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Abstract—This work evaluates the performance of a mi-
croelectrode array (MEA) to be used in a specific platform
dedicated for measuring field potentials of small human cardiac
samples. A test bench has been developed to characterize the
electrodes by measuring their impedance as well as to modify
their characteristic curve using a replatinization process, where
black platinum is deposited on the indicated areas of the MEA
flex-pcb. This set-up consists of the array of microelectrodes
made of gold, together with its corresponding electronic adapter
board, a potentiostat and an electrochemical interface. Phosphate
buffered saline (PBS), which is commonly considered for this
type of analysis, has been used for impedance characterization.
Initially, the impedance presents a highly variable behavior at
different frequencies as well as between the different channels of
the array. Once the platinization process has been carried out, the
impedance in all the recording channels is very similar and has
decreased over a large part of the frequency range under study. A
complete electrical model of the electrodes has been proposed and
analyzed, achieving better results by including the mathematical
constant phase element (CPE) associated with capacitive behavior
(model fitting error < 2%). Finally, the characterization of the
different noise contributions has been carried out. Based on the
obtained results, it can be concluded that the evaluated system
allows the recording of field potential signals from small human
cardiac tissues.

Index Terms—Multi-Electrode Array (MEA), Human Cardiac
Slice, Electrochemical Impedance Spectroscopy (EIS), Electrode
coating, Signal Noise Ratio (SNR)

I. INTRODUCTION

Monitoring of the electrical activity of the heart is of interest
for the investigation of cardiac diseases and the development
of new therapeutic strategies. Recent advances in electrophys-
iological recording techniques have led to the development of
new tools and equipment for the acquisition and processing
of multiscale cardiac electrical activity. Multi-electrode arrays
(MEA) have been used to record electrophysiological signals
due to their ability to simultaneously monitor signals at dif-
ferent spatial locations [1]. This technique is well developed
in the neural domain, where it is used to measure complex
neural networks cultured in vitro or for in vivo applications.

Based on the advantages of MEA, its use has been extended
to other research fields, such as cardiac activity recording,
either applied to stem cell-derived cell cultures [2] or ani-
mal and human tissue slices [3]. In the cardiac field, MEA
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recordings are chosen based on the balance between accuracy
and performance [4]. An application that generates great
interest is the use of MEA for the characterization of drug-
induced effects in tissues [5]. Although MEAs are becoming
more widely used in electrophysiology laboratories, they are
not always easily adapted to the requirements of a specific
investigation or their cost is too high [6]. The present work is
framed in a research line that involves the development of a
MEA-based system to record field potentials (FP) from human
cardiac samples in ex vivo experiments. The obtained results
will contribute with new knowledge regarding the electrical
activity of human cardiac tissue slices that adequately preserve
all the structural and functional properties of the tissue [7].

The main goal of our work was to design a platform that
allows recording electrical FP from small cardiac biopsies,
for which it is essential that the system performs the mea-
surements as accurately as possible. Here, we improved the
stability of the recorded signals, which is one of the key tasks
in this type of systems. We identified the different sources of
noise that appeared along the recording chain, such as thermal
noise or the intrinsic noise of the recording amplifiers, in
order to reduce the total noise of the system. Additionally,
it is very important to avoid signal attenuation by ensuring
that the impedance of the electrode is much lower than the
one associated with the recording amplifier, since a voltage
divider is created between them, which couples the signal
from the tissue to the input of the operational amplifier. This
divider is shown in Fig. 1, where Za represents the input
of the amplifier, Cp accounts for all the shunt capacitance
to ground that appears along the recording chain and Zel is
the equivalent circuit model of a metal microelectrode for
electrophysiological signal acquisition [8]. Zel comprises the
resistance of the electrolyte solution (Rs), the resistance and
capacitance at the double layer interface electrode-electrolyte
(Rel and Cel), detailed in section II-B, and the resistance of
the metal electrode (Rm), negligible due to its low value [9].

The electrodes considered in the setup have been charac-
terized and the replatinization process has been carried out
to adjust the impedance to the desired values, thus reducing
the intrinsic noise of the electrodes, related to the real part
of the electrode impedance [10]. This impedance reduction
also aims to minimize the attenuation of the signal due to the
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voltage divider between the electrode and the amplifier.

Fig. 1. Signal path of the signal from the cardiac tissue to the amplifier
(adapted from [8]). The equivalent circuit model of a metal microelectrode is
boxed in orange. Pink box indicates that FP comes from a cardiac tissue slice
(extracted from [11]).

The experimental configuration to be used in the electro-
physiology laboratory has been set up by an adequate design
of the different masses and references distribution, leading
to minimization of the influence of the existing noise in
the working environment on the obtained signal. A Faraday
cage has been also considered in the setup to reduce the
electromagnetic noise. The obtained results confirm that the
setup is ready to collect FP signals from slices of small cardiac
tissues obtained from human biopsies.

II. CHARACTERIZATION PROCEDURE AND EXPERIMENTAL
SETUP CONFIGURATION

This section describes the devices used to perform the
characterization and replatinization process of the electrodes in
MEAs. Also, it presents a brief explanation of the double-layer
model and how to obtain the most relevant parameters of the
electrical model considered for this type of electrodes. Finally,
a description of the laboratory setup that will be considered in
the next steps of the research for the acquisition of FPs from
the cardiac samples is included.

A. Characterization and platinization setup

The microelectrode array has been designed and fabricated
at the Institute of Microelectronics of Barcelona (IMB-CNM-
CSIC) and consists of sixteen 50 µm measurement points
with a distance between them of 125 µm [12]. These sizes
have been selected based on the requirements of a particular
application, in which small cardiac samples are involved.
With these dimensions, recordings with a good temporal and
spatial resolution are expected to be obtained, which will
provide detailed information about the origin and propagation
of excitation in cardiac tissue.

The considered setup to measure the impedance and to
do the platinum deposition on the electrodes is composed of
Solartron 1287 Electrochemical Interface and the potentiostat
Solartron 1260, both controlled by the incorporated commer-
cial software (Zplot for characterization and CorrWare for
platinization). To verify the correct behavior of the system,

two different discrete resistors, with values of 10 kΩ and 330
kΩ, were measured in a frequency sweep from 100 Hz to 1
MHz, considering the errors according to the measuring range
indicated by the manufacturer. The values of the resistances
are selected on the basis of the limitations of the measurement
devices.

An initial check of the state of the electrodes was made with
an optical microscope to verify that the electrodes had been
manufactured properly and that the passivation of the tracks
was adequate. The same microscope was used to check that
the platinum deposition took place in the measurement areas
once the coating process had been completed.

For the impedance measurement, a two-point configuration
was used and a sine wave of 10 mV amplitude with frequencies
ranging from 0.1 Hz to 10 MHz was applied. The MEA
was placed on a beaker next to a platinum electrode with a
larger surface area, which acts as a counter electrode (CE)
or reference. In the beaker, a 10 mM phosphate buffered
saline (PBS) was added until all electrodes were covered. The
measurement of each of the MEA channels was performed
by manually changing the selected channel, which acts as the
working electrode (WE). A picture of the setup can be seen
in Fig. 2a.

Fig. 2. (a) Setup considered for the impedance measurement, where MEA is
immersed in the PBS. (b) Platinization setup.

Black platinum was chosen for platinization, a material
suitable for the type of electrodes and this particular appli-
cation, as it is economical and offers good performance [13].
The preparation of the platinization solution has the following
composition: 0.1 M hydrochloric acid, platinum chloride and a
small amount of lead acetate. In this case, the setup is slightly
modified with respect to the characterization setup, separating
what is known as the reference electrode from the CE. The CE
acts as a current sink and the reference electrode is responsible
for sensing the voltage in the liquid. Here, we chose a silver
electrode as the reference and a platinum electrode as the CE.

To carry out the process, a beaker was prepared with the
solution and the electrode array was placed inside the liquid.
In this procedure, all the channels to be modified were short-
circuited to ensure that the platinum was deposited properly
and uniformly (Fig. 2b), with all the selected channels acting
as a single WE. A constant voltage was applied for a few
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seconds until the curve showed that the process had been
completed.

B. Electrical model of the electrode-electrolyte interface

An electrode is the physical interface between technological
equipment and the biology itself. Whenever a metal electrode
is immersed in an electrolyte, chemical reactions begin occur-
ring at the interface, creating a layer of solubilized ions in
the electrolyte. This coupled with the fact that the electrode
surface forms one half of a plate capacitor, the effect known as
double-layer capacitance is formed. To properly understand the
charge transfer processes occurring at the interface, a model
that incorporates this capacitive behaviour is used (Fig. 1).
Based on similar work, two ways of modeling are proposed,
a simpler one based on physical elements such as resistors or
capacitors, and another one that includes an element known as
constant phase element (CPE). This element modeling a spe-
cific behavior determined by a mathematical equation similar
to that of a capacitor (equation (1)), representing the diffusion
limited and roughness terms in the surface impedance. In this
work, a comparison has been made between the two types of
models in order to evaluate which one fits better to our MEA
device.

ZCPE = Q−1
0 (jw)−α (1)

In the above equation, two constants (Q0 and α) were
considered that can be obtained experimentally. In the case
of α, if it is equal to 1, the behavior of the component is a
pure capacitance and if α is equal to 0, its behavior is purely
resistive.

Re is included in parallel in both models of Fig. 5 to
represent the resistive part of the double electric layer. In series
with these elements, a resistor Rs was included that models the
contribution of the existing electrolyte between the CE and the
WE. Note that a capacitance could also be included to model
the phase boundary in the CE, but it was not considered in
this particular case because the surface area of the CE had
been selected to be much larger than the one of the WE.

At low frequencies, it can be observed that the effect of the
CPE is dominant, giving the electrode a capacitance character.
This capacitance is directly proportional to the contact area of
the electrode with the saline solution, so the impedance curve
will decrease with increasing surface area. However, at higher
frequencies, the electrical signals begin to flow through the
CPE, until the curve becomes flat, where the contribution of
Rs is dominant [14].

C. Experimental setup required for ex-vivo measurements

The configuration of an electrophysiology system should
allow obtaining accurate signals. Here, the focus is to ac-
quire FPs from slices of cardiac biopsies, which should be
electrophysiologically evaluated shortly after they have been
obtained.

In an electrophysiology laboratory, a large amount of equip-
ment that makes use of the electrical network is present and

generates its corresponding electromagnetic noise. This spe-
cially affects the required measurements due to the low signal
levels, which can be easily contaminated by the artefacts that
these devices can generate or those coming from the network
itself. To improve this, an isolated excitation source was used
to stimulate the cardiac samples; a correct configuration of
the references and masses of the acquisition equipment was
established; and a Faraday cage was used to remove the
components of the electromagnetic noise from the recordings.

D. Noise and signal-noise ratio (SNR)

Noise in the extracellular recordings refers to all signal
contributions that interfere with the signal of interest. The
main types of noise that affected were thermal noise from
the electrodes and injected noise from the acquisition system,
mainly the noise from the recording amplifiers. Therefore, the
quality of the FP recordings and their signal-to-noise ratio was
determined by the quality of the signal of interest, obtained in
the presence of all these sources of noise, which appear along
the different stages that make up the recording system.

III. RESULTS

A. Electrode characterization

Two different MEAs of 16 channels (Fig. 6) were used in
this work and electrodes made of gold on flexible substrate
were characterized. In the measurement procedure, small am-
plitude signals were applied to avoid unwanted irreversible
electrochemical changes at the phase boundary [15]. The
platinization process was applied on half of the channels,
which allowed us to do a precise comparison.

1) Contribution of the electrolyte:
The first experiment consists of measuring the impedance of

the MEA using the setup described in section II. The obtained
results with any of the electrodes selected from the two MEAs
were similar, so the results from one of them are included as
examples (1 and 16 in Fig. 3). The obtained Bode plot (Fig. 3)
is the typical for a metal electrode in saline, a high-pass filter.

With the impedance curve it is possible to obtain the
contribution of the electrolyte (Rs). In the high frequency
range, the signals pass trough the capacitance Cel (Fig. 1)
and the main contribution of the circuit is Rs, so signals at
these frequencies are attenuated by the value of this resistor.
To verify that the value of the flat zone reached by the curve
is mostly dependent on the considered electrolyte, as stated
in [16], different experiments with different types of electrolyte
were required. Here, the concentration of the PBS was changed
and the obtained responses for 5 and 10 mM were compared.
This test verified that the impedance of the electrodes to
signals of a high frequency range depended on the employed
liquid, being around 6.5 kΩ in the case of 10 mM PBS (Table
I) and 10 kΩ in the case of 5 mM PBS.

2) Complete model with CPE vs simplified model:
The electrical model of the MEA was adjusted with the

obtained data associated with the 10 mM PBS, the electrolyte
that will be used in future work. The Zview software was
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Fig. 3. Comparison of the results obtained using different concentrations of
PBS.

used. Two different electrical models were proposed to adjust
the impedance of the electrodes and to make a comparison
between them (Fig. 5). The first one was a simple model
that incorporated physical elements only and the second one
made use of the specific component based on mathematical
behavior, named as CPE. Fig. 4 shows the results obtained
for one of the measurement channels, which is representative
given the similarity of the results obtained for the complete
set of electrodes.
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Fig. 4. Comparison of the fitting results obtained using different models, one
with the CPE element and another without it.

The fitting results showed more accurate values when using
the CPE element, as expected since the electrode curve at
low frequencies did not fit exactly to a pure capacitance.
The percentage error of the results in this case was very
low (< 2%), thus allowing to conclude that this model can
be used as a good simulator of the MEA behavior. The
Rs value corresponding to the electrolyte had practically the

same value for both models, confirming that this parameter
is independent of the electrode capacity. In the model that
incorporates the CPE, the following values for the constants
of the model described in Methods were obtained: α=0.88267
and Q0=2.221E-7. Since the value of alpha was very close to
one, the CPE element behavior was highly capacitive, which
explains why the basic model has a very good fit too.

Fig. 5. Electrical models proposed to perform the fitting and values obtained
in each situation.

3) Modification of the characteristic curve by deposition
process:

According to the impedance curves of the MEAs, it is
necessary to carry out a process that reduces the impedance of
the electrodes, shifting the curve towards lower frequencies.
A platinization process was performed by electrochemically
coating the electrodes with a layer of black platinum. Results
for the electrodes after platinization are shown in black on the
left side of Fig. 6 and the gold electrodes are shown in yellow.
An enlargement of a specific area is shown, in which the
passivation of the tracks is verified, as shown by the difference
in color between the measuring point and the tracks, both parts
made of gold.

Fig. 6. MEA seen under microscope view. An enlargement of an area showing
the difference in colour between the original electrodes and those coated with
black platinum is included.

Fig. 7 shows the comparison of the impedance curves
obtained before and after platinum deposition. Only the results
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of three randomly selected channels were included in the
graph, being the results obtained for other channels very
similar. The transition of the curve was shifted to the left,
so the flat response of the MEA started at lower frequencies,
as required. Therefore, the channels showed a more similar
behavior with respect to the dispersion that can be seen in the
response of the electrodes when only the gold surface is in
contact with the electrolyte, an important fact when performing
measurements with this type of devices. The impedance shown
by the coated electrodes was lower due to the fact that with
the same planar area they had greater roughness and therefore
greater capacity, which can be seen in the phase rise of the
phase diagram (Fig. 7). The phase will never reach the value
of -90º because it is not a pure capacitance. The CPE value
will depend on the roughness acquired after coating process,
which is usually around -70º or -80º.

A typical value that can serve as a reference, which appears
in published works with MEA, is the impedance measurement
at 1 kHz and how much it has changed after platinization [16].
In our devices, the average initial value of the channels was
218 kΩ and the current value is 10 kΩ, so the impedance at
1 kHz was reduced by a factor of 21.
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Fig. 7. Comparison of the results obtained before and after platinization
process. Is shown the bode diagram including magnitude and phase. Results
shown a decrease in the impedance of the electrodes after coating.

From the figure it can be seen that the value of Rs (value
reached at the flat zone at high frequencies) was maintained
even when platinization was applied, given that it depended
mainly on the conduction of the electrolyte itself and not on
the electrode-electrolyte interface. Finally, it should be noted
that the curves begin to behave in a random way at frequencies
close to 1 MHz due to the limits of the measuring equipment.

B. Noise analysis / SNR

Noise analysis was based on the different noise contribu-
tions, as mentioned in section II. The study of noise was
focused on the thermal noise that appears in the system related
to the movement of electrons due to thermal agitation and the
noise contribution of the device.

The liquid-metal interface adds noise to the system that
affects at the range of the electrophysiological signals. Note
that the increasing of the size of the microelectrodes results
in an decrease in their impedance [9]. The real part of the
impedance of each electrode was the major contributor to this
type of noise known as thermal noise that can be calculated
as follows:

vn =
√
4 k T R∆f (2)

where k is the Boltzmann constant, T is the absolute tempera-
ture (in K), R is the real part of the resistance of the electrode,
and ∆f is the recorded frequency range.

The results of the analysis are shown in Table I, including
the value of the mean and standard deviation of the 16 channels
(8 for each MEA). |Z| is the magnitude of the electrode
impedance measured at 1 kHz; Rs is the resistance at phase
angle zero; thermal noise is calculated for a frequency value
close to 105 Hz; RMS noise, calculated in the frequency range
between 100 Hz and 1500 Hz, is defined as the equation 3.

vrms =

√
4 k T

∫ f1

f0

|Z(f)|df (3)

TABLE I
RESULTS OF COATING ELECTRODES FROM EIS CHARACTERIZATION

Parameter Unit Value

|Z| (at 1 kHz) kΩ 10.26 ± 1.075

Rs kΩ 6.466 ± 0.396

Thermal Noise µV 3.2617 ± 0.101

RMS Noise µV 0.5559 ± 0.072

Aspects related to Rs and |Z| measured at 1 kHz have
been already discussed in previous sections. Thermal noise is
the electronic noise generated by the thermal agitation of the
charge carriers inside an electrical conductor at equilibrium,
which occurs independently of any applied voltage and is
directly related to the square root of the impedance of the
electrode. Therefore, by decreasing the impedance, the thermal
noise should decrease.

The discussion about RMS noise is similar but taking into
account the frequency range of interest for the application,
between 100 Hz and 1500 Hz in our case, fitting the impedance
curve using an exponential (a · eb/(x+c), where a=6478.45,
b=462.68, c=135.92) and calculating the corresponding inte-
gral.

To compare the theoretical and experimental results, a
recording of the noise in the system was acquired using
a simple setup where the MEA was introduced into the
electrolyte without any external excitation or cardiac sample.
The experimental results were 87.7 µV for thermal noise and
6.5 µV for RMS noise, while the theoretical results are shown
in Table I. These results indicate that the experimental noise
presents higher values due to the electromagnetic noise (EMI)
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existing in the working environment, making it impossible to
appreciate the variation that occurs in the thermal noise when
the impedance is modified.

To conclude, we verified that the impedance matching
between the electrode and the amplifier was adequate since
the selected amplifier has an input impedance of 1300 MΩ at
10 Hz, while the value of the electrode impedance does not
exceed 2 MΩ. At 1 kHz, the operational amplifier has 13 MΩ
and the electrode presents 10 kΩ. This will enable the correct
acquisition of the signals from the cardiac tissues.

IV. CONCLUSIONS

MEAs were characterized, validating a part of the FP
measurement system. A potentiostat and an electrochemical
interface were used to adjust the characteristic curve of the
electrodes by depositing black platinum on the measurement
points. After platinization, improved behavior of the electrodes
was obtained based on impedance results, with all MEA
channels showing uniform behavior.

The election of the electrolyte for characterization is es-
sential, as the value at which the curve stabilises at high
frequencies is dependent on the liquid in which the electrodes
are soaked. Experiments were performed at 10 mM PBS since
this is the medium selected for future FP measurements from
human cardiac samples.

With the decrease of the impedance by more than 20
times, especially at low and medium frequencies, we obtained
improved quality of the signals that reach the input of the
amplifier due to the existing ratio in the divider formed by the
impedance of the electrode and the input impedance of the
operational amplifier. This can mean that reducing the absolute
electrode impedance through Pt-black deposition, the signal-
attenuation effect was reduced to < 2% for a 50 µm electrode
size [8].
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