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ABSTRACT A combined numerical/experimental study is reported of the membrane potentials and dielectrophoretically
induced forces between cells, membrane pressures, and velocity of attraction of cells under the influence of an electric field.
This study was designed to explore electrical and mechanical effects produced by a field on cells in close proximity or
undergoing electrically induced fusion. Laplace's equation for pairs of membrane-covered spheres in close proximity was
solved numerically by the boundary element method, and the electrically induced forces on the cells and between cells were
obtained by evaluating the Maxwell stress tensor. The velocity of approach of erythrocyte ghosts or fused ghosts in a 60-Hz
field of 6 V/mm was measured experimentally, and the data were interpreted by using Batchelor's theory for hydrodynamic
interaction of hard spheres. The numerical results show clearly the origin of the dielectrophoretic pressures and forces in
fused and unfused cells and the effects of a nearby cell on the induced membrane potentials. The experimental results agree
well with predictions based on the simple electrical model of the cell. The analysis shows the strong effect of hydrodynamic
interactions between the cells in determining their velocity of approach.

INTRODUCTION

It is well known that electric fields can induce forces on
cells, which can lead to the deformation of cells, aggrega-
tion of cells, and cell fusion (Saito et al., 1966; Schwan,
1982; Sowers, 1993). These forces arise from the interaction
of the external field and the induced dipole moment in the
cell (Foster et al., 1992; Pastushenko et al., 1988; Sauer,
1983, 1985) and can be interpreted in terms of classical
electromagnetic theory.

This present study has two chief motivations. First, Sow-
ers and colleagues have recently studied the mechanical
responses of red cells in electric fields, in particular the
change in shape of pairs of cells after electrofusion (Wu et
al., 1994), and the rate of approach of cells under the
influence of the field (Dimitrov et al., 1990). The former
experiments can be used to probe the mechanical properties
of the cell membrane. Our first motivation is to gain an
understanding of the electrically induced forces on the cells,
which is needed for quantitative analysis of these experi-
ments. The latter experiments can yield information about
the electrical properties of cells in a very simple manner.
However, as we discuss below, the experiments yielded
anomalously high values for the effective conductivity of
the cells. Our second motivation was to clarify this problem.
We model the cells as shell-surrounded spheres and nu-

merically solve Laplace's equation to determine the electric
fields and (by evaluating the Maxwell stress tensor) the
field-induced forces on the system. This simple electrical
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model of the cell is appropriate if the Debye length of the
electrolyte is small compared with other distance scales of
interest. More elaborate models (e.g., Grosse and Schwan,
1992) might be needed to account for counterion effects and
other phenomena that are likely to be important with low-
frequency fields. Nevertheless, simple macroscopic models
based on Laplace's equation have been remarkably success-
ful for interpreting many bioelectric phenomena (Cole,
1972).
The present study has three related parts: numerical cal-

culation of the induced fields and mechanical forces on
pairs of fused or unfused cells in an electric field, numerical
calculation of the forces between cells induced by the field,
and consideration of the hydrodynamic problem of rate of
approach of the cells. The second part of this study is a
sensitive test of the accuracy of the calculations.

THEORY

Fig. 1 shows two membrane-covered spheres, used to model
biological cells. The spheres have outer and inner radii rout
and rin, respectively, and their centers are separated by a
distance h. The inner and outer media and shell have con-
ductivity (,, cr2) and permittivity (E1, E2), respectively. The
spheres are located in an originally uniform electric field E.

Calculation of fields

We calculated the electric fields in and near the spheres,
using the program Electro from Integrated Engineering
Software, Inc. (Winnipeg, Manitoba). This program em-
ploys the boundary element method, which is based on an
integral formulation of Laplace's equation. It is limited to
two-dimensional problems or to three-dimensional prob-
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sides of each interface, i.e., four times for a membrane-
covered sphere.

Equation 1 can be simplified by using the boundary
conditions on the normal and tangential components of the
electric field (Er and E0). At each interface, (a + jwe)Er and
E6 are continuous, where or is the conductivity, w is the
radian frequency, and E is the permittivity. Because the shell

3, is assumed to be nonconductive, as c -> 0 the radial
x component of the electric field in the medium vanishes at

the membrane surface. Under these assumptions, Eq. 1
yields force densities (force per unit area)

dfOUt = 2(E2 - Ej1) -2

(2)

df°ut = E2E h

FIGURE 1. Geometry of two cells: outer and inner radii r0.t and rin,
separation of centers h. The thickness of the membrane is greatly exag-

gerated in this illustration.

lems when there is an axis of rotational symmetry (Foster,
1993).

For the present calculations the geometry of the problem
was chosen to have an axis of rotational symmetry about the
y axis. Approximately 150 boundary elements were placed
along each surface of the spheres. The external field was

created by placing two parallel conductors at fixed potential,
separated by the spheres by a distance of 7-15 particle
diameters. We repeated the calculations at different values
of the normalized separation ry = h/rout, including the cases

of touching particles (-y = 2) and of fused particles (,y = 2,
with a small aperture, corresponding to 0.5% of the diam-
eter of the sphere, connecting the particles).
The calculations used the time-independent mode of the

program and are thus independent of the permittivity of the
materials. This static calculation is appropriate for cells at
frequencies below the beta relaxation frequency, which
typically occurs near 1 MHz for cells in normal physiolog-
ical media (Foster and Schwan, 1989). These numerical
calculations can be extended readily for alternating frequen-
cies, and we extend the formalism below for that case.

at the outer surface and

dfin = 2(Eh)2 (3)

dfo = 0

at the inner surface of the cell, where E6h iS the field in the
shell. For a thin shell, the net force per incremental surface
area ds is then

dfr =-[E((E h. in)2 (Esh, out)2) + (Eut)2(E2-
(4)

df = -E2EoutEsh, out

The net force F on the cell can be obtained by integrating
the Maxwell stress tensor over a single surface that encloses
it (Stratton, 1941):

F = [ElEut(Eout * n) - (Eot)2n]ds,
S~~~~~~~~

(5)

where s is the outer surface of the particle and the fields and
permittivities are those in the outer medium. Equation 5
simplifies to

Calculation of forces

The forces on the cell were obtained by numerical evalua-
tion of the Maxwell stress tensor T (Panofsky and Phillips,
1962; Winterhalter and Helfrich, 1988). The elements of T
in medium I are

Ei [Eli)Ei - 1(E(i))2Sim]' (1)

where E(i) is the ith component of the electric field in
medium i, Ei is the permittivity of medium i, and 61,m is the
Dirac delta function. This tensor must be evaluated on both

Jcr

~~~~~~Fy=-7rrdoutEl (Eo )'°Ucos(O)sinl(O)dO.ou (6)

There will be no net force on an isolated cell from an

initially uniform (alternating) external field. However, the
presence of another cell nearby will perturb the field and
lead to a net force of attraction between them. These forces
arise from the interaction between the induced dipole mo-

ments in each cell and are to be distinguished from electro-
phoretic forces, which arise from the interaction between a

field and a charged particle.

E
h

2C1
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Dielectrophoretic Forces

For an isolated membrane covered sphere in an originally
uniform field E, solution of Laplace's equation yields (Fos-
ter and Schwan, 1989)

EO.ut = 1.5E sin(O),
Eh,in - Eh,out = 3E cos(O), (7)

Esh out +Esh in = 3E cos(O)R/d,r r

where R = (rout + rin)/2 and d = (rout - rin) is the
membrane thickness. This solution is correct to first order in
dIR. To the same approximation, the net force densities on
an incremental area ds of membrane are

9E2 R
2

9E
dfr = - E2cos2(O) = RCmcos2(O),2 d 2

(8)

dfo = E E2COS()sin(O) = 4 E2RCmcos(O)sin(O),

where Cm is the membrane capacitance. In the discussion
below, the membrane forces are normalized by a factor
9E2E2R/2d, the fields are normalized by the external field
E, and the membrane potentials are normalized by
(3/2)E/R.

EXPERIMENTAL

The dielectrophoretic forces of attraction were measured
between erythrocyte ghosts or pairs of erythrocyte ghosts.
Experiments were conducted i) between two individual
ghosts, ii) between a single ghost and two (nonfused) ghosts
already in contact, and iii) between a single ghost and two
fused ghost membranes.

FIGURE 2. Normal components (outer and
inner surfaces) of calculated electric fields in
the membrane of one of the pair of cells.
Normalized cell separation y = hir. Two lo-
cations are shown in the inset.

The experiments were carried out on ghost membranes
prepared and measured in 20-mM sodium phosphate buffer
(pH 8.5, conductivity 260 mS/in). The methods were similar
to that described previously (Dimitrov et al., 1990), with the
addition of phase optics light microscopy to image the cells
as described in Wu et al. (1994). In the experiments using
fused pairs of erythrocyte ghosts, the cells were fused by a
single dc field pulse (600 V/mm, 0.55-ms decay half-time),
applied just before the attraction experiments were started.
All experiments employed constant 60-Hz sinusoidal elec-
tric fields (6 V/mm rms) to induce dielectrophoretic forces.
Measurements were made only on ghosts that were spher-
ical in shape (erythrocyte ghosts as normally prepared have
a continuous range of shapes from spherocytes to stomato-
cytes) and on pairs of cells whose centers formed a vector
parallel to the electric field. The images of the cells were
recorded on video tape and subsequently analyzed using the
JAVA software package (Jandel Scientific, Corte Madera,
CA).

RESULTS

The forces were calculated on one of a pair of cells at
various normalized separations y = hIR. The numerical
calculations assumed the following parameters:

E = 1 (unperturbed external field strength, V/m),
rout= 1 (outer radius, m),
rin= 0.95 (inner radius, m),
= 1 (conductivity of inner and outer media, S/m),

U2 = 10-5 (conductivity of shell, S/m),
El= 80EO (permittivity of inner and outer media), and
E2 = 2Eo (permittivity of shell),

80 100 120 140 160 180
azimuth, degrees
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where E0 (8.85 X 10-12 F/m) is the permittivity of free
space. (The results are readily scaled to apply to spheres of
typical cellular dimensions.) The net force on the particle
was obtained by integrating the force densities over the
entire surface of the cell, using Simpson's rule and the
program Matlab (The Mathworks, Inc., Natick, MA).

Membrane fields and potentials

Fig. 2-4 show the calculated electric fields and membrane
potentials in the top particle in Fig. 1 versus the azimuthal
angle 0. The figures summarize data for one pairs of cells
with three different values of the normalized separation y =
hIR. The separations are: wide (,y = 4); touching but not
fused (,y = 2); and fused, i.e., touching (,y = 2) with a
channel connecting the inner compartments of the two par-
ticles. The diameter of the channel (i.e., the inside diameter
of the fusion pore) was 0.5% of the diameter of the cells.
The field distribution and membrane potential in the pair

at y = 4 are close to those in an isolated cell and in excellent
agreement with the analytical solution for Laplace's equa-
tion given above. As the cells approach, the field distribu-
tion in the membranes shifts progressively. This reduces the
field strength in the membrane near' the region of closest
approach. However, the effect is rather modest, even when
the cells are in actual contact (Figs. 3 and 4). When the cells
fuse, the membrane potential vanishes near the point of
fusion (1500 < 0 < 1800) but increases by a factor of 1.7 at
the opposite poles of the cells (00 < 0 < 300).

Pressures

As is apparent from Fig. 2, the field strengths in the mem-
brane at the inner and outer surfaces are quite similar;

FIGURE 3. Normalized membrane poten-
tial. (Dashed) Cells separated with y = 4;
(thin solid curve) cells touching; (thick curve)
cells fused.

-o-Eqa)

E

0
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however there is a small difference between them that is
responsible for the net force density on the membrane.
Moreover, there is a small difference between the net force
densities on the opposite ends of the cell that gives rise to
the net force of attraction between the two cells.
The net force density on the cells is shown in Fig. 5 and

6. Both the radial (Fig. 5) and the tangential (Fig. 6) forces
are directed in a way that would tend to deform the single
unfused cells, or fused pair of spheres, into ellipsoids (in-
sets). The forces developed on a fused pair of cells are
nearly three times higher than those developed in each of
the unfused cells. This is consistent with results of previous
experimental and theoretical studies (e.g., Englehardt and
Sackmann, 1988; Poznanski et al., 1992).

Forces between cells

There is a slight asymmetry in the forces on the unfused
cells, which results in a net force of attraction between
them. Fig. 7 shows the calculated forces of attraction be-
tween the cells at various normalized separations y = hlr.
The forces are normalized by the factor 24 7r rou, E2/y4 (see
below). Also shown for comparison are the forces between
homogeneous spheres of the same outer diameter as the
cells but with a conductivity of zero, or ten times greater
than that of the surrounding medium. The forces of attrac-
tion between the cells and nonconducting spheres are the
same (which is a consequence of the fact that the fields in
the external medium in both cases are identical). The at-
tractive force between the conducting spheres is much
higher, a consequence of the larger induced dipole moment
of the conducting spheres.

azimuth, degrees
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-)
FIGURE 4. Tangential components of
electric field at the outer membrane sur- a
face. (Dashed) y = 4; (dotted) cells °
touching; (solid) cells fused. The discon- E
tinuity near 180 deg for the fused pair is v
an artifact from the presence of the chan- c-
nel connecting the cells. (D

Velocity of approach of two cells

0.6
0.8

0.6

0.4

Forces between the cells

Fig. 8 shows the distance between pairs of red cell ghosts,
or of a ghost and either a fused doublet or two unfused cells
in contact, versus time. The curves indicate fits to theoret-
ical functions, as described below.

DISCUSSION

Changes in fields and forces during electrofusion

As the cells approach each other, the membrane field
strength decreases near the point of contact (Figs. 3 and 4).
These changes reflect the tendency of the (nonconductive)
cells to shield each other near the point of contact as they
come into contact. When the cells fuse, there is nearly a
threefold increase in the pressure at their poles opposite the
fusion zone and a decrease in the net forces at the region of
fusion (Fig. 5).
Wu et al. (1994) studied the mechanical responses of a

pair of erythrocyte ghosts that had been aligned using an
external electric field and fused by a brief high-voltage
pulse. Immediately after fusion, the doublet consisted of
two nearly spherical halves; it then evolved to nearly spher-
ical shape. Wu et al. reported that the rate of fusion zone
expansion depends critically on the field that is used to align
the cells, which is clearly a result of dielectrophoretic
forces. Inasmuch as the strength of the dielectrophoretic
force is very easy to control, further analytical and experi-
mental study may lead to a way to use these mechanical
responses to study the mechanics of membranes. Clearly,
the forces induced on a fused membrane doublet from
dielectrophoresis are substantially higher and in the correct
direction to explain the field-accelerated opening of the
fusion zone as reported by Wu et al. (1994).

The above results can be used to calculate the forces be-
tween the cells. This provides a very sensitive test of the
calculations because the forces fall off rapidly with distance
and result from cancellation of much larger forces that are
exerted by the field on each membrane surface.

For two particles oriented with their line of centers par-
allel to the field, the interparticle force can be written (Gast
and Zukoski, 1989) as

24'rr2utu2El Eo
f(-/)= E(9)

where

Eeff - El
U

Eeff - 2E (10)

is the Clausius-Mossotti function, E is the electric field
strength (for alternating fields, the rms field strength) E1 is
the permittivity of the medium, y is the normalized separa-
tion of the particles (as used previously), and Eiff is the
effective permittivity of the cell. For the present case (lossy
media at low frequencies) the permittivities of the cell and
medium in Eq. 10 must be replaced by the corresponding
conductivities. The correction factor -fl is unity for point
dipoles. But, as the particles approach each other, higher-
order terms in the interaction become important. The factor
fl has been evaluated numerically by Klingberg (cited in
Gast and Zukoski, 1989); an asymptotic expansion for this
factor was obtained by Sauer (1985). The numerical results
(Fig. 7) agree well with analytical results of Gast and
Zukoski and (for low-conductivity particles) with Sauer's
approximation.
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FIGURE 5. Force densities in the ra-
dial direction, normalized as described in
the text. (Dotted) fused cells; (dotted-
dashed) cells touching; (solid) normal-
ized separation y = 4. The inset shows
the force directions on a single cell and a
fused pair.
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Velocity of approach and intracellular forces

The third part of this study was intended to clarify the
results of Dimitrov et al. (1990), who measured the velocity
of attraction between red cell ghosts in an electric field.
Using an approximate hydrodynamic model, the investiga-
tors deduced a value of lul = 0.10 for the cells, which
corresponds to an effective conductivity of the cells that is
approximately 75% that of the surrounding electrolyte. Un-
der the conditions of those experiments, the effective con-

0.3

0.2

0.1

FIGURE 6. Normalized force densi- cm

ties in the tangential direction. (Dotted) -
Fused cells; (dotted-dashed) cells -0. IX
touching; (solid) cells separated, normal- 'C
ized separation 'y = 4. The insets show -
the direction of tangential forces in a 0 -0.2 _ .
fused pair and a single cell. . :

80 100 120
azimuth, degrees

ductivity of the cells should be very much smaller than that
of the medium, which implies that u should be experimen-
tally indistinguishable from -0.5.
To explore this further, we analyze the data in Fig. 8

(which are quite similar to those of Dimitrov et al.) to
consider the effect of higher-order terms in the interaction
(accounted for fl) or hydrodynamic effects. We base our
discussion on Batchelor's theory for the motion of hard
spheres under low Reynolds number conditions (Batchelor,
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Dielectrophoretic Forces

FIGURE 7. Force between (+) conductive
spheres (o,2/1 = 10), (o) nonconductive spheres
(o2/orl = 0), and (x) shell-surrounded sphere. (-)
Multipole expansion; (... ) from Eq. 11.
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9 10°
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c13
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1976; Russel et al., 1989). In this theory the relative motion
of two particles attracted by a force along their line of
centers is given by

d,y f(y)(Al-12rOut dt 3-3 Ar (Al-tA12), (11)

1-1
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Time to Contact (seconds)

FIGURE 8. Separation versus time of (0) two red cell ghosts (n = 12),
(A) a ghost and an unfused doublet (n = 9), and (U) a ghost and a fused
doublet (n = 6). Solid curve, hydrodynamic model with asymptotic ex-

pansion (Sauer); dashed curve, exact hydrodynamic model (Batchelor
(1976) fitted to data for two ghosts. Data are averages from n independent
measurements for each experimental condition; typical standard deviations
are shown. This inset shows the coordinate system used.

where ,u is the viscosity of the medium (0.89 cP for water);
the other symbols are the same as defined above. The
coefficients AI, andA12 take into account the hydrodynamic
interaction between the particles. As (,y -> o, All and A12
approach 1 and 0, respectively; in the opposite limit (,y -*2)
both coefficients approach 0.775. The first limit corre-
sponds to the classical Stokes law behavior. The second
limit implies (by Eq. 11) that the drag on the particles will
increase dramatically as the cells come close to contact.
Batchelor (1976) tabulated values for All and A12 for two
equal spheres from which we obtain data by interpolation in
the calculations reported below.

Using the program Mathematica (Wolfram Research,
Champaign, IL), we solved Eq. 11 with several different
assumptions (Table 1). In each case, we fitted the data for
the approach of two red cell ghosts (Fig. 8) to Eq. 11,
treating u as the only adjustable parameter. We chose the
negative root of u, on the assumption that the effective
conductivity of the cells is less than that of the medium.
We also consider simplified models, to understand the

relative importance of two effects as the cells approach: the
departure of the force from inverse-fourth-power behavior
(which is due to higher-order terms in the electrical inter-
action) and hydrodynamic interactions between the cells.

TABLE I Fitted parameters of u for different hydrodynamic
models

Model u

Neglect hydrodynamic interactions and higher-order terms -0.25
in electrical force (All = 1; A12 = 0; fj = 1)

Include hydrodynamic interactions (Batchelor, 1976); -0.42
neglect higher-order terms in force (fl = 1)

Include hydrodynamic interactions (Batchelor, 1976) and -0.47
higher-order terms in force

- - i- i - --- ~~~~~~~~+- -~~~~~~~+ ' - v -
sF~--- --S----

I
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The values of u that result from these different assumptions
are listed in Table 1. Under the conditions of these experi-
ments, both higher-order electrical and hydrodynamic inter-
actions are important for determining the velocity of ap-
proach of the cells. If these effects are taken into account we
arrive at a value of u that is very close to the expected value
of -1/2.

Velocity of approach of a ghost to a fused or
unfused doublet

The results of these experiments are also shown in Fig. 8.
The velocity of approach is clearly lower than for individual
cells. Unfortunately, in the absence of a hydrodynamic
model for these more complicated systems, there is no way
to interpret the data rigorously. We note, however, that the
dipole moment of an unfused doublet is nearly twice that for
a single red cell ghost (Jones and Miller, 1989), and thus the
force drawing them together would be twice as high as well.
The slower rate of approach is most likely a consequence of
a higher hydrodynamic drag.
We reconsider the results of Dimitrov et al. (1990) in

light of the present results. Fig. 3 of that paper gives data for
the separation versus time of pairs of red cell ghosts in fields
of 8 and 16 kV/m, which resemble those in the present
study. From those data we find values of u (using Batch-
elor's model) that are -0.30 (8 kV/m) and -0.24 (16
kV/m). These values are considerably higher than those
obtained from the same data by Dimitrov et al., in part as a
consequence of the different hydrodynamic model that was
used (Dimitrov, 1983) . Nevertheless, the value of u that we
obtain (even with the improved hydrodynamic model) is
significantly different from - 1/2. We suspect that another
effect, perhaps deformation of the cells by the (quite strong)
electric fields, may have contributed to this result. Experi-
ments of this sort will be sensitive to the electrical proper-
ties of the cells only if their effective conductivity is close
to that of the medium (cf. Eq. 10). That would require the
use of low-conductivity media or the use of high frequen-
cies in cases in which the membranes are short-circuited.
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