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SEPARATION AND PURIFICATION METHODS, 9(1),  1-68 (1980) 

VELOCITY GRADIENT STABILISED, CONTINUOUS, 
FREE FLOW ELECTROPHORESIS. A REVIEW. 

Pa t r ick  Mattock, 
Gordon F. Aitchison, 

Alan R. Thomson. 

Biochemistry Group, Engineering Sciences Division, 
Harwell, Oxfordshire, OX11 O M ,  England. 

SUMMARY 

A new technique f o r  continuous prepara t ive  e lec t rophores i s  

based on the  concept of J. S t . L .  Philpot '  is  described, i n  which 

e lec t rophores i s  i s  ca r r i ed  out i n  f r e e  so lu t ion  i n  an annulus, t he  

voltage gradient being perpendicular t o  the  d i r ec t ion  of  flow. 

Stable annular flow i s  maintained by a gradient of angular ve loc i ty  

created by ro t a t ion  of t he  ou te r  wall of the  annulus while t he  

inner  wall  i s  he ld  s ta t ionary .  

The free-flow conditions enable a wide range of b io log ica l ly  

ac t ive  mater ia l s ,  from small molecules t o  whole c e l l s ,  t o  be 

f rac t iona ted  with v i r t u a l l y  all the  in j ec t ed  mater ia l  being re -  

covered i n  up t o  30 f r ac t ions  which a r e  co l lec ted  simultaneously. 

Sample throughout can be var ied  up t o  a t  l e a s t  20ml/min i n  t h e  

system described allowing up t o  O.lg/min pro te in  o r  lo9 cells/min 

to  be processed with good reso lu t ion  and exce l l en t  recovery of 

b io logica l  a c t i v i t y .  The system is  e s s e n t i a l l y  ad iaba t i c ,  and a 

temperature r i s e  of 20-25 occurs during passage through t h e  

separator.  However, s ince  the  residence t i m e  is  very sho r t  (30-60 

seconds), loss of b io logica l  a c t i v i t y  is  minimised. The separa tor  

has been operated continuously f o r  periods of up t o  a t  l e a s t  60 
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2 MATTOCK, AITCHISON,  AND THOMSON 

hours, and conditions remain s t ab le  with minimal a t t en t ion .  I n  

addi t ion ,  maintenance requirements a re  minimal. Operating con- 

d i t i o n s  can be varied over a pH range of a t  l e a s t  3-11 a t  conduc- 

t i v i t i e s  up t o  a2mS cm . -1 

A mathematical model of t he  e lec t rophore t ic  system has been 

developed and describes well  its performance and scale-up potential .  

Three separa tors  with d i f f e r e n t  dimensions have been constructed 

and operated successfu l ly ,  and systematic s tud ie s  of throughput and 

reso lu t ion  show t h a t  the  system has s i g n i f i c a n t  fu r the r  development 

po ten t i a l .  

A number of appl ica t ions  ranging from the  separation of small 

molecules t o  whole c e l l s  a re  described i l l u s t r a t i n g  i ts  applica- 

b i l i t y  a s  a generai laboratory f rac t iona t ion  system a s  w e l l  as f o r  

t h e  production of  b io logica l ly  ac t ive  mater ia l s  on an i n d u s t r i a l  

sca le .  

Further work is  i n  progress aimed a t  improving reso lu t ion  and 

throughput, developing appl ica t ions  (including operation under 

s t e r i l e  conditions) and simplifying design. 

1. INTRODUCTION 

C e l l s  contain very complex mixtures of macromolecules and 

sub-cellular p a r t i c l e s  with a wide range of s i z e s  and proper t ies .  

Even os tens ib ly  homogeneous cel l  populations (e.g. non-synchronised 

c e l l s  of a s ingle  s t r a i n  of micro organism) d isp lay  d i f f e r e n t  

p rope r t i e s  a t  d i f f e r e n t  s tages  of the  cell  cyc le ,  and animal c e l l  

populations a s  generally obtained a re  frequently heterogeneous 

(e.g. blood c e l l s ) .  The b io log i s t  has a wide range of techniques 

f o r  separa t ing  pro te ins ,  nuc le ic  ac ids  e t c . ,  on t h e  laboratory 

scale although the re  are fewer methods for f r ac t iona t ing  c e l l s  and 

sub-cellular p a r t i c l e s .  The main problem i s  how t o  combine these 

techniques t o  achieve the  maximal pu r i ty  of a s ingle  component. 

However, on a production sca le  ( >  lOgm/day) the  choice i s  much more 

l imi ted ,  and even more so a t  the  sca le  required fo r  t he  commercial 

i so l a t ion  of na tu ra l  products from animal and p l an t  t i s s u e s  and 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 3 

l i v i n g  organisms i n  cul ture .  A t  t h i s  l eve l ,  high recovery of 

biological  a c t i v i t y  i s  e s sen t i a l  t o  minimise un i t  cos t s ,  and 

avai lable  techniques are  l imited largely t o  p rec ip i t a t ion  methods, 

though recent work has highlighted the poss ib i l i t y  of solvent 

extract ion.  

However, t he  acceptabi l i ty  of procedures which r e l y  on 

addition of ' f o re ign '  materials such as polyelectrolytes ,  o r  

po ten t i a l ly  tox ic  ions i s  becoming increasingly doubtful,  while 

operation under hygienic o r  steri le conditions where the products 

a re  t o  be used therapeut ical ly  o r  a s  foodstuffs ,  ra ised s i g n i f i c a n t  

problems f o r  some of t he  pu r i f i ca t ion  systems current ly  avai lable .  

Electrophoresis is used universal ly  i n  research and ana ly t i ca l  

laborator ies  because of the very high resolut ion possible (when 

supporting media such as polyacrylamide gels  are  used ) , and  the 

r e l a t i v e l y  mild conditions generally required although the most 

highly resolving electrophoret ic  techniques such a s  i s o e l e c t r i c  

focusing3 and polyacrylamide gel  e lectrophoresis  i n  the presence of 

detergents , generally cause inact ivat ion.  

2 

4 

Because of the obvious advantages of e lectrophoresis ,  

intensive e f f o r t s  have been made over the pas t  three decades t o  

scale up the technique f o r  s m a l l  scale  production i n  the research 

and development laboratory,  and f o r  use on an even l a r g e r  scale  i n  

industry. The main problem of sca l ing  up electrophoresis  is  

maintaining s t a b i l i t y  of free-flow systems against  convective 

disturbances caused by Joule heating. 

coming t h i s  problem on a preparative scale  have been invest igated,  

including : - 

A number of ways of over- 

(a) Free-flow electrophoresis ,  such as  multi-membrane 
6 

decantation5 o r  electrophoresis-convection . Electro- 

decantation has had success i n  the commercial production 

of rubber l a t ex  . However, i n  general ,  t h i s  and other  

free-flow techniques a re  not widely used f o r  the separation 

of biological ly  act ive materials because of operational 

problems and the low resolution obtainable f o r  a l l  but  a 

few components . 
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MATTOCK, AITCHISON, AND THOMSON 

Separation i n  a t h i n  free-flowing f i lm  i n  a system with 

very e f f i c i e n t  cooling (Hannig system) . This has found a 

usefu l  p lace  f o r  separa t ion  of  cells on a small  s ca l e  

(throughputs of l-5ml/hour) . 
Flow s t a b i l i s a t i o n  by enhancing viscosity’ o r  by using 

dens i ty  g rad ien t s  . Neither of  t hese  approaches are 

used widely. 

l s o e l e c t r i c  focusing i n  a multi-chamber system with 

continuous flow . An in te rmedia te  s ca l e  of  opera t ion  

has been inves t iga t ed ,  bu t  t he  ampholytes required t o  

generate t h e  pH gradien t  a r e  expensive] and a r e  d i f f i c u l t  

t o  remove from t h e  products. 

Using hollow f i b r e  membranes with an e l e c t r i c a l  f i e l d  

perpendicular t o  t h e  f i b r e  a x i s  . This has been inves t i -  

gated only on a very small s c a l e  so f a r .  

8 

10 

11 

12 

To da te ,  none of these  systems has  provided a f u l l y  adequate 

so lu t ion  f o r  use on a prepara t ive  sca l e .  

In  t h i s  paper we descr ibe  a high-throughput, continuous, zone 

e l ec t rophores i s  system, i n  which laminar flow i s  s t a b i l i s e d  by a 

grad ien t  o f  angular ve loc i ty .  The system has been operated 

successfu l ly  over a number of years  a t  throughputs of  up t o  0.4g 

protein/min and lo9 cells/min. Versions wi th  throughputs one- 

t h i r d  and th ree  t i m e s  t h a t  o f  t h e  separa tor  described have been 

b u i l t  and operated successfu l ly .  Further s c a l e  up i s  being 

inves t iga ted .  The system goes s i g n i f i c a n t l y  f u r t h e r  than 

previous techniques i n  providing a v e r s a t i l e  production sca l e  

system and i s  be ing  evaluated f o r  use i n  the  b io log ica l  i n d u s t r i e s  

2. SEPARATOR DESIGN AND OPERATION 

The continuous e l ec t rophore t i c  s epa ra to r  described i n  t h i s  

review is  designed t o  enable e l ec t rophores i s  of mixtures t o  be 

ca r r i ed  o u t  i n  f r e e  so lu t ion  without t h e  c o n s t r a i n t s  imposed by t h e  

use of supporting anti-convective material. The usual convective 

turbulence e f f e c t s  caused by Joule  hea t ing  dur ing  e l ec t rophores i s  
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CONTINUOUS FREE FLOW ELECTROPHORESIS 5 

i n  f r ee  so lu t ion  have been minimised successfu l ly  by applying a 

gradien t  of angular ve loc i ty  a t  r i g h t  angles t o  the  d i r ec t ion  of 

c a r r i e r  flow, the  sample being layered on the  c a r r i e r  as a discrete 

zone. 

phoresis i n  an annulus bounded on i t s  inner  wall  by a s t a t iona ry  

cy l inder  ( s t a t o r )  and on i t s  outs ide  by a r o t a t i n g  cy l inder  

( r o t o r ) .  A conducting buf fer  of l o w  i o n i c  s t rength  flows 

continuously through t h e  annulus, and the  sample t o  be separated 

( the  migrant) is  introduced i n t o  the  c a r r i e r  stream as a t h i n  

d i sc re t e  zone a t  the  lower end of the  s t a t o r .  The voltage 

gradien t ,  which is  perpendicular t o  the  d i r ec t ion  of c a r r i e r  flow, 

causes ind iv idua l  components i n  the  migrant t o  move o u t  i n t o  the  

carrier stream as d i s c r e t e  zones, t o  a d is tance  dependent on t h e i r  

mob i l i t i e s  and the  conditions se lec ted .  The c a r r i e r  f l u i d  

containing the  separa ted  zones can be withdrawn from the  annulus 

and co l l ec t ed  sepa ra t e ly  and simultaneously. 

separa tor  based on t h i s  concept has been operated f o r  s eve ra l  

years  and enables the  continuous separation of up t o  259 of 

p ro te in  mixture/hour i n t o  about 20 f r a c t i o n s ,  each o f  which is  

co l l ec t ed  simultaneously. 

This arrangement i s  accomplished by carrying ou t  e l ec t ro -  

A prototype 

2 . i .  Design 

The ex te rna l  appearance and main f ea tu res  o f  t h e  design a re  

shown i n  Figures 1 and 2. The o v e r a l l  dimensions of t h e  separa tor  

module are 'L 2 m  x 0.5m x 0.5m, the  separa tor  u n i t  being mounted 

Q l m  above f l o o r  level t o  f a c i l i t a t e  access and t o  enable t h e  d r ive  

motor t o  be coupled d i r e c t l y  with the  cen t r a l  a x i s  o f  the  u n i t .  

The e lec t rode  sec t ion  i s  30.5cm long, the  s t a t o r  diameter i s  8.0cm 

and the  diameter of the  inner  w a l l  of t he  r o t o r  i s  9.0cm, giving an 

annular width o f  0.5cm. The r o t o r  u n i t  i s  coupled d i r e c t l y  t o  t h e  

dr ive  which is  mounted beneath the  metal base p l a t e .  The s t a t o r  

f i t s  i n s ide  the  ro to r  and i s  pos i t ioned  accura te ly  a t  i t s  upper and 

l o w e r  ends by bearing and s e a l  assemblies which allow f r e e  r o t a t i o n  

of t h e  r o t o r  with minimal leakage o f  f l u i d  between t h e  various 

compartments. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



6 MATTOCK, AITCHISON, AND THOMSON 

F I G .  1 View of the  continuous flow e lec t rophore t ic  separator 
showing the  outer  appearance of the  system. The 
s t a i n l e s s  s t e e l  ou ter  e lec t rode  can be seen with carbon 
brushes making contact from supports on the  frame. 
I n l e t  and o u t l e t  tubes can be seen en ter ing  t h e  t o p  of 
the  separator.  The he ight  of t he  separa tor  i s  %lm. 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 7 

Rotor - 

a. 

b 
-T- 

--Migrant mixture input 

ihoresis 

Rotor 

b. 
Continuous Electrophoretic Separator 

F I G .  2 Diagrannnatic r e p r e s e n t a t i o n  of  t h e  cont inuous f low 
e l e c t r o p h o r e t i c  s e p a r a t o r .  a. i s  a cutaway drawing of 
t h e  system showing t h e  c o n s t r u c t i o n  o f  t h e  rotor,  stator 
and main flow channels .  b. i s  a diagram o f  t h e  system 
t o  demonstrate  t h e  s e p a r a t i o n  o f  three components as they  
are c a r r i e d  up  through t h e  annulus .  
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8 MATTOCK, AITCHISON, AND THOMSON 

The r o t o r  c o n s i s t s  o f  a c e n t r a l  e l ec t rode  sec t ion  bounded 

above and below by perspex sec t ions  housing t h e  bearings and s e a l s ,  

and the  e n t r y  and e x i t  systems f o r  t he  e l e c t r o l y t e  compartments. 

The e l ec t rode  sec t ion  of t he  r o t o r  i s  made up o f  an o u t e r  s t a i n l e s s  

s t e e l  cy l inder  and a r i g i d  porous inner  cy l inde r  which forms the  

ou te r  wall  of the  annulus, t he  chamber between the  t w o  forming the  

o u t e r  e l e c t r o l y t e  chamber. Through t h i s  chamber i s  pumped 

concentrated e l e c t r o l y t e  so lu t ion .  A semi-permeable regenerated 

ce l lu lose  membrane i s  mounted on t h e  outs ide  o f  the  porous cylinder.  

This arrangement enables  e l e c t r i c a l  con t inu i ty  t o  be maintained 

across  the  annulus while e l e c t r o l y t e  gases and e l e c t r o l y s i s  

products a r e  removed continuously,  thus  avoiding turbulence i n  the  

annulus due t o  gas  bubbles and minimising inac t iva t ion  of migrant 

spec ies  by e l e c t r o l y s i s  products.  The lower perspex housing 

conta ins  t h e  lower d r ive  bearing and a channel t o  supply bu f fe r  t o  

the  e l ec t rode  chamber from tubes pass ing  down t h e  s t a t o r  ( see  

below). The upper perspex housing conta ins  t h e  e x i t  tubes  from 

the  e l ec t rode  chamber through which t h e  used e l e c t r o l y t e  and gas  

emerge, t h e  former being co l l ec t ed  i n  a s t a t iona ry  c i rcumferent ia l  

trough f i t t e d  round the  t o p  of t h e  s t a t o r .  I n  add i t ion ,  an upper 

bear ing  and s e a l  c e n t r a l i s e s  t h e  r o t o r  on the  s t a t o r .  

The s t a t o r  assembly is  s i m i l a r  t o  t h a t  o f  the r o t o r  bu t  with 

an inne r  s t a i n l e s s  steel e l ec t rode  and an o u t e r  porous cy l inder  

with semi-permeable membrane mounted on i t s  ou te r  sur face  which 

forms the  inne r  w a l l  of t h e  annulus. The inne r  e l e c t r o l y t e  

compartment is  suppl ied  continuously wi th  a s u i t a b l e  high 

conduct iv i ty  e l e c t r o l y t e  which, a f t e r  use,  flows out o f  t he  

separa tor  v i a  an e x i t  tube pass ing  upwards through the  cent re  of 

the  s t a t o r  body. 

oxygen a r e  generated i n  s i g n i f i c a n t  q u a n t i t i e s  during e l ec t ro -  

phores i s ,  it i s  necessary t o  take  precaut ions  t o  ensure t h e i r  s a fe  

removal. 

I t  should be noted t h a t  s ince  hydrogen and 

Below the  e lec t rode  sec t ion  i n  t h e  s t a t o r ,  there  is a t h i n  

(0. lmm)  c i rcumferent ia l  s l i t  designed to  enable the  migrant 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 9 

solution t o  be introduced continuously and a t  a uniform r a t e  

around the whole circumference of the s t a t o r  assembly. A t  

. the bottom of the s t a t o r  are  i n l e t s  for  the main c a r r i e r  flow and 

below t h i s  are located the bearing and seals  which allow f r ee  

rotat ion of the rotor.  The assembly for  s p l i t t i n g  the annular 

flow i n t o  fract ions i s  mounted above the electrode section of the 

s t a to r .  

The discs  a re  made of perspex and i n t o  each i s  cut a series of 

concentric channels linked r ad ia l ly  a t  i n t e rva l s  t o  create  a maze- 

l i k e  channel system. Around the circumference of each disc i s  a 

continuous groove which communicates via  the maze with a s ingle  

hole near i t s  inner edge. Into t h i s  hole is  sealed a tube which 

passes d i r ec t ly  out of the separator t o  the fract ion col lect ion 

system. Each d i sc  i s  connected t o  a separate e x i t  port .  The 

maze arrangement i n  the col lect ing discs  i s  designed t o  ensure 

t h a t  the path length from any point on the circumference of any 

disc  t o  the cen t r a l  col lect ion point i n  the d i s c  i s  almost 

i den t i ca l ,  so t h a t  equal pressure i s  maintained around the disc  

thus ensuring uniform col lect ion of f lu id  around the whole annulus. 

Provided smooth laminar flow i s  maintained i n  the annulus, each 

take-off disc  w i l l  "peel off"  a thin layer of l i qu id  from the 

annulus so t h a t  the lowest disc  w i l l  co l l ec t  the layer  flowing 

immediately next t o  the s t a t o r  wall ,  the n e x t  higher d i sc ,  the 

layer next t o  t h a t ,  and so on. By t h i s  means, annular flow canbe 

divided i n t o  30 r ad ia l  f ract ions with minimal mixing. The o u t l e t  

tubes emerge through the top p l a t e  of the s t a t o r  and are  

connected t o  the fract ion col lect ion system. 

It consis ts  of a stack of 30 discs of equal diameter. 

The upper bearing and sea l  assembly are  located above the 

o u t l e t  d i s c  stack, while the tubes through which c a r r i e r ,  migrant 

and inner and outer  e l ec t ro ly t e  are  introduced i n t o  the separator 

are  housed i n  a tube positioned i n  the centre of the s t a to r .  The 

c a r r i e r  lubricates  the upper and lower bearings. 

The thin semi-permeable membranes are  mounted on polymer- 

impregnated f i l t e r  candles (Cuno) , machined when dry t o  the 
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10 MATTOCK, AITCHISON, AND THOMSON 

r e q u i r e d  dimensions i n  o r d e r  t o  ensure  s u f f i c i e n t  r i g i d i t y  and 

c o n c e n t r i c i t y  o f  t h e  annulus .  The f i l t e r  candles  are h y d r o p h i l i c  

and h i g h l y  porous y e t  s u f f i c i e n t l y  r i g i d  when w e t  t o  d e f i n e  

a c c u r a t e l y  t h e  a n n u l a r  gap. The f i l t e r - c a n d l e - s u p p o r t e d  membrane 

u n i t s  are clamped i n t o  t h e  rotor and s ta tor  assemblies and are 

s e a l e d  a t  t h e i r  ends t o  avoid  cross- leakage of f l u i d .  

2. ii. Operat ion 

For e l e c t r o p h o r e s i s  , f o u r  s o l u t i o n s  are r e q u i r e d ,  v i z .  carrier 

b u f f e r ,  migrant  s o l u t i o n  and i n n e r  and o u t e r  e l e c t r o l y t e s .  The 

carrier s o l u t i o n  i s  prepared  i n  bulk t o  minimise v a r i a t i o n s  i n  

b u f f e r  conduct iv i ty .  The carr ier  pH can be  v a r i e d  w i t h i n  t h e  

range 3-11 while  t h e  c o n d u c t i v i t i e s  used have been g e n e r a l l y  w i t h i n  

t h e  range 0.5 - 2mScm . Constant  carrier flow ( u s u a l l y  

% 500ml/min) i s  achieved w i t h  a c o n s t a n t  head d e v i c e  o p e r a t i n g  a t  

about  3m water p r e s s u r e .  

-1 

The composition o f  t h e  e l e c t r o l y t e s  pumped through t h e  

e l e c t r o d e  chambers can be  v a r i e d  depending on t h e  a p p l i c a t i o n ,  b u t  

are normally high c o n d u c t i v i t y  s o l u t i o n s  (% 35-55mScm7') t o  

minimise changes i n  hydrogen i o n  concent ra t ion  caused by e l e c t r o -  

l y s i s .  Their flow rates are n o t  c r i t i ca l  and are u s u a l l y  

maintained a t  % 50ml/min. 

To minimise t h e  temperature  a t  t h e  o u t l e t s ,  t h e  i n p u t  carrier 

and e l e c t r o l y t e  s o l u t i o n s  are passed  through a cooler ( a t  2-3OC). 

The carrier i s  f e d  i n t o  t h e  s e p a r a t o r  through t h e  c e n t r a l  s t a t o r  

tube and e n t e r s  the annulus  a t  t h e  bottom of the s ta tor .  I t  flows 

upwards through t h e  annulus  p a s t  t h e  e l e c t r o d e  s e c t i o n  where 

e l e c t r o p h o r e t i c  s e p a r a t i o n  t a k e s  p lace  and leaves t h e  s e p a r a t o r  

through t h e  30 maze d i s c s .  

I n  order t o  main ta in  s t a b i l i s e d  laminar  flow i n  t h e  annulus  

dur ing  e l e c t r o p h o r e s i s ,  t h e  r o t o r  i s  spun a t  % 150 r.p.m., which i s  

s u f f i c i e n t  t o  overcome any major turbulence  caused by d e n s i t y  

changes due t o  J o u l e  hea t ing .  A t  t h e  t o p  of t h e  annulus  t h e  

carrier flow is segmented i n t o  30 separate f r a c t i o n s  which are 

c o l l e c t e d  s imul taneous ly  v i a  t h e  d i s c  s t a c k  system. 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 11 

It should be borne i n  mind however, t h a t  flow through the 

annulus i s  e s sen t i a l ly  parabolic with the highest  flow r a t e  i n  the 

centre and the lowest a t  the annulus walls. As a r e s u l t ,  

residence time va r i e s  with posit ion across the annulus and l i e s  

between -I, 30 and 60 sec. 

In order t h a t  the maze d i sc s  c o l l e c t  f l u i d  from equal 

distances across the annulus, the o u t l e t  flows from each d i s c  i s  

adjusted t o  r e f l e c t  t h i s  parabolic pat tern.  To achieve t h i s  each 

outer  tube i s  provided with an adjustable valJe which can be used 

t o  a l t e r  the d i s t r ibu t ion  of flow from the o u t l e t s  but without 

a f f ec t ing  flow within the annulus o r  the ove ra l l  resolut ion of t he  

separator.  Because of t h i s ,  the col lect ion of p a r t i c u l a r  

f ract ions can be optimised (see Section 3 . i .  ( b ) )  . 
The e l ec t ro ly t e  solut ions are fed i n t o  the separator  v i a  two 

tubes which pass down the  centre of t he  s t a t o r .  The inner  

e l ec t ro ly t e  solution passes i n t o  the lower end of t he  s t a t o r  

chamber and emerges from the top t o  waste. The outer  e l ec t ro ly t e  

solution flows i n t o  the  rotor  via  a gal lery a t  the base of the 

s t a t o r  which i s  sealed off  from the c a r r i e r  flow. The e l ec t ro ly t e  

then flows up through the ro to r  electrode chamber and emerges from 

the top of the chamber i n t o  the  circumferential  waste col lect ion 

trough. Power is  supplied v i a  carbon brushes t o  the  ro to r ,  the 

outer  wall  of which i s  s t a i n l e s s  s t e e l ,  and t o  the inner e lec-  

trode v i a  an appropriate contact passing down the centre  of the 

s t a t o r .  Once the system i s  equi l ibrated,  a constant current  of 

up t o  2, 30A can be applied giving a voltage of up t o  -I, 30V. The 

exact values w i l l  obviously vary depending on many f ac to r s  inclu- 

ding the conductivity and flow r a t e s  used and the  mobil i t ies  of t he  

ions i n  the system. The c a r r i e r  solution enter ing the separator 

a t  2-3OC i s  warmed by Joule heating t o  % 20 C during e l ec t ro -  

phoresis (-I, 30-60 seconds residence t ime) .  

0 

Once a steady s t a t e  has been reached with power on (usually 

10-15 minutes),  the  migrant solution is  injected through the  

migrant i n j ec t ion  slit a t  the bottom of the s t a t o r .  In the 
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12 MATTOCK, AITCHISON, AND THOMSON 

absence o f  a voltage g rad ien t ,  t h e  migrant e n t e r s  as a t h i n  layer  

of l i q u i d  around the  whole circumference of  t h e  s t a t o r  and i s  

c a r r i e d  upwards by the  c a r r i e r  flow t o  t h e  lowest of the  e x i t  p o r t s  

of t he  main s tack ,  i .e.  t he re  is  no migration i n t o  t h e  c a r r i e r  

stream. With power appl ied  and condi t ions  ad jus ted  so t h a t  t h e  

migrant components move away from the  s t a t o r  as they pass  through 

t h e  e l ec t rode  sec t ion ,  i nd iv idua l  components w i l l  migrate a 

d i s tance  which w i l l  depend on t h e i r  p a r t i c u l a r  mob i l i t i e s .  A t  t he  

t o p  of t h e  e l ec t rode  sec t ion ,  a c ros s  sec t ion  of t he  annulus w i l l  

show the  separa ted  spec ies  as a s e r i e s  of  f i n e  concent r ic  r ings  

around the  annulus. These a r e  then co l l ec t ed  i n  up t o  30 

f r a c t i o n s  a s  they  flow ou t  through the  d i s c  c o l l e c t i o n  system. 

Normally, t o  ob ta in  s a t i s f a c t o r y  separa t ion ,  t h e  dens i ty ,  

v i s c o s i t y  and conduct iv i ty  of t h e  migrant stream should be a s  c lose  

a s  poss ib l e  t o  t h a t  of t h e  c a r r i e r ,  and a t  a s u i t a b l e  concentration 

(usua l ly  < 50 mg/ml p r o t e i n ) .  The most s u i t a b l e  i n j e c t i o n  r a t e  i s  

usua l ly  10-20 ml/min (0.1-0.4 gm/min p r o t e i n ) .  

E lec t rophores i s  i n  t h e  system causes a 5-10-fold d i l u t i o n  

which i s  similar t o  o t h e r  f r ac t iona t ion  techniques such as ion  

exchange chromatography. Normally, u l t r a f i l t r a t i o n ,  p r e c i p i t a t i o n  

o r  adsorption methods are e f f e c t i v e  f o r  re-concentrating t h e  

separated components, p a r t i c u l a r l y  s ince  the  f r a c t i o n s  emerge i n  a 

low i o n i c  s t r eng th  bu f fe r .  

2 . i i i .  F rac t ion  Col lec t ion  

Frac t ions  a r e  co l l ec t ed  d i r e c t l y  from o u t l e t  tubes  i n  a 

v a r i e t y  of conta iners  (from t e s t  tubes t o  5L b o t t l e s ) ,  according 

t o  experimental requirements (Figure 3 ) .  Provision can be made 

f o r  cool ing  f r a c t i o n s  immediately a f t e r  co l l ec t ion .  

2.iv. Monitoring Frac t ions  

Clear ly ,  s ince  the  f r ac t iona t ion  system has  such a r ap id  

throughput, it i s  necessary t o  monitor t h e  separa t ion  a s  quick ly  as 

possib,le. 

l i g h t ,  t h i s  can be done by pumping a l i q u o t s  from each of t he  o u t l e t  

tubes  i n  t u r n  through a flow c e l l  i n  a spectophotometer, t h e  output  

With components which adsorb v i s i b l e  o r  u l t r a  v i o l e t  
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CONTINUOUS FREE FLOW ELECTROPHORESIS 

F I G .  3 View showing the f r ac t ion  co l l ec t ion  system of the  
separator.  The 30 f r ac t ions  e x i t  v i a  tubes the  flow 
through which can be controlled by valves. The 
temperature and conductivity of individual f r ac t ions  can 
be monitored also. The flows can be directed t o  waste 
v i a  a trough o r  t o  col lect ion e i t h e r  f o r  small volumes o r  
for l i t r e  scale  volumes. 

13 
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14 MATTOCK, AITCHISON, AND THOMSON 

from which can be recorded. The t o t a l  scan time fo r  a l l  30 

fract ions i s  generally about 10 min. 

3. THEORETICAL BACKGROUND 

The electrophoresis  system described i s  extremely complex i n  

t h a t  many of the var iables  are  strongly interact ive.  Detailed 

s tudies  have been ca r r i ed  out  on the e f f e c t  of these var iables  on 

its performance i n  order t o  bui ld  up an adequate understanding of 

the processes occurring i n  the system and t o  enable the  l i m i t s  of 

r e so lu t ion , s t ab i l i t y  and throughout t o  be determined. These have 

led t o  the construction of a t heo re t i ca l  model of the system which 

has enabled us t o  design and operate successfully equipment with 

d i f f e ren t  throughputs. 

The f ac to r s  control l ing separation i n  the system f a l l  mainly 

i n t o  two categories ,  viz.  

(i) hydrodynamic f ac to r s  influencing laminar flow s t a b i l i t y ;  

(ii) electrophoret ic  f ac to r s  associated with the separation 

process i t s e l f .  

3. i .  Hydrodynamic Factors 

The resolving power of any free-flow system w i l l  depend t o  a 

major degree on how well s t a b i l i s e d  laminar flow can be maintained. 

I n  the system described here,  laminar flow is preserved e f f ec t ive ly  

by creat ing an angular veloci ty  gradient across the annulus. This 

i s  achieved by ro t a t ing  the outer  wall of the annulus while keeping 

the inner wall s ta t ionary.  I t  should be noted a l so  t h a t  t he  flow 

veloci ty  through an annulus has an approximately parabolic p r o f i l e  

and t h i s  imposes i t s  own l imitat ions on the resolut ion possible.  

The sample t o  be injected,  the migrant, i s  introduced i n t o  the 

s t a b i l i s e d  c a r r i e r  flow through a circumferential  s l i t  i n  the 

s t a t o r  wall. The volume injected,  o r  more precisely,  the r a t i o  of 

migrant t o  carrier flow r a t e s ,  determines the i n i t i a l  width of the 

migrant zone and hence the degree of resolut ion obtainable a f t e r  

electrophoresis.  Both the  density and viscosi ty  of t he  migrant 

have a marked e f f e c t  on resolut ion and must be as  c lose a s  possible 

t o  t h a t  of the carrier and preferably the viscosi ty  should be near 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 15 

t h a t  o f  water. F igure  4 shows t h e  d i s t r i b u t i o n  o f  a t y p i c a l  mono- 

component p r o t e i n  (bovine serum albumin, B.S.A.) d u r i n g  electro- 

phore sis  . 
Furthermore, t h e  disc s t a c k  must be designed to  ensure  minimal 

tu rbulence  and loss o f  r e s o l u t i o n  i n  c o l l e c t i n g  f r a c t i o n s  f r o m  t h e  

annulus .  

30 

20 - 
C 

.rl 
6 
\ 

- B 

0 

Some of t h e s e  f a c t o r s  are cons idered  below. 

1 
1 10 2 0  

O F F - T A K E  N O .  

29 

FIG. 4 D i s t r i b u t i o n  of a monocomponent p r o t e i n  (BSA) i n  t h e  
f r a c t i o n s  a f t e r  e l e c t r o p h o r e s i s  i n  t h e  cont inuous  f low 
s e p a r a t o r .  C a r r i e r  - ammonium acetate pH 10.5,  
c o n d u c t i v i t y  l.ZmScm-’ 600ml/min f l o w  rate. 
10mg/ml BSA, lOnl/min f l o w  rate.  37A, 30V.  S i n c e  t h e  
f l o w  from i n d i v i d u a l  o f f t a k e s  r e f l e c t s  t h e  p a r a b o l i c  
f l o w  i n  t h e  annulus ,  t h e  p r o t e i n  throughput  h a s  been 
expressed  as mgs p r o t e i n  c o l l e c t e d  from each off take/min.  

Sample - 
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16 MATTOCK, AITCHISON, AND THOMSON 

(a) Rozational Stabi&i_iaq&oE 

The s t a b i l i s i n g  e f f e c t  of ro t a t ion  i s  due t o  i n e r t i a l  

(Cor io l i s )  forces  and can be accounted f o r  by the  Taylor-Proudman 
13 theorem . This s t a t e s  t h a t  a l l  steady slow motions i n  a 

r o t a t i n g  inv i sc id  f l u i d  a re  necessar i ly  two-dimensional. 

Rayleigh's Cr i te r ion14,  t h a t  s t r a t i f i c a t i o n  of angular 

momentum f o r  an i n v i s c i d  f l u i d  about an a x i s  i s  s t a b l e  only i f  it 

increases  monotonically outward, i s  f u l f i l l e d  by ro t a t ion  o f  the 

ou te r  wall  of t he  annulus of t he  separa tor .  Thus, 

- (ra R)2 > 0 where r' R i s  the  angular momentum. 
d r  

The inverse condition, v iz .  ro t a t ion  of t he  inner  w a l l  of  t h e  

annulus (while keeping t h e  ou te r  s t a t i o n a r y ) ,  produces a s e r i e s  of 

counter-rotating "Taylor vor t ices"  which, although s t i l l  w e l l  

ordered and laminar, produce r a d i a l  mixing and therefore  is 

unl ike ly  t o  be o f  use f o r  zonal e lec t rophores i s .  

From experimental work by Taylor15, a c r i t i c a l  r o t a t i o n a l  

Reynolds number can be assoc ia ted  with the r a t i o  of annulus gap and 

ou te r  rad ius  i n  a system where only the  ou te r  wall  r o t a t e s .  I t  was 

l a t e r  proved q u i t e  rigorously by Schultz-Grunow" t h a t  flow under 

such conditions w a s  completely stable and t h a t  t he  turbulence o f t en  

observed i n  p rac t i ce  w a s  due t o  imperfections i n  concen t r i c i ty  and 

v ib ra t ions  induced by imperfect balancing. W e  have de tec ted  some 

i n s t a b i l i t y  a t  r o t a t i o n a l  r a t e s  of about 5 r .p.s.  which compares 

with the  value of about 6.5 r.p.s. ind ica ted  by Taylor ' s  work f o r  

an annulus of 5 mm and ou te r  rad ius  4.5 cm. 

The e f f e c t  of ro t a t ion  on zone width of a mono-component 

pro te in  sample (B.S.A.) (expressed as the  Standard Deviation (S.D.) 

i s  shown i n  Figure 5. It i s  apparent t h a t  a considerable 

improvement i n  S.D.  i s  obtained even a t  low ro ta t ion  r a t e s  while 

beyond Q1 r .p . s .  on ly  a marginal improvement occurs.  As a r e s u l t  w e  

have used a r o t a t i o n r a t e  of Q2.5 r . p . s .  i n  most experiments. The 

cen t r i fuga l  force  generated ('L 1 g) has no s i g n i f i c a n t  e f f e c t  on 

the  e lec t rophore t ic  separa t ion  of ions o r  small p a r t i c l e s .  
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CONTINUOUS FREE FLOW ELECTROPHORESIS 17 

0 2 4 
R o t a t i o n  s p e e d  (R.P.S .) 

6 

F I G .  5 The e f f e c t  of r o t a t i o n  rate on t h e  zone wid th  of B.S.A. 
(expressed as S . D .  i n  o f f t a k e  u n i t s ) .  Carrier - T r i s  
c i t r a t e  pH 8.5 ImScm-’.  5 0 A ,  35V.  Flow 150(Xnl/min. 
Sample - BSA 6mg/ml, 2Qnl/min. 

( b )  The Fraction_c_ollectlon_syStem 
The 30 o f f - t a k e  d i s c s  r e p r e s e n t  a novel  method f o r  c o l l e c t i n g  

small s u c c e s s i v e  f r a c t i o n s  c i r c u m f e r e n t i a l l y  from a narrow (2-5 rnm) 

annulus  width w i t h  minimal f l o w  d i s t u r b a n c e .  T h i s  method o f  

c o l l e c t i n g  d i s c r e t e  c i r c u m f e r e n t i a l  e lements  o f  t h e  carr ier  f low i s  

an example of a phenomenon r e p o r t e d  by Rayleigh who demonstrated 

t h a t  when a r e v o l v i n g  f l u i d  i s  drawn o f f  n e a r  a p o i n t  on t h e  axis 

17 
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18 MATTOCK, AITCHISON, AND THOMSON 

of r o t a t i o n  it is  removed always from along t h e  a x i s  and n o t  

symmetr ical ly  i n  a l l  d i r e c t i o n s  as  happens w i t h  no r o t a t i o n .  

Assuming t h e  same p r e s s u r e  drop  through each o f f - t a k e l  ' / 3 0  o f  t h e  

c a r r i e r  f low w i l l  b e  removed'through each s u c c e s s i v e  d i s c .  

However, by means o f  v a l v e s  on t h e  o u t l e t s ,  t h e  flow from each can 

be a d j u s t e d  to  r e f l e c t  t h e  p a r a b o l i c  f low i n  t h e  annulus  so each 

o f f - t a k e  w i l l  t h e n  r e p r e s e n t  '/30 of t h e  annulus  wid th .  I t  f o l l o w s  

a l s o ,  t h a t  by vary ing  t h e  o u t l e t  f lows ,  r e g i o n s  of t h e  annulus  i n  

e f f e c t  can be  s t r e t c h e d  or compressed wi thout  loss o f  r e s o l u t i o n  

so t h a t  l i m i t s  f o r  c o l l e c t i o n  of c e r t a i n  f r a c t i o n s  can be  care- 

f u l l y  a d j u s t e d  t o  o p t i m i s e  r e s o l u t i o n  and recovery .  

v e r i f i e d  exper imenta l ly  by e l e c t r o p h o r e s i n g  bovine serum albumin 

under  s t a n d a r d i s e d  c o n d i t i o n s  and a d j u s t i n q  t h e  f law from t h e  o f f -  

t a k e s  f o r  a v a r i e t y  o f  p r o f i l e s .  

t a k e  was determined as w e l l  as t h e  f low r a t e s ,  and t h e  a c t u a l  

d i s t r i b u t i o n  o f  B . S . A .  i n  t h e  annulus  w a s  c a l c u l a t e d  for  p a r a b o l i c  

flow. 

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

d i s t r i b u t i o n s  were obta ined  (Table 1). 

T h i s  h a s  been 

The B . S . A .  c o n t e n t  of  each o f f -  

The r e s u l t s  of  t w o  examples of extreme imposed p r o f i l e s  show 

( c) !:(r:a:$-:n@t;gn 
C l e a r l y  t h e  width of  t h e  migrant  s t a r t i n g  zone i s  an impor tan t  

f a c t o r  i n f l u e n c i n g  t h e  optimum r e s o l u t i o n  obta ined  i n  t h e  electro- 

p h o r e t i c  system. The f a c t o r s  i n f l u e n c i n g  it have been s t u d i e d  by 

experiments  measuring t h e  d i s t r i b u t i o n  of t h e  migrant  components i n  

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

b u t  i n  t h e  absence o f  an a p p l i e d  f i e l d .  Under t h e s e  c o n d i t i o n s  

t h e  observed zone width is a complex f u n c t i o n  o f  t h e  behaviour  o f  

t h e  migrant  a t  i n j e c t i o n  and e x i t  from t h e  annulus  as w e l l  as  t h e  

e f f e c t s  o f  molecular  d i f f u s i o n  and any turbulence  d u r i n g  i t s  

r e s i d e n c e  i n  t h e  annulus. 

Experimental r e s u l t s  confirm t h e  i n t u i t i v e  p i c t u r e  t h a t  t h e  

migrant  remains a d j a c e n t  t o  t h e  s ta tor  on i n j e c t i o n  and f lows up- 

wards c l o s e  t o  t h e  w a l l  o f  t h e  s t a t o r  i n  t h e  absence o f  an a p p l i e d  

f i e l d ,  i t s  zone width dependent on d i f f u s i o n ,  f l o w  rates and 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 19 

TABLE 1 The e f f ec t  of the imposed o u t l e t  flow p r o f i l e s  on 
sample d i s t r ibu t ion  across the annulus. The ca r r i e r  
buffer was tris c i t r a t e  pH 8.5, conductivity ImScm-'. 
Flow r a t e  - 15oOml/min. The sample was BSA (lOmg/ml) 
injected a t  2Cknl/min. 
a t  52A. 

Electrophoresis was performed 

Off - 
Take 

Number 

6 
7 
8 
9 

10 
11 
12 
1 3  
1 4  
15  
16 
17 
1 8  
19 
20 
2 1  
22 
23 
24 

M e  an 

S.D. 

Experimental 
Results 

Imposed O c t l e t  
Flow Pro f i l e  

Linear 
Increase 

% 
of t o t a l  

0.8 
3.9 

15 .O 
29.8 
39.5 
10.1 
0.9 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

9.4 

1.06 

Linear 
Decrease 

% 
of t o t a l  

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.2 
1 .o 
5 . 1  

22.9 
40.7 
28.7 

1.3 
0.1 

21.0 

0.95 

- ~~~ ~ 

Calculated Distribution 
for  Annular Flow 

Imposed Outlet 
Flow Pro f i l e  

Linear 
Increase 

% 
of t o t a l  

- 
- 
- 

0.1 
0.7 
3.7 

14.2 
31.7 
40.3 

8.7 
0.6 
- 
- 
- 
- 
- 
- 
- 
- 

13.4 

1.03 

Linear 
Decrease 

% 
of t o t a l  

- 
- 
- 
- 

0.5 
3.4 

17.7 
37.9 
32.6 

7.4 
0 . 4  
- 
- 
- 
- 
- 
- 
- 
- 

13.3 

0.99 
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20 MATTOCK, AITCHISON, AND THOMSON 

turbulence. 

r a t i o  

A t heo re t i ca l  analysis" has shown t h a t ,  when the 

of migrant t o  c a r r i e r  flow ( F  /Fc) i s  very small m 

3 a  - 3Fc 0 
s o - 2  - J 
where a = annulus width 

So = i n i t i a l  mean value of d i s t r ibu t ion  

u = i n i t i a l  standard deviation of d i s t r ibu t ion .  
0 

The band widths observed experimentally a re  somewhat greater  

than those predicted but  a t  a low Fm/Fc r a t i o  approach the theore- 

t ical  figure t o  within a variance e r r o r  of 0.2 off-take widths. 

The r e s u l t s  suggest therefore t h a t  there  i s  minimal turbulence a t  

the migrant i n j ec t ion  s l i t .  

3. ii. Electrophoretic Factors 

In addition t o  the hydrodynamic constraints  discussed above, 

there  are  a l so  l imi t a t ions  imposed by the  electrophoret ic  process 

i t s e l f  which must be taken i n t o  account a lso i n  the design of 

e lectrophoret ic  separators using s t ab i l i s ed  laminar flow. In  t h i s  

sect ion,  some of these aspects a r e  discussed. 

(a) I~ni_c_moblli_44T-~n_-an_annulus 
The r ad ia l  distance ( s  cm) t ravel led by the migrant i s  given 

w e  obtain the equation 

AS shown i n  Figure 6,a  l i n e a r  re la t ionship i s  obtained f o r  the 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 21 

M ammonium a c e t a t e  

t r i s  c i t r a t e  

I I I I I 

0 2 0  40 
C U R R E N T  ( A M P S )  

F I G .  6 Relationship between the posit ion i n  the annulus of the 
d i s t r ibu t ion  mean of a migrant (BSA) and the  current  
applied f o r  ammonium acetate  and t r is  c i t r a t e  c a r r i e r  
buffers.  The posi t ion of the sample i s  plot ted a s  
proportion of the c a r r i e r  flow between the s t a t o r  and the 
mean value of the sample. Carr ier  - ammonium acetate  pH 
10.5, conductivity ImScm-’; tris c i t r a t e  pH 8.5, 
conductivity ImScm-l. The flow r a t e  was 900ml/min. The 
sample was BSA a t  lOmg/ml and a flow r a t e  of 6ml/min. 
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22 MATTOCK, AITCHISON, AND THOMSON 

p l o t  o f  t h e  a x i a l  flow (F ) o f  t h e  carr ier  a g a i n s t  t h e  c u r r e n t  when 

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

annulus .  There i s  a g r e a t e r  i n c r e a s e  i n  c o n d u c t i v i t y  near  t h e  

r o t o r  when T r i s  b u f f e r  i s  used;  t h i s  r e s u l t s  i n  a d e p a r t u r e  from 

l i n e a r i t y .  

( b )  Migrant zone "tdt!? 
When a charged component i s  e l e c t r o p h o r e s e d  i n t o  t h e  carrier 

s t ream,  t h e  i n i t i a l  zone width is modif ied b o t h  by molecular  

d i f f u s i o n  and by t h e  p a r a b o l i c  v e l o c i t y  p r o f i l e  o f  t h e  carrier 

s i n c e  t h e  a x i a l  v e l o c i t y  a t  t h e  s ta tor  and r o t o r  w a l l s  i s  essen-  

t i a l l y  z e r o  while  t h e  maximum v e l o c i t y  occurs  c l o s e  t o  t h e  mid- 

p o i n t  o f  t h e  annulus .  Consequently, t h e  t o t a l  res idence  t i m e  o f  

any i o n  i n  t h e  e lec t r ic  f i e l d  w i l l  depend upon i t s  p o s i t i o n  i n  t h e  

annulus .  Thus, s i n c e  t h e  l e a d i n g  edge o f  t h e  i n i t i a l  migrant  zone 

w i l l  e n t e r  a f a s t e r  f lowing regime than  t h e  t r a i l i n g  edge,  it w i l l  

have a s h o r t e r  r e s i d e n c e  t i m e  i n  t h e  annulus  and w i l l  be e l e c t r o -  

phoresed a s h o r t e r  r a d i a l  d i s t a n c e  a l lowing  t h e  t r a i l i n g  edge t o  

" c a t c h  up". T h i s  zone sharpening  e f f e c t  w i l l  occur  up t o  near  

t h e  mid-point o f  t h e  annulus ,  beyond which zone spreading  w i l l  then  

occur .  

I n  t h e  absence o f  d i f f u s i o n ,  a migrant  zone o f  i n i t i a l  width 

m a  which i s  e l e c t r o p h o r e s e d  t o  a p o s i t i o n  $ c m  a c r o s s  t h e  annulus  

(width a c m )  w i l l  be compressed (or expanded) t o  a width m a where 

3 2  (3m2 - 2m ) a  
6 s ( a  - s )  m =  

Modular d i f f u s i o n  i n t e r a c t s  i n  a complex way w i t h  t h i s  

'parabolic flow sharpening '  t o  g ive  a d i s p e r s i o n  (measured as S.D.) 

a f t e r  e l e c t r o p h o r e s i s  of 

U 1 [(aosola - s o ) ) 2  + DLa2 ~s - ~o 
3v cs - co ( c m )  - s ( a  - s )  
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CONTINUOUS FREE FLOW ELECTROPHORESIS 23 

2 3  4 5 where Q, = a s /3 - as /2 + s / 5  

Q = a 2 3  s / 3  - a s  4/2 + so 5 / 5  
0 0 0 

2 3 cS = as /2 - s / 3  

c = as  /2 - s /3 2 3 
0 

Experiments have been carr ied ou t  t o  compare observed S . D .  

values with those calculated using a protein with a r e l a t i v e l y  

small diffusion coeff ic ient  (B.S.A., D20 % 6 x 10 cm s ) and a 

small ion with a s ign i f i can t  diffusion coeff ic ient  (sodium fluor- 

escein D % 4 x c m  s ) a t  d i f f e ren t  locat ions i n  t he  annulus 

a f t e r  electrophoresis.  

-7 2 -1 

2 -1 
20 

The r e s u l t s  (Figures 7 ( a )  and (b) ) indicate  t h a t  the sodium 

fluorescein data agree qu i t e  well with the calculated S.D.  values 

whereas those f o r  B.S.A. are subs t an t i a l ly  greater  than theory,  

pa r t i cu la r ly  near the ro to r  w a l l .  Clearly there  are  other  f ac to r s  

a f f ec t ing  the d i s t r ibu t ion  i n  the case of B.S.A. One fac to r  which 

has been considered i s  electrophoret ic  heterogeneity of t h e  

protein‘’ (i.e. the existence i n  the pu r i f i ed  protein of multiple 

forms due t o  ion-binding, aggregation, p a r t i a l  denaturation, 

p a r t i a l  deamidation, e t c . )  . In the case of e lectrophoresis  i n  an 

annulus, the contribution of heterogeneity t o  the variance of the 

d i s t r ibu t ion  i s  given by 

- 2  
a s  sL 

a - s  

where h i s  the electrophoret ic  heterogeneity constant measured i n  

un i t s  of mobility. 

I t  i s  apparent from t h i s  equation t h a t  i f  a heterogeneity of 

3-5% i n  the B.S.A. is  assumed, there  i s  much closer  agreement 

between calculated and experimentally observed data  both i n  terms 

of the magnitude of t he  discrepancy and i ts  var ia t ion with annular 

location (see Figure 7b). 
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2.0 

1.0 

- w 
h 
H 

z 
3 

W 

r: 0. 

h 2.0. 
a: 

[r 

[r 

0 - 
n 

w 

1.0. 

0. 

a. 

Theoreticel Cume 

b. I 

Theoretical Curve 

0.5 

Fraction of Annulus 

1.0 

FIG. 7 Effect of location of the migrant in the annulus on its zone 
width (expressed as S.D.). Theoretical and experiment values are 
compared for (a) Sodium fluorescein and (b) BSA. (a) Carrier - ammon- 
ium acetate pH 10.5. Conductivity ImScrn-l, flow rate 900 ml/min. Sam- 
ple - sodium fluorescein 0 . 2  mg/ml. Flow rate 15 ml/min. (b) Carrier - 
ammonium acetate pH 10.5. Conductivity 1 mScm'l. Flow rate - 800 ml/ 
min. Sample BSA, 10 mg/ml. Flow rate 20 ml/min. --- represents the 
theoretical curve corrected for 4X electrophoretic heterogeneity of BSA. 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 25 

(c )  Resolution 

The r e so lu t ion  of  two spec ie s  dur ing  e l ec t rophores i s  depends 

upon t h e i r  respec t ive  d i spe r s ions  and the  d is tance  between peak 

maxima. 

I t  can be shown t h a t  f o r  two spec ies  with normal Gaussian 

d i s t r i b u t i o n s ,  a t  t h e  same concentration and with s tandard  devi- 

a t i o n s ,  u and uB, t he  separa t ion  d i s t ance  requi red  t o  achieve a 

95% recovery a t  95% p u r i t y  l e v e l  is  
A 

d = 1.645 ( 0  + U ) 
A B  

Normally, t he re fo re ,  f a r  a mixture of  i ons  with small  d i f f e rences  

i n  mobili ty the  g rea t e r  t h e  d is tance  migrated the  g r e a t e r  t h e  

degree of separa t ion  t h a t  can be expected, a s  d v a r i e s  l i n e a r l y  

wi th  t i m e  bu t  t h e  e f f e c t  of d i f fus ion  on u is propor t iona l  t o  t h e  

square r o o t  of  time. 

In  t h e  system described here  t h e  migrant i s  moving r ap id ly  

across  a parabol ic  ve loc i ty  p r o f i l e  and perpendicular t o  t h e  

c a r r i e r  stream. Hence, t he  s tandard  devia t ion  of  t h e  migrant i s  

influenced by pa rabo l i c  flow sharpening and i n  theory  is  a t  a 

minimum when its peak maximum i s  near t h e  mid-point of  t he  annulus 

(Figures 7 ( a )  and ( b ) ) .  
A 

Thus i f  s, t he  d is tancemoved across  t h e  annulus, and u t he  

minimum s tandard  devia t ion ,  a r e  expressed a s  f r a c t i o n s  of t h e  
A annulus width,  i . e .  9 = m a  and o = da ,  then it can be shown (see 

Appendix 2)  t h a t  

Resolution should the re fo re  improve markedly up t o  about t h e  

middle of the  annulus, with a continued bu t  much smaller improve- 

ment i n  r e so lu t ion  towards the  ro to r .  

In  Figure 8 r e so lu t ion  (expressed a s  aAU/u  U)  i s  p l o t t e d  
0 

aga ins t  l oca t ion  i n  t h e  annulus thus  de f in ing  the  v a r i a t i o n  of 

r e so lu t ion  with loca t ion .  The predominant f e a t u r e s  of  t h i s  a r e  

t h a t  r e so lu t ion  is  independent of  machine dimensions f o r  a given 
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26 MATTOCK, AITCHISON, AND THOMSON 

1.0 0: 5 0 

FRACTION OF ANNULUS 

Effec t  of loca t ions  of two migrant spec ies  i n  the  annulus 
on r e so lu t ion  measured a s  a non-dimensional index. The 
lower t h e  value of t h e  r e so lu t ion  index, t h e  g r e a t e r  
separa t ion .  Thus, p a s t  about 0.15 of t h e  annulus no 
s i g n i f i c a n t  improvement i n  r e so lu t ion  might be expected. 

temperature rise and t h a t  t he re  i s  neg l ig ib l e  advantage i n  moving 

the  h ighes t  mobili ty spec ies  more than % 75% o f  t h e  annulus width. 

(a) Joule Heating 

Probably t h e  most important f a c t o r  i n  maintaining s t a b i l i t y  

during e l ec t rophores i s  i s  the  con t ro l  of convective turbulence 

caused by Joule hea t ing  i n  t h e  annulus. In  t h e  e l ec t rophore t i c  

system, no attempt is made t o  remove hea t  b u t  so lu t ions  en te r ing  

t h e  system are cooled t o  % 2OC and condi t ions  are se l ec t ed  t o  

ensure t h a t  t he  e x i t  temperature (usua l ly  % 2OoC) i s  acceptable f o r  

b io log ica l  work. 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 27 

Essen t i a l ly  a l l  t h e  Joule hea t  causing t h e  temperature r i s e  i s  

re ta ined  i n  the  c a r r i e r  and i s  given by 

(2) 

The conductivity is  temperature dependent according 

2 
A 0  = I a/pCpE F c 2 n k  

to  

K = K~~ [ i + a ( e  - 20) 
e 1 

and s u b s t i t u t i o n  f o r  t h e  mean conduct iv i ty  (y) r e s u l t s  i n  a quadra t ic  

equation with a so lu t ion  
2 

1 - ( e .  - 20 + -) 

1 ~a 
(0, - 20 + -1 + 

A s e r i e s  of measurements were made of  t h e  temperature r i s e s  

f o r  d i f f e r e n t  conductivity bu f fe r s  and these  have been compared 

with ca l cu la t ed  values. The r e s u l t s ,  summarised i n  Figure 9 ,  

i nd ica t e  t h a t  t h e  equation t o  a l a rge  ex ten t  descr ibes  the  

behaviour of t h e  system, p a r t i c u l a r l y  when t h e  c a r r i e r  b u f f e r  has a 

conduct iv i ty  of 1.5 - 2.0 m S . c m  . The conduct iv i ty  of  t h e  

c a r r i e r  leav ing  t h e  annulus is usua l ly  higher than t h e  value 

ca l cu la t ed  from t h e  temperature rise and is  probably due to  s t rong  

e l e c t r o l y t e  pass ing  i n t o  the  annulus through t h e  semi-permeable 

membranes. Thus, t he  ca l cu la t ed  temperature rise tends  t o  over- 

es t imate  t h a t  a c t u a l l y  observed. Obviously t h i s  e f f e c t  is more 

important when t h e  bu f fe r  has  a l o w  i n i t i a l  conduct iv i ty .  

-1 

4.  SCALE-UP O F  THE ELECTROPHORETIC SEPARATOR 

The amount of migrant sample t h a t  can be processed i n  t h e  

sepa ra to r  i s  dependent p r inc ipa l ly  on t h e  c a r r i e r  flow used and t h e  

temperature rise. Both the  r a t i o  o f  migrant t o  c a r r i e r  flows and 

t h e  migrant concentration (which i s  i n t e r a c t i v e  with migrant flow) 

have s i g n i f i c a n t  e f f e c t s  on zone width,  which i n  t u r n  e f f e c t s  

reso lv ing  power. 

The e f f e c t  of migrant throughput on zone width i s  i l l u s t r a t e d  

i n  Figure 10, where it can be seen t h a t  quadrupling inpu t  (from 
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/ A 

Carrier Conduc t iv i ty  
mSm-' (20') 

8 . 27  

A .50 

0 1 :oo 
0 1.50 

S 1.96 

A 2.52 

0 10 20 30 

T E M P E R A T U R E  R I S E  ( O B S E R V E D )  

FIG. 9 A comparison of t h e  observed with the calculated 
temperature increase of the c a r r i e r  buffer  during 
electrophoresis f o r  d i f f e r e n t  c a r r i e r  conduct ivi t ies .  
Carr ier  buffer - ammonium acetate  pH 10.5, flow r a t e  
So~inl/min. 

0.2 t o  0.8 mgs/min) only increases the S.D. by about 60%. 

withreasonablywell  resolved peaks, major increases i n  throughput 

can be achieved without too great  a loss i n  resolution. In 

addition, the greater  t he  differences i n  mobil i t ies  of the 

components of a migrant mixture, the easier they are t o  resolve and 

t h i s  permits a larger  migrant/carrier r a t i o  t o  be used. 

Clearly,  

For the 
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3 
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FIG. 10 

2.0- 

1.0- 

0, 

Peak a t  18 th  o f f t a k e  

M Peak a t  13 th  o f f t a k e  

0 0 . 2  0 .4  0.6 0.8 1.0 

Throughput (gm/min B.S.A.) 

Effec t  of sample loading on the  zone width of bovine serum 
albumin (measured as S.D.)  a t  two p o s i t i o n s  i n  t h e  annulus. 
C a r r i e r  bu f fe r  - ammonium a c e t a t e  pH 10.5, conduct iv i ty  
ImSm-’, flow r a t e  18OOnl/min. 
S.D. with  t h e  p ro te in  peak a t  the  18th  o f f t a k e  (9OA, 58V) 
and t h e  lower with t h e  p ro te in  peak a t  the  13th  o f f t a k e  
(%A, 41V). 

The uppper curve shows t h e  

purposes of t he  following d iscuss ion  it i s  assumed t h a t  a sepa ra to r  

designed f o r  a h igher  throughput e n t a i l s  a corresponding inc rease  

i n  c a r r i e r  flow t o  maintain a given migrant /car r ie r  flow r a t i o .  

From t h e  equation ( 1) 
- 

U I  = KFs 

t h e  cu r ren t  requi red  f o r  a given c a r r i e r  flow i s  determined by U 

and K. Using a maximum value f o r  A0 as t h e  primary c o n s t r a i n t ,  a 
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30 MATTOCK, AITCHISON, AND THOMSON 

value f o r  the  r a t i o  a/LE can be obtained fo r  given values of I ,  Fs 

and i? (equation ( 2 ) ) .  

The a x i a l  flow bulk Reynolds number fo r  flow through an 

annulus is  obtained from the equation 

I t  has been shown2' t h a t  the  f i r s t  ind ica t ion  of flow i n s t a b i l i t y  

occurs a t  R = 700 * 50. 
Vp. 2a 

A s  t he  simpler expression R = - i s  a c lose  approximation 
e v  

when a e R and, as t h i s  can be expressed a s  

w e  can therefore  introduce a fu r the r  cons t r a in t  on acceptable 

values f o r  the  mean rad ius  of the annulus. 

The r o t a t i o n a l  Reynolds number, i f  t h i s  i s  accepted a s  a 

p r a c t i c a l  cons t r a in t  (which seems judic ious)  , provides fu r the r  

l imi t a t ions  i n  the  choice of annulus width aqd outer  radius.  

Using t h i s  b a s i s  f o r  ca l cu la t ions  t o  determine s u i t a b l e  

dimensions a machine has  r ecen t ly  been constructed with a nominal 

3-fold increase  i n  throughput. Early opera t ing  experience with 

t h i s  separa tor  is s a t i s f a c t o r y  t o  da te  and suggests t h a t  t he  

mathematical model descr ibes  the  major f ea tu res  of t he  separa tor .  

5. APPLICATIONS 

The e l ec t rophore t i c  separa tor  described above has been 

operated fo r  s eve ra l  years  and considerable experience has been 

gained i n  developing conditions which enables s a t i s f a c t o r y  

separa t ions  t o  be obtained fo r  a wide va r i e ty  of mater ia l s  

In  general ,  it has been found t h a t  t he  system i s  extremely f l ex ib l e ,  

allowing separa t ions  of small i ons ,  macromolecules, p a r t i c l e s  and 

c e l l s  t o  be ca r r i ed  o u t  udder a wide va r i e ty  of separa t ion  con- 

d i t i ons .  Retention of b io log ica l  a c t i v i t y  has been high (70-100%) 

and t h i s  permits separa t ion  of some mater ia l s  which might otherwise 

21 ,22  
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CONTINUOUS FREE FLOW ELECTROPHORESIS 31 

be inactivated by other purif icat ion methods, pa r t i cu la r ly  those 

using adsorption, o r  precipi ta t ion with organic solvents.  

A number of production scale  applications are  being developed 

but it is  not possible t o  describe these i n  d e t a i l  f o r  reasons of 

confident ia l i ty .  However, the applications described below i l l u s -  

t r a t e  the f l e x i b i l i t y  of the system, the range of conditions 

possible for  successful separations and above a l l  the good yields  

and recoveries of biological a c t i v i t y  generally achieved. 

5 . i .  Macromolecules 

The i n i t i a l  motivation fo r  developing the system was t o  

extend the appl icabi l i ty  of electrophoresis t o  a much larger  s ca l e ,  

pa r t i cu la r ly  fo r  the separation of proteins.  The performance of 

the system has therefore been investigated i n  d e t a i l  with typical  

biological feedstocks. 

(a) Muscle Extract 

The 45-60% (NH ) SO f ract ion from an aqueous ex t r ac t  of 

rabbi t  muscle was prepared for  electrophoresis by d i a lys i s  against  

Q, 5 mM Tris-ci t ra te  buffer pH 8.5, 1 mScm . I t  was then centr i -  

fuged (5000 x g) t o  remove any large aggregates. The ex t r ac t  

(K - 3.4 mScm ) was then electrophoresed a t  an input flow ra t e  of 

10 ml/min using Tris-ci t ra te  pH 8.5 (K = 1 mScm-') as c a r r i e r  (flow 

r a t e  490 ml/min) with a rotat ional  speed of 150 r.p.m. Electro- 

phoresis was carr ied out a t  35A (26W leading t o  a f i n a l  e x i t  

temperature of the fract ions of Q 21 C. Fractions col lected were 

assayed f o r  pyruvate kinase and phosphoglucomutase enzyme ac t iv i -  

t i e s  and protein dis t r ibut ion was a l so  determined (A 

r e s u l t s  a r e  shown i n  Figure 11. Both enzyme a c t i v i t i e s  were 

recovered almost quant i ta t ively and were resolved v i r t u a l l y  

completely. 

take tubes, thus pooling the appropriate f ract ions would provide a 

good recovery of enzyme a c t i v i t y  with a substant ia l  degree of , 

purif icat ion (3-4 fold over s t a r t i n g  mater ia l ) .  Obviously the 

recovered enzyme pools are  not pure a t  t h i s  stage bu t  since they 

a re  i n  low ion ic  strength buffer ,  it would be feasible  t o  purify 

4 2  4 

-1 

-1 

0 

280) ' The 

The bulk of each a c t i v i t y  was recovered i n  4-5 off- 
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Fractionation of r abb i t  muscle enzymes by continuous 
electrophoresis.  The d i s t r ibu t ion  of the two enzymes a re  
shown, both of which were recovered i n  quant i ta t ive yield.  
Carrier buffer - tr is  c i t r a t e  pH 0 . 5 .  
Flow r a t e  490ml/min. 
ammonium sulphate f ract ion of rabbi t  muscle extract .  
Injection r a t e  - lcnnl/min a t  %lcang/ml protein concentration. 
Electrophoresis was performed a t  3% (26V) . 

Conductivity lmScm-’. 
Sample was a 45-60% saturated 

and concentrate them fur ther  by ion exchange chromatography. I t  

w i l l  be appreciated t h a t  i n  t h i s  example, the separate conditions 

were not optimised and it i s  l i k e l y  t h a t  improved resolution could 

be obtained using d i f f e ren t  conditions. 
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CONTINUOUS FREE EXOW ELECTROPHORESIS 33 

One of the  most important appl ica t ions  of continuous e l ec t ro -  

phores i s  t o  be i d e n t i f i e d  t o  da t e  i s  the  f r ac t iona t ion  of human 

blood plasma. A t  p resent ,  almost a l l  plasma fo r  medical use i s  

f r ac t iona ted  by an ethanol p r e c i p i t a t i o n  method developed by Cohn 

Although t h i s  technique provides a l imi t ed  number of w e l l  charac- 

t e r i s e d  and s a f e  f r ac t ions  f o r  c l i n i c a l  use, including immunoglo- 

bu l in  and albumin, it has a number of disadvantages, p a r t i c u l a r l y  

t h e  reso lu t ion  poss ib le  and t h e  l imi ted  range of f r a c t i o n s  t h a t  can 

be obtained. The low temperature necessary (down t o  -7OC) and the  

l a rge  q u a n t i t i e s  of ethanol used pose processing problems. In  

addi t ion ,  ethanol a t  t he  high concentrations and over t he  extended 

contac t  times used (up t o  40%v/v, and 3-5 days respec t ive ly)  can 

cause denaturation, and i n  general  g ives  r e l a t i v e l y  low y i e l d s  

(50-70%). Further, ethanol p r e c i p i t a t i o n  cannot be used f o r  the  

i s o l a t i o n  of a number of l a b i l e  p ro te ins  used i n  therapy (e.9.  

c l o t t i n g  f a c t o r s ) .  There could be,  therefore ,  major advantages i n  

using e lec t rophores i s ,  p a r t i c u l a r l y  s ince  it i s  non-denaturing and 

high y i e l d s  might be an t i c ipa t ed ,  p a r t i c u l a r l y  i f  t h e  technique 

provides higher reso lu t ion  i n  the  prepara t ion  of s p e c i f i c  products.  

23 . 

Factor V I I I ,  the anti-haemophilic f ac to r  i s  probably one of 

the  most important components required from f r e sh  frozen human 

plasma. 

p r e c i p i t a t e  by cooling plasma t o  0 C. 

bu t  only i n  Q, 30-40% y i e l d ,  and contaminated with m o s t  o the r  plasma 

components . After fu r the r  p u r i f i c a t i o n ,  recover ies  are even 

lower. 

d e t a i l  by us,  i n  an attempt to  provide an acceptable f a c t o r  V I I I  

f r ac t ion  i n  g rea t e r  y i e ld .  

The general  technique used a t  p resent  is  t o  produce cryo- 
0 

This conta ins  f a c t o r  V I I I  

24 

Electrophoresis of plasma has been s tudied  i n  considerable 

Fresh frozen plasma was d ia lysed  aga ins t  the  c a r r i e r  bu f fe r  

f o r  18 hours before e lec t rophores i s ,  and was then d i l u t e d  t o  1.5 x 

i t s  o r i g i n a l  volume. Elec t rophores i s  w a s  c a r r i e d  o u t  i n  T r i s -  

c i t r a t e  pH 7.5,  0.75 mScm a s  c a r r i e r  bu f fe r  a t  a migrant flow o f  

10 ml/min. Using 30A (30V) ( A @ ,  20-21 C ) ,  plasma p r o t e i n s  were 

-1 

0 
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34 MATTOCK, AITCHISON, AND THOMSON 

d i s t r i b u t e d  a c r o s s  t h r e e - q u a r t e r s  o f  t h e  annulus .  F r a c t i o n s  were 

c o l l e c t e d  and ana lysed  f o r  t h e  v a r i o u s  plasma components by elec- 

t r o p h o r e s i s  and immunological methods. F igure  12 shows t h e  

d i s t r i b u t i o n  o f  f a c t o r  VIII, f i b r i n o g e n  and albumin. As can be  

seen ,  f a c t o r  VIII forms a f a i r l y  broad peak presumably due t o  i t s  

a Factor V I I I  

Fibrinogen 

i 

FIG. 12 

10. 26 
Off -take number 

F r a c t i o n a t i o n  o f  human blood plasma by cont inuous 
e l e c t r o p h o r e s i s .  The d i s t r u t i o n  of t h e  canponents of 
major i n t e r e s t ,  albumin, f i b r i n o g e n ,  immunoglobulins and 
factor VIII are shown. Carrier b u f f e r  -- tr is  c i t ra te  
pH 7.5, c o n d u c t i v i t y  0.75mScm-’. 
The sample w a s  f r e s h  f r o z e n  plasma d i a l y s e d  o v e r n i g h t  ( a t  
4OC) a g a i n s t  t h e  carrier b u f f e r  and d i l u t i n g  1.5 f o l d  
b e f o r e  e l e c t r o p h o r e s i s  i n j e c t i o n .  E l e c t r o p h o r e s i s  was 
performed a t  32A (28V) 

Flow rate 50Chl/min. 

29 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 35 

heterogeneity. On the other hand, the d i s t r ibu t ion  of albumin i s  

more compact and i s  largely separated from the factor  V I I I .  More 

important i s  the f ac t  t h a t  fibrinogen, the major contaminant of 

factor  VIII prepared by cryoprecipitation, is v i r t u a l l y  completely 

separated. The recoveryof factor  V I I I  procoagulant a c t i v i t y  i s  

nearly quant i ta t ive,  making it an a t t r a c t i v e  s t a r t i n g  material for  

fur ther  purif icat ion.  

Development of t h i s  technique may provide fibrinogen - f ree  

factor  V I I I  preparations i n  higher yield from plasma o r  some 

fract ion derived from plasma, thus enabling m r e  e f f i c i e n t  use t o  

be made of the available plasma. I t  should be noted t h a t  other 

plasma components such a s  albumin and immunoglobulin can be 

prepared simultaneously making possible the i so l a t ion  of a number 

of therapeutically used fract ions a t  the same time and i n  good 

yield.  

Cryoprecipitate a l so  has been electrophoresed i n  the system. 

In t h i s  case the p rec ip i t a t e  a s  usually prepared was dissolved and 

then dialysed against  the c a r r i e r  buffer ,  and was electrophoresed 

under the same conditions as  above. Again, v i r t u a l l y  complete 

separation of factor  V I I I  from fibrinogen was achieved (Figure 1 3 ) .  

Electrophoresis of cryoprecipitate does allow a much greater  

throughput t o  be achieved since it is  up t o  5-fold concentrated 

over s t a r t i n g  plasma, depending on the method used t o  prepare the 

cryoprecipitate.  The upperlimits of throughput have yet  t o  be 

determined but since the resolution of factor  V I I I  from the major 

contaminant, fibrinogen, i s  good, s ign i f i can t ly  higher migrant 

inject ion r a t e s  may be possible without reducing s ign i f i can t ly  the 

puri ty  of the f ac to r  V I I I  f ract ion.  

5 . i i .  

The l imited range of techniques avai lable  for  f ract ionat ing 

cell  populations makes the poss ib i l i t y  of separation by electro-  

phoresis very a t t r a c t i v e ,  pa r t i cu la r ly  since the technique uses a 

d i f f e ren t  property (viz.  charge) from those usually used fo r  

f ract ionat ing pa r t i cu la t e s  (pa r t i c l e  s i ze  or  densi ty) .  Clearly,  

Separation of Cel ls  and Pa r t i c l e s  
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1 

F a c t o r  V I I I  

Fib’rincqen 

P r o t e i n  A 2 8 0  

10 20 
Off - t a k e  Number 

29 

FIG. 13 Fractionation of cryoprecipitate by continuous electro- 
phoresis. 
are shown. 
Conductivity 0.75mScm-’. Flow rate  5OCml/mi~. The sample 
was cryoprecipitate dialysed overnight ( a t  4 C )  against 
carr ier  buffer and then electrophoresed d i rec t ly  a t  
lQul/min (32A,  28v). 

The distribution of factor V I I I  and fibrinogen 
Carrier buffer - tris c i t r a t e  pH 7.5. 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 37 

e lec t rophores i s  i n  the  presence of s t a b i l i s i n g  ge l s  i s  not poss ib le  

and considerable work has been done on the  separation of whole 

c e l l s  and pa r t i cu la r ly  lymphocytes using the  th in  f i lm free-flow 

system 25r26. 

c e l l  types can be separated by e lec t rophores i s  while r e t a in ing  

t h e i r  v i a b i l i t y .  The l imi t a t ion  of t he  th in  fi lm system 

(Hannig design) i s  t h a t  only r e l a t i v e l y  small numbers of 

c e l l s  may be processed ( %  lo8 ce l l s /hour ) .  

ob ta in  g rea t e r  throughputs using th i cke r  fi lms of l i q u i d ,  experi-  

ments have been mounted i n  space t o  overcome the  convective 
27 

turbulence caused by dens i ty  changes i n  e lec t rophores i s  bu f fe r s  . 
A t  g values approaching zero,  dens i ty  changes w i l l  have minimal 

d is turb ing  e f f e c t  on t h e  separation. 

This has demonstrated q u i t e  c l e a r l y  t h a t  d i f f e r e n t  

I n  an attempt t o  

Therefore, we a re  inves t iga t ing  the  use of the  ve loc i ty  

gradient s t a b i l i s e d  system f o r  the  separation of c e l l s  and sub- 

c e l l u l a r  p a r t i c l e s  on a l a rge r  sca le .  A s  a t e s t  system, red  blood 

c e l l s  from various spec ies  have been electrophoresed i n  a c a r r i e r  

buf fer  containing 9.6mM ?odium potassium phosphate, 2.5mM EDTA, 10% 
-1 sucrose ( t o  maintain osmotic ba lance) ,  a t  pH 7.3 and n, 1 m S c m  . 

Approximately 10" ce l l s /hour  could be electrophoresed a t  15A (20V). 

The r e s u l t s ,  shown i n  Figure 14, a r e  i n  general agreement with 

published data27, with the  exception of  human c e l l s ,  bearing i n  

mind the  l o w  i on ic  s t rength  used. One important po in t  t o  note i s  

t h a t  S.D. values of some of the  zones a r e  s ign i f i can t ly  lower than 

those obtained f o r  macromolecules a s  would be expected from the  

r e l a t i v e  d i f fus ion  coe f f i c i en t s ,  and ind ica t e  t h a t  p a r t i c l e s  with 

s ign i f i can t ly  lower d i f fe rences  i n  mobili ty than macromolecules 

should be separable i n  t h i s  system. The higher S.D. values 

obtained with c e l l s  of some species probably ind ica t e  heterogeneity. 

To demonstrate t he  f e a s i b i l i t y  of separa t ing  d i f f e r e n t  c e l l  

types,  a mixture of human and r a b b i t  red  c e l l s  was electrophoresed 

a t  various power inputs.  The r e s u l t s  (shown i n  Figure 15) show 

t h a t  even a t  r e l a t i v e l y  low cu r ren t s ,  t h e  separation of t he  two 

components i s  almost complete. 
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SPECIES 

RABBIT 

CHICKEN 

GUINEA P I G  

SHEEP 

HUMAN 

RAT 

MEAN 
POSITION 

7 . 4  

8.6 

10.5 

10.7  

11.2 

11.8 

RABBIT 

S.D. 

1.16 

0.83 

0.57 

0.60 

0.47 

0.70 

MOBILITY 
(cm2s-1~-’ 10’) 

Observed P u b l i s h e l  

1.61 1.44 

1.16 

1.90 1.45 

GUINEA P I G  

3 

RAT n 
1 1 0  20 29 1 10 20 29 

O F F T A K E  N o .  

FIG. 14 Elec t rophores i s  of red blood cel l  prepara t ion  from d i f f e r e n t  
spec ies .  

min. Samples were washed prepara t ions  of packed red c e l l s  d i l u t e d  
%1:1 0 wi th  carrier bu f fe r  before  use. 
(:lo* ce l l s /min)  and e l ec t rophores i s  was performed a t  15A (20V). The 
t a b l e  i n s e t  shows the  mobi l i ty  of red cells  obtained by continuous 
e l ec t rophores i s  compared wi th  published values.  

Carrier bu f fe r  - 9.6 mM sodium potass  um phosphate, 2.5 mM EDTA, 10% sucrose pH 7.3. Conductivity 1 mScm -1 . Flow r a t e  500 m l /  

I n j ec t ion  rate was 5 ml/min 
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1 5 A  

Human 

R a b b i t  

I 

20A 

4 OA 

1 10 2 0  29 1 10 2 0  2 9  

O F F  T A K E  N O .  

F I G .  15 Electrophoresis of a mixture of rabbi t  and human red blood 
c e l l  preparations a t  d i f f e r e n t  currents.  Conditions w e r e  
as desceibed i n  Fig. 14.  

A fur ther  i l l u s t r a t i o n  of the resolving capacity of the 

system i s  given by the fract ionat ion of an abnormal red c e l l  

population (which shows hyper-agglutination) , from normal red c e l l s  

obtained from an otherwise normal donor. 

cells  with the phosphate/EDTA/sucrose buffer ,  described previously, 

After washing the  red 
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40 MATTOCK, AITCHISON, AND THOMSON 

they were electrophoresed using the  conditions described above. 

As can be seen from Figure 16, two almost completely resolved 

peaks were obtained, t he  less mobile major peak cons is ted  of the  

abnormal hyper-agglutinating c e l l s  while the  minor peak showed a 

mobili ty i d e n t i c a l  t o  t h a t  o f  normal c e l l s .  The separation 

provided enough mater ia l  f o r  de t a i l ed  ana lys i s  of the  sur face  

d i f fe rences  between the two populations.  

I t  should be noted t h a t  t he re  w a s  no s ign  of haemolysis 

during the  separa t ions  ind ica t ing  t h a t  the  conditions chosen were 

su i t ab le  fo r  maintaining osmotic balance. Extensive work using 

the  th in  f i lm  system a l s o  ind ica t e s  t h a t  buf fer  systems can be 

chosen which w i l l  enable r e t en t ion  of c e l l  v i a b i l i t y  so t h a t  the  

high throughput system described here looks promising f o r  separ- 

a t ing  c e l l s  on a s u b s t a n t i a l  sca le .  

The problem o f  d i l u t e  f r ac t ions  produced by the  separa tor  can 

be overcome conveniently where c e l l s  a r e  concerned simply by 

cent r i fuga t ion .  Thus, t h e  system described here has the  

po ten t i a l  of a convenient high throughput and rap id  method f o r  

preparing pu r i f i ed  cell l i n e s  which may have app l i ca t ions  i n  many 

areas  of biology. 

5 . i i i .  Small molecules 

Although the  system w a s  designed with f r ac t iona t ion  of 

macromolecules i n  mind, it can a l s o  be used f o r  separa t ing  mixtures 

of s m a l l  i ons  ( <  1000 MTt.) s ince  the  e f f e c t  of d i f fus ion  on zone 

width is  minimised by t h e  very s h o r t  residence time. 

The f rac t iona t ion  of a magenta dye cons is t ing  of t h ree  isomers, 

i l l u s t r a t e s  t he  a p p l i c a b i l i t y  of the  e l ec t rophore t i c  system t o  

s m a l l  molecules. The separa t ion  of t he  isomers which had proved 

very d i f f i c u l t  by conventional methods ( so lvent  ex t r ac t ion ,  

f r a c t i o n a l  c r y s t a l l i s a t i o n ) ,  was needed t o  enable the  p rope r t i e s  of 

each of t he  isomers t o  be inves t iga ted  fo r  s p e c i f i c  appl ica t ions .  

The isomers a re  i o n i c  compounds and a pH was se l ec t ed  t o  give a 
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O F F T A K E  N o .  

F I G .  16 E l e c t r o p h o r e s i s  of a p o p u l a t i o n  of human r e d  blood cel ls  
w i t h  h y p e r a g g l u t i n a t i n g  c h a r a c t e r i s t i c s  and showing the 
d i f f e r e n c e  i n  m o b i l i t y  between normal and abnormal cel ls .  
Condi t ions  were as d e s c r i b e d  i n  F ig .  14. 
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4 2  MATTOCK, AITCHISON, AND THOMSON 

mixture of  anionic,  ca t ion ic  and zwi t te r ion ic  species.  A severe 

problem w a s  the  low s o l u b i l i t y  of the dyes i n  aqueous so lu t ions .  

This was overcome by d isso lv ing  the  dye mixture i n  20% v/v aqueous 

ethanol,  and by using e thanol ic  c a r r i e r  buf fer  (20% v/v e thanol ) .  

Because of t h e i r  low molecular weight, the  dyes could pene t ra te  the  

semipermeable membranes, and separation was ca r r i ed  out  i n  two 

s tages  using reversed p o l a r i t y  i n  the  second stage.  

The sample w a s  dissolved t o  150 pg/ml i n  20% ethanol and w a s  

i n j ec t ed  a t  18 ml/min. Electrophoresis was ca r r i ed  ou t  i n  T r i s -  

ci trate c a r r i e r  buf fer  pH 7.5, 0.35 mScm , containing 20% ethanol 

(v/v) a t  500 m l / m i n  with the  ro to r  a s  the  anode. A t  15A (21v ) ,  

t he  most anodic component migrated two t h i r d s  across the  annulus 

(peak maximum a t  o u t l e t  18).  Fractions were co l lec ted  and 

monitored f o r  dye by ahsorbance a t  542 mp. Figure 17 ( a )  shows 

the  d i s t r ibu t ion  of the  dye components a f t e r  co l lec t ion .  The 

anionic componentwaswell resolved from the  neu t r a l  isomer while 

t he  pos i t i ve ly  charged dye passed through the  semipermeable 

membrane i n t o  t h e  s t a t o r  e lec t rode  compartment. In  order t o  

i s o l a t e  the  ca t ion ic  isomer, a second e lec t rophore t ic  run w a s  

c a r r i ed  ou t  a s  before but  with e lec t rode  p o l a r i t y  reversed so t h a t  

t he  r o t o r  w a s  now the cathode. In t h i s  case,  t he  pos i t i ve ly  

charged component was w e l l  separated from the  neu t r a l  component, 

with loss of the  anionic isomer (Figure 1 7  ( b ) ) .  It was poss ib le  to  

recover the  separated isomers i n  a concentrated form from t h e  

various pools by solvent ex t rac t ion .  

-1 

6 .  DISCUSSION 

6.1 General 

The two main obs tac les  t o  sca l ing  up free-flow e lec t rophores i s  

are convection caused by t he  generation of Joule hea t ,  and flow 

hydrodynamics and a r e  in t e r r e l a t ed .  On a s m a l l  s c a l e ,  these  

problems can be l a rge ly  overcome by using supporting g e l s  which 

a l s o  enable stacking and molecular s iev ing  t o  be used to  increase  

resolving power . 2 
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FIG. 1 7  

I I 

10 2 0  

O F F T A K E  N o .  

I 
29 

Frac t iona t ion  of isomers of a magenta dye mix-ture. 
Ca r r i e r  bu f fe r  - T r i s  c i t r a t e  pH 7.5, conduct iv i ty  0.35 
mScm-’ with 20% (v/v) ethanol,  flow r a t e  5OChl/min. 
Sample was the  dye (15wg/ml) dissolved i n  carrier buf fer  
i n j ec t ed  a t  18ml/min. Elec t rophores i s  w a s  performed a t  
15A ( 2 1 V ) .  

A. Elec t rophore t ic  p a t t e r n  of t h e  anionic components. 
B. E lec t rophore t ic  p a t t e r n  of the  ca t ion ic  components. 
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44 MATTOCK, AITCHISON, AND THOMSON 

I so -e l ec t r i c  focussing i n  g e l s  enables an unr iva l led  degree c.f 
3 r e so lu t ion  t o  be achieved (API d i f fe rences  of 0.01 can be de tec ted  ) .  

More recen t ly ,  these  techniques have been combined i n  two dimensions 

i n  which over 1,000 p ro te in  spots have been observed . 28 

However, attempts a t  sca l ing  up these  high reso lv ing  methods 

t o  process more than milligram q u a n t i t i e s  of ma te r i a l  have met wi th  

l imi ted  success. The g e l  which s t a b i l i s e s  so e f f e c t i v e l y  f o r  

ana ly t i ca l  purposes is a major draw-back t o  s c a l e  up, s ince  hea t  

generated i n  th i ck  g e l s  cannot be removed e a s i l y .  Although i so-  

e l e c t r i c  focussing has been ca r r i ed  ou t  i n  dens i ty  g rad ien t s  on a 
29 reasonable s c a l e ,  t he  cost of t h e  ampholytes required i s  high . 

In  addi t ion ,  methods which may cause dena tura t ion ,  such as g e l  

e lec t rophores i s  i n  the  presence of de te rgents  (e.9. sodium dodecyl 

sulphate (SDS) 1 ,  although acceptable on an a n a l y t i c a l  s c a l e ,  a r e  

genera l ly  unsui tab le  where r e t en t ion  of b io log ica l  a c t i v i t y  i s  

e s s e n t i a l  a s  i n  m o s t  p repara t ive  work, 

4 

On an ana ly t i ca l  s c a l e  seve ra l  a l t e r n a t i v e s  t o  t h e  use  of 

supporting media have been inves t iga ted .  These have included 

e lec t rophores i s  i n  a narrow bore tube which i s  ro t a t ed  slowly i n  a 

ho r i zon ta l  plane t o  e l imina te  dens i ty  effects3'  , and e lec t rophores i s  

i n  a conducting f l u i d  ro t a t ed  i n  an annulus by a magnetic f i e l d  a t  
31 r i g h t  angles t o  the  e l e c t r i c  f i e l d  . These techniques do n o t  lend 

themselves t o  prepara t ive  scale use however. 

Electrophoresis has been used on a production sca l e  i n  the  

form of multimembrane decantation and e lec t rophores i s  convection 

only t o  a l imi t ed  ex ten t .  For in s t ance ,  e l ec t ro -  

phores i s  decantation has  been used f o r  t he  l a rge  sca l e  p u r i f i c a t i o n  

of rubber l a t e x  . In  both techniques,  i s o - e l e c t r i c  separa t ion  i s  

used, consequently inac t iva t ion  of b io log ica l  materials and foul ing  

of membrane sur faces  i s  a problem. 

development of an ingenious technique has been described i n  which 

separa t ion  i s  ca r r i ed  ou t  i n  a c a r r i e r  so lu t ion  flowing through 

hollow f i b r e  membranes with an e l e c t r i c  f i e l d  maintained a t  r i g h t  

angles to  the  d i r ec t ion  o f  carrier flow . Large scale use w i l l  

7 

Recently, the  e a r l y  s t ages  of 

12 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 45 

requi re  hollow f i b r e  membranes with very reproducible dimensions 

and p rope r t i e s ,  bu t  t he  technique may s u f f e r  a l s o  from wall  e f f e c t s  

s ince  the  separa t ion  depends on concentration of separa ted  spec ies  

aga ins t  t he  inne r  membrane sur faces  i n  a slow flowing region o f  t h e  

lumen. 

The m o s t  widely used free-flow system is  t h a t  devised by 

Hannig . In  t h i s ,  separa t ion  i s  ca r r i ed  ou t  i n  a t h i n  f i lm  (0.5 

o r  1.0 mm) between two g la s s  p l a t e s  (genera l ly  50 x 50 cm, o r  50 x 

10 cm). Laminar flow i s  maintained i n  a v e r t i c a l  d i r e c t i o n  by 

very e f f i c i e n t  cooling, the  voltage gradien t  being a t  r i g h t  angles 

t o  the  d i r e c t i o n  of flow. The system has proved i t s  u t i l i t y  

e spec ia l ly  f o r  separa t ing  mixtures o f  c e l l s ,  bu t  throughput i s  

l imi ted  % 5 ml/hr (o r  10 c e l l s / h r )  and t h i s  has l imi t ed  i t s  use 

p a r t i c u l a r l y  f o r  p ro te in  separations.  However, it has shown i t s  

value f o r  c e l l  separa t ions  where fewer a l t e r n a t i v e  methods a re  

ava i lab le .  

8 

8 

The system described i n  t h i s  paper i s  a development of the  

o r i g i n a l  invention of J. S t . L .  Philpot '  and overcomes i n  t h e  main, 

many of t h e  problems encountered i n  t h e  more conventional e l e c t r o -  

phores i s  systems. Convective disturbance caused by Joule hea t ing  

i s  minimised by the  c rea t ion  of a gradien t  of angular ve loc i ty  i n  

t h e  annulus, and the  temperature rise produced is  normally modest 

(2OoC) causing few problems of s t a b i l i t y  with labile b io log ica l  

ma te r i a l s  due t o  the  sho r t  exposure time (<  1 min). In  addi t ion ,  

t h e  parabol ic  flow p r o f i l e  e x i s t i n g  across  the  annulus is  harnessed 

t o  advantage, a t  l e a s t  i n  p a r t ,  because of t h e  "parabol ic  flow 

sharpening" e f f e c t .  Nevertheless,  t he  new system descr ibed  here 

although r e l a t i v e l y  simple t o  operate and s t a b l e  i n  opera t ion ,  has 

been q u i t e  complicated t o  design e f f e c t i v e l y  and considerable 

chemical engineering and t h e o r e t i c a l  modelling has been necessary. 

6 . i i .  Design Considerations 

In  designing the  separa tor ,  a number of major mechanical and 

hydrodynamic problems had t o  be solved inc luding  

. 
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MATTOCK, AITCHISON, AND THOMSON 

- t he  choice of dimensions, 
- 
- maintenance of laminar flow conditions i n  the  annulus, 

maintenance of annular concent r ic i ty  over extended per iods ,  

- i n j ec t ion  o f  migrant and co l l ec t ion  of separated f r ac t ions  

with minimal loss  of r e so lu t ion ,  

- minimising any adverse e f f e c t s  i n  the  annulus due t o  

gassing a t  the  e lec t rodes  o r  due t o  e l e c t r o l y s i s  products,  

maintenance of maximum reso lu t ion  a t  g/hour throughputs. - 
In general ,  s a t i s f a c t o r y  so lu t ions  have been found t o  a l l  of these  

problems so t h a t  the  system has been operated successfu l ly  over a 

number of years.  

( a )  Membrane__ana_supp~r~-~~~~~~ 
One important aspec t  of t h e  design has been the  accurate 

machining of t he  cons t i t uen t  p a r t s  t o  ensure concen t r i c i ty ,  leak 

f r ee  j o i n t s  and smooth ro t a t ion .  In addi t ion ,  t he  e l ec t rode  

compartments must be separated from t h e  annulus by a membrane and 

support system which has t o  meet c e r t a i n  c r i t e r i a  viz:- 

have minimal e l e c t r i c a l  r e s i s t ance ;  it must be r e l a t i v e l y  

impermeable to l a rge  molecules and p a r t i c l e s ;  i t  mus t  have 

s u f f i c i e n t  mechanical s t r eng th  when w e t  t o  def ine  accura te ly  the  

w a l l s  of the  annulus while being s u f f i c i e n t l y  robust under running 

conditions t o  requi re  inf requent  replacement; the  cost of t he  

system should also be reasonable. 

it must 

Of a number of materials inves t iga ted ,  regenerated ce l lu lose  

membranes (Visking) mounted on a machined f i l t e r  support (Cuno) 

proved to  be the most s a t i s f a c t o r y  and has been used i n  most of t h e  

work. The C u n o  candle can be machined when dry  t o  the  dimensions 

required by conventional techniques and is s u f f i c i e n t l y  s t rong  

when w e t  t o  support the  membrane without d i s t o r t i o n  f o r  long 

periods.  In our experience, t h e  regenerated ce l lu lose  membrane is 

very robust i n  use and i n  genera l ,  requi res  replacement only a t  

n, 6-month i n t e r v a l s ,  unless p a r t i c u l a r l y  severe conditions have 

been used i n  t h e  separa tor ,  e.g. extreme conditions of pH i n  the  

e l e c t r o l y t e  compartments. I t  i s  poss ib le  t h a t  s u b s t i t u t i o n  with 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 47  

ion-exchange membranes a s  used i n  t h e  Hannig system, would give 

improved pH and conductivity cont ro l .  However, t he  advantages of 

using the  r ead i ly  ava i l ab le  seamless Visking membrane which can be 

mounted d i r e c t l y  on t h e  f i l t e r  candle support outweighs the  advan- 

tages  an t i c ipa t ed  using f l a t  ion-exchange membranes which would 

have t o  be "welded" s u f f i c i e n t l y  s t rongly  and evenly t o  survive 

under opera t ing  conditions without c rea t ing  turbulence.  This is 

a l s o  much simpler t o  make than impregnating porous polymer shee ts  

with membrane dopes. I t  should be noted, however, t h a t  due t o  the  

l imi ted  s i z e  of the  f i l t e r  candles ava i l ab le ,  the system w i l l  

probably have t o  be modified f o r  use with separa tors  with s i g n i f i -  

can t ly  l a r g e r  dimensions. 

(b)  Estab_llshment-an_a_marn_te_n_an_c_e__o_f-lamllnaE_flo_w 
The c a r r i e r  i s  introduced i n t o  t h e  annulus through 4 i n l e t  

o r i f i c e s  a t  t h e  base of the  s t a t o r ,  and the  separa tor  has a 

s u f f i c i e n t l y  long "smoothing" region f o r  s t a b i l i s e d  laminar flow t o  

be es tab l i shed  before the  migrant i n j ec t ion  l eve l  i s  reached. The 

length of the  smoothing sec t ion  was determined p a r t l y  on a theor- 

e t i c a l  basis, and p a r t l y  empir ica l ly  following work on an e a r l y  

prototype not  equipped with e l ec t rodes  . Without r o t a t i o n ,  

complete mixing occurs during e lec t rophores i s ,  and it has been 

found t h a t  s t a b l e  conditions can be maintained f o r  prolonged 

periods a t  between 60 and 250 r.p.m., i n  which range zone d isper -  

s ion  i s  a t  i ts  minimum. As expected, a t  higher r o t a t i o n a l  speeds, 

turbulence i s  generated due t o  small e r r o r s  i n  concen t r i c i ty  of 

t he  ro to r  and s t a t o r  w a l l s .  This r o t a t i o n a l  s t a b i l i s a t i o n  i s  

a f f ec t ed  su rp r i s ing ly  l i t t l e  by imposed d i s c o n t i n u i t i e s  i n  the  

annulus, f o r  ins tance ,  by p lac ing  rubber bands around the  s t a t o r  

surface.  However, severe turbulence can be caused by any a i r  

bubbles i n  the  annulus (hence the  importance of degassing the  

c a r r i e r  b u f f e r ) ,  and by any i r r e g u l a r i t i e s  such as p a r t i c u l a t e  

matter i n  the  flow channel near t he  migrant i n j e c t i o n  s l i t  o r  the  

o u t l e t s .  In  the  separa tor  described, power inpu t s  > 2-2.5 kW, 

represent ing  a A0 of 

although these  conditions a re  not  normally used. 

32 

0 45-50 C ,  can a l s o  lead  t o  turbulence 
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48 MATTOCK, AITCHISON, AND THOMSON 

The migrant i n j ec t ion  system has been designed to  allow t h e  

sample t o  be fed i n t o  the  annulus evenly around the  whole circum- 

ference of  the  s t a t o r .  A mathematical model of t he  in j ec t ion  of 

a r a d i a l l y  flowing migrant i n t o  a v e r t i c a l l y  flowing c a r r i e r  stream 

has been developed, and t h e  width of t he  migrant zone found i n  

p rac t i ce  agrees c lose ly  with t h i s  model, suggesting t h a t  t he re  i s  

m i n i m a l  turbulence due to  migrant i n j ec t ion  under normal condi- 

t i o n s  . However, o the r  f ac to r s  such as the  rate of migrant 

i n j ec t ion ,  concentration and the  dens i ty  of t h e  migrant can e f f e c t  

smooth in jec t ion .  

18 

FEactl~n-cflllec4i_on_syate_m 

Collection of t he  f r ac t ions  separated by e lec t rophores i s  v i a  

the  maze-plate system is  very much m r e  d i f f i c u l t  t o  model and 

hence the  design i s  e s s e n t i a l l y  i n t u i t i v e  and empirical ,  although 
17 based on application of a phenomenon reported by Rayleigh 

arrangement devised fo r  t h e  separa tor  works w e l l ,  bu t  may not y e t  

be f u l l y  optimised. I t  i s  not c l e a r  to  what ex ten t  eddies occur 

a t  t he  top of the  annulus due t o  the  existence of what is  essen- 

t i a l l y  a dead space, and it i s  d i f f i c u l t  t o  decide on t he  optimum 

pos i t ion  of  t h e  ro to r / s t a to r  junction. 

. The 

That f l u i d  i s  col lec ted  reasonably evenly around the  circum- 
ference of the annulus by the  off-take d i s c  i s  indicated strongly 

by the  normal d i s t r ibu t ion  of i o n i c  spec ies  from o u t l e t  5 and above 

a f t e r  electrophoresis.  Skewing would be expected i f  the  collec- 

t i on  w a s  no t  even around the  annulus. Nevertheless, the  

dispersion of t he  co l lec ted  f r ac t ions  i s  g rea t e r  than predicted 

from theory and grea te r  f o r  those f r ac t ions  emerging c lose  t o  the  

ro tor .  This e f f e c t  could be due t o  turbulence a t  the  off-takes 

because of the non-ideal design, t o  mixing caused by eddies i n  the  

dead space near t he  upper p a r t  o f  the  off-take assembly, o r  due t o  

the  prec ise  loca t ion  of t h e r o t o r / s t a t o r j u n c t i o n  which w i l l  

determine the  ex ten t  and d i rec t ion  of eddies. Other reasons f o r  

loss of reso lu t ion  a re  d e a l t  with later. Attempts have been made 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 49 

t o  observe d i r e c t l y  any turbulence i n  t h e  of f - take  region by 

observing the  behaviour of  dye so lu t ions  i n j e c t e d  i n t o  t h e  annulus 

through the  of f - take  tubes  by means of  a hollow probe i n s e r t e d  i n t o  

the  appropr ia te  take-off tubes.  I n  these  experiments, it was 

found genera l ly  t h a t  t h e  dye emerged through the  next  1-2 d i s c s  

higher i n  the  of f - take  assembly, i nd ica t ing  minimal turbulence i n  

a l l  bu t  t h e  upper region of  t h e  s tack .  

(e) g l c w - ~ g f i i n  
Flow v e l o c i t y  i n  t h e  annulus is  parabol ic ,  i.e. t h e r e  i s  

minimum flow a t  the  s t a t o r  and ro to r  wal l s  and maximum flow a t  t h e  

cen t r e  o f  t h e  annulus. I f  t h e  30 o u t l e t  tubes  are unres t r i c t ed ,  

t he re  w i l l  be equal  flow through each o u t l e t  s ince  a l l  a r e  a t  t h e  

same ex te rna l  p re s su re  (atmospheric).  In  t h i s  case, f r a c t i o n s  

w i l l  r epresent  equal volumetric elements of t h e  annulus (v i z .  

1-30th o f  t he  t o t a l  c a r r i e r  p l u s  migrant volume w i l l  emerge/ 

f r a c t i o n ) .  Thus, t h e  lower and higher numbered f r a c t i o n s  

co l l ec t ed  w i l l  r epresent  a g r e a t e r  propor t ion  of t h e  d i s t ance  

across  t h e  annulus than those obtained from t h e  cent re .  

Conversely, i f  t he  flows through t h e  o u t l e t  tubes are adjus ted  t o  
give a pa rabo l i c  out-flow p r o f i l e ,  each f r a c t i o n  r ep resen t s  a 

f ixed  propor t ion  of t h e  annulus (e.9. i n  the sepa ra to r  described 

’ with an annulus of 0.5 c m  and 30 of f - take  d i s c s ,  1/30th o f  0.5 cm 

= 0.017 c m ) .  W e  have e l ec t ed  t o  use the  l a t t e r  arrangement s ince  

t h e  migration d is tance  of  any p a r t i c u l a r  zone i s  then  approximately 

propor t iona l  to  t h e  cu r ren t  and hence t h e  f r a c t i o n  number is  

related l i n e a r l y  t o  mobili ty.  Nevertheless,  as shown i n  Tab le  1, 

t he  s t a b i l i s i n g  e f f e c t  o f  r o t a t i o n  on t h e  annular flow is such t h a t  

a range of  smooth o u t l e t  flow p a t t e r n s  can be imposed by means o f  

t he  o u t l e t  va lves ,  without pe r tu rb ing  laminar s t a b i l i t y .  Although 

w e  have operated the  system genera l ly  with an imposed parabol ic  

o u t l e t  p r o f i l e ,  v a r i a t i o n  of t h e  o u t l e t  flows could have an  advan- 

tage i n  allowing the  i o n i c  spec ie s  o f  i n t e r e s t  t o  be spread over a 

g rea t e r  number of f r a c t i o n s  so t h a t  recovery or p u r i f i c a t i o n  can be 

maximised. 
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50 MATTOCK, AITCHISON, AND THOMSON 

6 . i i i .  E lec t rophore t ic  Considerations 

In  order  t o  optimise the  e lec t rophores i s  system i n  t e r m s  of 

reso lu t ion  and throughput it has been necessary t o  understand the  

hydrodynamics of t h e  system and t o  determine how f a r  i t s  observed 

reso lv ing  power depar t s  from t h a t  expected from theory. The model 

of the  system presented here descr ibes  reasonably well  the  e l ec t ro -  

phore t ic  behaviour of i ons  i n  t h e  system, bearing i n  mind the  

complex hydrodynamics involved, p a r t i c u l a r l y  a t  t he  migrant 

i n j ec t ion  s l o t  and the  f r ac t ion  co l l ec t ion  d i s c s ,  and the  va r i a t ion  

of conductivity across  the  annulus during e lec t rophores i s .  

However, the zone d i s t r i b u t i o n  observed fo r  BSA (see Figure 7 ( b ) )  

i nd ica t e s  t h a t  o the r  f a c t o r s  should be considered. For example, 

it has been shown t h a t  3-5% heterogeneity of t h e  sample due t o  

contaminants o r  aggregation could account fo r  most of the  increased 

dispersion of BSA observed, p a r t i c u l a r l y  near t he  ro to r .  

(a) ~ ~ ~ o ; u t & ~ n  
In addi t ion  t o  hydrodynamic cons t r a in t s  mentioned above, t he  

resolving power of t h e  system i s  limited by o the r  f a c t o r s ,  including 

temperature r i s e ,  migrant t o  c a r r i e r  r a t i o  and residence t i m e  i n  

t he  separa tor .  Normally, the  reso lv ing  power of zone e l ec t ro -  

phoresis depends on the  pa th  length  ava i l ab le  f o r  separation. 

However, t he  pa th  length ( i n  t h i s  case,  annular width) which can be 

incorporated i n  a separa tor  of t h e  type described here ,  i s  

severely constrained by the  dimensions compatible with hydrodynamic 

flow s t a b i l i t y .  These a r e  themselves a complex function of 

diameter, annular length,  annular width, A 0  and ro t a t iona l  speed. 

For t h e  separation o f  most b io log ica l ly  ac t ive  ma te r i a l s ,  

t he re  i s  a l i m i t  t o  t he  A8 which can be t o l e r a t e d  and the  maximum 

o u t l e t  temperature i s  probably about 3O-4O0C. 

mind, the  model p red ic t s  t h a t  f o r  r e l a t i v e l y  high throughputs t he  

annular widths must be r e l a t i v e l y  small (0.2 - 0.5 cm has been used 

successfu l ly) .  

systems, separa t ion  between components should be maximal a t  t h e  

maximum path  length  ava i l ab le ,  i . e .  when the  most mobile component 

Bearing t h i s  i n  

I n  theory and by analogy with most zone migration 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 51 

i s  c lose  t o  t h e  r o t o r  wall .  However, w e  normally opera te  so t h a t  

t h e  peak pos i t i on  of  t h e  most mobile component i s  about o u t l e t  21 

(i.e. 0.7 of t h e  annulus, see Figure 8 ) .  The r a t i o n a l e  behind 

t h i s  i s  t h a t  beyond of f - take  24, loss of  r e so lu t ion  occurs probably 

due t o  some mixing a t  t h e  off-take d i s c s  i n  t h i s  region a s  w e l l  as 

t o  the  presence of a high conduct iv i ty  region near t h e  r o t o r ,  

probably caused by back flow of  concentrated e l e c t r o l y t e  through 

t h e  membrane i n t o  the  annulus. In  add i t ion ,  it has been shown 

(Figure 8 ) ,  t h a t  i n  f a c t  l i t t l e  advantage i n  r e so lu t ion  would be 

gained p a s t  about of f - take  24. 

Although it i s  unl ike ly  t h a t  f u r t h e r  major improvements i n  t h e  

reso lv ing  power of  t he  system can be achieved by r e f i n i n g  machine 

design, t he re  i s  scope f o r  enhancing r e so lu t ion  s i g n i f i c a n t l y  by a 

number of techniques and modifications inc luding  
- 
- i s o - e l e c t r i c  focusing, 
- 

zone sharpening (e.g. using i s o t a c h o p h ~ r e s i s ~ ~ )  , 

s p e c i f i c  mobi l i ty  modification ( a f f i n i t y  e l e c t r o p h o r e s i ~ ~ ~ )  . 
These are being inves t iga t ed  a t  the  p re sen t  time. 

(bl Electrm=q:osmosis 

Normally wi th  e l ec t rophores i s  systems, electroendosmosis 

occurs p a r t i c u l a r l y  i n  f r e e  so lu t ion ,  causing se r ious  l o s s  of  

reso lu t ion .  This e f f e c t  is due t o  charges present  o r  accumulating 

on the  sur faces  of t h e  e l ec t rophores i s  c e l l s  used, and is  pa r t i cu -  

l a r l y  pronounced i n  t h e  t h i n  f i l m  system of Hannig which has l a r g e  

sur face  areas i n  r e l a t i o n  t o  t h e  pa th  length.  The problem has 

proved d i f f i c u l t  t o  overcome although coa t ing  the  w a l l s  wi th  

s u i t a b l e  polymers (e.g. methyl ce l lu lose )  o r  even with t h e  ions  

being electrophoresed (e. g. albumin) s i g n i f i c a n t l y  reduces t h e  

endosmotic flow . The problem can be overcome p a r t l y  by 

i n j e c t i n g  the  sample i n t o  t h e  cent re  of  t h e  t h i n  f i lm ,  away from 

t h e  wal l s ,whichreduces  zone d i s t o r t i o n .  Nevertheless,  it i s  

still  a major l i m i t a t i o n  to  t h i n  f i lm  systems. 

35 

Although t h e r e  are l a rge  membrane a reas  i n  t h e  system 

described here ,  these  are i n  a plane a t  r i g h t  angles  t o  t h e  
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52 MATTOCK, AITCHISON, AND THOMSON 

d i rec t ion  of  cu r ren t  and movement of  i ons ,  and hence cause l i t t l e  

endosmotic in te r fe rence .  

( c )  p"f""-Buffer 

In  genera l ,  a low conduct iv i ty  must be maintained i n  t h e  

annulus t o  provide a s u f f i c i e n t  voltage g rad ien t  t o  e f f e c t  u se fu l  

separa t ions  of  most b io log ica l  molecules and p a r t i c l e s  , without 

generating excessive hea t .  Thus, t he  e f f e c t i v e  opera t ing  conduc- 

t i v i t y  range has been found t o  be n, 0.5-2.0 mScm-'. 

i s  v i t a l  t o  maintain as f l a t  a conduct iv i ty  p r o f i l e  a s  poss ib l e  

across  t h e  annulus so t h a t  t h e  maximum migration d is tance  can be 

used f o r  separa t ion .  A v a r i e t y  of  bu f fe r s  have been described i n  

t h e  l i t e r a t u r e  within t h i s  conduct iv i ty  range which a l s o  provide 

adequate bu f fe r ing  power and a number of  these  have been used i n  

t h e  e l ec t rophores i s  system. These have included T r i s - c i t r a t e  f o r  

t h e  physiological range ($ 7-9) , ammonium a c e t a t e  (9.6-11.51, T r i s -  

ace t a t e  o r  ammonium ace ta t e  wi th in  t h e  4-6 pH range and ammonium 

formate down t o  pH 3.0. Generally speaking, adequate bu f fe r ing  

can be maintained over t h e  whole annulus a t  low conduc t iv i t i e s  with 

r e l a t i v e l y  inexpensive e l e c t r o l y t e s .  Figure 18 i l l u s t r a t e s  pH and 

conductivity p r o f i l e s  i n  a t y p i c a l  experiment using T r i s - c i t r a t e .  

Although a reasonably f l a t  conductivity p r o f i l e  is  genera l ly  

achieved, t he re  is always an increase  i n  conduct iv i ty  towards t h e  

anode (normally t h e  r o t o r ) .  The reason f o r  t h i s  is  no t  c l e a r  bu t  

could be due t o  inward movement of ions  from t h e  ou te r  e l ec t rode  

compartment which conta ins  high concentrations of e l e c t r o l y t e ,  s ince  

t h e  e f f e c t  i nc reases  wi th  cur ren t .  In addi t ion ,  a wide range of 

bu f fe r s  have been described f o r  use with cells  t o  maintain bu f fe r ing  

and osmolarity,  some of which have been modified f o r  use with t h e  

present  system. 

Fur ther ,  it 

I t  is e s s e n t i a l  t o  exe rc i se  care  i n  bu f fe r  make-up t o  maintain 

t h e  conductivity 5 5% from batch t o  ba tch ,  i n  o rde r  to  ensure s t a b l e  

zone pos i t i ons  during extended runs. 

t h e  low i o n i c  s t r eng ths  used i n  t h e  system, t h e  m o b i l i t i e s  of 

dissolved macromolecules are considerably enhanced (% 3x) above 

I t  is  worth not ing  t h a t  a t  
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54 MATTOCK, AITCHISON, AND THOMSON 

those normally reported ( Note u .̂ l /&-) .  

t h a t  t he  absolu te  mobi l i ty  values quoted i n  t h e  l i t e r a t u r e  have 

been determined normally by ana ly t i ca l  e lec t rophores i s  (e.g. with 

t h e  T i se l iu s  moving boundary system) , genera l ly  using r e l a t i v e l y  

high ion ic  s t r eng th  buf fers .  Therefore, these  values cannot be 

used d i r e c t l y  t o  p red ic t  mob i l i t i e s  i n  the  ve loc i ty  g rad ien t  

s t a b i l i s e d  system. Mobility values derived from g e l  e l ec t ro -  

phoresis where molecular s iev ing  has a major e f f e c t  cannot be used 

d i r e c t l y .  However, PI d a t a  a r e  genera l ly  of g rea t e r  value i n  

ind ica t ing  the  l i k e l y  r e l a t i v e  mob i l i t i e s ,  although even here  t h e  

r e l a t ionsh ip  between pH and mobili ty i s  not  r e l i a b l e .  

I t  should be remembered 

6 . iv  Scale and Throughput 

Throughput of t he  system i s  determined by the  separa tor  

dimensions, flow r a t e s  and temperature r i s e .  The r e l a t ionsh ip  

between these  and o ther  parameters i s  complex and has a l ready  been 

discussed. In addi t ion ,  t he  r e so lu t ion  required i n  any one 

appl ica t ion  w i l l  determine the  migrant loading which i n  tu rn  i s  

af fec ted  by dens i ty  and v iscos i ty .  

However, f o r  any p a r t i c u l a r  separa tor  of f ixed  dimensions, 

t he  carrier flow r a t e  and temperature r i s e  f o r  a p a r t i c u l a r  power 

input  can r e a d i l y  be determined. The mob i l i t i e s  of t h e  components 

t o  be separated w i l l  determine the power input ,  remembering t h a t  

the reso lu t ion  w i l l  be improved the  g rea t e r  t h e  d is tance  migrated 

and the  r ~ r e a t e r  the  d i f fe rence  i n  ind iv idua l  mob i l i t i e s .  
migrant load a f f e c t s  t h e  r e so lu t i an ,  and the  optkmum conditixms 

w i l l  be determined by t h e  reso lu t ion  requi red  and t h e  dens i ty  and 

v i s c o s i t y  of t h e  sample. As a r u l e  of thumb, dens i ty ,  v i s c o s i t y  

and conductivity of t h e  sample should match c a r r i e r  conditions a s  

c lose ly  as poss ib le  f o r  maxiwum reso lu t ion .  A s u f f i c i e n t l y  l a rge  

dens i ty  d i f f e rence ,  a s  may be found with a concentrated p ro te in  

so lu t ion ,  w i l l  cause the  migrant i n i t i a l l y  t o  flow down the  annulus 

ins tead  of being ca r r i ed  upwards and can cause mixing. This e f f e c t  

is  l e s s  pronounced a s  the  l i n e a r  ve loc i ty  of the  c a r r i e r  flow 5s 

increased. In additiwn, an increase  i n  e i t h e r  migrant flow or 

The 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 55 

concentration w k l l  reduce resolution by increasing the zone width 

of the electrophoresed components. 

To overcome these problems, a compromise m u s t  be reached 

between these d i f f e ren t  f ac to r s  although some have been solved by 

modifying the composition of the sample. For example, with highly 

concentrated protein soluti.ons ('z 50 m q / m l ) ,  the dens5ty can be 

reduced by addit5on of etllanol t o  the migrant stream. To da te ,  the 

highest p rac t i ca l  throughput has been achieved with migrant/carrier 

r a t i o s  of % 1:50 i n  the exis t ing intermediate scale separator,  

( i .e .  Q, 25 g/hr for  plasma) although f o r  components which a re  w e l l  

resolved (e.g. IgG and albumin) , considerable "overloading" may 

well be possible. Thus, the gain i n  throughput can of ten 

compensate i n  pa r t  for  any yield reduction due t o  resolution. 

To date ,  three d i f f e ren t  separators have been constructed 

with annuli  of Zmm, 5mm and var iable  3-7m, with electrode lengths 

varying by a factor  of 3.  Table 2 shows the r e s u l t s  from two of 

these separators with a nominal 3-fold difference i n  throughput. 

The data obtained so f a r  indicate t h a t  a t  l e a s t  a fur ther  3-fold 

increase i n  throughput may be achieved. However, because of the 

highly in t e rac t ive  nature of t he  var iables  affect ing the 

performance and operational s t a b i l i t y  oP t h i s  type of separator,  

fur ther  work i s  needed t o  determine the 

upper p rac t i ca l  limits of scale up. Nevertheless, we can 

envisage a family of separators with a t  l e a s t  a 50/100-fold range 

of throughputs covering applications from analysis t o  f u l l  scale  

production. 

6 .v. Continuous Operation 

The system i s  very s table  i n  operation and has been operated 

continuously fo r  periods of up t o  60 hours w i t h  only r e l a t ive ly  

minor d r i f t s  i n  peak posi t ion o r  band width which have been re-  

stored readi ly  by adjustment of the current (Figure 19). The 

build-up of protein on membranes which great ly  a f f e c t s  the per- 

formance and usefulness of some other preparative electrophoresis 

systems, is  not evident i n  the separator described here. A t  f i r s t  
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1300 

1200 

1100 

22 
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1 . 2  

1.0 

0.8 

C a r r i e r  Conduct ivi ty  

Peak Location 

S.D. of sample (B .S .A . )  

I I I I I 
10 20  30 4 0  50 

Time (hrs) 
0 

F I G .  19 Resul t s  of opera t ing  t h e  e l ec t rophores i s  system 
continuously over  6Ohrs. The c a r r i e r  conduct iv i ty ,  
l oca t ion  of t h e  BSA sample and t h e  S . D .  of t h e  sample were 
monitored rou t ine ly  during t h e  run. The c a r r i e r  b u f f e r  
was ammonium a c e t a t e  pH 10.5 conduct iv i ty  1.2mScm-’ 
flow r a t e  600ml/min. The sample was BSA a t  lQng/ml and 
an i n j e c t i o n  r a t e  of lCknl/min. Elec t rophores i s  was 
performed a t  37A (30V). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



58 MATTOCK, AITCHISON, AND THOMSON 

s igh t  it would appear t h a t  since the migrant i s  introduced i n t o  the 

annulus immediately adjacent t o  the ro to r ,  a l l  migrant species must 

possess the same charge sign i n  order t o  migrate away from the 

s t a t o r  and towards the rotor.  Any oppositely charged ions should 

migrate i n t o  the s t a t o r  membrane and possibly cause build up which 

would a f f ec t  permeability and voltage gradient s t a b i l i t y .  This i s  

not found i n  pract ice  and may be due pa r t ly  t o  the existence of 

some flow in to  the annulus from the electrode compartments. In 

addition, if a build up of material on the s t a t o r  membrane i s  

suspected, the pH i n  the annulus immediately adjacent t o  the s t a t o r  

membrane can be changed. Thus, by a l t e r ing  the  pH of the electro-  

l y t e  i n  the s t a t o r  compartment, conditions can be selected t o  

impart an opposite charge on ions as they near the s t a t o r ,  reducing 

the poss ib i l i t y  of deposition. This e f f ec t  is shown by the 

behaviour of the low mobility proteins  i n  plasma (mainly IgG) fo r ,  

although a proportion a re  cathodic a t  pH 1.5, there i s  no sign of a 

build up a t  the s t a t o r  (Figure 1 2 ) .  

It i s  possible t h a t  some problems of t h i s  nature w i l l  be 

experienced with proteins  more basic than the immunoglobulins, o r  

during electrophoresis a t  lower pH's, where cathodic mobili t ies of 

many proteins w i l l  be greater.  However, it i s  unlikely t h a t  many 

separations of physiological molecules w i l l  need t o  be carr ied out  

under those conditions because of t h e i r  i n s t a b i l i t y .  

The poss ib i l i t y  of membrane fouling has been ant ic ipated i n  

the separator design which provides for  an additional i n l e t  

approximately 1 cm above the normal migrant i n l e t .  This can be 

used t o  provide a "buffer zone" which flows up between the s t a t o r  

wall and the migrant t o  keep anodic components away from the s t a t o r  

membrane. 

In addition t o  s t a b i l i t y  over extended periods of operation , 
separations can be reproduced readily even a f t e r  s ign i f i can t  

i n t e rva l s  of time. N o  special  precautions are required other  

thantoensure the pH, flow r a t e s  and pa r t i cu la r ly  the conductivity 

sonditions are  reproduced. Thus, separation conditions derived 
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CONTINUOUS FREE FLOW ELECTROPHORESIS 59 

from shor t  term experiments can be reproduced e a s i l y  f o r  prepara- 

t i v e  runs. 

6. v i  . Applications 

The separation system described here s a t i s f i e s  many of the  

requirements f o r  b io logica l  work. I t  has a very high throughput 

when compared with o the r  e lec t rophore t ic  systems and compares 

favourablywith o ther  f rac t iona t ion  techniques such as ion-exchange. 

The system can be operated over an adequately wide pH range (3-11) 

and can be used with m o s t  mater ia l s  of i n t e r e s t  t o  b i o l o g i s t s ,  viz.  

s m a l l  molecules up t o  whole c e l l s ,  with very good recover ies  of 

b io logica l  a c t i v i t y .  Resolution is  good considering the  through- 

puts poss ib le  and the  system has proved r e l a t i v e l y  straightforward 

and r e l i a b l e  i n  operation. I t  should be noted t h a t  there  a r e  

r e l a t i v e l y  few techniques f o r  separa t ing  v iab le  whole c e l l s  on a 

l a rge  sca l e ,  and free-flow e lec t rophores i s  u t i l i s e s  a d i f f e r e n t  

property (surface charge) t o  those usually used (e.g. dens i ty  and 

s i z e ) .  Apart from the  sur faces  of i n l e t  and o u t l e t  tubing, 

contact of samples with the  separa tor  i s  negl ig ib le  during 

f rac t iona t ion ,  hence it can be an t ic ipa ted  t h a t  r e l a t i v e l y  hydro- 

phobic so lu t e s  (e.g. some p ro te ins ,  l ipopro te ins ,  membrane-bound 

components), which tend t o  adsorb s t rongly  t o  polymeric sur faces ,  

can be f rac t iona ted  successfully.  

To da te ,  t h e  e lec t rophore t ic  separa tor  has been used t o  

f r ac t iona te  a wide range of mater ia l s  and severa l  important 

appl ica t ions  have been i d e n t i f i e d  and developed. In  most cases 

the  f r ac t ions  obtained are s t i l l  impure, depending on the  compo- 

s i t i o n  of t he  s t a r t i n g  mater ia l ,  bu t  it should a l so  be pointed out 

t h a t  with most mixtures as complex a s  b io logica l  t i s s u e s  (e.g. 

plasma), seldom i s  a s ing le  technique capable of reso lv ing  a 

p a r t i c u l a r  component from a mixture i n  one s tep .  Normally, 

recourse has t o  be made t o  the  sequent ia l  use of a number o f  

techniques which depend on d i f f e r e n t  proper t ies .  In t h i s  regard,  

t he  continuous flow e lec t rophore t ic  separa tor  i s  a t t r a c t i v e  since 

it can be used a t  v i r t u a l l y  any s tage  of a preparation. Thus, 
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60 MATTOCK, AITCHISON, AND THOMSON 

crude e x t r a c t s  can be processed a t  s u b s t a n t i a l  throughputs t o  give 

pa r t i a l ly -pu r i f i ed  f r ac t ions  which can then be processed fu r the r  by 

more highly resolving techniques usually a t  lower throughputs. I t  

can a l so  be used a t  l a t e r  s t ages  of a prepara t ion  t o  give a f i n a l  

pu r i f i ca t ion .  Operation of t he  system a t  t he  r e l a t i v e l y  l o w  i o n i c  

s t rength  necessary has n o t  proved a severe probl.em even up t o  the  

maximum throughput inves t iga ted .  However, t h i s  consideration 

necess i t a t e s  reduction of t he  i o n i c  s t rength  o f  many samples before 

e lec t rophores i s ,  and i s  r ead i ly  e f f ec t ed  on t h e  l i tre sca le  by 

conventional d i a l y s i s ,  by d i a f i l t r a t i o n  o r  g e l  f i l t r a t i o n  (e.g. 

Sephadex) . 
with l i t t l e  d i f f i c u l t y  with a wide range of samples inc luding  blood 

plasma, and with neg l ig ib l e  problems o f  p r e c i p i t a t i o n  o r  loss of 

b io log ica l  a c t i v i t y .  Clear ly ,  however, on a l a rge  i n d u s t r i a l  

s c a l e ,  desa l t i ng  w i l l  p resent  more of a problem, but  we f e e l  t h a t  

it is  by no means insurmountable s ince  p r e c i p i t a t i o n  and/or u l t r a -  

f i l t r a t i o n  a re  now f requent ly  used t o  concentrate crude e x t r a c t s ,  

and t o  achieve desa l t i ng  a t  t h e  same time. 

This has been ca r r i ed  o u t  rout ine ly  and successfu l ly  

With cells and sub-ce l lu la r  p a r t i c u l a t e s ,  the  problem o f  

concentration can be overcome by cent r i fuga t ion  and re-suspension 

i n  an appropriate bu f fe r ,  p a r t i c u l a r l y  since zonal cen t r i fuga t ion  

i n  a density grad ien t  might w e l l  be a preliminary f r ac t iona t ion  

s t e p  used i n  the  pu r i f i ca t ion .  

Location of components i n  the  30 f r ac t ions  during e l ec t ro -  

phoresis requi res  a method of monitoring f r ac t ions  i n  order t o  

e s t a b l i s h  as quickly a s  poss ib le  whether t he  conditions used a re  

optimal. The simple manual spectrophotometric method described 

enables t h i s  t o  be achieved r e l a t i v e l y  simply and a complete scan 

o f  f r ac t ions  can be c a r r i e d o u t i n  5-10 minutes. Furthermore, t h i s  

system can be used t o  monitor t h e  s t a b i l i t y  of t he  separa tor  by 

monitoring continuously a s u i t a b l e  o u t l e t  tube (e.9. the  ascending 

o r  descending limb of a peak) and recording any minor f luc tua t ions  

i n  the  pos i t i on  of t he  peak. Once stable conditions have been 

e s t ab l i shed  f o r  a des i r ab le  separation, co l l ec t ion  of bulk samples 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1
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then follows with pe r iod ic  monitoring t o  ensure t h a t  minimum peak 

d r i f t  has occurred dur ing  co l l ec t ion .  

The d i l u t i o n  occurring i n  the  separa tor  (5-10 f o l d )  during 

e lec t rophores i s  presents  no g rea t  d i f f i c u l t y ,  p a r t i c u l a r l y  with t h e  

advent o f  compact and e f f e c t i v e  u l t r a f i l t r a t i o n  systems. Also, 

s ince  t h e  products emerge a t  l o w  i o n i c  s t r eng th ,  t h e  conditions a r e  

p a r t i c u l a r l y  s u i t a b l e  f o r  concentration o r  fu r the r  p u r i f i c a t i o n  by 

adsorption on ion-exchangers. We have successfu l ly  used Amicon 

hollow f i b r e  u n i t s  t o  concentrate f r ac t ions  up t o  10-fold a f t e r  

e l ec t rophores i s  and before fu r the r  processing, with neg l ig ib l e  loss 

o f  b io log ica l  a c t i v i t y ,  a t  room temperature and also a t  4 C, 

provided care i s  taken t o  a d j u s t  pH and i o n i c  s t r eng th  before 

u l t r a f i l t r a t i o n .  A l s o ,  w e  have used u l t r a f i l t r a t i o n  t o  

concentrate l a r g e r  volumes ( >  10 l i tres) of o u t l e t  f r a c t i o n s  p r i o r  

to  f reeze  drying. It should be noted t h a t  many cu r ren t  f r ac t ion -  

a t ion  procedures, (e .g. column chromatography and g e l  f i l t r a t i o n )  , 
cause a similar d i l u t i o n  and a subsequent concentration s t age  i s  

necessary. 

0 

6 .v i i .  Operation under s t e r i l e  conditions 

For many production sca l e  app l i ca t ions ,  it w i l l  be necessary 

t o  operate the  e l ec t rophore t i c  system under hygienic o r  s t e r i l e  

conditions.  Clearly,  s t eam-s t e r i l i s a t ion ,  although the  method of 

choice ,wi l l  p re sen t  problems. W e  are inves t iga t ing  modes o f  

opera t ion  aimed i n i t i a l l y  a t  minimising contamination with micro- 

organisms. Thus we have found t h a t  by the  use of conventional 

bac t e r ioc ida l  f l u i d s  such a s  hypochlorite and bac te r ioc ida l  

de te rgents ,  microbial  contamination can be reduced t o  very l o w  

l e v e l s  which can be maintained by using p r e - f i l t e r e d  ( 0 . 2 ~ )  c a r r i e r  

buf fers .  Fur ther ,  t he re  i s  minimal re-contamination even on 

s tanding  i f  t he  system i s  thoroughly washed with s t e r i l e  water 

( 0 . 2 ~  f i l t e r )  a f t e r  use. The semi-permeable membranes used can 

withstand these  t rea tments ,  and appear t o  be very r e s i s t a n t  t o  

biodegradation over prolonged per iods  of use i n  the  separa tor  under 

non-s te r i le  conditions.  This aspect is  being inves t iga t ed  i n  mre 
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62 MATTOCK, AITCHISON, AND THOMSON 

d e t a i l ,  with the  aim of designing a system s u i t a b l e  f o r  production 

of pharmaceutical compounds. 

7. CONCLUSIONS 

We see  the  continuous e l ec t rophore t i c  separa tor  a s  o f f e r ing  a 

new and v e r s a t i l e  general  technique f o r  separa t ing  and pur i fy ing  

b io log ica l ly  ac t ive  mater ia l s  and i n  p a r t i c u l a r ,  l a b i l e  compounds, 

i n  high y i e l d  and with good recovery o f  b io log ica l  a c t i v i t y .  

can be used t o  f r ac t iona te  crude e x t r a c t s  (even containing 

c o l l o i d a l  or slowly sedimenting mater ia l )  , a t  high throughputs 

g iv ing  f r ac t ions  enriched with se l ec t ed  components which can be 

pu r i f i ed  by o the r  complementary techniques (such as ion-exchange 

chromatography) o r  by re-cycling through the  separa tor  using 

d i f f e r e n t  opera t ing  conditions.  Because of i t s  opera t iona l  

s t a b i l i t y  and r ep roduc ib i l i t y ,  day-long o r  continuous operation can 

be used readi ly .  In  addi t ion ,  s ince  a l l  components present  i n  t h e  

input  stream are recovered i n  the  o u t l e t  f r ac t ions ,  t he  co l l ec t ion  

of s eve ra l  components simultaneously from a s ing le  feedstock could 

be of major importance f o r  a s t a r t i n g  mater ia l  i n  s h o r t  supply 

(e.g. human plasma),  o r  one which i s  c o s t l y  t o  produce (e.g. some 

t i s s u e  cu l tu re  or fermentation products ) .  Continuous e l ec t ro -  

phores i s  could also have p a r t i c u l a r  advantages f o r  cell  f r ac t ion -  

a t i o n ,  already demonstrated t o  be f eas ib l e  i n  the  system described 

here ,  and already explored i n  more d e t a i l  i n  t h i n  f i lm  systems. 

I t  

The t h e o r e t i c a l  hydrodynamic model o f  t h e  separa tor  descr ibes  

well  i ts  performance, has high-lighted i t s  development p o t e n t i a l ,  

and has enabled a 3-fold sca led  up version t o  be constructed and 

operated successfu l ly  bes ides  ind ica t ing  a l eve l  of fu r the r  s ca l e  

UP - 
Work i s  i n  progress aimed a t  iden t i fy ing  s p e c i f i c  production- 

s ca l e  app l i ca t ions ,  a s  well  a s  improving r e so lu t ion ,  developing 

on-line monitoring and cont ro l  systems, and modifying the  design 

f o r  use under steri le conditions.  
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NOMENCLATURE 

STATOR RADIUS - INNER BOUNDARY OF ANNULUS (cm)  

ROTOR RADIUS - OUTER BOUNDARY OF ANNULUS (cm)  

ANNULUS WIDTH (R2 - R1) 

MEAN RADIUS (cm)  

ELECTRODE LENGTH (cm)  

A RADIAL DISTANCE ACROSS THE ANNULUS - MEASURED FROM STATOR 

( c m )  

( cm)  

( c m )  

POWER (cm)  

I N I T I A L  MEAN VALUE O F  MIGRANT DISTRIBUTION AT ZERO POWER 

I N I T I A L  STANDARD DEVIATION O F  MIGRANT DISTRIBUTION AT ZERO 

STANDARD DEVIATION O F  MIGRANT AFTER ELECTROPHORESIS 

VARIANCE DUE TO ELECTROPHORETIC HETEROGENEITY ( c m  ) 

( c m )  
2 

MEAN AXIAL mow OF CARRIER (cm3s- ')  

MIGRANT FLOW ( c m  s 

TOTAL AXIAL FLOW OF CARRIER BETWEEN R~ AND ( R ~  + s) ( c m 3 s - l )  

3 -1 

CURRENT (AMPS) 

VOLTAGE GRADIENT ACROSS ANNULUS 
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N =  

u =  
n =  
a =  

P =  

D =  

h =  

c P =  

ROTATION SPEED ( s- ) 

ELECTROPHORETIC MOBILITY (cm s V ) 

DYNAMIC VISCOSITY (POISE) , 

2 -1 -1 

TEMPERATURE COEFFICIENT FOR CONDUCTIVITY (e -' 
DENSITY OF CARRIER SOLUTION (gcm-3) 

MOLECULAR DIFFUSION COEFFICIENT (cm2s-l) 

SPECIFIC HEAT CAPACITY (J g-l e - l )  

2 -1 -1 
ELECTROPHORETIC HETEROGENEITY COEFFICIENT (cm S V 

Re = BULK REYNOLDS NUMBER 
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APPENDIX 1 

Annular Flow_ 

Laminar a x i a l  flow through an annulus of ou te r  r ad ius  R2 and inner  

rad ius  R1 i s  given by t h e  equation (36) 

2 2 
F = 2 . a P  2 2 R2 - R1 

8rl dL ( R2 -k R1 - m R ~ / R ~  ) ( R 2 2  - R12) 

where dP/dL is  t h e  pressure  grad ien t .  

The following equation can be derived f o r  t h e  volume flow between 

r a d i i  A and B (R1 4 A < B Q R2) 
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However, when the annulus width i s  much smaller than R the flow 

p ro f i l e  is  approximately parabolic and the simple expression 

is a good approximation and adequate fo r  p rac t i ca l  purposes. 

APPENDIX 2 

Resolution 

The extent of resolution of two normally dis t r ibuted species of 

the same concentration depends upon t h e i r  respective standard 

deviations (uA,uB) and theix separation distance (u, - U B ) .  

example, t o  recover 95% of species A a t  a pu r i ty  l eve l  of 95%, the 

' cu t '  i s  made a t  the ordinate which is  distance y from uA and where 

For 

UA - UB = d 

then ( 1  + e r f  (y/uAfi) /2 = 0.95 ) y = 1.6450, 

and (1 - e r f  (d-y/u,fi) /2 = 1 - 0.95 

d = 1.645 (UA + aB) (1) 

To move component A (mobility CI ) a distance s cm requires a 

current Is amps 
A 

2 3 -  
where 3 as /2 - s3 = UAISa /2KFc 

For component B (mobility UB) to be separated from A by d c m  

When d < a 

3 asd - 3s 2 d = IsSd3AW/2i&c 
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3 
hence A U  = 6sdKF (a  - s ) / I sa  

As Fs = U.Is/z 

3 
= 6sdFc (a - s ) / a  Fs U 

( 2 )  -- - - 6 d ( a  - s ) / s ( 3 a  - 2s)  
U 

When a is due t o , m o l e c u l a r  d i f f u s i o n ,  it can be shown t h a t  u/a i s  

e s s e n t i a l l y  independent o f  machine dimensions f o r  a given A 8 .  

Therefore  w e  can express  t h e  s tandard  d e v i a t i o n  as a f r a c t i o n  o f  

t h e  annulus ,  i.e. u = xa. 

When aA = ag, from equat ion  (1) 

d = 3.29 xa 

and s u b s t i t u t i n g  i n  equat ion  ( 2 )  

Au - -- = 19.74 x a ( a  - s ) / s ( 3 a  - 2 s )  

The effect o f  p a r a b o l i c  flow on t h e  s t a n d a r d  d e v i a t i o n  i s  

approximately 

2 3 a / 4 s ( a  - s)  

where i s  t h e  minimum S . D ( =  x ’ a )  

S u b s t i t u t i n g  f o r  xa and express ing  s as a f r a c t i o n  o f  a ( =  m a )  

2 E = 4.94 x’/m ( 3  - 2m) 
U 

or a l t e r n a t i v e l y  

E = 4.94 X ’ F ~ / F ~  
U 
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