimentation (no significant difference), if  the CF caused any increase 

in individual liposome size one would expect an increase in these values. However, it 

is presumed aggregation of several liposomes would lead to an increase in the 90 % 

undersize value rather an increase in individual liposome size.

Stage at which CF is added to 10 % undersize 10 % undersize fraction at
the MLV manufacture fraction at O.lmM 1.0 mM CF loading

CF loading (pm) (pm)
(±SD) (±SD)

CF added to the hydration 3.12 3.08
stage (A) (0 .0 2 ) (0 .0 2 )

CF added to the pre-annealing 2.96 5.48
stage (B) (0.006) (0.07)

CF added to the post 3.10 3.02
annealing stage (C) (0.04) (0.006)

CF added to DPPC film 3.02
ImM CF loading (E) (0.006)

Control CF added after 3.09
preparation of MLVs (D) (0 .0 1 )

ImM CF loading

MLVs without CF (F) 3.14(0.01)

Table 5.4 The effect o f adding CF at different stages o f ML V production on the size
o f MLVs (10% undersize) (n=3)
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A  slight increase in liposomal size was observed at 90 % undersize for experiment B at 

O.IM CF loading (at a probability level of 0.5>p>0.1) (Table 5.5). If CF added at this 

stage produced an aggregation effect then a larger increase in liposome size would be 

assumed to occur at a higher loading concentration. In fact, at the higher loading CF 

concentration an approximate doubling of the 10% and 50 % undersize value was 

observed and at 90 % undersize a tripling of the value compared to the lower 

concentration, it is possible that individual liposomal size would have increased.

It is therefore possible that the increase in liposomal size of experiment B produced the 

increase in CF encapsulation (Table 5.2). What is debatable is whether this increase in 

CF enc^sulation would be useful for producing increases in aqueous drug loading. This 

drug loading would be dependent on the stability of liposomes. Whether the drug was 

encapsulated in the aqueous core or if aggregation occurs then there is a possibility that 

the drug is encapsulated between aggregated liposomes which would possibly become 

free if  further size reduction occurred on the encapsulated liposomes. A reason why 

aggregation should occur with experiment B at a higher loading concentration may be 

related to the presence of a higher local concentration of an anionic species (CF) and the 

fact that the phospholipid bilayers are not maintained above the main bilayer temperature 

for the duration of the agitation. The presence of a higher percentage aliquot of CF 

species or sodium ions may affect the zeta potential, the alteration of which by external 

ions has been shown to induce aggregation of liposomes (Mosharraf et al, 1995). The 

reduced mobility of the bilayers (as the temperature during the agitation stage is below 

the main bilayer transition temperature) and the presence of an ionic species may lead 

to aggregation and the entr^ment of CF within its locality. This hypothesis would need 

to be established with a greater amount of experimentation at higher loading 

concentrations of CF and also a higher concentration of phospholipid to estabish the 

relationship between aggregation of liposomes and CF. The phospholipid concentration 

within this experimentation within this study proved to be too low to visualize and 

characterise aggregation of liposomes and would require a further study with possible 

phase contrast microscopy.
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Stage at which CF is added to 90 % undersize 90 % undersize fraction at
the MLV manufacture fraction at O.lmM 1.0 mM CF loading

CF loading (pm) (pm)
(±SD) (±SD)

CF added to the hydration 16.07 14.31
stage (A) (0 .11) (0.27)

CF added to the pre-annealing 19.65 70.2
stage (B) (1.08) (7.01)

CF added to the post- 18.46 16.08
annealing stage (C) (0 .8 6 ) (0.05)

CF added to DPPC film 11.85
ImM CF loading (E) (0.09)

Control CF added after 16.52
preparation of MLVs (D) (0.09)

ImM CF loading

MLVs without CF (F) 17.15 (0.08)

Table 5.5 The effect o f adding CF at different stages o f ML V production on the size
o f MLVs (90% undersize) (n=S)

The possibility that CF may interact with the phospholipid bilayer despite it being a 

proposed aqueous marker may be further proposed by considering the 90 % undersize 

of the liposomal population for experiment E in which the CF is added directly to the 

phospholipid film before hydration. The subsequent size of the liposomes was smaller 

than any other experiment including D (control) and liposomes without any CF added 

(second control, experiment F). If CF interacted with the phospholipid bilayer then it 

may reduce swelling of the phospholipid film reducing liposome size. The basis of this 

interaction would be via its hydrophobic part (aromatic rings) of the molecule, possibly 

acting as a blocking molecule to the swelling cooperativity of the phospholipid 

molecules (section 1.5.1).
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5.6 Conclusion

The usual procedure for the entrapment of aqueous drugs within liposomes usually 

occurs with the drug being added within the bulk aqueous phase. Results here have shown 

that the entrapment of a mainly aqueous drug may be improved by adding the 

concentrated aliquot of the drug prior to the first agitation stage rather than as a dilute 

bulk drug phase at the start of the hposome manufacture. It was shown that this increased 

encapsulation produced an increase in size of the liposomal population with the higher 

initial CF loading concentration. This increase in liposomal size may be caused by 

aggregation of the liposomes in which case it would be debatable whether the increase 

in encapsulation would be a viable option for drug encapsulation as further processing 

filtering may release CF if it was trapped between liposomes. It is proposed that CF 

interacts with the phospholipid bilayer on account of the reduction in liposome size 

achieved when CF was added directly to the phospholipid film before hydration and the 

structure of the CF molecule indicates a hydrophobic moiety which could react with the 

hydrocarbon part of the phospholipid bilayer. This work has shown that for aqueous drug 

encapsulation adding the drug as a concentrated aliquot should be considered, but careful 

monitoring should be implemented to measure any effect on the vesicle size with 

different methods of adding the loading drug.
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6.0 Conclusion

The formation of liposomes via the hydration of a phospholipid film has been 

examined by microscopy, thermal techniques and factorial analysis. Considering the data 

from each of these areas a holistic proposal for the formation of liposomes by this process 

may be postulated.

The formation of the phospholipid film is the starting point to the traditional process of 

liposome formation. Phospholipid films were examined by thermal and microscopic 

analysis. The source of phosphoHpid used (whether natural or synthetic), is an important 

factor affecting the microscopic appearance of the film. This was exemplified by 

comparing egg PC (natural phospholipid) and DPPC (synthetic phospholipid) with the 

former producing a phosphohpid film that did not contain any regular striations whereas 

DPPC produced regular striations varying from 10-100 pm in length (section 2.7.1 and

2.7.5). A consideration of the molecular structure of the individual phospholipids may 

offer an explanation to the observed differences in the phospholipid films. It is possible 

that homogeneous DPPC molecules form phospholipid films with regular structures 

whereas the egg PC molecules being of a natural origin contain a heterogeneous mix of 

saturated and unsaturated phospholipids and thus have a tendency to produce films 

without any regular appearance. The significance of this difference may become apparent 

on hydration, as with egg PC films the irregularity of the film leads to the production of 

a greater proportion of tubules (visualized by microscopy) which in turn leads to the 

generation of vesicles having a smaller mean particle size (section 4.6.2) compared to 

DPPC vesicles (section 5.5.2). A greater tubular production was observed for egg PC 

which may be related to the presence of unsaturated phosphohpid constituents which have 

been shown to induce the production of tubules in aqueous dispersions of phospholipids 

at various environmental temperatures (Rudolph et al, 1991). The irregularity of a 

phosphohpid film produced intersects between different areas of the film (section 2.7.5). 

When hydrated, it was shown tubules were produced at these areas of intersection.

Thermal examination of egg PC films using DSC suggested that these films form a
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postulated monohydrate (Lp phase) which formed the crystalline phase on thermal 

cycling providing the phospholipid film had a thickness less than 0.5 mg/mm^. A 

suggestion for further work is that egg PC films are formed within the evaporating flask 

which are subsequently exposed to thermal cycling, and the liposomal intermediate stages 

analysed by DSC and microscopy. Additionally, it would be interesting to measure the 

particle size of liposomes at the end of the process and a comparison made of this size 

distribution and the intermediate structures with those structures produced without 

thermal cycling. Thermal cycling method may produce the Lg crystalline stage which by 

the nature of its high degree of order may produce smoother phospholipid films which 

on hydration result in a more homegeneous distribution of liposomes. It would also be 

desirable to produce a phospholipid/ hydrophobic drug film on evaporation from organic 

solution that subsequently underwent thermal cycling (provided the drug was stable to 

heat) and formed liposomes. Thermal cycling would possibly produce a smoother, 

ordered film and a more homogeneous drug distribution with possibly improved drug 

incorporation.

It was suggested in section 3.7.2 that the thermal cycling of the egg PC film removed the 

monohydrate resulting in the formation of the L,. phase. The DSC endotherms of egg PC 

phase transitions were broad in nature with the exception of this postulated anhydrous 

crystalline phase (LJ. Due to the broad nature of the egg PC thermal transitions it would 

be difficult to observe any effect of a slight variation in the different amounts of solvent 

lost during heating on these transitions. However, DPPC being more homogeneous 

provided a greater insight into the solvent loss occurring during the thermal cycling of the 

phospholipid. Producing the DPPC film at a relatively low temperature (approximately 

5°C above the main bilayer transition temperature) produced phospholipid films which 

when analysed by DSC produced an endotherm at approximately 50°C (section 3.7.3). 

The temperature at which this occurred was similar to an endotherm described by 

Chapman et al (1967) who relates its presence to a situation in which DPPC loses water 

at less than the monohydrate possibly a hemihydrate (termed the «2 phase). However, the 

transition at this 0L2 temperature was in addition to an endotherm observed at 65 °C
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(termed the phase). In this study, the two transitions were only observed 

simultaneously (i.e. on the same scan) when a DPPC film was produced at room 

temperature (25 °C) with the latter endotherm occurring at a slightly higher temperature 

of approximately 75 °C (section 3.7.3) than previously described (Chapman et al 1967). 

This latter phase was described by O ilm a n  et al (1967) as a monohydrate and if it is the 

same phase as observed in this study it was isolated by being visually apparent during the 

ev^x)ration of DPPC solution as a white material. The appearance of the two endotherms 

(tti and « 2) occurring simultaneously was proposed by Chapman et al (1967) to arise 

Wien the water content of the film was less than would be equivalent to the monohydrate. 

This seems unusual as the phase occurs with DPPC in the monohydrate form within 

the same publication. A possible explanation for this may be that even with a synthetic 

phospholipid such as DPPC there can still be irregularity within the film for example its 

thickness, and that at a total water content within the film of less than the monohydrate 

both phases occur within varying ‘regions’ of the film. Two phases occurred when the 

film was formed by evaporation of chloroform fi*om a phospholipid solution at room 

temperature, a situation in which a slow evaporation process may allow the total film to 

absorb more water and hence the two phases were observed. In the evaporation at a 

higher temperature (45 °C), but lower than that used for the evaporation of organic 

solvent (i.e. usually at least 10°C above the main bilayer transition) only the low 

endotherm (~50°C) was observed suggesting a relatively low water content within the 

phospholipid. Evaporation at a higher temperature (55 °C) revealed no endotherm 

associated with hydrates of the phospholipid.

The presence of Wiite material which was observed during the evaporation of chloroform 

(during MLV production) to form the DPPC film was associated with the endotherm at 

75 °C which is believed to be a tighter packed structure containing a water content 

associated with the monohydrate (section 3.7.3). Even this phase could release solvent, 

probably water, with extensive evaporation. This study shows that different evaporating 

conditions result in different macroscopic structures of the phospholipid film which 

ultimately may be of consequence to the size and lamellarity of liposomes. It would be
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interesting in the future to correlate the water content of a phospholipid film with its 

structure. However, observing a simple loss of water is deemed an insufficient study, as 

phospholipids are so hygroscopic it is difficult to produce reproducible results. Hence, 

a technique such as TGA would be useful to quantify the monohydrate and hydrated 

structures of phospholipid films observed on the evaporation of organic solvent from a 

phospholipid solution.

Rotary evaporation of an organic solution of phospholipid at a temperature of at least 

15°C above the main bilayer transition temperature of the phospholipid concerned, at a 

vacuum pressure of 760 mmHg for 45 min produced a proposed stable anhydrous phase 

Lc for DPPC and Lp for egg PC which in the latter case for a film less than 0.5 mg/mm^ 

produced the probable L̂ . phase on thermal cycling. The postulated anhydrous phase 

was observed to be stable on thermal cycling. Once the phospholipid film was formed, 

hydration was induced slowly either by storing the phospholipid in a relatively high 

humidity environment or by lowering the environmental atmospheric pressure producing 

a water layer on the surface of the film. Fast hydration involved adding water directly to 

the phospholipid film either as part of the MLV process or in isolation as occurred during 

the preparation of the films for microscopy. It was concluded that the fast hydration 

studies did not produce greatly different structures with the only noticeable difference that 

during the MLV process a phenomenon of ‘blebbing* was observed in which vesicles 

erupted from the edge of the tubules. The force of the water on addition to the 

phospholipid film (by adding as a bulk external phase) formed the tubules and as the 

hydration was fast the phospholipid bilayers probably had not reached an equilibrium 

state. The phosphohpid bilayers were thought to be in a dynamic state of motion in which 

they are postulated not to be fully hydrated and as they are in an aqueous environment, 

hydration of the bilayers continues and the excess hydration energy is believed to cause 

a rapid area/volume change of the phospholipid molecules producing ‘vésiculation’ or 

‘blebbing’.

The factorial chapter investigated the individual and combined factors affecting MLV
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production. An explanation to how these individual factors affected the size of the final 

MLVs was given with a consideration to the MLV formation process. Increasing the 

phospholipid concentration increases the thickness of the phospholipid film and 

subsequent hydration of the film would involve the production of a greater number of 

phospholipid bilayers and hence in an increase in MLV size. Agitation was shown to 

break down large/agglomerated vesicles and hence decrease MLV size. A particularly 

interesting result was the affect of the post-annealing agitation which reduced MLV size, 

but is not a step routinely used in MLV production. It is proposed that during the 

annealing stage the phosphohpid molecules ‘rearrange’ to form an equilibrium step which 

is finalized by the latter agitation step (this was supported by the thermal analysis 

described in section 3.8). The amount of water added to the phospholipid film was found 

to be of interest as a reduced amount of water added to the phospholipid film increased 

MLV size, however, the distribution of MLV sizes was reduced. A possible explanation 

for this was that an increased water volume added to the phospholipid film causes an 

increase in tubular production, but reduces the overall size the subsequent vesicles. A 

similar situation was believed to occur with increasing the hydration time as analogous 

increasing the water volume with respect to the spread of MLVs. The vacuum pressure 

was found to be significant in affecting the size of MLVs and indicates that a lower 

vacuum pressure caused a greater irregularity of the phospholipid film possibly creating 

areas of increased thickness which subsequently increased the MLV size.

The film integrity will be important to the structures formed on hydration, as observed 

with tubules forming on the disruption or interface between two ‘phases’ with egg PC 

films. It is proposed that forming a smooth phospholipid film will produce a general 

nodular vesicle formation rather than tubular formation which on the basis of the factorial 

analysis and microscopy leads to a more homeogeneous vesicular population. This type 

of nodular formation was observed using ESEM (section 2.7.4) where hydration was 

induced within the sample chamber by lowering the atmospheric pressure.

Lasic (1988) proposed that liposomes were formed from the budding of phospholipid
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films and that impurities within the film sometimes lead to tubular and helical structures 

before agitation caused tubules to break apart into vesicles. The data shown in chapter 

two supports this budding process experimentally, but in addition shows possible methods 

(such as the rapid evaporation of the organic solvent in the ESEM) of reducing 

imperfections in films which have been shown to cause heterogeneity in the liposome 

formulation (Lasic, 1988).

It should be noted that all the above experimentation used phospholipid and water as the 

only constituents. In liposome formulations used in vivo these are not the only 

components, there are usually stabilizing molecules such as cholesterol, the ‘active’ 

component and often antioxidants. The reason only two molecules were used to 

investigate the formation process was so as not to complicate the process, permitting an 

understanding of the fundamentals of formation. The effect of other molecules on the 

formation of liposomes however, should not be disregarded. Molecules such as 

cholesterol with a considerable hydrocarbon moiety have been shown to prevent the 

production of beaded tubular structures and elongated tubules (section 2.8.4). It is known 

that cholesterol reduces the main bilayer phase transition and it is proposed that the 

tubular elongation occurs by the lateral expansion of the hydrocarbon chains of the 

phospholipid which is retarded by the presence of cholesterol interfering with this 

expansion. This possible inhibition of the tubular formation by 'blocking' the lateral 

expansion may offer an explanation to the observed suppression of the main phase 

transition (dependent on molecular cooperativity) observed with liposome/cholesterol 

suspensions (Taylor et al, 1990b). The tubules that were formed in the presence of 

cholesterol were shown to be of a much larger diameter than those without cholesterol, 

this may offer an explanation why vesicles formed with cholesterol are generally larger 

in mean diameter.

The swelling of a DPPC film within which CF was incorporated showed a smaller 

volume median size compared to adding the CF at the middle or end of the process (Table 

5.3), this suggests that CF affects the swelling process. It is possible that the CF molecule
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was effectively acting as an impurity disrupting the phospholipid film, but in a way that 

did not alter the thickness of the film. This proposed ‘molecular’ imperfection of the 

phospholipid film would be postulated to produce liposomes with a smaller mean 

diameter, but this would need further investigation.

An understanding of the fundamentals of liposome formation may allow the prediction 

how other constituents interact with this MLV formation process, especially if the 

constituent molecules contain a hydrophobic moiety. A suggestion for future work would 

be a study of the entrapment of hydrophobic and hydrophilic drugs. CF, an aqueous 

marker had a greater encapsulation when added as a concentrated aliquot before agitation 

of the phospholipid film. As a reduction in MLV size was observed when CF was 

contained within the phospholipid film, it is suggested that the CF interacts with the 

phospholipid bilayer and that the greater encapsulation occurring with adding CF as a 

concentrated ahquot suggests that incorporation of a drug molecule with hydrophobic and 

hydrophlic regions may be improved using this method of encapsulation, especially if the 

molecule could not tolerate processes such as freeze-thaw methods of liposome 

encapsulation. It was noted during encapsulation studies that the liposomal size should 

be carefully monitored.

Regardless of the stage at which a drug is encapsulated, a final agitation step was shown 

to produce liposomes that reached an equihbrium stage (defined by DSC thermal analysis 

as reaching a stable main phase transition) and a more homogeneous sized liposome 

population visualized by microscopy. This stage, not usually present in liposomes 

manufacture via the hydration of a phospholipid film, was shown via DSC data to 

produce an equilibrium stage at a faster rate than a process without this stage. This has 

important consequences if these MLVs contain drugs and/or a processed further.

To conclude, a detailed examination of every stage of liposome production (via the 

hydration of a phospholipid film) has been presented. This was studied because there is 

relatively little in vitro evaluation of liposome formation within the published literature
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compared to the effect of liposomes in vivo. It was shown that the starting stage of 

liposome formation i.e. the formation of the phospholipid film was not a straightforward 

process, but dependent on the evaporating conditions and type of phospholipid used. 

Uniformity of the phospholipid film (in terms of proposed phospholipid conformations) 

was shown to be achieved by a thermal cycling process and this would represent a unique 

starting point to liposome formation. The rate of hydration was shown to be an important 

factor affecting the morphology of the liposome intermediates with a slow hydration 

yielding a more nodular population compared to the predominance of tubular structures 

that were shown to form on rapid hydration. The change in morphology was postulated 

to be due to the small area/volume change of the hydrated phospholipid with a slow 

hydration forming a budding or nodules. The formation of tubules possibly relates to the 

rapid area/volume change of the hydrated phospholipid and excess energy was postulated 

as being released as buds from these tubules (Figure 2.10a). It was interesting to note that 

the proliferation of the tubules was apparently decreased with the diameter of the tubules 

being larger in the presence of cholesterol. The formation of tubules was related to the 

hydration time within the factorial study and it was shown that increasing the length of 

hydration increased the overall size of liposomal population. However, including an 

additional agitation step after the annealing phase of liposomes production was shown to 

counterbalance the effect of an increased hydration time. Adding a proposed aqueous 

marker (CF) at different stages of liposome production (the liposome formation process 

was investigated in the factorial study) produced the unusual result of an increased 

hposome encapsulation with the addition of CF as a concentrated aliquot prior to the first 

agitation an increased liposomal size was observed at the higher CF loading 

concentration. This gives further consideration to not only understanding how liposomes 

form, but the effect of drug molecules on this formation process.

The structures of each stage of the formation of MLVs were analysed by DSC and a 

gradual change in the shape and increase in temperature of the main bilayer transition 

endotherm was observed. The change from a broad endotherm observed on analysing 

structures from the hydration stage to a pre-transition and sharp endotherm with the post
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annealing stage was believed to represent an increase in cooperativity of the transition and 

obtaining a thermal equilibrium quicker with the introduction of a post-annealing 

agitation stage. It was interesting to note that the broad endotherm obtained on DSC 

analysis of the hydration stage was analogous to the broad transition obtained for SUVs 

(Melchior and Steim, 1976). The latter represent vesicles with the outer monlayer 

containing a greater number of phospholipid molecules and having a greater kinetic 

energy input for manufacture than MLVs. It is possible that the hydration structures 

observed during the microscopic analysis are similar in kinetic and membrane structure 

to these SUVs, but as the MLV production process continues an equilibrium state is 

reached whereby the numbers of phospholipid molecules in the bilayers are more equally 

balanced.
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Raw data from the factorial chapter

A B c D E F G Size Spa

1.00 1.00 1.00 1.00 1.00 1.00 1.00 9.10 1.80
1.00 1.00 1.00 1.00 1.00 1.00 1.00 10.50 1.80
1.00 1.00 1.00 1.00 1.00 1.00 1.00 10.00 1.90
1.00 1.00 1.00 1.00 1.00 1.00 2.00 7.00 1.40
1.00 1.00 1.00 1.00 1.00 1.00 2.00 9.80 2.00
1.00 1.00 1.00 1.00 1.00 1.00 2.00 7.60 1.70
1.00 1.00 1.00 1.00 1.00 2.00 1.00 8.50 1.60
1.00 1.00 1.00 1.00 1.00 2.00 1.00 9.40 1.60
1.00 1.00 1.00 1.00 1.00 2.00 1.00 7.70 1.80
1.00 1.00 1.00 1.00 1.00 2.00 2.00 8.40 1.80
1.00 1.00 1.00 1.00 1.00 2.00 2.00 9.30 2.20
1.00 1.00 1.00 1.00 1.00 2.00 2.00 9.00 2.00
1.00 1.00 1.00 1.00 2.00 1.00 1.00 7.70 1.70
1.00 1.00 1.00 1.00 2.00 1.00 1.00 8.80 2.00
1.00 1.00 1.00 1.00 2.00 1.00 1.00 7.50 2.00
1.00 1.00 1.00 1.00 2.00 1.00 2.00 7.90 2.10
1.00 1.00 1.00 1.00 2.00 1.00 2.00 8.00 2.20
1.00 1.00 1.00 1.00 2.00 1.00 2.00 7.90 2.00
1.00 1.00 1.00 1.00 2.00 2.00 1.00 7.40 2.00
1.00 1.00 1.00 1.00 2.00 2.00 1.00 8.10 1.90
1.00 1.00 1.00 1.00 2.00 2.00 1.00 7.90 1.80
1.00 1.00 1.00 1.00 2.00 2.00 2.00 7.40 1.90
1.00 1.00 1.00 1.00 2.00 2.00 2.00 8.40 2.00
1.00 1.00 1.00 1.00 2.00 2.00 2.00 6.40 1.50
1.00 1.00 1.00 2.00 1.00 1.00 1.00 5.70 1.70
1.00 1.00 1.00 2.00 1.00 1.00 1.00 6.10 1.70
1.00 1.00 1.00 2.00 1.00 1.00 1.00 6.00 1.60
1.00 1.00 1.00 2.00 1.00 1.00 2.00 5.60 1.80
1.00 1.00 1.00 2.00 1.00 1.00 2.00 5.70 1.60
1.00 1.00 1.00 2.00 1.00 1.00 2.00 5.70 1.40
1.00 1.00 1.00 2.00 1.00 2.00 1.00 5.60 1.80
1.00 1.00 1.00 2.00 1.00 2.00 1.00 6.20 1.70
1.00 1.00 1.00 2.00 1.00 2.00 1.00 6.10 1.70
1.00 1.00 1.00 2.00 1.00 2.00 2.00 5.70 1.70
1.00 1.00 1.00 2.00 1.00 2.00 2.00 5.90 1.80
1.00 1.00 1.00 2.00 1.00 2.00 2.00 5.50 1.60
1.00 1.00 1.00 2.00 2.00 1.00 1.00 5.90 2.00
1.00 1.00 1.00 2.00 2.00 1.00 1.00 5.50 1.50
1.00 1.00 1.00 2.00 2.00 1.00 1.00 5.80 2.00
1.00 1.00 1.00 2.00 2.00 1.00 2.00 5.10 1.50
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1.00 1.00 1.00 2.00 2.00 1.00 2.00 5.70 1.70
1.00 1.00 1.00 2.00 2.00 1.00 2.00 5.10 1.50
1.00 1.00 1.00 2.00 2.00 2.00 1.00 5.90 1.70
1.00 1.00 1.00 2.00 2.00 2.00 1.00 6.30 1.90
1.00 1.00 1.00 2.00 2.00 2.00 1.00 6.40 1.70
1.00 1.00 1.00 2.00 2.00 2.00 2.00 5.50 1.70
1.00 1.00 1.00 2.00 2.00 2.00 2.00 6.20 1.80
1.00 1.00 1.00 2.00 2.00 2.00 2.00 5.50 1.70
1.00 1.00 2.00 1.00 1.00 1.00 1.00 5.80 1.50
1.00 1.00 2.00 1.00 1.00 1.00 1.00 6.40 1.90
1.00 1.00 2.00 1.00 1.00 1.00 1.00 6.20 1.60
1.00 1.00 2.00 1.00 1.00 1.00 2.00 5.60 1.50
1.00 1.00 2.00 1.00 1.00 1.00 2.00 6.50 1.50
1.00 1.00 2.00 1.00 1.00 1.00 2.00 5.80 1.40
1.00 1.00 2.00 1.00 1.00 2.00 1.00 5.20 1.30
1.00 1.00 2.00 1.00 1.00 2.00 1.00 6.30 1.50
1.00 1.00 2.00 1.00 1.00 2.00 1.00 4.50 1.20
1.00 1.00 2.00 1.00 1.00 2.00 2.00 5.20 1.40
1.00 1.00 2.00 1.00 1.00 2.00 2.00 6.30 2.10
1.00 1.00 2.00 1.00 1.00 2.00 2.00 5.30 1.90
1.00 1.00 2.00 1.00 2.00 1.00 1.00 4.20 1.10
1.00 1.00 2.00 1.00 2.00 1.00 1.00 5.70 1.40
1.00 1.00 2.00 1.00 2.00 1.00 1.00 4.60 1.10
1.00 1.00 2.00 1.00 2.00 1.00 2.00 4.70 1.20
1.00 1.00 2.00 1.00 2.00 1.00 2.00 6.10 1.70
1.00 1.00 2.00 1.00 2.00 1.00 2.00 5.60 1.90
1.00 1.00 2.00 1.00 2.00 2.00 1.00 5.10 1.30
1.00 1.00 2.00 1.00 2.00 2.00 1.00 6.80 3.00
1.00 1.00 2.00 1.00 2.00 2.00 1.00 7.00 2.90
1.00 1.00 2.00 1.00 2.00 2.00 2.00 5.90 2.50
1.00 1.00 2.00 1.00 2.00 2.00 2.00 6.50 2.00
1.00 1.00 2.00 1.00 2.00 2.00 2.00 6.30 1.80
1.00 1.00 2.00 2.00 1.00 1.00 1.00 6.80 1.60
1.00 1.00 2.00 2.00 1.00 1.00 1.00 6.20 1.50
1.00 1.00 2.00 2.00 1.00 1.00 1.00 5.50 1.70
1.00 1.00 2.00 2.00 1.00 1.00 2.00 5.10 1.60
1.00 1.00 2.00 2.00 1.00 1.00 2.00 5.60 1.60
1.00 1.00 2.00 2.00 1.00 1.00 2.00 6.50 2.00
1.00 1.00 2.00 2.00 1.00 2.00 1.00 4.80 1.30
1.00 1.00 2.00 2.00 1.00 2.00 1.00 5.90 1.40
1.00 1.00 2.00 2.00 1.00 2.00 1.00 4.50 1.30
1.00 1.00 2.00 2.00 1.00 2.00 2.00 3.90 1.10
1.00 1.00 2.00 2.00 1.00 2.00 2.00 5.30 1.40
1.00 1.00 2.00 2.00 1.00 2.00 2.00 5.50 1.20
1.00 1.00 2.00 2.00 2.00 1.00 1.00 4.00 1.30
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1.00 1.00 2.00 2.00 2.00 1.00 1.00 5.00 1.30
1.00 1.00 2.00 2.00 2.00 1.00 1.00 4.90 1.20
1.00 1.00 2.00 2.00 2.00 1.00 2.00 4.30 1.20
1.00 1.00 2.00 2.00 2.00 1.00 2.00 5.40 1.30
1.00 1.00 2.00 2.00 2.00 1.00 2.00 4.70 1.20
1.00 1.00 2.00 2.00 2.00 2.00 1.00 4.40 1.30
1.00 1.00 2.00 2.00 2.00 2.00 1.00 5.30 1.40
1.00 1.00 2.00 2.00 2.00 2.00 1.00 4.70 1.20
1.00 1.00 2.00 2.00 2.00 2.00 2.00 4.50 1.30
1.00 1.00 2.00 2.00 2.00 2.00 2.00 5.60 1.50
1.00 1.00 2.00 2.00 2.00 2.00 2.00 5.20 1.30
1.00 2.00 1.00 1.00 1.00 1.00 1.00 10.00 1.80
1.00 2.00 1.00 1.00 1.00 1.00 1.00 11.70 1.80
1.00 2.00 1.00 1.00 1.00 1.00 1.00 10.60 1.80
1.00 2.00 1.00 1.00 1.00 1.00 2.00 8.10 1.80
1.00 2.00 1.00 1.00 1.00 1.00 2.00 11.50 1.80
1.00 2.00 1.00 1.00 1.00 1.00 2.00 9.50 1.70
1.00 2.00 1.00 1.00 1.00 2.00 1.00 8.90 2.30
1.00 2.00 1.00 1.00 1.00 2.00 1.00 12.90 1.80
1.00 2.00 1.00 1.00 1.00 2.00 1.00 10.50 1.70
1.00 2.00 1.00 1.00 1.00 2.00 2.00 8.80 1.70
1.00 2.00 1.00 1.00 1.00 2.00 2.00 9.40 2.20
1.00 2.00 1.00 1.00 1.00 2.00 2.00 7.50 1.80
1.00 2.00 1.00 1.00 2.00 1.00 1.00 7.70 1.90
1.00 2.00 1.00 1.00 2.00 1.00 1.00 8.10 2.30
1.00 2.00 1.00 1.00 2.00 1.00 1.00 7.40 2.40
1.00 2.00 1.00 1.00 2.00 1.00 2.00 6.90 2.20
1.00 2.00 1.00 1.00 2.00 1.00 2.00 10.20 2.10
1.00 2.00 1.00 1.00 2.00 1.00 2.00 7.00 1.90
1.00 2.00 1.00 1.00 2.00 2.00 1.00 6.80 2.00
1.00 2.00 1.00 1.00 2.00 2.00 1.00 9.10 1.80
1.00 2.00 1.00 1.00 2.00 2.00 1.00 7.60 1.90
1.00 2.00 1.00 1.00 2.00 2.00 2.00 7.30 2.20
1.00 2.00 1.00 1.00 2.00 2.00 2.00 8.40 2.50
1.00 2.00 1.00 1.00 2.00 2.00 2.00 7.70 1.90
1.00 2.00 1.00 2.00 1.00 1.00 1.00 5.60 1.50
1.00 2.00 1.00 2.00 1.00 1.00 1.00 6.50 1.50
1.00 2.00 1.00 2.00 1.00 1.00 1.00 6.90 1.70
1.00 2.00 1.00 2.00 1.00 1.00 2.00 5.90 1.70
1.00 2.00 1.00 2.00 1.00 1.00 2.00 6.00 1.50
1.00 2.00 1.00 2.00 1.00 1.00 2.00 5.10 1.50
1.00 2.00 1.00 2.00 1.00 2.00 1.00 4.20 1.10
1.00 2.00 1.00 2.00 1.00 2.00 1.00 6.50 1.70
1.00 2.00 1.00 2.00 1.00 2.00 1.00 5.80 1.60
1.00 2.00 1.00 2.00 1.00 2.00 2.00 5.00 1.40

213



Appendix

1.00 2.00 1.00 2.00 1.00 2.00 2.00 5.70 1.60
1.00 2.00 1.00 2.00 1.00 2.00 2.00 5.80 1.30
1.00 2.00 1.00 2.00 2.00 1.00 1.00 5.00 1.80
1.00 2.00 1.00 2.00 2.00 1.00 1.00 5.60 1.40
1.00 2.00 1.00 2.00 2.00 1.00 1.00 5.60 1.70
1.00 2.00 1.00 2.00 2.00 1.00 2.00 4.20 1.50
1.00 2.00 1.00 2.00 2.00 1.00 2.00 5.60 1.80
1.00 2.00 1.00 2.00 2.00 1.00 2.00 5.90 1.90
1.00 2.00 1.00 2.00 2.00 2.00 1.00 5.00 1.90
1.00 2.00 1.00 2.00 2.00 2.00 1.00 5.70 1.70
1.00 2.00 1.00 2.00 2.00 2.00 1.00 4.30 1.40
1.00 2.00 1.00 2.00 2.00 2.00 2.00 5.70 1.70
1.00 2.00 1.00 2.00 2.00 2.00 2.00 5.60 1.80
1.00 2.00 2.00 2.00 2.00 2.00 2.00 4.30 1.40
1.00 2.00 2.00 1.00 1.00 1.00 1.00 10.70 1.80
1.00 2.00 2.00 1.00 1.00 1.00 1.00 9.40 2.00
1.00 2.00 2.00 1.00 1.00 1.00 1.00 7.00 1.50
1.00 2.00 2.00 1.00 1.00 1.00 2.00 4.20 1.20
1.00 2.00 2.00 1.00 1.00 1.00 2.00 5.60 1.50
1.00 2.00 2.00 1.00 1.00 1.00 2.00 5.00 1.40
1.00 2.00 2.00 1.00 1.00 2.00 1.00 5.40 1.40
1.00 2.00 2.00 1.00 1.00 2.00 1.00 7.70 1.80
1.00 2.00 2.00 1.00 1.00 2.00 1.00 6.50 1.60
1.00 2.00 2.00 1.00 1.00 2.00 2.00 6.10 1.80
1.00 2.00 2.00 1.00 1.00 2.00 2.00 7.80 2.10
1.00 2.00 2.00 1.00 1.00 2.00 2.00 6.30 1.90
1.00 2.00 2.00 1.00 2.00 1.00 1.00 6.40 2.00
1.00 2.00 2.00 1.00 2.00 1.00 1.00 9.00 2.40
1.00 2.00 2.00 1.00 2.00 1.00 1.00 7.50 2.10
1.00 2.00 2.00 1.00 2.00 1.00 2.00 4.50 2.00
1.00 2.00 2.00 1.00 2.00 1.00 2.00 5.40 1.90
1.00 2.00 2.00 1.00 2.00 1.00 2.00 5.50 2.50
1.00 2.00 2.00 1.00 2.00 2.00 1.00 6.60 2.90
1.00 2.00 2.00 1.00 2.00 2.00 1.00 7.30 2.40
1.00 2.00 2.00 1.00 2.00 2.00 1.00 4.80 2.10
1.00 2.00 2.00 1.00 2.00 2.00 2.00 4.70 1.60
1.00 2.00 2.00 1.00 2.00 2.00 2.00 5.90 1.80
1.00 2.00 2.00 2.00 2.00 2.00 2.00 5.30 1.70
1.00 2.00 2.00 2.00 1.00 1.00 1.00 6.90 1.50
1.00 2.00 2.00 2.00 1.00 1.00 1.00 6.70 1.90
1.00 2.00 2.00 2.00 1.00 1.00 1.00 4.90 2.00
1.00 2.00 2.00 2.00 1.00 1.00 2.00 5.30 1.20
1.00 2.00 2.00 2.00 1.00 1.00 2.00 6.20 1.50
1.00 2.00 2.00 2.00 1.00 1.00 2.00 4.70 1.30
1.00 2.00 2.00 2.00 1.00 2.00 1.00 4.40 1.80
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1.00 2.00 2.00 2.00 1.00 2.00 1.00 6.90 2.00
1.00 2.00 2.00 2.00 1.00 2.00 1.00 5.50 1.40
1.00 2.00 2.00 2.00 1.00 2.00 2.00 5.50 1.30
1.00 2.00 2.00 2.00 1.00 2.00 2.00 6.90 1.50
1.00 2.00 2.00 2.00 1.00 2.00 2.00 4.60 1.80
1.00 2.00 2.00 2.00 2.00 1.00 1.00 6.80 1.50
1.00 2.00 2.00 2.00 2.00 1.00 1.00 6.30 1.40
1.00 2.00 2.00 2.00 2.00 1.00 1.00 4.20 1.40
1.00 2.00 2.00 2.00 2.00 1.00 2.00 7.20 1.40
1.00 2.00 2.00 2.00 2.00 1.00 2.00 6.20 1.60
1.00 2.00 2.00 2.00 2.00 1.00 2.00 5.10 1.70
1.00 2.00 2.00 2.00 2.00 2.00 1.00 7.30 1.80
1.00 2.00 2.00 2.00 2.00 2.00 1.00 6.70 1.50
1.00 2.00 2.00 2.00 2.00 2.00 1.00 6.60 1.70
1.00 2.00 2.00 2.00 2.00 2.00 2.00 6.70 1.60
1.00 2.00 2.00 2.00 2.00 2.00 2.00 6.70 1.50
1.00 2.00 2.00 2.00 2.00 2.00 2.00 4.90 1.50
2.00 1.00 1.00 1.00 1.00 1.00 1.00 22.90 2.10
2.00 1.00 1.00 1.00 1.00 1.00 1.00 16.60 1.60
2.00 1.00 1.00 1.00 1.00 1.00 1.00 17.90 1.50
2.00 1.00 1.00 1.00 1.00 1.00 2.00 17.60 1.50
2.00 1.00 1.00 1.00 1.00 1.00 2.00 18.60 1.60
2.00 1.00 1.00 1.00 1.00 1.00 2.00 18.10 1.70
2.00 1.00 1.00 1.00 1.00 2.00 1.00 23.60 1.50
2.00 1.00 1.00 1.00 1.00 2.00 1.00 25.20 1.30
2.00 1.00 1.00 1.00 1.00 2.00 1.00 14.60 1.60
2.00 1.00 1.00 1.00 1.00 2.00 2.00 13.40 1.70
2.00 1.00 1.00 1.00 1.00 2.00 2.00 22.70 1.60
2.00 1.00 1.00 1.00 1.00 2.00 2.00 14.20 1.50
2.00 1.00 1.00 1.00 2.00 1.00 1.00 13.80 1.60
2.00 1.00 1.00 1.00 2.00 1.00 1.00 18.50 1.30
2.00 1.00 1.00 1.00 2.00 1.00 1.00 17.60 1.40
2.00 1.00 1.00 1.00 2.00 1.00 2.00 13.50 2.00
2.00 1.00 1.00 1.00 2.00 1.00 2.00 18.80 1.60
2.00 1.00 1.00 1.00 2.00 1.00 2.00 15.40 1.70
2.00 1.00 1.00 1.00 2.00 2.00 1.00 13.50 1.80
2.00 1.00 1.00 1.00 2.00 2.00 1.00 14.50 1.80
2.00 1.00 1.00 1.00 2.00 2.00 1.00 14.20 1.80
2.00 1.00 1.00 1.00 2.00 2.00 2.00 13.50 1.80
2.00 1.00 1.00 1.00 2.00 2.00 2.00 21.70 1.60
2.00 1.00 1.00 1.00 2.00 2.00 2.00 16.10 1.60
2.00 1.00 1.00 2.00 1.00 1.00 1.00 6.40 1.80
2.00 1.00 1.00 2.00 1.00 1.00 1.00 8.00 1.70
2.00 1.00 1.00 2.00 1.00 1.00 1.00 7.70 1.60
2.00 1.00 1.00 2.00 1.00 1.00 2.00 7.70 1.70
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2.00 1.00 1.00 2.00 1.00 1.00 2.00 7.70 2.00
2.00 1.00 1.00 2.00 1.00 1.00 2.00 7.20 1.80
2.00 1.00 1.00 2.00 1.00 2.00 1.00 8.40 1.90
2.00 1.00 1.00 2.00 1.00 2.00 1.00 8.10 2.00
2.00 1.00 1.00 2.00 1.00 2.00 1.00 9.60 1.80
2.00 1.00 1.00 2.00 1.00 2.00 2.00 8.00 1.60
2.00 1.00 1.00 2.00 1.00 2.00 2.00 9.60 2.00
2.00 1.00 1.00 2.00 1.00 2.00 2.00 6.80 1.70
2.00 1.00 1.00 2.00 2.00 1.00 1.00 11.80 1.80
2.00 1.00 1.00 2.00 2.00 1.00 1.00 10.70 1.80
2.00 1.00 1.00 2.00 2.00 1.00 1.00 7.50 2.40
2.00 1.00 1.00 2.00 2.00 1.00 2.00 9.70 1.80
2.00 1.00 1.00 2.00 2.00 1.00 2.00 9.40 1.70
2.00 1.00 1.00 2.00 2.00 1.00 2.00 7.20 1.70
2.00 1.00 1.00 2.00 2.00 2.00 1.00 8.90 2.10
2.00 1.00 1.00 2.00 2.00 2.00 1.00 10.40 2.00
2.00 1.00 1.00 2.00 2.00 2.00 1.00 7.30 2.10
2.00 1.00 1.00 2.00 2.00 2.00 2.00 7.70 1.50
2.00 1.00 1.00 2.00 2.00 2.00 2.00 8.30 1.90
2.00 1.00 1.00 2.00 2.00 2.00 2.00 7.80 1.70
2.00 1.00 2.00 1.00 1.00 1.00 1.00 10.20 1.70
2.00 1.00 2.00 1.00 1.00 1.00 1.00 10.90 2.00
2.00 1.00 2.00 1.00 1.00 1.00 1.00 7.80 1.60
2.00 1.00 2.00 1.00 1.00 1.00 2.00 8.40 1.50
2.00 1.00 2.00 1.00 1.00 1.00 2.00 10.20 1.60
2.00 1.00 2.00 1.00 1.00 1.00 2.00 7.90 1.60
2.00 1.00 2.00 1.00 1.00 2.00 1.00 8.60 1.50
2.00 1.00 2.00 1.00 1.00 2.00 1.00 11.80 1.60
2.00 1.00 2.00 1.00 1.00 2.00 1.00 6.80 1.60
2.00 1.00 2.00 1.00 1.00 2.00 2.00 7.40 2.10
2.00 1.00 2.00 1.00 1.00 2.00 2.00 10.60 1.90
2.00 1.00 2.00 1.00 1.00 2.00 2.00 9.10 1.60
2.00 1.00 2.00 1.00 2.00 1.00 1.00 7.60 1.60
2.00 1.00 2.00 1.00 2.00 1.00 1.00 9.70 1.50
2.00 1.00 2.00 1.00 2.00 1.00 1.00 8.90 1.40
2.00 1.00 2.00 1.00 2.00 1.00 2.00 6.70 1.50
2.00 1.00 2.00 1.00 2.00 1.00 2.00 9.00 1.50
2.00 1.00 2.00 1.00 2.00 1.00 2.00 6.20 1.40
2.00 1.00 2.00 1.00 2.00 2.00 1.00 8.80 1.60
2.00 1.00 2.00 1.00 2.00 2.00 1.00 9.60 1.80
2.00 1.00 2.00 1.00 2.00 2.00 1.00 10.10 1.60
2.00 1.00 2.00 1.00 2.00 2.00 2.00 10.00 1.60
2.00 1.00 2.00 1.00 2.00 2.00 2.00 12.50 1.80
2.00 1.00 2.00 1.00 2.00 2.00 2.00 10.10 1.40
2.00 1.00 2.00 2.00 1.00 1.00 1.00 6.40 1.60
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2.00 1.00 2.00 2.00 1.00 1.00 1.00 7.00 2.00
2.00 1.00 2.00 2.00 1.00 1.00 1.00 6.00 1.50
2.00 1.00 2.00 2.00 1.00 1.00 2.00 5.90 1.80
2.00 1.00 2.00 2.00 1.00 1.00 2.00 6.60 1.60
2.00 1.00 2.00 2.00 1.00 1.00 2.00 5.80 1.60
2.00 1.00 2.00 2.00 1.00 2.00 1.00 5.80 1.50
2.00 1.00 2.00 2.00 1.00 2.00 1.00 8.50 1.90
2.00 1.00 2.00 2.00 1.00 2.00 1.00 6.60 2.00
2.00 1.00 2.00 2.00 1.00 2.00 2.00 5.70 1.60
2.00 1.00 2.00 2.00 1.00 2.00 2.00 7.10 1.60
2.00 1.00 2.00 2.00 1.00 2.00 2.00 5.70 1.70
2.00 1.00 2.00 2.00 2.00 1.00 1.00 5.70 1.50
2.00 1.00 2.00 2.00 2.00 1.00 1.00 6.20 1.50
2.00 1.00 2.00 2.00 2.00 1.00 1.00 6.80 1.40
2.00 1.00 2.00 2.00 2.00 1.00 2.00 5.00 1.60
2.00 1.00 2.00 2.00 2.00 1.00 2.00 5.80 1.60
2.00 1.00 2.00 2.00 2.00 1.00 2.00 5.80 1.50
2.00 1.00 2.00 2.00 2.00 2.00 1.00 4.90 1.50
2.00 1.00 2.00 2.00 2.00 2.00 1.00 6.40 1.80
2.00 1.00 2.00 2.00 2.00 2.00 1.00 6.40 1.40
2.00 1.00 2.00 2.00 2.00 2.00 2.00 6.10 1.50
2.00 1.00 2.00 2.00 2.00 2.00 2.00 6.30 1.60
2.00 1.00 2.00 2.00 2.00 2.00 2.00 5.40 1.60
2.00 2.00 1.00 1.00 1.00 1.00 1.00 12.40 1.80
2.00 2.00 1.00 1.00 1.00 1.00 1.00 13.00 2.00
2.00 2.00 1.00 1.00 1.00 1.00 1.00 13.00 2.00
2.00 2.00 1.00 1.00 1.00 1.00 2.00 14.50 1.80
2.00 2.00 1.00 1.00 1.00 1.00 2.00 16.60 2.50
2.00 2.00 1.00 1.00 1.00 1.00 2.00 11.50 1.78
2.00 2.00 1.00 1.00 1.00 2.00 1.00 14.70 1.90
2.00 2.00 1.00 1.00 1.00 2.00 1.00 19.00 2.60
2.00 2.00 1.00 1.00 1.00 2.00 1.00 20.00 1.50
2.00 2.00 1.00 1.00 1.00 2.00 2.00 14.60 1.60
2.00 2.00 1.00 1.00 1.00 2.00 2.00 14.80 2.00
2.00 2.00 1.00 1.00 1.00 2.00 2.00 13.00 1.90
2.00 2.00 1.00 1.00 2.00 1.00 1.00 11.70 2.20
2.00 2.00 1.00 1.00 2.00 1.00 1.00 14.10 2.40
2.00 2.00 1.00 1.00 2.00 1.00 1.00 10.60 2.40
2.00 2.00 1.00 1.00 2.00 1.00 2.00 9.00 2.40
2.00 2.00 1.00 1.00 2.00 1.00 2.00 8.90 2.10
2.00 2.00 1.00 1.00 2.00 1.00 2.00 8.70 2.20
2.00 2.00 1.00 1.00 2.00 2.00 1.00 13.90 2.10
2.00 2.00 1.00 1.00 2.00 2.00 1.00 15.50 2.00
2.00 2.00 1.00 1.00 2.00 2.00 1.00 12.90 1.80
2.00 2.00 1.00 1.00 2.00 2.00 2.00 9.10 1.80
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2.00 2.00 1.00 1.00 2.00 2.00 2.00 10.20 2.70
2.00 2.00 1.00 1.00 2.00 2.00 2.00 10.50 2.20
2.00 2.00 1.00 2.00 1.00 1.00 1.00 7.20 2.10
2.00 2.00 1.00 2.00 1.00 1.00 1.00 10.30 2.00
2.00 2.00 1.00 2.00 1.00 1.00 1.00 9.00 2.00
2.00 2.00 1.00 2.00 1.00 1.00 2.00 7.00 1.90
2.00 2.00 1.00 2.00 1.00 1.00 2.00 8.80 2.10
2.00 2.00 1.00 2.00 1.00 1.00 2.00 8.00 2.10
2.00 2.00 1.00 2.00 1.00 2.00 1.00 6.40 1.70
2.00 2.00 1.00 2.00 1.00 2.00 1.00 9.70 2.40
2.00 2.00 1.00 2.00 1.00 2.00 1.00 7.20 1.80
2.00 2.00 1.00 2.00 1.00 2.00 2.00 6.40 2.00
2.00 2.00 1.00 2.00 1.00 2.00 2.00 8.20 2.00
2.00 2.00 1.00 2.00 1.00 2.00 2.00 6.70 2.00
2.00 2.00 1.00 2.00 2.00 1.00 1.00 7.20 1.90
2.00 2.00 1.00 2.00 2.00 1.00 1.00 7.90 2.00
2.00 2.00 1.00 2.00 2.00 1.00 1.00 6.20 1.80
2.00 2.00 1.00 2.00 2.00 1.00 2.00 6.50 2.00
2.00 2.00 1.00 2.00 2.00 1.00 2.00 7.80 2.10
2.00 2.00 1.00 2.00 2.00 1.00 2.00 6.40 2.00
2.00 2.00 1.00 2.00 2.00 2.00 1.00 9.70 2.50
2.00 2.00 1.00 2.00 2.00 2.00 1.00 9.10 2.70
2.00 2.00 1.00 2.00 2.00 2.00 1.00 7.90 2.50
2.00 2.00 1.00 2.00 2.00 2.00 2.00 6.80 2.00
2.00 2.00 1.00 2.00 2.00 2.00 2.00 7.90 2.00
2.00 2.00 1.00 2.00 2.00 2.00 2.00 7.20 2.30
2.00 2.00 2.00 1.00 1.00 1.00 1.00 5.40 2.10
2.00 2.00 2.00 1.00 1.00 1.00 1.00 9.90 2.00
2.00 2.00 2.00 1.00 1.00 1.00 1.00 6.40 1.60
2.00 2.00 2.00 1.00 1.00 1.00 2.00 7.00 1.90
2.00 2.00 2.00 1.00 1.00 1.00 2.00 7.40 1.80
2.00 2.00 2.00 1.00 1.00 1.00 2.00 6.40 1.70
2.00 2.00 2.00 1.00 1.00 2.00 1.00 9.60 1.80
2.00 2.00 2.00 1.00 1.00 2.00 1.00 8.70 1.50
2.00 2.00 2.00 1.00 1.00 2.00 1.00 10.40 1.90
2.00 2.00 2.00 1.00 1.00 2.00 2.00 7.10 1.40
2.00 2.00 2.00 1.00 1.00 2.00 2.00 7.00 1.70
2.00 2.00 2.00 1.00 1.00 2.00 2.00 5.90 1.60
2.00 2.00 2.00 1.00 2.00 1.00 1.00 6.20 2.30
2.00 2.00 2.00 1.00 2.00 1.00 1.00 9.20 2.50
2.00 2.00 2.00 1.00 2.00 1.00 1.00 5.90 2.10
2.00 2.00 2.00 1.00 2.00 1.00 2.00 9.40 2.20
2.00 2.00 2.00 1.00 2.00 1.00 2.00 7.80 2.30
2.00 2.00 2.00 1.00 2.00 1.00 2.00 8.40 2.40
2.00 2.00 2.00 1.00 2.00 2.00 1.00 8.30 2.20
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2.00 2.00 2.00 1.00 2.00 2.00 1.00 8.50 2.30
2.00 2.00 2.00 1.00 2.00 2.00 1.00 6.80 2.00
2.00 2.00 2.00 1.00 2.00 2.00 2.00 6.20 2.00
2.00 2.00 2.00 1.00 2.00 2.00 2.00 7.80 2.20
2.00 2.00 2.00 2.00 2.00 2.00 2.00 6.00 1.90
2.00 2.00 2.00 2.00 1.00 1.00 1.00 6.50 1.60
2.00 2.00 2.00 2.00 1.00 1.00 1.00 9.10 2.20
2.00 2.00 2.00 2.00 1.00 1.00 1.00 7.30 1.74
2.00 2.00 2.00 2.00 1.00 1.00 2.00 6.00 1.70
2.00 2.00 2.00 2.00 1.00 1.00 2.00 7.40 1.90
2.00 2.00 2.00 2.00 1.00 1.00 2.00 5.90 1.60
2.00 2.00 2.00 2.00 1.00 2.00 1.00 5.60 1.90
2.00 2.00 2.00 2.00 1.00 2.00 1.00 7.90 2.20
2.00 2.00 2.00 2.00 1.00 2.00 1.00 6.60 1.80
2.00 2.00 2.00 2.00 1.00 2.00 2.00 6.00 1.80
2.00 2.00 2.00 2.00 1.00 2.00 2.00 8.50 2.00
2.00 2.00 2.00 2.00 1.00 2.00 2.00 5.80 1.80
2.00 2.00 2.00 2.00 2.00 1.00 1.00 5.60 1.80
2.00 2.00 2.00 2.00 2.00 1.00 1.00 6.90 1.60
2.00 2.00 2.00 2.00 2.00 1.00 1.00 5.80 1.60
2.00 2.00 2.00 2.00 2.00 1.00 2.00 5.50 1.70
2.00 2.00 2.00 2.00 2.00 1.00 2.00 6.80 2.00
2.00 2.00 2.00 2.00 2.00 1.00 2.00 5.70 1.60
2.00 2.00 2.00 2.00 2.00 2.00 1.00 6.60 2.20
2.00 2.00 2.00 2.00 2.00 2.00 1.00 8.60 2.00
2.00 2.00 2.00 2.00 2.00 2.00 1.00 6.40 2.20
2.00 2.00 2.00 2.00 2.00 2.00 2.00 5.80 1.90
2.00 2.00 2.00 2.00 2.00 2.00 2.00 7.10 2.20
2.00 2.00 2.00 2.00 2.00 2.00 2.00 6.30 2.20

ransformed data for the dependent variable size

A B c D E F G Size Span

1.00 1.00 1.00 1.00 1.00 1.00 1.00 .96 1.80
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.02 1.80
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.90
1.00 1.00 1.00 1.00 1.00 1.00 2.00 .85 1.40
1.00 1.00 1.00 1.00 1.00 1.00 2.00 .99 2.00
1.00 1.00 1.00 1.00 1.00 1.00 2.00 .88 1.70
1.00 1.00 1.00 1.00 1.00 2.00 1.00 .93 1.60
1.00 1.00 1.00 1.00 1.00 2.00 1.00 .97 1.60
1.00 1.00 1.00 1.00 1.00 2.00 1.00 .89 1.80
1.00 1.00 1.00 1.00 1.00 2.00 2.00 .92 1.80
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1.00 1.00 1.00 1.00 1.00 2.00 2.00 .97 2.20
1.00 1.00 1.00 1.00 1.00 2.00 2.00 .95 2.00
1.00 1.00 1.00 1.00 2.00 1.00 1.00 .89 1.70
1.00 1.00 1.00 1.00 2.00 1.00 1.00 .94 2.00
1.00 1.00 1.00 1.00 2.00 1.00 1.00 .88 2.00
1.00 1.00 1.00 1.00 2.00 1.00 2.00 .90 2.10
1.00 1.00 1.00 1.00 2.00 1.00 2.00 .90 2.20
1.00 1.00 1.00 1.00 2.00 1.00 2.00 .90 2.00
1.00 1.00 1.00 1.00 2.00 2.00 1.00 .87 2.00
1.00 1.00 1.00 1.00 2.00 2.00 1.00 .91 1.90
1.00 1.00 1.00 1.00 2.00 2.00 1.00 .90 1.80
1.00 1.00 1.00 1.00 2.00 2.00 2.00 .87 1.90
1.00 1.00 1.00 1.00 2.00 2.00 2.00 .92 2.00
1.00 1.00 1.00 1.00 2.00 2.00 2.00 .81 1.50
1.00 1.00 1.00 2.00 1.00 1.00 1.00 .76 1.70
1.00 1.00 1.00 2.00 1.00 1.00 1.00 .79 1.70
1.00 1.00 1.00 2.00 1.00 1.00 1.00 .78 1.60
1.00 1.00 1.00 2.00 1.00 1.00 2.00 .75 1.80
1.00 1.00 1.00 2.00 1.00 1.00 2.00 .76 1.60
1.00 1.00 1.00 2.00 1.00 1.00 2.00 .76 1.40
1.00 1.00 1.00 2.00 1.00 2.00 1.00 .75 1.80
1.00 1.00 1.00 2.00 1.00 2.00 1.00 .79 1.70
1.00 1.00 1.00 2.00 1.00 2.00 1.00 .79 1.70
1.00 1.00 1.00 2.00 1.00 2.00 2.00 .76 1.70
1.00 1.00 1.00 2.00 1.00 2.00 2.00 .77 1.80
1.00 1.00 1.00 2.00 1.00 2.00 2.00 .74 1.60
1.00 1.00 1.00 2.00 2.00 1.00 1.00 .77 2.00
1.00 1.00 1.00 2.00 2.00 1.00 1.00 .74 1.50
1.00 1.00 1.00 2.00 2.00 1.00 1.00 .76 2.00
1.00 1.00 1.00 2.00 2.00 1.00 2.00 .71 1.50
1.00 1.00 1.00 2.00 2.00 1.00 2.00 .76 1.70
1.00 1.00 1.00 2.00 2.00 1.00 2.00 .71 1.50
1.00 1.00 1.00 2.00 2.00 2.00 1.00 .77 1.70
1.00 1.00 1.00 2.00 2.00 2.00 1.00 .80 1.90
1.00 1.00 1.00 2.00 2.00 2.00 1.00 .81 1.70
1.00 1.00 1.00 2.00 2.00 2.00 2.00 .74 1.70
1.00 1.00 1.00 2.00 2.00 2.00 2.00 .79 1.80
1.00 1.00 1.00 2.00 2.00 2.00 2.00 .74 1.70
1.00 1.00 2.00 1.00 1.00 1.00 1.00 .76 1.50
1.00 1.00 2.00 1.00 1.00 1.00 1.00 .81 1.90
1.00 1.00 2.00 1.00 1.00 1.00 1.00 .79 1.60
1.00 1.00 2.00 1.00 1.00 1.00 2.00 .75 1.50
1.00 1.00 2.00 1.00 1.00 1.00 2.00 .81 1.50
1.00 1.00 2.00 1.00 1.00 1.00 2.00 .76 1.40
1.00 1.00 2.00 1.00 1.00 2.00 1.00 .72 1.30
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1.00 1.00 2.00 1.00 1.00 2.00 1.00 .80 1.50
1.00 1.00 2.00 1.00 1.00 2.00 1.00 .65 1.20
1.00 1.00 2.00 1.00 1.00 2.00 2.00 .72 1.40
1.00 1.00 2.00 1.00 1.00 2.00 2.00 .80 2.10
1.00 1.00 2.00 1.00 1.00 2.00 2.00 .72 1.90
1.00 1.00 2.00 1.00 2.00 1.00 1.00 .62 1.10
1.00 1.00 2.00 1.00 2.00 1.00 1.00 .76 1.40
1.00 1.00 2.00 1.00 2.00 1.00 1.00 .66 1.10
1.00 1.00 2.00 1.00 2.00 1.00 2.00 .67 1.20
1.00 1.00 2.00 1.00 2.00 1.00 2.00 .79 1.70
1.00 1.00 2.00 1.00 2.00 1.00 2.00 .75 1.90
1.00 1.00 2.00 1.00 2.00 2.00 1.00 .71 1.30
1.00 1.00 2.00 1.00 2.00 2.00 1.00 .83 3.00
1.00 1.00 2.00 1.00 2.00 2.00 1.00 .85 2.90
1.00 1.00 2.00 1.00 2.00 2.00 2.00 .77 2.50
1.00 1.00 2.00 1.00 2.00 2.00 2.00 .81 2.00
1.00 1.00 2.00 1.00 2.00 2.00 2.00 .80 1.80
1.00 1.00 2.00 2.00 1.00 1.00 1.00 .83 1.60
1.00 1.00 2.00 2.00 1.00 1.00 1.00 .79 1.50
1.00 1.00 2.00 2.00 1.00 1.00 1.00 .74 1.70
1.00 1.00 2.00 2.00 1.00 1.00 2.00 .71 1.60
1.00 1.00 2.00 2.00 1.00 1.00 2.00 .75 1.60
1.00 1.00 2.00 2.00 1.00 1.00 2.00 .81 2.00
1.00 1.00 2.00 2.00 1.00 2.00 1.00 .68 1.30
1.00 1.00 2.00 2.00 1.00 2.00 1.00 .77 1.40
1.00 1.00 2.00 2.00 1.00 2.00 1.00 .65 1.30
1.00 1.00 2.00 2.00 1.00 2.00 2.00 .59 1.10
1.00 1.00 2.00 2.00 1.00 2.00 2.00 .72 1.40
1.00 1.00 2.00 2.00 1.00 2.00 2.00 .74 1.20
1.00 1.00 2.00 2.00 2.00 1.00 1.00 .60 1.30
1.00 1.00 2.00 2.00 2.00 1.00 1.00 .70 1.30
1.00 1.00 2.00 2.00 2.00 1.00 1.00 .69 1.20
1.00 1.00 2.00 2.00 2.00 1.00 2.00 .63 1.20
1.00 1.00 2.00 2.00 2.00 1.00 2.00 .73 1.30
1.00 1.00 2.00 2.00 2.00 1.00 2.00 .67 1.20
1.00 1.00 2.00 2.00 2.00 2.00 1.00 .64 1.30
1.00 1.00 2.00 2.00 2.00 2.00 1.00 .72 1.40
1.00 1.00 2.00 2.00 2.00 2.00 1.00 .67 1.20
1.00 1.00 2.00 2.00 2.00 2.00 2.00 .65 1.30
1.00 1.00 2.00 2.00 2.00 2.00 2.00 .75 1.50
1.00 1.00 2.00 2.00 2.00 2.00 2.00 .72 1.30
1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.80
1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.07 1.80
1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.03 1.80
1.00 2.00 1.00 1.00 1.00 1.00 2.00 .91 1.80
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1.00 2.00 1.00 1.00 1.00 1.00 2.00 1.06 1.80
1.00 2.00 1.00 1.00 1.00 1.00 2.00 .98 1.70
1.00 2.00 1.00 1.00 1.00 2.00 1.00 .95 2.30
1.00 2.00 1.00 1.00 1.00 2.00 1.00 1.11 1.80
1.00 2.00 1.00 1.00 1.00 2.00 1.00 1.02 1.70
1.00 2.00 1.00 1.00 1.00 2.00 2.00 .94 1.70
1.00 2.00 1.00 1.00 1.00 2.00 2.00 .97 2.20
1.00 2.00 1.00 1.00 1.00 2.00 2.00 .88 1.80
1.00 2.00 1.00 1.00 2.00 1.00 1.00 .89 1.90
1.00 2.00 1.00 1.00 2.00 1.00 1.00 .91 2.30
1.00 2.00 1.00 1.00 2.00 1.00 1.00 .87 2.40
1.00 2.00 1.00 1.00 2.00 1.00 2.00 .84 2.20
1.00 2.00 1.00 1.00 2.00 1.00 2.00 1.01 2.10
1.00 2.00 1.00 1.00 2.00 1.00 2.00 .85 1.90
1.00 2.00 1.00 1.00 2.00 2.00 1.00 .83 2.00
1.00 2.00 1.00 1.00 2.00 2.00 1.00 .96 1.80
1.00 2.00 1.00 1.00 2.00 2.00 1.00 .88 1.90
1.00 2.00 1.00 1.00 2.00 2.00 2.00 .86 2.20
1.00 2.00 1.00 1.00 2.00 2.00 2.00 .92 2.50
1.00 2.00 1.00 1.00 2.00 2.00 2.00 .89 1.90
1.00 2.00 1.00 2.00 1.00 1.00 1.00 .75 1.50
1.00 2.00 1.00 2.00 1.00 1.00 1.00 .81 1.50
1.00 2.00 1.00 2.00 1.00 1.00 1.00 .84 1.70
1.00 2.00 1.00 2.00 1.00 1.00 2.00 .77 1.70
1.00 2.00 1.00 2.00 1.00 1.00 2.00 .78 1.50
1.00 2.00 1.00 2.00 1.00 1.00 2.00 .71 1.50
1.00 2.00 1.00 2.00 1.00 2.00 1.00 .62 1.10
1.00 2.00 1.00 2.00 1.00 2.00 1.00 .81 1.70
1.00 2.00 1.00 2.00 1.00 2.00 1.00 .76 1.60
1.00 2.00 1.00 2.00 1.00 2.00 2.00 .70 1.40
1.00 2.00 1.00 2.00 1.00 2.00 2.00 .76 1.60
1.00 2.00 1.00 2.00 1.00 2.00 2.00 .76 1.30
1.00 2.00 1.00 2.00 2.00 1.00 1.00 .70 1.80
1.00 2.00 1.00 2.00 2.00 1.00 1.00 .75 1.40
1.00 2.00 1.00 2.00 2.00 1.00 1.00 .75 1.70
1.00 2.00 1.00 2.00 2.00 1.00 2.00 .62 1.50
1.00 2.00 1.00 2.00 2.00 1.00 2.00 .75 1.80
1.00 2.00 1.00 2.00 2.00 1.00 2.00 .77 1.90
1.00 2.00 1.00 2.00 2.00 2.00 1.00 .70 1.90
1.00 2.00 1.00 2.00 2.00 2.00 1.00 .76 1.70
1.00 2.00 1.00 2.00 2.00 2.00 1.00 .63 1.40
1.00 2.00 1.00 2.00 2.00 2.00 2.00 .76 1.70
1.00 2.00 1.00 2.00 2.00 2.00 2.00 .75 1.80
1.00 2.00 2.00 2.00 2.00 2.00 2.00 .63 1.40
1.00 2.00 2.00 1.00 1.00 1.00 1.00 1.03 1.80
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1.00 2.00 2.00 1.00 1.00 1.00 1.00 .97 2.00
1.00 2.00 2.00 1.00 1.00 1.00 1.00 .85 1.50
1.00 2.00 2.00 1.00 1.00 1.00 2.00 .62 1.20
1.00 2.00 2.00 1.00 1.00 1.00 2.00 .75 1.50
1.00 2.00 2.00 1.00 1.00 1.00 2.00 .70 1.40
1.00 2.00 2.00 1.00 1.00 2.00 1.00 .73 1.40
1.00 2.00 2.00 1.00 1.00 2.00 1.00 .89 1.80
1.00 2.00 2.00 1.00 1.00 2.00 1.00 .81 1.60
1.00 2.00 2.00 1.00 1.00 2.00 2.00 .79 1.80
1.00 2.00 2.00 1.00 1.00 2.00 2.00 .89 2.10
1.00 2.00 2.00 1.00 1.00 2.00 2.00 .80 1.90
1.00 2.00 2.00 1.00 2.00 1.00 1.00 .81 2.00
1.00 2.00 2.00 1.00 2.00 1.00 1.00 .95 2.40
1.00 2.00 2.00 1.00 2.00 1.00 1.00 .88 2.10
1.00 2.00 2.00 1.00 2.00 1.00 2.00 .65 2.00
1.00 2.00 2.00 1.00 2.00 1.00 2.00 .73 1.90
1.00 2.00 2.00 1.00 2.00 1.00 2.00 .74 2.50
1.00 2.00 2.00 1.00 2.00 2.00 1.00 .82 2.90
1.00 2.00 2.00 1.00 2.00 2.00 1.00 .86 2.40
1.00 2.00 2.00 1.00 2.00 2.00 1.00 .68 2.10
1.00 2.00 2.00 1.00 2.00 2.00 2.00 .67 1.60
1.00 2.00 2.00 1.00 2.00 2.00 2.00 .77 1.80
1.00 2.00 2.00 2.00 2.00 2.00 2.00 .72 1.70
1.00 2.00 2.00 2.00 1.00 1.00 1.00 .84 1.50
1.00 2.00 2.00 2.00 1.00 1.00 1.00 .83 1.90
1.00 2.00 2.00 2.00 1.00 1.00 1.00 .69 2.00
1.00 2.00 2.00 2.00 1.00 1.00 2.00 .72 1.20
1.00 2.00 2.00 2.00 1.00 1.00 2.00 .79 1.50
1.00 2.00 2.00 2.00 1.00 1.00 2.00 .67 1.30
1.00 2.00 2.00 2.00 1.00 2.00 1.00 .64 1.80
1.00 2.00 2.00 2.00 1.00 2.00 1.00 .84 2.00
1.00 2.00 2.00 2.00 1.00 2.00 1.00 .74 1.40
1.00 2.00 2.00 2.00 1.00 2.00 2.00 .74 1.30
1.00 2.00 2.00 2.00 1.00 2.00 2.00 .84 1.50
1.00 2.00 2.00 2.00 1.00 2.00 2.00 .66 1.80
1.00 2.00 2.00 2.00 2.00 1.00 1.00 .83 1.50
1.00 2.00 2.00 2.00 2.00 1.00 1.00 .80 1.40
1.00 2.00 2.00 2.00 2.00 1.00 1.00 .62 1.40
1.00 2.00 2.00 2.00 2.00 1.00 2.00 .86 1.40
1.00 2.00 2.00 2.00 2.00 1.00 2.00 .79 1.60
1.00 2.00 2.00 2.00 2.00 1.00 2.00 .71 1.70
1.00 2.00 2.00 2.00 2.00 2.00 1.00 .86 1.80
1.00 2.00 2.00 2.00 2.00 2.00 1.00 .83 1.50
1.00 2.00 2.00 2.00 2.00 2.00 1.00 .82 1.70
1.00 2.00 2.00 2.00 2.00 2.00 2.00 .83 1.60
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1.00 2.00 2.00 2.00 2.00 2.00 2.00 .83 1.50
1.00 2.00 2.00 2.00 2.00 2.00 2.00 .69 1.50
2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.36 2.10
2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.22 1.60
2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.25 1.50
2.00 1.00 1.00 1.00 1.00 1.00 2.00 1.25 1.50
2.00 1.00 1.00 1.00 1.00 1.00 2.00 1.27 1.60
2.00 1.00 1.00 1.00 1.00 1.00 2.00 1.26 1.70
2.00 1.00 1.00 1.00 1.00 2.00 1.00 1.37 1.50
2.00 1.00 1.00 1.00 1.00 2.00 1.00 1.40 1.30
2.00 1.00 1.00 1.00 1.00 2.00 1.00 1.16 1.60
2.00 1.00 1.00 1.00 1.00 2.00 2.00 1.13 1.70
2.00 1.00 1.00 1.00 1.00 2.00 2.00 1.36 1.60
2.00 1.00 1.00 1.00 1.00 2.00 2.00 1.15 1.50
2.00 1.00 1.00 1.00 2.00 1.00 1.00 1.14 1.60
2.00 1.00 1.00 1.00 2.00 1.00 1.00 1.27 1.30
2.00 1.00 1.00 1.00 2.00 1.00 1.00 1.25 1.40
2.00 1.00 1.00 1.00 2.00 1.00 2.00 1.13 2.00
2.00 1.00 1.00 1.00 2.00 1.00 2.00 1.27 1.60
2.00 1.00 1.00 1.00 2.00 1.00 2.00 1.19 1.70
2.00 1.00 1.00 1.00 2.00 2.00 1.00 1.13 1.80
2.00 1.00 1.00 1.00 2.00 2.00 1.00 1.16 1.80
2.00 1.00 1.00 1.00 2.00 2.00 1.00 1.15 1.80
2.00 1.00 1.00 1.00 2.00 2.00 2.00 1.13 1.80
2.00 1.00 1.00 1.00 2.00 2.00 2.00 1.34 1.60
2.00 1.00 1.00 1.00 2.00 2.00 2.00 1.21 1.60
2.00 1.00 1.00 2.00 1.00 1.00 1.00 .81 1.80
2.00 1.00 1.00 2.00 1.00 1.00 1.00 .90 1.70
2.00 1.00 1.00 2.00 1.00 1.00 1.00 .89 1.60
2.00 1.00 1.00 2.00 1.00 1.00 2.00 .89 1.70
2.00 1.00 1.00 2.00 1.00 1.00 2.00 .89 2.00
2.00 1.00 1.00 2.00 1.00 1.00 2.00 .86 1.80
2.00 1.00 1.00 2.00 1.00 2.00 1.00 .92 1.90
2.00 1.00 1.00 2.00 1.00 2.00 1.00 .91 2.00
2.00 1.00 1.00 2.00 1.00 2.00 1.00 .98 1.80
2.00 1.00 1.00 2.00 1.00 2.00 2.00 .90 1.60
2.00 1.00 1.00 2.00 1.00 2.00 2.00 .98 2.00
2.00 1.00 1.00 2.00 1.00 2.00 2.00 .83 1.70
2.00 1.00 1.00 2.00 2.00 1.00 1.00 1.07 1.80
2.00 1.00 1.00 2.00 2.00 1.00 1.00 1.03 1.80
2.00 1.00 1.00 2.00 2.00 1.00 1.00 .88 2.40
2.00 1.00 1.00 2.00 2.00 1.00 2.00 .99 1.80
2.00 1.00 1.00 2.00 2.00 1.00 2.00 .97 1.70
2.00 1.00 1.00 2.00 2.00 1.00 2.00 .86 1.70
2.00 1.00 1.00 2.00 2.00 2.00 1.00 .95 2.10
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2.00 1.00 1.00 2.00 2.00 2.00 1.00 1.02 2.00
2.00 1.00 1.00 2.00 2.00 2.00 1.00 .86 2.10
2.00 1.00 1.00 2.00 2.00 2.00 2.00 .89 1.50
2.00 1.00 1.00 2.00 2.00 2.00 2.00 .92 1.90
2.00 1.00 1.00 2.00 2.00 2.00 2.00 .89 1.70
2.00 1.00 2.00 1.00 1.00 1.00 1.00 1.01 1.70
2.00 1.00 2.00 1.00 1.00 1.00 1.00 1.04 2.00
2.00 1.00 2.00 1.00 1.00 1.00 1.00 .89 1.60
2.00 1.00 2.00 1.00 1.00 1.00 2.00 .92 1.50
2.00 1.00 2.00 1.00 1.00 1.00 2.00 1.01 1.60
2.00 1.00 2.00 1.00 1.00 1.00 2.00 .90 1.60
2.00 1.00 2.00 1.00 1.00 2.00 1.00 .93 1.50
2.00 1.00 2.00 1.00 1.00 2.00 1.00 1.07 1.60
2.00 1.00 2.00 1.00 1.00 2.00 1.00 .83 1.60
2.00 1.00 2.00 1.00 1.00 2.00 2.00 .87 2.10
2.00 1.00 2.00 1.00 1.00 2.00 2.00 1.03 1.90
2.00 1.00 2.00 1.00 1.00 2.00 2.00 .96 1.60
2.00 1.00 2.00 1.00 2.00 1.00 1.00 .88 1.60
2.00 1.00 2.00 1.00 2.00 1.00 1.00 .99 1.50
2.00 1.00 2.00 1.00 2.00 1.00 1.00 .95 1.40
2.00 1.00 2.00 1.00 2.00 1.00 2.00 .83 1.50
2.00 1.00 2.00 1.00 2.00 1.00 2.00 .95 1.50
2.00 1.00 2.00 1.00 2.00 1.00 2.00 .79 1.40
2.00 1.00 2.00 1.00 2.00 2.00 1.00 .94 1.60
2.00 1.00 2.00 1.00 2.00 2.00 1.00 .98 1.80
2.00 1.00 2.00 1.00 2.00 2.00 1.00 1.00 1.60
2.00 1.00 2.00 1.00 2.00 2.00 2.00 1.00 1.60
2.00 1.00 2.00 1.00 2.00 2.00 2.00 1.10 1.80
2.00 1.00 2.00 1.00 2.00 2.00 2.00 1.00 1.40
2.00 1.00 2.00 2.00 1.00 1.00 1.00 .81 1.60
2.00 1.00 2.00 2.00 1.00 1.00 1.00 .85 2.00
2.00 1.00 2.00 2.00 1.00 1.00 1.00 .78 1.50
2.00 1.00 2.00 2.00 1.00 1.00 2.00 .77 1.80
2.00 1.00 2.00 2.00 1.00 1.00 2.00 .82 1.60
2.00 1.00 2.00 2.00 1.00 1.00 2.00 .76 1.60
2.00 1.00 2.00 2.00 1.00 2.00 1.00 .76 1.50
2.00 1.00 2.00 2.00 1.00 2.00 1.00 .93 1.90
2.00 1.00 2.00 2.00 1.00 2.00 1.00 .82 2.00
2.00 1.00 2.00 2.00 1.00 2.00 2.00 .76 1.60
2.00 1.00 2.00 2.00 1.00 2.00 2.00 .85 1.60
2.00 1.00 2.00 2.00 1.00 2.00 2.00 .76 1.70
2.00 1.00 2.00 2.00 2.00 1.00 1.00 .76 1.50
2.00 1.00 2.00 2.00 2.00 1.00 1.00 .79 1.50
2.00 1.00 2.00 2.00 2.00 1.00 1.00 .83 1.40
2.00 1.00 2.00 2.00 2.00 1.00 2.00 .70 1.60

225



Appendix

2.00 1.00 2.00 2.00 2.00 1.00 2.00 .76 1.60
2.00 1.00 2.00 2.00 2.00 1.00 2.00 .76 1.50
2.00 1.00 2.00 2.00 2.00 2.00 1.00 .69 1.50
2.00 1.00 2.00 2.00 2.00 2.00 1.00 .81 1.80
2.00 1.00 2.00 2.00 2.00 2.00 1.00 .81 1.40
2.00 1.00 2.00 2.00 2.00 2.00 2.00 .79 1.50
2.00 1.00 2.00 2.00 2.00 2.00 2.00 .80 1.60
2.00 1.00 2.00 2.00 2.00 2.00 2.00 .73 1.60
2.00 2.00 1.00 1.00 1.00 1.00 1.00 1.09 1.80
2.00 2.00 1.00 1.00 1.00 1.00 1.00 1.11 2.00
2.00 2.00 1.00 1.00 1.00 1.00 1.00 1.11 2.00
2.00 2.00 1.00 1.00 1.00 1.00 2.00 1.16 1.80
2.00 2.00 1.00 1.00 1.00 1.00 2.00 1.22 2.50
2.00 2.00 1.00 1.00 1.00 1.00 2.00 1.06 1.78
2.00 2.00 1.00 1.00 1.00 2.00 1.00 1.17 1.90
2.00 2.00 1.00 1.00 1.00 2.00 1.00 1.28 2.60
2.00 2.00 1.00 1.00 1.00 2.00 1.00 1.30 1.50
2.00 2.00 1.00 1.00 1.00 2.00 2.00 1.16 1.60
2.00 2.00 1.00 1.00 1.00 2.00 2.00 1.17 2.00
2.00 2.00 1.00 1.00 1.00 2.00 2.00 1.11 1.90
2.00 2.00 1.00 1.00 2.00 1.00 1.00 1.07 2.20
2.00 2.00 1.00 1.00 2.00 1.00 1.00 1.15 2.40
2.00 2.00 1.00 1.00 2.00 1.00 1.00 1.03 2.40
2.00 2.00 1.00 1.00 2.00 1.00 2.00 .95 2.40
2.00 2.00 1.00 1.00 2.00 1.00 2.00 .95 2.10
2.00 2.00 1.00 1.00 2.00 1.00 2.00 .94 2.20
2.00 2.00 1.00 1.00 2.00 2.00 1.00 1.14 2.10
2.00 2.00 1.00 1.00 2.00 2.00 1.00 1.19 2.00
2.00 2.00 1.00 1.00 2.00 2.00 1.00 1.11 1.80
2.00 2.00 1.00 1.00 2.00 2.00 2.00 .96 1.80
2.00 2.00 1.00 1.00 2.00 2.00 2.00 1.01 2.70
2.00 2.00 1.00 1.00 2.00 2.00 2.00 1.02 2.20
2.00 2.00 1.00 2.00 1.00 1.00 1.00 .86 2.10
2.00 2.00 1.00 2.00 1.00 1.00 1.00 1.01 2.00
2.00 2.00 1.00 2.00 1.00 1.00 1.00 .95 2.00
2.00 2.00 1.00 2.00 1.00 1.00 2.00 .85 1.90
2.00 2.00 1.00 2.00 1.00 1.00 2.00 .94 2.10
2.00 2.00 1.00 2.00 1.00 1.00 2.00 .90 2.10
2.00 2.00 1.00 2.00 1.00 2.00 1.00 .81 1.70
2.00 2.00 1.00 2.00 1.00 2.00 1.00 .99 2.40
2.00 2.00 1.00 2.00 1.00 2.00 1.00 .86 1.80
2.00 2.00 1.00 2.00 1.00 2.00 2.00 .81 2.00
2.00 2.00 1.00 2.00 1.00 2.00 2.00 .91 2.00
2.00 2.00 1.00 2.00 1.00 2.00 2.00 .83 2.00
2.00 2.00 1.00 2.00 2.00 1.00 1.00 .86 1.90
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2.00 2.00 1.00 2.00 2.00 1.00 1.00 .90 2.00
2.00 2.00 1.00 2.00 2.00 1.00 1.00 .79 1.80
2.00 2.00 1.00 2.00 2.00 1.00 2.00 .81 2.00
2.00 2.00 1.00 2.00 2.00 1.00 2.00 .89 2.10
2.00 2.00 1.00 2.00 2.00 1.00 2.00 .81 2.00
2.00 2.00 1.00 2.00 2.00 2.00 1.00 .99 2.50
2.00 2.00 1.00 2.00 2.00 2.00 1.00 .96 2.70
2.00 2.00 1.00 2.00 2.00 2.00 1.00 .90 2.50
2.00 2.00 1.00 2.00 2.00 2.00 2.00 .83 2.00
2.00 2.00 1.00 2.00 2.00 2.00 2.00 .90 2.00
2.00 2.00 1.00 2.00 2.00 2.00 2.00 .86 2.30
2.00 2.00 2.00 1.00 1.00 1.00 1.00 .73 2.10
2.00 2.00 2.00 1.00 1.00 1.00 1.00 1.00 2.00
2.00 2.00 2.00 1.00 1.00 1.00 1.00 .81 1.60
2.00 2.00 2.00 1.00 1.00 1.00 2.00 .85 1.90
2.00 2.00 2.00 1.00 1.00 1.00 2.00 .87 1.80
2.00 2.00 2.00 1.00 1.00 1.00 2.00 .81 1.70
2.00 2.00 2.00 1.00 1.00 2.00 1.00 .98 1.80
2.00 2.00 2.00 1.00 1.00 2.00 1.00 .94 1.50
2.00 2.00 2.00 1.00 1.00 2.00 1.00 1.02 1.90
2.00 2.00 2.00 1.00 1.00 2.00 2.00 .85 1.40
2.00 2.00 2.00 1.00 1.00 2.00 2.00 .85 1.70
2.00 2.00 2.00 1.00 1.00 2.00 2.00 .77 1.60
2.00 2.00 2.00 1.00 2.00 1.00 1.00 .79 2.30
2.00 2.00 2.00 1.00 2.00 1.00 1.00 .96 2.50
2.00 2.00 2.00 1.00 2.00 1.00 1.00 .77 2.10
2.00 2.00 2.00 1.00 2.00 1.00 2.00 .97 2.20
2.00 2.00 2.00 1.00 2.00 1.00 2.00 .89 2.30
2.00 2.00 2.00 1.00 2.00 1.00 2.00 .92 2.40
2.00 2.00 2.00 1.00 2.00 2.00 1.00 .92 2.20
2.00 2.00 2.00 1.00 2.00 2.00 1.00 .93 2.30
2.00 2.00 2.00 1.00 2.00 2.00 1.00 .83 2.00
2.00 2.00 2.00 1.00 2.00 2.00 2.00 .79 2.00
2.00 2.00 2.00 1.00 2.00 2.00 2.00 .89 2.20
2.00 2.00 2.00 2.00 2.00 2.00 2.00 .78 1.90
2.00 2.00 2.00 2.00 1.00 1.00 1.00 .81 1.60
2.00 2.00 2.00 2.00 1.00 1.00 1.00 .96 2.20
2.00 2.00 2.00 2.00 1.00 1.00 1.00 .86 1.74
2.00 2.00 2.00 2.00 1.00 1.00 2.00 .78 1.70
2.00 2.00 2.00 2.00 1.00 1.00 2.00 .87 1.90
2.00 2.00 2.00 2.00 1.00 1.00 2.00 .77 1.60
2.00 2.00 2.00 2.00 1.00 2.00 1.00 .75 1.90
2.00 2.00 2.00 2.00 1.00 2.00 1.00 .90 2.20
2.00 2.00 2.00 2.00 1.00 2.00 1.00 .82 1.80
2.00 2.00 2.00 2.00 1.00 2.00 2.00 .78 1.80
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2.00 2.00 2.00 2.00 1.00 2.00 2.00 .93 2.00
2.00 2.00 2.00 2.00 1.00 2.00 2.00 .76 1.80
2.00 2.00 2.00 2.00 2.00 1.00 1.00 .75 1.80
2.00 2.00 2.00 2.00 2.00 1.00 1.00 .84 1.60
2.00 2.00 2.00 2.00 2.00 1.00 1.00 .76 1.60
2.00 2.00 2.00 2.00 2.00 1.00 2.00 .74 1.70
2.00 2.00 2.00 2.00 2.00 1.00 2.00 .83 2.00
2.00 2.00 2.00 2.00 2.00 1.00 2.00 .76 1.60
2.00 2.00 2.00 2.00 2.00 2.00 1.00 .82 2.20
2.00 2.00 2.00 2.00 2.00 2.00 1.00 .93 2.00
2.00 2.00 2.00 2.00 2.00 2.00 1.00 .81 2.20
2.00 2.00 2.00 2.00 2.00 2.00 2.00 .76 1.90
2.00 2.00 2.00 2.00 2.00 2.00 2.00 .85 2.20
2.00 2.00 2.00 2.00 2.00 2.00 2.00 .80 2.20
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