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A B S T R A C T

Cell-based impedance spectroscopy is a promising label-free method for electrical monitoring of cell activity.
Here we present a diamond-based impedance sensor with built-in gold interdigitated electrodes (IDT) as a
promising platform for simultaneous electrical and optical monitoring of adipose tissue-derived stem cells
(ASCs). The impedance spectra were collected in a wide frequency range (from 100 Hz to 50 kHz) for 90 h of cell
cultivation in chambers designed for static cultivation. Absolute impedance spectra were analyzed in terms of
measured frequencies and cell properties monitored by a high-resolution digital camera. The control commer-
cially-available impedance system, based on gold electrodes exposed to the cultivation media, and also our
specially developed sensor with gold electrodes built into a diamond thin film detected three phases of cell
growth, namely the phase of cell attachment and spreading, the phase of cell proliferation, and the stationary
phase without significant changes in cell number. These results were confirmed by simultaneous live cell ima-
ging. The design of the sensing electrode is discussed, pointing out its enhanced sensitivity for a certain case. The
diamond-based sensor appeared to be more sensitive for detecting the cell-substrate interaction in the first phase
of cell growth, while the control system was more sensitive in the second phase of cell growth.

1. Introduction

Bioelectrical sensors are of high interest as non-invasive label-free
techniques for in vitro monitoring of biological events, due to their
simplicity and fast response in real time. At the present time, there are
two analytic approaches which employ either optical or electronic
signal processing [1]. These two approaches have reached the state-of-
the-art in a transducer type which converts a stimulus-induced cellular
response into a quantifiable signal (i.e. a biosensor signal). Among the
broad family of electronic systems, impedance measurement seems to
be one of the simplest and most powerful methods for monitoring cel-
lular signals during cell cultivation [2]. The main reason for its wide
application is that the monitored impedance signal is sensitive not only
to ionic currents but also to cell growth stages, i.e. cell attachment,
spreading, shape, proliferation, differentiation and communication [3].

Diamond has been proposed as a promising material for life science
and regenerative medicine due to its biocompatibility, chemical stabi-
lity and favorable combination of optical, mechanical and electrical

properties [4]. In addition, its surface can be covalently terminated by
specific atoms or molecules which control cell occupation, adhesion,
proliferation and cell differentiation [5]. In our previous studies, we
have already introduced a surface-conductive diamond thin film as a
functional layer in impedance sensors for biological studies [6,7] and
for recognizing gas and chemical molecules [8,9]. It has been proven
that intrinsic diamond thin film can be used as biocompatible biosensor
for in-situ electronic (label-free) monitoring of cell behavior in cultures
[6]. In that approach, the sensing principle of the diamond-based im-
pedance sensor was based on impedance measurements, employing
conductive hydrogen-terminated surface regions as in-plane electrodes
that were separated by resistive oxidized surface regions. The thin
diamond film was deposited on a glass substrate. This made it fully
transparent in the visible range, including a low fluorescence back-
ground. Moreover, any possible and unwanted geometrical effects of
metal electrodes (e.g. step edges) were avoided, and purely surface
atom modifications defined and induced the p-type diamond surface
conductivity [6]. Surface-conductive H-terminated diamond channels

https://doi.org/10.1016/j.colsurfb.2019.01.048
Received 8 November 2018; Received in revised form 22 January 2019; Accepted 23 January 2019

⁎ Corresponding author at: Institute of Physics, Czech Academy of Sciences v.v.i., Cukrovarnická 10, 162 00, Prague 6, Czech Republic.
E-mail address: izak@fzu.cz (T. Ižák).

Colloids and Surfaces B: Biointerfaces 177 (2019) 130–136

Available online 28 January 2019
0927-7765/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2019.01.048
https://doi.org/10.1016/j.colsurfb.2019.01.048
mailto:izak@fzu.cz
https://doi.org/10.1016/j.colsurfb.2019.01.048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2019.01.048&domain=pdf


were also applied in the case of solution-gated field effect transistors to
study the interactions of human osteoblast-like SAOS-2 cells with a
diamond surface [10].

In our present study, an impedance sensor with a functional dia-
mond layer deposited on gold interdigitated electrodes is employed to
monitor electrically and optically the growth activity of adipose tissue-
derived stem cells (ASCs). ASCs were chosen because, together with
human bone marrow mesenchymal stem cells, they had become the
most popular adult stem cells used in tissue engineering, cell therapy
and studies on cell differentiation towards various phenotypes [11]. For
example, differentiation of ASCs towards adipocytes and osteoblasts
was successfully quantitatively monitored in real time by impedance
sensing [12]. Generally, cell differentiation is preceded by cell adhe-
sion, spreading and proliferation, and these cell functions are also used
for expanding the ASCs into desirable quantities for the purposes of
further studies on various properties of these cells, and for their bio-
medical applications. In our study, we therefore focus on an in-
vestigation of cell adhesion, spreading and proliferation by impedance
sensing with diamond-based impedance sensors. The results are com-
pared with impedance measurements provided using a commercially-
available gold interdigitated electrodes array (xCELLigence RTCA
system, Roche Applied Science).

2. Experimental part

2.1. Preparation of sensors and measurement setup

The transducer of the sensor is formed by metal composite inter-
digitated electrodes (IDTs, 10 nm Ti and 80 nm Au) deposited on a
quartz substrate (Corning XG, 15× 15 mm2 in size) (see Fig. S1a and
S1b in the supplementary files). The width/gap of electrode periodicity
was set to 100 μm. Samples with IDTs were coated with a diamond
layer approx. 100 nm in thickness, using a linear antenna pulsed mi-
crowave plasma chemical vapor deposition system [13]. The deposition
conditions were as follows: microwave power 2× 1700W, pressure
0.1 mbar, gas mixture 200/5/20 sccm of H2/CH4/CO2, temperature
400 °C and process time 50 h. After deposition, the active sensor area
was homogenously covered with a fully closed nanocrystalline diamond
(NCD) film (Fig. S1c). The diamond character of the deposited film was
confirmed by Raman spectroscopy [14].

Two types of sensors were used for the impedance measurements:
gold IDT electrodes on glass (i) with a nanocrystalline diamond film,
further labelled as “NCD sensor”, and (ii) without a nanocrystalline
diamond film, further labelled as “Au sensor”. Before the experiments,
the surface of the NCD sensors was oxygen-terminated using radio-
frequency plasma. This step made the diamond surface hydrophilic and
electrically insulating. To note, the surface of as grown diamond film is
generally hydrogen-terminated due to high hydrogen content (> 88%)
in the gas mixture used during deposition process. Hydrogen-termi-
nated surface could lead to p-type surface conductivity. Therefore, to
avoid any surface shortcuts and make the diamond surface well defined
for cell cultivation, its oxygen-termination is needed.

The cells were cultivated in custom-built chambers designed for
static cultivation (see Fig. S2b-S2d in supplementary files) in a 500 μl
reservoir (made from polycarbonate) with a cultivation area of 7×10
mm2. All materials that were used are biocompatible (nontoxic) to cells
and are compatible with the autoclave sterilization process. The
structure of the chambers is also optimized for real time microscopic
imaging of the cells during their cultivation (Fig. S2a). During the ex-
periments, the whole system was placed in an incubation chamber,
where the temperature (37 °C) and the atmosphere (5% CO2 and> 90%
relative humidity) were kept constant. The impedance sensors were
interconnected with a measuring device using gold spring connectors
(Mill-Max Mfg. Corp., NY, USA). A custom multiplexer unit (MUX) was
built to measure 8 parallel chambers during one experiment. Low-re-
sistance reed relays were used (Littelfuse, Inc, IL, USA). The printed

circuit board for MUX was optimized for equal length of traces for each
channel to achieve similar impedance parameters.

The impedance parameters were measured using a Bode 100
(OMICRON electronics GmbH, Germany) vector analyser with custom
built software for automated measurements of multiple channels. The
impedance spectra were collected in a frequency range from 100 Hz to
50 kHz for 90 h cultivation. In this paper, we focus on impedance data
measured at 1 kHz frequency.

Simultaneously with these experiments, reference measurements
with the same cultivation conditions were performed using the
xCELLigence RTCA system (Roche Applied Science) [3,15]. This system
uses circular-shape Au IDT electrodes (Fig. 1b) and provides the time
evolution of the so-called cell index, defined as (Zi-Z0)/const, where Zi is
the absolute impedance measured at time i and Z0 is the starting im-
pedance at time t=0 s. Here, the measurement frequencies are limited
to three discrete frequencies: 10 kHz, 25 kHz and 50 kHz.

2.2. Cell cultivation

Prior to cell cultivation, all parts of the cultivation chambers and
impedance sensors were cleaned using 70% ethyl alcohol and were
thoroughly rinsed with deionized water. Then the impedance sensor
was installed in the cultivation chamber, and they were assembled all
together (Fig. S2d). Finally, the assembly was sterilized using an au-
toclave (15min at 121 °C) and was dried at 80 °C.

Human adipose tissue-derived stem cells (ASCs) were isolated from
lipoaspirate obtained by liposuction [16]. The isolation was conducted
in compliance with the tenets of the Declaration of Helsinki for ex-
periments involving human tissues and under ethical approval issued
by the Ethics Committee at the Bulovka Hospital in Prague (August 28,
2014). Written informed consent was obtained from the patient before
the liposuction procedure. The cells in passage 2 were seeded on the
impedance sensors and on the controls. The set contained eight culti-
vation chambers with 4x Au sensors and 4x NCD sensors. Here, 3 sen-
sors from both the Au sensors and the NCD sensors were seeded with
cells, while 1 sensor was left as the control (i.e. without cells), in order
to investigate the influence of the culture medium, e.g. its evaporation
and degradation over time. Pure and NCD-covered microscopic glass
coverslips (both seeded with cells) were used as other control samples
for a study of how the material of the sensor or the measurement itself
affects the behavior of the cells.

The initial seeding density of ASCs was set according to refs.
[17,18], and was adapted to the area of our designed culture chamber
(0.7 cm2) and the xCELLigence RTCA System (0.2 cm2) (used for the
reference measurements). The recommended density for RTCA is 3 000
cells/well (approx. 15 300 cells/cm2), giving 11 000 cells/well for our
home-made cultivation chamber. The cells were cultivated in standard
high glucose Dulbecco's Modified Eagle's culture medium (DMEM) with
the addition of 10% fetal bovine serum and human recombinant fi-
broblast growth factor-2 (FGF-2, 10 ng/ml). A 200 μl volume of the
medium per well was applied in RTCA, and 650 μl per well was applied
for our home-made cultivation chamber. After the cells had been
seeded, the cultivation chambers equipped with sensors were connected
to the MUX unit (Fig. S2), and time-lapse measurements began (i.e.

Fig. 1. a) Schematic draw of the computational domain used for FEM simula-
tion. b) Representative fluorescence image of cells on xCELLigence sensor with
highlighted dimensions of electrodes [6] (Note: the diameter (D) of circular-
shape electrodes is ˜85 μm, and the gap (g) between electrodes with opposite
polarity is ˜25 μm).
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both electrical and optical monitoring). The measuring step period was
set to 4min.

After the impedance measurements, the cells were fixed using 4%
paraformaldehyde and were fluorescence stained, using DAPI and
phalloidin conjugated with tetramethylrhodamine (TRITC). The images
of the fluorescently-stained ASCs on the impedance sensors and on
controls were measured using a Leica DMi-8 microscope with a 10x
objective and a Chroma multiband fluorescence filter.

2.3. FEM simulation

Finite element method (FEM) simulation using Comsol Multiphysics
software was employed to study the distribution of the current density
and the electric field for both the Au sensor and commercial
xCELLigence RTCA system. For simplicity, in the first approach, the
nanocrystalline diamond film was not taken into account, only the gold
interdigitated electrodes with different width/gap periodicities de-
posited on glass substrates, and in the presence of a cell medium, were
used for modelling in 2D geometry (see Fig. 1a). In the case of the
xCELLigence system (circular electrodes), a perpendicular vertical cut
along the centers of the circles was used as a computational domain (see
“model length” in Fig. 1b). The other parameters were the same for
both sensors, i.e. the height of the electrodes (hel) 90 nm, the height of
the glass substrate (hglass) 100 μm, and the height of the cell medium
(hmed) 200 μm. The height of the cell medium was chosen on the basis of
the results of our first preliminary simulations, where we observed that
higher values of hmed (≥200 μm) do not significantly affect the simu-
lation results.

The conductivity of the cell culture medium (18.55mS/cm) and the
permittivity of water (80) were put as material properties in the finite
element method model, as recommended in [19]. The specific electrical
conductivity of gold was set to κ=49×106 S/m) [20]. For the glass
substrate, conductivity 1×10−12 S/m and relative permittivity 4.2
were used.

In the FEM model, the time-harmonic equation of current continuity
for the given AC frequency (1 kHz) was investigated, i.e. the in-
vestigated parameters are the amplitudes of the harmonic current and
voltage forms. The voltage amplitude was set to 0.5 V. At the middle
electrode the voltage was set to U=U0*sin(ωt), while at the edge
electrodes U=0V.

3. Results and discussion

3.1. A comparison between the NCD sensor and the Au sensor

Fig. 2 summarizes the absolute and relative impedances measured
by the pristine Au and NCD sensors (in the graphs labelled as ‘Au’ and
‘NCD’), while the ASCs were being cultivated. The impedances are
plotted for 1 kHz frequency. The as-measured absolute impedances for
three NCD sensors and two Au sensors are plotted in Fig. 2a. Employing
several sensors in a single experiment minimizes systematic errors and
gives additional information about reliability and reproducibility of the
sensors. For example, as can be seen in Fig. 2a, the absolute impedance
values for the NCD sensors are approx. 2 times lower (˜300 Ω) than for
the pristine Au sensors (˜600 Ω). This difference could be attributed to
the character of the diamond layer. Generally, diamond is characterized
as an insulating material. However, in the case of nanocrystalline dia-
mond (NCD), the diamond film consist of small grains featured by the
sp3 carbon bonds (attributed to diamond) and the sp2 carbon bonds
(attributed to amorphous carbon) which are present at the grain
boundaries. In the NCD films, sp2 bonds dominate, making the diamond
film less resistive [21]. In addition, the surface of a diamond film can
exhibit p-type surface conductivity when it is finished by hydrogen
atoms [6,22]. However, in our case we eliminated (minimized) this
contribution while the surface was terminated by oxygen atoms using
RF plasma, which is known as an insulating surface.

Further, we investigated the time evolution of the relative im-
pedances as a function of sensor type (Fig. 2b). The relative impedances
were calculated by subtracting the as-measured absolute impedances
with Z0 (i.e. Zi-Z0, where Z0 is the impedance measured at time t=0 s
and Zi is the impedance at time ti). In Fig. 2b, the relative impedances
measured for the medium with cells (Zcell, solid lines) and without cells
(Zmedium, dashed lines) for NCD sensors and Au sensors are plotted. Both
Zmedium curves increased almost linearly, which could be attributed e.g.
to the adsorption of proteins in the culture medium to the sensor sur-
face. It has been reported that the adsorption of albumin, a major
protein component of the serum supplement of the culture medium, can
modulate the impedance, the electrical current and the potential of
peptide-modified Au surfaces [23].

When Zmedium (the impedance measured for the medium without
cells) is subtracted from Zcell (the impedance measured for the medium
with cells), we obtain in the first approximation of the impedance,
which involves only the influence of cell cultivation. Side effects related
to the ageing of the medium should be minimized [2] (see “baseline-
corrected impedances” in Fig. 2c for one selected NCD sensor and for
one Au sensor). These impedances are discussed below.

As can be seen in Fig. 2d, the time-dependent data of the baseline-
corrected relative impedances can be divided into three main regions.
At the beginning (up to 4÷6 h), there is a sharp increase of Z (region I).
From 10÷12 h up to ˜60÷70 h (region II), the increase of Z is much
slighter (the slope for this region is 10÷15 times lower than for region
I). Finally, in region III at the end of the experiments (> 70 h), Z is
almost constant or decreases slightly. Between these three main re-
gions, we have defined two short intermediate regions. As was men-
tioned above, these data are plotted for 1 kHz frequency. However, the
same behavior was also observed for impedance data measured at other
frequencies. For example, Fig. S3a shows baseline-corrected im-
pedances (i.e. Zcell-Zmedium) for frequencies varying from 500 Hz to
20 kHz. As expected, the impedance decreases with increasing fre-
quency. However, their time-dependent trends are almost the same (see
the normalized impedance spectra in Fig. S3b). We therefore focus
further on the impedance data interpretation measured at 1 kHz
(Fig. 2d), especially on the explanation for the possible origins (causes)
of regions I, II and III, also on the basis of the time-lapse optical images
of the cells taken simultaneously during the experiments (Fig. 3).

The rapid increase in Z at the beginning (region I) seems to form a
temporary period during which the cells were added to the cultivation
medium, fell down onto the sensor active area, and started to adhere
and spread on the substrate. Here, the shape of the cells was circular-
like or ellipsoidal (see optical images in Fig. 3 (or in Fig. S4) from 0.5 h
up to 3 h). From ˜4 h of the experiment, the first intermediate region
began, in which the cells started to change their shape (Fig. 3). Most of
the cells gained a spindle-like or polygonal morphology and formed
numerous lamellipodia and filopodia. If the initial cell population
density is enough low, i.e. if there is still reaming space between them
on the sensor area, the cells proliferate quickly, causing a steep increase
in Z (cf. Figs. 2d and 3 ; time from 6 h up to 15 h after cell seeding).
Region II is characterized by a slighter increase in Z, which marks the
formation of a confluent cell layer, accompanied by a slowdown of cell
proliferation (cf. Figs. 2d and 3 ; from 17 h up to ˜65 h). Finally, region
III (separated from region II with the second intermediated region)
corresponds to cell confluence, i.e. full coverage of the active sensor
area with cells. The cells stop their proliferation and their number is
constant, or can even decrease slightly, due to their delamination from
the surface, particularly from the Au surface (cf. Figs. 2d and 3 ; up to
90 h). Similar cell behavior was detected in NIH-3T3 fibroblasts cul-
tured in a digital microfluidic system capable of impedance sensing
[24], and also in mutant Chinese hamster V79 cells by an RT-CES
system based on gold electrodes on silicon substrate [25], and operating
on a similar principle similar to that of the xCELLigence system used in
our present study.

In summary, the cell growth dynamics detected by our sensor
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resemble the classical “growth curves”, which are widely used for
evaluating the growth of cell populations. These growth curves consist
of the following three major phases: the lag phase, in which the cells
attach and spread on the cultivation substrate; the exponential phase, in
which the cells proliferate; and the stationary phase, in which the cells
reach confluence. Their numbers either do not change significantly or
even decrease usually due to cell death and detachment [25–27]. The
cell dynamics was also verified by direct cell counting in transparent
regions of live cell-imaging pictures for the NCD sensor. The calculated
time-dependent cell density on the NCD sensor is shown in Fig. S5a in
the supplementary data. The resulting growth curve has standard cell
growth behavior, consisting of three major phases: the lag phase, cell
proliferation, and the stagnation phase. The cell growth curve, as will
be discussed further, copies the cell index data of the xCELLigence

sensor well (Fig. S5b). Note that the cell density data was obtained from
time-lapse optical images of the cells on the surface of the NCD sensor;
in the case of the xCELLigence system, real-time optical monitoring was
not possible due to its specific structure, and just this simultaneous
optical and electrical monitoring is the main advantage of our NCD
sensor in comparison with commercial systems.

3.2. A comparison between the NCD sensor and the xCELLigence sensor

As has been mentioned above, simultaneously with the measure-
ments performed by NCD and Au sensors, reference measurements were
carried out using the commercially available xCELLigence RTCA system
(i.e. by a gold interdigitated electrode array). Fig. 4a shows cell indexes
measured by four xCELLigence sensors for the medium with cells (CIcell,
2 blue and 2 green solid lines) and for the medium without cells
(CImedium, two red dashed lines). As in the impedance measurements
taken by the Au sensors and NCD sensors, the cell indexes of the
medium without cells were subtracted from the cell indexes of the
medium with cells (i.e. the baseline-corrected cell index was calculated
as CIcell – CImedium), and was compared with the impedance data mea-
sured by the NCD sensor (Fig. 4b).

As is shown in Fig. 4b, both plots consist of the three main regions
described above. However, there are differences in slope steepness.
While in the first region the slope is steeper for NCD sensor, in the
second region the xCELLigence system shows steeper slope. It seems

Fig. 2. a) As-measured absolute impedance, b) relative impedance and c),d) baseline-corrected impedance of adipose tissue-derived stem cells during the cultivation
experiment, measured at frequency of 1 kHz for 4 days with diamond-coated and pristine Au IDT sensors (labelled as ‘NCD’ and ‘Au’, respectively). Notes: relative
impedances represent shifted as-measured absolute impedances by Z0 (impedance at time t=0 s, i.e. Zi-Z0); baseline-corrected impedances are relative impedances
subtracted by the impedances measured for medium without cells (i.e. Zcell-Zmedium).

Fig. 3. Time-lapse optical images of cells on the NCD sensor surface during the
cultivation and simultaneous electrical measurement.
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that the NCD sensor is more sensitive that the xCELLigence system in
the first region and less sensitive in the second region. Theoretically,
the observed differences can be partially attributed to the different
nature of diamond surface and gold/glass surfaces, and hence there are
different cell adhesion properties in the early stage of cell cultivation,
which could influence the impedance measurements. In our earlier
studies and studies by other authors, NCD films have proved to be ex-
cellent substrates for cell adhesion [28,29], while Au is generally
known to be rather bioinert. However, as shown in Fig. 2d, the NCD and
Au sensors with the same IDT structures exhibit almost the same be-
haviors, so this explanation is not valid in our case. Another contribu-
tion is related to the different frequencies used during impedance
measurements by the NCD sensor and by the xCELLigence system.
However again, as shown in Fig. S3a and S3b (in the supplementary
files), the frequency does not significantly influence the measurements
for the NCD sensor.

Next, as shown in Fig. S5b, the cell growth curve, obtained from
time-lapse optical images of cells on the NCD sensor surface, well copies
the cell index data of the xCELLigence sensor. It is therefore supposed
that the xCELLigence sensor should have similar cell growth curve. The
difference in the impedance curves of NCD and xCELLigence sensors
could be related to sizes of the IDTs. The NCD sensors and the
xCELLigence RTCA system use different IDT structures. While for the
NCD IDT sensor the width of the gap is the same as the electrode width
(i.e. 100 μm, for example see Fig. S4), in the case of the xCELLigence
IDT, the gap is much smaller than the electrode width. The width (or
the diameter) of the circular-shape electrodes is 85 μm, and the gap
between them is around 25 μm (Fig. 1b). This means that the ratio of
the total electrode area to the gap area is 2:1 for the xCELLigence IDT
and 1:1 for the NCD sensor.

The geometry of the IDT electrodes also influences the current
density magnitude and its distribution over the sensor surface. Fig. 5
shows the distribution of the current density as simulated for two types
of gold IDT electrodes on a glass substrate with 100/100 μm and 85/25
μm width/gap periodicity. The simulation predicts that for the

xCELLigence sensor the maximum intensity of the current density is
approx. twice as high as in the case of our Au IDT for the same AC
voltage conditions.

The sensitivity distribution over the sensor surface is proportional to
the relative current density. The regions of low current density will
contribute less to the overall reduction in current (and therefore to the
increase in impedance) when they are covered with cells. However, this
will affect the sensitivity of the sensor by the same factor throughout
the cell growth period.

Fig. 6 shows the current density distributions across the line be-
tween two electrodes at a Z-height of 1 μm. The current density peaks
correspond to the electrode edges, with each peak having its half-width
of half-maximum (HWHM) as indicated. Consequently, we can define
the “sensitivity distribution ratio” (SDR) as

SDR=4×HWHM / Wp (1)

where Wp is the period width (the sum of the gap width and the elec-
trode width). According to the simulation results, SDR is 0.052 for the
Au IDT sensor and 0.073 for the xCELLigence system. In the first as-
sumption the overall sensitivity of the two sensors is qualitatively
comparable. However, differences in peak current density magnitudes
may lead to different courses of Zmedium, as the electric properties of the
medium are modified by the passage of the current. Indeed, as can be
seen in the case of the xCELLigence sensor, Zmedium (CI) increases ra-
pidly during the first 4 h, reaching 50% of its saturated value (see
Fig. 4a). However, the increase in the Zmedium for the Au IDT sensor is
much slower (compare with Fig. 2b). This may contribute to the steeper
increase in the baseline-corrected impedance, as shown in Fig. 4b.
However, the exact medium change mechanism is unknown in our case.
More precise experimental measurement and simulation studies also
need to be carried out in 3D geometry and taking into account the
temporal and spatial change in the electrical properties of the
medium+cells. However, this topic lies beyond the scope of present
study.

Finally, 90 h after seeding, the cells reached confluence and were

Fig. 4. a) Cell indexes measured by xCELLigence RTCA
system for the medium with cells (CIcell, blue solid
lines) or without cells (CImedium, red dashed lines). b)
Comparison of baseline-corrected cell index (i.e. CIcell-
CImedium, right y-axes) with baseline-corrected im-
pedance (i.e. Zcell-Zmedium, left y-axes) measured by
xCELLigence RTCA system and NCD sensor, respec-
tively (For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article).

Fig. 5. Distribution of current density for Au IDT electrodes system (a) used for diamond deposition and for commercial xCELLigence sensor (b) plotted with the same
scale bar.
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homogenously distributed over the sensor area. Native pictures (Fig. S6
a–d in supplementary files) revealed that the cells were of spindle-
shaped or polygonal morphology at the end of the experiments.
Spindle-shaped morphology prevailed on the gold IDT sensor, while the
polygonal morphology was more pronounced on the NCD-coated gold
IDT sensor, and particularly on the NCD-coated and uncoated glass
coverslips. The predominant spindle-shaped cell morphology could be a
consequence of slightly delayed cell adhesion and spreading on the gold
IDT sensor (Fig. 4b). It is generally known that gold surfaces are rather
bioinert. For improved cell adhesion and growth, they should be further
functionalized with chemical groups and/or biomolecules [30].
Nevertheless, the cells on all tested surfaces displayed a well-developed
actin cytoskeleton (Fig. S6 e–h), as revealed by staining with TRITC-
conjugated phalloidin, which binds filamentous (F) actin [31]. Gen-
erally, the microscopic observations of cell morphology proved that
there were no significant differences between the gold IDT sensor, the
NCD-coated gold IDT sensor and the control NCD-coated and uncoated
glass surfaces. Also, the final cell population densities were similar on
each tested surface (Fig. S6). These results are in good correlation with
similar impedances and similar cell indexes detected by the gold IDT
sensor and the NCD-coated gold IDT sensor in the interval of ˜75-90 h
after cell seeding (Fig. 4b).

4. Conclusions

We have employed an impedance sensor type using a functional
diamond layer deposited on metal interdigitated electrodes for mon-
itoring the adhesion, growth and metabolic activity of adipose tissue-
derived stem cells during cultivation. Wide frequency range measure-
ments (100 Hz to 50 kHz) with time dependent impedance monitoring
correlated with time-lapse optical microscopy enabled us to study the
cell-cell and cell-substrate interactions and to investigate electro-
chemical processes at the electrode-electrolyte interface. The diamond-
based sensor seems to be more sensitive during the early integration of
cells with a diamond thin film (for cultivation time up to approx. 15 h
after cell seeding), while the control commercially-available
xCELLigence gold IDT system seems to be more sensitive in the later cell
growth phase (for time interval from approx. 15 to 65 h after cell
seeding). The simulated sensitivity distribution ratio rose more slowly
for the Au IDT sensor than for the xCELLigence system, which is
probably related to the steeper increase in its baseline-corrected im-
pedance. However, the exact mechanism for these differences still
needs further studies. We can conclude that the thin nanocrystalline
diamond layer (100 nm) on the gold IDT provides a promising platform
for future simultaneous electrical and optical monitoring of cell events
on surfaces functionally terminated by various biomolecules.
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