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INCREASING THE COST-EFFECTIVENESS OF IN VITRO RESEARCH
THROUGH THE USE OF TITANIUM IN THE DEVICE FOR MEASURING
THE ELECTRICAL PARAMETERS OF CELLS

Dawid Zarzeczny

Lublin University of Technology, Department of Electrical Engineering and Electrotechnologies, Lublin, Poland

Abstract. Currently, various methods are used to assess the biocompatibility of materials. After an in-depth and detailed review of the literature,
the method used in the research was selected. As part of the experiments, a method based on the analysis of the values of electrical parameters of cell
cultures measured in the presence of electrodes was used. The electrode is a structure made of a thin layer of metallization. It measures the change
in resistance, impedance and capacity of a mixture of cells and the substance in which they are grown. The plate containing the electrode assembly is
called the measurement matrix. Currently, commercially used test matrices are made of gold or platinum. However, their high price means that large-scale
research is significantly limited. In order to increase the access to the widespread use of this method, it was decided that it was necessary to use cheaper
materials, reducing the necessary costs of conducting experiments. Considering this, an attempt was made to use a different conductive material to build
matrices compatible with the ECIS® Z-Theta measurement system. Their use would enable in vitro research on living cells. In the presented work, titanium
was used as a material that may turn out to be an alternative to the materials currently used. Its application to the production of matrices will allow
to study the influence of this metal on the behavior of cells.
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ZWIEKSZENIE EFEKTYWNOSCI KOSZTOWEJ PROWADZENIA BADAN IN VITRQ
POPRZEZ ZASTOSOWANIE TYTANU W URZADZENIU DO POMIARU PARAMETROW
ELEKTRYCZNYCH KOMOREK

Streszczenie. Obecnie, do oceny biokompatybilnosci materiatéw wykorzystywane sq rézne metody. Po doglebnym i szczegotowym przeglgdzie literatury
wybrano metode, ktorq wykorzystano podczas prac badawczych. W ramach przeprowadzonych eksperymentow wykorzystano metodg bazujgcq na analizie
wartosci parametrow elektrycznych kultur komorkowych, zmierzonych w obecnosci elektrod. Elektroda jest strukturq wykonang w cienkiej warstwie
metalizacji. Stuzy do pomiaru zmiany wartosci rezystancji, impedancji oraz pojemnosci mieszaniny zlozonej z komorek i substancji, w ktorej sq one
hodowane. Plytka zawierajqca zestaw elektrod nazywana jest matrycq pomiarowq. Aktualnie, komercyjnie stosowane matryce testowe wykonane sq ze
zlota lub platyny. Ich wysoka cena powoduje jednak, ze prowadzenie badan na szerokq skale jest znaczqco ograniczone. Aby zwigkszy¢ dostep do
powszechnego korzystania z tej metody zdecydowano, Ze koniecznym jest stosowanie tanszych materialow, redukujgc niezbedne koszty prowadzenia
eksperymentow. Zwazywszy na to, podjeto probe zastosowania innego materiafu przewodzgcego do budowy matryc kompatybilnych z systemem
pomiarowym ECIS® Z-Theta. Ich uzycie umozliwiloby prowadzenie badan nad komérkami zywymi in vitro. W przedstawionej pracy jako material, ktéry
moze okaza¢ sig alternatywq dla materiatow wykorzystywanych obecnie wykorzystano tytan. Jego zastosowanie do wytworzenia matryc pozwoli zbadaé
wplyw tego metalu na zachowanie komorek.

Stowa kluczowe: bioimpedancja, tytan, MEMS, cienkie warstwy

1. Purpose of the research

The aim of the research work was to develop a device that
would allow conducting medical and biological experiments with
a lower financial outlay. The main requirement when designing
similar devices is that the materials used, in addition to such
properties as corrosion and wear resistance, non-toxicity and
appropriate mechanical properties, are characterized by high
biocompatibility [9, 12, 13, 30].

Table 1. List of prices of target materials

Target diameter Target thickness Target price

Material Symbol fem] fcm] [Euro]
Gold Au 5.08 0.1588 3072.00

Platinum Pt 5.08 0.1588 3294.72

Titanium Ti 5.08 0.3175 116.10

A wide range of available raw materials, with a different
degree of biocompatibility, allows the selection of such a material
that shows a favorable response in a given biological environment,
while fulfilling the required function [1, 21]. Usually, noble
metals, in particular gold or platinum, are used to build devices
that come into contact with a living organism. However, the high
cost limits their use in, for example, disposable devices. Looking
for an alternative to expensive materials, it was decided to use
titanium which, like gold and platinum, is among the non-reactive
metals that have little or no effect on the cells surrounding them
[5, 11, 25]. Titanium is relatively inert and has good corrosion
resistance, which is due to the presence of oxides on its surface.
It also has very good mechanical properties. It has low thermal
conductivity, relatively low density, low modulus of elasticity and
high reactivity. These features are extremely important when used
in sensitive areas of the human body [19, 25].

2. Research method

When assessing the possibilities of using a given material
in medical applications, it is necessary to conduct a number
of biological experiments. The test carried out under strictly
defined conditions is to determine whether the properties of the
material are sufficient and meet the requirements. Most often,
such verification is aimed at finding out the regularities governing
a specific biological system in various situations. The observation
of cellular behavior changing over time or under the influence
of external factors provides a lot of important information.
It enables, among others clarification of the toxicological profile
of the test substance [17]. In this work, the method of measuring
cell impedance in real time in vitro was used to determine
the potential possibility of using titanium in a safe way for the
tested cells [1, 3, 10, 22, 27, 29]. The methodology of conducting
in vitro tests is described in the 1ISO 10993-5 standard — "In vitro
cytotoxicity tests" [16, 20].

Live biological cell impedance measurements are marker-free,
non-invasive methods of quantitative analysis. They are used to
assess the condition of cells, their biological activity and reactions
related to the influence of external factors and chemicals [32].
During the measurement, the signal is supplied to the system
in the form of alternating current with a current of less than 1 mA
[4] (4 mA/cm?), the frequency value of which ranges from 10 Hz
to 64 kHz [15]. At frequencies below 2 kHz, a significant amount
of current flows between the intercellular spaces, providing
information about cell adherence. The use of a relatively high
frequency, above 40 kHz, causes a direct current flow through cell
membranes [2, 4, 15, 18, 28].

Commercial software of the Applied Biophysics measuring
system using special mathematical transformations, generates
results and plots the characteristics of impedance change. Each
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value read is plotted as a point in ohms (Q2) or nanofarads (nF) per
unit time [2, 28]. The impedance value is at its highest when the
cell culture is at its maximum confluence. The obtained resistance
value corresponds to the resistance of the current flowing through
the tested cell, while the capacitance causes the polarization of the
separation of electrons in the isolated layer of the cell membrane.
The duration of the experiment is set by the user and may last
from a few seconds to several days. The differences between the
measurement values are submitted for analysis, which determines
the influence of individual factors and other external stimuli on the
properties of the tested cells [7, 8, 31, 34].

The basic process of increasing the number of cells by
multiplying and dividing is proliferation. It increases the degree
of coverage of the electrode with the non-conductive cell
membrane. This results in a significant increase in the measured
impedance. Monitoring the process of cell proliferation using
the bioimpedance measurement method is not a direct method
of counting the number of cells, but a registration of changes
resulting from a change in the coverage of the measuring electrode
area. There is a close relationship between the number of cells and
the normalized impedance value [24, 31, 32].
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Fig. 1. The expected nature of changes in the measured resistance for 4 kHz and
capacity for 64 kHz (measurements made with the use of commercial matrices with
gold electrodes)[6]

3. Experiment

Based on the Applied Biophysics measurement system
and commercial test matrices, a proprietary device was
constructed to check the possibility of using conductive materials
other than commercially used gold. The experiment begins with
the preparation of a test plate on the surface of which a set of thin-
layer detection electrodes is made [31]. The electrodes are
defined as very small holes in the dielectric layer revealing the
metallization deposited on the biocompatible substrate. Cells are
grown on their surface. Commercially available standard backing
plates used during measurements are made of biocompatible
plastics, i.e. Lexan polycarbonate or polyethylene terephthalate —
PET [23]. The arrangement and shape of the electrodes on the
measuring plate have a significant impact on the data obtained
during the measurement. The most common are 8-well plates,
which contain round electrodes or electrodes with a comb
structure. The diameter of round electrodes varies from 250 pm
to 350 pm. The surface area of the comb structure electrodes
ranges from 1.96 mm? to 3.92 mm?% The number and shape
of electrodes for a single well affects the number of cells that can
be tested at one time. Single-electrode plates are used when the
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cell populations are small. The small total area of the electrodes
causes all current to flow through the cell layer. This makes it
possible to obtain a relatively high electric field with a moderately
low alternating current. There is a possibility of full or partial
electroporation and observation of uncontrolled morphological
changes in small groups of cells (<100). Multi-electrode plates
allow you to analyze the properties of larger groups of cells,
providing an estimate of the morphological response of a large
population (> 1000) [2, 23]. Above each pair of electrodes there
is a special container attached with a biocompatible silicone.
Tested cell cultures are applied to its interior. In order to provide
the necessary nutrients for the culture, the test cells are placed
in a medium. The set thus completed is placed in an incubator
that provides the cells with appropriate environmental conditions
[23, 28].

4. Production technology

The process of producing matrices for measuring cell
impedance began with formulating the requirements that should be
met. The aim of the work was to create structures enabling in vitro
tests with the use of cell cultures at acceptable costs of conducting
experiments. Using the method of analyzing the electrical
parameters of cell culture by measuring their impedance, it was
necessary to determine the properties of the test plate. Currently
used matrices are made entirely of biocompatible materials. As a
base material, Lexan or PET that is harmless to cells and allows
them to grow on its surface is used. The electrodes, on the other
hand, are made of gold or platinum metallization. In addition,
there is a layer of biocompatible dielectric on their surface. The
cells are in contact with the electrodes thanks to the holes created
on its surface. While the use of the abovementioned substrates
does not generate high costs, the abovementioned metals and the
dielectric layer consume a significant part of the expenditure.
In order to limit the means necessary to conduct research, it was
decided to use different conductive materials than those used so
far. In addition, the dielectric layer was removed, so that the cells
would have direct contact with the material.

The next stage of work was the selection of the optimal shape
of the electrodes, which were to be placed on the target plate
for measuring cell impedance. Based on the currently used
configurations, it was decided that comb structures would be the
best choice. Following the example of commercial 8W10E plates,
a mask with eight electrodes placed on a single substrate was
designed. Thanks to the same pin arrangement as in the case
of standard boards supplied by the manufacturer of the measuring
equipment, the set can be adapted to conduct experiments in the
ECIS® Z-Theta system apparatus. After a series of experiments,
comb capacitors with dimensions of 200 um x 200 um were
selected for the next stages of development works on matrices for
measuring cell impedance. The structures produced were the result
of using the lift-on method, with the use of positive photosensitive
emulsion — Positiv 20. The patterns were obtained with the use
of the universal developer for photolists and positive plates
AGT - 087 or sodium metasilicate pentahydrate. Sodium
persulfate B327 was used to etch the metallization layers.

After selecting the shape of the electrodes and designing the
technological masks, the next stage of the work was to select the
appropriate substrate on which the target structures were to be
produced. The main requirement determining the selection was
that the material should not adversely affect and be indifferent to
living organisms. In addition to high biocompatibility, necessary
when conducting research with the use of living organisms, the
base material should be resistant to chemical compounds used
during technological processes and mechanical resistance,
guaranteeing the appropriate strength of the matrix during its use.
In the end, polycarbonate turned out to be a substrate that met all
the assumptions and allowed it to be used freely. The 2 mm thick
transparent plates kept their original shape. Moreover, they
did not react chemically with any of the substances used in the
photolithography process [7, 33].
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The material from which the measuring electrodes were
made was titanium (purity 99.995%). The first deposited layer was
~ 40 nm thick (Fig. 2A). After measuring the resistance of the
leads, it turned out that the value is too high (larger than 20 kQ)
and it will not be possible to measure the electrical parameters of
the cell culture. The test station was unable to detect the test plate
inserted in its holders. Therefore, in the subsequent sputtering
process, a layer of titanium with a thickness of ~ 400 nm was
deposited (Fig. 2B). The measured value of the resistance of the
leads ranged from ~ 960 Q to almost 18 kQ. However, these were
acceptable values, allowing the measurements of resistance,
impedance and capacitance to be carried out.

Fig. 2. Plates with titanium electrodes with a metallization layer thickness of 40 nm
(A) and 400 nm (B)

After the deposition of the metallization layer and
photolithography have been carried out, the next step is to prepare
the finished plate for testing. For this purpose, special containers
are placed above the electrodes, into which the tested organic
compounds are introduced. It is attached using a special
biocompatible silicone. To obtain adequate sterility, plates with
approved wells are exposed to UV irradiation for approx.
15 minutes, which is bactericidal. The set prepared in this way
is used for cell culture and research [33].

All biological experiments were carried out at the Chair
and Department of Human Physiology of the Medical University
of Lublin. The first step is to apply 600 pl of the culture medium
to check the tightness of the wells. Then, the matrices are fixed
in the measuring station located in a special incubator. After
stabilization of the conditions inside the chamber, the electric
parameters of the dies are calibrated. The next step is to place cell
cultures inside the wells [24]. The final step is to provide
cells with the environmental conditions necessary for their
development by regulating temperature, oxygen and/or carbon
dioxide concentration. After their stabilization, the measurement
of electrical parameters begins.

The optimal frequency values at which the results are
interpreted are 4 kHz for resistance, 16 kHz for impedance
and 64 kHz for capacitance [15, 18, 26]. All obtained data
are presented in a normalized form. The obtained results are
presented in the graphs in a normalized form, which allows to
observe the changes in the value and compare the trend of changes
without the influence of the resistance of the leads. The work uses
the min - max normalization expressed by the formula [14]:

x! — X—Xmin (1)

Xmax~Xmin
where x' is the normalized value within the range from 0 to 1,
while X, Xmin, Xmax Mean the normalized value and the smallest and
largest value of the normalized interval, respectively.

p-ISSN 2083-0157, e-ISSN 2391-6761

The next stage of the work was to measure the electrical
parameters of the cell culture. Cell lines from the American Type
Culture Collection (ATCC) were used in the laboratory studies.
All the cells used were used due to their current availability at the
time when it was possible to use the measuring equipment of the
Department of Human Physiology of the Medical University of
Lublin. The mouse fibroblast L 929 cell line and the simian
VERO cell line were used in the experiments. The obtained results
are presented in the graphs in a normalized form, which allows to
observe the changes in the value and compare their tendency of
change without the influence of the resistance of the leads.

5. Measurement results

The first cells tested were murine fibroblasts designated as
L929. During the experiment, results were obtained from all wells
containing cultured cells. However, the cell cycle did not enter the
apoptotic phase. The software of the measurement system allows
you to monitor changes in real time, displaying the measured
values in the form of generated graphs. During the experiment,
the displayed characteristics curves were straight lines, where
no significant changes could be observed (Fig. 3). The supervisor
of the experiment stated that this was due to a lack of cellular
activity. Therefore, the measurement of electrical parameters was
interrupted and only the proliferation stage was recorded.
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Fig. 3. Measured impedance of L 929 cell culture grown on a plate with titanium
electrodes, for the 16 kHz signal, for wells 12 and 16 (graph from the ECIS Z-Theta
system)

During the preparation of the results and their normalization,
it was noticed that the nature of the changes showed an increasing
tendency, and the invisible changes resulted from slight
differences between the recorded changes and the measured value.
The change of several hundred ohms against the background
of several kiloohms required the normalization of the results
in order to be noticed. The general trend of changes recorded
in the wells allows for the conclusion that there was cell
proliferation, which is visible in the change of the measured
parameters. A linear change of the measured parameters can be
observed, which allows to conclude that the cultured cells had no
problems with multiplication and spreading over the electrode
surface. By its action, titanium did not disrupt the cell cycle
of mouse fibroblasts. Throughout the measurement period,
an increase in resistance (Fig. 4) and a decrease in capacitance
(Fig. 5) resulting from the continuous multiplication of cells
are observed.
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Fig. 4. Normalized resistance of L 929 cell culture carried out on a plate with
titanium electrodes, for a signal of 4 kHz, for wells 12 and 16
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Fig. 5. Normalized capacity of the L 929 cell culture carried out on a plate with
titanium electrodes, for a signal of 64 kHz, for wells 12 and 16

The fact that the titanium made it possible to register changes
despite the high resistance of the leads is not changing. The
measurement matrices showed slight changes in the resistance
in relation to the high resistance of the lead paths. Based on the
obtained data, it can be concluded that measuring arrays with
titanium electrodes can be used for in vitro research on L929 cells.

Successive arrays with titanium electrodes were used to
measure the electrical parameters of the VERO monkey cell
culture (Fig. 6). In order to better notice the changes occurring,
also in this case the normalization of the measured values was
applied.
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Fig. 6. Measured impedance of VERO cell culture grown on a plate with titanium
electrodes, for the 16 kHz signal, for wells 2 and 3 (graph from the ECIS Z-Theta
system)

Changes in the parameters value, despite the initial instability,
tend to change in time. The cultivation was carried out for
over 115 hours, but the most noticeable changes are visible up to
48 hours of measurements. This has been shown in the charts
showing the normalized resistance and capacitance.
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Fig. 7. Normalized resistance of VERO cell culture carried out on a plate with
titanium electrodes, for a 4 kHz signal, for wells 2 and 3

By limiting the measurement period to 48 hours, it is possible
to observe all the changes that have occurred. All steps of the cell
life cycle can be observed. After the initial fluctuation of the
resistance (Fig. 7), its value increases. These changes indicate the
proliferation and migration of cells over the surface of the
measuring electrodes. Thereafter, growth is inhibited, which
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indicates that the cell culture is completely confluent. Cells there
are on the entire surface of the bottom of the well and cannot
develop further. The last stage of a cell's life is apoptosis. The
cells increase in volume and lose their adhesion to the electrode
surface. This causes the resistance value to drop.

The results of the capacitance measurements carried out at a
frequency of 64 kHz are characterized by large fluctuations. The
results of measurements at a frequency of 16 kHz show changes
more clearly (Fig. 8). The nature of the changes tends to increase,
which is not as expected. However, after consultation with
researchers from the Medical University of Lublin, information
was obtained that such changes were acceptable. Nevertheless, the
answer to the question why the measured capacity value has
increased belongs to in vitro research specialists. From an
engineering point of view, the produced matrices made it possible
to cultivate two types of cells and measure their electrical
parameters.
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Fig. 8. Normalized capacity of the VERO cell culture carried out on a plate with
titanium electrodes, for a 16 kHz signal, for wells 2 and 3

6. Conclusions

The article presents the research results obtained with the use
of measuring arrays with titanium electrodes. Two types of cells
were used, mouse fibroblast L 929 cell line and the simian VERO
cell line. In both cases, cell growth was observed on the surface
of the measuring arrays. Titanium had no negative effect on the
tested biological objects and made it possible for them to grow in
his presence. The presented test results confirm the effectiveness
of the use of arrays with titanium electrodes for in vitro testing
of cells. Nevertheless, there is a need for further research.

In the presented experiment, animal and human cells were
used successfully. It allows to argue that it is possible to make
arrays from a material other than gold or platinum to conduct
research on various types of cells. At the same time, this reduces
the costs associated with conducting in vitro experiments.
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