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.TOURN& OF LIQUID CHROMATOGRAPHY, 7(2) , 363-384 ( 1 9 8 4 )  

TOROIDAL COIL COUNTERCURRENT CHROMATOGRAPHY: A FAST 
SIMPLE ALTERNATIVE TO COUNTERCURRENT DISTRIBUTION 

USING AQUEOUS TI40 PHASE PARTITION 

Principles ,  Theory and Apparatus 

Ian A. Sutherland, Deborah Heywood-Waddington 
Engineering Department, National I n s t i t u t e  

f o r  Medical Research, London NW7 lAA, U K  

and 

Timothy J .  Peters 
Division of Cl inical  Cell Biology 

Clinical  Research Centre, Harrow, Middlesex, UK 

ABSTRACT 

The pr inc ip les ,  theore t ica l  basis  and equipment f o r  
continuous two phase toroidal  co i l  chromatography are  described. 
Rat 1 i ver homogenates were subjected t o  analyt ical  subcell  ul a r  
f rac t iona t ion  by toroidal  coi l  chromatography i n  a phase mixture 
o f  3.3% (w/w) dextran T500, 5.4% (w/w)  poly(ethy1ene glycol)  6000, 
10 mM sodium phosphate-phosphoric acid buf fer ,  pH 7 . 4 ,  i n  0.26 M 
sucrose containing 0.05 mM Na2EDTA and 1 mM ethanol.  The 
d i s t r ibu t ion  of organel les ,  as re f lec ted  by t h e i r  marker enzymes, 
was compared t o  t h a t  obtained by d i sc re t e  counter-current 
pa r t i t i on  i n  a 17 t r ans fe r  apparatus,  Toroidal co i l  
chromatography showed enhanced resolut ion o f  cer ta in  organel les .  
In pa r t i cu la r ,  almost complete separation o f  plasma membrane from 
endoplasmic reticuJum was achieved and some resolut ion of plasma 
membrane from lysosomes was obtained. 
toroidal  co i l  chromatography o f fe r s  a po ten t ia l ly  useful 
a1 te rna t ive  approach t o  organelle separation techniques. 

I t  i s  concluded t h a t  

INTRODUCTION 

The toroidal  co i l  centr i fuge is  conceptually a simple piece 
of apparatus,  comprising a he l i ca l ly  wound tube mounted 
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364 SUTHERLAND, HEYWOOD-WADDINGTON , AND P E T E R S  

c i r c u m f e r e n t i a l l y  round a h o r i z o n t a l  r o t a t i n g  d i s c .  While i t  can 

be c l a s s i f i e d  as a counter c u r r e n t  Chromatography process ( I ) ,  i t s  

operat ion i s  s i m i l a r  t o  a continuous f l o w  zonal r o t o r  and i t s  

separat ion p r i n c i p l e s  are those o f  a standard l i q u i d - l i q u i d  
chromatography column. Whereas c e n t r i f u g a t i o n  techniques separate 
on s ize,  shape and densi ty ,  t he  t o r o i d a l  c o i l  r o t o r  o f f e r s  the 

p o t e n t i a l  o f  separat ion based on p a r t i t i o n  between two immisc ib le  
l i q u i d s .  

Separat ion o f  sample components w i t h  markedly d i f f e r e n t  

p a r t i t i o n  c o e f f i c i e n t s  can be achieved i n  one o r  two tes t - tube  
p a r t i t i o n  steps i n v o l v i n g  mixing, s e t t l i n g  and subsequent t r a n s f e r  
o f  one o f  t he  phases t o  another t e s t  tube. 

s i m i l a r  p a r t i t i o n  c o e f f i c i e n t s  can on y be resolved by us ing 
m u l t i p l e  d i s c r e t e  t r a n s f e r  o r  e x t r a c t  on techniques, such as 

counter-current  d i s t r i b u t i o n  (2) o r  f ow-through methods, such 
as l i q u i d - l i q u i d  chromatography ( 3 ) .  

t o r o i d a l  c o i l  chromatography d i f f e r e n t  from the above techniques 

i s  t h a t  i t  uses c e n t r i f u g a t i o n  t o  ho ld  one o f  t he  immisc ib le  

l i q u i d s  s t a t i o n a r y  i n  the o u t e r  segments o f  t he  h e l i c a l  c o i l  
w h i l e  t h e  o t h e r  phase i s  e l u t e d  through it. 

a continuous form o f  counter c u r r e n t  d i s t r i b u t i o n  o r  a form o f  

l i q u i d - l i q u i d  chromatography w i thou t  the s o l i d  support .  
maintains the  h igh r e t e n t i o n  volume o f  a phase p a r t i t i o n  process 

w i thou t  an upper l i m i t  on the  number o f  t r a n s f e r s .  

problems and column contaminat ion are minimised as the column 
requi res no s o l i d  support  t o  r e t a i n  t h e  s t a t i o n a r y  phase. 

been descr ibed ( 4 ) ,  t h e  major a p p l i c a t i o n  of t he  technique w i l l  
be us ing polymer phase systems. 
polymer phases i s  t h a t  they are aqueous and the i n t e r f a c i a l  

tens ion between t h e  phases i s  extremely low - between 3 o r  4 

orders of magnitude l e s s  than aqueous/organic systems. 
the  very p roper t i es  t h a t  make t h e  phase systems an i d e a l  

However, samples w i t h  

The prime f a c t o r  t h a t  makes 

Toro ida l  c o i l  chromatography therefore can be considered as 

I t  

Adsorpt ion 

While a p p l i c a t i o n s  us ing aqueous/organic phase systems have 

The prime advantage o f  these 

However 
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TWO PHASE TOKOIDAL COIL CCC 365 

p a r t i t i o n i n g  medium f o r  c e l l s  and macromolecules c rea te  problems 

when i t  comes t o  t h e  imp lementa t ion  o f  t h e  phase systems as 
a separa t i on  techn ique.  

tube w i t h  a t y p i c a l  aqueous/organic phase system would take  l e s s  
than a minute,  w h i l e  w i t h  a polymer phase system cou ld  take  
anywhere from twenty  minutes t o  an hour, because o f  t h e  pro longed 

s e t t l i n g  t ime of  these phase systems. 

Fo r  example a p a r t i t i o n  s tep  i n  a t e s t  

The major  advantage o f  t h e  t o r o i d a l  c o i l  c e n t r i f u g e  ove r  

convent iona l  phase p a r t i  t i o n  techniques i s  i t s  simp1 i c i t y  o f  

s e t t i n g  up and opera t ion ,  t h e  reduced o p e r a t i n g  t ime and i t s  
p o t e n t i a l  f o r  f a r  g r e a t e r  r e s o l u t i o n .  C e l l  separa t ions  a r e  

p o s s i b l e  w i t h  apparatus o f  t h i s  k ind ,  p rov ided  the  c o i l s  s l o w l y  

r o t a t e  r e l a t i v e  t o  t h e  c e n t r i f u g a l  a c c e l e r a t i o n  f i e l d  t o  a v o i d  
sample sed imenta t ion .  The p r i n c i p l e  o f  c e l l  separa t i on  us ing  
such an apparatus has a l r e a d y  been demonstrated ( 5 )  us ing  a non- 

synchronous f low- th rough c o i l  p l a n e t  c e n t r i f u g e .  However, t h i s  

apparatus i s  much more compl ica ted  t o  c o n s t r u c t  and t h e  p r i n c i p l e  
o f  phase m i  x i  ng more complex. 

T h i s  p u b l i c a t i o n  desc r ibes  t h e  c o n s t r u c t i o n  and o p e r a t i o n  o f  
t h e  t o r o i d a l  c o i l  c e n t r i f u g e ,  examines t h e  theo ry  and 
demonstrates i t s  r e p r o d u c i b i l i t y  and r e s o l v i n g  power by showing 

a c l e a r  f r a c t i o n a t i o n  o f  endoplasmic r e t i c u l u m  from plasma 
membrane i n  r a t  l i v e r  homogenate. The d i s t r i b u t i o n  o f  o r g a n e l l e s  

i s  compared t o  a s i m i l a r  f r a c t i o n a t i o n  performed on a 17 t r a n s f e r  

d i s c r e t e  counter  c u r r e n t  d i s t r i b u t i o n  apparatus, where t h e  
s e t t l i n g  stage i s  enhanced us ing  c e n t r i f u g a t i o n  (6 ) .  D e t a i l e d  
a n a l y s i s  o f  t h e  phase system, o p e r a t i n g  and machine parameters 
w i  11 be descr ibed e l  sewhere ( 7 ) .  

DESCRIPTION OF APPARATUS 

The T o r o i d a l  C o i l  ( F i g u r e  1) 

The t o r o i d a l  c o i l  c o n s i s t s  o f  18 gauge PTFE t u b i n g  ( i . d .  
1.07 mm, 0.d. 1.63 mm) wound o n t o  a f l e x i b l e  4.85 mm diameter 
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366 SUTHERLAND, HEYWOOD-WADDINGTON, AND PETERS 

FIGURE 1 
Plan view o f  t o r o i d a l  c o i l ,  showing r i g h t  handed h e l i x  w i t h  
c lockwise f l o w  and r o t a t i o n .  

former. The h e l i c a l  c o i l  so formed i s  mounted c i r c u m f e r e n t i a l l y  

on a d i s c  a t  a rad ius  o f  21 cm. The d i s c  has a shoulder t o  

support  t he  t o r o i d a l  c o i l  r a d i a l l y .  

clamps l o c a t i n g  it. 
and o u t l e t  leads. 
0.d. 1.07 mm) can be used. 

connectors and considerably reduces the  dead volume o f  t he  i n l e t /  
ou tl e t sys tem. 

There are, i n  add i t i on ,  s i x  

The c o i l  can be continuous w i t h  t h e  i n l e t  
A l t e r n a t i v e l y ,  24 gauge tub ing ( i . d .  0.72 mm, 

Th is  can be sleeve j o i n e d  w i thou t  

The leads supply ing l i q u i d  t o  and from the r o t o r  have t o  be 

connected t o  t h e  outside. Rotat ing seals  could be used, b u t  a re  
prone t o  leakage. 
s imple t o  use and o f f e r  a number o f  advantages i n c l u d i n g  reduced 
leakage and wear, and b e t t e r  s t e r i l i t y .  

Methods e l i m i n a t i n g  t h e  use of seals a re  

One disadvantage i s  t h a t  
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TWO PHASE TOROIDAL COIL ccc 36 7 

h 

f 

FIGURE 2 
Sequencial diagrams showing the  p r i n c i p l e  o f  seal - less 
connections t o  a r o t a t i n g  d i sc .  

the r o t o r  i s  more complex. 
and from a r o t a t i n g  d i s c  (8) i s  a s imple one ( f i g u r e  2 ) .  
leads en te r  t he  centr3fuge along the centre l i n e  o f  r o t a t i o n  

above the d isc,  pass round the outs ide and en te r  i t  from 
underneath. I f  t h e  d i s c  i s  then r o t a t e d  a t ,  say, 1000 rev/min 
and the leads are const ra ined t o  r o t a t e  about the  same a x i s  a t  
500 rev/min around the  outs ide o f  t he  disc,  then the  leads w i l l  
n o t  t w i s t .  

The p r i n c i p l e  o f  connecting tubes t o  
The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



368 SUTHERLAND, HEYWOOD-WADDINGTON, AND PETERS 

I__ L 
FIGURE 3 

Diagram showing assembly of t o r o i d a l  c o i l  and seal - less 
connections. The d r i v e  s h a f t  ( A )  r o t a t e s  t h e  ca r r i age  (9). 
The gear system ( C )  i s  const ra ined t o  r o t a t e  i n  p lane ta ry  
motion. L ikewise the  tube r e t a i n i n g  s h a f t  (D) i s  a l so  
constrained t o  r o t a t e  i n  p lane ta ry  mot ion due t o  the toothed 
b e l t  l i n k  between pu l l eys  ( X )  and (W) . 
w i l l  r o t a t e  i n  the opposi te d i r e c t i o n  r e l a t i v e  t o  sha f t s  ( C )  
and (D) due t o  the  gear l i n k  between ( Y )  and ( Z ) .  

The r o t o r  shaf t  (F) 

The cu r ren t  r o t o r  i s  shown i n  f i g u r e  3, mounted i n  the bowl 
of a Beckman J6 cen t r i f uge .  
s u i t e d  t o  t h e  i n s t a l l a t i o n  o f  the r o t o r  as the d r i v e  s h a f t  i s  

no t  i n t e g r a l  w i t h  the  motor, and can e a s i l y  be replaced by 

a modi f ied d r i v e  shaf t  w i t h  a s t a t i o n a r y  t o o t h  p u l l e y  f o r  t h e  
t o r o i d a l  c o i l  r o t o r .  

Th is  centr i fuge i s  p a r t i c u l a r l y  

The p o i n t s  o f  maximum s t ress  on the  i n p u t  and output  leads 
occur a t  t h e  bottom o f  the r o t o r  sha f t s  and a t  t he  i n l e t  t o  t h e  

c e n t r i f u g e  bowl, due t o  t h e i r  tumbl ing and r o l l i n g  motion. Wear 
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TWO PHASE TOROIDAL COIL CCC 369 

i s  minimiscd by mounting the  i n l e t  and o u t l e t  leads i n  a Tygon 

tub ing  sheath, rounding the e x i t  holes o f  t he  sha f t s  and 
apply ing a l i g h t  cover ing o f  s i l i c o n  grease. 

excess o f  250 hours (15,000,000 cyc les)  i s  common. I t  i s  

impor tant  t o  ensure t h a t  t he  tens ion  i n  the  leads i s  n o t  
excessive o r  wear r a t e s  w i l l  d r a m a t i c a l l y  increase. The r o t o r  

i s  dynamical ly balanced i n  two planes by counterweights. 

Tube l i f e  i n  

The Operating System 

The operat ing system i s  shown schemat ica l ly  i n  f i g u r e  4. 
A r o l l e r  p e r i s t a l t i c  pump (Gi lson min ipu lse 2)  i s  used t o  pump 
the phases from the  r e s e r v o i r s  i n t o  the  t o r o i d a l  c o i l .  The 

p ropor t i on  o f  lower phase f l o w  (a) i s  regulated by the r e l a t i v e  
s i zes  o f  the p e r i s t a l t i c  tub ing.  A counter- f low, f i n e  bore 

mix ing chamber ensures e f f i c i e n t  m ix ing  o f  t he  phases. A 4-way 
s l i d e r  va lve ( A l t e x )  i s  used t o  i n j e c t  t he  sample ( l oop  volume, 

1 m l ) .  
c o l l e c t s  the  e l u e n t  i n  1.5 m l  p l a s t i c  c e n t r i f u g e  tubes (Ependorf). 

A f r a c t i o n  c o l l e c t o r  (G i l son  TDC 80), i n  drop count mode, 

THEORY 

The f l u i d  dynamics of two phase f l o w  have been ex tens i ve l y  

s tud ied  f o r  g a s - l i q u i d  systems b u t  f o r  l i q u i d / l i q u i d  systems 
s t i l l  remain obscure, p a r t i c u l a r l y  when complicated by enhanced 

g r a v i t y  and unconventional geometr ical  cons t ra in t s .  

A t y p i c a l  c o i l  c ross-sect ion was const ructed i n  Perspex, 
mounted on a s p e c i a l l y  adapted r o t o r  and the  behaviour o f  t h e  
phase system under t h e  a c t i o n  o f  enhanced g r a v i t y  observed w i t h  
a stroboscope. The cross-sect ion o f  t he  c o i l  i s  shown i n  

f i g u r e  5a-d. 
phase fo l lowed ( b )  by the  upper, l i g h t e r  phase. The upper 
phase d isp laces t h e  lower, heavier  phase u n t i l  i t  reaches 
p o i n t  P1 when i t  cascades much l i k e  a w a t e r f a l l  t o  form ( c )  
a new i n t e r f a c e  a t  Ql. Fur the r  flow o f  upper phase again 
d isp laces the  lower phase i n  t h e  nex t  c o i l  u n t i l  new in te r faces  

The c o i l  i s  i n i t i a l l y  f i l l e d  (a )  w i t h  the lower 
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3 70 SUTHERLAND, HEYWOOD-WADDINGTON, AND PETERS 

OEXTRAN PEG. 

TOROIDAL COIL 
CENTRIFUGE 

FIGURE 4 
Schematic l a y o u t  of t h e  t o r o i d a l  c o i l  c e n t r i f u g e  operat ing 
sys tem. 

are formed (d )  a t  Q2 and P2. 
P1 and Q2 i s  l e f t  as the  r e t a i n e d  phase w h i l e  the upper phase 

continues t o  stream through it. Mix ing takes p lace a t  and 
below the i n t e r f a c e  42 r e l a t i v e  t o  t h e  a c c e l e r a t i o n  vec to r  
(shown arrowed i n  5a). 

The segment o f  lower phase between 

I n  p r i n c i p l e  e i t h e r  phase can be the  mobi le  phase. I f  the  
heavy phase i s  mobi le  the cascade would occur on t h e  o the r  s ide  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



TWO PHASE TOROIDAL COIL CCC 371 

U. I? E = Upper Phase Flow 
L.P E = Lower Phase Flaw 

FIGURE 5 
Diagram illustrating flow of 2 phase solutions through the 
helical coil. For detailed explanation see text. The shaded 
area represents the heavier dextran phase. 
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372 SUTHElUAND, HEYWOOD-WADDINGTON , AND PETERS 

of the  coil w i t h  mixing  a t  and above the P interfaces (5e) .  
can be seen that  mixing for  l igh t  phase flow i s  limited to  the 
Q interface areas and consequently i s  non-optimal. 
improved by modifying the geometry (5f )  o r  by flowing b o t h  
phases a t  differing flow rates (59).  
avoiding "dead" zones i n  the retained phases giving mixing a t  
P and Q interfaces and avoiding long retention times for low 
parti tion materi a1 . 

I t  

T h i s  can be 

This has the advantage of 

If a number of linked coils are i n i t i a l l y  f i l l e d  w i t h  the 
lower phase and the upper phase t h e n  pumped i n ,  each coil will 
i n  t u r n  approximately half f i l l  w i t h  the upper phase displacing 
the excess lower phase through the coil system. The final 
result  w i l l  be a retained phase, a mobile phase and mixing  i n  
each coil detemined by the flow rate  and the acceleration 
f ie ld .  

The elution times of samples w i t h  varying parti t ion 
coefficient will now be examined. The nomenclature i s  given 
i n  Appendix I. 

For upper phase 

( 1 - a) v f 
. . u u  

avf 

- - 

- - 

For lower phase 
- - 

. .  * u 1  = 

Sol Ute Partitioning 

From parti t i o n  
between the phases; 

flow continuity (figure 6) 

uuA(1-!3) 
Vf (1-a) 
A) 

U , A @  

(1) --------- 
flow continuity :- 

( 2 )  --------- - "fa 

A B  

theory, assuming adequate mass transfer 
the mean linear velocity f o r  a solute o f  

parti t ion coefficient (k)  will be u k  where :- 

'k = k ' + l  
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TWO PHASE TOROIDAL COIL CCC 373 

I I 

Inlet I Coil @rea@ I Outlet 
I I 
I I 

I I 
I 

FIGURE 6 

Representation o f  two-phase f l o w  c h a r a c t e r i s t i c s  through the 
t o r o i d a l  c o i l  c e n t r i f u g e .  The i n l e t  f l o w  ( V f )  i s  a m ix tu re  o f  
lower phase f l o w  (aVf) and upper phase ( l -a )V f  by arrangement. 
The volume f l o w  through the c o i l  w i l l  depend on the respec t i ve  
l i n e a r  f lows (uu) and ( u  ) and the r e l a t i v e  p r o p o r t i o n  of t he  
phases i n  t h e  c o i l s  which can be considered constant i n  the  
steady s t a t e .  

and k= k ' 6 / (  1-6) 

L k(1-6) + B 1 
The t ime taken f o r  s o l u t e  of p a r t i t i o n  c o e f f i c i e n t  (k) t o  

pass through the  c o i l  o f  l e n g t h  V*/A w i l l  be V*/Auk and the  

volume e l u t e d  ( vk ) ,  t ak ing  i n t o  account the  i n l e t  and o u t l e t  

tube volumes, w i l l  be :- 

Auk 
S u b s t i t u t i o n  o f  uk from (3)  and uu and u1 from (1) and ( 2 )  

g ives :- 
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374 SUTHERLAND, HEYWOOD-WADDINGTON, AND PETERS 

As a check on equat ion ( 5 ) ,  a s o l u t e  w i t h  a p a r t i t i o n  

c o e f f i c i e n t  of u n i t y  should be t r e a t e d  by t h e  system as though 
i t  was f i l l e d  w i t h  a s i n g l e  so lu t i on ,  and hence the  e l u t i o n  

volume should equal t he  system volume. 
i n t o  equat ion ( 5 )  v e r i f i e s  t h i s ,  g i v i n g  :- 

S u b s t i t u t i o n  o f  k = 1 

(6) = v* + Vin + Vout ---_----- 
'k=l 

Other use fu l  markers are :- 

- - 
(8) and V k = o  fi v* + Vin + Vout --------- 

a 
as they mark the beginning and end o f  sample e l u t i o n  from the  
p o i n t  o f  i n j e c t i o n .  

P a r t i c l e  P a r t i t i o n i n g  

The p a r t i t i o n  r a t i o  (G) i s  def ined as the  r a t i o  of 

p a r t i c l e s  i n  the  upper phase t o  those a t  t he  i n t e r f a c e  
between t h e  phases. Assuming t h a t  t h e  i n t e r f a c e  i s  r e t a i n e d  

w i t h  the lower phase, then t h e  l i n e a r  v e l o c i t y  o f  a p a r t i c l e  
w i t h  p a r t i t i o n  r a t i o  (G) i s  g i ven  by :- 

- - 
UG uu(&) + u1 (&) --------- (91 

The volume e l u t e d  can be ca l cu la ted  by s u b s t i t u t i n g  f o r  
uu and u, i n  ( 9 )  

vG 
- - 

and proceeding as f o r  so lu tes t o  g i v e  

[@;;l-@)(G+l) -a)G+a( 1-61 ] v* + vin+vout -----( 10) 

Note the  e l u t i o n  volumes f o r  G = a and G = 0 are the  

same as f o r  so lu tes  i n  equations ( 7 )  and (8)  w h i l e  VGz1 i s  
g iven by :- 
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TWO PHASE TOROIDAL COIL CCC 375 

Ca lcu la t i on  o f  Retent ion Volume ( BV*) 

While a l l  the above formulae are usefu l  i n  determining 

the  e l u t i o n  volumes i f  p a r t i t i o n  c o e f f i c i e n t s  o r  r a t i o s  are 

known o r  a l t e r n a t i v e l y  t o  determine these p a r t i t i o n  values i f  

they are not,  the p ropor t i on  o f  lower phase re ta ined  ( 6 )  s t i l l  

has t o  be determined i n  some way. 
ways. The f i r s t  i s  a t  t h e  beginning o f  a run: i f  the  c o i l  i s  
i n i t i a l l y  f i l l e d  w i t h  lower phase and a measuring c y l i n d e r  i s  
used t o  c o l l e c t  t h e  d isp laced lower phase (V,) then t h i s  value 

can be used t o  c a l c u l a t e  t h e  amount o f  lower phase l e f t  i n  t h e  
c o i l .  

t o  consider ing the  e l u t i o n  volume o f  t he  K = m peak i n  
equat ion ( 7 )  so t h a t  VE = [[el] V* + ' in  + 'out rearranging 

This can be done i n  one o f  two 

E l u t i o n  of t he  f i r s t  amount o f  upper phase i s  equ iva len t  

A l t e r n a t i v e l y  a t  the end o f  run, t he  re ta ined  dextran 
phase can be pumped o u t  g i v i n g  :- 

vP 
= a(Vin .I. VoutJ + pv* 

Rearranging :- 

I n  p r a c t i c e  t h e  average value o f  B 
g ives the  most r e l i a b l e  values. 

MATERIALS AND METHODS 

(13) --------- 

from the  two equations 

Phase System Preparat ion 

Dextran T500 (batch FD16027) was obta ined from Pharmacia 
(Uppsala, Sweden) and Breox po ly (  e thy lene-g lyco l )  6000 from 
Hythe Chemicals (Southampton, England). Stock s o l u t i o n s  o f  t he  

polymers were used t o  prepare phase mixtures (150 g)  con ta in ing  

3.3% (w/w)  dextran T500, 5.4% ( w / w )  poly(ethy1ene g l y c o l )  6000, 
10 mM sodium phosphate-phosphoric acid,  pH 7.4, 0.26 M sucrose, 
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3 76 SUTHERLAND, HEYWOOWWADDINGTON, AND PETERS 

0.05 mM Na2EDTA, ph 7.4 and 1 mM ethanol .  

system had cooled t o  4OC, i t  was shaken and al lowed t o  s e t t l e  
ove rn igh t  before separat ing t h e  two phases. 
i s  an adaptat ion of t h a t  used by Mor r i s  & Peters (61 f o r  

f r a c t i o n a t i o n  of r a t - l i v e r  homogenate. 

ethanol  was t o  minimise i n a c t i v a t i o n  o f  t h e  catalase ( 9 ) .  

When the phase 

This  phase system 

The purpose o f  t he  

Sample Preparat ion 

Non-fasted male Sprague-Dawley r a t s  (150-200 g) were 

stunned and k i l l e d  by c e r v i c a l  d i s l o c a t i o n .  The l i v e r  was 
immediately removed and 0.5 g p e r i l o b u l a r  t i s s u e  was minced 
w i t h  a razo r  blade. 
a Dounce homogeniser (Kontes Glass Co., Vineland, NJ, USA) i n  

10 m l  of i c e - c o l d  poly(ethy1ene-glycol)-rich upper phase, from 

which 0.4 g o f  water had p rev ious l y  been evaporated, w i t h  

n i t rogen,  t o  a l l o w  f o r  t he  water content  of t he  l i v e r  t i ssue .  
Homogenisation was standardised w i t h  10 s t rokes o f  a loose- 

f i t t i n g  ( t ype  A) pes t l e ,  f o l l owed  by 10 s t rokes of a t i g h t -  
f i t t i n g  ( t y p e  B) pes t le .  Fibrous m a t e r i a l  was removed by 

passing the  homogenate through a 50 micron ny lon mesh. Upper 
phase, 0.9 m l ,  conta in ing homogenate, together  w i t h  0.1 m l  o f  
lower phase, was used as the  sample f o r  p a r t i t i o n  experiments. 

The minced t i s s u e  was then d i s rup ted  i n  

Running Procedure 

The c o i l  was i n i t i a l l y  f i l l e d  w i t h  dex t ran - r i ch  lower phase. 

The centr i fuge was then s e t  t o  r o t a t e  the t o r o i d a l  c o i l  a t  1000 
rev/min. The mobi le  phase, compris ing 94% poly(ethy1en-g lyco l ) -  
r i c h  upper phase w e l l  mixed w i t h  6% dex t ran - r i ch  lower phase, 

was pumped i n t o  the  c o i l  a t  14 m l /h r  and the e luen t  c o l l e c t e d  
i n  1 m l  f r ac t i ons .  When the  system reached equ i l i b r i um,  i . e .  
when the  e l u e n t  a l so  contained 6% dex t ran - r i ch  lower phase, the 

sample was i n j e c t e d  by means of a 4-way s l i d e r  va lve ( A l t e x ) .  

A f te r  c o l l e c t i o n  o f  about 40 x 1 m l  f r a c t i o n s ,  the c o i l  was 
brought t o  r e s t  and t h e  contents of the c o i l  pumped o u t  w i t h  
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TWO PHASE TOROIDAL COIL CCC 377 

water. 
of the total phase and interface i n  each of the fractions. 
The fractions were stored a t  -2OOC for subsequent analysis. 
All equipment was i n  the 4OC cold room. 

The volume rat io  was analysed by measuring the height 

Analytical Methods 

Sucrose (0.25 M ,  0.15 ml) was added t o  each fraction before 
The distribution of organelles analysis t o  give a single phase. 

was determined by assaying (10) the following marker enzymes i n  
a1 ternate fractions: N-acetyl-B-glucosaminidase (lysosomes) ; 
neutral -a-g 1 ucos i dase ( endopl asmic-re t i  cu 1 um) ; 
dehydrogenase (cytosol ) ; Y-glutamyl-transferase (plasma 
membrane). 

1 ac ta  t e  

RESULTS 

Figure 7 compares the fractionation of ra t - l iver  homogenate 
by both  a 17 transfer counter current partition apparatus ( 6 )  
and a toroidal coil centrifuge. Comparison of the two 
techniques is  complicated by the fac t  t h a t  CCD i s  a discrete 
process conventionally transferring upper-phase t o  the r i g h t ,  
whereas TCC i s  an elution process where the upper-phase elutes 
f i r s t ,  hence inverting the parti t ion spectrum. For the 
purposes of comparison, the counter-current distribution has 
been reversed t o  give upper-phase transfer from right t o  l e f t .  
The fractions are compared on an equal volume basis g i v i n g  
a counter current distribution of 18 fractions (23.4 ml) and 
a toroidal coil distribution o f  36 fractions (36 m l ) .  Note that 
theoretical markers have been placed on b o t h  graphs. 
counter-current experiment markers are based on a theory 
outlined by Albertsson ( l l ) ,  while those f o r  the toroidal coil 
experiment are derived from equations (6) ,  ( 7 ) ,  (8) and ( 1  1 ) .  

The 

Both results show that  the organelle distribution curves 
are highly reproducible and qualitatively similar. The 
toroidal coil results show a significant improvement i n  
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M ~-ylutamyltransterase(p m) 

v--- -v 
& - Lactate dehydrogenase(cYt) 

Neutral -a: -ylucoadase (e r) 

Toroidal Coil 
T 

N Acelyl fi ylucosamindase QYS> 25 
n 

..-'..... 8 
$ 
8 Fraclion Volume = Iml 

P- Pump Out & 
> .- 
L 
4- 

2 
A 

0 - 
P 

t Fraction Number 
v K = O S k = l  &=I 

CCD (17 transfer) 

Fraclm Volume 13ml  

t 
vK.0 

Fraction Number 

k = 1  
t 

v K = O  
t t 

V K = a  

FIGURE 7 
Analytical subcellular fraction of ra t - l iver  homogenate by 
(a )  17 transfer discrete counter current apparatus (6)  and 
( b )  continuous toroidal coil centrifuge. Results show mean 
? S D  for ( n )  experiments with discrete CCD (n=3)  and 
continuous TCC ( n = 7 ) .  The enzyme act ivi t ies  are given w i t h  
the organelles i n  parentheses. Recovered enzyme ac t iv i t ies  
range from 70-90%. 
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TWO PHASE TOKOIDAL COIL CCC 3 79 

resolut ion,  w i t h  a pa r t i a l  separat ion of lysosomes from plasma 
membrane and a c l e a r  separation of the cytosol peak from 
endoplasmic reticulum. Separation of plasma membrane from 
endoplasmic reticulum i s  achieved by both techniques although 
t h i s  i s  more complete fo r  the toroidal  co i l  experiment. The 
f a c t  t h a t  the k = 1 e lu t ion  point i s  biased towards the point 
of sample e lu t ion  in  the toroidal  co i l  f rac t iona t ion  largely 
contr ibutes  t o  the s h i f t  of the soluble cytosol peak t o  the 
l e f t .  

When the CCD experimental r e su l t s  a r e  compared with 17 
t r ans fe r  theoret ical  binominal d i s t r ibu t ions ,  the plasma 
membrane, lysosome and cytosol peaks a re  e s sen t i a l ly  s ing le  
components, apar t  from small secondary peaks f o r  plasma 
membrane and lysosomes a t  low k ,  and f o r  cytosol a t  h i g h  k .  
The endoplasmic reticulum d i s t r ibu t ion  shows signs of 
heterogeneity,  w i t h  a major component a t  low k and one o r  
possibly two components a t  high k .  
toroidal  coi l  d i s t r ibu t ions  whereas the subsidiary lysosome 
components only appear a s  a shoulder and the plasma membrane 
component i s  not found. 

These a re  resolved i n  the 

The subsidiary peaks of the lysosomes and cytosol 
d i s t r ibu t ion  a re  sh i f t ed  t o  the l e f t  due t o  the asymmetrical 
pa r t i t i on  d i s t r ibu t ion .  This has the e f f e c t  of concentrating 
the subsidiary cytosol peak and merging the lysosome one with 
the major peak. 
peak i s  anomalous, b u t  could be explained by the small quant i ty  
of plasma membrane eluted a t  pump out ,  Any components a f fec ted  
by sedimentation i n  this way would necessar i ly  be la rge  and 
possibly anomalies from the homogenisation process, 

The absence o f  the plasma membrane subsidiary 

Note t h a t  lysosomes and plasma membrane components a r e  
resolved by the toroidal  coi l  experiment i n  cont ras t  t o  the 
counter-current d i s t r ibu t ion  experiment where they appear t o  
have ident ical  modal pa r t i t i on  coef f ic ien ts ,  
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3 80 SUTHERLAND, HEYWOOD-WADDINGTON , AND PETERS 

DISCUSSION 

The data i n  t h i s  paper i n d i c a t e s  t h a t  r e s o l u t i o n  o f  t he  

p r i n c i p l e  s u b c e l l u l a r  organel les o f  r a t - l i v e r  homogenates can be 
achieved by t o r o i d a l  c o i l  chromatography. I n  p a r t i c u l a r ,  marked 

heterogenei ty  o f  endoplasmic r e t i c u l u m  and i t s  r e s o l u t i o n  from 
plasma membrane i s  demonstrated. 

s i m i l a r  s i z e  and dens i t y  c h a r a c t e r i s t i c s ,  are n o t  r e a d i l y  
separated by densi t y - g r a d i e n t  c e n t r i f u g a t i o n  techniques (12 ) .  
Resolut ion o f  t h e  var ious organel les i s  enhanced, compared w i t h  

d i s c r e t e  counter-current  p a r t i  t i o n  experiments repor ted 
p rev ious l y  ( 6 ) .  

q u a l i t a t i v e l y  s i m i l a r  f o r  both processes and t h a t  the e l u t i o n  
p r o f i l e s  are w i t h i n  t h e  bounds o f  t h e  t h e o r e t i c a l  markers, 

confirms a TCC separat ion based on p a r t i t i o n .  The assumption 

t h a t  the i n t e r f a c e  i s  r e t a i n e d  w i t h  the  lower phase i s  shown t o  
be v a l i d  by t h e  r e t e n t i o n  o f  t h e  endoplasmic r e t i c u l u m  i n  the  

c o i l .  

t he  vK,,(VG,,,) marker may be due t o  l o c a l l y  h igh  B values. 
t h e o r e t i c a l  p r e d i c t i o n s  assume a constant value o f  6, and analys is  

o f  the phase p ropor t i ons  i n  each f r a c t i o n  shows evidence o f  lower 

phase carry-over  between f r a c t i o n s  5-8 which could produce e a r l y  

e l u t i o n  o f  t h e  h igh  p a r t i t i o n  peaks. 

These organel les,  having very 

The f a c t  t h a t  t he  enzyme d i s t r i b u t i o n s  are 

The e a r l y  e l u t i o n  o f  t he  plasma membrane peak compared t o  

The 

The s h i f t  of t h e  so lub le  cytosol  peak t o  the l e f t  i n  t he  
TCC d i s t r i b u t i o n  would be expected from t h e  marked s h i f t  t o  the  

l e f t  of t he  t h e o r e t i c a l  k = l  marker. Likewise, the s h i f t  o f  t he  
b u t i o n  emphasises the  

and h igh  p a r t i  t i o n  

peak, which i s  o n l y  
Low p a r t i  t i o n  

components are therefore f rac t i ona ted  more e f f i c i e n t l y  than 

h igh  p a r t i t i o n  ones. 
dextran-phase was used as t h e  mobi le  phase. Such a procedure 

could form t h e  bas is  f o r  sub f rac t i ona t ing  the  plasma membrane 
and lysosome peaks. 

The reverse would be t r u e  i f  the  

G = l  marker t o  t h e  l e f t  i n  t h e  TCC d i s t r  
f r a c t i o n a t i o n  between t h e  low p a r t i t i o n  

components o f  t h e  endoplasmic r e t i c u l u m  
j u s t  no t i ceab le  i n  the  CCD d i s t r i b u t i o n  
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TWO PHASE TOROIDAL COIL CCC 381 

The equipment described i s  moderately simple t o  construct  
and the toroidal  coi l  ro tor  can be adapted f o r  use i n  several  
commercially avai lable  centr i fuges.  The equipment has been 
rout inely used f o r  3 years and f o r  i n  excess of one hundred 
experiments. 
and f rac t ion  collector/pump has proved par t icu lar ly  useful .  
avoids heating problems, organel le /cel l  damage and technical 
f a i l u r e s ,  cha rac t e r i s t i c  of many centr i fuge sea l s .  In addi t ion,  
the same ro tor  can be used f o r  p a r t i c l e  separat ion,  working on 
the same pr inciple  as a low speed zonal rotor .  
coi l  wil l  permit a la rge  number of pa r t i t i ons  between the two 
phases. The present ro tor  has approximately 550 turns and this 
represents a considerable improvement on ex is t ing  two-phase 
par t i  t ion machines ( 11, w h i c h  a r e  labour intensive and involve 
lengthy procedures. 
o r  more concentric toroidal  c o i l s  on the ro to r ,  i n  order t o  
compare two separate  samples under otherwise ident ical  conditions. 
Direct comparison of the organelle separat ions achieved by the 
17 t r ans fe r  d i sc re t e  pa r t i t i on  apparatus w i t h  the same t i s sue  
source, enzyme ana ly t ic  methods and e s sen t i a l ly  the same two- 
phase polymer systems indicates  t ha t ,  although the l a t t e r  
technique y ie lds  enhanced reso lu t ion ,  l e s s  than optimal 
separation was achieved f o r  the grea t ly  increased number of 
t r ans fe r s  expected w i t h i n  the  toroidal  c o i l .  In other  words 
the number of theore t ica l  p la tes  was l e s s  than expected. The 
reason f o r  t h i s  i s  not c l ea r  b u t  i t  i s  l i ke ly  t h a t  complete 
equi l ibra t ion  between the two phases i s  not reached f o r  each 
loop of the c o i l .  Analysis of the  peak shape suggests t h a t  
mixing  i n  the toroidal  coi l  centr i fuge i s  only about 5-10% 
e f f i c i e n t .  
improvement. 
organelle separation by varying such parameters as ro tor  speed, 
flow r a t e ,  phase mixture composition and r e l a t ive  proportions of 
the two phases and coi l  geometry. 
study of theore t ica l  models f o r  phase pa r t i t i on  i n  the toroidal  

The sea l - less  method of connections between ro tor  
I t  

T h e  toroidal  

I t  would be r e l a t ive ly  simple t o  mount two 

There i s  thus c l ea r ly  s ign i f i can t  scope f o r  
Current experiments a re  aimed a t  enhancing 

Similar ly ,  a more de ta i led  
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382 SUTHERLAND, HEYWOOD-WADDINGTON , AND PETERS 

c o i l  c e n t r i f u g e  shou ld  h e l p  i n  t h e  des ign  o f  more e f f e c t i v e  

separa t i on  procedures and these a re  c u r r e n t l y  i n  progress .  
The e f fec t i veness  o f  t h e  t o r o i d a l  c o i l  c e n t r i f u g e  has been 

demonstrated i n  comparison w i t h  an e q u i v a l e n t  enhanced g r a v i t y  

CCD technique. I f  c o i l  e f f i c i e n c y  can be improved, then t h e  
process c o u l d  become a power fu l  o r g a n e l l e  separa t i on  techn ique 

which i s  p a r t i c u l a r l y  s u i t e d  t o  automat ion. 
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Nomenclature 

A 
G 
k 

k '  

- - 
- - 

- - 

- - 

APPENDIX I 

C o i l  c ross -sec t i ona l  area 

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

apparent p a r t i  t i o n  c o e f f i c i e n t  
( c o r r e c t e d  f o r  volume r a t i o )  
mean l i n e a r  v e l o c i t y  o f  

mean l i n e a r  v e l o c i t y  of 
w i t h  p a r t i t i o n  r a t i o  G 

mean 1 i n e a r  v e l o c i t y  of 
p a r t i  t i o n  c o e f f i c i e n t  k 

mean l i n e a r  v e l o c i t y  o f  

lower phase 
p a r t i c l e  

s o l  Ute w i t h  

upper phase 

T o t a l  volume o f  t o r o i d a l  c o i l  
E l u t i o n  volume 

Volume f low i n t o  c o i l  

Volume lower  phase pump o u t  
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'k 

'IN 

"OUT 

c1 

B 

Subs c r  i p ts 

G 
k 
1 
U 
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Elution volume o f  compact w i t h  
p a r t i t i o n  coef f ic ien t  k 
Volume of i n l e t  tube 

Volume of o u t l e t  tube 

proportion o f  lower phase in  t o t a l  flow 
mean proportion o f  lower phase retained 
i n  co i l  

p a r t i c l e  pa r t i t i on  r a t i o  G 
so lu t e  pa r t i t i on  coe f f i c i en t  k 
1 ower 

upper 
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