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Impedance analysis of cultured cells: A mean-field electrical response model
for electric cell-substrate impedance sensing technique
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In this paper we present a model to describe the electrical properties of a confluent cell monolayer cultured
on gold microelectrodes to be used with electric cell-substrate impedance sensing technique. This model was
developed from microscopic considerations (distributed effects), and by assuming that the monolayer is an
element with mean electrical characteristics (specific lumped parameters). No assumptions were made about
cell morphology. The model has only three adjustable parameters. This model and other models currently used
for data analysis are compared with data we obtained from electrical measurements of confluent monolayers of
Madin-Darby Canine Kidney cells. One important parameter is the cell-substrate height and we found that
estimates of this magnitude strongly differ depending on the model used for the analysis. We analyze the origin
of the discrepancies, concluding that the estimates from the different models can be considered as limits for the

true value of the cell-substrate height.
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I. INTRODUCTION

Tissue culture has allowed the study of cellular behavior
to extend due to, among other things, the better reproducibil-
ity of experimental conditions and the ease of running ex-
periments. Many of the properties and functions that differ-
ent animal cells show when they are part of a tissue in a
living being are believed to remain intact in in vitro cultures
in the current state of art [1]. Consequently, in vitro experi-
ments concerning these properties and functions are
valuable.

The electric cell-substrate impedance sensing (ECIS)
technique, which shows to be extremely sensitive and versa-
tile, evaluates, in a noninvasive fashion, morphological and
functional properties of a cellular set. This technique, devel-
oped by the pioneer work of Giaever and Keese (G&K), is
based on the growth of adherent cells on a biocompatible
substrate in which there are small gold electrodes that sense
the properties and functions of the cells as a whole through
an electrical measurement. As cells attach and spread on the
electrode, the impedance of the system counter-electrode/
medium/cells-monolayer/collector-electrode changes. The
way the impedance changes gives information about the
morphological characteristics of the cells, the development
of junctions between neighboring cells, and the strength of
the adhesion to the substrate. Details of this technique can be
found in Refs. [2-5].

Due to the characteristics of the ECIS technique, it is
possible to carry out an increasing number of experiments.
The versatility of the technique is apparent in the wide vari-
ety of studies in which it has been applied: the monitoring of
cell spread and adhesion in real time [2-6] and the different
affinity that cells show when they are cultured in a medium
supplemented with different adhesion proteins and, therefore,
the additional evidence regarding the anchorage mechanism
responsible of the attachment in such cells [6]; the observa-
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tion of cellular micromotion and its characterization as a pa-
rameter of metabolic health [4,5,7,8]; the quantitative evalu-
ation of the harmful effects produced by particular
compounds in a variety of cells cultured in vitro [9,10]; the
assessment of structural changes associated with different
cellular processes, such as apoptosis or signal transduction
pathways, elucidated by the presence of particular substances
when certain cells are involved [11-15]; the measurement of
the barrier function of confluent monolayers and the elucida-
tion of different aspects related with this function [16—19];
the monitoring of the metastatic process occurring when dif-
ferent metastatic cells invades a culture of endothelial cells
[20]; the study of the cell response to either physical [21-23]
or chemical [12-15,24] changes; and the electroporation of
cellular membranes or even the cell destruction by means of
electrical impulses and the posterior study of the associated
wound-healing/migration phenomenon [25,26], among many
other studies that the technique makes possible [27]. The
most outstanding characteristic of the technique is its poten-
tial in all experiments involving morphological changes and
formation of cell-cell and cell-extracellular matrix interac-
tions because, as it has been proved, they are fundamental
processes in much of the most essential current research in
biology and medicine such as cellular differentiation, inflam-
mation processes, or tumor growth.

One of the main characteristics of the ECIS method is that
it is possible to analyze temporal responses of cells cultured
in different conditions. In addition, the complete electrical
response of the system is contained, for every instant in time,
in the behavior of the in-phase and out-of-phase voltages,
with respect to the excitation wave, or the resistance and
capacitance in an in-series equivalent circuit, for all frequen-
cies. Then, in every instant, the complete response is a fre-
quency scan. Afterwards, frequency domain data can be pro-
cessed by means of different models to obtain electrical as
well as morphological characteristics of the system under
study, such as the intercellular electrical resistance or the
membrane capacitance. Particularly, with the G&K model
[7], the height between the substrate and the basal membrane
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of a cell can be inferred. Recently, particular interest has
been focused on this magnitude for two reasons. Firstly,
many studies have required the inference of the cell-substrate
height to analyze other properties of the cells [17,19,22,23],
and the ECIS technique has been chosen for this purpose.
Secondly, signal measurement of systems containing active
biological elements (neurons, for instance) is strongly related
to seal resistance, which is defined by the cell-substrate
height [28].

In this paper, we report on a model for the analysis of the
electrical response of monolayers cultured in vitro that, by
adjusting data of a typical ECIS experiment, gives, among
others, the mean cell-substrate height. We found the estimate
for this parameter strongly differs from that obtained with
the G&K model. We discuss the origin of this discrepancy,
and conclude on the proper interpretation of its estimates.
Additionally, based on this parameter, we are able to evaluate
each model considered, distributed as well as lumped param-
eters models.

II. THEORY
A. Electrical response models of cell-covered electrodes

The electrical behavior of an electrode in contact with an
electrolyte (culture medium) has been extensively studied
[29,30]. When cells are cultured on a microelectrode, the
electrical response of the system microelectrode-cells/
medium changes with respect to the response in the absence
of cells. This is valid whether the cells are arranged in a
monolayer or not, as well as for cells being in confluence or
not. Such a system presents specific electrical properties that
can be established from the spectral response of the system
impedance. This kind of determination is performed either
by the ECIS technique (electric cell-substrate impedance
sensing) or by a related one. Through this technique, the
in-series equivalent resistances and capacitances of the sys-
tem can be measured. However, the analysis of the data re-
quires the formulation of a model that relates the electrical
response with properties of the cells.

The current models for the interpretation of the electrical
response of a cell monolayer cultured on appropriate elec-
trodes can be classified into two distinct approaches: one that
considers the electrical properties as lumped parameters and
another based on microscopic characteristics of the mono-
layer.

Under the first approach, it is assumed that the micro-
scopic characteristics of the system, such as the properties
associated with the cell membranes or the development of
tight junctions in different cellular types, create global elec-
trical properties for the ensemble of cells. In this kind of
model, an explicit dependence on the position for any of the
involved magnitudes (e.g., the current flowing under the
monolayer) does not exist and such dependences could be
considered averaged over the whole electrode. Once this hy-
pothesis has been accepted and depending on the particular
characteristics of the cellular line, different schemes are pro-
posed for the lumped parameter circuit associated to the
monolayer [13,31-33]. Among these, the simplest circuit is a
RC element, which consists of the parallel arrangement of a
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resistance R, and a capacitance C), representing, respectively,
the ionic permeability of the monolayer and the transcellular
current transport characteristics, both considered as indepen-
dent phenomena [31].

Under the second approach, we can include the tight epi-
thelium formulation due to Clausen et al. [34], the G&K
original model [7] used to analyze the results provided by the
ECIS technique, and the subsequent improvement made by
Lo et al. [35,36] based on the underlying ideas of both prior
models. In all these models, the electrical response in the
presence of a cell monolayer is caused by the inherent dis-
tributed effects of the system under study. Such a response
can be obtained by means of the analysis of the electrical
behavior in cellular units, coupled through suitable boundary
conditions.

In the following paragraphs, we review in some detail the
model proposed by G&K [7]. This model is based on the fact
that the cell monolayer geometrically blocks the current flow
with respect to the current flow measured in absence of cells
(naked response). Between the electrode surface and the bot-
tom of the cells there is a space occupied by the electrolyte.
This space is implicitly assumed to be larger than a few
nanometers, and therefore, even in the presence of cells, the
electrical behavior of the current flowing through the elec-
trode in contact with the electrolyte is analogous to the be-
havior of the naked electrode. Once it crosses the electrode-
medium interface, the current flows following different
paths. The relative importance of the different paths depends
on the specific impedances that are developed by the mono-
layer attached to the electrode. This model proposes that
there can be two paths: either between the substrate-cell
space or through the cell membrane.

In a simplified manner, the resistance produced by the
cellular monolayer is due to the current passage underneath
cells (distributed effect) and the current passage crossing in-
tercellular spaces, through a junction resistance (lumped ef-
fect). The current that directly crosses the cell presents an
essentially capacitive behavior.

As we said before, in this kind of approach, the analysis
in a cellular unit provides the system response in the pres-
ence of cells. In this sense, cells are represented as circular
disks of radius r, and the analysis is carried out up to the one
cell limit where a proper boundary condition is imposed.
Figure 1 shows the outstanding variables in the current dis-
tribution, the drops in potential developed in the system and
the volume utilized for the integral analysis. Electrical prop-
erties are considered by both the specific impedance of the
naked electrode, Z,(w) [37], and the specific impedance due
to the presence of cells (basically, the impedance of two
cellular membranes connected in series considering that each
of both membranes only shows a capacitive behavior),
Z, (o).

Based on different balances, which are related to drops in
potential and conservation of current, an ordinary differential
equation of second order for the potential developed in the
cell-substrate space, V, can be obtained,

&’V 1dv
Tt Y'V+B=0, (1)

where
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FIG. 1. Giaever and Keese Model. The cell is represented by a
circular disk of radius r,. and there is a space of height /& between
the substrate and the cell. The current going out the electrode, 7,
distributes in one of two directions: part of the current flows in a
radial direction, /, and the remaining current directly crosses the
cell, 1,,. The drops in potential for the system are described by the
applied potential, V,, the potential in the electrolyte bulk, V,,, and
the potential in the cell-substrate space, V. In the end of the cell,
r=r,, there is a tight junction between neighbor cells functioning as
an electrical resistance (lumped effect).
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Because of the geometry assumed for the cell, the formu-
lation is simplified when expressed in cylindrical coordi-
nates. Above, p is the known resistivity of the medium, # is
the height of the cell-substrate space, V, is the applied po-
tential, and V,, is the potential beyond the monolayer.

The general solution of the Eq. (1) is given by

V=C110(W)+C2K0(7V)+§’ (3)
where I, and K|, are the modified Bessel functions of first and
second kind, respectively, of zero order.

Because K|, diverges at the origin, the constant C, must be
zero. The constant C, is determined with the boundary con-
dition

V=Ll 4
m= 2l (4)

where [ is the current in the cell-substrate space and R, is a
resistance (by unit area) due to the formation of intercellular
junctions. This condition implies that the potential drop at
the end of the cell can be considered as a lumped effect. The
current under the cell that reaches its boundary cannot cross
the limit of the system because the neighboring cell is iden-
tical to the cell under study; thus, by symmetry, in this region
the current must axially cross the cells through a tight junc-
tion that acts electrically as a resistance. This type of analysis
by unit cells is justified when all cells are equivalent. In such
cases, the boundary condition (restricting the analysis to only
one cell) results are simple, such as in the model described in
this section. However, the region studied, rigorously, is not a
unit cell because it does not fill the space. In this analysis,
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there are spaces between consecutive regions that are not
considered within any region. Nevertheless, this is a minor
concern since, according to Ref. [7], the results obtained un-
der this formulation agree with those obtained with a formu-
lation based on regions of rectangular base which does fill
the space.

Once the constants are determined, the variables of the
system are defined and so, the specific impedance of the
cell-covered electrode can be established, which is given by

Z

1 1 Z, Z,+7,
= - NE)
Zcov Zn Zn + Zm Yre Io(YVc) ( 1 1 )
ARG AY AT —_y —
2 11(’)/}"6) b Zn Zm

where

_ e
ne \[h ©

This model has then two adjustable parameters: « and R,,.
A greater complexity can be achieved by considering the
specific impedance through the cells, Z,,(w), as a capacitive
impedance with the particular value of the capacitance be-
coming an additional parameter.

B. A mean-field model

Combining elements from the two approaches used for
the analysis of the electrical response in presence of cells, an
alternative approach can be established.

In the formulation by unit cells due to G&K, the magni-
tudes involved inside the volume under analysis are extended
periodically over the other units as far as infinity. Figure 2(a)
shows the suggested configuration for one of the significant
magnitudes. By considering the cell size as a fixed magni-
tude, the analysis results are appropriate when the electrode
is large enough to be covered by several cells.

When the dimension of the electrode is in a range that
both registers the collective behavior (greater than a few
cells’ size) but it is not large enough to be considered infinite,
the electrical response in the electrode is also influenced by
the behavior imposed by its finite extension. The electrodes
used in ECIS experiments are in this range (except those
utilized by Wegener et al. [31], which are a few millimeters
in size and, therefore, can be considered infinite). By extend-
ing the G&K model so that the whole electrode may be
considered the volume under analysis, we can obtain a dif-
ferential equation similar to Eq. (1) for the cell-substrate po-
tential. Scaling up the situation in Fig. 2(a), this potential for
the entire electrode satisfies a relationship as it is shown in
Fig. 2(b), performing a kind of modulation where the micro-
scopic response due to each individual cell is mounted over
1t.

The model we present is based on the hypothesis that this
macroscopic behavior, obtained from an extended micro-
scopic analysis, dominates the overall electrical response of
the cell-covered electrode. Additionally, cells lose their indi-
vidual condition: the electrical response is modified because
of the existence of a monolayer showing definite mean elec-
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FIG. 2. Potential in the cell-substrate space. (a) In the G&K
model, the potential described in one unit cell is repeated up to
infinite. (b) When the finite size of the electrode is considered, there
is an overall behavior performing a modulation of the microscopic
response.

trical properties (due to the particular arrangement of the
cells), which are measured by the specific impedance of the
monolayer, Z,,;(w). Unlike the electrode, the monolayer can
be considered to extend up to infinity. Consequently, and
because cells lose their individual condition, any point in the
monolayer observes the same environment. Therefore, Z_
is an independent-position value. This is a valid condition for
complete monolayers, even though they may not be in a
confluence state, but have a simply connected topology
(without holes). The model shares the remaining hypotheses
with the G&K model.

The current crossing the electrode flows into two path-
ways: in the radial direction and through the cellular layer. In
this model, the radial flow of current under analysis extends
beyond the end of the electrode even though there is not a
current supply once the limit of the electrode is crossed.
Finally, all of the current crosses the layer. This situation is
schematically shown in Fig. 3.

There are two regions to be considered: the region inside
the limits of the electrode and the region outside. Conse-
quently, two independent balances must be developed, one
for each region, and then coupled by means of appropriate
boundary conditions in the common border. Figure 4 shows
the variables involved in the model, the drops in potential
that appear, and the volumes utilized for the integral analysis.

The balances in each region are analogous to the balance
in the G&K model; therefore, the equations describing the
potential behavior in the cell-substrate space are given by

d2 ;’(lld 1 dav, rad

<R 7
dr? r dr g - ™

ytzn rad+ IBin = 07
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FIG. 3. Distribution of the current in the proposed model. The
current that crosses the electrode distributes either in a radial direc-
tion or in an axial direction crossing the cellular layer.

Electrode

d2 rad l d rad n
dr? r dr - yZut rtluti+ Bour= 0, r> R,, (8)
where R, is the radius of the electrode and
T
== —+
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Like the G&K model, this analysis also considers that the
specific impedance of the naked electrode, Z,(w), as well as
the resistivity of the medium, p, are known. However, the
specific impedance of the monolayer, Z,,;(w), replaces the
in-series impedance of the cellular membranes in the G&K
model, Z,,(w).

The general solutions of the Egs. (7) and (8) are similar to
Eq. (3),

rad CmIO(’YMr) + CmKO(’Ymr) + 52 r< Re? (10)
Coutl u Bout
rad 0(70u1r) + C KO(Youtr) + 72 r= Re'
out
(1)

For the solution inside the electrode, V', we must con-
sider that the Bessel function K,(y;,r) diverges at the origin,
so C3' must be zero. For the solution outside, V", this po-
tential finally reaches the potential in the electrolyte bulk, V,,
(T — %) = V. (12)

rad

The two remaining boundary conditions must be specified
in the common border to the regions, r=R, through the con-
tinuity requirement for both the potential and the current,

Vin

_ ysout
rad(r=R,) — Vfad(r:Re) ’
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FIG. 4. Proposed model. Inside the electrode, the current that crosses it, 1, distributes radially, 7,4, and axially, I,,, in the cell-substrate
space of height /. Outside the electrode, a current supply from the substrate does not exist. The drops in potential are represented by the
applied potential, V,,, the potential in the electrolyte bulk, V;, and the potential in the cell-substrate space, V4.

Ierd(r:RE) = r;;(r:Re) . (1 3)

By means of the relations that are established in the dif-
ferent balances, the continuity requirement for the current
can be replaced by

d :;d — d rclgl ( 1 4)
dr r=R, dr r=R,

Operating with these four boundary conditions, and by
considering that [38]

Z
V,-Vo=—51,, 15
0 ’7TR§ p ( )
where
R

e 27r
Iap = f Z_(Vn - de)dl’, (16)

0 n

the specific impedance for the cell-covered system, Z_,,, can
be obtained,

Zcells‘
Zn + Zcells

+
’YinRe IO( yithe) ﬂ KO( 7014[Re)
2 11 ( 7inRe) Your Kl ( ’yautRe)

At this stage, the proposed model does not have much
usefulness since the dependence on the frequency for the
specific impedance of the monolayer, Z.,;(®), is unknown.
To obtain some useful information from the system, we must
model the electrical behavior of the monolayer. For this pur-
pose, the approach presented first becomes important;
point-to-point (in a macroscopic perspective), the simplest
way to consider the monolayer with models of lumped pa-
rameters is through an in-parallel arrangement composed by
a resistance and a capacitance [39]. With this approximation,
we have

(17)

1 1
Z_ =+ i27Tchells- (18)

cells cells

Thus, the model includes three adjustable parameters: R,
C..is» and p/h.

III. MODEL VALIDATION, RESULTS, AND DISCUSSION

We compared experimental and fitted data, obtained with
the different models, for the response of the MDCK (Madin-
Darby Canine Kidney) cell line, which is commonly used in
ECIS experiments for impedance analysis.

A. Electrodes and instrumentation

Scan frequency data obtained with ECIS technique re-
quire multiple measurements of in-phase and out-of-phase
voltages at different frequencies. Typically, the setup consists
of a wave-form generator, a lock-in amplifier, a computer,
and the electrodes [2], schematically connected as it is shown
in Fig. 5. The main differences in our setup with respect to a
classical ECIS one are the use of a DSP-based lock-in, and
the use of a resistive divisor (see Wegener et al. [31]). DSP-
based lock-in was developed in our laboratory [40], and it
performs the wave generator and amplifier functions simul-
taneously. Basically, it consists of a general purpose DSP
unit (digital signal processor) programmed to operate as a
lock-in, digitally multiplying the reference and the signal,
while it sends a controlled output. On the other hand, to set
the proper scale for the electrical stimulation, we used a re-
sistive divisor which becomes a constant voltage source (in-
stead of a constant ac current source [2,31]) for the signal
feeding the experiment. Due to this configuration and to the
electrical impedances used in the setup, we had to perform
some simple calculations to obtain the resistance and capaci-
tance of the system under study at each frequency of excita-
tion. With appropriate resistances in the divisor, point A in
Fig. 5 always developed a constant voltage independently of
the impedances in the system under study (either naked or
covered electrode impedance). The signal at point A fed the
experiment in series to a resistance R, which guaranteed the
divisor worked properly. The in-phase and out-of-phase po-
tentials were measured with the DSP-based lock-in amplifier
referenced with its output signal.
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FIG. 5. Schematic of the experimental setup used for impedance
measurements. Electrodes are built and treated as described in Sec.
IIT A, and placed in a controlled environment. A wave generator
(WG) feeds a resistive divisor, where R;=1.0 kQ and R,=10 Q. A
resistance, R;=15 k{), connected in-series to the experiment, en-
sures a fixed value for the potential at point A, whatever the imped-
ance developed by the system under study. In-phase and out-of-
phase drops in potential produced in the electrode are registered by
a lock-in amplifier, phase-locked to the WG. Both the WG function
and the lock-in function are performed by a DSP-based lock-in
amplifier controlled by a computer, which in turn also collects elec-
trical data.

The electrodes were built with a similar procedure as de-
scribed by Giaever & Keese [2]. A 100 nm layer of gold was
sputtered on the substrate, a 25 mm X 25 mm slice of glass,
and then covered with a layer of photoresist (Shipley 1818),
approximately 3 wm thick, by spinning and baking. Using
standard photolithography techniques, we delimited the elec-
trode shapes with a proper mask. Then, the gold exposed on
the substrate was etched with royal water. The electrodes
were formed by the remaining gold on the substrate, and the
photoresist protecting them was diluted in acetone. The ge-
ometry used consisted of a large diamond-shaped counter
electrode connected to signal ground, and several circular-
shaped electrically independent electrodes of sizes in the or-
der of 500 wm. These small electrodes were connected to the
DSP-based lock-in input. In order to reduce the alterations
present in the neighborhood of the cells, we did not use
photoresist or any other electrical insulator. With this con-
figuration, the cells were in contact only with either glass or
gold. Thus the response was produced in a parallel connec-
tion between an electrode of 500 wm diameter and its elec-
trical strip 50 um wide. A glass cylinder of approximately
10 mm internal diameter and 10 mm length was glued with
epoxy (Poxipol) to the glass substrate. The cylinder acted as
a micro Petri dish containing the culture medium and the
cells. Then, the substrate with the electrodes and the cylinder
was glued to the base of a 90 mm diameter Petri dish, the
gold leads were electrically connected to wires with silver
paint, and the wires glued with epoxy to the base of the Petri
dish.

B. Cell culture

A MDCK (Madin Darby Canine Kidney) cell line was
obtained from the Banco Argentino de Células (Argentine
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Cells Bank), and cultured under standard conditions at 37 °C
in a humidified incubator containing 5% CO,. Dulbecco’s
modified eagle medium (DMEM F-12, Gibco) was used as
culture medium, and was supplemented with 10% of bovine
fetal serum, 1% antibiotic-antifungus solution (penicillin,
streptomycin, fungizone), Hepes buffer, and 1%
L-Glutamine. The culture medium was changed approxi-
mately twice a week and once in confluence, cell suspen-
sions were prepared using standard trypsination procedures
[0.05% (w/v) trypsin —0.53 mM EDTA-4Na]. Suspensions
were done both for subcultivation purposes and for electrical
properties measurements [1].

Electrodes were sterilized in an oven at 130 °C for ap-
proximately 2 h. They were also incubated with serum for
2-10 h before seeding the cells for the measurements. Pro-
teins existing in the serum pretreated the electrode surface,
enhancing the attachment of cells. Electrodes were seeded
with 0.5 ml of cell suspension, 2.0 X 10° cells/ml, and were
incubated for at least 24 h before measurements of cells in
confluence were conducted. This condition was checked un-
der microscope.

C. Electrical impedance results of MDCK cells in confluent
monolayers

Previously, Lo ef al. [35] and Wegener et al. [31] obtained
electrical impedance results in confluent MDCK cells with
the ECIS technique, but they analyzed their data with differ-
ent models. In order to evaluate the different models, we
measured the electrical characteristics of cellular monolayers
of MDCK cells cultured on gold electrodes prepared as was
described in the previous section. Figure 6 shows a typical
result for a scan in a log-log scale of 100 frequency points
obtained with the procedure described above (not all data
points are shown), where the horizontal axis indicates the
frequency of stimulation (20—20 000 Hz [41]) and the verti-
cal axes indicate, respectively, the in-series resistance, and
the in-series capacitance, for both naked and covered elec-
trodes. The data fit for the three models considered is also
shown, the G&K model, a RC parallel element such as the
analysis by Wegener et al. [31], and our model with Z_;
modeled as a RC element, Eq. (18). To adjust the data, we
used the Levenberg-Marquardt method (LM method) for
nonlinear parameter estimation under each model [42]. In
order to take into account that each frequency point f; has
two associated properties to be quantified [43], the merit
function x? to be minimized was calculated as

X2(5)=§ lRi_Rmod(fi§5)]2+ |:C5—Cm0d(fi;d’):|2 |

Oc.

i

OpR.

i

where a represents the set of parameters of the model con-
sidered, R; and C; are the properties measured at frequency
fi» og; and o¢; quantify the dispersion of the measurements
in both magnitudes, and R,,; and C,,, are the properties
calculated with the model for each frequency f; based on the
particular parameters a.

As it was pointed out by Wegener et al. [31], the spread
resistance [44] can change between the naked and the cov-
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FIG. 6. (Color online) Electrical properties data for confluent MDCK cells cultured on gold electrodes. Squares indicate naked electrode
response and circles indicate cell-covered electrode response. The vertical axes are the in-series equivalent resistance and capacitance for the
system. Solid, dashed, and dotted lines are the properties calculated with our model, the G&K model, and the two-parameters model with the

respective values of best fitting parameters obtained with LM method.

ered electrode, and therefore it is susceptible to being ad-
justed. Table I shows the best fitting parameter values ob-
tained with the LM method for data shown in Fig. 6 for the
three models considered.

The values we obtained for the parameters in the G&K
model and the two parameters model are in good agreement
with published reports [31,35]. As shown in Table I, by com-
paring the respective values of the merit function x?, we can
see that G&K model is approximately as realistic as our
model, when both have the same number of parameters [45].
The analysis used by Wegener et al. has a higher value of y°
but, since it has fewer parameters, it still could be considered
as a good model for the system (given two models with the
same value of )(2, the fewer the parameters, the higher the
evidence for a particular model). Table I shows that the dif-
ferent models give different values for the electrical param-
eters (parameters I and III) of the system. Regarding the
cell-substrate height (« in the G&K model and p/h in our
model), it should be noticed that each model gives extremely
different values for this magnitude. By considering a given
value for the cell radius [35], r.=7.0 um, the parameter p/h
resulting from G&K model [see definition of «, Eq. (6)] is
1.4 GQ. Then, the parameter shared between the G&K
model and our model differs in three orders of magnitude,
with this set of data. With an independent technique, Braun
and Fromherz [46] estimated a magnitude equivalent to p/h
in isolated MDCK cells. The value they estimated for this
parameter was 9.3 M), an intermediate value between those

obtained here with the models utilized for ECIS data analy-
sis. To gain insight into the physical meaning of the particu-
lar values, we can explicitly obtain the cell-substrate height
by considering the resistivity of the medium in the cell-
substrate space as the resistivity of cell culture medium, p
=54 () cm. Under this assumption, the mean height results to
be 0.38 nm in the G&K model and 1.0 um in our model
[47]. Clearly, the value obtained from the G&K model lies
below the continuum limit (in addition, it does not seem
plausible that there could be any protein in such a small
space), and the value obtained from our model is physically
so high that, for example, no trypsination process would be
necessary to separate cells from the substrate (a situation that
anybody working with this kind of cells can testify does not
occur).

To address the discordance between the height estimation
of these two models and relate each of them with the two-
parameters model (which does not have any information
about the cell-substrate height), we can think of a situation in
which we analyze the behavior of one model at time, for
cases where p/h behaves as the other model predicts.

Figures 7(a) and 7(b) show the normalized electrical prop-
erties [48] of the system calculated with our model based on
the best estimation of the electrical parameters with the LM
method for a fixed p/h, for different values of this parameter.
The figures also show the calculated properties resulting
from the overall best estimation (corresponding to the values
cited in Table I) for our model and the two-parameters

TABLE 1. Nonlinear parameter estimation with LM method for data shown in Fig. 3. All parameters
estimations included an independent adjustment in the spread resistance.

Two-Parameters

G&K Model Model Mean-Field Model
X 167 1240 71.5
Parameter I @=26.3 Q2 cm — p/h=0.533 MQ
Parameter II R,=53.6 Q cm? R=102 Q cm? Reens=301 Q cm?
Parameter C,,=1.966 C=2271 uF/cm? Ceeis=1.641
I uE/cm? uF/cm?
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FIG. 7. (Color online) Normalized electrical properties of the system assuming a given value for the cell-substrate height, &, and
minimizing x> with the LM method. (a), (b) Properties calculated by this procedure under our model for different values of p/h. (c) and (d)
Properties calculated under G&K model for different values of a. It is also shown the overall best fitting (data in Table I) for the

corresponding models and the lumped parameters model.

model. We can see that the higher the assumed values for
p/ h, the closer the values of the two electrical parameters of
this model are with respect to those estimated by the lumped
parameters model. In particular, when p/h approaches the
value estimated from the parameter a obtained with the
G&K model, the in-series equivalent resistance and capaci-
tance of the cell-covered electrode given by our model and
the lumped parameter model are approximately equal. So, a
close distance such as the one predicted by the G&K model
reduces our model to the lumped parameters model. In other
words, macroscopically, a height as low as the one predicted
by the G&K model reduces the mean-field model to a two-
parameter model.

Figures 7(c) and 7(d) show the normalized electrical prop-
erties calculated with a similar procedure for the G&K
model, for different values of the parameter « fixed. Here,
the limiting case is obtained in the opposite direction, when
a is reduced from the value obtained with the best parameter
estimation (Table I). Again, when in the model analyzed here
(G&K model), the height predicted by the other model
(mean-field model) (a=0.511 Q2 cm) is imposed, the re-
sponse approximates that resulting from the two-parameter
model. Therefore, G&K model reduces to a lumped param-
eter model if a height as high as that predicted by our model
were correct. Microscopically, a higher space reduces the
behavior to one that can be modeled by only two parameters.

Figure 8 summarizes the properties calculated with the
procedure described above. Both models tend to the lumped
parameters model when the opposite limits are analyzed re-
garding the cell-substrate height predicted in the best esti-
mate case. Obviously, when this situation is analyzed, the
merit function increases to the characteristic value of the
lumped parameters model.

From the above analysis, we found two opposite trends.
In its limit case, our model reduces to the two-parameters
model for lower heights, and the G&K model reduces to the
two-parameters model for higher heights, both compared
with their best parameter values. Even when this situation is
hypothetical (we are not physically changing the height), the
G&K model behaves asymptotically as physical interpreta-
tion expects it to do: when the cell-substrate height is high
enough, the resistance associated to the radial pathway is
negligible and the overall response is expected to be well
modeled by the lumped parameters model [49].

Even when the analysis presented above puts all models
together under the same framework, it is still not clear the
reason why this behavior is observed. To understand it, we
have to look at the cell-substrate potential, which is defined
in both the G&K model and our model. Figure 9 shows the
magnitude of this potential normalized to the applied poten-
tial as a function of the radial distance, normalized to the cell
radius (G&K model) or to the electrode radius (mean-field
model), and the logarithm of the frequency, for different
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FIG. 8. (Color online) Best estimate of the electrical parameters
in G&K model and our model when it is considered a given value
for p/h. The limiting cases in both models tend to the lumped
parameters model.

cases. Figures 9(a) and 9(b) show the potential in our model
for its best estimate case (p/h=0.533 M(}), and its limit to
the lumped parameters case (p/h=1.0 G()), respectively.
Figures 9(c) and 9(d) [50] show the same situations where
the best estimate case and the limit to the lumped parameters
case are defined for the G&K model («=26.3 Q2 cm, and
a=0.511 Q"2 cm, respectively).

From Figs. 9(b) and 9(d) we can see the key issue in the
limit of both differential models to the lumped parameters
model. In this limit, given any frequency the potential is flat
through the cell or the electrode, so there is no radial gradi-
ent in this magnitude. The overall electrical response results
from current crossing axially through the system, and it can
be modeled by two parameters.

Figures 9(a) and 9(c) show the potentials developed in the
best parameters fitting case of the two distributed models
considered. Beyond the differences in the expressions that
define cell-covered impedance in the two models, which pro-
duce the difference in the estimation of the cell-substrate
height, and other subtler differences, it is worth noting the
close resemblance between these potentials. Both models are
strongly influenced by the radial potential [51] and such a
likeness means an equivalence between them. The close re-
semblance is produced by the Bessel functions, which appear
in the radial potential in both models. For Bessel functions to
produce this shape on the potential, it is necessary that the
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respective arguments be of the same order. Whichever the
argument analyzed, we found a similar structure: a part com-
posed by the radial scale, either r, in the G&K model or R,
in our model, a part composed by the inverse square root of
the axial scale, (p/h)"? in both models, and a part which
establishes the direction on the complex plane, given by the
impedances in the system. Since the arguments in both mod-
els have to be in the same order of magnitude, the difference
in the radial scale affects the adjusted scale in the axial di-
rection. The higher radial scale in our model leads to the
adjustment process, yielding a higher axial scale than in
G&K model, and vice versa. Given an electrode, the problem
has two associated radial scales, one microscopic scale given
by r. and one macroscopic given by R,, so the adjusted
height has two values depending on what analysis is consid-
ered, and they act as the limits for its estimate. Independent
measurements performed by fluorescence interference con-
trast microscopy [46] give a space of ~50 nm between the
basal membrane and the substrate (silicon dioxide). Thus the
results obtained with the analysis presented in this paper are
consistent with independent measurements of the cell-
substrate height.

The above conclusion is obtained when both models are
considered independently: each of the models establishes a
bound in the cell-substrate height. However, beyond the re-
semblance in the shapes, Figs. 9(a) and 9(c) also display the
same scale in the vertical axis, the normalized potential.
Since the normalization is performed with a potential com-
mon to both models (the applied potential), the cell-substrate
potential has the same order of magnitude whichever model
is considered. Remembering that the G&K model does not
take into account any macroscopic potential, and our model
is based on the assumption that the macroscopic potential is
much higher than the microscopic potential, Figs. 9(a) and
9(c) tell us that both effects are important and neither the
G&K model nor our model is realistic independently because
the potential in the counterpart is important, at least for these
measurements. A proper model is still missing, and it should
simultaneously consider both effects.

IV. CONCLUDING REMARKS

Much interest is focused on electrical measurements of
cells cultured in vitro, including experiments where the elec-
trical properties of the cells transduce biological phenomena
or evolutions. The ECIS technique appears as a well-
grounded technique for this kind of assessment, and models
to analyze its data are necessary to produce meaningful in-
formation, beyond monitoring the behavior of a single fre-
quency of stimulation. Previous models used to analyze data
in electrical measurements were either composed by lumped
parameters or resulted exclusively from microscopic consid-
erations. In this paper, we examined a model that, in addition
to properly adjusting data generated in ECIS experiments,
can correlate in a formal manner the variables estimated
from models constructed with the different approaches. One
particular measurement currently obtained from ECIS ex-
periments is the cell-substrate height. Our model produces an
estimate for this magnitude and its results are extremely dif-
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FIG. 9. (Color online) Cell-substrate potential as a function of the distance and the logarithm of frequency, for both the G&K model and
the mean-field model, when different cell-substrate heights are considered. Cell-substrate potential, V, is normalized to the applied potential,
V., and the magnitude of this ratio is considered. In the G&K model, the distance is normalized to the cell radius, whereas in the mean-field
model, the distance is normalized to the electrode radius. (a) Mean-field model with height obtained from the best parameters fitting of
mean-field model, p/h=0.533 M{. (b) Mean-field model with height obtained from the best parameters fitting of G&K model (limit to
lumped parameters case), p/h=1.0 GQ. (c) G&K model with height obtained from the best parameters fitting of G&K model, «
=26.3 Q2 cm [50]. (d) G&K model with height obtained from the best parameters fitting of mean-field model (limit to lumped parameters
case), a=0.511 Q"2 cm. Potential in mean-field model extends beyond electrode limit (normalized radius=1), whereas potential in G&K

model extends up to the cell limit (normalized radius=1).

ferent from those estimated with the Giaever and Keese
model. As we show, for a given electrode, values obtained
for this magnitude from both models in ECIS experiments
should be considered as its limits instead of true values.
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