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Abstract

We report on a novel impedance spectroscopy measurement and data analysis technique for cytotoxicity
testing. The technique combines non-contact measurement with real-time impedance data analysis based
on the toxin dose dependency of the outputs, making it suitable for high throughput screening. A multi-
electrode array was designed and fabricated such that a standard well plate could be positioned above the
electrodes, negating the requirement for bespoke culture wells with integrated electrodes. For cytotoxicity
testing, endothelial cells, type ECV304, within the wells were exposed to various concentrations of 3 toxins,
dimethyl sulphoxide, cadmium chloride and saponin, which exhibit different modes of action on cells.
Impedance spectra were recorded every 30 minutes over a 24 hour period. From the spectra ‘toxin maps’
were produced which presented the correlation between impedance output and dose of toxin versus
frequency and time. The results demonstrated characteristic toxin maps for each toxin and significantly
differences between the three toxins studied. Using complementary measurement methods, we showed
that these differences in toxin maps related to morphological and physiological changes in the cells due to
the differing mode of action of each toxin.
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1.0 Introduction

Impedance measurement of live biological cells is widely accepted as an effective label-free, non-invasive
and quantitative analytical method to assess cell status. The integration with other techniques, the
fabrication of devices for biological assays and the development of point-of-need diagnostic devices are
predicted to be the future trends for impedance sensing techniques due to their ease-of-use, low cost and
flexibility [1]. Electric cell-substrate impedance sensing (ECIS) is a technique used to monitor cell status
and behaviour by measuring the impedance of cells growing on electrodes within culture medium.
Benefiting from the advantages that impedance based measurement offers, ECIS cell chips also combine
flexibility with the ability to integrate a sensor and the associated circuitry. ECIS devices have been used
to study the in-vitro response of cells to toxins [2, 3, 4] and to nanoparticles [5]. Impedance spectroscopy
is well suited to measurements of changes in the cell morphology [6], cell growth [7], cell viability [3], cell
adhesion [8], motility [7, 8], cell-cycle [9], kinetics of cell death [10] and cell barrier integrity [11].

The adoption of high throughput screening (HTS) and high content analysis (HCA) for toxicity testing or
drug discovery [12] allows for the testing of numerous materials, including chemicals and nano-materials
[13], at different concentrations. HTS/HCA approaches facilitate the classification of key biological
indicators of materials—cell interaction and are needed to assess dose and time dependent toxicity, allowing
predication of in-vivo adverse effects. Traditionally, colorimetric or fluorometric endpoints are used to
determine cytotoxic effects and a LD50 (a measure of the lethal dose) for a toxin, for example the Neutral
Red Uptake Assay [14]. Impedance based sensing methods offer non-invasive alternatives that lend



themselves well to the demand of HTS.

Complementing impedance spectroscopy with appropriate signal post-processing can improve the
assessment and quantification of a particular cellular response. Various techniques have been used to
analyse bio-impedance signals. In particular, alteration of cell micro-motion and cell differentiation have
been detected [6, 8] using De-trending Fluctuation Analysis and by performing moving variance analysis
on the time-series impedance data [15]. This post-processing data analysis allows gradual changes in
cellular dynamics and morphology to be quantified in a concentration dependent manner. Wavelet-based
analysis has been applied to time-series impedance data measured at 40 kHz to evaluate the
‘aggressiveness’ of cancer cells [7], particularly identifying the micro-motions, growth dynamics and energy
usage for cellular activity. A method of applying wavelet packet decomposition (WPD) to analyse
impedance results of cytotoxicity testing has been investigated [16]. Since it is an appropriate technique to
extract low and high frequency components from bio impedance signals it could be used to differentiate
between intra- and inter-cellular changes. It was demonstrated that the WPD is an accurate technique for
monitoring changes in cell morphology following a toxic challenge. Other signal processing techniques like
Fast Fourier Transform (FFT) analysis have been applied to impedance data to analyse spontaneous
cellular oscillations [17]. The Hilbert-Huang Transformation (HHT) has been investigated to deal with the
non-linear and non-stationary nature of impedance signals and as a method to extract characteristic
information from the data related to morphological changes during cytotoxicity testing [18, 19]. An
impedance measurement system has been described for monitoring the response of ECV304 cells to two
toxicants (dimethyl sulphoxide (DMSO) and sodium butyrate) [20]. The cell response for each toxin dose
was plotted as a 3-D impedance spectra (impedance versus frequency and time) for each toxin
concentration and compared with images of the cells. Changes in the characteristics of the impedance
spectra with time and toxin concentration were shown to correlate with the morphological changes of cells.
The techniques described above all provide useful methods for analysing impedance spectra and
identifying changes in cells due to a toxic challenge. However, they do not make use of the information
relating impedance data variation with toxin concentration, to permit rapid identification of a particular class
of toxins.

In this paper we present a novel ECIS technique that involves a transformation of 3D impedance spectra
data, utilising a measure of the correlation between toxin concentration and impedance output to generate
a ‘toxin map’. The toxin maps provide finger-print signatures of the cells’ response to a toxic challenge. In
this study, we investigated the cytotoxicity effects of dimethyl sulfoxide (DMSO), cadmium chloride and
saponin on endothelial cells (type ECV304), comparing the toxin maps for each compound with
morphological/physiological changes of the cells due to the effects of these toxins. These toxins were
selected for the following reasons: they were readily available, they are not associated with excessive
hazards and they have well defined and different effects on cells. DMSO is a potent cell differentiating agent
and has marked effects on the growth, morphology and metabolism of cells. Cadmium chloride has more
specific effects, acting as a potassium channel blocker and replacing calcium in Ca?* binding proteins.
Saponin is a potent membrane permeabilizing agent. In parallel with the impedance spectroscopy study,
an analysis of cell morphological/physiological changes induced by the three toxins was undertaken using
phase contrast microscopy and measurement of the release of lactate dehydrogenase (LDH). Changes in
cell size were determined from microscope images and damage to the cell membrane from the released
LDH in the cell culture media.



2.0 Materials and methods

2.1 Non-contact impedance Spectroscopy using an 8-Electrode System

The impedance analyser system, shown in Fig. 1(A), comprises 8 electrode pairs (figure 1B) and a signal
phase-shift detector circuit (figure 1(C)) to measure changes in cell impedance. The method is non-invasive
with a standard 12 well plate, containing the cells, being positioned on top of the electrodes during
measurement, as shown in figure 1(A). This technique uses an array of 8 D-shaped electrode pairs of 22.1
mm diameter, which were fabricated on a printed circuit board (PCB). D-shaped electrodes, as shown in
figure 1B, were selected for this study, as previous experimentation has demonstrated that this design had
greater sensitivity than other designs, such as interdigitated and spiral patterns [21, 22].During impedance
measurement each electrode was monitored independently and in sequence. One well was designated as
the control and, durlng measurement, contained cells with no added toxicant.
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Fig. 1. Impedance analyser setup: A) the impedance analyser connected to a printed circuit board with an array of 8 electrodes which
a 12 well plate is laid B) 8 electrode array PCB design C) schematic of the impedance analyser’s phase shift detector circuit.

In a simple model of this ECIS system, the sensing electrode and cells form the capacitive reactance
(Xc) element of a series resonant circuit, where the resonant frequency is set to approximately 2 MHz by
suitable choice of fixed inductor (Xr). The frequency of the resonant circuit is swept from 400 to 2400 kHz
at a sampling frequency of 10 kHz. The frequency sweep range is wide in order to capture impedance
changes below and above resonance, to evaluate various aspects of the morphology/physiology of the
cells. Atresonance XL and Xc are equal and cancel, thus the phase angle of the impedance is zero.

The impedance parameter recorded in this work is based on the change of phase angle (¢) between the
input drive signal across the series resonant circuit and output signal across Xc and X.. A block diagram of
the circuit to produce the output voltage representing the phase angle change is shown in figure 1C. The
phase angle is measured by converting the time difference between the zero crossing point of the input



(reference) voltage waveform (V1) and the zero crossing point of the output waveform (V2) into a single
pulse and then determining the voltage corresponding to the phase angle change from the width of this
pulse. The phase angle (¢) in radians is obtained using equation (1), where t¢ is the time difference between
the zero crossing points, described above, and T is signal time period.

o=2r|2 (1)

Due to the difficulties associated with measuring phase differences close to and equal to zero using a pulse
width generator the phase of V2 is shifted by = radians. The output, Vout (MmV), representing the impedance
phase angle change is therefore calculated using equation (2), where Vmax is the output corresponding to
a full voltage cycle.

Vmax
Vout = (T + @) x? (2)

2.2 Impedance spectroscopy of cells

Endothelial cells (type ECV304) were seeded at the same concentration (2 x 10° cells/well) in each well
in the two external rows of 12-well plates. The complete culture media used was Medium 199 with 25 mM
HEPES, supplemented with 100 U/ml penicillin and 100 ug/ml streptomycin (1 % Pen/Strep), 2 mM L-
glutamine and this media was completed with 10 % heat-inactivated foetal bovine serum (FBS) previously
filtered (all from Sigma Aldrich, U.K.) pre-warmed at 37 °C before use.

The cell culture medium was changed 2 days after plating and cells were allowed to reach confluence,
usually 4 days after plating. After confluence, the culture medium was removed from the culture using an
aspirator and 1 ml of complete M199 medium containing increasing toxin concentrations was added to each
well. Four concentrations of DMSO (0.5 %, 1.25 %, 2.5 % and 5 % (v/v), four concentrations cadmium
chloride (1, 10, 50, and 100 uM) and four concentrations of saponin (0.5 ug/mL, 1 ug/mL, 2 ug/mL and 10
pg/mL) were studied. For control purposes, 1 ml of fresh complete medium without toxin was added to the
control well in each 12-well plate. An impedance spectrum was recorded every 30 minutes for 24 hours.
During measurement the 12-well plate and the impedance analyser were kept in the incubator to allow the
cells to grow in normal conditions at 37 °C in a humidified atmosphere containing 5 % CO2. The impedance
data (phase change in mV) from each test well was corrected using the signal from the control well to give
a difference spectrum in mV. Four replica measurements for each toxin concentration were performed.
Culture media alone with and without toxin gave no difference in the impedance spectra (data not shown).

2.3 Data Analysis

An impedance difference spectrum (i.e. the output voltage, Vo, representing the phase change difference
between test and control) was obtained for each cell culture well every 30 minutes over a period of 24
hours. The 3D impedance difference spectra spanned the range of frequencies from 400 kHz to 2400 kHz,
measurement being performed at intervals of 10 kHz. The impedance difference spectra for each toxin
were used to determine the linear correlation between the difference in output voltage (mV) and
concentration. Correlation coefficients were calculated for concentration of toxins with respect to output
measurements at every frequency and time interval. These correlation coefficients were used to plot a “toxin
map” of coefficients at each frequency-time point. By using threshold values of +0.95 and -0.95, areas of
positive (red) and negative (blue) correlation are identified indicating regions of significance. Areas above
and below the threshold values are plotted to produce the toxin map. An example of a plot of the regression
space, in which all the correlation coefficients are mapped against time and frequency, is shown in figure
2. Toxin maps for each of the three different toxins are shown in Section 3.0 below. Four toxin maps were
generated for each toxin (one for each replica measurement).



Freq

Fig. 2. The 3D impedance spectrum that represents the ECV304 cell effects to DMSO, obtained after subtraction of the output voltage
from treated and control cells, and (B) Toxin map produced from the cell responses at four different DMSO concentrations, that
represents points of correlation between cell effects and dose at 3 and 20 hours.

2.4 Cell size quantification by phase contrast microscopy

Phase-contrast microscopy of the ECV304 cells was performed after 24 hours exposure to toxins, in
order to observe the changes in the cells as a result of the toxic challenge. The average cell size was
calculated from 50-70 cell measurements in at least 3 different images. The size was determined after
calibration of the software by the image of a haemocytometer chamber (magnification x 200). The data was
expressed as the change of cell size (um) of the treated cells minus the control cells. The average of
triplicate measurements on control cells was used to determine the difference between the treated cell
measurements and control cells.

2.5 Lactate Dehydrogenase (LDH) Assay

LDH is normally present in the cytoplasm of living cells and is released into the cell culture medium
through leaky cell membranes of dead or dying cells that have been adversely affected by a toxic agent. In
this study, small amounts of culture medium were removed at 3 hours and 24 hours after treatment of the
cells to measure the amount of LDH released. The assay for LDH release was performed using Sigma LDH
measurement kit. Cell supernatants from each of the 8 wells utilized in the 12 well plate were collected in
1.5 ml eppendorf tubes and centrifuged (250 g, 5 min) to remove cell debris. 100 pl aliquots of supernatant
was dispensed into a 96-well microtiter plate and mixed with 50 pl/well of LDH substrate (containing
diaphorase, NAD+, iodophenyl-nitrophenyl-phenyltetrazolium chloride and sodium lactate). The well plate
was covered with foil to protect it from light and incubated at room temperature for 30 minutes. The reaction
was stopped with 10 pl of 1M HCI added to each well. Plates were then read using a plate reader (Anthos
Labtec Instruments, A-5022 Salzburg) at 490 nm using a reference wavelength of 685 nm. A background
measurement at 685 nm was made to correct the endogenous absorbance of the complete medium and



used to correct all measurements made on the cells. A positive control was prepared by collecting the
media from cells treated with 0.01 % saponin to lyse all the cells. All samples were ftriplicates. The
percentage LDH leakage was calculated from the absorbance of the cells treated with toxins minus the
absorbance of background, divided by the background corrected absorbance of the saponin positive
control.

3.0 Results

The results of impedance measurements on confluent cultures ECV304 cells for the three toxins used in
this study are presented in the form of toxin maps (The original 3D impedance data is provided as
supplementary material figures S1, S3 and S5). Alongside the toxin maps, data associated with cell size,
determined from phase contrast images (provided as supplementary material figures S2, S4 and S6) and
LDH levels, demonstrating the integrity of the cell membranes are provided for each toxin at the four
different concentration levels.

3.1 DMSO Treatment

3.1.1  DMSO Toxin Map

A toxin map for ECV304 cells treated with DMSO, shown in figure 3(A), was created from the 3D
impedance spectra for the four concentrations of DMSO studied. The 3D impedance spectra are provided
as supplementary material figures S1 (This is an example of the spectra produced from the 4 replica
experiments.). The toxin map demonstrates large regions of positive and negative correlations. There was
a greater than 85% concordance between the 4 replica experiments. A wide area of negative correlation is
evident for approximately the first half an hour at high frequencies between approximately 1800 kHz and
2400 kHz, corresponding to the ‘step region’ seen in the 3D impedance spectra. This changes to positive
correlation between approximately 3 and 8 hours and after this time very little correlation can be observed.
There is a large area of negative correlations in the range from 1080 to 1800 kHz, corresponding to
frequencies of the ‘wave region’ shown on the 3D impedance plots, in which a wave of peaks over this
frequency range extend further in time as the concentration of DMSO increases. Over time the negative
correlation changes from the lower end of frequency range of the ‘wave region’ to the higher end, remaining
approximately constant between 1380 and 1800 kHz after about 8 hours. Between approximately 960 kHz
and 1080 kHz there is a region of positive correlation up to approximately 5.5 hours, after this little
correlation is observed. This could be related to the 3D spectra which show that there is little change in the
output after 5.5 hours, indicating that the cells have been maximally effected by the toxin at this point. At
frequencies below 960 kHz sporadic correlation can be identified, with correlation across the nearly whole
experimental period at specific frequencies around 450 kHz, 470 kHz, 540 kHz and 820 kHz. The sporadic
nature of this correlation data is consistent with the unstable impedance output shown at lower frequencies
on the 3D impedance spectra in the supplementary material.

3.1.2 Cell size

The cell size increases with DMSO concentration, measured after 24 hours of incubation in DMSO, as
shown in figure 3B. The Pearson’s correlation coefficient (r) for the change in the cell size with increasing
concentration of DMSO applied to the cells is 0.826. The average size difference of ECV304 cells, relative
to the control cells, increased with the applied DMSO concentrations from 6.9 £ 10.4 pm with 0.5 % DMSO
(chi-square probability X?<0.05) to 76.2 + 50.8 um with 5 % DMSO, this increase in cell size was statistically
significant (p<0.01). This increase in cell size can be clearly seen in the phase contrast microscope image,
provided in the supplementary material figure S2. It was noted that there was a wide distribution of cell size
as some cells started to become enlarged at lower doses and at higher doses all the cells become enlarged
but still display a wide range of cell size. This may indicate that individual cells respond to DMSO in slightly
different ways, perhaps dependent on the phase of the cell cycle. Also it was noted that as the DMSO dose
increased greater numbers of apoptotic cells were observed with 20% cell death at 24 hours.



3.1.3 LDH Release

The percentage of LDH released, relative to the positive control, at 3 and 24 hours of incubation in DMSO
are shown in figure 3(C). At 3 hours ECV304 cells did not show a dose dependent release of LDH, but at
24 hours exposure to DMSO the release of LDH became dose dependent (p<0.01), 72.2 £ 15.4 % in
ECV304 cells, rising to over 70% at 5% DMSO concentration.

The correlation coefficients for the percentage of LDH release at 3 hours and 24 hours were 0.365 and
0.832 respectively. The results imply that DMSO causes a low level of damage to the cell mechanisms
maintaining cell membrane integrity at 3 hours, across all toxin concentrations. Whereas, after 24 hours,
there is a significant dose dependent release of LDH due to loss of cell membrane integrity and cell death
which is evident by the increasing numbers of apoptotic cells seen in the phase contrast image (available
as supplementary material figure S2).
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Fig. 3. A) Toxin map of ECV304 response to DMSO treatment during 24 hours at the frequency range 400-2400 kHz, B) Cell size
(um) dependence on DMSO toxin dose after 24 hours of toxin treatment of 0.5 %, 1.25 %, 2.5 %, and 5 %, C) LDH (%) release
dependence on DMSO toxin challenge at 3hours and 24 hours exposure time.

3.2 Saponin Treatment

3.2.1  Saponin Treatment Toxin Map

The toxin map for ECV304 cells, treated with four concentrations of saponin, figure 4(A) shows mainly
areas of positive correlation. The main area of correlation is approximately between 1080 kHz and 1330
kHz and extends throughout the whole of the 24 hour measurement period. This corresponds to negative
voltage peaks in the central region of the 3D impedance plots (provided as supplementary material figure
S3) that show a gradual increase in magnitude with increasing saponin concentration. At higher
frequencies, there is a wide negative correlation band within the first two hours of saponin treatment and a
positive correlation from approximately 3 to 8 hours. There is also evidence of this region in the 3D plots
where a clear step between the mid frequency and the high frequency impedance outputs at approximately
1850 kHz can be distinguished. At lower frequencies between 430 and 440 kHz, there are isolated areas



of correlation at various frequencies. The sporadic nature of the correlation relating to the unstable
impedance values at low frequencies, as discernible on the 3D impedance spectra provided in the
supplementary material figure S3.

3.2.2 Cell size

Figure 4(B) shows a graph of average size of the ECV304 cells versus concentration of saponin after 24
hours incubation in saponin. The average change in cell size relative to the control increased with saponin
concentration (r = 0.589) up to 39.7 +31.5 ym with 10 pg/ml saponin as shown in figure 4B. This increase
in size was statistically significant with saponin dose (p<0.05). The photomicrographs shown in the
supplementary material figure S4 demonstrate that as the concentration of saponin increased, the
morphological changes in ECV304 cells became more pronounced. Larger cells (arrow b) fused to form
multinucleated cells (arrow c) at the higher concentrations of saponin. This increase in cell size is an
expected result for cells exposed to saponin as its mode of action is to interact with cell membranes to form
pores through which fluid is drawn into the cell due to osmotic pressure.

3.2.3 LDH Release

Exposure to increasing concentrations of relatively low doses of saponin causes some LDH release from
the ECV304 cells compared with the control (p<0.05) as seen in figure 4(C). At the lower doses of saponin,
up to 2 pg/ml, the dose had little effect on the release of LDH at 3 and 24 hours. But a dose of 10 ug/mi
saponin caused a greater loss of LDH from the cell from 46.2 + 7.8 % at 3 hours to 72.2 + 34.7 % at 24
hours. This implies that there is a threshold dose above which saponin causes a significant increase in
LDH loss as a results of a greater number of pores being formed exceeding the cells ability to compensate
for lower levels of membrane damage. In addition, the higher number of apoptotic cells seen in the
micrographs in the supplementary material figure S4 and the formation of large multinucleated cells (arrow
c) can lead to release of LDH. 30% cell death was observed at 3 and 24 hours.
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Fig. 4. A) Toxin maps of ECV304 response to Saponin treatment during 24 hours at the frequency range 400-2400 kHz, B) Cell size
(um) dependence on Saponin toxin dose performed after 24 hours of toxin treatment of 0.5 pyg/mL, 1 pg/mL, 2 pg/mL, and C) LDH
(%) release dependence on Saponin toxin challenge at 3 hours and 24 hours exposure time.



3.3 Cadmium Chloride Treatment

3.3.1  Cadmium Chloride Treatment Toxin Map

The cadmium chloride toxin map (figure 5(A)) shows a number of positive and negative bands of
correlation. At lower frequencies there were a number of these, some well define, e.g. ~500 kHz and ~750
kHz for the total 24 hour measurement period and other bands were more sporadic up to approximately 1.1
MHz. At the higher frequencies there were two bands of positive correlation at approximately 1260 kHz
and 2200 kHz. These frequencies, where correlation is found, appear to be related to the peaks of high
impedance values which extended across the whole of the experimental period as is evident on the 3D
impedance plots (provided in the supplementary material figure S5). The 3D plots also show that there was
very little change in impedance values across most other frequencies in the spectrum, particularly in the
mid-frequency measurement range. The higher frequency band at approximately 2200 kHz corresponds to
the “step” feature observed on the 3D impedance plots.

3.3.2 Cell size

The average cell size increased significantly (p<0.01) when the cells were exposed to 50 uM
concentration of cadmium chloride (0 £ 1.6 ym) or 100 yM cadmium chloride (10.7 £ 2 ym) as shown in
figure 5(B). This would imply that the effect of cadmium chloride on the cells reached a limit at 50 uM.
However, there was a trend for cells to shrink relative to the control cells with lower concentrations of
cadmium chloride. The photomicrographs shown in the supplementary material figure S6 reveal larger cells
at the higher cadmium chloride concentrations, but it can be seen that some cells are enlarged at 10 uM
despite not seeing an overall increase in cell size. There are a few apoptotic cells visible at all cadmium
chloride concentrations.

3.3.3 LDH Release

The percentage LDH release relative to the control was lower than that seen with the other two toxins,
reaching a maximum of approximately 20% (figure 5(C)). Apart from 1 yM cadmium chloride exposure
there was not a significant difference in the percentage LDH release after the 3 hour and 24 hour exposure.
This implies that cadmium chloride exerts its effect on the cells within the first 3 hours of exposure at
concentration of 10 uM and above. The lower levels of percentage LDH release and low number of
apoptotic cell observed are consistent with only 5% cell death at 3 hours and 15% at 24 hours, lower than
with the other toxins tested.
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Fig. 5. A) Toxin maps of ECV304 response to cadmium chloride treatment during 24 hours at the frequency range 400-2400 kHz, B)
Cell size (um) dependence on Cadmium Chloride performed after 24 hours of toxin dose of 1 yM, 10 uM, 50 uM, and 100 uM, C) LDH
(%) release dependence on Cadmium Chloride toxin challenge at 3hours and 24 hours exposure time.

4.0 Discussion

Impedance analysis within the beta dispersion region, i.e. the frequency range 10 kHz to 100 Mhz [23] has
been shown to be optimum for evaluation of cellular activity in biological systems. Within this frequency
range the cell membrane can be modelled as a parallel combination of capacitance and resistance, where
the reactance of the membrane capacitance short circuits the membrane resistance, so the external electric
field begins to penetrate into the cell interior. By comparison, in the alpha dispersion region, at frequencies
below 10 kHz, the resistance of the cell membrane insulates the electric field from the cell interior. Within
the study presented here, all measurements were recorded within the beta dispersion region.

A broadband approach to impedance measurement is required to investigate multiple cell properties
[24]. In the model developed investigating the interaction between an electric field and a single cell [25],
three frequency bands were defined; 0.8 — 2 MHz, 2 MHz — 12 MHz and 12 — 60 MHz. The high frequency
band was associated with changes in the cell cytoplasm, the middle frequency band was associated with
the cell membrane and the lower frequency band was related to the cell diameter. In a second model
developed [26] also for a single cell, cell interactions were classified into 3 slightly different frequency bands;
0.1 =10 KHz, 10 — 1 MHz, 1MHz to 10MHz. The high frequency band was associated with changes in the
cytoplasm of the cell, while changes in the cell membrane were associated with mid (as well as the high)
frequency bands. Finally, it was suggested that cell size could be associated with all frequency bands in
their model, as there is clearly interdependency in the changes in size with both changes on cytoplasm and
cell membrane.

Work reported in the literature [25, 26] is based on models and observations from experiments where the
cells are in intimated contact with the electrodes and consequently the interpretations are related to this
type of experimental design. In our system, the cells are grown in a standard tissue culture plate and are
not in contact with the electrodes. Despite this difference in system design, it is reasonable to assume that
there will be similarities in the frequency ranges associated with different cell properties. Based on the toxin
maps created in this study, the frequency range can be divided into three approximate bands: 400 -1100
KHz; 1100 — 1800 KHz and 1800 -2400 KHz. Based on the frequency bands in the models described above
and whilst noting the interdependency between the factors, it can be postulated that the lower frequency
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band is broadly related to cell size, the mid-range band is related to cell membrane changes and the higher
frequency band is related to changes in the cell cytoplasm.

All the toxin maps show areas of significant correlation in the low frequency band. Compared with the
mid and high bands, this correlation tended to be more sporadic over the experimental period of 24 hours.
This observation could be related to the 3D impedance spectra (provided in the supplementary material) in
which the impedance values were less stable in the low frequency band compared with the mid and high
frequency ranges. This implies that in the low frequency band, the impedance output is very sensitive to
very slight changes in the cell system, for example due to changes in cell morphology as cells divide and
grow, leading to a less consistent set of changes compared with the mid and high bands. The number of
frequencies that showed correlation within the low frequency band was significantly less for cadmium
chloride compared with saponin and DMSO. This was consistent with the cell size measurement from the
phase contrast microscope images. A statistically significant increase in cell size was seen with all toxins
applied. However, treatment with cadmium chloride resulted in a maximum of 10% change in cell size after
24 hours, whereas for saponin and DMSO a 40% and 75% change in cell size respectively was observed.
Early in the test period within the low frequency band, DMSO had the greatest number of frequencies which
showed correlations but many of these became more sporadic after approximately 5 hours. This may
indicate that before 5 hours the DMSO starts to induce significant changes the cells (as observed in the
change of cell size seen in the photomicrographs at 24 hours) and after 5 hours there was a less marked
increase in the cell size for any of the concentrations studied.

In the mid-range frequency band of the toxin maps, both DMSO and saponin show large areas of
correlation whereas for cadmium chloride there is a single, narrow band at 1260 kHz. It is postulated that
changes in the cell membrane can are associated with changes in impedance in the mid-range frequency
band. The release of LDH from the cell is a measure of the cell membrane integrity. Exposure to saponin
and DMSO resulted in a maximum of 72% LDH release, relative to the control, at 24 hrs and showed
significant correlation with dose. Both saponin and DMSO had areas of positive correlation between 1100
and 1300 kHz. In contrast, exposure to cadmium chloride did not result in a significant dose response, with
a maximum LDH release of 20% at 24 hrs. For the DMSO the dose dependence of LDH release at 24 hours
was clear, whereas at 3 hours the correlation coefficient was low. This implies that the majority of DMSO
induced damage to the cell membrane occurs after three hours.

The high frequency regions of the toxin maps, which we propose is related to internal cell structures,
showed areas of correlation for all three toxins. DMSO showed the greatest area of correlation, both
negative and positive. Whereas, with cadmium chloride, a narrow band of positive correlation is seen
around 2190 kHz and, with saponin, a narrow band of negative correlation is seen around 2060 kHz along
with a wide band of negative correlation up to 2400 kHz for the first 2 hours of exposure. This implies that
DMSO is a broad acting toxin that exerts its toxic affect in a dose dependent manner over the first 8 hours
of exposure. The narrow band of correlation seen with cadmium chloride and saponin indicate a more
specific effect on the internal cell structure. This is the case with saponin which affects primarily the cell
membrane. Impedance measurements themselves do not give information of specific processes, but could
indicate particular areas of the cell anatomy and metabolism that are affected by a toxin.

For all toxins significant dose dependent changes in the impedance spectra could be seen within 30
minutes of exposure to the toxin. In this study the first measurement point occurred 30 minutes after each
toxin was added. Consequently, it was probable that dose dependent changes were happening before this
time point.

Further work is required to identify differences in the toxin maps associated with a broader range of
toxins. It is hypothesized that similar patterns of correlation will indicate similar modes of toxicity to a given
cell. Given an unknown toxin we are able to classify the cytotoxic mode-of-action from the toxin map, but
would not be able to identify the specific compound. In principle, with a complex solution of toxins we would
expect to see a summation of the toxin maps of the different modes of action, but this has not yet been
assessed. Impedance measurements themselves alone do not give information of specific cellular
processes, but do indicate particular areas of the cell anatomy and metabolism that are affected by a toxin
challenge. We may apply other conventional validation techniques to assess cytotoxicity to evaluate
inhibition of some important pathways to correlate with our impedimetric data. Conventional cytotoxicity
assays rely on measuring one or more cytotoxic indicators. We could assess loss of membrane apoptosis
by activation of caspases. In the case when toxicity occurs without membrane damage, ATP depletion, and
GSH depletion potentially could be measured.



12

Our system recorded impedance spectra every 3 minutes over a total time period of 24 hours, detecting
morphological changes in the cells due to toxins in real-time. These changes involve molecular mechanisms
starting with membrane proteins signaling followed by morphological changes and ending with cell death.
Similarly cell proliferation may be detected by our method of impedance spectroscopy to establish cell
division generation time.

Given an unknown toxin we are able to classify the cytotoxic mode-of-action from the toxin map, but
would not be able to identify the specific compound. In principle, with a complex solution of toxins we would
expect to see a summation of the toxin maps of the different modes of action, but this has not yet been
assessed.

Our system could be applied to sense morphological changes in other cell types [18], including bacteria
cells. One of the primary components of the bacterial cell wall is peptidoglycan, a structural macromolecule
with a net-like composition that provides rigidity and support to the outer cell wall. Throughout a bacterial
lifecycle, the cell wall (and thus the peptidoglycan crosslinks) is continuously remodeled in order to
accommodate for repeated cycles of cell growth and replication. Thus, in principle we would be able to
identify frequency bands in a toxin map that reflect these changes and also changes due to addition of
drugs, such as penicillin. Penicillin and other antibiotics in the beta-lactam family contain a characteristic
four-membered beta-lactam ring. Penicillin kills bacteria through binding of the beta-lactam ring to DD-
transpeptidase, inhibiting its cross-linking activity and preventing new cell wall formation. It is concluded
from our results that the mid-range frequency band 1100 — 1800 KHz is related to changes to the cell
membrane. This is in concordance with other reported EIS systems, developed [27] to detect and
enumerate bacteria in water samples. Furthermore, it is reported [27] that it is possible to differentiate
between gram positive and gram negative bacteria. The author [27] suggested higher frequencies in the
range 1MHz to 10MHz are capable of partially penetrating the membrane of the bacteria and thus probe
the membrane and cytoplasm composition.

5.0 Conclusions

In this study, we developed a real-time, non-contact impedance spectroscopy measurement and analysis
technique for cytotoxicity testing. The analysis involves the creation of a ‘toxin map’ in which the correlation
factor between the impedance of a culture of endothelial cells (cell line ECV304) and toxin dose is plotted
with respect to input signal frequency and time. The results demonstrated that each toxin generated a
characteristic toxin map, with the four replica experiments for each toxin demonstrating greater than 85%
concordance. Moreover, the maps for each of the three toxins demonstrated significant differences, which
could be related to the differing modes-of-action of the toxin on the cells. For example, the broad acting
toxin, DMSO, showed many areas of correlation across mid and high frequencies in the measurement
range (400 kHz to 2400 kHz), whereas cadmium chloride showed correlation only in a few narrow frequency
bands, which was commensurate with the specific action of cadmium chloride in the cell, for example
binding with membrane targets to inhibit calcium channels.

Future work will focus on determining the association of cell changes with regions of correlation on a
toxin map. This can be achieved by evaluating toxins that have well characterized, specific modes of action.
In addition, impedance measurements will be performed every minute after the addition of the toxin in order
to establish how quickly characteristic patterns can be created. The technique presented shows potential
for application in high throughput screening as it permits real-time, non-contact monitoring of the cells and
rapidly provides characteristic outputs dependent on the toxin.
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