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ABSTRACT

Here we present research detecting the
invasive activities of metastatic cells in vitro
using electric cell-substrate impedance sens-
ing (ECIS). The assay is based on previous
microscopic observations, where metastatic
cells added over established endothelial cell
layers were observed to attach to and invade
the cell layer. Human umbilical vein en-
dothelial cells (HUVECs) were first grown to
confluence on small gold electrodes. The im-
pedance of these electrodes was followed af-
ter the addition of suspensions of different
sublines of the Dunning murine prostatic
adenocarcinoma series (G, AT1, AT2, AT3,
ML, and MLL). For highly metastatic sub-
lines, within an hour after being challenged,
the impedance of the confluent HUVEC layer
was substantially reduced. The effect of the
weakly metastatic sublines was less pro-
nounced, and the extent and the rate of this
drop in impedance could be correlated with
the metastatic potential of each of six sub-
lines tested. The real-time assay is effective in
both normal and low (1%) serum concentra-
tions, and the detected activity requires the
presence of viable transformed cells. In addi-
tion to the murine cell lines, similar behavior
was observed using four established human
prostatic cancer lines (DU145, PC3, TSU,
and PPC1). These results suggest that this

ECIS-based assay might be used with prima-
ry human cultures to establish the metastatic
abilities of cells isolated from biopsies.

INTRODUCTION

The growth of large solid tumors is
dependent on an aberrant cell exhibit-
ing uncontrolled proliferation and ex-
pressing the genes required to recruit
endothelial cells to undergo angiogene-
sis, allowing the mass to grow beyond
the constraints of passive diffusion
(10). Notwithstanding, these behaviors
alone do not result in multiple tumor
formation—the hallmark of most ma-
lignant cancers. For secondary tumor
formation via a blood-borne route,
some tumor cells leave the primary
mass, disrupt the basement membrane
of capillary endothelial cells, affect the
retraction of the endothelial cells, move
through the intercellular junctions, and
enter the circulatory system. After
moving some distance from the prima-
ry tumor, these cell then attach to or be-
come arrested near distant endothelial
cells, traverse the spaces between these
cells, disrupt the basement membrane
structure, and migrate into the underly-
ing tissue (4). Uncontrolled prolifera-
tion again ensues to form a new sec-
ondary tumor. As these activities are
repeated, multiple tumors are estab-
lished and, if unheeded, ultimately re-
sult in the death of the organism.

This complex in vivo metastatic be-
havior involves the regulation and ex-
pression of many genes involved in
such diverse activities as endothelial
cell binding (14), cell signaling result-
ing in endothelial retraction (11), the

synthesis and secretion of proteolytic
enzymes (1), and cell locomotion (3).
These various activities can be isolated
and individually observed in vitro. In
addition, these components can be col-
lectively studied using tissue culture
methods similar to those introduced by
Kramer and Nicolson (13). Here a cell
monolayer of bovine endothelial cells
was first established and then exposed
to cell suspensions of a variety of both
tumorigenic and nontumorigenic cells.
Cell behavior was studied using scan-
ning and transmission electron micro-
scopy as well as phase-contrast time-
lapse microscopy. When endothelial
cell monolayers were challenged with
highly metastatic cell lines, such as the
B16 melanoma cells, observations were
recorded that showed the binding of the
cells to the endothelial cell layer, the re-
traction of the endothelial cell junc-
tions, and finally the penetration of the
cells through the endothelial monolay-
er. This in vitro sequence of activities
has been suggested to represent similar
invasive activities that take place during
the metastatic process in vivo. The as-
say provides striking images of the be-
havior of the metastatic cell but, by na-
ture, is difficult to quantify and cannot
provide information in real time regard-
ing the dynamics of the process. Since
its introduction, this type of assay has
been modified and used extensively to
monitor transendothelial migration of
tumor cells in vitro. Although many of
these approaches have involved qualita-
tive microscopic observations, others
have employed radio or fluorescent la-
beling of the tumor cells to yield quan-
titative measurements.

Giaever and Keese (6) first described
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the electric cell-substrate impedance
sensing (ECIS) (Applied BioPhysics,
Troy, NY, USA) method in 1984. Since
then, the method has been used to pro-
vide information regarding real-time
changes in cell morphology, including
cell substrate interactions, cell motility,
and cell layer barrier function (7–9,
12,15,16,18,19). Based on the published
observations of endothelial cell behavior
in response to metastatic cells men-
tioned above, one would anticipate large
ECIS impedance changes correlated
with these activities. One would also an-
ticipate changes in cell movements due
to the displacement and replacement of
a portion of the endothelial cells on the
measuring electrode with the metastatic
cells. The purpose of the research pre-
sented here was to determine the effica-
cy of such an ECIS-based assay. If suc-
cessful, then an impedance assay of this
sort should provide real-time, automat-
ed, and quantitative information regard-
ing these in vitro events.

MATERIALS AND METHODS

ECIS

The ECIS Model 100 and an earlier
prototype version of the instrument
were used for this work. To study cell
behavior with this instrument, cells are
grown in culture wells containing gold-
film surface electrodes; normal culture
medium serves as the electrolyte. An
approximate constant current source
applies an ac signal of 1 µA, usually at
4 kHz, between a small active electrode
(250-µm diameter) and a large counter
electrode to complete the circuit. Volt-
age is monitored with a lock-in amplifi-
er providing amplitude and phase data.
In addition to reporting impedance,
these data are also converted to resis-
tance or capacitance, treating the cell-
electrode system as a simple resistor
and capacitor in series. As the cells at-
tach and spread upon the small elec-
trode, they constrict the current, forcing
it to flow beneath and between the
cells, resulting in large increases in im-
pedance. The microampere currents
and the resulting voltage drop of a few
millivolts have no measurable effect on
the cells, and hence, the monitoring of
cell behavior is noninvasive (5).

Cell Culture Procedures

The Johns Hopkins Brady Urologi-
cal Institute supplied the Dunning sub-
lines in frozen ampoules. These were
thawed and grown in RPMI 1640 medi-
um (Invitrogen, Carlsbad, CA, USA)
supplemented with 2 mM L-glutamine
and containing 10% FBS with 250 nM
dexamethasone and 50 µg/mL gentam-
icin in a 5% CO2, 37°C, high-humidity
atmosphere. The behavior of the vari-
ous lines had been previously studied
(3). The specific Dunning lines used in
this work included the highly metastatic
ML, MLL, and AT3 sublines; the weak-
ly metastatic AT1 and AT2 sublines;
and the essentially non-metastatic G
subline. Passaging was with trypsin/
EDTA, and frozen stocks were prepared
using standard procedures with medium
containing 10% DMSO and 20% FBS.
Human prostatic cell lines (DU145,
PC3, TSU, and PPC1) were also ob-
tained from Johns Hopkins and handled
in an identical manner. For ECIS stud-
ies, cells were taken from slightly sub-
confluent cultures 48 h after passage,
and a monodisperse cell suspension
was prepared using standard tissue cul-
ture techniques with trypsin/EDTA.
These suspensions were equilibrated at
incubator conditions before addition to
the electrode-containing wells.

Human umbilical vein endothelial
cells (HUVECs) and their growth
medium were purchased from VEC
Technologies (Rensselaer, NY, USA).
Medium 199 contained 80 µg/mL he-
parin, endothelial growth factor, 10%
FBS, and 50 µg/mL gentamicin. Pas-
saging was with trypsin/EDTA and
frozen stocks were prepared as de-
scribed above. Endothelial cells were
generally passaged 6–8 times, and then
the stock of cells was replaced.

Preparation and Initial Inoculation
of Electrodes with HUVEC
Suspensions

Electrode arrays were supplied by
Applied BioPhysics, where the gold-
film electrodes were fabricated using
photolithographic techniques on Lexan
polycarbonate supports. These were
connected to the electronics as previ-
ously described (19). The completed
arrays consisted of eight individual

small electrodes (250-µm diameter)
with larger counter electrodes located
at the base of small wells (approxi-
mately 600 µL volume with 0.8 cm2

substrate area) for cell culture. Each
well was normally used with 400 or
450 µL medium.

For most experiments, gelatin was
used to precoat the ECIS wells; a solu-
tion of 200 µg/mL gelatin in 0.15 M
NaCl was used to flood the bottom of
each well. After 15 min incubation to
allow the gelatin to adsorb, the protein
solutions were aspirated, and the elec-
trode-containing wells were rinsed
twice. They were then partially filled
with 200 µL HUVEC medium and al-
lowed to equilibrate in the tissue cul-
ture incubator for 15–60 min.

A HUVEC suspension was prepared
at 5 × 105 cells/mL, and 200 µL were
added to each well, resulting in a final
surface concentration of 1.25 × 105

cells/cm2 and a well volume of 400 µL.
Following inoculation of cells into

ECIS wells, the attachment and
spreading were followed by impedance
measurements. The HUVECs were
generally incubated for 1–2 days be-
fore the prostatic cell challenge. Im-
pedance measurements were used to
verify that confluence was achieved
and maintained and that the cells ex-
hibited normal levels of impedance
fluctuations—indicative of healthy cell
layers (15).

Challenge of Endothelial Layers

The Dunning cells were cultured to
near confluence with regular feedings
of RPMI medium. Monodisperse cell
suspensions were prepared in fresh
Medium 199 (HUVEC medium) at 20
× 105 cells/mL, and 50 µL were added
to wells containing endothelial cell
monolayers (450 µL total well vol-
ume). This resulted in a final surface
concentration of Dunning cells of 1.25
× 105 cells/cm2 (one Dunning cell for
each endothelial cell). The impedance
of the challenged endothelial cell layer
was monitored via ECIS for the next
12–20 h. Sometimes, following the
measurement, the medium was aspirat-
ed and the cells were fixed with 10%
formalin and stained with methylene
blue. Identical procedures were used
for the human lines.
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Conditioned Dunning Medium

Medium used to maintain confluent
cultures of Dunning cells for 72 h was
removed from culture vessels and cen-
trifuged at 3000× g for 10 min to re-
move any suspended cells. This medi-
um was then used to replace 250 µL
medium removed from an ECIS well
with a confluent HUVEC layer in place.

RESULTS AND DISCUSSION

Figure 1 shows the initial attach-
ment of the HUVECs measured via
time-course impedance changes. Seven
individual electrodes are followed from
the time of inoculation (time zero) to 20
h after inoculation. The initial rise in
the curve is due to cell attachment and
spreading that, for this lot of HUVECs,
increased the resistive portion of the
impedance at 4 kHz from six to seven
times that of the cell-free electrode.
Spreading is completed in approxi-
mately 2.5 h. The resistance fluctua-
tions result from movement or undula-
tions of the established cell sheet that
constrain the current. These changes
are both due to fluctuations in the tran-
scellular barrier function and in the
spacing between the basal side of the
cell and the electrode surface (8). A
second endothelial cell attachment
curve using a different lot of HUVECs
is shown in Figure 2 for four inoculated
electrodes and also one control elec-
trode that receives no cells. In these
data, there is a difference in the behav-

ior of the HUVECs on electrodes pre-
coated with adsorbed gelatin compared
to those where the adsorbed protein
layer is simply a collection of those
proteins found in the FBS used to sup-
plement the growth medium. This re-
sponse to gelatin-coated substrates was
seen only for some specific lots of HU-
VEC tested. Nevertheless, as a tight
layer (high impedance) was deemed
best considering the nature of the ex-
periments, in most work reported, the
electrodes were precoated with gelatin.

Figure 3 (upper panel) is the first of
several figures showing changes in the
resistive portion of the impedance dur-
ing the challenge of the endothelial cell
layer, in this case with the highly
metastatic Dunning MLL cells. The ex-
perimental curve is run in duplicate with
complete medium containing 10% FBS
as described in the experimental meth-
ods. Data acquisition began at time zero
(not shown) when the HUVEC layer
was established and completely conflu-
ent. Impedance data recording is briefly
paused at the first vertical mark on the
horizontal axis. MLL cells (50 µL sus-
pension) are then added, and at the sec-
ond vertical mark (around 7.2 h) data ac-
quisition resumes. Time measurement
continues during this pause, and the re-
sistance recorded at the start and end of
the pause are connected with a straight
line. The control curve received a sham
at this time and is essentially unaffected
by the addition of 50 µL fresh Medium
199 without cells.
There is a substan-
tial drop in the re-

sistance of the wells exposed to the
MLL cells over an approximately 2-h
period. These changes are presumably
due to direct interactions of the metasta-
tic cells and endothelial monolayer, re-
sulting first in retraction of the endothe-
lial cell junctions, followed by
extravasation of the metastatic cells to
the substratum. After this drop, the sus-
tained reduced resistance is that of the
collection of HUVEC and MLL cells on
the substratum. Microscopic examina-
tion of fixed and stained preparations of
the cells a few hours after the challenge
revealed a disorderly layer with some
open areas and a considerable number of
partially spread and rounded cells.

We were curious whether the with-
drawal of serum from the medium
would alter the systems response, as
serum components might play a role in
either promoting the metastatic cell ac-
tivities or in stabilizing the endothelial
cell layer. In the lower panel of Figure
3, an experiment shows the ability of
the assay to function at reduced serum
concentration. In this experiment,
HUVECs were inoculated and grown
for two days in standard medium con-
taining 10% FBS. The confluent layer
was then allowed to equilibrate in medi-
um with only 1% FBS for several hours
before the addition of the sham or the
MLL cells in Medium 199 now with
1% FBS. As can be seen upon compar-
ing these two figures, the lower serum
concentration has resulted in a notice-
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Figure 1. ECIS measurements of HUVEC inoculations. Measurements
made in seven individual wells were at 4 kHz, and the resistive portion of the
impedance is presented. All electrodes were precoated with gelatin.

Figure 2. Effect of adsorbed gelatin coatings on HUVEC behavior. Mea-
surements of the resistive portion of the impedance at 4 kHz are shown fol-
lowing inoculation at time zero. Duplicate inoculations were made in wells
having electrodes without special pretreatment and in wells where electrodes
were precoated with adsorbed gelatin. This striking influence of substrate
coating was observed for some lots of HUVECs; however, many lots showed
a much less pronounced effect. The lower trace is of a well not receiving cells.



able drop in the intact HUVEC layer re-
sistance, from around 12 000 Ω at 10%
FBS to about 7000 Ω at the 1% level.
Nevertheless, there is a substantial fur-
ther drop elicited by the MLL cell sus-
pension addition, as well as a quieting
of the typical endothelial cell imped-
ance fluctuations. Again, the sham has
little effect on the control curve. The
ability to work at low serum concentra-
tion or in defined medium could also
prove useful in reducing or eliminating
the interference of serum components
in future mechanistic studies.

Figure 4 shows varying effects of dif-
ferent sublines of the Dunning series us-
ing this challenge assay. These data are
normalized by dividing the resistive por-
tion of the impedance by its value at
time zero for each well (approximately
10 000 Ω), providing an easy compari-
son of the fractional change in resis-
tance. In the upper and lower panels of
Figure 4, HUVEC layers are challenged
with Dunning cells added in 50 µL com-
plete Medium 199 containing 20 × 105

cells/mL. The vertical lines are the same
as in Figure 3, and a sham is added to the

control curve. In the upper panel of Fig-
ure 4, duplicate wells received the weak-
ly metastatic G subline and the highly
metastatic AT3 subline. The G cell addi-
tion, unlike the previous MLL additions,
brings about a smaller initial drop in re-
sistance, and the resistance of the collec-
tion of cells undergoes partial reversal in
this drop and displays some return of
cell-induced impedance fluctuations.
The AT3 challenge, although resulting
in a less steep drop in impedance than
MLL, results in curves eventually reach-
ing resistance levels near that of cell-free
electrodes and with nearly complete
elimination of detectable cell motion
(resistance fluctuations). The ML highly
metastatic subline had behavior similar
to that of MLL (data not shown). In the
lower panel of Figure 4, three different
Dunning strains are used, namely G,
AT1, and AT2. In this run, the two elec-
trodes with AT2 cells elicit a slightly
more rapid drop in
the resistance than
do the electrodes
with AT1 cells, al-
though both sub-

lines reportedly have similar metastatic
potential in vivo. With the exception of
the lowest AT2 trace, these show imped-
ance changes that are intermediate be-
tween the G subline and the highly
metastatic lines. The G cells again show
the rebound pointed out in the upper
panel of Figure 4.

Metalloproteinases and other soluble
factors are known to play a role in the
metastatic process. Work with murine
sarcoma cells (20) and human pancreat-
ic cancer cells (17) had shown that
medium conditioned by the cancer cell
lines induced endothelial cell retraction.
Experiments were carried out to deter-
mine if the possible addition of soluble
factors released by the metastatic cells
would have an effect on the impedance
of the HUVEC layer similar to that ob-
served with the cell suspensions. These
effects could not be observed under the
conditions of our studies. Figure 5
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Figure 3. Resistance changes during MLL cell challenges. Resistance
changes in the impedance at 4 kHz as confluent layers of HUVEC cells are
challenged with MLL Dunning cell suspensions in the presence of 10% and
1% FBS in the media. The control curve received medium without cells.

Figure 4. Normalized resistance changes during Dunning subline chal-
lenges. Normalized resistance changes in the impedance at 4 kHz as confluent
layers of HUVECs are challenged with suspensions of (upper panel) the G and
AT3 Dunning sublines and (lower panel) the G, AT1, and AT2 Dunning sub-
lines (resistance is normalized to its starting value, approximately 10 000 Ω).
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shows the ECIS response of HUVECs
exposed to conditioned medium as well
as whole cells. MLL cells added in 50
µL fresh medium bring about the clear
drop in resistance. The control curve in
this case had 250 µL medium replaced
with fresh medium (total volume 400
µL), whereas the other trace had 250 µL
medium replaced with medium that was
conditioned for three days by highly
confluent MLL cultures. 

Since large numbers of cells are be-
ing added during the challenge, we in-
vestigated the possibility that a reaction
to the crowded conditions or contact
with the cell membranes simply caused
the HUVEC cells layer to be altered. To
accomplish this, MLL cells were heat
killed by exposure to 55°C for 15 min
before addition to the established HU-
VEC culture. The results of this experi-
ment are shown in Figure 6, where four

traces are shown where established en-
dothelial layers are exposed to cell sus-
pensions or a sham at time zero and the
normalized resistance is plotted against
time. Here we see the normal response
of the HUVECs to healthy MLL and the
G cell sublines, but the medium sham
(control) and the heat-killed cell addi-
tions elicit no response and are indistin-
guishable in Figure 6. The fifth straight-
line trace is the normalized resistance
measured from a well without cells. The
slight drift in this curve is due to evapo-
ration from the well and the resulting de-
crease in the resistivity of the medium.

Using a published model of the cell-
electrode interaction (8), we have fur-
ther analyzed the metastatic response to
examine the behavioral changes taking
place. The model was developed to cal-
culate the specific impedance of a cell-
covered electrode (Zc) as a function of

the applied ac frequency (f). In the
model, cells are treated as circular disks
of radius rc and hovering a distance, h,
over the electrode surface and bathed in
medium of resistivity ρ. The specific
impedance of the cell-free electrode
(Zn) is assumed to remain constant and
is experimentally measured. Zm is the
impedance to ac current flow directly
through the two plasma membranes
due to membrane capacitance, Cm. In
the model the extracellular current
flows radially in the spaces formed be-
tween the ventral surface of the cell and
the electrode surface before exiting to
solution through transcellular spaces.

Solution of the equations associated
with the model gives the specific imped-
ance of the cell-covered electrode as:

Figure 5. Resistance changes during MLL cell or conditioned medium
challenges. Resistance changes in the impedance at 4 kHz, as confluent lay-
ers of HUVECs are challenged with MLL cell suspension and MLL-condi-
tioned medium.

Figure 6. Normalized resistance changes during live or dead cell chal-
lenges. Challenge of HUVEC layers with both live and heat-killed MLL
cells and with live G cells. The resistive portion of the impedance at 4 kHz is
normalized to its starting value (approximately 2000 Ω without cells and
12 000 Ω for the four traces of confluent HUVEC layers).

Figure 7. Changes in model parameters during AT3 cell challenge. A chal-
lenge of a confluent HUVEC layer showing the time course of resistance
changes and changes in parameters based on a model of cell-induced imped-
ance changes.



where I0 and I1 are modified Bessel func-
tions of the first kind of order 0 and 1.

This solution depends on three para-
meters: 

Rb, the resistance between the cells

for a unit area 
α, defined by:

Cm, where Cm = -i/(πfZm)
Time-course data of a HUVEC-AT3

challenge were measured at three differ-
ent ac frequencies (400, 4000, and
40 000 Hz). The time points were then
fitted using the model. Reasonable val-
ues of the three parameters are first cho-
sen and then used to calculate values of
Zc and the corresponding values of the
series resistance and capacitance at the
three measuring frequencies. The calcu-
lated and experimental values are then
compared and the model parameters al-
tered to improve the fit. This is contin-
ued in an iterative process until an
acceptable fit is obtained. These para-
meters are then used as starting values
for analysis of the second time point in
the series and so on. Figure 7 shows the
raw data in the upper panel and the cal-
culated changes in the three model para-
meters in the lower panel. Notice that
most of the change associated with the
metastatic cell challenge is in the para-

Figure 8. Prostatic cell challenge. HUVECs were challenged with several different human prostatic cell
suspensions. The resistive portion of the impedance normalized to its value at time zero is presented.



meter Rb, the barrier function of the lay-
er. This is presumably due to the retrac-
tion of the HUVECs from one another,
opening up intercellular spaces for less
obstructed current flow.

Some of the basic challenge experi-
ments were also performed using a base
layer of MDCK epithelial cells (data not
shown). Although this base layer usually
produced results similar to those de-
scribed above with HUVECs, consider-
able variation was found from experi-
ment to experiment. We believe this
variation can be attributed to the very
high barrier function of MDCK mono-
layers that can be an order of magnitude
higher than that of the endothelial cells.
A similar size retraction of the cell inter-
cellular spaces will result in a consider-
ably larger percentage drop in imped-
ance for the MDCK than for the
HUVEC layer. This very high sensitivi-
ty to the challenge could reflect subtle
variations in experimental conditions
not seen with the HUVEC layers. An-
other epithelial cell line, BSC-1, essen-
tially did not respond to the metastatic
cell challenge. This lack of response
could be biological in nature—a failure
of cell-cell interactions to result in the
behavior observed with HUVECs. It is
also possible that the weaker barrier
function of the BSC-1 cells diminishes
the ECIS response to the retraction of
the intercellular spaces as described
above. Although HUVEC cultures are
more demanding in their culture require-
ments, these monolayers both responded
strongly to the metastatic cells and gave
results that were consistent from experi-
ment to experiment.

We have carried out challenges with
several human prostatic cancer cell lines.
Results of confluent HUVEC monolay-
ers challenged with 105 cells/cm2

DU154, PC3, PPC1, and TSU lines are
shown in Figure 8. The PPC1 line clear-
ly results in the most rapid and complete
disruption of the endothelial cell layer.
The other lines seem fairly similar, but
one can discern possible differences in
the slope and size of the initial drop, the
degree of fluctuations in the signals, and
the final impedance level obtained. We
hope in the future to determine if these
more subtle observations are repro-
ducible and if they can be related to the
in vivo behavior of the lines.

The ECIS instrumentation is now

being adapted to monitor the activities
of endothelial cells under both laminar
and turbulent flow (2). It will be of in-
terest to see if the behaviors described
above are altered under these condi-
tions encountered during the metastatic
process in vivo.
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