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Abstract

®

CrossMark

Electrical wound-healing assays are often used as a means to study in vitro cell migration and
proliferation. In such analysis, a cell monolayer that sits on a small electrode is electrically
wounded and its spectral impedance is then continuously measured in order to monitor the
healing process. The relatively slow dynamics of the cell healing have been extensively
studied, while those of the much faster wounding phase have not yet been investigated. An
analysis of the electrical properties of a particular cell type during this phase could give

extra information about the changes in the cell membrane due to the application of the

wounding current, and could also be useful to optimize the wounding regime for different cell
types. The main issue when trying to register information about these dynamics is that the
traditional measurement scheme employed in typical wound-healing assays doesn’t allow the
simultaneous application of the wounding signal and measurement of the system’s impedance.
In this paper, we overcome this limitation by implementing a measurement strategy consisting
of cycles of fast alternating low- and high-voltage signals applied on electrodes covered with

mammalian cells. This approach is capable of registering the fast impedance changes during
the transient regime corresponding to the cell wounding process. Furthermore, these quasi-
simultaneous high- and low-voltage measurements can be compared in order to obtain an

empirical correlation between both quantities.

Keywords: wound-healing, cell wounding dynamics, mammalian cells, impedance

spectroscopy, nonlinear voltage—current relationship

(Some figures may appear in colour only in the online journal)

1. Introduction

When cultured under standard conditions, a cell monolayer
can be deliberately damaged to perform a so-called wound-
healing assay. Traditionally, a mechanical, in vitro wound-
healing assay is carried out by physically removing (e.g. with
the tip of a micropipette) a portion of a cell monolayer, in
order to obtain a cell-free region over the culture substrate.
The damaged surface, which no longer contains cells attached
to it, is therefore available for the surrounding, non-dam-
aged cells, which tend to grow and migrate until completely

0957-0233/15/085701+11$33.00 1

re-covering this area. This kind of assay provides information
about cell migration and proliferation, which take place in
many biological processes, both physiological and patholog-
ical. Numerous similar assays have been used to study collec-
tive cell migration in a variety of biological processes, such as
tissue repair, embryogenesis and cancer metastasis [1].

One of the major limitations of a mechanical wound-
healing assay is the difficulty to define the exact area of the
damaged surface, which is important for the quantification
and reproducibility of the results. This limitation was over-
come by the development, among others, of an electrical

© 2015 IOP Publishing Ltd  Printed in the UK
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wound-healing assay [2] based on the Electric Cell-substrate
Impedance Sensing (ECIS™) technique [3]. ECIS is a rec-
ognized method for studying in vitro cell behaviour, based
on the non-invasive, real-time monitoring of a cell culture’s
electrical properties. In addition to its application on wound-
healing assays, ECIS was extensively employed to study cell
spreading and attachment [4], differentiation [5], citotoxicity
[6], differences between normal and transformed cells [7, 8],
pathologies evaluation [9], etc.

In an ECIS-based wound-healing assay, a cell monolayer
that sits on a gold microelectrode is first wounded by circu-
lating a relatively high electrical current, and the time evolu-
tion of its electrical properties is afterwards registered. This
data gives information about the cell migration and prolifera-
tion to re-populate the damaged surface, i.e. the healing pro-
cess. In contrast with the mechanical wound-healing assay,
by this method it is possible to exactly determine the area of
the wound and also to control the intensity of the wounding
signal.

Many studies were performed in order to characterize the
wound healing behaviour of different cell types [10-13], and
even an impedance imaging system was developed and used
to monitor cell migration after wounding a cell monolayer
[14]. However, to our knowledge still no emphasis was placed
on the cell behaviour during the fast transient part of the assay,
i.e. while the wounding current is being applied. The way in
which cells are altered due to the application of high currents
could give extra information about their morphological and
structural characteristics, particularly about the changes in
the cell membrane and in the cell adhesion. This information,
together with the corresponding healing curves, could lead
to a better understanding of a particular cell type’s wound-
healing behaviour. The purpose of this work is to introduce
a measurement technique capable of registering information
about the previously mentioned dynamics.

By means of an electrical wound-healing assay performed
with a typical ECIS measurement scheme, it can be shown
that the effects of the cell wounding take place entirely while
circulating the electrical current, after which the wound starts
to heal and no further damage is registered [2]. This implies
that, in order to obtain information about the dynamics of the
wounding phase of the assay, it is necessary to measure the sys-
tem’s impedance while applying the relatively high wounding
electrical current. Also, due to the fast nature of the physical
changes involved in this phase, it is mandatory to reach a high
measurement speed in order to register these changes. These
conditions motivated the implementation of an alternative
measurement scheme, based on a computer-controlled LCR-
meter capable of measuring impedance values at high speed,
multiple frequencies and voltages up to 2 Vrys. We first ana-
lysed the electrical response of Madine—Darby Canine Kidney
(MDCK) cells at different measurement voltages, in order
to determine the minimum voltage capable of inducing cell
wounding with this measurement setup. Two different meas-
urement strategies were then employed to register the fast
impedance changes during the wounding phase of the assay.
Details on these strategies will be given in section 2.3. The
results are satisfactory, and this measurement technique can

be used to obtain time-dependent spectral responses of cell-
covered microelectrodes during the process of cell wounding.

2. Materials and methods

2.1 Cell culture

A Madin—-Darby Canine Kidney (MDCK) [15] cell line was
obtained from Banco Argentino de Células (Argentine Cells
Bank, BAC). We selected this cell line because it represents
a general model for epithelial cells, it was used in many
studies involving impedance spectroscopy [2, 16—18] and its
electrical response is well-known, therefore serving as a ref-
erence to which we can compare our results. For the experi-
ments presented in this work, we used two cell suspensions
with passage numbers 62 and 69. They were cultured under
standard conditions (37°C, 5% CO,). Dulbecco’s modified
Eagle's medium (DMEM F-12, Gibco) was used as the cul-
ture medium, and was supplemented with 10% bovine fetal
serum, 1% antibiotic-antifungus solution (penicillin, strepto-
mycin, fungizone) and 2% HEPES buffer [19]. The measured
conductivity of the medium was 19, 22mScm™".

The culture medium was changed approximately three times
a week, and cell suspensions were prepared using standard
trypsinization procedures (0.05% w/v trypsin—0.53 mM
EDTA-4Na). Suspensions were made both for subcultivation
purposes and for measurement of electrical properties. Cells
were passaged at approximately 70% confluence, which was
controlled by microscope examination.

The electrodes were incubated with media for approximately
20h before seeding the cells. Proteins existing in the media
pretreated the electrode surface, enhancing the attachment of
cells. Cells were harvested from a 25cm? flask (Nalgene) and
plated at a density of 10°cellsml~! in ECIS wells.

2.2. Measurement setup

The ECIS technique basically consists of measuring the
impedance spectrum of a cell monolayer that sits on top of
a small circular microelectrode made of gold [3]. A large
counter-electrode (electrical ground) is the other electrical
contact. The culture medium acts as an electrolyte and closes
the electrical circuit. In this work we used microelectrodes
measuring 250um in diameter of an ECIS Cultureware™
multiwell from Applied BioPhysics, which has an opaque
outer surface.

The experiments presented in this work were carried out
with a measurement setup consisting of a LCR-meter (Agilent
Technologies, E4980a, California, USA) and a personal com-
puter that both controls the experiment and stores the resulting
data. The system was configured for a Kelvin sensing with
4-terminals (figure 1). Impedance measurements were per-
formed by applying a voltage sine of 20mVgys directly on
the electrode, producing an ac current of less than 1 uAgrwms,
which is harmless for the cells [2]. The LCR-meter was con-
nected to a personal computer through an USB interface and
controlled with custom-made software, and its measurement
function was set to a series-equivalent RC circuit (Cs—Rs). The
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Figure 1. Schematic of the four-terminal, LCR-meter-based
measurement setup (Kelvin method). The dotted circle represents
the cell-covered microelectrode, modelled as a series RC circuit. R:
equivalent resistance. C.: equivalent capacitance. H,: high-current
terminal. Hy: high-potential terminal. L.: low-current terminal. Ly:
low-potential terminal.

measurements were carried out continuously at 10 different and
logarithmically separated frequencies from 415Hz to 50kHz,
in order to obtain the time-dependent impedance spectra.

Figure 1 shows the four-terminal connection between the
LCR-meter and the ECIS microelectrode. The signal current
path is defined by the high- and low-current terminals (H.
and L.), while the voltage drop through the microelectrode is
measured between the high- and low-potential terminals (H,
and L;). This configuration has the advantage of minimizing
the errors caused by the lead impedances and contact resist-
ances [20]. The connection between the LCR-meter and the
ECIS electrodes was outside the incubator.

Due to the fast dynamics of the process under study,
the LCR-meter was configured to measure at its maximum
speed by setting its measurement time to ‘short’, obtaining a
single-frequency measurement approximately every tenth of
a second or, equivalently, one spectrum per second. Although
this measurement mode is the least accurate, it was sufficient
to obtain representative values, as will be shown later.

2.3. Measurement strategies

The wound-healing assay was performed once the measured
electrical properties reached a stationary state. The LCR-meter
was then configured to produce a wounding signal which
consisted on a sinusoidal wave in the range of 1.2-2Vgys at
50kHz with a short measurement time. This specific frequency
was selected to ensure high and uniform electric fields [2], and
the wounding voltage range was chosen after analysing the

electrical response of the cells at different voltages (section
3.2). Impedance data was registered during the whole pro-
cess, including the fast wounding phase, and the experiments
were repeated in different wells containing cells. In order to
obtain this data, two different measurement strategies were
employed, constituting an approach which is different from
the established commercial wound-healing assays.

The first strategy was to apply the wounding signal contin-
uously for 30 s and use it to measure the system’s impedance.
Although this method made it possible to obtain high-resolu-
tion, time-resolved curves of the resistance and capacitance
changes during the wounding phase, its principal disadvan-
tage was that the measurements were taken at a fixed fre-
quency of 50kHz, whereas a spectral response would prove a
better set of data in order to achieve a precise biological inter-
pretation of the results. Another issue with this measurement
technique was a discontinuity observed in the resistance and
capacitance curves due to the different measurement voltages,
namely 20mVygys before and after the wounding phase, and
1.2-2VRrus during this phase. This will be discussed in more
detail in section 3.2.

The second measurement strategy consisted of alternating
one second of the wounding signal with a fast ten-frequency
measurement at 20 mVRgys, repeating this procedure until the
total application time of the wounding signal was 10 min. This
higher exposure time was set with the purpose of ensuring
the registration of the whole dynamics of the cell wounding,
i.e. between the stationary states corresponding to the cell-
covered electrode and the so-called naked electrode (with cul-
ture medium and devoid of cells). Figure 2 shows the RMS
voltage and the frequency of the generated sinusoidal signal
as a function of time for a wounding voltage of 1.2Vgys. The
assay begins with a low-voltage measurement phase, where
the signal amplitude is set to a constant value of 20mVguys
and the frequency is varied between 415Hz and 50kHz. In
the example presented in figure 2, the wounding phase of
the assay begins at t =~ 17.7s. During this phase, a cycle of
wounding/measurement signals is repeated for a total time of
10min. In the wounding part of the cycle, which has a dura-
tion of approximately one second, the signal amplitude is set
to a constant value of 1.2Vgrys and the frequency is set to
a constant value of 50kHz. In the measurement part of the
cycle, the generated signal is identical to the measurement
signal applied before the wounding phase. Finally, the healing
phase of the assay (not shown in figure 2) begins immediately
after the wounding phase, and the generated signal in this case
is also identical to the initial measurement signal. With this
variant of the measurement technique, a set of ten-frequency,
low-voltage measurements during the complete wounding
phase was obtained for each experiment.

3. Results and discussion

3.1. Impedance analysis of MDCK cells with the alternative
measurement scheme

Figure 3 shows the time evolution of the series resistance
and capacitance of a microelectrode after seeding it with
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Figure 2. Representation of the wounding signal corresponding to the second measurement strategy employed in this work to register the
fast impedance changes during the wounding phase of the assay. The excitation amplitude was in this case 1.2 Vryms. The “WP” arrows
indicate the beginning of the wounding phase. (a) Signal RMS voltage as a function of time. The bottom and top horizontal dashed lines
represent the measurement and wounding voltages, respectively. (b) Signal frequency as a function of time. The bottom and top horizontal
dashed lines represent the lowest and highest frequencies of the range (415Hz and 50kHz, respectively). For clarity purposes, only a

portion of the complete signal is shown.

sx 10 T T T T
_ ! : (@
=} :
o4 : N
o 3
5 ;
53 % i
g 5
2 :
£ 1 - o
(I ; :

0 i 1 i i i

0 5 10 15 20 25 30

Time [h]
-9

x10

6
. T T T T T )
o
Q
= sl
=
Q
©
(=9
©
O ol
w
QL
@
(0] i : :

0 | 1 | | 1

0 5 10 15 20 25 30

Time [h)

Figure 3. Time evolution of the series resistance and capacitance of a microelectrode after seeding it with MDCK cells, measured with
the LCR-meter-based ECIS setup at 20mVgyms and 3492 Hz. The cells were seeded at 7 = 0. (a) Series resistance as a function of time. (b)

Series capacitance as a function of time.

MDCK cells, measured with the LCR-meter at 20mVgums
and 3492Hz. It exhibits the typical behaviour of this cell
type when cultured under standard conditions, and the
results are in concordance with those obtained by means of
the traditional measurement scheme [2, 16]. The resistance
value increases from approximately 4kQ (corresponding to
a naked electrode) to approximately 30kQ (corresponding to
a cell-covered electrode). As it can be observed, after about

20h the system reaches a stationary state, showing only rela-
tively slight fluctuations which are characteristic of a living
cells’ culture [21]. Correspondingly, the capacitance value
decreases from approximately 5.2nF to a stationary value of
approximately 1nF. The wounding assays were performed at
this stationary stage.

Figures 4(a) and (b) show the average series resistance
and capacitance, respectively, of 10 different microelectrodes
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Figure 4. Average electric properties of 10 naked (triangles) and MDCK cell-covered (circles) microelectrodes as a function of frequency,
measured with the LCR-meter-based ECIS setup at 20mVyys With (a) series resistance, (b) series capacitance, (c) normalized resistance
and (d) normalized capacitance. The error bars represent the standard error.

at 10 frequencies between 415Hz and 50kHz. Two different
data sets are plotted in each figure, one corresponding to the
microelectrodes immediately before seeding the cells (i.e.
naked microelectrodes) and the other corresponding to the
stationary state described before. As it can be appreciated,
both the system’s resistance and capacitance decrease as the
frequency increases, but the form of the curve is modified by
the presence of cells. Different models have been presented
which describe the alteration of the frequency-dependant
impedance of the system when a cell monolayer is attached
to the microelectrode [17, 18, 21]. One of these models, origi-
nally presented by Giaever and Keese [21], considers the cells
as circular discs attached to the electrode surface. The total
impedance of the system consists of the measured impedance
of the naked electrode, the impedance through the cell layer
and the resistivity of the culture medium. Both the basal and
apical membranes of the cells are modelled as capacitors in
series and two different resistances are associated to the pres-
ence of the cells, namely the resistance under the cells and the
intercellular resistance. The measured impedance of the cell-
covered electrodes is interpreted by modelling the system as
an equivalent series RC circuit. This model accurately predicts
the impedance changes shown in figure 4 for microelectrodes
covered with a cell monolayer in the stationary state.

Each curve corresponding to a cell-covered electrode has
been normalized by dividing its resistance and capacitance
values at each frequency by the corresponding naked elec-
trode’s resistance and capacitance, respectively. The results
are shown in figures 4(c) and (d) for the average normal-
ized resistance and capacitance, respectively. The difference
between the spectral resistance of naked and cell-covered

electrodes is more noticeable in the range of frequencies
between 1 and 4kHz, as indicated by the maximum of the
normalized resistance curve. This is a typical behaviour of
microelectrodes covered with an MDCK monolayer at the
stationary state [18]. The results presented in figure 4 are also
in concordance with those obtained previously with the lock-
in-based measurement scheme [16]. MDCK cells cause a fall
in capacitance and the values differ more with high frequen-
cies, while at low frequencies the curves converge. There the
capacitance of the Helmholtz double layer dominates [22]. In
all cases, the error in the resistance and capacitance measure-
ments was larger at low frequencies due to a lower precision
of the measurement device.

3.2. Electrical response at different voltages

According to previous works, ECIS measurements performed
with ac currents in the order of 1uAgyms have no detectable
effects on the cells [2]. A typical electrical wound-healing
assay makes use of a high-frequency ac current in the order
of 1 mARgys to induce cell death [2, 23]. In our experiments,
the cell-covered electrode’s impedance at the highest fre-
quency (50kHz) has a mean value of approximately 8 k€. So,
by Ohm’s law, to circulate a current of 1 mAgys it would be
necessary to apply a voltage of approximately 8 Vrys, which
is beyond the maximum voltage of the employed LCR-meter,
namely 2 Vrys. However, we registered a sharp resistance fall
(and a corresponding capacitance increase) which is typical
of cell wounding assays by applying voltages smaller than
2 Vgrwms, Which correspond to current amplitudes smaller than
0.25 mARMs.
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Figure 5. Effect of the signal amplitude on the impedance measurements, performed on a cell-covered electrode at a frequency of 5S0kHz
with the LCR-meter-based measurement scheme. (a) Series resistance as a function of measurement voltage. (b) Series capacitance as a
function of measurement voltage. The error bars represent the standard error.

In order to find the boundary between a non-damaging
voltage and a damaging one, a series of measurements
were performed in which a voltage sweep was carried out.
Figures 5(a) and (b) show the results corresponding to a low-
voltage sweep between 2 and S00mVgryms at SOkHz. Every
voltage was applied for approximately 1 s with impedance
readings at the reference voltage of 20mVgys in between.
The voltage was increased and decreased 10 times in every
experiment. As it can be expected, the noise in the measure-
ment is more noticeable at low voltages; therefore the error
bars are larger. At V=~ 20mVyys the error is less than 0.4%,
both for the resistance and capacitance, so this amplitude was
chosen to carry out non-damaging impedance measurements
with low electronic noise.

An interesting behaviour can be observed for volt-
ages higher than approximately 300 mVygys, where both
resistance and capacitance tend to increase over the mean
value registered at lower voltages. This phenomenon
was observed both in naked and cell-covered electrodes,
although it was more noticeable in the latter. These voltage-
dependent impedance values indicate that the relation
between the applied voltage and the resulting current is non-
linear for voltages higher than approximately 300 mVygys.
However, the small error bars for voltages between 300
and 500 mVygys show that the measurement signal doesn’t
induce an irreversible alteration on the cells. Impedance
spectra were measured before and after the experiment and
the results (not shown in the figure) confirm that the voltage
sweep did not induce cell wounding.

A different behaviour is observed at voltages higher
than 800mVgums, as shown in figure 6. In this case, a
high-voltage sweep between 400 and 2000 mVgms was
performed at S0kHz on a cell-covered electrode at the
stationary phase. Every voltage was applied for approxi-
mately 0.1s and followed by a 10-frequency measurement

at 20mVgys (reference). The figure shows only the high-
voltage measurements. In this case, as the voltage increases
over 800 mVygys, the resistance decreases and the capaci-
tance increases. After the application of the highest voltage
(i.e. 2VRrms), the return curve describes a trajectory which
is under the first curve in the case of resistance (figure 6(a)
and over it in the case of capacitance (figure 6(b)). The
impedance changes observed in these hysteresis-like curves
indicate that these voltage values induce some damage in
the cells. However, the application of a single voltage sweep
like the one shown in this figure is not enough to produce an
important change in the impedance values due to cell death,
because of the short duration of the high-voltage signals in
the sweep, which are more likely to induce membrane elec-
troporation [2]. Nevertheless, with a higher exposure time
these voltage values are sufficient to induce cell wounding,
as will be shown in section 3.3. We based our choice of
the wounding voltage range between 1.2 and 2.0 Vrums
according to these results.

3.3. Dynamics of cell wounding

A typical time-dependent spectral response of the system,
obtained with the lock-in based measurement scheme before
and after inducing cell wounding, is shown in figures 7(a)
and (b). The grey zone corresponds to the time interval in
which the wounding electrical current was applied. These fig-
ures show the two main consequences of the cell wounding,
i.e. a sharp fall on the system’s resistance and a sharp increase
of the system’s capacitance. However, as it can be observed,
although the measurement was started immediately after the
interruption of the wounding signal, it was not possible to
plot a time-resolved curve of the resistance drop (or capaci-
tance increase) due to the cell wounding. This indicates that
the death of the cells and their consequently separation of the
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Figure 7. Traditional wound-healing assay, performed with the lock-in-based measurement scheme. (a) Series resistance as a function of
time, before and after the wounding process. (b) Series capacitance as a function of time, before and after the wounding process. The higher
values in both plots correspond to the lowest measurement frequency, while the lowest values correspond to the highest measurement

frequency.

electrode surface take place only while the wounding current
is being circulated, after which the system begins to evolve
until reaching the original stationary state.

The first attempt to obtain information about the dynamics
of the cell wounding was to carry out the wound-healing assay
with the alternative measurement scheme, using the wounding
signal at 2Vgyms and 50kHz to take a continuous, single-fre-
quency measurement of the system’s impedance. Figure 8(a)
shows the time evolution of the system’s resistance for this

experiment, measured before, during and after the wounding
process. A nonlinear voltage—current relationship can be
observed as a discontinuity in the resistance curve during the
application of the wounding signal. We attribute this result
to the difference between measurement voltages, namely
20mVgys before and after wounding the cells and 2Vgys
during the wounding process. This behaviour was noticed in
several similar experiments, and it can also be appreciated in
the capacitance curve (figure 8(b)).
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Figure 8. Alternative wound-healing assay, performed with the LCR-meter-based measurement scheme and the first measurement strategy
(section 2.3). The wounding signal had an amplitude of 2 Vrys and a frequency of 50kHz, and it was applied during the time interval
indicated between W1 and W2. (a) Series resistance as a function of time, before, during and after the wounding process. (b) Series
capacitance as a function of time, before, during and after the wounding process.
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Figure 9. Alternative wound-healing assay, performed with the LCR-meter-based measurement scheme and the second measurement
strategy (section 2.3). The dashed lines ‘WP’ indicate the beginning of the wounding phase. The applied voltage amplitudes were 1.2 Vrms
for the wounding signal and 20 mVgys for the measurement signal. (a) Resistance as a function of time, before, during and after the
wounding process. (b) Resistance as a function of frequency at four different time points. (c) Capacitance as a function of time, before,
during and after the wounding process. (d) Capacitance as a function of frequency at four different time points. For clarity purposes, only 4
of the 10 measured frequencies were plotted, namely 2.05, 5.95, 17.24 and 50kHz. The higher values in plots (a) and (c) correspond to the
measurements at 2.05kHz, while the lowest values correspond to a frequency of 5S0kHz.

As stated in section 2.3, this measurement strategy pre- 20mVgyms was switched to the wounding voltage of 1.2 Vgys.
sents two main problems, namely the discontinuity in the The wounding current was circulated for 1s, after which the
resistance and capacitance curves and the fixed measurement voltage was switched again to 20mVgys and a 10-frequency
frequency. To solve the previous issues, an experiment was measurement was taken. This procedure was repeated until the
conducted employing the second measurement strategy (sec- system was exposed to the 1.2 Vrys signal for a total time of
tion 2.3) and the results are shown in figure 9. At the begin- 10min. The mean duration of the low-voltage measurements
ning of the wounding phase, the measurement voltage of was 1.2s, and the amplitude of the wounding current varied
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Figure 10. Empirical correlation between high- and low-voltage measurements during an alternative wound-healing assay employing the
second measurement strategy (section 2.3). (a) Resistance and (b) capacitance as a function of time. The red circles represent the values
measured at 20mVgys and the dashed blue lines represent the values measured at 1.2 Vgys. (c) Ratio of impedance magnitudes as a
function of the low-voltage impedance magnitude. (d) Ratio of phase angles as a function of the low-voltage phase angle.

between 0.2 and 0.3 mAgrys. Figures 9(b) and (d) show the
resistance and capacitance spectra, respectively, at 4 different
time points during the experiment. At # = 165, the spectra cor-
respond to the cell-covered electrode immediately before the
wounding phase. As time increases, the wound progresses and
both the resistance and capacitance curves move towards the
corresponding naked electrode’s curves (see figures 4(a) and
(b)), reaching a stationary state after applying the wounding
signal for approximately 5—10min. As it can be observed, this
experiment made it possible to plot a time-resolved spectral
response of the system’s resistance and capacitance during
the wounding process. In contrast with the previous measure-
ment strategy (figure 8), here the measurement voltage was
the same before and during the wounding, namely 20 mVgys.
The impedance values measured with the wounding signal
were also registered, although they are not shown in figure 9.

3.4. Correlation between low- and high-voltage
measurements

The resistance and capacitance curves obtained with the
wounding signal in the previous experiment showed the same
nonlinear behaviour as in figure 8. However, in this case a
comparison between high- and low-voltage measurements can
be done. In fact, during the wounding phase there are several
low- and high-voltage measurement cycles. The time between
the last measurement at low voltage and the first measurement
at high voltage in a round is about 0.1s, and the frequency of
both measurements is the same, namely 50kHz (figure 2). So,
if we assume that the system is only slightly altered in this
time interval, we can compare the impedance values at high

and low voltage during the wounding phase, at a frequency
of 50kHz, to obtain an empirical correlation. A typical result
is shown in figure 10 for a wounding voltage of 1.2Vgys.
The resistive and capacitive parts of the impedance at both
excitation amplitudes are plotted as a function of time in
figures 10(a) and (b), respectively.

Figure 10(c) shows that the ratio of the impedance magni-
tude at low and high voltages is proportional to the impedance
magnitude at low voltage, and the same correlation was found
for the phase angles (figure 10(d)). This empirical correlation
can be expressed as

|Z|
— = ailZ,|+ by 1
12 )
O
0— = ag.Hm + b2 (2)

In these equations, |Z,| and 6,, represent the low-voltage
impedance magnitude and phase angle, respectively, while
|Z,| and 6,, represent the high-voltage impedance magnitude
and phase angle, respectively. These quantities are computed
from the resistance and capacitance readings by applying the
following equations, corresponding to a series RC circuit:

|Z|= 3)

0= tan‘l( )

1
2.Jr.f.C.R)
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Table 1. Correlation parameters at the extreme voltages of the wounding interval.

Voltage amplitude [Vgys] a; x 104 ( Q™ by a (rad™") b,
1.2 1.8 + 0.6 0.49 + 0.11 20+ 04 0.1 +0.2
2.0 3.0 £04 0.28 +£0.10 2.86 +£0.18 —0.12 £0.11

where R and C are the measured series resistance and capaci- determined for two different wounding voltages. The nonline-
tance, respectively, and fis the measurement frequency. Note  arity of the voltage—current relationship was found to increase
that, instead of using the actual phase angles of the equiva-  with the excitation amplitude.
lent series RC circuits (which are always negative), we used Different electrode sizes and cell types should be tested
their absolute values in equations (2) and (4). This was done in order to analyse the dependence of the correlation param-
deliberately in order to obtain a line with positive slope in eters with these variables. Moreover, a deeper analysis of
figure 10(d), which is easier to interpret. the nonlinearities present in impedance measurements of
This fitting was performed at 1.2Vgys on 18 wounding  cell-covered electrodes should be carried out, for which the
curves obtained from different electrodes of the same size and measurement technique introduced in this work would prove
geometry, all of which showed a similar behaviour. However, helpful. Electrode polarization effects were not considered in
this effect was observed only in cell-covered electrodes, this paper but should also be analysed as a potential source of
whereas the impedance values of the naked electrodes at high  nonlinearities. Microscopic observations should also be taken
and low voltages were not correlated. We want to stress here  into account, for which the opaque multiwell used in this work
that this particular correlation is empirical and not neces- mustbe replaced with a transparent one. Finally, as an alterna-
sarily holds for other electrode sizes and cell types. In order tive setup the measurement device could be modified to pro-
to compare the correlation parameters at both extremes of duce a multi-frequency wounding signal. Both the wounding
the wounding interval, the experiment was also conducted at  capability of this alternative method and the resulting imped-
2VRrums on 10 different cell-covered electrodes. The results are  ance measurements should then be evaluated in order to deter-
presented in table 1. mine whether it can be used to obtain relevant information
The results show that the higher the voltage amplitude the during the wounding phase of the assay.
higher the parameters a; and a,, which indicates that the non-

linearity increases with the excitation amplitude.
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