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CELL SEPARATIONS ON THE COUNTERCURRENT CHROMATOGRAPH 

* 
J. Milton Harr i s  and Martha G. Case 
Department of Chemistry 
The University of Alabama i n  Huntsv i l le  
Huntsv i l le ,  AL 35899 

and 

Robert S. Snyder and Alice A. Chenault 
Marshall Space F l igh t  Center 
Huntsv i l le ,  AL 35812 

ABSTRACT 

Separation of c e l l s  d i f f e r i n g  only s u b t l y  has been achieved 
by p a r t i t i o n i n g  between the  two phases formed by so lu t ion  of 
dextran and polyethylene g lycol  i n  water. C e l l  populations 
which have r e l a t e d ,  bu t  no t  i d e n t i c a l ,  su r f ace  p rope r t i e s  seldom 
e x h i b i t  s u f f i c i e n t l y  d i f f e r e n t  p a r t i t i o n  behavior t o  be separa- 
ted  i n  a s i n g l e  ex t r ac t ion .  In such cases ,  repeated p a r t i t i o n s  
are ca r r i ed  out  v i a  countercurrent d i s t r i b u t i o n  o r  countercurrent 
chromatography t o  e f f e c t  the  separa t ion .  P o t e n t i a l  advantages of 
countercurrent chromatography are i t s  ease and r a p i d i t y  of opera- 
t i on .  
and poss ib ly  improving the e f f i c i ency  of polymer phase p a r t i t i o n -  
ing  by countercurrent chromatography. 

In  t h e  present  work w e  descr ibe  our approach t o  determining 

INTRODUCTION 

Modem biomedical research  depends heavi ly  upon e f f e c t i v e  

techniques of separa t ion  and p u r i f i c a t i o n .  

u i s i t e  f o r  studying t h e  normal o r  pa thologica l  a c t i v i t y  of any 

b io log ica l  system, whether molecular o r , c e l l u l a r ,  is  the a b i l i t y  

t o  i s o l a t e  its components from one another s o  t h a t  they can be 

charac te r ized ,  manipulated, and recombined under cont ro l led  

An important prereq- 
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420 HARRIS ET AL. 

conditions.  Separation methods f o r  molecular biology are w e l l  

developed. However, the  prepara t ion  of homogeneous, func t iona l ly  

s p e c i f i c  populations of l i v i n g  cells remains one of t he  ch ief  

obs tac les  t o  progress  i n  c e l l  biology today. Among t h e  most 

widely used techniques of c e l l  p u r i f i c a t i o n  are ve loc i ty  sedimen- 

t a t i o n  and isopycnic cen t r i fuga t ion ,  which opera te  e n t i r e l y  on the  

b a s i s  of such phys ica l  c h a r a c t e r i s t i c s  as c e l l  s i z e  and density.  

Other separa t ion  methods employ t h e  s e l e c t i v e  k i l l i n g  of unwanted 

c e l l s  wi th in  a cu l tu re ,  o r  t h e  tendency of c e r t a i n  cells  t o  

a t t a c h  themselves t o  s o l i d  subs t r a t e s .  While these  are usefu l  

procedures i n  many cases ,  a number of b io log ica l ly  important c e l l  

types are n o t  amenable t o  such separa t ions .  

the  methods described l ack  the  power t o  s e l e c t  a subpopulation of 

c e l l s  d i f f e r i n g  only sub t ly  from contaminating c e l l  types. 

types may d i f f e r  from one another only i n  t h e  na tu re  o r  amount of 

a s i n g l e  su r face  membrane cons t i t uen t ,  f o r  example, a charac te r -  

i s t ic  t h a t  cannot be de tec ted  by t h e  separa t ion  techniques i n  

ordinary use. 

For t h e  most p a r t ,  

C e l l  

A need e x i s t s  f o r  a c e l l  p u r i f i c a t i o n  technique t h a t  is ab le  

t o  s o r t  a heterogeneous mixture of c e l l s  on t h e  b a s i s  of s p e c i f i c ,  

s u b t l e  f ea tu res  o f  the  cel l  su r face ,  and can do t h i s  f o r  c e l l s  

about which one may have very l i t t l e  s p e c i f i c  biochemical informa- 

t ion .  A simple and s e n s i t i v e  method t h a t  shows promise of fu l -  

f i l l i n g  these  c r i t e r i a  i s  phase p a r t i t i o n i n g  i n  aqueous polymer 

systems. 

When aqueous so lu t ions  of two d i f f e r e n t  polymers are mixed 

above c e r t a i n  concentrations they f requent ly  form immiscible, 

l i qu id ,  two-phase so lu t ions .  Each of these  phases usua l ly  

cons i s t s  of more than 90 percent w a t e r  and can be buffered and 

made i so ton ic  and hosp i t ab le  t o  c e l l s ,  o rganel les ,  and biomole- 

cu les  by addi t ion  of low molecular weight spec ies .  

p a r t i c l e  suspension is  added t o  such a system, then shaken, t he  

c e l l s  (upon re -equi l ibra t ion)  are f requent ly  found t o  have p a r t i -  

t ioned unequally between one of t h e  phases and the  i n t e r f a c e .  

This p r e f e r e n t i a l  p a r t i t i o n  behavior can be used a s  the  b a s i s  of 

I f  a cel l  o r  
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CELL SEPARATIONS 42 1 

a separa t ion  procedure f o r  d i f f e r i n g  c e l l  populations s ince  par- 

t i t i o n  i n  these  systems is determined d i r e c t l y  by c e l l  membrane 

p rope r t i e s  such as charge, l i p i d  composition, and s p e c i f i c  c e l l  

p ro t e ins  (1,2). 

The polymers typ ica l ly  used f o r  phase p a r t i t i o n i n g  are poly- 

ethylene g lycol  (PEG) and dextran. Solution of these  polymers 

above c e r t a i n  concentrations (approximately 5% by weight f o r  PEG- 

6000 and dextran-500,000) produces two, immiscible aqueous phases 

i n  which the  top l a y e r  i s  PEGrich  and the  bottom is  dextran-rich. 

The concentration a t  which the  two phases become immiscible is 

known as t h e  c r i t i c a l  po in t .  By convention, t he  concentrations 

of dextran and PEG i n  a phase system are represented as a r a t i o ;  

f o r  example, a 514 system is one containing 5% dextran and 4% 

PEG. Some important phys ica l  c h a r a c t e r i s t i c s  of these  phase 

systems are as follows: d e n s i t i e s ,  upper 1.01 g/mI, and lower 1 . 0 3  

g/mL t o  1.08 g/mL; i n t e r f a c i a l  t ens ions ,  0.007 dynelcm f o r  a 614  

system, 0.0031 dynelcm f o r  a 514 ,  and 0.00046 dynelcm f o r  a 513.5  

(1); and v i s c o s i t i e s ,  upper 4 CP and lower from 44 cP f o r  a 5.614 

system t o  2 7  CP f o r  a 5 / 4  t o  2 3  CP f o r  a 513.5 ( 3 ) .  Density 

d i f f e rences ,  i n t e r f a c i a l  t ens ions ,  and lower-phase v i s c o s i t i e s  

decrease as polymer concentrations are lowered and approach t h e  

c r i t i c a l  po in t ;  bu f fe r  va r i a t ions  a l s o  a f f e c t  these same parame- 

ters. 

C e l l  populations which have r e l a t ed ,  but no t  i d e n t i c a l ,  

sur face  p rope r t i e s  seldom exh ib i t  s u f f i c i e n t l y  d i f f e r e n t  p a r t i t i o n  

behavior t o  be separa ted  i n  a s i n g l e  ex t rac t ion .  

many repeated p a r t i t i o n s  are ca r r i ed  out via countercurrent d i s t r i -  

bu t ion  (CCD) o r  countercurrent chromatography (CCC) t o  e f f e c t  t h e  

separa t ion .  The usua l  automated device f o r  performing r e p e t i t i v e  

p a r t i t i o n i n g  is  the  Albertsson CCD apparatus (1). In  t h i s  machine 

60 t o  120 t h i n  ves se l s  a r e  arranged around t h e  periphery of a 

d isc .  Each vesse l  i s  loaded accura te ly  with top and bottom 

phases, 

th ree)  of t he  ad jacent  vesse ls .  The e n t i r e  d i s c  i s  then shaken 

to promote mixing of the phases and p a r t i t i o n i n g  of t h e  sample. 

I n  such cases ,  

and the  sample i s  introduced i n t o  a s m a l l  number (usua l ly  
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422 HARRIS ET AL. 

After s e t t l i n g  has brought about phase separa t ion  ( t y p i c a l l y  

15-20 minutes) the  d i s c  i s  ro t a t ed  s o  t h a t  top halves of the  

vesse ls  a r e  s h i f t e d  t o  j o i n  with ad jacent  bottom halves.  The 

i n t e r f a c e  and a small  por t ion  of the  bottom layer  a re  ca r r i ed  with 

the  top vesse l  h a l f ,  o r  a l t e r n a t i v e l y ,  t he  i n t e r f a c e  and a po r t ion  

of the  top phase remain wi th  the  bottom h a l f .  

r e p e t i t i o n  of t h i s  process i s  a countercurrent movement of top 

and bottom phases and a consequent countercurrent d i s t r i b u t i o n  of 

t he  pa r t i t i oned  mater ia l .  The prime l i m i t a t i o n s  of CCD f o r  poly- 

mer-phase p a r t i t i o n i n g  a r e  the laboriousness of accura te ly  and 

ind iv idua l ly  loading the  60-120 vesse l s  and t h e  long delay necessi-  

t a t ed  f o r  phase separa t ion  a f t e r  each mixing (e.g. ,  60 t r a n s f e r s  

a t  15 minutes per t r a n s f e r  equals 15 hours per run) .  

The r e s u l t  of 

Phase p a r t i t i o n i n g  of c e l l s  can a l s o  be performed by CCC 

with the  p o t e n t i a l  advantage of avoiding the  above l imi t a t ions  of  

CCD. However, i n j e c t i o n  of p a r t i c l e s  t he  s i z e  of c e l l s  (> 1 UM) 

i n t o  the  t y p i c a l  countercurrent chromatograph i n  which a cen t r i -  

fuga l  fo rce  i s  applied t o  the  medium r e s u l t s  i n  the p a r t i c l e s  

being pressed aga ins t  the  column wa l l s  and immobilized. This 

immobilization can be eliminated by applying a second, counter 

r o t a t i o n  t o  the  c o i l s  as i n  the  nonsynchronous c o i l  p lane t  c e n t r i -  

fuge (NSCPC) of I t o ,  Figure 1. I t o  and Sutherland have demonstra- 

ted t h a t  c e l l s  can be separated on t h i s  device ( 4 - 6 ) .  

b a r r i e r s  t o  broad app l i ca t ion  of the  NSCPC t o  these  p u r i f i c a t i o n s  

are the  lack  of demonstrated broad a p p l i c a b i l i t y  of the  device and 

the lack of p rec i se  information about the  e f f i c i ency  of these  sepa- 

r a t ions .  

p u r i f i c a t i o n s  by polymer phase p a r t i t i o n i n g  on the  NSCPC; t h i s  

pioneering work w a s  done by Sutherland and I t o ,  and involved sep- 

a ra t ions  of f r e sh  red  blood c e l l s  (RBC's) of sheep, human, and 

The major 

To da te  only a s i n g l e  work has been published on c e l l  

dog (6). 

Unlike the Albertsson CCD device,  the  NSCPC has the  capabil-  

i t y  t o  perform separa t ions  based upon c e l l  s i z e  and sedimentation 

ve loc i ty  in add i t ion  t o  the  two-phase p a r t i t i o n i n g  technique de- 

sc r ibed  above. In t h i s  mode, t he  c o i l s  of the  NSCPC column are 
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CELL SEPARATIONS 

flow out flow in 

d Y  

4 2 3  

Figure 1. Schematic drawing of t h e  I t o  nonsynchronous c o i l  

p l ane t  cen t r i fuge .  

weight, C - c e n t r a l  r o t a t i o n  a x i s ,  D - plane tary  r o t a t i o n  axis. 

A - h e l i c a l  c o i l  (column), B - counter 

f i l l e d  with a s i n g l e  so lu t ion  of phys io logica l  s a l i n e  o r  some 

similar i s o t o n i c  e luen t  (5). 

SEPARATION EFFICIENCY - INITIAL CONSIDERATIONS 

Although Sutherland and I t o  achieved good r e so lu t ion  i n  

t h e i r  separa t ions ,  t he re  is reason t o  suspect t ha t  polymer phase 

p a r t i t i o n i n g  may be r e l a t i v e l y  i n e f f i c i e n t  on t h e  NSCPC as com- 

pared t o  CCD. 

Sutherland and coworkers (7), polymer phase mixing i n  CCC is appa- 

r e n t l y  i n e f f i c i e n t .  

t o  view PEG mobile phase streaming through dextran s t a t i o n a r y  

phase with l i t t l e  mixing; what mixing does occur takes  p lace  at  

the i n t e r f a c e  where the  PEG phase leaves t h e  dextran phase, and 

i s  suggestive of the  turbulence a t  t h e  foo t  of a w a t e r f a l l .  

sumably t h i s  i n e f f i c i e n t  mixing i s  due t o  the  high v i scos i ty  of  

t he  dextran phase. 

F i r s t ,  as described i n  the  accompanying a r t i c l e  by 

These workers have used an e legant  apparatus 

Pre- 

The second cons idera t ion  suggestive of i ne f f i c i ency  i n  t h e  

NSCPC der ives  from a t h e o r e t i c a l  consideration of cell p a r t i t i o n -  
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424 HARRIS ET AL. 

ing  and comes from t h e  work of Brooks and coworkers (8). In t h i s  

work an expression i s  derived r e l a t i n g  t h e  e f f e c t s  of f a c t o r s  such 

as i n t e r f a c i a l  f r e e  energ ies ,  i n t e r f a c i a l  p o t e n t i a l ,  and su r face  

charge dens i ty  of p a r t i c l e s  on pa r t i t i on ing .  Surpr i s ing ly ,  a bac- 

ter ia l  p a r t i t i o n i n g  experiment ca r r i ed  out t o  test t h i s  t heo re t i -  

c a l  cons t ruc t  could only be explained i f  i t  w a s  assumed t h a t  the  

temperature of the  experiment had been equal t o  lo5  Kelvin. Obvi- 

ously, the expression f a i l s  t o  take account of some powerful ran- 

domizing f a c t o r .  These workers suggest t h a t  t h i s  randomizing 

energy comes from the  f l u i d  shear  stresses t h a t  occur during 

phase separa t ion  following phase mixing. I f  t h i s  conjecture i s  

co r rec t ,  then the  high G f i e l d  present  i n  t h e  NSCPC might be expec- 

ted  t o  enhance shear  forces  and cell  randomization, leading t o  a 

reduction i n  the  q u a l i t y  of separa t ions  achieved. 

EXPERIMENTAL MEASUREMENT OF EFFICIENCY 

Efficiency i n  t h e  NSCPC can be determined by use of t he  

Craig equations f o r  CCD, eqs. 1-3, where E and 4 are t h e  mole 

(P + q I n  = 1 

n r-1 
( 3) 

- n(n - l ) ( n  - 2)  ...( n - r + 2) (1 /  K + 1) K 
( r  - l ) !  

T 
n , r  

f r ac t ions  of so lub le  sample i n  upper and lower phases, respec- 

t i v e l y ,  5 is the  number of t r a n s f e r s ,  L is  t h e  tube number, and 

Tn,r is the  amount of sample i n  t h e  r t h  tube a f t e r  p. t r ans fe r s .  

In se r t ion  of t h e  proper p a r t i t i o n  coe f f i c i en t  K and the  proper p 
i n t o  eq. 3 permits reproduction of experimental sample d i s t r ibu -  

t i on .  Application of CCD equations t o  separa t ions  on the  NSCPC 

is  appropr ia te  because of t he  manner i n  which t h e  ce l l  separa t ions  

a r e  performed. The column i s  i n i t i a l l y  f i l l e d  with t h e  more dense 

dextran s t a t iona ry  phase, r o t a t i o n  i s  begun and approximately one 

m i l l i l i t e r  of mobile PEG phase is pumped onto t h e  column. The 

sample, dissolved i n  mobile phase, is then in j ec t ed  and mobile 

phase i s  pumped f o r  t he  remainder of t he  run. Rather than allow- 

ing  t h e  run t o  continue i n  t h i s  fashion u n t i l  a l l  c e l l s  have elu- 
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CELL SEPARATIONS 425 

t ed ,  t h e  r o t a t i o n  is h a l t e d  j u s t  before  the  sample reaches t h e  end 

of t he  column, a technique found by Sutherland and I t o  t o  optimize 

r e so lu t ion  (6 ) .  Af te r  spinning i s  stopped, t he  column contents  

(resembling a CCD d i s t r i b u t i o h )  are pumped from t h e  machine and 

f r a c t i o n a l l y  co l l ec t ed .  

To eva lua te  t h e  e f f i c i e n c y  of phase mixing on t h e  NSCPC i n  

the  absence of shea r  fo rces  on p a r t i c l e s ,  w e  have determined the  

d i s t r i b u t i o n  of albumin us ing  t h e  same pro tocol  as used f o r  cel l  

sepa ra t ions  ( see  Experimental), Figure 2.  Note t h a t  t h e  experi-  

mental curve can be reproduced e f f e c t i v e l y  by eq. 3 assuming t h a t  

- R = 3.0 and n = 20. Thus under these  condi t ions ,  t h e  equiva len t  

of 20 t r a n s f e r s  (o r  mixing events) has occurred. However, s i n c e  

the  NSCPC column conta ins  600 c o i l s ,  almost a l l  of which have been 

shown (see below) t o  r e t a i n  some s t a t i o n a r y  phase throughout t h e  

run, t h i s  instrument should be ab le  t o  d e l i v e r  the  equiva len t  of 

around 600 ind iv idua l  t r a n s f e r s  ( n =  600). Apparently phase mix- 

i ng  under these  condi t ions  is indeed poor. 

Another i n d i c a t i o n  of poor mixing is provided by comparison 

of t h e  t h e o r e t i c a l  K value of 3.0, Figure 2 ,  wi th  t h e  experimental  

value of 0.38 f o r  a s i n g l e  tube p a r t i t i o n .  

cal K could r e s u l t  i f  t h e  albumin, i n j e c t e d  d isso lved  i n  t h e  PEG 

mobile phase, moved through t h e  column without i n t e r a c t i n g  wi th  

the  dextran s t a t i o n a r y  phase. 

Such a high theo re t i -  

In applying t h e  Craig equat ions  i t  is necessary t o  inc lude  

t h e  volume r a t i o s  of s t a t i o n a r y  and mobile phases (Vs/Vm). For 

t h e  sake of s impl i c i ty  w e  have assumed t h i s  r a t i o  is unity.  In  

f a c t  i t  v a r i e s  throughout t h e  column as revealed by pumping o f f  

t h e  column contents  ( see  Vs/Vm, Figure 2) bu t  t y p i c a l l y  averages 

about 0.8. 

Application of t he  Craig equations t o  c e l l  s epa ra t ions  i s  not  

e n t i r e l y  s a t i s f a c t o r y ,  s ince  t h e  c e l l  samples are heterogeneous i n  

s i z e  and poss ib ly  i n  c e l l  su r f ace  p rope r t i e s  as w e l l .  

t a n t  t o  r e c a l l  t h a t  c e l l  s i z e  a f f e c t s  r e t e n t i o n  t i m e  on t h e  NSCPC. 

Consequently c e l l s  w i l l  be smeared across  t h e  column and provide 

a poor measure of t he  number of t r a n s f e r s  involved. 

It is impor- 

Also it is  
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426 HARRIS ET AL. 

0.4 

2 6 10 14 18 
FRACTION 

Figure 2 .  Theore t ica l  ( 0 )  and experimental  ( A )  curves f o r  p a r t i -  

t i on ing  of albumin, and a p l o t  of Vs/Vm as a func t ion  of f r a c t i o n  

number ( i n  phase system "D"). 
29 and 5 = 1.50; experimental  K = 0.38. 

The ca l cu la t ed  curve assumes 2 = 

important t o  no te  t h a t  cells are p a r t i t i o n e d  between the  upper 

phase and t h e  i n t e r f a c e ,  and i t  is impossible a t  p re sen t  t o  approx- 

mate the  r a t i o  (needed f o r  eq. 3) of i n t e r f a c e  volume t o  mobile- 

phase volume i n  t h e  heterogeneous environment of the comte rcu r -  

r e n t  chromatograph. With these  l i m i t a t i o n s  i n  mind, app l i ca t ion  

of  eq. 3 t o  two passes  of f r e sh  sheep c e l l s  through t h e  NSCPC with  

d i f f e r i n g  phase systems is  shown i n  F igure  3 .  Note t h a t  t h e  theo- 

r e t i c a l  X value i s  g r e a t e r  than t h e  measured value and f u r t h e r  

t h a t  n i s  r a t h e r  small. It is  i n t e r e s t i n g  t h a t  a s i g n i f i c a n t  
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4 8 1 2 1 6  
FRACTION 

Figure 3. 

D (0) and phase system B ( A ) .  For D ,  K 

P l o t s  f o r  two runs  of f r e s h  sheep R B C ' s  i n  phase system 

= 0'31, Ktheor = 0.80 e x p t l  
= 1.3,  and n = 30. - and n = 20. For B y  Kexptl - 0.02 3 Ktheor 

Theore t ica l  curves us ing  t h e s e  parameters match t h e  experimental  

curves w e l l .  

amount o f  band broadening occurs desp i t e  poor phase mixing, s ince  

under these  circumstances one might expect t h e  c e l l s  t o  remain i n  

a t i g h t  band as they move through the  machine. Poss ib ly  t h i s  

broadening r e s u l t s  from the  increased  shear  forces  c h a r a c t e r i s t i c  

of t he  NSCPC. On t h e  o the r  hand, as discussed above, i t  could 

r e s u l t  from t h e  he te rogenei ty  o f  t he  sample. 

A more e f f e c t i v e  measurement of s epa ra t ion  e f f i c i e n c y ,  and an 

eva lua t ion  of t he  f a c t o r s  involved i n  band broadening, may be  ob- 

t a ined  by d i r e c t  comparison of cel l  experiments on the  NSCPC and 

the  CCD appara tus ,  s ince  t h e  number of t r a n s f e r s  i s  known i n  CCD. 

Such experiments a r e  cu r ren t ly  i n  progress  i n  our l abora to ry  and 

t h a t  of D. E. Brooks (Univers i ty  of B r i t i s h  Columbia). 

IMPROVEMENT OF EFFICIENCY 

The measurements of e f f i c i e n c y  w e  have presented thus f a r  

a r e  of course dependent on t h e  s p e c i f i c  machine and phase para- 

meters u t i l i z e d .  It is important t o  explore  the  p o s s i b i l i t y  of 

improving t h e  e f f i c i e n c y  of t he  NSCPC. Regarding machine para- 
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meters i t  is  evident  t h a t  increas ing  flow r a t e  and reducing ro ta -  

t i on  r a t e  r e s u l t s  i n  rap id  removal ("stripping") of t h e  s t a t i o n a r y  

dextran phase from t h e  column. A flow of approximately 8 mL/hr 

and  a r o t a t i o n  rate of approximately 750 rpm is i d e a l  from t h i s  

standpoint;  changing the "small" r o t a t i o n  has no e f f e c t  on s t r i p -  

ping of s t a t i o n a r y  phase. 

Since presumably the  i n e f f i c i e n t  phase mixing on t h e  NSCPC is 

l a rge ly  influenced by t h e  high d i f f e rences  i n  v i s c o s i t y  and densi- 

t y  between the  polymer phases and a l s o  poss ib ly  by v a r i a t i o n  i n  

i n t e r f a c i a l  tension between polymer phases,  one would suspect t h a t  

varying the  phase systems themselves would be l i k e l y  t o  enhance 

phase mixing. 

In f i g u r e  4 we present  a comparison of RBC separa t ions  on t he  NSCPC 

under presumably i d e n t i c a l  conditions ; experiment 4a was performed 

i n  our  labora tory  and experiment 4b w a s  performed by Sutherland 

and I t o  ( 6 ) .  It i s  important t o  no te  t h a t  the machine parameters 

are i d e n t i c a l  i n  t h e  two experiments. In add i t ion ,  t he  column on 

our machine i s  the  same one which w a s  used on t h e  Sutherland-Ito 

machine. Our machine w a s  constructed a t  N I H  by I t o ,  who simply 

removed t h e  column from h i s  o lde r  instrument and t r ans fe r r ed  i t  t o  

our newer instrument. 

W e  have preliminary evidence t h a t  t h i s  i s  the  case.  

The d i f fe rences  between experiments 4a and 4b are obvious; 

the  peak shapes and separa t ion  of 4b are f a r  super ior ;  i n  addi- 

t i on  4b revea ls  a d i f f e r e n t  Vs/Vm p a t t e r n  and d i f f e r e n t  5 values.  

Although the  phase systems a r e  supposedly the  same, t he  d i f fe ren-  

ce between these  two experiments l ies  i n  f a c t  i n  the  phase systems. 

Workers i n  the  area of polymer phase p a r t i t i o n i n g  a r e  pa in fu l ly  

aware of t he  d i f f i c u l t y  i n  reproducing a p a r t i c u l a r  phase system. 

Spec i f ic  problems inc lude  v a r i a t i o n s  i n  molecular weight d i s t r ibu -  

t i ons  from ba tch  t o  batch of t he  polymer, impur i t ies ,  and de ter -  

mination of t he  w a t e r  content of t he  hygroscopic polymer s tock  

powders. Since the  work of Sutherland and I t o  ( 6 ) ,  s i g n i f i c a n t  

advances have been made i n  con t ro l l i ng  these  va r i ab le s  (see Exper- 

imental s ec t ion  f o r  methods). (One problem which remains t o  be  

d e a l t  wi th ,  however, i s  t h a t  of impur i t l e s ) .  Discussions with 
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4 8 1 2  1 6  2 0  
F R A C T I O N  

Figure 4 .  Separations of f r e s h  sheep ( A )  and dog (0) as done by 

Sutherland and I t o  ( 6 )  (p lo t  B) and i n  our  labora tory  (p lo t  A) 

us ing  phase system "D". 

Sutherland and I t o  have made i t  evident  t h a t  t h e  water content of 

t h e i r  polymers w a s  no t  accounted €or i n  t h e i r  p repara t ions  o f  t h e  

514 system used. 

phase system was i n  f a c t  c lose  t o  a 4 .7 /3 .8  system. This concen- 

t r a t i o n  is nea re r  t he  c r i t i c a l  po in t  than t h e  514 system w e  used. 

Since i n t e r f a c i a l  t ens ions ,  phase-density d i f f e rences ,  and phase- 

v i s c o s i t y  d i f f e rences  decrease as t h e  c r i t i c a l  po in t  i s  approached, 

I f  t h i s  i s  t h e  case ,  we c a l c u l a t e  t h a t  t h e i r  
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phase mixing should be enhanced i n  a phase system c lose  t o  t h e  

c r i t i c a l  po in t .  This e f f e c t  could exp la in  the  supe r io r  s epa ra t ion  

r e s u l t s  of experiment 4b. We a r e  a c t i v e l y  i n v e s t i g a t i n g  t h i s  hypo- 

t h e s i s  with c a r e f u l  determination of polymer phase compositions. 

EXPERIMENTAL 

Polymer phase systems w e r e  prepared and sepa ra t ions  on t h e  

NSCPC were performed as described previous ly  ( 6 ) .  I n  a t y p i c a l  

NSCPC run a l a r g e  r o t a t i o n  r a t e  of 750 rpm w a s  used along wi th  

a small  r o t a t i o n  rate of 10 rpm and a flow rate of 8 mL/min. PEG 

concent ra t ions  i n  s t o c k  so lu t ions  w e r e  determined by refractom- 

e t r y  us ing  an empi r i ca l  r e l a t i o n s h i p  between r e f r a c t i v e  index and 

concentration der ived  with samples d r i ed  a t  l0O'C f o r  24 hours;  

the  PEG w a s  a l s o  p u r i f i e d  by p r e c i p i t a t i n g  from acetone wi th  

e t h y l  e ther .  Dextran concent ra t ions  i n  s tock  so lu t ions  were 

determined by polar imet ry  a s  described by Albertsson (1). P E G  

6000 w a s  purchased from Union Carbide as Sentry grade material. 

Dextran-500,000 w a s  purchased from Pharmacia and used without 

p u r i f i c a t i o n .  Phase system "B" conta ins  0.01M phosphate and 

0.15M ch lo r ide ,  and system "D" conta ins  0 . 0 7 ~  phosphate and 0 . 0 6 ~  

chlor ide  (6) .  P a r t i t i o n  c o e f f i c i e n t s  were determined a f t e r  

phase s e t t l i n g  had proceeded f o r  10 minutes r a t h e r  than t h e  

th ree  minutes used by Sutherland and I t o  (6). 

t r a t i o n s  were determined by absorbance a t  280 n M  a f t e r  d i lu -  

t i o n  with water t o  a s su re  a s i n g l e  phase system. A Coulter 

counter was used t o  determine c e l l  numbers. 

Albumin concen- 
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