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Theory of ac electrokinetic behavior of spheroidal cell suspensions with an intrinsic dispersion
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The dielectric dispersion, dielectrophoretic~DEP!, and electrorotational~ER! spectra of spheroidal biologi-
cal cell suspensions with an intrinsic dispersion in the constituent dielectric constants are investigated. By
means of the spectral representation method, we express analytically the characteristic frequencies and disper-
sion strengths both for the effective dielectric constant and the Clausius-Mossotti factor~CMF!. We identify
four and six characteristic frequencies for the effective dielectric spectra and CMF, respectively, all of them
being dependent on the depolarization factor~or the cell shape!. The analytical results allow us to examine the
effects of the cell shape, the dispersion strength, and the intrinsic frequency on the dielectric dispersion, DEP,
and ER spectra. Furthermore, we include the local-field effects due to the mutual interactions between cells in
a dense suspension, and study the dependence of co-field or antifield dispersion peaks on the volume fractions.
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I. INTRODUCTION

The polarization of biological cells has a wide range
practical applications such as manipulation, trapping,
separation of biological cells@1,2#. Dielectric spectroscopy
@3#, dielectrophoresis~DEP! @4#, and electrorotation~ER! @5#
offer a unique capability of monitoring the dielectric prope
ties of dispersions of colloids and biological cells. Under t
action of external fields, these particles exhibit rich flu
dynamic behaviors as well as various dielectric respon
Hence, it is of importance to investigate their frequenc
dependent responses to ac electric fields, which yields v
able information on the structural~Maxwell-Wagner! polar-
ization effects. The polarization is characterized by a vari
of characteristic frequency-dependent changes known as
dielectric dispersion, whose spectra are helpful to analyze
inhomogeneous systems, including biological cell susp
sions and tissues@6#. Many factors exert influences on th
effective dielectric behavior of the system such as orienta
of dipoles, surface conductance, and the cell shape@7#. How-
ever, some factors can be dominant at certain ranges of
quencies~for example, the experimental data revealed t
the low-frequency subdispersions were dependent on the
shape@8#!.

The DEP is used to describe the motion of the partic
caused by the dielectric polarization effects in nonunifo
electric field@9#. The DEP force drives the particles towar
high intensity~positive DEP! or towards regions of minima
field intensity ~negative DEP!. Due to the interaction~i.e.,
DEP force! between the induced dipole and the external el
tric field, the particles can be levitated in the medium@10#.

The ER behavior is caused by the existence of a ph
difference between the field-induced dipole moment and
external rotating field, which results in a torque to cause
particle to rotate. In the dilute limit, the ER of individual ce
can be predicted by ignoring the mutual interaction betw
the cells, and hence may be considered as an isolated pa
in rotation @11#.

In this paper, we will apply the spectral representat
theory @12# to investigate the ac electrokinetic behavior i
cluding the dielectric dispersion, DEP, and ER spectra
1063-651X/2003/67~2!/021910~10!/$20.00 67 0219
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biological cell suspensions. The object of the present inv
tigation is threefold. First, it is instructive to consider th
effect of the intrinsic dielectric dispersion. Actually, such
intrinsic dielectric dispersion often occurs due to the surfa
conductivity@13,14# or the inhomogeneous structure such
the coated shells of biological cells or colloidal suspensio
@15#. Second, many cells exist in the form of the nonsphe
cal shape such as the fission yeast cell@8# and the red blood
cell @16#, and hence the effect of cell shape needs to
considered@17,18#. Third, the volume fractions of the bio
logical cell suspensions are generally not in the dilute lim
and can even exceed 0.1@6,8,19#, thus the local-field effect
due to the average electrostatic interaction between c
must be taken into account@20#. In view of this, the effective
dielectric dispersion spectra will be studied based
Maxwell-Garnett–type approximation@21#, which involves
an exact calculation of the field induced in the host medi
by a single ellipsoidal cell and an approximate treatment
its distortion by the electrostatic interaction between diff
ent cell suspensions. Moreover, the Clausius-Mossotti fa
~CMF!, which determines the DEP and ER spectra, will
modified by replacing the dielectric constant of the host m
dium with the effective one.

Being beyond this work, we noticed an alternative pap
@22#, in which the authors considered the electrorotation a
levitation of spherical cells or colloidal particles with o
without the membrane-covered shells in the dilute lim
However, our investigation can be valid not only for no
spherical cell suspensions without membrane-covered sh
but also for nondilute limit suspensions. Furthermore,
adopt the spectral representation method@12#, which offers
the advantage of the separation of material parameters f
the geometric information, to simplify the derivation of th
analytical expressions for the characteristic frequencies
dispersion strengths of the effective dielectric permittiv
and the CMF, respectively.

II. FORMALISM

We consider a composite system in which biological ce
of dielectric constantẽ1 with the volume fractionp are dis-
©2003 The American Physical Society10-1
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persed in an isotropic host medium with dilectric const
ẽ25e21s2 /( j 2p f ) with j 5A21, f being the frequency o
the applied field.ẽ1 is assumed to exhibit an intrinsic diele
tric dispersion, i.e.,

ẽ15e11
ne1

11 j f / f 1
1

s1

j 2p f
, ~1!

where e1 (s1) is the limiting high-frequency ~low-
frequency! dielectric constant~conductivity!, ne1 represents
the dielectric dispersion strength with a characteristic f
quencyf 1. Biological cells are further assumed to be sph
roidal in shape. Such an assumption is supported by Boh
and Huffman@23# who suggested that dielectric dispersi
spectra of particles of arbitrary shape can be approxima
by these of spheroidal particles.

Then we will adopt the spectral representation to inve
gate the ac electrokinetic behavior such as the dielectric
persion, dielectrophoretic, and electrorotational spectra o
inhomogeneous system, in which spheroidal biological c
are randomly distributed.

A. Dielectric dispersion spectrum

Generally, for cell suspensions of arbitrary shape,
spectral representation can only be solved numerically. H
ever, for randomly oriented spheroidal cell suspensio
within the mean-field theory, the effective complex dielect
constantẽe can be written as@21#

ẽe5 ẽ2

11p@bz~12Lz!12bxy~12Lxy!#

12p~bzLz12bxyLxy!
, ~2!

where bk[( ẽ12 ẽ2)/„3@ ẽ21Lk( ẽ12 ẽ2)#… (k5z,xy) is
called the CMF, andLz @Lxy5(12Lz)/2# are the depolariza
tion factors along thez (x or y) axis of the spheroids. Thes
depolarization factors depend on the aspect ratioq[c/a
@21#, where a(5b) and c are the semiaxes of a sphero
along the Cartesian axes. For the prolate-spheroidal ceq
.1), we have 0,Lz,1/3; while for the oblate-spheroida
one (q,1), we have 1/3,Lz,1. Actually, once aq is
given,Lz can be obtained uniquely and thus used to indic
the shape of spheroidal particles.

By invoking the spectral representation and introduc
the dimensionless parameters̃[ẽ2 /( ẽ22 ẽ1), we rewrite Eq.
~2! as

ẽe5 ẽ2S 12
W1

s̃2x1

2
W2

s̃2x2
D , ~3!

where the polesx1 andx2 are given as

x1,25
1

12
@322p13Lz

6A~322p13Lz!
2272~12p!Lz~12Lz!#. ~4!

Correspondingly, the residuesW1 andW2 have
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W15
p~113Lz26x1!

6~x22x1!
, W25

p~113Lz26x2!

6~x12x2!
. ~5!

It is easy to check thatW1 andW2 satisfy the sum ruleW1
1W25p.

In order to obtain the analytic expressions for the diel
tric dispersion strengths and the characteristic frequencie
the dielectric dispersion spectra, we then introduce two c
trast parameterss5e2 /(e22e1) and t5s2 /(s22s1), de-
fined by Leiet al. @7#, and derive an equality for biologica
cells possessing an intrinsic dispersion

1

s̃2x
5

1

s2x
1

A~x!

11 j f / f c1~x!
1

B~x!

11 j f / f c2~x!
, ~6!

where

f c1,c2~x!

5
f 1f 21 f 2f 31 f 3f 17A~ f 1f 21 f 2f 31 f 3f 1!224 f 1f 2f 3

2

2 f 3
,

~7!

and

A~x!5F s2t

~s2x!~ t2x! S f 12 f c1

f 1f c1
D

1
s

~s2x!x

1

f 3
G f 1f 2

f c2~x!2 f c1~x!
, ~8!

B~x!5F s2t

~s2x!~ t2x! S f c22 f 1

f 1f c2
D

2
s

~s2x!x

1

f 3
G f 1f 2

f c2~x!2 f c1~x!
, ~9!

with

f 2~x!5
1

2p

ss2~ t2x!

e2t~s2x!
, f 3~x!5

1

2p

s2~ t2x!

xne1t
. ~10!

After simple manipulations, we can express Eq.~3! as

ẽe5eH1(
i 51

4
neei

11 j ~ f / f ei!
1

sL

j 2p f
[ee1

se

j 2p f
, ~11!

with

eH5e2S 12
W1

s2x1
2

W2

s2x2
D ,

sL5s2S 12
W1

t2x1
2

W2

t2x2
D , ~12!

and

nee15W1A~x1!S s2

2p f c1~x1!
2e2D , f e15 f c1~x1!,

~13!
0-2
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nee25W1B~x1!S s2

2p f c2~x1!
2e2D , f e25 f c2~x1!.

~14!

Similarly, neei and f ei for i 53,4 can be easily obtained b
our replacingW1 andx1 with W2 andx2 from the above two
equations.

Thus, within the spectral representation, for spheroi
suspensions with one intrinsic dispersion, we successf
obtain four characteristic freqenciesf ei ( i 51,4) with the dis-
persion strengthsneei in terms of the geometric paramete
(Lz and p) as well as physical parameters (s, t, ne1 , s2,
ande2).

In Fig. 1, we numerically calculate four characteristic fr
quencies and dispersion strengths againstLz . As is evident
from the figure, the characteristic freqencies and the co
sponding dispersion strengths are strongly dependent on
shape of cell suspensions and exhibit nonmonotonical be
ior with increasingLz . For these four characteristic freque
cies, two of them are located at frequencies higher t
106 Hz, while another two are at frequencies lower th
106 Hz. Such a separation results from the fact that we t
into account one intrinsic dispersion in the dielectric c
suspensions. Furthermore, due to the nonspherical shap
cell suspensions, there are two characteristic frequencie
the high-frequency~or low-frequency! region. When the
shape is far from spherical~sayLz→0 or 1), the difference
between these two frequencies becomes large. Conver
for spherical inclusions (Lz51/3), only two dispersion
strengths are nonzero, leading to two main steps in the
electric dispersion spectra, as will be shown in the followi
section.

B. Dielectrophoretic and electrorotational spectra

The spectral form of Eq.~6! also allows us to investigat
the dielectrophoretic and electrorotational behavior.

It is known that the time average DEP forceF( f ) and the
ER torqueG( f ) exerted on the spheroidal cell suspensio
with z orientation parallel to the electric field are express
as @24,25#

F~ f !51.5v ẽ2 Re@bz~ ẽ1 ,ẽ2!#u,E(rms)
2 u,

G~ f !523v ẽ2 Im@bz~ ẽ1 ,ẽ2!#E0
2 , ~15!

wherev is the volume of spheroidal cell, E(rms) is the root-
mean-square magnitude of the imposed ac electric field
Re@•••#, Im@•••# represent the real and imaginary parts
bz , which can be written under the spectral representatio
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bz~ ẽ1 ,ẽ2!5
1

3

ẽ12 ẽ2

ẽ21Lz~ ẽ12 ẽ2!
52

1

3

1

s̃2Lz

. ~16!

Equation~16! is independent of the volume fractionp and
thus is valid only in the dilute limit@22#. However, for non-
dilute volume fractions, we must consider the local-field
fect due to mutual interaction between the spheroidal c
and modify Eq.~16! as

bz~ ẽ1 ,ẽ2!5
1

3

ẽ12 ẽe

ẽe1Lz~ ẽ12 ẽe!
. ~17!

Substituting Eq.~2! into Eq. ~17!, we have

FIG. 1. The characteristic frequencies and the dispers
strengths against the depolarization factorLz for p50.2 and~a! s
51.625, t520.053,e2578e0 , s251025 S/m, ne15200e0, and
f 151.593107 Hz; ~b! s520.031, t51.25, e256e0 , s2

50.02 S/m,ne151000e0, and f 152.653105 Hz; ~c! s52.78, t
51.053, e2578e0 , s25231023 S/m, ne152500e0, and f 1

51.93106 Hz.
bz5
2~p21!s̃ 21~12p!~11Lz!s̃2~12p!Lz~12Lz!

6s̃ 32~314p19Lz26pLz!s̃
21~p16Lz23pLz!s̃13~p21!Lz

2~12Lz!

5
V1

s̃2s1

1
V2

s̃2s2

1
V3

s̃2s3

, ~18!
0-3
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wheresi ( i 51,2,3) are three roots of polynomial equation

y32
314p19Lz26pLz

6
y21

p16Lz23pLz

6
y

1
~p21!Lz

2~12Lz!

2
50, ~19!

while the residuesV1 , V2, andV3 can be obtained from

V11V21V35 1
3 ~p21!,

V1~s21s3!1V2~s31s1!1V3~s11s2!5 1
6 ~p21!~11Lz!,

V1s2s31V2s1s31V3s1s25 1
6 ~p21!Lz~12Lz!. ~20!

Note that these residues again satisfy the sum ruleV11V2
1V352(12p)/3.

Introducing Eq.~6! into Eq. ~18! leads to

bz5(
i 51

3 F Vi

s2si
1

ViA~si !

11 j f / f c1~si !
1

ViB~si !

11 j f / f c2~si !
G . ~21!

The normalized DEP force (f N) and the normalized ER
torque (GN) can be defined as

f N5Re@bz~ ẽ1 ,ẽ2!#

5(
i 51

3 F Vi

s2si
1

ViA~si !

11@ f / f c1~si !#
2

1
ViB~si !

11@ f / f c2~si !#
2G ,

~22!

and

GN52Im@bz~ ẽ1 ,ẽ2!#

5(
i 51

3 FViA~si ! f / f c1~si !

11@ f / f c1~si !#
2

1
ViB~si ! f / f c2~si !

11@ f / f c2~si !#
2 G . ~23!

Based upon the spectral representation, the express
for the dispersion strengths and characteristic frequencie
the CMF are also explicitly obtained. Six CMF characteris
frequencies and dispersion strengths againstLz are shown in
Fig. 2.

Again,Lz plays an important role in determining the CM
characteristic frequencies and the corresponding streng
Within our model, six CMF characteristic frequencies a
predicted; three of them are located below 106 Hz and an-
other three are above 106 Hz, similar as that observed in Fig
1. Due to this, the DEP~or ER! spectra are mainly charac
terized by two-step rapid changes~or two dominant peaks!.
For three typical cases, we also find that six CMF streng
are all positive in Fig. 2~a!; all negative in Fig. 2~b!, and
three strengths are negative and three are positive in
2~c!. Such behavior will result in co-field or antifield rotatio
of the particle for the ER spectra. We remark that as both
intrinsic dispersion and local-field effects are conside
02191
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simutaneously, we predict four characteristic frequenc
characterized by four nonzero dispersion strengths even
Lz51/3.

III. NUMERICAL RESULTS

We are now in a position to calculate the dielectric d
persion spectrum, DEP and ER spectra based on the m
put forward in the preceding section.

In Figs. 3–5, we investigate the effect of depolarizati
factorLz on the dielectric response@denoted byee /e0 andse
defined in Eq.~11!#, and the DEP and ER spectra using Eq
~22! and ~23!.

The dielectric response mainly exhibits two subdisp
sions characterized by two-step rapid decrease in Figs. 3~a!,
4~a!, and 5~a!. It is evident that the influence ofLz ~the
shape! on the effective dielectric constant~or the effective
conductivity! is significant in the low-frequency region
where f ,104 Hz ~or in the high-frequency region wheref
.108 Hz). This is in agreement with previous experimen
conclusions that the low-frequency subdispersion foree de-
pends on the cell shape, whereas the high-frequency is i
pendent of it@8#. The dielectric permittivity for oblate sphe
roidal particles, sayLz50.95, in the low-frequency region
can be four times of the one for spherical inclusions. Th

FIG. 2. The characteristic frequenciesf b15 f c1(s1), f b2

5 f c2(s1), f b35 f c1(s2), f b45 f c2(s2), f b55 f c1(s3), f b6

5 f c2(s3), and the dispersion strengthsnb15V1A(s1), nb2

5V1B(s1), nb35V2A(s2), nb45V2B(s2), nb55V3A(s3), and
nb65V3B(s3) for the CMF (bz) versusLz . The parameters are
the same as those in Fig. 1.
0-4
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by taking into account the shape of cell suspensions, i
possible to reduce some discrepancies between the the
cal and experimental results on the dielectric dispersion s
tra @8,19#.

For the DEP force, it exhibits strong sensitivity to th
depolarization factor~the shape!. When the DEP force is
positive ~the particles will be attracted towards the fiel
generating electrodes!, with increasingLz , such an attractive
force becomes weak. However, when the DEP force is ne
tive ~the particles will be repelled from the electrodes!, the
largerLz is, the stronger repulsion will be. Furthermore, w
predict one or two shape-dependent crossover frequenci
which there is no net force on the cell particle. The crosso
frequency is a monotonically increasing or decreasing fu
tion of Lz , dependent on whether the variation of the D
force around it is negative or positive@see the insets in Figs
3~b!, 4~b!, and 5~a!#. This is an interesting result. To the be
of our knowledge, the dependence of crossover frequenc
the spheroidal shape is reported here for the first time.

For the ER spectra, they exhibit two ER characteris
frequencies with both positive strengths in Fig. 3~b!, both
negative strengths in Fig. 4~b!, and negative and positiv
strengths in Fig. 5~b! ~This has been observed in experime
tal electrorotational spectra of the yeast cell@26,27#!. Posi-
tive ER torque means the co-field rotation of the particle.
this case, with increasingLz , the ER characteristic frequenc

FIG. 3. Effective dielectric response (ee /e0 and se) ~a! and
normalized dielectrophoresis~NDEP! and electrorotation~NER! ~b!
versus the frequencyf for the parameters in Fig. 1~a!. In the inset of
~b!, the crossover frequencyf cross is plotted againstLz .
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for the ER will be blue shifted accompanied with the d
crease of the dispersion strengths. However, when the
torque is negative~the particle exhibits the antifield rotation!,
both the ER characteristic frequencies and the strengths
crease concomitantly withLz . Moreover, we find that the
variation of the geometric parameterLz does not change the
polarity of the ER peak.

We emphasize to point out that, although we analytica
predict four and six characteristic frequencies for the diel
tric dispersion and ER spectra, these frequencies are ma
located in two regions or some of their dispersion streng
are quite small in comparison with others, resulting in on
two effective characteristic frequencies at which the rate
change of the dielectric permittivity~or the DEP force!, and
the rotational torque peak attain their maxima. This can
well understood from Fig. 6.

As we have included the dielectric dispersion form inẽ1,
it would be interesting to investigate how the dispersi
strengthne1 and the intrinsic frequencyf 1 affect the dielec-
tric dispersion and ER spectra.

In Fig. 7, we examine the effect ofne1 on the dielectric
response~the left panel! and ER spectra~the right panel!.
Clearly, one common feature of all these dielectric spectr
that increasingne1 yields increasing dielectric permittivity
in the low-frequency region. As previous models do negel
the intrinsic dispersion effect, the theoretical results in
low-frequency region are less than experimental repo
@8,19#. We think it would be helpful to give the closest fi
with experimental data by suitable adjustment of bothne1

FIG. 4. Same as Fig. 3, but for the parameters in Fig. 1~b!.
0-5
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andLz . For the ER spectra, whenne150, only one domi-
nant peak is predicted as expected. For a finitene1, two
dominant peaks at low and high characteristic frequen
arise. With increasingne1, the characteristic low frequenc
shifts towards a long wavelength; while the characteris
high frequency shifts towards a short one, leading to furt
separation between two characteristic frequencies for la
ne1. At the same time, the adjustment ofne1 can also
change the peak value much or less and even dominate
co-field or antifield rotation through changing the polarity
the peak~see the upper right column!.

In Fig. 8, we plot the dielectric dispersion and ER spec
versus the frequencyf for different f 1. It is evident thatf 1

mainly play a role in the characteristic high frequency
both the effective dielectric dispersion and ER spectra. G
erally speaking, the characteristic high frequency increa
with increasing f 1, in accord with the analytical formula
from Eq.~7!. Interestingly, the increase inf 1 can also lead to
the change of the polarity of the ER peak in the hig
frequency region~see the middle right pannel!.

In order to take into account the mutual interaction b
tween the suspended particles, we adopt Eq.~17! instead of
Eq. ~16!. When the mutual interaction is taken into accou
the ER peak must be reduced, as expected in Fig. 9. W
further increasingp, the mutual interaction becomes stron
leading to the serious depression of the ER peak and

FIG. 5. Same as Fig. 3, but for the parameters in Fig. 1~c!. Note
that two shape-dependent crossover frequencies are predicted
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slight blue shift ~or redshift! in the characteristic low fre-
quency~or high frequency!.

IV. DISCUSSION AND CONCLUSION

In this work, we have investigated both analytically a
numerically the ac electrokinetic behavior, i.e., the dielec
dispersion behavior, and the DEP the ER spectra of n
spherical cell suspensions with an intrinsic dispersion ba
on the spectral representation method. The dependence o
ac electrokinetic behavior on the depolarization factor
studied in detail. We find that an intrinsic dispersion in t
dielectric constant of spheroidal cells can lead to four and
dispersions in the effective dielectric constant and the CM
respectively. We also find that both the intrinsic dispers
strengthne1 and the characteristic frequencyf 1 can change
the polarity of the ER torque and thereby causing the co-fi
or antifield rotation. Furthermore, by taking into account t
local-field effect from the mutual interaction, we examine t
ER spectra for various volume fractions, and find that
creasing volume fractions can result in the decrease of b
the strengths and the difference between two character

FIG. 6. Contributions of dielectric responseeei /e0[neei /@1
1( f / f ei)

2# ( i 51,4) to the dieletric spectra (ee2eH)/e0 ~a!, and
contributions of ith strengthsGNi[nbi f f bi /( f bi

2 1 f 2) to GN ~b!
versusf for Lz50.05. Other parameters are the same as thos
Fig. 1~c!. Note that the effective dieletric spectra and the NE
spectra mainly exhibit two-step rapid decrease and two domin
peaks, respectively, although four and six characteristic frequen
are analytically predicted.
0-6
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FIG. 7. (ee2eH)/e0 andGN versusf for Lz50.95 and variousne1. Other parameters are the same as those in Fig. 1.
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low and high frequencies indeed. Thus, it is possible to
tain a good agreement between theoretical predictions
experimental data by the suitable adjustment of both the g
metric parameters~for example, the particle shape! and the
physical parameters~for example, the dispersion streng
and the characteristic frequency of cell suspensions!. On the
contrary, such a fitting is very useful to obtain the releva
physical information of cell suspensions.

Here, a few comments are in order. We obtain four and
characteristic frequencies for the effective dielectric perm
tivity and CMF. Generally, none of the characteristic fr
quencies for the dielectric spectra is equal to those of C
02191
-
nd
o-

t

ix
-

F,

as the polesx1 andx2 @Eq. ~4!# are quite different from the
poles s1 , s2, and s3 of CMF. In the dilute limit and for
spherical inclusions, both Eqs.~3! and ~17! yield two char-
acteristic frequencies; the smallerp is, the lesser are the dif
ferences between these frequencies@15#. Numerically, the
dielectric dispersion, DEP, and ER spectra mainly exh
two rapid changes or two dominant peaks. Here, we a
show a four-step rapid decrease in dielectric dispersion s
tra ~see Fig. 10!. However, due to small differences betwe
the CMF frequencies or small strengths of some frequen
in comparison with others, it is difficult to show all six cha
acteristic frequencies in the ER spectra clearly. A poss
0-7
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FIG. 8. (ee2eH)/e0 andGN versusf for Lz50.95 and variousf 1. Other parameters are the same as those in Fig. 1.
rg
e.
th
-
n
d
on
e
an
ar
ra
p

ur
cies
r be

me-
say,
lec-
nt
re-
the
e

way to achieve this is to consider cell suspensions with la
volume fractions while being far from the spherical shap

We demonstrate theoretically that the shape effect of
effective dielectric constant is significant in the low
frequency region, in accord with experimental conclusio
@8#. In previous work, one of the authors have presente
first-principles study of the dielectric dispersion of fissi
yeast cell suspensions@7#. As the derivation is based on th
assumption that cell suspensions are in the dilute limit
do not exhibit an intrinsic dispersion, the predicted two ch
acteristic frequencies are independent of the volume f
tions and some discrepancies between the theory and ex
02191
e

e

s
a

d
-
c-
eri-

ment on fission yeast cells still exist. We believe that o
present formula can be applied also and the discrepan
between theoretical and experimental results may furthe
reduced.

For shelled spheroidal particles dispersed in the host
dium, we have found one peak in the electrorotation as
under the assumption that the ratio of shell to the host die
tric constant is real@11#. The theory yields a good agreeme
with the experimental results only in the high-frequency
gion. In fact, for such kind of three-component system,
effective dielectric responseecs for the coated shells can b
first obtained in a self-consistent way@21# and will exhibit at
0-8
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least one dispersion. The three-component composites
then be equivalent to the solid spheroidal particles withecs
including one dispersion term suspended in the host medi
Thus, our present model can be safely used, and the co-
rotational peak in the low-frequency region may also be p
dicted. Finally, we should remark that, for nonspherical ce
the intrinsic dispersion may depend on the orientation o
spheroid, which will yield dielectric anisotropy in cell sus
pensions. In this work, we take into account the geome
anisotropy as well as the dielectric isotropy. The work i
cluding both geometric and dielectric anisotropies is
progress and will be reported elsewhere.

FIG. 9. GN versusf with Eqs.~16! and~17! for Lz50.05. Other
parameters are the same as those in Fig. 5. Note that Eq.~16! is
independent ofp.
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FIG. 10. (ee2eH)/e0 andGN versusf for p50.2, Lz50.95, and
ne1513104e0. Other parameters are the same as those in Fi
1~c!. There are four characteristic frequencies, at which the diele
tric spectra exhibit rapid decrease.
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