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Abstract—Electrochemical Impedance Spectroscopy (EIS) is a
standard method to investigate properties of biological samples
due to its non-invasiveness. Multi-electrode arrays (MEA) per-
form parallel measurements, which lead to higher throughput
and thus reduced measurement time. However, implementing a
parallel MEA EIS needs considerations to achieve safe and fast
measurements. Commercially available devices perform single
EIS and then serially scan the MEA. Their limited frequency
range and limited detection impedance can be further increased
to support more application. This work presents a 24 channel
MEA EIS system that has highly reduced measurement time in
comparison to commercially available solutions by utilizing multi-
tone excitation signals. The EIS system has been implemented on
a two layer PCB and successfully tested with biological samples.
It consumes 17.5 × 17.5 cm2 and draws 300 mA from a 5
V supply voltage. The EIS measurement frequency range spans
from 10 mHz to 100 kHz and can detect impedances from 6 Ω to
300 kΩ. The prototype measurements have been compared with
the commercially available devices and showed matching better
than 95%.

I. INTRODUCTION
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Environmental air pollution and diseases such as hypoxemia,
hypoxia, cancer, etc. seriously affect the respiratory system of
affected humans. Treatments are costly and time consuming;
therefore, it is preferred to research underlying root causes for
such diseases and try to prevent rather than curing them. One
of the indicators that can be used for this purpose is the quality
of the tight junction (TJ) in the lung. Tight junctions connect
epithelial cells and are responsible for controlling the passage
of molecules across the barrier as active and passive transport
process. Thus, any change in their permeability leads to dif-
ferent diseases [1], [2]. Various methods have been utilized in
the state of art to investigate the change of permeability of TJs
versus different drugs and diseases. One of the proposed non-
invasive methods is electrochemical impedance spectroscopy
(EIS). An in-vitro cultivated layer of lung cells is excited
with a small voltage signal, whose frequency varies over
the interested band; the resulting current from this excitation
is recorded and is used to extract transepithelial electrical
resistance (TEER), which indicates the properties of the TJs.
This can be utilized to differentiate between different scenarios
of the diseases [1], [2].

Commercial devices are available for this purposes such as
CELLZSCOPE+ [3]. The device presents measurements of 6
or 24 wells in a frequency range of 1 Hz to 100 kHz with a
resolution of ≈ 5 Ω to 100 kΩ. Since the cultivation of the
lung cells usually takes around 3 to 4 weeks, availability of
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Fig. 1. Overview of the EIS prototype with the reference EIS system
(CellZscope [3]).

multi-electrodes facilitates the studies due to parallelization of
the experiments. However, CELLZSCOPE+ perform the EIS
measurements for each well serially, which leads to ≈ 18 min
to scan all the 24 wells. This long scan time can degrade
the quality of the samples under test (SUTs), since they must
be stored in a special environment of an incubation chamber.
In the very new generation of nanoAnalytics [3] this issue
has been addressed by recently introducing CELLZSCOPE2,
which performs EIS measurements with the same mentioned
specification with reduced measurement time for all the 24
wells of ≈ 4.5 min. However, still limited frequency range of
1 Hz minimum and limited resolution of 100 kΩ (maximum
measurable impedance) could be further improved. Also, uti-
lizing multi- rather than single-frequency excitation could help
to reduce the measurements time even more.

In this work a prototyped EIS system is shown to perform
EIS for 24 wells in parallel. Utilizing a multi frequency signal
with parallel recording system reduces the excitation and
measurement time for all the 24 wells to currently ≈ 20 sec
(1 Hz to 100 kHz).

The architecture of the proposed system is introduced and
each part is explained in detail. The results of the presented
board are shown and finally are compared with the commer-
cially available devices in the published state of art [3], [4]
followed by a conclusion.

II. SYSTEM ARCHITECTURE

As shown in Fig.1, a 24 multi-electrode array EIS system has
been presented to measure and evaluate the quality of the lung
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Fig. 2. Block diagram of the proposed EIS setup.

cells. The proposed EIS setup, as depicted in Fig.2 consists of
four major sections; electrode array, excitation part, recording
part, processing unit. Electronic parts are integrated on a two
layer printed circuit board (PCB). Each part of the EIS setup
is described in detail in the following.

A. Electrode Array

The custom MEA shown in Fig.1 consists of 24 chambers.
In each chamber, well membranes can be inserted in which
epithelial cells have been cultivated with different specifi-
cations. The prototype MEA box has been developed to
fulfill the required area and specification needed for the EIS
measurement and the cultivation wells. All chambers share
the same excitation electrode that has been integrated on
the bottom of the electrode box. Each chamber is isolated
from the others such that no cross-contamination occurs. This
electrode configuration allows to use the shared electrode as
the excitation electrode and thus the result of the 24 wells is
separately measured and digitized. This allows to investigate
each well cultivated with cells individually and irrespective of
the neighboring chambers.

B. Excitation Part

For the utilized MEA, since the excitation signal is shared
between all the wells, only one signal generator is needed.
To perform potentiostatic measurements, the excitation signal
must be in the voltage domain and have amplitudes below
≈ 10 mVrms to ensure safety of the electrodes as well as
the SUT [5]. Utilizing for simplicity a voltage output digital

to analog converter (DAC) to generate a small excitation
signal means only few least significant bits (LSB) of the DAC
are used which consequently lead to a small signal to noise
ratio (SNR) of the excitation signal. To avoid this issue as
illustrated in Fig. 2 a current-output 12-bit DAC is utilized
and then the output current is converted to voltage domain
with usage a power amplifier, which can drive more than
300 mA output current [6]. The drivability of the output is very
important since at high frequency excitation, it is expected to
see few ohms impedance, which require the excitation signal
to provide more than ≈ 50 mA of currents for the 24 wells. A
field programmable gate array (FPGA) provides the clocking
signal as well as the digital input signal of the DAC based on
the user data.

To achieve faster measurements, multi-tone excitation signals
as depicted in the frequency domain in Fig.3 are used. For
each order of magnitude, 9 linearly distributed sinusoidals
are combined. To reduce the peak value of the multi tone
signal, specific phase shifts are added to each single frequency
resulting in a smaller crest factor [7], thus not exceeding a safe
limit for the maximum excitation voltage.

To support cyclic voltammetry (CV), which is another sen-
sory method to investigate biological samples [8], in the future
design full scale voltage needs to be adjusted to higher values
of ≈ ±1 V. Thus, by utilizing three switches as depicted in
Fig. 2, the full scale (FS) current of the DAC and the feedback
resistor of the I/V conversion are adjusted accordingly to
support CV measurements.



Fig. 3. Measured input (blue) and output (red) signal magnitude for multi-tone
signal with frequency components between 1 to 10 Hz.

C. Recording Part

The recording part needs to record the currents resulting
from the voltage excitation signal and digitize them in order
to evaluate the SUT. To consider drift in the electronic parts
and avoiding a calibration process, the excitation signal also
excites the four known samples (Rref in Fig. 2). Thus, each
well is relatively compared to a known sample. This will
also eliminate the influence of the unknown phase shifts of
the electronics parts over the frequency range and helps in
calculation of the phase shift of the SUT. As illustrated in
Fig. 2, the resulting currents are first converted to voltage
domain utilizing 24 resistive transimpedance amplifier (R-
TIA). In order to increase the dynamic range of the R-
TIA utilizing a switch, two different feedback resistors have
been implemented [9]. In the low-frequency domain, as large
impedances are expected, a bigger resistance is used, whereas
at higher frequencies a smaller resistance is utilized. The R-
TIA is followed by a passive programmable anti-aliasing filter
(AAF). The AAF corner frequency is adjusted based on the
order of magnitude of the excitation frequency with a corner
frequency five times higher than the actual excitation. The
programmable AAF allows the analog to digital converter
(ADC) to have flexible sampling frequency (fs). Thus, fs is
adjusted based on the actual excitation frequency range, which
yields a smaller amount of recording data. The choice of a
passive AAF is preferred over an active AAF to decrease the
number of active components and consequently reducing the
total power consumption. The drawback of the passive AAF is
its settling time that leads to inaccuracies. These inaccuracies
are due to charge sharing between the AAF’s capacitor and the
subsequent multiplexer input capacitor, which can be reduced
by choosing the AAF’s capacitor bigger than the multiplexer’s
input capacitor and utilizing a buffer at the output of the
multiplexer to separate it from the subsequent multiplexer.
The outputs of the AAFs are divided to four groups and are
multiplexed. Each group consists of six excited signals from
the wells plus one reference excitation signal. The buffered
signal after the multiplexer is converted to a differential signal

Fig. 4. Developed graphical user interface in Matlab to simplify the user
interaction with the EIS system.

and buffered to drive the following ADC. A 16-bit successive
approximation (SAR) ADC with the maximum sampling rate
of 1 Msamp/s is chosen. The SAR-ADC provides a serial
output, which leads to lower number of routing traces on the
PCB.

D. Processing Unit

The processing unit consists of an FPGA that communicates
via universal serial bus (USB) with Matlab. A graphical user
interface (GUI) as shown in Fig. 4 has been implemented
in Matlab, where the user can specify measurements types
such as CV or EIS. In the EIS measurements, the user can
specify the frequency range of interest and in the CV mode, the
maximum and minimum voltage and the speed of the ramps.
In order to achieve higher SNR, a digital lock-in technique can
be used due to the known excitation frequency [5], [6]. In order
to have a good trade-off between SNR and measurement time,
an over sampling factor of 10 has been used. This means that
e.g. in the frequency range of 1 Hz to 10 Hz the measurement
takes 10 Sec .

III. MEASUREMENT RESULTS AND DISCUSSION

The proposed EIS system has been implemented on a two
layer PCB and occupies 17.5 × 17.5 cm2 (without actually
designing for minimum area for the on-desk prototype). The
excitation signal has an amplitude of ±10 mV and covers
a frequency band from 10 mHz to 100 kHz. The recording
part can detect impedances from ≈ 6 Ω to ≈ 300 kΩ. Due to
digital lock-in technique the maximum detectable impedance
can be further increased by increasing the oversampling factor,
consequently leading to higher measurement time and lower
noise floor. The minimum detectable impedance is limited
due to saturation of the TIA in the high-frequency range,
where this limitation could be lowered by having a smaller
excitation signal. Tab. 1 summarizes the proposed EIS system
and compares it with the commercial CellZScope [3] and



TABLE I
COMPARISON BETWEEN THE DIFFERENT EIS SYSTEM.

Key Features CellZscope +
[3]

CellZscope 2
[3]

BioCAS
2017 [4]

This
Work

Num. of
Wells 24 24 1 24

Area
(cm2) ≈ 700 ≈ 700 75 300

Power
(W) < 80 < 80 NA ≈ 1.5

Freq.
range

1 Hz
100 kHz

1 Hz
100 kHz

2 Hz
2 kHz

0.01 Hz
100 kHz

Min., Max.
Impedance

≈ 5 Ω
≈ 100 kΩ

≈ 5 Ω
≈ 100 kΩ

9.2 Ω
NA

≈ 6 Ω
≈ 300 kΩ

Meas. time
(1 − 100 k Hz) ≈ 18 min ≈ 4.5 min NA ≈ 20 sec

recently published state of art [4]. The implemented EIS
system achieves higher dynamic range with a much smaller
measurement time for the total 24 wells of only 20 sec for the
pure excitation and recording in order to cover a frequency
range from 1Hz to 100kHz. Data communication between
Matlab and FPGA are highly hardware and protocol dependent
and therefore not included. Since the reference systems do not
support phase detection and CV measurements, therefore in
this summary these two options are not further reported.

The prototype EIS has been utilized to measure cells that
were primary isolated rat alveolar type II cells, seeded at
confluence on 24 well translucent inserts (Sarstedt, Germany)
and cultured in a serum-free RPMI medium supplemented with
ITS+3 (Sigma-Aldrich) for 5 days on a transwell filter with
a 0.33 cm2 surface. Fig. 5 shows the results of the performed
EIS measurements. The measured data point were fitted to
an RC model as depicted in Fig. 5 that is provided by the
CellzScope manual [3]. The measured plot shows more than
95% matching with the fitted model. Using this model, the
TEER can thus be extracted and thereby the quality of the
epithelial cells and TJs can be reported [1]. The presented
EIS system and the commercially available world precision
instruments (EVOM) [1] were used to measure TEER of
different alveolar cells. The comparison of TEER values
determined by the EVOM and the presented work (Fig. 6)
reveal a basic agreement of the two methods. As it can be
seen the results show good matching with a slope of 0.99
± 0.094, which proves the functionality and accuracy of the
implemented EIS system.

IV. CONCLUSION

In this work a MEA for electrochemical impedance spec-
troscopy (EIS) has been presented. The EIS system performs
parallel EIS measurements for 24 electrodes. Utilizing a multi-
tone excitation signal along with 24 transimpedance amplifier
a very fast measurement has been reported that takes an order
of magnitude less time to perform the EIS excitation and
measurements. The prototype has been implemented on a two
layer PCB and consumes ≈ 300 cm2 area and ≈ 1.5 W power.
The prototype has been utilized to measure in-vitro biological
samples and were compared with the commercially available
devices showing matching better than 95%.

TEER Ccells

Cdl

Rs

Fig. 5. Representative of electrochemical impedance spectroscopic measure-
ment. Circles are measured impedances, straight line is fit of equivalent circuit
model. Gray shaded area is the 95%-confidence band of fit.

Equation
Weight
Intempt
Slope
Pearson's r
R-Square (COD)
Adj. R-Square

y=a+b'x
No Weighting
-0.02 + 19.18
0.99 + 0.094
0.98
0.96
0.96

-
-

Fig. 6. Comparison of measured transepithelial resistances (TER) from
implemented electro-chemical impedance spectroscopy with results measured
with the EVOM and chop-sticks electrodes (World Precision Instruments) [1].
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