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Rotation of Cells in Nonuniform Alternating Fields 
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ABSTRACT: Rotation of "lone" cells of the baker's yeast Saccharomyces 
cerevisiae under the influence of nonuniform alternating fields is studied. 
The spinning rate of the ceils shows a quadratic dependence on the applied 
voltage and no threshold effect when the influence of gravitation is can- 
celled out by adjusting the density of the buffer to that of the cells. These 
observations are in agreement with theories established by different au- 
thors. 

A m o n g  the  various effects  t ha t  n o n u n i f o r m  a l te rna t ing  
electric fields exh ib i t  on biological  mater ia l ,  r o t a t i o n  is one  of  
the  mos t  in teres t ing.  It  was descr ibed by  several au thors  for 
d i f f e ren t  organisms such as amoebae  (Teixeira-Pinto,  et  al., 
1960) ,  e ry th rocy t e s  (Fi i redi  and Ohad,  1964)  and  yeasts  (Pohl  
and  Crane,  1971) .  R o t a t i o n  seemed to be a qui te  general  phen-  
o m e n o n  of  living and dead cells or i nan ima te  mater ia ls  t h a t  
could be observed in a b road  range of  f requencies .  As this  e f fec t  
is closely related to d ie lec t rophores is  (DEP; Pohl,  1978)  and to 
the  effect ive dielectr ic  c o n s t a n t  of the  part ic le  in the  su r round-  
ing med ium,  it may  offer  an e legant  m e t h o d  to d e t e r m i n e  this  
pa r ame te r  and to  invest igate  the  physical  s ta te  of biological  
material .  

A l though  ro ta t ing  fields were m e n t i o n e d  br ief ly  (Pohl  and 
Crane,  1971) ,  t hey  were only  recen t ly  emp loyed  to invest igate  
the  sp inn ing  of  single cells (Arno ld  and  Z i m m e r m a n n ,  1982a ,  
1 9 8 2 b ;  Mischel,  e t  al., 1982;  Mischel and  Pohl,  1983) .  Also re- 
cen t ly ,  theor ies  were developed to explain the  occur rence  of 
r o t a t i o n  in cells in the  n e i g h b o r h o o d  of  o the r  ones  (Holzapfel  
et  al., 1982)  and  in single cells (Pohl,  1983) .  

Pohl  and  Crane (1971)  used the  desc r ip t ion  t e rm "cel lular  
spin r e s o n a n c e "  (CSR) for  this  p h e n o m e n o n ,  because the  spin- 
ning of  cells appears  at  a sharply  r e sonan t  f r equency  of  the  ex- 
ternal  field. If highly h o m o g e n e o u s  cell cul tures  are used nearly 
all cells spin in the  same small f r equency  interval  ( Z i m m e r m a n n  
et al., 1981) .  Nevertheless ,  it is possible to  f ind sp inn ing  cells a t  
all applied f requencies ,  main ly  in d i rec t  c o n t a c t  wi th  the  elec- 
t rodes.  

A l though  ro t a t i on  of  cells was descr ibed long ago, to  our  
knowledge  Mischel and L a m p r e c h t  (1980)  were the  first to  give 
quml t i t a t ive  data  a b o u t  sp inning  rates and the i r  c o n n e c t i o n s  
wi th  some physical  and biologic parameters .  These  first  experi-  
men t s  were pe r fo rmed  in a DEP c h a m b e r  which  consis ted  of  a 
microsl ide  with a centra l  well of  1.0 mm,  into which two 
e lec t rodes  d ipped  at  an angle of  a b o u t  10 ~ . The  e lec t rodes  were 
p roduced  f rom a p l a t i n u m  plate  0.5 m m  th ick  wi th  careful ly  
r o u n d e d  and  pol ished tops.  The  m i n i m u m  dis tance  be tween  the  
e lec t rodes  a m o u n t e d  to  2 mm.  The  he igh t  of  the  e lec t rode  t ips 
above  the  f loor  of  the  well measured  0.3 m m  or 35 cell dia- 
meters .  

A new type  of  DEP c h a m b e r  used in r ecen t  expe r i m en t s  
consis ted of  a microsl ide  to which  two similar p l a t i num elec- 
t rodes  (0.2 m m  th ick)  were glued wi th  epoxy  resin wi th  a min-  
i m u m  separa t ion  of  0.2 m m  or 0.5 mm,  resp. Much care was 
t aken  in s m o o t h i n g  and  pol ishing the  e lec t rode  surface and  the  
edges. The  surface qual i ty  was so high t h a t  t he  ref lec t ion  of  
cells cou ld  be  seen on  it, a p o i n t  which  is essential  if lone  cells 
are able to  spin. Above  the  e lec t rodes  was glued a small  Perspex 

c h a m b e r  with a volume of  0 .35 ml. Dur ing expe r imen t s  the  
c h a m b e r  was usually closed with a cover  slide, bu t  r emained  
open if a wa te r - immers ion  object ive  lens was used. 

In b o t h  cases ro t a t i on  was observed unde r  a microscope ,  
t ype  Or tho lux  (Lei tz /Wetzlar)  equipped  wi th  a television cam- 
era (Philips EL 8000} and a video recorder  (JVC HR 3660  EG) 
so t ha t  the  results  could be s tored and the  sp inn ing  rates  t aken  
several t imes  by d i f fe ren t  persons.  The  a l te rna t ing  field was 
supplied by a f requency  genera to r  (TE 7702 ;  Toe l lne r /Dor t -  
m u n d )  and  m o n i t o r e d  on  an osci l loscope (HM 312;  H A M E G /  
F rankfu r t /M. )  

Baker 's  yeast ,  Saccharomyces cerevisiae s t ra in  " 2 1 1 " ,  
(Laskowski ,  1960)  was used t h r o u g h o u t  the  exper imen t s .  The  
cells were grown in a l iquid n u t r i e n t  b r o t h ,  harves ted  in the  
mid- logar i thmic  phase, and washed th ree  t imes  in quar tz-  
distil led wate r  to  ob ta in  a final conduc t iv i ty  of  2 to  20 pS /cm.  
If necessary 0.25 m sucrose was added to the  suspens ion  to 
p roduce  an appropr ia t e  osmolar i ty .  Sucrose c o n c e n t r a t i o n s  in 
this  order  do  no t  a l ter  the  specific dens i ty  of  the  solute  essen- 
t ially,  so t h a t  the  yeasts still t end  to s ed imen t  to  the  f loor  of  
the  chamber .  The  cells were p ipe t ted  in to  the  c h a m b e r  while  
the  ac field was already swi tched on. Usually,  i t  takes  some 
minu te s  till sp inning  of  cells is observable .  

In these  invest igat ions  we concen t r a t ed  on  lone  cells ro ta t -  
ing di rect ly  at  the  e lectrodes.  " L o n e "  cells in this  c o n t e x t  means  
t ha t  there  are no  o t h e r  cells beside,  above,  or  unde r  the  sp inn ing  
cell and  t h a t  no  inhomogene i t i e s  of  the  field due to imper fec t  
e lec t rodes  or  part icles on  t h e m  can be de tec ted .  R o t a t i o n  of  
free-f loat ing lone cells is a very rare event  a l though  it was seen 
f rom t ime  to t ime.  

In our  first set  of  expe r imen t s ,  looking  for  a l imi ted range 
of  f r equency ,  we figured o u t  a l inear  d e p e n d e n c e  be tween  the  
sp inning  rate and the  applied field s t reng th  (Mischel and Lam- 
prech t ,  1980) .  Typical ly ,  a th resho ld  voltage occur red  above  
which  the  cells s ta r ted  to ro ta te .  This ranged f rom 1 to 8 V and  
indica ted  a weak d e p e n d e n c e  upon  the  iner t ia  m o m e n t  of  the  
cells. 

F rom the  theor ies  of Holzapfel ,  e t  al. (1982)  and  Pohl  
(1983)  a quadra t ic  re la t ion  be tween  sp inning  rate  and  field 
s t rength  is to be expec ted .  Holzapfel  et al. (1982)  observed 
such a behav ior  of  cells lying in chainl ike  s t ruc tures  on  the  f loor  
of the i r  chamber .  These  cells were no  longer  sub jec ted  to the  
force of  gravity.  To p roduce  comparab le  cond i t ions  and never- 
theless s tudy  the  sp inning  at  the  e lec t rodes  we increased the  
dens i ty  of  the  so lu t ion  by adding  40  weight  pe rcen t  sucrose  
till the  yeast  cells f loa ted  or  filled the  c h a m b e r  up  to  the  level 
of  the  e lec t rodes  and careful ly pu t t i ng  a second  layer  wi th  the  
cell suspens ion  of  no rma l  dens i ty  o n  top .  Fig. 1 shows a graph 
which  shows the  behav io r  of  f loa t ing  cells. A logar i thmic  re- 
gression analysis clearly d e m o n s t r a t e s  the  p red ic ted  quadra t i c  
d e p e n d e n c e  upon  the  field s t rengths  ~nd  the  d i sappearance  of  
the  th resho ld  voltage. The  e x p o n e n t  of  the  pa rabo la  a m o u n t s  
to  1.99,  the  cor re la t ion  coef f ic ien t  to  0 .9995 ,  and  the  s t andard  
devia t ion  to + 0 .0028 .  The  ro t a t i on  of  the  cell was no t  pursued  
to lower  field s t reng ths  because there  the  sp inn ing  becomes  less 
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Fig. 1. Spinning rate (given as revolutions per second) for a lone yeast cell 
(Saccharomyces cerevisiae, strain 211} at the electrode as function of the 
applied voltage (field strengths). Frequency: 250 Hz, conductivity: 
6 pS/cm. *: experimental points; --*: least-square fitting curve. 

smooth or arrhythmic and large errors are introduced. 
If the density of  the solution is decreased so that the cells 

no longer float but slowly sediment in the chamber the shape of  
the graph is altered. Dependences are represented by a parabolic 
exponent between 1 and 2 and a plausible threshold voltage. If 
one calculates the forces acting on the cells by the ac field and 
by gravitation it becomes obvious that both forces are of  equal 

strength near the threshold voltage. This explains why under 
special experimental conditions threshold voltages not conform- 
ing to the theory are observed (Mischel and Lamprecht, 1980; 
Zimmermann, et al., 1981). 
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