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ABSTRACT

We applied four fractal dimension estimation algorithms on the temporal electrical impedance signal of normal MDCK type II cell cultures
monitored by ECIS technique and showed that the fractal dimension due to micromotion allows discriminating processes not sensed by the spectral
impedance of the culture. In this work we subjected cell cultures to electric current damage and drug exposure to analyze the changes in the fractal
structure of the temporal signal. Among the changes presented and detected are the differentiation between a healthy monolayer and one exposed to
a drug, as well as the distinction between a seeding process and a wound-healing process performed by electric current. The four algorithms used
were validated by applying them on topological functions of known fractal dimension, a study that determined the necessary conditions for a correct
estimation.

1. Introduction

Benoit Mandelbrot created a formalism for a set of structures, ubiquitous in nature and in mathematics, which cannot be described
by classical geometry in their completeness. These structures, as he defined them in 1982, are fractal structures, [1]. These occur
naturally in the form of clouds, mountainous reliefs, dendrites and tree bark. Mandelbrot initially established that a structure is fractal
by definition if its Hausdorff-Besicovitch dimension or fractal dimension exceeds the topological dimension, the latter being the
classical geometrical dimension, represented by an integer. The dimension of an object is interpreted as the capacity of the structure to
fill the space. For example, a plane presents a topological and fractal dimension equal to 2, since it fills the space in two directions, a
solid body, like a sphere, presents both dimensions equal to 3. According to the definition of fractals, these do not fall into the category.
Later, Mandelbrot redefined fractals simply as shapes composed of parts which are similar to the whole in some way, [2]. Despite these
two definitions differ in rigor, they give an approximation to the complete definition of these complex forms. They also provide the
necessary knowledge to carry out the objective of this work, which seeks to characterize the evolution of the electrical impedance of a
microelectrode in the presence of a cell culture by its fractal behavior over time.

The fractal dimension for formally mathematical objects can be derived analytically, although this is not the case for real or
physical phenomena with fractal properties. In these cases, the fractal dimension can be estimated from different algorithms. These are
sensitive to experimental noise, number of measured data and range of fractal behavior, [3]. These problems lead to the definition of
statistically fractal structures, shapes whose estimated fractal dimension fluctuates for different samples of the same class, [4]. This
type of structures can be presented with fractal behavior in space (clouds, mountainous reliefs) or as a function of time (signals) and are
characterized by the average value of the different independent estimates.
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1.1. Electric cell-substrate impedance sensing technique

The Electric Cell-Substrate Impedance Sensing or ECIS technique is based on the non-invasive study of the spectral impedance of a cell
culture grown on a biocompatible surface and immersed in culture medium, [5-8]. On the substrate, below the cells, is an array of
microelectrodes which allow to monitor the electrical response of the system as a current flows between them. The presence of the cell
culture modifies the impedance of the system, since it hinders the passage of the current. From the analysis of this change in spectral
impedance of the system, it is possible to quantitatively evaluate the state of the cells and their properties [9,10], as well as to observe
fluctuations due to the cell movement over the electrode, [11,12].

The basic instruments for the application of the ECIS technique consists of a wave generator, a lockin amplifier (LIA), a computer
and a biocompatible substrate with integrated microelectrodes. In Fig. 1 a schematic of the measurement system is shown.

During the measurement process the wave generator Hewlett-Packard HP33120A applies a sinusoidal signal of 0.1 Vs to the
electrode through a load resistance of 100 kQ. In this way, an alternating current of less than 1 yA,; is administered, which does not
generate detectable changes in the cells, so it is noninvasive, [13]. The potential drop over the electrode is measured by means of a
lock-in amplifier Stanford Research Systems SR530 connected in parallel. From this measurement, the amplitude and phase angle of the
voltage are obtained, values that are later recorded in a computer. The excitation frequency is pre-determined by the user in the
computer, allowing to set a number of frequencies to measure sequentially, measuring the impedance spectre.

The electrode used was the 96W1E electrode array obtained from Applied BioPhysics Inc. This consists of 96 independent wells,
each with two 350 pm diameter microelectrodes as shown in Fig. 2. This arrangement of wells, together with the measurement system,
allows the monitoring of up to 24 cell cultures simultaneously. Both the active microelectrode and the counter electrode are identical,
and therefore the contribution of both to the electrical response of the system is going to be the same.

1.2. Cell culture procedures

Only the Madin Darby Canine Kidney type II (MDCKII or MDCK) cell line was used in this work. The cells are derived from healthy
female Cocker Spaniel (Canis familiaris) kidney epithelium biopsies by S. Madin and N. Darby in 1958, [14]. These are considered good
models of human cells, [15]. It has also been widely used in research associated with the ECIS technique and in previous work carried
out by the working group, since it shows a high level of adhesion to the substrate on which it is seeded, [13,16]. This cell line comes
from the ATCC (code PTA-6500), and was obtained through the Asociacién Banco Argentino de Células (ABAC).

The cells were grown in sterile flasks (25 cm? Nalgene) and incubated at a fixed temperature of 37°C and in a controlled atmosphere
with 80% humidity and 5% concentration of CO,. These conditions were achieved inside an incubator which has an integrated
temperature control system and a gas pumping system, which regulated the atmospheric concentration by calibrated flowmeters.
Ambient humidity was achieved by depositing sterilized water on a tray inside the incubator and renewing its contents periodically.

The culture medium used was Dulbecco (DMEM F12, GIBCO) modified, supplemented with 10% of fetal bovine serum, which
mainly provides proteins and supplements that favor cellular anchorage, 1% of antibiotic solution (penicillin, streptomycin, etc.),
HEPES buffer and 1% of L-Glutamine. We adjusted the final pH of the medium to a value of 7.4 with sodium hydroxide or hydrochloric
acid as appropriate, [17]. We changed the complete culture medium approximately twice a week.

When the cells reach 70% of the total surface area of the flask they are trypsinized, both for subculture purposes and for measuring
from ECIS technique. Cell suspensions were obtained by the usual trypsinization procedure (0.05 w/v trypsin-EDTA 0.53 mM 4 Na).
Prior to seeding on the microelectrodes, they are treated with the proteins present in the complete medium (serum), improving cell
attachment. We then seeded them with 0.5 ml of suspension at a cell concentration of 10* — 10° cells/ml.

1.3. Micromotion

The temporal evolution of the electrical impedance of covered microelectrodes presents small fluctuations of low amplitude and
short duration when measured repeatedly. This phenomenon is due to the movement carried out by the cells on the substrate,
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Fig. 1. Standard ECIS measurement arrangement.



E. Acerbo et al. Heliyon 10 (2024) e26352

Fig. 2. Commercial electrode used in this work. This consists of a 12-row array of 8 independently culture wells. Inside each well there are two
microelectrodes of 350 pm in diameter. The measurement system allows the monitoring of up to 20 cell cultures simultaneously. This image was
obtained from “https://www.biophysics.com/cultureware.php”.

especially, variations in the height of the basement membrane above the electrode, in the strength of the intercellular junctions and in
the geometry of spaces not occupied by cells. This movement, in previously published studies was observed by means of optical
interference techniques and by the ECIS technique, in which it was determined that the fluctuations in the height at which the cells are
found occurs at nanometric scales, thus obtaining the name micromotion or micromovement, [11,12,18]. Moreover, Lo et al. observed
that cell movement can be related to the metabolic activity of these in the culture, therefore obtaining information of the movement
can result in a recognition parameter of the nature of cells or their state, [19].

In this work we seek to obtain information of the cellular status by the fractal structure of the impedance signal due to micromotion.
For this, we will use the ECIS technique, which allows us to obtain the temporal evolution of the system electrical impedance. By
focusing in a single culture and exciting with a unique frequency the data acquisition rate increased dramatically, allowing to register
fast fluctuations in the impedance signal, resulting in a measurement with temporal fractal structure.

2. Used algorithms

The calculation of the fractal dimension, especially of a signal, can be performed by several well-known algorithms although,
through a literature review only four algorithms were selected for this work. The first being Higuchi ‘s algorithm [20], this one was
devised to obtain a fast and stable estimate of the fractal dimension of a signal using little signal data, [21,22]. Moreover, two al-
gorithms proposed by Raghavendra et al. [23] were used. One consists in a modification to the classical box-counting algorithm [2,24],
for estimating the fractal dimension of a discretely sampled signal in time called Multiresolution box-counting. The second one considers
the Euclidean distance between points of the signal instead of the number of boxes that fall between them, called the Multiresolution
Length-Based algorithm. The last algorithm considered was proposed by Hurst when investigating water accumulation and discharge
problems in lakes and rivers, this is the Reescaled range method. It is applicable to the analysis of the erratic behavior in time of
temperature records, Brownian motion, discharge of water bodies and more, [25,26]. In this work, the same was used to analyze
apparent resistance and capacitance records over time. This implementation was already performed by Giaever et al., [12]. This al-
gorithm, like Higuchi ‘s, does not consider the sampling frequency or the temporal structure of the signal, and therefore, it is insensitive
to the magnitude of the signal.

A known problem in the calculation of fractal dimensions on real structures is that their estimated dimension depends strongly on
the algorithm used, [27-29]. This makes each estimate comparable with estimates made by the same algorithm. The algorithms also
have different sensitivities to the fractal dimension to be estimated, ideally an algorithm correctly estimates the fractal dimension of
the signal for the entire range [1,2]. On the other hand the sampling frequency of the signal can influence the estimation of the fractal
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Fig. 3. Topological functions with known fractal dimension (FD) used for the study of fractal dimension estimation algorithms on discrete signals.
Left: Weierstrass cosine function first formulation. Center: Weierstrass cosine function second formulation. Right: Takagi function. Each figure
includes an increase of the graph on the abscissa axis showing a self-similar structure characteristic of fractal structures.
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dimension, as well as the number of points that is necessary to perform a good estimation.

Therefore, in a first instance, these algorithms were verified with respect to topological functions with known fractal dimension and
from this study the necessary conditions for a correct estimation of fractal dimension were determined. Two topological functions were
considered, the Weierstrass cosine function, of which two formulations were used, and the Takagi function. Both functions are to-
pological since they are continuous at all points but derivable at none and also present known fractal structure. These three curves are
shown in Fig. 3. On each of the curves a magnification over the scale of the abscissae is performed to observe the self-similar behavior
in scale.

The algorithms were implemented in Python language code. The code for Higuchi, the Multiresolution box-counting and Multi-
resolution Length-Based algorithms was programmed by the author of this work, while the code for the Reescaled range algorithm was
obtained from the repository of Dmitry Mottl, [30].

3. Results

Knowing the conditions to be met by the signal for the algorithms to correctly estimate the fractal dimension, they will be applied
on the experimental impedance signal of a culture well’s microelectrode-array (MEA) in absence and presence of a cell culture. Two
independent experiments were performed where the cell culture was exposed to different conditions. This was done in order to es-
timate the fractal dimension in them and to observe if it provides information of the cell culture. Before showing the results of the
experiments, we will detail the steps performed on the signal before estimating the fractal dimension.

First, the MEA monitoring is performed using the experimental setup detailed in Fig. 1, where a single microelectrode was excited
with a sinusoidal function of 100 mV amplitude and fixed excitation frequency. The frequencies used are 1000 Hz or 64,000 Hz, which
are going to be denoted as LF and HF for low and high excitation frequency, respectively. By fixing the monitored microelectrode and
the excitation frequency, the system achieves a data acquisition period of At = 0.28 s at low excitation frequency or LF and At =0.15s
at high excitation frequency or HF. For this measurement configuration the lock-in amplifier time constant used is 0.3 s.

In Fig. 4 is shown the resistance and capacitance evolution resulting from monitoring a confluent culture. In the subfigure on the
left, corresponding to the evolution of the resistance, we observe close-ups on the signal at different temporal resolutions. From this, it
can be seen that the signal presents a self-similar structure at different amplitudes, characteristic of a fractal structure. It is also
observed the frequency of data acquisition for resolutions close to seconds, being this the lower limit of fractal behavior. On the other
hand, before estimating the fractal dimension of the measured signal, it was segmented in equal parts, each one with a quantity be-
tween 9000 and 10,000 points, which are enough for a correct estimation. Simultaneously, the amplitude of the signal was normalized
so that the average step Ay is greater than 3 10* At. This provides the conditions for the correct estimation of the Multiresolution
algorithms.

All segments were treated as independent signals, thus estimating the fractal dimension of each one. In this way, a statistical es-
timate of the fractal dimension is obtained for a culture in a given state, be it confluent, in the process of seeding or during a wounding
and healing assay. Representative to all algorithms, Fig. 5 shows the power laws, in double logarithmic scale, resulting from applying
the Multiresolution Length-based algorithm on each segment of Fig. 4 resistance and capacitance signal. The legend of the figure in-
dicates that the estimated fractal dimension of each segment presents distinguishable values for the same cell state, showing that the
uncertainty due to the linear fit underestimates the real one. That is why we will consider as fractal dimension value the average of the
different segments, together with the deviation they present.

Tables 1 and 2 show the statistical fractal estimation values of the resistance and capacitance signals respectively, for every culture
state measured and considered in this work. The first column of the tables describes the cell status, the second column indicates the
frequency of excitation used to excite the MEA, the rest of the columns shows the fractal dimension estimation algorithm used for that
value.
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Fig. 4. Evolution of the apparent resistance and capacitance of a confluent culture. In the resistance subfigure (left), different increases in time
resolution are shown, where the self-similarity of the signal at different signal amplitudes can be appreciated. Also observed for resolutions of the
order of seconds is the frequency of data acquisition, this being the lower limit of the fractal behavior. In the capacitance subfigure (right) the way
the signal was segmented for the statistical estimation of the fractal dimension is shown.
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Fig. 5. Power law obtained by applying the Multiresolution Length-based algorithm on the resistance (left) and capacitance (right) signal segmented
in 9500 point intervals. The fractal dimension of each segment was estimated by means of the power law.

Table 1

Resistance over time signal fractal dimension estimation table for different culture states. The culture states contemplated in this work includes a bare
electrode (no culture), an electrode during the culture seeding process, a confluent culture, a culture during electrical wounding and healing assay
and, lastly, a pharmacological death assay. The frequencies used to measure the impedance signals were 1000 Hz or 64,000 Hz, denoted as LF and HF
respectively in the second column. It is also shown the algorithm used to estimate the fractal dimension in the later columns.

Cell Status Freq. HIL MR. BC. MR. LB RS.

Bare electrode A LF 1.997 + 0.001 2.012 + 0.002 2.012 + 0.002 1.72 + 0.03
Bare electrode A HF 2.000 + 0.001 2.009 + 0.001 2.001 + 0.001 1.84 + 0.02
Bare electrode B LF 1.999 + 0.001 2.012 £+ 0.001 2.012 £+ 0.001 1.75 £ 0.03
Seeding process LF 1.57 £0.13 1.67 £ 0.11 1.67 £0.11 1.72 £ 0.02
Confluent culture LF 1.76 + 0.05 1.77 + 0.04 1.77 + 0.04 1.65 + 0.03
Confluent culture HF 1.95 + 0.03 1.97 + 0.02 1.97 + 0.02 1.61 + 0.02
Wounded culture (healing) LF 1.29 £ 0.12 1.43 +£0.13 1.43 £0.13 1.70 &+ 0.04
Healed confluence (Recently) LF 1.68 + 0.04 1.72 £+ 0.03 1.72 + 0.03 1.68 + 0.03
Healed confluence (Post 24hs) LF 1.48 + 0.06 1.53 £+ 0.06 1.53 £+ 0.06 1.56 + 0.04
Pharmacological assay LF 1.56 + 0.05 1.59 + 0.05 1.59 + 0.05 1.58 + 0.04
Pharmacological assay HF 1.71 £ 0.12 1.81 + 0.09 1.81 + 0.09 1.64 + 0.04

Table 2

Capacitance over time signal fractal dimension estimation table for different culture states. The culture states contemplated in this work includes a
bare electrode (no culture), an electrode during the culture seeding process, a confluent culture, a culture during electrical wounding and healing
assay and, lastly, a pharmacological death assay. The frequencies used to measure the impedance signals were 1000 Hz or 64,000 Hz, denoted as LF
and HF respectively in the second column. It is also shown the algorithm used to estimate the fractal dimension in the later columns.

Cell Status Freq. HIL MR. BC. MR. LB RS.

Bare electrode A LF 1.987 + 0.001 2.007 + 0.001 2.007 + 0.001 1.79 + 0.04
Bare electrode A HF 1.998 + 0.001 2.008 + 0.001 2.008 + 0.001 1.76 + 0.02
Bare electrode B LF 1.994 + 0.001 2.009 + 0.001 2.009 + 0.001 1.75 £ 0.03
Seeding process LF 1.51 + 0.06 1.64 + 0.04 1.64 + 0.04 1.74 + 0.02
Confluent culture LF 1.46 + 0.04 1.44 + 0.03 1.44 + 0.03 1.41 + 0.04
Confluent culture HF 1.92 + 0.06 1.95 + 0.05 1.95 + 0.05 1.65 + 0.02
Wounded culture (healing) LF 1.31 £ 0.12 1.42 +£0.13 1.42 +£0.13 1.63 £+ 0.08
Healed confluence (Recently) LF 1.44 + 0.05 1.40 + 0.04 1.40 + 0.04 1.39 £+ 0.02
Healed confluence (Post 24hs) LF 1.38 + 0.04 1.37 £ 0.04 1.37 £ 0.04 1.39 + 0.02
Pharmacological assay LF 1.48 + 0.04 1.46 + 0.03 1.46 + 0.03 1.45 + 0.02
Pharmacological assay HF 1.68 + 0.05 1.80 + 0.04 1.80 + 0.04 1.68 + 0.05

3.1. Bare electrodes

First, the fractal dimension was estimated for the signal corresponding to cell-free or bare microelectrodes. Since they are in contact
only with the electrolyte, the culture medium, the fluctuations are due to the electronic noise present in the measuring equipment.

Two bare microelectrodes or MEA’s monitored at 1000 Hz for a period of 15 min and only one of the two was excited at 64,000 Hz
for 45 min. Since these monitors were for times shorter than those involved in measuring 9000 points no statistical analysis of the
signals was performed.

In any case, a bare electrode does not exhibit long duration fluctuations such as those observed in Fig. 4, so it is not considered
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necessary. The two MEA’s used were denoted as MEA A and MEA B.

For the bare electrode fractal dimension the reported values of fractal dimension by the algorithms Higuchi, Multiresolution Box-
Counting and Multiresolution Length-based coincide with the presence of electronic white noise in both high and low excitation fre-
quencies. On the other hand, the Reescaled Range method underestimates the fractal dimension of the three signals. This was observed
by analyzing the sensitivity of the algorithms as a function of the fractal dimension to be estimated with topological functions.

3.2. Normal culture

To characterize the fractal behavior of the normal MDCK type II cells, the fractal dimension was estimated during the seeding
process and confluent state of the culture. The latter is determined at low and high excitation frequencies. The fractal dimension of
resistance and capacitance as a function of time was estimated for each of these measurements.

The seeding process, being dynamic in time, presents a higher deviation than the other estimates. This is due to being an average of
different coverage of the electrode by the cells, changing continuously the fractal dimension. Nevertheless, both impedance signals
values differ from the bare electrode and, in the case of the capacitance, the value is different from that of the confluent monolayer by
the Multiresolution and Reescaled Range algorithms.

On the other hand, the fractal dimension calculated of a healthy confluent culture presents a more steady value through time, as
well as similar values reported for the resistance and capacitance by the four algorithms. In addition, different fractal behavior as a
function of the applied excitation frequency was observed. At 64,000 Hz the estimation values tend to 2, as reported for bare elec-
trodes. This could be caused by the change in the data acquisition rate, which becomes faster at higher excitation frequencies or due to
greater influence of electronic noise compared to low frequencies.

3.3. Wound healing assay

As a first experiment we are going to report a wounding and healing assay on a normal MDCK type II confluent culture, experiment
that has been performed repeatedly, so that the evolution is known. In order to see if the fractal behavior of the cell culture allows
differentiation of the three stages of the assay, a MEA at low excitation frequency was monitored during all these stages. First, it was
performed in the presence of the confluent culture, then after the wound by electric current and finally, when confluence was reached
again by healing.

The wounding of the culture by electric current is performed by administering a potential of 5 V¢ at 40 kHz for 30s on the MEA of
350 pm diameter. This produces irreparable damage to the cell membrane resulting in death by necrosis of all cells above the mi-
croelectrodes. As the cells are killed, the impedance of the system is equivalent to bare and the healing process begins. In this instance
the cells surrounding the microelectrode reproduce by occupying the space generated by the electric current and the culture reaches
confluence once again, [31]. This evolution was monitored continuously, therefore, fractal estimation for the healing and newly
confluent stage were made. Finally, the fractal dimension was monitored one day after healing.

During culture healing the estimated resistance fractal dimension is smaller and relative to the applied algorithm for the Multi-
resolution and Higuchi methods, compared to confluent culture estimates. It is notable, that after the electrical current, the spectral
impedance is the same as the bare electrode, but this is not the case for the fractal dimension of the signal which differ significantly.
Moreover, the fractal dimension estimation during the healing stage, does not coincide with the fractal dimension estimated for the
seeding process. This may be because they are two different phenomena. In seeding, the cells in suspension adhere to the surface and to
the microelectrode, subsequently duplicating themselves by filling the entire available surface until the confluent monolayer is formed.
On the other hand, when wounding by electric current, the cells reproduce by filling the free space from the outside inwards. Note that
the healing stage, as the seeding process, being a time-varying state of the culture, the different segments of the signal present a wider
distribution of fractal dimensions, which is reflected in the increase of the deviation.

After confluence was reached again, by the algorithms Higuchi, Multiresolution Box-Counting and Multiresolution Length-based.
Similar resistance fractal dimension values were obtained for both confluence states, either before the wound test or after healing. On
the other hand, the estimations performed by applying the Reescaled Range algorithm do not differentiate the stages of the wound and
healing test in fractal behavior.

Finally, the confluent monolayer was monitored one day after assay and culture healing, where there was a decrease in fractal
dimension. A smaller fractal dimension implies less fluctuations due to cell micromotion, therefore, this may indicate a relaxation of
the cell culture after healing in which the movement is decreased.

When performing the same analysis on the capacitance signal as a function of time, Higuchi and both Multiresolution algorithms
showed no sensitivity to the different stages of the test, that is, the calculated values did not differ from each other. However, the
Reescaled Range algorithm does discriminate between the different stages of the test. It is yet to understand how an algorithm is sensible
to the different stages by processing one signal but not the other, and why this differs with the algorithm applied.

3.4. Pharmacological death assay

The second experiment performed to study the scope of the fractal behavior analysis of the impedance signal of a cell culture, was to
induce cell death pharmacologically, [32]. It is known from experiments performed within the working group that the drug 1A-116 is
able to kill normal MDCK type II cells in a time window longer than 24 hs. This would allow us to observe if the fractal behavior of the
signal is modified. With this in mind, a MEA fractal behavior at confluence was monitored before and right after drug delivery at high
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excitation frequency (HF). The fractal behavior of cell culture after drug administration at low excitation frequency (LF) was also
analyzed for comparison.

Upon administration of the drug in the culture medium, the cells showed a decrease in both impedance signals fractal behavior at
HF, and in the case of the resistance, also at LF. This is attributed to a reduction in cell micromotion by the drug presence, resulting in
less signal fluctuations, reflected in a smaller fractal dimension. It should be noted that this change in fractal behavior was not observed
by spectral impedance, both in resistance and capacitance, these spectra being equal to that of a healthy confluent monolayer.

By sensing a change in the fractal dimension values of the capacitance only at HF, it is indicating that the sensibility of the fractal
analysis is dependable on the excitation frequency used. Although, no further exploration was made in this matter yet.

Using the Reescaled range algorithm, no drug delivery was sensed in the culture medium, estimating the same fractal dimension
values as for a healthy confluent monolayer for both excitation frequencies.

4. Conclusions

The aim of focusing on fractal signal behavior due to cell micromotion is to obtain information on the state of the culture, which is
not achieved by monitoring its spectral impedance. To analyze the scope of this tool in discrimination, two independent experiments
were carried out, a wound and healing test and a pharmacological death test. In all cases, the fractal dimension of the impedance signal
was estimated by four different algorithms, Higuchi, Multiresolution Box-Counting, Multiresolution Length-based and Reescaled Range.
From the results obtained, it is possible to conclude that the fractal dimension is a valid measure to determine certain processes that the
cell culture undergoes, complementing the information provided by the impedance spectra.

It is to be considered that not all algorithms are sensible to the same processes, and the sensitivity of the algorithms is dependent on
the excitation frequency used. This results in each algorithm being comparative against estimates made by itself. Despite this, good
repeatability was achieved between the Higuchi and both Multiresolution algorithms, but not with the estimates made with the Reescaled
range method.

During these experiments a fractal characterization of healthy MDCK type II cells over two 350 pm identical microelectrodes was
accomplished. It remains to be understood why the capacitance signal presents a fractal dimension value less than 1.5 (or Hurst
exponent greater than 0.5), which would indicate a temporal persistence in its evolution. That is to say, that the fluctuations in the
capacitance present a dependence of its state in previous times or that the cell or the cell culture as a whole has memory of its previous
state. On the other hand, this behavior is not present in the resistance signal since it has a fractal dimension greater than 1.5.
Nonetheless, these values are characteristic of the confluent cell state, this was verified by re-obtaining them after electrical wound
healing.
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