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Abstract 
Measurements of the impedance of cell-covered electrodes 
can be used to detect the presence of cells, their motion, 
and can yield information about biological processes. In 
this paper we present the results of finite element modeling 
of the impedance of cell-covered electrodes. The emphasis 
is on the behavior of small electrodes comparable to the 
cell size.  
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INTRODUCTION 
Previous work on the impedance of cell-covered electrodes 
has shown that important insights into biological processes 
can be obtained from electrical measurements.  The first 
studies were reported by Giaever and coworkers who used 
electrode impedance measurements to monitor cell prolif-
eration, morphology, and motility [1,2,3].  Their measure-
ments were interpreted with the aid of theoretical calcula-
tions of the impedance changes caused by a disk-shaped 
cell on a large electrode [4]. In this work, the typical elec-
trode size was substantially larger than the cells being stud-
ied (typically area ~ 5 × 10-4 cm2).  Other researchers have 
used impedance measurements to study cell monolayers [5] 
and the effect of toxic metals [6]. We are seeking to de-
velop arrays of cell-sized electrodes which can be used in 
combinatorial biology and possibly for bioagent detection. 
This paper focuses on the understanding of the impedance 
changes resulting from cell growth on small electrodes.  

ELECTRODE DESIGN AND IMPEDANCE WITHOUT 
CELLS 
We seek to use an array of cell-sized metal electrodes to 
sense the motion and presence of cells in real time. A pos-
sible electrode design for this purpose is shown in Fig. 1. 
In this figure the sensing electrode is 30 µm square and is 
surrounded by a larger counterelectrode. Arrays presently 
in fabrication by our coworkers [7] have electrodes ranging 
in size from 30 to 40 µm square. Also shown in Fig. 1 is a 
tracing (to scale) of a mouse fibroblast growing on a cul-
ture plate surface. Typical cells will cover a large fraction 

of sensing electrodes of this size when centered over the 
electrode. 

30 µm

 

Figure 1. Array of sensing electrodes with large counte-
relectrode. 

In this paper we seek to understand the effect of cell 
growth on the small-signal impedance of one of these elec-
trodes. We first report on the results of finite element simu-
lations of an idealized cell centerd on a single electrode. 
We will then show that more complex cases of realistic cell 
shapes and larger electrodes.  
Electrode impedance measurements are performed with the 
electrodes immersed in cell growth medium, which has a 
large ion concentration and high electrical conductivity 
(0.015 Ω-1cm-1). Ionic liquids form an electrical double layer 
at the interface between the liquid and metal electrodes. 
This electrical double layer is approximately 2 nm in thick-
ness and consists of a compact or Helmholtz layer together 
with a diffuse layer approximately 2 nm in thickness. The 
electrical impedance of the electrical double layer varies 
with measurement frequency includes contributions both 
from the capacitance of the diffuse layer and also diffusive 
ionic transport.  
Figure 2 shows measurements of the small signal imped-
ance magnitude as a function of frequency for a gold elec-
trodes immersed in cell growth medium. The impedance 
was measured between electrodes of varying area and a 
much larger counterelectrode.  
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Figure 2. Measured impedance magnitude as a function 
of frequency for electrodes in cell growth medium: ( ) 

0.0032 cm2 ( ) 0.0016 cm2 ( ) 0.00032 cm2, and ( ) 
0.000064 cm2 electrode area.  

The measured impedance is proportional to f-n with n ~ 
0.67 for low frequencies and becomes constant at high fre-
quencies. A constant impedance is observed at high fre-
quencies because the impedance of the electrical double 
layer becomes small compared to the spreading resistance 
in the cell growth medium. This behavior is modeled well 
by the equivalent circuit shown in Fig. 3, where ZW repre-
sents the impedance associated with diffusive ion transport 
(Warburg impedance), CI the capacitance of the electrical 
double layer, Rct the charge transfer resistance, and RS is 
the spreading resistance. In the case of our electrodes the 
measured impedance can be fit with Rct = 0. Adopting the 
usual form for the Warburg or ion transport term [ ], the 
impedance becomes 
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where s [sec1/2/Ω⋅cm2] and CI [F/cm2] are parameters which 
model the double-layer impedance.  
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Figure 3. Equivalent circuit. 
For purposes of simulation, we have adopted the values s = 
2.4 × 10-4 sec1/2/Ω⋅cm and CI = 15 × 10-6 F/cm2, which are 
chosen to be in reasonable agreement both with values ex-
tracted from our measurements and values in the literature.  
Finite element simulations using the actual double layer 
thickness of a few nanometers would be impractical be-
cause the enormous difference in scale between the cell 

size and the double layer thickness would result in an im-
practically large number of elements. We address this by 
modeling the double layer thickness by a layer with a larger 
thickness t with dielectric permittivity εdl and conductivity 
σdl given by the expression 
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The electrode simulated in this work had a size of 32 µm 
square and was separated from a surrounding counterelec-
trode by 9 µm. A model cell was centered on the sensing 
electrode. Because of symmetry, only one quarter of the 
electrodes were simulated. The electrodes and the domain 
used for simulation are shown in Fig. 4.  
 

 

Figure 4. The simulation domain showing the sensing 
and counterelectrode and the centered cell. 

 

SIMULATION OF IMPEDANCE WITH A CELL 
Simulations of the electrode impedance with and without 
cells was performed using the three-dimensional DC con-
ductivity mode of FEMLAB. In the DC conductivity mode 
it is possible to enter complex resistivities for the various 
regions and consequently an AC steady-state solution can 
be obtained [8].  
Cells consist of a poorly conducting cell membrane ap-
proximately 8 nm in thickness representing a capacitance 
of about 10-6 F/cm2. Conduction currents through this 
membrane due to ion channels have been neglected in this 
work as they become important only at lower measurement 
frequencies [9]. The cell interior is highly conducting and 
is modeled by a conductivity of  0.015 Ω-1cm-1. Cells make 
contact to surfaces by focal adhesion regions which repre-



sent a small fraction (15-20%) of the total cell area. Apart 
from the focal adhesion regions, there is a gap between the 
cell and the surface which ranges from 0.5 to 0.15 µm. In 
this work, we have considered cell-electrode gaps of 0.015 
µm and 0.15 µm and the focal adhesion regions have been 
neglected in the simulations. As noted earlier, a wide range 
of scale makes finite element simulations difficult. We 
have therefore modeled the cell-electrode gap by a region 
of thickness 0.5 µm with conductivity increased to keep the 
sheet conductance unchanged. Similarly, the cell mem-
brane thickness has been increased to 0.5 µm and the di-
electric permittivity has been adjusted to give a capacitance 
of 10-6 F/cm2 at the simulation frequency. In addition to 
making finite element simulations practical, these changes 
make it easier to visualize the results of the simulation.  
Simulations were performed over the frequency range from 
100 to 107 Hz. A voltage of 1 + j0 volts was imposed on 
the sensing electrode and the counterelectrode was 
grounded. All other surfaces had an insulating boundary 
condition. The impedance magnitude was calculated by 
summing the current over the sensing electrode and form-
ing the ratio 

gsenI
voltZ

sin4
1
⋅

=  

Figure 5 shows the simulation domain after meshing. The 
number of elements was of order 150,000 and simulations 
required tens of minutes to a few hours on a 2 GHz Pen-
tium PC.  

 

Figure 4. Simulation domain after meshing. 
Representative results obtained from the simulations are 
presented in Figs. 5a-c. These results were obtained with a 

cell-electrode separation of 0.15 µm and are presented for 
frequencies of 1000, 105, and 107 Hz. In these figures, the 
colors (shading) represent the potential along surfaces. Ar-
rows represent the direction and magnitude of the current 
density.  
Figure 5a shows the potential and current density at 1000 
Hz. At the frequency the impedance of the electrical double 
layer is large compared to the resistance of the medium in 
the cell-electrode gap. This is apparent because most of the 
applied potential drops across the region representing the 
electrical double layer. Consequently the potential of the 
medium at the center of the cell is nearly equal to the po-
tential at the cell edge. Since current flows beneath the en-
tire cell, we expect to the impedance to be essentially un-
changed by the cell.  

 
 

Figure 5a. Simulated electric potential (surface colors) 
and current density magnitude (arrows) for 1000 Hz.  

 

(a) 



 

 
Figure 5b,c. Simulated electric potential (surface colors) 

and current density magnitude (arrows) at (b) 105 Hz 
and (c) 107 Hz. 

At 105 Hz, the potential of the medium is nearly equal to 
the applied potential for most of the area under the cell 
(Fig. 5b). Current penetrates only a few mm from the cell 
edge. In this frequency range the cell blocks current from a 
considerable fraction of the electrode area and the imped-
ance is strongly affected by the presence of the cell. 
At very high frequencies (Fig. 5c, 107 Hz) the impedance 
of the exposed electrode area is small compared to the 
spreading resistance in the cell growth medium. Potential 
drop occurs over tens of µm around the sensing electrode. 

In this region the impedance is also affected by the cell but 
to a lesser degree; the spreading resistance depends weakly 
on the exposed electrode area (approximately ~A-1/2).  
Note that in all cases the potential drop occurs mainly 
around the sensing electrode and not at the counterelec-
trode. This is the case despite the comparatively small area 
ratio between these two electrodes. In a measurement the 
counterelectrode is very large although some of that area 
may be covered by cells.  
The simulated impedance magnitude with and without cells 
is shown in Fig. 6. Without cells the expected f-n behavior 
is observed at low frequencies and a constant impedance at 
high frequencies. With cells present there is no change in 
measured impedance at low frequencies, an increase at 
intermediate frequencies and a smaller increase at very 
high frequencies. 

 
Figure 6. Impedance magnitude as a function of fre-

quency ( ) no cell ( ) 0.015 µm cell-electrode gap and 
( ) 0.15 µm gap. 

For visualization and also for comparison with experiment 
it is more convenient to plot the normalized impedance 
change r, defined as 
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The normalized impedance change is plotted in Figure 7. 
We see that the signature of cell coverage is the appearance 
of a peak at an intermediate frequency.  

(b) 

(c) 



 
Figure 7. Normalized impedance change plotted as a 
function of frequency ( ) 0.015 µm cell-electrode gap 

and ( ) 0.15 µm gap. 
We now discuss a graphical construction which approxi-
mately reproduces the simulation results and which can be 
used to gain insight into more complex geometrical situa-
tions. Figure 8 shows the equivalent circuit of the electrode 
with and without a cell. In these figures, Z(ω) has the f-n 
behavior due to the electrode double-layer impedance. 
Without a cell, at low frequencies the impedance follows 
Z(ω)/A with a slope of -n on a log Zm- log f plot as shown 
in Fig. 9. At high enough frequencies (above f = f3) spread-
ing resistance dominates and Zm remains constant. 
With a cell present, there are two branches which can carry 
current as shown in Fig. 8b, one representing the cell-
covered area Acell and the other the uncovered area A-Acell. 
Rgap represents approximately the resistance of the medium 
in the cell-electrode gap.  
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Figure 8. Equivalent circuits (a) with no cell and (b) with 

cell. 
Following a similar analysis, Fig. 9 shows that the imped-
ance of a partially cell-covered electrode follows Z(ω)/A at 
low frequencies and becomes constant at a frequency f1 
such that  
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and the maximum deviation from the no-cell case occurs at 
f2 such that 
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The onset frequency  f1 and the peak frequency f2 depend 
on the cell size and the cell-electrode gap. This is because 

the resistance Rgap ~ (ρrcell/g), where ρ is the resistivity of 
the cell growth medium, rcell is the cell radius, and γ is the 
cell-electrode gap. For example, the onset frequency  f1  
depends on the cell radius and gap according to 
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Consequently we expect the position of the cell-induced 
peak to provide an indication of changes of cell size or cell-
electrode gap. 
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Figure 9. Construction used to understand the depend-
ence of impedance on cell size and cell-electrode gap. 

EFFECT OF FOCAL ADHESIONS AND MULTIPLE 
CELLS 
Insight gained from our finite element simulations and the 
discussion above can be used to understand the influence 
of focal adhesions and contiguous groups of cells. We con-
sider first the effect of focal adhesions. As noted earlier, 
focal adhesions provide contacts between the cell and the 
surface and represent a small fraction of the total cell area. 
Figure 10 shows an outline drawing of a cell along with a 
typical pattern of focal adhesions. Focal adhesions typically 
are between <6  µm2 in area.  

 
Figure 10. Cell outline showing typical pattern of focal 

adhesion regions. 



Probably current flow will be blocked from the portion of 
the electrode covered by focal adhesions. This will cause 
only a small increase in the measured impedance, since 
current can flow around focal adhesion regions at low fre-
quencies and at high frequencies current flow is blocked by 
the cell. Changes to the focal adhesion may have an indi-
rect effect if the cell-electrode gap is changed [10].  
Impedance measurements on larger electrodes will depend 
on the manner in which cells grow, that is, on whether they 
form continguous regions which do not pass current be-
tween cells. When there are large contiguous regions, the 
peak frequency will be determined by the effective radius 
of the contiguous region rather than the individual cell size.  
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