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Summary. Protoplasts of Arena sativa rotate in an alternating 
electric field provided that at least two cells are located close to 
each other. An optimum frequency range (20 to 30kHz) exists 
where rotation of all cells exposed to the field is observed. Below 
and above this frequency range, rotation of some cells is only 
occasionally observed. The angular velocity of rotation depends 
on the square of the electric field strength. At field strengths 
above the value leading to electrical breakdown of the cell nrem- 
brane, rotation is no longer observed due to deterioration of the 
cells. The absolute value of the angular velocity of rotation at a 
given field strength depends on the arrangement of the cells in 
the electric field. A maximum value is obtained if the angle 
between the field direction and the line connecting the two cells is 
450 . With increasing distance between the two cells the rotation 
speed decreases. Furthermore, if two cells of different radii are 
positioned close to each other the cell with the smaller radius will 
rotate with a higher speed than the larger orle. Rotation of cells in 
an alternating electric field is described theoretically by interac- 
tion between induced dipoles in adjacent cells. The optimum 
frequency range for rotation is related to the relaxation of the 
polarization process in the cell. The quadratic dependence of the 
angular velocity of rotation on the field strength results from the 
fact that the torque is the product of the external field and the 
induced dipole moment which is itself proportional to the exter- 
nal field. The theoretical and experimental results may be relevant 
for cyclosis (rotational streaming of cytoplasm) in living cells. 
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Introduction 

Pohl  and Crane  [22] r epor ted  that  yeast  cells can 
ro ta te  with a f requency of a few Hz  in an a l ternat -  
ing electr ic field in the f requency range be tween 
100Hz and 500kHz ,  but  tha t  s ta t is t ical ly  only a 
small  percentage  of  the cells in the field will rotate.  
Pohl  [19-21]  a t t r ibu ted  the ro t a t i on  of  cells to de- 
pos i t ion  of charges on the cell surface (so-called 
a m b i p o l a r  charging) or  to the in te rac t ion  of  the 
external  a l te rna t ing  field with intr insic  osci l la t ing 
d ipoles  in the cell. Us ing  a p p r o p r i a t e  exper imenta l  
condi t ions  Z i m m e r m a n n  et al. [353 recent ly  demon-  
s t ra ted  tha t  there  exists a na r row  o p t i m u m  Ire- 

quency range in which near ly  all suspended  cells 
exposed  to the a l t e rna t ing  field will rotate.  This op- 
t imum frequency range  for the ro t a t ion  of cells var-  
ies from one species to another .  

Since e ry throcy te  ghost  cells are also able to 
ro ta te  in an a l te rna t ing  electr ic field, Z i m m e r m a n n  
et al. [35] further conc luded  that  the ro t a t i on  is 
a t t r ibu tab le  to the genera t ion  of  a d ipo le  by  charge 
sepa ra t ion  at the m e m b r a n e  interface a n d / o r  orien-  
t a t ion  of  p e r m a n e n t  dipoles  within the membrane .  
This a s sumpt ion  is suppo r t ed  by the p re l imina ry  
finding tha t  art if icial  l ipid vesicles also exhibi t  ro- 
t a t ion  p h e n o m e n a  in an a l te rna t ing  electr ic field (un- 
published data). 

In this pape r  we invest igate  in more  detai l  exper-  
imenta l ly  and theore t ica l ly  the dependence  of the 
speed of ro t a t ion  of  mesophyl l  p ro top l a s t  cells of 
Avel~a sativa on the field in tensi ty  and on the in- 
te rac t ion  between ad jacent  cells of vary ing  size. 

Exper iments  and  theory  have shown tha t  the ro- 
t a t ion  of  cells can be descr ibed  by the in te rac t ion  
be tween electr ical ly induced  d ipo le  m o m e n t s  of  ad-  
j acen t  cells. The d i rec t ion  and the speed of ro t a t ion  
depend  on the relat ive pos i t ion  of  the cells in the 
external  field. As shown theoret ical ly ,  the o p t i m u m  
frequency range for the occurrence  of  ro t a t ion  in the 
a l te rna t ing  field is de t e rmined  by the re laxa t ion  
t imes of the po la r i za t ion  processes of  the cells which 
result  in the genera t ion  of  dipoles.  

The  theory  suggests tha t  cer ta in  p roper t ies  of  the 
m e m b r a n e  can be deduced  from ro t a t iona l  experi-  
ments. 

Materials  and Methods 

Rotational experiments were carried out under the light micro- 
scope and monitored and recorded for evaluation on a Leitz/ 
Grundig video recording system. The experimental set-up consisted 
of two parallel platinum electrodes mounted horizontally on a 
perspex slide and connected to a function generator (Toellner 
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Fig. 1. Illustration of the different relative positions of two cells in 
the electric field 

GmbH, Frankfurt, West Germany, Type TE 7704), which was 
used as the voltage source for the generation of alternating elec- 
tric fields [341. The distance between the electrodes was 300 gm; 
the temperature was kept at 22 ~ Cell rotation was investigated 
by applying an alternating voltage of 0.5 to 6V (sine wave, 
20-30 kHz). 

Mesophyll cell protoplasts of Arena sativa were obtained 
from leaves by digesting the cell walls enzymatically with cellu- 
lysin (Calbiochem, San Diego, Calif.; see also [12]). 

Protoplasts, suspended in a 0.5 M/liter mannitol solution, were 
subsequently pipetted between the electrodes and collected by 
dielectrophoresis (field strength 6.6kVm-1). For measuring the 
speed of rotation on the field strength, the cells were allowed to 
settle down on the microslide. The electric conductivity of the 
solution was adjusted to be less than 10-4 (~2cm)-1 

Experimental Results 

As reported earlier [35], mesophyll protoplasts of 
Arena sativa preferentially rotate in the frequency 
range of 20 to 30kHz. Above and below this fre- 
quency range only some cells are seen to rotate 
weakly. The observed angular velocity of rotation is 
in the order of a few cycles per second. 

A prerequisite for the occurrence of rotation is 
the close proximity of a second cell or some other 
local disturbance in the field (e.g. due to irregular- 
ities of the electrode). Rotat ion occurs in the plane 
constituted by the connecting line between the two 
cells and the electric field vector. The speed and 
direction of the rotation depend on the relative po- 
sition of the two ceils in the external alternating 
field. When the two cells are arranged in such a way 
that their connecting line is parallel to the external 
field ((Po=0 in Fig. 1), there is no rotation; nor is 
there any rotation when the connecting line is verti- 
cal with respect to the external field ((#0=90~ 
The maximum speed of rotation is observed at 
q0 o = _+ 45 ~ where (Po is the angle between the connect- 
ing line between the centers of the two cells and the 
direction of the external field. If (Po = -45~  rotation 
is counterclockwise, whereas for (po = +45 ~ it is 
clockwise. 

With dielectrophoresis [26] it is possible to col- 
lect a large number of cells in the form of pearl 

chains which are more or less parallel to the exter- 
nal field (Fig. 2). Thus, a large number of "45 ~ 
orientations" are established between the cells of 
neighboring chains, so that the interaction may lead 
to rotation of many cells in the suspension [35]. 
Depending on the distances involved, there are both 
" + 4 5  ~ and - 4 5  ~ orientations"; therefore, clockwise 
and counterclockwise rotations are statistically dis- 
tributed in the cell chains. 

This phenomenon can be demonstrated particu- 
larly well if the alternating voltage is briefly switch- 
ed off after the cells have arranged themselves into 
parallel chains. This causes the chains to tilt slightly 
towards the electrode surfaces because of gravity 
and Brownian motion. When the alternating voltage 
is reapplied, the chains can be stabilized in a direc- 
tion oblique to the field lines by the additional col- 
lection of some free cells which bridge the  gap be- 
tween the electrodes. Depending on the angle be- 
tween these oblique chains and the field direction, 
the cells within one chain will all rotate in the same 
direction. 

In spite of careful and extensive investigation, 
rotation of individual cells floating free between the 
electrodes or allowing to settle down on the micro- 
slide was never observed. This observation is in con- 
tradiction to reports from Pohl and Crane 1-22] who 
state that a single cell is able to rotate. It is not 
inconceivable that the apparent rotation of "free" 
cells as described by these authors is due to inac- 
curate observation. It is extremely difficult to exclude 
the possibility that other cells are located below or 
above the focus plane of the "freely" rotating cell 
under observation. Evidently, such an arrangement 
of cells can also lead to rotation. In this case the 
axis of rotation lies in the plane of observation. On 
the other hand, single cells occasionally rotate when 
they are close to the electrode surface. 

In the range of electric field strength experimen- 
tally accessible, the angular velocity of rotation in- 
creases with the square of the field strength (14 
independent experiments). Typical results are shown 
in Fig. 3. The dependence of the angular "velocity on 
the square of the field strength is particularly pro- 
nounced if the cells are allowed to settle down on 
the microslide. Otherwise, a certain field strength is 
required to maintain the cells between the two elec- 
trodes. This can lead to the erroneous result that 
rotation occurs only above a threshold value of the 
electric field strength (see below). 

At higher electric field strengths an upper limit 
in the external field strength exists above which ro- 
tation can no longer be observed. This upper limit 
arises from the electrical breakdown of the cell 
membrane E2, 32, 33]. Subsequent release of elec- 
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Fig. 2. (A): Dielectrophoretic pearl chaining of Arena sativa protoplast cells in an alternating electric field (E= 6.6 kV m-t, v -2  MHz 
(200 x )). (B): Arrangement of Arena sativa protoplast cells after switching on the optimum frequency (25 kHz) for rotation (E = 6.6 kV m- 1 
(200 x )) 

trolyte from the cells and burst ing of  the cells at 
higher field strength leads to disturbances and tur- 
bulences due to the generat ion of  heat in the so- 
lution. At lower frequencies electrical b reakdown of  
the cell membranes  is observed at a lower field 
strength compared  with that  measured in the op- 
t imum frequency range. The frequency dependence 

of  the critical external field strength leading to 
b reakdown of  the membranes  is expected for two 
reasons. As shown in Appendix (C) the membrane  
potential  built up across the membrane  in response 
to the external alternating field is a function of 
frequency, i.e. at lower frequency a higher potential 
is built up across the membrane  for a given field 
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Fig. 3. Dependence of the angular velocity (coo) on the field 
strength (Eo). Pairs of protoplasts of Arena sativa (both 18 gm in 
radius) were investigated at the optimum frequency (25 kHz). The 
angular velocity is a square function of the field strength (curve 
A). In some experiments the function becomes linear above a 
certain field strength (for this cell pair 8.3 _+0.5 kV m-1), indicated 
by the arrow (curve B); for further explanation see text. Inset: o)o 
=f(Eo) for two cells in close contact with different radii. Curve C 
represents the rotation of the smalier ceil (a= 12.5gin); curve D 
represents the rotation of the bigger cell (a=18 gin). Note, that 
the speed of rotation of the smaller cell is higher than that of the 
bigger one. Each point represents the average of four measure- 
ments. The standard deviation is shown when it is larger than the 
symbols. The curves represent least-square fits 

strength. Thus, the critical membrane potential is 
reached at lower values of the external field strength. 
Furthermore, as shown by Zimmermann and Benz 
for cell membranes [5, 31] and for artificial lipid 
bilayer membranes [3, 4], the breakdown voltage 
itself depends on the frequency (i.e. on the pulse 
length). With decreasing frequency the breakdown 
voltage decreases in a certain frequency range by a 
factor of 2 and more (from about 1 to 0.4V, if only 
a single membrane is considered). Thus, it is ex- 
tremely difficult to measure accurately the depen- 
dence of the angular velocity of rotation on the field 
strength below the optimum frequency of the alter- 
nating field. Above the optimum frequency range, 
rotation is only occasionally observed (see section 
called "Theoretical Interpretation.. ." for expla- 
nation). 

A further interesting finding of these studies is 
that at any given field intensity the rotation speed 
also depends on the ratio of diameters of neighbor- 
ing cells. At a "45~ '' of a large and a 
small cell, the small cell rotates considerably faster 
than the larger cell (see itiset, Fig. 3). 

In a parallel set of experiments a 1% glutardial- 
dehyde solution was pipetted carefully onto the cells 
between the two electrodes during rotation. 10min 
after fixation, rotation of the cells is still observed at 

the same frequency. However, after about 30rain, 
the optimum frequency range for rotation is occa- 
sionally shifted to a value of about 2 MHz and high- 
er. This shift in frequency, which may result from 
the changes in the electric membrane properties by 
fixation, explains the previously described obser- 
vation that cells which were fixed by glutardial- 
dehyde for a longer time showed no rotation phe- 
nomenon [35]. The maximum frequency obtained 
from the frequency generator is 2MHz. Thus as 
pointed out earlier [35], it is not possible to detect 
rotation beyond this limiting frequency with this 
equipment. 

That the cells are indeed fixed by glutardial- 
dehyde 5min after application is indicated by the 
finding that the cells can be exposed to much higher 
external electric field strengths than untreated cells. 
Higher field strengths are required for rotation as 
well. Due to cross-linking of the membrane com- 
ponents by glutardialdehyde treatment, the break- 
down voltage of all biological membranes so far 
investigated is shifted to very high values [30, 33]. It 
was not possible accurately to determine the fre- 
quency dependence of rotation of the fixed cells on 
the electric field strength because the cells were 
slightly deformed after fixation and sticking between 
adjacent cells after dielectrophoretic collection was 
greatly increased. Cell adhesion obviously hindered 
rotation. 

Theoretical Interpretation 
of the Experimental Results 

The experimental results presented here can be in- 
terpreted theoretically by assuming that the rotation 
in the alternating electric field arises from the in- 
teraction of electrically induced dipole moments in 
adjacent cells. In other words, we postulate that a 
cell can only rotate by its interaction with 
another adjacent cell or by its proximity to a local 
disturbance in the field. Geometric irregularities and/ 
or the locally varying composition of the electrode 
material can also lead to the same time-dependent 
dipole moments in an alternating field and are thus 
equivalent to the presence of another cell. This di- 
pole moment then interacts with the dipole moment 
of a cell in the vicinity and makes it rotate. 

In a constant external field /~o a dipole M is 
generated in the cell which is orientated parallel or 
antiparallel to the external field lines [Eq. (A5)] 

~2=/~.~o. (1) 

The parameter fi represents the polarizability of the 
cell. For a spherical cell surrounded by a noncon- 
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ducting membrane the following equation holds 
rEq. (A8)~ 

/3= - 2~eo a3 (2) 

where a is the radius of the cell and ao=8.854 
�9 10- ~ : F m - t  is the permittivity of the free 
space. 

The generation of the dipole requires a certain 
time which is given by the relaxation time z of the 
processes leading to polarization. In an alternating 
electric field the dipole strength thus varies with 
time and is dependent on the angular frequency co of 
the field/~(t) [Eq. (A14)] 

i t-8 
~ . ( t ) = -  ~ E(o) e ~ dO. (3) 

g --:c 

Thus, for a single cell exposed to an alternating field 
/~(0=k~o-COS(cot) the dipole is given by 

[ ~ ( t ) -  fl �9 E o ( c o s  co t + c o r  �9 s in  cot). (4) 
i -}- ((i0 T) 2 

co is defined by co=2~zv, where v is the frequency 
and co the angular frequency. 

Equation (4) demonstrates that the largest dipole 
moment occurs at co = 0, i.e. in a constant field�9 With 
increasing frequency the dipole moment decreases�9 
Simultaneously as given by the second term in the 
bracket an increasing phase shift is observed be- 
tween the external field and the dipole moment; i.e. 
the generation of the dipole is delayed with respect 
to the external field. At very high frequencies, i.e. 
when coT> i, the time during one phase of the exter- 
nal field is not sufficient for the generation of a 
dipole. In consequence, the dipole moment tends 
towards zero, while the phase shift tends towards 
- ~/2. 

If there are two adjacent cells present in an alter- 
nating external electric field, then the field of the 
dipole of the second cell also contributes to the 
generation of the dipole in the first cell and vice 
versa, in addition to the influence exerted by the 
external field. The electric field arising from a dipole 

in its environment is given by [Eq. (A4)] 

1 -3(~3~)  (5) 
~,,, - 4~ze ~ 

with the vector P which connects the two cell centers 
(Fig. 4). The total field which is responsible for the 
generation of a dipole in a given cell is given by the 
sum of the alternating external field and the dipole 
field of the second cell which varies with time [Eq. 
(a18)] 

Eo 

/ 

Fig. 4. Illustration of the vectors M1, Mz, and ? and of the angle 
(po for two spherical cells in the external field/~o 

4 ~ o  [ ,.3 7 " (6) 

In response to this time-dependent total field the 
dipole Mr 1 of the first cell is generated [Eq. (A19)] 

t t 

. ~ t ( / - ) =  7 _ ~ E 2 ( 0 )  e ~ dO (7) 

with the time 0 as an integration variable. 
An analogous set of equations is valid for the 

first cell and for the dipole of the second 
cell, whereby the subscripts 1 and 2 have to be 
exchanged (see Appendix A). 

This system of equations describes the time de- 
pendence of the two dipole moments ~Tr t and ~r 2 of 

the two cells in an alternating external field E(t). 
The integration of this system of equations is given 
in Appendix A. 

Figure 5 shows the dependence of the amplitude 
of the dipole moment and the phase shift in relation 
to the external electric field on the frequency of the 
alternating field, calculated from Eqs. (A41, A39, 
A40). Analogous to the case of one single cell, the 
dipole moments of the two cells decrease with in- 
creasing frequency, while the phase shifts increase. 

Due to the time varying field strength and direc- 
tion of the total field and due to the delayed genera- 
tion of the dipoles, no equilibrium state can be 
established. Thus, a torque is exerted on each of the 
two cells (Appendix B) 

- 1 ~ A g r a d / ] ~ ? ~  1V2 =.<r 2 A E - - 4 ~ z a  ~ - \ r 3 ]" (8) 

An analogous equation applies to the torque exerted 
on the other cell. 
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Fig. 5. Calculated dependence of the amplitude Mo of the dipole 
vector and of the phase angles q0 x and q0y on the frequency of the 
external alternating field according to Eqs. (A41), (A39) and 
(A40), respectively 
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Fig. 6. Calculated variation of the averaged torque (function f) 
and its two parts with the frequency of the external field accord- 
ing to Eq. (B7) for the case %=r2=z ,  al=a2=a, r=a~+a2=2a. 
D 1 ... dipole-field interaction, D2... dipole-dipole interaction 

The two terms, i.e. the torque on the dipole M2 
in the external field and the torque in the field of the 
other dipole M1 are dependent on time. However, the 
total torque N 2 is constant with time and is non- 
zero; thus the time average of this total torque does 
not vanish resulting in rotation of the cell. The 
solution of the system of Eqs. (6) and (7) and the 
time-averaging of the torque in Eq. (8) leads to a 
mean torque [Eq. (B7)]: 

(-g2) =�89 sin Cpo. cos (Po "f (9) 

in the presence of an alternating field /~(t)= 
s  cos (co t). 

Equation (9) explains the experimentally deter- 
mined dependence of the rotation on the relative 
position of the two cells in the external field. For 
qG=0 and qoo=90 ~ the torque vanishes, while for 
q0 o = 45 ~ it is at its maximum. 

The function f is dependent on the radii of the 
cells, on the relaxation times of the polarization 
processes of the cells, on the angular frequency co of 
the external field and on the distance r between the 
two cells (see Appendix B). The mean torque (N) ,  
and the function f, respectively, are composed of two 
terms, analogous to the torque in Eq. (8) [Eq. (B8)], 

f = D  1 + D  2 . (10) 

These are the torque of the dipole in the external 
field (~D1) and the torque of the dipole in the field 
of the second dipole (~D2). Figure 6 shows the 
dependence of these two terms and the sum f on coz. 
When coz=0, i.e. in a constant field, both terms are 
equal and opposite because the dipoles are generat- 

ed in the equilibrium state; therefore, the sum of the 
torques vanishes. 

With increasing frequency the absolute values of 
the two terms decrease, because the strength of the 
dipoles diminishes. With increasing frequency the 
orientation will be determined predominantly by the 
external field, because the contribution of the fields 
of the dipoles to the total field becomes weaker; 
thus, the dipoles become less aligned with increasing 
frequency. Therefore, the torque of the dipole in the 
external field (~D1) decreases more rapidly than 
that arising from the interaction between the dipoles 
(~D2). The total mean torque, the sum of these two 
terms, achieves a maximum at coz= 1. A~ very high 
frequencies, i.e. for cot> 1, the dipoles and, in turn, 
the torque tends to zero. Consequently, no rotation 
can occur. This dependence of the torque on fre- 
quency explains the experimental observation that 
rotation predominantly occurs in a certain narrow 
frequency range. From the frequency correlated with 
the maximum torque it is possible to estimate the 
relaxation time r = 1/co of the polarization processes. 
With v=25kHz,  ~ is calculated to be about 60sec 
for the membranes of protoplast cells of A r e n a  sa- 

tiva. 

Assuming that the dipole is generated by charge 
separation at the membrane, and not by phospho- 
lipid orientation, the relaxation time is given by Eq. 
(A17) in [-13]. With l gF/cm 2 for the specific ca- 
pacity, 10gm for the radius, and 1 0 - 4 ( f 2 c m )  - t  for 
the external conductivity, the time constant is calcu- 
lated to be 5 gsec, which is in good agreement with 
the result from rotational experiments. 

The field-dipole interaction drives the ions form- 
ing the dipole of the cell according to the torque 
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N f  = -8rcrlCO o a3 (ll) 

where a is the radius of the rotating cell and r/is the 
viscosity of the surrounding medium. The equilib- 
rium condition is given by 

(N )+Ny=0 .  (12) 

Combining Eqs. (9)-(12) yields the angular ve- 
locity of rotation 

~o ~2 
COo = - ; 7 - "  Eo" sin (Po" cos q)o "f 

oq 
(13) 

0,3 

For calculation of COo, the function f must be 
known. 

The dependence of the function f on the radii a t 
and a 2 of the two interacting cells is reduced to a 
dependence on the ratio a l ia  2 if the distance be- 
tween the two cell centers becomes r = a  t +a2 ,  i.e. if 
the cells are just touching each other. Thus, for cells 
with equal diameters, which are just in contact at 
their external membrane surfaces, the speed of ro- 
tation is not dependent on the radius. Cells with 
different radii, on the other hand, exhibit varying 
speeds of rotation. Figure 7a shows the dependence 
of the function f for cell of different size. It is evident 
that a large cell will rotate more slowly near a small 
cell (az>at)  than vice versa (az<at).  This theoreti- 
cal prediction is corroborated by experimental evi- 
dence. As expected, the function f depends on the 
distance between the cells if r > a l + a z ,  i.e. if the 
cells no longer touch each other. Figure 7b shows 

0,2 
1 = ~ 

0,1 

o A 

calculated in Eqs. (8) or (9). The movement of the 
ions is transferred to the whole cell by collision and 
momentum transfer between the ions surrounded by 
a hydration shell and the neutral particles of the 
solution in the cell. This is expressed by the Boltz- 
mann equation for each single species of particle 
in the conducting fluid. Averaging the Boltzmann 
equation with the appropriate distribution function 
of the molecular velocities yields the momentum 
equation for the conducting fluid. This describes the 
influence of the electric field on the bulk fluid. At 
collisional equilibrium which is established after a 
time very much shorter than one cycle of the ap- 
plied external electric field the torque acting on the 
charged particles also acts on the total fluid. 

In order to calculate the speed of rotation, one 
has to take into account the frictional forces acting 
on the cells. At a constant angular velocity of ro- 
tation COo of the cell the torque (]V) is balanced by 
the opposite directed torque arising from the fric- 
tional forces [6] 

1 2 o) r 

0,1-fl 

r = 2 ~  

0,05 

~ 1 2 3 O ) T  

_f' 
0,1 . . . . . .  

1 2 w:[:2 

Fig. 7. (a): Dependence of the function f on the frequency of the 
external alternating field for different radii a t and a 2 of two 
interacting cells calculated from Eq. (B8), (~1=%=z, r-al=a2). 
(b): Dependence of the function f on the frequency of the external 
alternating field for different distances between two interacting 
cells calculated from Eq. (B8), ( v l = % = z ,  ai=a2=a ). (e): De- 
pendence of the function f on the frequency of the external 
alternating field for different relaxation times of the two interact- 
ing cells calculated from Eq. (BS), (a t =a2, r = a  t +a2) 
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the decrease of f over the entire frequency range 
with ever increasing distance between the cells, 
which is due to the reduction in the dipole-dipole 
interaction. 

The function f is also dependent on the relax- 
ation times ~1 and ~2 for the polarization processes 
of the cells. If the relaxation times of the two cells 
are equal (~1 =~2 =r)  the maximum of the function f 
occurs at co r= l  (see above). Different relaxation 
times lead to a reduction of the function f and to a 
shift of the maximum. Figure 7c demonstrates that 
the maximum is shifted towards higher frequencies 
when the relaxation time of the rotating cell % is 
longer than the relaxation time ~1 of the other cell. 
The maximum occurs at c~2>1.  Conversely, the 
maximum occurs at lower frequencies (00~2<1), if 

"C2 ~ ~'1. 
So far it has not been possible to provide un- 

equivocal evidence for this theoretical prediction. 
Zimmermann et al. [35] reported that in a mixed cell 
suspension consisting of Friend cells and yeast cells 
each of the species exhibits maximum rotation at the 
same frequencies found for Friend and yeast cells 
alone, i.e. 25 and 180kHz, respectively. No shift in 
the optimum frequency for rotation could be de- 
tected. The reason for this may be that the resolu- 
tion of the experimental set-up is not sufficiently 
high for the detection of small frequency shifts. 

At the frequency at which rotation occurs, the 
pearl-chains have an orientation of about 45 ~ re- 
lative to the direction of the external field (Fig. 2b). 
This may be caused by superposition of the poten- 
tials of the dipole in the external field and in the 
field of the adjacent dipole. 

There is still a discrepancy between the theoreti- 
cal value of the angular velocity of the spinning cell 
and the experimental value. The observed rotation 
speed is higher than theoretically predicted because 
of an underestimation of the electrostatic forces. The 
interaction between the two dipoles is calculated 
using the field strength of the dipole of one cell at 
the center of the second cell, i.e. assuming a uniform 
field of one dipole throughout the area of the second 
cell. In fact we have to take into account that the 
field is not uniform. If the cells are close together 
the attractive force between the surface charge of 
one cell and the adjacent opposite surface charge of 
the second cell is much higher than the force calcu- 
lated from the dipole interaction assuming the di- 
poles are in the center of the cells. So far the theory 
developed in this paper is a first-order approxima- 
tion. 

Most important, the theory predicts the experi- 
mentally measured quadratic dependence of the 
angular velocity co o on the field intensity/20 . 

Discussion 

The qualitative agreement of the theory with the 
experimental results strongly supports the view that 
the rotation of cells in an alternating electric field is 
caused by the interaction between induced dipoles 
generated in adjacent cells. 

The rotation of cells requires that at least two 
cells arranged as described above are present in the 
field and that they are positioned close to each 
other. Thus, it seems very unlikely that a single cell 
far away from the electrodes and from other cells in 
the suspension could rotate as claimed by Pohl and 
Crane [22]. The occurrence of an optimum fre- 
quency range, in which all cells in a suspension 
exposed to the alternating field rotate, is also pre- 
dicted by the theory. 

The strongest evidence for the theory is the ex- 
perinaental finding that the rotation speed increases 
with the square of the electric field strength, es- 
pecially at small field strength values. The theory 
predicts a quadratic dependence of the angular ve- 
locity of the rotating cell on the field strength. This 
is a result of the torque being a product of two 
factors both of which depend linearily on the field 
strength [Eq. (B1)]. 

At higher field strength values, however, we oc- 
casionally find experimentally a more linear rela- 
tionship between the angular velocity and the field 
strength (ref. Fig. 3). We believe that this is caused 
by hydrodynamic interaction between the rotating 
cells. 

Especially at higher angular velocities the cells 
do not rotate freely in the sense of the boundary 
conditions used to calculate the frictional force [6]. 
The hydrodynamic boundary layer around the rotat- 
ing cell is disturbed by the other cells. The frictional 
force between the rotating cell and the surrounding 
fluid is proportional to the angular velocity of the 
cell. Similarly, the frictional force of a disturbing cell 
in the moving fluid is also proportional to the ve- 
locity of the fluid relative to the disturbing cell. 
Therefore, we have a momentum transfer between 
the two cells via hydrodynamic interaction which is 
approximately proportional to the square of the 
angular velocity of the rotating cell. Inserting this 
into the equilibrium condition [Eq. (12)] yields a 
linear dependence between the angular velocity of 
the rotating cell and the electric field. 

Thus, a more linear relationship is expected be- 
tween the angular velocity and the field strength at 
small distances between the cells and at high field 
strength where the hydrodynamic interaction is 
strong whereas the relationship is more quadratic at 
lower field strength, i.e. where hydrodynamic interac- 
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tion is weak. This would also explain the data of 
Mischel and Lamprecht [15] who found a linear 
relationship between angular velocity and field 
strength for yeast cells. By extrapolating to zero 
angular velocity these authors claimed the existence 
of a threshold value of the electric field below which 
no rotation occurs. 

As shown here, this is not true. A second reason 
for the erroneous suggestion of a threshold value 
may arise from experimental conditions used by 
these authors. Mischel and Lamprecht [15] have 
probably investigated the rotation phenomenon at a 
frequency outside of the optimum frequency range, 
which makes it difficult to induce cell rotation at 
low field strength. Furthermore, they investigated 
cells which were held between the electrodes by ap- 
plication of a low field strength, whereas we allowed 
the cells to settle down on the microslide. The hold- 
ing field obviously makes it impossible to observe 
rotation at very low field strengths. Because of the 
small size of yeast cells budding cells were used by 
these authors to measure the rotation speed. The 
buds may considerably increase the frictional forces 
and, in consequence, as pointed out above, the qua- 
dratic relationship between the rotation speed and 
the field strength would shift to a more linear one. 
Also the assumption of Mischel and Lamprecht [15] 
that the rotation of the cells depends on their inertia 
moment cannot be correct because inertia only in- 
fluences the angular acceleration and not the steady- 
state angular velocity of the cells. From the op- 
timum frequency for rotation the relaxation time of 
the processes resulting in the dipole of a cell can be 
calculated. The dipole of a cell may be generated 
either by charge separation at the membrane caused 
by the movement of the ions in the interior of the 
cell and in the external space of the cell (interracial 
polarization), and/or by dipole orientation within 
the membrane (dielectric polarization). Depending 
on the polarization process, the polarizability is giv- 
en by Eq. (A8) or Eq. (A6). 

The dielectric polarization within the membrane 
is a process very much faster than the interracial 
polarization. This is also due to the fact that the 
membrane capacitance is practically independent of 
frequency [17, 23, 24]. In the frequency region con- 
sidered here, the interracial polarization is super- 
imposed upon dielectric polarization which leads to 
the rotation of the cells. 

The relaxation time depends on the conductiv- 
ities of the external and internal solutions of the 
cell and on the conductivity of the membrane [13, 
23]. Therefore a shift in the optimum frequency for 
rotation to higher values which is occasionally ob- 
served after treatment of the cells with glutardiat- 

dehyde may reflect a slight change in the electric 
properties of the membrane (see also [30~). 

We are aware of the fact that the negative value 
of fi in Eq. (2) apparently will not lead to dielec- 
trophoretic collection of the cells. However, the po- 
larization process leading to the dipole of the cell is 
more complicated than described in this paper. We 
have only used one relaxation time to describe these 
processes. In fact there is a phase shift between the 
charge separation inside the cell and the accumu- 
lation of charge at the outside surface of the cell 
which causes a change in fi from positive to negative 
value during the entire process [18]. Also the non- 
uniformity of the external field is changed due to 
charge movement in the alternating field. This is 
also depending on the geometric arrangement of the 
electrodes. With two parallel cylindric wires between 
two parallel glass plates the charge movement in 
even pure water will change the field gradient. In the 
first moment the field will increase towards the wires 
(vacuum field). Concomittant with movement of ions 
in the medium between the electrodes the field will 
change. Near the cylindric wire the field will be 
weaker than in the center between the electrodes. 
]'he relaxation time for this process is of the same 
order as the relaxation time for the polarization of 
the cells. Therefore also a negative value of fl will 
lead to dielectrophoretic collection of the cells at the 
electrodes, since the gradient of the field points away 
from the electrodes. The interference of these pro- 
cesses may also be the reason that the optimum 
frequency range for rotation differs from the op- 
timum frequency range for dielectrophoretic collec- 
tion of the cells. 

A third process resulting in a cell dipole is the 
movement of counter-charges close to the charged 
membrane surface. This process is very slow and 
should be important only in the frequency region up 
to about 1 kHz [17, 25]. 

Experiments of cell rotation in an alternating 
electric field may be a tool in the future to elucidate 
the main mechanism involved in the generation of 
the dipole and, in turn, of other appropriate mem- 
brane parameters. 

Finally we would like to point out that the re- 
sults reported here may have relevance for the ex- 
planation of cyclosis (rotational streaming and ro- 
tation of organelles in plant cells and slime moulds 
[1, 9, 11, 14, 16, 27-29]). In the light of our results it 
seems possible that electric field effects are involved 
in the generation of cyclosis, although the origin of 
the electric field required is not clear. However, it is 
conceivable that oscillating carrier systems in the 
membrane leads to an alternating field required for 
electric field-mediated movement. 
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Appendix 

A. Generation of Dipoles in Adjacent Cells 
in an Alternating Electric Field 

We consider a spherical cell with an electrically conductive in- 
terior and a nonconducting membrane separating the interior 
from a conductive external medium. Exposure of the cell to an 
electric field/2 o leads to the generation of a dipole in the cell. The 
dipole field is superposed on the external field/~o. The total field 
is described by the Laplace's equation for the potential ~ in the 
charge free space 

div grad q5 = 0  (AI) 

with 

/2 = - grad �9 (A2) 

together with the appropriate boundary conditions [7, 10]. 
The potential can be expanded into a series of Legendre 

polynomials. The charge distribution on the surface of the sphere 
can be described by a dipole M located in the center of the 
sphere, i.e. the potential is described by the first and the second 
term of the expansion 

cb=_/2o~ q 1 (2~rP) (A3) 
47ze ~ r 3 

where ~ is the radius vector from the center of the sphere to the 
point considered. 

The total field at distance r = I~1 from the center of the cell is 

/2=/2o_ 1 g r a d / M ~ \  + 1 fair ~ ? )  
4~ze ~ [ ~ - ) = E ~  l r3-  3(M?>" rS ~" (A4) 

The dipole of the cell is generated in a direction parallel or 
antiparallel to the external field/2o 

/~ = fl'/2o- (A5) 

For a dielectric sphere of radius a the Laplace equation 
yields the polarizability 

fl=4rCeoa~.(~+12) (A6) 

where ~=eJG is the ratio of the dielectric constants e~ of the 
sphere to G of the surrounding medium. 

On the other hand for a conducting sphere of conductivity ~r~ 
surrounded by a medium of conductivity G the polarizability is 

O ' i  - -  f i e  

A cell surrounded by a nonconducting membrane is electri- 
cally equivalent to a nonconducting sphere. Therefore with a~=0 
the polarizability according to Eq. (A7) is given by 

fi = - 2~Ga 3. (A8) 

The generation of the dipole does not occur instantaneously. 
The relaxation time depends on the process leading to polariza- 
tion. The generation of the dipoles is assumed to be a first-order 
reaction, i.e. the change of the dipole moment  with time is pro- 
portional to the difference between the momentary and the 
steady-state value, 

d _ 1 
~ M=~(fl. Eo- M ). (A9) 

Applying a constant field/2~ at time t=0 ,  the solution of Eq. 
(A9) is given by 

Mr(t) = ft. (1 - e-V~)./20- (A10) 

On removal of the field the decay of the dipole due to 
relaxation of the charge distribution is given by 

~l(r)=Mo.e-'/L (Al l )  

In a variable external field /2(t) a variable dipole ,~(t) is 
generated. In this case M(t) is the superposition of the momen- 
tary generated dipole and all the previously generated dipoles 
which are decaying exponentially. 

At the time ,9 a dipole is generated during the time interval 
d,9 

dM(,9) = ~- /2 (,9) dO. (A 12) "C 

Later, at time t, this dipole has decayed to 

d37I(t)=dM(O).e ~ (113) 

Thus the total dipole at time t is the vector sum (see also [-8]) 

3d(t)= i d3d(t) =~- i /2(0)e t~d ,9 .  (A14) 
- ~ o  "C - c o  

The lower time limit of the integral was set to - co in order 
to avoid transient processes which also decay with the time con- 
stant ~. 

We now consider two cells placed in an external field 

/2(t)=/2o.g~ (A15) 

r is the angle between the field direction and the line connecting 
the two centers (Fig. 4). 

In each of the cells a dipole ~r 1 and 3d2, respectively, is 
generated. 

The total field /21(0 at the second dipole 2~rz is the sum of 
the external field E(t) and the field of the dipole M~ 

El(t)=Eoe - ~ G  { ~ 5 ~ -  3(Ml(t)r)~'@" (A16) 

This field generates the second dipole 

i t-9 
3d2(t)= f12 /2t(`9).e ~- dO. (A17) 

By analogy we have the field /~2(t) at the first dipole M1 
where 
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~+~z G ( r ~ ? 
E 2 ( t ) = E o e i ' ~ ) t - 7 1  ~ - 3(M2(t) P) 7g } (A18) 

and 

/~ l ( t )=  fll E~(O)e ~, dO. (A19) 
"171 _co 

In Eq. (A18) we use the same vector ~ as in Eq. (A16) because 
making the substitution 7.-=-7, we obtain the same sign for the 
second term in the brackets. The system of Eqs. (A16)-(A19) 
describes the time dependence of the two dipoles in the external 
alternating field. 

Differentiation of the two Eqs. (A17) and (A19) yields the 
differential equation for the dipoles 3//1 and M2 analogously to 
Eq. (A9). Scalar multiplication with the radius vector ~ yields the 
system of differential equations 

~+A 1 �9 y = f l  (t) (A20) 

for the components 

t(~,~)\ y= ((~:~)) (A21) 

of the dipoles M1 and M2. 
The matrix is given by 

- 2roe_ lr  (A22) 
a l  =~&t~-"> ) -  _/32 

2uG"[2 r3 z; / 

and the perturbation vector by 

7~( t )=t f l l ) . (E ,o?) 'e i ' t .  (A23) 

VC2/ 

Vector multiplication with ~ from the right side of Eqs. (A17) 
and (A19) yields the system of differential equations 

~ +  A2" Y =f2 (t) (A24) 

for the other two components 

-~= ( (M1 ~ r)t (A25) 
\ (M 2 A ~')/ 

of the dipoles. In this case, the matrix is given by 

A2 =(A~))= "[1 4~e -[,r (A26) 

4 7 r ~ o " [ 2 r  3 T 2 / 

and the perturbation vector by 

\ z  2 /  

The solution of this system for g>>z, i.e. after the decay of 
initial transient processes yields 
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Fig. 8. Diagrammatic representation of the position of the two 
vectors ~ and/~ at a certain time (t~ in Fig. 9) 

(Kk,) = ( ( ~ / ~ : )  (~2 A ~) / (A28) 

where 
G~z e i'~ 

Kkt -- C k - co 2 + io) B (A29) 

1 1 
B = Trace (A 1) = Trace (a  2) = - -  + - -  (A30) 

271 "[2 

C k = Det (Ak). (A31) 

For k = 1 we have 

1 (i P~&A C 1 = �9 (A32) 
�9 ~ t - "t'2 ( 2 = % r 3 ) 2 /  

and for k=2  we have 

1 (1 /~,f12 C 2 = - (A33) 
"Ct"C 2 \ (4rg~,or3)2]" 

The quantities Gkl are defined by 

G l l  =fl*" (Nor). (i(.o 4- A(1) 2 -- A(lJ~ "~211 
T 1 

G12 =r (~or). (io, + AII~- A~) 
"[2 (A34) 

G21 =P* .(f7 o ,, r.).(io~+ 4 ~ -  A~2~) 

G22=fi2 .(Eo A ~).(io)+ A(2~- A(12)2). 
"[2 

From these we obtain the real parts needed for the calculation of 
the torque 

1 
Re (Kk,) 

(C k -  ~2)2 + (roB)2 

�9 {[Re(Gkl ) . (Ck--eo2)+Im(Gk) .oJ .B] .coscot  

- ~ l m ( G k l ) . ( C k - a ~ g ) - R e ( G k l ) . c o . B J ' s i n o ) t } ,  (A35) 

Fig. 8 shows one of the dipole vectors and the external field. 
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+11; 
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-11.  " " - - '  

2~- CO 

Fig. 9. Time dependence of the dipole vector M calculated from 
Eq. (A36). The absolute value of the vector and the angle between 
3d and the external field vector/~o are shown for the case coz = 1, 

The components of the vectors are given by 

1 1 
Mt .coscp=-Re(KH) M2.cosqo=-Re(K~2 ) 

r v 

1 1 
M z - s i n c p = - R e ( K ~ t  ) M 2 . s i n c p =  Re(K22 ) 

(A36) 

and 

1 ~ 1 
E. cos (Po = -  (E ~) E- sin ~0 o = -  (E A P) (A37) 

r I" 

in the cartesian coordinate system in which the radius vector lies 
in the x-axis. 

Figure 9 shows the delay between the external field and the 
generation of the dipole M. This is also represented by a phase 
shift between the two vectors. Each of the components of the 
vector M has its own phase shift relative to the external field. 

Using the complex vector 

M=Moe  

with the components 

(M ~ 1 ((MOP) l = ( M ~  ~ 

~2~ M; = T  \(4oA~)/ \M;.~'~,/ 

(A38) 

we obtain the phase angles (p~ and (py of the two components 

Im (M2) _ I m  (K~ t (t = 0)) 
tang q~ 

Re(M ~ Re(K1~(t=O)) 

and 

Im (M~ _ I m  (K 21 (t = 0)) 
tang~oy Re(M~ ) Re(K21(t=O)) 

(A39) 

(A40) 

The amplitude is given by 

o) 1 ({(Re(Ktl(t=O)))a +(lm(Kt~(t=O)))a} I ] 
~~  My--~ = r \{(Re(K21(t=O)) )2 +(im(K21(t=O)) )2~�89 ] (A4I) 

and the absolute value of the real part of the vector 

Re(4)  = ( Re(Mx)] (A42) 
\Re(My)/ 

is given by 

IJ~l = {(Re(Mx)) a + (Re(M,)) a } ~ 

1 
= -  {(Re(Kt t)) 2 + (Re(K 2 t))2} ~. (A43) 

r 

The absolute value of the dipole vector in Fig. 9 is time 
dependent whereas the amplitude is time independent. 

Figure 5 shows the dependence of the amplitude Mo of the 
dipole vector and of the phase angles q0 x and cpy on the frequency 
of the external alternating field E(t). 

B. Interaction Between the Dipoles 
and the External Alternating Field 

The torque which acts on the dipole ~r 2 in the electric field/~1 is 
given by 

N2 = ~ 2  AEa (B1) 

where only the real parts of the vectors are used. Since all the 
vectors lie in one plane we can use the identities 

1 . . . .  

M2 A G = 7 {(M2 A ~). (G P)-(M~ P). (G ~ ~)} 

and 

42 a 41 = ~  {(~r2 A 8' (M~ P)- (M2 ~)" (~2~ A P)}. 

(B2) 

(B3) 

With the identity 

l o t  . ' e =coso)t+t.slncot 

and with field/~l(t) from Eq. (A16) we obtain for the torque 

(B4) 

N 2 =~-  {(2~ 2 A P). (EoP) cos cot - ( M  2 ?). (/~o A t ~) COS COt} 
g "  

1 
+ ~ {(Mz r)" (3d 1 A ~) + 2- ( 4 i  f). (2~r 2 A ~)}. (B 5) 

An analogous equation is obtained for the torque N~ which acts 
on the dipole s in the field/2 z. 

The two parts of the torque N2 are both time dependent with 
the frequency v identical to the frequency of the external field 
t2(0. However, the torque/~2,  i.e. the sum of the two parts in Eq. 
(B 5) is time independent and nonzero. Therefore the time average 
of the torque is also nonzero leading to the rotation of the cell. It 
is possible to eliminate the sin- and cos-functions in Eq. (B5) by 
averaging over time. Given the identities 

{cos 2 cot) = ffsin 2 cot) =�89 

and 

(B6) 

(cos co t. sin co t )  = 0 

and given the equations for the components of M1, M 2, and /2~ 
the time-averaged torque yields 
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(N2)  = �89 2" sin {0 o �9 cos (Po "f(fll f12 z l ~c2 a~ azCOr ). (B7) 

According to Eq. (B5) the function f consists of two terms. 
The first term describes the torque which acts on the dipole ~ 2  
due to the external field/~o. The second term describes the torque 
acting on s 2 due to the field of the other dipole .~rp 

The function f in Eq. (B7) is explicitely given by 

1 
f=--[S~ +$2~ =D~ + D  2 (B8) 

"E 2 

where 

Q~ Qt 
S I ~  - - -  

R2 R1 

fll  1 1 
~2--1- I e l .R2  4/rGr 3(Q3+2"Q4) 

co2B 
T1 f12 2~] 

Q.2 = [ A {2,-]~- "c~2 A(2})"(C --(])2)+0)2B 

RI =(C1 _co2)2 + (o.)B)2 

R2=(C2-r +(COB) 2 

Q3=Pt  .P2 + G . P ~  

I~ = (A't~-~' t '2" A(1}~'(CI-CO2) 2 2~ l 

1193 =co[Cl-(~  "g2"a(l)~]"2 211J 

r /'4 LC_, - c o - ' - B  \ 2= U fil 1211 

Ps = U'22[ ~t{t)-fi2" z~'  A { ~ ) ~ .  "'121 "{Cl--092) +co2B 
�9 ~2 Pt / 

"8--2. A(z~} ) �9 (C2-  co2)+ CO2B 

P. =co- [C~-co~-B. [a{, 

~ G ~ / ] '  

The matrix components A~'? are given by Eqs. (A22) and 
(A26) and the coefficients B and C k are given by Eqs. (A30)- 
(A33). 

Figure 10 shows the time dependent parts of the torque ~'~z 
according to Eq. (B5) for the case coz=l .  Because of the phase 
shift between the external field/~(t) and the dipole moment  l~2(t ) 
the part  of the torque due to the interaction between M2 and/~  
alternates between negative and positive values. There is no phase 
shift between the two dipole moments;  and their interaction, 
which is described by the second part  of Eq. (B5), gives onty 
negative values. The total torque, Le. the sum of both parts, is 
independent of time and shows a negative value which is equal to 
the time averaged value (N2).  Figure 6 illustrates the dependency of 
the two parts of the averaged torque (N2)  on the frequency v of 
the external field E(t) according to Eq. (B7). 
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r~ 21z 
~- to t 

Fig. 10. Time dependence of the individual parts of the torque for 
the case c0z=l,  ( r t = z 2 = r ) ,  calculated from Eq. (B5). The upper 
curve (1) is the part of the torque due to the interaction between 
the dipole ~ 2  and the external field /~. The lower curve (2) is the 
part of the torque due to the interaction between the two dipoles 
~ and ~]2. The total torque 2% is the sum (1+2)  of both 

C. Time Dependence  
o f  the Induced M e m b r a n e  Potent ial  

The field strength and the potential in the external space around 
a spherical cell are described by Eqs. (A3) and (A4). The field 
inside the ceil is 

E~ =Eo + ~ .~(t). (c1) 

If the dipole reaches steady state the field inside the cell 
vanishes, i.e. 

E i = 0  if ~*=-2rc%aS/~o.  (C2) 

Substituting Eq. (C2) into Eq. (C1) yields 

1 
~=2~Ga 3. (C3) 

Thus, the potential inside the cell is given by 

q) i=-( /~o ~:) 2ngoa 3. (C4) 

The time dependent membrane potential is given by the differ- 
ence of the poientials outside and inside the cell 

U~,(Z) = ~ r  q5~ where I~1 =a.  (C5) 

This yields the relationship between the time-dependent 
membrane potential Um(t ) induced by interfacial polarization at 
the membrane and the corresponding dipole 

3 
U~(t) = 4~e~a3 (B4(t) ~) (C6) 

where d is the radius vector fiom the center of the spherical cell 
to the surface, i.e. ]dl =a.  

For the simple case of a single cell in an alternating field E 
=/~o" cos cot, Eq. (A14) yields 
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~r(t) = 2x~~ Eo.(coscor+e)z.sinoot) (C7) 
1+(o9z) 2 

for the dipole and for the membrane potential 

3 (~o(~) 
U,,(O 2 l+(ogz) 2 (coscot+cor.sincot) (C8) 

with the amplitude 

1.5(Eo. ~) 
V2 

On the other hand, for a constant field applied to the cell at 
time t = 0  we get for the dipole 

~/l (t) = - 2g~o a3 . (1 - e-"~). Eo (C9) 

and for the membrane potential 

U,,(t) = - 2  3. (1 - e-'/*) . E 0 �9 a- cos 0 (C10) 

in agreement with Jeltsch and Zimmermann 1-13]. 0 is the angle 
between the field direction and the radius vector a. 
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