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Analysis of dielectric spectra of eukaryotic cells by computer modeling
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Abstract An analysis of dielectric spectra, obtained by
computer modeling, of spherical eukaryotic cells (lym-
phocytes in particular) is presented. The number of ®t-
ting parameters required to describe these spectra is
determined. The in¯uence of parameter variation on the
spectral shape is illustrated.
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Introduction

The main two types of a variety of techniques for
studying the dielectric properties of biological cells are
impedance dielectric spectroscopy, in frequency or in
time domain (Asami et al. 1989; Bordi et al. 1993;
Irimajiri et al. 1978; Pauly and Schwan 1959), and
electrokinetic techniques ± dielectrophoresis and elec-
trorotation (Gimsa and Wachner 1998; Huang et al.
1996; Jones 1995; Ziervogel et al. 1986). The ®rst type is
used for cell suspension measurements and gives the
statistically averaged data of the cell ensemble, whereas
the second group presents a single cell study. Practically
all the methods use the uni®ed physical presentation of a
cell by shelled models (Asami et al. 1989; Irimajiri et al.
1979). In the present work we are considering the ap-
plication of shelled models for biological cells in im-
pedance dielectric spectroscopy (for simplicity we will
call this method dielectric spectroscopy).

Dielectric spectroscopy provides a number of signif-
icant properties of cell suspensions, because of its ca-
pability for non-invasive and real-time measurements
(Asami and Irimajiri 1984; Beving et al. 1994; Bordi

et al. 1993). The dielectric parameters of the structural
parts of biological cells can be determined by the mea-
surement of dielectric spectra of cellular suspensions and
subsequent calculation using a suitable dielectric model.
The development of the dielectric cell model consists of
two main parts. The ®rst part is the description of the
suspension spectrum by a so-called mixture model
(Takashima 1989). The second is the modeling of the
single-cell spectrum. In this study we deal only with
spherical cells which can be described by a single- or
double-shell model according to their biological make-
up. The detailed description of these expressions can be
found elsewhere (Asami et al. 1989).

These models all contain a large number of dielectric
and geometric parameters, which leads to uncertainty
in their determination during the ®tting procedure.
Moreover, one could argue that some of these pa-
rameters are not independent and should be obtained
by additional methods. In this paper we present the
analysis of model spectra to discuss the number of
independent parameters in the aforementioned models.
The sensitivity of the spectra to various parameters has
been checked in order to decide which parameters have
to be variable to achieve the best ®tting of the experi-
mental data.

Theoretical models

Number of ®tting parameters for the single-shell model

The expression for the complex dielectric permittivity
[e�c�x�] in the single-shell model contains ®ve parameters:
dielectric permittivity and conductivity of the cell
membrane (em and rm), dielectric permittivity and con-
ductivity of the cell interior (cytoplasm) (ecp and rcp),
and a geometrical parameter v � �1ÿ d=R�3 where d is
the thickness of the cell membrane and R is the radius of
the cell. This expression is written as follows (Asami
et al. 1989):

Eur Biophys J (2000) 29: 141±145 Ó Springer-Verlag 2000

I. Ermolina � Y. Polevaya � Y. Feldman (&)
Department of Applied Physics, School of Applied Science,
Hebrew University of Jerusalem, 91904 Jerusalem, Israel
e-mail: yurif@vms.huji.ac.il



e�c�x� � e�m�x�
2�1ÿ m� � �1� 2m�E�x�
2� m� �1ÿ m�E�x� �1�

where E�x� � e�cp�x�=e�m�x�; e�cp�x� � ecp ÿ i�rcp=e0x�;
e�m�x� � em ÿ i�rm=e0x�; and e0 is the dielectric permit-
tivity of the vacuum.

It is possible to show that the single-shell model
equation can be written as the sum of a single relax-
ation time process and a conductivity term1. This
equation depends on only four parameters (dielectric
strength, relaxation time, dielectric permittivity at high
frequency, and low frequency conductivity), which are
functions of the dielectric and geometric parameters of
the single-shell model. This connection between the
Debye-type spectrum and the single-shell model (Eq. 1)
formulas allows one to conclude that only four inde-
pendent parameters are required to describe the spec-
trum of a single cell. The ®fth one can be expressed in
terms of these four parameters. This expression can be
derived by using the single-shell model relation (Eq. 1)
in the range of low and high frequencies. Let us rewrite
Eq. (1) as follows:

e�c�x� � e�m�x�
1� 2m
1ÿ m

� �
1� A
1� B

� �
�2�

where A � 2�1ÿ m�=�1� 2m�E�x� and B � �2� m�=
�1ÿ m�E�x�. The frequency behaviors of parameters A
and B in the range 104±1010 Hz for biological cells
demonstrate the following intervals of their variations:
10ÿ8 < jAj < 10ÿ4 and 10ÿ2 < jBj < 102. Since parame-
ter A is very small over a considerable frequency range it
can be neglected, and Eq. (2) could be rewritten as fol-
lows:

e�c�x� � e�m�x�
1� 2m
1ÿ m

� �
1

1� B

� �
�3�

At the very low frequency branch the parameter B
is very small and can be neglected. Hence, the low-
frequency behavior of complex dielectric permittivity
can be presented as follows:

e�c�low��x� � em
1� 2m
1ÿ m

� �
ÿ j

rm

xe0

1� 2m
1ÿ m

� �
�4�

At the high-frequency branch the parameter B >> 1 and
after simple transformations the complex dielectric per-
mittivity of the cell spectrum below the frequency
xcp � rcp=�ecpe0� is:

e�c�high��x� � ecp ÿ j
rcp

xe0
�5�

Thus, expressions (3) and (4) show that in the ®tting
procedure of the spectrum using the single-shell model,

the following set of four parameter combinations are
obtained:

em
1� 2m
1ÿ m

� �
; rm

1� 2m
1ÿ m

� �
; ecp; and rcp �6�

Here the ®rst two terms indicate that one of three pa-
rameters �em; rm; and m� must be obtained by an inde-
pendent method and ®xed during the ®tting procedure,
whereas another two parameters can be ®tted. Usually,
the geometrical parameter m is ®xed, because it can be
obtained by using the values of the cell radius (R) and
the cell membrane thickness �d�, which are evaluated
independently. The parameters ecp and rcp in the set (6)
can be calculated directly from the ®tting procedure.

It can be shown analytically that the expression for
the model spectrum of a cell suspension, represented by
the combination of the well-known Maxwell-Wagner
mixture formula (Takashima 1989) and the relation (1)
for the single-shell model, can be presented as the sum of
two Debye-type processes and a conductivity term. It
coincides the ideas behind the work of Irimajiri (Irimajiri
et al. 1979) that every shelled particle interface gives a
single Debye-type dispersion. It is true also for the
simplest case of homogeneous particles without a shell,
where a single interface generates a single Debye-type
dispersion. In the case of a one-shell particle suspension
there are two interfaces (cytoplasm-cell membrane and
cell membrane-suspending medium interfaces). Hence,
in the single-shell particles the two Debye-type disper-
sions should be observed. However, it was shown (Pauly
and Schwan 1959) that for biological cells these two
dispersions degenerate to a single one. To con®rm this
conclusion we performed the numerical evaluation of
these dispersion parameters for the cell suspension
described by a single-shell model. For this calculation we
used realistic parameters for a plasma membrane and

Table 1 The variation interval of cell phase parameters in double-
shell model

Parametersa The experiential limits Reference
parameters

Lower limit Upper limit

em 1.4 16.8 5.8
rm (S/m) 8 ´ 10)8 5.6 ´ 10)5 8.7 ´ 10)6

ecp 60 77 60
rcp (S/m) 0.033 1.1 0.48
ene 6.8 100 41
rne (S/m) 8.3 ´ 10)5 7 ´ 10)3 3 ´ 10)3

enp 32 300 120
rnp (S/m) 0.25 2.2 0.95
R (m) 3.5 ´ 10)6 10.5 ´ 10)6 7 ´ 10)6

Rn (m) 2.95 ´ 10)6 8.85 ´ 10)6 5.9 ´ 10)6

d (m) 3.5 ´ 10)9 10.5 ´ 10)9 7 ´ 10)9

dn (m) 2 ´ 10)8 6 ´ 10)8 4 ´ 10)8

m1 0.98805 0.999 0.99703
m2 0.4 0.8 0.60398
m3 0.95183 0.99043 0.99

a Symbols: e dielectric permittivity, r DC conductivity; subscripts:
m cell (plasma) membrane, cp cytoplasm, ne nuclear envelope, np
nucleoplasm

1 Here and below we use in that case the term ``Debye-type pro-
cess'', i.e. the dielectric spectrum can be described by a Debye
formula (Grant et al. 1978)
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cytoplasm (see Table 1), a volume fraction p � 0:06, and
parameters of supernatant (esup � 65, rsup � 0:16 S/m).
The following results for both dispersions were obtained:
s1 � 3:84� 10ÿ7 S; De1 � 1:04� 103; s2 � 2:1� 10ÿ9 S;
De2 � 2:07; einf � 64:7. Thus, our numerical model
experiment has shown that the dielectric strength of the
second, high-frequency (HF) dispersion is about 2±3
orders of magnitude smaller than the dielectric strength
of the low-frequency one and can therefore be neglected.

Number of ®tting parameters for double-shell model

The degeneration of high-frequency dispersion in the
spectrum of a single-shell particle suspension, as de-
scribed in the previous section, can be extrapolated to
the more complicated system of cells with a shelled nu-
cleus, described by the well-known double-shell model
(Asami et al. 1989). In this model, every cell phase
(membrane, cytoplasm, nuclear envelope, and nucleo-
plasm) can be depicted by two dielectric parameters
(conductivity and permittivity). The volume relations
between these phases are expressed by geometric
parameters m1 � �lÿ d=R�3, m2 � �Rn=�Rÿ d��3 and
m3 � �lÿ dn=Rn�3, where R and Rn are the radii of the cell
and the nucleus, and d and dn are the thicknesses of the
cell membrane and the nuclear envelope. Thus, the
double-shell model contains 11 parameters.

The same assumptions for omitting the HF disper-
sion of the one-shell (i.e. prokaryotic) cell can also be
applied to the nucleus with an envelope (for the euk-
aryotic cell). Thus, practically every shell adds a single
Debye-type dispersion to the spectrum. Therefore, by
analogy to the single-shell case, the expression for the
spectrum of a suspension of double-shell particles can be
described by the sum of two Debye-type dispersions and
a conductivity term. The number of parameters has in-
creased up to six phenomenological parameters (two
values of dielectric strength, two relaxation times,
dielectric permittivity at high frequency, and low-
frequency conductivity). Thus, it follows that six inde-
pendent parameters are enough to describe the double-
shell cell suspension spectrum and, therefore, only six
parameters can be found from applying the ®tting pro-
cedure to the experimental spectrum. The other ®ve
parameters have to be obtained by some independent
method and must to be ®xed during the ®tting
procedure.

Computer analysis of double-shell model

The analysis of dielectric and geometrical parameters for
white blood cells was done in order to build the spec-
trum for a double-shell cell model. The intervals of cell
phase parameter variations obtained from di�erent ex-
perimental studies (Asami et al. 1989; Bordi et al. 1993;
Cametti et al. 1995; Irimajiri et al. 1978; Irimajiri et al.
1987; Polevaya et al. 1999; Ziervogel et al. 1986) are

presented in Table 1. The reference values used in the
model spectrum are listed in the last column. Following
Asami (Asami et al. 1989) that the volume of the nucleus
is equal to 60% of the cell volume �Rn � 0:61=3R� and
using the thicknesses and radii of structural cell parts
(see Table 1), the geometrical parameters �m1; m2; m3� were
calculated. The variation intervals of the radii and
thicknesses were estimated under the assumption that
experimental error does not exceed 50%.

The parameters were changed individually in order to
evaluate their in¯uence on the simulated spectrum. The
variations of the values were implemented either in the
framework of the limits in Table 1 or by noticeable
spectrum alteration.

The results of these calculations are presented in Figs.
1±4. Note that the dielectric spectrum of one cell cannot
be measured directly. It can only be calculated from the
experimental cell suspension spectrum by using the
mixture formula.

The in¯uence of the dielectric permittivity variation
for di�erent cell components on the simulated cell
spectrum is presented in Fig. 1. Note that the plasma
membrane permittivity shows the maximum e�ect on
the spectrum (Fig. 1a). The envelope permittivity (Fig.
1b) has a moderate in¯uence, and the permittivities of
the cytoplasm and nucleoplasm almost do not a�ect the

Fig. 1 The sensitivity of a cell spectrum to the permittivity of cell
phases: a increase of plasma membrane permittivity by 1.1 times;
b increase of nuclear envelope permittivity by 2 times; c increase of
cytoplasm permittivity by 5 times; d increase of nucleoplasm
permittivity by 3 times. Solid line indicates the spectrum with reference
parameters. Dashed line indicates the spectrum with varied probe
parameter
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shape of the spectrum (Fig. 1c, d). Concerning the
conductivities of the cell phases (plasma membrane,
cytoplasm, nuclear envelope, and nucleoplasm), all have
a strong in¯uence on the di�erent parts of the cell
spectrum (Fig. 2). The e�ect of the geometrical param-
eters (m1, m2, and m3) was tested over a small range, which
results from the range of variation for R, Rn, d, and dn
for biological cells. Even the small variations of these
parameters produce a noticeable change in the spectral
shape (Fig. 3).

The schematic presentation of the position and extent
of the in¯uence of each parameter on the double-shell
model spectrum is summarized in Fig. 4. This scheme
shows that em, rm, and m1 a�ect the low-frequency part
of the spectrum; ene, rne, rcp, and m3 a�ect the low-fre-
quency dispersion; and rnp a�ect the high-frequency
dispersion; m2 has an in¯uence on both dispersions; and
ecp and enp a�ect the high-frequency part of the spec-
trum. Hence, the dielectric parameters of the exterior cell
phases in¯uence the low-frequency part of the spectrum,
whereas the dielectric parameters of the interior cell
phases a�ect the high-frequency region.

The analysis presented above allows formulating the
criteria for the optimal choice of ®xed parameters in the
®tting procedure of the cell spectrum. When several
parameters in¯uence the spectrum within the same

frequency interval, some of them must be ®xed. From
this point of view, all geometrical parameters �m1, m2, m3�
can be ®xed; moreover, they can be measured by inde-
pendent methods. Owing to the high sensitivity of the

Fig. 2 The sensitivity of a cell spectrum to the conductivity of cell
phases: a increase of plasma membrane conductivity by 5 times;
b increase of nuclear envelope conductivity by 5 times; c increase of
cytoplasm conductivity by 5 times; d increase of nucleoplasm
conductivity by 5 times. Solid line indicates the spectrum with
reference parameters. Dashed line indicates the spectrum with varied
probe parameter

Fig. 3 The sensitivity of a cell spectrum to geometrical parameters:
a increase of m1 by 0.1%; b increase of m2 by 33%; c increase of m3
by 1%. Solid line indicates the spectrum with reference parameters.
Dashed line indicates the spectrum with varied probe parameter

Fig. 4 The in¯uence of double-shell model parameters on the cell
spectrum. The arrows show the direction of spectrum changes.
Symbols: e dielectric permittivity, r DC conductivity; subscripts: m
cell (plasma) membrane, cp cytoplasm, ne nuclear envelope, np
nucleoplasm
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spectrum to m1, m2, and m3, it is important to evaluate
them accurately.

The minimal distortion of the simulated spectrum due
to signi®cant variations of the model parameters can
be another useful criterion for the selection of ®xed
parameters. The two parameters ecp and enp satisfy this
requirement in the best way.

The approach presented in this paper was applied to
the data analysis of lymphocyte spectra in a study of
normal, transformed, and malignant cell suspensions
(Polevaya et al. 1999).

Acknowledgements I.E. thanks the Valazzi-Pikovsky Fellowship
Fund, and Yu.P. thanks the Eshkol Fellowship Fund from the
Israel Ministry of Science and Technology for ®nancial support.

References

Asami K, Irimajiri A (1984) Dielectric analysis of mitochondria
isolated from rat liver. II. Intact mitochondria as simulated by
a double-shell model. Biochim Biophys Acta 778: 570±578

Asami K, Takahashi Y, Takashima S (1989) Dielectric properties
of mouse lymphocytes and erythrocytes. Biochim Biophys Acta
1010: 49±55

Beving H, Eriksson LEG, Davey CL, Kell DB (1994) Dielectric
properties of human blood and erythrocytes at radio frequen-
cies (0.2±10 MHz); dependence on cell volume fraction and
medium composition. Eur Biophys J 23: 207±215

Bordi F, Cametti C, Rosi A, Calcabrini A (1993) Frequency do-
main electrical conductivity measurements of the passive elec-
trical properties of human lymphocytes. Biochim Biophys Acta
1153: 77±88

Cametti C, De Luca F, D'Ilario A, Macri MA, Magaviglia B,
Bordi F, Lenti L, Misasi R, Sorice M (1992) Alteration of the

passive electrical properties of lymphocyte membranes induced
by GM1 and GM3 glycolipids. Biochim Biophys Acta 1111:
197±203

Gimsa J, Wachner D (1998) A uni®ed RC-model for impedance,
dielectrophoresis, electrorotation and induced transmembrane
potential. Biophys J 75: 1107±1116

Grant EH, Shepard RJ, South GP (1978) Dielectric behavior of
biological molecules in solutions. Clarendon Press, Oxford

Huang Y, Wang X-B, Becker FF, Gascoyne PRC (1996) Mem-
brane changes associated with the temperature-sensitive
P85gag-mos-dependent transformation of rat kidney cells as de-
termined by dielectrophoresis and electrorotation. Biochim
Biophys Acta 1282: 76±84

Irimajiri A, Doida Y, Hanai T, Inouye A (1978) Passive electrical
properties of cultured murine lymphoblast (L5178Y) with ref-
erence to its cytoplasmic membrane, nuclear envelope and
intracellular phases. J Membr Biol 38: 209±232

Irimajiri A, Hanai T, Inouye A (1979) A dielectric theory of the
``multi-strati®ed shell'' model with its application to a lym-
phoma cell. J Theor Biol 78: 251±269

Irimajiri A, Asami K, Ichinowatari T, Kinoshita Y (1987) Passive
electrical properties of the membrane and cytoplasm of cul-
tured rat basophil leukemia cells. I. Dielectric behavior of cell
suspensions in 0.01±500 MHz and its simulation with a single-
shell model. Biochim Biophys Acta 896: 203±213

Jones TB (1995) Electromechanics of particles. Cambridge Uni-
versity Press, Cambridge

Pauly H, Schwan HP (1959) Uber die Impedanz einer Suspension
von kugelformigen Teilchen mit einer Schale. Z Naturforsch
14b: 125±131

Polevaya Yu, Ermolina I, Schlesinger M, Ginzburg B-Z, Feldman
Yu (1999) Time domain dielectric spectroscopy of human cells.
II. Normal and malignant white blood cells. Biochim Biophys
Acta 1419: 257±271

Takashima S (1989) Electrical properties of biopolymers and
membranes. IOP, Philadelphia

Ziervogel H, Glaser R, Schadow D, Heymann S (1986) Electro-
rotation of lymphocytes ± the in¯uence of membrane events
and nucleus. Biosci Rep 6: 973±982

145


