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Abstract
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An investigation of dielectric properties of biological cells using RC-model
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This paper proposes a method for estimating cell dielectric properties of a spherical triple shell and
ellipsoidal shell models from the Laplace and RC approaches. With a combination of various theoretical
parameters such as cell dielectrophoretic velocity, angular velocity of electro-rotation (ER) and two critical
frequencies of dielectrophoresis (DEP), these approaches will improve the predictability of the dielectric
properties. The calibration of the model parameter s to these experimental data resultsin estimations of the
celliselectrical properties depending on the geometric structure of the assumed model.
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The phenomenon of diel ectrophoresis (DEP)
is the motion of particles or neutral matter due to
polarization effectsinduced by non-uniform electric
field (Pohl, 1978). It will only occur in the case
that the electrical properties of the particle, i.e. its
electrical conductivity and dielectric constant,
differ from those of the suspending medium. Asa
result of this, the action of the applied electricfield
will beto induce electrical chargesto appear at the
boundary between the particle and the suspending
medium. This was first described by Maxwell
(1891) and further elaborated by Wagner (1914).
The distortion of the electric field at the interface
and the creation of Maxwell-Wagner interfacial
charges lead to an electric dipole moment (i)
which depends on the electrical properties of the
particles. Interactions between the induced dipole
and electric field have been the subject of many
investigations. The first publication that described
the el ectrical impedance of cellsin suspension was
that by Cole (1928). This resulted in a number of
studies of the motion of cells in electric fields
(Holzafel et al., 1982; Pohl, 1978, 1983; Chiabrera
et al., 1985; Fuhr and Kuzmin, 1986; Sauer, 1985;
Kaler and Jones, 1990), of an electrical cell model
(Pohl, 1978; Jones, 1995) and of a large number
of applications in biotechnology, biomedicine

and pharmacology, such as the characterization of
artificial or biological particles (Pethig and Markx,
1997; Mark and Davey, 1999), cell manipulation
and separation (Pohl, 1978; Pohl and Hawk, 1978),
electrically induced cell fusion (Zimmermann and
Vienken, 1982). In our aspect, DEP is the pheno-
menon that has increasingly been applied to the
study of the electrical properties of biological
single cells (Irimagjiri et al., 1978; Hanai etal.,
1979; Asami et al., 1984; Kaer and Jones, 1990;
Raicu et al., 1996, 1998).

In general, dielectric properties of micro
scale single cells can directly not be measured. A
cell suspended in a solution is assumed to be
electrically neutral. When it is placed in a non-
uniform AC electric field (E), the induced dipole
moment inside the cell interacts with the external
electric force resulting in cell movements from an
area of lower field intensity to an area of higher
field intensity. This process is called positive
"dielectrophoresis’. A movement in the opposite
directioniscalled negative DEP (Pohl, 1978; Jones,
1995). Moreover, mutua attraction among cells
due to the dipole moment forms pearl chains and
translation of the chains towards the electrodes
might occur. If more than one cell species suspend
in the same medium, positive and negative DEP
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might occur simultaneously according to their
electrical properties, leading to cell separation. To
avoid cell-cell interaction, a single cell has care-
fully been selected and cell velocity recorded at
a various field frequencies. Positive DEP at cor-
responding field frequencies were reported by
Mahaworasiipa et al. (1994) and Wanichapichart
et al. (2002). However, the method was rather
tedious and time-consuming. The accuracy of the
velocities obtained in such method was aso
questionable.

Theforce created as mentioned in the above
process is called dielectrophoretic force (Scher,
1968; Pohl, 1978) which was defined as F =
0.5Re[f1 [[DEZ] where Re]...] represents real
part of the complex function in the bracket and U
isthegradient operator. The dipole moment induced
in the cell was defined as p O eV[CMF]E
where £, S andVrepresent permltt|V|ty of vacuum
(8. 85><10 Em Y, frequency dependent complex
permittivity of the suspending medium and cell
volume, respectively. CMF isthe Clausi us-M ossotti
factor which is a frequency-dependent complex

g —-¢€
function, i.e. CMF = —% =
gs + (geff B gs)Lk

, where £,

and L, is an effective complex permittivity of the
whole cell and depolarization factor, respectively
(Gimsa, 2004). Note that the CMF value isa
determinant of the positive or the negative DEP,
i.e. a positive CMF results in positive DEP and
vice versa. These revea that when the conduct-
ivity of the suspending medium (o) is higher than
the effective conductivity of a cell (g,), the cell
will experience a negative DEP force and be
repelled from the electrode (negative DEP). When
o_islower than g the cell will be attracted to the
electrode (positive DEP).

In some instance, the mutual attraction of
cells with similar electrical properties will result
in cell formation and pearl chains of cells. In the
case of positive DEP, cells are accumulated at the
electrodes, an effect that can be employed for cell
selection and separation (Pohl et al., 1978). More-
over, cells suspended in close proximity to one

another create phase-shifted field components
resulting in the generation of atorqueand, (7, )
hence, the rotation of the two cells in opposite
directions (Mahaworasilpa et al., 1996). Further-
more, when the electric field is produced by four
different phases, a torque is easily induced on a
singlecdll (7_,) (Gimsaetal., 1991). Both of the
effects, 7 __, and T, can be described by the
crossproduct 7 =0. 5Re[u x E2]. This pheno-
menon is well known as electro rotation (ER).

The two phenomena, DEP and ER, are part of the
microelectromechanical systems of bio-particles
(MEMS) (Jones, 2003).

The aforementioned description is based on
the knowledge of the electrical cell propertiessuch
as conductivities and dielectric constants as well
as the cell geometry. Many researchers employ a
combination of different cell electro-mechanics
methods (EMM) (Fuhr et al., 1986; Fuhr and
Kuzmin,1986; Gimsa et al.,1991; Mahaworasilpa
et al., 1996; Pohl and Crane, 1971 ) with dielectric
spectroscopy (DSP) ( Asami et al., 1996; Asami,
2002; Gheorghiu, 1996) to improve the parameter
resolution. Both methods have their advantages
and drawbacks. The former can be applied to
singlecells. Nevertheless, it requireshigh intensity
eectric fields (kilovolt/meter) to induce cell trans-
lation or rotation. These fields may causes Joule-
heating, a problem that can be reduced by lower
conductivities of the suspension media or by the
miniaturization of the measuring chamber (Gimsa
et al., 1996). However, the manipulation may still
affect the electric properties of the cell (Schwan,
1988). The experimental data, such as the trans-
lation speed in DEP or the angular velocity in ER,
are used in computing the electric cell properties.
The latter is a non-invasive technique suitable for
the characterization of suspended cells at low
electric field intensities. Also, the method tends to
be less time-consuming than the AC-EMM. How-
ever, electrode polarization at lower frequency is
problematic. Studies of electric cell propertieswith
DSP were limited until 1996 when Asami and co-
workers devel oped scanning diel ectric microscopy
for the direct probing of cell clusters (Asami et al.,
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1996). Their device consists of a dielectric probe,
an impedance meter and a computer. It is com-
mercially available, abeit at a high price. It might
therefore not be suitable for preliminary studies.

DEP provides a cost-effective alternative. It
is based on a number of measuring points for
calculating the real part of the Clausius-M ossotti
factor (Re[CMF]) from the models that fit the
physical characteristics of cells being studied.
Examples of these models are the spherical single
shell model, SSM, for anima cells and plant
protoplast (Kaler and Jones, 1990; Gimsa et al.,
1991) and the spherical double shell model, SDM,
for certain animals cells and plant cells possess-
ing acell wall (Asami and Irimagjiri, 1984). These
models are fundamental due to their geometries
which are generally observed in cells. However,
the models require a number of parameters con-
cerning the dielectric properties of the cells (€,;).
In addition, the DEP-function which varies with
Re[CMF] is not ad hoc available, resulting in
difficulties in data fitting. The SSM model has
therefore been introduced in a computer program
by Bunthawin et al. (2003) to circumvent the
manual calculations. However, the applicability of
this model was limited to certain cell types such
as plant protoplast and it was not valid for cells of
amore general shape.

Not only the SSM and the SDM can be
developed using the computing program, but also
a spherical triple-shell model (STM). The same
procedure as mention above has been applied,
which is based on the Laplace solution (Buntha
win and Boonlamp, 2005). The electric potential
and electric field have been calculated using the
same theoretical analysis as given by Asami and
Irimajiri (1984). Nevertheless converting this
model into a multiple-shell model or ellipsoidal
shell model using the same method might not be
a simple undertaking due to mathematic complic-
ations. Moreover, for an ellipsoid, this approach
raised the confocal shell problem, i.e. a layer of
non-constant membrane thickness at poles of the
cell is smaller than that at equatorial area. There-
fore, another approach will also be made to

circumvent this problem.

Recently, Gimsa and Wachner (1998 and
1999) have warned about the use of confocal shells
estimating that it may lead to large errors in the
case of marked eccentricity. They proposed the
RC-model for an ellipsoidal single shell model.
The model consists of resistor-capacitor pairs
which are commonly used to qualitatively describe
relaxation processes and electrical properties of
biological cells. The model is seems to be valid
only under the assumption of constant field and
consequently, only for shells of vanishing shell
thickness. For thin (8-10 nm), low conductive shell,
the model proposed by them has the great advan-
tage of simplicity and can be useful for quantitative
analysis of the CMF function and consequently,
determining the critical frequency. This new
approach emphasized two critical frequencies at
transition points from negative to positive DEP
and vice versa, represented as f_ and f, respect-
ively. The two frequencies were plotted against
medium conductivity (o) and they gradualy
bended toward each other at high.

Thiswork extends the RC approach to find
acritical conductivity of the medium (g,) which
allows the two frequencies being in contact. It is
envisaged that equations obtained for f_, f and
o, will provide enough information to reveal cell
dielectric properties and is a simpler method for
experimentation

Modeling

a. TheLaplaceapproach

The Laplace approach is a conventional
method to determine electric field intensity both
inside and outside the considered cell. This
approach has been used for derivation of the
effective complex permittivity of the whole cell
including cell suspensions(s;f) which reveal cell
dielectric properties in macroscopic view (Asami
et al., 1980; Asami and Irimgjiri, 1984; Asami et
al., 1996; Asami, 2000). Previously, it was already
known that the L aplace approach is nicely suitable
for all spherical cell types(Pohl, 1978; Jones, 1995).
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For our case the spherical triple shell model isalso
extended based on this approach. The cell model
was set to be a solid sphere having radius (R),
possessing inner cytoplasm (ic) located at the
center covered by another inner membrane (im),
outer compartment (oc), and outer membrane (om),
respectively (Figure 1a). The thickness of each
layer is defined by the radius distance (8). Two-
dimensiona polar coordinates are employed for
identifying any of interest position by the radiusr
and angles 6. Each component of the cell is
described by its complex permittivity (8 ). The
parameter of 8 can normally be calculated from
the Laplace solutlons and introduced into the
CMF equation which is then separated into its
Re[CMF] and Im[CMF] parts, respectively. This
theoretical analysis gave the same result as Pohl
(1978) and others (Bunthawin et al., 2003; Bun-
thawin and Boonlamp, 2005). According to Pohl's
assumption, the dipole moment induced in the cell
strongly depended on the CMF. It is defined as
ﬂcd =€ sV[CMF]E where € and £ represent
the permlttlwty of vacuum (8. 85><1O Em " and
the frequency-dependent complex permittivity of
the suspending medium, respectively. V stands for
cell volume; note that, the volume of the spherical
cell model with radius R and an ellipsoidal cell
model with its semi-axe of ab,c are equal to

4 4
§HR3 and —7mbc, respectively. In case of

3
elipsoidal model proposed by Gimsaand Wachner
(1999) the CMF can be written in generalized
form as

CMF = EEﬁ ES
e (e, el @)

whereL, isdepolarization factor depending on cell

shape. For a spherical case, L = % then

3(e, —€)

S

CMF =———=>.
(eeff +2£S) 2

Oneinteresting case of an ellipsoid with two

equal semi-axesisknown asthe spheroidal model.
For biological cell it has been developed by
Watanabe et al. (1991) then by Kakutani et al.
(1993) and Asami and Yonezawa (1995), respect-
ively. They considered those spheroids of revolu-
tion with semi-axesof a, band ¢ (a=b) (Figure 1b),
the inside of which is formed by another confocal
spheroid with complex permittivity of cytoplasm
of £;. This leaves an average clearance of o
between the two spheroid surfaces, the membrane
characterized by £ According to these models,
£ may be written in a complex form as Asami
(2002)

£ = Rele, ]~ jIm[e, ], 3

whereitsreal and imaginary part are

£,we, (AC+BD) - g, (BC - AD)

Refey] = £.0(C’ + DY) v (4
R 0, (AC+BD) + we,e,(BC— AD)
Im[e,]= £.0(C + D) (9
with these constants
A= we,(B (€, ~ (€, — £,) +€.),
B=B.(o,-Vv(o,-0))+0,

C = wgo(Bkgm + gc +V(8m - gc)'
D = ﬁkam +V(Um - UC)) + Uc’

1-1,
where B. = L’
k
1-30
vV —,
R
m 1 1D
and 3@5+ +—E

Substituting equation (3) to (5) and into equation
(1) and (2) yields the final complicated expression
of the CMF of the sphere and the ellipsoid which
will beangular frequency (w) dependent. Although
the Laplace approach is a suitable analysis for
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Figurel. Two biological cell models represent a spherical triple shell model (STM) for a single
cell (a) possessing three-dielectric layers with different dielectric properties and (b) an
élip-soidal single shell in case of two axisalongy and z direction are equal. Both models
are suspended in a low conducting medium with dielectric parameters of € and o,
Dipole moment induced inside cells (L will align itself parallel to the direction of
external electricfield (E)at 6= 0, resulting in positive dielectrophoresis.
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computing al functions involving CMF based on
the DEP method, applying the L aplace model to an
ellipsoid raised the confocal shell problem, i.e. a
layer of non-constant thickness modeling the
biological membrane. This work also applied
another approach developed by Gimsa and his
colleague which employed an RC-model for
calculating and(Gimsaand Wachner, 1998, 1999).

b. RC-approach

Previously, the €, was originally deduced by

using a Laplace approach, which was rather
mathematically complicated. In case of ellipsoidal
cell, the thicker membrane at the two polesthan at
the equatorial area brought about questions of
validity. Therefore, another approach hasbeen made
by using an RC-model to correct the ambiguity
about the membrane thickness (Gimsa and
Wachner, 1998 and 1999). The CMF was modified

10y, -y, 0
asCMFRc:kaT;E where . and ,are

electrical potentials of the medium and of the cell/
medium interface, respectively.

In the following, each compartment of both
modelsisassumed to beaconductive and capacitive
property. The model of aspherical three-shellsand
ellipsoidal single-shell are shownin Figures2aand
2b, respectively. When electric field is penetrating
the cell membrane, it is equivalent to an electric
current flow into a parallel circuit of a resistor-
capacitor pair. This deduction represents the
conductivity and permittivity of the membrane. In
analogy, it can aso be applied to cytoplasm and
another compartment. The dielectric properties
of phase (i) are determined by their complex

function of conductive (o =0, +jwee,) and
capacitive (C =ge,A/5),when ogand ¢
represent the DC conductivity and the relative
permittivity of i phase. Then ¢ can beintroduced
into a complex function of specific impedance as
Z =(0, + jwe,g ) . For reasons aready stated,

combining each phase in a series and introducing
them into the CMF, yields a new function which
will beimpedance-dependent. According to Gimsa
(2001), the polarization of an ellipsoid is assumed
to be constant over cell volume, and the CMF factor
along one semi-axis of the ellipsoid may bewritten

10 Z+Z 0
aSCMFRc_Tk%_Z:+Z;+Z;)(1—Lk)% (6)

The subscript i denote phase of the cytoplasm (c)
and the membrane (m). Thisapproach can only not
be applied to the ellipsoidal model but also to
models of the spheroid and the spherical shape by
changing the value of.

c. Critical and characteristic frequencies

In DEP critical frequencies, i.e. transition
pointsfrom positiveto negative DEPand viceversa,
are observed. Characteristic frequencies, i.e. the
rotation peak frequencies, occur in ER. We
examined 5 prominent points in the DEP graph
(Figure 3). The first point is the initial frequency
when the DEP started at lower frequency range.
Thesecondisthefinal frequency where DEP ceases
at high frequencies. Thethirdisthefrequency where
the cell exhibits positive DEP with the highest
amplitude. The fourth and the fifth are the
frequenciesat which the cell exhibits negative DEP
in the lower and the higher frequency range,
respectively. To consider these points through
equation (6) and (2) is quite complex and our lack
of advanced mathematic skills required for
modeling spheroid cdlls poses aprablem. However,
we had already assigned the CMF term to equation
(6). This could be anew method and an alternative
to the conventional Laplace approach. From the
model the diel ectric properties of the membraneare
prominent in the low frequencies range, namely,

Z,=(0,+jwge,)" Z,=(0,)", and Z =(0,)"
On the other hand, those of the cytoplasm are
dominant in the higher frequency range, Z =0

Z,=(0,+jwge,)", and  Z =(0,+jwge,) ™
For these assumptions we can simplify the RC
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Figure 2. Equivalent RC models of (a) the spherical three-shell

model and (b) ellipsoidal single-shell model shown
in Fig. laand 1b, respectively.
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Figure 3. Theprominent pointsshown on thetheoretical plotsof RefCMF]
and Im [CMF] of spherical triple shell model ver suslogrithm of
field frequency for the following parameters: R =20 um,
£ =€ =78, £ =¢_=8, £=80,0=0.1,0 = 0 04, g _=0.1puSm’,

g _=1uSm
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circuit schemes for the derivation of critical
frequencies as shown in Figure 4a ( f_, at low
frequencies) and Figure4b ( f, at highfrequencies).
Theoretical statements of these simplifications are

/ (O-S + UC + Z:no-so-c - O-Sa - O-SO-CGZ:n)
CMF,. = - ()
(US + GC + Zmo-so-c) Lk

and
h _(1_G)Z;+Z;
M=z ©
ol

where @ = LT "1 Notethat these CMF equations

are impedance-dependent functions which vary
withangular frequency (w = 271f ). Todetermine
f, and f,,thereal partsof equation (7) and (8) are
set to zero i.e.Re[CMF_] = 0 ,then w will be
transposed from the equation. It was found that
those equations can be written in the form of
polynomialsfunctionas aw'+a_w"+.+a =0,
which will easily be solved using extraction of n
root. Theresults are shown asfollows:

_E,N-AB and _&"E(F+G)

fo=~2c ™ =" — O

where
A=-g -2c¢e +eef +EB-¢,
B=-0’-Ba’+0,08 -0 -20.0.,
C=¢’A,D=¢,£%E,
E =Boo, -0’ +B0o’-20,0,- 0"
F =2B0,0,0.+0.0,0,8 -
20,00, - 0.0 -20,0,0: —0.0.)
G=p(0,0.+0.0, +0,00,) -
do’ -20.0,0;
If f, = f, ,the g can be solved and is called the
critical frequency (g,).

Bunthawin, S, et al.
0.(2-P) 1
%Top-ny MPTey WO
where

1 q 2 U2
L =- + Mmig+(q -1
X q2_1 (q2_1)3/2 [q (q ) ]

a
and a=p-

Experimental

a. Cell preparation

Yeast cells, Saccharomyces cervisiate TISTR
5088, were used in this study. They were grownin

an aqueous medium containing 39 g. ¢ of Potato
Dextrose Agar (PDA, Criterion) at 27°C in an
incubator-shaker (Jecons Scientific) at 200 rpm.
They were harvested in the stationary phaseat 24 h
after inoculation and washed onetimein deionized
water following centrifugation at 100 g for 2 min.
Then the washed yeasts were twice washed in 0.8
M sorbitol. They were then re-suspended in
the sorbitol with its conductivity adjusted from 3
mS.m”to 0.3 Sm" using 0.1 M KCZ/.
Experimentation was carried out at room
temperature, 25.8°+1.2 C. Only onecell was placed
in between nickel alloy cylindrical electrodes.
Under afrequency range between 100 Hzto 1 M Hz,
the f, was not detectable and the f_, wasrecorded
at field strength of 85 kV.m". The f_, shifted to a
higher frequency value with adecrease in positive
DEP, and the g, wasincreased. In the g, range used,
about 10 duplicates were carried out and the f
and f, were recorded within 20 min.

b. Electric field requirements

Another important aspect is the alignment
of the electrodes used in DEP and ER studies. It
determinestheintensity and direction of the electric
field. The orientation of the electric field determines
the direction of cell trandation or rotation. In DEP
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Figure4. Simplification of the critical frequency of both models using presented presented
schemes forthe derivation of dielectrophoresis spectrum at low (a ) and high (b)

frequency ranges.
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studies simple parallel cylinder electrodes
(Zimmermann and Veinken, 1982; Mahaworasilpa
et al.,1994 ) or round-tip electrodes may be used
(Pohl and Crane, 1971; Zimmermann and Veinken,
1982). In ER studies four alternate-phase driven
electrodes are commonly used (Gimsaet al., 1988;
Gimsaet al., 1991; Fuhr et al., 1986).

In our earlier studies cylindrical nickel alloy
electrodes with a diameter of 125 microns were
used. They were aligned in parallel, 250 microns
apart. The electrodes were dipped into the chamber
containing the suspended cells after proper
adjustment of the conductivity. Single cells were
suspended in between the electrodes at the center
of the chamber (Figure 5). An electric potential of
7 Vp-p was applied and the electric field intensity
was 35-40 kilovolts/meter in the frequency range
from kilohertz to megahertz. According to the
electrode geometry the two components of thefield
intensity along the y and z axes can be expressed

in vector and scalar forms  E,, =E, +E, + E, and

E,, = E; + EZ respectively (Figure 6).

These electric field intensities were calculated in
the same manner as Mahaworasilpa et al. (1994).
Finally, the DEPtrand ation of the cell wasrecorded
with a digital video camera (Sony, CCD-IRIS,
Japan) until it deposited at the electrodes.

c.Dielectrophoretic and angular velocities
measur ements

The cell's velocity during DEP was
calculated from the observation of the video
recordings on a TV monitor (Mitsubishi CT-
29K1SB). By playing and replaying the video
repeatedly, the position and displacement of the cell
as it was moving towards an electrode were
recorded. The data were plotted on a graph to
determine the cell parameters by non-linear
regression analysis. Once the distance along the z
direction wasobtained asafunction of time(t), time
differentiation was performed to determine the
velocity function v(t). This information was then

reentered into the function to obtain the
experimental dielectrophoretic velocity (U ,.,) for
each position (Figure 7).

DEP

Thetheoretical velocity of an ellipsoidal singlecell
with mass (m) moving in suspending medium
having viscosity of n can be written in the form

Upep yElanhEﬁiEé

(11)

F
where Vz% and B =6mnaK where K is
a shape factor defined as

a4 ,
z(a"-1)

" (2a°-))
(a*-1

In[a+(a 1)”2] a, (12)

b
where a =3 Under Newton's second law of

motion, equation (9) can besimplifiedto U ., = y.
In another case of ER the angular velocity (w) was
determined in the same manner by counting the
number of rotations over time and converting the
number into radian /second.

Results
a. Theoretical profiles of RCMF]

Thegeneral appearances of the RefCMF] and
dielectrophoretic velocity curves plotted in the
frequency range from 1 Hz to 1 GHz are quite
similar. They are both bell shaped with 2 base areas,
one in the negative frequency region and the other
inthe high frequency region. The peak of the curve
has one turning point in the moderate frequency
region which was shown to be the maximum
positive value of the ReJCMF] (Figure 3). The
results of the considering of the influence of all
electrical parameters on these spectra are
summarized below.

Changing the didectric constant of the inner
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and outer membrane (¢, £ ) intherangeof 5to 15
affects the spectrum in the lower frequency region
(Figures 8a-1 and 8a-2). In contrast, it was found
that changing the dielectric constant of the outer
cytoplasm (g, ) to 50-70 £ did not show asignificant
impact (Figure 8b-2). This means that £_is not
sensitive and does not affect the dipole moment of
the model. Adjusting the conductivity of the inner
cytoplasm (o) in the range from 0.1 to 1 Sm’
affects the spectrum in the high frequency range
(the curve's shoulder) (Figure 8d-1). Thus, if the
o, increases, the spectrum moves towards higher
frequencies. This, in turn, moves the spectrum
towardslower frequencies. Similarly, changing the
conductivity of the outer cytoplasm (g, ) in the
range of 0.1 to 1.0 mSm affects the spectrum in

the lower frequency region (curve's base) (Figure
8c-2). If g increases the base of the spectrum is
shifted to the higher frequencies (Figure 8c-2). This
results in alarger positive RefCMF] term and the
f,, moves to the higher frequency range as well.
However, the effect of changing the dielectric
properties of the outer cytoplasm (¢ ) islimited to
the base of the spectrum in the higher frequency
range. Thus ifincreases, the base of the spectrum
shifts the amplitude to larger positive values and
dightly affectsthe f_, (Figure 8b-1).

Cdll radius changes affect the spectrum in
the lower frequency region (curve's base and
shoulder) (Figure 8e-1). Thus if the radius of the
cell islarger, the shoulder of the curve shiftstowards
lower frequencies and the has a larger positive
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value. This shifts the boundary of the lower
frequency region towards|ower frequenciesaswell.
The effect of the cell radius on the spectrum at the
curve'sbaseisinsignificant. Thisresultissimilar,
though more pronounced, to that of changesin the
thickness (Figures 8f-1 and 8f-2), diel ectric constant
(¢, €,) (Figures 8a-1 and 8a-2) and conductivity
(g, ) (Figure 8c-2) of the outer cell membrane.

A changein thethickness of the outer turning
point of the curve's base at lower frequencies
(Figure 8e-2). An increase in thickness slightly
shifts the spectrum towards higher frequency. The
thickness of the inner membrane ¢ affects the
curvein the lower frequency region. Increasing o
shifts the shoulder of the curve towards lower
frequencies (Figures 8f-1). This increases the
magnitude of Re{CMF] and decreasesthe boundary
in the lower frequency range. These effects of all
parameters on R CMF] are relevant. The above
considerationsyield abetter insight into the electric
properties of cells.

b. Theoretical profilesof thecritical frequencies

Theoretical plots in Fig.9a-d shows how
changesin g ,0, ¢ and ¢ affect the f, and f
values. These plots were obtained under fixed
values of £ =10¢, ,£= 75¢,, £= 78¢,, 0 =10,
0=02Sm anda=8,b=6,c=4um. TheL was
assumed to be 0.272 when membrane thickness ()
was 10 nm. The theoretical curvesof f_, and f,
derived from an RC-model indicated that dielectric
properties such as dielectric constant and
conductivity of the cytoplasm and the membrane
had obvious effects on the critical frequency.
Critical frequency was aso dependent on other
factors such as depolarization factor (L) and the
membrane thickness () (Figures 10a and 10b).

c. Experimental results

It was found that yeast cell suspensions
induced positive DEP at frequencies between 100
Hz to 1 MHz for o, between 3.5 mSm’ and 0.3

S.m-1, respectively. The theoretical curves of f,

and f, derived from the RC-model agreed with
experimental data (Figure 11). By fitting the
theoretical curve with experimental data the
dielectric constants (€) and the conductivities (o)
of the membrane (m) and the cytoplasm (c) were
revededase =10, £=75,0 =10 and 0=0.2Sm’,
respectively. The general appearance of the curves
plotted in the whole frequency range from Hz to
GHz is similar in shape to a "banana’. Its length
showed the maximum amplitude around 0.3 Sm’".
Two curves were obtained with tips that merge
when the value of the depolarization factor is
properly adjusted (Gimsa and Wachner, 1999).

Discussion

The experimental results show that the peak
of the real part of the dielectrophoretic spectrum
has only oneturning point inthe medium frequency
range (Figures 3 and 8). The experimental data of
yeast cells represent a positive dielectrophoretic
force, i.e. the cells were propelled towards the
central electrode (Figure 5). In turn, the negative
force repelled the cell from the central electrode.
Thisnegative diel ectrophoresis mostly occurred in
the kHz frequency range. The magnitude and
direction of dielectrophoresis were fitted by the
Re[ CMF]. Actually, the cell was tranglocated with
aconstant velocity as Stokes friction balances the
force. Therefore, its velocity should be predicted
from Newton's first law of mation; although the
preferred motion was closeto constant accel eration.

Fitting the theoretical curve to the
experimental data points yielded the dielectric and
conductance values as shown in Figure 11. Both
the Laplace and the RC-model can be used for
computing all functions involving the Re[CMF]
and Im[CMF] of the spherical model. Each of the
models consists of a number of parameters. The
results yield the effects of these parameters on
Re[CMF] and Im[CMF]. As discussed above, the
dielectric properties of the membrane are more
prominent in the lower frequency range. On the
other hand, those of the cytoplasm are visible in
the high frequency range.
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Lag AL eld frequenay 'Hz

Figure1l. plotsof f_, against medium conductivity (a)
(circleswith error bars) and theoretical plots
for possible dielectric properties (solid line) of
yeast cells. The estimated parametersare;
£,=10¢, £ =75¢,, £=78¢,, 0,=10 and g,=0.2

Sm-.
Summary

We have reported two approaches for
estimating the dielectric properties of cells. The
conventional Laplace and the RC model were
presented in this work. Nevertheless, the latter is
more convenient to handle. The RC approach also
provides an alternative to non-physicists in cell
biotechnology. However, this very new approach
has still not been verified with another ellipsoidal
biological cell except for the human erythrocyte
(Gimsaand Wachner, 1998), chickenred blood cells
(Lippert and Gimsa, 2002) and yeast cells for this
work. Moreover, some related experimental
findings have not been included here, such as the
reorientation of spheroid cellsat certain frequencies
(Lippert and Gimsa, 2002). Thispaper is, therefore,
an overview of the conceptsfor thoseinterested in
thisfield and should help to avoid the repetition of
investigations that have already been done.
Nonetheless, further elaboration of these studiesis
possible. Thetwo curvesin Figure 10afor thelower
and higher frequency ranges can be combined by

adjusting certain parametersto obtain new curves.
Combining DEP, ER, EO, and ED techniqueswould
be beneficia for further studies of dielectric cell
properties.
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