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Abstract

Electric cell-substrate impedance sensing (ECIS) was applied to assess the structure–function of�2�1 integrin, receptor for collagen
and laminin. On collagen-coated gold electrodes, expression of this integrin on human rhabdomyosarcoma (RD) cells (RDX2C2) yielded a
five-fold increase in resistance when compared with mock transfected RD (RDpF) cells (34.5± 5.2 versus 6.5± 0.8�/cell). An intermediate
level of 16± 2�/cell was measured upon expression of an�2�1 mutant that lacked the�2 cytoplasmic domain (RDX2CO). On laminin,
the resistance measured for RDX2C2 cells was also higher but only twice that of RDpF cells at 71± 4 and 37± 4�/cell, respectively.
In comparison, RDX2CO cells (38± 4�/cell), exhibiting no enhanced adhesive function, yielded a similar result to that of RDpF cells.
On fibronectin, RDX2C2 and RDpF cells, exhibiting comparable levels of adhesion, were similar in resistance measurements at 85± 5and
89 ± 7�/cell, respectively. It has been shown that deletion of�2 cytoplasmic domain results in dysregulated recruitment of the�2�1
mutant to focal adhesion complexes that mediate binding of fibronectin. RDX2CO cells on fibronectin, exhibiting reduced adhesive function,
was associated with noticeably lower resistance (60± 4�/cell). Monitoring electroporation of the RD plasma membrane also indirectly
validated cell attachment as reflected by the resistance measured. Results from this study demonstrated the potential of ECIS for study of the
structure–function of�l integrin adhesion receptors.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Electric cell-substrate impedance sensing (ECIS) has
been developed for real time measurements of the chang-
ing impedance properties of attached and spread cells that
act as insulating particles on gold electrodes[1]. The tech-
nique involves application of a small ac current (1�A,
4–5 kHz) between a small gold detecting electrode and a
larger counter electrode[2–4]. While such a small ac cur-
rent exhibits no adverse effect on the activity, survival and
response of cells to diverse stimuli, cells in contact with
the small gold detecting electrode act as insulating parti-
cles [1–4]. To date, ECIS has been proven as a versatile
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and noninvasive tool for real time measurement of changes
in the impedance associated with cell behavior[1–4]. Re-
cently, integrin receptors have been implicated in the mea-
sured impedance of cells attached on different extracellular
matrix (ECM)-coated electrodes[5]. However, the signif-
icance of specific integrins contributing to the impedance
measurement has not been determined. It is also not clear
how impedance measurements by ECIS can be related to
the structure–function of integrins.

Integrins represent the major family of receptors for me-
diating cell interactions with ECM proteins and cellular lig-
ands in other cells[6]. The noncovalent association between
the 18� and 8� unique integrin subunits results in the forma-
tion of 24 distinct�-� integrin heterodimers that are found
expressed on diverse cell types[6,7]. The binding of inte-
grins to ligands has been shown to impact essential cellu-
lar functions including survival, growth, differentiation and
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motility in diverse biological systems such as leukocyte re-
circulation, wound healing and under pathological condi-
tions, tumor metastasis and the development of autoimmune
diseases[8–13]. While the�1 integrin subunit mediates the
critical interactions with diverse cytoskeletal and signaling
molecules, the cytoplasmic domain of� integrin subunits
confers signaling properties that are unique to individual
members of the�1 integrin family[14–18]. Studies of mu-
tation of� cytoplasmic domains have revealed their roles in
regulating the ligand binding activities and diverse signal-
ing function of integrins[19–22]. Integrin �2�1 functions
as a receptor for collagen and laminin[23–25]. The role of
�2�1 integrin in cell adhesion and migration as well as in
tumor foci formation has been demonstrated both in vitro
and in vivo[26,27]. In addition, deletion of the region of�2
cytoplasmic domain immediately before the GFFKR motif
results in dysregulated recruitment of the�2�1 mutant to
focal adhesions[21].

This study aims to evaluate the significance of�2�1 in-
tegrin in the impedance measurement of cells adhered to
different ECM substrates in order to assess whether ECIS
detects the effects of structural alterations on the adhesive
function of �2�1 integrin. To validate the applicability of
ECIS, results from impedance measurements were compared
with the adhesive function of the previously characterized
human rhabdomyosarcoma (RD) transfectant cells express-
ing the�2 cytoplasmic domain deletion variant (X2CO) or
the wildtype�2�1 integrin (X2C2). Cell attachment as in-
dicated by the measured resistance was indirectly confirmed
by monitoring electroporation of the plasma membrane of
such adherent cells.

2. Experimental

2.1. Materials and chemicals

2.1.1. Monoclonal antibodies and ECM proteins
Ts2/7 (mAb) specific for human�1�1 integrin was a kind

gift from Dr. Martin E. Hemler, Harvard Medical School,
Boston, MA [28]. Other integrins including�2�1-specific
mAb BHA2.1, �3�1-specific mAb P1B5,�4�1-specific
mAb 44H6,�5�1-specific mAb HA5.1,�6�1-specific mAb
MA6 and pan-�1 integrin mAb HB1.1 were obtained from
Chemicon International (Temecula, CA). Human fibronectin
(MW 440 kDa), collagen type I (MW 116–250 kDa) and
mouse laminin I (820 kDa) were obtained from Life Tech-
nologies (Gaithersburg, MD).

2.2. Cell characterization by flow cytometry

RD transfectant cells expressing the wildtype�2�1
(RDX2C2) and RD cells transfected with only the expres-
sion vector pFneo (RDpF) were prepared and described in
the previous studies[9,14]. The cDNA of X2C0 constructed
by site-directed mutagenesis introducing stop codons imme-

diately before the GFFKR motif[21] is a generous gift from
Dr. Martin E. Hemler (Harvard Medical School, Boston,
MA). RD transfectant cells expressing the�2 truncation
variant (RDX2C0) were prepared by transfection using the
Lipofectin reagent (Life Technologies, MD) according to
established procedures[9,14]. All transfectant cells were
cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum,l-glutamine, antibiotics and 1.0 mg/ml
geniticin G418 (Life Technologies, MD). Integrin expres-
sion on RD transfectant cells was assessed by indirect
immunostaining according to established procedures[26].
Briefly, cells were incubated with the specific mAb for
45 min at 4◦C, washed and then incubated with F(ab)′2
fragments of the appropriate fluorescein-conjugated second
antibody (Cedarlane Lab, Hornby, Ont., Canada). All mAbs
were used at predetermined saturating concentrations. Re-
sults were analyzed and compared with isotype-matched
control mAb by using a Becton Dickinson FACScan.

2.3. Cell adhesion assay

Static cell adhesion assays were carried out as described
previously[26,29]. Briefly, untreated microtitre plates were
coated with collagen, laminin or fibronectin at varying
concentrations overnight at 4◦C. A total of 5× 104 cells la-
beled with fluorescence dye, (2′,7′)-bis(carboxyethyl)-5,6-
carboxy-fluorescein (Sigma), were added to each well.
After a period of 20 min adhesion at 37◦C, nonadherent
cells were removed by gentle washing. The levels of bound
fluorescence were measured and subtracted from that on
BSA-coated wells as background using a Fluorescence
Concentrator Analyzer (IDEXX Lab, Westbrook, ME). Cell
adhesion was expressed as number of bound cells per mm2,
based on the fluorescence of 5× 104 labeled cells, after a
subtraction of background fluorescence.

2.4. ECIS instrumentation

The sensing chip (model 8W1E, Applied Biophysics,
Troy, NY) consists of eight detecting gold electrodes
(0.057 mm2) deposited on the bottom of eight separate
wells. A common counter gold electrode (7 mm× 46 mm)
is shared by the eight detector electrodes on the chip with
an active area of 2 mm× 9 mm in each well. These elec-
trodes and pads are thin gold films (50 nm) sputtered on
Lexan polycarbonate by photolithography. The ECIS sys-
tem (Applied Biophysics) has the capability to carry out
simultaneous measurement of 16 individual sample wells.

An alternating current (ac) potential is applied to the de-
tecting and counter electrodes at 1.0 V and 4 kHz through a
1 M� resistor. Under this operating condition, the attached
cells, acting as insulating particles because of their plasma
membrane, interfere with the free space immediately above
the electrode for current flow. Consequently, the current can-
not pass through the insulating cell membrane and has to
flow around the cells. The detecting electrode will dominate
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the overall impedance in the circuit because of its smaller
size compared to the counter electrode. A lock-in ampli-
fier (Model SR830, Stanford Research Systems, Sunnyvale,
CA) is connected between the detector and counter elec-
trodes to measure the magnitude and phase of the voltage.
Details on the operation, equivalent RC circuit and modifi-
cation of the ECIS system have been described elsewhere
[31]. The capacitance change is less pronounced than the
resistance change[1–4,30]and the relationship between the
capacitance change and the number of attached cells has
not been established[31]. Therefore, only the results related
to the resistance change will be presented and discussed
here.

2.5. ECIS electroporation

An elevated field module (model 110A, Applied Bio-
physics) is inserted in the ECIS front panel. When prompted
by software, a switch activates the module, setting up the
instrument for invasive operations. Depending upon the ap-
plied potential and the exposure time selected, these high
fields can be used to electroporate or wound the cells. These
invasive actions are only directed at the small population
of cells in contact with the active gold detecting electrode,
and once these incursions are completed, the system re-
turns to its normal mode to monitor the fate of the effector
cells.

2.6. Characterization of ECM coating of electrodes

Sodium chloride solution (0.15 M) was prepared with
deionized water (16 M� cm, Zenon, Burlington, Ont.,
Canada). Human fibronectin or laminin was dissolved at
0.1 mg/ml whereas collagen was prepared at 0.2 mg/ml.
Each well containing a sensing chip was filled with 0.1 ml
protein solution for coating the detector electrode. After 1 h
of incubation at room temperature, the wells were washed
with distilled water. The amount of protein adsorbed on the
sensing chip with bare gold film (the JI chip) was evaluated
using the BIAcore 1000 surface plasmon resonance (SPR)
biosensor (Biacore AB, Uppsala, Sweden).

2.7. ECIS measurement of cell resistance

A volume of 0.2 ml containing 5× 104 cells in RPMI
1640/1% BSA was added into each well containing the
ECM-coated detecting electrode. Impedance measurements
were carried out for 5 h at 37◦C and 5% CO2. Both
data acquisition and processing were performed using a
software (ECIS8) supplied by Applied Biophysics (Troy,
NY). From the impedance value obtained by ECIS, the
impedance of the electrode/electrolyte interface with a
cell layer or aRC circuit was estimated using the Math-
CAD program (Version 7, MathSoft, Cambridge, MA).
The number of cells attached to the electrode was deter-
mined from digital photos taken from an inverted optical

microscope. Each experiment was repeated a minimum
of three times. Results were normalized as resistance
change per cell�Rs/N (�/cell) whereN is the number of
RD cells that attached and spread on protein-coated gold
electrodes.

3. Results and discussion

3.1. Estimation of the coating of ECM proteins on gold
electrodes

Prior to the impedance measurement of cells on
ECM-coated gold electrodes, we first assessed the levels
of ECM protein adsorption on gold. During the adsorption
process, protein molecules substitute the space occupied
by water and form a monolayer on the gold surface. As
the sensing chips of Biacore and ECIS both have 50 nm
gold film lithographs, the surface concentration of protein
adsorbed on the gold electrodes of ECIS can be inferred
from that of Biacore. A resonance angle shift of 0.1◦ (1000
response units) of the BIAcore SPR biosensor corresponds
to 1 ng/mm2 adsorbed protein[32].

Results showed that steady state adsorption of collagen,
fibronectin and laminin to gold surface was achieved within
30 min; rinsing with water could not remove protein ad-
sorbed on the gold surface. The surface ECM concentrations
were estimated to be 0.9, 3.5 and 5.6 ng/mm2 for collagen,
fibronectin and laminin, respectively. Consequently, the
molecular number of these proteins is 2.9 × 109 mm−2 for
collagen, 4.8×109 mm−2 for fibronectin and 4.1×109 mm−2

for laminin.

3.2. β1 integrin expression and function in RD
transfectant cells

Human rhabdomyosarcoma cells express little if any en-
dogenous�2�1 integrin. Transfection of cDNA of human
�2 integrin subunit results in its expression and the result-
ing RD transfectant cells (RDX2C2) exhibit increased ad-
hesive function on collagen and laminin substrates[14]. In
vivo, �2�1 integrin expression mediates postextravasation
cell movement, alters cell distribution within the tissues and
modulates tumor formation of RD cells in the lungs and the
liver [26,27]. It has been established that�2 cytoplasmic
domain plays a major role in the signaling function of�2�1
integrin including the induction of metalloproteinase-1, col-
lagen synthesis as well as activation of p38 MAPK and Rho
GTPases[16,18,33,34]. In addition,�2�1 mutant with dele-
tion of the portion of�2 cytoplasmic domain immediately
before the GFFKR motif exhibits a major reduction in ad-
hesive function and dysregulated recruitment to focal ad-
hesions[35]. In this study, immunostaining by binding of
BHA2.1 to the extracellular region of�2�1 confirmed that
wildtype�2�1 (X2C2) and its�2 cytoplasmic domain dele-
tion variant (X2C0) were expressed at comparable levels on
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Fig. 1. Expression of�1 integrins,�1�1 to �6�1, on RD transfectant cells. The expression of�1 integrins was determined by flow cytometry using
specific mAbs to the various�1 integrins (solid lines). Results were compared with immunostaining using the corresponding isotype-matched control
mAbs (dotted lines). The data indicated that expression of�2�1 integrin on RD transfectant cells exhibited no significant effects on the expression of
endogenous�1�1, �4�1, �5�1 and�6�1 integrins.

RDX2C2 and RDX2C0 cells, respectively (Fig. 1 I and P).
However, mock transfectant RDpF cells exhibited little if
any expression of�2�1 integrins. In addition, all three RD
transfectant cells were similar in the levels of their expres-
sion of endogenous�1�1, �4�1, �5�1 and�6�1 integrins
(Fig. 1).

3.3. ECIS assessment ofα2β1 integrin-mediated adhesive
function on collagen and laminin

Expression of�2�1 integrin enhanced RD transfectant
cell adhesion on both collagen and laminin substrates; thus,
on both ECM substrates, the levels of adhesion of RDX2C2
cells were greater than RDX2C0 and RDpF cells (Fig. 2A).
On collagen, we consistently observed slightly higher levels

of adhesion of RDX2C0 cells than RDpF cells though the
difference did not achieve statistical significance. In com-
parison, RDX2C0 and RDpF were similar in their adhesive
function on laminin (Fig. 2B). Such results are consistent
with previous studies showing that�2 cytoplasmic domain
plays a critical role in�2�1-mediated cell adhesion on ECM
substrates[21].

ECIS data revealed gradual increases in resistance start-
ing at approximately 30 min with steady state resistance
achieved in approximately 60 min, after the addition of RD
transfectant cells (Figs. 3 and 4). This accounted for the
elapsed time required for cell sedimentation, establishment
of cell contact and spreading on the ECM-coated gold elec-
trodes. In comparison to RDpF cells, expression of func-
tional �2�1 integrin resulted in increases in the steady state
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Fig. 2. Adhesion properties of RD transfectant cells for ECM protein substrates. RD transfectant cells (RDpF, RDX2C0 and RDX2C2) were compared
for their adhesion to wells coated with varying concentrations of collagen (A), laminin (B) and fibronectin (C). The data showed that on collagen and
laminin substrates, X2C0 exhibited little if any adhesive function; whereas on fibronectin, X2C0 reduced RD transfectant cell adhesion to fibronectin.
Mean values and S.D.s are shown.

resistance of RDX2C2 cells on both collagen (Fig. 3) and
laminin substrates (Fig. 4). Previously, we proposed that
�2�l integrin mediates cell interaction with collagen more
efficiently than with laminin[27]. In this study, similar be-
havior was also observed for collagen-coated electrodes, the
resistance measured with RDX2C2 cells (34.5± 5.2�/cell)
was about five-fold greater than that with RDpF cells
(6.5 ± 0.8�/cell). On laminin-coated electrodes, the resis-
tance measurement for RDX2C2 (71± 4�/cell) was only
twice of RDpF cells (37±4�/cell). In addition, ECIS read-
ily detected the effects of�2 cytoplasmic domain deletion
on cell adhesion. Thus, on collagen, the resistance mea-
sured for RDX2C0 cells (16± 2�/cell) was intermediate
to those of RDpF and RDX2C2 cells (Fig. 3); whereas, on

laminin coating gold, the resistance measured for RDX2C0
cells (38± 4�/cell) was comparable to that of RDpF cells
(37 ± 4�/cell) as shown inFig. 4. The results show that
�2�1 integrin plays a major role in the resistance measure-
ment of RD transfectant cells, and ECIS measurement of
resistance is closely associated with the adhesive function
of �2�1 integrin.

3.4. The effects ofα2 cytoplasmic domain deletion on cell
interaction with fibronectin

Integrin �2�l binds collagen and laminin but not fi-
bronectin. Thus, as expected, RDX2C2 and RDpF cells
exhibited comparable levels of adhesion to fibronectin
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Fig. 3. The resistance change expressed as�Rs/N (�/cell) obtained for
RD transfectant cells on collagen-coated gold electrodes during the course
of the experiment.N is the total number of cells attached on the detecting
gold electrode (250�m in diameter), precoated with 0.10 ml of collagen
(200�g/ml). Other details are inSection 2.1.

substrates (Fig. 2C). It has been shown that deletion of�2
cytoplasmic domain results in ligand-independent recruit-
ment of X2C0 to focal adhesion complexes[21]. Thus,
X2C0 has been found in focal adhesions of cells on fi-
bronectin substrate. RDX2C0 cells exhibited reduced levels
of adhesion to fibronectin in comparison to RDpF and
RDX2C2 cells (Fig. 2C). Adhesion to fibronectin was most
likely mediated by endogenous fibronectin receptors,�4�1
and �5�1 integrins, expressed on RD transfectant cells
(Fig. 1). Dysregulated redistribution of X2C0 might inter-
fere with the organized formation of focal adhesion com-
plexes and reduce�4�1/�51 integrin function in mediating
the adhesion of RD transfectant cells to fibronectin.

ECIS revealed corresponding changes in resistance mea-
surements among RD transfectant cells. Resistance mea-
surements in the presence of RDpF and RDX2C2 cells
were similar yielding 89± 7 and 85± 5�/cell, respec-
tively (Fig. 5A–C). Therefore, expression of wildtype func-

 

 

 

 

Fig. 4. The resistance change expressed as�Rs/N (�/cell) obtained for
RD transfectant cells on laminin-coated gold electrodes during the course
of the experiment. The detecting gold electrode (250�m diameter) was
precoated with 0.10 ml of laminin (100�g/ml).

tional �2�1 integrin exhibited no effect on resistance mea-
surements of cells on fibronectin. In contrast, inappropri-
ate recruitment of X2C0 to focal adhesion complexes re-
duced the insulation properties of RD transfectant cells on
fibronectin-coated electrodes; thus, the resistance measured
with RDX2C0 cells (60±4�/cell, n = 7) was significantly
lower than those of RDpF and RDX2C2 cells (P > 0.05)
(Fig. 5B). Such results thus indicated that all three RD trans-
fectant cells attached more tightly to the electrodes coated
with fibronectin than laminin or collagen.

An intriguing feature in the measured resistance was the
voltage fluctuation, which was always associated with liv-
ing cells and persisted even if the cell layer became fully
confluent. This behavior is attributed to vertical motions
or micromotions of the cells[14], a vertical change in cell
morphology that affects changes in the height of the nar-
row channels, i.e., the transcellular resistance of the layer
(resistance under cell).
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Fig. 5. The resistance change expressed as�Rs/N (�/cell) obtained for RD
transfectant cells on fibronectin-coated gold electrodes during the course
of the experiment. For RDX2C0, some experiments were conducted within
only 2 h to reconfirm the value of�Rs/N (�/cell) obtained from some
other experiments. The detecting gold electrode (250�m in diameter) was
precoated with 0.10 ml of fibronectin (100�g/ml).

3.5. Monitoring electroporation in the plasma
membrane

Pore formation occurs when the transmembrane poten-
tial (∼60–100 mV) is raised to∼1 V and the pores reseal
soon after the high field is removed[36–38]. Above this
threshold level, irreversible damage takes place, culminat-
ing in cell death. Therefore, cell attachment as reflected by
the resistance measured could be indirectly verified by mon-
itoring electroporation in the plasma membrane of RD ad-
herent cells. When a RD cell layer was shocked with an
applied electric pulse (1–1.5 V for 0.5 s), the resistance de-
creased considerably owing to pore formation; the tighter
the attachment, the larger the drop. As pores started re-
sealing, the resistance recovered but took several hours to
attain a value close to the initial resistance before elec-
tric shock. Cell recovery, however, was not observed when
the applied potential was above 2 V, an indication of ir-
reversible membrane rupture. The fluctuation in the mea-
sured resistance ceased when the cells were exposed to

high field (data not shown). Such killed cell data supported
the biological nature of the fluctuation, a unique feature of
viable and attached cells as detected by ECIS. For typi-
cal values of the cell-covered electrode, precoated with fi-
bronectin, the voltage drop across the cell membrane was
60–65% of the applied voltage with the remaining part be-
ing distributed over the electrode interface, the solution re-
sistance, and the external resistors. Therefore, when a 2 V
signal was applied to the tissue well, it was estimated that
∼1.2 V was across the cell membrane. It was also some-
what difficult to characterize electroporation of RD cells on
collagen and laminin as the cells did not attach and spread
efficiently on the gold electrode. Microscopic examination
also confirmed that there was no migration of neighboring
cells into the electroporated area to replace their effector
cohorts.

On fibronectin, expression of�2�1 altered both the re-
sponse and subsequent recovery of RD transfectant cells
upon application of 1.5 V (Fig. 6). For RDX2C2, the mea-
sured resistance displayed three distinct stages: a rapid
initial decrease, a slower secondary decrease and a strong
recovery over a long period of time (over 15 h). The recovery
was 80% of the initial resistance before electric shock. The
initial drop in resistance observed with RDpF was similar to
that of RDX2C2, as expected from the resistance measure-
ments for these two cell lines. In principle, if the degree of
cell attachment or confluency of two cell layers is similar,
their initial response to pulsation will be somewhat identical.
However, unlike RDX2C2, there was no secondary decrease
in resistance after pulsation and the degree of cell recovery
was noticeably weaker, an indication of alteration in mem-
brane permeability. Of interest was the drop in resistance
immediately after pulsation observed for RDX2C0, which
was smaller than the level observed with RDX2C2 or RDpF.
As already demonstrated from resistance measurements,
the attachment of RDX2C0 to fibronectin was noticeably
weaker than either RDpF or RDX2C2. Therefore, when
the potential was applied at 1.5 V, the potenfial across the
RDX2C0 cell layer was not the same as the value attained
for RDpF or RDX2C2 cells (∼0.9 V). Such a difference in
transmembrane voltage effected an appreciable difference in
the initial drop in resistance of the cell layer, immediately af-
ter pulsation. Nevertheless, cell recovery with respect to the
resistance measured for RDC2X0 was comparable to that
of RDpF.

In summary, our results have firmly validated ECIS for
real time assessment of cell adhesion and spreading on ECM
substrates. For the first time, using the previously charac-
terized RD transfectant cells, we have demonstrated that
�1 integrins play a major role in impedance measurements.
The observed changes in impedance corresponding to dele-
tion of �2 cytoplasmic domain clearly demonstrated the
potential of ECIS for studies of the structure–function of
diverse adhesion receptors such as members of the inte-
grin, cadherin, and immunoglobulin superfamily of adhesion
molecules.
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Fig. 6. Observed changes in the measured resistance of a cell-covered electrode due to application of 1.5 V for 0.5 s. Transfectant RD cells were first
grown on fibronectin-coated electrodes until steady state was attained. At the point indicated (∗), a high field of 1.5 V was applied for 0.5 s and once
these incursions were completed, the ECIS system returned to its normal mode of operation to follow the fate of the effector cells. Each curve was
averaged from four different electrodes and these results only varied slightly from experiment to experiment. The measured resistance is normalized to
the average steady state resistance obtained before electric shock. (A) RDX2C2, (B) RDpF, and (C) RDX2C0.
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