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ABSTRACT In this paper, we characterize and discriminate between normal and cancer cells from three
different tissue types, liver, lung, and breast, using capacitance—voltage-based extracted set of parameters.
Cells from each type of cancer cell line were suspended in a liquid media either individually or as mixtures
with their normal counterparts. Empirically, normal cells were observed to exhibit higher dielectric constants
when compared to cancer cells from the same tissue. Moreover, adding cancer cells to normal cells was
observed to increase the capacitance of normal cells, and the extent of this increase varied with the type of
tissue tested with the lung cells causing the greatest change. This shows that the cancer cells of different
cell origin possess their own signature electrical parameters, especially when compared with their normal
counterparts, and that cancer cell seems to affect normal cells in a different manner, depending upon
the tissue type. It was also noticed that the cells (both cancer and normal) exhibited a higher dielectric
value as per the following order (from least to most): breast, lung, and liver. The changes in electrical
parameters from normal to cancer state were explained not only by the modification of its physiological and
biochemical properties but also by the morphological changes. This approach paves the way for exploring
unique electrical signatures of normal and their corresponding cancer cells to enable their detection and
discrimination.

INDEX TERMS Capacitance-voltage measurements, cancer cells, electrical detection, dielectric constant,

dielectric properties, normal cells, polarization.

I. INTRODUCTION

Worldwide, cancer is considered as the second leading
cause of death, affecting all ages and ethnicities. The liter-
ature is rich with data relating physiological changes with
changes in the dielectric properties of tissues or cells, and
this forms the basis for using dielectric properties in diag-
nostic medicine. By knowing that the major part of elec-
tric properties in cells is dependent on cell membranes
(o- and B-dispersions) and cell composition (e.g., water,
ions) [1], it is logical to suggest possible changes in these
components in a diseased tissue. Therefore, a cancer cell is
expected to have its own signature changes that are believed
to affect its electrical properties. One of the earliest obser-
vations of such changes was the reduced transmembrane
potential of cancer cells, which correlates well with their
high mitotic activity [2]. Beech and colleagues to explain this

change proposed several mechanisms. All of which suggested
changes at the cell membrane, leading to increased elec-
tronegativity of the extracellular surface and thus reducing
the membrane potential [3]. Another suggested mechanism
for the increased electronegativity is disruption of electron
homeostasis related to the transplasma membrane electron
transport and electron flux which can transform a cell [4].
Moreover, cancer cells also have disrupted cell membrane
permeability that affects their intracellular ionic composition
since compared to normal cells, cancer cells were found to
have higher concentrations of sodium and chlorine [5] and
less concentrations of potassium, calcium, zinc and magne-
sium, as well as a higher water content [6]. Cell membrane
composition alterations have also been reported in cancer
cells where in one study both normal and tumor cells from
the large intestine were analyzed [7]. In this study, cancer
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cells were found to have a total increase in phospholipids
and acidic/basic functional groups, and less free fatty acids.
The general charge was also observed to increase over a pH
range in cancer cells [7].

Similar conclusions have also been made in a study
conducted on human bladder cells in which a reduc-
tion in the level of integral membrane proteins was also
observed [8]. Studies conducted to compare the glycosylation
level of glycoproteins on the plasma membrane have revealed
increased level of sialic acid which is known to be negatively
charged [9]-[11]. Interestingly, alterations in glycoprotein
glycosylation were also observed in metastasized mammary
carcinoma cells, implicating these changes in metastasis [12].
Beside all the above, cancer cells are known to have a
disturbed pH profile since their extracellular space is usually
acidic, while the intracellular environment is alkaline, unlike
normal cells [13].

The work presented in this study utilized capaci-
tance voltage measurements to extract a set of electrical-
based parameters corresponding to the cell state, whether
normal or cancer. Changes in the values of these electrical
parameters should enable their characterization in a manner
that should help differentiate normal from cancer cells.

A. PROPOSED MODELS OF CELL POLARIZATION

Living cells and tissues are composed of different types of
molecules, ranging from the simple free moving ions and
polar water molecules, to the more complex biomolecules
such as carbohydrates, proteins, DNA and lipids [14].
Exposing cells or tissues to an external applied electric
field affects the distribution of charges and other molecules
in them, such that the ions tend to move over distances (thus,
acting as conductors), while other molecules reorient them-
selves in space and get polarized. This makes cells a dielectric
substance that has the ability to get polarized [15]. This polar-
ization of dielectric substances creates an internal electric
field that opposes and thus reduces the applied electric field
with the extent of polarization, reflecting the ability to store
energy, or what is usually referred to as electric permittivity
of a material. The dielectric properties of substances are
usually described by their conductivity or permittivity, with
the later usually described by a dielectric constant or relative
permittivity of a substance [16].

Living cells are not homogenous in nature; rather they
are of high complexity. In addition to the different ions and
biomolecules, the membranous organelles inside the cells
add more interfaces within the cell. Interestingly, the dielec-
tric properties of cells were always found to be frequency-
dependent [1]. In another words, when relative permittivity
was measured over a range of frequencies, the values were
always high at very low frequencies, and by increasing
frequencies, the values tended to suffer from stepwise decre-
ments or dielectric dispersions that occur at specific range
of frequencies. For example, one of the earlier dispersions
noticed is «-dispersion which occurs at a few KHz. With
increasing frequency, extra dispersions occur at a frequency
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range from tens of KHz to tens of MHz, referred to as the
B-dispersion. Meanwhile, y-dispersion occurs at the far end
of the spectrum in the microwave frequency region [17].
These dielectric dispersions indicate that the polarization
process in the cells is mediated by different mechanisms and
that one mechanism is lost at a specific range of frequencies.
As will be discussed later, the first two dispersions at low
frequencies range are mainly caused by the structure of the
cell, more specifically the cell membranes and the free ions
within and outside the cell.

B. « DISPERTION AND B-DISPERTION

To understand these dispersions, it is useful to depict cells as
highly conductive cytoplasmic spheres having free ions that
are surrounded by insulating non-conductive cell membranes.
These membranes separate the internal compartment from
the external media which is also conductive. The highly
negative charge of cell membranes is normally neutralized by
an adsorbed cloud of counter ions forming an electric double
layer [18] (Fig. 1 (a). Two mechanisms of polarizations of
living cells have been proposed due to the presence of the
cell membranes: the colloidal partial mechanism suggests
the formation of a large dipole mediated by ionic move-
ment within this double layer [19], or outside the elec-
tric double layer [20], as depicted in Fig. 1(a). Another
suggested mechanism is through the bulk movement of ions
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FIGURE 1. lllustration of two mechanisms of polarization of living cells
due to cell membranes. (a) Electric double layer polarization, which
accounts for «-dispersions. (b) Interfacial polarization, which accounts for
B-dispersions. This results from trapping of ions against the ion
impermeable cell membrane and the accumulation of counter ions on the
extracellular space.

VOLUME 6, 2018



M. Al Ahmad et al.: Electrical Characterization of Normal and Cancer Cells

IEEE Access

(a) 60u
,/N: 5X10° per ml, C: 5X10° per mi
=2
&40y i . 2
ol ° N: 5X10° per ml, C: 5X10° per ml
= b
? . 4
2 | g/. N: 5X10° per ml
(= W £ o
IS » / C: 5X10° per ml
= "
g X
@ b )
O o;‘g_-,!:ou
93508
R T
5385855
0 ; . %900,
10" 10° 10’ 10* 10° 10°
Frequency (Hz)
(c)
140p
]
1204 2* ) )
% N:5X10° per ml, G: 5X10° per ml
5 t00p| e’ ) .
g ‘“,/N‘sxm’ per ml, C: 8X10° per ml
L 80p| e
s
8
c  eopl e ’
= £ age  N:5X10°perml
'g ol
40p *
Eoor Wy
3
200 b .
C: 5X10° per mi asa%
B i ; 39900
10" 10° 10’ 10° 10° 10
Frequency (Hz)

(b) 1004
aople N: 5X10° per ml, C: 5X10° per ml
g . N: 5X10* per ml, C: 5X10° per ml
@ 60y
[ @
8 y
& N: 5X10" perml
2 .
% ., C: 5X10" per ml
O 204 [, 9294
20000, 0238y
had ch;'”h;m
9335800000
B i b
107 10° 10’ 10% 10° 10
Frequency (Hz)
(d)
20
® a@i°°°°° Lung
= Waoeq
S 15+ $90094,,
g Liver Gcngge')“
o
agea0
z 000:::33:::000‘0000000
E q0he? ¥332300000000000 999
[}
% Breast
i
=}
o 05F
=
4
00 L L
0.1 1 10 100
Frequency (Hz)

FIGURE 2. Capacitance versus frequency curves for (a) liver, (b) lung, and (c) breast normal (N) and their
cancer (C) counterparts. (d) Ratio of dielectric constants of normal to cancer cells for each cell type over a

range of frequencies.

in the electric double layer formed around membrane pores
under the effect of an electric field [21], [22]; therefore,
by increasing frequency, this mechanism seems to be lost,
leading to «-dispersion.

Despite the freedom of ions inside cells, the movement is
actually restricted by the insulating cell membrane, resulting
in their accumulation at the interfaces. Thus, a cell acts
as a big dipole. This type of polarization at interphases
is also known as interfacial polarization, and it explains
B-dispersions as seem in Fig. 1(b) [23].

With all these alterations in the cell membrane perme-
ability, transmembrane potential, cell surface charge, and
altered ionic concentration, it is expected that cancer cells
will have different charge storage capacity. Most studies
have focused on studying the electrical parameters of cancer
cells compared to their normal counterparts or studying the
dielectric properties of tumor tissue in vitro or in vivo and
comparing it to the normal tissue. In the current study,
we asked how the presence of cancer cells would affect
the dielectric properties of their normal counterparts in cell
suspension. In our method, a cell suspension was made by
mixing normal and cancer cells where normal cells were
maintained at a constant concentration and the suspension
was doped with increasing concentrations of their corre-
sponding cancer cells. This does not mimic the normal case
of cancer were a tumor tissue is mainly made of cancer cells
and surrounded my normal cells. Rather, cancer cells that are
scattered in a normal tissue which can simulate tissue invasion
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by cancer cells before tumor growth or what is known as
metastasis.

Il. RESULTS TEST OF THE PROPOSED MODELS

Normal and cancerous cells from different tissue origins
(liver, lung, and breast) were subjected to electrical measure-
ments either individually or as mixtures in order to determine
how malignancy can affect the dielectric properties of cells
and whether this effect is similar in cells of different tissues.
The Gamry instrument was used to collect the electrical
responses from these cells suspended in appropriate tissue
culture medium either alone or as mixtures of normal and
corresponding cancer cells.

A. NORMAL LIVER AND LUNG CELLS HAVE HIGHER
CAPACITANCE VALUES THAN THEIR

CANCER COUNTERPARTS

Figure 2 shows the capacitance-frequency profiles of the
normal (N) and cancer (C) cells from the three tissue types:
a) liver, b) lung, and c) breast. As can be seen, overall,
the capacitance profile exhibited a smooth behavior over
the frequency range (0-10* Hz) and appropriate calibration
ensured noise removal from the cables (Fig. 2). The capaci-
tance also showed an exponential decaying behavior versus
frequency: as the frequency increased, the capacitance
decreased rapidly. Interestingly, all normal cells of different
tissue origin displayed higher capacitance values compared
to cell suspensions containing equal concentrations of their
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FIGURE 3. Capacitance per cell versus frequency and interaction curves for normal and cancer cells of (a) liver,
(b) lung, and (c) breast origin. (d) Comparison of the interaction capacitances between the normal and cancer
cell mixtures for each tissue type shown in panels a), b), and c) over a range of frequencies. The data for
interaction curves was used from the mixture of cell representing 104 N cells with 104 C cells.

cancer counterparts, as observed in Fig. 2(a), Fig. 2(b) and
Fig. 2(c) for liver, lung and breast cells, respectively.

Such a common trend indicates that malignant changes
in cells can affect their capacitive behavior in a negative
way. Interestingly, this difference was much bigger in lung
and liver cells when compared to breast cells for which the
difference in capacitance between normal and cancer cells
was much lower.

Since all malignant cells experienced a decrease in their
capacitance value, we next asked whether increasing concen-
trations of cancer cells in suspensions containing a fixed
number of their normal counterparts will affect normal cells
capacitive behavior. Therefore, interactions between normal
and cancer cells of each tissue type were tested by adding
increasing concentrations of cancer cells into a suspension of
normal cells that were maintained at a concentration of 5x10*
cells/ml. The three independent curves in Fig. 2 (a, b and ¢)
clearly show that adding increasing concentrations of cancer
cells to normal cells led to an increase in the overall cell
suspension capacitance of the three cell types. Figure 2(d)
shows the ratios between the dielectric constants of normal
to cancer cells over a range of frequencies for each cell type.
The figure reveals that the ratio was close to 1 for breast
cells, while it increased in liver and lung cells, respectively,
over the frequency range, confirming the results obtained
in Figure 2 (a), (b), and (c) that overall, the normal cells
of liver and lung had more capacitance than their cancer
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counterparts. However, the capacitance of the normal and
cancer breast cells was about the same.

B. LUNG CANCER CELLS EXHIBIT HGHER
INERTERACTION VALUES THAN BREAST

AND LIVER CANCER CELLS

Next, the background noise was eliminated from the
dynamic interactions between the normal and cancer cells
by de-embedding the effect of the media to reveal the net
effect of the cell-to-cell interactions. This was followed by
normalizing the curves to cell numbers to obtain capacitance
values per cell, a more sensitive indicator of the capacitance-
bearing capacity of each cell type (Fig. 3). As can be observed
from the bottom curves in Figure 3 (a)-(c), the normal cells
overall had higher capacitance over the frequency range
tested compared to their cancer counterparts for liver and lung
cells, while the curves essentially overlapped for the breast
cells, indicating that the normal and cancer cells had very
close capacitance in the breast cells. Furthermore, the capac-
itance of the normal lung cells was much higher compared
to the cancer cells. Together, these results confirmed the
observations made in Fig. 2 earlier.

For cell suspensions made of normal and cancer cell
mixtures, the corresponding interaction curves measuring
their net capacitances are depicted in Fig. 3(d). As can be
seen, the interaction curves for both breast and liver cancer
cells were much steeper, since they had recorded lower
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FIGURE 4. Effect of DC bias on the electrical behavior of normal and cancer cells. Capacitance versus voltage
measurements for combinations of normal (N) and cancer (C) cells alone or as mixtures with their own
counterparts: (a) liver, (b) lung, and (c) breast. (d) Ratio of dielectric constants of normal to cancer cells for

each cell type over a range of voltages.

capacitance values compared to lung cells. These interaction
capacitances could be considered as a measure of the change
in medium electrical properties due to possible cells cargo
when they are mixed with each other.

C. LUNG CELLS EXHIBIT HIGER CAPACITANCE/VOLTAGE
VALUES THAN BREAST AND LIVER CLELS

The electrical behavior of cells was further explored under
applied DC bias voltage conditions. With the application of
DC bias, an effective interface layer is formed on the cells
surface which builds an electrical field across the surrounding
media. Hence, the cells get electrically polarized, enabling
their electrical detection and identification.

Figure 4 displays curves of capacitance values measured
over a range of voltages (—0.4 —0.4 V) at a fixed frequency
of 1 Hz. The capacitance versus voltage curves thus obtained
for each cell type revealed higher voltages for normal
cells than cancer cells for all the three cell types tested,
Fig. 4 (a, b and c), respectively. Similar to the capacitance-
frequency profile, mixing increasing concentrations of cancer
cells into fixed number of normal cells caused a step-wise
increase in capacitance. Figure 4(d) displays plotted ratios
between the dielectric constants of normal to cancer cells over
a range of voltages at 1 Hz for each cell type. The liver and
breast cells showed overlapping curves with a ratio close to 1,
while the lung cells showed much higher dielectric constants
over the range of voltages shown. Overall, this data shows
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that the capacitance/voltage measurements can also be used
to differentiate between normal and cancer cells in the three
cell lines, but they may not be as valuable in differentiating
between the three types of cells

Ill. DISCUSSION

This study was conducted to electrically characterize the
behavior of normal and cancer cells from three different
tissue types to determine if they could be distinguished from
each other. Breast cells were found to have the highest
capacitance value followed by liver and then lung cells
(Fig. 2). This shows that cells from different tissue origins
possess different electrical properties. Generally, and inde-
pendent of cell type, normal cells exhibited higher capac-
itance values when compared to their cancer counterparts.
This trend was conserved when capacitance was measured
over a range of frequencies as in Fig. 2 (a, b and ¢)), or over
a range of voltages at a fixed frequency of 1 Hz as seen
in Fig. 4 (a, b and c). This shows that malignant changes do
affect the capacitance behavior of cells by reducing it. This
observation is supported by other studies in the literature
which similarly show a decline in capacitance in cancer cells.
For example, in one study, the bio-impedance of cervical
cancer cells in suspension measured over a frequency range
of 100 Hz-1 MHz was found to be three orders less than the
normal cervical cells [24]. In two other studies, the dielectric
property measurements conducted on normal breast cells
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and three breast cancer cell lines from different stages of
malignancy in suspensions revealed higher capacitance of
normal cells compared to cancerous cells [25], [26]. They
also showed that the stage of cancer could be deduced from
the relaxation frequency which tended to increase with a
more developed stage of cancer. Furthermore, although the
numbers in the two studies were different, the whole trend
was preserved.

We also analyzed how normal cells and their cancer
counterparts interact with each other electrically, mimicking
a simplistic model of metastases. Our data revealed that
spiking increasing concentrations of cancer cells into a
fixed number of normal cells led to an incremental increase
in the capacitance values for the three types of normal cells
((Fig. 2(a, b and c)). This was expected since any additional
cells will increase the polarizing capacity of the suspension.
However, we observed differences between the three cell
types in the magnitude of these increments, where the greatest
changes were observed in lung, followed by liver and breast
cells, the latter of which had the least change.

Auvailability of data on the critical biochemical differences
between normal and cancer cells or tissues has encouraged
researchers to look for concomitant changes in the dielec-
tric properties of these cells. In fact, there are many studies
that link the two changes together as will be discussed
later. Such studies can help in the continuous improve-
ment of screening and diagnostic tests, treatment approaches,
and effective prevention strategies. Impedance measurements
in the biological field are usually performed on either
tissues or cells. However, both are not similar in complexity.
Tissues excised from organisms are usually nonhomoge-
neous, containing different types of cell of various sizes,
shapes and functions. Moreover, different architecture and
organizations of cells in tissues can impose anisotropic
effects, complicating the dielectric measurements. The whole
image is further complicated with the composition of the
extracellular matrix that can vary from one tissue type
to another [16]. Therefore, it is obvious that performing
measurements on cells is easier and helps in evading all
the above complications presented by tissue samples despite
the difficulty in extrapolating tissues properties from cells
suspension. Furthermore, measurements conducted on cells
are especially useful when one needs to study the response
of a single cell type to malignant transformation, cell
dynamics, or different treatments. Impedance measurements
on cells can be done not only on cells in suspension, but
at a single-cell level. Difficulty in manipulating the cells
during single cell measurements in addition to inconsistency
in results due to cell-to-cell variations makes measurements
in cell suspensions more favorable [25].

Capacitance values can vary from one experimental setup
to another due to unavoidable factors that are hard to control.
Therefore, capacitance measurements can only give qualita-
tive information and not a signature electrical parameter that
can be used; however, the difference in capacitance between
normal and cancer cells should be constant, which can make
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this difference a good candidate as an electrical signature.
To extract such a parameter, the ratio of the dielectric constant
of normal to cancer cells was calculated over a range of
frequencies (Fig. 2(d)) or voltages (Fig. 4(d)). A common
trend was observed in which the ratio for lung cells was
always higher than that for liver and breast cells, which exhib-
ited values closer to or slightly above one, as seen in Figs. 2(d)
and 4(d). This value indicates that lung cancer cells have
reduced capacitance values than other cancer cells when
compared to their normal counterparts. A similar conclusion
can be made from capacitance per cell values calculated for
all cells, in which similar values for normal and cancer cells
for both breast and liver cells were observed, while lower
values for lung cancer cells, as seen in Fig. 3 (a,b and c).

To find a possible explanation for such an observation,
we compared the diameter of normal and cancer cells of the
three cell types tested. By referring to the literature, it was
found that breast and liver cancer cells (CC) were smaller
in diameter than their normal counterparts (NC) (breast:
10 uM CC [27], 14.1 £ 2.4 uM NC [28]; liver: 18 uM
CC [29], 20-30 uM NC [30] which can explain the drop
in capacitance in these two types of cells. However, the lung
cells showed the opposite pattern where the cancer cells
possessed larger diameter compared to their normal counter-
parts (19.6 uM CC [31], 16.25 uM NC [32]) which disputes
the first notion as a rule. Thus, it seems that increased size
does not explain the increase in capacitance of the normal
cells compared to the cancer cells; rather, this reduction
seems to result from alterations in the intrinsic properties of
the cell, such as cell membrane permeability, intracellular
granularity and/or density, interior cell chemistry that affects
the capacitive behavior of the cells, etc. Thus, the increase
in diameter may or may not accompany the changes observed
in their electrical parameters. This assertion is supported
by many studies in literature that correlate changes in cell
membrane properties with malignant changes [2]-[11]. Inter-
action curves in Fig. 3(d) were shown to be steeper in normal
and cancer mixes of breast and liver cells mixes, while it was
less steep in lung cells mix, which might explain the higher
increments in capacitance/frequency values upon adding lung
cancer cells. This observation suggests greater alterations
in either cell biochemistry or perhaps bigger differences in the
physical properties of lung cancer cells compared to other
cells.

Although the results obtained from cell suspensions can
be informative, it is hard to extrapolate them to tissue
level since measurements done on tissues can be reversed
and complicated by the extra cellular matrix and other
parameters. For example, dielectric properties of prostate
cancer cells in tissues were found to have less conduc-
tivity and higher permittivity compared to normal cells
when measurements were conducted over a frequency range
of 0.1-100 kHz [33]. The higher permittivity was suggested
to arise from increased cell density and higher level of
cell membranes in cancerous tissue [33]. In breast cancer,
dielectric property measurements done in vivo and in vitro
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have shown that cancerous tissues have higher capacitance
and conductivity than surrounding normal tissue [34]. Simi-
larly, measurements done on both excised normal and cancer
breast tissues over a frequency range from 0.5 to 50 GHz
revealed higher relative permittivity of cancer breast tissues
when compared to normal breast tissues [35]. This was
explained by the difference in composition between the two
tissues since normal breast tissues is mostly made of adipose
tissue, while cancer tissues has a higher water content due
to higher vasculature [35]. Despite the differences in results
obtained from cell suspensions of one cell type or in tissues,
the previous method still presents a great potential of studying
effects of malignant cell transformation on homogeneous cell
suspensions, and test treatments, which can be very valu-
able in research area. Our results, support previous results
where electrical signature can be deduced for normal cells
and their cancer counterparts beside the interaction between
them, which we show for the first time to be different between
different cell types. This suggests that cells of different cell
types interact differently in the presence of their cancer coun-
terparts which might highlight differences in the effect of
malignancy on different cell types.

IV. CONCLUSION

In this study we have explored the ability to detect differ-
ences between normal and cancer cells by characterizing
their electrical properties. In general, we confirmed findings
in previous studies showing reduced ability of cancer cells
to store potential energy compared to their normal counter-
parts. Furthermore, we could extract electrical parameters
that can help identify different types of cancer cells based
on differences in interaction with their normal counterparts.
These results show that cancerous transformations can affect
different cells in different ways despite a general reduction
in capacitance. These observations imply diverse mecha-
nisms of transformation that can provide more insight into
the understanding carcinogenesis.

APPENDIX: MATERIALS AND METHODS

A. CELL LINES USED AND THEIR CULTURE

All cell lines were purchased from the American Tissue
Culture Collection (ATCC), http://www.atcc.org/. The cell

lines used were BEAS-2B ATCC® CRL-9609" ", HCC827
ATCC® CRL-2868"", THLE-2 ATCC® CRL-2706 ", Hep
G2 (HEPG2) ATCC® HB-8065"", MCF 10A ATCC® CRL-
10317 and MDA-MB-231 ATCC® HTB-26 . Cells were
cultured in their specific media, as recommended by ATCC.
All the cells were maintained under humidified air with 5%
CO; at 37 °C.

B. PREPARATION OF SINGLE AND MIXED SUSPENSIONS

To prepare the cell suspensions, cells were trypsinized and
resuspended in DMEM media at the appropriate concentra-
tions. For mixed suspensions, the normal cells were diluted
in DMEM media at a final concentration of 10° cells per ml.
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The cancer cells were resuspended in DMEM media at a
concentration of 10° cells per ml and further diluted with
DMEM media to obtain the following concentrations: 10°,
104,102, and 10 cells per ml. For mixing, a volume of 250 p1
was taken from the diluted suspension of each cancer cell line
and combined with 250 ul from its respective normal cell
suspension.

C. ELECTRICAL MEASUREMENTS

The electric measurements were carried out by loading
500 wl of each cell suspension in a coaxial capacitor
adaptor linked to Gamry 3000 equipment (USA) [36].
The Gamry equipment has the ability to measure current
ranges from 3 amps to 300 pico-amps over a range of
frequency from 100 MHz to 100 KHz. The instrument is
controlled through user interface software to measure and
record the corresponding responses, namely capacitance-
frequency and voltage profiles. The Gamry equipment is
capable of measuring capacitance of high precision (up to
zepto-Farad).

REFERENCES

[1] K. Heileman, J. Daoud, and M. Tabrizian, “Dielectric spectroscopy as a
viable biosensing tool for cell and tissue characterization and analysis,”
Biosensors Bioelectron., vol. 49, pp. 348-359, Nov. 2013.

[2] D. Cone, “Unified theory on the basic mechanism of normal mitotic
control and oncogenesis,” J. Theor. Biol., vol. 30, no. 1, pp. 151-181,
Jan. 1971.

[3] J. A.Beech, “Theory of carcinogenesis based on an analysis of the effects
of carcinogens,” Med. Hypotheses, vol. 24, no. 3, pp. 265-286, Nov. 1987.

[4] R. Stern, B. Milestone, and R. Gatenby, ““Carcinogenesis and the plasma
membrane,” Med. Hypotheses, vol. 52, no. 5, pp. 367-372, May 1999.

[5] I. Cameron, N. K. Smith, T. B. Pool, and R. L. Sparks, “Intracellular
concentration of sodium and other elements as related to mitogenesis
and oncogenesis in vivo,” Cancer Res., vol. 40, no. 5, pp. 1493-1500,
May 1980.

[6] P. G. Seeger and S. Wolz, “Successful biological control of cancer by
combat against the causes,” in Gesamtherstellung. Neuweid, Germany:
Neuwieder Verlagsgesellschaft, 1990.

[7] B. Szachowicz-Petelska, 1. Dobrzynska, S. Sulkowski, and
Z. A. Figaszewski, “Characterization of the cell membrane during
cancer transformation,” in Colorectal Cancer Biology-From Genes to
Tumor, R. Ettarh, Ed. Rijeka, Croatia: InTech, 2012, pp. 241-256.

[8] I. Dobrzyriska, B. Szachowicz-Petelska, B. Darewicz, and
Z. A. Figaszewski, “Characterization of human bladder cell membrane
during cancer transformation,” J. Membrane Biol., vol. 248, no. 2,
pp. 301-307, Jan. 2015.

[9] J. M. Jakielaszek, J. A. Madej, and K. A. Sobiech, “Glycoproteins and
sialoproteins in the serum and internal organs of mice with transplantable
leukemia,” Pollut. Arch. Weter, vol. 26, nos. 1-2, pp. 95-105, 1986.

[10] K. M. Erbil, S. E. Sen, H. Zincke, and J. D. Jones, “Significance of
serum protein and lipid-bound sialic acid as a marker for genitourinary
malignancies,” Cancer, vol. 57, no. 57, pp. 1389-1394, Apr. 1986.

[11] L. Warren, “The malignant cell and its membranes,” Amer. J. Pathol.,
vol. 77, no. 77, pp. 69-76, Oct. 1974.

[12] S. Hiraizumi et al., “Altered glycosylation of membrane glycoproteins
associated with human mammary carcinoma,” Jpn. J. Cancer Res., vol. 83,
no. 10, pp. 1063-1072, Oct. 1992.

[13] E.P. Spugnini et al., “Proton channels and exchangers in cancer,” Biochim
Biophys Acta., vol. 1848, pp. 2715-2726, Oct. 2015.

[14] D. L. Nelson, M. M. Cox, and M. Lehninger, Principles of Biochemistry,
5th ed. New York, NY, USA: Freeman, 2008.

[15] S. Grimnes and O. Martinsen, Bioimpedance and Bioelectricity Basics.
San Diego, CA, USA: Academic, 2000.

[16] D. Miklavcic, N. Pavselj, and F. X. Hart, “Electric properties of tissues,”
in Wiley Encyclopedia of Biomedical Engineering. New York, NY, USA:
Wiley, 2006.

25985



IEEE Access

M. Al Ahmad et al.: Electrical Characterization of Normal and Cancer Cells

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

W. Kuang and S. O. Nelson, “Low-frequency dielectric properties of
biological tissues: A review with some new insights,” Amer. Soc. Agricult.
Eng., vol. 41, no. 1, pp. 173-184, 1998.

L. Herbowski and H. Gurgul, “The structure of the electric double layer
of macromolecules suspended in human cerebrospinal fluid,” J. Neurol.
Neurophysiol., vol. 2, no. 1, p. 108, Feb. 2011.

G. A. Schwarz, “Theory of the low-frequency dielectric dispersion of
colloidal particles in the electrolyte solution,”” Phys. Chem., vol. 66, no. 12,
pp. 26362642, Dec. 1962.

C. Grosse and K. R. Foster, “Permittivity of a suspension of charged
spherical particles in electrolyte solition,” J. Phys. Chem., vol. 91, no. 11,
pp. 3073-3076, May 1987.

W. Kuang, “Low frequency properties of biological tissues: Electrical
double layer on membranes and ionic conduction through membrane
pores,” M.S. thesis, Dept. Biol. Agricult. Eng., Univ. Georgia, Athens, GA,
USA, 1996.

W. Kuang and S. O. Nelson, “Low-frequency dielectric dispersion from
ion permeability of membranes,” Colloid. Interface Sci., vol. 193, no. 2,
pp. 242-249, Sep. 1997.

D. J. Bakewell, N. Vergara-Irigaray, and D. Holmes, *“Dielectrophoresis
of biomolecules,” JSM Nanotechnol. Nanomed., vol. 1, no. 1, p. 1003,
Aug. 2013.

L.Das, S. Das, and J. Chatterjee, ““Electrical bioimpedance analysis: A new
method in cervical cancer screening,” J. Med. Eng., vol. 2015, Jan. 2015,
Art. no. 606375.

G. Qiao, W. Duan, C. Chatwin, A. Sinclair, and W. Wang, “Electrical
properties of breast cancer cells from impedance measurement of cell
suspensions,” J. Phys., Conf. Ser., vol. 224, no. 2, p. 012081, 2010.

A. Han, L. Yang, and A. B. Frazier, ““Quantification of the heterogeneity
in breast cancer cell lines using whole-cell impedance spectroscopy,” Clin.
Cancer Res., vol. 13, no. 1, pp. 139-143, 2007.

U. Kim, C. W. shu, K. Y. Dane, P. S. Daugherty, J. Y. Wang, and
H. T. Soh, “Selection of Mammalian cells based on their cell-cycle
phase using dielectrophoresis,” Proc. Nat. Acad Sci., vol. 104, no. 52,
pp. 20708-20712, Dec. 2007.

Y. C.Kim, S.J. Park, and J. K. Park, ‘“Biomechanical analysis of cancerous
and normal cells based on bulge generation in a microfluidic device,”
Analyst, vol. 133, no. 10, pp. 1432-1439, 2008.

R. Milo, P. Jorgensen, U. Moran, G. Weber, and M. Springer,
“BioNumbers—The database of key numbers in molecular and cell
biology,” Nucl. Acids Res., vol. 38, no. 1, pp. D750-D753, 2010.

A. M. Pfeifer et al., “Simian virus 40 large tumor antigen-immortalized
normal human liver epithelial cells express hepatocyte characteristics and
metabolize chemical carcinogens,” Proc. Nat. Acad. Sci., vol. 90, no. 90,
pp. 5123-5127, Jun. 1993.

M. Hosokawa et al., ““Size-based isolation of circulating tumor cells in lung
cancer patients using a microcavity array system,” PLoS ONE, vol. 8, no. 6,
p. €67466, Jun. 2013.

T. W. Madanayake, 1. E. Lindquist, N. P. Devitt, J. Mudge, and
A. M. Rowland, “A transcriptomic approach to elucidate the physiological
significance of human cytochrome P450 2S1 in bronchial epithelial cells,”
BMC Genomics, vol. 14, p. 833, Nov. 2013.

R. J. Halter, A. Schned, H. Heaney, A. Hartov, and K. D. Paulsen,
“Electrical properties of prostatic tissues: 1. Single frequency admittivity
properties,” J. Urol., vol. 182, no. 4, pp. 1600-1607, Oct. 2009.

Y. Zou and Z. Guo, “A review of electrical impedance techniques for breast
cancer detection,” Med. Eng. Phys., vol. 25, no. 2, pp. 79-90, Mar. 2003.
A. Martellosio, “0.5-50 GHz dielectric characterisation of breast cancer
tissues,” IET Electron. Lett., vol. 51, no. 13, pp. 974-975, Jun. 2015.

M. Al Ahmad, F. Mustafa, L. M. Ali, J. V. Karakkat, and T. A. Rizvi,
“Label-free capacitance-based identification of viruses,” Sci. Rep., vol. 5,
p. 9809, May 2015.

25986

MAHMOUD AL AHMAD (SM’11) received the B.Sc. degree in electrical
engineering from Birzeit University, Ramallah, West Bank, in 1999, and
the M.Sc. and Ph.D. degrees in microwave engineering from the Technical
University of Munich, Munich, Germany, in 2002 and 2006, respectively.
He has managed several research projects and teams with annual budgets
of up to U.S. $1 million. He is currently a Faculty Member with the
Department of Electrical Engineering, United Arab Emirates University.
He has conducted research in energy harvesting technologies and frequency
agile circuits at the Siemens AG/CNRS and King Abdullah University.
He has published over 20 journal and 35 conference papers in this domain
with more under review. He has over 10 years of electronic materials and
device fabrication research experience in academia, national laboratories,
and industry. He is also a principle (lead) author of around 55 published
articles in journals and international conferences and has over 40 presen-
tations at international conferences (several of which has been invited).
His research interests include the design and fabrication of self-powered,
low-powered nano-based electronic devices and systems along with applied
electromagnetic for biomedical applications.

ZEINA AL NATOUR received the Ph.D. degree in biochemistry and molec-
ular biology from United Arab Emirates University in 2017. Her current
research interests include mechanisms of chromatin remodeling during DNA
damage repair.

FARAH MUSTAFA is currently studying the mouse mammary tumor
virus (MMTYV), a retrovirus that causes breast cancer via insertional muta-
genesis. Specifically, her laboratory is exploring other mechanisms of tumor
induction by MMTV. Their latest work shows that MMTYV dysregulates the
expression of host microRNAs that have been implicated in many cancers.
They are currently investigating how this dysregulation at the level of the host
can affect virus replication and pathogenesis. Her current research interests
include the molecular basis of diseases induced by retroviruses, regulation
of basic steps in MMTYV replication and gene expression, and designing
efficient retroviral-based vectors for human gene therapy.

TAHIR A. RIZVI ’s research interest include studying molecular steps
involved in the replication of retroviruses, such as human, simian, and
feline immunodeficiency viruses, Mason—Pfizer monkey virus, and mouse
mammary tumor virus, with the ultimate goal of developing retroviral vectors
for human gene therapy.

VOLUME 6, 2018



	INTRODUCTION
	PROPOSED MODELS OF CELL POLARIZATION
	 DISPERTION AND -DISPERTION

	RESULTS TEST OF THE PROPOSED MODELS
	NORMAL LIVER AND LUNG CELLS HAVE HIGHER CAPACITANCE VALUES THAN THEIR CANCER COUNTERPARTS
	LUNG CANCER CELLS EXHIBIT HGHER INERTERACTION VALUES THAN BREAST AND LIVER CANCER CELLS
	LUNG CELLS EXHIBIT HIGER CAPACITANCE/VOLTAGE VALUES THAN BREAST AND LIVER CLELS

	DISCUSSION
	CONCLUSION
	CELL LINES USED AND THEIR CULTURE
	PREPARATION OF SINGLE AND MIXED SUSPENSIONS
	ELECTRICAL MEASUREMENTS

	REFERENCES
	Biographies
	MAHMOUD AL AHMAD
	ZEINA AL NATOUR
	FARAH MUSTAFA
	TAHIR A. RIZVI


