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Abstract
Introduction. Metastasis is defined as the ability of cancer cells to migrate from the site of primary tumour growth to a 
distant location. The metastatic tumour is usually more lethal than the initial primary cancer which is the reason for the 
metastatic cancer being more lethal. This cancer metastasis study gives a very important insight into how invasive cells 
cross the endothelial and epithelial monolayers. By simultaneously monitoring both barrier function and cell viability, 
Electric Cell Substrate Impedance Sensing (ECIS®) can distinguish between the transmigration mechanisms that leave the 
monolayer intact from those that disrupt the cell layer.�  
Objective. The aim of the study is to show the unique (ECIS) technique as aq useful tool in the study of cancer metastasis. 
Discussion. Intensive research on the method development is the reason for attempts to explain the relationship between 
electrical changes in cells or on their surface, and the processes influencing survival, which require a holistic approach. As a 
result of new technical possibilities, including ECIS, and assuming that changes in the electrical properties of cells precede 
changes on the biochemical level, it would be very interesting to examine the character and dynamics of these changes. 
The electric parameters measured by the ECIS system are impedance, resistance and capacitance. All of them can be used to 
examine cell transformation, migration and invasion, cell proliferation and tight junctions as a function of barrier resistance. 
Conclusions. As cell function modulates cell morphology, ECIS is a method capable of detecting and quantifying for 
recording morphology changes in the subnanometer to micrometer range. This study describes the possibility of using 
ECIS in metastasis research.
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INTRODUCTION

Metastasis is the general term used to describe the spread 
of cancer cells from the primary tumour to surrounding 
tissues and distant organs. It is the leading cause of cancer 
mortality, and it is also known that metastasis accounts for 
about 90% of deaths from cancer [1]. Metastases resistant to 
conventional therapy are the leading cause of death due to 
cancer. Biological heterogeneity of metastases is a serious 
obstacle in the treatment process. However, the growth 
and  survival of metastases depends on the interaction 
between the cancer cells and host homeostatic mechanisms. 
The targeting of these interactions, apart from the action 
on the  tumour cells themselves, may cause a synergistic 
therapeutic effect against existing metastases. Although the 
survival rate of cancer patients has significantly increased in 
recent years, progress is mainly related to the early detection 
of cancer and inhibition of disease progression. Progress 
in the treatment of cancer metastasis is unfortunately still 
insufficient.

The process of metastases includes a sequence of 
interrelated steps. In the final of this cascade reaction, the 
cancer cells must separate from the primary tumour, enter 
the circulatory and lymphatic systems, avoid the attack of the 
immune system, extravasation in distant capillary bearings, 
and in the end invade and proliferate in distant organs. The 
first step leading to the final in the form of meta cells in 
distant organs is always the same – the transformation of 
a healthy, primary cell into an “immortal” form of cancer. 
It is extremely difficult to study cellular transformation by 
means of traditional assays, e.g. chemical staining or optical 
examination. In the early stages of transformation, chemical 
assays are time consuming and provide only a static endpoint, 
resulting in the destruction of the cell. Electric cell substrate 
impedance sensing (ECIS) is the measurement of resistance 
and reactance across an electrode containing growing cells 
which make it great tool in studying of cancer metastasis. 
The impedance method seems to be a promising, noninvasive 
technique for detection of the whole cellular behaviour and 
morphology changes.

The pioneers of this technique were Giaever and Keese 
who developed electric cell-substrate impedance sensing 
(ECIS) as a continuous monitoring system for studying cell 
behaviour, including proliferation, adhesion, motility and 
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morphological changes, using a noninvasive, real-time, and 
label-free method [2]. ECIS is a useful predictor of cellular 
transformation because it sensitively measures many of 
cellular characteristics that change during transformation [3]. 
The direct parameters derived from impedance measurements 
are the resistance and capacitance of cells. The quality and 
function of the cell barrier is represented by the resistance, 
and therefore the resistance towards para- and trans-cellular 
current flow should be considered. Capacitance provides 
an overall measure of electrode coverage. Therefore, the 
different behaviour of the cells after the seeding, adherence, 
proliferation and their reaction to substances added to the 
substrate as a treatment produce change in impedance.

Basics of the ECIS method. These measurements detect 
changes in the morphology of the cells which, in turn, are 
derived from specific metabolic processes. In this system, 
electrodes are used which apply low alternating current 
and electrodes to measure the voltage change mounted at 
the bottom of a standard matrix. Impedance is measured 
according to Ohm’s law, Z = V/l. When the cells attach to 
the matrix and electrodes they act as insulators increasing 
impedance. The flow of the current is hindered depending on 
the number of cells covering the electrode, shape of the cells, 
and type of cells attached to the electrode surface.

The structure design of ECIS measuring system includes: 
two electrodes (one is a small working electrode and the 
other a large counter electrode on the bottom of the culture 
plate) connected to the edge of a culture chip, and the chip 
connected to a lock-in amplifier. The whole setup is placed 
inside an incubator in steady conditions 37 °C and under a 5% 
CO2 atmosphere. After cell seeding, the cells drift downward 
and attach to the stratum of the electrode, which then passes 
the impeded current directly into the bulk electrolyte as the 
result of anchored plasma membrane intrusion above the 
electrode surface [4].

During cell stimulation they change their function, and 
the accompanying changes in their morphology alters 
impedance. The generated data is impedance in time. In 
this system, frequency is a very important factor: at low 
frequencies (<2,000 Hz) the majority of the current flows 
between the cells, while at high frequencies (> 40,000 Hz), 
most of the current flows directly through the isolated cell 
membranes. The impedance at high frequencies is affected 
more significantly by the cell membrane, while at low 
frequencies the response is more dependent on the space 
below and between cells.

Electric parameters measurements with ECIS. ECIS is 
an advanced in vitro impedance measuring system using 
alternating current (AC) to determinate the behaviour of 
cells in physiological conditions. Cell function modulates cell 
morphology. ECIS is capable of detecting and quantifying 
morphology changes in the subnanometer to micrometer 
range. In ECIS, a small alternating current (I) is applied 
across the electrode pattern at the bottom of the ECIS arrays 
(direct current DC cannot be used). This results in a potential 
(V) across the electrodes which is measured by the ECIS 
instrument. As cells grow and cover the electrodes, the 
current is impeded in a manner related to the number of 
cells covering the electrode, the morphology of the cells and 
the nature of the cell attachment. When cells are stimulated 
to change their function, the accompanying changes in cell 

morphology alter the impedance. The data generated is 
impedance versus time.

Ohm’s law is the basis for the measurement of the electrical 
impedance of biological objects, which describes the relation 
between resistance (R), current (I) and voltage (U) in an 
electrical circuit at a given time (t). In DC circuit: R(t) = 
U(t)/I(t). However, it should be noted, that working in the AC 
system, current and voltage not only differ in their amplitude, 
but also in their phase (φ). In this case, resistance alone 
is not sufficient to describe these relations. Instead, the 
complex impedance (Z), or in most cases the magnitude 
of the impedance (|Z|) are used, containing resistance plus 
reactance (X), which results from AC flow through capacitors 
and inductors driving the phase shift between voltage and 
current [5].

Impedance changes reflect cell transformation. Growing 
cells often act as insulating particles because their plasma 
membrane interferes with the free space immediately above 
the electrode for current flow. This produces a drastic change 
in the measured impedance due to cell attachment and 
spreading. As the cells die, the decrease in impedance value 
is recorded in contrast to living cells. The membranes of 
the dying cells disintegrate and no longer act as barriers to 
current. Immortalization of cells increases impedance; the 
resistance value between electrodes also increases as the cells 
grow and proliferate.

Besides coverage of the electrode, the thickness of the 
cellular layer, cell-cell and cell-electrode adhesions are also 
factors in ECIS measurement [3]. Different cell types also 
vary in the strenght of their cell-cell adhesion. A very tightly 
packed monolayer with strong focal adhesions between the 
cells results in significantly higher impedance than those 
that form a loosely packed layer, i.e. as long as all other 
parameters are constant [6, 7, 8]. The increase in cell adhesion 
and packing density, and hence increase in the impedance, 
may indicate cell transformation.

Metastasis – migration and invasion in ECIS measurements. 
The most characteristic cancer metastatic ability is migration 
and invasion. The ECIS instrument uses mili-Ampere 
currents in order to generate 1- 10 volt potentials across 
the cell monolayer. This potential across the cell monolayer 
is sufficient to induce pores in the cytoplasmic membrane. 
If this pulse is applied in a brief pulse (<0.5 sec), then the 
effect is to reversibly electroporate the cells. If the pulse is 
big enough (> 1V across the cell membrane) or sustained (~> 
5 seconds) then the cells die by irreversible electroporation. 
This results in a very defined area of dead cells, and a resulting 
drop in impedance. Then cells along the periphery of the 
electrode then migrate to repopulate the electrode, healing 
the electrically-induced wound. This recovery after electrical 
wounding is the ECIS Cell Migration Assay [9].

Daouti et al. [10] used the ECIS technique for demonstrating 
the efficacy of trienopyridone as the migration specific 
inhibitor of oncolytic phophatase (PRL-3). They showed 
that migration was inhibited, but not cellular proliferation. 
In another experiment, ECIS was used to demonstrate 
the decrease of migration of glioblastomas after paxilline 
treatment. Glioblastomas switch from migration to a more 
invasive/metastatic phenotype upon exposure to sub-lethal 
irradiation, which can be minimized using paxilline [11,12]. 
These studies showed that ECIS can distinguish between 
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attachment and migration in various types of cells. Keese 
et al. studied migration of cells through a monolayer and 
an artificial cell culture system for this purpose [13]. By 
using prostate cell lines placed over the top of HUVEC cells, 
a decrease was found in impedance during migration of 
the cells through the endothelial HUVEC monolayer. After 
comparison of impedance measurements of more metastatic 
and less metastatic cell lines, Keese et al. also showed that 
impedance correlated with metastatic potential. This led 
the researchers to the conclusion that ECIS can be used to 
determine the metastatic ability of a biopsy which, in turn, 
could be used as a factor in recommending a treatment 
course [3].

ECIS in monitoring of cell proliferation. As cells 
proliferate, the impedance is affected by cell number and 
cell morphology. In most cases, cells grow asynchronously 
and impedance grows gradually to reach the point where 
the cells become confluent. Linear change in the impedance 
value correlated with cell number can be observed while cells 
are sub-confluent. Substances affecting cell growth can be 
introduced before or after the cells have become attached, 
to distinguish changes in growth from the ability of cells to 
attach to the substrate.

ECIS is capable of monitoring the proliferation and death of 
anchorage-dependent mammalian cells in vitro continuously, 
without using any kind of label. Instead of counting viable 
cells at different time points of an experiment to estimate 
the rate of cell division or cell death by classical means, ECIS 
reads the coverage of gold-film electrodes deposited on the 
bottom of the culture dish with non-invasive AC voltages [14].

Study of tight junctions in cancer metastasis. Tight 
junctions play a vital role in maintaining cell-to-cell integrity. 
Loss of adhesion of the tight junction structure can lead to 
invasion and ultimately to the metastasis of cancer cells [15]. 
Tight junctions are the first barrier that cancer cells must 
overcome in order to metastasize. The use of ECIS to moniotor 
was first demonstrated by Tiruppathi et al. [16] using bovine 
endothelial cells.

Figure 1. Cells in tissue culture. Calculated resistance is due to the current flow 
under the cells and additional resistance because the current must flow out 
between the cells. Broken line represents capacitive current flow through the 
cell membranes [17]

As shown by Giaever and Keese (1993) (Fig. 1) [17], by 
using the ECIS model the true barrier function due to 
changes in intracellular junctions can be calculated. In 
the model, the resistance and capacitance of the cell free 
electrode is measured at several different frequencies. Cells 
are treated as disc shapes that hover a small distance above 
the electrode, have an insulating membrane and filled with 

conducting electrolyte [15]. In this arrangement, resistance 
and capacitance of the gold electrode remains unchanged, 
but the changes in electrical parameters are recorded due 
the cells altering the flow or current. In this system, some 
current will flow through the constricted space beneath 
the cells (between the cells and the electrode), while some 
current will flow through the spaces between the cells, which 
is termed the barrier resistance.

As may be concluded, in the future ECIS could be 
used to develop anticancer treatment to a high degree of 
“personalization” where anticancer compounds are tested on 
an individual’s cancer cells to design personalized treatment.
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