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Abstract. Electric cell-substrate imedance sensing (ECIS) is a label free method for asessment of cell
growth, metabolic state of cells and cell reaction to environmental changes. Conventional multichannel
systems use multiplexers for swithing between channels, so that always only one electrode is active.
Here we show a multichannel system where a potential step is applied to all electrodes and the current
through each individual electrode is monitored. This gives the possibility of fast readout of an entire
spectrum between 1 kHz and 5 MHz within 8 s for 10.000 channels. Moreover due to the fast operation
of the active electronics for each pixel, heating is moderate, thereby preserving the integrity of the
cells. A biofilm grown from E-coli was monitored over 2 days, taking the spectrrum every 2 h.
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1. Introduction

The electrical impedance is a good indicator for cell vitality, metabolic activities and reaction to
environmental influences. Especially the impedance analysis of cells growing adherently at electrodes
is today a well-established method for high throughput testing of cell viability and proliferation
(Wegener et al., 1996; Wegener et al., 2002). Moreover, it is ideally suited for cell-ECM adhesion and
signal transduction studies. A great fortune is the label-free detection, which does not interfere with the
metabolism of the cells allowing cell assays over longer periods. A classical arrangement for electric
cell-substrate impedance sensing (ECIS) is a gold electrode of 200 pum in diameter where cells grow as
monolayer. The basic feature of the electric sensing is the quite distinctive behavior of cell membranes
and electrolytes around cells. The electrode in contact with the electrolyte yields a capacity of about 30
MF/cmz2, With the attachment of cells, additional polarizing structures owing to the capacitive behavior
of the cell membranes are in series to the capacity of the electrode capacitance. Since the electrode
capacity is high compared to the capacity arising from membrane structures, its influence vanishes at
high frequency (> 10 kHz) while the presence of low-conducting cell membranes attached to the
electrodes overwhelms the low frequency properties. Although changes due to cell growth and cell
reactions to environmental influences are detectable at a single frequency, only impedance
spectroscopy over several frequency decades allows the distinction between electrode and cell
behavior. 2D-measurement of impedance pattern during cell growth may be demanding, for instance
when using scanning techniques with high lateral resolution (Rahman et al., 2008). Such techniques
require long scanning times and complicate hardware.

Today, for high throughput applications, multi-electrode systems (Heer et al., 2004; Manickam et
al., 2010), mostly arranged in multi-well plates, exist. Since impedance analysis relies on multiplexing,
monitoring of fast reactions over all electrodes is usually not feasible.

Here, we show an arrangement where the impedance spectrum from 10 kHz to 5 MHz at 10.000
electrodes can be readout within 8 seconds.



2. Material and Method

2.1 ECIS in frequency domain

The established technique of ECIS uses either a single frequency or discrete frequencies for
electrical characterization of cell adhered to the electrode surface (Hause et al., 1981; Mitra et al.,
1991). Using multiplexers, a frequency sweep is performed at each electrode, which can take several
minutes depending on the accuracy and number of discrete frequencies. From the spectrum, critical
parameters like the membrane capacity, the electrolyte-resistance around cells and the intracellular
conductivity can be derived (Basoukov and MacDonald, 2010; Haandbek et al., 2014). Using proper
modeling, cell typical behaviors like cell size or cell density are accessible (Grimnes and Martinsen,
2014).

2.2 Fast measurement in time domain

A frequency sweep takes time because real and imaginary part of the impedance is measured at
each discrete frequency. A much faster method is the application of all frequencies together using a
broad bandwidth signal and monitoring the response a function of time. Stimulation signals are mostly
periodic like for instance multisinus or rectangular wave (Teorell, 1946; Cole et al., 1980). Especially
for fast measurements, transient signals like voltage or current steps are favorable. When stimulating
with periodic signals, Fourier-transformation is commonly used for obtaining the response as a
function of frequency. When applying a potential step while measuring the resulting current, Laplace
transformation would yield the result in frequency domain. However, standard algorithms require
equidistantly sampled signals what results in long vectors for several frequency decades. For instance,
four decades (1 kHz - 10 MHz) require at least 20000 samples in order to avoid undersampling. Having
not only a single electrode but an electrode array would yield huge data for a single scan over all
electrodes. It becomes even more critical if changes due to environmental stimulus are assessed with
high repetition rate. It poses several critical problems:

. The data transmission and storage becomes a bottleneck in the measurement chain.

2. If the analog-digital conversion is done on the chip, fast measurements are possible. However,

the energy consumption would heat the chip and possibly stimulate the cells thermally

3. Ifthe AD-conversion is outside the chip, multiplexing and conversion takes long time

4. In common applications, the measurement stimulus will be applied repeatedly until the

response at all electrodes is traced.
In order to overcome these problems, partial integration together with gradual sampling (Pliquett,
2018) can greatly reduce the amount of data and the energy consumption.
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Figure 1. (A) Principle of measurement in time domain. A voltage step is applied to all channels at once using a
counter electrode. After a perdefined time, the stimulus is turned off (Ug;n,) in @ way that the current
flow becomes zero. The current through each working electrode is monitored individually (ly) during
the presence of the stimulus. The integration capacitor (C) is discharged at the beginning of the
stimulus and integrates the current as long as the stimulus lasts. During the gap between subsequent
stimuli, all voltages at the integrators are read using a multiplexer. The sampled analog signals are
shown at Ugy. After AD-conversion the integration capacitor will be discharged by the reset switch.

Since the stimulus is applied to all electrodes at once and all integrators are read out after this stimulus,
each sample point is available at the same time for all 10.000 electrodes. The time requirement of a
complete measurement depends on the number of sample points, the lowest frequency compound what
determines the length of the stimulus and the speed of the AD-converter. For 20 sample points and a
lowest frequency of 10 kHz only 8 s are needed.
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Figure 2. (A) Output of the integrator. The circles indicate the sample points. (B) reconstructed current through
a sinlge electrode (TP2).

The output for each channel is the sampled integrated current (fig.2A) which is converted into the
current through the electrode (fig.2B). From this, together with the height of the stimulus either directly
the time domain characteristics as distributed time functions calculated or the data are transformed into
frequency domain and represented as impedance.

2.3 Microfluidic system

The chip provided by IMS (Stuttgart, Germany) was mounted on a PCB (Fig.3A). The periphery
was developed on the basis of an 8-bit-microcontroller (ADuC841, Analog Devices, Natick, USA) and
connected using an adapter-PCB for convenient mounting under a light microscope.
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Figure 3. (A) Multi-electrode system (100x100 electrodes) adapted to the microcontroller board. (B)
Microfluidic

The microfluidic system for maintining growth condition for the cells is directly fitted on top of the
electrode system and holds the counter electrode as well.

cell culture

The chamber was filled with autoclaved Lysogeny broth (LB) medium (10 g/L tryptone, 5 g/L
yeast extract, 5 g/L NaCl) and placed into a tempered chamber at 37°C. Escherichia Coli K12 cells
were grown separately in LB-medium at 37°C overnight. After washing they were diluted to 10°
cells/mL and exchanged with the medium in the chamber. The medium was changed every day during
the growth phase of 48 h.

electrical measurements

For establishing the baseline, the electrical properties of the electrodes were measured before
adding the LB medium and again immediately before inoculation.

The spectrum with buffer only (PBS pH 7.4) was assessed in order to test the reproducibility. It
was found that the variation of bias between individual electrodes was considerable and needed to be
compensated using a lookup table.

3. Results

Immediately after seeding the cells, impedance was monitored. The electrodes have been
disconnected during incubation. After 48 h, cells were stained for active metabolism using fluorescein



diacetate (FDA) and exanimated (Fig.4A) under a confocal microscope (Leitz, Germany). With the
biofilm established, measurements started once per minute. Further cell growth was not observed. Most
of the electrodes showed a clear polarization at high frequency (Fig.4B, blue line) which clearly arises
from the cell membranes.
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Figure 4. (A) Cell monolayer at the electrodes (16 electrodes shown, each 100 x100 um?2). The cells were stained
using fluorescin diacetate. (B) Raw data at the integrator output for a single electrode before (blue
line) and after (red line) wounding the film using a cotton swab.

In order to test the influence of the cells, a part of the film was wounded using a cotton swab. As
seen in the electrical image (Figure 5), the stronger polarization at the right side diminishes due to the
loss of cell structures.
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Figure 5.  Biofilm before (A) and after wounding (B)

4. Discussion

It could be shown that electrical measurements for the assessment of cell density and their viability
with high speed but without Killing are possible. In this study, cells were grown on non-electrified
electrodes in order to avoid any disturbance of the cell growth. Further investigation will address the
electrical settings, especially with respect to the compensation of bias currents in order to avoid
electrical stimulation of cells.

Another issue of cell safety is the heating during the measurement. Because of the integrator
behind each electrode, heating is unavoidable. Most of the power consumption is due to the mirror
current of the operational amplifiers which can be as big as 160 nA for each electrode. Thus, the
overall current achieves 1.6 mA. This heats the chip considerably within some seconds but is still
acceptable for a total measurement time of 8 s. As long as no measurement is performed, the mirror
current is switched off in order to avoid heating of the chip. With strict power management, heating
was low during the time of the measurement and did not influence bacterial growth.



5. Conclusions

Parallel electrical measurements are feasible as long as cells are not stimulated by the measurement
setup due to bias currents at individual electrodes. For high channel systems, active electronics
individually at each single electrodes is advantageous with respect to the achievable electrode density
and the total possible number of channels. The use of step function as electrical stimulus and
integration of the current at each electrode allows the measurement of the accumulated charges within a
predefined time at all electrodes in parallel while the readout uses fast multiplexing. Varying the length
of the stimulus yields different time instances what are used for reconstruction of the current relaxation
after a potential step. The total electrical stimulus time (voltage step of 30 mV active) is for an
envisioned frequency range between 10 kHz and 5 MHz with 20 sample points about 400 ps.
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