Biophysical Journal Volume 75 August 1998 1107-1116 1107

A Unified Resistor-Capacitor Model for Impedance, Dielectrophoresis,
Electrorotation, and Induced Transmembrane Potential

Jan Gimsa and Derk Wachner
Institut fur Biologie, Humboldt-Universitat zu Berlin, Berlin, Germany

ABSTRACT Dielectric properties of suspended cells are explored by analysis of the frequency-dependent response to
electric fields. Impedance (IMP) registers the electric response, and kinetic phenomena like orientation, translation, defor-
mation, or rotation can also be analyzed. All responses can generally be described by a unified theory. This is demonstrated
by an RC model for the structural polarizations of biological cells, allowing intuitive comparison of the IMP, dielectrophoresis
(DP), and electrorotation (ER) methods. For derivations, cells of prismatic geometry embedded in elementary cubes formed
by the external solution were assumed. All geometrical constituents of the model were described by parallel circuits of a
capacitor and a resistor. The IMP of the suspension is given by a meshwork of elementary cubes. Each elementary cube was
modeled by two branches describing the current flow through and around the cell. To model DP and ER, the external branch
was subdivided to obtain a reference potential. Real and imaginary parts of the potential difference of the cell surface and the
reference reflect the frequency behavior of DP and ER. The scheme resembles an unbalanced Wheatstone bridge, in which
IMP measures the current-voltage behavior of the feed signal and DP and ER are the measuring signal. Model predictions
were consistent with IMP, DP, and ER experiments on human red cells, as well as with the frequency dependence of
field-induced hemolysis. The influential radius concept is proposed, which allows easy derivation of simplified equations for
the characteristic properties of a spherical single-shell model on the basis of the RC model.

INTRODUCTION

Passive electrical properties of biological materials havel996). For the classification of dispersions, two different
always been of special interest, and research in this field iapproaches were chosen: the dispersions were sorted ac-
currently growing. Whereas in the past advantage was takegording to their physical nature, e.g., as Maxwell-Wagner
of the advancement of electronic technologies to increasand Debye dispersions, or according to the frequency range
resolution and sensitivity for basic research, the growingn which they occur. Whereas Maxwell-Wagner dispersions
concern about the possible health effects of electromagnetiare based on the structure of the material, Debye dispersions
fields has become a driving force for research. Investigaare caused by the frequency dependence of the orientation
tions of electrical properties contributed to our notion of theof molecular dipoles. A classification according to frequen-
structure of biological matter. Already in 1925 Fricke’s cies originally yielded a scale in which dispersions with
impedance (IMP) measurements proved that biological cellincreasing frequencies were assigned taaf, or y range.

are covered by a thin, insulating membrane (Fricke, 1925)At that time it was assumed that well-defined processes are
The IMP of biological material is characterized by a variety responsible for a certain dispersion range. Later the ranges
of characteristic frequency-dependent changes. Thesgere subdivided, e.g., th& range intopl andp2. Further-
changes are based on the fact that permittivity contributiongnore, processes based on a certain mechanism that were
of certain relaxation processes that follow the external fIE|Cbr|g|na||y assigned to a certain dispersion range may be
at lower fequencies disperse at higher ones. Consequentlypserved in another frequency range, e.g., Debye disper-
the permittivity of biological material drops over some sions of molecules of various sizes.

frequency decades by orders of magnitude (Pethig and Kell, Despite their low frequency, analysis @fdispersions in
1987; Schwan and Takashima, 1993). The aim of researcfpe frequency range below 1 kHz is especially difficult.
was to assign the measured dispersions mediating the p&jany different processes may influence the measurements,
mittivity decrease to certain biological structures on differ-g,ch as electrode polarizations, even electrolytic processes,
ent hierarc.hical levels and to classify_ the contributing Pro-hydrodynamic relaxations of electroosmotically induced
cesses (Fricke, 1925, 1953; O'Konski, 1960; Ackmann angonyections within the measuring chamber and around the
Seitz, 1984; Ballario et al., 1984; Pethig and Kell, 1987; 5, icles, as well as particle electrophoresis. The difficulty
Bao et al., 1992; Schwan and Takashima, 1993; Lisin et alig that these phenomena are hard to separate and concur-
rently influence suspension medium and particles. When

) — o field-induced particle movements are registered, especially
Received for.publlcatlon 13 January }998 and .m final fgrm 20 May 1998'be|ow 100 Hz, the suspension medium can no longer be
e i cumbott considered a reference system. Despite these diffctes, an
+49-30-2093-8494; Faxt-49-30-2093-8520; E-mail: jangimsa@rz.hu-  @dvance in this field was recently achieved (Georgiewa et
berlin.de. al., 1998).
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sions, i.e., the dispersions of structural polarizations as thosmatch. From the frequency dependencies of DP and ER,
of the cytoplasmic membrane or of internal membranedielectric properties can be recalculated by applying appro-
systems, as well as the polarization of the cytoplasm. Sompriate models. Like models for IMP, models for multishell
authors classify the dispersions of the plasma membrangpherical, cylindrical, and ellipsoidal geometries are readily
and internal membrane structuresgdsandp2 dispersions, available (Pauly and Schwan, 1959; Crane and Pohl, 1972;
respectively (Asami and Yonezawa, 1996). In the followingPohl, 1978; Pastushenko et al., 1985; Sauer and Schloegl|,
we will refer to the dispersion of the cytoplasmic membranel985; Fuhr et al., 1986; Paul and Otwinowski, 1991; Wang
and the cytoplasmic conductivity effects #4 and B2  etal., 1993). In the field of biology, interesting applications
dispersions, to stress their different qualities. It is clear thabf the methods are the determination, screening, or the
the structural dispersions may be influenced by other propursuit of changes in membrane capacitance, membrane
cesses like surface conductance (Fuhr and Kuzmin, 198@&onductance, and cytoplasmic properties (Arnold and Zim-
Paul et al., 1993), membrane transport processes (Donath etermann, 1982; Zimmermann and Arnold, 1983; Arnold et
al., 1990; Sukhorukov and Zimmermann, 1996), or dipoleal., 1986; Geier et al., 1987; Georgiewa et al., 1989; Burt et
relaxations of macromolecules (Pethig and Kell, 1987;al., 1990; Fuhr et al., 1990; Kaler and Jones, 1990; Gas-
Gimsa et al., 1996). Because of the low sensitivity, IMPcoyne et al., 1995; Mier et al., 1990; Wang et al., 1994;
measurements did not allow detailed investigations of allGimsa et al., 1991a,b, 1994, 1996, 1997). Ellipsoi-
relevant processes under physiological conditions. dal single-shell models have been applied to human red
In the y range above 100 MHz, quick dissociation-asso-cells (Fricke, 1953; Asami et al., 1989; Beving et al., 1994;
ciation relaxations or Debye dispersions of small moleculesGimsa et al., 1994, 1996).
or charged groups must be expected. Dispersions in pure In the fields of physics and electronics, resistor-capacitor
protein suspensions are generally of the same quality an@RC) models are commonly used to qualitatively describe
can be observed as a decrease in the dielectric constant (thedaxation processes and passive electrical properties. Al-
dielectric decrement; Takashima and Asami, 1993). Théhough RC models were often used to describe special
dielectric properties of proteins are believed to be importanphenomena of cell polarization (Zhang and Willison, 1991;
for their physiological function, such as protein-protein Jones, 1995), to the knowledge of the authors attempts to set
association or interaction with charged ligands (O’Konski,up a consistent RC model are rarely published (Gimsa,
1960; Takashima and Asami, 1993). It has been known fol997). This paper presents such a model, describing the two
a long time that in cell suspensions the protein dispersionstrong structural polarizations of thgdispersion range for
are masked by the stronger structurfl dispersions the IMP of cell suspensions, as well as for DP, ER, the
(Schwan, 1957). Therefore, cytoplasmic proteins were preinduced transmembrane potential, and cell-cell attraction.
dominantly investigated after cell lysis or in cell-free sus-As a qualitative test, IMP and potentials obtained from the
pensions (Pauly and Schwan, 1966; Takashima and AsaniRC model are compared to the IMP of a human red cell
1993). They dispersion over 10 GHz was assigned to freesuspension, the frequency behavior of dielectric membrane
water (Pethig and Kell, 1987). Dispersions between 1 andreakdown-induced hemolysis, as well as to DP and ER
10 GHz were assigned to bound wat&djspersion). Up to  spectra.
now technical problems hindered the access of single-cell This paper adresses researchers or students entering the
spectroscopy to this frequency range by dielectrophoresiBeld of IMP and electric field effects as well as experimen-
(DP) and electrorotation (ER). talists. The unified RC model offers easy access to the
Generally, IMP and the single-cell methods yield themethods and to simple expressions for a qualitative inter-
same information on dielectric cell properties (Wang et al. pretation of data or fast data fitting. Theoretical consider-
1993). In DP and ER, the translation and rotation of singleations allowed us to deduce a model geometry for which DP
cells in an inhomogeneous and rotating external field, reand ER behaviors are consistent with the spherical single-
spectively, are analyzed. The different motions in DP andshell model. The simplicity of the model allows for a basic
ER depend on the different spatial properties of the fieldintuitive understanding of the interrelations of the methods
determining the interaction with the induced dipole mo-and the influence of different cell parameters. It might
ment. In DP, cells or particles move toward or away fromtherefore boost the still open detailed discussion of the
regions of high field, depending on their polarizability rel- advantages and shortcomings of the DP, ER, and IMP
ative to that of the suspension medium. Frequency-depemmethods that was started by Wang et al. (1993).
dent changes of the DP force are mediated by dispersions of
the cell’'s polarizability relative to that of the medium. In ER
the rotating field induces a cell dipole moment that rotateMATERIALS AND METHODS
at the angular frequency of the external field. Any disper-gelis
sion process causes a spatial phase shift of the external field
vector and the induced dipole moment, giving rise to & All experiments were carried out on washed human red cells at room
torque that causes individual cell rotation. The torque an(ﬁ) mperature. An isotonic sucrose solution containing 1.5 mM phosphate
uffer was used for IMP measurements. The cells were suspended at a
therefore cell rotation are at maximum if the relaxation hematocrit of 49% to avoid problems with an insufficient signal at low cell
times of the dispersion process and external field frequencyoncentration. Because of this high cell concentration, ion displacement
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and ion leakage from the cells raised the external conductivi_ty to 0.12 S/mpronounced in the Cole-Cole plot, must be attributed to the
Fl?f DZ’_ a”? ER, the Ce”SfWﬁfe S;S%eniﬁd at 2 het’_“f”;toc”t OfC?-O?"/;- tT&-range. It was not further considered. Although the test
allow direct comparison of all methods, the conductivity was adjusted tog. :
0.12 S/m by the addition of isotonic NaCl-phosphate buffer solution. All E)ésjoridd;.dS r&?;;”zws:so;% g?sppaer;gic;dr:ecaf{fqbueerg):()é)er;r;%e
experiments were carried out at 23°C. ) ’
above 10 MHz (see the high-frequency part of the Cole-
Cole plot).
IMP

IMP characterization was conducted in a HP16452A liquid test fixture . .
connected to an HP4194A impedance analyzer. Three different electro erequency dependence of AC field-induced

distances (1.3 mm, 1.5 mm, and 2.0 mm) allowed us to eliminate eIectrone" hemonS|s

pqlarlzat|on effects. To that end, the_IMP for a suspension layer of 1 MMro demonstrate the frequency dependence of the induced
thickness was calculated from the differences of all measured IMPs. For

calculation, the actual electrode geometry of the test fixture was assume‘&:\’ansmembrane potential, cell hemOIySis EXperimentS were
(disc-shaped electrodes with a diameter of 38 mm). carried out as described under Materials and Methods. The

electrode distance used was an optimal value for the max-

. . . imum voltage of the pulse of 32 A4 available from the

AC field-induced cell hemolysis HP8116A function generator. For smaller interelectrode
Cell hemolysis was observed after a single AC pulse under an inverte@aps, the number of observable cells was too small. At
microscope in a two-electrode chamber, which was mounted to a microhigher distances the applicable field strength became too
manipulator. The chamber electrodes were vertical platinum plates of 60@g for dielectric membrane breakdown.

pm thickness at a distance of Gn. A pulse amplitude of 32 ¥, was We are aware that our experimental criterion of the
used. The frequency was preadjusted on a HP8116A function generator = . L
(Hewlett Packard GmbH, Bingen, Germany) that drove the chamber. A survival rate after 1 min is a very crude parameter, and not

second HP8116A generator was used to release the pulse and to trigger th@ving lost hemoglobin within 1 min after the pulse is no
first generator for a pulse duration of 1 s. For experiments, cells werecriterion for actual survival of the cells. Nonetheless, the

suspended at a hematocrit of 0.025% and an external conductivity of 0.12riterion is strongly correlated to the degree of field-induced

S/m. AF each frequency, survival rates of four different cell sampl(—_:‘s wereembrane damage, which in turn is related to the induced
determined. For each sample the fate of up to 27 cells and a minimum of . .
5 cells was recorded by VCR. Cells were counted as survivors when theyansmembrane potential (Fig.A).

did not lyse or lose their hemoglobin content within 1 min after the pulse.
DP and ER

DP and ER .

In Fig. 4 B results of DP and ER measurements are pre-
To minimize electrolysis and heat production, a planar ultramicroelectrodesented independently. To plot experimental DP and ER
chamber fabricated by semiconductor technology was used. The chambgra|ue3' the voltage scaling of the RC modeft(ordinate

had four electrodes at a separation of 2010 (for details see Gimsa et al., . .
1996). It was driven by a computer-coupled 300-MHz generator (pulseWaS used. To transform the measured degn( ordinate),

generator HP8130A; Hewlett Packard GmbH) with 3,¥quare-topped € Proportionality factorp andq were introduced. The ER

signals at a key ratio of 1:1. Four 90° phase-shifted signals were used tspectrum exhibits an antifield rotation peak at low frequen-
generate a rotating field. Complete spectra were measured by timing ongeies and a cofield rotation peak at higher ones. At the
rotation in (positive or cofield rotation) or against (negative or antifield axternal Conductivity used, DP spectra exhibit three differ-

rotaFlon) the rot‘atlon‘dlrectlc_)n of the field. The low hematocrit allqwed the ent plateaus with two critical frequencies. DP and ER data
undistorted registration of single-cell movement. For DP, two neighboring

electrodes were driven by signals of 180° phase shift. Dielectrophoretic cefVEr€ also plotted in the complex plane (Fig. 6). Thand
translation was measured in the inhomogeneous field in the vicinity of ond) factors in Fig. 4B were used.

of the electrodes. The two critical frequencies for various external solution  In Fig. 5 the dependence of the two critical frequencies on
conductivities were determined by adjusting the frequency to the value afhe external conductivity is presented. The experimental

which cell movement ceased (for Qetalls see le_sa etal, 1996)‘. To Obtalaata are from Gimsa et al. (1996). Above 0.5 S/m only
complete DP spectra, cells crossing a certain distance were timed when . . . .
they moved toward (positive DP) or away from (negative DP) the N€gative DP was observed, which resulted in a merging of

electrode. the two frequency branches.
RESULTS DISCUSSION
IMP Geometry of the model

The IMP results are presented in two different ways. TheEvery cell was assumed to be surrounded by a cubical
real and imaginary parts of the complex IMP were plottedvolume of suspension medium forming an elementary cube
over the field frequency (Fig. &) and in the complex plane (Fig. 1). This geometry allowed us to model a cell suspen-

(Cole-Cole plot; Fig. 3B). A strong dispersion that is sion with elementary cubes in parallel and serial arrange-
attributed to the membrane relaxation is clearly visible inment. Furthermore, a homogeneous external field applied
the frequency range from 50 kHz to 3 MHz. The additionalby a pair of parallel electrodes was assumed. These elec-
dispersion at frequencies below 1 kHz, which is especiallytrodes were oriented parallel to the left and right sides of the
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impedance electrodes

IMP
¥=0V

FIGURE 2 RC model for the right half of Fig. B. The model consists

of resistor-capacitor pairs according to Egs. 1 and 2. Branch 1 summarizes
the current path around the cell, and branch 2 represents the current path
through the cell. The subdivision of branch 1 generates a reference poten-
tial in the external solution at a distancérom the symmetry plane. This
reference potential exhibits no phase shift to the applied potehtialts
amplitude is given by (@a)Ve. AY,, and AW stand for the transmem-
brane and induced cell potentials, respectively (the difference in cell and
suspension medium potentials).

FIGURE 1 (@) Cell suspension in an IMP chamber (liquid test fixture

HP16452A) split into elementary cube®) (Elementary cube containing

the cell model. The center area of the .ceII i§ located in the symmetry plane o"i" =0+ jweiéo (2)

of the elementary cube. The left and right sides of the cube are considered

virtual eIectr_ode_sI'(atched grea)sAC, a d, andr stand for the shadow area Hereo, |, o, €, ande, stand for DC conductivity,f1)°-5,

of the cell |n_ field direction, the side Ie.ngth of the_ ele'merjtary CUbe’CirCU|ar frequency, the relative permittivity, and the permit—

membrane thickness, and cell model radius, respectivelyis given by L. f Th b d L . ival

a® — Ac. Membrane areas perpendicular to the virtual electrode planeél\”ty 0 V‘?‘CUF‘m- e a_ ove description 'S_ equivalent to a

were neglected. parallel circuit of a resistor and a capacitor of the same
geometry, described bg; and A, the values of which are
determined by, ande;, respectively. Three different media,

elementary cube. Thus these cube sides could be consideri}f €xternal and internal solutions and the membrane, were

virtual electrodes. The RC model was deduced for a prisconsidered.

matic cell geometry limited by two parallel membrane In the RC model the contributions of the external medium

planes of arbitrary but identical shape. These planes werdround the cell are summarized by branch 1. This branch is
oriented perpendicular to the normal direction of the field,Subdivided to generate a reference potential for the descrip-
shadowing each other. Thus the virtual electrodes and thion of DP and ER. This reference potential is frequency
symmetry plane of the elementary cube, as well as botindependent. Branch 2 models the current flow over the cell.
sides of the membrane, could be considered equipotentidl® three RC pairs are formed by three media of prismatic
planes. Membrane areas perpendicular to electrode are§82P€ Possessing the same intersectional area. For a given
were neglected because of their negligible contribution tg?€0metry the values of all RC elements can easily be
the overall IMP. In this model any external field induces calculated from their permittivities and conductivities by

identical potentials of opposite signs at two points that aré=dS: 1 and 2. Then the IMP of a cell su'spension can most
mirror-symmetrical to the symmetry plane of the elemen-€2Sily be deduced by applying Kirchhoff's laws to a mesh-
tary cube. Thus it is sufficient to put up a circuit model for work consisting of pairs of the RC model that describes both

only one-half of the elementary cube (Fig. 2). 233/;3; of the elementary cube (see also Zhang and Willison,

whereo*; is given by

Electric parameters of the model IMP = de|laz (2ximp) 3)

The electric properties of every phase are determined by Ada

their capacitive and conductive properties (Fig. 2). The IMPHere imp,d,,, A, anda stand for the impedance of the RC
Z* for every homogeneous mediuinbetween two equipo- scheme (Fig. 2), electrode distance, area of the test fixture,
tential planes of ared; at a separation, is determined by and the side length of the elementary cube (Fig. 1). For

the complex conductivity™;: interpretation of the experimental IMP, realistic model di-
mensions and electrical parameters of the media were mea-
7 — i*i 1) sured, calculated, or taken from the literature (Table 1). The
|

ai A numbers of parallel and serially switched RC schemes were
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TABLE 1 Parameters used to calculate the parameters of the RC model from the model geometry

Geometrical parameters

Hematocrit 49% Measured
Cell volume;V 97 um?® Engstfon et al. (1992)
r 2.4 um Fitted
A 20.2 um? Calculated fromv/(2r)
a 5.8 um Calculated from hematocrit and cell volume
d 8 nm Assumed
Conductivities
External 0. = 0.12 S/Im Measured
Membrane om =1 puS/m Fricke (1925, 1953), Ballario et al. (1984), Asami et al. (1989), Bao et al. (1992),
Gimsa et al. (1994, 1996)
Internal o; = 0.53 S/m Pauly and Schwan (1966), Georgiewa et al. (1989), Gimsa et al. (1996)
Relative permittivities
External e = 80
Membrane €, = 9.04 Calculated fromdl and a specific membrane capacitance of 0.012Rficke,
1925, 1953; Arnold and Zimmermann, 1982; Gimsa et al., 1996)
Internal g = 50 Pauly and Schwan (1966)

calculated for fitting from the geometries of the test fixture Pastushenko et al., 1985; Sauer and Schloegl, 1985; Wang
and the elementary cube. All resistances and capacitancesef al., 1993). Then the frequency dependence of pondero-
the RC model were expressed for fitting by the modelmotive force effects, the DP translation or ER rotation, can
geometry in such a way that and A- could be varied be calculated by taking into account the respective mecha-
without changing the model’'s hematocrit or cell volume.nism of interaction of the induced dipole moment with the
The side lengtha of the elementary cube was calculated external field.

from hematocrit and cell volume. Variation of the model
cell geometry allowed us to fit the IMP as well as
RealA¥.) and ImagdW¥.) to the experimental points of
IMP, DP, and ER measurements in parallel by eye. Fitted
parameters are given in Table 1.

Real

Interpretation of experiments by the RC model

IMP/Q

When a potential difference is applied to a cell suspension
modeled by elementary cubes according to Fig3,lthe
potential at the symmetry planes will not change and, for
reasons of symmetry, remains at the value that would be at
this site in the absence of the cell. Thus this potential can be
considered a reference potential or, for simplicity, 0 V. For
an example calculation of the frequency dependence of
induced potentials, a frequency-independent AC amplitude
of ¥ = 1V was assumed to be applied at the right side of
the RC model (Fig. 2). This allows direct calculation of the
frequency dependence of the transmembrane potentig|

(Fig. 4 A).

Furthermore, the frequency dependence of the model
IMP can be obtained directly. Nonetheless, how is it possi-
ble to describe the mechanism of field-induced cell move-
ments by an RC model? In contrast to IMP measurements,
DP and ER do highlight differences in the polarizability of
a single cell and its surroundings. These frequency-depen-
dent differences cause the field-induced translational force Real(IMP/C)
and the torque in DP and ER, respectively. Usually DP and

. . . FIGURE 3 @) Frequency dependence of real and imaginary parts of
ER are modeled for an appropriate dielectric cell model byIMP. The points are measurements of the IMP of a red cell suspension.

solving !_aplace’s _equation forinduced charges to obtain the yrves were calculated according to the RC model of Fig. 2 (for param-
overall induced dipole moment (Fuhr et al., 1985, 1986eters see Table 1)Bf Cole-Cole plot ofA.

Imag(IMP/Q)

0 2 4 6 8 10 12 14 16 18
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T T T T T 0? > FIGURE 5 Critical frequencies of DP in dependence on the external
4 5 6 7 8 conductivity. Measured points are from Gimsa et al. (1996). The curve was
log(frequency/Hz) generated from the points whejReal@W,,)| = 0. It exhibits a typical

noselike shape with two branches for the fifst,) and secondf,) critical
FIGURE 4 @) Frequency dependence of the induced transmembranérequencies, respectively.
potential, A¥,,. The points are the survival rates of cells after breakdown
pulses of different frequencyight axis). (B) Real and imaginary parts of
AW, according to the model in Fig. 2 (for parameters, see Table 1). The
points refer to the right ordinate. They are measurements of féd(  the induced dipole moment and the external field. This is the
circles) and ER Open circle¥. Theoretical curves refer to the left ordinate. d:)rerequisite for a torque induced by the interaction of dipole
The curves were calculated according to the RC model of Fig. 2. For D moment and external field. The torque and therefore indi-
and ER, proportionality coefficients for the different mechanisms of force "', . i T . X .
generation and friction coefficients were introduced=( 0.75,q = 0.8). vidual cell rotation is at maximum if the relaxation time of
the dispersion process and external field frequency match.
The reason is that the large amplitude of the induced dipole
) . ) moment at lower frequencies does not effectively induce a
Fig. 4,A andB, compares the real and imaginary parts ofy, e hecause of its insufficient phase lag. At the opposite
the potential difference\W¢ with DP and ER measure- o, eme for frequencies that are too high, the phase lag will
ments. The relation of the real and imaginary parts of theOe closer to 90°, but the amplitude will have already de-
induced dipole moment to DP and ER, respectively, is &jineq. n other words, the resulting torque is proportional to
consequence qf the mech'anlsms of the two methodg. In DR o imaginary (out of phase) part of the induced dipole
cell translation is induced in an inhomogeneous AC field. Amoment and can be calculated from the cross-product of the
cell moves toward or away from regions of high field, 4 arization and external field vectors (Pastushenko et al.,

depepding on its polarizability relative to that of the SUS-1985: Sauer and Schioegl, 1985; Gimsa et al., 1991a).
pension medium. In the RC model the balance of medium

and cell polarizability is reflected by the potential difference
AWV (Fig. 2). In DP as well as in ER, this potential differ-
ence is partly transformed into mechanical waki¥'- can
also be seen as the difference of the potentials that woulBior frequencies so low that the capacitive resistance of the
exist at the site of the cell surface in the presence and thmembrane is much higher than its ohmic resistance, the cell
absence of the cell. ThusV¥ . reflects the energy change in membrane represents a high IMP in the current branch 2
the cell-medium system mediated by the displacement offFig. 2). In this case the current mainly flows in branch 1,
the cell by the external medium or vice versa. This mech-around the cell. The external membrane side of the cell will
anism is obvious for the intercepts of the real pari\df.  be charged to a potential close . In analogy, the
with the abscissa (Fig. B). These intercepts correspond to internal membrane side will be close to a potential of O V.
the critical frequencies of DP, where the effective polariz-Accordingly, the induced transmembrane potentid,, is
abilities of the cell and the external medium are balancedt maximum.
and the DP force ceases (Fig. 5). For conductivities above a The cell polarization is described by the potential of the
certain value, only negative DP can be observed, becausxternal membrane side. This potential is much higher than
the cell’s polarizability does not reach the polarizability of it would be at the same site in the absence of a cell. The
the external medium for any frequency. Consequently, in @eometry was chosen such that this hypothetical potential
plot over the external conductivity, the two branches of thecorresponds to the potential at the branching of branch 1.
critical frequencies fuse with increasing conductivity. For a suspended cell the potential differenk®. would

The frequency dependence of the DP force is mediated bgenerate a centripetal force that would be balanced by the
dispersions of the cell's polarizability. In a rotating field any other half of the cell in a homogeneous field. Only in an
dispersion process causes a spatial phase shift or slippageinhomogeneous field would a negative DP be observed, i.e.,

Frequency-dependent properties of the model
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the system would favor a state in which the cell is displacedhe external medium, it would travel toward areas of higher
by the more polarizable external medium. field strength in an inhomogeneous field (positive DP).

In an AC field, the described membrane polarization is a The contribution of the resistances to the potential distri-
continuous recharging process. Its time constant is detebution is frequency independent. Thus, with frequencies
mined by the electrical properties of the external mediumincreasing even further, the polarization distribution be-
and the cell constituents. With increasing frequency, a phaseomes dominated by the capacitive properties of the media.
shift of AW to the external potential occurs if the mem- A second dispersior8@) appears, and the potential over the
brane capacitance approaches the magnitude of the IMP @kl becomes similar to that in the external solution, because
the e3 circuit. This is the process of membrane dispersiothe difference between the cytoplasmic and the external
yielding the frequency dependence of the induced transpermittivity is low (Table 1). Thgs2 dispersion again yields
membrane potentidd ¥, according to the Schwan equation 3 phase shift between the applied potential and the potential
for a spherical cell (Fig. #; Fuhr et al., 1987; Marszalek et 4t the cell surface, generating a torque in a rotating field.

al., 1990; Grosse and Schwan, 1992): Because of the different signs of the induced charges and
1.5E external field in this frequency range, cofield rotation is

AV, = 5 (4) induced. Its mechanism makes the cofield peak especially

1+ (“’) sensitive to the cytoplasmic properties. Above the disper-

Wc sion a third DP plateau is reached, which is determined by

E, 1, , andw, stand for the external field strength, the cell the Permittivity differences of cytoplasm and external medium.
radius, the angular frequency of the external field, and the Fi9- 6 presents the real and imaginary parts of the induced
characteristic frequency of the membrane charging proces§€!l PotentialA¥¢ in the complex plane. DP and ER mea-
respectively. For the RC model, 15is given by W suring point pairs for the same frequencies were selected

In a rotating field the phase shift caused by the mem{rom Fig. 4B (top and right axe} Vectors are drawn for a
brane-charging process would be expressed in an ER pediéquency of 1 MHz. (P/a)We represents the frequency-
with the characteristic frequenay,. Because the induced independent reference potential, i.e., the potential difference
charges at the cell’s surface and the external field posseg$tween the symmetry plane and the reference point of
the same signs, the charges and therefore the cell would f&anch 1. When this vector is used as the origin of a
pushed against the rotation direction of the external fielgcoordinate systemAW. sweeps all four quadrants. Two
(antifield rotation). From this mechanism the sensitivity of half-circles describe the dispersion of membrane capaci-
the peak for membrane properties is obvious. tance [ower arc) and conductivity-based polarizatiotop

At higher frequencies the membrane is capacitivelyarc), respectively.
bridged and the potentials will distribute according to the The interaction force of two adjacent cells of the same
ohmic properties of the internal and external media. Be{properties is caused by the electrostatic interaction of their
cause of the cytoplasmic conductivity, which is higher thaninduced polarization charges. Although the magnitude of
the external conductivity, the internal side will be at athe force depends on the cell distance, the opposite poles of
potential close to 0 V. The same applies to the external sidavo cells will always attract, leading to pearl chain forma-
of the membrane because of the low membrane IMP. Betion. Neglecting the influence of the polarization of one cell
cause the polarizability of the cell is now better than that ofon the polarization of the other, the frequency dependence
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ref?re?cle cube,a/2, which corresponds to the right point of Fig. 2.
potentia

How can the correat,; be found for a given cell geometry,
e.g., for a sphere? For the extreme case of no membrane
conductivity, and a high external and a very high internal
conductivity, the real part AW corresponds to the volt-
age over e2 at low and to that over el for medium frequen-
cies, where the membrane is completely polarized or ca-
pacitively bridged, respectively. For a single-shell sphere,
these two cases are reflected by a Clausius-Mossotti factor
of —0.5 and 1, respectively (compare to Appendix A in
Gimsa et al., 1991b). The RC model would reflect these
FIGURE 7 Redrawing of the RC model in Fig. 2. The figure demon- relations fora = r;,; = 1.5. Assuming this value for the
strates the Wheatstone bridge-like principle of the single cell methods D'i;eometry of Fig. B and simplified electric schemes for the
and ER. Zy, Z&; and Z, stand for the IMPs of the three RC pairs e1, €2, |initing cases in the different frequency ranges (see discus-
e3, respectively, which describe the external solutich.sfands for the . .
IMP of the cell (RC pairs i and m; see Fig. 2). sion on the frequency-dependent properties of the model)
allows us to put up equations faf., AV, andAW¥,,. They
can easily be solved, leading, e.g., to Eg. 4 or to expressions

_ . for characteristic points of DP and ER spectra (see Appen-
of the attraction force can easily be deduced from thejiy A of Gimsa et al. 1991b). For example, solving Eq. 5

amplitude of|AW|. immediately leads to the well-known expression for the first
characteristic frequency of ER. Such simplified equations
Shortcomings of the model are not only of importance for understanding the basic

parameter dependencies of DP and ER, but also for fast
Although experiments and calculations for IMP, DP, andpgnjinear fitting of experimental data. Starting from the full
ER were conducted at completely different cell concentrazingle-shell model, these results could only be obtained after
tions, all measurements and theoretical curves are amagytensive calculations on the basis of row developments
ingly consistent. Nonetheless, when we calculated DP angster the introduction of area-specific parameters for the
ER for very low model hematrocrit values, we found that memprane (Gimsa et al., 1991b). The surprising consistency
the first characteristic frequency drastically shifted towardyf the spherical single-shell model with an RC model of
low frequencies. This behavior occurred because the timgrismaﬂc geometry and,, = 1.5 suggests that our dif-
constant of membrane polarization, for a negligible mem-+grent simplifications compensated for each other.
brane conductivity given by The IMP of a suspension exhibits a cell concentration
7= (R + RJC,, (5) dependence '(Wang etal., 1993). Thgrefore, the introduction
of an influential radius for IMP modeling was not necessary.
7 is strongly influenced by resistor €3. The value of thisin our case the side length, of the elementary cube was
resistor increases drastically with decreasing hematocritt.r because of our high hematocrit (Table 1). Thyg
This result is an erroneous reflection of the actual relationsand, accordingly, the resistor e3 were too low, shifting the
in which the characteristic frequency of ER is independentheoretical frequency dependencies of DP, ER, and the
of the amount of the surrounding medium. In contrast, theénduced transmembrane potential curves.
characteristic frequency of dispersion of IMP depends on The influential radius of 1i/5also works for the homo-
cell concentration (Wang et al., 1993). These considerationgeneous sphere model. The potencies of the concept for
suggest that the striking correspondence of our experimentakher model geometries like ellipsoids and cylinders was not
and theoretical IMP, DP, and ER results is due to the speciajet investigated. Most probably values for a correct descrip-
geometry of our elementary cube (Fig. 1 and Table 1). tion can be found and tested by comparison to existing
models (Pastushenko et al., 1985; Sauer and Schloegl, 1985;
Fuhr et al., 1986; Miler et al., 1990; Paul and Otwinowski,
1991). If this could be achieved, RC models would allow
A correct model must take into account the fact that polareasy access to more complex geometries, certain patterns in
ization disturbs the field only in the vicinity of a single cell. the electric properties of membrane and cytoplasm, etc.
It must be assumed that the radius to which the disturbance
projects into the suspension medium depends on polariz-
ability and is characteristic for a certain cell shape. In the
RC model these relations can be described by the introduc(-;ONCLUSIONS
tion of an “influential radius'r;;, which is of course larger The RC model makes it possible to describe structural
than the “cell radius™ (compare to Fig. 1)r;,; would  Maxwell-Wagner dispersions and explains the interdepen-
determine the point where the current branches 1 and 2 splitlencies of IMP, induced transmembrane potential, DP, and
Thusr;,q is given by half the side length of the elementary ER in a suggestive manner. The model may also offer a

Capabilities and potencies of the model
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simple approach to the explanation of cell orientation, de- cells as a measure of induced differentiati@ochim. Biophys. Acta.
formation, and pearl-chain formation. Obviously, no reso- 1034:93-10L.
nance circuit is necessary to explain ER, showing thafrane, J. S., and H. A. Pohl. 1972. Theoretical models of cellular dielec-

Pohl's t “cellul . "is inad te (Pohl trophoresisJ. Theor. Biol.37:15-41.
ohl's term, “cellular spin resonance,” is inadequate (Po Donath, E., V. Pastushenko, and M. Egger. 1990. Dielectric behaviour of

1983). The superior resolution of the single-cell methods  the anion-exchange protein of human red blood cells—theoretical anal-
over conventional IMP is not only demonstrated by the fact ysis and comparison to electrorotation da#electrochem. Bioenerg.
that the measuring effect of IMP, in contrast to DP or ER, 23:337-360.

decreases with decreasing cell concentration, but also by tH&9ston. K. G., B. Mdler, and H. J. Meiselman. 1992. Optical evaluation
of red blood cell geometry using micropipette aspiratiBfood Cells.

following consideration: the potential differenéeV can 8:241-258.

be considered as the measuring signal of a WheatstonSicke, H. 1925. The electric capacity of suspensions with special reference
bridge consisting of the two branches of Fig. 2. Because the to blood.J. Gen. Physiol9:137-152.

measuring effects of DP and ER are based on the differerfricke, H. 1953. Relation of the permittivity of biological cell suspensions
tial bridge signal¥ ., these methods are more sensitive for t© fractional cell volumeNature. 172:731~732.
registration of cell properties. Another consequence of thguhr, G., J. Gimsa, and R. Glaser. 1985. Interpretation of electrorotation of

. . L . protoplasts. I. Theoretical consideratiosgud. Biophys108:149-164.
differential principle is that the Cole-Cole plots of the . . o

. Fuhr, G., R. Glaser, and R. Hagedorn. 1986. Rotation of dielectrics in a
single-cell methods sweep all four quadrants, whereas the rotating electric high-frequency field. Model experiments and theoretical

IMP plot sweeps only one (Figs. B and 6; Fuhr et al., explanation of the rotation effect of living celBiophys. J49:395-402.
1985; Wang et al., 1993). The influential radius conceptFuhr, G., R. Hagedorn, R. Glaser, J. Gimsa, and Tll&1u1987. Mem-
allows the deduction of simplified equations for the critical brane potentials induced by external electric fields Bioelectricity.

6:49-69.
nd char ristic fr nci for I n . ) . . )
a d characteristic frequencies, fo .Ce p'ateaus, and pe uhr, G., and P. |. Kuzmin. 1986. Behavior of cells in rotating electric

heigths of DP and ER for the spherical single-shell model. fgjgs with account to surface charges and cell structugésphys. J.

We believe that a detailed discussion of the advantages and50:789-795.
shortcomings of the DP, ER, and IMP methods based on &uhr, G., P. Rech, T. Miller, V. Dressler, and H. Ging. 1990. Dielectric

nifi heorv i ill nandh h he R r h spectroscopy of chloroplasts isolated from higher p]ants - characteriza-
uma egogsetoth)gssdisécuggin and hope that the RC approac tion of the double-membrane systeRiant Cell. Physiol.31:975-985.

y ’ Gascoyne, P. R. C., F. F. Becker, and X.-B. Wang. 1995. Numerical
analysis of the influence of experimental conditions on the accuracy of
dielectric parameters derived from electrorotation measuremBiuds.
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