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INTRODUCTION

Dielectric spectroscopy of the suspensions of bio�
logical cells is one of the most efficient nondestructive
methods of the study of microorganisms and blood
cells. The method consists of measuring the depen�
dences of the real part of permittivity ε'(F) and dielec�
tric losses ε''(F) on frequency F and determining (by
means of theoretical interpretation of measurement
results) the electrical characteristics of cell structures
such as cell membrane, cytoplasm, and cell wall. This
work is devoted to the generalization of current theory,
which was only developed for high� and medium�fre�
quency ranges of spectrum to the range of low fre�
quencies. Very low electric fields are used in dielectric
spectroscopy, which explains the applicability of this
method to the study of living cells. The information
content of this method is related to the presence of
several dispersion ranges in spectra, the parameters of
each range having different depences on the charac�
teristics of cell structures.

Within the frequency range of 103 to 1010 Hz, three
ranges of frequency dependence of the permittivity of
the biological cell suspensions are observed, which are
usually denoted by Greek letters in the increasing
order as α, β, and γ ranges.

The theory of γ dispersion (the highest�frequency�
range dispersion), developed by Maxwell [1] and mod�
ified by Wagner [2], is based on a model that represents
the suspension of uniform spherical inclusions (“par�
ticles”) with conductivity Kі and permittivity εі distrib�
uted in a medium with parameters Кe and εe, respec�
tively. The physical nature of this dispersion range is
related to the fact that the displacement current,

which is negligibly low at low frequencies compared to
conduction current, becomes more and more signifi�
cant with an increase in frequency and finally exceeds
the conduction current. Thus, at low frequencies, the
polarizability of particles, together with their contri�
bution to permittivity of suspension, δε', is determined
by the ratio between conductivities of particles and
medium, Kі/Ke, and, at high frequencies, it is deter�
mined by the ratio of their permittivities, εі/εe, thus
determining frequency dependence δε'(F), i.e., the
Maxwell–Wagner dielectric dispersion.

The influence of particle nonuniformity on this
mechanism leads not only to the trivial broadening of
Maxwell–Wagner band, but also to the emergence of a
new dispersion range, which was revealed by Pauly and
Schwan [3]. In their model of the biological cell, the
Maxwell–Wagner uniform sphere is supplemented by
an adjacent, nearly nonconducting thin spherical
layer, which represents the cell membrane. This layer
almost completely eliminates the penetration of cur�
rent into the internal conducting medium until the
frequency of external field increases so that the capac�
itive resistance of membrane becomes smaller than the
effective ohmic resistance of medium through which
the membrane is discharged. The equality of these
resistances determines the critical frequency for the
Pauly–Schwan β dispersion, which turned out to be
much lower than the Maxwell–Wagner frequency due
to the small (nanosized) thickness of membrane and,
hence, due to its high capacity. Thus, the Pauly–
Schwan model describes the β dispersion at frequen�
cies of 105 to 107 Hz and, in the limiting case of high
frequencies, also covers the Maxwell–Wagner disper�
sion.
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However, at low frequencies (10– 104 Hz), a dielec�
tric dispersion is almost always observed. This disper�
sion cannot be explained by the aforementioned clas�
sical models and is due to the mutual effect of electric
and diffusion fluxes formed near the cell under the
action of electric field. This mutual effect arises in
rather widespread cases when the ionic selectivity of
the conductivity of membrane structures takes place,
i.e., when the current is transferred predominantly by
ions of the same sign (e.g., by cations). Ionic channels
of cell membrane, cell wall, and electrical double layer
(EDL) can act as such structures. Due to ionic selec�
tivity, the current between the cell and solution gives
rise to the accumulation of neutral salt and its diffu�
sion near the surface, while the concentration gradient
of salt originates the electric current in membrane
structures. The effect of this diffusion�controlled cur�
rent gives rise to dielectric α dispersion at frequencies
on the order of reciprocal time of the formation of dif�
fusion fields around the polarized cell. The mecha�
nism of the diffusion�controlled dielectric α disper�
sion, which was first proposed in [4–6] for the dilute
suspensions of nonconducting spherical colloidal par�
ticles with a thin double layer, is now generally recog�
nized (see, e.g. [7]) and is widely applied to describe
low�frequency dielectric spectra of versatile systems.
This work is devoted to the generalization of the
Pauly–Schwan electrical model by accounting for the
selective conductivity of membrane structures and, on
this basis, to the development of the theory of the per�
mittivity of cell suspension, which, along with
medium� and high�frequency ranges of β� and γ dis�
persions, would describe the range of low�frequency α
dispersion. Very large values of permittivity and their
complete stipulation by the ion�selective conductivity
of membrane structures, which are characteristic for
the α dispersion, predetermine the unique sensitivity
of low�frequency dielectric spectrum to the effective
conductivity of the membrane of living cell that can be
very important for the application in biology and med�
icine.

COMPLEX PERMITTIVITY OF DILUTE 
SUSPENSION: GENERAL INFORMATION

Considering the response to the action of sinusoi�
dal external electric field with frequency ω, we will
present the dependence of the field on time using the
complex multiplier

(1)

The known advantage of this presentation is that all
values caused by the field and linear on it are charac�
terized by the same time dependence

(2)

where the asterisk denotes the complex quantity. If, for
a certain parameter Х, the relaxation frequency is close
to ω, variations of this value will be out of phase with
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= ω
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= ω

the field that corresponds to the appearance of the
imaginary part of multiplier  as well as to the
dependence of the latter on frequency. Using the pre�
sentation set by Eqs. (1) and (2), the total electric
response of a system can be characterized by its com�
plex permittivity

(3)

or by complex conductivity

(4)

It should be emphasized that, in formulas (3) and (4),
permittivity  and conductivity  of suspen�
sion are real functions of frequency.

Contributions  and  from inclusions
(dispersed particles or cells) to the complex permittiv�
ity and conductivity of their dilute suspensions are
determined by expressions

(5)

(6)

Quantities

(7)

and

(8)

present the complex permittivity and complex con�
ductivity of dispersion medium, respectively (quanti�
ties without asterisks, namely,  ,  ,
are real quantities).

Functions  and  can be determined
via the superposition of long�range electric fields of
polarized inclusions

(9)

(10)

Here,  is the dipole coefficient of inclusions and
φ is their volume fraction in suspension.

The dipole coefficient  enters into expression
for the distribution of electric potential around the
polarized inclusion at large distances from its center
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the point and the direction of external field. The sec�
ond term of formula (11) characterizes the deviation
of the potential outside the double layer of inclusion
from the potential of uniform external field.

According to [1–6], the frequency dependences of
the permittivity and conductivity of suspension, 
and , respectively, (in a frequency range in which
characteristics of dispersion medium can be consid�
ered to be frequency�independent parameters) are
related to the frequency dependence of dipole coeffi�

cient  Note that, in the low�frequency range, in
which strong inequality

(12)

is fulfilled, the absolute value of the imaginary part of
complex permittivity of dispersion medium, ,
exceeds its real part by many times. As is known [4–6],
this leads to very large values of low�frequency permit�
tivity of suspensions, which are determined by the

contribution of factor  to the real part of

Eq. (9).
Note that the symmetric phenomenon of the very

large contribution of cells (particles) to the real part of
suspension conductivity, , can be expected (see
[8]) in the high�frequency range of dispersion. This is

connected with the contribution of term 
which can be very large if there is a mechanism that
gives rise to the frequency dependence of dipole coef�
ficient in the range of very high frequencies

REGIONS OF PAULY–SCHWAN 
AND MAXWELL–WAGNER RELAXATIONS: 

MEDIUM AND HIGH FREQUENCIES

There are different mechanisms that affect the
polarization of inclusions, including both common
uniform particles of the dispersed phase and biological
cells in suspension. Each of these mechanisms is
always connected with a certain property that is typical
of either the internal structure of the inclusion, disper�
sion medium, or the dispersed phase� dispersion
medium interface. The widely known mechanism of
dielectric dispersion, i.e., the Maxwell–Wagner dis�
persion, is associated with the contact between phases
(inclusion and medium with different volume conduc�
tivities and dielectric permittivities). Let us denote the
conductivity and permittivity of inclusions by  and

 respectively, while those of medium are denoted by
Ke and εe, respectively. If deviations of these values are
different, i.e., if

 (13)
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the continuity condition for the normal component of
current density and that for electrostatic induction
vector on both sides of the surface become incompati�
ble, thus leading to the formation of free ionic charge
near the surface. The duration of this process, which,

in dilute suspensions, takes time  is

precisely responsible for the Maxwell–Wagner dielec�
tric dispersion with critical frequency 
For many systems, time τMW is close to the relaxation

time of electrolyte, 

The frequency dependence of the most important
characteristic of inclusions, i.e., their dipole coeffi�
cient, which, according to equalities (9) and (10),
determines the contributions of inclusions to the com�
plex permittivity and complex conductivity of dilute
suspension, is defined in the Maxwell–Wagner theory
by the following equation:

(14)

The theory of Maxwell–Wagner dielectric disper�
sion does not take into account any specific surface
properties. In this theory, the surface is a mathematical
notion, i.e., it is an infinitely thin interface between
homogeneous media with different conductivities and
dielectric permittivities. This model is often sufficient
to describe the dielectric properties of suspensions of
nonconducting particles or particles with ionic con�
ductivity (particles of ionites or ionic crystals) in elec�
trolyte solution at sufficiently high frequencies. How�
ever, the real surface is never infinitely thin, but rather
presents a surface layer of finite thickness in which
parameters K and ε vary from  and  in the depth
of inclusion and to  and  in the depth of dispersion
medium. If this change occurs monotonically and the
size of the inclusion greatly exceeds the thickness of
the thin surface layer, the nonuniformity of the latter
can be ignored. Naturally, this cannot be done in the
case of thick surface layer, which will not be consid�
ered here. However, if the ε and K parameters are
changed in a highly nonmonotonic manner, even a
very thin surface layer can quantitatively or even qual�
itatively affect the frequency dependence of the dipole
coefficient of inclusion and (in accordance with rela�
tions (9) and (10)) can affect the frequency depen�
dences of the permittivity and conductivity of suspen�
sion.

The strong nonmonotonic character of electrical
parameters is characteristic of all biological cells, the
internal content of which is cytoplasm with a rather
high conductivity (Кі ≈ 1 Ω–1 m–1), which is always sur�
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ters), nearly nonconducting layer (cytoplasmic mem�
brane). If the cell is in an electrolyte solution, the thin,
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nonconducting cytoplasmic membrane will separate
the conducting cytoplasm from the conducting (Kе ≈
10–2–10–1 Ω–1 m–) external medium (Fig. 1).

In this case, the current distributed on the exterior
of the membrane under the action of an external elec�
tric field of rather low frequency will hardly reach the
cytoplasm; hence, the cell will resemble a noncon�
ducting inclusion (with zero effective conductivity
(Kpef = 0). However, as the frequency increases to the
critical value (ω = ωβ for the β dispersion), the capac�
itive resistance of membrane decreases so that the
density of the current entering the cell becomes equal
to the density of the current in solution far from the
cell and the cell behaves as an isoconducting inclusion
(Kpef = Ke). Furthermore, when the frequency
increases to values corresponding to  the
capacitive resistance of the membrane becomes negli�
gibly low and the cell behaves as an inclusion with the
same effective conductivity and permittivity as the
interior (cytoplasm) of the cell as follows: Kpef = Kі and
εpef = εі. Finally, a further increase in frequency gives
rise to conditions for a common Maxwell–Wagner
dispersion. Formally, this frequency dependence of
cell polarization is reflected (see [9]) via its effective
complex conductivity (Fig. 2) as follows:

(15)
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Here, λ denotes surface conductivity due to the
excess of mobile ions in such structures outside the
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Fig. 1. Pauly⎯Schwan electrical model of biological cell.
Dark gray shading denotes the cytoplasm with conductiv�
ity Kі and permittivity εі; white color denotes the external
solution with conductivity Kе and permittivity εе; white
band refers to cytoplasmic membrane with capacity сm and
resistance rm per unit surface; gray diffuse layer outside the
membrane refers to cell wall, which, along with diffuse part
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Here,  and  are the average values of the permit�
tivity and conductivity of the membrane, respectively;

 is its thickness;  and – are the permittivity of
external solution and the reciprocal Debye length in
this solution, respectively; ζ is the equilibrium drop of
potential in the diffuse part of double layer; e is the
proton charge; k is Boltzmann’s constant; and T is the
absolute temperature.

Note that, under conditions when the dielectric
dispersion of cell suspension can be measured, the
conductivity of external solution becomes very low
compared to that of cytoplasm. In addition, the time
of the membrane charging is nearly independent of its
low conductivity. Finally, rather rare cases are
observed when the capacity of the diffuse layer is low
enough to influence the effective capacity of the mem�
brane. Taking into account all of these simplifying cir�
cumstances, the critical frequency of β dispersion can
be written as follows:

(21)

Let us cite the expression of low�frequency limit of the
Pauly–Schwan dispersion for the dipole coefficient of
the cell

(22)

which is important for further consideration.
The expression for the effective dc conductivity of

the cell, , entering into Eq. (22), is derived from
formulas (16) and (17) and is simplified due to strong
inequality  which is always fulfilled for living
cells with fairly large values of the conductivity of
cytoplasm and the resistance of cell membrane as fol�
lows:

(23)
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Whereas the Maxwell–Wagner dielectric disper�
sion appears in connection with different spatial
dependences of the local conductivity and permittiv�
ity, another typical factor for suspensions that gives rise
to a low�frequency dielectric dispersion is the spatial
dependence of transfer numbers of ions (cations

 and anions ), when
the relative contribution of specific ions, e.g., cations

 to the local conductivity is different near the
inclusion and in the depth of solution. The differences
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the depth of solution result (during the flow of current
from solution into surface structures) in the accumu�
lation of ions of both signs and the emergence of elec�
trolyte concentration gradient near the polarized
inclusion. In turn, the effect of the electrolyte concen�
tration gradient leads (upon the spatial dependence of
transfer numbers) to the emergence of diffusion�con�
trolled current that, in the final analysis, is responsible
for the appearance of diffusion�controlled low�fre�
quency dielectric dispersion. This mechanism is quite
universal, above all because different inclusions in
electrolyte solution almost always carry fixed charges
on their structures that are screened by oppositely
charged free ions (counterions), which contribute
mostly to the conductivity within the Debye atmo�
sphere (the diffuse part of EDL), whereas contribu�
tions of cations and anions in the depth of solution are
comparable. The selectivity of ionic channels of cyto�
plasmic membrane is the specific mechanism for bio�
logical cells, which is also related to the strong spatial
dependence of transfer numbers of ions. Thus, the
inequality

(24)

is observed almost in any case without exception. If
this inequality is fulfilled, the balance between the
fluxes of ions of both signs is only possible upon the
appearance of spatial�dependent additive δc(r) to the
electrolyte concentration near the polarized inclu�
sions. In turn, the ratios of the diffusion fluxes of cat�
ions and anions controlled by the presence of δc(r)
additive will different inside and outside of the inclu�
sion, provided that condition (24) is valid. This cir�
cumstance gives rise to the current through the surface

of inclusion, thus affecting its dipole coefficient 
Note that this effect is related to the slow formation of
the field of solution concentration δc(r) and, hence,
occurs precisely at low frequencies when inequality
(12) is fulfilled. Correspondingly, this leads to gigantic
values of the permittivity of these inclusions. This
mechanism was described for the first time in [4–6]
and was later [12] named “ diffusion�controlled  dis�
persion.”

For 1 : 1 symmetric electrolyte, the  values are
determined by the formulas

(25)

where  is the numerical concentration of ions of

each sign in the bulk of electrolyte and  and  are
the diffusion coefficients of cations and anions,
respectively. The known expression for the conductiv�
ity of electrolyte solution
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follows from equality (25).

The analytical theory of the diffusion�controlled
low�frequency dispersion of the permittivity of the
suspensions of nonconducting charged spheres was
developed in [4–6]. This theory is based on the
approximation of local equilibrium between the δc(r)
values near the particle surface and changes in the
parameters of double layer. For nonconducting parti�
cles, this approximation is quite reasonable if the EDL
thickness is small compared to the particle radius

(27)

and the frequency is much lower than the critical fre�
quency of the Maxwell–Wagner dispersion

 (28)

For a biological cell, the condition of the local equilib�
rium of its membrane structures with adjacent solution
leads to a more rigid constraint on the frequency of the
external field. The latter should be low enough for the
field period to considerably exceed the time needed to
charge the cell membrane. This requirement is
ensured by the following inequality:

(29)

When generalizing the Pauly–Schwan model to
describe, together with β and γ dispersions, the diffu�
sion�controlled, low�frequency α dispersion, we
should first take into account that the conductivities of
both cytoplasm and membrane structures are ionic.
Based on this fact and comparing the cell and uniform

particle with conductivity , we should assume that
the latter is also characterized by ionic character.
Thus, considering the distributions of electric poten�
tial ϕ and electrolyte concentrations с around the bio�
logical cell under condition (29), we take advantage of
the same system of equations and boundary condi�
tions, which was used to describe the polarization of
the uniform particle with ionic conductivity (ionite
particles) [13, 14]. Using Eq. (23), we related the cell
to the equivalent uniform particle with volume con�

ductivity  With regard to the transfer numbers of
ions in the bulk of equivalent particle, considering so
far the most encountered case when the cell carries
fixed negative charge and, correspondingly, when free
carriers of charge in its membrane structures are pre�
dominantly cations, we assume that the effective con�

ductivity of cell, , is caused by cations and the
transfer number of anions is equal to zero. According
to the last assumption, our system of equations is
closed in the region outside the cell ( ) and
includes the following conservation equations for cat�
ions and anions:
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anions,  are determined by electrolyte concentra�
tion с and electric potential ϕ
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with boundary conditions, the first of which reflects
the continuity of cation fluxes on the cell surface,
while the second condition takes into account the
absence of the transfer of anions through this surface
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Let us also use infinity conditions, the first of which
accounts for the uniformity of external filed with
strength E, whereas the second condition is responsi�
ble for the uniform concentration at a large distance
from the cell
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Solving the system of equations (30)–(34) with
respect to ϕ and с and deriving the asymptotics of
potential ϕ from its distribution at large distances from
the cell, according to Eq. (11), we arrive at the fre�
quency dependence of the dipole coefficient in the
region of diffusion�controlled low�frequency α dis�
persion, which has the following compact form [7, 8]:
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β, and γ dispersions of dipole coefficient in the gener�
alized Pauly–Schwan model. The third, frequency�
dependent term ensures the transition from the abso�
lute low�frequency limit to the low�frequency limit of
classical Pauly–Schwan dispersion.

DISPERSION OF DIPOLE COEFFICIENT 
AND DIELECTRIC DISPERSION 

WITHIN WIDE FREQUENCY RANGE

Now, we will derive the general formula for induced
dipole moment, which should describe its frequency
dependence in all three dispersion ranges, i.e., for dif�
fusion�controlled α dispersion, Pauly–Schwan β dis�
persion, and Maxwell–Wagner γ dispersion. The path
to this generalization is opened by the coincidence
(see formula (35)) of the high�frequency limit of
dipole coefficient derived analytically in the theory of
low�frequency dispersion and the low�frequency limit
of dipole coefficient derived in the Pauly–Schwan
theory (22).

This coincidence permits us to take advantage of
the superposition approximation proposed in [18].
The approximation consists of the replacement of the

frequency�independent term  which pre�

sents the high�frequency limit of Eq. (35) by the fre�
quency�dependent dipole coefficient (15)

(37)

The possible use of the superposition approxima�
tion is determined by the strong inequality

(38)

Under this inequality, it is unnecessary to take into
account the mutual effect of the mechanism of bulk
diffusion (inherent to low�frequency dispersion) and
the capacitive current that passes through the cyto�
plasmic membrane (inherent to the Pauly–Schwan
dispersion). It is possibledue to the fact that the fre�
quencies at which the mechanism of bulk diffusion is
significant for the polarization of particle 
turned out to be so low that the capacitive current is
negligible compared to the conduction current. On the
other hand, capacitive currents are significant at fre�
quency  which is too high for the concentra�
tion fields and relevant diffusion fluxes to have time to
form. In other words, capacitive currents and diffusion
fluxes are comparable at frequencies for which two
strong inequalities are fulfilled simultaneously, i.e.,
when  However, at these frequencies,
both capacitive currents and diffusion fluxes are insig�
nificant; displacement currents are still too low,
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whereas concentration gradients no longer have time
to be formed. This fact determines the smallness of the
mutual effect of both relaxation mechanisms and,
hence, the applicability of superposition approxima�
tion in which expression (37) was derived is also low.
For the majority of typical systems, Pauly–Schwan
relaxation time is given by formula (21). From rela�
tions (36) and (21) with allowance for the known
expression that relates the reciprocal Debye length 
with the conductivity of the intercellular solution, Ke,
its permittivity , and the diffusion coefficient of ions,
D, we obtain the following estimate of the ratio of
characteristic times of α and β ranges of dispersion:

(39)

For the most of typical systems, the value of this ratio
is on the order of 102–103. According to ratio (39), the
strong inequality (38), which makes it possible to use
superposition approximation, is closely connected
with inequality (27), which is fulfilled when the thick�
ness of Debye atmosphere is very small compared to
the cell radius. It is important that both theories (dif�
fusion�controlled low�frequency α dispersion and the
Pauly–Schwan β dispersion) are applicable for this
limiting case.

Substituting expressions (37) into Eq. (9) and
accounting for presentation (7), we arrive at the fre�
quency dependences of the contribution of cells to the
complex dielectric permittivity of their dilute suspen�
sion, The real part  corresponds to the

real permittivity 

(41)

With regard to imaginary part  after the elimi�
nation of the through conductance from this part, we

obtain expression for dielectric losses  in the cell
suspension

(42)

Figures 3–5 show the frequency dependences of
the real part of the permittivity (monotonic curves
with shelves) and dielectric losses (curves with max�
ima) in the dilute suspension of cells for broad fre�
quency bands covering all three regions of dispersion,
i.e., low�frequency α dispersion, the Pauly–Schwan β
dispersion at medium frequencies, and the Maxwell–
Wagner γ dispersion.

The values of the conductivity and permittivity of
the intercellular solution (  and ) and cytoplasm of
cells (  and ), cell radius а, thickness h, and permit�
tivity εm of cytoplasmic membrane, as well as diffusion
coefficients of ions, are presented in the table.

The reported values are close to those determined
in [15], which was devoted to the application of dielec�
tric spectroscopy to the study of blood cells, both
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malignant and normal lymphocytes. Additional values
of parameters are shown in figure captions.

Curves in Fig. 3 are plotted for three different val�

ues of the effective conductivity  of cells. Bearing
in mind the rather large size of lymphocyte cells and
the absence of the expressed cell wall and, correspond�
ingly, the low surface conductivity λ, following the
authors of [15], we ignore the influence of the latter
parameter. Then, in accordance with formula (23), the
effective conductivity is expressed via the cell radius
and the electrical resistance of the unit surface of cyto�

plasmic membrane, rm, as  Using Eq. (19)
and tabular data, we obtain that the membrane con�
ductivity Km ≈ 2.3 × 10–4 K l

pef//Ke  Ω–1 m–1 corresponds

to each of  ratios shown in Fig. 3. Thus, if the

 ratio and membrane conductivity Km vary and
remain smaller than 0.01 and 2.3 × 10–6 Ω–1 m–1,
respectively; then, as can be seen from Fig. 3, these
variations are hardly exhibited in the β and γ ranges of
dielectric spectrum. At the same time, so small values
of the conductivity of cytoplasmic membrane signifi�
cantly increase the increment of permittivity in the α
range of the spectrum.

As the membrane conductivity increases, this
increment also rapidly rises (Fig. 4). Comparing Figs. 3
and 4, we can see that, at Km > 4.5 × 10–6 Ω–1 m⎯1, the
amplitude of α dispersion exceeds that of Pauly–
Schwan β dispersion. Furthermore, the effect of the
conductivity of membrane on its parameters is still
quite low. This follows from both our calculations and
data from [15], in which the membrane conductivity

l
pef.K

m
l
pef .K a r≈

l
pef eK K

l
pef eK K

(varying from 1 × 10–5 to 5 × 10–5 Ω–1 m–1) was deter�
mined by changes in the amplitude of β dispersion
with 10% error.

Figure 5 demonstrates the broadband dielectric
spectra of the cell suspension for the capacity of cyto�
plasmic membrane set by three values of its permittiv�
ity εm. As can be seen from this figure, the spectrum of
dielectric losses is only sensitive to εm for the β disper�
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sion within the 2 × 104–2 × 106 Hz range. With regard
to the spectrum of the real part of permittivity, outside
the range of β dispersion, at lower frequencies (the α
dispersion), the  curves do not change their pat�
terns upon variations in εm, but, as a whole, exhibits a
greater shift with increasing εm. In the range of fre�
quencies higher than 2 × 106 Hz, curves are not
sensitive to changes in εm.

The broadband dielectric spectra in Fig. 6 are plot�
ted for three different values of the ratio of conductiv�
ities of cytoplasm, Ki, and intercellular solution, Kе. As
can be seen, the effect of cytoplasm conductivity is
only significant within 2 × 107–2 × 109 Hz frequency
range, i.e., in the range of Maxwell–Wagner γ disper�
sion. The absence of this effect at lower frequencies is
associated with the fact that, due to the low conductiv�
ity of cell membrane, only a small portion of current
that streamlines the cell flows into its cytoplasm. The
situation only changes at frequencies above the range
of the β dispersion when the capacitive resistance of
membrane becomes small enough to bypass its high
ohmic resistance.

CONCLUSIONS

As can be seen from a comparison of Figs. 3–6, the
dielectric spectrum in the range of diffusion�con�
trolled α dispersion is much more sensitive to the

( )' Fε

( )' Fε

effective resistance of cell membrane structures than
in the ranges of β� and γ dispersions, the first of which
is particularly sensitive to the variations in membrane
capacity, while the second, to the electric characteris�
tics of cytoplasm.

At present, the application of dielectric spectros�
copy to determining the electrical characteristics of
cell structures is primarily reduced to the measure�
ment and interpretation of the characteristics of
Pauly–Schwan β dispersion. However, as can be seen
from a comparison of Figs. 3–6, the low�frequency α
dispersion is, as a rule, much more sensitive to the
fairly low membrane conductivity. Furthermore,
changes in the parameters of the β dispersion are also
caused (and even to a greater extent) by the effect of
the membrane capacity, thus leading to a difficult
problem of the separation of contributions of these
parameters. Thus, the expansion of the interval of
dielectric measurements of cell suspensions by incor�
porating the range of α dispersion enables us to con�
siderably enhance the sensitivity of the method to the
conductivity of the membrane and improve the sepa�
rate measurement of main electrical characteristics of
cell structures. The major obstacle on this path is the
concealment of a useful signal by an electrode polar�
ization, the effect of which is the stronger the lower is
the signal frequency and the higher is the conductivity
of the intercellular solution,. The latter circumstance,
which particularly hampers the use of this method in

Values of parameters of systems used in calculations
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studying blood cells, has been recently overcome in
[15] and [16]. The authors of these works replaced the
intercellular medium with saccharose solution, which
is similar to an isotonic solution and is characterized
by lower (by order of magnitude) conductivity. In
combination with some other additives, the saccha�
rose solution ensures the conservation of the cell mor�
phology over the course of at least 1 h. The combina�
tion of this method with the results of classical Schwan
work [17] and current studies [18] on the modification
of the design of measurement cells show the promise
of the significant extension of the frequency range of
dielectric spectroscopy of cell suspensions. The quan�
titative correlation between the specific features of
broadband dielectric spectrum and the electrical char�
acteristics of cell structures established in this work
will promote the improvement of the information con�
tent of dielectric spectroscopic studies in biophysics
and medicine.

ACKNOWLEDGMENTS

We are grateful to Professor S.S. Dukhin for his
attention to this work and proposals that made it pos�
sible to significantly improve this paper.

REFERENCES

1. Maxwell, J.C., Electricity and Magnetism. Vol. 1, New
York: Dover, 1954.

2. Wagner, K.W., Arch. Electrotech., 1914, vol. 2P, p. 371.

3. Pauly, H. and Schwan, H.P., Z. Naturforsch., A: Phys.
Sci., 1959, vol. 14b, p. 125.

4. Shilov, V.N. and Dukhin, S.S., Kolloidn. Zh., 1970,
vol. 32, p. 117.

5. Shilov, V.N. and Dukhin, S.S., Kolloidn. Zh., 1970,
vol. 32, p. 293.

6. Dukhin, S.S. and Shilov, V.N., Dielectric Phenomena
and the Double Layer in Disperse Systems and Polyelec�
trolytes, New York: Wiley, 1974.

7. 2006 IUPAC, Pure Appl. Chem., 2006, vol. 77, p. 1753.
8. Shilov, V.N., Delgado, A.V., Gonzalez�Caballero, F.,

and Grosse, C., Colloids Surf., A, 2001, vol. 192, p. 253.
9. Grosse, C, in Interfacial Electrokinetics and Electro�

phoresis, Delgado, A.V., Ed., New York: Marcel Dek�
ker, 2002, p. 323.

10. Simonov, I.N. and Shilov, V.N., Kolloidn. Zh., 1977,
vol. 39, p. 878.

11. Grosse, C. and Barchini, R., J. Phys. D: Appl. Phys.,
1992, vol. 25, p. 508.

12. Fixman, M., J. Chem. Phys., 1980, vol. 72, p. 5177.
13. Simonov, I.N. and Shilov, V.N., Kolloidn. Zh., 1977,

vol. 39, p. 885.
14. Borkovskaya, Yu.B. and Shilov, V.N., Kolloidn. Zh.,

1992, vol. 54, p. 43.
15. Polevaya, Yu., Ermolina, I., Schlesinger, M., et al., Bio�

chim. Biophys. Acta, 1999, vol. 1419, p. 257.
16. Gascoyne, P.R.C., Pethig, R., Bur, J.P.H., and Becker, F.F.,

Biochim. Biophys. Acta, 1993, vol. 1149, p. 119.
17. Schwan, H.P., in Physical Techniques in Biological

Research. Vol. 6, Nastuk, W.L., Ed., New York: Aca�
demic, 1963.

18. Grosse, C. and Tirado, M., J. Non�Cryst. Solids, 2002,
vol. 305, p. 386.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


