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Dielectric spectroscopy (DS) of living biological cells is based on the analysis of the complex dielectric
permittivity of cells suspended in a physiological medium. It provides knowledge on the polarization—-
relaxation response of cells to external electric field as function of the excitation frequency. This response is
strongly affected by both structural and molecular properties of cells and therefore, can reveal rare insights
on cell physiology and behaviour. This study demonstrates the mapping potential of DS after cytoplasmatic
and membranal markers for cell-based screening analysis. The effect of membrane permittivity and
cytoplasm conductivity was examined using tagged MBA and MDCK cell lines respectively. Comparing the
permittivity spectra of tagged and native cell lines reveals clear differences between the analyzed suspen-
sions. In addition, differences on the matching dielectric properties of cells were obtained. Those findings
support the high distinction resolution and sensitivity of DS after fine molecular and cellular changes, and
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hence, highlight the high potential of DS as non invasive screening tool in cell biology research.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The dielectric properties of biological cells can provide rare insight
about the cellular and molecular state of given cells. Dielectric study of
biological cells was explored for the first time by Hoeber, who investigated
the dielectric properties of Erythrocytes [1]. Here the cells were
characterized as poorly conducting membrane enclosing a conducting
and polar cytoplasm. The foundations of understanding the dispersion
mechanism of biological cells suspended in physiological medium have
been suggested by Schwan according to the theories of mixed dielectrics,
founded by Maxwell & Wagner [2,3]. Since then, the dielectric properties of
many cell types have been explored by a number of authors [4-7].

Dielectric properties of biological cells are mainly characterized by B
dispersion mechanism which accounted for the medium (MF) and high
(HF) range of the radio spectrum [7,8]. This mechanism is due to Maxwell-
Wagner effect (interfacial polarization) at the external and internal
interfaces of the phospholipids membrane [9,10]. In addition, contribution
may also arise from dispersion of small intra cellular organelles, which
usually appear as small adjunct to the {3 dispersion at high frequencies.

Dielectric spectroscopy (DS) techniques can provide comprehen-
sive knowledge about cell structure and properties, intra cellular
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content, membrane shape and selectivity and many more [11-13].
Using dynamic dielectric spectroscopy allows real time quantification
of cellular and molecular processes occurring in cells during variety of
biological mechanisms like: growth, activity, division etc. [14-18].

Recent interests in the development of new high throughput, non
destructive screening techniques are largely driven by the potential for
associating physical methods with cell and molecular biology
methodologies. Cell-based screening is a powerful method that uses
living cells to test the effect of different molecules like drugs and
toxicants on the cellular and molecular phenotype of cells. This
technique requires the use of high sensitive tools that permit high
speed systematic identification of biochemical targets and markers on
given cell libraries.

This study is aiming to demonstrate the use of DS as potential
screening tool after bio-markers in cell-based screening analysis. This
approach can offer label/mediator-free strategy for rapid analysis and
monitoring of cellular and molecular markers in living cells. It can
provide fast and reliable prediction on the viability and physiology of
cells as response to induced chemical stimulations or can be used to
monitor development and transformation processes occurring in the
cell within its life cycle. In order to understand the practicable impact
of it, it is first essential to understand the more fundamental research
of membranal and cytoplasmatic tagging effect.

Madin-Darby Canine Kidney Epithelial (MDCK) and Bone Marrow
derived Pre-Osteoblastic (MBA) cell lines were used to investigate the
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effectiveness of DS to follow intra cellular and membranal markers.
The intra-cellular marker used was based on SECI3 protein over-
expressing MDCK cells. Effect of membrane was tested in lectin-
labeled MBA cells that bind glycosylate elements on cell surface. The
analyzed dielectric spectra confirm the modulation of both markers
on the dielectric parameters of cells. Cytoplasm conductivity of SEC13
over expressed and membrane permittivity of MBA coated cells
were found to be affected when compared to the native cell lines.
Those findings provide the necessary knowledge regarding the ability
to correlate between molecular and cellular markers, and changes on
the matching complex permittivity spectra and parameters of the
cells.

2. Modeling the dielectric response of cells

Analysis of dielectric parameters depends on cell topography;
therefore, a matched electric model should be applied based on those
geometrical characteristics. Most biological cells can be treated as thin
insulating shelled component (membrane) enclosing conducting
medium (cytoplasm). This simple description brought many theories
and models developed by several authors. The first model of shelled-
spheroid was introduced by Frick [19], later it was extended to the case
of shelled-ellipsoid particles [20]. Those models however, were
limited to low frequencies analysis. Since then, several models were
proposed by Pauly and Schwan [21], Hanai et al. [22], and Redwood et
al. [23]. The first comprehensive model was introduced by Asami and
Hanai, who for the first time presented unlimited approach for
dielectric analysis of suspended shelled-ellipsoids [24].

Both MBA and MDCK cells exhibit an approximate elliptic structure
(Fig. 1), and therefore, can be treated using the dispersed shelled-
ellipsoids analysis. Here the cells are described as two phase systems
(membrane and cytoplasm) surrounded by infinite and continues
medium (Fig. 2). Based on the theory of interfacial polarization, the
complex relative permittivity of dispersed shelled-ellipsoids &*, sus-
pended in a medium with complex relative permittivity &, is given by:
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Where @ = 288N is the volume fraction of the cells and gis the
complex relative permittivity of the shelled-ellipsoid across the k axis,
given by:
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Where &,,*, &* are the complex relative permittivities of the
membrane and cytoplasm respectively and v is the volume ratio given by:
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A; is the membrane thickness and Ly, Ly (k=x, y, z) are the
depolarization factors, given by:
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Where Ry, Ry, R; and Ry, Ry, Ri; are the semi-axes of the cell and
cytoplasm respectively.

Fig. 1. Topographic images of cells. (a) Topography of joined MBA cells (70 pmx 70 pm).
(b) Topography of single MDCK cell (40 pmx40 pum). Both images recorded in
physiological conditions in DMEM solution.

The medium relative permittivity is represented by the average
value £%. It can be found within the range of ¢ < g% <&*, when it
depends on cells concentration. At low concentration, the medium
around each cell is assumed to be homogenous (cell free), and
therefore, z=¢.. When the cells concentration is high, each single
cell surrounded by a mixture of cells and medium, and therefore,
ex=et,

3. Methods
3.1. Preparation and analysis of cells

3.1.1. Cell cultures

Madin-Darby Canine Kidney Epithelial (MDCK) wild type or stable
transfected with SECI13-GFP [25]. MBA-15 cells are marrow stroma
derived osteoprogenitors [26]. Cells were cultured in growth medium
Dulbecco's Modified Essential Medium (DMEM) supplemented with
10% heat-inactivated fetal calf serum (FCS), 1% glutamine and 1%
antibiotics, and maintained in 5% CO, at 37 °C.

3.1.2. Fluorescence-activated cell sorter (FACS)
Binding of biotinylated-lectin Helix pomatia (HPA, Sigma) to cell
surface carbohydrate residues expression were analyzed by FACS. For
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Fig. 2. Shelled ellipsoid model. X-Y plane (left), Y-Z plane (right). &%, eom, & represent the complex permittivity of medium, membrane (red) and cytoplasm (yellow) respectively.

analysis adherent cells were released from culture using 0.5 mM EDTA
in PBS. Single cell suspensions were blocking buffer, PBS containing 1%
FCS, then cells were incubated for 30 min on ice with HPA-biotin
conjugate and stained with Extravidine-FITC (Sigma). 10* cells were
collected by FACS, and statistical analysis was performed using
software from Becton Dickinson as described earlier [27].

FACS analysis of MBA-15 cells revealed binding of HPA to cell
membrane. Histogram (Fig. 3a) demonstrates 85% of cells that are
stained with HPA. The intensity of cell staining versus cells size is
shown by dot plots (Fig. 3b). This plot indicates the homogeneity of
the tested suspension based on the forward scatter (FSC) of each cell.
The obtained results indicate that the tagged suspension (HPA+) is
homogenous, and therefore, confirm the lectin tagging on cells
membrane.

3.1.3. Fluorescent microscopy observations

The MDCK-GFP-transfected cells were observed with inverted
fluorescent microscope (Zeiss, Axiovert 200M, Germany). Images
were acquired with an Axiocam MRm monochrome CCD camera. The
CCD camera drive and color acquisition were controlled by Axiovision
4.4 imaging system, composites of digitized images were assembled
using Adobe.

Stable transfected MDCK with SEC13-GFP are seen by fluorescence
microscope. The over expressing of SEC13 is distributed through the
cytoplasm (Fig. 3c).

3.1.4. AFM analysis

The morphological parameters of cells were measured using
Atomic Force Microscopy (Pico SPM II, Molecular Imaging). Topogra-
phy (Fig. 1) of both MBA and MDCK cells was recorded on contact
mode using Silicon nitride tips (Veeco NP-series, k=0.06 N/m). Force
setpoint was taken to be 5 nN with scan rate of 0.4 lines/s. Cells were
imaged in physiological conditions in specific fluid cell that covered
with 200 pl of the cell serum (growth medium). Several cells were
then analyzed in order to obtain their average geometrical
dimensions.

Cross-section analysis revealed information about the average
dimensions of MBA and MDCK cells respectively:

Average length (central axis): 24 pm, 26 pm.
Average width (central axis): 10 pm, 18 pm.
Average height (central axis): 1.2 pm, 1.6 pm.

3.2. Preparation of Pt black electrodes

Preparation of electrodes is based on procedure reported before
[28], the procedure was slightly modified. Platinum black electrodes
were cathodically electrodeposited on gold (Au) coated titanium (Ti)
electrodes from an aqueous acidic bath. At first step gold was
deposited on the titanium electrodes. Prior to the gold deposition
the titanium electrodes were degreased in boiling isopropanol for

5 min and rinsed with de-ionized (DI) water. Degreased electrodes
were etched chemically in fresh hot H,SO4 aqueous solution (50% by
volume) for 5 s Following etching the electrodes were thoroughly
rinsed in DI water and immediately transferred in the bath of gold
electrodeposition. Electrodeposition was made in galvanostatic
regime and the regular DC power supply was used.

The electrodeposition of gold was performed cathodically in
galvanostatic conditions; the Enthone sulfite bath was used for the
electrodeposition of gold. The cathode current density was 4 mA/cm?
(titanium electrode) and anode current density was less than 2.5 mA/cm?
(platinum (Pt) or Pt/Ti anodes). Anodes and cathodes were held in
position to provide uniform current distribution over the cathode
surface. Temperature of bath maintained at 50+1 °C with the help of
temperature controller. During the electrodeposition the electrolyte was
continuously stirred at a moderate speed with the help of a magnetic stir
and Teflon coated paddle. The duration for Au electrodeposition was
20 min to obtain compact 5 um thick layer of Au. At the end of the
deposition, the electrode was quickly removed from the bath and was
thoroughly cleaned with DI water and stored in the DI water prior to the
platinum black plating.

For the deposition of platinum black on the gold deposited titanium
electrode, the electrode was immersed in the 2% H,PtClg aqueous
solution (this bath doesn't contain any other component). The current
density was 5 mA/cm?, Au/Ti electrode was used as cathode and Pt
plate was used as anode. Anodes and cathodes were held in position to
provide uniform current distribution over the cathode surface.
Deposition lasts for 30 min to obtain 1 um thick (2 mg/cm?) porous
Pt. This deposition was performed at room temperature and also there
was no stirring required. After the deposition, the electrode was
quickly removed from the bath and was thoroughly rinsed with DI
water to remove the traces of solvent. The electrodes stored short-
circuited in DI water till use.

3.3. Dielectric measurements

Dielectric measurements of cell suspensions were carried out over
a frequency range of 100 Hz up to 100 MHz using 4294A Precision
Impedance Analyzer (Agilent tech.). All measurements were carried
out using Teflon cell, total volume of 750 ul using oblong parallel-plate
Pt black coated electrodes with the following dimensions: d (electro-
des separation)=5 mm, w (electrode width)=15 mm, h (electrode
height)=10 mm and t (electrode thickness)=1 mm.

Since the parallel-plate condenser is finite in area, fringing effects
are formed on the edges which can cause to the appearance of stray
capacitance on the edges and consequently the measured capacitance
can be larger than the capacitance of the dielectric sample. In order to
minimize the fringing effect, all dielectric measurements were based
on the three-terminal method [29]. Guard electrodes (2 mm in width)
separated by 0.5 mm Teflon spacer were used beside the working
electrode (guarded electrode), both the working and guard electrodes
were held under the same potential against the counter electrode. The
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Fig. 3. FACS and immunofluorescence analysis. (a) Quantifying FACS data, the level of
fluorescence intensity is given by the X axis; the number of cells is given by the Y axis.
(b) Dot plot of lectin coated cells (HPA+) and untagged cells (Blank). The level of
fluorescence intensity is given by the Y axis; the relative size of cells is represented by
the forward scatter signal and given by the X axis. (c¢) Immunofluoresnce image of
MDCK cell which transfected by GFP-SEC13 protein.

given configuration provides a parallel field between the working and
counter electrodes. The guard electrodes absorb the electric field at
the edge and the measured capacitance between the electrodes is only
composed of the current that flows through the dielectric sample. In
addition, in order to avoid gap capacitances, tightening screws were
used to place the electrodes tight to the Teflon walls. The measured air
capacitance was then found to be 0.26 pF.

The Teflon cell was cleaned before each measurement using
Piranha (1:3, 30% H,0,, 96% H,SO4) during 20 min. This ensured
removal of adsorbed organic material from the cell walls. Cleaning of

Pt black electrodes was performed in 1 M H,SO,4 by passing cathodic
current, 10 mA/cm? during 1 min.

The durability of Pt black electrodes was tested before each
measurement in order to avoid degradation of the platinum black
which deteriorates with sequential use. The polarization capacitance
of unused Pt black electrode in 1 M H,SO,4 was found to be 24 mF/cm?
(using C-V method in double layer region, v=50 mV/s); the roughness
factor (surface increase coefficient) was 185. When the polarization
capacitance was found to be significantly lower than this value
(approximately 5 times), the electrodes were replaced.

The suspension medium was evaluated before each measurement
for both conductivity and permittivity. Cells at specific concentration
were filtered out from the growth medium and then suspended again
in a fresh medium (total volume of 750 nl) before the beginning of
each measurement. All measurements were performed at room
temperature (25 °C); evolution of measurements is summarized
using Table 1. The measured data was corrected for leads/cell
inductance and polarization impedance (Section 3.4). In addition,
non linearity of current was checked to avoid errors in correction of
polarization impedance which can have large impact on the measured
data (Section 3.4).

The measured dielectric spectrum was extracted from the
corrected impedance data using an equivalent electric circuit (Fig. 4).
Here Ci,,=Co (¢/—j¢") is the complex capacitance of the suspension and
R, represents the leakage current through the capacitor (dc con
ductivity).

3.4. Linearity effect and impedance corrections

The polarization impedance is independent of the current densities
only for small current densities. This phenomenon is critical mainly in
high conductive samples and on low frequencies [30]. Here linearity of
the impedance versus current density was checked for platinum black
electrodes (~0.7 cm?), against large reference, in DMEM solution for
frequency range from 100 Hz up to 1 kHz (Fig. 5a, b).

The results indicate on a limit density of 0.6 mA/cm? at low
frequencies, up to 2.4 mA/cm? at 1 kHz. It means that limit of linearity
shifts to higher current densities as the frequency is increased. Based
on those results, the applied voltage should be set for <200 mV
(100 mV was applied in all measurements) in order to avoid non-linear
affects which introduce significant errors on the measured impedance
signal.

Electrode polarization was corrected for both resistance and
capacitance effects (Fig. 5¢) based on a procedure suggested before
[31]. Here polarization capacitance (C;) and resistance (R;) are given
by:

1 1 1 Rﬁlcmw
=1t —F ||t (6)
Co (RCw) o (RyCuw)*+1
R = (1 + (RC(/))2> | Ry +R—m2 (7)
1+ (RuCno)

Where Ry, is the sample resistance, Cy, is the sample capacitance;
R and C are the measured parameters of the sample. Based on the low

Table 1
Measurement characteristics of cell suspensions

Cell Volume fraction Number of samples Recorded cycles
MBA 0.03 3 2
MBA-lectin 0.03 3 2
MDCK 0.05 3 2
MDCK-SEC13 0.05 3 2
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of cell/leads inductance and polarization impedance is modelled by inducer (L) and
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volume fraction of cells, the shielding effect caused by the cells is
negligible, and therefore, the reliability of this correction technique is
high [32].

Inductance of leads/capacitor was evaluated at high frequency
(1 MHz) when the measured impedance is free from polarization
effects (Fig. 5d) [33]. Here the sample capacitance was measured as
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function of sample conductivity (electrolyte concentration). The
inductance is then calculated as the slope of the obtained curve, when:

dc,
L. = *W (8)
4. Results

Based on the topography of MBA and MDCK cells (Fig. 1), both of
them can be approximated as single-shell ellipsoids. Here the
cytoplasm is bound by a membrane of finite thickness d, with inner
dimensions Ry, Ry, Riz. This simple model of the cell is already proved
as very effective in following after cellular phenotypes [15,16]. At
screening analysis, this model can be very useful to predict general
changes occurring in both phases of the cell without to take into
account the specific contribution of each internal organelle. It means
that the net change of the cell is observed instead of many local
changes.

The interface (phospholipids membrane), that separates the
different dielectric layers, introduces two possible dispersion mechan-
isms caused by both conductivity and permittivity differences
between the cytoplasm and the exterior medium. When multiple
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Fig. 5. Pt black electrodes and inductance characteristics. (a) Voltage versus current density at 100, 300, 700 and 1000 Hz. The limit of linearity is continuously increased with
frequency. (b) Polarization capacitance versus current density at 100, 300, 700 and 1000 Hz. ], indicates the current density at 10% deviation from linearity. (c) Effect of polarization
impedance as function of frequency. The impedance is exponentially fades as the frequency increase. (d) Apparent capacitance as function of medium resistivity. The inductance is
extracted as the slope of the obtained curve. Measurements were performed in high frequency (1 MHz) to avoid electrodes polarization affect.
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dispersions exist, each is activated by different mechanism, and
therefore, takes place at specific frequency range. Here the dispersion
mechanism accounted to Maxwell-Wagner effect is expected to be
most sensitive to changes related to permittivity and conductivity of
the membrane and the cytoplasm respectively. It means that the
induced dipole, and hence the complex dielectric spectrum, are
expected to be strongly dependent on the electrical properties of both
membrane and cytoplasm.

(a)
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Based on the dielectric properties of cells, the cytoplasm
conductivity and the membrane permittivity should be influenced
by molecular changes occur on those phases respectively. Here MBA
and MDCK cell lines have been subjected to dielectric spectroscopy. In
addition, treated cell lines of both strains (MBA-lectin coated, MDCK-
SEC13) were investigated and compared to the untreated cells.

The obtained dielectric spectra of cells are given in Fig. 6. All
measurements indicate on dispersion mechanism which is accounted
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Fig. 6. Dielectric spectra of MBA and MDCK cell suspensions (based on the average of all 6 measurements). (a) Dielectric and conductivity spectra of MBA and MBA-lectin suspensions.
(b) Dielectric and conductivity spectra of MDCK and MDCK-SEC13 suspensions. (c) High frequency observation on MDCK and MDCK-SEC13 spectra. (d) Loss spectra of MBA and MBA-

lectin suspensions. (e) Loss spectra of MDCK and MDCK-SEC13 suspensions.
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for the Maxwell-Wagner effect (interfacial polarization). Additionally,
sub dispersions are obtained which resulted from large variation of
the depolarization factors along the three axes. The deviation of
dielectric values around 1 kHz is related to the effect of electrode
polarization which cannot be corrected completely. The steep rise on
conductivity values at high frequencies is related to contribution of
additional dispersion mechanism which probably related to molecular
relaxation and dispersion of internal organelles within the cell. Those
usually appear as small adjunct to the B dispersion at high frequencies
as obtained by the measured spectra.

Comparing the complex dielectric spectra of MBA WT (Wild Type,
untreated cells) cells and the lectin coated cells (Fig. 6a), reveals clear
differences between those two cell lines. The obtained permittivity (&’)
of the treated cells is found to be higher than the WT cells. This rise is
expected due to the presence of charged groups on the membrane,
which affect its capacitive part. Additionally, based on the dielectric
loss (¢") spectrum (Fig. 6d), changes are also obtained on the frequency
dispersion characteristic. Here the loss factor is shifted to lower
frequencies due to the increase in membrane permittivity and hence
its capacitance. This was caused due to the increase on medium-
membrane charge relaxation time (7Tmed-mem = &mem/Omed) Which
directly affects the relaxation time of the whole medium-cell system.

The obtained MDCK spectra (Fig. 6b, c), demonstrate meaningful
differences at relatively high frequencies when charge and ion migration
(conductive polarization) start to fade. This happens when the frequency
exceeds the inverse relaxation time of the medium-membrane interface.
Here the SEC13 cells exhibit higher dispersion characteristics comparing
to the WT cells. This caused by changes occurred in cytoplasm
conductivity which affected the cytoplasm-medium relaxation time
(Teyt-med = €med/Ucyt). The characteristic frequency of cells (1/7) is now
increasing due to the increase in cytoplasm conductivity.

In order to estimate the exact dielectric parameters of cells, the
mixed dielectric equation (Eq. (1)) was fitted to the experimental data
(Fig. 6a-c, broken line). Phase parameters were extracted based on a
well known procedure suggested before and efficiency used by several
authors [24,34]. In order to minimize the error between the measured
and fitted data, the residuals between the two curves were minimized
using means error function given by Eq. (9).

Moo — P( 55", 56 -7) o
> & > j

Where ¢,¢ are the fitted permittivity and conductivity respectively
and &,0 are the measured permittivity and conductivity of the
suspension, where j stands for the excitation frequency. All phase
parameters have been evaluated based on the average values of 6
measurements for each cell type. Additionally, the membrane
conductivity which is very low, especially in non-excitable cells [35],
was neglected and assumed to have no effect on the obtained spectra.
The thickness of MDCK and MBA membranes was taken to be 6 nm
[36,37]. The fitted parameters are summarized in Table 2.

The obtained phase parameters indeed indicate on clear changes
between both WTcell lines and their mutants. All deviations are found to
be approximately +5% from the mean value which is a reasonable and
acceptable value. In addition, all phase parameters exhibit similar
deviation when comparing the tagged and native cells. It means that the
deviation is consistent with the measurement and hence, didn't affect
the distinction ratio between parallel phase parameters of tagged and
native cells.

As expected, the membrane capacitance of lectin tagged MBA cells
found to be higher then the WT cells. In addition, small changes in
cytoplasm conductivity and permittivity are noticed; those may be
related to sub structural or molecular changes caused by the lectin
binding. The phase parameters of MDCK cell lines indicate on clear
difference in cytoplasm conductivity between WT and treated cell

Table 2
Dielectric characteristics of native and treated cell lines

Cell &m  Om (Ms/cm)  &m Cmem(HF/cm) & oi(ms/cm)
MBA 81 8.5 6.11+0.5 0.9£0.07 6814 7.2410.5
MBA-lectin 81 8.5 7.53+0.4 1.11£0.06 674 712104
MDCK 84 9.1 4.72+0.6 0.69+0.09 70+2 9.320.4
MDCK-SEC13 84 9.1 4.85+0.5 0.71£0.07 7313 9.98+0.4

All parameters are given as meanzstandard deviation except of medium permittivity
and conductivity which evaluated separately before each measurement.

lines. This change is related to the over expression of SEC13 protein.
The small change in cytoplasm permittivity may be attributed to the
polarization characteristics of this protein which is additive to the
total dielectric polarization (i) of the cytoplasm.

The affect of membrane conductivity was evaluated separately in
order to avoid errors in the fitted parameters. Phase parameters found to
be independent of membrane conductivity up to values of ~107> S/m.
When membrane conductivity was increased, major changes were
obtained on membrane permittivity (e,,). Those changes however,
didn't affect the ratio between parallel phase parameters of WT, and
treated cell lines, on both cell types. It means that membrane con-
ductivity, can only fundamentally affect membrane permittivity. If the
conductivity is low (low ion channels activity), then it behaves like a
pure dielectric membrane with large capacitance values. Otherwise,
when the conductivity is significant (high ion channels activity), the
membrane is partially lumped with the cytoplasm and hence, reduces
the effective influence of membrane as isolating shell.

5. Discussion

This study is aiming to demonstrate the use of DS as screening tool
after cellular and molecular markers. The screening ability of fine
differences on membrane permittivity, and cytoplasm conductivity,
has been demonstrated using MBA and MDCK cells respectively. The
analysis is based on comparison of differences in intra cellular proteins
using MDCK over-expressing SEC13 and membrane binding of lectin
on cell surface of MBA cells. The observed dielectric spectra allow clear
distinction between treated and untreated cell lines and hence,
confirm the applied biological modification on both treated cell lines.
Moreover, based on previous studies of mammalian cells, all phase
parameters are found to be within reasonable range for both
membrane and cytoplasm components [5,17,38]. This comparison,
even for different cell types, can provide to some extent indication on
both accuracy and reliability of the measured and fitted data.

The single-shell model is found to be very useful in the presented
screening analysis. Average changes, occurring in both phases of the cell,
have been probed successfully without taking into account specific
contribution of internal organelles. Meaning that the net change of the
cells was observed instead of many local changes. Therefore, the use of
the two phase model can be very useful to predict average changes rather
of local and specific changes which can be very problematic to discuss.
This approach, which is very common in analysis of many biological,
physical and engineering systems, is most of the time very useful and can
provide better results when compared to the more detailed models.

Based on the fitted phase parameters of cells, changes on the
matching dielectric characteristics of the tagged cells were observed
(Table 2). Those changes are well adapted to the cellular and molecular
state of modified cells. The lectin coating on MBA cells was found to
increase membrane permittivity. Here the membrane is more polar
and hydrophilic comparing to the membrane of the untreated cells.
The obtained relative permittivity values (MBA-lectin=7.53,
MBA=6.11) are therefore representing those changes.

The cytoplasm conductivity of MDCK-SEC13 cells was clearly affected
by the over expression of SEC13 protein. SEC13 is known to be one of the
most important proteins related to transport mechanism between the
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Table 3
Relaxation and frequency characteristics of native and treated cell lines

Cell 7x(S) fx (MHz) 7y(S) f,(MHz) 7AS) fAMHz)
MBA 33107 0.3 41077 25 241078 40.9
MBA-lectin 5.9-10°° 017 711077 1.4 341078 28.8
MDCK 24107 0.41 271077 3.7 151078 67.3
MDCK-SEC13  1.9-10°° 0.52 241077 41 141078 70.9

ER (Endoplasmic Reticulum) and Golgi apparatus; its main activity is
related to vesicles budding and release [39,40]. In cytoplasm, SEC13 is
found as part of hetrooligomery complex (150 kDa) [40]. Based on its
molecular function, it seems reasonable that over expression of SEC13
will lead to additional sub-expressions and formation of associate
proteins related to this complex. Therefore, the net molecular charge in
cytoplasm will also be affected by those products.

The obtained cytoplasm conductivity of MDCK-SEC13 cells
(9.98 ms/cm) is therefore partially affected from the above phenom-
enon, but it is not in contradiction to the fundamental finding re-
garding the more general change in cytoplasm conductivity when
compared to the native cells (9.3 ms/cm).

The obtained differences in phase parameters of cells can be clarified
through the use of equivalent three phase model, which describes the
nature of relaxation in single-shell ellipsoid cell suspended in a conductive
medium. Here, the induced dipole is strongly dependent on the electrical
and structural properties of the components. Therefore, as direct con-
sequence, the dispersion characteristics should be very sensitive to fine
transformations occur within the system and can provide true knowledge
regarding molecular and cellular changes occur on the cells.

At a low frequency the conductive polarization (charge migration) is
dominant over dielectric polarization; therefore, the conductive char-
ging of membrane is producing a large polarization across the mem-
brane. When the frequency is increased such that it exceeds the inverse
RC time of the polarized medium-membrane interface, field penetration
into the cytoplasm interior will occur, resulting in dispersion (relaxa-
tion) that is governed by cytoplasm and medium conductivities.

The equivalent electric circuit of the above phenomena is modeled
by a serial representation of three parallel R-C (resistor-capacitor)
elements which represent the conductivity and permittivity of the
medium, membrane and the cytoplasm [38,41]. Of course, this planner
representation does not take into account the true structural
geometry of the interfaces, and therefore, can only provide general
estimation regarding the dominate elements at the described system.
The relaxation time of the equivalent system is given by Eq. (10).

2 (Rmed‘[memrcyt + Rmemeechyt + Rcytfmedfmem)

T= ,
Rined (Tmem + Tcyt) + Rinem (Tmed + 1:cyt) + Rcyt(fmed + Tmem)

Tj = RiCi
(10)

The thin dielectric membrane capacitance is given by &mem/dmem
when dmem«deyr, therefore, it is much higher than that of the cell
interior. Since the membrane of biological cells is considered as low
conductivity elements [35], the resistor component (Rmem) can be
neglected (yields very high resistivity). The low conductive membrane
is then assumed to be ideal insulating membrane. Therefore, the
charge relaxation time (Eq. (11)) is then dependent on cytoplasm
conductivity and membrane permittivity when the medium con-
ductivity and permittivity are fixed parameters.

2RmedRcyt (Cmed Cmem)
Rmcd (Cmcd + Cmcm) + Rcylcmcm

=

(11)

In order to define the exact relaxation time in ellipsoid cell systems,
the permittivity equation for randomly oriented shelled-ellipsoid cell
(Eq. (2)) can be modified to provide six Debye type relaxation terms
(Eq. (12)) [38,42,43]. Of course, it should be assumed that both of the

components (membrane and cytoplasm) are loss free, and also have
well defined constant characteristics at the given frequency range. This
assumption does not exclude the possibility that those components
demonstrate dielectric loss in higher frequency range.

Elk2 — Epk2 - Ok
1+jotn ~ we

5

* lk1 — Enk1
& —ém = Dk bhk

1+ joty

’ kzxvyvz ( 12)

Here & is the limit of permittivity at high frequency, gy;—&n is the
dispersion magnitude, 7; is the relaxation time,  is the angular frequency
and o is the dc conductivity at low frequencies. Based on Egs. (12) and (2)
and for low conducting and very thin membrane, the relaxation time
across each axis can be given using a single term [45], when:

£0€om P RyRyR, 1 1
T = Y + ‘
AL RyR; + RyR; + R\Ry ) \Lyai = (1 — Ly)om)’

k=xy,z
(13)

The relaxation term (Eq. (13)) is therefore in full agreement with
the simple analog model described earlier. It demonstrates the strong
dependency of the relaxation times in cytoplasm conductivity,
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Fig. 7. Loss spectra of MBA and MDCK cells, here the losses are given by the x, y, z axes of
cells. (a) Loss spectra of MBA and MBA-lectin cells. (b) Loss spectra of MDCK and MDCK-
SEC13 cells.
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membrane permittivity and the structural morphology. Therefore, it
can provide reliable indication regarding changes related to cell
morphology and its molecular properties. The relaxation times and
characteristic frequencies of both native and treated MBA and MDCK
cell lines are summarized in Table 3. In addition, the dielectric loss
spectra of cells are given in Fig. 7.

As suggested in the result section, both cell lines exhibit
differences in relaxation times between WT and mutants (treated
cells). Based on the fact that no changes occurred in the morphology of
the cells, both differences can be attributed to changes occurred on
cytoplasm conductivity and membrane permittivity which affected
the conductive relaxation of cells. The increase of relaxation times in
MBA-lectin tagged cells is attributed to the rise of membrane
permittivity. Here the charging effect caused by lectin antibodies,
increased the membrane capacitance, and hence, increased the
relaxation times of cells. The opposite affect is observed in MDCK
cell lines. Here the over expression of SEC13 protein increased
cytoplasm conductivity (resistivity decreased) and hence, the relaxa-
tion times found to be lower as expected.

The equivalent loss plots (Fig. 7) indeed support those finding.
Here the characteristic frequencies found to be slightly shifted
according to the changes occurred in relaxation times of both cells.
Those changes are directly attributed to the differences occurred in
dielectric characteristics of the treated cells (MBA-lectin, MDCK-SEC13)
comparing to native ones.

6. Conclusions

The high sensitivity of DS, as demonstrated here and by other in
the past [4-7,13-16, 44-47], has promise potential as a screening tool
on live cell libraries. It can be used for quantitative and systematic
analysis on multiple micro-libraries labeled with specific probes in
non invasive and non destructive way. It can also allow real time
screening after fine biochemical effects on both cellular and molecular
level, which cannot be detected using traditional screening assays.

Here, target identification of specific cellular phenotypes was
demonstrated using dielectric screening method. Using the funda-
mentals of mixed dielectric theories, the electric properties of cells
were determined by fitting the well established shelled-ellipsoid
model into the measured spectra. Those unique properties found to be
well adapted to the molecular and structural state of the analyzed
cells. In addition, the dispersion characteristics found to be with full
agreement with the molecular state of the cells which supports the
findings presented here.

However, and without casting doubt on the reported results, the
presented work should only provide general knowledge regarding the
use of DS as potential screening tool. All the results should be
considered as preliminary especially in the case of cytoplasmatic
tagging, when minute and fine changes are observed, comprehensive
and deeper analysis should be performed in order to reinforce the
presented findings.

List of symbols
R« Ry, R, Semi axes of cell.
Rix, Riy, Ri; Semi axes of cytoplasm.

AL Thickness of phospholipids membrane.

N Number of cells.

@ Volume fraction of cells.

ek Relative permittivity of external medium, when:ef=ehjei=
enjom/(weo).

&m Relative permittivity of membrane, when: efn=&dm=—Jjeons
gérﬁjaom/(wgo)-

& Relative permittivity of cytoplasm, when: &*=¢—j&"=¢-
Jjoil(weo).

. Permittivity of free space =8.85-107 12 C2/Nm?.

med External medium.

mem Membrane.
cyt Cytoplasm.
d Thickness.

Tmed=RmedCmed Analog relaxation time of medium.
Tmem =RmemCmem Analog relaxation time of membrane.
Teyt=ReytCeyt  Analog relaxation time of cytoplasm.
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