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Abstract. In this study, electrorotation spectra of indi-
vidual cells (that is, frequency dependence of cell rota-
tion speed) have been proved to yield information not
only about the passive electric properties of cell constitu-
ents, but also about the presence of mobile charges
within the plasma membrane being part of ion carrier
transport systems. Experiments on human erythrocytes
pretreated with the lipophilic anion dipicrylamine (DPA)
gave convincing evidence that these artificial mobile
charges adsorbed to the plasma membrane contributed
significantly to the rotational spectrum at relatively low
conductivity of the external medium (2–5 mS m−1).
Theoretical integration of the mobile charge concept into
the single-shell model (viewing the cell as a homogenous
sphere surrounded by a membrane) led to a set of equa-
tions which predicted electrorotational behavior of DPA-
treated cells in dependence on medium conductivi-
ty. The quantitative data on the partition and the trans-
membrane translocation rate of the DPA anion extracted
from the experimental rotational spectra agreed well with
the corresponding literature values.
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Introduction

Electrorotation of single cells (and organelles) in a ro-
tating field has yielded useful data on membrane prop-
erties and other parameters (Arnold & Zimmermann,
1982; Jones, 1995; Fuhr, Zimmermann & Shirley, 1996).
Electrorotation has also proved useful in gathering sta-
tistically significant data on cell populations (Arnold &

Zimmermann, 1988; Sukhorukov et al., 1994, 1995; Fuhr
et al., 1996). The implementation of this technique is
simple. The particle rotation speed is measured as a
function of the frequency, usually with the electric field
strength fixed. The main features of electrorotation for
biological cells are fairly well understood. At low fre-
quencies (kHz range), a cell has a very large apparent
permittivity arising mainly from membrane charging.
Theory suggests strong antifield rotation, and this is, in
fact, found experimentally. Treatment of cells with
membrane-destructive agents will abolish or even re-
verse this rotation (Arnold et al., 1988), indicating that
plasma-membrane charging is the dominant mechanism
of polarization in the kHz-range. At high frequencies
(MHz range), the reactance of the membranes becomes
negligible and the cell conductivity essentially becomes
equal to the cytoplasmic conductivity (Fuhr et al., 1996).
Cofield rotation occurs provided the cytosolic conduc-
tivity exceeds that of the external medium. This demon-
strates that a living cell cannot be modeled by assuming
a homogeneous sphere, because only one electrorotation
peak is expected (Jones, 1995). Therefore, the rotational
behavior of a living cell is usually explained by modeling
a cell as a homogeneous, nondispersive spherical particle
surrounded by a very thin shell corresponding to the
membrane. However, in many cases, it can be shown
that rotational spectra (that is, rotation speedvs fre-
quency at fixed voltage) cannot be fitted accurately on
the basis of this single-shell model. One reason for this
could be that a cell contains liquid, viscous and solid
components, and membrane-bound compartments that
can contribute to the rotational spectra. In principle,
such complex rotational spectra can be described by the
introduction of more shells. A general problem with
these multiple-shell models is that the number of un-
knowns is too large to allow unambiguous values to be
assigned to any of them.

Another reason for the occurrence of dielectricCorrespondence to:U. Zimmermann
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‘‘anomalies’’ in rotational spectra has not yet been con-
sidered quantitatively in current theories: the electrical
properties of the membrane itself may be frequency de-
pendent. Such a dependence is—among other things
(Arnold & Zimmermann, 1988)—expected if the mem-
branes contain high concentrations of mobile charges
being involved in ion carrier systems (Zimmermann,
Büchner & Benz, 1982; Wang et al., 1991; Wang, Zim-
mermann & Benz, 1994). Mobile charges can lead to
dielectric dispersion of the plasma membrane capaci-
tance (and conductance) in the kHz range (La¨uger et al.,
1981). In agreement with this assumption, charge-pulse
experiments on planar lipid bilayer membranes (Benz &
Läuger, 1977; Benz & Zimmermann, 1983; Dilger &
Benz, 1985) and on nerve membranes (Benz & Conti,
1981; Benz & Nonner, 1981; Benz, Conti & Fioravanti,
1984) have shown that the incorporation of artificial mo-
bile anions, such as dipicrylamine (DPA), into the mem-
branes led (in addition to the membrane resistance/
capacitance-relaxation) to the occurrence of a second ex-
ponential relaxation curve during the discharging
process. Accordingly, the apparent specific capacitance
of the membranes in the presence of these lipophilic
anions was 5–10 times higher than the geometrical spe-
cific capacitance.

In this study, we have performed electrorotation ex-
periments on human erythrocytes both in the presence
and absence of DPA. For untreated cells, the best agree-
ment with theory and experiment (despite the biconcave
shape and an electrogenic Na+-K+-ATPase) could be ob-
tained by using the single-shell spherical model (as in the
case of impedance measurements) (seeliterature quoted
in Fuhr et al., 1996). In contrast, the rotational spectrum
of DPA-treated cells could be fitted quite accurately only
if the frequency-dependent capacitive and conductive
contribution of the lipophilic anions in the kHz-range
were integrated into the equations of the single-shell
model. The translocation rate and the area-specific con-
centration of the DPA molecules within the membrane
extracted from the rotation experiments agreed well with
the corresponding data derived from the charge pulse
experiments mentioned above.

Materials and Methods

CELLS

Human heparinized blood samples were withdrawn from apparently
healthy donors and used on the day of collection for rotation measure-
ments. After centrifugation (600 ×g, 5 min) the buffy coat and the
plasma were removed. Then the erythrocytes were washed twice in
isotonic phosphate buffer saline (PBS), containing 137 mM NaCl, 2.6
mM Na2HPO4, 1.5 mM KH2PO4, pH 7.3.

ELECTROROTATIONEXPERIMENTALS

Before electrorotation, the cells were washed 2–3 times with 280-
mOsm inositol solutions (Sigma, I-5125). After resuspension of the

cell pellet in inositol solution (at a final suspension density of 105 cells
ml−1) the conductivity was adjusted (1–20 mS m−1) by addition of
appropriate amounts of a 0.2M HEPES-KOH solution (pH 7.3). Con-
ductivity and osmolality of the solutions were measured by means of a
digital conductometer (Knick GmbH, Berlin) and a cryoscopic osmom-
eter (Osmomat 030, Gonotec GmbH, Berlin), respectively. The vis-
cosity of the solutions was determined to be 1.05 mPa sec according to
the method described elsewhere (Sukhorukov, Arnold & Zimmermann,
1993). DPA (2,28,4,48,6,68-hexanitrodiphenylamine, Fluka, Basel,
Switzerland) was added to the solution at a final concentration of 1–10
mM from an ethanol stock solution. The concentration of DPA was
determined spectrophotometrically (Perkin-Elmer Lambda 2 UV/VIS,
Beaconsfield, Buckinghamshire, UK) using a molar extinction coeffi-
cient of e412 4 2.6 × 104 M−1 cm−1 (Wulf, Benz & Pohl, 1977).

About 10ml of the suspension (containing on average 103 cells)
were pipetted into the macroscopic four-electrode chamber which had
been described in detail by (Arnold & Zimmermann, 1989). The spac-
ing of the planar electrodes (mounted at right angles to each other) was
about 1.4 mm. Two opposite electrodes were connected to a conduc-
tometer to allow solution conductivity to be monitored. The electrodes
were driven by four 90° phase-shifted square wave voltages (1:1
mark:space) of 13.7 V amplitude1 using a pulse generator developed by
G. Fuhr (Humboldt-University, Berlin, Germany).

In one set of experiments, the characteristic frequency (fc1) of the
antifield rotation peak in dependence on medium conductivity was
determined by using the ‘‘null-frequency’’ (i.e., the contrarotating
field) technique described in detail by Arnold & Zimmermann (1983).

The electrorotation chamber was covered with a microslide and
viewed with a Leica Fluolux inverted microscope and a 100 × oil-
immersion objective. The microscope was equipped with a LCD video
camera connected to a videotape recorder. Rotation spectra were moni-
tored over the frequency range 500 Hz to 15 MHz. Rotation data of
cells were only used for evaluation which were positioned close to the
center of the chamber (far away from other cells and from the elec-
trodes). The rotation spectra were fitted on the basis of the single-shell
or mobile charge model (see below) using theMathematicat software
developed by Wolfram (1991).

Theoretical Considerations

SINGLE-SHELL MODEL

Many field-induced effects have frequency dependencies
which are determined by the effective polarizability of
the particle. In a liquid medium, this is dependent on the
properties of the medium as well as the particle: the
appropriate expression is usually referred to as the
Clausius-Mosotti factor (U). This is extended from the
usual purely dielectric expression to give a complex fac-
tor U* which we may define in terms of the admittance
(s* 4 s + jveoe) as:

U* ≡ (sp* − se*)/(sp* + 2se*) (1)

1 Because the local field strength (and the frictional force experienced
by an individual cell) is poorly characterized, the data were corrected
by the so-called scaling factor as described by Gascoyne, Becker &
Wang (1995).
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wheres is the conductivity (real),e is the relative per-
mittivity (real), eo is the permittivity of vacuum,v is the
angular frequency andj ≡ √−1; the subscript ‘‘e’’ refers
to the medium and subscript ‘‘p’’ refers to the particle,
viewed as a homogeneous sphere. The real part ofU*
determines the dielectrophoretic force on a particle,
while in the case of electrorotation it is the imaginary
part (U9) that we must consider. IfU9 is known, the
torqueL experienced by the particle can be calculated
from:

L 4 −4peoeea
3E2U9 (2)

wherea is the radius of the particle andE is the field
strength of the rotating field. Substitution of the viscous
resistance experienced by a rotating sphere shows that
the steady-state rotation speed (V) is given by:

V 4 −eoeeE
2U9/2h (3)

whereh is the viscosity of the medium.
In the single-shell model, a cell is approximated by

a homogeneous, conductive sphere of radius (a) sur-
rounded by a shell of thickness (d), corresponding to the
membrane (subscript ‘‘m’’). For such a single-shell par-
ticle, sp* is given by Eq. 4 (Pauly & Schwan, 1959):

sp* 4 sm*
sm* + ~1⁄3!~si* − sm* !~1 + 2n3!

sm* + ~1⁄3!~si* − sm* !~1 − n3!
(4)

wheren 4 a/(a + d), andsi* is the admittance of the
cytosol. For the case ofd << a,Eq. 4 simplifies to Eq. 5

sp* 4 Gm*
a ·si*

a ·Gm* + si*
(5)

whereGm* is the membrane admittance (complex con-
ductivity per unit area) given by:

Gm* 4 Gm + jvCm (6)

whereCm= em z eo/d andGm= sm/d are the area specific
membrane capacitance (F m−2) and conductance (S m−2),
respectively. Combination of Eqs. 5 and 6 with Eq. 1
and substitution of U9 in Eq. 3 yield the equation for the
rotation speed (V) of a cell.

The theoretical plots ofV in dependence on fre-
quency are depicted in Fig. 1. The curves were calcu-
lated for different external conductivities (se) using ap-
propriate data for the cell and membrane parameters.
It is evident from Fig. 1, that the characteristic frequency
of the antifield rotation peak (fc1) is shifted towards
higher frequencies with increasing conductivity of the
solution. The single-shell theory shows for low-
conductivity solutions, that the conductivity-dependence

of fc1 (normalized to the radius,a) is given by (Arnold &
Zimmermann, 1988; Fuhr et al., 1996):

fc1 a = se/(pCm) + aGm/(2pCm) (7)

The characteristic frequency,fc1, can be measured highly
accurately by using the ‘‘null-frequency’’ method (see
above), provided that the rotational spectrum can be fit-
ted on the basis of the single-shell model.

MOBILE CHARGE MODEL

The presence of mobile charges within the membrane
has not been considered in the single-shell model yet.
Ketterer, Neumcke & La¨uger (1971) showed that the
transport of a lipophilic ion (such as DPA) through bi-
layer membranes occurs in three elementary steps: (1)
the adsorption of the ion to the membrane-solution in-
terface; (2) the translocation of the ion across an energy
barrier to the opposite membrane interface; and (3) de-
sorption from the interface into the aqueous solution (for
review seeLäuger et al., 1981).

The analytical expressions for the admittance (or the
impedance) and for the dielectric loss factor of a mem-
brane doped with lipophilic ions were derived by Ket-
terer et al. (1971). The mathematical analysis of these
authors (seeEqs. 53 and 54 in Ketterer et al., 1971) have
demonstrated that the membrane admittance is deter-
mined by the area-specific concentration of the mobile
charges and their translocation rate constants. The gen-
eral equations derived by Ketterer et al. (1971) can be
simplified if we take into account that for most lipophilic

Fig. 1. Rotational spectra of cells calculated theoretically on the basis
of the single-shell model (by using Eqs. 1, 3, 5 and 6) for various
medium conductivities,se (curves 1–4: 1, 2, 4 and 8 mS m−1, respec-
tively). For calculation of the spectra the following parameters were
used: radius 4mm, area-specific (passive) membrane capacitance (Cm)
5 mF m−2, area-specific (passive) membrane conductance (Gm) 100 S
m−2, internal conductivity (si) 0.3 S m−1, relative dielectric constant of
the cytoplasm (ei) 50 and of the aqueous medium (ee) 80; the field
strength,E 4 9.8 kV m−1, the viscosity of the 280 mOsm inositol,h

4 1.05 mPa s.
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ions the adsorption/desorption processes and/or aqueous
diffusion are slow compared to their translocation rate
within the membrane (Benz, La¨uger & Janko, 1976).
Taking advantage of this, the following equations can be
derived:

Cmc = (F2N/2RT)(1/(1 + v2t2)) (8)

and

Gmc = (F2N/2RT)(v2t/(1 + v2t2)) (9)

where Cmc is the capacitance (corresponding to the
imaginary part of the admittance) andGmc is the con-
ductance (corresponding to the real part of the admit-
tance) of the mobile charges;F is the Faraday constant,
N is the area specific concentration of the mobile charges
within the membrane,R is the gas constant andT is the
temperature;t is the time constant of the electric disper-
sion arising from the mobile charges. The time constant
is given byt 4 1/2ki , provided that symmetric ion con-
ditions on both sides of the membrane are assumed.

Using Eqs. 8 and 9 the frequency-dependence of the
total capacitance,Cmt(4 Cm + Cmc) and conductance,
Gmt(4 Gm+ Gmc) can be calculated (Fig. 2) by assuming
Cm4 5 mFm−2,Gm4 100 S m−2,N4 5 nmol m−2, and
ki 4 3 × 104 sec−1 (Fig. 2, curves 1) and 3 × 105 sec−1

(Fig. 2, curves 2). It is evident from Fig. 2 that a dis-
persion occurs in the kHz-range when the frequency is
close to the reciprocal of the time constantt. At fixed
concentration of the mobile charges, the dispersion is
shifted with increasing translocation rate towards higher
frequencies. For frequenciesv ! 1/t, the capacitance
value is dominated byCmc = F2N/2RT,whereas at high
field frequenciesv @ 1/t, Cmc 4 0. In contrast,Gmc

dominates the total area-specific conductance at frequen-
cies above the dispersion, whereas at low frequencies its
contribution is negligible.

Taking into account the total capacitance and con-
ductance, Eq. 6 can be rewritten as:

Gmt* 4 (Gm + Gmc) + jv(Cm + Cmc) (10)

After replacement ofGm* in Eq. 5 by Gmt*, the
theoretical rotational spectra for cells containing mem-
branes with integrated mobile charges can be calculated
in dependence on the external conductivity,se by using
Eqs. 1, 3, 5 and 10, and the above values forCm, Gm, N
andki (Fig. 3).

It is evident from Fig. 3 that due to the mobile
charges an additional antifield rotation ‘‘shoulder’’ oc-
curs which succeeds in low-conductivity solution (curve
1, se 4 1 mS m−1) or precedes (curves 3 and 4,se 4 4
mS m−1 and 8 mS m−1, respectively) the major ‘‘antifield
rotation peak’’ in conductive solutions. At the interme-
diate conductivity (curve 2,se 4 2 mS m−1), two peaks
of approximately equal magnitude are seen. At rela-
tively high conductivities (curve 4,se 4 8 mS m−1), the
contribution of the mobile charges to the rotational spec-
trum becomes too small to be resolved: the spectrum
resembled that of the single-shell model in the absence of
mobile charges (curve 4 in Fig. 1). As expected, the
cofield rotation peak (generated by polarization of the
cytosol) is not affected by the presence of the mobile
charges within the membrane.

RESULTS

Figure 4 shows typical electrorotation spectra for un-
modified erythrocytes recorded at various external con-
ductivities. In agreement with the literature (Engel, Do-

Fig. 2. Frequency-dependence of the total membrane capacitance,Cmt
(solid lines) and conductance,Gmt (broken lines), predicted theoreti-
cally on the basis of the mobile charge model (Eqs. 8 and 9). The
dispersion curves were calculated by assuming for the (geometric)
dielectric properties of the membraneCm 4 5 mF m−2 andGm 4 100
S m−2, and for the area-specific concentration (N) and the translocation
rate (ki) of the mobile DPA charges 5 nmol m−2, 3 × 104 sec−1 (curves
1) and 3 × 105 sec−1 (curves 2), respectively. For further explanation,
see text.

Fig. 3. Rotational spectra of DPA-treated human erythrocytes calcu-
lated theoretically on the basis of the mobile charge model (by using
Eqs. 3, 5 and 10, and assumingN 4 5 nmol m−2 andki 4 3 × 104

sec−1) for various external conductivitiesse (corresponding to those in
Fig. 1). The other parameters were selected as described in Fig. 1.
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nath & Gimsa, 1988; Gimsa et al., 1994; Becker et al.,
1995), the rotational spectra could be fitted quite accu-
rately on the basis of a single-shell sphere (Eqs. 1, 3, 5,
and 6) by selecting appropriate values for various param-
eters listed in Table 1. The cofield peak could not always
be resolved completely due to limitation of the frequency
range of the generator. As predicted by the theory (Eq.
7) the characteristic antifield rotation peak (fc1) is shifted
towards higher frequencies in response to an increase in
the external conductivity,se.

From the spectra the geometric, area-specific ca-
pacitance (Cm) was estimated to be on average 6.1 mF
m−2. The value was apparently independent of the ex-
ternal conductivity (Table 1). A higherCm value was
obtained by measuring the radius-normalizedfc1 fre-
quency in dependence on the external conductivity (Eq.
7), using the ‘‘null-frequency’’ method (Fig. 5). From
the slope and the ordinate intercept of the highly linear
plot (Fig. 5, open symbols),Cm andGm were calculated
(using Eq. 7) to be 8 mF m−2 and 260 S m−2, respec-
tively.2

The average value of the internal conductivity (si)
deduced from the fitting procedure was smaller (see
Table 1) than the values reported in the literature (Becker
et al., 1995). This is expected, because it is well known
that ion leakage from erythrocytes is enhanced when

these cells are exposed to extremely low-salinity solu-
tions (Donlon & Rothstein, 1969).

Typical rotational spectra of erythrocytes after treat-
ment with 5 and 10mM DPA are depicted in Fig.
6. Comparison of the rotational spectra with those of the
control cells (Fig. 4) shows that the antifield rotation
speed of the DPA-treated cells is reduced over the whole
frequency range. Simultaneously, the cofield rotation
peak is shifted to lower frequencies. The latter effect is
expected if DPA is somewhat toxic to the membrane
resulting in an (unspecific) increase of the permeability
and the apparent conductance of the membrane (see be-
low).

These indirect effects of DPA on the membrane
properties must be clearly distinguished from the effects
arising from the mobile charges. As illustrated in Fig. 6,
treatment of the cells with DPA resulted in dramatic,

2 Determination ofCm and particularly ofGm is usually subjected to
statistical (and experimental) uncertainties. There are several difficul-
ties associated with the measurement of these parameters that are not
unique to rotation; the causes and effects are the same for all techniques
that use external fields to induce membrane potentials (for details, see
Fuhr et al., 1996). However, it should be noted that theGm values
obtained here were in the range found by other authors for the eryth-
rocyte plasma membrane (0 to 1000 S m−2, Gimsa et al., 1994; 750–
1200 S m−2, Engel et al., 1988).

Fig. 4. Rotational spectra of untreated human erythrocytes determined
experimentally at medium conductivities of 1 (curve 1), 5.5 (curve 2)
and 16.2 (curve 3) mS m−1. The curves were fitted on the basis of the
single-shell model by using values for the various parameters given in
Table 1.

Table 1. Cellular and membrane parameters of untreated human eryth-
rocytes extracted from the electrorotation spectra using the single-shell
model

Cell/
Donor

a
mm

se

mS m−1
Cm
mF m−2

Gm

S m−2
si

S m−1

K01/VS 3.4 1.2 5.5 50 0.13
K03/VS 3.9 4.2 7.2 400 0.07
K04/VS 3.9 4.2 5.3 200 0.14
K05/VS 4.0 16.0 7.1 1000 0.13
K06/VS 4.0 16.5 5.7 50 0.11
K07/VS 3.9 16.0 6.4 900 0.08
K09/WB 3.2 2.0 5.7 100 0.22
K10/WB 3.3 16.5 6.3 500 0.17
K11/WB 3.4 16.5 6.0 550 0.09
K12/WB 3.3 5.7 6.2 200 0.21
K13/WB 3.2 5.7 5.7 50 0.18
K14/WB 3.5 1.6 5.5 50 0.15

Mean ±SD 3.6 ± 0.3 6.1 ± 0.6 340 ± 340 0.14 ± 0.05

Fig. 5. The characteristic antifield rotation frequency normalized
against the radius (fc a) of untreated (open circles) and DPA-treated (5
mM, filled circles) erythrocytes in dependence on the medium conduc-
tivity, se.
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conductivity-dependent changes of the antifield rotation
part of the spectrum. In contrast to Fig. 4, the rotational
spectra of DPA-treated cells could not be fitted on the
basis of the single-shell model (fits are not shown). This
can also be seen from the plot of the radius-normalized
frequency (fc1) of the ‘‘antifield rotation peak’’vs. the
external conductivity (Fig. 5, filled symbols). It is evi-
dent that the increase of the medium conductivity led at
some stage to a disproportionate increase infc1, which
cannot be explained by the single-shell model (Eq. 7).
The least-square fit of Eq. 7 (not shown inFig. 5) to the
data points recorded at conductivities lower than 3 mS
m−1 yielded an apparentCm of about 15–20 mF m−2.
A similar Cm-value could be extracted from the major
‘‘antifield rotation peak’’ of rotational spectra measured
in low-conductivity solution (e.g., curve 1 in Fig. 6).
In contrast, evaluation of the rotation spectra performed
in solutions of higher conductivities (e.g., curves 2 and 3
in Fig. 6) or analysis of the uppermost part of the (fc1 a)
/se-plot in Fig. 5 (filled circles) yielded aCm-estimate of
5–8 mF m−2 (by using Eq. 7 after simplification) which
is comparable to that found for the untreated erythro-
cytes.

The apparent increase of the area-specific capaci-
tance in DPA-treated cells at external conductivities
lower than 3 mS m−1 is a clear indication that DPA
showed their signature in the rotational spectrum. In
fact, as shown in Fig. 6 an excellent agreement with
theory and experiment is achieved, when the experimen-
tal rotation spectra were fitted on the basis of the mobile
charge model according to Eqs. 1, 3, 5 and 10 (assuming
values for the various membrane parameters listed in
Table 2). It is obvious that the changes of the position of
the antifield peaks and/or shoulders in the frequency
spectrum with the increase of medium conductivity

agreed with the theoretical predictions of the frequency-
dependence of the capacitive (Cmc) and conductive part
(Gmc) of the mobile charges (see alsoFig. 2). The analy-
sis showed that in low-conductivity solutions, the anti-
field rotation peak is dominated by the capacitive prop-
erties of the mobile charges, whereas towards higher
conductivities, the antifield rotation behavior of the cells
is determined by the geometric capacitive properties of
the membrane (see aboveand Fig. 3). From experimen-
tal curves such as shown in Fig. 6, the value for the
geometric (passive) membrane capacitance (Cm) is found
to be 5.0–6.0 mF m−2 (Table 2) indicating that this pa-
rameter had not been changed significantly by the DPA
treatment as expected. In the presence of 5mM DPA, the
translocation rate (ki) and the area-specific concentration
(N) of the mobile charges were estimated to be (3.1 ±
0.9) z 104 sec−1 and 6.1 ± 1.3 nmol m−2, respectively (see
Table 2). The values ofCm andki were independent of
the DPA-concentration (1–10mM) within the limits of
accuracy, whereas the concentration of the mobile
charges within the membrane increased and the internal
conductivity decreased with increasing DPA-concen-
tration (seeTable 2). The values ofGm varied statisti-
cally between 50 and 900 S m−2.

Discussion

In the last few years, electrorotation has become the prin-
cipal means used for the dielectric characterization of
individual small cells (Arnold & Zimmermann, 1988;
Jones, 1995; Fuhr et al., 1996). As shown here, rota-
tional spectra can be analyzed to estimate internal con-
ductivity, membrane capacitance and conductance, and
to monitor changes in these properties when cells are
subjected to low concentrations of membrane ‘‘destruc-
tive’’ agents or other protocols. The relevant data can be
extracted from the measurements of the rotation speed
and of the frequency dependence of the anti- or cofield
rotational motion of the cells.

The magnitude of the rotation speed (at fixed volt-
age and viscosity) reflect the conductance (and perme-
ability state) of the membrane (Arnold & Zimmermann,
1988). The reduction in the rotation speed observed after
incorporation of DPA into the erythrocyte membrane is,
therefore, an indication of an increase in the apparent
membrane conductivity (Gmt).

An increase of membrane permeability in DPA-
treated cells is also suggested by the observation that
cofield rotation occurs at lower frequencies than in the
control cells (Fig. 4 and 6). The frequency range, in
which cells exhibit cofield rotation, depends on the in-
ternal conductivity (in relation to the external conductiv-
ity) (Arnold & Zimmermann, 1988). Therefore, ion loss
from the cells due to an increased passive permeability of
the membrane will shift the cofield rotation peak to

Fig. 6. Typical rotational spectra of erythrocytes measured experimen-
tally on erythrocytes pretreated with 5 (triangles and filled circles) and
10mM DPA (open circles). The spectra were recorded at three different
medium conductivities: (1) 2.0 mS m−1, (2) 5.2 mS m−1 and (3) 15.2
mSm−1. The curves were fitted on the basis of the mobile charge model
by using values for the various parameters as given in Table 2 (cells
D29, D41 and D34).
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lower frequencies. As expected, the shift of the cofield
peak to lower frequencies increased with increasing DPA
concentration in the bathing medium (Table 2).

For extraction of quantitative data for the dielectric
properties of plasma membranes from the rotational
spectra, the cells are usually modeled as single- or mul-
tilayered, nondispersive particles (seeEqs. 1, 3, 5 and 6).
In the absence of mobile charges (or lipophilic ions) this
approach is apparently adequate as shown for the un-
treated erythrocytes (Fig. 4). Erythrocyte membranes
are ideal objects because the area-specific concentration
of the electrogenic N+-K+-ATPase is very low (400 per
cell,seeGlaser, 1996) and the Cl−-transporter (correlated
with the band 3 protein) is electrically silent. Their con-
tribution to the electric properties of the membrane
should, therefore, be very small (Donath & Egger, 1992)
as experimentally verified. However, if mobile charges
are present, this approach obviously does not have a
rigorous theoretical foundation. Mobile charges are
common features of many biological membranes and
lead (at sufficient high concentrations) to an electric dis-
persion within the frequency spectrum (Almers, 1978;
Läuger et al., 1981). It is, therefore, clear that they must
show their imprint in the rotational spectra (Arnold et al.,
1985; Arnold & Zimmermann, 1988), although this has

received little attention in the literature. The rotational
experiments with erythrocytes pretreated with lipophilic
anion and the theoretical considerations developed here
illuminate the significance of integration of these trans-
port properties of biomembranes into the current single-
and multiple-shell models. Despite some (reasonable)
simplifications (Eqs. 8 and 9) of the original equations
derived by Läuger and colleagues (Ketterer et al., 1971;
Läuger et al., 1981) for the capacitive and conductive
increments of the mobile charges, persuasive agreement
between theory and experiment had been obtained (Fig.
3 and 6). The values deduced for the translocation rate
of the incorporated DPA molecules (Table 2) are of the
same order of magnitude as published in the literature for
DPA-doped nerve cells (about 12 × 103 sec−1; Benz &
Nonner 1981; Benz et al., 1984) and for solvent-free,
DPA-doped planar lipid bilayer membranes (about 30 ×
103 sec−1, Dilger & Benz, 1985).3 Accordingly, the av-

3 Lipid bilayer membranes made in decane have a much lower value
(about 103 sec−1, Benz & Zimmermann, 1983), whereas for monoolein
bilayers made with the polar solvents 1-chlorodecane or 1-bromo-
decane the translocations rates of DPA are extremely high (about 30 ×
103 s−1; Dilger & Benz, 1985). This shows that the translocation rate of

Table 2. Cellular and membrane parameters of DPA-treated human erythrocytes extracted from the electrorotation spectra using the mobile charges
model

Cell/
Donor

a
mm

se

mS m−1
Cm
mF m−2

Gm

S m−2
si

S m−1
cDPA
mM

N
nmol m−2

ki
msec−1

D22/WB 3.3 1.5 5.7 100 0.20 1 2.9 19
D38/WB 3.6 7.6 5.0 500 0.12 1 3.0 36
D40/WB 3.7 14.5 5.0 300 0.12 1 1.5 35
D42/WB 3.4 1.2 5.5 100 0.18 1 2.9 27
Mean ±SD 3.5 ± 0.2 5.3 ± 0.4 250 ± 190 0.16 ± 0.04 2.6 ± 0.7 29 ± 8

D05/VS 3.9 4.5 5.5 300 0.11 5 5.8 32
D06/VS 3.9 4.5 5.5 300 0.08 5 7.6 31
D07/VS 3.7 16.0 5.3 600 0.17 5 5.9 35
D24/WB 3.6 12.5 5.3 400 0.10 5 4.2 51
D25/WB 3.6 6.3 5.0 400 0.08 5 4.0 44
D29/WB 4.1 2.0 5.0 100 0.04 5 5.7 32
D34/WB 3.3 15.2 5.5 200 0.16 5 7.5 35
D35/WB 3.9 6.4 5.0 700 0.08 5 7.0 31
D36/WB 3.9 2.0 5.0 350 0.04 5 4.9 31
D43/WB 4.0 2.0 5.0 100 0.06 5 5.6 20
D44/WB 2.9 1.4 5.2 50 0.27 5 7.7 20
D45/WB 2.9 1.6 5.5 100 0.08 5 7.1 19
Mean ±SD 3.6 ± 0.4 5.2 ± 0.2 300 ± 200 0.11 ± 0.07 6.1 ± 1.3 31 ± 9

D20/WB 4.0 6.5 6.0 900 0.02 10 11.3 26
D26/WB 3.6 1.9 5.3 500 0.06 10 7.8 49
D27/WB 3.7 5.6 5.5 500 0.07 10 8.4 41
D32/WB 3.4 12.7 5.3 300 0.06 10 6.4 53
D33/WB 3.6 2.2 5.5 400 0.05 10 6.0 51
D37/WB 3.7 2.5 5.0 200 0.06 10 6.4 34
D41/WB 3.8 5.2 5.5 500 0.07 10 7.2 35
Mean ±SD 3.7 ± 0.2 5.4 ± 0.3 490 ± 230 0.06 ± 0.02 7.6 ± 0.3 41 ± 10
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erage area-specific concentration of DPA within the
erythrocyte membrane (3–7 nmol m−2) agrees well with
the equilibrium values of these probe molecules pub-
lished in the literature mentioned above.

The results reported here have also demonstrated
that the signature of the mobile charges is only seen in
the rotational spectrum if the external conductivity is
adjusted to an appropriate value (seeFigs. 1 and 3). The
theoretical (Fig. 3) and experimental rotational spectra
(Fig. 6) have shown clearly that the electric properties of
the mobile charges can be separated experimentally from
those of the plasma membrane, provided that the external
conductivity did not exceed a certain value. This re-
stricts the exploitation of the electrorotation method at
the present to relatively low-conductivity solutions, al-
though future work on cells using other artificial mobile
charges or on (genetically manipulated) cells containing
natural mobile charges may lead to other conclusions.
In any case, improved resolution of the rotation appara-
tus is required to overcome these limitations. Recent de-
velopments in semiconductor technology have shown
(seereview article of Fuhr et al., 1996), that the devel-
opments are not yet at an end and that microstructural
electrodes open up new avenues in this field.

Finally, it is worthwhile to note that the theoretical
considerations and experimental findings reported here
have also an enormous impact on the analysis of cell
dielectrophoresis spectra. Because dielectrophoresis and
rotational spectra are intimately related (seeEq. 1), theo-
retical treatment of dielectrophoresis spectra demands a
similar expansion of interpretation and the extensive lit-
erature published in this field must be obviously reinter-
preted to some extent (see Jones, 1995; Fuhr et al.,
1996).
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