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ABSTRACT 

When m i x e d  i n  a q u e o u s  s o l u t i o n  a t  l o w  
c o n c e n t r a t i o n s  t h e  n e u t r a l  p o l y m e r s  d e x t r a n  a n d  
p o l y ( e t h y 1 e n e  g l y c o l )  ( P E G )  f o r m  a t w o - p h a s e  s y s t e m  
c o n s i s t i n g  o f  a P E G - r i c h  p h a s e  f l o a t i n g  o n  a 
d e x t r a n - r i c h  p h a s e .  T h e s e  p o l y m e r  p h a s e  s y s  tems h a v e  
p r e v i o u s l y  b e e n  s h o w n  t o  s e l e c t i v e l y  p a r t i t i o n  c e l l s  
a n d  o t h e r  p a r t i c l e s  b e t w e e n  t h e  p h a s e s  a n d  t h e i r  
i n t e r f a c e  on  t h e  b a s i s  of  v a r i o u s  s u r f a c e  p r o p e r t i e s  o f  
t h e  p a r t i c l e s .  I n  c o m b i n a t i o n  w i t h  a u t o m a t e d  
c o u n t e r c u r r e n t  t e c h n i q u e s  I p a r t i t i o n i n g  i n  p o l y m e r  
p h a s e  s y s t e m s  g i v e s  r a p i d  a n d  s e n s i t i v e  f r a c t i o n a t i o n  
of p a r t i c l e  m i x t u r e s .  T h i s  a r t i c l e  c o n t r a s t s  
s e p a r a t i o n s  o b t a i n e d  w i t h  m i x t u r e s  o f  e r y t h r o c y t e s  i n  
p o l y m e r  p h a s e  s y s t e m s ,  u s i n g  a n o n s y n c h r o n o u s  c o i l  
p l a n e t  c e n t r i f u g e  ( N S C P C  - a v e r s i o n  o f  I t o ' s  
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2294 VAN ALSTINE ET AL. 

c o u n t e r c u r r e n t  chroma t o g r a p h )  a n d  i n  t h r e e  d i f f e r e n t  
t h i n - l a y e r  c o  u n  t e r c u r  r e  n t ( C C D )  
i n s t r u m e n t s .  The r e s u l t s  from CCD a r e  shown t o  b e  i n  
a c c o r d  w i t h  s i m p l e  t h e o r y  and t h u s  p r o v i d e  a s s i s t a n c e  
i n  i n t e r p r e t i n g  t h e  t h e o r e t i c a l l y  complex r e s u l t s  from 
t h e  NSCPC. For p o l y m e r  p h a s e  s y s t e m s r  t h e  N S C P C  was 
found t o  have a f r a c t i o n a t i o n  c a p a c i t y  s imi la r  t o  a CCD 
d e v i c e  p r o v i d i n g  twenty t o  t h i r t y  t r a n s f e r s .  

d i s t r i b u  t i o n  

I N T R O D U C T I O N  

Advances i n  b i o m e d i c a l  t e c h n o l o g y  have  i n c r e a s e d  
t h e  need f o r  t e c h n i q u e s  c a p a b l e  o f  e f f i c i e n t l y  
s e p a r a t i n g  c e l l s  and o t h e r  b i o l o g i c a l  p a r t i c l e s  on t h e  

b a s i s  of  t h e i r  s u r f a c e  p r o p e r t i e s .  For  t h i s  r e a s o n  

p a r t i t i o n i n g  w i t h  p o l y m e r  p h a s e  s y s t e m s  i s  c u r r e n t l y  
r e c e i v i n g  widespread b i o t e c h n i c a l  i n t e r e s t  ( 1 - 4 ) .  When 

mixed i n  a q u e o u s  s o l u t i o n  a t  low c o n c e n t r a t i o n s  t h e  

n e u t r a l  polymers d e x t r a n  a n d  p o l y ( e t h y 1 e n e  g l y c o l )  
( P E G )  r a p i d l y  f o r m  two  i m m i s c i b l e  p h a s e s ,  w i t h  a 
PEG-rich upper p h a s e  a n d  a d e x t r a n - r i c h  l o w e r  p h a s e .  

Aqueous two-phase s y s t e m s  c a n  b e  b u f f e r e d  a n d  made 
i s o t o n i c  by adding s a l t s  o r  s m a l l  m o l e c u l e s .  W h e n  

macromolecules o r  b i o l o g i c a l  p a r t i c l e s  s u c h  a s  c e l l s  
a r e  a d d e d  t o  t h e s e  s y s t e m s  and  t h e  p h a s e s  mixed a n d  

al lowed t o  s e p a r a t e ,  t h e  a d d e d  s u b s t a n c e s  o f t e n  
p a r t i t i o n  d i f f e r e n t l y  between t h e  two p h a s e s r  o r  i n  t h e  

c a s e  of  p a r t i c l e s l  between one phase and t h e  i n t e r f a c e .  
Manipula t i o  n o f a 1 1 ow s 

s e p a r a t i o n s  on t h e  b a s i s  o f  p r o p e r t i e s  s u c h  a s  s u r f a c e  
c h a r g e ,  h y d r o p h o b i c i t y ,  a n d  a f f i n i t y  f o r  a s p e c i f i c  

l i g a n d  (1 -8 ) .  Some s e p a r a t i o n s  can  be a c h i e v e d  i n  a 
s i n g l e  s t e p ,  b u t  d i f f i c u l t  s e p a r a t i o n s  s u c h  a s  t h o s e  of  
s u b p o p u l a t i o n s  of  l y m p h o c y t e s  ( 9 )  or o f  c a n c e r  c e l l  
l i n e s  ( 1 0 , l l )  u s u a l l y  r e q u i r e  m u l t i - s t e p  c o u n t e r c u r r e n t  
t e c h n i q u e s  ( 4 , 9 - 1 1 ) .  

p h a  s e - s y s t e m c o mp o n e n t s 
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SEPARATION IN AQUEOUS TWO-PHASE SYSTEM 2295 

I n s t r u m e n t s  u s e d  f o r  c o u n t e r c u r r e n t  d i s t r i b u t i o n  of 

a q u e o u s  t w o - p h a s e  s y s t e m s  c a n  b e  d i v i d e d  i n t o  f i v e  

b a s i c  g r o u p s .  C l a s s i c a l  C C D  i n s t r u m e n t s  ( 1 2 )  h a v e  b e e n  

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

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

i n t e r f a c i a l  t e n s i o n .  T h e s e  i n s t r u m e n t s  a r e  n o t  

s u i t a b l e  f o r  p o l y m e r  p h a s e  s y s t e m s  w h i c h  s e p a r a t e  
s lowly  b e c a u s e  o f  s m a l l  d i f f e r e n c e s  i n  p h a s e  d e n s i t i e s l  

h i g h  v i s c o s i t y ,  a n d  l o w  i n t e r f a c i a l  t e n s i o n  ( s e e  
Mate r i a l s  a n d  M e t h o d s ) .  R e a s o n a b l e  t i m e s  f o r  p h a s e  

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

c e n  tr i f u g a  t i o n .  

A t h i n - l a y e r  C C D  a p p a r a t u s  f o r  p o l y m e r  p h a s e  

s y s t e m s  was f i r s t  d e v e l o p e d  b y  A l b e r t s s o n  ( 4 ) .  T h e  

p r i n c i p l e  o f  o p e r a t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  1. 

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

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

p a t t e r n  a r o u n d  t h e  p e r i p h e r y  o f  two r o u n d  p l e x i g l a s s  

p l a t e s .  The  lower p l a t e  i s  s t a t i o n a r y  a n d  t h e  u p p e r  

p l a t e  c a n  r o t a t e .  T h e  c o u n t e r c u r r e n t  p rocess  p r o c e e d s  

s t e p w i s e ;  e a c h  s t e p  i n v o l v e s  m i x i n g  t h e  p h a s e s  b y  

s h a k i n g  t h e  p l a t e s l  p h a s e  s e p a r a t i o n ,  a n d  t r a n s f e r r i n g  

u p p e r  p h a s e  o n t o  f r e s h  lower p h a s e .  T h e  p o s i t i o n  o f  

t h e  i n t e r f a c e  b e t w e e n  p h a s e s  w i t h i n  t h e  c h a m b e r  i s  
a d j u s t e d  s o  t h a t  w i t h  e a c h  t r a n s f e r  t h e  i n t e r f a c e  i s  
e i t h e r  c a r r i ed  w i t h  t h e  t op  p h a s e ,  o r  i n  t h e  most u s u a l  

c a s e ,  r e t a i n e d  w i t h  t h e  lower  p h a s e .  I n  a d d i t i o n  t o  

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

p r o p e r t i e s l  t h e  t h i n - l a y e r  C C D  a p p a r a t u s  c a n  a l s o  be  

u s e d  t o  s epa ra t e  p a r t i c l e s  o n  t h e  b a s i s  o f  d i f f e r e n t i a l  

s e d i m e n t a t i o n  ( 4 ,  1 4 ) .  

T h r e e  v e r s i o n s  of t h e  t h i n - l a y e r  CCD a p p a r a t u s  a r e  

c o m m e r c i a l l y  a v a i l a b l e ;  t w o  o f  t h e s e  ( o n e  f r o m  
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2296 VAN ALSTINE ET AL. 

MIX - SEPARATION TRANSFER 

FIFJFE 1. Thin-layer countercurrent dis t r ibut ion (CCD) i n  
aqueous two-phase systems. 
separate and material distributed between both cavi t i tes  is  
separated by transfering the upper cavity onto a new lower 
cavity. 

The phases are mixed, allowe6 t o  

The process is  then repeated over and aver. 

A l b e r t s s o n ' s  l a b o r a t o r y )  a r e  au tomated ,  w h i l e  t h e  t h i r d  

r e q u i r e s  manual s h a k i n g  a n d  p l a t e  a d v a n c e m e n t  ( s e e  

be low) .  

Two t y p e s  of t h i c k - l a y e r  CCD i n s t r u m e n t s  have b e e n  

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

s e p a r a t i o n  of  t h e  p h a s e s  ( 7 , 1 5 ) .  S i n c e  c e n t r i f u g a t i o n  

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

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

s u b s t a n c e s  s u c h  a s  e n z y m e  m i x t u r e s  ( 7 )  o r  p a r t i c l e s  

such a s  s u b c e l l u l a r  o r g a n e l l e s  ( 1 5 ) .  

I t o  h a s  d e v e l o p e d  two f o r m s  of  t h e  h e l i c a l - c o i l  

c o u n t e r c u r r e n t  chroma t o g r a p h  ( C C C )  wh ich  h a v e  p r o v e n  

u s e f u l  w i t h  p o l y m e r  p h a s e  s y s t e m s .  T h e s e  a r e  t h e  

t o r o i d a l  c o i l  chroma t o g r a p h  (TCC) ( 8 , 1 5 , 1 7 )  a n d  t h e  

nonsynchronous c o i l  p l a n e t  c e n t r i f u g e  ( N S C P C )  ( 1 7 - 1 9 ) .  

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

mobile phase is  pumped th rough  t h e  c o i l .  I d e a l l y  e a c h  

l o o p  i n  t h e  h e l i c a l  c o l u m n  c a n  a c t  a s  a p a r t i t i o n  
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SEPARATION IN AQUEOUS TWO-PHASE SYSTEM 2297 

chamber  p r o v i d i n g  o n e  ' t h e o r e t i c a l  p l a t e . "  I n  t h e  TCC 

t h e  h e l i c a l  column is f o r m e d  i n t o  a t o r u s  w h i c h  i s  

a t t a c h e d  t o  t h e  p e r i p h e r y  o f  a metal  d i s c  m o u n t e d  i n  a 

c e n t r i f u g e  ( 8 , 1 5 , 1 7 ) .  I n  t h e  NSCPC t h e  c o i l  i s  wound 

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

h o l d e r  is r o t a t e d  a t  s p e e d s  u p  t o  a p p r o x i m a t e l y  1 0 0 0  

rpm a r o u n d  a c e n t r a l  s h a f t ,  w h i l e  a c o u n t e r  r o t a t i o n  of 

a p p r o x i m a t e l y  50 rpm i s  a p p l i e d  t o  t h e  c o l u m n  i n  t h e  

h o l d e r .  T h i s  s e c o n d  r o t a t i o n  c o u n t e r a c t s  t h e  r a d i a l  

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

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

permits  s e p a r a t i o n s  o f  c e l l s  o n  t h e  NSCPC ( 1 8 , 1 9 ) .  

R e c e n t l y  F l a n a g a n  e t  a l .  ( 8 )  a n d  S u t h e r l a n d  e t  a l .  

( 1 5 )  c a r r i e d  o u t  p o l y m e r  t w o - p h a s e  s e p a r a t i o n s  o f  

membrane f r a g m e n t s  (8) a n d  o r g a n e l l e s  ( 1 5 )  u s i n g  t h e  

TCC a n d  CCD. Both  g r o u p s  c o n c l u d e d  t h a t  m i x i n g  o n  t h e  

TCC w a s  o n l y  a b o u t  5% e f f i c i e n t ,  s o  t h a t  a 600 l o o p  
column p r o v i d e d  o n l y  t h i r t y  t h e o r e t i c a l  p l a t e s .  

N e v e r t h e l e s s ,  b o t h  g r o u p s  f o u n d  t h e  TCC t o  be  a v i a b l e  

a l t e r n a t i v e  t o  t h i n - l a y e r  CCD f o r  t h e s e  p u r i f i c a t i o n s .  

Both t e c h n i q u e  s y i e 1 d e  d s e p a  r a t i o n  s un o b t a i n a b 1 e b y  
d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  ( 1 5 ) .  

-- 

I n  o u r  own work w i t h  c e l l  s e p a r a t i o n s  a n d  w i t h  

a l b u m i n  p a r t i t i o n i n g  o n  t h e  NSCPC ( 1 9 ) ,  w e  c o n c l u d e d  

t h a t  t h e  6 0 0  c o i l s  o f  o u r  c o l u m n  p r o v i d e d  t w e n t y  

t h e o r e t i c a l  p l a t e s  when p o l y m e r  p h a s e  s y s t e m s  w e r e  
u s e d .  F o r  t h e  c e l l  s e p a r a t i o n s ,  h o w e v e r ,  t h i s  

c o n c l u s i o n  was b a s e d  o n  t h e  t e n u o u s  a s s u m p t i o n  t h a t  t h e  

r a t i o  o f  u p p e r - p h a s e  v o l u m e  t o  i n t e r f a c e  v o l u m e  i s  
u n i t y .  The p r e s e n t  w o r k  w a s  u n d e r t a k e n  t o  p r o v i d e  a 
d i r e c t  c o m p a r i s o n ,  u n d e r  s i m i l a r  c o n d i t i o n s ,  o f  c e l l  

s e p a r a t i o n s  on t h i n - l a y e r  C C D  d e v i c e s  a n d  t h e  NSCPC. 

We a r e  p a r t i c u l a r l y  i n t e r e s t e d  i n  u s i n g  t h e  
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2298 VAN ALSTINE ET AL. 

t h e o r e t i c a l l y  s i m p l e r  C C D  d e v i c e s l  i n  w h i c h  p h a s e  

m i x i n g ,  s e p a r a t i o n ,  a n d  t r a n s f e r  a r e  e f f i c i e n t  a n d  i n  
w h i c h  t h e  n u m b e r  o f  t h e o r e t i c a l  p l a t e s  e q u a l s  t h e  
number of  t r a n s f e r s ,  t o  test  o u r  p r e v i o u s  c o n c l u s i o n s  

r e g a r d i n g  t h e  complex  m i x i n g  e v e n t s  i n  t h e  NSCPC. I n  

a d d i t i o n ,  t h i s  w o r k  a l l o w e d  u s  t o  c o m p a r e  t h r e e  
d i f f e r e n t  c o m m e r c i a l  C C D  i n s t r u m e n t s .  T h e s e  
s e p a r a t i o n s  h a v e  b e e n  d o n e  w i t h  d o g ,  s h e e p ,  h u m a n ,  a n d  

mice e r y t h r o c y t e s  s i n c e  t h e y  r e p r e s e n t  c e l l s  o f  s i m i l a r  

s i z e  (30-90 um') ( 2 1 )  a n d  s u r f a c e  c h a r g e  ( m o b i l i t y  = 

1.15 +/- 0.09 wn sec-' V - l  cm i n  s t a n d a r d  s a l i n e )  ( 2 2 ) .  

MATERIALS A N D  METHODS 

U n l e s s  s p e c i f i e d  o t h e r w i s e  , a l l  r e a g e n t s  a r e  A C S  

g r a d e  o r  b e t t e r  q u a l i t y  f r o m  commercial s o u r c e s .  

Red Blood C e l l s  

Blood s a m p l e s  were o b t a i n e d  b y  v e n i p u n c t u r e  f r o m  

h e a l t h y  n o r m a l  i n d i v i d u a l s :  10 m M  E D T A  was u s e d  a s  a n  

a n t i c o a g u l a n t .  S a m p l e s  were s t o r e d  a t  4 C u n t i l  j u s t  
b e f o r e  u s e  when o n e  mL a l i q u o t s  were washed  f o u r  t imes  

b y  s u s p e n s i o n  i n  t w e n t y  v o l u m e s  o f  i s o t o n i c  b u f f e r  
( I s o t o n  11, C o u l t e r ) ,  c e n t r i f u g e d  f o r  t e n  m i n u t e s  a t  
1 0 0 0  X g ,  a n d  t h e  s u p e r n a t a n t  a n d  " b u f f y  coat' '  removed.  
The s a m p l e s  were t h e n  w a s h e d  o n c e  i n  t h e  a p p r o p r i a t e  

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

C e l l  C o u n t i n a  

Blood c e l l s  were i d e n t i f i e d ,  on t h e  b a s i s  o f  s i z e ,  
a n d  c o u n t e d  w i t h  a n  i m p e d a n c e  c e l l  c o u n t e r  ( C o u l t e r )  
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SEPARATION IN AQUEOUS TWO-PHASE SYSTEM 2299 

equipped w i t h  3 100-channel s i z e  a n a l y z e r  i n t e r f a c e d  t o  

a n  Apple 11+ c o m p u t e r .  T h e  m e a n  v o l u m e s  o f  t h e  

e r y t h r o c y t e s  u s e d  w e r e  f o u n d  t o  b e  c l o s e  t o  t h e  

l i t e r a t u r e  v a l u e s  ( 2 1 ) :  human 87 urn3, dog 66 p m 3 ,  mouse 

49 urn3! and s h e e p  31 p m  . 3 

P r e p a r a t i o n  of  Two-Phase Systems 

Polymer phase s y s t e m s  were p r e p a r e d  a s  d e s c r i b e d  

p r e v i o u s l y  ( 3 , 5 , 6 , 1 3 )  by mixing a p p r o p r i a t e  w e i g h t s  o f  

t h e  f o l l o w i n g  aqueous s t o c k  s o l u t i o n s  ( a l l  w e i g h t  % ) :  

20% d e x t r a n  T 5 0 0  ( M w  = 4 7 2 , 0 0 0 ,  M n  = 1 7 4 , 0 0 0 ,  

Pharmaciar  l o t  I E  32126) ;  30% PEG 8000, Union C a r b i d e ,  

l o t  B529-9104; 0.6M N a C l ,  a n d  0.22M Na2HPO4/ 0.07M 

NaH2P04, pH 7 . 2  b u f f e r .  P E G  6 0 0 0  w a s  r e c e n t l y  

r e d e s i g n a t e d  P E G  8 0 0 0  b y  U n i o n  C a r b i d e .  D e x t r a n  

c o n c e n t r a t i o n s  were de te rmined  p o l a r i m e t r i c a l l y  ( 4 , 1 2 )  I 

and PEG c o n c e n t r a t i o n s  were de t e rmined  g r a v i m e t r i c a l l y .  

Once p r e p a r e d  t h e  phase sys t ems  were f i l t e r e d  th rough  a 
0.45 U M  f i l t e r  a n d  a l l o w e d  t o  s e t t l e  o v e r n i g h t  i n  a 

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

phases  were then  s e p a r a t e d  and used immedia t e ly .  

P h a s e  s y s t e m s  w e r e  c h a r a c t e r i z e d  a t  r o o m  

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

between t h e  p h a s e s ,  phase v i s c o s i t i e s r  and i n t e r f a c i a l  

t e n s i o n s  a s  d e s c r i b e d  p r e v i o u s l y  ( 3 ,  5 ,  1 3 ) .  T h e  

p o t e n t i a l s  ( t o p  p h a s e  p o s i t i v e ) ,  v i s c o s i t i e s  a n d  

t e n s i o n s  g i v e n  below r e p r e s e n t  t h e  mean a n d  s t a n d a r d  

d e v i a t i o n s  of t e n  i n d e p e n d e n t  m e a s u r e m e n t s .  U n l e s s  
s t a t e d ,  v a l u e s  f o r  t h e s e  p a r a m e t e r s  a r e  s i m i l a r  t o  

those  g iven  for o t h e r  sys t ems .  

Four polymer phase sys t ems  were used i n  t h i s  work: 

( a )  ( 5 , 4 ) 1 :  A system c o n t a i n i n g  5% d e x t r a n r  4% P E G ,  
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2300 VAN ALSTINE ET AL. 

109 mM Na2HP04! 35 mM NaH2PO4/ pH 7.2. P o t e n t i a l  2 .23 

+/- 0.13 m V I  t e n s i o n  8.28 +/- 0.11 PN/ rn !  v i s c o s i t y  3.30 
+/- 0.01 C P  t o p  phase a n d  3 0 . 1 4  + / -  0 . 1 4  C P  b o t t o m  
phase! d e n s i t y  1.016 g/mL t o p  and 1.057 g/mL bottom. 

(b )  ( 5 ! 4 ) I I :  5% d e x t r a n !  4% PEG! 50 mM NaClr  7 3  m M  

Na2HPO4! 23 mM NaH2P04! pH 7 .2 .  P o t e n t i a l  1 . 9 3  + / -  
0.08 m V .  

( c )  (5!4)V: 5% d e x t r a n !  4% P E G I  150 mM N a C l ,  7 . 3  m M  

Na2HPO4! 2.3 m M  NaH2P04! pH 7 .2 :  p o t e n t i a l  0 .28  + / -  
0.14 m V I  t e n s i o n  4.99 +/- 0.06 p N / m .  

( d )  (5!  3.5)V: S i m i l a r  t o  t h e  (5 !4 )V s y s t e m  e x c e p t  
3.5% PEG: p o t e n t i a l  0.23 +/- 0.06 m V ,  t e n s i o n  0 . 7 1  + / -  
0.28 uN/m. 

P a r t i t i o n i n g  Experiments  

Automated coun t e r c u r r e n t  d i s t r i b u t i o n  e x p e r i m e n t s  

were performed as  d e s c r i b e d  p r e v i o u s l y  ( 3 , 5 r 1 0 1 1 1 )  

us ing  a 60-chamber B ioshe f f  MK I1 machine ( B i o c h e m i s t r y  
Department! U n i v e r s i t y  of  S h e f f i e l d ,  S h e f f i e l d !  U K )  a t  
room t e m p e r a t u r e !  o r  a 60-chamber A l b e r t s s o n  d e v i c e  
( I R D t  Bromma, Sweden  - c u r r e n t l y  p r o d u c e d  b y  t h e  

Biochemistry Department!  U n i v e r s i t y  o f  L u n d I  Lurid! 
Sweden). Manual CCD expe r imen t s  were pe r fo rmed  w i t h  a 
twenty c h a m b e r  h a n d h e l d  a p p a r a t u s  p r o d u c e d  b y  
F r a c t i o n a t i o n  Technology, PO Box 7042! H u n t s v i l l e l  A L  

35807. 
T h e  B i o s h e f f  l o w e r  c a v i t y  volume is  8 5 0  P L :  t h e  

upper c a v i t y  i s  l a r g e r  t o  f a c i l i t a t e  m i x i n g .  Dye 

p a r t i t i o n i n g  w a s  p e r f o r m e d  w i t h  a ( 5 ! 4 ) V  s y s t e m  b y  

adding 850 U L  of  l ower  phase t o  a l l  chambers and 850  U L  

of  t o p  t o  a l l  chambers  e x c e p t  n u m b e r s  0 / 6 0  a n d  3 0 ,  
w h i c h  r e c e i v e d  8 5 0  p L  o f  u p p e r  p h a s e  c o n t a i n i n g  0 .2  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION IN AQUEOUS TWO-PHASE SYSTEM 2301 

mg/mL o f  t r y p a n  b l u e  ( A l d r i c h ) .  D u p l i c a t e  e x p e r i m e n t s  

o f  t h i r t y  t r a n s f e r s  were u n d e r t a k e n  a t  t h e  same t ime 
u s i n g  t w e l v e  s e c o n d s  s h a k i n g  a n d  e i g h t  m i n u t e s  

s e t t l i n g .  C e l l  s e p a r a t i o n s  were p e r f o r m e d  b y  a d d i n g  

800 U L  o f  l o w e r  p h a s e  t o  a l l  c h a m b e r s .  F o r  r u n s  

i n v o l v i n g  t w e n t y - o n e  t r a n s f e r s  9 0 0  JJL o f  u p p e r  p h a s e  

was a d d e d  t o  a l l  c a v i t i e s  e x c e p t  O / 6 0 r  1 a n d  30 a n d  3 1 r  
8 which  r e c e i v e d  900 uL o f  u p p e r  p h a s e  c o n t a i n i n g  1 x 1 0  

c e l l s / m L .  A g a i n  t w e l v e  s e c o n d s  s h a k i n g  a n d  e i g h t  

m i n u t e s  s e t t l i n g  were u s e d .  T h i r t y - t r a n s f e r  r u n s  were 
c o n d u c t e d  i n  t h e  same m a n n e r  e x c e p t  t h a t  c a v i t i e s  5 9 ,  

0 / 6 0 r  1 a n d  2 g r  3 0 r  a n d  31 were l o a d e d  w i t h  c e l l s .  The 

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

u s e  o f  d G i l s o n  Repetman.  

The A l b e r t s s o n  p l a t e s  h a v e  a b o t t o m  c a v i t y  v o l u m e  

o f  5 5 0  p L r  h e n c e  t h e s e  p l a t e s  were l o a d e d  w i t h  5 0 0  p L  

o f  b o t t o m  p h a s e  a n d  600 p L  o f  t o p  p h a s e .  C e l l s  were 
p l a c e d  i n  t h e  same c h a m b e r s  a s  i n  t h e  B i o s h e f f ,  a n d  a 

t h i r t y  s e c o n d  s h a k e  time ( s p e e d  3 )  a n d  a n  e i g h t  m i n u t e  

s e t t l i n g  time were u s e d .  

Manual t w e n t y - t r a n s f e r  r u n s  were p e r f o r m e d  w i t h  a 

F r a c t i o n a t i o n  T e c h n o l o g y  i n s t r u m e n t  h a v i n g  a o n e  mL 

lower c a v i t y  v o l u m e r  s o  1.1 mL o f  u p p e r  p h a s e  a n d  0 .9  

mL o f  l ower  p h a s e  were u s e d .  C e l l s  were a d d e d  t o  a 
s i n g l e  c a v i t y r  a n d  a t e n  s e c o n d  s h a k e  t ime a n d  a f i v e  

m i n u t e  s e t t l i n g  t i m e  were u s e d .  Care was t a k e n  t o  k e e p  

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

S i n g l e  t r a n s f e r  p a r t i t i o n s  were u s e d  t o  d e t e r m i n e  
p a r t i t i o n  c o e f f i c i e n t s .  T h e s e  e x p e r i m e n t s  were  
p e r f o r m e d  a s  a b o v e  e x c e p t  t h a t  c e l l  c o n c e n t r a t i o n s  were 
r e d u c e d  t o  1 x 1 0  / m L .  7 

Coun t e r c u r  r e n t  c h r o m a t o g r a p h y  u s  i ng  t h e  N S  CPC w a s  
p e r f o r m e d  a s  d e s c r i b e d  p r e v i o u s l y  ( 1 9 )  u s i n g  a n  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2302 VAN ALSTINE ET AL. 

i n s t r u m e n t  p r o v i d e d  b y  Y.  I t o  ( 1 8 )  c o n t a i n i n g  600 c o i l s  
of 18 g u a g e  PTFE t u b i n g .  I t  s h o u l d  be n o t e d  t h a t  i n  

CCC t h e  p a r t i c l e s  w i t h  h i g h  p a r t i t i o n  c o e f f i c i e n t s  a r e  
c o l l e c t e d  i n  t h e  f i r s t -  r a t h e r  t h a n  i n  t h e  

l a s t - n u m b e r e d  f r a c t i o n s  a s  i n  t h e  CCD e x p e r i m e n t s .  
T r y p a n  b l u e  c o n c e n t r a t i o n s  were d e t e r m i n e d  b y  

m e a s u r i n g  t h e  590  n m  a b s o r b a n c e  o f  p h a s e  s y s t e m  

f r a c t i o n s  i n  w h i c h  t h e  p h a s e s  h a d  b e e n  " b r o k e n "  b y  

a d d i n g  o n e  mL of d i s t i l l e d  w a t e r .  S i m i l a r l y l  c e l l  
d i s t r i b u t i o n s  were d e t e r m i n e d  b y  b r e a k i n g  t h e  p h a s e s  in 
e a c h  f r a c t i o n  w i t h  i s o t o n i c  b u f f e r  ( I s o t o n  111 C o u l t e r  
E l e c t r o n i c s )  p r i o r  t o  c e l l  c o u n t i n g .  I n  b o t h  cases t h e  

d i s t r i b u t i o n s  were e x p r e s s e d  a s  a p e r c e n t a g e  o f  t h e  
t o t a l  amount  o f  material  r e c o v e r e d .  

CCD Data A n a l y s i s  

M a t h e m a t i c a l  t r e a t m e n t  of CCD e x p e r i m e n t s  i n  terms 

of p a r t i t i o n  c o e f f i c i e n t  ( K ) ,  p h a s e  v o l u m e  r a t i o  ( b ) r  

a n d  number of t r a n s f e r s  ( n )  i s  s t r a i g h t f o r w a r d  a n d  

e f f e c t i v e  ( 4 , 1 2 , 1 6 ) .  T h e  b i n o m i a l  n a t u r e  o f  C C D  

p a r t i t i o n i n g  l e a d s  t o  t h e  p r e d i c t i o n  t h a t  t h e  

d i s t r i b u t i o n  p e a k  of s o l u t e  is g i v e n  b y :  

r = bnK/(bK + 1) (1) 

The amount  o f  s u b s t a n c e  ( Y  ) i n  a c h a m b e r r  5 f r a c t i o n s  
from t h e  d i s t r i b u t i o n  p e a k  i s  r e l a t ed  t o  t h e  a m o u n t  o f  

mater ia l  i n  t h e  d i s t r i b u t i o n - p e a k  c h a m b e r  (Yo) b y  t h e  
f o l l o w i n g  e q u a t i o n :  

X 
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SEPARATION IN AQUEOUS TWO-PHASE SYSTEM 2303 

( 3 )  

( 4 )  

( 5 )  

u s e d  t o  p r e d i c t  

I n  Y o / Y x  = X2/F 

w h e r e  
2 F = 2nK/(K + 1) 

a n d  
- Fo. 5 

Yo - 

T h e s e  e q u a t i o n s  c a n  b e  

d i s t r i b u t i o n s  i f  t h e  p a r a m e t e r s  a r e  knownr o r  t h e y  c a n  

be u s e d  t o  c a l c u l a t e  K v a l u e s  f r o m  CCD e x p e r i m e n t s  t o  

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

e x p e r i m e n t s .  

RESULTS AND DISCUSSION - 

F i g u r e  2 p r e s e n t s  t h e  t h i n - l a y e r  c o u n t e r c u r r e n t  

d i s t r i b u t i o n  of t r y p a n  b l u e  i n  a ( 5 , 4 ) V  p h a s e  s y s t e m  

a f t e r  t h i r t y  t r a n s f e r s  i n  t h e  B i o s h e f f  a p p a r a t u s .  T h e  

o b s e r v e d  c u r v e  c o i n c i d e s  i n  p e a k  p o s i t i o n  a n d  s h a p e  

w i t h  t h a t  p r e d i c t e d  f r o m  s i n g l e - t r a n s f e r  p a r t i t i o n s  ( K 

= 2 .45 ,  b = 1) T h i s  r e s u l t  is t y p i c a l  o f  t h o s e  f o u n d  

w i t h  t h e  o t h e r  C C D  i n s t r u m e n t s  a n d  c o n f i r m s  t h e  

d i s c r e t e  b i n o m i a l  n a t u r e  o f  t h i n  l a y e r  C C D  ( 4 , 1 6 )  a n d  

t h e  a b i l i t y  o f  t h i n - l a y e r  C C D  d e v i c e s  t o  p r o v i d e  

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

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

b e t w e e n  o n e  p h a s e  a n d  t h e  i n t e r f a c e  ( 3 , 4 /  2 3 )  I t h e  CCD 

e q u a t i o n s  a l s o  g i v e  e x c e l l e n t  r e s u l t s  f o r  c e l l  
p a r t i t i o n i n g r  i f  e s s e n t i a l l y  c o m p l e t e  t r a n s f e r  o f  t o p  

p h a s e  o c c u r s  ( b  = 1) { 4 ) .  F i g u r e  3 p r e s e n t s  t h e  

r e s u l t s  o f  t w e n t y - o n e  t r a n s f e r  c o u n t e r c u r r e n t  

d i s t r i b u t i o n s  o f  f o u r  d i f f e r e n t  s p e c i e s '  e r y t h r o c y t e s  

p a r t i t i o n e d  s e p a r a t e l y  i n  t h e  ( 5 1 4 )  I s y s t e m .  D e s p i t e  
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FRACTION 

FIGUFE 2 .  
in (5,4)V two-phase system (K = 2.45) ;  observed r e su l t  (-) and 
resul t  predicted fran single t ransfer  experiments (- - 1 .  

Thirty transfer thin-layer CCD of trypan blue dye 

FRACTION 

FICUPX 3 .  Separate twenty-one transfer CCD's o f ;  2 day-old sheep 
(K = 0.22, o ) ,  1 day-old human (K = 0.33, o ) ,  and 3 day-old dop, 
(K = 4.50, ) and muse  (K = 6 . 3 3 ,  o ) erythrocytes in ( 5 , 4 ) I  systan. 
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SEPARATION IN AQUEOUS TWO-PHASE SYSTEM 2305 

a g e  h e t e r o g e n e i t y  among t h e  c e l l s  i n  e a c h  sample ( 2 4 ) /  

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

F i g u r e  2 .  T h e  p a r t i t i o n  c o e f f i c i e n t s  g i v e n  were 
c a l c u l a t e d  on  t h e  b a s i s  o f  p e a k  p o s i t i o n  ( eq .  2 ) .  

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

( 4 ) /  s o  m i x t u r e s  o f  e r y t h r o c y t e s  s h o u l d  g i v e  r e s u l t s  

v e r y  s i m i l a r  t o  t h o s e  d i s p l a y e d  i n  F i g u r e  3. F i g u r e  4 

p r e s e n t s  t h e  t h i r t y - t r a n s f e r  r e s u l t s  o f  a n  e q u a l  

m i x t u r e  o f  2 . 8 ~ 1 0  d o g  a n d  s h e e p  e r y t h r o c y t e s  i n  ( 5 / 4 ) I  

s y s t e m .  K v a l u e s l  c a l c u l a t e d  o n  t h e  b a s i s  o f  p e d k  

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

s h a p e s  ( e q u a t i o n s  2-5) ( d a s h e d  l i n e s )  w h i c h  c o r r e s p o n d  

w e l l  w i t h  t h e  o b s e r v e d  d i s t r i b u t i o n s .  F i g u r e  5 

p r e s e n t s  s i m i l a r  r e s u l t s  f o r  a m i x t u r e  o f  5 . 4 ~ 1 0 ~  human 

a n d  mouse e r y t h r o c y t e s .  As c a n  be s e e n r  d o u b l i n g  t h e  

c e l l  c o n c e n t r a t i o n  r e s u l t s  i n  p e a k  b r o a d e n i n g  I p r o b a b l y  

b e c a u s e  of i n t e r f a c e  o v e r l o a d i n g  ( 3 / 4 ) .  C o n t a m i n a t i n g  

c e l l s  were n o t  f o u n d  i n  p e a k  f r a c t i o n s  i n  e i t h e r  case.  

8 

I n  a c c o r d  w i t h  p r e v i o u s  r e s u l t s r  w e  h a v e  o b s e r v e d  

t h a t  K v a l u e s r  C C D  p e a l :  p o s i t i o n s r  a n d  b a s e  w i d t h  

increase  w i t h  t h e  time o f  s t o r a g e  o f  t h e  c e l l  s a m p l e s  

( 2 5 ) .  F o r  i n s t a n c e  t h e  K v a l u e  c a l c u l a t e d  f r o m  f o u r  

C C D ' s  o f  f r e s h  human c e l l s  i n  a ( S r 4 ) I  s y s t e m  was 0 . 4 5  

+/- 0 .15  w h i l e  a f t e r  s a m p l e  s t o r a g e  f o r  o n e  week a t  4 C 

i n  10 mM EDTA t h e  K v a l u e  i n c r e a s e d  t o  1 . 2 9  +/ -  9.31.  
A s i m i l a r  r e s u l t  is s e e n  f o r  s h e e p  c e l l s  i n  F i g u r e s  2 

a n d  3. S i n g l e - t r a n s f e r  K v a l u e s  f o r  f r e s h  human  c e l l s  

a v e r a g e d  0.50 +/- 0.09. 

C e l l  p a r t i t i o n i n g  is  known t o  b e  v e r y  s e n s i t i v e  t o  

p o t e n t i a l  d i f f e r e n c e  a n d  i n t e r f a c i a l  t e n s i o n  b e t w e e n  

t h e  p h a s e s  ( 3 r 4 r 5 r 1 2 ) .  S u c h  a n  e f f e c t  i s  i l l u s t r a t e d  

i n  F i g u r e  w h i c h  p r e s e n t s  a t h i r t y - t r a n s f e r  

c o u n t e r c u r r e n t  d i s t r i b u t i o n  of  human  e r y t h r o c y t e s  i n  
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35 

FRACTION 

FICUFE 4 .  
sheep (K = 0.63, Q ) and 4 day-old dog (K = 4.17 ,  0 ) erythrocytes 
in a (5,4)I  two-phase system; observed (- ) and nredicted (- .- ) . 

Thirty transfer CCD of an equal mixture of 7 day-old 

"" 30 I 

15 

10 

5 

0 

FRACTION 

FIGURE 5. Thirty transfer CCD of an equal mixture of 4-hour-old 
human (K = 0.35, o ) and 7 day-old muse (K = 6.75 ,  o ) erythrocytes 
in a ( 5 , 4 ) I  two-phase system; observed (-) and predicted (- -). 
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FIGURE 6. 
(5,4)V (K = 0.11, curve A) and (5,3.5)V (K = 5.75, curve B) systems. 

Thirty transfer CCD of f r e s h  human erythrocytes in  

t h e  ( 5 , 4 ) V  a n d  ( 5 , 3 . 5 ) V  s y s t e m s  u s i n g  t h e  A l b e r t s s o n  

CCD d e v i c e .  I n c r e a s i n g  p o l y m e r  c o n c e n t r a t i o n  i n c r e a s e s  

i n t e r f a c i a l  t e n s i o n  a n d  c o n s e q u e n t l y  l o w e r s  t h e  K v a l u e  

a n d  t h e  f r a c t i o n  n u m b e r  o f  t h e  p e a k .  T h e  e f f e c t  o f  

p h a s e  p o t e n t i a l  is i l l u s t r a t e d  b y  c o m p a r i n g  F i g u r e s  5 
a n d  6. The t o p  p h a s e  is more p o s i t i v e  f o r  t h e  s y s t e m  

u s e d  i n  F i g u r e  5, a n d  a s  e x p e c t e d ,  h i g h e r  K v a l u e s  a n d  

f r a c t i o n  number f o r  t h e  p e a k  a r e  o b s e r v e d  ( 5 ) .  

C o m p a r i s o n  o f  F i g u r e s  4 a n d  5 a l s o  i n d i c a t e s  t h e  

a b i l i t y  o f  t h e  CCD i n s t r u m e n t s  t o  g i v e  e x p e r i m e n t a l  

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

w e l l  as f o r  s o l u b l e  s u b s t a n c e s .  

The a u t o m a t e d  A l b e r t s s o n  ( t h e  mos t  c o m m o n l y  u s e d )  

a n d  B i o s h e f f  i n s t r u m e n t s  d i f f e r  p r i n c i p a l l y  i n  t h e  
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2308 VAN ALSTINE ET AL. 

maximum number o f  c h a m b e r s  i n  t h e  p l e x i g l a s s  p l a t e s ,  

t h e  way i n  w h i c h  t h e  p l a t e s  a r e  h e l d  t o g e t h e r ,  a n d  t h e  
mechanism f o r  a d v a n c i n g  t h e  p l a t e s .  The  B i o s h e f f  u s e s  

60-chamber p l a t e s ,  is moun ted  i n  a v a r i a b l e  t e m p e r a t u r e  
c a b i n e t ,  a n d  u s e s  e l e c t r i c a l l y - d r i v e n  m i x i n g  a n d  
p n e u m a t i c a l l y - d r i v e n  t r a n s f e r  m e c h a n i s m s .  T h e  p l a t e s  

a r e  h e l d  t o g e t h e r  b y  a b o l t  t h r o u g h  t h e  c e n t r a l  a x i s .  

The A l b e r t s s o n  a p p a r a t u s  u s e s  120- o r  60 -chamber  p l a t e s  

h e l d  t o g e t h e r  b y  f o u r  s p r i n g  c l a m p s .  T h e  m a c h i n e  
o p e r a t e s  a t  room t e m p e r a t u r e ,  a n d  u s e s  e l e c t r i c a l l y  
d r i v e n  m i x i n g  a n d  t r a n s f e r .  The m a n u a l  u n i t  is made o f  

s o l v e n t - r e s i s t a n t ,  a u t o c l a v a b l e  D e l r i n  ( D u p o n t )  p l a s t i c  

p l a t e s ,  is a p p r o x i m a t e l y  2 5  c m  i n  d i a m e t e r  b y  5 c m  
t h i c k ,  a n d  c o n t a i n s  t w e n t y  c h a m b e r s .  

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

n a t u r e o f  C C D  e x p e r i m e n t s .  I f  t h e  K v a l u e s ,  

l o w e r - c a v i t y  v o l u m e s ,  p h a s e - v o l u m e  r a t i o s ,  a n d  n u m b e r  
o f  t ransfers  a r e  k n o w n ,  a t h e o r e t i c a l  c u r v e  c a n  b e  

d e r i v e d  w h i c h  w i l l  c l o s e l y  c o r r e s p o n d  t o  t h e  

e x p e r i m e n t a l  c u r v e  ( 4 ) .  C o n s e q u e n t l y ,  w e  f e e l  w e  a r e  
j u s t i f i e d  i n  u s i n g  t h e s e  e x p e r i m e n t s  t o  a i d  i n  

e v a l u a t i n g  t h e  less p r e d i c t a b l e  CCC e x p e r i m e n t s  ( 8 , 1 5 ) .  
I n  o u r  p r e v i o u s  work  w i t h  t h e  NSCPC ( 1 9 )  w e  were f o r c e d  
t o  make  a q u e s t i o n a b l e  a s s u m p t i o n  i n  o r d e r  t o  

a p p r o x i m a t e  t h e  number o f  t h e o r e t i c a l  p l a t e s  a c h i e v e d  
i n  o u r  c e l l  s e p a r a t i o n s .  F o r  s o l u b l e  m o l e c u l e s  o n  t h e  

NSCPC, i t  is p o s s i b l e  t o  a p p r o x i m a t e  t h e  p h a s e - v o l u m e  
r a t i o s  ( n e e d e d  f o r  c a l c u l a t i o n )  s i m p l y  b y  e x a m i n i n g  t h e  
column c o n t e n t s  ( b y  pumping o f f )  a t  t h e  c o m p l e t i o n  o f  a 

r u n  ( 1 8 r 1 9 ) .  However ,  c e l l s  p a r t i t i o n  b e t w e e n  t h e  
i n t e r f a c e  a n d  t h e  t o p  p h a s e ,  a n d  i t  i s  i m p o s s i b l e  ( t o  

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

i n t e r f a c e / t o p - p h a s e  r a t i o  f o r  t h e  NSCPC. O f  c o u r s e  , 
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SEPARATION IN AQUEOUS TWO-PHASE SYSTEM 2309 

t h i s  same p r o b l e m  a p p l i e s  t o  C C D  e x p e r i m e n t s ,  b u t  t h e  

CCD e q u a t i o n s  a r e  q u i t e  e f f e c t i v e  i f  o n e  a s s u m e s  t h e  b 

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

d i v i d e d  b y  t h e  t o t a l  v o l u m e  o f  t o p  p h a s e  ( 4 ) .  As a 
r e s u l t  w e  c a n  u s e  t h e  w e l l - b e h a v e d  C C D  e x p e r i m e n t s  t o  

t e s t  o u r  p r e v i o u s  c o n c l u s i o n  ( 1 9 )  t h a t  m i x i n g  o f  

p o l y m e r  p h a s e  s y s t e m s  is i n e f f i c i e n t  i n  t h e  NSCPC. 

- 

F i g u r e  7 p r e s e n t s  t h e  NSCPC s e p a r a t i o n  o f  d o g  a n d  

s h e e p  e r y t h r o c y t e s  o b t a i n e d  b y  S u t h e r l a n d  a n d  I t o  ( 1 8 )  

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

( 5 , 4 ) I I  s y s t e m  b u t  b e l i e v e d  t o  h a v e  s o m e w h a t  l o w e r  

p o l y m e r  c o n c e n t r a t i o n s  ( 1 9 ) .  We h a v e  u s e d  a ( 5 , 4 )  I 

s y s t e m  i n  o u r  CCD r u n s  t o  g i v e  K v a l u e s  s i m i l a r  t o  

t h o s e  o f  I t o  a n d  S u t h e r l a n d .  T h i s  s y s t e m  y i e l d s  

t h i n - l a y e r  CCD s e p a r a t i o n s  a f t e r  t w e n t y  t o  l i h i r t y  

t r a n s f e r s  ( F i g u r e s  3 a n d  4)  t h a t  a r e  s i m i l a r  t o  t h o s e  

o b t a i n e d  i n  CCC e x p e r i m e n t s  ( F i g u r e  7 ) .  We c o n c l u d e ,  

t h e r e f o r e ,  t h a t  t h e  NSCPC a l s o  p r o d u c e d  r o u g h l y  t w e n t y  

t o  t h i r t y  t h e o r e t i c a l  p l a t e s .  

I n  v i e w  o f  o u r  e x p e r i e n c e  w i t h  b o t h  t h e  CCD d e v i c e s  

a n d  t h e  NSCPC i t  seems a p p r o p r i a t e  t o  c o m m e n t  o n  t h e  

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

( 8 , 1 5 ) .  A p r o b l e m  w i t h  CCD w h i c h  o n e  a v o i d s  w i t h  C C C  

is  m i n o r  l e a k a g e  o f  p h a s e  s y s t e m  b e t w e e n  t h e  p l a t e s .  

S e p a r a t i o n s  a r e  s o m e w h a t  more r a p i d  o n  t h e  C C C .  A 

t w e n t y  t r a n s f e r  CCD r u n  t a k e s  a b o u t  t h r e e  h o u r s ,  w h i l e  

t h e  c o r r e s p o n d i n g  CCC r u n  t a k e s  a b o u t  two h o u r s .  C C C  

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

t h e  p l e x i g l a s s  CCD p l a t e s .  We h a d  i n i t i a l l y  e x p e c t e d  

a c c u r a t e  l o a d i n g  o f  t h e  C C D  c h a m b e r s  t o  b e  t i m e  
c o n s u m i n g .  H o w e v e r ,  u s e  o f  r e p e t i t i v e  p i p e t t i n g  

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

An a d v a n t a g e  o f  t h e  C C D  i s  i t s  r e l a t i v e  m e c h a n i c a l  
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FIGIE 7 .  
(r7SCpC) countercurrent chrmtography (CCC) of a mixture of 
dog ( rn ) and sheep ( u ) erythrocytes, as reported by 
Sutherland and I to  (18). 

Xonsynchronous f lm- thrcqh  coil  planet centrifuge 

s i m p l i c i t y .  S i n c e  t h e  C C C  mus t  r o t a t e  a t  up t o  1000 

r e v o l u t i o n s  p e r  m i n u t e  i t  m i g h t  b e  e x p e c t e d  t o  b e  

somewhat more p rone  t o  b r e a k d o w n s ;  h o w e v e r r  w e  h a d  

l i t t l e  t r o u b l e  w i t h  ou r  NSCPC o v e r  a t w o - y e a r  p e r i o d .  

Probably t h e  prime p r a c t i c a l  a d v a n t a g e s  w e  have  n o t e d  
w i t h  t h i n - l a y e r  CCD a r e  i t s  t h e o r e t i c a l  s i m p l i c i t y  
which p e r m i t s  s i n g l e - t u b e  p a r t i t i o n i n g  t o  b e  u s e d  i n  a 
s t r a i g h t f o r w a r d  f a s h i o n  i n  choosing a phase s y s t e m  for 
a p a r t i c u l a r  a p p l i c a t i o n r  a n d  t h e  a b i l i t y  t o  p r o c e s s  

two sample m i x t u r e s  a t  t h e  same t i m e  u n d e r  i d e n t i c a l  

c o n d i t i o n s .  W i t h  t h e  more complex CCC i t  is somewhat  
d i f f i c u l t  t o  p r e d i c t  t h e  e n d  r e s u l t  o f  a s e p a r a t i o n  

p rocedure  and choose t h e  p r o p e r  c o n d i t i o n s  ( r o t a t i o n  
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SEPARATION IN AQUEOUS TWO-PHASE SYSTEM 231 1 

s p e e d s  and pump r a t e s ) .  On t h e  o t h e r  h a n d ,  t h e s e  

v a r i a b l e s  p r o v i d e  a d d i t i o n a l  p o w e r  o n c e  t h e i r  

c h a r a c t e r i s t i c s  a r e  u n d e r s t o o d .  
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