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Cell Motion and Morphology Measured with Electric Fields
lvar Giaever and Charles R. Keese
Rensselaer Polytechnic lnstitute and Applied BioPhysics, [nc.
Troy, NY 12180 USA
Abstract: When mammalian cells are secded on smell
electrodes, the measured impedance can incre$e as
much as a factor of l0 in' a few hours indicating
attachment and spreading of the cells. The impedtnce
will then fluctuate because the cells are in constant
motion, and the megnitude of these fluctuations
depends upon cell type. This impedance measurtment
can form the besis of an effective biosensor. since cells
arc sensitive to drugs, torins, and other chemicel

populations that can be observed at one time to about 50
cells, but it should be noted that the activities of even a
single cell can be easily measured. The basics of the system
are diagrammed in Figure l.
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TNTRODUCTION

A unique method and appropriate instrumentation to
quantift the behavior of cells in tissue culture has been
developed in our laboratory over the last decade. The
technique is referred to as Electric Cell-substrate Impedance
Sensing or ECIS. The basic principle of the new method is
to culture mammalian cells on small gold electrodes. By
monitoring the impedance of the cell-covered electrodes,
the morphology and motion of the cells can be inferred in
real time [-5]

THE GENERAL ECIS METHOD

To study cell behavior via ECIS, gold electrodes are
first fabricated on plastic substrata. Using culture medium
as the electrolyte, an approximate constant current source

AC current of one microampere at 4000 FIz
between a single small electrode and a large counter
electrode, while the voltage is monitored with a lock-in
applies an

amplifier. The measured voltage signals reflect the behavior
of the cells on the small electrode. Voltage and phase data
are stored and processed with a PC. The same computer
controls the output of the amplifier and switches the
measurement to different electrodes in the course of an
experiment [,21.
An essential feature of the setup is the relatively small
area of the active electrodes With larger eleurodes, cellrelated signals become difficult to detect, because the bulk
solution resistance of the system is much larger than the
electrode's impedance and masks effects due to the cells.
When electrodes are reduced in area to approximately l0-3
cm' o. smaller, the impedance of the electrode-electrolyte
interface at 4000 Hz predominates, and in this situation, the
activities of the cells on the electrodes are clearly revealed.
The size of the electrode restricts the maximum cell
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Data obtained from a wpical run are shown in Figure 2.
Here 3T3 fibroblastic cells are inoculated on electrodes at
time zero. As the cells attach and spread on the electrode
surface, they act as insulating particles due to their plasma
membranes. By effectively blocking the area avarlable for
current flow, a large increase occurs in the impedance of the

a few hours into the
experiment. Smaller changes in the cell-electrode
interaction due to cell motions cause the impedance to
fluctuate with time. It is in this general manner that the
device can return information regarding cell-surface
system. This generally peaks

interactions and cell motiliw.
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ECIS MEASUREMENTS OF CELL ATTACHMENT
AND SPREADTNG
Rates of mammalian cell attachment and spreading are
well known to be dependent upon the type of protein
coating the substratum. As shown in Figure 3, this
phenomenon is clearly reflected in ECIS measurements.

The figure shows data taken when murine prostatic cancer
cells are inoculated over electrodes that were first coated
with the different adsoöed proteins as indicated on the

fields. The non-invasive nature of this measurement has
been verified in many experiments, where no effects of the
measurement on cultured cells have ever been detected.
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DETECTION OF CELL MOTIONS
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Cells

in culture are known to move about using

an

elaborate network of muscle-like microfilaments that
traverse the interior of most animal cells. We have
extensively studied cell motions using ECIS, where
movements are revealed as flucruations in electrode
impedance. Typical examples of this type of data are shown
in Figure 4. Here the change in the in-phase voltage from
its value at time zero is plotted as a function of time. The
panels show the effects of equal numbers of transformed
(cancerous) WI-38ÄrAl3 cells and normal WI-38 cells on
the measurement. The flat line is from the WI-38 cells after
a briel yet lethal, exposure to a lo/o formalin solution. It is
obvious from these data that these particular cell lines have
different ef[ects on the impedance and hence in their
interactions with the electrodes. The formalin-killed cell
data support the biological origin of the flucruations and
demonstrate that electronic noise in the instrumentation is
considerably below the level of the mea$rrement.

It should be emphasized that ECIS, as described above,
is a means to detect the activities of cells electrically. The
cells influence the impedance measurement but are not
themselves affected bv the AC current and the weak electric
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Firure 4
BRIEF DESCRIPTION OF TFIEORY

To understand why the impedance changes, a simple
model describing the system has been developed [3,5] The
main point is that the impedance of the naked electrode is
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first measured as a function of frequency, then the obtained
values are used 'to calculate the impedance for the cell
covered electrode. We assume that the cells simply block
the current such that the current flows around the cells and
that the impedance of the electrode proper does not change.
Based on these assumptions, a very successful theory of the
observed results has been developed, that relates the
impedance of a cell covered electrode to the naked

electrode The cells are modeled as cylindrical disks
hovering a distance h above the electrode suråce. The rwo
main contributions to the changed impedance values are the
resistance between the cells (Rr) and the resistance in the
narrow channels under the cells, i.e. between the electrode
and the ventral surface of the cells. A small part of the
current also flows through the cells by capacitive coupling

as indicated in the diagram below by the broken

lines

(Figure 5). The resulting equation is:
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where Z" is the impedance of the cell covered electrode, Zn
the impedance of the naked electrode, Z^ the impedance of
the cell membranes, b and [1 are modified Bessel functions
of order 0 and l, R$ is the resistance between the cells, and
yr. is defined by:
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where r" is the cell radius, p the resistivity of the solution,
and h the distance between the ventral surface of the cell
and the substratum.
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phenomenon can b€ exploited to introduce molecules,
normally rejected by the intact membrane, directly into the
cell interior. Pore sizes large enough to accommodate entry
of protein molecules can readily be formed by this approach.
Work in our laboratory has demonstrated that the basic
ECIS electrodes and slightly modified instrumentarion can

be employed to electroporate the population of cells
adherent to the electrodes and then follow their response
t6l [t is a great advantage ro have a small electrode,
because a current pulse of only a few milliamperes is
suf;fcient to electroporate the cells on the electrode. Since

the electrode is very small most of the voltage drop is
across the cell layer, and for an applied potential of only a
few volts, electroporation will occur.
In a published study we reported the use of this system

to

electroporate fibroblastic cells and then detect the

formation and subsequent sealing of the pores. In addition,
we demonstrated the ability of the approach to introduce
horseradish peroxidase (HRP) into only those cells situated
on the small ECIS electrode receiving the electroporation
pulse [6]. The presence of the HRP inside the cells can later
be verified using well known HRP catalyzed reactions

yielding colored precipitates as products. The very unique
aspect of this system is that the cells are electroporated ln
si/z and can be continuously studied with ECIS both before,
during, and after electroporation.
CONCLUSTON

We have described a way to probe both the static and
dynamic morphology of cells in tissue culture by measuring
the impedance of the cells culrured on a small gold

electrode. A relatively simple model shows that this is a
quantitative method that is very sensitive to subtle behavior
changes of the cells. Since mammalian cells, when grown in
tissue culture, respond sensitively to challenges of toxins.
drugs, and other chemicals. ECIS also acts as a sensitive
biosensor. In conclusion we are very exited about this
system, because it is able to extract quantitative information
from cells in culture in an easy and inexpensive way The
final judgment of this approach depends upon whether
tissue culture scientist will find it useful.
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ELECTROPORATION WITH ECIS
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when cell membranes are exposed to a brief transmembrane
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this high field, these pores reseal and the cell can continue
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