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27 Abstract. We present the design;construetion and testing of a microelectrode array
28 with spatial resolution which can\be used for the detection of cancerous cells in a
29 mixed cell culture by means of the impedance spectroscopy technique. Two different
30 microelectrode diameters, namely-57 pm and 211 pum, were tested. A layer of an AuCu
31 alloy was deposited between the glass substrate and the exterior Au layer, enhancing
32 the adhesion of the microelectrodes to the substrate and at the same time showing
33 lower impedance thansthe commonly used material Au. Characteristic features were
34 extracted from thedmpedance measurements at different phases (growth, confluence,
35 wound and healing) and usedrto feed a Linear Discriminant Analysis algorithm in
g? order to discriminatqbetween normal and cancerous cells. Relevant statistical tests
38 were applied in the discrimination model for each phase. Finally, it was determined
39 that the larger microelectrodes have a superior discriminant capacity: no incorrect
40 classifications were.obtained with microelectrodes measuring 211 pm in diameter,
41 while 23.5 %, false positives and 5.6 % false negatives were obtained with 57 um
42 microelectrodes.
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1. Introduction

The Electric Cell-substrate Impedance Sensing (ECIS) technique is base@ on the culture
of cells on a microelectrode array (MEA), which is a set of culture wells eontaining
micrometer-sized electrodes, to study different properties of the cells, by monitoring
the changes in the system’s electrical impedance. Particularly, this teehnique has been
extensively employed in the field of cancer study [1] to investigate many aspects related
to the behavior of cancer cells, such as carcinogenesis [2], cell adhesion, migration and
proliferation [3, 4, 5, 6, 7], cell-cell interactions [8] and tumor guppression |9, 10, 11].

In existing commercial ECIS devices [12], each well “eontains only one or
two independent microelectrodes located approximately in the, ¢enter of the circle
that represents the culture area, and therefore don’t“allow for impedance spectral
measurements with spatial resolution. There are alsoicommercial arrangements of
multiple electrodes connected in parallel, that is, they are mot independent. In this
case, the excitation signal affects all the electrodes simultaneously and the resulting
measurement contains mixed information from different¥regions of the culture (the
effective area under analysis is the sum of.the areas of all the microelectrodes involved).
Moreover, inside a typical culture well the microeleetrode normally covers only a very
small portion of the total area, and therefore the information that can be obtained
through impedance measurements/isirepresentative of an equally small portion of the
cell layer. In many applications this is net relevant, since the system under study usually
consists of a cell line, which presents homogeneous properties throughout the entire cell
layer. However, this could be_ an, issue within some frameworks, particularly when
trying to achieve discrimination between normal and cancerous cells. In this context,
a discrimination technique based on ECIS measurements was recently developed [13]
using commercial MEAs and independent cultures of normal and cancerous cells. It is
of our interest to apply.thisitechnique in a discrimination experiment where both normal
and cancerous cells arenmixed in a single culture.

The first difficultysthatiarises when designing an experiment of this kind lies in the
fact that the electrical behavior of a culture with the mentioned properties is not well
characterized. dn-a eulture formed by identical cells, it is known that after inoculation
the cells attach to the substrate and then migrate and spread over the available surface.
Once the whole culture surface has been covered, the cells form tight junctions and the
resulting stucture is known as a confluent monolayer (in the case of cancer cells, it is
thought that they could form multilayers). Now, in the simplest case of a mixed culture,
if adsuspension containing exactly the same amount of normal and cancerous living cells
is inoculated in the same well, it is expected that they will be initially distributed in
a random fashion covering approximately equal areas on the culture and, once settled,
begin to migrate and spread. However, in this case it is not clear if adjacent cells of
different nature will form tight junctions and therefore a confluent monolayer. Even if
a cell monolayer is formed in a mixed culture, it is expected that its morphological and
structural characteristics will be heterogeneous and, consequently, so will their electrical
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properties. This implies that impedance measurements carried out on different portions
of the culture would yield different results. Therefore, using a single microelectrode with
small surface area would not provide sufficient information to determine the properties
of the mixed culture and, consequently, to detect the presence of cancer cells. Tmfact, the
culture area in a typical commercial well [12] is approximately 32 mm?; while the area
of the only microelectrode in the well is 0.05 mm?, which represents0:16% of the total.
Moreover, not only the total measurement area is important to detect the presence of
cancer cells, but also the spatial distribution of the measurements throughout the entire
culture area. Thus, in order to determine the presence of cancer cells ina heterogeneous
culture as described above, it is necessary to obtain informatien from different parts of
the cultured surface. In this work, we present the design of a microelectrode array which
allows for the measurement of electrical impedance in different spatial regions of the
same cell culture. With this design, the total measurémentrarea increases up to 6 times
in comparison with typical arrays and measurements can be carried out on 20 different
parts of the culture. In addition, we tested two different microelectrodes diameters
(57 and 211 pm) in order to determine the optimal conditions of the discrimination
experiment.

2. Materials and methods

2.1. Cell cultures

In this work, all the experiments, were carried out on two different cell lines, namely
the normal line NMuMG (ATCC; €RL-1636), which comes from normal glandular
tissue of mice [14] and the cancerous line LM3, which comes from murine mammary
adenocarcinoma [15]. We tsed cell suspensions with passage numbers ranging from 8
to 15 and 6 to 12 for NMuMG and LM3 cells, respectively. Cells were cultured in
an incubator at 37 °@, humidified and containing 5% CO; [16]. The culture medium
was the same for both celllines and was composed of 57% Dulbecco’s modified Eagle’s
medium (DMEM F-12,.Gibco), 30% modified Eagle’s medium (MEM, Gibco), 10%
fetal bovine sertimy, 1% nonessential amino acids, and 2% HEPES buffer. The final pH
of the medium was 7.4. Cell suspensions were prepared using standard trypsinization
procedures (0.05% w/v trypsin - 0.53 mM EDTA-4Na). Each electrode was seeded with
0.5 ml offéell suspefsion at a density of approximately 1 x 10° cells.ml=*. The culture
medium on the wells was changed every 12 h, pausing the measurements for a total of
30 minrto allow for temperature stabilization.

Before culturing the cells, the electrodes were sterilized in an oven at 180 °C for
2 hiand then a pre-treatment step with a 10 mM solution of L-cysteine in normal
saline water was carried out in order to improve experiment repeatability [17]. In this
treatment, 200 ul of the solution were added to each well and the system was left 15
min at room temperature before washing with deionized water. The electrodes were
afterwards incubated with media for approximately 24 h before seeding the cells, to
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allow proteins to pretreat the electrode surface, enhancing the attachment of célls.

2.2. Measurement protocol

Noninvasive impedance measurements were carried out by following a standard
impedance spectroscopy scheme as described in a previous work [13], in_which a function
generator (Hewlett-Packard, HP33120A) applies a sinusoidal waveform of 100 mV g5 to
the active electrode through a 100 k{2 series resistor, producing noninvasive alternating
currents with amplitudes less than 1 pAgys. A lock-in amplifier (Stanford Research
Systems, SR530) measures the in-phase and out-of-phase voltages, quantities that are
afterwards converted to real and imaginary parts of the system’s impedance. The results
are presented formally as resistance (R) and capacitancé(C) of a series-equivalent RC
circuit [18], which are computed from the real (R).and imaginary () parts of the
complex impedance Z for each frequency using the equations:

&

R(f)=R{Z(N} (1)

1
Cif) = 2a f{Z(H} 2)

As can be seen, this simple modelmresults, in frequency-dependent parameters (R

and C), and it is used as an equivalentigircuit representation in the framework of the
ECIS technique. As was statédyin a pioneering ECIS work, all other simple, equivalent
representations of the interface-also result in a frequency dependent resistance and
capacitance [19].

We employed a measurement, protocol developed in a previous work to discriminate
between normal and cancergus gells based on impedance spectroscopy [13]. The
measurements were carried:out in four different consecutive phases as follows:

(i) Growth phases thencells attach and spread over the entire culture surface,
including the microelectrodes, and the system’s impedance increases. In this phase,
impedance was registered as a function of time at two different frequencies, namely
4775 Hz and 100 kHz, which were selected according to the sensitivity of the
measurement [13]. Based on prior results, we designed this measurement to have a
duration of 157h in order to capture the whole dynamics of the process.

(ii) Confluence phase: after the cells have covered all the available surface, they form
tight junctions and the resulting state is known as confluence. In this phase, we
measured impedance at 6 logarithmically equally spaced frequencies ranging from
419.H7 to 29.6 kHz.

(i), Wounding phase: during this phase, the confluent cell monolayer is deliberately
damaged to carry out a wounding assay. A specific technique aimed to obtain
information about the wounding dynamics has been recently developed [20] and
used to discriminate between normal and cancerous cells [13]. We used a similar
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technique in this work, with some variations. Measurements were carried eut with
an LCR-meter (Agilent Technologies, E4980a). The amplitudes of the avounding
and control signals were 2 Vgars and 20 mV gyss, respectively, and the frequeneywas
in both cases 30 kHz. The measurement cycle consisted of an alternatiomsbetween
high- and low-voltage measurements until reaching 60 seconds of exposure time
to the wounding signal. Then, a high-frequency measurement at'2 Vigy;s and 64
kHz was carried out for 60 s to ensure complete cell death over the microelectrodes
before the healing phase [21].

~
(iv) Healing phase: finally, the noninvasive, lock-in based measurenient scheme was used

to register impedance as a function of time with the same amplitude and frequencies
used in the growth phase, in order to monitor the dynamics ofithe healing process.

2.3. Discrimination algorithm

Following the method presented in a previous works[13],from the data obtained through
the measurement protocol described in Section/2.2 we extracted characteristic features
related to the specific behavior of both cell types! Each sample was associated with a
vector x, whose coordinates represent the values of each feature in a multidimensional
space, and training sets were formed with values of x for each population. The
classification of unknown samples wasyperformed by means of the Linear Discriminant
Analysis (LDA) technique [22], comparing the eorresponding feature vectors with both
training sets. By means of this algorithm a, unit vector w is found which maximizes
the separation between classes when the data points are projected onto it. For an
unclassified data point x, the distance d; to the population mean p; along the direction
given by w is ~

dy=w' - x— 1, (t=N,L), (3)
(4)

where the subindexes N 'and L refer to NMuMG and LM3 cells, respectively. This
procedure reduces the number of dimensions to one, and the ratio between distances
R; = dp/dy makes it possible to determine whether x most likely comes from an
NMuMGH(R,; >)sor LM3 (R, < 1) cell culture.

3. Design and manufacture of the microelectrode array

The eomplete manufacture details are given in table 1. Glass was used as substrate
material due to its biocompatibility. The substrates were obtained from 25 x 75 mm?
commercial microscope slides which were cut with a diamond cutter in three equally-
sized squares of 25 x 25 mm?. The substrate was first cleaned in an ultrasonic bath with
acetone, isopropyl alcohol and deionized water in order to remove any particles attached
to its surface, which could impede the subsequent deposition of the metal layer, and it
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was then treated with oxygen plasma (Plasma-Preen I Plasma Cleaner) in grder to
remove all remaining thin layers of residuals (especially the organic compounds) [23].
Next, a metal layer was deposited on the clean substrate by means of a sputter-coater
device (Pelco SC-6). Due to its biocompatibility, Au is the preferred material for the
active electrodes (both the microelectrodes and the counterelectrode)is Howevery this
material shows a poor adhesion to glass, making it difficult to obtain a stable metal
layer over the substrate surface. Nevertheless, this behavior is not characteéristic of the
material commonly known as “red gold”, an AuCu alloy with a@ompesition of 75% Au
and 25% Cu in mass (atomic ratio of approximately 1:1) which adheres\strongly to glass
but has the disadvantage of being less biocompatible than Amw. We then performed the
deposition of a 57 nm thick AuCu layer followed by the depositionef a 100 nm thick Au
layer. It is worth noting that the exposed surface of the metal layer had only Au atoms
(i.e. the cells are in contact only with gold during an experiment). The deposition of the
metal layers was followed by another ultrasonic cleahning with acetone, isopropyl alcohol
and deionized water.

The next step involved the deposition of @& photores?st material (pPosit 1400-31,
positive photoresist) through a lithography process. The resulting photoresist pattern
coincided with the desired metal pattern inthe MEA as shown in Figure 1 (left). As can
be seen, the MEA has a total of 20 microelectrodes, which are equally distributed on
four different quadrants. The counterlectrode is located in the center of the array and
has the shape of a plus sign (4). The dimensions of the counterelectrode were selected
in such a way that A, > 300 Agy where A, is'the area of a microelectrode and A, is the
area of the counterelectrode. Eachimicroelectrode has its own track and pad, so that
measurements can be carried out individually on each one. The non-covered parts of
the metal layers were remoeved by, means of the Reactive Ion Etching (RIE) technique
(AJA International equipment) with argon (Ar) ions. The etching was carried out in
a pulsated fashion, as deseribed in Table 1, in order to avoid an increase of the sample
temperature over the glass transition temperature of the photoresist. The remaining
photoresist layer was then removed by means of a treatment with acetone in ultrasound
followed by a shert-time exposure to oxygen plasma. The resulting sample consisted of
the desired metal pattern over the glass substrate.

The next stép in' thesmanufacture of the MEAs was the deposition of an isolation
layer, whieh,covered#he whole surface except for the connection pads and the electrodes.
The selected iselation material was the same photoresist used in the first lithography
step, namely the pPosit 1400-31, because it has an extremely low electrical conductivity
and can be.casily deposited by lithography. Figure 1 (right) shows the mask used in this
second lithography process. After the deposition of the isolation layer, the MEAs were
treated again with oxygen plasma. This step had two purposes, namely the removal of
anyrthin organic residual layers over the exposed metal layer and the enhancement of
cellular adhesion through the increase in the hydrophilicity of the surfaces, as described
in [23]. However, because of the organic nature of the photoresist material, it reacts with
the oxygen plasma and thus this treatment must be carried out very carefully in order to
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avoid the removal of the isolation layer. Finally, a cylindrical glass chamber was mounted
on each MEA using silicon glue. Each well had a substrate area of approximately 104
mm? and a total volume of 1100 pL. The chambers were previously deéply,cleanedrand
sterilized with bleach.

The electrical connection between the different electrodes and the measurement
devices was performed with a multi-wire planar cable soldered to ardet matrix board
and attached to a polycarbonate plate, as shown in Figure 2. Spring loaded pins (P75-
LM) were soldered to each wire though the holes in the dot matrix beard. The MEA
was mounted on a polytetrafluoroethylene (PTFE) platform and the poEcarbonate plate
was mounted on top of it. By means of standard screws, a‘umiform pressure was then
applied between the platform and the polycarbonate plate, allowing the spring loaded
pins to effectively connect each pad with its corresponding,wire.” In order to enhance
the electrical connections, a drop of silver conducting paimtywas deposited on each pad.

3.1. Microelectrode sizes
&

Commercial microelectrodes used in previous works [13] have an area of 5 x 10* um?,
while each cell in a monolayer occupies anyapproximate areai of 177 um? [24]. This
means that the signal coming from a microelectrode of this type contains information of
approximately 282 cells. When working with a,cell line, the characteristics of individual
cells are very similar and the signalg,obtained with microelectrodes of that size in
different portions of the same culture arewery similar as well. However, in a mixed
culture these properties will probably not be homogeneous and it is expected that
the electrical responses measured with,large microelectrodes, in certain portions of the
culture where both types of eells are present, are different from those obtained with
the corresponding cell linés. A}eature vector with mixed information could be located
within either population; in¢reasing the probability of incorrect classification by the
LDA algorithm§. We thereforerdecided to carry out experiments with microelectrodes
of a typical size (2Lgun) andawith others of a smaller size (57 um, closer to cell size), in
order to analyze the effeet of this variable on the discrimination capacity of the method.

3.2. Testinglof the microclectrode array

In order tostest, the' manufactured sensors and compare different sizes and materials,
impedance meagurements of several naked (i.e. with culture medium but devoid of cells)
microelectrodes were carried out. The results are shown in Figure 3, where equivalent
resistance and capacitance spectra are plotted both for manufactured and commercial
microelectrodes.

1 This is a registered value for MDCK cells. However, it gives an approximate idea of the order of
magnitude.

§ In this case, an incorrect classification is represented by a false negative, i.e. the failure to detect
cancer cells in a sample.
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Table 1. Steps involved in the manufacture of the AuCu/Au microelectrode array.
presented in this work. The parameter values correspond to the optimum conditions
and are related to the specific devices described in the text.

Page 8 of 18

Step Description Parameters

1 Ultrasonic cleaning 1) Acetone; 2) Isopropyl alcohol; 3) Deionized water (4 min each)
2 Plasma Oq 300 W, 4 pulses (30 s ON / 120 s OFF)

3 Sputtering 1) AuCu (50 nm); 2) Au (100 nm)

4 Ultrasonic cleaning Same as step 1 _

5 First lithography Spinning®: 1 pum; UV exposition: 500 W, 10 s; Development®: 45 s
6 Reactive ion etching® RF power: 50 W, 36 pulses (10 s ON"/120 s OFF)

7 Ultrasonic cleaning Same as step 1

8 Plasma O 300 W, 6 pulses (10 s ONT/.60 $:QFF)

9 Second lithography Same as step 5, but 1.2 um thiekness

—
o

Plasma O, Same as step 8

4
“Photoresist: pPosit 1400-31
Developer: AZ400K (1:4)

¢ Gas: Ar, p = 5 mtorr, g = 10 cm?®/min.

As can be seen, the resistance and capacitance values of the naked microelectrodes
depend strongly of their size andsthe material used in the manufacture. Particularly,
for AuCu/Au microelectrodeg’ an inerease in resistance and a decrease in capacitance
is observed with decreasing microelectrode diameter. This is in concordance with
the naked electrode modgl proposed for this type of electrode/electrolyte system [25],
in which the constriction, resistance (high-frequency asymptotic value) is inversely
proportional to the microelectrode diameter. The capacitance, on the other hand, is
proportional to thesmicroelectrode area and therefore decreases with the square of the
equivalent diameter.

Regarding_theumaterial used in their manufacture, we found that the presence of
Cu decreases the microelectrode impedance by increasing the capacitance values and
decreasing the esistance values. This can be observed by comparing the spectra of
the manufactured™AuCu/Au microelectrodes (211 £+ 7.6 um) with the commercial Au
microelectrodes (250 pm). The latter, although having a greater surface area, show
capacitancewalues significantly lower than the former, and the reciprocal occurs with
the resistance at low frequencies. These differences could be caused by the fact that Cu
has a higher electrical conductivity than Au.



Page 9 of 18

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MST-108991.R2

Microelectrode array for detection of cancer cells 9

4. Analysis of independent cultures of NMuMG and LM3 cells

In order to determine the nature of an unknown sample by applying»the techmnique
developed in [13], it is necessary to know the discriminant vector w, the projections
of the population means corresponding to both cell types on the direction given by
w and the projection of x (feature vector of the sample under study) on the same
direction. The location of this last point with respect to the projections of the population
means allows to classify the unknown sample as normal or cangerous, as explained in
Section 2.3. In a previous work [13], the discriminant vector w_was determined for
measurements carried out with commercial Au microelectrodes measuring 250 pm in
diameter and under specific measurement conditions. In this workhowever, a slightly
different measurement protocol and other microelectrodés were used, so that a different
value of w was expected. The first step towards the classification’of an unknown sample
was, therefore, the analysis of NMuMG and LM3 cells cultured individually in order to
determine the value of w under the new measurement c¢onditions.

The results obtained with independent cultures of NMuMG and LM3 cells for the
two different microelectrode sizes are presented in/ Table 2. Each characteristic feature
was analyzed by means of the F, t and ‘Kolmogorov-Smirnov (KS) tests as described
in [13], and probabilities p were computed for-each test. Accordingly, features that
presented values of p < 1 x 1072 Aifidex. the KS test and one of the other tests were
considered as relevant from a discrimination point of view. As can be seen, only 7 of the
26 features presented a good discriminant eapacity for the 57 pm microelectrodes, while
the number of relevant features was 13 for the 211 pm microelectrodes, closer to the
results obtained with commergéial 250" gm microelectrodes, where the number of relevant
features was 15 [13]. Normally, a higher number of relevant features would result in a
better discrimination betweendboth populations.

Small electrodes measufing 57 um in diameter (approximately 1964 pum? in area)
have the advantage of being covered only by a small number of cells (between 10 and 20),
which would reduce'the probability of obtaining mixed signals in a culture of normal and
cancerous cells. However, they present complications that were analyzed in a previous
work [26]. On_the one hand, the impedance of these microelectrodes is greater than that
of the larger ones, as.shown and explained in Section 3.2. This reduces the sensitivity
of the device to' the presence of cells, since the cell’s impedance is the same regardless of
the sizefof the mieroelectrode ||, and this was reflected in the normalized resistance and
capacitance values. This, in turn, has an effect on the quality of the features obtained
during the wounding phase. More precisely, the amplitude of the wounding voltage is
constant and, by Ohm’s law, this results on smaller currents flowing through the cells
over thessmaller electrodes. In this phase, the features are obtained by modeling the

Il Actually, this depends on the way in which the cells adhere to the surface of the microelectrodes. In
this case, the cells are always in contact with the same material (Au), so it is expected that they all
behave in the same way. This makes reasonable the assumption that their impedance will be identical
regardless of the size of the microelectrodes.
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Table 2. Comparison between the discriminant capacity of the different features for
the manufactured microelectrodes. The features marked with the + sign aré considered
relevant in the proposed discrimination model. They were selected by means of, the
F, t and Kolmogorov-Smirnov tests as described in a previous work [13]5.G: growth
phase. C: confluence phase. W: wound phase. H: healing phase.

Phase G C \%\% H

Feature|t, R, t, s,|R, C, Ly a Ry, Cy, 0 0,|a1 b1 az bz a, by a b, 6, ogit, my t, m

57 pym |+ - - +| -
211 pm | - + + - |+

-+ -+ - FH- - - - - - -
+ -+ - - -+ - -+ A ST -+ -

_|_
_|_

dynamics of the impedance changes during the application of the wounding signal [13],
and these changes depend strongly on the nature of the cells,and the amplitude of the
excitation current (smaller currents induce lower rates of impedance change). This could
explain the fact that the corresponding features are very similar for both cell types in
the smaller electrodes, resulting in a low discriminant caRacity as observed in Table 2
(none of the features obtained during the wounding phase showed a high discriminant
capacity for the 57 um electrodes). On theiother hand; the parameters of the model of
Giaever and Keese in microelectrodes of this size had very different values from those
corresponding to larger microelectrodes. Thig,was @lso observed in a previous work [26]
and attributed to the fact that the'model'dees not consider the existence of currents
that flow radially out of the microelectrode, (effect that increases significantly as the size
of the microelectrode decreases)n The parameters determined with this model for small
microelectrodes are then incompatible with the values calculated by other methods, and
therefore lose relevance from ‘a, biological point of view. However, these characteristic
parameters still provide valtablésinformation contributing to the discrimination between
NMuMG and LM3 cells, so they‘were not omitted in the analysis carried out in this
work.

Figure 4 shows the results of a LDA analysis (refer to Section 2.3 for details) carried
out for both manufactured microelectrode sizes. As can be seen, a very clear separation
between populations of NMuMG and LM3 cells was obtained for 211 um electrodes,
where all theslassifications produced by the LDA algorithm were correct. On the other
hand, the results with the 57 pm microelectrodes presented 23.5% of false positives and
5.6% of false negatives. Because of the small amount of relevant features and the high
rate of incorrect classifications, we concluded that the 57 pm microelectrodes would not
be suitable for detecting cancerous cells in a mixed culture and decided to use only the
211 pm mieroelectrodes for that purpose.

5. Detection of cancer cells in mixed cultures

In this section we present the first results of measurements carried out on mixed
cultures of NMuMG and LM3 cells using AuCu/Au microelectrodes measuring 211 pm
in diameter. The cultures were prepared by applying the seeding protocol described in

_|_
_|_
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Section 2.1 to two cell suspensions in parallel (one of NMuMG cells and one of LM3 cells)
and finally combining both of them to form a single suspension containing approximately
50% normal cells and 50% cancerous cells with a final density of approximately 1 %:10°
cells/ml~1. In each experiment, measurements were carried out as indicated in, Section
2.2. Feature vectors x; corresponding to each of the samples from 4he same mixed
culture (located on the surface of the different microelectrodes on thesame MEA) were
determined. With these vectors and the results of the LDA analysis of Séetion 4, the
classification algorithm was applied to determine the nature offeachrsample, and the
results are shown in Figure 5 for two different experiments. In the ﬁga'e, a qualitative
spatial map showing the position of the different microeleétrodes (classified either as
NMuMG, LM3 or devoid of cells) is also shown.

One of the purposes of this study is to obtain a biological indicator that could be
taken into account in the process of cancer diagnosis. For,this indicator to be useful,
it should be easy to understand and measure. Based on the results of the classification
algorithm, we then defined the transformation index Iypn= N./Np, where N. and Nr
represent the number of samples classified as cancerous anid the total number of samples,
respectively, obtained through the analysis.of the unknown culture. Values of I; greater
than zero would indicate the presence of transfermed cells in some regions of the culture,
and the closer this value is to the unit, the greater the proportion of transformed cells
detected. The results obtained in two'different experiments are shown in Figure 5.
In the first of them (Figure 5(a)), 13“samples were classified as cancerous and 4 as
normal, resulting in a transformation index equal to 0.76. In this experiment, 3 of the
microelectrodes did not show variatiens of their electrical impedance values with respect
to the naked microelectrodes; and therefore they were not included in the analysis. In
Figure 5(b) the results of anéther experiment are shown in which the presence of cells
was detected in only 11 lof the 20" microelectrodes. In this case, all the samples were
classified as cancerous,and therefore I; = 1. As can be seen, the results are very different
considering that the‘experiments were carried out exactly the same way, and they are
therefore not conclusives, The discrepancy on the results could be a consequence of the
absence of cells in some portions of the culture area, and a possible explanation for this
behavior is that'both.cell types grow by forming isles separated from each other and
randomly distributted throughout the entire culture surface.

6. Conclusions

We'presented the design, fabrication and testing of a microelectrode array with spatial
resolution that can be used to detect the presence of cancer cells in a mixed culture. The
microeléctrodes were manufactured using an AuCu layer between the glass substrate and
the.exposed Au surface, and we found that this procedure decreases the microelectrode
impedance and enhances its adhesion to the substrate. We employed the manufactured
microelectrode array to carry out impedance measurements on NMuMG and LM3 cells.
We followed a recently developed protocol which captures the differences between both
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cell types and makes it possible, by means of the linear discriminant analysis (LIDA), to
classify an unknown sample as normal or cancerous.

We analyzed the effect of the microelectrode diameter on the discriminant capaeity
of the method. Namely, we manufactured microelectrodes measuring 57 pmmand 211
pum in diameter. Due to its bigger area, it is more likely to find4both cell types
during a measurement on a 211 um electrode than on a 57 pum electrodey and from
this point of view the smaller electrodes would be better to discriminate cells in a mixed
culture. Nevertheless, more features with discriminant capacityswere foeund for the 211
um electrodes, and the linear discriminant analysis confirmed that fhese electrodes are
more suitable for detecting cancer cells than the 57 pm electrodes. Thed7 pum electrodes
presented 23.5% of false positives and 5% of false negatives, while the 211 pum electrodes
didn’t show incorrect classifications.

Finally, we tested the 211 pm microelectrodes’ on mixed cultures consisting of
approximately 50% NMuMG and 50% LM3 cells. We defined the transformation index
I;, which measures the proportion of samples e arculture whose electrical response
is classified as cancerous by means of the linear discrimiinant analysis. Although the
original cell suspensions in each experiment, had the same proportions of both cell types,
we did not obtain the same values of I;. "As‘was described in the text, we found that
some of the microelectrodes in the same MEA did not detect the presence of cells at
all, which would mean that the cells in"the.mixed culture grow forming isles which are
separated from each other. In this casejmore research should be carried out in order
to better understand the behawvior of the mixed cultures before being able to achieve
quantitatively reproducible results with this method. Nevertheless, the detection of
cancerous cells with the manufacturedymicroelectrode array was achieved in all the
experiments with mixed cultures:
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24 Figure 1. Masks used for the manufacture of the microelectrode array. Figures
25 (a) and (b) correspond to the first and sedond lithography stages, respectively. The
26 microelectrodes are equally distributed in'four quadrants, each of them containing 5
27 microelectrodes located in the verticesiand center of a square. The whole array contains
28 a single counterelectrode located imiits eenter, which has the shape of a plus sign (+).
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Figure 2. Photograph of the platform used to connect the microelectrode array with
the measurement devices.
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Figure 3. Resistance (a) and capacitance (b) of naked microelectrodes manufactured
as described in section 3. Values for microelectrodes measuring approximately 57 um
(solid blue lines) and 211 pum (dotted green lines) in diameter are shown. Each point
represent the average value of 20 different samples. The values corresponding to a
commercial array (Applied Biophysics), which were obtained by averaging the values
of 35 microelectrodes, are also shown. The error bars represent standard error
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Figure 4. Euclidean distances.along the direction given by the discriminant vector w
for manufactured microelectrodes measuring 211 pm (a) and 57 pm (b) in diameter.
Data points are represented as blagk circles and red crosses for NMuMG and LM3 cells,
respectively. The dashed blue lines in both figures represent the boundary between

both populations, where Ry = 1.
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Figure 5. Classification of the different samples Within a mixed culture by means
of the discrimination algorithm. Figures [(a) and (c) show the LDA analysis and a
qualitative spatial map of the mieroelectrodes’in a mixed culture, respectively, whereas
figures (b) and (d) correspond to another repetition of the same experiment. In figures
(c) and (d), the blue triangles represent mi¢roelectrodes whose electrical response was
classified as NMuMG, the redicrosses, were classified as LM3 and the green circles
represent microelectrodes whose electrical response was similar to the naked electrode’s
response. The transformation index I; is indicated in each case.
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