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We apply the electric cell-substrate impedance sensing (ECIS) technique to monolayers of Madin-Darby
canine kidney type II cells cultured on microelectrodes of different sizes. We analyze the effect of the micro-
electrode radius on the parameters provided by existing ECIS models. The cellular properties inferred from the
models should be invariant to the change in the microelectrode radius used for the measurements, since these
properties are inherent to the type of cells studied. The current standard model, the Giaever-Keese (GK) model,
derived from electrical balances of a single cell extended to infinity by suitable boundary conditions, assumes
an infinite microelectrode. The model is fitted to experimental data acquired with a large-radius microelectrode,
which can be considered infinite for practical purposes. We compute the impedance of the other cell-covered
microelectrodes from the parameters obtained with the GK model, resulting in values strongly discrepant with
the experimental data for small microelectrodes. We repeat the process with the mean field (MF) model, an
alternative model that depends on the microelectrode radius but not on the cell radius. In this paper we introduce
the mesoscopic model, an analytical model that simultaneously includes the properties of an individual cell
and the sizes of the microelectrode and the insulator (region between the microelectrode and the ground). The
impedances calculated with the mesoscopic model are in excellent agreement with experimental data. Finally,
the mesoscopic model reduces to the MF model when the insulator goes to infinity and to the GK model when it
goes to zero.
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I. INTRODUCTION

The electrical properties of biological tissues play an inter-
esting role in understanding the basic underlying biological
mechanisms involved in more complex processes, such as
cancer development or embryogenesis. Although there exist
techniques that allow the study of cellular electrical properties
at the microscopic level, such as the patch clamp technique, a
macroscopic approach is often preferred to characterize the
behavior of tissues, since a microscopic description of the
electrical response is complicated due to the variety of cells in
a tissue and their distribution within it, and the heterogeneity
of the properties of the tissue and the extracellular medium.

One of the techniques available for the study of tissues
in vitro is electric cell-substrate impedance sensing (ECIS).
It is an extremely sensitive and noninvasive technique that
allows one to quantitatively evaluate morphological and func-
tional properties of cells in vitro [1–4]. The characteristics and
versatility of the ECIS technique allow its application in a
wide variety of studies. It is a very useful tool in the analy-
sis of processes that involve morphological changes in cells
and the formation of cell-cell and cell-extracellular matrix
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interactions, such as cell differentiation, inflammatory pro-
cesses, or tumor growth.

This technique is based on the measurements of electrical
impedance that are performed exciting an electrode with ac
signals of different frequencies. The gold electrode is com-
posed of a microelectrode and a counter electrode contained
on a biocompatible substrate (insulator). Adherent cells are
cultured on the microelectrode, and the technique consists of
measuring the impedance of the cell-free microelectrode (also
called the naked microelectrode) and the impedance of the
same microelectrode covered by the cells that restrict the flow
of the current. The complete electrical response of the system
at a given instant is determined by the behavior of the in-phase
and out-of-phase voltages with respect to the excitation wave
for all frequencies or by the resistance and capacitance of an
in-series equivalent circuit.

Once the experimental data are obtained, a model allows us
to estimate electrical and morphological significant quantities
related to characteristics of the cells. The models use the
measured impedance of a naked microelectrode to calculate
the impedance of the cell-covered microelectrode as a func-
tion of the frequency, with a set of suitable morphological
parameters. The model is then fitted to experimental data of
the same covered microelectrode and the parameters are
determined.
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Since these morphological parameters are related to cel-
lular properties inherent to the type of cell being studied,
they should be independent of the experimental setup used to
perform the measurements and remain invariable if the setup
is modified. In particular, any model should provide the same
set of parameters if the microelectrode radius is changed,
since the cells grow on the substrate regardless of the size of
the microelectrode it contains.

Given the relevance that the ECIS technique has acquired
and its applicability in an extensive variety of studies, great
efforts have been made to improve the experimental technique
and the quality of the measurements. This has allowed us to
carry out experiments with a microelectrode in a wide range
of sizes, from very small, of sizes comparable to that of a
cell, to very large, of a few millimeters in radius. It is for this
reason that it is necessary to know the impact of the size of
the microelectrode on the cellular properties that are estimated
from the ECIS technique.

Ahuja et al. performed measurements with platinum naked
microelectrodes of different sizes in a phosphate buffer solu-
tion electrolyte [5]; the effect of the microelectrode size on the
sensitivity and frequency characteristics was studied by Lai
et al. [6], who found a dependence of the optimal frequency
for detection on the type of cell and the microelectrode size.

In this paper, the main objective is to analyze the effect
of the microelectrode radius on the impedance of the cell-
covered microelectrode calculated by four different models:
the Giaever-Keese (GK) model [7], the Lo-Giaever-Keese
(LGK) model [8], the mean field (MF) model [9], and the
mesoscopic model, a model presented in this paper. We ac-
quire the experimental data from Madin-Darby canine kidney
type II (MDCK II) cell confluent homogeneous monolayers
cultured on gold microelectrodes of different diameters in the
range from 30 to 500 μm [10,11], manufactured in house on
the top of a glass substrate [11].

We fit the models to the experimental data corresponding
to the largest available microelectrode (500 μm diame-
ter). With the parameters obtained and the experimental
impedance of the other naked microelectrodes, we calcu-
late the impedance of the covered microelectrodes with each
model and compare it to the experimental data. We then fit the
models to the experimental data corresponding to the different
microelectrodes, finding a dependence of the parameters on
the microelectrode radius.

We propose an alternative analytical model, the meso-
scopic model. This model takes into account simultaneously
the macroscopic behavior of the ECIS system, considering
a cell monolayer which extends the coverage of the entire
finite microelectrode and the finite insulator beyond, and its
microscopic behavior, since the cell monolayer is modeled as
a central cell surrounded by rings of cells whose properties are
derived from those of a single cell, all electrically coupled to
each other.

The mesoscopic model’s description of the system includes
both scales of the problem, in contrast to previous models,
which just emphasize a unique scale. On the one hand, the
GK and LGK models suppose that the microscopic behavior
of the system dominates the general electrical response, as
the electrical analysis is performed for a single cell adhered
to the microelectrode and then extended to infinity, leading

to the assumption of an infinite microelectrode. On the other
hand, the MF model considers that the macroscopic behavior
dominates the general electrical response, as it models a cell
monolayer with mean electrical properties covering a finite
microelectrode and an infinite insulator, without taking into
account the individuality of the cells.

The three parameters considered by the mesoscopic model
are related to biophysical properties of the cells. The pa-
rameters are the resistance of the intercellular junctions, the
capacitance of the cell membrane, and a parameter related to
the height of the space between the microelectrode surface
and the basal membrane of the cell (cell-substrate space).
The mesoscopic model is more general than the other mod-
els, as it contains them: It reduces to the GK model if no
insulator is considered and to the MF model when the
insulator is infinite.

II. EXPERIMENTAL PROCEDURES

A. Materials and methods

1. Electric cell-substrate impedance sensing technique

Figure 1(a) shows a schematic of the ECIS system and
its electrical behavior. The system under study is composed
of the microelectrodes, the counter electrode, the culture
medium, and the cells analyzed. When this system is ex-
cited by the ac signal, its electrical behavior depends on the
presence or absence of the cells on the microelectrode. The
cells adhered to the microelectrode surface block the pas-
sage of current and therefore modify the electrical behavior
that would show the same naked microelectrode (microelec-
trode in contact with the culture medium, with no cells on
its surface). The ECIS technique consists of measuring the
impedance of the naked and the covered microelectrode. The
complete electrical response of the system at a given instant is
determined by the behavior of the in-phase and out-of-phase
voltages with respect to the excitation wave for all frequencies
or by the resistance and capacitance of an in-series equivalent
circuit.

We performed first the measurement of the impedance of
the naked microelectrode and then that of the cell-covered
microelectrode. The scan frequency data obtained were later
analyzed using the ECIS models.

The experimental setup consisted of a function generator,
a lock-in amplifier, a computer, and the electrode, as shown
in the schematic of Fig. 1(b). We manufactured the electrode
used containing gold microelectrodes of different diameters in
the range from 30 to 500 μm and a counter electrode of 4 mm
diameter. The microelectrodes were connected by gold thin
leads to gold pads linked to the external electrical circuit. We
placed the electrode into a holder that allowed the flat cable
connection to the microelectrodes. A function generator ex-
cited a particular single microelectrode in series with a 1 M�

load resistance, varying the frequency of the ac signal from 10
to 50 000 Hz in each measurement. The complex voltage was
measured with a lock-in amplifier. Both the function generator
and the lock-in were controlled by the computer. Our exper-
imental setup allowed us to measure covered capacitances of
the order of 80 pF for the smaller microelectrodes.
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FIG. 1. (a) Schematic of the ECIS system and its electrical behavior. The drawings are not to scale: For the covered microelectrode, the
thickness of the microelectrode is 0.05 μm, while the height of the cells is approximately 5 μm. (b) Schematic of the experimental setup.

2. Microelectrodes

We used a glass square plate of 25 × 25 × 1 mm3 as sub-
strate [11]. We spin coated the top of the substrate with a
5-μm-thick layer of photoresist. We developed the photore-
sist using ultraviolet light and a computer-generated mask
containing circles of the microelectrode diameters (from 30
to 500 μm) and a large circle of the counter electrode di-
ameter (4 mm) and removed the unwanted parts. We then
sputtered a 50-nm-thick gold layer on top of the photoresist
and substrate and used liftoff to remove the photoresist and
the gold layer that was covering it. The active microelectrodes
were the remaining circles of gold on top of the substrate,
all forming part of a unique electrode. Each microelec-
trode was connected through a small gold lead to a 2-mm
gold square pad, which electrically connect it to the external
circuit.

The microelectrodes were designed to optimize the
measurements, following the guidelines of reference [12],
having a lead as short and thin as possible and with no

photoresist on them to avoid the stray capacitance [13]. We
also considered that the distance between the working and
the counter microelectrodes does not affect the impedance
measurements [14].

We plasma etched the electrode and then sterilized it in
a dry oven at 120 ◦C for approximately 2 h. After that, we
placed the electrode in a custom-made connection box in
which all the microelectrodes and the counter electrode were
electrically connected to a PC standard cable.

3. Cell culture procedures

We used an animal cell line to perform the measurements:
MDCK II [10]. It was obtained from the Banco Argentino de
Células.

We cultured the cells in sterile flasks (25 cm2 Nalgene)
and incubated at 37 ◦C in a humid environment (80%) with
5% concentration of CO2 added to the air. We used modified
Dulbecco (DMEM F-12, GIBCO) as the culture medium,
supplemented with 10% fetal bovine serum (which mainly
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FIG. 2. Experimental data for monolayers of MDCK II cells cultured on microelectrodes of different diameters in the range from 30 to
500 μm: (a) resistance R and (b) capacitance C as a function of frequency f for different cell-free microelectrode diameters de and (c) resistance
and (d) capacitance as a function of frequency for different cell-covered microelectrode diameters.

provides proteins and supplements that favor cell anchorage
to the flask and to the microelectrodes), 1% antibiotic solu-
tion (penicillin, streptomycin, etc.), HEPES buffer, and 1%
L-glutamine. We adjusted the final pH of the medium to a
value of 7.4 with sodium hydroxide or hydrochloric acid as
appropriate. We changed the complete culture medium ap-
proximately twice a week.

We examined daily the viability of the cells under
the inverted light microscope and recorded the observa-
tions. When the cells reached confluence (of about 70%
of the total surface of the flask), we trypsinated them,
both for subculture purposes and for electrical proper-
ties measurements. We obtained the cell suspensions in
the usual trypsination procedure (0.05 wt. % trypsin-EDTA
0.53 mM 4Na).

We pretreated the microelectrodes with the proteins ex-
isting in the complete medium (serum), improving the cell
attachment. We then seeded them with 0.5 ml of suspension
at a cell concentration of 104–105 cells/ml.

B. Experimental data

Figure 2 plots the resistance R and the capacitance C as a
function of frequency for different cell-free and cell-covered
microelectrode diameters de. The sequence corresponds to
diameters in the range from 30 to 500 μm [10]. All the
microelectrodes were covered by the same MDCK II cell
confluent homogenous monolayer, as they were part of a
unique electrode placed in the micro-Petri dish where cells
were cultivated. We repeated the measurements 6–10 times
for each microelectrode, and the data shown are the median of
each set of measurements.

We show in Fig. 3 the spectral resistance and capacitance of
the naked and the covered microelectrodes with three different
diameters. The circles represent the experimental data for
the covered microelectrodes, while the squares correspond to
the naked microelectrodes. In addition, black represents the
data corresponding to the 30-μm-diam microelectrode, red to
201 μm, and blue to 500 μm. The spectral measurement was
carried out for frequencies ranging from 10 to 50 000 Hz.
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FIG. 3. Spectral (a) resistance and (b) capacitance of the naked (squares) and the covered (circles) microelectrodes with diameters of
30 μm (black), 201 μm (red), and 500 μm (blue).

Figure 4 shows the spectral resistance and capacitance
for the naked (squares) and covered (circles) microelectrodes
with a diameter of 500 μm and the fitting of the GK (red), MF
(green), and mesoscopic (blue) models. We observe that the
experimental data for the covered microelectrodes are above
the estimates obtained with the models. We do not yet have an
explanation for this effect, but it should be noted that it does
not affect the conclusions of this work.

III. MESOSCOPIC MODEL

The ECIS problem has two scales: the cell radius (mi-
croscale) and the microelectrode radius (macroscale). Some
previous ECIS models considered different scales of the
problem.

The GK model (Fig. 5) and the LGK model consider
that the microscopic behavior dominates the general electrical

FIG. 4. Spectral (a) resistance and (b) capacitance of the naked (squares) and the covered (circles) microelectrode with a diameter of
500 μm of diameter and the fitting of the GK (red), MF (green), and mesoscopic (blue) models.
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FIG. 5. Schematic of the system modeled by the GK model.

response. These models are based on the fact that the presence
of a cell on a microelectrode blocks the current flow and there-
fore modifies the electrical behavior that the system would
present in its absence. These models analyze the behavior of
a single cell so that the modeled system consists of a disk-
shaped cell adhered to the microelectrode. Electrical analysis
is performed within the limits of this single cell and is ex-
tended to infinity by imposing suitable boundary conditions.
By periodically extending the magnitudes to infinity, all the
cells in a cell monolayer have the same boundary conditions,
regardless of their position on the microelectrode. This means
that the modeled microelectrode has no limits, so the model
considers an infinite microelectrode.

In the GK model, the current passing through the micro-
electrode can flow in the radial direction in the space between
the cell and the substrate (cell-substrate space) and can even-
tually flow into the cell through the basement membrane and
exit through the apical membrane (transcellular pathway) or
it can flow through the intercellular space and traverse the
intercellular junction (paracellular pathway).

The LGK model is an extension of the GK model for
epithelial cells, such as MDCK II. Cells of this type form
monolayers with tighter and stronger intercellular junctions

than endothelial cells and fibroblasts, so the resistance of the
intercellular junctions is greater. Furthermore, one of its most
important functions is ion diffusion, which is why endothelial
cells have multiple pathways through which current can cir-
culate that are not considered in the GK model. In the LGK
model, once the current flows through the microelectrode, it
can flow in the radial direction in the cell-substrate space and
follow three main paths. There are two transcellular pathways:
Current can flow into the cell through the basement mem-
brane and out through the apical membrane or it can flow
into the cell through the lateral membrane and out through
the apical (this path is a consequence of the higher binding
resistance that these cells present). The remaining pathway is
paracellular: Current can flow through the intercellular space
and traverse the intercellular junction.

The MF model (Fig. 6) is based on the fact that the
presence of a cell monolayer on a microelectrode blocks the
passage of current, changing the electrical behavior that the
cell-free microelectrode would present. Although the model
is obtained from a differential analysis of the problem, it
considers that the macroscopic behavior dominates the gen-
eral electrical response. The modeled system consists of a
cell monolayer covering a finite microelectrode and an in-
finite insulator. This model analyzes the behavior of the
entire cell monolayer, which has mean electrical properties
due to the particular arrangement of the cells. The proper-
ties are characteristic of the monolayer, not of the cells, so
the individuality of the cells is lost. In addition, since the
modeled monolayer is also infinite, its properties are inde-
pendent of the position, since all the points of the monolayer
observe the same environment and there is radial symmetry.
Again, the current that passes through the microelectrode can
flow radially through the cell-substrate space and eventually
cross the cell membranes of the monolayer. Beyond the limit
of the microelectrode, the insulator does not provide current,
so the current that flows through the cell-substrate space from
the microelectrode region ends up crossing the cell monolayer.
In this way, all the current leaving the microelectrode passes
through the cell monolayer at some point.

In order to perform an analysis that considers microelec-
trodes and cells of any radius and any size insulator, we
developed the mesoscopic model, which considers a finite

FIG. 6. Schematic of the system modeled by the MF model.
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FIG. 7. Schematic of the system modeled by the mesoscopic model.

microelectrode covered by a cell monolayer formed by cou-
pled individual cells, which also extends even beyond its
limit on top of a finite insulator. Thus, our mesoscopic model
includes simultaneously the microscopic and the macroscopic
description of the problem and an insulator of finite size.

In this model, the system under analysis consists of a cell
monolayer that covers a circular microelectrode surrounded
by an insulator. As it is shown in the schematic of Fig. 7, this
system is modeled as a microelectrode of radius re covered
by a cell monolayer composed of a central cell of radius
rc surrounded by rings of cells electrically coupled to each
other. The border conditions of each ring are generalizations
of those of a single cell and the ring width is such that the
area-perimeter ratio of an individual cell is preserved so that
the junction resistance Rb (resistance by unit of area of the
intercellular junctions) is compatible with that defined in the
GK model.

The current that crosses the microelectrode can follow
three different paths, whose relative importance depends on
the specific impedance of the cell attached to the micro-
electrode and the resistance of the medium present in the
cell-substrate space. It can flow through the cell membranes
or through the cell-substrate space (in the radial direction,

parallel to the substrate) and leave through the tight junctions
or continue flowing towards the contiguous ring. The last path
achieves the coupling between contiguous rings in this model.
This path does not exist in the GK model, as the current
between contiguous cells is null because of the symmetry in
the border conditions that allows the extension of the electrical
balances to infinity.

As in the MF model, cell rings extend beyond the limit
of the microelectrode. There is no current supply from the
substrate in this region and finally all the current flows through
the monolayer. The difference is that the insulator (region
between the microelectrode and the ground) is assumed to be
infinite in the MF model, while the mesoscopic model consid-
ers a finite insulator. In the mesoscopic model, the insulator
is modeled as a ring whose external radius is rins = re + tins,
where tins is the width of the ring. Thus, the cell monolayer
considered by the mesoscopic model does not have average
electrical properties as in the MF model; being composed of
cells coupled to each other, it has properties derived from the
individual behavior of the cells that compose it, compatible
with those described by the GK model.

The central cell and the rings are labeled with the index
k = 0, 1, . . . , u, . . . , v, with 0 corresponding to the central
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cell, 1 to the first ring, and so on; u to the last ring on the
microelectrode; and v to the last ring on the insulator. The
external radius of the kth ring is rext,k .

The potential and current balances performed in the vol-
umes limited by the dotted lines are of the same type as in the
GK model. For the kth ring belonging to the region inside the
microelectrode, the differential equation is

d2Vk

dr2
+ 1

r

dVk

dr
+ γ 2

inVk + βin = 0 (0 � k � u), (1)

where

γ 2
in = ρ

h

(
1

Zn
+ 1

Zm

)
, βin = ρ

h

(
Vn

Zn
+ Vm

Zm

)
, (2)

and for the kth ring in the region outside the microelectrode,
the equation is

d2Vk

dr2
+ 1

r

dVk

dr
+ γ 2

outVk + βout = 0 (k > u), (3)

where

γ 2
out = ρ

h

1

Zm
, βout = ρ

h

Vm

Zm
. (4)

Here Zn( f ) is the specific impedance of the naked microelec-
trode (with f the frequency), Zm( f ) is the specific impedance
of the cells, Vm is the potential on the top of the cell mono-
layer, Vn is the applied potential, ρ is the resistivity of the
culture medium, and h is the cell-substrate height. The specific
impedance of the cells Zm is modeled as purely capacitive,
as the capacitance of the apical and basal cell membranes in
series

Zm = − i

2π f Cm
2

, (5)

where Cm is the capacitance of the cell membrane. We assume
that the specific membrane resistance Rm of the cells is large
compared to the reactance 1

2π fCm
at most frequencies. Since

the resistance is in parallel with the reactance, it has little
effect on the results. Thus, the potential beyond each ring is
given by

Vk (r) =
{

CkI0(γinr) + DkK0(γinr) + βin

γ 2
in
, 0 � k � u

CkI0(γoutr) + DkK0(γoutr) + Vm, k > u,

(6)
where Ck and Dk are constants and I0 and K0 are the modi-
fied Bessel functions of zeroth order of the first and the second
kind, respectively.

For the central cell of the layer, whose center coincides
with the center of the microelectrode, the condition set is
I0(0) = 0. The boundary conditions for each ring and for the
central cell are obtained by considering the continuity of the

potential at the boundary

Vk (rext,k ) = Vk+1(rext,k ) (7)

and the conservation of the current

Ik (rext,k ) = Ik+1(rext,k ) + IRb,k ⇒ −2πhrext,k

ρ

dVk

dr

∣∣∣∣
rext,k

= −2πhrext,k

ρ

dVk+1

dr

∣∣∣∣
rext,k

+ Vk (rext,k ) − Vm

Rb

× π

[(
rext,k+1 + rext,k

2

)2

−
(

rext,k−1 + rext,k

2

)2]
,

(8)

where IRb,k is the current that passes through the intercellular
junction between the rings k and k + 1. For the last ring on
the insulator v,

Iv (rext,v ) = IRb,v ⇒ −2πhrext,v

ρ

dVv

dr

∣∣∣∣
rext,v

= Vv (rext,v ) − Vm

Rb
π

[
r2

ext,v −
(

rext,v−1 + rext,v

2

)2]
.

(9)

The constants can be determined by solving the system of
equations. Then the specific impedance Zc of the cell-covered
microelectrode can be established from

Vn − Vm = Zc

πr2
e

In = Zc

πr2
e

∫ re

0

2πr

Zn
[Vn − V (r)]dr, (10)

where In is the current going out the microelectrode. Thus,

Zc = r2
e Zn(Vn − Vm)∫ re

0 2r[Vn − V (r)]dr
. (11)

The three parameters of this model are Cm, Rb and α, defined
as rc( ρ

h )1/2.

IV. RESULTS AND DISCUSSION

The Levenberg-Marquardt method for nonlinear param-
eter estimation was used to fit the models’ parameters to
the cell-covered experimental data. The constriction resis-
tant (resistance of the solution) was considered equal to the
value corresponding to the highest frequency of the mea-
sured resistance for a naked microelectrode. This resistance
was subtracted from the measured resistance before fitting
the models to the data and then added back for comparison
with the experimental results. For all the calculations, the cell
radius was rc = 7 μm [8] and the resistivity of the medium in
the cell-substrate space was ρ = 54 � cm (to compute h).

At first, we fitted the GK, LGK, MF, and mesoscopic
models to the experimental data corresponding to the largest
microelectrode available (500 μm diameter). This choice
was due to the fact that the current standard model, the
GK model, assumes an infinite microelectrode and the
500-μm-diam microelectrode was the one that most closely
matched that assumption. Measurements with larger micro-
electrodes are not convenient. For a circular microelectrode
of diameter de, the constriction resistance is ρ/2de, while
impedance associated with the microelectrode-cell interface
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FIG. 8. Experimental resistances of the naked (black squares) and the covered microelectrodes (black circles) and those calculated with the
GK (green), MF (blue), and mesoscopic (red) models for the covered microelectrodes with the parameters corresponding to the 500-μm-diam
microelectrode. The resistance R is plotted as a function of the microelectrode diameter de at frequencies of (a) 1204 Hz, (b) 3492 Hz, (c)
10 125 Hz, and (d) 50 000 Hz.

is inversely proportional to the area of the microelectrode
at the frequencies of interest, 4/πd2

e . If the microelectrode
is not small enough, the constriction resistance is domi-
nant and the information that can be extracted about the
attached cells is limited. In addition, this assumption was
sustained by the choice of a large counter electrode for
the measurements, so the impedance of the microelectrode
is dominant compared to the impedance of the counter
electrode. The counter electrode used had a diameter of
4000 μm, so its area (1.26 × 107 μm2) was 64 times larger
than the area of the largest microelectrode available (500 μm
diameter) and 17 778 times larger than the area of the smallest
microelectrode (30 μm diameter).

With the parameters corresponding to the 500-μm diam-
eter and the experimental impedances of the other naked
microelectrodes, we computed the impedances of the covered
microelectrodes and compared them with the experimental

data. Figures 8 and 9 show the graphs obtained for resistance
and capacitance as a function of the microelectrode diame-
ter for frequencies of 1204 Hz [Figs. 8(a) and 9(a)], which
is approximately the frequency of the maximum effect of
cells on resistance, 3492 Hz [Figs. 8(b) and 9(b)], 10 125 Hz
[Figs. 8(c) and 9(c)], and 50 000 Hz [Figs. 8(d) and 9(d)],
which is the frequency of the maximum effect of cells on
capacitance. Black squares represent the experimental data of
naked microelectrodes, black circles indicate the experimental
data of covered microelectrodes, and green, blue, and red
circles correspond to the GK, the MF, and the mesoscopic
models’ data, respectively. In the mesoscopic model, tins =
250 μm. We observed that the mesoscopic model is the one
that best predicts the experimental results and is in excellent
agreement with experimental data. The GK model differs
significantly from the experimental data for small-radius mi-
croelectrodes, although it is worth noting that it provides good
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FIG. 9. Experimental capacitances of the naked (black squares) and the covered microelectrodes (black circles) and those calculated
with the GK (green), MF (blue), and mesoscopic (red) models for the covered microelectrodes with the parameters corresponding to the
500-μm-diam microelectrode. The capacitance C is plotted as a function of the microelectrode diameter de at frequencies of (a) 1204 Hz, (b)
3492 Hz, (c) 10 125 Hz, and (d) 50 000 Hz.

results for 250-μm-diam microelectrodes, which are the most
popular size of commercial microelectrodes. At 1204 Hz, the
GK model reproduces the experimental resistance with an
average difference of 30%, the LGK model with 34%, the MF
model with 30%, and the mesoscopic model with 37%, for
the range of diameters from 150 to 500 μm. At 50 000 Hz,
the GK model differs on average from the experimental ca-
pacitance by 9%, the LGK model by 23%, the MF model
by 12%, and the mesoscopic model by 13% for the same
range of diameters. The most extreme case is the smallest
microelectrode (30 μm diameter): The measured resistance
of the covered microelectrode at 1204 Hz is 135 k�, while
the calculate one is 4541 k� with the GK model, 4513 k�

with the LGK model, 146 k� with the MF model and 114 k�

with the mesoscopic model and the experimental capacitance
at 50 000 Hz is 0.089 nF, while the calculated one is 0.007 nF

with the GK model, 0.007 nF with the LGK model, 0.083 nF
with the MF model, and 0.103 nF with the mesoscopic model.
In other words, the GK model agrees with the experimental
resistance at 1204 Hz with an error of 3263% and with the
capacitance at 50 000 Hz with 92%; the errors for the LGK
model are 3242% and 92%, respectively, 8% and 7% for the
MF model, and 15% and 15% for the mesoscopic model.
The percentage errors presented before only consider resis-
tance or capacitance for a single frequency. When considering
the impedances for both frequencies, the mesoscopic model
presents a lower χ2 than the other models: χ2 is 1.3 × 105

for the GK model, 2 × 105 for the LGK model, 1.5 × 104

for the MF model, and 9.8 × 103 for the mesoscopic model.
Thereby, the mesoscopic model represents the ECIS data in
a wide range of microelectrode radii. One set of parameters
fits reasonably well the resistances and capacitances of the
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FIG. 10. Experimental (a) resistance at 1204 Hz and (b) capacitance at 50 000 Hz of covered microelectrodes (black) and those calculated
with the GK model (green), the MF model (blue), and the mesoscopic model considering an insulator of tins = 0 μm (red) and tins = 1500 μm
(magenta). The mesoscopic model reduces to the GK model when no insulator is considered and to the MF model when considering an infinite
insulator for practical purposes.

covered microelectrodes in the whole range of radii, despite
the dependence of the parameters (particularly Rb) on the size
of the microelectrode, which is discussed later in the paper.

We recognized two scales in the ECIS system: the mi-
croscale that corresponds to the cell radius and the macroscale
that corresponds to the microelectrode radius. The existing
models to date, the GK, LGK, and MF models, focus on a
single scale of the problem. The GK model is derived from
electrical balances of a single cell and considers an infinite
microelectrode for the boundary condition set (and thus con-
siders no insulator). The MF model takes into account the
size of the microelectrode but views cells as a layer with
average properties that covers a finite microelectrode and an
infinite insulator. In this context, we proposed the mesoscopic
model, which simultaneously includes the microscale and the
macroscale of the problem. It considers a finite microelectrode
and a finite insulator covered by a cell monolayer made up of a
central cell surrounded by cell rings coupled to each other. The
monolayer does not have average electrical properties as in
the MF model, but has properties derived from the individual
behavior of the cells that compose it.

Unlike the other two models, the mesoscopic model takes
into account an insulator of finite size. Figure 10 shows
the experimental resistance at 1204 Hz and capacitance at
50 000 Hz of covered microelectrodes (black) and those cal-
culated with the GK model (green), the MF model (blue), and
the mesoscopic model considering an insulator of tins = 0 μm
(red) and tins = 1500 μm (magenta). We found that the dis-
tance between the microelectrode and the electrical ground
is relevant, although it had not been taken into account in
previous models. We observed that when the size of the insu-
lator is varied in the mesoscopic model, the results of the GK
model are recovered if no insulator is considered and those
of the MF model are recovered if an infinite insulator (for
practical purposes) is considered. In this way, the mesoscopic
model has a more general characteristic than the GK and MF

models, since these two are extreme cases of the mesoscopic
model.

The parameters of the GK model (α = 34.97 �1/2 cm,
Rb = 24.11 � cm2, and Cm = 2.05 μF/cm2) and those of the
mesoscopic model with no insulator (α = 42.70 �1/2 cm,
Rb = 25.38 � cm2, and Cm = 1.98 μF/cm2) are approxi-
mated, since α is slightly greater in this model. Although
there is agreement in the covered impedances calculated by
the mesoscopic model with an infinite insulator and the MF
model, the parameters of both models are not comparable.
The values of junction resistance Rb and membrane capac-
itance Cm in the mesoscopic model have direct biophysical
interpretation, unlike the counterparts of the MF model, Rcells

and Ccells, respectively, which do not. While the values of
the membrane capacitance Cm are typical and coincide with
those estimated with the other models, we observe that the
values of Rb are not consistent with values obtained
independently.

Next we fitted the GK, mesoscopic, and MF models to the
experimental data corresponding to each microelectrode. We
did not consider the LGK model in this instance, since its
performance is similar to that of the GK model but, unlike this
one, it has six adjustable parameters, making a comparison
with the other three models impossible.

Figure 11 shows the parameters α, Rb, and Cm provided
by the GK and mesoscopic models and ρ/h, Rcells, and Ccells

given by the MF model as a function of the diameter of the
microelectrode. We observed a dependence of the parame-
ters on the microelectrode radius. The parameters should not
depend on the size of the microelectrode, since, on the one
hand, they represent biophysical properties and characteristics
of the cells analyzed and, on the other hand, the cells grow
on the biocompatible substrate independently of the radius of
the microelectrode it contains. In fact, the cell monolayer we
analyzed in this set of experiments was the same for every
microelectrode, since all the microelectrodes are in the same
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FIG. 11. Parameters obtained with the GK and mesoscopic models (α, Rb, and Cm) and with the MF model (ρ/h, Rcells, and Ccells) as a
function of the microelectrode diameter de. The height of the cell-substrate space h estimated from α and ρ/h is also shown.

well (micro-Petri dish) covered by different parts of the same
monolayer.

Of particular interest are the parameters α of the GK and
mesoscopic models and ρ/h of the MF model, since they are
associated with the height of the substrate-cell space h. This
is important for the analysis and definition of other cellular
properties [15–18]. Figure 11 also shows the estimated value
of h. We noticed that h varies greatly from one model to
another: It is in the range between 0.2 and 3 nm in the GK
model and the median of h is (610 ± 60) nm for the MF
model and (420 ± 40) nm for the mesoscopic model. With
the GK model, h is so small that it is not realistic and it
is significantly larger with the MF model. The mesoscopic
model estimates a value of h in the intermediate range, closer
to that obtained in measurements recorded in the literature
(15–150 nm) [19–26]. The distance between the substrate and
the basal cell membrane h estimated with the mesoscopic
model is larger than the maximum value measured directly
(150 nm). We hypothesize that the difference may be due to
the fact that the direct measurements of h were performed
with cells cultivated on pretreated glass or plastic, while

we measured cells grown on gold. Nevertheless, the height
(h = 0.3 nm) estimated with the GK model from the data of
the 500-μm-diam microelectrode, in concordance with the
infinite microelectrode size assumption, is 1

50 of the minimum
value measured directly (15 nm).

We also noticed a correlation between the parameters Rb of
the GK and mesoscopic models and Rcells of the MF model
that increases with the radius of the microelectrode and a
correlation between Cm of the GK and mesoscopic models
and Ccells of the MF model that decreases with the radius.
It is worth noting that the mesoscopic model is less sensi-
tive to variations in Rb than to variations in α. Although Rb

varies considerably over the range of microelectrode sizes
used, α improves remarkably, allowing estimates of heights
of the substrate-cell space h in the range of what is optically
observed, unlike the other models.

V. CONCLUSION

In this paper, we proposed, presented, and validated an
analytical model, the mesoscopic model, which represents
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an advance in the description of the problem of ECIS. This
model manages to simultaneously consider the two scales
of the problem, which correspond to the size of a cell (mi-
croscale) and the size of the microelectrode and the insulator
(macroscale).

We made a critical comparison between the existing mod-
els (the Giaever-Keese, Lo-Giaever-Keese, and mean field
models) and the mesoscopic model, analyzing the effect of the
microelectrode radius from each model, using experimental
data obtained by applying the ECIS technique to monolayers
of MDCK II cells grown on microelectrodes of different sizes.
We showed that the mesoscopic model is the one that best pre-
dicts the experimental results. Despite the dependence of the
parameters on the radius of the microelectrodes, we showed
that this model represents the experimental data for a wide
range of radii.

For the current standard model, the GK model, a single
set of parameters is not enough to represent the experimental
data in the entire range of microelectrode diameters. Although
the GK model provides excellent results for the bigger micro-
electrodes, we noticed that results predicted for the smaller
microelectrodes differ significantly from the experimental
data.

In this way, it has been established that the infinite micro-
electrode assumption of the GK model precludes the correct
analysis of the experimental data obtained with small micro-
electrodes and the mesoscopic model arises as a versatile and
accurate alternative. Since the use of small microelectrodes
(of sizes comparable to those of a cell or even smaller) is
of huge relevance in the study of heterogeneous cultures,
having a model capable of functioning properly in this size
range is of the utmost importance. Heterogeneous cultures are
conformed by islands of different types of cells (for instance,
healthy and cancer cells). It is convenient to use electrodes
smaller than the islands of cells in order to avoid recording
measurements of the borders between islands, which cannot
be studied. Thus, the smaller the microelectrode used for mea-
surements, the smaller the islands it can analyze and the better
the information it can obtain about the heterogeneous culture.
In the most extreme case, when there exist islands of the size

of a cell, it would be necessary to map the whole heteroge-
neous cell monolayer with microelectrodes smaller than the
cells.

Although the mesoscopic model represents a small quan-
titative improvement compared to the mean field model, the
most remarkable differences between these two models were
found in their approaches. On the one hand, the MF model
considers cells as electronic entities (electrical resistances and
capacitances), while the mesoscopic model takes into account
the biophysical parameters of interest. In addition, the pa-
rameters of the mesoscopic model are compatible with and
comparable to those of the GK model, the standard model.
This represents a significant advantage of the mesoscopic
model over the MF model, since the cellular biophysical
parameters are of great importance in the characterization
of the cells. Thereby, there is a lack of information on the
electronic quantities provided by the MF model. For instance,
unlike the mesoscopic model, the MF model is not capable
of quantifying the resistance of the intercellular junctions Rb,
which is a relevant parameter in cell characterization.

On the other hand, the MF model considers an infinite
cell monolayer with mean electrical properties that covers a
finite microelectrode and an infinite insulator, so it works for
a system in which cells have no dimension. In the mesoscopic
model, all the physical entities involved (cells, microelec-
trode, and insulator) are considered finite and the properties
of the monolayer are derived from those of an individual cell.
Thus, the mesoscopic model is generalizable to an eventually
three-dimensional system. In this way, this model allows us
to spatially distinguish the rings of cells that conform to the
monolayer.

Finally, the most important advantage of the mesoscopic
model over the GK and MF models is that the mesoscopic
model’s approach and the way it is derived may potentially
allow us to model heterogeneous cultures, wound-healing
processes, etc.

We conclude that the representation of the system achieved
by the mesoscopic model is more detailed than that of previ-
ous models. The mentioned benefits that this model presents
may be valuable for several ECIS applications.
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