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Abstract 

Measurements are presented of dielectrophoretic forces for SP2 (mouse) and K562 (human) cells in external alternating 
electric fields over a frequency range of 10 kHz to 2 MHz. Using a spherical shell model of the cell, the dielectrophoretic force is 
derived from the interaction between the induced electric dipole moment in the cell and the external electric field. The 
frequency dependence of the force has its origin in the dispersion with frequency of the impedances of the cell membrane, the 
cytoplasm and the external medium (a Maxwell-Wagner dispersion). The predicted tri-phasic form of the variation of the 
dielectrophoretic force is in good agreement with the experimental results presented. Using the theoretical model, the 
experimental measurements also provided an estimation of 0.18 4- 0.03 S m i and 0.12 _+ 0.04 S m l for the conductivities of the 
cytoplasm of cells of SP2 and K562, respectively, and 6.0 _+ 2.0 mF m 2 and 2.0 4- 1.0 mF m 2 for the capacitances of the plasma 
membrane of these cells. 
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I. Introduction 

Interactions of particles and biological cells with 
electric fields have been the subject of many investiga- 
tions [1-6,22]. When a biological cell is suspended in a 
poorly conducting medium in an AC electric field, an 
electric dipole is induced in the cell. If  the applied 
field is non-uniform, the interaction between the field 
and the induced dipole moment  leads to a net transla- 
tional force, the so called 'dielectrophoretic '  (DEP) 
force [4-11,22]. Many investigators have observed di- 
electrophoresis of biological cells in non-uniform elec- 
tric fields [3,7-9,12-15]. The DEP force may be calcu- 
lated from the electric energy and momentum balance 
[6,22] of a dielectric particle suspended in a lossy 
dielectric medium. Pohl [3] obtained an expression for 
the dielectrophoretic force on cells suspended in a 
medium by modelling the cell as a solid spherical 
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dielectric particle with a complex permittivity E' c sus- 
pended in an external medium with a complex permit- 
tivity e' s. A more realistic dielectric model for a biologi- 
cal cell consists of a spherical dielectric shell and this 
model has been adopted by a number  of investigators 
(e.g., [6,7,11,22]). This model allows one to account 
specifically for the dielectric properties of the plasma 
membrane  (shell) and the cytoplasm. The calculation 
of the DEP can be somewhat simplified by replacing 
the spherical particle, complete with the dielectric shell, 
with an equivalent homogeneous single phase dielectric 
particle with an effective (complex) permittivity E'cf f 
[11]. 

The expression for the DEP force of the spherical 
cell model in an external AC electric field, E, is then 
given by [6,11]: 

FDEp= 2~esR3 Re[ (E'eff--E'~) ] f+2e '~)  (1) 

where E~ = c S - j t r J o 2  is the complex permittivity of the 
suspending medium with a permittivity E~ and conduc- 
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tivity of ~rs, E'ef f is the effective complex permittivity of 
the cell membrane and cytoplasm; the expression for 
which has been derived elsewhere [11] and oJ is the 
angular frequency of the electric field, R is the radius 
of cell. 

In Eq. (1), the quantity 

Re[ ~'effEtef--'~f ~--E'-~ "[- 2C'~ ] = Re[f(oJ)] 

is the real part of a complex function f(oJ) which varies 
with frequency (see also the Appendix). 

In terms of the induced dipole moment, which will 
be frequency dependent (see the Appendix), the DEP 
force is given by 

FOE P = Re[( /z(w)V)E]  (2) 

where the induced dipole moment t~(~o) is given by 

IZ( ~o) = 4 ~ e s R 3 f (  o~)E (3) 

and hence 

FDE P = 2~',sR 3 Re t f (  ~o)] V( E 2) (4) 

The function Re[flea)] and its explicit dependence 
on frequency and the dielectric and conductance pa- 
rameters of the model is given in the Appendix. 

We describe here measurements of the dielec- 
trophoretic force on single ceils of SP2 (mouse) and 
K562 (human) cell lines in AC electric fields produced 
between a pair of parallel cylindrical (wire) electrodes. 
The SP2 cell line has frequently been employed as a 
fusion partner cell for mouse hybridoma production. 
The K562 cell line is a well established cell line used in 
many cell biology laboratories. The study of electro- 
translation is relevant to the manipulation of cells in 
general and in particular as a means of bringing two or 
more cells into good contact for the purpose of electri- 
cally inducing cell fusion. 

2. Materials and methods 

The cell lines SP2 and K562 were obtained directly 
from the American Type Culture Collection (ATCC). 
Both cell lines were cultured in RPMI + 10% FCS and 
passaged every 3 days. The cells in the logarithmic 
phase of their growth were used for the measurements. 
For each specimen, the cells were washed twice in 100 
mM sorbitol by centrifugation at 100 × g for 5 min, 
removing the supernatant and resuspending the pellet 
of cells in the wash medium. New batches of washed 
cells were prepared and used within 15 min after cell 
wash. The radius of the cell, R, was measured optically 
in each experiment. 

The dielectrophoretic force acting on a cell was 
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Fig. 1. Cross-sectional view (not to scale) of the cell arrangement in 
the cell chamber for the dielectrophoresis study. 

determined by the following method. When a cell of 
radius R translates under the influence of an electric 
field which is directed in a horizontal plane 1 in a 
medium with a viscosity ~7, the horizontal dielec- 
trophoretic force on the cell (FDE P) is counter-bal- 
anced by the Stokes' drag force F,, where F, = 
- 6rmTRv. The drift velocity in the horizontal direction 
therefore provides a direct measure of the DEP force 
acting on the cell. From the expression for FDE P given 
by Eq. (4), one obtains 

6~rrlRv = 2~resR 3 Re t f (  ~o)] V( E 2) (5) 

or  

,s R2 Re[f(o~)]V(E 2) 
v = (6) 

3~7 

The horizontal drift velocity in the field is therefore 
predicted to be proportional to the gradient in E 2. 
Measurements of v as a function of V(E 2) allow us to 
estimate the magnitude of Re[f(oJ)] which depends on 
the dielectric properties and conductivities of the ex- 
ternal medium, the cytoplasm and the cell membrane, 
the specific capacitance of the cell membrane, as well 
as the frequency of the electric field (see Appendix). 

The measurements of velocity (and hence force) 
were made in a glass-bottom chamber consisting of a 
circular well in a perspex block. Two uncoated nickel 
alloy cylindrical wires (128 gm in diameter) were used 
as the electrodes. Both electrodes were mounted on 
micromanipulators (Narishige Scientific) in such a way 
that the electrodes were oriented parallel to each other. 
A single cell could be placed at any location between 
the electrodes; although the preferred position was 

1 By restricting ourselves to movement in the horizontal direction, 
we avoid problems associated with the vertical force exerted on the 
cell by gravity. 
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close to the midpoint between the electrodes, i.e., 
z = 0 (Fig. 1). The spacing, l, between the surfaces of 
the electrodes in the equatorial plane was kept con- 
stant at 200/zm throughout the experiments (Fig. 1). 

Using cylindrical (wire) electrodes, the electric field 
(E)  in the z direction between two, long, cylindrical 
wire electrodes to which a potential difference (V) is 
applied, varies with position and is given by: 

Vd 

where a is the radius of each electrode, d is the 
parallel electrode separation with respect to their cen- 
tres and In is the natural logarithm. 

For example, the external field strengths (E)  and 
~7(E 2) versus z (in the equatorial plane) between a 
pair of parallel, cylindrical electrodes for two applied 
voltages across the electrodes are given in Fig. 2a and 
2b. 

The field strength midway between the electrodes 
(z = 0) in the vertical direction is given by 

Vd 
E(Y)= [ ln(d-a)][d2 ] 2  7 -4 - + y 2  (8) 

where y is the distance in the vertical direction from 
the equatorial plane. The variation of E with y at 
z = 0 is shown in Fig. 2c. 

Measurements of cell movements in non-uniform 
electric fields were made on (single) cells isolated from 
other cells so that there were no cell-to-cell interac- 
tions. To achieve this, the cell was positioned at z = 0 
(Fig. 1) and at rest in the bottom of the chamber. An 
AC voltage with a known amplitude at a given fre- 
quency was then applied across the electrodes. The 
applied voltage caused the cell to be raised from the 
bottom of the chamber to the equatorial plane where 
the electric field was maximum (see Fig. 2c). The cell 
was also ultimately attracted towards either electrode. 
Only the portion of the cell movement in the plane of 
maximum electric field (equatorial plane) was recorded 
and used for analysis. 

All measurements were carried out using an opti- 
cal/video-recording system which consisted of an in- 
verted microscope (Nikon 'Diaphot ' )  fitted with Differ- 

Fig. 2. (a) Electric field profiles in the space (z)  between a pair of 
parallel electrodes (in the equatorial plane). (b) Their  gradients in 
E 2 as a function of position (z)  between the electrodes (in the 
equatorial plane). (c) Electric filed strengths midway between the 
electrodes (z = 0) as a function of position (y)  in the vertical 
direction from the equatorial plane (see also Fig. 1 for the axes) for 
a = 6 4  txm, d = 3 2 8  ~ m  and 1 = 2 0 0  krm (where a, d and 1 are 
defined in text). 

ential Interference Contrast optics, a colour video cam- 
era, a video cassette recorder and a colour TV moni- 
tor. The translational velocity of the cell could be 
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determined from an analysis of the video recording on 
a flame by flame basis. This provides a time resolution 
of 40 ms (25 frames per second in the Australian PAL 
video protocols). 

To reduce errors in the cell translation measure- 
ments, the video-optical system was set up such that 
the focal plane of the image was in the plane of 
maximum electric field. For field frequencies where 
the dielectrophoretic force was negative (low and very 
high frequencies), the cell moves out of the equatorial 
plane and its movement is not confined to a plane. 
This makes it essentially impossible to track its move- 
ment quantitatively using the microscope. Our experi- 
mental method is therefore restricted to the frequency 
range where the dielectrophoretic force is positive 
(when the cell moves towards regions of stronger field) 
which keeps the cell in the equatorial plane and moves 
it towards one of the electrodes in that plane. 

The viscosity of 100 mM sorbitol solution was mea- 
sured at 25°C using an Oswald U-tube viscometer and 
found to be (1.05 + 0.03) × 10 -3 N s m  -2. 

Video re-plays of the recorded movements of a cell 
on a frame by frame basis allowed the time, t, and the 
displacements, z, of the cell to be measured. A plot of 
displacement versus time for a given frequency and 
electric field strength was made and a smooth curve 
was fitted to the experimental data of displacement at 
different times to allow the velocity to be determined 
as a function of displacement. Cells reached a terminal 
drift velocity in times very short compared to the frame 
rate of the video camera and hence changes in velocity 
directly reflected changes in the driving force (i.e., 
dielectrophoresis) acting on the cell. The whole process 
was repeated for a number of cells and for various AC 
field frequencies. 

3. Results 

Plots of the experimental data of 3rlU/esR: against 
V(E 2) for various AC frequencies for SP2 cells are 
shown in Fig. 3. These results suggest a linear relation- 
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Fig. 3. Experimental plots of 3rl/EsRZv as a function of VE 2 for SP2 cells suspended in 100 mM sorbitol and for various field frequencies (e.g., 
0.5 to 2.0 MHz). The slope of each linear regression line for a given frequency is also indicated. 
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Fig.  4. Plots of theoretical ( ) and experimental values (*) of 
R e [ f ( w ) ]  versus field frequency for SP2 and K562 cells. The average 
values of Re[ f (w)]  for a frequency range of 0.3 to 2.0 M H z  for  SP2  

and K562 cells were found to be 0.95_+0.14 and 0.89_+0.10, respec- 
tively. 

ship between 3"qV/es R2 and ~7(E 2) as predicted by Eq. 
(6). Similar results (not shown here) were also obtained 
for K562 cells. A linear regression analysis indicates 
that the mean correlation coefficient for the lines plot- 
ted was in the range of 0.88 to 0.95. The slope of the 
regression line was used to determine Re[f(w)]. 
Re[f(o~)] was determined in this manner from experi- 
mental results obtained at a number of field frequen- 
cies. Plots of Re[f(w)] determined from these experi- 
ments, as a function of field frequency, for SP2 and 

K562 cells are shown in Fig. 4. Over the frequency 
range 0.3 MHz to 2 MHz, Re[f(w)] was found to be 
largely frequency independent, with an average value of 
0.95 _+ 0.14 (S.D.) for SP2 and 0.89 + 0.10 (S.D.) for 
K562. The line plotted in Fig. 4 is a plot of the 
theoretical variation of Re[f(oJ)] (Eq. (A-13) in the 
Appendix) with frequency obtained by adjusting the 
relevant parameters to attain the best fit to the data 
over the whole frequency range used in the experi- 
ments and not just the frequencies at which the force 
was zero. 

4. Discussion 

The dielectrophoretic spectrum of Re[f  (w)] versus 
frequency is affected by the choice of the dielectric and 
conductance parameters of the spherical shell model 
used in the analysis. Different parameters generally 
affect different characteristic features of the spectrum. 
Some examples of this are shown in Figs. 5a-5f, in 
which in each instance one parameter is varied while 
holding the other parameters constant. Dramatic ef- 
fects are seen in the effect of the conductivity of the 
external medium (~r~), the conductivity of the cytoplasm 
(~&) and the conductivity of the plasma membrane 
( ~ ) .  Thus increasing ~r shifts the cross over point 
from negative to positive dielectrophoresis to higher 
frequencies while this does not affect the high fre- 
quency cross over point and only marginally affects the 
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maximum value of the positive dielectrophoresis in the 
mid frequency range. In contrast, ~r c affects the high 
frequency cross over frequency at which the positive 
DEP changes over to negative DEP. This parameter  
does not affect the low frequency cross over point, nor 
the maximum value of the positive DEP in the mid 
frequency range. The value of the conductance of the 
membrane (~r m) does not affect the cross over frequen- 
cies but has a dramatic effect on the strength of the 
negative DEP at low frequencies; at sufficiently high 
values of O'm, the negative DEP in the low frequency 
region is abolished and only positive DEP occurs. The 
cross over point to negative DEP at high frequencies is 
not affected by this parameter. 

The values of the dielectric constant of the external 
medium (%), the cytoplasm (E c) and the membrane 
(e m) also affect on the DEP spectrum. Decreasing 
values of E S shift the high frequency cross over point to 
higher frequencies and decrease the negative DEP in 
the high frequency region; at sufficiently low value of 
Es the DEP force at high frequencies is always positive. 
The value of ec affects the magnitude of the high 
frequency DEP (making it more positive as E c in- 
creases) but does not affect the frequency of the high 
frequency cross over point. The value of E m only af- 
fects the frequency of the low frequency cross over 
point but does not affect the magnitude of either the 
negative DEP at low frequencies or the positive DEP 
at the mid frequency range. It has no effect on the high 
frequency region. The zero-crossing point of Re[f(o~)] 
as a function of frequency is thus most sensitive to 
variations in the dielectric and conductance properties 
of the cell cytoplasm, membrane and the medium 
whilst the magnitude of Re[f(w)]  at low frequencies is 
most sensitive to the conductance of the membrane. A 
detailed theoretical analysis of the sensitivity of the 
profile of Re[f(~0)] on the complex dielectric parame- 
ters has also been presented by Foster et al. [10]. 

The calculation of the theoretical DEP force for our 
dielectric shell model of the cell is valid only if the 
non-uniformity of the field E is low. When the field E 
is highly non-uniform, higher order moments are gen- 
erated and this could result in significant errors in the 
calculation of the DEP force [15-17]. On the other 
hand Jones [17] found that the higher order moments 
were insignificant if the size of the object (e.g., a cell) 
in the field was much less than the dimension of the 
electrodes. This is the case for the present study where 
the diameters of SP2 and K562 cells suspended in 100 
mM sorbitol solution ( ~  15-20/zm)  are much less than 
the diameters of the electrodes (128 /xm). 

Since the measurements were made in the equato- 
rial plane of the electrodes (where the field was maxi- 
mum) which was far away from the bottom of the 
chamber (i.e., the distance was ~ 64/xm comparing to 
the radius of the cell which was ~ 10 /zm) and the 

field distribution in the vertical plane (perpendicular to 
the equatorial plane) decreased rapidly, the effect of 
the interface between the external solution and the 
glass at the bottom of the chamber on the electric field 
profile can be considered insignificant. 

The force measurements in the present investigation 
were based on the assumption that the cell being 
observed was a small dielectric spherical shell. Biologi- 
cal cells in an intense electric field also undergo defor- 
mation and during the measurements cell deformation 
did take place, particularly as the cell migrated close 
towards one of the electrodes. The deformation of the 
cell would alter the electric field profile from that 
assumed in the analysis as well as altering the calcula- 
tion of the viscous retardation force using the Stokes' 
equation. To minimise these possible sources of com- 
plication, only the motion of the cells in the regions of 
lower field strength (far away from the electrodes) was 
included in the analysis presented. Despite these possi- 
ble complications, the experimental results agreed well 
with the theoretical prediction given in Eq. (3). The 
dielectrophoresis for intermediate frequencies (0.3 to 2 
MHz) was found to be independent of the frequency of 
the applied electric field, as predicted by the form of 
Re[f(w)]  (cf. Fig. A-2). 

Fitting the theoretical curve for Re[f(~o)] as a func- 
tion of frequency to the experimental data points (Fig. 
4) yielded the dielectric and conductance values shown 
in Table 1 for cells of SP2 and K562. In the calcula- 
tions it was assumed that the external solution (100 
mM sorbitol) had a dielectric constant (E s) of 78E 0. For 
the calculation of E m it was assumed that the mem- 
brane thickness was 10 nm; the conductance of the 
membrane was assumed negligible. The conductivity of 
the 100 mM sorbitol solution was measured independ- 
ently and was found to be 1.0 + 0.2 mS m-1. 

These estimated values of the conductances of the 
cytoplasm for SP2 and K562 (0.18 + 0.03 S m -1 and 
0 .12+0.04 S m -1, respectively) are below the most 
frequently quoted values for animal erythrocytes (i.e., 
0.4 to 0.8 S m-1 [18,19]). This may be due to the fact 

Table 1 
Summary of the conductivities and permittivities of the external 
medium, the cytoplasm and the cell membrane for SP2 and K562 
cells 

Parameters SP2 cells K562 cells 

trs ( mS m- 1 )  a 1.0_+0.2 1.0_+0.2 
°'c ( S m - l )  b 0.18_+0.03 0.12_+0.04 
~m ( S m - l )  c 10-7 10_7 

c 
E s 78 ~0 78 ~0 

c 
~c 60 E 0 60 ~0 

b 
E m 11 ~0 3 % 
Cm ( m F m - 2 )  b 6.0-+2.0 2.0-+ 1.0 

The membrane capacitances ( C  m)  for both cell types are also shown. 
a Measured values; b estimated values; c assumed values. 
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that the commonly published values were obtained 
using cells suspended in isotonic solutions, whereas the 
cells in the present study were suspended in a hypo- 
tonic solution (100 mM sorbitol has an osmolality of 
~ 100 mosmol kg-1). This could affect the conductivity 
of the cytoplasm because in the sorbitol solution the 
cells were swollen by an osmotic uptake of water (the 
volume of the cells increased by a factor of approxi- 
mately 3). This was done to ensure that the cells were 
close to spherical in shape. It would be of interest to 
repeat these measurements as a function of the degree 
of swelling of the cells. 

The specific membrane capacitances for SP2 and 
K562 cells were estimated to be 6.0 _+ 2.0 mF m -2 and 
2.0 _+ 1.0 mF m -2, respectively. While these values fall 
in the range reported in the literature for mammalian 
cells, the lower value, 2.0 _+ 1.0 mF m -2 for K562 cells, 
is lower than the frequently quoted values for living 
cells (e.g., 8 to 13 mF m -2 for mammalian cells [19,20] 
and 5 to 15 mF m -2 for plant cells [11,21]). It is not 
clear whether this is a feature of cancer cell lines in 
general or indicates that additional features such as the 
nucleus of the cell (and nuclear membrane) should be 
taken into account [24]. 

Appendix 

The induced dipole moment, ~, for a homogeneous 
spherical, non-conducting particle with a complex per- 
mittivity e'p in a non-conducting medium of a complex 
permittivity e's and in an AC electric field E with an 
angular frequency o) is given by 

[ ] e_p_ -- e~ E (1-1) 
= 4, R3 s + 2 4  

For an inhomogeneous spherical particle (Fig. A-l)  
with a dielectric shell with a complex permittivity e~ 

E 

O or 
0 = 90 + z direction 

o 

0= 0 

External medium ~s , es 

Fig. A-1. Spherical dielectric shell model for a mammalian cell. S is 
the thickness of the shell (the cell membrane), R is the outer radius 
of the shell, em, e¢ and e~ are the permittivities of the membrane, 
the cytoplasm and the external medium, respectively. O'm, o" c and o'~ 
are the conductivities of the membrane, the cytoplasm and the 
external medium, respectively. 

and a complex conductivity ~r m enclosing a conducting 
interior with a complex permittivity e' c and a complex 
conductivity ~', Maxwell [23] showed that at a given 
electric field frequency this shell model can be re- 
placed by an equivalent homogeneous sphere with an 
effective complex conductivity ~r'ff which is given by 

~rm [2(R - 8)3(~r~ - cry) + R3(o'~ + 2or')] 

f f = - -  [ ( R  _ S)3(o.c _ or~) _ R3(o.c  + 2 o . . ) ]  

(A-2) 

Since o-' = jo~e' (where o) is the angular frequency of 
the electric field), Eq. (A-2) can then be written as 

e ' [ 2 ( R  - 6)3(e'c - em) + R3(e'c + 2era) ] 

Eteff = [(R _ ~)3(E,c _ fire) - R3(e'c + 2em)] 

(A-3) 

The induced dipole moment k~(~o) in the dielectric- 
shell sphere when suspended in a liquid medium with a 
complex conductivity cry' and a complex permittivity e~ 
is then given by [4,6,11] 

[ ] eef----~f --- e--~ E (A-4) 
~ (w)  = 4~-g3es e'eff + 2e'~ 

= 4~ 'R3es f (w)E (A-5) 

where we have defined the complex, frequency de- 
pendent, function f(~o) as: 

[ fret f f~  if5 ] (1-6) 
f ( w )  = [ eeff + 2e,s 

[ R - S ~  3 
( 1 -  as)(1 +2o<c)- (1  + 2 a ~ ) ( 1 -  o t c ) ~  ) 

[ R - S ' ~  3 
(2+ aO(1 + 2ac)- 2(1 - aD(1 - a~)~ ~ )  

where 

r O. m + jtOEm Em 
a s  

e's °'s + J°Jes 

and 
t 

E m Ov m + j(.O E m 
Of c ,. -- 

e c o" c + jwe  c 

(A-7) 

(A-8) 

(A-9) 

(R = radius of the cell, 8 = thickness of the membrane 
(shell)). 

For mammalian cells, the ratio of the thickness of 
the membrane (shell) to the radius of the cell (6 /R )  is 
typically as small as 10 -3. Hence f(oo) can be simpli- 
fied to 

S 
( a c -  as) + (1 + 2 % ) ( 1  - a c )  ~ 

f(oo) = - 28 (A-10) 

( a  s + 2ac) + (1 - a s ) ( a  - a c )  ~ -  
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The interaction between the applied electric field E 
and the induced dipole/!,  produces a dielectrophoretic 
force acting on the cell which is given by: 

F D E  P = Re[( /z(oJ) .  V ) E ]  

= 2vesR3V(E z) Re[ f ( to ) ]  (A-11) 

where Re[f(to)]  is the real part  of the complex func- 
tion f(to). 

The explicit calculation of f (w)  and hence the dipole 
moment  is somewhat tedious. Briefly, it is necessary to 
determine the potential distribution by solution of the 
Laplace equations for the field, using the condition of 
continuity of the normal components  of D = EE and 
the tangential components  of E at the interfaces of the 
various dielectrics. The dipole moment  can then be 
deduced by comparison of the expression of the poten- 
tial as a function of radial position, r, and azimuth 
angle, 0, with the potential  ~bu as a function of position 
of a dipole: 

p. cos 0 
~b~,- 4~'esr  2 (A-12) 

This then yields ultimately an expression for Re[f(to)]  
as follows: 

AB + CDto2 l 
R e [ f ( t o ) ]  = -  Be+D2to2 ] (A-13) 

where: 

Z = ( 2 k -  l ) ( O r c O r m - - E c t E m t O 2  ) 

+ ( 1 -  k )  (OrsO'm - EslEmO) 2 ) 

B = ( l - 2 k ) ( o ' c t r m - e c e m  w 2 )  

+ : ( 1  - 2) 

C = ( : k  - 1)(trme c -t- O'cem) 4- (1 --  k)(trme s + Orsem) 

+ k(~rce s + O'se c - 40"mem)  

D = (1 - 2k)(o 'me c + O'cEm) 4--2(1 - -  k)(trme s + O'sEm) 

+ 2k(o'ce ~ + o'~e c + 20"mem)  

and k = 3/R 
Fig. A-2 shows a theoretical plot of both the real 

and imaginary components  of f( to)  as a function of 
applied electric field frequency. A similar plot for 
Re[f( to)]  has been presented elsewhere [11]. The inter- 
facial polarisation effects which lead to the frequency 
dependence of the induced electric dipole in the cell is 
illustrated in Fig. A-3; in this instance for the situation 
where e c < e~. The most important features to note 
are: (a) in the low and very high field frequency re- 
gions, /z is in the opposite direction to the applied 

1-5 Intermediate frequency 
region 

1"0 

0 - - -  
J N ' ~ / /  High frequency 

-0'5 - region 
:Low frequency 

-1- ~ 1 i I i [ I I I I 

0 2 /, 6 8 10 12 
Log{AC e lec t r ic  field frequency/Hz} 

Fig. A-2. Theoretical plots of Re[f(to)] and lm[f(oDl versus loga- 
rithm of field frequency for the following parameters: tr s = 0.001 
S m  -1 ,  trc = 0.1 S m  - t ,  O-m = 10 - 7  S m  - I ,  Es=78 E 0, Ec=60 E 0, 
~m = 10 ~0' Radius of cell (R)= 10 /zm and thickness of the cell 
membrane (S)= 10 nm (where c 0 is the permittivity of the free 
space = 8.85 x 10-12 Fm- 1). 

electric field E, whereas in the intermediate frequency 
r eg ion / t  is in the same direction as the applied electric 
field and (b) the magnitudes of the dipole in the low 
and very high frequencies are smaller than that in the 
intermediate frequency region. Note that the dielec- 
trophoretic force acting on the cell causes the cell to 
migrate towards regions of higher electric filed 

~ , q  

I( 

Low frequencies 

f<30 kHz 

Intemnediate frequencies 

30 kHz< f <I0 MHz 

o 0  
High frequencies 

f> 10MHz 

Fig. A-3. Diagrams showing applied electric field lines and the 
corresponding equivalent induced dipoles in a dielectric shell sphere 
when it is suspended in a poorly conducting medium and in an 
electric field of  low, intermediate and high frequency. In the example 
e c < E s and ire > ~r s while tr m << ~r c. 
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s t r eng ths  w h e n  R e [ f ( w ) ]  is pos i t ive  a n d  to move  away 
f rom h ighe r  f ield s t r eng ths  w h e n  R e [ f ( w ) ]  is nega t ive .  
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