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ABSTRACT 

The f i r s t  s t a g e  of t h e  two-stage c e l l  e l e c t r o f u s i o n  technique involves  
t h e  d i e l e c t r o p h o r e t i c  a p p o s i t i o n ,  i n  an AC f i e l d ,  of p r o t o p l a s t s  suspended i n  
a medium of r e l a t i v e l y  low s p e c i f i c  conduct iv i ty .  A frequency a t  which t h e  
maximum d i e l e c t r o p h o r e t i c  force  is exer ted  is given by the  c h a r a c t e r i s t i c  
f requency f o r  t h e  d i e l e c t r i c  r e l a x a t i o n  by a Maxwell-Wagner type  of 
mechanism. W e  provide a nomograph for t h e  rap id  c a l c u l a t i o n  of t h i s  
frequency. 

INTRODUCTION 

When a s t rong  e l e c t r i c  f i e l d  is appl ied t o  a suspension of c e l l s  or  

p r o t o p l a s t s  i n  a medium of a l o w  e l e c t r i c a l  conduct iv i ty ,  a phenomenon of 

(mutual)  d i e l e c t r o p h o r e s i s  occurs (1 ,2) .  The cells l i n e  up to  form, depending 

upon t h e  c e l l  d e n s i t y  of t h e  suspension,  p a i r s  or p e a r l  cha ins ,  and they may 

subsequent ly  by fused by t h e  imposi t ion of a s h o r t  e l e c t r i c a l  pu lse  d high 

f i e l d - s t r e n g t h  (3,4). The phys ica l  b a s i s  of t h i s  d i e l e c t r o p h o r e t i c  e f f e c t  

r e s i d e s  in the d i f f e r e n c e  i n . c m p l e x  p e r m i t t i v i t y  between t h e  v e s i c l e s  and the 
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140 KELL AND BURNS 

medium i n  which they a re  suspended (1,2,5), and thus the dependence of the 

d ie lec t rophore t ic  force upon the frequency of the exc i t i ng  f i e l d  is r e f l ec t ed  

in the frequency-dependent d i e l e c t r i c  proper t ies  of the suspension. In other 

words, fo r  a given f i e l d  s t r eng th ,  the d i e l ec t rophore t i c  e f f i c i ency  is  

g rea t e s t  a t  the c h a r a c t e r i s t i c  frequencies fc of the d i e l e c t r i c  relaxations 

exhibited by the ves ic les .  

In the frequency range up t o  around 100 MHz, i t  is genera l ly  observed 

tha t  (charged) b io logica l  c e l l s  or ves i c l e s  exhib i t  two major d i e l e c t r i c  

d i spers ions ,  usua l ly  re fer red  to as  the (I- and !-dispersions (2.6-8). Our 

a t t e n t i o n  is here focussed on the more rap id ly  re lax ing  P-dispersion, which is 

dominated by capac i t ive  charging of the c e l l  membrane, and we t r e a t  only 

spher ica l  s h e l l  p ro toplas t s ,  which are of the g rea t e s t  i n t e r e s t  so f a r  as 

p rac t i ca l  exp lo i t a t ion  of the technique is concerned (9,lO). 

For such a case,  we assume: 

tha t  the pro toplas t s  a r e  charac te r i sed  by a uniform radius r pm; ( a )  

(b) t h a t ,  i n  cont ras t  t o ,  say ,  s k e l e t a l  muscle (ll), the e l e c t r i c a l  

Conductivity of the c e l l  i n t e r i o r  is i so t rop ic ,  and of magnitude oi mS/cm; 

( c )  t ha t  the pro toplas t s  a r e  immersed i n  a medium of bulk conduct iv i ty  

uo mS/cm, and 

(d)  tha t  the pro toplas t s  ,are possessed, fn the frequency range of i n t e r e s t ,  

of a mmbrane w i t h  a conductance s u f f i c i e n t l y  small to  be neglected,  and a 

s t a t i c  capacitance C, = 1 p~ lcm2 .  

The last assumption deserves comment. The s t a t i c  membrane capacitance as  

measured with transmembrane e lec t rodes  is -of ten  as  low a s  0.5-0.6 pF/cm2 

(8 ,12) .  Both the d ie lec t rophore t ic  induction phase of the e lec t rofus ion  

process i t s e l f  (3,4,10,13), and d i e l e c t r i c  measurements made d i r e c t l y  

(8,14-16) i nd ica t e  tha t  (probably p a r t i a l l y  r e s t r i c t e d )  motions of membrane 

and double-layer components cont r ibu te  t o  the d i e l e c t r i c  proper t ies  i n  the 

frequency range usually associated with the p-dispersion, when masurements 
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are made with ex t raves icu lar  e lec t rodes .  This complication, however, is not 

important here. 

In t h i s  case,  then, the re laxa t ion  t i m e  for  the charging of the membrane 

capacitance ( f c  - 1/2 n r ,  where fc  = the  cha rac t e r i s t i c  frequency), is given 

by ( 6 ) :  

If r is in 

equation (1) may be rewrit ten: 

p m ,  ui and no a r e  i n  mS/cm, f c  is in kHz and Cm = 1 pF/cm2, 

f c  = 1 5 9 l m 5 / r [ ( l / n i )  + (1/2*0)1 

o r  fc  = 1591.5B/r 

where B = 2qud(ui + 20,) 

The uni t s  of B a r e  therefore  mS/cm. 

( 4 )  

RESULTS AND DISCUSSION 

In die lec t rophore t ic  or c e l l  e lec t rofus ion  experiments, i t  would be 

convenient t o  be ab le  rap id ly  to  ca lcu la te  fc from known or assumed values of 

r ,  ‘zi and 0,. Thus, our aim here is to  provide, f o r  the benefit  of workers 

using the  d ie lec t rophore t ic  technique, a nomograph r e l a t ing  f c  t o  r ,  ui and 

* O  * 

From the  theory of nomograph8 (17-20), we can construct a nomograph 

(Figure 1) t o  solve equation ( 3 ) ,  using the following pr inc ip les :  ( a )  the B 

and r axes are p a r a l l e l ,  and perpendicular t o  the 0, ax i s ;  (b) the f c  ax i s  

joins the zero points on the B and r axes; ( c )  the  angle between the Ui  and B 
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FIGURE 1 

A nomograph t o  c a l c u l a t e  t h e  opt imal  frequency f o r  d i e l e c t r o p h o r e s i s  and 
p e a r l  chain formation i n  p r o t o p l a s t  ( o r  c e l l )  suspensions.  Note t h a t  B may be 
in a r b i t r a r y  u n i t s  for t h e  present  purposes ,  but  must have t h e  u n i t s  of 
nS/cm. The va lue  of B is obtained by j o i n i n g  the va lues  f o r  and Oo, and f c  
is obtained by j o i n i n g  t h e  v a l u e  f o r  B and r .  In  t h e  example shown, 
O i  = 10 ,S/cm, Oo = 0.1 mS/cm and r = 5 p m .  It  m y  be c a l c u l a t e d  i n  t h i s  
case  t h a t ,  a s  observed,  B = 0.196 mS/an and f c  = 63.4 kHz. 

a x e s  is a r b i t r a r y  (al though it a f f e c t s  the s c a l e  on the  f c  a x i s ) ;  ( d )  a l l  

s c a l e s  except t h a t  f o r  f c  a r e  Linear .  We have used f o r  Figure 1 a range of 

0-10 p m  f o r  K ;  if one wishes t o  cons ider  l a r g e r  c e l l s ,  the  s c a l e  may be 

redrawn t o  read ,  s a y ,  0-100 put, i n  vhich case fc  va lues  a r e  decreased by a 

f a c t o r  of 10. Simi lar ly .  the value  of C, (1  pF/cm2) is subsumed i n  r; i f  one 

u ished  to use a va lue  f o r  C m  of n pF/an2,  then fc  v a l u e s  should be decreased 

by a f a c t o r  n. However, i f  one wishes t o  cons ider  d i f f e r e n t  s c a l e s  f o r  Oi and 
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no, the nanograph must be redrawn, and sca les  of B ( i f  of i n t e r e s t )  and fc 

amended accordingly. 

In  use, one f i r s t  obtains the value of B by jo in ing  the points 

representing the chosen (known or assumed) values of 0, and go, the value of B 

being where t h i s  l i n e  crosses the B axis.  The point where the l i n e  jo in ing  

t h i s  value of B and the chosen value or r crosses the f c  ax i s  gives the 

c h a r a c t e r i s t i c  frequency. Thus, f o r  example (Figure l), i f  we choose values 

f o r  ‘Ti, oo and r of respec t ive ly  10 m S / c m .  0.1 m S / a  and 5 p m ,  we obtain 

values for  B and fc  respec t ive ly  of ca. 0.2 mS/cm and 63 kHz. By ca lcu la t ion  

from equation (11, values of 0.196 and 63.4 may be obtained f o r  B and f c ;  thus 

the  nanograph accurately r e f l e c t s  the equation it was designed to  solve. 
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