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ABSTRACT 

S o n i c a t e d  aqueous  d i s p e r s i o n s  o f  8 - 7  D i p a l m i t o y l  D-L- 

rr 
P h o s p h a t i d y l  C h o l i n e  ( D P C )  v e s i c l e s  were s t u g i e d  by means o f  90' 

l i g h t  s c a t t e r i n g  and  t u r b i d i t y  Such model membrane 
- 

s t u d i e s  proGide  s t r u c t u r a l  and  f u n c t i o n a l  i n f o r m a t i o n  ' abou t  b i o l o g i c a l  

membranes. -& 

The d i s t r i b u t i o n  o f  v e s i c l e  s i z e s  o f  v a r i o u s  DPC d i s p e r s i o n s  was 

i n v e s t i g a t e d  by t h e  t u r b i d i t y  method deve loped  by ear l ie r  w o r k e r s .  

The time dependence  o f  90•‹ s c a t t e r e d  l i g h t  i n t e n s i t y  was s t u d i e d  as 

a  f u n c t i o n 5 f  QH f o r  0 and 1 0 - 3 ~ .  ~ a + ~  .' - R e l a t i v e  90' s c a t t e r e d  
.A 

l i g h t  i n t e n s i t y  k a s  s t u d i e d  as a f u n c t i o n  o f  t e m p e r a t u r e  i n  t h e  

p r e s e n c e  o f  K+ and ~ a + ~ .  

T u r b i d i t y  d a t a  were e x p l a i n e d  i n  t e r m s  o f  a b imodal  v e s i c l e  s i z e  

d i s t r i b u t i o n .  The a v e r a g e  s i z e  o f  s m a l l e r  p a r t i c l e s  was e s t i m a t e d  t o  

b e  275225 % from s p e c i f i c  t u r b i d i t y  measurements .  The l a r g e r  

p a r t i c l e s  were  e s t i m a t e d  t o  have  a  s i z e  o f  a b o u t  l o 3  R u s i n g  t h e  , 

r, 
\ 

power f a c t o r  which  i s  o b t a i n e d  e x p e r l a e n t a l l y  from a p l o g a r i t h m i c  p l o t  

o f  t u r b i d i t y  as  a f u n c t i o n  o f  wave leng th .  The t i m e  v a r i a t i o n  o f  90•‹ 

s c a t t e r e d  l i g h t  i s  t h o u g h t - t o  be due t o  a g g r e g a t i o n  o r  f u s i o n  o f  DPC 

p a r t i c l e s .  An a t t e m p t  was m a d e , t o  model t h e  time dependence  t o  . 
6 

r e a c t i o n  r a t e  t h e o r y .  V e s i c l e  s u r f a c e  c h a r g e  i s  b e l i e v e d  t o  d e t e r m i n e  . 

t h e  rate o f  a g g r e g a t i o n  o r  f u s i o n  o f  v e s i c l e s .  The s t u d y  o f  go0- 

s c a t t e r e d - l i g h t  i n t e n s i t y  shoved anomalous b e h a v i o u r  as a f u n c t i o n  o f  

t e m p e r a t u r e  i n  t h e  p r e s e n c e  of  K+ and ~ a + ~ .  T h i s  was  e x p l a i n e d  i n  

terms o f  t h e r m a l l y  i nduced  a g g r e g a t i o n  o r  f u s i o n  o f  v e s i c l e s .  

iii 



T h e ' t e c h n i q u e g  u t i l i z d  i n  t h i s  expe r imen t . cou ld  be o f  v a l u e  i n  

d e t e r m i n i n g  t h e  phys lco-chemica l  c o n d i t i o n s  which enhance  v e s i c l e  

f u s i o n  o r  a g g r e g a t i o n ,  and  p o s s i b l y  h e l p  t o  e s t a b l i s h  a m o l e c u l a r  
1 

mechanism f o r  t h e s e  phenomena. These problems a r e  o f  fundamenta l  

i m p o r t a n c e  t o  t h e  f u s i o n  o f  b i o l o g i c a l  membPanes. 
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CHAPTER 1 
- "  

The s t r u c t u r e  and f u n c t i o n  o f  membranes a r e  h i g h l y  s i g n i f i c a n t  i n  

b i o l o g i c a l  sy s t ems .  F u n c t i o n s  s u c h  as p a s s i v e ,  a c t i v e  o r  f a c i l i t a t e d  

t r a n s p o r t  i n v o l v e  h i g h l y  s p e c i a l i z e d  membranes. Membranes a r e  a l s o  

known t o  p l a y  a  c e n t r a l  r o l e  i n  s i g n a l  t r a n s m i s s i o n  and  e x c i t a b i l i t y  

phenomena. B i o l o g i c a l  membranes a l s o  p r o v i d e  s i t e s  f o r  e n z y m a t i c ,  

hormonal  and d r u g  a c t i v i t i e s .  p e  e l u c i d a t i o n  o f  membrane s t r u c t u r e ,  

t h e  o r g a n i z a t i o n  o f  component macro-molecules  and  t h e  s t u d i e s  o f  their 

dynamica l  behav iou r  have  been t h e  s u b j e c t s  o f  much r e s e a r c h  f o r  the 

p a s t  few decades .  

Membranes have been shown t o  b e  composed p r i m a r i l y  o f  two classes 

o f  compounds, l i p i d s  and p r o t e i n s .  S e v e r a l  a t t e m p t s  have been made t o  

model t h e  g e o m e t r i c a l ,  a r r angemen t  o f  these two component classes o f  

mo lecu le s  i n  b i o l o g i c a l  membranes. E a r l y  i n v e s t i g a t i o n s  by G o r t e r  and 

Grendal  (1925) on mono laye r s  o f  l i p i d s  e x t r a c t e d  from e r y t h r o c y t e s  

i n d i c a t e d  t h a t  t h e  e r y t h r o c y t e  membran? was bounded by a  b i l a y e r  o f  
. " 

l i p i d ,  A s i m i l a r  h y p o t h e s i s  was proposed  by Davson and  D a n i e l l i  

(1934)  t o  e x p l a i n  some o f  t h e  p e r m e a b i l i t y  p r o p e r t i e s  o f  the plasma 

membrane They_ proposed  t h a t  membranes c o n s i s t  o f  a c o n t i n u o u s  
1.- 

? lydrocarbon phase  which i s  c o n t r i b u t e d  by t h e  l i p i d  components o f  the 

membrane u h i l e  p r o t e i n s  a r e  s i t u a t e d  e x t e r i o r  t o  t h e  membrane i n  



g l o b u l a r  o r  ex t ended  form ( F i g .  l . l a ) .  Rober tson  (1957)  n o t i n g  

s i m i l a r i t i e s  i n  t h e  e l e c t r o n  mic rographs  o f  many d i f f e r e n t  t y p e s  o f  

c e l l  membranes came t o  c o n c l u s i o n s  s i m i l a r  t o , t h o s e  o f  e a r l i e r  

a u t h o r s .  ~ o b e r t s o n ' s  r e p r e s e n t a t i o n  h a s  been termed t h e  u n i t  

membrane. V a r i a t i o n s  i n  t h e  s i z e  o f  d i f f e r e n t  membranes and t h e  

e x i s t e n c e  o f  s u b u n i t s  i n  t h e  p l a n e  o f  t h e  membrane ( S j o s t r a n d  1963 ) 

caused  s e v e r a l  a u t h o r s  (Green ,  1966;  Korn,  1966; and P a r s o n s ,  1967) to  

c r i t i c i z e  t h e  u n i t  membrane h y p o t h e s i s .  N e w  models  o f  membrane 

s t r u c t u r e  were proposed by S j d s t r a n d  (1963 1, Lucy ( 1 9 6 4 ) ,  Benson 

( ~ 6 6 ) ~  Green and Perdue  (19661,  Wallach and Z a h l e r  ( 1 9 6 6 ) ,  Lenhard 

and S i n g e r  (19661,  and Hybel and  Dorse t  (1970) .  However none of t h e s e  

models  h a s  en joyed  t h e  wide a c c e p t a n c e  o f  t h e  u n i t  rnembranef, 

C u r r e n t  i n f o r m a t i o n  on t h e  ~ t r u c t u r a l  o r g a n i z a t i o n  of b i o l o g i c a l  

membranes h a s  been reviewed r e c e n t l y  by  s e v e r a l  a u t h o r s  ( S i n g e r  1971,  

Wallach 1972,  Green 1972,  Vanderkooi  1972,  S i n g e r  and Nicholson  1972,  

Capa ld i  1974).  The o v e r a l l  pack ing  a r r angmen t  o f  macromolecules  i n  

membranes i n d i c a t e d  by t h e s e  s t u d i e s  i s  o f  a l i p i d  b i l a y e r  which is 

i n t e r r u p t e d  by g l o b u l a r  p r o t e i n  m o l e c u l e s  c a l l e d  i n t r i n s i c  o r  i n t e g r a l  

p r o t e i n s .  These p r o t e i n s  are c o n s i d e r e d  t o  be amph ipa th i c  w i t h  a 

1 .  A g e n e r a l  r ev i ew and e v a l u a t i o n  o f  t h e s e  models  may b e  found i n  

Hendler  ( 1971 ) .  



h i g h l y  p o l a r  and  a  n o n - p o l a r  end  ( F i g .  l . l a ) .  The p o l a r  r e g i o n  i s  

c o n s i d e r e d  t o  be i n  c o n t a c t  w i t h  t h e  a q u e o u s  p h a s e .  It c o n t a i n s  

p r e f e r e n t i a l l y  p o l a r  amino  a c i d  r e s i d u e s  a n d  c o v a l e n t l y  bound 

s a c c h a r i d e  r e s i d u e s  w h i l e  t h e  n o n - p o l a r  r e g i o n s  are embedded t o  

v a r y i n g  d e g r e e s  i n  t h e  h y d r o p h o b i c  c o r e  o f  t h e  membrane. E x t r i n s i c  o r  

p e r i p h e r a l  p r o t e i n s  a r e  h e l d  a t  t h e  membrane . s u r f a c e  p r i m a r i l y  by 

e l e c t r o s t a t i c  i n t e r a c t i o n s  w i t h  l i p i d  p o l a r  g r o u p s .  The b a s i c  f e a t u r e  

o f  t h i s  t y p e  o f  membrane model is  i t s  n m o s a i c n  c h a r a c t e r  w h i c h  a l l o w s  
v 

l a r g e  f r a c t i o n s  o f  l i p i d s  and p r o t e i n s  t o  b e  o r g a n i z e d  i n d e p e n d e n t l y  

o f  eabh o t h e r .  Coupled  w i t h  r e c e n t  f i n d i n g s  that i n d i c a t e  l i p i d s  may , 

e x i s t  i n  a  b i l a y e r  i n  a f l u i d  s tate t h e  m o s a i c  model o f f e r s  t h e  

a d v a n t a g e  that  components  o f  a membrane n e e d  n o t  e x i s t  i n  r i g i d l y  

f i x e d  p o s i t i o n s .  

- A  



(i) The ~avson-~anielli-~obertson model. 

(ii) The f l u i d  mosa i c  model. 

.a 

Fig .  1 . l a  Schemat ic  r e p r e s e n t a t i o n s  of  'two membrane models.  (i) The 

Davson-Danielli-Robertson model and ( i i )  t h e  f l u i d  mosaic model. 

Symbols p ,  h  and f  d e n o t e  t h e  p o l y p e p t i d e  c h a i n s  o f  the p r o t e i n s ,  t he -  

p o l a r  head and t h e  f a t t y  a c i d  c h a i n s  o f  t h e  p h o s p h o l i p i d s  

r e s p e c t i v e l y .  The + and - s i g n s  r e p r e s e n t  t h e  i o n i c  r e s i d u e s  of the 

p r o t e i n  ( a d a p t e d  from S i n g e r ,  19711,. C 
l-. 



( i )hydrated lecithin 
multilayer 

* - u dipalrni toy1 glycerol 
lecithin 5- C-c 

molecu I e  I backbone 
0 0 

-- ' 
(ii)multilamel lor vesicle 

F i g .  l . l b  

sys tem and  

p h o s p h o l i p  

t h e  gauche  

Model membrane sys t ems .  ( i  

( i i )  r n u l t i l a m e l l a r  l e c i t h i n  

hydrocBrbon 
chains 

) Hydrated l e c i t h i n  m u l t i l a y e r  

v e s i c l e .  The s t r u c t u r e  of t h e  

i d ,  d i p a l m i t o y l  l e c i t h i n  i s  shown w i t h  t h e  p o l a r  g r o u p  i n  

c o n f o r m a t i o n .  The hydrogen a toms bonded t o  t h e  c a r b o n  

a t o m  a r e  n o t  s,hown. 



Since l i p i d s  a r e  known t o  be b a s i c  components o f  a l l  c e l l  

membranes i t  seems worthwhile s t u d y i n g  t h e  p r o p e r t i e s  o f  model l i p i d  

membranes i n  water  i n  t h e  absence o f  p r o t e i n s .  Four t y p e s  o f  

exper imenta l  model sys tems which have rece ived  p a r t i c u l a r  a t t e n t i o n  

t 
a r e  monolayers,  m u l t i l a y e r s ,  b lack  f i l m s  and v e s i c l e s  ( F i g .  l . l b ) -  

Monolayers o f  l i p i d  molecules  a t  a n  a i r - w a t e r  i n t e r f a c e  can b e  

used t o  c o n s i d e r a b l e  advantage f o r  t h e  e v a l u a t i o n  o f  chemical  and 

p h y s i c a l  i n t e r a c t i o n s  between molecules .  The work o f  Langmuir (1935) 

and l a t e r ,  Shah and Schulman (1967) gave i n t e r e s t i n g  r e s u l t s  on t h e  

i n t e r a c t i o n s  o f  membrane l i p i d s  and v a r i o u s  i o n s  i n  t h e  aqueous 

s o l u t i o n .  The obv ious  drawbacks of t h i s  system a r e  t h a t  a  monolayer 

c o n s i s t s  of o n l y  one l a y e r  o f  l i p i d  rnolcules a t  a n  a i r - w a t e r  i n t e r f a c e  

and it does  n o t  s e p a r a t e  two aqueous phases. 

Luzza t i  (1969)  used m u l t i l a y e r s  t o  s t u d y  s t r u c t u r a l  p a r m e t e r s  

and phase t r a n s i t i o n s  o f  v a r i o u s  l i p i d s  by means o f  x-ray d i f f r a o t i o n .  

By va ry ing  t h e  water  c o n t e n t  and t h e  t empera tu re  o f  v a r i o u s  l i p i d  

. sys tems  he was a b l e  t o  o b t a i n  phase diagrams and packing a r r  ynt3 L 

'of l i p i d s  i n  v a r i o u s  p h y s i c a l  s i t k t i o n s .  Changes i n  phase were 

a t t r i b u t e d  t o  changes i n  t h e  packing arrangements  o f  l i p i d  8 0 l e c ~ l e a  

and v a r i a t i o n s  i n  t h e  m o b i l i t y  of  the hydrocarbon c h a i n 8  o f  the 

l i p i d s ,  



Black  f i l m s  (Rudin  and Mue l l e r  e t  a l .  1 9 6 4 )  a r e  produced by 

d i s s o l v i n g  l i p i d  i n  a n  o r g a n i c  s o l v e n t  such  as n-decane and s p r e a d i n g  

t h i s  s o l u t i o n  o v e r  a T e f l o n  h o l e  which s e p a r a t e s  two aqueous  

compartments .  C a p a c i t a n c e  (Hanai  e t  a 1  . 1964 ) and O p t i c a l  (Thompson 

and Huang 1966) measurements  showed t h i s  f i l m  t o  be of l i p i d  b i l a y e r  

t h i c k n e s s .  While t h i s  i s  a u s e f u l  sys t em f o r  e l e c t r i c a l  conduc tance  

s t u d i e s  i t  sometimes g i v e s  i n s u f f i c i e n t  s e n s i t i v i t y  when l a r g e r  

amounts o f  materials a r e  r e q u i r e d  f o r  c a l o r i m e t r y ,  NMR, ESR, 

. f l u o r e s c e n t  p r o b e s ,  e l e c t r o n  microscopy and l i g h  a t t e r i n g  which are ""C 
u s e f u l  t e c h n i q u e s  t o  o b t a i n  i n f o r m a t i o n  on phase  t r a n s i t i o n s ,  

m o l e c u l a r  con fo rma t ion  and m o b i l i t y .  

A model sys tem which h a s  proven u s e f u l  when h i g h e r  s e n s i t i v i t y  i s  

r e q u i r e d  is a s u s p e n s i o n  of  l i p i d  p a r t i c l e s  i n  water (Bangham 6968). 

These s u s p e n s i o n s  a r e  c a l l e d  v e s i c l e s .  The l i p i d  used  i n  t h i s  t h e s i s  

was , f l q D i p a l m i t o y l  D-L-a P h o s p h a t i d y l  Chol ine  c a l l e d  DPC. The 

c h o i c e  was 'based ma in ly  on t h e  f a c t  t h a t  .a s u b s t a n t i a l  f r a c t i o n  o f  

p h o s p h o l i p i d s  i n  c e l l  membranes i s  p h o s p h a t i d y l  c h o l i n e .  me p r e s e n c e  

o f  a  w e l l  documented hydrocarbon c h a i n  l e n g t h  ( 1 6 : O )  i s  i m p o r t a n t  i n  a 

model sys tem expe r imen t .  I n  a d d i t i o n  DPC h a s  a  c h a r a c t e r i s t i c  

t h e r m o t r o p i c  ph&e t r a n s i t i o n  a t  a n  e x p e r i m e n t a l l y  c o n v e n i e n t  

, t e m p e r a t u r e  (41•‹c i n  e x c e s s  w a t e r ) .  



S i z e  and shape  a r e  i m p o r t a n t  p r o p e r t i e s  o f  v e s i c l e s  whe the r  .- 
s i n g l e - w a l l e d  o r  m u l t i l a m e l l a r  . The method o f  p r e p a r a t i o n  d e t e r m i n e s  

t h e  v e s i c l e s  one o b t a i n s .  Bangham mere ly  shook t h e  l i p w  w a t e r  m i x t u r e  

u n t i l  a  c l o u d y  s u s p e n s i o n  was o b t a i n e d .  These v e s i c l e s  were shown t o  

be on ion  shaped s t r u c t u r e s .  Huang (1969) showed t h a t  pro longed  

s o n i c a t i o n  fo l lowed  b y  t r e a t m e n t  on a  s e p h a r o s e  column gave  v e s i c l e s  

c o n s i s t i n g  o f  a  s i n g l e  b i l a y e r  o f  l i p i d  s e p a r a t i n g  two aqueous  phases .  

More r e c e n t l y  B a t z r i ,  Korn (1973)  and Colbow (1973)  have  shown t h a t  

v e s i c l e s  o f  a b i l a y e r  n a t u r e  may b e  o b t a i n e d  by d i s s o l v i n g  a l i p i d  i n  

a  p o l a r  s o l v e n t  s u c h  as e t h a n o l  and i n j e c t i n g  t h e  m i x t u r e  i n t o  water. 

I r r e s p e c t i v e  of t h e  mode o f , p r e p a r a t i o n  t h e r e  i s  a l w a y s  t h e  problem o f  

d e t e r m i n i n g  t h e  s i z e  d i s t r i b u t i o n  o f  t h e  s u s p e n s i s n  which  i s  u s u a l l y  

done b y , e l e c t r o n  mic roscopy .  With e l e c t r o n  mic roscopy  t h e r e  i s  a lways  

t h e  q u e s t i o n  o f  how much t h e  sys t em may be  p e r t u r b e d  by t h e  f i x i n g  

procedure .  O p t i c a l  t e c h n i q u e s  s u c h  a s  l i g h t  s c a t t e r i n g  which are 

s i m p l e  and  n o n - d e s t r u c t i v e  g i v e  a d e t a i l e d  s p e c i f i c a t i o n  o f  a sample  

one may wish  t o  u s e  i n  l a t e r  e x p e r i m e n t s -  However i n t e r p r e t a t i o n  o f  

o p t i c a l  d a t a  such  as l i g h t  s c a t t e r i n g  h a s  been d i f f i c u l t  i n  the  p a s t  

(Atwood and Saunde r s  1971 , T i n k e r  1972). Recent  p r o g r e s s  ( C h o w  1975, 

Chong and  Colbow to be p u b l i s h e d )  has y i e l d e d  new methods f o r  

i n t e r p r e t i n g  90' s c a t t e r e d  l i g h t  and t u r b i d i t y  d a t a  on v e s i c l e s  by 

u t i l i z i n g  t h e  Rayleigh-Gans t h e o r y  o f  l i g h t  s c a t t e r i n g  which i s  

d i s c u s s e d  i n  Chap te r  5 ,  The a u t h o r  h a s  u t i l i z e d  t u r b i d i m t r y  t o  - 

d e t e r m i n e  t h e  d i s t r i b u t i o n  and s i z e  o f  l i p i d  v e s i c l e s  p repa red  by the 

s o n i c a t i o n  method.  



1.2 DETECTION OF VESICLE FUSION BY LIGHT SCATTERING 

Exper iments  i n y o l v i n g  t h e  f u s i o n  o f  two b l a c k  f i l m s  have  been 

performed by Montal .and Mul l e r  (1972 ) ,  Liberman and Nenashev ( 1 9 7 2 ) ,  

Eadzhinyan e t  a l .  (1971)  and Neher ( 1 9 7 4 ) .  T h i s  t e c h n i q u e  i s  o f  

impor t ance  i n  t h e  c o n s t r u c t i o n  o f  a s y m e t r i c  model membranes. It 

s h o u l d  be p o s s i b l e  t o  o b t a i n  i n f o r m a t i o n  on t h e  k i n e t i c s  o f  this 

f u s i o n  p r o c e s s  by o b s e r v a t i o n  of  changes  i n  e l e c t r i c a l  p a r a m e t e r s  s u c h  

a s  conduc tance  o r  c a p a c i t a n c e  as a f u n c t i o n  o f  time. R e c e n t l y  Pohl  e t  

a l .  (1973)  and Drachev (1974)  have i n c o r p o r a t e d  d y e s  o r  p r o t e i n s  i n t o  , 

b l a c k  b i l a y e r s  by t h e  f u s i o n  of l i posomes  w i t h  b i l a y e r s .  T h i s  

t e c h n i q u e  may be o f  f u r t h e r  impor t ance  i n  s t u d y i n g  v e s i c l e - c e l l  

i n t e r a c t i o n s .  

The f u s i o n  o f  s i n g l e  compartment v e s i c l e s  o f  c e r t a i n  

p h o s p h o l i p i d s  h a s  been r e p o r t e d  by Taupin  and M c C O M ~ ~  (19721,  Haeda 

and Ohn i sh i  (19741,  P r e s t e g a r d  and F e l l m e t h  (1974)  and Papahadopoulas  

e t  a l .  (1973). Although f u s i o n  between v e s i c l e s  may b e  a n '  

o v e r s i m p l i f i c a t i o n  o f  e v e n t s  i n v o l v e d  i n  t h e  f u s i o n  o f  i n t a c t  

membranes t h e  r e s u l t s  o f  t h e s e  r e c e n t  e x p e r i m e n t s  seems t o  d e m o n s t r a t e  

t h a t  v e s i c l e s  will be a n  e x t r e m e l y  v a l u a b l e  model sys tem f o r  the  s t u d y  

o f  membrane Pus ion .  Background on t h e  f u s i o n  o f  b i o l o g i c a l  membranes 
i 

i s  d i s c u s s e d  i n  Chapter  2.  \ 



S i n c e  changes  i n  s c a t t e r e d  l i g h t  i n t e n s i t y  a r e  i n d i c a t i v e  o f  

changes  i n  t h e  s i z e ,  s h a p e  and number o f  s c a t t e r i n g  p a r t i c l e s  i t  seems 
CY. 

r e a s o n a b l e  t h a t  l i g h t  s c a t t e r i n g  and  t u r b i d i m e t r y  be a  w o r t h w h i l e  
a 

t e c h n i q u e  f o r  t h e  i n v e s t i g a t i o n  of  a membrane phenomena such  a s  

f u s i o n .  S i n c e  i n t a c t  b i o l o g i c a l  membranes a r e  e x t r e m e l y  complex t h e  

a u t h o r  h a s  c o n f i n e d  h i m s e l f  t o  i n v e s t i g a t i n g  t h e  i n t e n s i t y  o f  

s c a t t e r ' e d  l i g h t  a s  a f u n c t i o n  o f  time and l i p i d  c o n c e n t r a t i o n  f o r  DPC 

v e s i c l e s  p repa red  by s o n i c a t i o n .  Changes i n  s c a t t e r e d  l i g h t  i n t e n s i t y  

w i t h  time were a t t r i b u t e d  t o  f u s i o n  o r  a g g r e g a t i o n  o f  v e s i c l e s .  

While some work p s  k e n  done on t h e  t o p i c  o f  v e s i c l e  f u s i o n ,  a s  
> ?  

o u t l i n e d  i n  a n  e a r l i e r  p a r a g r a p h ,  l i t t l e  is  known o f  t h e  mechanism by 

which  f u s i o n  may t a k e  p l a c e  and f a c t o r s  Which a f f e c t  f u s i o n ,  s u c h  as 

membrane f l u i d i t y  and  membrane s u r f a c e  c h a r g e .  O f  i n t e r e s t  i n  t h i s  

t h e s i s  i s  t h e  e f f e c t  o f  v e s i c l e  s u r f a c e  c h a r g e  on t h e  time v a r i a t i o n  

o f  s c a t t e r e d  l i g h t  i n t e n s i t y .  S i n c e  DPC h a s  a  n e g a t i v e l y  cha rged  
,. 

phospha te  g roup  and a p o s i t i v e l y  cha rged  t r i m e t h y l  a m o n i u n  g r o u p  

v a r i a t i o n s  i n  v e s i c l e  s u r f a c e  c h a r g e  a r e  o b t a i n a b l e  by v a r y i n g  t h e  * 

b u l k  pH o f  t h e  v e s i c l e  s o l u t i o n ,  A d d i t i o n  o f  i o n s  which b i n d  to DPC 

such  a s  ca+* p r o v i d e  a n  a l t e r n a t i v e  method o f  c h a r g i n g  v e s i c l e s .  

The a S / A t  v a l u e s  o b t a i n e d  a s  a f u n c t i o n  o f  pH gave  i n t e r e s t i n g  r e s u l t s  

which c o u l d  be i n t e r p r e t e d  by compar ing  t h e  coulombic  r e p u l s i o n  e n e r g y  

to v e s i c l e  t he rma l  enel-gy. Also o f  i n t e r e s t  was t h e  k i n e t i c s  of the 

f u s i o n  o r  a g g r e g a t i o n  p r o c e s s .  A n  a t t e m p t  t o  e x p l a i n  t h e  d a t a  i n  

terms o f  r e a c t i o n  r a t e  t h e o r y  was made, b u t  much work r e m a i n s  t o  be 

done i n  t h i s  r e g a r d .  - .  - --I 



b 1 . 3  TEMPERATURE DEPENDENCE OF SCATT ED LIGHT INTENSITY. 

T r d u b l e  (1971)  and Chong ( 1 9 7 5 )  have used  90' l i g h t  s c a t t e r i n g  

t o  o b s e r v e  t h e r m o t r o p i c  l i p i d  phase  t r a n s i t i o n s .  L i p i d  p h a s e  
, , 

t r a n s i t i o n s  a r e  d d c u s s e d  i n  more d e t a i l  i n  Chap te r  3.3. B y ' a p p l y i n g  

t h e  Rayleigh-Gans t h e o r y  of l i g h t  s c a t t e r i n g  t o  t h e  v a r i o u s  s t r u c t u r a l  

p a r a m e t e r s  o f  D P C ,  Chong 11975) was a b l e  t o  p r e d i c t  a  30-395 d e c r e a s e  

i n  s c a t t e r i n g  i n t e n s i t y  between 2 5 O ~  and 5 0 ' ~ .  T h i s  d e c r e a s e  i s  

i n  good agreement  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  t h i s  a u t h o r ,  

Chong (1975)  and e a r l i e r  w o r k e r s  on  v e s i c l e  s u s p e n s i o n s  p r e p a r e d  a t  

t e m p e r a t u r e s  above  t h e  phase  t r a n s i t i o n  t e m p e r a t u r e  o f  4 I 0 c  i n  

aqueous  s o l u t i o n s  a t  pH 6.8 and 10,w i o n i c  s t r e n g t h .  We a r e  i n t e r e s t e d  

i n  t h e  e f f e c t  o f + i o n s  ( s p e c i f i c a l l y  K+ and ~ a + ~ )  o n  t h e s e  p h a s e  

t r a n s i t i o n s .  

v a r i a t i o n  i n  

on  t h e  b a s i s  

:is small f o r  

I n  p a r t i c u l a r  t w o  e f f e c t s  a r e  e x p e c t e d .  1 )  A s l i g h t  

t r a n s i t i o n  t e m p e r a t u r e  due t o  b i n d i n g  o f  i o n s  is  e x p e c t e d  

o f  t h e  Guoy t h e o r y  ( T r a u b l e  and E i b l  1974). T h i s  e f f e c t  - 
DPC due t o  t h e  low s u r f a c e  c h a r g e  on DPC. 2)  Even though  

t h e  s u r f a c e  c h a r g e  i s  low t h e  coulombic  i n t e r a c t i o n s  between v e s i c l e s  

a r e  shown t o  be s u f f i c i e n t  t o  cause r e p u l s i o n s  between v e s i c l e s .  
- 

V a r i a t i o n  9 f  t e m p e r a t u r e  i n c r e a s e s  t h e  t h e r m a l  e n e r g y  o f  v e s i c l e s  and 

m y  c a u s e  v a r i a t i o n s  i n  i o n  b i n d i n g  ( t h e  b i n d i n g  o f  i o n s  is  ' d i s c u s s e d  

i n  3 .4)  w h i c h ' i n  t u r n  may c a u s e  f u s i o n  o r  a g g r e g a t i o n  o f  v e s i c l e s .  

S t r o n g  i n d i c a t i o n s  o f  t h i s  b e h a v i o u r  were obse rved  i n  t h e  p r e s e n c e  o f  

K+ and ~ a + ~  i n  t h e  v e s i c l e  s u s p e n s i o n .  

A, 



CHAPTER 2 

MEMBRANE FUSION 

The purpose of t h i s  chapter  i s  t o  provide d iscuss ion  on the  

fusion of b io log ica l  membranes. Though the concern of t h i s  t h e s i s  i s  

d i rec ted*  tow.ards a  model system approach, t he  author  f e e l s  t h a t  the  

motivation f o r  t h i s  study has i t s  roo t s  i n  b io log ica l  membrane 

phenomena and the re fo re  the  b io log ica l  a spec t s  of the problem should 

not be ignored. . .. 

2.2 IMPORTANCE OF FUSION IN BIOLOGY 
J - 

Fusion of meabranes i s  an important event i n  c e l l  biology. 

Within l i v i n g  c e l l s ,  membrane fusion i s  necessary f o r  t h e  

incorporat ion (endocytos is )  and subsequent d iges t ion  of  e x t r a c e l l u l a r  

mater ia l  and a l s o  f o r  t h e  t r anspor t  and discharge of i n t r a c e l l u l a r  

mater ia l  t o  t he  e x t r a c e l l u l a r  space ( exocy tos i s ) .  The formation of 

endocytotic ves i c l e s  a t  tpe c e l l  sur face  involves the  invaginat ion of -,- 

a segment of the  plasma membrane which must fuse  i n  order  t o  form a  

closed ves ic le .  Subsequently t h e  d iges t ion  i n  t he  endocytot ic  

ves i c l e s  involves a  s e r i e s  of membrane fusion sequences between these  

v e s i c l e s ,  lysosomes a n d  Solgi, ve s i c l e s .  (F ig .  2 . 1 ) .  Membrane fusion 

may a l s o  play a  r o l e  i n  the  reverse process of exocytosis  i n  which 



- 
f u s i o n  t a k e s  p l a c e  a t  t h e  c e l l  s u r f a c e  between t h e  membrane o f  t h e  

e x o c y t o t i c  v e s i c l e  and t h e  p lasma membrane. E x o c y t o t i c  d i s c h a r g e  i s  

b a s i c  t o  t h e  p r o c e s s  o f  c e l l  e x c r e t i o n  and s e c r e t i o n  ( F i g .  2 . 1 )  and  

is  known t o  be invol . fed  i n  t h e  r e l e a s e  o f  a  wide v a r i e t y  o f  enzymes, 

hormones and n e u r o t r a n s m i t t e r  s u b s t a n c e s  from a  wide v a r i e t y  o f  c e l l s .  

T a b l e  2 .1  s u m n a r i z e s  some t i s s u e s  which a r e  t h o u g h t  t o  e x h i b i t  t h e s e  

. p r o p e r t i e s .  I t  s h o u l d  be s t r e s s e d  h e r e  t h a t  t h e r e  i s  n o t  u n i v e r s a l  

agreement  t h a t  e x o c y t a s i s  i s  t h e  m l y  mechanism by which  s e c r e t i o n  and  

d i , ge s t i on  are a t t a i n e d ,  A d e t a i l e d  d i s c u s s i o n  o f  t h i s  p o i n t  may b e  

found i n  ( P o s t e  and A l l i s o n  1973 ) .  Other  a l t e r n a t i v e s  t o  a c t u a l  

f u s i o n  which have  bee& s u g g e s t e d  and no doubt  have  a p p l i c a b i l i t y  i n  

c e r t a i n  s i t u a t i o n s  a r e  summarized i n  F i g .  2 . 2  ( S m i t h ,  1972) .  It may 

b e  n o t e d  however that a l l  t h e s e  s u g g e s t i o n s  i n v o l v e  t h e  i n t e r a c t i o n  o f  

a v e s i c l e  w i t h  a  menbrane,  t h e  d i f f e r e n c e  l y i n g  i n  t h e  mechanism. 



Table 2 . 1 :  Some Examples of Membrane Fusion i n  Secretion and 

Exocytosis Observed by Electron Microscopy. 

Adrenal Medulla 

Pancreas 

Pancreas 

Hast Cells 

Cbl ine rg ic  Synapses 

I Adrenergic Synapses 

1 

Diameter of Secretory 

Granule (~m)(microns)  

,Substance Secreted 

Catecholamines 

Iqsul in  

Digestive Enzymes 
, + 

H i  atamine 

Acetylcholine 

Noradrenaline 



AUTOPHAGlC 
VACUOLE 

Fig. 2.1 Schematic representa t ion  of Importance of membrane fusion 

i n  t h e  func t iona l  r e l a t i o n s h i p  between the-endoplasmic ret iculum, the  

go lg i  apparatus  and lysosomes and i n  t he  en t ry  and r e l e a s e  of mater ia l  

from the c e l l .  

'7 
i '-? 



The  fusion and incorporation of vesicles from the Golgi apparatus 

i n to  discre te  regions o f  c e l l  membranes may be a  common occurance i n  

most, if not a l l  c e l l s  and has been suggested a s  a possible mechanism 

for  obtaining quant i ta t ive  and-quali tat ive var ia t ions  i n  the  

dis t r ibut ion of materials  a t  the c e l l  surface and for  determining 

spec i f i c i ty  on the c e l l  surface (Hirano e t  a l .  1972). Membrane fusion 

is  a l so  f e l t  t o  be important i n  the turnover and redis t r ibut ion of 

membranes within a  c e l l .  Bursts of exocytotic a c t i v i t y  involving 

fusion of secretory granules w i t h  the plasma membrane a r e  egpected t o  

produce a  s ign i f i can t  increase i n  the surface area of the plasma 

membrane unless mechanisms were available t o  compensate fo r  the 

increase. Therefore cycles of'--exocytosis and endocytdsis a r e  thought 
'I 

to  provide a  mechanism fo r  reu t I l i za t ion  and r e t r i eva l  of membranes 

(Nagasawa e t  a1 . 1970). 

Cell fusion i s  known t o  occur a s  a  cy to t i c  or cytopathic response 

t o  infection w i t h  a  number of DNA and RNA containing v i r i .  The 2 

emergence of v i rus  induced c e l l  fusion a s  a  too l  fo r  producing hybrid 

c e l l s  and heterokaryons fo r  the experimental study of genomic and 

phenotypic regulat ion,  gene mapping and the study of malignancy in  

c e l l s  has shown the need t o  understand the molecuiar mechanism of the 

fusion reaction.  



EXOCYTOSIS 

EXPEL VESICLE 0 

I 
PORES I N  MEMBRANES @+ e- a-a 

I 

< 

DIFFUSE ACROSS MEMBRANE OR 
CARRIER I N  MEMBRANE 

F i g .  2.2 Schema t i c  r e p r e s e n t a t i o n  o f  t h e  p o s s i b l e  mechanisms. by 

which  m a t e r i a l  w i t h i n  a s e c r e t o r y  v a c u o l e  can r e a c h  t h e  e x t r a c e l l u l a r  

s p a c e .  



2.3 FACTORS WHICH M A Y  AFFECT MEMBRANE FUSION 

Knowledge o f  t h e  p r e f e r r e d  conformat ions  o f  membrane 

macromolecules and t h e i r  mot ional  freedom i s  necessa ry  f o r  any 

unders tand ing  o f  the  membrane f u s i b n  r e a c t i o n  s i n c e  t h e s e  f a c t o r s  

determine t h e  t y p e  of  i n t e r a c t i o n  t h a t  can occur  between 

macromolecules i n  a d j a c e n t  membranes dur ing  f u s i o n .  The 

c o n f o r m a t i o n a 1 , s t a t e  o f  macromolecules i n  membranes h a s  been b r i e f l y  

d i s c u s s e d  i n  Chapter 1 i n  terms o f  the"f1uid mosaic model o f  membrane 
- 

s t r u c t u r e .  T h i s  model o f f e r s  c o n s i d e r a b l e  o p p o r t u n i t T f o r  r a p i d  

changes i n  t h e  conformat ion and d i s t r i b u t i o n  o f  membrane 

macromolecules i n  r esponse  t o  changes i n  environment n e a r  t h e  

membrane. 

The mot l&al  freedom of membrane macromolecules i s  c l e a r l y  o f  

importance i n  t h e  membrane f u s i o n  r e a c t i o n .  No firm c o n c l u s i o n s  can 

y e t  be made concern ing  t h e  p r e c i s e  i d e n t i t y  of  t h e  i n t e r a c t i o n  between 

membrane macromolecules d u r i n g  f u s i o n  bu t  i t  i s  p o s s i b l e  t o  d i s c u s s  

f a c t o r s  which c o n s t r a i n  t h e  m t i o n  o f  m p b r a n e  components. A 

discu&ion  o f  thermal  behaviour  o f  l i p i d s  w i l l  f o l l o w  i n  Chapter  3 . 3 .  

The mot ional  freedom and s p a t i a l  arrangement o f  p r o t e i n s  is though t  t o  

be s e n s i t i v e  t o  t h e  r e l a t i v e  f l u i d i t y  o f  t h e  l i p i d  mat r ix .  A f l u i d  

l i p i d  mat r ix  f a c i l i t a t e s  t h e  l a t e r a l  d i f f u s i o n  of membrane components. 

It is p o s s i b l e  t h a t  t h i s  l a t e r a l  d i f f u s i o n  might provide a s e n s i t i v e  

mechanism f o r  r a p i d  s t r u c t u r a l  rearrangements  o f  membranes i n  response  

t o  change i n  t h e  environment c l o s e  t o  t h e  membrane. 



Hembrane f u s i o n  r e q u i r e s  t h a t  membranes be brought  i n t o  

o p p o s i t i o n  a t  molecular  d i s t a n c e s .  The f a c t  t h a t  c e l l s  a r e  charged 

s u g g e s t s  t h e  e x i s t e n c e  o f  e l e c t r o s t a t i c  i n t e r a c t i o n s  between 

membranes. The f a c t  t h a t  a l l  v e r t e b r a t e  c e l l s  c a r r y  a  n e t  n e g a t i v e  

charge  (Weiss 1967) . sugges t s  t h a t  e l e c t r o s t a t i c  i n t e r a c t i o n s  between 

c e l l s  would be r e p u l s i v e  a t  l a r g e  d i s t a n c e s  ( s e v e r a l  c e l l  d i a m e t e r s ) .  

The o t h e r  primary i n t e r a c t i o n  i s  t h e  S h o r t  r ange  i n t e r a c t i o n  .the 

London-Yan d e r  Waals f o r c e ,  which i s  a t t r a c t i v e .  An e x c e l l e n t  review 

o f  t h e  theory  o f  e l ec t rodynamics  a p p l i e d  t o  B i o 1 o g y . i ~  found i n  

Parseg ian  (1974) .  Although t h e s e  a r e  e x a c t  p h y s i c a l  t h e o r i e s  t h e i r  
G 

a p p l i c a t i o n  t o  membranes has  been l i m i t e d  due t o  u n c e r t a i n t i e s  i n  

membrane s t r u c t u r e .  S u f f i c e  i t  t o  s a y  t h a t ' c o n b c t  i s  determined by 

t h e  charge  d i s t r i b u t i o n s  on membranes o v e r  e n t i r e  s u r f a c e s  and i n  

smal l  domains. However~we do n o t  know t h e  c h a r g e  d i s t r i b u t i o n .  

The a b i l i t y  o f  membranes t o  f u s e  is  a l s o  a f f e c t e d  by t h e  l o c a l  

i o n  c o n c e n t r a t i o n  s p e c i f i c a l l y  caC2, M ~ + ~  , ATP and ATPase 

a c t i v i t y .  Th i s  is d i s c u s s e d  i n  t h e  next  s e c t i o n .  

2.4 A POSSIBLE S C W E  FOR MEMBRANE FUSION 

Pos te  and A l l i s o n  (1973) p o s t u l a t e  t h a t  membrane f u s i o n ,  whether 
* 

i t  be c e l l - c e l l  fus ion  o r -ws ie le -ce l l  f u s i o n ,  may be thought  o f  as a 

f o u r  s t a g e  r e a c t i o n .  

The f i rs t  s t a g e  i s  a  d i r e c t  molecular  c o n t a c t  between membranes. 

As mentioned e a r l i e r  t h e  e lec t rodynamic  approach t o  de te rmin ing  

membrane c o n t a c t  i s  u s e f u l  on ly  when one knows t h e  d i s t r i b u t i o n  o f  



c h a r g e  on t h e  s u r f a c e .  Other f acFors  which a r e  b e l i e v e d  t o  i n f l u e n c e  

c e l l  c o n t a c t  have been sugges ted  by v a r i o u s  a u t h o r s .  These may be 

n a t u r a l  t i s s u e  s p e c i f i c  "aggrega t ingn  f a c t o r s  (Henker t  e t  a l .  19731, 

s y n t h e t i c  polymers (Brooks,  1973), o r  p o l y e l e c t r o l y t e s  (Katchalsky e t  

a l .  1959).  Diva len t  c a t i o n s  a r e  be l i eved  t o  s i t  between n e g a t i v e . a c i d  

g roups  on opposing s u r f a c e s  ( S t e i n b u r g  1962).  There can b e  e x t e n s i v e  

hydrogen bonding between c e l l  s u r f a c e  d i p o l e s  ho ld ing  o n t o  o t h e r  c e l l s  
--=-w 

o r  o n t o  an  a r t i f i c i a l  s u b s t r a t e .  Enzyme . s u b s t r a t e  complexing may - i 
J 

occur  between a d j a c e n t  s u r f a c e s  (Roth 1973).  Binding between 
F 

a n t i b o d i e s  and a n t i g e n i c  s i t e s  mayT t a k e  p l a c e .  E l e c t r o s t a t i c  " 
.I , 

a t t r a c t i o n  between s u r f a c e s  o f  u n l i k e  charge  may a r i s e  i n  some c&es 

~ h i l e  long-range electrodyn-c a t t r a c t i v e  f o r c e s  may act a t  longer  
ki 

d i s t a n c e s  ( C u r t i s  1962). The d e g r e e  t o  which some o r  a l l  o f  t h e s e  -. 
a 

p o s s i b i l i t i e s  a r e  a p p l i c a b l e  i n  r e a l  l i f e  is  unknown. What is  
f 

1 
! 

impor tan t  he re  i s  that ,contact  i s  necessa ry  for f u s i o n  t o  take p l a c e .  

The second s t a g e  i n  t h e  r e a c t i o n  i s  t h e  i n d u c t i o n  s t a g e .  Th i s  

s t a g e  is  cons ide red  t o  r e q u i r e  d isplacement  of  ~ a + ~  and ATP from t h e  

membranes. Th i s  s t a t e m e n t  is based on widespread f i n d i n g s  which 
-;-- 

demonstra te  t h a t  f u s i o n  is dependent upon an a c t i v e  energy s o u r c e  and 

t h e  p resence  of ~ a + ~ ,  b u t  i s  i n h i b i t e d  by h igh  c o n c e n t r a t i o n s  o f  

r' 
~ a + ~ ,  ~ g + ~  and ATP a t  b o t h  t h e  c e l l u l a r  and s u b c e l l w h r  l e v e l .  It . - 
h a s  been p o s t u l a t e d  that f u s i o n  i s  similar a t  the c e l l u l a r  y d  

s u b c e l l u l a r  l e v e l  ( P o s t e  and A l l i s o n  1974). 
4 

F u r t h e r  ev idence  s u p p o r t i n g  t h i s  hypo thes i s  i s  t h e  o b s e r v a t i o n  

t h a t  ATPase i s  necessa ry  f o r  t h e  removal of membrane bound ~ a + 2 ,  
D 



T h i s  i s  expec ted  t o  i n c r e a s e  t h e  f l u i d i t y  o f  t h e  membranes. A s  

mentioned e a r l ' i e r  changes  i n  membrane f l u i d i t y  i m p a r t s  d i f f e r e n t  

m o t i o n a l  freedom t o  membrane components .  L i t t l e  work h a s  been done 

r e l a t i n g  membrane f l u i d i t y  w i t h  f u s i o n  c a p a c i t y .  
-3 

The t h i r d  s t a g e  i n  t h e  r e a c t i o n  i s  t h e  f u s i o n  i t se l f .  T h i s  

. i n v o l v e s  t h e  f o r m a t i o n  o f  s t a b l e  l i n k a g e s  between macromolecules  i n  

ne ighbour ing  membranes. Membrane f l u i d i t y  i s  t h o u g h t  t o  be i m p o r t a n t  

h e r e  f o r  two r e a s o n s .  F i r s t ,  i n c r e a s e d  mot iona l  freedom o f  

macromolecules  due  t o  ~ a + *  d i s p l a c e m e n t  is  e x p e c t e d  t o  i n c r e a s e  t h e  
. , 

chance  f o r , s u c c e s s f u l  i n t e r a c t i o n s  between m o l e c u l e s  i n  opposed  

membranes. Second ly ,  a f l u i d  s t r u c t u r e  w q l d  encourage  r a p i d  

i n t e r m i x i n g  o f  components d u r i n g  f u s i o n .  Lucy (1970) s u g g e s t s  t h a t  
- - 

\ 

bC f u s i o n  o c c u r s  by i n t e r d i g i t a t i o n  o f  * m i c e l l e s  i n  a d d a c e n t  membranes. 

T h i s  h y p o t h e s i s  seems u n a c c e p t a b l e  s i n c e  t h e r e  i s  no eviden ,ce  i n  

s u p p o r t  o f  l i p i d  m i c e l l e s  i n  p h y s i o l o g i c a l  c o n d i t i o n s .  It A also 
- 

-- 
i g n o r e s  t h e  l i k e l i h o o d  t h a t  i n t r i n s i c  p r o t e i n s  are i n v o l v e d  i n  t h e  

f u s i o n  r e a c t i o n .  

- T h & l a s t  stage i s  s t a b i l i z a t i o n  o f  t h e  membrane which is  t h o u g h t  

to be t h e  r e v e r s e  o f  s t a g e  2 ,  t h e  r ep lacemen t  o f  ~ a + 2  and ATP t o  t h e  

membrane. 

An Fmportant  d e f i c i e n c y  i n  t h i s  scheme is  t h e  l a c k  o f  a s t i m u l u s  - 
f o r  e a c h  o f  these s t a g e s .  mat s t i m u l u s  is  t h e r e  t o  promote c e l l  \. 

t :  

con-ct? What s t$muLates  membranes t o  release AT? and ~ a + * ?  In 

s t a g e  4 ,  how does  and ATP b ind  t o  t h e  membrane? There  are a 

number of agents which a r e  known t o  enhance membrane f u s i o n .  

.- 
". 



L y s o l e c i t h i n  (Lucy 1970) i s  o f t e n  mentioned as a  c a n d i d a t e  f o r  

t r i g g e r i n g  t h e  f u s i o n  r e a c t i o n  by enhancement o f  m i c e l l i z a t i o n  of 

l i p i d  i n  membranes. However many o t h e r  l i p o p h i l i c  and l i p o l y t i c  

a g e n t s  have been shown t o  induce  f u s i o n .  These i n c l u d e  r e t i n o l ,  0 l e i c  

a e i d ,  g l y c e r o l  mono-oleate, s u c r o s e  monolaurate,  DL-sphingosine 

s u l p h a t e ,  s o r b i t a n  monolaurate and phosphol ipase  C .  There seems t o  be 

no  s o l i d  ev idence  t o  conf i rm l y s o l e c i t h i n  a s  a f u s i o n  i n i t i a t o r .  

Another n o t i o n  on how f u s i o n  i s  i n i t i a t e d  i s  t h a t  o f  P o s t e  and A l l i s o n  

(1971). Formation o f  minimum primary c o n t a c t s  between opposed 

membranes may be  s u f f i c i e n t  t o  i n i t i a t e  the ,  f u s i o n  r e a c t i o n .  Sur face  

c o n t a c t  between membranes i s  expected t o  a l t e r  t h e  o r i e n t a t f o n  o f  

charged groups and d i p o l a r  groups  w i t h i n  membranes. Changes i n  charge  

and d i p o l a r  o r i e n t a t i o n  would be  expected t o  produce conformat iona l  

changes o f  some membrane macromolecules. These conformat iona l  changes 

may account  f o r  changes i n  ~ a + ~  b ind ing  i n  s t a q e  2. Though much o f  

t h i s  d i s c u s s i o n  i s  s p e c u l a t i v e  i n  n a t u r e  and t h e  exper imenta l  ev idence  + 

f o r  v a r i o u s  s t a g e s  s c a r c e ,  t h i s  model may be s u b j e c t e d  t o  experiment 

and i s  t h e r e f o r e  worth c o n s i d e r i n g .  

2.5 EXPERIMENTAL MODELS FOR MEMBRANE FUSION 

Most o f  t h e  in fo rmat ion  o b t a i n e d  on membrane f u s i o n  h a s  been 

through observations of  the c e l l u l a r  p r o c e s s e s  i n  which Fusion occurs .  

D i r e c t  e x p e r i n e n t a l  s t u d y  o f  t h e  f u s i o n  r e a c t i o n  has been f r u s t r a t e d  

by t h e  l a c k  o f  s u i t a b l e  sys tems  i n  which e v e n t s  i n  t h e  membrane may be 

e v a l u a t e d  a t  t h e  molecular  l e v e l .  - - 



C e l l  f u s i o n  " i n  v i t r o n  h a s  been advanced as a p o t e n t i a l  model f o r  

$he s t u d y  of membrane f u s i o n .  Although t h e  a c t u a l  f u s i o n  o f  two ce l l s  

t a k e s  p l a c e  v e r y  r a p i d l y ,  t h e  numbe o f  c e l l s  f u s i n g  a t  any  time i s  \ 
v e r y  low and f u s i o n  a s s e s s e d  i n  t e r m s  o f  t h e  whole s y s t e m  i s  extenfkd 

o v e r  s e v e r a l  h o u r s  w i t h  s t i l l  o n l y  a small p e r c e n t a g e  o f  c e l l s  f u s i n g .  

Although c e r t a i n  c e l l  f u s i o n  v i r u s e s  (Harris H .  1970) may enhance  

t h i s  p r o c e s s ,  t h i s  t e c h n i q u e  i s  far from p e r f e c t e d .  The s t u d y  o f  

f a c t o r s  which  i n f l u e n c e  t h e  e x t e n t  o f  t h e  f u s i o n  r e a c t i o n  and g r o s s  

a s p e c t s  o f  c o n t r o l  and r e g u l a t i o n  are undoubtedly  u s e f u l  b u t  c a n n o t  

y e t  p r o v i d e  p r e c i s e  i n f o r m a t i o n  on t h e  m o l e c u l a r  changes  i n  membranes. 

One example o f  v i r u s  i nduced  c e l l  f u s i o n  which may overcome t h e s e  

criticisms is t h e  f u s i o n  of l i p i d  enveloped v i r u s  s u c h  as t h e  S e n d a i  

v i r u s  w i t h  t h e  plasma membranes o f  c e l l s  * i n  v i t r o n  which  o c c u r s  i n  

t h e  f i rs t  s t a g e  of v i r u s  i n f e c t i o n  (Aposto lov  and P o s t e  1972). 

It seems re j i sopab le  t h a t  s y s t e m s  o f  l o w e r  c o m p l e x i t y  s h o u l d  be  

u s e f u l  i n  t h i s  t y p e  o f  s t u d y .  The u s e  o f  art if icial  membrane s y s t e m s  

p repa red  from components known t o  o c c u r  n a t u r a l l y  i n  membranes would 

a p p e a r  t o  o f f e r  such  p o s s i b i l i t i e s .  An a t t e m p t  t o  model -this 

behav iou r  is p a r t  o f  t h e  c o n c e r n  o f  t h i s  t h e s i s .  



CHAPTER 3 

VESICLES 

3.1 METHODS OF PREPARATION 

E a r l i e r  methods of  p r e p a r i n g  l i p i d  water s u s p e n s i o n s  c o n s i s t e d  of 

d i s s o l v i n g  a known amount o f  l i p i d  i n  chloroform.  A known volume o f  

s o l u t i o n  cou ld  t h e n  be evapora ted  over  d r y  N2. An aqueous s o l u t i o n  

was added and t h e  mix tu re  was shaken u n t i l  a c loudy  s u s p e n s i o n  was 

o b t a i n e d  (Bangham and Horne 1964) . The m i c r o - s t r u c t u r e  o f  t h e s e  

suspens ions  was shown t o  be t h e  s m e c t i c  mesophase o r  onion s t r u c t u r e  

by x-ray d i f f r a c t i o n  and e l e c t r o n  microscopic  t e c h n i q u e s  ( S t o e c k e n i u s ,  

Schulman and P r i n c e  1960). The s i z e  d i s t r i b u t i o n  o f  v e s i c l e s  produced 

i n  t h i s  manner was h i g h l y  v a r i a b l e  t h u s  making c e r t a i n  t y p e s  o f  

e x p e r b e n t s ,  such as t r a n s p o r t  s t u d i e s ,  ve ry  d i f f i c u l t  t o  perform. 

T h e r e f o r e ,  more r e f i n e d  methods were r e q u i r e d .  

Prolonged u l t r a s o n i c  t r e a t m e n t  o f  l i p i d s  i n  w a t e r  fo l lowed by a 

secondary t r e a t m e n t ,  such as column chromatography (Huang 1969, Shee tz  

and Chan 19721, h a s  been shown by e l e c t r o n  microscopy and 

sed imenta t ion  v e l o c i t y  exper iments  t o  produce a n e a r l y  homogenous 

d i s t r i b u t i o n  o f  s i n g l e  b i l a y e r  v e s i c l e s  o f  an a v e r a g e  d iamete r  o f  

about  250 R. The e f f i c i e n c y  o f  t h i s  procedure  h a s  been shown t o  

depend upon s o n i c a t i o n  t ime  (Atwood and Saunders 19651, sa l t  

c o n c e n t r a t i o n  (Shee tz  and Chan 1972) and t h e  t empera tu re  a t  which t h e  



s o n i c a t i o n  t a k e s  p l a c e  (Chapman 1974) .  It h a s - a l s o  been sugges ted  

t h a t  chromatography may i n f l u e n c e  t h e  v e s i c l e s  a g g r e g a t i o n .  

Fur thermore ,  t h e  p r e t k a t m e n t  f o r  e l e c t r o n  microscopy may be open t o  

t h e  c r i t i c i s m  t h a t  t h e  method o f  t r e a t m e n t  may n o t  produce a t r u e  

r e p l i c a  o f  t h e  v e s i c l e s .  Desp i t e  t h e s e  c h t i c i s m s  and t h e  

d i f f i c u l t i e s  invo lved  i n  o b t a i n i n g  a homogenous d i s t r i b u t i o n  o f  

v e s i c l e s ,  s o n i c a t i o n  followed by secondary t r e a t m e n t  remains  t h e  most 

widely  u t i l i z e d  method o f  v e s i c l e  p r e p a r a t i o n .  

A more r e c e n t  method f o r  making v e s i c l e s  i n v o l v e s  t h e  d i s s o l v i n g  

of a  b i l a y e r  forming l i p i d  i n  a wa te r  s o l u b l e  o r g a n i c  s o l v e n t  such a s  

e t h a n o l .  The e t h a n o l  l i p i d  s o l u t i o n  i s  i n j e c t e d  i n t o  water w i t h  a 

Hamilton s y r i n g e .  This procedure  g i v e s  l i p i d  wa te r  s u s p e n s i o n s  which 

a r e  i n d i s t i n g u i s h a b l e  from those ob ta ined  by o t h e r  methods provided 

t h e  e t h a n o l  c o n c e n t r a t i o n  i s  s u f f i c i e n t l y  smal l  ( l e s s  t h a n  10% by dP 

weigh t ;  B a t z r i  and Korn 1973, Colbow 1973). The average  s i z e  o f  t h e s e  

v e s i c l e s  was e s t i m a t e d  t o  be about  250 9 by e l e c t r o n  microscopy. 

V e s i c l e s  prepared by this method must be c o n c e n t r a t e d  u s u a l l y  by 

u l t r a f i l t r a t i o n  befooe t h e y  a r e  u s e f u l  i n  o t h e r  exper iments .  This 

method has  n o t  y e t  been implemented a s  e x t e n s i v e l y  as t h e  s o n i c a t i o n  

method f o r  v e s i c l e  p r e p a r a t i o n ,  bu t  may p m v e  u s e f u l  i n  f u t u r e .  
% 

3 . 2  THERMAL BEHAVIOUR OF LIPIDS I N  WATER 

As mentioned i n  t h e  p rev ious  c h a p t e r ,  t h e  conformat ions  and 

p h y s i c a l  s t a t e s  o f  membrane macromolecules i n f l u e n c e s  membrane 

phenomem such a s  f u s i m .  Thus it seems reasonab le  t o  d e v i s e  methods 



f o r  s t u d y i n g  t h e s e  p r o p e r t i e s  i n  model sys t ems .  F a c t o r s  which 

i n f l u e n c e  p r o p e r t i e s  o f  l i p i d s  a r e  t e m p e r a t u r e ,  d e g r e e  o f  s a t u r a t i o n ,  
' .  

and hydrocarbon c h a i n  l e n g t h s .  

The c a p i l l a r y  m e l t i n g  p o i n t s  o f  anhydrous  l i p i d s  are q u i t e  h i g h  

( d i a c y l  phosphatidylethanolamine 200•‹c, p h o s p h a t i d y l  c h o l i n e s  ' 

2 3 0 0 ~ ) .  These  v a l u e s  a r e  i n d e p e n d e n t  o f  b o t h  t h e  c h a i n  l e n g t h  and 

t h e  d e g r e e  o f  u n s a t u r a t i o n  o f  t h e  f a t t y  a c i d  r e s i d u e  a s s o c i a t e d  w i t h  

t h e  p h o s p h o l i p i d .  These m e l t i n g  p o i n t s  can  b e  compared w i t h  t h o s e  of 

o t h e r  l o n g  c h a i n  m o l e c u l e s .  The m e l t i n g  p o i n t s  o f  f a t t y  a c i d s  

c o n t a i n i n g  t h e  same l e n g t h  o f  hydrocarbon c h a i n  are much l o w e r  

( s t e a r i c  a c i d  6 9 . 7 ' ~ ) .  On t h e  o t h e r  hand, t h e  c a p i l l a r y  m e l t i n g  

p o i n t  of  sodium s tearate  i s  300 '~ .  The h i g h  c a p i l l a r y  m e l t i n g  

p o i n t s  a r e  t h e r e f o r e  c o n s i s t e n t  w i t h  t h e  o c c u r r e n c e  of i o n i c  l i n k a g e s  

e x i s t i n g  i n  t h e  c r y s t a l  a s s o c i a t e d  w i t h  t h e  p o l a r  g roups  o f  t h e  

p h o s p h o l i p i d .  The h i g h e r  m e l t i n g  p o i n t s  o f  t h e  scdium s o a p s ,  compared 

w i t h  t h e  p h o s p h o l i p i d s ,  s u g g e s t  t h a t  t h e r e  i s  g r e a t e r  i o n i c  character 

a s s o c i a t e d  w i t h  t h e  p o l a r  g r o u p s  o f  t h e s e  m l e c u l e s .  I n  a d d i t i o n  t o  

t h e  c a p i l l a r y  m e l t i n g  p o i n t ,  a number o f  o t h e r  t h e r m o t r o p i c  phase  a 

changes  o c c u r .  These t h e r m o t r o p i c  phase  changes  have been 

d e m n s t r a t e d  by a wide v a r i e t y  o f  p h y s i c a l  t e c h n i q u e s  (Chapman 1974). 

The main c o n c l u s i o n s  o f  t h e s e  v a r i o u s  s t u d i e s  are as f o l l o u s .  

- F i r s L l y ,  even w i t h  f u l l y  s a t u r a t e d  p h o s p h o l i p i d s  some m o l e c u l a r  motion 

o c c u r s  i n  t h e  s o l i d .  Second ly ,  when t h e  p h o s p h o l i p i d  i s  h e a t e d  t o  a  

h i g h e r  t e m p e r a t u r e ,  i t  r e a c h e s  a  t r a n s i t i o n  p o i n t  where a marked 

&dothermic  change  x c u r s  and t h e  l i p i d  hydrocarbon c h a i n s  e x h i b i t  a  



a u c h  h i g h e r  d e g r e e  3f m o l e c u l a r  m o t i o n .  F o r  p h o s p h o l i p i d s  c o n t a i n i n g  

s h o r t e r  c h a i n  l e n g t h s  o r  u n s a t u r a t e d  b o n d s ,  t h o s e  marked e n d o t h e r m i c  

p h a s e  t r a n s i t i o n s  o c c u r  a t  l o w e r  t e m p e r a t u r e s .  The t e m p e r a t u r e s  a t  

w h i c h  t h e s e  t r a n s i t i o n s  o c c u r  p a r a l l e l  t h e  b e h a v i o u r  o f  t h e  m e l t i n g  

p o i n t  o f  t h e  r e l a t e d  f a t t y  a c i d s .  The t r a n s i t i o n  t e m p e r a t u r e s  are 

h i g h  f o r  t h e  fully s a t u r a t e d  long c h a i n  p h o s p h o l i p i d s  and  are lower 

when t h e r e  i s  a d o u b l e  bond p r e s e n t .  T h i s  v a r i a t i o n  o f  t r a n s t i o n  

t e m p e r a t u r e  s e e m s  t o  i a p l y  t h a t  t h i s  p h a s e  t r a n s i t i o n  i s  p r i m a r i l y  

a s s o c i a t e d  w i t h  a  m e l t i n g  o f  t h e  h y d r o c a r b o n  c h a i n s  o f  the 

p h o s p h o l i p i d s  w h i c h  i s  a r e f l e c t i o n  o f  t h e  d i s p e r s i o n  f o r c e s  be tween  

t h e  c h a i n s .  



MESOMORPHIC 

I\ LAMELLAR I LAMELLAR + WATER 
i 

LECITHIN CONCENTRATION (c ) 

F i g .  3 .1  The p h a s e  b e h a v i o u r  o f  d i p a h i t o y l  l e c i t h i n - w a t e r  system. 

( a d a p t e d  from Chapman e t  a l .  1967) .  



-\ 

Since  b io$qg ica l  membranes ? x i s t  i n  a n  aqueous environment it is 

impor tan t  t o  s t u d y  t h e  e f f e c t s  o f  wa te r  on l i p i d  sys tems .  mal l  

a m u n t s  of  water i r e  known t o  have .unusual  e f f e c t s  upon t h  ! 
mesomorphic behaviour  o f  phospho l ip ids .  Fig .  3.1 shows t h e  phase 

diagram of  t h e  1 , 2  dipalmitoyl-1-phosphatidyl chol ine-water  sys tem 

(Chapman e t  a l .  1967) .  It is s e e n  t h a t  on t h e  a d d i t i o n  o f  water t h e  

t r a n s i t i o n  t empera tu re  o f  t h e  phospho l ip id  i s  lowered t o  a c e r t a i n  

l i m i t i n g  v a l u e  Tc which is  independent  o f  a d d i t i o n  o f  more water. 

Above Tc t h e  p h o s p h a t i d y l  c h o l i o e  wa te r  system e x i s t s  i n  a 

mesomorphic l a m e l l a r  phase c o n & i s t i &  o f  b imolecu la r  l a y e r s  of  l i p i d  
2 

molecules  s e p a r a t e d  by l a y e r s  o f  w a t e r .  The long hydrocarbon c h a i n s  - 
7 . . 

o f  t h e  l e c i t h i n  molecules  a r e  i n  a f l u i d  s t a t e  and t h e  pol$( - groups 
'\ 

a r e  on t h e  s u r f a c e  s e p a r a t i n g  t h e  l i p i d  water  l a y e r s .  The c o m p b i t i o n  

o f  t h e  system a t  maximum h y d r a t i o n  i s  about  40% wate r .  On a d d i t i o n  - of 

more than 40% wate r  t h e  system d i s s o c i a t e s  i n t o  two phases ,  t h e  

mesomorphic l a m e l l a r  phase and t h e  water phase.  When t h e  phospha t idy l  

c h o l i n e h a t e r  system i s  coo led  below t h e  T, l i n e ,  t h e  hydrocarbon 

c h a i n s  adopt an ordered  packing.  The s t r u c t u r e  of t h i s  phase  is also 

l a m e l l a r .  The l a r g e  amount o f  bound water t a k e n  up by t h e  

phospha t idy l  c h o l i n e s  ( a b o u t  205) which does  n o t  form i c e  below OOC 

i s  probably  due t o  t h e  fo rmat ion  o f  a h y d r a t e  s t r u c t u r e  a s s o c i a t e d  

v i t h  t h e  p o l a r  groups.  In  d i s p e r s i o n s  o f  s y n t h e t i c  l i p i d s  t h i s  phase  

t r a n s i t i o n  h a s  been observed by a v a r i e t y  of  p h y s i c a l  t e c h n i q u e s  such 

a s  x-ray d i f f r a c t i o n  ( L u z z a t i  19681, d i f f e r e n t i a l  the rmal  a n a l y s i s  

(Chapman e t  a l .  1967) ,  d i l a t o m e t r y  (Traub le  and Haynes 1971IT, ESR 



(Hubbel and McConnell 1971) ,  NMR (Barker  e t  a l .  1972; Lee e t  a l .  1972) 

and l a s e r  Raman i n v e s t i g a t i o n s  ( L i p p e r t  and P e t i c o l a s  1971).  Most 

r e c e n t l y ,  t h e  phase t r a n s i t i o n  h a s  been r e v e a l e d  by s e v e r a l  convenient  

o p t i c a l  methods u s i n g  900 l i g h t  s c a t t e r i n g ,  a b s o r p t i o n ,  o r  

f l u o r e s c e n t  p rob ing  ( ~ r a u b l e  197 1 ; Sckmapn and Trauble  1972; Colbov 

1973; Chow 1975) .  A s  a r e s u l t  o f  t h e s e  s t u d i e s ,  i t  became a p p a r e n t  

t h a t  below t h e  t r a n s i t i o n  t empera tu re  Tc ,  which i s  c h a r a c t e r i s t i c  
, 

f o r  e a c h  l i p i d ,  t h e  hydrocarbon c h a i n s  i n  t h e  b i l a y e r  a r e  i n  t h e  

a l l - t r a n s  conformat ion forming a hexagonal c l o s e l y  packed a r r a y .  The 

t r a n s i t i o n  i s  accompanied by a l o s s  o f  o r d e r  i n  t h e  two dimensional  

l a t t i c e ,  a sudden i n c r e a s e  i n  c h a i n  m o b i l i t y ,  a l a t e r a l  expansion i n  

t h e  p lane  o f  t h e  membrane and a n e t  i n c r e a s e  i n  volume p e r  l i p i d  

molecule.  The f l u i d  s t a t e ,  T>Tc, pe rmi t s  r a p i d  l a t e r a l  d i f f u s i o n  o f  

t h e  l i p i d  molecules  i n  t h e  p lane  o f  t h e  membrane. The t r a n s i t i o n  is 

h i g h l y  c o - o p e r a t i v e  and t h e r e f o r e ,  a l a r g e  number o f  l i p i d  molecules  

i n  a c o n t i n o u s  phase  a r e  a p r e r e q u i s i t e  f o r  i ts occurence.  For  

d i p a l m i t o y l - p h o s p h a t i d y l  c h o l i n e  t h i s  t empera tu re  h a s  been measured t o  

I n  a d d i t i o n  t o  t h e  u s u a l  41•‹c phase t r a n s i t i o n -  a second phase  

observed by f l u o r e s c e n t  probing (Colbow 19731, c a l o r i m e t r y  (Hinz and 

S t u r t e v a n t  1972) ,  NKR (Shee tz  and Chan 1972) and d i l a t o m e t r y  (Nagle 

1974) .  The n a t u r e  o f  t h i s  phenomena i s  no t  w e l l  unders tood b u t  i t  h a s  

been sugges ted  t o  be due t o  t h e  rea l ignment  o f  l i p i d  p o l a r  g r o u p s .  

(Colbow 1973; Ladbrook and Chapman 1969).  A d i s c u s s i o n  o f  p o l a r  group 

c o n f i g u r a t i o n s  a p p e a r s  i n  t h e  n e x t  s e c t i o n .  



Lip id  phase  t r a n s i t i o n s  have been d e t e c t e d  i n  Mycoplasma 

l a i d l a w i i ,  Micrcooccus l y s o d e i c t i c u s  and mammalian membranes by 

d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  (Steim e t  a1.:1969; R e i n e r t  and 

S t e i m  1970; M e l c h i o r  e t  a l .  1970; Ashe and S te im 1971; Blazyk and 

S t e i m  1972) .  I n  Mycoplasma membranes Engleman ( 1970,  1973 ) and 

Abramson and P i s e t s k y  (1972)  have d e t e c t e d  t h e r m a l  t r a n s i t i o n s  by 

x-ray d i f f r a c t i o n  and  t u r b i d i m e t r y .  It is n o t  s u r p r i s i n g  t h a t  l i p i d  

p h a s e  t r a n s i t i o n s  are d e t e c t e d  i n  l i v i n g  o rgan i sms ,  b u t  y e t  i t  must be 

n o t e d  t h a t  most o rgan i sms  are remarkab ly  s t a b l e  w i t h  r e s p e c t  t o  

tempe>ature,  t h u s  i t  would seem t h a t  t h e r m a l l y  induced  phase  

t r a n s i t i o n s  do n o t  p l a y  a  r o l e  i n  most l i v i n g  sys t ems .  However, i o n s  

b i n d i n g  t o  t h e  p o l a r  groups  may a f f e c t  membrane f l u i d i t y  ( T r a u b l e  and 

E i b l e  1973) .  Organisms which are c a p a b l e  of a l t e r i n g  hydrocarbon 

. c h a i n  l e n g t h  o r  d e g r e e  o f  s a t u r a t i o n  may be  c a p a b l e  o f  chang ing  phase  

t r a n s i t i o n  t e m p e r a t u r e  i n  t h e i r  membranes. The d e g r e e  t o  which 

p r o t e i n s  a f f e c t  membrane f l u i d i t y  h a s  n o t  been s t u d i e d  t o  any  great 

e x t e n t .  It is  s u s p e c t e d  that  p r o t e i n  c o n f i g u r a t i o n s  are p a r t l y  

c o n t r o l l e d  by t h e  s t a t e  o f  l i p i d  m o l e c u l e s  i n  membranes. L i p i d  

v e s i c l e s  would seem t o  be  a good model f o r  s t u d y i n g  t h e  methods by 

which phase t r a n s i t i o n  may be  induced  i n  membranes. 

3.3 INTERACTIONS OF I O N S  WITH LIPID VESICLES 

The b i n d i n g  of a l k a l i  and a l k a l i n e  e a r t h  metals by l i p i d s w  

s u g g e s t e d  by some 

(Koch and P i k e  19 

of t h e  e a r l i e s t  i n v e s t i g a t o r s  o f  l i p i d  c h e m i s t r y  

1 0 ) .  The f i r s t  q u a n t i t a t i v e  s t u d y  o f  sodium and 
\ 



potassium b ind ing  by c e p h a l i n  was r & o r t e d  by C h r i s t e n s e n  and H a s t i n g s  
1; 

( 1 9 4 0 ) .  , R e c e n t l y  i n v e s t i g a t o r s  have a g a i n  emphasized t h e  importance  

o f  t h i s  t y p e  of  me ta l  b ind ing  i n  b i o l o g i c a l  sys tems.  There a r e  

i n d i c a t i o n s  t h a t  such n e t a l  c h e l a t i o n  i s  ' important  i n  l i p o p r o t e i n  ' 

fo rmat ion ,  c a t i o n  t r a n s p o r t  and o t h e r  b iochemical  p r o c e s s e s  such  a s  

membrane fusi61-1; 

The b ind ing  o f  i o n s  t o  monolayers o f  v a r i o u s  l e c i t h i n s  such a s  

d i o l e o y l ,  egg and d i p a l m i t o y l  phospha t idy l  c h o l i n e  has  been s t u d i e d  

e x t e n s i v e l y  by Shah and Schulman (1965a,  1965b, 1967) by means o f  t h e  

Langmuir t e c h n i q u e  and s u r f a c e  p o t e n t i a l  measurements. T h i s  work ' 

showed t h a t  i o n s  such a s  K+ and ca+* were a b l e  t o  bind t o  t h e  

p o l a r  head of l i p i d  molecules.  The degree  o f  b ind ing  was found t o  be 

p r o p o r t i o n a l  t o  t h e  degree  o f  s a t u r a t i o n  o f  t h e  hydrocarbon c h a i n s  

(Fig. 3.2) which is  impor tan t  i n  t h e  packing o f  l i p i d -  molecules .  A t  

7 
l a r g e  molecular  s e p a r a t i o n s  (due t o  u n s a t u r a t e d  hydrocarbon c h a i n s )  

w ~ t e r  and hydra ted  monovalent i o n s  compete f o r  b i n d i n g  si tes w i t h  

~ a + ~ .  As t h e  i n t e r m o l e c u l a r  d i s t a n c e  d e c r e a s e s  one ~ a " ~  s h a r e d  

between two phosphate grcqups b i n d s  more r e a d i l y  than two monovalent 
: 

i o n s .  The h i g h l y  s a t u r a t e d  l i p i d s  such as DPC were found t o  b ind 

d i v a l e n t  c a t i o n s  more r e a d i l y  than h i g h l y  u n s a t u r a t e d  l e c i t h i n s .  



Fig.  3 .2  -The e f f e c t  o f  hydrocarbon c h a i n  s a t u r a t i o n  and i n t e r n a l  s a l t  

l i n k a g e  on b ind ing  o f  i o n s .  

>J 
The b ind ing  o f  i o n s  canno t  be exp la ined  on t h e  b a s i s  o f  

i n t e r m o l e c u l a r  s p a c i n g  a l o n e ,  a s  h a s  been shown by v a r y i n g  t h e  head 

groups  of l i p i d s  w i t h  t h e  same hydrocarbon c h a i n s .  Also o c c u r r i n g  a r e  

i n t e r n a l  s a l t  l i n k a g e s  ( F i g .  3 . 2 )  between t h e  phosphate  group and t h e  

t r i m e t h y l  ammonium which i n h i b i t  t h e  b ind ing  o f  i o n s  on t h e  p o l a r  

group of l i p i d s .  The s t r e n g t h  o f  t h i s  salt l i n k a g e  i s  dependent upon 

t h e  degree  of  s a t u r a t i o n  o f  t h e  hydr-oca$um c h a i n s .  The p o l a r  groups  
-.4 

o f  h i g h l y  u n s a t u r a t e d  l i p i d s  have l o w e r ' i o n i c  r e p u l s i o n  between l i k e  

c h a r g e s  a l lowing  t h e  s a l t  l i n k a g e  t o  occur  more r e a d i l y .  Highly 

u n s a t u r a t e d  l i p i d s  have high i n t e r i o n i c  r e p u l s i o n s ,  t h u s  one way t h e  

d i p o l e s  may a l i g n  themselves i s  p e r p e n d i c u l a r  t o  t h e  l a y e r ,  t h u s  

minimizing t h e  i n t e r n a l ' l i n k a g e .  High sa l t  c o n c e n t r a t i o n  is  also 

c a p a b l e  of b reak ing  this l i n k a g e  by i n t e r n a l  n e u t r a l i z a t i o n  of 

o p p o s i t e l y  charged groups of a d j a c e n t  molecules .  ~ a + ~  seems t o  be 

more e f f e c t i v e  than Ha+ i n  d i s c h a r g i n g  t h e  s a l t  l i n k a g e .  It is n o t  



i, ; 
a L 

known how w e l l  t h e s e  concep t s  w i l l  app ly  t o  v e s l c l e s  s i n c e  parameters  

r e l a t e d  t o  i n t e r m o l e c u l a r  spac ing  and s t a t e  of compression a r e  no t  as 

w e l l  de f ined  a s  i n  monolayers.  

It  is be l i eved  t h a t  a t  low pH's a phospho l ip id  such  a s  

d i p a l m i t o y l  phospha t idy l  c h o l i n e  i s  pro tona ted  a t  t h e  phosphorous head 

group and d i s s o c i a t e s  a c c o r d i n g  - t o  

C 

The b u l k  pK1 of  t h i s  r e a c t i o n  was found t o  be 1.40 (Seimya and Ohki 

1972).  A t  h i g h e r  pH t h e  methyl ammonium group must a b s o r b  a 

hydroxide  : 

An e s t i m a t e  of pK2 by J o o s  and Car r  (1967)  is  11.6 .  H o l e c u l a r  s a l t  

f o r n a t i o n  is  though t  t o  occur :  

Kg was measured by Seimya and Ohki (1972) t o  be 8.85 x lo2. 

- . ~ a + ~  b i n d s  t o  t h e  n e g a t i v e l y  charged phosphate group: 



'u, 

5 K4 was measured t o  be 6 . 4 1  x 10 . No q u a n t i t a t i v e  d a t a  f o r  t h e  

b ind ing  o f  monovalent c a t i o n s  have been found i n  t h e  l i t e r a t u r e .  T h i s  

scheme a g r e e s  q u a l i t a t i v e l y  w i t h  what was s a i d  i n  t h e  p reced ing  

I '. paragraph .  High ~ a + ~  c o n c e n t r a t i o n  causes  c h e l a t i o n  of ~ a + *  w i t h  
\ - 

t h e  l i p i d  phosphate  whi le  low ~ a + ~  c o n c e n t r a t i o n  would a l l o w  t h e  

format ion o f  t h e  i n t e r n a l  s a l t  l i n k a g e .  The i n t e r n a l  s a l t  l i n k a g e  is  

f u r t h e r  c o n t r o l l e d  by t h e  pH which c o n t r o l s  t h e  c h a r g e  on t h e ' l i p i d  

groups .  It i s  expec ted  t h a t  t h e  i n t e r n a l  s a l t  l i n k a g e  would be 

s t r o n g l y  i n  e f f e c t  f o r  t h e  pH range  4-7 s i n c e  most a u t h o r s  q u o t e  t h i s  

a s  * the  i s o l e l e c t r i c  range of phospha t idy l  . c h o l i n e .  However, 

measurements of r e s i s t a n c e  and d i e l e c t r i c  breakdown p o t e n t i a l s  f o r  

b lack  films a s  a  f u n c t i o n  o f  pH show s t r o n g  peaks a t  pH 4 (Ohki 1969). 

These r e s u l t s  a r e  b e s t  unders tood i f  one assumes t h i s  i s  t h e  

i s o e l e c t r i c  p o i n t  o f  t h e  l i p i d .  One may c r i t i c i z e  t h i s - w o r k  s i n c e  t h e  

degree  of  s a t u r a t i o n  of  t h e  hydrocarbon c h a i n s  i s  n o t  s p e c i f i e d ,  t h u s  
2 6 

e q u i l i b r i m  c o n s t a n t s  measured by d i f f e r e n t  a u t h o r s  and d i f f e r e n t  

t echn iques  a r e  n o t  as meaningful  as they  could  be. 

The b ind ing  o f  i o n s  t o  l i p i d s  shou ld  a f f e c t  t h e  phase t r a n  i t i o n  d 
o f  l i p i d s  (Traub le  and E i b l e  19731, h i g h  s u r f a c e  c h a r g e  c a u s e s  

r e p u l s i o n s  between p o l a r  groups ,  which c a u s e  b i l a y e r  expansion,  t h u s  

a l l o w i n g  t h e  hydrocarbons  more mot ional  freedom. Low s u r f a c e  c h a r g e  

r e s u l t s  i n  t i g h t e r  packing o f  l i p i h d  t h e r e f o r e  l e s s  mot ional  

freedom f o r  t h e  hydrmarbon  c h a i n s .  Trauble ' s  e x p r e s s i o n  f o r  t h e  

change i n  Tc is  



where R i s  t h e  u n i v e r s a l  9 s  c o n s t a n t ,  T is t h e  a b s o l u t e  t empera tu re ,  
". 

AS i s  t h e - e n t r o p y  change d u r i n g  t h e  phase t r a n s i t i o n ,  f l  is t h e  a r e a  
* .  

p e r  molcule f o r  T > Tc, f2 is t h e  a r e a  p e r  molecule f o r  T > Tc, A f  

= f2  - f ,  and a is t h e  degree  of d i s s o c i a t i o n  o f  t h e  phosphate  

groups .  Assuming f ,  and f2  a r e  r e l a t i v e l y  independent  of  l i p i d  

c h a r g e ,  which may n o t  be t r u e ,  Eqn. 4.5 p r e d i c t s  t h a t  t h e  t r a n s i t i o n  

t empera tu re  i s  a  f u n c t i o n  o f  t h e  degree  of d i s s o c i a t i o n  o f  t h e  l i p i d  

p o l a r  groups .  The s i g n i f i c a n c e  o f  t h e  phenomena is  t h a t  changes i n  pH 

o r  i o n  c o n c e n t r a t i o n  i n  t h e  e x t e r n a l  medium are c a p a b l e  o f  induc ing  

phase t r a n s i t i o n s  o n  membr,anes. Th i s  may be  of  c r i t i c a l  importance  t o  

r e c e n t  t h e o r i e s  on ne rve  e x c i t a t i o n  and sensory  t r a n s d u c t i o n  where 

c a t i o n  induced s t r u c t u r a l  changes i n  biomembranes a r e  b e l i e v e d  t o  

e x i s t .  Th i s  theory  has  sbown good q u a n t i t a t i v e  agreement f o r  s imple  

l i p i d s  such a s  phospha t id ic  a c i d .  However, more complex p o l a r  groups  

such as phoaphoryl c h o l i n e  and e thanolamine may c a r r y  p o s i t i v e  and 

n e g a t i v e  charges  s imul taneous ly  which means e a t i m a t e s  of surface 

charge  r e q u i r e  assumpt ions  about  t h e  conformat ions  o f  t h e  p o l a r  

g roups .  To date no r e l i a b l e  method f o r  a c c u r a t e l y  d e t e r m i n i n g  p o l a r  

group conformation as a  f u n c t i o n  of pH o r  ion c o n c e n t r a t i o n  i s  

a v a i l a b l e .  

S ince  t h e  b ind ing  o f  i o n s  t o  l i p i d s  is  a  f u n c t i o n  o f  pH and i o n  



c o n c e n t r a t i o n  one e x p e c t s  t h e  aggrega t ion  and /o r  f u s i o n  o f  v e s i c l e s  t o  

be  dependent upon t h e s e  pa ramete r s .  Fusion o f  phospho l ip id  v e s i c l e s  

'has been demonstra ted  by NMR (Taupin and McConnell '19721, PUR 

( P r e s t e g a r d  and Fel lmeth  1974), gel f i l t r a t i o n ,  e l ec t ronmicroscopy ,  

and d i f f e r e n t i a l  scann ing  c a l o r i m e t r y  (Papahadjopoulos  e t  a l .  1973).  
k 

These s t u d i e s  r e p o r t  t h a t  v e s i c l e  f u s i o n  i s  enhanced a t  t e m p e r a t u r e s  't i 
g r e a t e r  than.??c,, o r  wi th  ~ a + ~  shared  between n e g a t i v e l y  charged 

l i p i d s .  However, no mechanism h a s  been e s t a b l i s h e d  f o r  f u s i o n  o f  

mod& membranes. L i g h t  s c a t t e r i n g ,  which g i v e s  i n f o r m a t i o n  on t h e  

s i z e  and shape  of v e s i c l e s ,  i s  b e l i e v e d  t o  b e . a  t e c h n i q u e  which may 

1 

prove u s e f u l  i n  s t u d y i n g  t h e s e  problems. 



CHAPTER 4 . 

EXPERIMENTAL 

4.1 MATERIALS 

S y n t h e t i c  DPC was purchased from Sigma Chemical Company. Thin 

l a y e r  chromatography showed on ly  one s p o t  and t h e  l i p i d  was used 

wi thou t  f u r t h e r  p u r i f i c a t i o n ,  A l l  water used wan d o u b l e  

s t o r e d  i n  Pyrex g l a s s w a r e .  The i o n i c  s t r e n g t h  o f  this wate r  was 

assumed t o  be ve ry  m a l l  i n  comparison t o  what was added t o  water 

b e f o r e  a n  e rpe r iment  s i n c e  t h e  e l e c t r i c a l  r e s i s t a n c e  o f  t h e  water  was 

measured t o  be 10-100 HP . Other  r e a g e n t s  used i n  t h e  e x p e r b e n t  were 

CH3C1, CH20, CaC12. 2H20, KOH,  KC1 and HC1. A l l  chemica l s  

used i n  t h i s  s t u d y  were s p e c t r o g r a d e .  

J 

V 

I 
4 .2  SAHPLE PREPARATION 

A d e s i r e d  amount o f  DPC ( u s u a l l y  about 50 

H e t t l e r  H20 ba lance .  The DPC was d i s s o l v e d  i n  

o b t a i n  a  25 mg/ml s o l u t i o n  of DPC i n  CH3C1 and 

mg.) was weighed on a  

s u f f i c i e n t  CH3C1 to - 
immediately 

r e f r i g e r a t e d  a t  about  2 ' ~  u n t i l  r e q u i r e d .  A known amount of  WILL 
s o l u t i o n ,  usually .08ml o r  2mg was p laced  via a  number 710 H a m i l t  n  \ ,  
s y r i n g e  i n t o  a  c l e a n  d r y , a i l i c a  g l a s s  tube .  T h i s  s o l u t i o n  was p laceh  

i n  a warm dry chamber i n  which N 2  g a s  was g e n t l y  blown o v e r  t h e  



s o l u t i o a  t o  e v a p o r a t e  t h e  CH C1 and l e a v e  a uni form t h i n  f i l m  of  DPC . 3 i 

on t h e  bot tom o f  t h e  t u b e .  - When t h e  f i l m  appea red  t o  be a w h i t e  

powder i t  was assumed t h a t  no CH C1 remained i n  t h e  DPC. 
3 

About 50 aqueous  s o l u t i o n s  r a n g i n g  i n  c o n c e n t r a t i o n  from IO'~H 

1 t o  10' M of a p p r o p r i a t e  i o n  c o n t e n t  were mixed,  t h e  pH b e i n g  

a d j u s t e d  by a d d i t i o n  o f  a p p r o p r i a t e  volumes o f  KOH o r  HC1. pH 

measurements  were t a k e n  on an ' .E<urnet  model 320 expanded s c a l e  

r e s e a r c h  pH meter equipped w i t h  a F i s h e r  13-639-92 combina t ion  pH 
* 

e l e c t r o d e .  To t h e  d r i e d  DPC f i l m  was added 4 mls o f  the p r e p a r e d  

s o l u t i o n .  T h i s  m i x t u r e  was p l a c e d  i n  a w a t e r  j a c k e t  h e a t e d  t o  

5 h 3 ' ~  and s o n i c a t e d  f o r  30 m i n u t e s  by a B i o s o n i c  JY s o n i c a t o r  

equ ipped  w i t h  a low power p robe .  The samples  were p l a c e d  w i t h o u t  

f u r t h e r  t r e a t m e n t  i n t o  t h e  sample  h o l d e r  and c o o l e d  t o  2S0c i n  a b o u t  

3-5 m i n u t e s ,  a f te r  which  measurements  commenced. 

B p. 

4.3 SCATTERING MEASUREHENTS 

A diagram o f  t h e  a p p a r a t u s  u s e d  f o r  90•‹ l i g h t  s c a t t e r i n g  

measurements  i s  shown i n  F ig .  4 .1 .  The l i g h t  s o u r c e  was acPEK 

100-watt mercury vapour lamp t y p e  112-2118. A QC91 Corning  glass 

f i l t e r  which t r a n s m i t s  below 400 rnn was used  i n  combina t ion  w i t h  an 

O r i e l  400 i n t e r f e r e n c e  f i l t e r  which e l i m i n a t e d  t h e  fluorescence of the 
\ .. * _ 

glass f i l t e r .  The o n l y  s p e c t r a l  l l n e s  d e t e e b l e  w i t h  t h i o  p a i r  are 

t h e  366 nm, 368 nm d o u b l e t  and 404 nm. The l i g h t  was chopped a t  80  

h e r t z  and focused  on t h e  s l i t  o f  a Jarell Ash g r a t i n g  s p e c t r o m e t e r  



(Spec 1 i n  Fig .  4.1 )  which was a d j u s t e d  t o  p a s s  366 nm l i g h t .  The 

emerging bean was s p l i t  by a q u a r t z  s l i d e  i n t o  a  r e f e r e n c e  beam I1 

and sampling beam I*. Il  was d i r e c t e d  on t o  a n  RCA 331 

p h o t o m u l t i p l i e r ,  and t h e  pho tocur ren t  f e d  i n t o  a PAR JB-5 phase  l o c k  

a m p l i f i e r .  The a m p l i f i e r  o u t p u t  was fed th rough  a n  o p e r a t i o n a l  
, 

a m p l i f i e r  man i fo ld ,  which c o r r e c t s  t h e  d i f f e r e n t i a l  o u t p u t  o f  t h e  'JB-5 

t o  a  s i g n a l  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  i n p u t ,  i n t o  channel  1 of a  23 

HIP P h i l b r i c k  M u l t i p l i e r  D i v i d e r .  The beam I2 was c o l l i m a t e d  and 

r e f l e c t e d  t o  t h e  sample .  The l i g h t  s c a t t e r e d  from t h e  sample a t  90' 

was focused o n t o  Spec t romete r  I1 (Spex I n d u s t r y ) .  Spec 11 uas 

a d j u s t e d  t o  t h e  wavelength o f  t h e  l i g h t  i n c i d e n t  on t h e  sample.  The 

spec t romete r  e x i t  was equipped wi th  a n  ITT p h o t o m l t i p l i e r .  The 

p h o t o m u l t i p l i e r  o u t p u t  was fed i n t o  a  PAR HR-8 phas6 l o c k  a m p l i f i e r  

which gave a n  o u t p u t  e2  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  i n p u t .  The 

a m p l i f i e r  o u t p u t  i s  fed  i n t o  channel  2 of t h e  m u l t i p l i e r  d i v i d e r .  The 

q u o t i e n t  ( e 2 / e l )  is computed by t h e  d i v i d e r  c i r c u i t  and t h e  

d i v i d e r  o u t p u t  was fed i n t o  a s t r i p  c h a r t  r e c o r d e r .  By d i v i d i n g  

( e 2 / e l i ,  t h e  e f f e c t  o f  v a r i a t i o n s  i n  s o u r c e  i n t e n s i t y  on s c a t t e r e d  

i n t e n s i t y  I2 was e l i m i n a t e d  s i n c e  both  I1 and I2 would vary by 

t h e  same f r a c t i o n .  
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, The o n l y  o p t i c a l  p a t h  f o r  l i g h t  t o  r e a c h  t h e  sl i t  o f  S p e c t r o m e t e r  

I1 was frm t h e  l i g h t  s o u r c e .  A l l  s o u r c e s  o f  s t r a y  l i g h t  were 

c a r e f u l l y  e l i m i n a t e d  b y p l a c i n g  t h e  a p p a r a t u s  i n  a b l ackened  box. 
I 

4,4 TURBIDITY MEASUREMENTS 

T u r b i d i t y  measurements  were made on a 

a t  25Oc a s  a f u n c t i o n  of  wave leng th  i n  t h e  

A l l  measurements  were izade w i t h  r e s p e c t  t o  

I* 

Cary 14 s p e c t r o p h o t o m e t e r  

r a n g e  of  340 t o  550 nm. 

a water b l a n k .  

'1 . 5 TWPERATURE C O N T R a  AND MEASURRiENT 

Samples c o n t a i n e d  i n  a q u a r t z  c u v e t t e  were p l a c e d  i n  a b r a s s  

sample  h o l d e r  equ ipped  w i t h  a water c i r c u l a t i o n  j a c k e t .  The sample  

h o l d e r  was machined s o  t h e  t i g h t  f i t  between t h e  q u a r t z  c u v e t t e  and 

t h e  water j a c k e t  would g i v e  a n  e x c e l l e n t  t h e r m a l  c o n t a c t .  The 

t e m p e r a t u r e  of  the sample  h o l d e r  was c o n t r o l l e d  by a Haake c i r c u l a t i o n  

pump which p e r m i t t e d  one t o  e i t h e r  m a i n t a i n  a c o n s t a n t  t e m p e r a t u r e  o r  

a t a p e r a t u r e  c o n t i n u a l l y  v a r y i n g  a t  a c o n t r o l l e d  rate.  The 

e x p e r b e n t a l  a c c u r a c y  o f  t e m p e r a t u r e s  measured i n  t h i s  work is 

e s t i m a b d  t o  be t .2S0c. 

I n  e x p e r i n e n t s  v h e r e  a c o n t i n u o u s  v a r i a t i o n  o f  t e m p e r a t u r e  was 

d e s i r e d ,  a l a g  was no ted  between t h e  t e m p e r a t u r e  o f  t h e  water i n  t h e  

pump and t h e  sample t m p e r a t u r e .  Thus t h e  sample t e m p e r a t u r e  was 

a lways  l ower  ( a b o u t  0.5 t o  2 ' ~ )  t h a n  t h e  pump t e m p e r a t u r e .  



There fo re  i t  was necessa ry  t o  c a l i b r a t e  t h e  system s o  t h a t  t h e  pump 

tempera tu re  c o u l d . b e  c o r r e c t e d  t o  a t r u e  sample t empera tu re .  This  

method i s  r e a s o n a b l e  a s  long a s  one s c a n s  i n  t h e  same t empera tu re  

range  and a t  t h e  same r a t e .  An a l t e r n a t i v e  method would be  t o  p l a c e  a 

thermocouple i n  each sample and c o n t i n u a l l y  record  t h e  the rmal  v o l t a g e  

but  t h i s  would not  r e a l l y  be any more e f f i c i e n t  than  t h e  method 

employed. 

To c a l i b r a t e  t h e  pump-sample t empera tu re  d i f f e r e n o e ,  a Fenwal GD 

25 P2 g l a s s  t h e r m i s t o r  was p laced  i n  t h e  q u a r t z  c u v e t t e  i n  t h e  sample 

h o l d e r  whi le  t h e  t empera tu re  was v a r i e d  ~ 0 n t i n ~ 0 ~ S l y  f r o m  25Oc t o  

6 2 ' ~  a t  an  average r a t e  of 3/4 degree  p e r  minute.  The r e s i s t a n c e  of' 

t h e  t h e r m i s t o r  a s  a f u n c t i o n  o f  temperature  was monitored on a 4470 

Dana d i g i t a l  volt-ohm meter  whi le  t h e  pump tempera tu re  was monitored 

w i t h  a thermometer. The r e s u l t s  a r e  p l o t t e d  i n  Fig.  4 .2a .  The 

r e s i s t a n c e  t empera tu re  c h a r a c t e r i s t i c  of  t h e  t h e r m i s t o r  was p r e v i o u s l y  

determined by p l a c i n g  t h e  t h e r m i s t o r  and a thermometer c l o s e  t o g e t h e r  

in a h e a t i n g  b a t h  and r e c o r d i n g  r e s i s t a n c e  and t empera tu re  i n  t h i s  

c a s e .  These r e s u l t s  a r e  a l s o  p l o t t e d  i n  Fig .  4 .2a .  A s  one  may 

o b s e r v e ,  t h e  two curves  i n d i c a t e  t h a t  t h e  sample t empera tu re  l a g s  t h e  
d 

pump tempera tu re  by up t o  ~ O C .  A p l o t  o f  t r u e  t empera tu re  v e r s u s  

pump temperature  i s  s b w n  i n  Fig .  4.2b which is used f o r  t h e  

c a l i b r a t i o n .  



Fig .  4.2a C a l i b r a t i o n  of pump, sample temperature gradient; 0 sample 

temperature, CI pump temperature. 



Pump temperaturp OC 

Fig. 4.2b Curve obtained by taking constant  thermis tor  r e s i s t a n c e  i n  

Fig. 4.2a. 



CHAPTER 5 

-.. 

SCATTERING OF LIGHT BY LECITHIN D I S P E R S I O N S  

5.1 INTRODUCTION 

The s c i e n t i f i c  s t u d y  of l i g h t  s c a t t e r i n g  commenced o v e r  a c e n t u r y  

ago. The s c a t t e r b g  of l i g h t  by ve ry  smal l  p a r t i c l e s  w a s  i n v e s t i g a t e d  

by Tyndal l  i n  1869 and is  sometimes r e f e r r e d  t o  as t h e  Tyndal l  e f f e c t .  

Th i s  was followed by Lord Rayleigh's  t h e o r e t i c a l  work (1881) and 

s c a t t e r i n g  by p a r t i c l e s  o f  s i z e s  much s m a l l e r  t h a n  t h e  wavelength o f  

t h e  s c a t t e r e d  l i g h t  i s  f r e q u e n t l y  r e f e r r e d  t o  as Rayle igh s c a t t e r i n g .  

Approximate t h e o r y  f o r  p a r t i c l e s  w i t h  dimensions comparable t o  t h e  

wavelength o f  t h e  i n c i d e n t  r a d i a t i o n  was developed by Ray le igh  (1914) ,  
. 

k b y e  (1915) and l a t e r  by Gans ( 1925) . T h i s  t y p e  o f  s c a t t e r i n g  is 
\ 

c a l l e d  Rayleigh-Gans s c a t t e r i n g  o r  Rayleigh-Debye s c a t t e r i n g .  The 

problem was so lved  i n  a r i g o r o u s  fash ion  f o r  s p h e r e s  o f  a r b i t r a r y  s i z e  

by Hie (1908) and independen t ly  by Debye ( 1909 and is  commonly 

r e f e r r e d  t o  a s  t h e  Hie t h e o r y .  l 

L igh t  s c a t t e r i n g  methods have o f t e n  been used t o  de te rmine  t h e  

s i z e s  and shapes  o f  c e l l s ,  s u b c e l l u l a r  p a r t i c l e s  and phospho l ip ids  

d i s p e r s e d  i n  wa te r .  ;-Kwh ( 1961 employed t h e  Rayleigh-Gans 

.3 
i 

FOOTNOTE I .  * b r e a d e r  i s  r e f e r r e d  t o  an  e x c e l l e n t  book on 

s c a t t e r i n g  l i g h t  by Kerker (1969) .  
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approximat ion o f  l i g h t  s c a t t e r i n g  t o  e s t i m a t e  t h e  s i z e  o f  mi tochondr ia  

and t h e  b a c t e r i a  E s c h e r i c h i a  c o l i .  Physiochemical  d i f f e r e n c e s  te tween ~. - 
' f r agments  o f  plasma mernbrang and endoplasmic r e t i c u l u m  were s t u d i e d  by 

., 

Wallach e t  a l .  (1966)  u s i n g  t u r b i d i t y  measurements. ~ t w o o d  and 

Saunders  (1965)  s t u d i e d  changes i n  t h e  s i z e  and shape of  egg l e c i t h i n  

a g g r e g a t e s  s u b j e c t a d  t o  v a r y i n g  l e n g t h s  o f  time o f  s o n i c a t i o n  by means 

o f  l i g h t  s c a t t e r i n g .  The p resence  of the rmot rop ic  phase t r a n s i t i o n s  

i n  b o t h  n a t u r a l  and model membranes d i s p e r s e d  i n  water have a l s o  been 

observed by l i g h t  s c a t t e r i n g  and t u r b i d i m e t r i c  methods. Abramson 

(1971) observed a d e c r e a s e  i n  t u r b i d i t y  of  an aqueous  d i s p e r s i o n  o f  

d i p a l m i t o y l  l e c i t h i n  i n  t h e  range of 24O t o  3 3 ' ~  and a s h a r p  

d e c r e a s e  a t  the t r a n s i t i o n  t empera tu re  o f  41•‹c. A s h a r p  d e c r e a s e  i n  

s c a t t e r e d  l i g h t  i n t e n s i t y  a t  t h e  phase  t r a n s i t i o n  was a l s o  observed 

f o r  i s o l a t e d  phospho l ip ids ,  and me o f  the f a t t y  a c i d  auxotroph 

o f  Escher ich ia  c o l i  - supplemented w i t h  d i f f e r e n t  f a t t y  a c i d s  i n  t h e  

growth medium (Overath  and Traub le ,  1973).  

T h e o r e t i c a l  s t u d i e s  o f  l i g h t  s c a t t e r i n g  by phospho l ip id  

d i s p e r s i o n s  have been made on t h e  assumption o f  a s p h e r i c a l  s h e l l  

model f o r  t h e  l i p i d  v e s i c l e  ( S e u f e r t ,  1970; T inker ,  1972).  Such a 

model is  a p p l i c a b l e  t o  t h e  m i c r o v e s i c l e s  prepared by t h e  method of 

Huang ( 1969).  However, f o r  normal p r e p a r a t i o n s  o f  phospho l ip id  

d i s p e r s i o n s ,  e l e c t r o n  micrographs  o f t e n  r e v e a l  onion-shaped 

m u l t i l a m e l l a r  l iposomes o f  v a r i o u s  s i z e s  r a n g i n g  from a few microns 



down t o  a f r a c t i o n  o f  a micron (Bangham and Home, 1964; Chapman e t  

a l . ,  1968).  Aggregates o f  l iposomes were o f t e n  observed,  however t h e  

s i z e s  and shapes  o f  t h e  l e c i t h i n  p a r t i c l e s  observed i n  t h e  e l e c t r o n  

micrographs depended on t h e  d i f f e r e n t  t echn iques  used f o r  examination 

o f  t h e  specimen (Colbow, 1974).  L igh t  s c a t t e r i n g  methods o f f e r  a 

d i s t i n c t  advantage,  s i n c e  t h e  system under s t u d y  can be  observed i n  

s i t u  wi thout  s i g n i f i c a n t  p e r t u r b a t i o n .  

This  c h a p t e r  i s  organized i n t o  two parts. I n  Se i o n  5.2, 1 I 

Rayleigh s c a t t e r i n g  and t h e  Rayleigh-Gans theory  a r e  prebented.2 I 

have c a l c u l a t e d  t h e  s c a t t e r e d  l i g h t  i n t e n s i t y ,  t u r b i d i t y  and o t h e r  

u s e f b l  q u a n t i t i e s  as a f u n c f o n  o f  p a r t i c l e  size f o r  a a y s t a  of 

p a r t i c l e s  o f  t h e  same s i z e  ( 1 . e .  monodispersed).  

mnm~*. The t h e o r y  p resen ted  i s  based on t h e  t r e a t m e n t  o f  



Single 
Model I 

lipid shell vesicle 

Multi lamel lor vesicle 

F i g .  5.1 Models o f  l e c i t h i n  v e s i c l e  structure. 



5.2 THEORY OF LIGHT SCATTERING 

Based o n  t h e  work o f  e a r l i e r  workers who showed DPC v e s i c l e  

d i a m e t e r s  t o  va ry  from 250 8 t o  s e v e r a l  microns ,  I have a t t e m p t e d  

t o  a p p l y  t h e  Rayleigh-Gans t h e o r y  of l i g h t  s c a t t e r i n g .  I s h a l l  first 

c o n s i d e r  Rayle igh s c a t t e r i n g  which a p p l i e s  t o  p a r t i c l e s  much smaller 

than  t h e  wavelength o f  t h e  i n c i d e n t  l i g h t ,  and then  t h e  Rayleigh-Gans 

approximat ion which is  a p p l i c a b l e  t o  p a r t i c l e s  o f  s i z e  comparable t o  

t h e  wavelength o f  the i n c i d e n t  r a d i a t i o n .  

( a )  Rayleigh S c a t t e r i n g  

The i n t e n s i t y  of  l i g h t  s c a t t e r e d  by an i s o t r o p i c  p a r t i c l e  i n  

vacuum, s m a l l e r  i n  s i z e  i n  comparison t o  t h e  wavelength o f  i n c i d e n t  

l i g h t ,  as f i r s t  po ln ted  o u t  by Rayle igh (1881) i s  g iven  by 

where q = 2 d X ,  Xis t h e  wavelength o f  t h e  i n c i d e n t  l i g h t  i n  vacuum,8 

i s  the a n g l e  o f  o b s e r v a t i o n  measured from t h e  i n c i d e n t  beam, r is  t h e  

d i s t a n c e  o f  o b s e r v a t i o n ,  a i s  t h e  p o l a r i z a b i l i t y  o f  t h e  p a r t i c l e  and 

I. is t h e  i n t e n s i t y  of  t h e  n a t u r a l  i n c i d e n t  l i g h t .  The term 1 in 

t h e  bracket cor responds  t o  t h e  companent pe rpend icufs r  t o  t he  

scattering p lane  and t h e  term cos28  corresponds  t o  t h e  component 

p a r a l l e l  t o  t h e  s c a t t e r i n g  p lane  which i s  def ined  by t h e  direction of 

' t h e  i n c i d e n t  l i g h t  and t h e  s c a t t e r e d  beam. 



For a homogeneous d i e l e c t r i c  sphere  of  d i e l e c t r i c  c o n s t a n t  c o  . ' immersed i n  a medium o f  d i e l e c t r i c  c o n s t a n t  c ,  t h e  p o l a r i z a b i l i t y  a i s  

where V i s  t h e  volume of t h e  p a r t i c l e .  I n  t h e  o p t i c a l  f requency 

r e g i o n ,  we r e p l a c e  t h e  d i e l e c t r i c  c o n s t a n t s  by t h e  r e f r a c t i v e  i n d i c e s  

and we o b t a i n  f o r  N i s o t r o p i c  s p h e r e s / u n i t  volume, t h e  i n t e n s i t y  

s c a t t e r e d  p e r  u n i t  volume o f  s o l u t i o n  

m i s  t h e  r e l a t i v e  r e f r a c t i v e  i n d e x  g iven  by t h e  r a t i o  no/n,  where 

n  is t h e  r e f r a c t i v e  i n d e x  o f  t h e  p a r t i c l e  and n is  t h a t  of  the 
0 

med ium . 
I n t e g r a t i n g  over  t h e  s u r f a c e  of a s p h e r e  of r a d i u s  r y i e l d s  t h e  

t o t a l  l i g h t  s c a t t e r e d  



*. 

Similar t o  t h e  Beer -~amber t ' s  law f o r  a b s o r p t i o n ,  t h e  t r a n s m i t t e d  

l i g h t  i n t e n s i t y  LT, i s  w r i t t e n  a s  

+J. 

where r t h e  a t t e n u a t i o n  c o n s t a n t  i s  c a l l e d  t h e 7 \ u r b i d i t y ,  1 is t h e  

p a t h l e n g t h  and A t h e  absorbance o f  t h e  sample i s  t h e  q u a n t i t y  measured 

wi th  t h e  spec t ropho tomete r .  It is r e a d i l y  s e e n  t h a t  

( b )  Rayleigh-Cans Theory 

Hhen a p a r t i c l e  h a s  a l i n e a r  direenbion comparable t o  t h e  i n c i d e n t  

i .  l i g h t  wavelength,  u a v e l e t s  from d i f f e r e n t  p a r t s  o f  t h e  p a r t i c l e  
k * 
, i n t e r f e r e .  Hore l i g h t  i s  s c a t t e r e d  i n  t h e  forward d i r e c t i o n .  

3 h y l e i g h  (19141, and C a d s  (1925) cons ide red  t h e  i n t e r f e r e n c e  of l i g h t  
€4 

s c a t t e r e d  from d i f f e r e h t  p a r t s  o f  the p a r t i c l e  b u t  n e g l e c t e d  t h e  phase  

changes i n  l i g h t  t r a v e r s i n g  t h e  p a r t i c l e .  The c r i t e r i a  neces8ary  f o r  

t h e  approximation are: 
Z 

( 1 )  The r e f r a c t i v e  index  of@the p a r t i c l e  is  c l o s e  t o  t h a t  of the 

medium, i . e .  1 1 . . 
(2) The phase  s h i f t  through t h e  p a r t i c l e  i s  small, i.e. 



Under such c o n d i t i o n s ,  t h e  s c a t t e r e d  l i g h t  i s  reduced by t h e  

s c a t t e r i n g  f a c t o r  P(6), which f o r  s p h e r i c a l l y ' s y m m e t r i c  p a r t i c l e s  wi th  

con t inuous  s c a t t e r i n g  e lements ,  i s  given by the s q u a r e  o f  t h e  -form 

f a c t o r  ( s e e  e .g .  Kerker ,  1969, P 423) 

4  G s i n  k d r  

where k = (4 r s ine /2 )n /X and G ( r )  i s  t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n .  

Consequently,  &he  t u r b i d i t y  i s  modif ied  by t h e  d i s s i p a t i o n  f a u t o r  

P(0) can be w r i t t e n  i n  s imple  a n a l y t i c  forms f o r  some common p a r t i c l e  

shapes .  These e x p r e s s i m s  a r e :  For a s p h e r e  (Ray le igh ,  1914) ,  
n 

For a s h e l l  o f  t h i c k n e s s , ( l - t )  R ( O s t e r  and R i l e y ,  19521, 

, 



3 ( s i n x  - x  c o s x  + t x  c o s x  - s i n  t x )  
P ( B )  = - 

i l - t 3 ) , 3  

For a r o d  o f  l e n g t h  L (Neugebauer ,  19431, 
-, 

s i n  w dw - ( s i n x ) *  x  = 2 s ~  s i n  6 /2 
P ( B )  =, - 

X 
X W X ( 5 . 1 1 )  

The e x p r e s s i o n s  f o r  P(B) i n  t h e  c a s e  o f  t h e  s p h e r e  and s h e l l  can 
be d i r e c t l y  o b t a i n e d  from Eqn.7 t a k i n g  G(r) = 1 f o r  t R < r < R  and G ( r )  = 

o e l s e w h e r e .  I n  t h e  case o f  m u l t i l a m e l l a r  s t r u c t u r e ,  I take t h e  model 

of c o n c e n t r i c  s h e l l s  o f  l e c i t h i n  e n c l o s i n g  w a t e r  between t h e  s h e l l s  

(Fig. 5 . 1 ) .  Let t h e  t h i c k n e s s  o f  t h e  l e c i t h i n  s h e l l  be  1 and t h a t  o f  

t h e  water w .  L ikewise  frob Eqn.7,  

f = s i n  k j s  k l l + k ( x  1 )  c o s  k(xj-;) 
k3v j' j' 

-'-=a ' j=1 

where xX = R, + ( j - 1 )  w + j l ,  y i s  t h e  t o t a l  number o f  l e c i t h i n  

s h e l l s  and R o  is t h e  r a d i u s  o f  the c e n t r a l  c o r e  o f  e n c l o s e d  water. 

V is t h e  t o t a l  volume o f  l e ~ i t h i n ~ m a t e r i a l  i n  t h e  s t r u c t u r e  and i s  

g i v e n  by 



I n  o r d e r  t o  e x p r e s s  ~ ( 0 )  and T i n  t e r m s  of more d i r e c t l y  
-. 

aeasuFeab le  c a r a m e t e r s  we u s e  t h e  t r e a t m e n t  o f  Y i  and MacDonald (1973)  

which s t a t e s  t h a t  t h e  r e f r a c t i v e  i n d e x  o f  a  d i s p e r s i o n  nS is a 

l i n e a r  f u n c t i o n  of c o n c e n t r a t i o n .  

where nw is  t h e  r e f r a c t i v e  i n d e x  o f  w a t e r ,  W is t h e  we igh t  f r a c t i o n  

o f  l e c i t h i n  and dn/dW is  t h e  r e f r a c t i v e  i n d e x  i n c r e m e n t  w i t h  r e s p e c t  

t o  changes i n  we igh t  f r a c t i o n .  

The c o n c e n t r a t i o n  c  ( i n  gm/ml) is  r e l a t e d  t o  t h e  we igh t  f r a c t i o n  

'A and t h e  d e n s i t y  o f  t h e  d i s p e r s i o n  P , by Eqn. 5 .15  

The d e n s i t y  o f  l e c i t h i n  Dl= 1.056 ( S h e e t z  and Chan, 1972) and 

t h u s  Ps, t h e  d e n s i t y  of t h e  d i s p e r s i o n ,  d i f f e r s  o n l y  s l i g h t l y  from 

u n i t y  f o r  t h e  r a n g e  of l e c i t h i n  c o n c e n t r a t i o n  which  i s  o f  i n t e r e s t .  ~-- - 

Thus t o  a good a p p r o x i m a t i o n ,  

dn/dW = p s  dn /dc  

and t h e  numer i ca l  v a l u e  o f  dn/dc i s  o n l y  s l i g h t l y  less t h a n  t h a t  o f  

dn/dW. Equat ion  5 .14 may now be w r i t t e n  i n  t h e  form' 



S e t t i n g  n=n m=n /nu we o b t a i n  w ' 9 

where M i s  t h e  anhydrous  mass o f  a  s i n g l e  p a r t i c l e ,  c  t h e  

c o n c e n t r , t i o n  o f  DPC and d n / d c  is t h e  measured r e f r a c t i v e  i n d e x  

i n c r e m e n t .  Thus, w i t h  c=MH, w e  f i n a l l y  g e t  t h e  e x p r e s s i o n s  f o r  t h e  - 
s p e c i f i c  i n t e n s i t y  and  t h e  s p e c i f i c  t u r b i d i t y  

Power dependence of  7 on A 
L 

From Eqn. 5.20, we o b t a i n  t h e  d e r i v a t i v e  

- d  l o g 7  = 4 - d  l o g  Q/d l o g h  - d l o g  B/d logX - 



C l e a r l y  0 f o r  a - g i v e n  ~ a v e l e n g t h  depends on ly  on t h e  dimension D 

of t h e  s c a t t e r i n g  p a r t i c l e .  It h a s  been computed by Doty-and S t e i n e r  

( 1 9 5 0 )  f o r  rods  and s p h e r e s  o f  s i z e  range  0 < nD/h < 0.8. We s h a l l  

compute f l  f o r  s h e l l s  o f  v a r i o u s  t h i c k n e s s  and t h e  onion-shaped 

s t r u c t u r e .  It i s  u s e f u l  t o  no te  t h e  l i m i t i n g  c a s e s  o f  f3 f o r  l a r g e  D .  

Koch (1961) showed t h a t  f o r  a s p h e r e  j9= 2,  for a long  r o d  f l =  1 and 

f o r  a t h i n  s p h e r i c a l  s h e l l  0 = 1.83. 
r -  

' , 
d 

i s  e s t i m a t e d  from a p l o t  o f  l o g  B v e r s u s  l o g  X u s i n g  - 

measurements of  r e f r a c t i v e  i n d i c e s  o f  water a n d . d i s p e r s i o n s  o f  , 

d i f f e r e n t  c o n c e n t r a t i o n s .  For  DPC, Chong (1975) h a s  e s t i m a t e d  n = 

1.347,  dn/dc = .160, m = 1.120 and y = 0.32 a t  X = 366 nm. 

I havg computed t h e  q u a n t i t i e s  P(8), Q ,  S(90•‹) /c ,  and r / c  f o r  

bo th  t h e  models shown i n  F ig .  5.1 f o r  monodisperse sys tems .  The 

cho ice  p f  1 and W i n  t h e  second model ( m u l t i l a m e l l a r  v e s i c l e )  was 

based on t h e  e l e c t r o n  micrograph o b s e r v a t i o n s  o f  Bangham and Home 

(1964) .  The l i p i d  t h i c k n e s s  1 was chosen t o  be 45 51 whi le  t h e  

water  t h i c k n e s s  was 20 2. The computat ions  and g r a p h i c a l  p l o t s  

a r e  p resen ted  i n  t h e  Appendix s e c t i o n .  The r e s u l t s  o b t a i n e d  f o r  t h e  

f i r s t  model ( s i n g l e  l e c i t h i n  s h e l l  mobel) a r e  i n  Appendix 1 and those 

ob ta ined  from t h e  m u l t i l a m e l l a r  model a r e  put  i n  Appendix 2.  

A 8  mentioned e a r l i e r ,  t h e  s i n g l e  s h e l l  model is  a good model f o r  

l e c i t h i n  d i s p e r s i o n s  w i t h  a small v e s i c l e  s i z e  parameter.  It is  of 

i n t e r e s t  to note  frm Tables  A1.4 and A2.4 t h a t  t h e  6 v a l u e s  

c a l c u l a t e d  f o r  both  models a r e  n o t  much d i f f e r e n t  when t h e  p a r t i c l e s  

a r e  s u f f i c i e n t l y  l a r g e  and have t h e  same wate r  c o r e  r a d i u s  and t h e  



same s i z e .  However, from T a b l e s  A1.5 and A2.5, t h e  t u r b i d i t y  f o r  t h e  

second model i s  a b o u t  0.6 o f  t h a t  o f  t h e  f i rs t  model. I n  v iew o f  t h e  
.W 

m u l t i l a m e l l a r  s t r u c t u r e ,  one  s h o u l d  have  used  a n  e f f e c t i v e  r e l a t i v e  

r e f r a c t i v e  i n d e x  i n  t h e  c a l c u l a t i o n  o f  t u r b i d i t y  f o r  model 1 .  From 

Eqn. 5.20,  onem f i n d s  t h a t  a change i n  t h e  r e l a t i v e  r e f r a c t i v e  i n d e x  

changes  t h e ' t u r b i d i t y  ma in ly  th rough  t h e  term (m-1). A c h o i c e  o f  = 

1.07 f o r  t h e  e f f e c t i v e  r e l a t i v e  r e f r a c t i v e  i n d e x  would g i v e  t h e  r a t i o  

of 0.6 f o r  t h e  t u r b i d i t i e s .  

I shall now d e s c r i b e  t h e  p r o c e d u r e  f o r  t h e  e s t i m a t i o n  o f  s i z e  

and  s t r u c t u r e  o f  l e c i t h i n  p a r t i c l e s  i n  a  monod i spe r se  sys t em.  The 

t u r b i d i t y  o f  t h e  d i s p e r s i o n  i s  first o b t a i n e d  f o r  a r a n g e  o f  

wave leng ths  (300 nm t o  650 nm) u s i n g  a c o n v e n t i o n a l  spec t ropho to rne te r .  

A l og - log  p l o t  o f  the t u r b i d i t y  a g a i n s t  wavelength  is  t h e n  o b t a i n e d .  

The g r a d i e n t  o f  the c u r v e  a t  366 nrn i s  found a n d  6 can  t h e n  b e  

c a l c u l a t e d  from Eqn. 5.17 knowing t h e  v a l u e  o f  A .  The s p e c i f i c  . 

t u r b i d i t y  a t  366 nm c a n  a l s o  be  c a l c u l a t e d  knowing b o t h  t h e  t u r b i d i t y  

a t  366 nm and t h e  c o n c e n t r a t i o n  o f  l e c i t h i n  i n  t h e  d i s p e r ~ i o n  (c  i s  i n  

mg/ml). T a b l e s  A1.4 and A 1 . 5  ( o r  A2.4 and A2.5) are t h e n  examined. 

The s h e  pa rame te r  which g i v e s  t h e  b e s t  match of the measured values 

o f  b o t h  B and T / C  t o  t h e  c a l c u l a t e d  v a l u e s  t h e n  p r o v i d e s  a r e a s o n a b l e  

e s t i m a t e  of t h e  mean s i z e  and  s t r u c t u r e  o f  t h e  l e c i t h i n  p a r t i c l e s  i n  

t h e  d i s p e r s i o n .  I n t e r p o l a t i o n  o f  the c a l c u l a t e d  value8 may b e  

n e c e s s a r y  t o  o b t a i n  good matching .  

If a  good match o f  t h e  measured and c a l c u l a t e d  v a l u e s  o f  b o t h 6  

and T'/c c anno t  be found ,  t h e  p a r t i c l e s  a r e  assumed t o  have  a wide 



range  of s i z e s  and t h e  c a l c u l a t i o n s  ob ta ined  f o r  t h e  p o l y d i s p e r s e  

system w i l l  have t o  be used.  P o l y d i s p e r s l t y  i s  b r i e f l y  d i s c u s s e d  i n  

Chapter  6. 

The s p e c i , f i c  90•‹ s c a t t e r e d  l i g h t  i n t e n s i t y  was n o t  used t o  

p rov ide  e s t i m a t i o n  o f  t h e  s i z e s  o f  t h e  p a r t i c l e s  f o r  t h r e e  r e a s o n s .  

F i r s t l y ,  t h e  s c a t t e r e d  l i g h t  i n t e n s i t y  measurements were n o t  a b s o l u t e  

measurements and t h e  ins t rument  c a l i b r a t i o n  had n o t  been mad.e. 

Secondly,  t h e  o s c i l l a t o r y  n a t u r e  of ~ ( 9 0 ~ ) / c  as a  f u n c t i o n  o f  t h e  

s i z e  parameter limits i ts  u s e f u l n e s s .  -The t h i r d  r e a s o n  concerns  t h e  

range  of v a l i d i t y  o f  t h e  Rayleigh-Cans approximat ion.  It was shown 

f o r  s o l i d  s p h e r e s  ( s e e  Kerker (1969,  p  427) t h a t  T / C  ag reed  wi th  t h e  

more r i g o r o u s  Mie Theory t o  w i t h i n  10% f o r  v a l u e s  o f  nR/X up t o  1.5 

whereas t h e  range of v a l i d i t y  f o r  t h e  s c a t t e r e d  l i g h t  i n t e n s i t y  

dec reased  r a p i d l y  f o r  i n c r e a s i n g  a n g l e  of  s c a t t e r i n g .  Although no 

c a l c u l a t i o n s  have been performed, we s h a l l  assume t h a t  t h e  above 

conc lus ion  i s  a p p l i c a b l e  t o  t h e  m u l t i l a m e l l a r  s t r u c t u r e .  90' 

s c a t t e r e d  l i g h t  i n t e n s i t y  measurements would be  more u s e f u l  i f  t h e  

s i z e  d i s t r i b u t i o n  i s  s u f f i c i e n t l y  narrow and t h e  s i z e  parameter  is 

less than  0.2. 

The o s c i l l a t o r y  r e g i o n  o f  t h e  s c a t t e r i n g  f a c t o r  P(8) can be 

avoided by working wi th  low a n g l e  s c a t t e r i n g .  We s h a l l  b r i e f l y  

d e s c r i t e  i n  t h i s  s u b s e c t i o n ,  a  u s e f u l  method f o r  de te rmin ing  p a r t i c l e  

s i z e s  u t i l i z i n g  t h e  a n g u l a r  v a r i a t i o n  o f  s c a t t e r i n g  c l o s e  t o  t h e  

forward d i r e c t i o n .  

For m a l l @ ,  one can w r i t e  ( s e e  Kerker ,  1969, p 433) 
< .  



3 h L  

where R i s  t h e  r a d i u s  of g y r a t i o n  of t h e  p a r t i c l e .  We s h a l l  
g  

r e w r i t e  Eqn. 5 .18 i n  t h e  form 

where Ho = NoM i s  t h e  m l e c u l a r  we igh t  o f  t h e  l e c i t h i n  p a r t i c l e ,  

No is ~ v a g a d r o ' s  number and M is t h e  anhydrous mass o f  t h e  p a r t i c l e  

used i n  Eqn. 5.18.  

Def in ing  

and t h e  Rayle igh r a t i o  
- 
\ 



I o b t a i n  t h e  r e l a t i o n s h i p  

If c o n c e n t r a t i o n  f l u c t u a t i o n s  a r e  t a k e n  i n t o  a c c o u n t ,  t h e  r i g h t  

hand s i d e  o f  Eqn. 5 .25  is  mod i f i ed .  We t h e n  g e t  (see Kerke r ,  1969,  p 

434 and p 507) 

where B is  t h e  s e c o n d  v i r i a l  c o e f f i c i e n t .  

I n  t h e  l i m i t  o f  c +  o ,  we can n e g l e c t  t h e  c o n c e n t r a t i o n  

f l u c t u a t i o n s .  From Eqn. 21 and 25  we g e t  

On t h e  o t h e r  hand,  i n  t h e  l i m i t  8 -  o ( fo rward  d i r e c t i o n ) ,  we g e t  



The molecu la r  we igh t  Mo, t h e  r a d i u s  o f  g y r a t i o n  R and t h e  
g  

second v i r i a l  c o e f f i c i e n t  - B can  be  e v a l u a t e d  from a Z i m m  p l o t  (Zimm, 

1948) i n  which K c / R  is  p l o t t e d  a g a i n s t  [ s i n 2 ( 8 1 2 )  + g c ]  where g  i s  

a r b i t r a r i l y  chosen  t o  p r o v i d e  a conven ien t  s p r e a d  o f  d a t a .  Mo is 

o b t a i n e d  from t h e  i n t e r c e p t i o n  o f  t h e  p l o t  i n  t h e  l i m i t  6 + 0 and B is 
', 

t h e  slope. Having found no, R i s  o b t a i n e d  from t h e  s l o p e  i n  t h e  
B 

l i m i t  c-, o .  

The Zimm-plot method p r o v i d e s  a d i s t i n c t  advan tage  o v e r  t h e  

t u r b i d i t y  method o f  s i z e  e s t i m a t i o n  s i n c e  it  l e a d s  t o  a measure  o f  

b o t h  no and Rg i ndependen t  o f  any a s sumpt ions  r e g a r d i n g  t h e  s h a p e  

o f  t h e  p a r t i c l e .  However, i n s t r u m e n t a l  c a l i b r a t i o n  and p r e c i s e  

measurements  o f  a n g l e s  are n e c e s s a r y  t o  g i v e  good r e s u l t s .  S i n c e  t h e  

s p e c i a l i z e d  i n s t r u m e n t a t i o n  was n o t  a v a i l a b l e ,  t h e  Z i m - p l o t  method 

c o u l d  n o t  be employed. It is f e l t  t h a t  t h e  t u r b i d i t y  method o f f e r s  a 

r e a s o n a b l e  a l t e r n a t i v e  t o  t h e  Zim method o f  d e t e r m i n i n g  p a r t i d l e  

s i z e .  
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CHAPTER 6 

RESULTS AND DISCUSSION 

6.1 DETERMINATION OF VESICLE SIZE BY THE TURBIDITY HETHOD 

The purpose o f  t h i s  s e c t i o n  i s  t o  de te rmine  t h e  s i z e  d i s t r i b u t i o n  

o f  v e s i c l e s  used i n  t h i s  exper iment .  The s p e c i f i c  t u r b i d i t y  r / c  and 

t h e  power f a c t o r  B were o b t a i n e d  from o u r  exper imenta l  d a t a  us ing  

Eqns. 5 . 6  and 5.21.  The r e s u l t s  a r e  summarized i n  Table 6 .1 .  It is 

imposs ib le  t o  f i n d  a s i z e  parameter f o r  t h e s e  suspensiorfs which 

matches t h e  s p e c i f i c  t u r b i d i t y  and t h e  power f a c t o r .  The B v a l u e s  

g i v e  r e l a t i v e l y  l a r g e  v a l u e s  o f - x  whi le  t h e  r / c  v a l u e s  g i v e  much 

s m a l l e r  v a l u e s  o f  x .  To s e e  t h i s ,  one need on ly  o b s e r v e  t h a t  f o r  # =  

0 ,  and pH 5.8, T / C  i s  .387 w h i l e  B i s  1.55. Examining Table  A1.5 one 

s e e s  t h a t  f o r  T / C  = .387, x i s  approximate ly  .1 f o r  ri/ro = .7. 

It is e a s i l y  shown t h a t  R i s  approximate ly  270 9 ,  which i s  roughly  

t h e  s i z e  of b i l a y e r  v e s i c l e s  quoted by o t h e r  a u t h o r s .  However, 

examining Table A 1 . 4  f o r  fl = 1.55 g i v e s  a s i z e  parameter  of  about  . 3  

which cor responds  t o  R = 800 a .  Larger  v d l u e s  o f  R a r e  a l s o  

p o s s i b l e  due t o  t h e  o s c i l l i t o r y  n a t u r e  o f b .  A summary o f  T / C ,  B and 

e s t i m a t e s  o f  v e s i c l e  s i z e  i s  g iven  i n  Table 6 .1 .  I n  a l l  c a s e s  t h e  r / c  

i n d i c a t e s  a s m a l l e r  p a r t i c l e  s i z e  than  t h e  s m a l l e s t  s i z e  p o s s i b l e  f o r  

t h e  cor respond ing  8 .  
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Tab le  6.1 

A =  366 nm. S i z e  p a r a m e t e r s  o b t a i n e d  from 

s i n g l e  s h e l l  model x = nR/A. 



lo9 A (nm) 

F i g .  6 . l a  Abso rp t ion  a s  a f u n c t i o n  of log X for various ~ a + *  J- 
c o n c e n t r a t i o n s .  4 = IC~+~]/[DPC], pH = 6.0, [DPC] = 6.84 x M 
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Fig.  6.7b Absorption a s  a function of  log  X f o r  various ~ a + ~  

concentrat ions.  4 = [c~+~]/[DPc], pH = 10.2, [DPCl = 6.84 x I O - ~ M  



The p r e v i o u s  d a t a  i s  u n d e r s t a n d a b l e  i f  one assumes  t h a t  a  

p o l y d i s p e r s e  d i s t r i b u t i o n  o f  v e s i c l e  s i z e s  e x i s t s .  L e t  t h e  weight  

c o n c e n t r a t i o n  o f  l e c i t h i n  p a r t i c l e s  o f  a g i v e n  s i z e  pa rame te r  x be .I 

c3 .  
The s i z e  pa rame te r  i s  a  d i m e n s i o n l e s s  v a r i a b l e  g i v e n  by nRj/X 

where R i s  t h e  r a d i u s  o f  t h e  j ' t h  p a r t i c l e .  If c  is t h e  t o t a l  Q 
- J 

l i p i d  c o n c e n t r a t i o n  of l e c i t h i n  i n  t h e  d i s p e r s i o n ~ t h e n  f = c  / c  
j j 

is  t h e  we igh t  f r a c t i o n  o f  l e c i t h i n  p a r t i c l e s  of  s i z e  x , .  One n o t e s  

t h a t  

One may s e e  from Eqn. 6.1 , t h a t  s i n c e  8 depends  o n l y  on t h e  s ize  

of p a r t i c l e s  and n o t  t h e  number, B s  shou ld  be  s e n s i t i v e  t o  t h e  p r e s e n c e  

o f  a few l a r g e  p a r t i c l e s ,  w h i l e  r / c  may be dominated  by a l a r g e  

p e r c e n t a g e  o f  s m a l l e r  v e s i c l e s .  If t h i s  i s  t r u e ,  t h e n  r / o  shou ld  be a 

more r e l i a b l e  e s t i m a t e  o f  t h e  s i z e  o f  p a r t i c l e s  i n  s u s p e n s i p n .  One 

uay t o  e x p l a i n  t h i s  d a t a <  i s  t o  p o s t u l a t e  t h a t  t h e r e  are two p a r t i c l e  
r-L 

p i z e  d i s t r i b u t i o n s  i n  t h e  s u s p e n s i o n ,  f ,  be ing  t h e  u e i g h t  f r a c t i o n  

o f  s m a l l e r  v e s i c l e s ,  and f 2  be ing  t h e  weight  f r a c t i o n  o f  l a r g e r  

p a r t i c l e s  as e s t i m a t e d  from t h e  @ v a l u e s .  
1 



If f ,  >> f2  t h e n  t h e  s p e c i f i c  t u r b i d i t y  must be dominated  by t h e  

P s m a l l e r  p a r t i c l e s .  A p o s s i b l e  r e a s o n  f o r  t h e  e x i s t e n c e  o f  a  small 

f r a c t i o n  o f  l a r g e r  p a r t i c l e s ,  may be t h a t  t h e  s o n i c a t i o n  i n t r o d u c e s  

some m e t a l l i c  p a r t i c l e s  i n t o  t h e  s u s p e n s i o n ,  o r  l a r g e  l i p i d  a g g r e g a t e s  

a r e  p r e s e n t  due t o  i n c o m p l e t e  s o n i c a t i o n .  I n  e a r l i e r  e x p e r i m e n t s  

metal p a r t i c l e s  were  n o t  a  problem, b u t  s i n c e  t h e s e  s o n i c a t o r  p r o b e s  

decay ,  metal p a r t i c l e s  may have been a problem i n  l a t e r  e x p e r b e n t s  on 
Pf 

t u r b i d i m e t r y .  The e x i s s e n c e  o f  some larger l i p i d  p a r t i c l e s  i s  i n  

agreement w i t h  t h e  work o f  Huang ( 1 9 6 9 ) .  

Another way o f  d i s c u s s i n g  t h i s  problem is  t o  assume t h a t  t h e r e  i s  

a c o n t i n u o u s  d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s .  N ~ t u r a l l y  o c c u r i n g  

p o p u l a t i o n s  are f r e q u e n t l y  skewed. We s h a l l  assume t h a t  t h e  

d i s t r i b u t i o n  of t h e  l e c i t h i n  particles behaves  similar t o  t h e  e l e c t r o n  

micrograph o b s e r v a t i o n s  ( S e u f e r t  1970; S h e e t z  and Chan, 1972) .  A 

s a t i s f a c t o r y  c h o i c e  o f  a skewed d i s t r i b u t i o n  f u n c t i o n  is  t h e  lognormal 

d i s t r i b u t i o n  ( s e e  Kerke r ,  1969,  p  353). 

I n  t h i s  d i s t r i b u t i o n ,  i t  is I n  xm r a t h e r  t h a n  x which is norma l ly  
& 

d i s t r i b u t e d .  The mean v a l u e  of I n  x i s  Lnx, and a is  t h e  s t a n d a r d L  

d e v i a t i o n .  xm i s  t h e  g e o m e t r i c  mean o f  a l l  x  v a l u e s .  Some 

lognormal d i s t r i b u t i o n  c u r v e s  are shown i n  F i g .  6.2a, f o r  v a r i o u s  

Of a and xm p l a c e d  i n t o  Eqn .  6 .3 .  ... 



- .  
r l g .  6 .2a  Some i o g s a r m a i  d i s t r i z ; t i o n  c u r v e s  . / ~ a c h  p a i r  of numbers  

I;" d 
S e n 3 t e s  t h e  g e o a e t r l z  s e a n  r ,  a n d  t h e  s t a n d a r d  deviation r of  t h e  

d i s t r i V ~ t i 3 ~ .  J% 



The s u m m a t i o n s  i n  Eqn. 6 .1  are t h e n  r e p l a c e d  by i n t e g r a t i o n .  

However,  i n  t h e  c o m p u t e r  c a l c u l a t i o n ,  t h e  p r o c e d u r e  i s  still t h a t  o f  a 

summation.  f i s  s i m p l y  r e p l a c e d  by f ( x )  A x  w h i c h  g i v e s  t h e  
j 

f r a c t i o n  o f  p a r t i c l e s  w i t h  s i z e s  be tween  x - 1/2Ax a n d  x + 1 / 2  AX. We 

s h a l l  now d i s c u s s  t h e  c o m p u t a t i o n s  o f  s u e h  q u a n t i t i e s  a s  r / c  a n d  0 for 
r 

p o l y d i s p e r s e d  s y s t e m s .  - 

4 The  q u a n t i t i e s  r / c  a n d  B 3  are c a l c u l a t e d  y s i n g  Eqn.  6 .1  f o r  a  
,/ 

v a r i e t y  of l o g n o r m a l  d i s t r i b u t i o n s .  .We s h a l l  c a l l  t h e s e  v a l u e s  t h e  

e f f e c t i v e  t u r b i d i t y  and  e f f e o t i v e  power f a c t o r  r e s p e c t i v e l y .  The T j 

a n d 6  j v a l u e s  are  t h o s e  which  a r e  a l r e a d y  c a l c u l a t e d  f o r  t h e  

m o n o d i s p e r s e  s y s t e m .  We h a v e  o n l y  computed t h e  e f f e c t i v e  v a l u e s  a t  

436 nm f o r  t h e  m u l t i l a m e l l a r  model w i t h  no  c e n t r a l  w a t e r  c o r e .  T a k i n g  

i n t o  a c c o u n t  t h e  d volume o f  w a t e r  i n  t h e  a q u e o u s  c o r e ,  t h e  I 

1 
c o r r e c t i o n  i s  m i n i m a l .  'The r e s u l t s  o f  t h e  c o m p u t a t i o n s  are shown i n  -- -& 

Fig.  6 . 2 b  a n d  6 . 2 ~ .  
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F i g .  6 . 2 b  V a r i a t i o n  o f  e f f e c t i v e  power f a c t o r  f o r  d i f f e r e n t  lognormal  

d i s t r i b u t i o n s  o f  a t h e o r e t i c a l  v e s i c l e  suspeng-ion.  The numbers b e s i d e  

t h e  c u r v e  d e n o t e  t h e  g e o a e t r i c  mean x, o f  t h e  l e c i t h i n  s i z e  

d i s t r i b u t i o n s .  



- .  r r g .  6 . 2 ~  ' J a r i a t ~ ; ~  sf e f f e c t i v e  t u r b i d i t y  f o r  d i f f e r e n t  l o g n o r n a l  

d i s t r i b u t i o n s  o f  a z c e s r e t i c a ;  v e s i c l e  s u s p e n s i o n .  The numbers  b e s i d e  

:ne c u r v e s  d e n o t e  ? r e  g e m e t r i c  e e a n  x rn o f  t h e  s i z e  d i s t r i b u t S o n s .  



To e s t i m a t e  t h e  d i s t r i b u t i o n  o f  t h e  l e c i t h i n  p a r t i c l e s  i n  t h e  

d i s p e r s i o n ,  t h e  e x p e r i m e n t a l  v a l u e s  o f  T / C  and /3 a r e  f irst  o b t a i n e d  
S 

a s  d e s c r i b e d  p r e v i o u s l y .  The e x p e r i m e n t a l  v a l u e s  a r e  t h e n  matched 

a b a i n s t  t h o s e  v a l u e s  g i v e n  i n  F i g .  6 .2b  and 6 . 2 ~ .  It may t h e n  be 

p o s s i b l e  t o  o b t a i n  a r e a s o n a b l e  e s t i m a t e  o f  t h e  d i s t r i b u t i o n  o f  

l e c i t h i n  p a r t i c l e s  iri t h e  d i s p e r s i o n ,  i f  t h e  d i s t r i b u t i o n  is 

log-normal  . 
, 

/ 

I n  computing F i g .  6 . 2 b  and 6 . 2 ~ ~  t h e  m u l t i l a m e l l a r  model w i t h  

l i p i d  l a y e r  t h i c k n e s s  ; = 45 8 and w a t e r  l a y e r  t h i c k n e s s  w = 25 

8 has been i m p l i c i t l y  assumed.  T h i s  is a  r e a s o n a b l e  a s sumpt ion  on 

t h e  b a s i s  o f  b o t h  e l e c t r o n  mic rog raph  o b s e r v a t i o n s  and  x-ray 

d i f f r a c t i o n  s t u d i e s .  
--4 

It can  be  s e e n  t h a t  a 'mafch o f  B and 7 / c  f o r  a  s i z e  pa rame te r  

c a n n o t  be made w i t h  t h e  log-normal  d i s t r i b u t i o n s  c a l c u l a t e d .  For 

example ,  i n  Tab le  6 . 1  T / C  = .387 and B = 1 . 5 5 ,  one n o t e s  t h a t  f o r  t h e  

T / C  v a l u e  a s i z e  pa rame te r  x m o f  l e s s  t h a n  o r  e q u a l  . I  is o b t a i n e d  

w i t h  v a r i o u s  s t a n d a r d  d e v i a t i o n s .  A f l  v a l u e  o f  1.55 c o r r e s p o n d s  t o  

s i z e  pa rame te r  xm which i s  a t  l e a s t  t w i c e  as l a r g e  a s  t h a t  o b t a i n e d  

from T / C .  Thus a s i n g l e  log-normal  d i s t r i b u t i o n  d o e s  n o t  seem t o  be  

p r e s e n t .  Thus it seems r e a s o n a b l e  t h a t  t h e  e a r l i e r  s u g g e s t i o n  o f  a 

o i m d a l  d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  i s  more p r o b a b l e  w i t h  t h e  very 
a"" 

l a r g e  p a r t i c l e s  be ing  a s m a l l  p e r c e n t a g e  of e t a l l i c  r e s i d u e  from t h e  t G 

s o n i c a t o r  t i p ,  o r  l a r g e  l i p i d  p a r t i c l e s  due t o  i n c o m p l e t e  s o n i c a t i o n .  

I f  we assrvae t i l e  r / c  measurements g'ive a n  est)..dite o f  t h e  s i z e  o f  

t i le  l a r g e s t  f r a c t i o n  zf p a r t i c l e s  i n  t h e  s u s p e n s i o n ,  I e s t i m a t e  t h e  



a v e r a g e  s i z e  o f  s m a l l e r  v e s i c l e s  t o  be 277 + 25 8 i n  d i a m e t e r  

where 25 8 is  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  neasu remen t s .  T h i s  

/ 
a g r e e s  r e a s o n a b l y  w e l l  w i t h  t h e  250 R s i z e  e s t i m a t e s  o f  o t h e r  

w o r k e r s  (Huang,  1969 ,  B a t z r i  and Korn, 1973; S h e e t z  a n d  Chan, 1972) 

f o r  s i n g l e  b i l a y e r  v e s i c l e s .  I n  t h e s e  c a l c u l a t i o n s  t h e  l i p i d  

t h i c k n e s s  is assumed t o  remain t h e  same w h i l e  t h e  s i z e  o f  t h e  aqueous  
* 

c o r e  v a r i e s .  

The measurements  i n d i c a t e  p a r t i c l e s  whose s i z e s  r a n g e  from 580 
2 

t o  3200 8 .  It i s  s t r e s s e d  t h a t  t h e s e  were t h e  smallest 

p o s s i b l e  s i z e s  t h a t  were t a k e n  from t h e  t a b l e s  i n  Appendix 1 s o  t h a t  

t h e  s i z e  might  a c t u a l l y  b e  much l a r g e r .  Two p o s s i b l e  r e a s o n s  f o r  t h i s  

have a l r e a d y  been d i s c u s s e d .  To p r e p a r e  monod i spe r se  v e s i c l e  

s u s p e n s i o n s  one  s h o u l d  f o l l o w  up t h e  s o n i c a t i o n  w i t h  some seconda ry  

t r e a t m e n t  such  a s  s e p h a r o s e  chromatography,  u l t r a  c e n t r i f u g a t i o n  or  

f i l t r a t i o n .  However, a s  w i l l  be s e e n  i n  t h e  n e x t  s e c t i o n ,  s e c o n d a r y  

t r e a t m e n t s  a r e  n o t  d e s i r a b l e  f o r  a l l  e x p e r i m e n t s  and  the  pu$ose 

beh ipd  this s e c t i o n  was t o  e s t i m a t e  t h e  s i z e  o f  v e s i c l e s  u sed  i n  t h i s  

&riment. 

6 . 2  TIKE DEPENDENCE OF 90' SCATTERED LIGHT 

' ,-- 

~ b s e & h t i o n s  on  Hg 366 nm l i g h t  s c a t t e r e d  a t  90' i n d i c a t e s  t h a t  

S(9O0j i s  a f u n c t i o n  of  time which depends  upon p a r a m e t e r s  s u c h  as 

l i p i d  concen t  r a t i o n ,  pH and ~ a + ~  c o n c e n t r a t i o n .  These  f a c t o r s  were 
-9 

i s t u d i e d  f o r  s u s p e n s i o n s  p repa red  a s  d e s c r i b e d  i n  Chap te r  4 .  The 



e x p e r i m e n t s  were c a r r i e d  o u t  a t  2 5 ' ~ .  Changes i n  

i n t e n s i t y  a r e  t h o u g h t  by t h e  a u t h o r  t o  be i n d i c a t  

o r  a g g r e g a t i o n  p r o c e s s e s .  

s c a t t e r e d  

i v e  o f  v e s  

l i s h t  

i c l e  f u s i o n  

To u n d e r s t a n d  why S (  90') may be a f u n c t i o n  o f  t i m e ,  - one  r e c a l l s  

f rom Eqn. 6 . 1  t h a t  t h e  s p e c i f i c  s c a t t e r i n g  S l c  = Cfjsj. ~ o t i n g  

t h a t  t h e  we igh t  f r a c t i o n  of  t h e  j ' t h  p a r t i c l e  s i z e  f i s  c  . / c ,  6 .1  
j J 

may be r e w r i t t e n  a s  

The S 's a r e  - f u n c t i o n s  o f  s i z e  o n l y ,  t h e r e f o r e  t h e y  need n o t  b e  
j 

- d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  time. If one  t r e a t s  a  v e s i c l e  

s u s p e n s i o n  a s  i f  i t  were made up o f  a  d i s c r e t e ' n u m b e r  o f  p a r t i c l e  

s i z e s  and h y p o t h e 3 z e s  a  r a t e  mechanism by which  t h e  number o f  

v e s i c l e s  o f  a  g i v e n  ze  v a r i e s  w i t h  t i m e ,  t h e n  it  i s  p o s s i b l e  t o  3 
d e t e r m i n e  any c  a s  a  f u n c t i o n  o f  time and hence  t h e  s p e c i f i c  

j 

s c a t t e r i n g  can be de t e rmined  e x p l i c i t l y  as a f u n c t i o n  of time. The 

s i m p l e s t  p o s s i b l e  example o f  t h i s  t r e a t m e n t  i s  t o  assume a bfmobal 

p a r t i c l e  d i s t r i b u t i o n  w i t h  p a r t i c l e s  o f  c o n c e n t r a t i o n s  c, and c 2  

r e s p e c t i v e l y .  I n  ana logy  w i t h  Chap te r  6 .1 ,  c ,  c o r r e s p o n d s  t o  t h e  

c o n c e n t r a t i o n  o f  small ( 2 7 5  9)  s i n g l e  w a l l e d  v e s i c l e s  and  c 2  

vou ld  c o r r e s p o n d  t o  l a r g e r  mult  i l a m e l l a r  ( 103 R )  v e s i c l e s .  



\ 
Assuming ' t h e  s i m p l e s t  p o s s i b l e  r a t e  law c  +c2  k 1  where  a t  t= o ,  c l  

= C - 0 '  
and c2  = o ,  i t  i s  s t r a i g h t f o r w a r d  t o  show; 

c  = coS1 exp  - k l t ;  c 2  = coS2 (1-exp-kit) 1 
6 . 5  

Knowirlg t h e  t i m e  dependence  o f  c l  and c 2  one may %r i te  

S = CoS1 exp  - k l  t + coS2 ( 1-exp-k, t )  

dS = c o k l  (S2-S1)  exp  - k l t  

F a c t o r s  wh ich  c o m p l i c a t e  t h i s  mechanism a r e  numerous.  Th-e 

p r e c i s e  d i s t r i b u t i o n  o f  p a r t i c l e s  i s  n o t  known i n  o u r  e x p e r i m e n t s  b u t  

a  bimodal  d i s t r i b u t i o n  is  l i k e l y  from t h e  d i s c u s s i o n  i n  S e c t i o n  6 .1 .  

The m o l e c u l a r i t y  of  t h e  rate p r o c e s s e s  i n v o l v e d  are o b v i o u s l y  more 

complex t h a n  i n d i c a t e d  i n  Eqn. 6.5.  O the r  rate  p r o c e s s e s  ~ h i c h  seem 

l i k e l y  to be i m p o r t a n t  a r e  n c l + c j  where n  i s  u s u a l l y  1 ,  2 o r  3. 

A l s o ,  mixed r a t e s  s u c h  a s  c ,  + c + c k  would become i m p o r t a n t  f o r  
j 

l a r g e r  t i m e s  t .  O f  g r e a t e r  i n t e r e s t  t o  t h i s  work t h a n  t h e  f u l l  

d e t a i l s  o f  t h e  mechanism, a r e  t h e  e f f e c t s  o f  e x t e r n a l l y  c o n t r o l l e d  

p a r a m e t e r s  s u c h  as l i p i d  c o n c e n t r a t i o n ,  pH and  ~ a + ~  c o n c e n t r a t i o n  on  

S  and d S / d t .  

F i g .  6 . 3 a  shows t h e  e f f e c t  o f  l i p i d  c o n c e n t r a t i o n  on dS/dt f o r  

two pH v a l u e s .  dS /d t  was measured 1  hr. a f te r  t h e  s a m p l e s  were 

c o o l e d  t o  2 5 O ~ .  A s t r a i g h t  l i n e  of  i n i t  s l o p e  was drawn t h r o u g h  t h e  

e x p e r i m e n t a l  p o i n t s .  Fo r  low l i p i d  c o n c e n t r a t i o n s  ( ( 1 0 - 3 ~ )  t h i s  

l i n e  f i t s  t h e  e x p e r i m e n t a l  d a t a .  Heasurements  a t  much l o w e r  

c o n c e n t r a t i o n s  a r e  d i f f i c u l t  due  t o  s i g n a l  t o  n o i s e  r a t i o  problems.  

Thus a t  low l i p i d  c o n c e n t r a t i o n s  t h e  v a l u e  o f  d S / d t  is p r o p o r t i o n a l  t o  

l i p i d  c o n c e n t r a t i o n .  T h i s  i s  i n d i c a t i v e  o f  t h e  p r e s e n c e  o f  a first 

o r d e r  r a t e  p r o c e s s .  



'Concentration of DPC molar) 
Fig. 6.3a Time r a t e  of change of s c a t t e r i n g  i n t e n s i t y  ( r e l a t i v e  

u n i t d n r . )  a s  a f u n c t i o n  of  D P C  c o n c e n t r a t i o n  f o r  two pH va lues .  OpH 

5 . 1 ,  OpH 5 .8 .  



A c o n c l u s i o n  one may draw from t h e  l i n e a r  dependence  o f  A S / A ~  on 

i I P C  concen t r a t ' i on  i s  t h a t  f o r  low l i p i d  c o n c e n t r a t i o n s  a  h i g h l y  

homogenous v e s i c l e  d i s t r i b d t i o n  i s  o b t a i n e d .  - Another  i s  t h a t  t h e r e  i s  

a  f i r s t  o r d e r  r a t e  p r o c e s s  p r e s e n t .  A t  h i g h e r  l i p i d  c o n c e n t r a t i o n s  

t h e  s l o p e  i n d i c a t e s  t h e  power is l e s s  t h a n  o n e .  Two r e a s o n s  f o r  t h i s  

behav iou r  a r e  b e l i e v e d  t o  e x i s t .  F i r s t ,  s i n c e  all  t h e s e  s amples  were 

s o n i c a t e d  f o r  t h e  same l e n g t h  o f  t i m e ,  s amples  o f  h i g h e r  l i p i d  

c o n c e n t r a t i o n  c o n t a i n  a  l a r g e r  f r a c t i o n  o f  l a r g e  v e s i c l e s ,  t h e r e f o r e  

a r e  l e s s  s e n s i t i v e  t o  changes  i n  s c a t t e r i n g  due t o  f u s i o n  o r  

a g g r e g a t i o n  o f  s m a l l  v e s i c l e s .  Second,  h i g h e r  l i p i d  c o n c e n t r a t i o n s  

may g i v e  r i s e  t o  m u l t i p l e  s c a t t e r i n g  o f  pho tons  which  s h o u l d  d e c r e a s e  
, 

l i g h t  i n t e n s i t y .  Another  k i n e t i c  s t u d y  i n  t h e  l i t e r a t u r e  by k e d a  and  

Ohn i sh i  ( 1 9 7 4 )  u t i l i z e d  E.S.R. s p e c t r a  o f  1 2 - n i t r o x i d e  s t e a r i c  a c i d  

l a b e l l e d  l i p i d s  t o  s t u d y  mix ing  o f  l i p i d  m o l e c u l e s .  T h e i r  d a t a  
I 

i n d i c a t e d  that a s i m i l a r  dependence  e x i s t e d  between l i p i d  - 
c o n c e n t r a t i o n  and  r a t e  o f  f u s i o n .  

f' 
F i g .  6 .3b  shows t h e  s c a t t e r e d  l i g h t  i n t e n s i y  ~ ( 9 0 ' )  as  a 

f u n c t i o n  o f  time t f o r  samples  p repa red  a t  v a r i o u s  pH v a l u e s  ~ ( 9 0 ~ ) ~  

p l o t t e d  on a l o g a r i t h m i c  s c a l e .  The s h a r p  i n c r e a s e  i n  ~ ( 9 0 ' )  during 

t h e  f i r s t  f i v e  m i n u t e s  i s  due t o  t h e  c o o l i n g  o f  t h e  s amples  from 
* .  

5 0 ' ~  t o  2 5 ' ~ .  F o r  t > 5 min. a l l  c u r v e s  a r e  l i n e a r  w i t h  r e s p e c t  

t o  t ime  v i t h  s l o p e s  v a r y i n g  w i t h  t h e  b u l k  pH o f  t h e  s u s p e n s i o n .  S i n c e  

l o g  dS/d t  i s  a  l i n e a r  f u n c t i o n  o f  t i m e ,  t and  d S / d t  is  a  p o s i t i v e  

d e c r e a s i n g  f u n c t i o n  of t i m e ,  o n e  c o n c l u d e s  t h a t  a r a t e  l a u  o f  t h e  

f o r 3  ; 



dS k exp - k t  - 
d t 

must e x i s t  where k is a r a t e  c o n s t a n t  which d e s c r i b e s  t h e  o v e r a l l  t i  e 0 
behav iou r  of t h e  s y s t e m . - - I f  o a e  a g r e e s  t h a t  a change  i n  ~ ( 9 0 ' )  w i t h  

-, 

time must i n d i c a t e  e i t h e r  f u s i o n  o r  a g g r e g a t i o n  o f  v e s i c l e s ,  t h e n  k 

must be r e l a t e d  t o  t h e  d e g r e e  o f  d i s s o c i a t i o n  o f  t h e  l i p i d  p o l a r  

g roups .  



- 
- 

I - 

1 - 4 

5.3 

1 I 5 1 I 1 I I 

10 20 30 40 50 60 

Time ( minutes 1 
F i g .  6.3b s c a t t e r i n g  i n t e n s i t y  ( r e l a t i v e  u n i t s )  3s a f u n c t i o n  of time 

f o r  v a r i o u s  pH v a l u e s .  



1 Fig.  ' 6 . 3 ~  shows dS /d t  a s  a  f u n c t i o n  of pH f o r  v a r i o u s  t imes  a f t e r  

s o n i c a t i o n .  A s  one can s e a ,  A S / A ~  decrease's f o r  i n c r e a s i n g  t a t  a  

g iven  pH. T h i s  i s  expec ted  i f  dS/dt )s  p r o p o r t i o n a l  % .  t o  k exp-kt .  

More i n t e r e s t i n g  are t h e  maxima a n d  minima which are observed i n  
/ 

Fig.  6 . 3 ~ .  This, i s  i n t e r p r e t e d  a s  a v a r i a t i o n  i n  t h e  r a t e  c o n s t a n t  k 

a s  t h e  degree  o f  d i s s o c i a t i o n  o f  DPC molecules  changes.  Reka l l ing  

from Eqn. 4 .3 .1  t h a t  t h e  phosphate  group of DPC can  bind a proton 

where pK, i s  i .40  f o r  t h e  bulk  s o l u t i o n ,  we G r i t e  

-- 
We r e c a l l  t h e  *equ i l ib r ium c o n s t a n t  f o r  t h e  fo rmat ion  o f  t h e  i n t e r n a l  

s a l t  l i n k a g e  K i s  8.85 x lo2 .  Fbr pH < 3 t h e  m e a h i r ~ d  value of  
* 3 -  ', - 

a S / b t  is very  low f o r  a l l  t ime t .  



-? 

Fig .  6 . 3 ~  Time r a t e  o f  change o f  s c a t t e r i n g  i n t e n s i t y  ( r e l a t i v e  
* 

. u n i t s / h r . )  a s  a  f u n c t i o n  o f  pH f o r  v a r i o u s  times. 



It is e a s i l y  shown t h a t  a t  pH 3 99.5% o f  t h e  l i p i d  mo lecu le s  a r e  

d i s s o c i a t e d  i n t o  PO: and may form i n t e r n a l  s a l t  l i n k a g e s  w i t h  

t .he trimethylammonium g r o u p .  0.5% o f  t h e  l i p i d  m o l e c u l e s  a r e  

p r o t o n a t e d ,  t h u s  t h e y  w i l l  c a r r y  a  n e t  p o s i t i v e  c h a r g e  of  q = 1 .6  x 

coulombs.  Accep t ing  t h a t  t h e  mo lecu la r  u e i g h t  o f  b i l a y e r  

6 v e s i c l e s  i s  2 . 1  x 10 (Huang,  1965)  and n o t i n g  t h a t  t h e  mo lecu la r  
- 

w e i g h t  of  DPC i s  7 3 4 ,  i t  i s  e a s i l y  s e e n  t h a t  t h e r e  a r e  a p p r ~ x i m a t e l y * ~  

4 2.86  x  10 l i p i d  m o l e c u l e s  p e r  v e s i c l e .  The a v e r a g e  -riumber o f  

cha rged  l i p i d s  p e r  v e s i c l e  i s  a b o u t  140.  Assuming t h e s e  c h a r g e s  t o  be 

un i fo rmly  d i s t r i b u t e d  on a s p h e r e  of  r a d i u s  275 fi and i m o b i l e ,  

t h e  e l e c t r o s t a t i c  r e p u l s i v e  ene rgy  between two v e s i c l e s  1000 fi 

a p a r t  i n  p u r e  water is  a p p r o x i m a t e l y  g i v e n  by 

where q1 and q2 a r e  t h e  c h a r g e s  on  t h e  two v e s i c l e s  r12 i 3  t h e  

c e n t e r  t o  c e n t e r  d i s t a n c e  between t h e  v e s i c l e s  and c is  t h e  d i e l e c t r i c  

c o n s t a n t  o f  water. The t h e r m a l  ene rgy  Et p e r  v e s i c l e  f o r  d i l u t e  

s u s p e n s i o n s  a t  room t e m G ' r a t u r e  ( 2 9 8 ' ~ )  i s  

where T i s  t h e  a b s o l u t e  t e m p e r a t u r e  ( 2 9 8 O ~ )  and  k is ~oltzmann's 

c o n s t a n t ,  ( 1.38 r 10-16  erg/'^) . When Et/ER > 1 t h e   vesicle^ 

have  s u f f i c i e n t  t h e r m a l  ene rgy  t o  overcome t h e  e l e c t r o s t a t i c  e n e r g y  



b a r r i e r  and fusion or aggregation may take  place.  From Eqns. 6.9 and 

6.10 Et /ER = 0.011 a t  103 8 .  ~ e c r e a s i n g  I-,, o r  increas ing  

the  sur face  charge on t h e  ves i c l e s  w i l l  decrease E t / E R  f u r t h e r .  

Thus a t  pH < 3 few c o l l i s i o n s  a r e  expected t o  occur ,  which permit 

fusion o r  aggregat ion,  because of the high su r f ace  charge on t h &  

ves i c l e s .  There a r e  s eve ra l  fac!ors which may modify t h e  assumptions 

made i n  t h i s  t reatment .  The charge on the  l i p i d  i s  not t o t a l l y  

immobile. La te ra l  d i f fus ion  of l i p i d  molecules is  dependent on 

membrane f l u i d i t y .  Since t h i s  experiment was performed a t  2 5 ' ~  the  
" 

author  would expect d i f fus ion  of charges t o  be a t  a  minimum. For T > 

Tc charges may d i f f u s e  rap id ly  through l a t e r a l  d i f fus ion .  The 

ves i c l e s  a r e  expected t o  a c t  s imi l a r  t o  conducting spheres .  The 

charge d i s t r i b u t i o n  w i l l  become n o n u n i f o p  so a s  t o  r e l a x  t h e  

e l e c t r o s t a t i c  repuls ions .  Since T C Tc and d i f fus ion  of  charges is 
I 

small the  i n i t i a l  treatment is thought t o  be s u f f i c i e n t .  The surface 
%+ 

charge i s  screened by counter ions  ( C l ' ) ,  but i t  i s  believed t h a t  

these had only a  small e f f e c t  s ince  s o l u t i o n s  of low i o n i c  s t r eng th  

were u t i l i z e d .  Van der  Waals fo rces  which a r e  a t t r a c t i v e  and 

proport ional  t o  F6 w i l l  be negl igible .  a t  l a r g e r  d i s t ances  ( s ince  

e l e c t r o s t a t i c  f o r c e s  a r e  proport ional  t o  F2), but a t  s h o r t e r  

d i s tances  w i l l  dominate t he  e l e c t r o s t a t i c  forces .  For E t / E R  < 1 

Van der  Waals i n t e r a c t i o n s  should be negl ig ib le .  A t  pH 4 hS /h t  r i s e s  

very sharply t o  a  peak which occurs a t  pH 4.8. A t  pH 4.8 the  f r a c t i o n  

of charged l i p i d s  i s  6 . 3  x which i s  an average of 17.6 c h a r g e d  

ves' icle.  E t / E R  i n  t h i s  case i s  1.77 which means the  thermal 



ene rgy  of v e s i c l e s  i s  s u f l c i e n t  t o  overcome e l e c t r o s t a t i c  r e p u l s i o n s .  

Thus AS/A t i s  expec ted  t o  I n c r e a s e  due  t o  f u s i o n  o r  a g g r e g a t i o n .  The - 
minimum a t  pH 5.5 is  more d i f f i c u l t  t o  e x p l a i n .  The s u r f a c e  c h a r g e  is 

s m a l l e r  t h a n  i n  t h e  p r e v i o u s  c a s e s ,  t h u s  E ~ / E R  > 1 which ,  

a c c o r d i n g  t o  t h e o r y  shou ld  enhanceAS/At .  It is  b e l i e v e d  i n t e r n a l  

sa l t  b i n d i n g  may e x p l a i n  t h e  minimum. A second peak whioh d e c r e a s e s  

w i t h  i n c r e a s i n g  pH i s  obse rved  a t  pH 5.9. For  pH > 8.5 A S / A ~  becomes' Y 

s m a l l .  T h i s  is t h o u g h t  t o  be due  t o . t h e  e q u i l i b r i m  o f  Eqn. 4.3.2 

which c h a r g e s  v e s i c l e s  by a b s o r p t i o n  of  OH' i o n s  on t h e  

t r i m e t h y l a w n i m  g r o u p s .  The pK2 f o p  t h i s  r e a c t i o n  is 11.6. One 

h a s  f o r  pK2 

+ pK2 = pH + l o g  [ H ( C I i 3 I 3  .... lo 

[ N ( C H 3 ) 3 + .  . . .OH-]- 6.11 

where t h e  d i s s o c i a t i o n  o f  a p r o t o n  is c o n s i d e r e d  p h y s i c a l l y  e q u i v a l e n t  

t o  t h e  b i n d i n g  o f  an hydroxide  i o n .  L i p i d s  w i t h  headgroups  such  as 

s e r i n e  o r  e thano lamine  s i m p l y  l o s e  a p ro tbn  i n  b a s i c  s o l u t i o r i ,  b u t  

f l  
s i n c e  c h o l i n e  h a s  no d i s s o c i a b l e  p r o t o n  on t h e  t r ime thy lammonim 

g roup ,  i t  must a b s o r b  an hydrox ide  i n  h i g h l y  b a s i c  s o l u t i o n s .  If is 

t h e  f r a c t i o n  o f  uncharged l i p i d s  t h e n  
- - 



8+ 
For pH 10,  a i s  .975 which means the  f r a c t i o n  of charged v e s i c l e s  i s  

.025. Th i s  co r responds  t o  about 700 charges  making E t / ~ R  4.48 x 

lo-'. Thus above pH 10 AS/At should  be smal l  s i n c e  t h e  surface .  

cha rge  i s  high.  Below pH 10 t h e  s u r f a c e  charge  d e c r e a s e s  r a p i d l y  and 

Et/ER i n c r e a s e s .  AS/dt i n c r e a s e s  a s  expected . 
Fig.  6 .36 silous t h e  e f f e c t  o f  ~ o - ~ M  Ca C12.2H20 i n - t h e  

aqueous media on AS/a t  a s  a func t ion  o f  pH. 

behaviour as i n  F i g .  6 . 3 ~  i s  noted i n  F ig .  

s h i f t e d  t o  a lower  pH ( 4 ) .  The minimum i n  F ig .  6.3d i s  much broader  

than t h a t  i n  F ig .  6 . 3 ~  (4 .8  t o  6 .0 )  and t h e  second peak i s  s t e e p e r  and 

narrower than i n  Fig .  6 . 3 ~ .  To unders tand t h i s  one must n o t e  t h a t  f o r  

low pH [H+]>>[oH'] r e a c t i o n s  4 . 1 ,  4.2 and 4.4 w i l l  be i n  

compet i t ion .  The amount of PO6 a v a i l a b l e  t o  i n t e r a c t  w i t h  

~ a + *  o r  t o  form a n  i n t e r n a l  s a l t  l i n k a g e  i s  c o n t r o l l e d  by t h e  pH of  

t h e  suspension.. For h igh [H+]  v e s i c l e s  become charged accord ing  t o  

Eqn. 4 .3 .1 .  I n c r e a s i n g  [ H + ]  10 t imes  will c a u s e  [PO;] t o  

dec rease  by a f a c t o r  o f  10. The amount o f  bound ~ a + ~  i s  expected t o  

dec rease  by a f a c t o r  o f  100 accord ing  t o  Eqn. 4.4,  t h u s  l o w  PH's 

should  reduce ~ a + ~  b ind ing  and i n t e r n a l  s a l t  l i n k a g e  and i n c ~ e a s e  

s u r f a c e  charge  by p r o t o n a t i o n  of PO:. The o v e r a l l  e f f e c t  o f  

t h i s ,  modified by c o u n t e r  i o n s  and charge  m o b i l i t y ,  should  t end  t o  

dec rease  aggrega t io*  o r  f u s i o n  o f  v e s i c l e s .  The b ind ing  of ~ a + *  t o  

n e u t r a l  l i p i d  molecules shou ld  impar t  a p o s i t i v e  charge .  I f  t h e r e  i s  

some pH where ~ a + *  may begin b ind ing  t o  v e s i c l e s ,  then  one might 

expec t  a dec rease  i n A S / A t .  ' Inc reas ing  t h e  pH f u r t h e r  should  oause 



v e s i c l e s  t o  accumula t e  n e g a t i v e  cha rge  (OH') which would c a n c e l  t h e  

p o s i t i v e  cha rges  o f  ~ a + ~ .  N e u t r a l  v e s i c l e s  s h o u l d  t h e n  be f r e e  t o  

c o l l i d e  t h u s  i n c r e a s i n q A S / a t .  I n c r e a s i n g  t h e  pH f u r t h e r  c a u s e s  an  

e x c e s s  o f  n e g a t i v e  c h a r g e  t h u s  r e d u c i n g A S / A t  by i n c r e a s e d  

e l e c t f o s t a t i c  r e p u l s i o n s .  To s u c c e s s f u l l y  a p p l y  t h i s  r e a s o n i n g  I+ 

must be less t h a n  t h e  v a l u e  i n d i c a t e d  t o  e x p l a i n  low ~ a + ~  b i n d i n g  a t  
r 

lower  pH v a l u e s .  The v a l u e  f o r  K4 quo ted  from Seimiya  and Ohki 

(1972)  was f o r  p h o s p h a t i d y l  e thano lamine ,  which h a s  a d i s s o c i a b l e  

p ro ton ' (pK2  = 7 . 5 ) ,  which would lower  t h e  p o t e n t i a l  b a r r i e r  

e x p e r i e n c e d  by c a t i o n s ,  t h u s  b i n d i n g  t o  t h e  phospha te  g r o u p s  s h a u l d  

r e a d i l y  o c c u r .  I n  t h e  c a s e  o f  DPC t h e r e . i s  no d i s s o c i a b l e  p r o t o n  on 

t h e  trimethylammonium g r o u p  t h u s  a n  hydrox ide  must b i n d  a c c o r d i n g  t o  
. . 

Eqn. 4 .2 .  P r i o r  t o  t h i s ,  t h e  trimethylammonium g roup  would t e n d  t o  

s t r o n g l y  r e p e l  c a t i o n s ,  t h u s  ~ a + ~  b i n d i n g  would b e  r e l a t i v e l y  low a t  

p h y s i o l o g i c a l  pH. The f i n d i n g s  o f  J o o s  and Carr (1967)  i n d i c a t e  t h a t  

~ a + ~  does  n o t  b i n d  t o  p h o s p h a t i d y l  c h o l i n e  below pH 10. Work by 

Ohki (1969)  on  t h e  r e s i s t a n c e  o f  b l a c k  f i l m s  as a f u n c t i o n  o f  pH and 

~ a + ~  c o n c e n t r a t i o n  ghowed behav iou r  remarkably  similar t o  t h a t  

observed  i n  F i g s .  6 . 3 ~  and 6 . 3 d .  AS the pH was i n c r e a s e d  t h e  

e l e c t r i c a l  r e s i s t a n c e  i n c r e a s e d  t o  pH 4.4 where R waa a maximum. T h i s  

was a t t r i b u t e d , t o  minimum c h a r g e  m t h e  d i p o l e s  ( i s o e l e c t r i c  p o i n t ) .  

Above t h i s  pH t h e  r e s i s t a n c e  d e c r e a s e d  up t o  a pH o f  10 where s t a b l e  

f i l m s  cou ld  no l o n g e r  b e  formed.  I n  t h e  p r e s e n c e  of  Ca C12 t h i s  

behav iou r  was mod i f i ed  as t h e  peak uas e l i m i n a t e d  and t h e  r e s i s t a n c e  

r o s e  s t e a d i l y .  T h i s  d i f f e r e n c e  c o u l d  be  a t t r i b u t e d  o n l y  to t h e  



b i n d i n g  o f  ~ a + ~  t o  t h e  b l a c k  f i l m .  Thus t h e r e  i s  a  d i f f e r e n c e  o f  

p p i n i o n  among a u t h o r s  o n  t h e  b i n d i n g  p r o p e i t i e s  o f  ~ a + ~  t o  

p h o s p h a t i d y l  c h o l i n e .  T h i s  d i f f e r e n c e  i s  more e a s i l y  u n d e r s t o o d  i f  a s  

ment ioned  i n  S e c t i o n  3 . 4  t h e  d e g r e e  o f  s a t u r a t i o n  i s  i m p o r t a n t  t o  t h e  

way i n  which i o n s  b i n d  t o  l i p i d s .  T h i s  i n f o r m a t i o n  i s  summarized i n  

F i g .  3 . 2 .  C o m p l e t e l y  s a t u r a t e d  c h a i n s  a t  T < Tc pack  c l o s e r  a n d  

b i n d  ~ a + ~  more r e a d i l y .  Work by p r e v i o u s  a L t h o r s  o f t e n  s ta ted t h a t  

p h o s p h a t i d y l  c h o l i n e  was u s e d ,  w i t h o u t  making r e f e r e n c e  t o  t h e  d e g r e e  

o f  s a t u r a t i o n  o f  h y d r o c a r b o n  c h a i n s .  T h i s  may a c c o u n t  for v a r i a t i o n s  

i n  e x p e r i m e n t a l  r e s u l t s .  The a u t h o r ' s  work i n d i c a t e s  t h a t  t h e r e  i s  

some Cat* b i n d i n g  a t  pH v a l u e s  as low as 4.5. A p p l y i n g  K4 t o  t h e  

e q u i l i b r i u m  c o n d i t i o n s  set o u t  i n  C h a p t e r  3 o n e  m i g h t  e x p e c t  a g r e a t e r  

e f f e c t  o n  t h e  d a t a  i n  F i g .  6 . 3 d .  S i n c e  t h i s  is  n o t  t h e  case, K4 

must  b e  smaller t h a n  t h e  f i g u r e  o b t a i n e d  i n  t h e  l i t e r a t u r e .  



Fig .  6.3d Time r a t e  of- ch.ange of s c a t t e r i n g  i n t e n s i t y  ( r e l a t i v e  

u n i t s / h r . )  as a f u n c t i o n  o f  pH f o r  v a r i o u s  t imes  i n  10-3 M ~ a + '  

s o l u t i o n .  



6 . 3  TEMPERATURE DEPENDENCE OF SCATTERED LIGHT INTENSITY - 

Thermotropic  phase  t r a n s i t i o n s  o f  l i p i d s  have  been d i s c u s s e d s i n  

S e c t i o n  3.3.  R e c a l l i n g  Eqn. 5 .19  
.\ 

one n o t e s  t h a t  changes  i n  t e m p e r a t u r e  may c a u s e  changes  i n  V ,  dn /dc ,  m 
I .  

and P(B) which c a u s e  ~ ( 9 0 ~ )  t o  change, The p e r c e n t a g e  change i n  
J 

s c a t t e r i n g  between two t e m p e r a t u r e s  i s  g i v e n  by t h e  sum o f  p e r c e n t a g e  

changes i n  t h e s e  v a r i a b l e s .  The o b s e r v a t i o n s  o f  S h e e t z  and Chan 

(1972)  i n d i c a t e  a  3% i n c r e a s e  i n  t h e  volume o f  t h e  v e s i c l e s .  The work 

of  Chapman e t  a l .  (1967)  shows t h e  l i p i d  l a y e r  t h i c k n e s s  1 d e c r e a s e s  

from 45 fl to 40 8 ,  w h i l e  t h e  water l a y e r  t h i c k n e s s  w i n c r e a s e s  

from 25 t o  30 8 when t h e  t e m p e r a t u r e  i s  i n c r e a s e d  above  

Tc. Chong (1975)  h a s  shown t h a t  P(0) shou ld  d e c r e a s e  anywhere from 
l' 

2% ~ 0 %  depending  on t h e  v e s i c l e  r a d i u s  and aqueous  c o r e  r a d i u s .  w - 

The v  a g e  d e c r e a s e  was shown t o  be about  7%. Y i  and MacDonald 

(1973) and Chong ( 1975) have shown t h a t  t h e  term dn/dc d e c r e a s e s  by 

abou t  16% from 2 5 ' ~  t o  5 0 ' ~ .  Change i n  t h e  r e l a t i v e  r e f r a c t i v e  

i n d e x  m l e a d s  t o  a n  a d d i t i o n a l  change i n  t h e  s c a t t e r i n g  p r i m a r i l y  

t h rough  a change  i n  t h e  te rm (m-1) g i v i n g  a  f u r t h e r  d e c r e a s e  o f  15%. 

Thus t h e  e x p e c t e d  d e c r e a s e  i n  s c a t t e r i n g  s h o u l d  r a n g e  from 30% t o  392, 

depending  upon P ( B ) .  In  a d d i t i o n ,  a s low d e c r e a s e  i n  S(90•‹) i s  

p r e d i c t e d  by dn/dc  and m terms above and below t h e  phase  t r a n s i t i o n .  

Large  v a r i a t i o n s  from this behav iou r  are no ted  i n  F ig .  6 .4a  and 6.4b 

f o r  samples  p repa red  i n  s o l u t i o n  o f  h i g h  i o n  c o n c e n t r a t i o n .  9 is  t h e  

r a t i o  o f  i on  c o n c e n t r a t i o n  t o  l i p i d  c o n c e n t r a t i o n .  The l i p i d  

c o n c e n t r a t i o n  i n  a l l  c a s e s  was 6.84 x I O - ~ M .  



Fig. 6 . 4 ~ 1  S c a t t e r i n g  i n t e n s i t y  ( r e l a t i v e  u n i t s )  as a  funct ion o f  

temperature  for var ious  K+ c o n c e n t r a t i o n s  f o r  two pH va lues .  6 = 

[K+]/[DPc], [DPCI = 6 . 8 4  x 1 0 ' ~  H, 



F i g .  6.4a shows ~ ( 9 0 ' )  a s  a f u n c t i o n  o f  t e m p e r a t u r e  f o r  various.. .---- 
,, 

mole  f r a c t i o n s  o f  K+. K+ i s  a d d e d  b e f o r e  s o n i c a t i o n ,  t h e r e f o r e  i s  

e x p e c t e d  t o  be u n i f o r m l y  d i s t r i b u t e d  i n  t h e  a q u e o u s  s o l u t i o n .  F o r  d, = 

0 and pH 6 we o b s e r v e  a smooth c u r v e  w i t h  a  s h a r p  t r a n s i t i o n  a t  

4 1 . 5 ' ~ .  A s l i g h t  c h a n g e  i n  s l o p e  i s  a l s o  n o t e d  a t  a b o u t  33Oc 

w h i c h  may b e . t h e  p r e t r a n s i t l o n  r e p o r t e d  by o t h e r  a u t h o r s  ( s e e  S e c b i o n  

3 . 3 )  . Between 2 5 ' ~  and  50•‹c t h e  s c a t t e r i n g  i n t e n s i t y  d e c r e a s e s  by 

,285,  s l i g h t l y  l ess  t h a n  t h a t  p r e d i c t e d  by t h e o r y .  F o r  pH 10.2 and + =  

. . 2 3  a  c h a n g e  of 3 0 . 8 %  i s  n o t e d  a n d  a  much s h a r p e r  d r o p  i n  ~ ( 9 0 ' )  a t  

3 2 ' ~ .  On i n e r e a s i n s  t h e  KC1 c o n t e n t  o f  t h e  pH 6 , s a m p l e s  t h e r e  i s  a n  

i n c r e a s e  i n  s c a t t e r i n g  i n t e n s i t y  be tween  32Oc and  3 8 0 ~  

i n c r e a s e s  w i t h  i n c r e a s i n g  KC1 c o n c ~ n t r a t i o n .  => The p e r c e n t  d e c r e a s e  i n  

s c a t t e r e d  l i g h t  i n t e n s i t y  be tween  2S0c and  5 0 ' ~  r e m a i n s  n e a r  t h e  

limits p r o p o s e d  i n  t h e  t h e o r y .  T h i s  i n f o r m a t i o n  i s  summarized i n  

T a b l e  6 . 2 .  



Table 6 .2  

Summary of  changes i n  scattered l i g h t  intensity 



T h i s  b e h a v i o u r  is n o t  observed  a t  pH 10 .2  where S  a l w a y s  

d e c r e a s e s  i n  t h e  2 5 ' ~  t o  3 6 ' ~  r a n g e .  Some o f  t h e  pH 10.2 c u r v e s  

show what may be  p r e t r a n s i t i o n  t y p e  b e h a v i o u r ,  b u t  t h i s  change  is v e r y  . 
s m a l l  and day n o t  be e x p e r i m e n t a l l y  s i g n i f i c a n t .  Fo r  pH 6 t h e  p e r c e n t  

d e c r e a s e  i n  S between 2 5 O c  and 50•‹c i s  on a v e r a g e  28% which i s  

s l i g h t l y  l o w e r  t h a n  p r e d i c t e a  by t h e o r y .  Fo r  pH 10.2 t h i s  f i g u r e  i s  

on a v e r a g e  31% which i s  w i t h i n  t h e  p r e d i c t d o n s  o f  t h e o r y .  Higher  

v a l u e s  o f  @ seem t o  c a u s e  h i g h e r  i n i t i a l  l e v e l s  o f  s c a t t e r i n g .  It i s  
ii 

b e l i e v e d  t h a t  h i g h  c o n c e n t r a t i o *  o f  KC1 i n c r e a s e s  s c r e e n i n g  o f  c h a r g e  
a 

and h e n c e  r e d u c e s  r e p u l s i o n s  between v e s i c l e s  c a u s i n g  l a r g e r  v e s i c l e s  
i 

t o  form i n i t i a l l y .  T h i s  e f f e c t  i s  t h e  same a t  pH 6 and pH 10.2. The 

bumps on t h e  pH 6 c u r v e s  a r e  b e s t  e x p l a i n e d  i f  t h e r e  i s  some change  i n  

a g g r e g a t i o n  p r o p e r t i e s  o f  v e s i c l e s  which i s  t r i g g e r e d  by t e m p e r a t u r e .  

The f a c t  t h a t  t h i s  change coccurs  i n  a r e g i o n  where t h e  p r e t r a n s i t i o n  

h a s  been obse rved  l e a d s  one  t o  h y p o t h e s i z e  t h a t  some d i p o l a r  

r e a r r a n g e m e n t s  may be o c c u r i n g .  I f  t e m p e r a t u r e  c a u s e s  t h e  d i s r u p t i o n  

o f  t h e  i n t e r n a l  s a l t  l i n k a g e  , a c o r r e s p o n d i n g  r e a r r a n g e m e n t  i n  l o c a l  

i o n  c o n c e n t r a t i o n s  i s  f e a s i b l e .  Counter  i o n s  w i l l  c a n c e l  f r e e  c h a r g e  

on t h e  d i p o l e s  p r o p o r t i o n a l  t o  t h e  i o n  c o n c e n t r a t i o n ,  c a u s i n g  
, . 

a g g r e g a t i o n  o f  v e s i c l e s  due t o  low e l e c t r o s t a t i c  r e p u l s i o n s  (kT i s  

a l s o  i n c r e a s e d  d u e  t o  h i g h e r  t e m p e r a t u r e ) .  A t  pH 10.2 one  d o e s  n o t  

s e e  t h i s  e f f e c t  because  t h e  i n t e r n a l  s a l t  l i n k a g e  i s  broken  by t h e  

h i g h  pH w h i c k c h a r q e s  t h e  v e s i c l e s .  
x-, .. , 

Fig .  6 .4b  shows S(90•‹) a s  a  f u n c t i o n  o f  t e m p e r a t u r e  f o r  

v a l u e s  o f  6.0 and 10 .2  f o r  v e s i c l e s  p repa red  i n  s o l u t i o n s  o f  

PH 

v a r i o u s  



c o n c e n t r a t i o n s .  The p e r c e n t a g e  change  i n  s c a t t e r e d  l i g h t  

i n t e n s i t y  between 2 5 O ~ ,  and 3 6 ' ~  and 2 5 ' ~  and 50•‹c a r e  

summarized i n  T a b l e  6 . 3 .  $ ' is t h e  r a t i o  o f  ~ a + ~  c o n c e n t r a t i o n  t o  

l i p i d  c o n c e n t r a t i o n .  The l i p i d  c o n c e n t r a t i o n  i s  k e p t  c o n s t a n t  a t  6 .84  

x ~ o - ~ M .  Examinat ion  o f  F i g .  6 .4b  and Tab le  6 . 3  shows t h e  p e r c e n t  

d e c r e a s e  i n  s c a t t e r e d  l i g h t  i n t e n s i t y  i s  l e s s  t h a n  p r e d i c t e d  by t h e o r y  

f o r  t h e  41' t r a n s i t i o n  by a b o u t  4% on  a v e r a g e  f o r  pH 6 .  The 

d e c r e a s e  i n  ~ ( 9 0 ' )  between 2 5 ' ~  and  3 6 ' ~  shows anomalous 

behav iou r  a t  pH 10.2 bu t  n o t  a t  6 .0 .  Fo r  pH 10.2 t h e  4 f 0  t r a n s i t i o n  

shows h i g h l y  anomalous behav iou r .  I f  one  a s sumes  t h a t  a small 

p e r c e n t a g e  of ~ a + ~  i s  bound a t  pH 6  t h e n  it i s  e x p e c t e d  t h a t  some 

l i p i d  mo lecu le s  would b e  h e l d  i n  a more r i g i d  s t r u c t u r e .  The 

p a r a m e t e r s  which  d e c ~ e a s e  S would b e  a f f e c t e d  less due  t o  t h e  b i n d i n g  r 

of  ca+*. T h i s  agrees w i t h  t h e  n o t i o n  t h a t  ~ a + *  s t a b i l i z e s  

membrane s t r u c t u r e s .  A t  pH 10.2 t h e  t h e r m a l  b e h a v i o u r  o f  t h e  l i p i d  

s u s p e n s i o n s  is h i g h l y  anomalous.  A l a r g e r  d e g r e e  of ~ a + ~  b i n d i n g  a t  

t h i s  pH i s  e x p e c t e d  due t o  p r e s h c e  o f  a n e t  n e g a t i v e  c h a r g e  m some 

v e s i c l e s  which s h o u l d  l o w e r  e l e c t r o s t a t i c  r e p u l s i o n  o f  c a t i o n s .  By 

Eqn. 6.12 t h e  f r a c t i o g ' o f  n e g a t i v e l y  cha rged  l i p i d  mo lecu lbs  is  

expec t ed  t o  be .O36 assuming bK2 i s  1 1 . 6 .  A l o w e r  pK2 would 

i n c r e a s e  t h i s  f r a c t i o n  and t h u s  i n c r e a s e  t h e  degree of b i n d i n g .  

The p r e s e n c e  o f  s m a l l  amounts  o f  ~ a + ~  c a u s e  a s h a r p  a n m o l y  i n  t h e  

2 5 ' ~  t o  3 6 ' ~  r e g i o n .  The g r e a t e s t  e f f e c t  i n  t h i s  r e g i o n  ils n o t e d  

a t  4 = .4 t o  .5. T h i s  e f f e c t  i s  i n t e r e s t i n g  s i n c e  one  w2 b i n d s  

- w i t h  t u o  PO;. I n c r e a s i n g  t h e  c o n c e n t r a t i o n  of  ~ a + ~  f u r t h e r  



c a u s e s  t h e  anomcdy t o  s h i f t  t o  h i g h e r  t e m p e r a t u r e s .  I t  is b e l i e v e d  

t h a t  t h i s  i s  a mass a c t i o n  e f f e c t .  The h i g h e r  ~ a + ~  c o n c e n t r a t i o n  

c a u s e s  t h e  e q u i l i b r i u m  d e s c r h k d  by Eqn. 4 . 4  t o  s h i f t  f u r t h e r  t o  t h e  

.3 
r i g h t .  The u n p r e d i c t e d  r i s e  i n  s c a t t e r i n g  i n t e n s i t y  i s  a t t r i b u t e d  t o -  

a g g r e g a t i o n  o r  f u s i o n  o f  v e s i c l e s .  No mechanism f o r  t h i s  anomaly is  

p roven  i n  t h i s  d a t a  b u t  t h e  a u t h o r  s u g g e s t s  t h a t  t h e  b r e a k i n g  o f  

bt2, P o i  bonds might  c a d s e  a g g r e g a t i o n  of v e s i c l e s .  No 

v a r i a t i o n s  i n  Tc w i t h  i o n  c o n c e n t r a t i o n  a r e  obse rved  i n  t h e s e  

e x p e r i m e n t s .  I t  i s  f e l t  t h i s  i s  due t o  low s u r f a c e  c h a r g e  ( c h a r g e s  o f  

o r d e r  1 p e r  l i p i d  molecule  a r e  n e c e s s a r y  t o  change  Tc by Eqn. 4 . 5 ) .  



Temperature "C 

F i g .  6 . 4 b  Sca t te r ing  i n t e n s i t y  ( r e l a t i v e  u n i t s )  as a function of 

temperature f o r  various Ca+2 concentrations fo r  two pH values ,  4 = 

[ c ~ + ~ ] / [ D P c ] ,  [DPC] = 6 . 8 4  x H. 



Tab le  6 . 3  ' 1 

P e r c e n t a g e  change i n  s c a t t e r e d  l i g h t  i n t e n s i t i e s  

f o r  v a r i o u s  ~ a + ~  c o n c e n t r a t i o n s .  

I .  O the r  measurement2 t a k e n  b u t  n o t  shown on F i g .  6 . 4 b  - 



B. 

6 . 4  DISCUSSION OF RESULTS 

The r e s u l t s  i n  S e c t i o n  6.1  a r e  e x p l a i n e d  i n  terms o f  a  bimodal 

d i s t r i b u t i o n  of p a r t i c l e  s i z e s .  small v e s i c l e s  o f  d i a m e t e r  275 !? 

a r e  o b t a i n e d  by s o n i c a t i o n  i n  a d d i t i o n  t o  a  f r a c t i o n  o f  l a r g e r  

p a r t i c l e s  which a r e  p r e s e n t  due t o  i ncomple t e  s o n i c a t i o n  o f  l i p i d s  and 

t h e  p r y n c e  of  p a r t i c l e s  from t h e  s o n i c a t o r  p robe .  A s i n g l e  narrow 
\ # 

d i s t r i b u t i o n  c o u l d  be o b t a i n e d  by methods s u c h  as u l t r a c e n t r i f u g a t i o n ,  

chromatography,  and u l t r a f i l t r a t i o n .  However, s t u d i e s  i n v o l v i n g  

s c a t t e r i n g  i n t e n s i t y  a s  a  f u n c t i o n  o f  t ime make seconda ry  t r e a t m e n t  a 

s o u r c e  o f  e r r o r  s i n c e  t h e  more t r e a t m e n t  s t e p s  i n v o l v e d ,  t h e ' m o r e  

d i f f i c u l t  i t  becomes t o  d e f i n e  i n i t i a l  c o n d i t i o n s .  Fo r  t h i s  r e a s o n  

secondary  t r e a t m e n t s  were n o t  u t i l i z e d  i n  t h i s  expe r imen t .  

The s t u d y  o f  s c a t t e r i n g  i n t e n s i t y  a s  a  f u n c t i o n  o f  time i n d i c a t e s  

an e x p o n e n t i a l  r a t e  p r o c e s s  f o r  f u s i o n .  T h i s  is s u p p o r t e d  by 

s c a t t e r i n g  a t  a  g i v e n  t i m e  a f t e r  s o n i c a t i o n  and by t h e  time rate  o f  

change i n  s c a t t e r i n g  as  a f u n c t i o n  o f  pH. The l a t t e r  is a t t r i -  

buted  t o  e l e c t r o s t a t i c  c h a r g e  which r e s i d e s  on t h e  p o l a r  head  o f  

t h e  DPC m o l e c u l e s .  Knowledge o f  t h e  e x a c t  l i p i d  d i s t r i b u t i o n  shou ld  

e n a b l e  a  p r e c i s e  k i n e t i c  a n a l y s i s  o f  s c a t t e r i n g  a s - a  f u n c t i o n  o f  time. 

A g e n e r a l  method f o r  d o i n g  this is  g i v e n  i n  Eqn. 6.4. A l i n e a r  ra te  

law was p u t  i n t o  Eqn. 4 .  Reasonable  agreement w i t h  e x p e r i n e n t a l  

daLa was o b s e r v e d .  T h i s  c o u l d  p rove  t o  be a  u s e f u l  method f o r  

i n v e s t i g a t i n g  t h e  f u s i o n  of v e s i c l e s .  Extending  this s t u d y  to  

d i f f e r e n t  t e m p e r a t u r e s  t h e  a c t i v a t i o n  energy  f o r  t h e s e  p r o c e s s e s  cou ld  

b e  o b t a i n e d  by t h i s  method. 



Using p u b l i s h e d  d a t a  o f  t h e ' r e f r a c t i v e  i n d e x ,  volume a n d  l i p i d  

t h i c k n e s s  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  Rayle igh-Gans  s c a t t e r i n g  t h e o r y  

p r e d i c t s  a 30 t o  39% d e c r e a s e  i n  s c a t t e r i n g  i n t e n s i t y  b e t w e e n  25Oc 

and 5O0c f o r  v e s i c l e s  p r e p a r e d  i n  d i s t i l l e d  H 2 0 ,  i n  a g r e e m e n t  w i t h  

e x p e r i m e n t -  K+ and  ~ a + *  i o n s  h a v e  been  shown t o  c a u s e  a n o m a l i e s  

i n  t h i s  b e h a v i o u r .  K+ i o n s  we b e l i e v e  t o  s c r e e n  c h a r g e s  o n  t h e  P --i 

v e s i c l e s  t h u s  c a u s i n g  f u s i o n  o r  a g g r e g a t i o n  o f  v e s i c l e s  o n  b r e a k i n g  

t h e  i n t e r n a l  s a l t  l i n k a g e  p r e s e n t  a t  pH 6 .  A t  pH 10.2 t h e  s a l t  -. ,I 

l i n k a g e  is e x p e c t e d  t o  b e  b r o k e n  a l r e a d y  by t h e  pH c o n d i t i o n s .  ~ a + ~  

o n  t h e  o t h e r  h a n d ,  is b e l i e v e d  t o  b i n d  t o  t h e  l i p i d  b e t w e e n  POi 

g r o u p s .  Changes  i n  t e m p e r a t u r e  may c h a n g e  t h e  amount o f  ~ a + ~  bound,  

t h u s  c a u s i n g  r e o r g a n i z a t i o n  o f  t h e  s u s p e n s i o n  d u e  to  c h a n g e s  i n  t h e  

d i s t r i b u t i o n s  o f  c h a r g e  i n  t h e  v e s i c l e s .  T h i s  c o u l d  be t e s t e d  f u r t h e r  

by s t u d y i n g  s c a t t e r i n g  a t  f i x e d  t e m p e r a t u r e s  a s  a  f u n c t i o n  o f  time. 
\ 



CHAPTER 7 

. GENERAL CONCLUSIONS 

The a t t e n t i o n  i n  t h i s  t h e s i s  h a s  been d i r e c t e d  towards  two b a s i c  

q u e s t i o n s .  T h e ' f i r s t  i s  how d o e s  v e s i c l e  s u r f a c e  c h a r g e  affect  t h e  

f u s i o n  o r  a g g r e g a t i o n  o f  v e s i c l e s ?  The second i s  h o w  do  i o n s  o f  

b i o l o g i c a l  i m p o r t a n c e  a f f e c t  t h e  phase  t r a n s i t i o n  behav iou r  o f  DPC 

v e s i c l e s  a s  r e f l e c t e d  by changes  i n  l i g h t  s c a t t e r i n g .  

90' l i g h t  s c a t t e r i n g  measurements have p rov ided  a method o f  

'measu r ing  f u s i o n  o r  a g g r e g a t i o n  of  v e s i c l e s  t h r o u g h  changes  i n  t h e  
:< 

v e s i c l e  s i z e  d i s t r i b u t i o n .  V a r i a t i o n s  i n  t h e  time ra t e  o f  change  o f  ' 

s c a t t e r i n g  was accoun ted  f o r  6y v e s i c l e  s u r f a c e  c h a r g e .  A small rate 

o f  change  i n  s c a t t e r i n g  i s  o b t a i n e d  when t h e  e l e c t r o s t a t i c  r e p u l s i v e  

energy  is greater t h a n  t h e  t h e r m a l  ene rgy  o f  t h e  v e s i c l e s .  The 

minimum a t  pH 5.8 is n o t  e x p l a i n e d  by t h i s  r u l e  s i n c e  t h e  s u r f a c e  
-- 

c h a r g e  i s  low a t  t h i s  pH. The a u t h o r  s u g g e s t s  t h a t  i n t e r n a l  s a l t  

b ind ing  lowers  t h e  time r a t e  o f  change  o f  s c a t t e r i n g  a t  t h i s  pH. 

L inea r  r a t e  t h e o r y  was a p p l i e d  t o  t h e  d a t a ,  and was found c o n s i s t e n t  

w i t h  t h e  d a t a .  However, more complex rates  are expec ted  f o r  l o n g e r  

t imes .  F u t u r e  e x p e r i m e n t s  .could e x t e n d  t N s  a n a l y s i s  t o  s t u d y i n g  S ( t )  

a t  v a r i o u s  t e m p e r a t u r e s  t o  o b t a i n  an estimate o f  ' t h e  a c t i v a t i o n  

ene rgy .  The a c t i v a t i o n  ene rgy  i n  t u r n  shou ld  be r e l a t e d  to  t h e  6 

v e s i c l e  c h a r g e  d i s t r i b u t i o n .  The a u t h o r  s u s p e c t s  t h e  a c t i v a t i o n  

ene rgy  c o u l d  a l s o  be r e l a t e d  t o  v e s i c l e  s u r f a c e  c h a r g e .  



d * . 
Analysis  of  Rayleiqh-Sans s c a t t e r i n g  t h e o r y  p r e d i c t s  a 30 

,' d e c r e a s e  i n  s c a t t e r i n g  i n t e n s i t y  between 2 5 ' ~  t o  50•‹c f o r  l w i d  

d i s p e r s i o n s  prepared i n  d i s t i l l e d  H20. K+ i o n s  i n  t h e  aqueous 

' media caused anomalous behaviour a t  pH 6 but n o t  10.2. The r e s u l t s  

a r e  expla ined i n  terms o f  i n t e r n a l  sa l t  l i n k a g e  which is expected t o  

be  s t r o n g  a t  pH 6 bu t  h o t  pH 10,2. The sa l t  l i n k a g e  may be 

d i s s o c i a t e d  t h e r m a l l y  a t  approximate ly  34 '~ .  The d i s s o c i a t i o n  o f  , 

t h e  s a l t  l i n k a g e  i s  followed by aggrega t ion  o r  f u s i o n  o f  v e s i c l e s .  

~ a ' ~  i s  b e l i e v e d  t o  bind t o  l i p i d  p o l a r  groups ,  

t o  two PO4 groups .  Two phenomena are p r e d i c t e d  
t 

one ~ a + '  b ind ing  
. . 

i n  t h i s  case .  

F i r s t ,  Tc is expec ted  t o  i n c r e a s e  wi th  ~ a + ~  b tnd ing .  No change 

was observed i n  t h e  d a t a  which i s  accounted f o r  i n  t e rms  o f  low 

s u r f a c e  charge .  For a measureable change I n  Tc a c h a r g e  of n e a r l y  

one p e r  l i p i d  molecule i s  expec ted .  The presence of  ~ a + ~  does  

change t h e  magnitude of t h e  phase t r a n s i t i o n .  The amount o f  ~ a + ~  

bound should  be t -pe ra tu re  dependent.  The anomal ies  observed w i t h  

~ a + ~  a r e  b e l i e v e d  t o  be i n d i c a t i v e  of ~ a + ~  bonds be ing  broken 

the rmal ly  . 



APPENDIX 1 

Computer Calculations For The Single Lecithinishell Model 
t 

The computation was carried out fo r  s i x  values of t ( r a t i o  of 

aqueous core radius t o  the  outer  radius of the ves ic le ) .  The maximum 

vesic le  s i z e  considered was about the wavelength of incident l igh t .  

P(8) was f i r s t  calculated using t<e expression i n  Eqn. 5:9 f o r  various 

values of R and the  quan t i t i e s  S (90•‹)/c, Q, 8 ,  and T/C were 

calculated fo r  various values of the s i z e  parameter. S (90•‹)/c and 

r /c  are  speci f ic  values normalized for  a l e c i t h in  concentration of 0.1 

mg/ml and 1 mg/ml respec-tively. The computed values for  the 

wavelength of 366 nm are "given i n  Table Al. 1 t o  A1.5 and graphical 

p lots  are  shown i n  Fig. A l . l  to Fig. A1.5. Note tha t  i n  Fig. 1,3,4 

the or ig ins  of the curves for  d i f fe ren t  core r a d i i  a re  sh i f t ed .  



- 104 - 
'Ystle A l . l  S c a t t e r i n g  f a c t o r  as a f u n c t i o n  of kR 

WAVE L E N G T H  f S 3660. 

_ R A T I O  OF I N N E R / O U f E R  RADIUS:  
K *R 0 . 0  0 .20  0 . 4 0  0.60 0 . 8 0  0 .90  



r a t i o  of inner/outer 

r3 0.0 

0 0 . 2  

radius (t) 
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_ z ~ l e  A 1 . 2  S p e z i f i z  s c a t t e r i n g  as a f u n c t i o n  o f  size parameter  

I * ( 1 0 * * b t  VERSUS N * R I L h H B D A  

R A T  I0 OF INNER/Ut)TEFCI(ADIUS: 
0.W -- 4, 80 



F i g . A l . 2  ?lst sf s ~ e c i f i c  s c a t t e r i n g  as a f u n c t i o n  of s i z e  
parameter  f o r  s i n g l e  l e c i t h i n  s h e l l  v e s i c l e s .  
( E e f e r  z z  ?ig. A l . 1  f c r  the l e g e n d . )  



Yaole  k 1 . 3  D i s s i p a t i o n  f a c t o r  a s  a f ' u n c t i o n  o f  s i z e  p a r a m e t e r  
Q VERSUS N*R/ /AHBDA 

R A T  10 
N*R/LAf lBDA 0.0 

OF I N N E R I O U T E R  R A D I U S :  
0.20 



It rat io  of inner /outer  radl t r n  

Fig.Al.3 z 35ssip~li5n factor as a function of size 
c z r r r s t ~ r  fcr s i ~ g l e  lecithin shell vesicles. Note 
'ha: :-a: t c e  cissLines of the curves are displaced 
,- - - fror. S K F  a n o t h e r .  



- llo - i 
- 7 -i 
L ~ C - P  h 1 . 4  i r jwer .  F ~ c ~ T J ~  as a f u n c t i j n  cf s i z e  parameter 

B E T A  V E 3 S U S  N*R/LANBDA 

R A T  I 0  
N * R I  L A H S D A  0.0 

OF I N H E R I O U T E R  R A D I U S :  
0.20 0.40 



- i l l  - 

ratio of i n n e r / o u t e r  radiue (t) 

0 0.0 

0 0.2 

A 0 . 4  
+ 0 . 6  

x 0 .8  

o 0.9 

3 i g .  J-1.4 sf t h e  p o x e r  f a c t o r  as a f u n c t l o n  o f  size 
ps rc . e : e r  fsr s i rLg l e  l e c i t n i n  s h e l l  v e s i c l e s .  



- 1 1 2  - 
- - - - -  L. -E.n_If '  -. 
- Z L L ~  n-. , y p -  - -  ' u r t i d i t - ~  as a f u n c t i o n  of s i z e  parameter 

1 * ( 1 0 * * 5 )  V E R S U S  N * R / L A H B O A  

1 R A T I O  OF INNER/OUTER R A D I U S :  
N * R / L A H B D A  0 .0  0-20 0 .40  0 60  0 - 8 0  0 . 9 0  



rat io  of inner/outer radius (t) 

0 0.0 
0 0 . 2  

- - - -  
:ig. h.: r-c: z h p e c i f i c  turbidity as % function of size 

parer.e:er for single lecithin shell vesicles. 



APPENDIX 2 

Computer C a l c u l a t i o n s  f o r  t h e  Multilammelar Hodel 

The computations a r e  l i m i t e d  t o  6 aqueous c o r e  r a d i i  and 50 

c o n c e n t r i c  l e c i t h i n  b i l a y e r s .  The wate r  l a y e r  t h i c k n e s s  used was w = 

25 R and t h e  l i p i d  t h i c k n e s s  1 u s e d  was 45 !?. Ttie computation 

s t a r t s  wi th  t h e  form f a c t o r  f  us ing  Eqn. 5.12. The c a l c u l a t e d  v a l u e s  

of P ( 8 ) ,  1 ( 9 0 ~ ) / c ,  Q, f i  and t / c  f o r  t h e  wavelength 366 nm a r e  i n  

Tab les  A2.1 t o  A2.5 and t h e  p l o t s  a r e  s h o w n i n  Fig. A2.1 t o  F ig .  A2.5. 

I n  t h e  T a b l e s ,  under each  o f  t h e  s i x  v a l u e s  of  Ro ( i n n e r  aqueous 

c o r e  r a d i u s ) ,  t h e  f i rs t  column g i v e s  e i t h e r  kR or t h e  s i z e  parameter .  

The second coluam shows t h e  c a l c u l a t e d  va lues  o f  P ( 8 )  o r  t h e  o t h e r  

q u a n t i t i e s .  Note t h a t  i n  F ig .  1,3, and 4 t h e  o r i g i n s  of  the curves  

f o r  d i f f e r e n t  c o r e  r a d i i  a r e  d i s p l a c e d  wi th  r e s p e c t  t o  each o t h e r .  



" 
r a d i u s  of a q u e o u s  c o r e  ( A )  

0 0 

0 100 

A 200 

+ 300 

X 400 

o 600 

3 g .  A 2 . l  Flc; sf s c a t t e r i n g  f a c t o r  as a f u n c t i o n  of  kR 
fsr ?>il5i:amellar v e s i c l e s  of d i f f e r e n t  aqueous 
core ~ a d i i .  





r a d i u s  of  aqueous c o r e  ( 8  
0 0 
0 - 100 

F i g .  A 2 . 2  P l o t  o f  s p e c i f i c  s c a t t e r i n g  a s  a  f u n c t i o n  of 
s i z e  parameter  f o r  m u l t i l a m e l l a r  v e s i c l e s  
o f  different aqueous c o r e  r a d i i .  









P 

radius of aqueous core ( 8 )  
I3 0 

- 0 100 
A 200 
+ 300 

- 
!ig. Ai.4 i?sr c-power factor as a function of size 

pars-zef e r  lor nultilamellar vesicles of 
d i f f e r e - :  aqueous core radii. 





Pig. A 2 . 5  F l c t  cf s p e c i f i c  t u r b i d i t y  a s  s f u n c t i o n  o f  
s i z e  p a r a m e t e r  f o r  m u l t i l a m e l l a r  v e s i c l e s  o f  
d i f f e r e n t  aqueo : l s  c o r e  r a d i i .  
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