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Abstract

Dielectric properties of E. coli cell have been re-studied by means of the three-shell spheroidal model, where the three shells correspond to the
outer membrane, the periplasmic space and the inner membrane, respectively. With the model, a curve-fitting procedure has been developed to
analyze the dielectric spectra. Although E. coli cell has been studied before, its special morphological structure was taken into account more
comprehensively than any previous model in the present work. Dielectric properties of various cell components have been estimated from the
observed dielectric spectra, especially the permittivity of the outer membrane, which was evaluated quantitatively for the first time. The values of
Eom Were 12 for ko, of 0 to 107* S/m and 34 for Koy, of 1072 S/m. The specific capacitance of the inner membrane was 0.6—0.70 p_F/cmz. The
relative permittivity and the conductivity of the cytoplasm were about 100 and 0.22 S/m, respectively, and the conductivity of the periplasmic

space was 2.2-3.2 S/m.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

With the rapid development of dielectric spectroscopy and
AC electrokinetic methods, various biological cells and
supramoleculars have been studied since the beginning of the
20th century [1-13]. E. coli cell was always an attractive
subject in this field. The cell suspensions show dielectric
relaxation due to interfacial polarization in the radio frequency
range. Analysis of the dielectric relaxation is seriously
dependent on the electric models of the cells, and therefore
various electric models have been proposed. Fricke [14—16]
firstly applied the one-shell spherical model for estimating the
membrane capacitance and the cytoplasmic conductivity.
However, his theory was insufficient both to estimate the
electric parameters of the other cellular components and to
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predict the frequency-dependence of the conductivity and
permittivity of the cell suspensions. Carstensen et al. [17]
proposed a two-shell spherical model that included an outer
conducting shell corresponding to the cell wall, in order to
explain the abnormally high conductivity of bacterial suspen-
sions, which was observed with dilute electrolyte solutions at
low frequencies.

Asami et al. [18] developed a theory based on a two-shell
spheroidal model for E. coli cells, in which the two shells
corresponded to the plasma membrane and the relatively thicker
cell wall. However, there was still some discrepancy between
the observed and the theoretical dielectric spectra. They
interpreted the discrepancy in terms of dielectric relaxation in
the cytoplasm.

Recently, Holzel [19] studied dielectric properties of E. coli
cells by means of electrorotation, and estimated the electric
parameters of the cellular components using a three-shell
spherical model that had the periplasmic space between the
outer and the inner membranes. For Gram-negative bacteria, the
three-shell spherical model is more realistic than previous ones
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in view of their morphological structure [20,21], but it is not
suitable for E. coli cells of rod-shape.

In this study, we analyzed the dielectric spectra exhibited by
E. coli cell suspensions by means of a three-shell spheroidal
model and estimated the electric properties of more cell
components, such as the permittivity of the outer membrane
and the conductivity of the periplasmic space. Further, we
attempt to account for the discrepancy between the observed
and the theoretical spectra with the two-shell spheroidal model
pointed out by Asami et al. [18].

2. Electric model of E. coli cell

E. coli cells are of rod-shape, and their envelope consists of
the outer and inner membranes separated by the periplasmic
space of about 10 nm in thickness. The fundamental structure of
the inner membrane is a lipid bilayer like other cellular
membranes. The outer membrane, unlike the inner membrane,
is principally made of an outer leaflet of lipopolysaccharides
and an inner leaflet of phospholipids. The periplasmic space
includes peptidoglycan that is the main component of the
bacterial cell wall [20,21]. Since the three layers have different
electric properties, a spheroidal model with three shells may be
suited for E. coli cells (Fig. 1). This model is an extension of the
spheroidal model with two confocal shells described in a
previous paper [18]. The symbols used in the model are listed in
Appendix.

According to the Maxwell-Wagner interfacial polarization
theory, when the shell-covered ellipsoids are randomly
dispersed in a continuous medium of complex relative
permittivity eX at volume fraction P (P<0.1), the complex
relative permittivity ¢* of the suspension is given by
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The detailed derivation of Eq. (1) should be referred to the
literature [11,18,22]. The equivalent complex relative permit-

Fig. 1. The three-shell spheroidal model for E. coli cell. The surfaces of the three
shells are represented by a family of confocal ellipsoids. For the symbols in the
figure, see List of Symbols.

tivity &} of the shell-covered ellipsoid along k-axis (k=x,),z) is
represented as
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The depolarization factors o, o, o. along the x-, y- and z-
axes for prolate spheroids (R.>R,=R,) are given by
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where ¢ is the axial ratio defined as g=R./R,. The volume ratios
vy, v and v3 were approximately written as:
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Since the derivation of these equations is similar to that
described in previous papers, for details of the derivation, Refs.
[11,18,22] should be referred to.

Although, in the three-shell model represented by a family of
confocal ellipsoids, the thickness of each shell is non-uniform,
we assumed uniform shell thicknesses dom, d,,p, and di, because
doms dpp, dim < R, R,. We assumed a prolate spheroid for rod-
shaped E. coli cells, which may not cause serious errors in
estimation of the electric parameter of the cellular components
from the observed dielectric spectra. Sekine et al. [23]
numerically calculated the dielectric spectra for the rod-shaped
model and compared with those for the prolate-spheroidal
model. They concluded that there was no considerable
difference between them.
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3. Materials and methods
3.1. Preparation of E. coli cell suspensions

E. coli cells (K 12) were grown in shaken cultures in Luria—
Bertani(LB) culture medium at 37 °C and were harvested in the
stationary growth phase. The culture medium containing 10 g
tryptone, 5 g yeast extract and 10 g NaCl per liter was adjusted
to pH 7.0. The culture medium was sterilized before
inoculation, and all operations before dielectric measurement
were carried out in the sterile environment. The harvested cells
were washed twice with a 30 mM NaCl solution. The cell
suspension was then allowed to stand for 1 h so as to equilibrate
the cells in the suspending medium (i.e. 30 mM NacCl solution).
Before dielectric measurement the cells were again washed with
the same suspending medium. The dimensions of cells were
determined with about 150 cells by measuring them under a
phase contrast microscope.

3.2. Dielectric measurements

Dielectric measurements were carried out for cell suspen-
sions over a frequency range of 1 kHz to 110 MHz with a
4294A Precision Impedance Analyzer with a 16047E Spring
Clip fixture (Agilent Technologies). The measuring cell used
was a parallel plate capacitor consisting of two platinized
platinum plates and a lucite spacer, cell constant and sample
space being 0.02 pF and 200 pl, respectively. The details of the
measuring cell were described in a previous paper [24]. After
the measurement of cell suspensions, the suspending medium
was immediately separated by centrifugation to measure its
relative permittivity and conductivity. All measurements were
performed at 21+1 °C.

The raw data measured by the impedance analyzer were
corrected for residual inductance and stray capacitance arising
from the measuring cell and its fixture by the method described in
a previous paper [25]. At lower frequencies, a marked electrode
polarization effect dominates, owing to the counterion accumu-
lation at the electrode-aqueous phase interface. And in the present
paper the correction procedure proposed by Raicu et al. was
employed to eliminate the artefact, which can eliminate the real
and imaginary part of electrode polarization simultaneously [26].

3.3. The curve-fitting procedure based on the three-shell
spheroidal model

To estimate the dielectric phase parameters of E. coli cells
from the experimental dielectric spectra, a curve-fitting
procedure was established on the basis of examination of the
responses of dielectric spectra to changes in each parameters. In
Fig. 2 are shown eight sets of theoretical curves obtained by
changing one of the phase parameters P, €om, €cp> &ims Kpps
KepsKim and Kom. The responses of dielectric spectra are
summarized as follows:

(1) The limiting conductivity at low frequency «; decreases as
the volume fraction P increases, and increases with xgy,.

(2) The limiting relative permittivity at low frequency ¢, is
sensitive to P, €., and Kqp,.

(3) The limiting relative permittivity at high frequency e,
increases with &,

(4) The relative permittivity in the middle of the dielectric
relaxation &, decreases with &;,.

(5) The shape of dielectric relaxation between 0.5 and 5 MHz
is dependent on Ky,

(6) The shape of dielectric relaxation between 5 and
100 MHz is mainly related to .

On the basis of the effects of the individual phase parameters
on dielectric relaxation as summarized above, a curve-fitting
procedure can be obtained for determination of the phase
parameters as follows:

Step 1. Put temporarily phase parameters as Ky, =Kep=Ka> 8im™=
&om=0, &cp=8,=60, £,,=60. The conductivity of the
inner membrane k;,, is assumed to be 0 S/m, which is
reasonable for ordinary plasma membranes. Since the
structural and ion permeability properties of the outer
membrane are different from those of the inner
membrane, we fixed its conductivity value (k) between
0 and 107% S/m (corresponds to a specific membrane
resistance of about 0.1 Q cm?).

Step 2. Search P so as to fit the calculated k; to the observed x;.

Step 3. Search ¢,,,, so as to fit the calculated ¢, to the observed
&1.

Step 4. Search ¢, so as to fit the calculated &, to the observed
Ehe.

Step 5. Search ¢;,, so as to fit the calculated ¢, to the observed
Em-

Step 6. Search x,, so as to fit the theoretical values to the
observed ones between 0.5 MHz and 5 MHz.

Step 7. Search k., so as to fit the theoretical values to the
observed ones between 5 and 100 MHz.

In general, following the above fitting order, the steps
(especially from Steps 3—7) were carried out repeatedly until the
theoretical curve could agree well with the experimental data.
This similar method has been adopted by many researchers
[18,22,27,28]. To obtain the best-fit parameters, the residuals
between theoretical curves and experiment data were minimized
by means of a computer.

1/2
Dev(e, k)= <Z(sti—gei)2/z & +Z(Kﬂ_Kei)2/Z ;c;)

where ¢ and k are permittivity and conductivity of the cell
suspensions, and subscripts ti and ei stand for theoretical and
experimental values at ith frequency, respectively.

4. Results

Fig. 3 shows a typical dielectric spectrum obtained in
measurements on E. coli cells suspensions, which is due to the
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interfacial polarization. The steep rise of permittivity at low
frequencies was due to the electrode polarization, and was
corrected as description in Section 3.2. A simple application of
the two-shell ellipsoid model seemed not to account for the
dielectric behavior as pointed out by Asami et al. [18]. The
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Fig. 2. The effects of the dielectric phase parameters P, €om, Ecps Eims Kpps KepsKim and Ko on dielectric relaxation, assessed with the three-shell spheroidal model. The
reference values: &,=81, k,=0.35 S/m, €,,=10, Kem=0, €,,=60, K,,=3 S/m, &n=06, Kin=0, &,=100, Kk,=0.22 S/m, R.=2 pm, R,=R,=0.5 um,
dom=di;n=0.007 pm, d,,=0.01 pm, P=0.1.

discrepancy between the theoretical and experimental curves,
however, has been satisfactorily overcome using the three-shell
spheroidal model in this paper. As clearly seen in Fig. 3, the
agreement between the theoretical and experimental curves is
satisfactory over the entire dielectric spectra except the
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Fig. 3. Dielectric dispersion curves for E. coli cell suspension. The circles are the
observed data. The solid lines are the theoretical curves calculated with the
three-shell spheroidal model; here only curves for x,,=0 are shown. The
broken lines are the theoretical curves calculated with the two-shell spheroidal
model.

conductivity at high frequencies above 20 MHz, where it was
possibly because the conductivity data above 20 MHz may
include instrumental or uncorrected errors and the contributions
of molecular relaxation in the cells. The curve-fittings have been
performed by fixing the conductivity of the outer membrane
between 0 and 10> S/m considering its high permeability to
ions. Table 1 summarizes the best-fit phase parameters obtained
for eight different experiments. The estimated phase parameters
were almost independent of k,,, of up to 10~ % S/m, and for K
of 107% S/m the values of P and &,,, considerably changed
whereas the other phase parameters were almost unchanged. In
addition, we examined the changes of the phase parameters by
changing periplasm thickness from 10 to 15 nm when
Kom=10"> S/m and other morphological parameters being
held constant. The results showed that the conductivity of the
periplasmic space reduced from 3.3+£0.2 to 2.2+0.2 S/m, while
other derived phase parameters were almost unchanged.

5. Discussion

The present study demonstrated that the three-shell spheroi-
dal model provided better simulations for dielectric spectra of £.
coli cell suspensions. The agreement between the theoretical
and observed curves was satisfactory, which has never been
obtained by the two-shell spheroidal model. Thus, the
estimation of the electric parameters of cell components

would be more reliable with the three-shell spheroidal model
than the other previous models.

With the three-shell spheroidal model, there are many
variables so that conventional curve fitting algorithms are not
simply applicable to the observed dielectric spectra. Hence, to
establish the curve fitting procedure, we examined the effects of
the electrical phase parameters on the dielectric spectra. Some
of the parameters were found to be of less influence on the
dielectric spectra and therefore were appropriately fixed to
reduce the number of variables. We carefully chose the fixed
morphological and electrical parameters by reference to
previous studies [29,30]. Such curve fitting procedure has
been successfully used with various models [10,11, and
references therein].

For E. coli cell, the outer membrane is considered to have
much higher conductivity than the ordinary plasma membranes,
because it contains a number of channels called porins through
which small ions and molecules such as glucose can considerably
permeate [31-33]. Unfortunately, no quantitative value of its
conductivity has been reported so far. Therefore, in order to reduce
the number of unknown parameters, we had to fix the value of ko,
between 0 and 107> S/m (corresponds to a specific membrane
resistance of about 0.1 Q cm?) to determine other phase
parameters. As a result of the curve fitting, all phase parameters
estimated were almost independent of ko, <10 S/m except
eom- Accuracies of these parameters were limited within 10%.

The relative permittivity of the outer membrane was
determined to be 10 to 12 for kon<10"% S/m and 34 for
Kom=10"> S/m, which values respectively correspond to
specific membrane capacitances of 1.3—1.5 and 4.3 pF/cm?.
These values are higher than those reported for the plasma
membranes [1,7,12,27,34,35]. This may be related to the
composition and structure of the outer membrane. The outer
membrane is different from ordinary lipid bilayers found for the
plasma membranes; it is made of an outer leaflet consisting of
lipopolysaccharide and an inner leaflet consisting of phospho-
lipids. In addition, the outer membrane is much more permeable
to sugar and ions than the inner membrane, and is not regarded as
a barrier for ions but as a filter to exclude large molecules. The
outer membrane would be more hydrophilic and have higher
polarity than the ordinary plasma membranes. It is, therefore,
reasonable that the outer membrane has a high permittivity.

The specific capacitance of the inner membrane was found to
be 0.70 uF cm™ 2, which is smaller than 1.5 uF cm™  reported
by Holzel [19] and 1.9 uF cm ? by Asami et al. [18], being

Table 1

The comparison of the phase parameters estimated with the three-shell ellipsoidal model at various conductivities of the outer membrane

Kom (S/m™") P €om &im Eep Kep (SM 1) Kpp (S/m™ 1)
0 0.083+£0.014 10.0+0.7 5.5+0.3 108+5 0.22+0.03 3.2+0.2
10°°¢ 0.083+0.014 10.0+0.7 5.5+0.3 108+5 0.22+0.03 3.2+0.2
10°° 0.083+£0.014 10.2+0.7 5.5+0.3 108+5 0.22+0.03 3.2+0.2
1074 0.085+0.014 12.1+0.8 5.5+03 108+5 0.22+0.03 3.2+0.2
1073 0.101+0.016 3442 4.9+0.2 108+5 0.22+0.02 3.3+0.2

K,=0.36+0.01 S/m. The morphological parameters: R.=2 pm, R,=R,=0.5 um, doy=din=0.007 pm and d,,=0.01 pm. The assumed electric phase parameters:
£,=80, £,,=060, Kjn=0 S/m. The values of dym, din, and dj,, referred to those in literatures [20,21]. These values are means+standard deviations of 8 sets of

experimental data.
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consistent with those of plasma membranes and lipid bilayers
[1,27,34,36].

The relative permittivity of the cytoplasm was about 100,
which is slightly higher than that of water. This is possibly
because of low accuracy in determination of ey, as discussed in
the papers [29,30]. On the other hand, the higher value may be
interpreted as below: the cytoplasm is not a pure electrolyte
solution, but is a sol-like system in which some components
(such as proteins, granules and DNAs) are dispersed in the
electrolyte solution; and such system was a bit similar to the
microemulsion, which has relatively higher apparent permittiv-
ity as a whole in general [37].

The conductivity of the cytoplasm was 0.22+0.02 S/m. The
value was similar to those reported previously, i.e., 0.44+
0.1 S/m obtained by electrorotation with the three-shell
spherical model [19], and 0.17 and 0.36 S/m by dielectric
spectroscopy with the two-shell spheroidal and the two-shell
spherical models, respectively [18,38].

The conductivity of the periplasmic space was estimated to
be 2.2-3.2 S/m, being ten times higher than the conductivity of
the outer medium. This value was not so different from 4 to
11.8 S/m obtained for k, of 0.006—-0.09 S/m by electrorotation
[19]. The reason for higher conductivity than x, may because
the periplasmic space is filled with peptidoglycan, which acts
like ion-exchange resin and absorbs ions in the surrounding
medium [38].

6. Conclusion

We have analyzed dielectric spectra of E. coli cell
suspensions and have derived dielectric properties of various
cell components by means of the three-shell spheroidal model,
which took its peculiar morphological structure into account
more comprehensively than any previous model. Here it is
necessary to note that because complex morphologies led to a
great number of variable parameters embodied in the electric
model, which decreased the data accuracy to a certain extent.
However, as an extension of the two-shell spheroidal model, the
three-shell spheroidal model can provide much information for
more cell components, such as the permittivity of the outer
membrane and the conductivity of the periplasmic space.
Probably, the accurate determination of dielectric properties
might be restricted by other factors, and this would be improved
in the future work.
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Appendix A. List of symbols in three-shell spheroidal
model

Morphological parameters

R\, R,, R. The semi-axes of the outermost ellipsoid along x-, y-,
z-axes, R.>R.=R,

dom The thickness of the outer membrane

dpp The thickness of the periplasmic space
dim The thickness of the inner membrane

Electric phase parameters

e* Complex relative permittivity defined as e*=¢&—jk/
e

€ Relative permittivity

K Conductivity

w Angular frequency defined as w=2mf, where f is
frequency of ac field

€ The permittivity of vacuum

E&m The complex relative permittivity of the outer
membrane, &§,=&om—jKom/ ®&o

ehp The complex relative permittivity of the periplasm,
€8p = &pp ~JKpp/ W&o

e¥n The complex relative permittivity of the inner
membrane, &%, =&;n—jKim/ &

e The complex relative permittivity of the cytoplasm,
&8, = 8p—JKep/ &g

ex The complex relative permittivity of the external

medium, ¥ =¢,—jK,/ we,
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