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Abstract

Electrorotation (ER) spectra of human red blood cells (HRBCs) have been recorded in the frequency range from 10 kHz to 250 MHz in a 4-
electrode microchip chamber. The cells were suspended at conductivities in the range from 0.02 to 3.00 S/m (corresponding to an ionic strength range
from 1.6 to 343 mM) at temperatures between 10 °C and 35 °C. Generally, the characteristic frequencies as well as the rotation speeds of the first
(membrane-dispersion) and second ER peaks increased with temperature. The rotation speed increase was largely correlated to the temperature
dependence of the medium viscosity. Standard temperature dependencies were assumed for the conductivities and permittivities of cytoplasm,
membrane, and external solution to explain the frequency shifts, starting from the cell parameters of Gimsa et al. [Gimsa et al., 1996, Biophys. J. 71:
495–506.]. The membrane capacitance was assumed to be temperature independent, based on the permittivity of alkyl-chains. Under these
assumptions, the spectra could be well fitted only in a narrow temperature range around 20 °C. The temperature dependence of the first characteristic
frequency was much stronger than predicted. In addition, around 15 °C, an anomalously high rotation speed was observed for the first peak at low
external conductivities. Interestingly, this finding corresponds to the change in the chloride transport rate described by Brahm [Brahm, 1977, J. Gen.
Physiol. 70: 283–306.].
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electrorotation (ER) allows for investigating the dielectric
properties of single biological cells. Cells are suspended in
electrolyte medium and exposed to a rotating electric field for
measurements. The field induces a rotating dipole moment in the
cell. It consists of a component that is in-phase to the external
field (real part) and a component out-of-phase to the external
field (imaginary part). The components depend on the relative
polarizability of cell andmedium for a given field frequency. The
interaction of the out of phase part of the induced dipole moment
with the external field leads to a torque which can be observed
microscopically as the rotation of individual cells. Theoretically,
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the torque is given by the cross product of the induced dipole
moment of the cell and the external field, i.e. the product of the
magnitudes of the imaginary part of the induced dipole moment
and the external field. We modelled the HRBC as a conductive,
oblate spheroid with a thin, insulating outer shell for the
membrane. If the electric properties of the external medium are
known, the electric properties, i.e. conductivities and permittiv-
ities of the model, can be inferred from the cell rotation spectra
[1–4]. The reliability of the cell parameters can be improved by a
combination of ER with other AC-electrokinetic methods [1,2].

In all techniques, membrane polarization is the major contri-
bution to the cell dipole moment at low frequencies. The out-of-
phase part of the external field will generate a torque when the
time constant of membrane polarization introduces a phase-lag
between the cell dipole moment and the external field. The fre-
quency dependence of the magnitude of the out-of-phase part of
the dipole moment forms a rotation peak that typically is of a
Lorentzian shape. Such peaks can be described by the parameters
characteristic frequency and peak height such as fc1 and R1 for the
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Table 1
Electric cell parameters for 23 °C (bold) obtained from [3] were extrapolated according to Eq. (1)

Parameter 10 °C 15 °C 20 °C 23 °C [3] 25 °C 30 °C 35 °C

External permittivity 83.8 82.0 80.2 79.1 78.5 76.6 74.8
Membrane permittivity (for temperature

dependence see text)
9.04 9.04 9.04 9.04 9.04 9.04 9.04

Internal permittivity before 224.5 219.7 214.9 212.0 210.1 205.2 200.3
and after dispersion (or no dispersion) 53.0 51.8 50.7 50.0 49.5 48.4 47.2

Dielectric decrement 171.5 167.9 164.2 162.0 160.6 156.8 153.1
Range of the external conductivity (S/m) 0.018–2.400 0.016–2.700 0.020–3.000 0.001–1.390 0.022–3.400 0.024–3.600 0.026–3.900
Membrane conductance (μS/m2) 355.2 20.0 451.2 480.0 499.2 547.2 595.2
Internal conductivity before 0.301 0.342 0.376 0.400 0.416 0.456 0.496

and after dispersion (or no dispersion ) (S/m) 0.409 0.457 0.506 0.535 0.554 0.603 0.652

Starting and end values of the relative permittivity and conductivity of the dispersive cytoplasm (Eq. (7)) were assumed to depend on temperature. In our model, these
values were assumed not to dependent on the dispersion width. The “no dispersion” data were also used in a model with frequency independent parameters (compare to
Figs. 3 and 4). These parameters largely coincide with those given for around 100 MHz in [19].
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first, membrane-peak. The first peak is mainly determined by the
membrane properties [5]. At higher frequencies, when the mem-
brane is electrically transparent, the cellular polarization mainly
arises from differences between cytoplasmic and external medi-
um properties. A second ER peak (defined by fc2 and R2) can be
observed. It is caused by a transition of the polarization balance of
the external and cytoplasmic media with increasing frequency.
Whereas this balance is determined by the media conductivities at
lower frequencies, it is determined by the permittivities at fre-
quencies above the dispersion. Accordingly, the second peak of
ER yields information on the properties of the cytoplasm.

Recently, ER experiments could be extended to the phys-
iological [3,4] or even higher ionic strengths of the external
medium [8]. These developments are based on microelectrode
chambers allowing for the application of lower driving voltages
and high medium conductivities. Usually, ER experiments are
carried out at room temperature assuming the cell and medium
parameters to be temperature independent [6,7]. Nevertheless,
Joule's heating cannot be avoided. Heat production is linearly
related to the electric conductivity and the square of the applied
voltage [9]. A temperature increase by ΔT affects the viscosity,
η, of the external medium, the permittivities, ε, and the conduc-
tivities, σ, of the system in the following ways:

g ¼ gT0e
−aDT ; e ¼ eT0ð1−bDTÞ; r ¼ rT0ð1þ cDTÞ ð1Þ

with ηT0
, εT0

, and σT0
standing for the viscosity, permittivity and

conductivity at temperature T0. For values of εT0
and σT0

, see
Table 1 The ηT0

values were obtained from measurements. The
temperature coefficients a and c were assumed to be 0.02 K−1

for all media, whereas b has been extrapolated to 0.0046 K−1 for
the external and internal media from the temperature dependence
of the water permittivity [10,11].

Many authors have addressed the temperature effects on the
physiology of HRBCs (see for example [12,13]). Temperature
alterations will not only affect the cell dielectric properties of all
phases but also the ion transport across the membrane. For ex-
ample, a change of the chloride transport rate has been described
around 15 °C presumably due to a change in the activation en-
ergy of the transport step [12]. Anion transport is mediated by the
band-3 protein. With about 1.2×106 copies per cell it is the most
abundant membrane protein in HRBCs. It is responsible for the
fast anion exchange, and assumed to contribute to the membrane
dielectric properties. If the protein's properties are altered, e.g.
by inhibitors or a change in the temperature, the membrane pro-
perties will be changed. For example, the membrane capacity
and conductivity have been found to increase and decrease, re-
spectively, after the cells were incubated with the band 3 inhib-
itor 4,4′-diisothiocynostilbene-2,2′-disulphonate (DIDS) [7].

In this paper, we present results from ER measurements in
the temperature range from 10 °C to 35 °C. For interpreting the
experimental data, we assumed temperature dependent para-
meters starting from the cell parameters given in [3] for 23 °C.
The parameters were introduced in the single shell model given
in [5].

2. Theory

The rotation speed of a cell, is determined by the equilibriumof
hydrodynamic friction Tfric and ER torque TER. Stoke's friction
law for an oblate spheroid of axes ratio a/b/c=2:2:1 rotating
around axis c atωc under laminar flow conditions is given by [14]:

Tfric ¼ 5:64pga3xc ð2Þ

Please note that the axis ratio has been derived from the electric
cell data [3]. Themore realistic ratio of a/b/c=3:3:1would result in
a coefficient of 4.88.Nevertheless, Eq. (2) does not take the surface
friction into account that will increase for more oblate shapes. The
ER torque is proportional to the cell volume, the square of the
electric field strength E, and the imaginary part of the Clausius-
Mossotti factor K⁎ (for the definition of K⁎ please refer to [5]):

TER ¼ 4pa2c
3

e0eeE
2Im K⁎ð Þ ð3Þ

ε0 and εe are the permittivity of vacuum and the relative
permittivity of the external medium, respectively. The asterisk
marks the complex Clausius-Mossotti factor. Usually, the external
field strength in the center of a four-electrode ER chamber is
calculated from the applied voltage and the electrode tip
distance. Nevertheless, the actual field strength is always lower
than this. For our micro-chip design (Fig. 1), the field strength
in the center of the chamber is E=0.806V/x, with V and x
standing for the electrode voltage and tip-to-tip distance,
respectively [15]. Another correction must be introduced for the



Fig. 1. Microchip electrode chamber with an electrode tip-to-tip distance of
about 300 μm.
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effect of the square topped measuring field on the induced
torque. The higher harmonics result in a frequency dependent
reduction of the torque in such fields [16]. The actual torque is
Fig. 2. ER spectra for various different external conductivities at six different tempera
(squares, long dash lines), 25 °C (circles, medium dash lines), 30 °C (triangles up, s
given in the figures refer to 20 °C. The data in parentheses are the corresponding ion
Two superimposed Lorentzian peaks of the general form 2Rffc/( f

2+ fc
2) were fitted t

and characteristic frequency, respectively. E was assumed to be V/x. The correction
reduced by a factor of 0.92 for well separated peaks. Then the
rotation speed ωc is derived for Tfric=TER:

xc ¼ TER=0:92
5:64pga3

¼ 0:167
e0eec ImðK⁎ÞE2

ag
ð4Þ

Along semiaxis a the Clausius-Mossotti factor is given by [5]:

K⁎a ¼ ainf
ainf−a

1−
Z i
a þ Zm

Z i
a þ Zm þ Ze

a

ainf
a

� �
ð5Þ

for a spheroidal cell with a thin membrane. The impedance
components for the cytoplasm (Zi), the membrane (Zm) and the
external medium (Ze) are given by:

Z i
a ¼ a=ðri þ jxeie0Þ; Zm ¼ d=ðrm þ jxeme0Þ; Ze

a
¼ ðainf−aÞ=ðre þ jxeeeeÞ ð6Þ

with a, ainf, d and j standing for the length of semiaxis a, the
influential radius in a-direction, the membrane thickness, and
ture classes, 10 °C (hexagons, solid lines), 15 °C (diamonds, dotted lines), 20 °C
hort dash lines), and 35 °C (triangles down, dash-dot lines). The conductivities
ic strengths of the solutions. The spectra were measured in square-topped fields.
o the measuring points. R, f and fc stand for peak rotation speed, field frequency,
factor 0.806 was introduced in Eq. (4).



Fig. 3. First (A) and second (B) characteristic frequencies of Fig. 2 over external
conductivity for different temperatures (for symbols see Fig. 2). Please note that all
frequencies were divided by a factor of 1.066 to correct for the square wave mea-
suring field (for details see [16]). The theoretical curves were calculated according
to the temperature dependent parameters given in Table 1. Frequency independent
parameters were assumed for the full curves. For comparison, the position of the
curves with frequency dependent parameters is marked by short continuous and
dotted lines. The dispersion-width α is marked in the figure (see Eq. (7)).

Fig. 4. Rotation peak amplitudes of the first (A) and second (B) peak obtained
from the spectra fits of Fig. 2. For symbols and line types please see Fig. 3. An
additional curve (dashed line) is given for the first peak at 15 °C assuming a
reduced membrane conductance of 20 S/m2 (see Discussion).
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(−1)0.5, respectively [5]. In the following, membrane conduc-
tance and membrane capacitance were calculated assuming a
membrane thickness d of 8 nm.

We assumed the oblate cell model given in [5] with a long
semiaxis of a=3.3 μm for HRBCs. An influential radius ainf=
4.0 μm was obtained for an axis ratio of 1:2 [5]. The relative
external permittivity, the membrane conductance, and the mem-
brane capacitance were assumed to be 79.1, 480 S/m2, and
9.97 mF/m2, respectively, at 23 °C [3]. Low frequency values of
0.4 S/m and 212, dispersing around 15 MHz, were assumed for
the conductivity and the relative permittivity of the cytoplasm.
The dispersion leads to a relative permittivity of 50 and a con-
ductivity of 0.535 S/m at high frequencies [3].

3. Materials and methods

3.1. Preparation of the cell suspension

Two 300 mosM solutions, a sucrose and a NaCl solution both
containing 1 mM phosphate buffer (pH 6) were mixed to adjust
the medium conductivity in the range from 0.02 S/m to 3.00 S/m.
The conductivity of the suspension was measured in the tem-
perature compensation mode (20 °C) with an InoLab-conduc-
tometer (WTW, Weilheim, Germany). Conductivities below
0.1 S/m were measured with a LF 39 (Sensortechnik Meinsberg
GmbH, Meinsberg, Germany). The viscosities of all measuring
solutions were determined by a falling-ball viscosimeter MLW
(VEB MLW Prüfgerätewerk Medingen, Freital, GDR). 10 ml of
the solution were equilibrated to the desired temperature by a
thermostat prior to the suspension of fresh blood at a volume
concentration (hematocrit) of 0.02% for each experiment. 5 μl of
this suspension was transferred to the measuring chamber. The
temperature of the chamber was controlled by a small thermistor.

3.2. ER measurements

The measuring chamber was based on a rectangular glass
microchip with 4 platinum electrodes (Fig. 1) [2,8].

Rotating electric fields in the range from 50 kHz to 250 MHz
were generated by application of four progressively 90°-phase
shifted signals of a peak-to-peak voltage of 5 VPP from a radio-
frequency generator HP 8131A (Hewlett Packard, USA). ER
spectra of 4–6 different cells were recorded via a video system at
every conductivity. At conductivities above 2.00 S/m and 25 °C
no complete spectra could be recorded on a single cell due to
medium convections. Therefore, a new cell suspension was
transferred to the chamber for every measuring point. All mea-
surements were finished within 5 min after cell suspension. The
obtained spectra were fitted by a function consisting of two
Lorentzian peaks, corresponding to the two major ER peaks [1].

3.3. DIDS treatment

Experiments with the band 3 inhibitor DIDS (Sigma, Steinh-
eim, Germany) were conducted at a concentration of 20 μM
[17]. DIDS was added before suspending the HRBCs.

4. Results

Fig. 2 shows ER spectra for six different temperature classes
measured in eight selected solutions with conductivities ranging
from 0.02 S/m to 3.00 S/m. A linear temperature dependence
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was measured for all solutions (cp. to Eq. (1) and to Figs. 3 and
4). At low and medium conductivities (0.02–0.50 S/m), co- and
anti-field rotation peaks were clearly visible. Starting at 1.00 S/m
also the second peak changed to negative. A strong shift of fc1
towards higher frequencies was observed for conductivities
higher than 2.00 S/m at 30 °C and 35 °C. Nevertheless, changes
in temperature did not alter the overall shape of the ER spectra
([18], see also Figs. 2 and 3).

An anomalous increase in the rotation speed was observed for
low and medium conductivities at 15 °C (see Fig. 4A). We
compared the ER spectra of control HRBCs and cells treated
with DIDS to test whether this behavior is related to an alteration
in the anion transport, mediated by the anion exchange protein
band 3 (capnophorin). DIDS treatment lead to an increase in the
rotation speed (magnitude of R1, Fig. 5). No increase was ob-
served only at 15 °C.

5. Discussion

5.1. Electric cell properties

Table 1 presents the temperature dependent parameters used
to derive the theoretical curves in Figs. 3 and 4. Frequency
independent as well as cell parameters for a dispersive cytoplasm
have been taken from [3]. Temperature dependencies according
to Eq. (1) have been used to calculate the permittivities and con-
ductivities for temperatures deviating from23 °C. No temperature
dependence has been assumed for the membrane permittivity
since the temperature coefficients for the permittivities of fatty
acid-chain-like compounds are very low [11]. The frequency de-
pendent transitions of the cytoplasmic permittivity and conduc-
tivity have been described according to the dispersion relation by
the following phenomenological equations [3]:

ei ¼ eli þ De
1

1þ ðxsÞ2ð1−aÞ

ri ¼ r0i þ Dr
ðxsÞ2ð1−aÞ

1þ ðxsÞ2ð1−aÞ
ð7Þ

ω and τ are the circular frequency of the field and the time
constant of the cytoplasmic dispersion, respectively. εi

∞, Δε, σi
0

and Δσ are the relative permittivity at infinitely high frequency,
the dielectric decrement as well as the cytoplasmic conductivity at
low frequency and the conductivity increase resulting from the
dispersion, respectively (see Table 1). Two cases for the
dispersion width α have been considered, α=0 and α=0.5 [19].
Fig. 5. First rotation peak at different selected temperatures for control (open
symbols, dashed lines) and DIDS treated (filled symbols, solid lines) cells. The
circles, triangles up and triangles down represent external conductivities of
0.02 S/m, 0.20 S/m and 0.40 S/m, respectively.
5.2. Effect of the temperature on the ER peaks

A moderate temperature increase led to a linear increase of
the ER peak frequencies fc1 and fc2 accompanied by an increase
in the rotation peaks R1 and R2. This behavior was reflected by
the theoretical ER spectra calculated from the parameters of
Table 1. These results confirm previous ER experiments without
temperature control [1,3,6,8]. The largest contribution to the
temperature dependence of the peak magnitudes arose from the
viscosity (Eq. (1)). The agreement of theory with experiment
could be improved by introducing the cytoplasmic dispersion
given by Eq. (7) especially for the 20 °C and 25 °C data [3].
However, Eq. (4) predicted higher R1 and R2 rotation peaks than
experimentally found. To fit the points a scaling factor was
introduced to account for the additional friction in the vicinity of
the chip surface. A factor of 2.6 was used for all temperatures
and conductivities.

Different effects may be taken into account to explain the
remaining deviations in the rotation speed. The hydrodynamic
friction coefficient for the biconcave cell rotating in the vicinity
of the surface is not known (please also see theory section). In
practice, the friction with the glass surface will depend on the
surface distance and the shape of the cell. Both parameters de-
pend on temperature and ionic strength, i.e. the external con-
ductivity. For example, a more discocyte-shape, like it was
observed at low conductivities, will give rise to an increase in the
cell surface facing the chip and a subsequent increase in friction.

Furthermore, changes in the ionic cell state prior to and during
the measurements will alter the electric cell properties and, sub-
sequently, the induced torque. Ionic state changes are very com-
plex and depend on the measuring solutions. They can hardly be
fully controlled [20]. To reduce the effect of such changes no
measurements later than 5 min after suspension were conducted.

Experimentally, a decrease in the first rotation peaks was
found at a conductivity of 0.5 S/m for temperatures above 25 °C.
Generally, the cell volume was increased in the medium conduc-
tivities range (microscopic observation). Volume changes may
be related to a membrane phase transition resulting in a greater
efficiency of water diffusion through the membrane [13]. This
diffusion is related to the status of the membrane lipids in the
classical view. Diffusion is more efficient when the membrane
lipids are in their fluidic and not the gel state. Volume alterations
will alter the ionic, water, and protein concentrations in the
cytoplasm as well as the hindrance factor of the ionic mobility
[20]. Theoretically, a volume increase may therefore result in an
increase or decrease of the cytoplasmic conductivity.
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We found that the first characteristic frequencies differ by a
factor larger than four at the very low external conductivities. An
even larger frequency deviation was observed above 1 S/m at
temperatures above 30 °C (Fig. 3A). This is much larger than
theoretically predicted. Alterations in the membrane capacitance
have a pronounced effect on the first characteristic frequencies.
Nevertheless, the explanation of the temperature effect at low
conductivities by a corresponding decrease in the membrane
capacitance would require unrealistic transitions in the molec-
ular membrane structure.

In striking contrast to our results, Bao et al. [22] described a
strong increase of the membrane capacitance by a factor of about
two with temperature in the range from 25 °C to 35 °C. Our
results suggest a decrease by a factor of about four. An explana-
tion for the strong spreading of our characteristic frequencies
will probably require a combination of different effects, e.g. an
increase in the cytoplasmic and membrane conductivities and a
decrease in the membrane capacitance with temperature and
frequency.

5.3. Membrane properties: the anomalous rotation speed at
15 °C

Another interesting result is an anomalous increase in the
rotation speed at a temperature of 15 °C (Fig. 4A). This effect
vanishes at 10 °C and temperatures above 20 °C in the medium
and high conductivity ranges. Interestingly, the anomalous ro-
tation corresponds to data on the transmembrane-transport rate
of ions changing just around 15 °C [12,20]. Brahm [12] de-
scribed a deflection point in the Arrhenius plot of the anion
transport at 15 °C. The point was persistent even after partial
band 3 inhibition by DIDS. Different explanations for this be-
havior were proposed. Either the energy barrier of chloride
transport decreases at a critical temperature, e.g. due to phase
transitions of some membrane components or the chloride ex-
change is rate limited by different rate limiting steps in the
transport process below and above 15 °C. According to Brahm
[12], the rate limiting step above 15 °C would possess a some-
what lower activation energy.

Probably, the transmembrane-mobility of anions is the major
contribution to the AC-membrane conductance in HRBCs [7].
Nevertheless, the interpretation of our results by alterations in
the membrane conductance requires the assumption of a more
complex behavior of the membrane conductance with a mini-
mum around 15 °C. A possible explanation was given by Prof. I.
Bernhardt (personal communication) who proposed that the
increase in the membrane conductance below 15 °C is due to
the enhanced cation exchange at low temperatures (compare to
[21]). Our results with DIDS are hinting at a large role of band
3 in these processes. DIDS-treatment increased the rotation
speed at the first peak at various conductivities and temperatures
(Fig. 5). This DIDS-induced increase in the rotation speed re-
sulted in an alignment of all measuring points with those mea-
sured for the control at 15 °C. These results are in line with a
decrease in the membrane conductance as described before
[7,17]. These authors assume a decrease from 250 S/m2 to 20 S/
m2 after DIDS inhibition of band 3 leading to an increase in
rotation speed by about 32% at 5 mS/m [7]. The assumption of
a membrane conductance of 20 S/m2 (dashed line in Fig. 4A)
could help explaining the anomalously high rotation speed of
the control cells at 15 °C.

6. Conclusions

ER could be demonstrated to be an elegant method for
detecting the temperature dependence of the electric HRBC
parameters at the single cell level. Our experimental data could
only roughly be fitted by our model assuming the standard tem-
perature coefficients for all media. Our major findings are as
follows:

(1) The anomalously high rotation speed at the first peak at
15 °C and the DIDS-effects on the rotation speeds for all
other temperatures, hint at a major role of the band 3
protein for the membrane conductance.

(2) A temperature-spreading of the first characteristic fre-
quencies much wider than that predicted for standard
temperature coefficients of the media was found. A cor-
responding change in the membrane capacitance seems to
require unrealistic transitions in the molecular membrane
structure. An explanation for this effect is still missing. It
might include effects related to the capacitance of the
protein areas in the membrane that probably possess a
specific capacitance much higher (about 4.2 F/m2) than
those of the lipid areas (about 0.74 F/m2; please see: [23]).

(3) A dramatic increase in the first characteristic frequencies
above 3 S/m especially for temperatures above 30 °C was
found. A possible explanation might be the dispersion of
membrane protein polarization leading to a decrease of
the membrane capacitance around 3 MHz as already pro-
posed by us [3].

In summary, our results suggest that the interpretation of ER
data requires special attention to the temperature. Further, it is
important to take cell shape changes induced by different su-
spension conditions into account. Temperature dependent ER
measurements on the HRBC model system may lead to a better
understanding of the electric cytoplasm and membrane pro-
perties of biological cells.
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