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ABSTRACT We review dielectrophoretic forces on cells and colloidal particles, emphasizing their use for manipulating and characterizing
the electrical properties of suspended particles. Compared with dielectric spectroscopy, these methods offer a measure of indepen-
dence from electrode artifacts and mixture theory. On the assumption that the particles can be modeled as uniform dielectric objects
with effective dielectric properties, a simple theory can be developed for the frequency variation in the field-induced forces. For particles
exhibiting counterion polarization, dielectrophoretic forces differ considerably from predictions of this theory at low frequencies, appar-
ently because of double layer phenomena.

INTRODUCTION
The dielectric permittivity Ep and conductivity up of par-
ticles in suspension have long interested biophysicists
and colloid scientists, for basic scientific reasons and for
technological applications. Most commonly, an investi-
gator measures the bulk dielectric properties of suspen-
sions (i.e., the permittivity er and conductivity a.) and
deduces the electrical properties of individual particles
(Schwan, 1957; Schwan 1967).
We consider the mechanical forces exerted by a field

on a suspended particle, through interaction with its in-
duced dipole moment. These include translational (di-
electrophoretic) forces (Kaler and Jones, 1990) or
torques (Glaser and Fuhr, 1987; Arnold et al., 1987; Ar-
nold and Zimmermann, 1988). We emphasize the rela-
tion ofthese forces to the electrical properties ofcells and
colloidal particles; obvious applications include the
study of their electrical properties, and the dielectropho-
retic manipulation of particles.

THEORETICAL BACKGROUND
The forces exerted by an electric fieldE on an uncharged
dielectric particle have been reviewed by several authors
(Sauer 1983, 1985; Chizmadzhev et al., 1985; Glaser
and Fuhr, 1987; Arnold and Zimmermann, 1988; Pastu-
shenko et al., 1988; Kaler and Jones, 1990). For a spheri-
cal particle of radius r in field E, which possesses no
permanent dipole moment, the time-averaged force Fis:

F = 2lrEmr3V(E2)Re(u*), (1

where u* is the Clausius-Mossotti ratio:

U*= (P (m ) =(ap* am ) (2)
(E* + 2e*) -(r* + 2a*)(

and e* and v* are the complex permittivity and conduc-
tivity defined as

a* = O + jE

f* = E -jUIA.
(3)
(4)

(Complex quantities are denoted with asterisks). The

subscripts p and m refer to the particle and medium,
respectively.

Thus, the dielectrophoretic force depends on the gra-
dient of the field, which is assumed constant over the
particle. The force can be directed towards a region
of higher (positive dielectrophoresis) or lower field
strength (negative dielectrophoresis) depending on the
sign of Re(u*).

Ifthe particle is placed in a circularly polarized electric
field it will experience a time-averaged torque r, given by
(Sauer and Schlogl, 1985):

T = -47rEmr3E2Im(u*). (5)

The torque can be in the same or opposite direction as
the rotation of the field vector (cofield or counterfield
rotation) depending on the sign of Im( u*). The corre-
sponding forces on a cylinder are given by Sauer and
Schlogl (1985).

Thus, the linear force and torque on the particle are
both proportional to the volume of the particle, the real
part ofthe complex permittivity ofthe medium, and the
dielectric properties of the medium and particle as con-
tained in u *. This factor is a bilinear function of E* and
mE, and its frequency dependence can be related to those
of the individual phases. Jones and Kaler (1990) have
described the use of plots of u* on the complex plane.
We present a complementary analysis, based on partial
fraction expansion of u* for several cases.

(a) Nondispersive particle and medium. For this
case the dielectric properties of the particle and medium
(EP Em, aTp, tim) are independent offrequency. By expand-
ing Eq. 2 by partial fractions, u* can be written in the
form

(6)

where

Au =- 3 (Emop - Epam)
EP + 2Em)(Op + 2tm)

Ep -Em
p +2m

(7)

(8)
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Thus, u* shows a single dispersion at frequency cm

.= (2am + lp)/(2Em + EP).

This relaxation (the so-called Maxwell-Wagner effect) is

associated with the charging ofthe interface between the
two phases, due to differences in their bulk electrical
properties. It occurs even if the dielectric properties of
the individual phases are independent of frequency.
The real and imaginary parts of u* are

Re(u*) = + 1
u

+ u

Im(u*)= Auw/w(m

(W/W.)' +

(9)

(10)

Thus, Re( u*) varies monotonically between the limiting
values

(up -am)/(ap + 2am) (low frequencies)

and

(Ep - Em)/(Ep + 2cm) (high frequencies),

with the midpoint of the transition at wm. In contrast,
Im( u*) has a broad peak ofamplitude Au/2 that may be
positive or negative. On the complex plane, u* describes
a semicircle of radius Au, rotating clockwise with in-
creasing frequency.

(b) Dispersive particle, nondispersive medium. A
more interesting case is a dispersive particle in a nondis-
persive medium. We consider a particle undergoing a

relaxation with time constant ' (corresponding to relax-
ation frequency c' = 1 /r'), suspended in a nondispersive
medium. The dielectric properties of the particle can be
written

a= Up0 + (ap0 -ap,o) +JwEp,r, (11)

where Ep ,, is the permittivity ofthe particle in the limit of
high frequencies, and ap0O and apo, are the conductivities
ofthe particle in the low and high frequency limits. This
is equivalent to a dispersion in permittivity:

fp,O IE2,cx %'o

CP P +j/co' jw (12)

where (ap,oo - ap,O) = (Ep,O - EPO
Inserting Eq. 11 into Eq. 2 and expanding by partial

fractions yields:

U* = -Au, + AU2 +00
I + j I + j

WI (W2

where

o c ,

Ep,c +2Em

(13)

The locus of u* on the complex plane is then the super-
position of two semicircles of radii Au, and Au2.
The coefficients Au, and Au2 and center frequencies

w, and W2 can be obtained in closed form by computer
algebra, although the results are complicated in form. An
interesting limit is when w,< c2, which applies for most
experiments on cells or colloidal particles. The parame-
ters of the dispersion are:

/\UI=- 3am(,Tp,. - P,O)
Au, =

(

(ap,OC + 2o.)(ap,0 + 2am)

Au2 = 33(cp,ooEm Ep,ooum)
2( + 2Em)(tTp,c + 2am)

()'( ap,O + 2am)
Up,oo + 2am

W2 = Wm + (O (tYp, o ,o)
0pPIO + 2am

(14)

(15)

(16)

(17)

where

@=ap,O +2am
Wm=

Cp,OO + 2Em

The above expressions are valid to zero order (Eqs. 14
and 15) or first order in W'IWm (Eqs. 16 and 17).
Thus, a dispersive particle shows two dispersions, both

ofwhich depend on the dielectric properties ofthe parti-
cle and medium. If opl,O > ap,O (which is nearly always the
case) then Au1 < 0 and the low frequency dispersion is
negative; the high frequency dispersion might have ei-
ther sign. For a nondispersive particle, Au1 = 0 and the
dispersion is identical to that given in Eq. 6.

Membrane-covered spheres. The theory can be ex-

tended to the case of a membrane-covered sphere, used
to model a biological cell. The effective conductivity a*
of the cell is obtained from the solution of Laplace's
equation for the particle (Schwan, 1957):

ac*mem (R-d)3 aI*mem
aU* + 2amem R3 uT" + 2uTem

(18)

where a<' and aem are the complex conductivities ofthe
cell interior and membrane, and d and R are the thick-
ness of the membrane and radius of the sphere. If the
membrane is thin (d < R) and amem I < ai this re-

duces to

* R

I +d(a-mem)
R amem

Defining the membrane capacitance and conductance:

Cmem em/d

Gmem= om/d

(19)
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leads to the result

1 1 1

a* a* R(Gmem+IjCmem)

This can be written in the form of Eq. 11 with

,= + RGmem

CmemR CmemR

RGmemori

0i + RGmem mem

(p,0 = i

-,= a .i

Inserting this
RGm/ am X

into Eqs. 14-17 gives, to first orde

Gmem I I 1'-1

Cmem RCmern Li 2Uam

Typically, cell membranes have a high surface charge
density, and a correspondingly high and possibly fre-

(20) quency-dependent surface admittance. Thus, the field-
force spectra might exhibit separate dispersions asso-
ciated with the surface admittance and with the charging
of the membrane capacitance. In addition, a dispersion

(21) arising from the Maxwell-Wagner effect will occur, typi-
(21) cally at much higher frequencies.

Thus, the dielectrophoretic forces on a cell vary greatly
(22) with frequency range. Below the relaxation frequency for

membrane charging (w, given in Eq. 25), the cell is elec-
(23) trically equivalent to a nonconducting particle with a
(24) frequency-dependent surface admittance, in a conduc-

tive medium. At higher frequencies it is equivalent to a
Lr in conductive particle in a conductive medium; and at still

higher frequencies (above W2 given in Eq. 27) to a dielec-
tric particle in a dielectric medium.

(25)

I (RGrern(ai + 2am) + 2aiar)(ai + 2am) (2)

ai +2arn aj-RG mnem

W2 = i m + Wimem(27)
qi + 2,Em ai + 2am

A
2

3(emnUi Ejam) (8

(Ei + 2Em)(ai + 2am) (28)

Uo0 = + E2 (29)

In experimental studies the cell is frequently suspended
in a low conductivity medium (to reduce heating ef-
fects), i.e., vi > am. Eqs. 25 and 26 reduce to

2am + RGmem

WIj RI [RGmem + 2am]. (30)
Cmem

Particle with frequency-dependent surface admit-
tance. Another interesting case is that ofa nonconduc-
tive particle surrounded by a shell with a complex admit-
tance. This problem is discussed by Schwan (1985) and
(for frequency-independent surface conductance) by
Chizmadzhev (1985). Eq. 19 then reduces to

a=a+2* =a* + 2 she (31)I shellR RU+2

where Y*ell = Gshell + iWCshell is the surface admittance,
and Gshell and Cshell are the surface conductance and ca-

pacitance. The effective dielectric properties ofthe parti-
cle are then

p= ai + 2Gshell/R

=P Ci + 2Cshell/R.

Any dispersion in Y* el1 will give rise to a corresponding
dispersion in u*. The surface admittance might be asso-

ciated with counterions near the surface of the particle.

Double layer effects
This treatment assumes that the particle can be modeled
as an electrically homogeneous body in a homogeneous
medium, and is based on solutions of Laplace's equa-
tion. For particles with space charges (i.e., colloidal par-
ticles or cells in electrolyte), this approach requires that
the Debye length ofthe medium be small compared with
the radius ofthe particle or the thickness ofthe cell mem-
brane.

Colloidal particles and cells exhibit large polarizabili-
ties at low frequencies due to counterion displacement
(e.g., Schwan et al., 1962). These effects are character-
ized by distance scales that include the Debye screening
length I/K, and the distance an ion can diffuse in a pe.
riod of the field, /4D/w, where D is the ion diffusion
coefficient and w is the radian frequency (Dukhin, 1974;
Chew and Sen, 1982; Fixman, 1983; Mandel and Odijk,
1984; Grosse and Foster, 1987). For a 1-1 electrolyte of
I0-3 S/im and at 1 kHz, these distances are - 40 and 500
nm, respectively. In contrast, the hydrodynamic slip
plane (for micron-sized vesicles) is within 1 nm of the
surface (Alvarez et al., 1983).

Thus, for colloidal particles and cells, the simple
theory might break down, particularly with low conduc-
tivity solutions and at low frequencies. In effect, the field
exerts forces both on the particle and the surrounding
electrolyte, which are free to move with respect to each
other, and Stoke's law does not apply. Similar complica-
tions arise in electrophoretic mobility of colloidal parti-
cles, which departs from simple theory when Ka <

(O'Brien and White, 1978; Gaigalas et al., 1990).
So far, no rigorous theory is available for dielectropho-

retic forces that accounts for counterion effects. Such a

theory would entail the combined solution of the Pois-
son and Navier-Stokes equations, and mass balance
equations for the ions.
For different reasons, the high frequency (Maxwell-

Wagner) dispersion is also sensitive to ionic diffusion
effects when Ka < 1. The simple theory for the Maxwell-
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Wagner effect is based on the assumption that the charge
accumulation at the interface occurs in an infinitely thin
region. An extended theory, that takes into account ionic
diffusion effects, leads to large corrections to the simple
theory when Ka < 1 (Garcia et al., 1985).

More complicated systems. The above analysis can be
extended to more complicated systems that exhibit mul-
tiple dispersions. The case of multishelled spheres (used
to model cells with intracellular organelles) was dis-
cussed by Turcu and Lucaciu (1989) and Fuhr and Kuz-
min (1986) for rotation, and Kaler and Jones (1990)
and Glaser and Fuhr (1985) for dielectrophoretic forces,
and Pastushenko (1988) for both force and torque.
For these more complicated systems, the algebra be-

comes very complex. However the qualitative results are

clear: u* exhibits several dispersions, equal in number to
the number of different interfaces in the system (Hanai
et al., 1988). Unfortunately, the problem of extracting
relaxation parameters from data exhibiting multiple re-

laxation is notoriously ill conditioned (Colonomos and
Gordon, 1979), particularly when the individual relax-
ation times are not widely separated in frequency. This
difficulty is exacerbated by the fact that the individual
relaxations might not be characterized by single time
constant behavior, because of polydispersity in particle
geometry or other factors.

Relation to dielectric spectra
The dielectric properties of a suspension (e*, a*) are
related to those of the particles (,E, a*) and continuous
phase (e*, v*) by mixture theory. Despite many years of
study, no rigorous solution to this problem exists that is
generally valid. One simple and useful result is that of
Maxwell. Ifp is the volume fraction of the suspension,

(,.* -em*) = U*' (32)

or equivalently

(___-***

The Maxwell theory is rigorous only in the limit ofsmall
p. However, Eqs. 32-33 are surprisingly accurate even at
high volume fractions ofsuspended particles (Cole et al.,
1969) provided that no aggregation occurs. Various al-
ternate mixture theories have been proposed, based on a
virial expansion (Chiew and Glandt, 1983) or ad hoc
corrections for interparticle interactions (Dukhin, 1971;
Grosse and Greffe, 1979). The former approach is rigor-
ous but requires more information about the structure of
the suspension than is usually available; the latter are of
uncertain accuracy.

In the limit ofsmall p, Eqs. 2 and 32 can be combined
to yield

a* = a*( I + 3pu*).

In this approximation, a* and u* have poles (and thus
dispersions) at the same frequencies. Therefore, for di-
lute suspensions the dielectric and field-force spectra
have the same relaxation frequencies. Other mixture the-
ories, or the Maxwell theory applied to more concen-
trated suspensions, yield slightly different dispersion fre-
quencies for the dielectric and field-force spectra.
However, the amplitudes ofthese spectra are quite dif-

ferent, even in terms ofthe simple Maxwell theory. A full
analysis, based on Maxwell's mixture analysis, was pre-

sented by Pauly and Schwan (1959). The results in this
case are quite complicated. For dilute suspensions, the
analysis is much easier. Expansion of Eq. 34 by partial
fractions yields an expression of the form

Ac1 Ac62 JUol+1*/= + +/ -
I + jwlcol I + jWI2 00

rw
(35)

where (for small p) the coefficients reduce to

9pRCmem 9PRCmem
4I+RGmnm(1I/ai + 1/2 am)) 4

A'2 (9p/2)(Esia. .-ia)2
(,i + 2,Er)(ai + 2Tm)2

Ec0 E1+ + )-

3p 1 + RGmem(I/i - I/am)
2 1 +RGmem( 1,i+ 1/2am)J

(37)

(38)

(39)

and the relaxation frequencies (wl, W2) are the same as
those given in Eqs. 25 and 27.
The dielectric and field-force spectra, for a dispersive

particle in nondispersive medium, are compared in Figs.
1-3. The dielectric properties ofthe particle are reminis-
cent of those of a micron-sized polystyrene sphere in
dilute electrolyte, showing a dispersion at 1 kHz from
counterion polarization.

Sensitivity considerations
An important consideration is the relative sensitivities of
field-force and dielectric spectra to the dielectric proper-
ties of the particle.
Some insight can be gained from the form of uO. At

low and high frequencies, u* approaches the real func-
tions (up/am - 1)/(up/um + 2) and (cp/cm - 1)/
(Ep/Em + 2), respectively. Thus, the torque will vanish,
and the translational force will depend only on the ratios
up/UrM or Ep/m. This dependence will be very weak un-
less the ratios are close to unity.
At intermediate frequencies, the question of sensitiv-

ity becomes more complicated. To explore this further,
we define the sensitivity ofthe force F(x) to parameter x
to be the partial derivative

SF . x aF(x)
XF(x) ax(34) (40)
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FIGURE I Frequency dependence of dielectrophoretic force and
torque. The particle has a dispersion in its conductivity, with parame-
ters op,0= 0.001, ap,,, = O.05, orm = 0.0005, Em = 78f,r,ep,o =2Er, and
27rT' = 0.001 (center relaxation frequency 1,000 Hz). Conductivity
values in S/ m; Er is the permittivity of free space. These properties are
typical of a micron-sized particle exhibiting counterion polarization.

Fig. 4 shows the sensitivity ofthe force and torque for the

particle ofproperties given in Figs. 1-3, which were eval-
uated numerically. In the dispersion region, the torque is
considerably more sensitive to the permittivity of the

0
E

-1 L
-1 0

Re(u)

1000

0I

0.004

0.003
0

c

0.002

0.001

101 102 103 10' 105 106 107 106 109
Frequency, Hz

FIGURE 3 Calculated dielectric properties ofa 10% suspension ofpar-
ticles with dielectric properties given in Fig. 1.

particle, whereas the linear force is slightly more sensi-
tive to the conductivity of the particle.

Dielectric measurements using
field-force techniques
Over a century ago, Hertz discussed the mechanical
forces exerted by an electric field on a dielectric object
(Hertz, 1881). Since then, several investigators have
studied these phenomena as a means ofdetermining the
electrical properties of materials. For example, Quincke
( 1883 ) and Pellat ( 1896 ) measured the dielectric proper-
ties of liquids using field-force techniques. During the
1920s, Furth developed an ingenious method for mea-

suring the permittivity of concentrated electrolyte solu-
tions, by measuring the field-induced torques on ellip-
soidal metal particles suspended in the solution (Furth,
1924). At about the same time, Lertes studied electri-
cally-induced rotation of spherical particles in air
(Lertes, 1921 ). These investigators interpreted their re-
sults in terms of the simple theory presented above.

In the past two decades, investigators have used field-
induced forces to manipulate cells and study their elec-
trical properties. We summarize these new develop-
ments.

(a) Electrorotation. The rotation of cells in an elec-
tric field was first described in 1971 by Pohl and Crane
( 1971 ). Pohl speculated that the effect resulted from an

oscillating electric dipole in the cell ( 1981 a, b). In retro-
spect, the phenomenon clearly arises from field-induced
torque on the cells, which is of nonbiological origin.
Electrorotation spectra have been reported for: proto-
plasts (Lovelace et al., 1984), mammalian oocytes (Ar-
nold et al., 1987, 1989), platelets (Egger et al., 1988),
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FIGURE 4 (a) Sensitivity of the force and torque to changes in the
permittivity ofthe particle. (b) Sensitivity to changes on the conductiv-
ity ofthe particle. The dielectric properties ofthe particle are as in Figs.
1-3. Note that the scales in a and b are different.

liposomes (Wicher and Guendel, 1989), and latex micro-
spheres (Arnold, et al., 1987). The theory and experi-
mental techniques have been described by Arnold and
colleagues (1988), Fuhr and colleagues (Glaser and
Fuhr, 1986; Fuhr et al., 1986), and Schwan (1989).

Fig. 5 a illustrates a simple experimental technique for
producing electrorotation. The rectangular array ofelec-
trodes is excited by two sine waves in quadrature to pro-
duce a circularly polarized electric field at angular fre-

quency w. The particle, which is suspended in a low con-
ductivity, neutrally buoyant solution, is observed with a
microscope or video camera, and its speed of rotation is
measured as a function of the field frequency co. The
required field strength depends on the size ofthe particle;
for micron-sized particles it is typically in the range of
10-100 V/cm. The range of particle sizes is limited by
the need to visually observe the rotation, and the diffi-
culty in suspending larger particles.

Vi cos(ct)

~~~~~~~~~~~~~~~~

("-

8/2
-

CONIC

V2 sin(Ct)

0v
GRAVITY

FIGURE 5 Schematic illustration of electrode arrangements to study
electrorotation (a) and levitation (b). In a, the direction of rotation of
the field and particle are shown by the large and small arrows, and
illustrates cofield rotation. Fig. 5 b was reprinted from Kaler and Jones
( 1990) with permission.
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Fig. 6 shows the rotation spectra ofa single latex micro-
sphere (from Arnold, 1987). As expected, the spectrum
shows the two dispersions. The high frequency disper-
sion shows a peak at -300 kHz; a second dispersion is
indicated by the increase in torque at low frequencies,
which suggests a relaxation frequency below 100 Hz.

There is, however, a remarkable discrepancy with the
theory presented above: the direction of rotation of the
low frequency peak is opposite to that predicted by the
simple theory (cf. Figs. 1-3 and 6). This anomaly might
arise from hydrodynamic effects, as discussed above.

(b) Levitation and dielectrophoresis. Herbert Pohl
was largely responsible for the renewed interest in field-
induced forces for manipulating biological cells (Pohl,
1978); he coined the term dielectrophoresis. Pohl and
Pethig designed a three-electrode chamber with fields of
constant gradient, which they used to study the electrical
properties of cells (Pohl and Pethig, 1977). These inves-
tigators measured the permittivity of small particles by
varying the composition of the suspending medium un-
til the dielectrophoretic force vanished. More recently,
Burt et al. described an elaborate spectrometer to mea-
sure dielectrophoretic movement of particles by light
scattering (Burt et al., 1989).
An ingenious method for studying dielectrophoretic

forces was introduced by Jones and Kaler, working both
together and separately, in which particles are stably sus-
pended (levitated) in an inhomogeneous electric field
(Fig. 5 b). These investigators used the technique to
study the electrical properties of cells and other particles
(Jones and Loomans, 1983; Kaler and Pohl, 1983; Jones
and Kraybill, 1986). Kallio and Jones (1980) measured
the dielectric properties of various fluids by levitating
trapped air bubbles. The levitation technique was used
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by Tombs and Jones (1991) to measure the induced di-
pole moment of chains of metal spheres.
To levitate a particle, the dielectrophoretic and gravita-

tional forces must balance. If z is the vertical direction,
this requires that

Re(u*) = 32Em aE2/Z I (41)

where (yam - 'yp) is the difference in density between the
particle and the medium, and g is the gravitational con-
stant. One advantage is that the particles are (nearly)
motionless in the field.

Levitation is most easily accomplished for low permit-
tivity particles (more precisely, for which Re(u*) < 0),
which are drawn towards a local minimum of the field.
In that case, stable levitation can be achieved by very
simple apparatus. In contrast, when Re(u*) > 0, the
particle is propelled towards regions of greater field
strength, and can only be stably levitated ifsome form of
active feedback control is employed. A system employ-
ing digital feedback techniques was recently described by
Tombs and Jones (1991) . Fig. 7 shows the threshold for
levitation of Canola protoplasts, suspended in isotonic
sorbitol of varying conductivity (Kaler and Jones,
1990). The two dispersions predicted by the simple
theory are clearly shown.

For any particle, the sign of Re(u*) depends on the
frequency and conductivity ofthe surrounding medium.
Thus, two different sets of apparatus are needed to study
particles over wide ranges of frequency, a significant dis-
advantage of the method. Kaler and Jones recently de-
scribed an ingenious way to overcome this limitation, in
which the particle is stably levitated with a strong alter-
nating field at one frequency, and a second alternating
field at a different frequency is used to perturb the sus-
pended particle (Kaler et al., 1991).

In a typical experiment, the investigator does not di-
rectly measure the dielectrophoretic force but rather its
variation with frequency. Kaler and Jones (1990) ana-
lyzed the levitation spectra of Canola protoplasts plant
cells in terms ofthe breakpoints ofthe spectra, defined as
the frequencies at which the levitation threshold had
changed by 3 decibels; Marszalek et al. (1991) used in-
stead "critical frequencies" at which the dielectropho-
retic force vanishes. These endpoints are experimentally
convenient to determine but more complex to analyze
than the relaxation frequencies and dispersion ampli-
tudes given above.

FIGURE 6 Rotation spectrum of single latex microspheres, from Ar-
nold et al. (1987). The spectrum shows a peak at -300 Hz, with
suggestions ofa second peak below 100 Hz. The ratios ofparticle radius
to Debye screening length of the media (Ka) are (0) 84, (X) 123, (A)
153. (Reprinted with permission from the Journal ofPhysical Chemis-
try, Copyright 1987, American Chemical Society.)

Nonspherical particles
The theory described above applies only to spherical par-
ticles. For nonspherical particles, dielectrophoretic
forces, and torques depend on the orientation ofthe par-
ticle and the theory must be expressed in terms of the
polarizability tensor ofthe particle (Schwan, 1957; Saito
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FIGURE 7 Frequency dependence of threshold for levitation of Canola protoplasts, suspended in sorbitol solutions of different electrical conduc-
tivities. Reprinted, with permission, from Kaler and Jones ( 1990).

et al., 1966; Pastushenko et al., 1988). Paul and Otwin-
owski ( 1991 ) obtained the frequency response of ellip-
soidal biological cells in rotating electrical fields; the re-

sults are mathematically complicated.
A simple model can be used to describe the mean ori-

entation ofa spheroid ofrevolution in a constant electric
field (Saito et al., 1966). In this formulation, the poten-
tial energy W of the particle when oriented with its ith
axis parallel to the external field is

(For a sphere these constants are both one-third). For a
prolate ellipsoid of revolution, the mean orientation is
proportional to the difference in potential energy along
the a and b axes. The mean orientation can be observed
visually (for cells and other micron-sized particles) or

indirectly for smaller particles, for example by electri-
cally-induced birefringence.
The potential energy can be expanded by partial frac-

tions to yield an expression similar to Eq. 6. This yields,
after neglecting a pure imaginary term:

(42)
(46)xi = + xi,lx I

1 +
Wm,iwhere E is the peak field strength, and

where
V[E (f*-( *) (43)

Axi =

where v is the volume of the particle. For prolate ellip-
soids of revolution, the constants Li are given by
(O'Konski, 1960), where a and b are the major and
minor axes, and e is the eccentricity given by

La = 2a2e3 [-2e + In( e)]

1b= 2a2e3 - e2 2 ( -e

e =+I4- 2 -

a- [Em(Li - 1)- fp]- 2Em.pm(Li - 1) + EmLiO2p
( a.(L - 1) Ljop)

A* Em(Em -p)
m(Li - 1)- EpL1

am( - Li) + Liap
Am,i =fm( 1-Li) + Lifp

(47)

(48)

(49)

(44)
The above expressions show a dispersion in Xi at ra-

dian frequency win1. This dispersion arises from the
(44) Maxwell-Wagner effect, i.e., the collection of free

charges at the particle-medium interface, rather from
(45) any frequency dependence ofthe dielectric properties of
(45) either phase. Additional frequency dependence in Xi will
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arise from a dispersion in the dielectric properties of the
particle or medium.

It is interesting to note that the frequency dependence
of Wi is similar to that of the dielectric properties of a
dilute suspension ofparticles oriented with their ith axes
parallel to the field. The Fricke mixture equation yields
(Fricke, 1924):

*e P(* p m (50
m+ (4+*E-E*)Li c* + (pE*-*)Li

where p is the volume fraction of the suspension (as-
sumed small). This can be solved for e* and expanded to
first order in p, to yield

1E 4I +
p

(51)e m[1 E* + (,E p-E* )Li]( l)

Thus, the permittivity 4' and potential energy Wi (and
hence the mean orientation) are given by similar rela-
tions (Eqs. 43 and 51 ). The reason is that both theories
(Fricke's mixture theory for the permittivity, and Saito's
calculation of the potential energy) involve the solution
of Laplace's equation for the local field at the particle.

It is interesting to note that force-field studies can be
considered to be an extension of electro-optic tech-
niques, to larger particles that can be directly visualized
(Stoylov, 1991). For example, electric birefringence
studies, based on the Saito theory or an equivalent ap-
proach, have been used to study the surface conductance
of colloidal poly(tetrafluorethylene) particles (Foster et
al., 1992) and the electrical properties of DNA and to-
bacco mosaic virus (O'Konski and Krause, 1970). Stoy-
lov ( 1991 ) pointed to the need to extend the theory of
field-force effects to other cases (including particles with
a permanent dipole moment) that have been considered
in the electro-optics literature.

Aggregation of particles
(pearl-chain effect)
A related phenomenon is the field-induced aggregation
of particles. Under the influence of an electric field of
sufficient amplitude, colloidal particles or cells will ag-
gregate in linear arrays (so called pearl chains). The
threshold for aggregation depends on the frequency of
the field and dielectric properties ofthe particle and me-
dium (Schwan, 1985). This is the physical basis of elec-
trorheological fluids (Gast and Zukoski, 1989) and elec-
trofusion of cells.

Sauer has calculated the interaction potential between
two particles in suspension, using the point dipole ap-

proximation (Sauer, 1983, 1985), which applies when
the separation of the particles is much greater than their
diameter. In this approximation, the field-induced force
between the particles is proportional to the quantity

r3Emiu*12E2

i.e., to the absolute magnitude of u*. Experimental data
are in agreement with this theory (Schwan, 1985; Taka-
ghima and Schwan, 1985).

Comparison of dielectric and
field-force spectra
Important points for comparison include the following.

(a) Ability to study and manipulate single parti-
cles. The ability to study and manipulate single parti-
cles is perhaps the major advantage of rotation and levi-
tation methods. For example, Geir et al. studied the ef-
fects of low levels of mercuric salts on single yeast cells
using cell rotation techniques (Geier et al., 1987). Fuhr
et al. showed that rotation experiments can be used to
separate individual cells according to their membrane
properties (Fuhr et al., 1985).
A more subtle advantage of field-force methods is

their independence from dielectric mixture theory. Di-
electric studies on particle suspensions require the use of
such theories for their interpretation; field-force tech-
niques do not. Whereas useful approximations exist
(e.g., the Maxwell theory), no mixture theory is both
rigorous and readily applicable to concentrated suspen-

sions.

(b) Instrumentation. Dielectric studies can make use

of network analyzers and other readily available equip-
ment that permit accurate and rapid measurements over

many decades of frequency. In contrast, apparatus for
field-force measurements is custom built, painstaking to
use, limited in frequency range, and limited in the range
of particle sizes that can be studied.

(c) Extraction of the dielectric properties of the
particles. As described above, field-force measure-

ments typically do not measure the actual force or

torque on a particle, but rather their variation with fre-
quency. This severely limits the interpretation of the ex-

perimental data.
More fundamentally, field-force experiments only

provide information about one component, u*. While
these components are interrelated so that the complete
response can in principle be calculated from either com-
ponent, insufficient data are usually available to allow
this to be accomplished in practice. In contrast, dielectric
methods yield direct information about both real and
imaginary parts of the response, both in amplitude and
frequency dependence.

(d) Other considerations. Field-force techniques re-

quire use of strong fields, often 10-100 V/cm or even

higher. Such fields might induce deformation of cells or

changes in membrane permeability. To avoid excessive
heating, this requires the use oflow conductivity media,
such as distilled water or (for cells) isotonic sucrose. A
serious limitation, for cell studies, is the fact that the
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parameters that are most readily obtained (membrane
capacitance, internal conductivity) can be measured in
other more direct ways. Field-force and dielectric tech-
niques cannot provide the kind of detailed information
obtained with patch clamp and other microelectrode
techniques. On the other hand, they might be used to
study the electrical properties of the cell surface, as an
extension of electrophoretic techniques. They offer the
possibility of manipulation of cells, with possible appli-
cation in biotechnology.

CONCLUSION
The three methods we compare (dielectrophoresis, rota-
tion, and dielectric spectroscopy) are interrelated
through their dependence on the Clausius-Mossotti fac-
tor u*. The dielectric dispersions of the particle are re-
flected in this factor, and thus in the field-force and di-
electric spectra, but with different amplitudes. For col-
loidal particles at low frequencies, the simple theory is
inadequate, apparently due to hydrodynamic effects.
Force-field techniques appear promising methods for
the study and manipulation of suspended particles.

We thank Dr. T. B. Jones for comments and suggestions about an
earlier version of this paper.

REFERENCES
Alvarez, O., M. Brodwick, R. Latorre, A. McLaughlin, S. McLaughlin,
and G. Szabo. 1983. Large divalent cation and electrostatic poten-
tials adjacent to membranes. Experimental results with hexametho-
nium. Biophys. J. 44:333-342

Arnold, W. M. 1987. Electro-rotation of mouse oocytes: single-cell
measurements of zona-intact and zona-free cells and of the isolated
zona pellucida. Biochim. Biophys. Acta. 905:454-464.

Arnold, W. M., H. P. Schwan, U. Zimmerman. 1987. Surface conduc-
tance and other properties of latex particles measured by electro-ro-
tation. J. Phys. Chem. 91:5093-5098.

Arnold, W. M. 1988. Analysis ofoptimum electro-rotation technique.
Ferroelectrics. 86:225-244.

Arnold, W. M., U. Zimmerman. 1988. Electro-rotation: development
of a technique for dielectric measurements on individual cells and
particles. J. Electrostatics. 21:151-191.

Arnold, W. M., R. K. Schmutzler, S. Al-Hasani, D. Krebs, and V.
Zimmerman. 1989. Differences in membrane properties between
unfertilized and fertilized single rabbit oocytes demonstrated by elec-
tro-rotation. Biochim. Biophys. Acta. 979:142-146.

Burt, J. P. H., T. A. K. Al-Ameen, and R. Pethig. 1989. An optical
dielectrophoresis spectrometer for low-frequency measurements on
collodial suspensions. J. Phys. E. 22:952-957.

Chew, W. C., and P. N. Sen. 1982. Dielectric enhancement due to the
electrochemical double layer: thin double layer approximation. J.
Chem. Phys. 77:4683-4693.

Chiew, Y. C., and E. D. Glandt. 1983. The effect of structure on the
conductivity of a suspension. J. Colloid Inter. Sci. 94:90.

Chizmadzhev, Yu. A., P. 1. Kuzmin, V. Ph. Pastushenko. 1985. Theory
ofthe dielectrophoresis ofvesicles and cells. (In Russian). Biological
Membranes (USSR). 2:1147-1161.

Cole, K. S., C. Li, and A. F. Bak. 1969. Electrical analogues for tissue.
Exp. Neurol. 24:459-473

Colonomos, P., and R. G. Gordon. 1979. Bounded error analysis of
experimental distributions of relaxation times. J. Chem. Phys.
71:1159-1166.

Dukhin, S. S. 1971. Dielectric properties of disperse systems. Surface
Colloid. Sci. 3:83.

Dukhin, S. S., and V. N. Shilov. 1974. Dielectric phenomena and the
Double Layer in Dispersed Systems and Polyelectrolytes. Halsted,
Jerusalem, Israel.

Egger, M. 1988. Human platelet electrorotation change induced by
activation: inducer specificity and correlation to serotonin release.
Biochim. Biophys. Acta. 972:265-276.

Fixman, M. 1983. Thin double layer approximation for electrophoresis
and dielectric response. J. Chem. Phys. 78:1483.

Foster, K. R., A. J. Osborn, and M. S. Wolfe. Electric birefringence of
poly(tetrafluoroethylene) "whiskers". J. Phys. Chem. In press.

Fricke, H. 1924. A mathematical treatment ofthe electric conductivity
and capacity of disperse systems. Phys. Rev. 24:575.

Fuhr, G. R. 1984. Uber die Rotation dielekrischer Korper in rotieren-
den Feldern. Dissertation. Humboldt-University, Berlin, Germany.

Fuhr, G., R. Glaser, and R. Hagedorn. 1986. Rotation ofdielectrics in a
rotating electric high-frequency field. Biophys. J. 49:395-402.

Fuhr, G., R. Hagedorn, and T. Mueller. 1985. Cell separation by using
rotating electric fields. Studia Biophysica. 107:23-28.

Fuhr, G., and P. I. Kuzmin. 1986. Behavior of cells in rotating electric
fields with account to surface charges and cell structures. Biophys. J.
50:789-795.

Furth, R. 1924. Eine neue Methode zur Bestimmung der Dielektri-
zitatskonstanten guter Leiter. Z. Phys. 22:98-108.

Gaigalas, A. K., S. Woo, and J. B. Hubbard. 1989. The electrophoretic
response ofsubmicron particles to alternating electric fields. J. Coll.
Interface Sci. 136:213-223.

Garcia, A., C. Grosse, and P. Brito. 1985. On the effect of volume
charge distribution on the Maxwell-Wagner relaxation. J. Phys. D.
18:739-745.

Gast, A. P., and C. F. Zukoski. 1989. Electrorheological fluids as colloi-
dal suspensions. Adv. Coll. Inter. Sci. 30:153-202.

Geier, B. M., B. Wendt, W. M. Arnold, and U. Zimmermann. 1987.
The effect of mercuric salts on the electro-rotation of yeast cells and
comparison with a theoretical model. Biochim. Biophys. Acta.
900:45-55.

Glaser, R., and G. Fuhr, 1986. Electrorotation of single cells-a new
method for assessment of membrane properties. In Electric Double
Layers in Biology. M. Blank, editor. Plenum Press, New York.

Glaser, R., and G. Fuhr. 1987. Electrorotation-the spin of cells in
rotating high frequency electric fields. In Mechanistic Approaches to
Interactions of Electric and Electromagnetic Fields with Living Sys-
tems. M. Blank and E. Findl, editors. Plenum Press, New York.

Grosse, C., and K. R. Foster. 1987. Permittivity of a suspension of
charged spherical particles in electrolyte solution. J. Phys. Chem.
91:3073-3076.

Grosse, C., and J.-L. Greffe. 1979. Permittivite statique des emulsion.
J. Chime Physique. 76:305-327.

Pauly, H., and H. P. Schwan. 1959. Uber die Impedanz einer Suspen-
sion von kugelformigen Teilchen mit einer Schale (Ein Modell fur
das dielektrische Verhalten von Zellsuspensionen und von Pro-
teinl6sungen). Zeits. f Naturoforsch. 14b: 125-131.

Hanai, T., Z. Zhang, K. Sekine, K. Asaka, and K. Asami. 1988. The
number of interfaces and the associated dielectric relaxations in het-
erogeneous systems. Ferroelectrics. 86:191-204.

Hertz, H. 1881. Uber die Vertheilung der Electricitat auf der Ober-
flache bewegter Leiter. Wiener Annalen der Physik. 13:266-275.

Jones, T. B., and L. W. Loomans. 1983. Size effect in dielectrophoretic
levitation. J. Electrostatics. 14:269-277.

Foster et at. Dielectrophoretic Manipulation of Particles 189



Jones, T. B., and, K. V. 1. S. Kaler. 1990. Relationship ofrotational and
dielectrophoretic cell spectra. Proceedings ofthe Annual Conference
IEEE Engineering in Medicine and Biology Society. Philadelphia.

Jones, T. B., and J. P. Kraybill. 1986. Active feedback-controlled di-
electrophoretic levitation. J. Appl. Phys. 60:1247-1252.

Kaler, K. V. I. S., J. Xie, and T. B. Jones. 1991. Double frequency DEP
levitation ofbioparticles. IEEE Engineering in Medicine and Biology
Society Annual Meeting, Orlando FL., 1515-1516.

Kaler, K. V. I. S., and T. B. Jones. 1990. Dielectrophoretic spectra of
single cells determined by feedback-controlled levitation. Biophys. J.
57:173-182.

Kaler, K. V. I. S., and H. A. Phol. 1983. Dynamic dielectrophoretic
levitation of living individual cells. IEEE Trans. Ind. Appl. IA-
19:1089-1093.

Kallio, G. A., and T. B. Jones. 1980. Dielectric constant measurements
using dielectrophoretic levitation. IEEE Trans. Ind. Appl. IA-16:69-
75.

Lertes, P. 1921. Der Dipolrotationseffekt bei dielektrischen
Flussigkeiten. Z. f Physik. 6:56-68.

Lertes, P. 1921. Untersuchungen tiber Rotationen von dielektrischen
Flussigkeiten im elektrostatischen Drehfeld. Z.f Physik. 4:315-336.

Lovelace, R. V. E., D. G. Stout, and P. L. Steponkus. 1984. Protoplast
rotation in a rotating electric field: the influence ofcold acclimation.
J. Membr. Biol. 82:157-166.

Mandel, M., and T. Odijk. 1984. Dielectric properties of polyelectro-
lyte solutions. Annu. Rev. Phys. Chem. 35:75-108.

Marszalek, P., J. J. Zielinsky, M. Fikus, and T. Y. Tsong. 1991. Deter-
mination ofelectric parameters ofcell membranes by a dielectropho-
resis method. Biophys. J. 59:982-987.

O'Brien, R. W., and L. R. White. 1978. Electrophoretic mobility of a
spherical colloidal particle. J. Chem. Soc. Faraday. Trans. 2,
74:1607-1626.

O'Konski, C. T. 1960. Electric properties of macromolecules. V.
Theory of ionic polarizaton in polyelectrolytes. J. Phys. Chem.
64:605-618.

O'Konski, C. T., and S. Krause. 1970. Theory of the Kerr constant of
rigid conducting dipolar molecules. J. Phys. Chem. 74:3243-3250.

Pastushenko, V. Ph., P. I. Kuzmin, and Yu. A. Chizmadzhev. 1988.
Dielectrophoresis and electrorotation of cells: unified theory for
spherically symmetric cells with arbitrary structure of membrane.
(In Russian.) Biol. Membr. 5:65-77.

Paul, R., and M. Otwinowski. 1991. The theory of the frequency re-
sponse of ellipsoidal biological cells in rotating electrical fields. J.
Theor. Biol. 148:495-519.

Pellat, H. 1896. Mesure de la force agissant sur les dielectriques liquides
non electrises places dans in champ electrique, C. R. Acad. Sci.
123:691-694.

Pohl, H. A., and J. S. Crane. 1971. Dielectrophoresis of cells. Biophys.
J. 11:711-727.

Pohl, H. A. 1981a. Natural electrical RF oscillation from cells. J.
Bioenerg. Biomembr. 13:149-169.

Pohl, H. A. 198 lb. Cellular spin resonance. J. Theor. Biol. 93:207-
213.

Pohl, H. A., and R. Pethig. 1977. Dielectric measurements using non-
uniform electric field (dielectrophoretic) effects. J. Phys. E. 10:190-
3.

Pohl, H. A. 1978. Dielectrophoresis. Cambridge University Press, Lon-
don.

Quincke, G. 1883. Electrische Untersuchungen. VII. Uber die dielek-
trizAtskonstanten isolirender Fliissigkeiten. Ann. Phys. Chem.
19:705-729.

Saito, M., H. P. Schwan, and G. Schwarz. 1966. Response ofnonspher-
ical biological particles to alternating electrical fields. Biophys. J.
6:313-327.

Sauer, F. A. 1985. Interaction-forces between microscopic particles in
an external electromagnetic field. In Interactions between Electro-
magnetic Fields and Cells. A. Chiabrera, C. Nicolini, and H. P.
Schwan, editors. Plenum Press, New York.

Sauer, F. A. 1983. Forces on suspended particles in the electromagnetic
field. In Coherent Excitations in Biological Systems. H. Froehlich
and F. Kremer, editors. Springer-Verlag, Berlin. 134-144.

Sauer, F. A., and R. W. Schlogl. 1985. Torques exerted on cylinders
and spheres by external electromagnetic fields. In Interactions be-
tween Electromagnetic Fields and Cells. Plenum Press, New York.
203-251.

Schwan, H. P. 1957. Electrical properties oftissue and cell suspensions.
In Adv. Biol. Med. Phys. J. H. Lawrence and C. A. Tobias, editors.
Academic Press, New York. 141-209.

Schwan, H. P., G. Schwarz, J. Maczuk, and H. Pauly. 1962. On the low
frequency dielectric dispersion of colloidal particles in electrolyte
solution. J. Phys. Chem. 66:2626-2635.

Schwan, H. P. 1967. Determination of biological impedances. Phys.
Tech. Biol. Res. 6:323-407.

Schwan, H. P. 1985. EM-field induced force effects. In Interactions
between Electromagnetic Fields and Cells. A. Chiabrera, C. Nicolini,
and H. P. Schwan, editors. Plenum Press, New York, 371-389.

Schwan, H. P. 1985. Dielectric properties ofthe cell surface and electric
field effects on cells. Studia Biophysica. 110:13-18.

Schwan, H. P. 1988. Dielectric spectrosopy and electro-rotation ofbio-
logical cells. Ferroelectrics. 86:205-223.

Schwan, H. P. 1989. Dielectrophoresis and rotation ofcells. In Electro-
poration and Electrofusion in Cell Biology. A. Neumann, A. E.
Sowers, and C. A. Jordan, editors. Plenum Press, New York. 3-21.

Schwarz, G. 1962. A theory of the low frequency dielectric dispersion
ofcolloidal particles in electrolyte solution. J. Phys. Chem. 66:2636-
2642.

Stoylov, S. P. 1991. Colloid Electro-optics. Academic Press, Inc. San
Diego, CA. 168-177.

Takashima, S., and H. P. Schwan. 1985. Alignment of microscopic
particles in electric fields and its biological implications. Biophys. J.
47:513-518.

Tombs, T. N., and T. B. Jones, 1991. Digital dielectrophoretic levita-
tion. Rev. Sci. Instrum. 62:1072-1077.

Turcu, I., and C. M. Lucaciu. 1989. Electrorotation: a spherical shell
model. J. Phys. A. 22:995-1003.

Wicher, D., and J. Guendel. 1989. Electrorotation of multi- and oligo-
lamellar liposomes. Bioelectrochem. Bioenerg. 21:279-288.

190 Biophysical Jouma Volume 63 July 1992


