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Abstract—The article proposes a fully printed microelec-
trode array (MEA) as a proof of concept for the feasibility of
a customized and low-cost bioelectronic device. The target
application is to promote the maturation of the cell culture by
providing biophysical stimuli and evaluating the functionality
of the bioengineered products, monitoring in real-time the
electrogenic cell action potential. The MEA is entirely printed
with aerosol jet printing (AJP) with a multilayer structure
composed of an array of 16 electrodes. AJP fabrication
was exploited as low-cost technique and easy and reliable
possibility to print both insulated material and conductive
polymer. Furthermore, the technique allows the realization of
a customized electrode design according to specific neuronal
network architecture. The chosen inks achieve the require-
ments for the intended use, in terms of high conductivity
for electrodes, low conductivity for passivation layers, and
biocompatibility for cell culture. Results from geometrical

characterization showed an agreement with the design

requirements. In particular, the first prototypes showed a thickness of the passivation layer of (33.4 + 1.4) um and
the silver conductive tracks with a thickness of (5.5 £+ 0.6) um and a width of (68 + 1.4) um. Electrochemical Impedance
Spectroscopy established an impedance magnitude value significantly below compared with commercial MEA and inkjet
printing MEA. The reusability and the stability of the sensor are demonstrated within two weeks. Overall, the results
suggest the possibility to exploit the potential to print MEA onto platform, for in vitro cell culture and to integrate other

types of biosensors.

Index Terms— Additive manufacturing (AM), aerosol jet printing (AJP), biomedical application, biosensor, in vitro cell

culture, microelectrode array (MEA), printed sensor.

. INTRODUCTION

N VITRO electrophysiological recordings are an important

step in the study of physiological and pathological models
of neuronal cells and electrogenic cells in general, which
generate these signals [1]. As well as being a significant
tool for the realization of functional tissue and engineering
products [2]. The electrophysiological signal generated by an
asymmetry of charges on each side of the semipermeable
cell membrane creates a difference in electrical potential.
The electrochemical gradient generates currents, due to ionic
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movements throw the cell membrane. Traditional intracellular
recording techniques such as patch clamp, an intracellular
measurement on a single cell at once with an invasive method,
provide a better signal quality but limit the recording number
of neuronal signals [3]. Otherwise, these voltage changes can
be measured with extracellular electrodes positioned almost
in contact with the cell. The quality of the recorded sig-
nal depends on the cell-electrode distance and the electrode
characteristics. The extracellular recording is an indirect mea-
surement of the ionic movements in a conductive medium like
the extracellular compartment. Recorded signals can reflect
the fast spike activity of individual neurons or the slower
action potentials and synaptic potentials resulting in waves
of high amplitude typically from hundreds of microvolt to
1-2 mV of neuronal networks [4]. Indeed, the recording of the
action potential generated by the electrical potential of cells
could help to identify the cell electrophysiological behavior,
to better understand the communication between neuronal
networks, e.g., the analysis of neuronal action potential allows
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to understand the functionality of the neuron itself or a
group of neuronal cells. Furthermore, to study the response
of the action potentials because of both pathological and
physiological conditions. This technique allows the recording
of neuronal activity both in vitro and in vivo, providing
insight into patterns of action potentials in various areas of the
nervous system. Multiple neuronal locations can be monitored
simultaneously, providing a screening of neuronal population
activity and synchronous behaviors within a neuronal net-
work [5]. Micro-electrode arrays (MEAs) are a key component
for electrophysiological monitoring in several applications,
from in vitro toxicity studies [6] to implantable brain-machine
interfaces [7]. Such bioelectronic devices are composed of a
grid of tightly spaced electrodes to record the electrogenic
cells. MEAs are generally employed to acquire extracellular
signals [8], and rarely provide electrophysical stimuli able to
provide physiological conditions for maturation [9], [10], [11].
The novel realization of bioelectric systems for the detec-
tion and assessment of cells, as well as the standardization
and automation of tissue engineering processes, are crucial
for the development of automated cell and tissue handling
devices [7], [8]. Nowadays, microfabrication techniques are
the most common methods for the fabrication of MEAs due
to the possibility of electrode dimensions of 10—100 wm with
thousands of microelectrodes but they are expensive concern-
ing time and cost production [12], [13], [14], [15], [16]. This
leads to the reuse and extending the lifetime of MEA with
a decrease in the quality of recorded signals. Furthermore,
another major disadvantage of a standard MEA is the fixed
position of electrodes and the lack of a customized MEA
design for the adaptability to different architectures of a
specific neuronal network [17], [18], [19]. Driven by the
recent progress in the understanding of neuronal physiol-
ogy, the development of MEAs with customization properties
and low cost and time consumption has gained considerable
importance. Therefore, alternative production techniques to
overcome these limitations are exploited for the development
of MEA [6], [9], [20]. Aerosol jet printing (AJP) is an
innovative additive manufacturing (AM) technique that allows
the printing of sensors and electronic components with impor-
tant advantages, such as easy accessibility for prototyping
and low-volume manufacturing, processing of varied bio-
compatible materials, sustainability, and device customization.
In particular, the possibility to print electrodes and sensors
directly on the medical device allows the development of
easily and low-cost prototypes with good resolution, repeata-
bility, and accuracy [21], [22]. It is a feasible technique that
allows printing inks with different electrical and chemical
properties on a wide range of substrates. AJP performance
allows the printing object of micro dimension. Furthermore,
AJP provides a selective deposition both on planar and 3-D
structures, without using masks or post-processing, and real-
izing specific surface features [23]. Such technique is also
used for biomedical applications [23], [24]. AJP, like other
printing technologies, have enabled the evolution of printed
and flexible electronics and the use of conductive biocompat-
ible materials, such as poly(3,4-ethylenedioxythiophene)-poly
(styrenesulfonate) (PEDOT:PSS), a polymeric material that

has excellent properties in terms of conductivity, processabil-
ity, and stability. Its biocompatibility and conductivity ensure
that the PEDOT:PSS can be used safely in biomedical devices
as a coating layer for metallic material [25]. Furthermore,
due to its higher surface area, the PEDOT:PSS improves
the signal-to-noise ratio (SNR) of recorded action potential
signal [14]. AJP technique has already been adopted for
in vitro tissue engineering applications, e.g., realization of
MEA for biocomponent detection of dopamine and other
biological components [12] to develop an array of electrodes
with dimensions not suitable for action potential recording.
In addition, the feasibility related to AJP technique gives the
possibility to print biological components, e.g., proteins and
ligands. And, in specific MEA applications, this gives the
possibility to selectively print ligands in order to create a
tailored architecture with a selective coating to promote cell
adhesion [26], [27]. Likewise, AJP has also been employed
in combination with 3-D printing techniques such as stere-
olithography to develop MEA for the recording of action
potential signals or bioelectronic devices [13], [28]. This work
proposes the use of AJP technology as a means of customized
and low-cost fabrication of MEAs for both recording action
potential signals and stimulating electrically the biological
cells, using suitable ink to improve the MEA performance.
Furthermore, in this application, the AJP technique gives
the possibility to easily realize different geometry accord-
ing to computer aided design (CAD) and to allow rapid
design changes with scalable fabrication according to the need
regarding the purpose of the study to develop tailored MEA
according to biological cell architecture. In the specific, the
focus of this work is the design, fabrication, and geometrical
and electrical characterization of a fully AJP-printed MEA.
The design of the MEA is fundamental for the realization of a
bioelectronic device in agreement with the principal require-
ments needed for action potential recording. In addition, the
customization of the electrodes position is promoted by the
employment of AJP compared to traditional MEA fabrication.
The fully AJP-printed MEA can achieve the microscopic size
of electrodes suitable for such biomedical applications due to
the resolution of the AM technique compared to other printing
techniques. Furthermore, the opportunity to use conductive
polymer opens up the handle of proper material with appropri-
ate mechanical and biological properties for applications with
biological materials (e.g., cells, tissue, biological molecules).
Finally, the employment of the two conductive inks, the silver
ink selected due to the high conductivity properties and the
coating of the PEDOT:PSS, in order to promote and enhance
the biointerface between the neuronal cells, and the use of
AJP, ensure a better signal quality and spatial resolution, and
alignment of the different printed layers compared to other AM
techniques [14], [29].

[Il. SENSOR FABRICATION

A. Design of MEA and Material Selection
The image of the MEA is shown in Fig. 1. The MEA
electrode layout was an array of 4 x 4 sensing electrodes
of 50 um diameter with a total distribution of the recording
sensitive area of 1-2 mm?. This sensitive area is considered the
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Fig. 1. Photograph and detail of the printed MEA, composed of the contact pad to connect to the electronic front-end.

optimal choice in [4], [5], [6], and [7]. Regarding the number
of electrodes, 16 were considered enough to exploit the action
potential study generated by electrogenic cells and validate
the proposed solution as a proof of concept. The layout was
defined according to the ability of AJP technology to realize
close and thin geometric elements. The sensing electrode
diameter must be comparable to the cell size (4-100 um in
diameter), in order to obtain an improved response of singular
neuronal cells, while the distance between the electrodes must
be greater than the cell size, according to [8]. Therefore,
the dimension of the single electrodes was designed with a
diameter of 50 um according to the requirements for MEA
fabrication. While the interelectrode distance was defined as
250 um according to intrinsic AJP specifications and electrode
geometry range. Furthermore, two shared reference electrodes,
necessary for both electrical stimulation and action potential
recording, were designed on both sides with larger dimensions
(400 x 700 pum) with respect to the electrode array. Then,
18 conductive tracks and their corresponding contact pads
(4 x 1.2 mm) were designed to connect the MEA electrodes
with the electronic front-end. The distance between contact
pads was designed with pitch of 2.54 mm to connect with
specific standard connector. Finally, the overall dimension of
the printed MEA complies with the biologists’ request to
optimize the volume, and consequently, the costs of biological
compounds (i.e., cell culture medium and grow factors for
promoting cell maturation).

In a previous study [30], due to the novelty of the AJP
technique adopted in the MEA fabrication and to provide a
customized design able to detect neuronal action potential
signals, several computational simulations were performed
to investigate the optimal design of the printed electrode
array and to satisfy the MEA requirements by using Comsol
Multiphysics, a finite element method (FEM) [13]. In particu-
lar, the in-silico models provide satisfactory results regarding
the dimensions of the sensing electrode and interelectrode
distance, proving a proper measurement of the action potential
signal. Another crucial part was the definition of a sufficient
thickness of the passivation layer for correct isolation and limit
signal crosstalk. Several in silico studies (see [30], [31], [32])

were performed to explore the crosstalk in polymer MEA
and to predict interference in the signal recording. Accord-
ing to [11], a single insulation layer is enough to reduce
significantly the crosstalk and measure correctly the action
potential signals produced by neuronal cells. Furthermore,
in order to minimize the crosstalk in the printed MEA, two
reference electrodes with large overall dimensions were added
in the layout proposed in [32]. Finally, the sensing electrodes
should be coated with a conductive layer that reduces the
electrode impedance for signal crosstalk minimization and low
noise.

The proposed design of the MEA is a multilayer structure
composed of three different layers. The pattern of each layer
was realized by using CAD software to create precise 2-
D drawings, AutoCAD. The output file was then converted
into a file with customized software for AJP printer move-
ments, that allow the manufacturing process. The possibility
to generate personalized 2-D drawings brings customiza-
tion of the geometry of electrodes and the dimensions in
order to realize a customized device for recording action
potentials.

Biocompatibility and no corrosion of the selected materials
are important for MEA realization. Kapton was preliminarily
selected as a substrate for the MEA for adhesion properties
and ease of handling. Though the final goal will be the printing
directly on the cell culture chamber, after the optimization of
the design and the fabrication processes. Since MEA will be
printed directly on the culture chamber, the ink selection was
oriented more toward the kind of inks that can also be cured
by alternative methods avoiding high temperatures so as not to
deteriorate the mechanical properties of the culture chamber.
Smart Aerosol Conductive Ink (S-CS61308, Genesink,
France)—an ink based on silver nanoparticles and suitable
for AJP—was selected for the conductive tracks because it
is appropriate for MEAs, which require high conductivity
for the signal recording and very low curing temperatures.
Furthermore, it was selected for the possibility to obtain same
value of resistivity both with oven curing and flash lamp
annealing (FLA) without damaging the substrate. However,
such silver ink has cytotoxic properties and in an aqueous
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Fig. 2. Rendering of the fabrication process. In the first step, the printing
of silver tracks was performed; in the second, the passivation layer was
deposited and finally, the electrode patches were printed in the third
step.

environment undergoes corrosion effects, so a layer with
insulating and biocompatible material was added. Norland
Optical Adhesive 81 (NOA 81)—a UV-curable polymer—
was chosen as the passivation layer to shield the silver
tracks from the aqueous environment for the survival of the
living cells. Besides being a good electrical insulator, it is a
transparent and biocompatible material. Orgacon 1J-1005—an
ink PEDOT:PSS—was chosen as a biocompatible and con-
ductive surface coating for electrodes (third layer). The printed
PEDOT:PSS-based pads act as an interface between biological
environment (electrolyte solution/biological cells) and silver
tracks to prevent a cytotoxic effect of silver ink on cells.
Furthermore, the choice of PEDOT:PSS was also fostered
according to lower Young’s module compared to metal inks
in order to obtain a physiological-like substrate and a low
impedance value to improve the SNR. Finally, PEDOT:PSS
and NOA 81 inks will be exposed to the electrolyte solution.

B. Fabrication of the MEA

A schematic representation of the proposed fabrication
process is shown in Figs. 2 and 3.

The fabrication process consists of three separate deposi-
tions: 1) the 18 silver tracks and pads, including the two

Electrode
Patches

Passivation
Coating

Conductive
Tracks

Passivation
Coating

Conductive
Tracks

Fig. 3. Detail of the schematic drawing of the MEA. Two tracks of the
MEA are represented to show the different layers composed of electrode
patches, passivation coating, and conductive tracks.

TABLE |
FABRICATION PARAMETERS IMPOSED FOR AJP TECHNIQUE

Parameter Pneumatic Mode Ultrasonic Mode
Genesink NOA 81

Sheath gas flow (SCCM) 100 40

Atomizer gas flow (SSCM) 635 1395

Exhaust gas flow (SCCM) 620 1365

Atomizer current (mA) / /

Plate temperature (°C) 60 /

Process flows are expressed in the unit standard centimeter cube per minute
(sccm)

reference electrodes onto a substrate; 2) the passivation layer
on the top of the conductive tracks, leaving uncovered the ends
of the conductive tracks in order to obtain the 18 electrodes
(16 sensing electrodes and two references) in the center of the
device and the contact pads to allow the electrical connections
with the electronic front-end for the stimulation and recording
of the signals; and 3) a coating and conductive layer over the
16 sensing electrodes and the two reference electrodes. Each
step includes deposition and a dedicated curing phase.

In this work, an Aerosol Jet printer, AJ 300 printer
(Optomec, Albuquerque, NM, USA) was used to fabricate
the MEA. The pneumatic atomizer mode was used for the
deposition of silver-based ink and a passivation layer (viscosity
of 300 cP at 25 °C.), while the ultrasonic atomizer mode was
employed for the deposition of PEDOT:PSS electrodes, due
to the viscosity of the conductive polymer (7-12 cP at 22 °C).
The printhead nozzle was selected with 200 um of diameter.
The parameters for the fabrication of MEA using AJP are
listed in Table 1.

For each type of deposition, the printing process was
repeated several times to increase the thickness of the printed
feature and according to the design requirements. For the
coating of the sensing electrodes with PEDOT:PSS, the AJP
software script was modified in order to keep the shutter
opened for imposed seconds over each silver electrode, build-
ing a micropillar over each silver electrode.

The silver tracks were sintered at 150 °C for 1 h in Thermo-
Scientific VACUTherm Oven (Thermo Electron LED GmbH,
Langenselbold, Germany) to reach the required conductivity,
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as recommended by the manufacturer. NOA81 was cured
during the printing procedure using UV light by LED Spot
type Panasonic, 5% of the maximum peak intensity as selected
power. Finally, the PEDOT:PSS-based patches were thermally
cured at 130 °C for 6 min in the oven, as recommended by
the manufacturer.

1. RESULTS
A. Geometrical Characterization

The in-house tests were carried out to assess the geometrical
features and the electrical properties of the printed tracks that
composed the multilayer.

The geometrical characterization was performed on four
MEAs. In particular, the geometrical size features of printed
layers, e.g., thickness and width, were measured by using
an optical profilometer, Filmetrics Profilm3D (Filmetrics
Inc., 10655 Roselle St., San Diego, CA, USA). The profiles
of features acquired with the profilometer were elaborated
with specific filters to increase the quality of the profile,
and then the geometrical parameters (width and maximum
thickness) were measured. Three filters provided by the
software Profilm3D were used to reduce the acquisition
noise, such as the outliers and the artifacts produced by
the profilometers. One filter removes outlying data points
from the surface by comparing them against the nearest
neighboring points. The second filter based on a three-point
leveling method performs a better-quality acquisition of the
planar substrate. The third filter fills the invalid pixels using
values interpolated/extrapolated from surrounding data.

Fig. 4(a) shows the profile analysis of silver (in red) and
NOA 81 (in blue) tracks. For each track, four cross sections
equidistant from each other were considered for the profile
analysis (the overall number is 128, considering all the printed
tracks and tested MEAs). The red line is the mean cross
section of the silver tracks, while the shadow red area is the
standard deviation. The thickness of silver tracks measures
(5.5 £ 0.6) um and the width measures (68 £+ 1.4) um.
These tests demonstrate the optimal overlapped silver layer
deposition according to geometrical features. The correct
overlap is important to ensure uniformity of the thickness of
printed track and therefore of the resistivity as well, and to
avoid shortcuts between the silver paths of the entire design.
Finally, Fig. 4(a) shows a complete coating of silver tracks
with NOA 81, whose overall thickness is (33.4 4+ 1.4) um.
This thickness value does not involve a damage to the cells
or reorientation due to morphology of substrate according
to [33], [34], and [35]. In Fig. 4(b), the profile analysis of
sensing electrodes is shown. The thickness of PEDOT:PSS
micropillars is (0.8 £ 0.2) um. The PEDOT:PSS coating over
silver ink results to be a micrometer layer and cover all the
silver area. The several measurements and acquisitions with
profilometer demonstrated that the silver ink was completely
coated by PEDOT:PSS, both on sensing electrodes and refer-
ence electrodes.

B. Electrical Characterization

The evaluation of the electrical properties of the silver
tracks was performed employing a test bench multimeter
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Fig. 4. (a) Average profile of silver tracks (solid red line) and coating

made by NOA 81 tracks (blue solid line). The shadow area is the
standard deviation calculated on 128 profiles acquired from the four
MEAs. (b) Average profile of PEDOT:PSS coating (solid green line) and
underlying silver layer (solid red line). The shadow area is the standard
deviation calculated on 64 profiles of the sensing electrodes acquired
from the four MEAs.
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Fig. 5. Plot of the measured resistance value for different conductive

tracks length with mean values and standard deviation calculated on at
least eight tracks, considering all four MEAs.

(HP34401A, Agilent). The mean value (dots) and the standard
deviation (error bars) of the resistance were reported in the
y-axis of Fig. 5, according to the different lengths of the tracks
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Fig. 6. Experimental setup used for the EIS. The sensor is filled with PBS and then, the PalmSens is connected to the sensor and the measurement

are performed and data send to a computer for the data analysis.

in the x-axis. In each MEA, 17.4 mm is the length of the two
tracks for the reference electrodes, while the other values are
the four tracks with the same length, due to the symmetrical
layout. The resistance, as expected, increases proportionally
with the length of the conductive tracks.

The resistivity p was calculated considering the several
resistance R measurements by using the following equation:

(D

where w is the average width of the tracks, ¢ is the average
thickness, and [ is the length of the measured conductive track
resistivity.

The mean value for the silver ink calculated from (1) was
5.7 u2 * cm? and it agrees with the manufacturer datasheet
of 5.75 w2 x cm [36].

The long-term stability and the reusability of the MEAs,
in particular the PEDOT:PSS electrodes were evaluated by
means of electrochemical impedance spectroscopy (EIS) for
up to two weeks. The setup is shown in Fig. 6. An o-ring was
glued on the Kapton substrate to surround the printed MEA
and build the chamber wall for containing phosphate-buffered
saline (PBS), which simulates cell culture medium [14]. EIS
was performed with a commercial portable potentiostat (Palm-
Sens 3 PS Trace, PalmSens BV, Netherlands), controlled using
dedicated software (PS Trace 5.3). The EIS measurements
were performed in the frequency range of 0.01 Hz-10 kHz,
with ac-amplitude of 50 mVrms and dc bias of to 0 V.
In accordance with the typical range relevant for detecting
local field potentials (1-300 Hz) and extracellular action
potentials (300 Hz—10 kHz) [3], the acquisition window was
reduced. The impedance was always measured between each
MEA sensing electrode and the closer reference electrode.
Each measurement consisted of ten repetitive scans, one time
a day for two weeks. For the equivalent model fitting was
used the tool included in commercial potentiostat, PS Trace.
The phase of the impedance is not reported, since for the
evaluation of reusability and stability in long-term analysis this
is not relevant, as reported in previously works [14], [29], [37].
Regarding the reusability test, the chamber MEA was covered
with 40 pL. of PBS and ten measurements were repeated
before removing the PBS. Several washes were performed
to clean the sensor with distilled water, to remove the ionic
solution. This procedure was repeated every day for two

p=R-(w-n/l
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Fig. 7. Impedance magnitude change over frequency (reusability test)

on 14 days. Error bars show the standard deviation on two MEAs. The
impedance was measured between the electrodes and the reference
electrodes.

weeks on two MEAs. The plot in Fig. 7 shows the mean
impedance magnitude (solid line) and its standard deviation
(shadow area) calculated on all performed measurements on
14 days over the frequency sweep. The impedance at 1 kHz
has a value of (1370 4+ 30) 2, which is significantly below
the value of 160 k2 measured on the simplest commercially
available MEAs with gold electrodes [38]. At 100 Hz, the
impedance slightly increases to (1500 £ 104) 2 but still lower
than commercially available MEAs. The impedance evaluation
confirms that PEDOT:PSS improves the electrode solution
interface. The lower impedance values with respect to com-
mercial MEAs ensure the printed MEA electrical compatibility
with the commercial front-end for stimulation and recording.

For stability evaluation, 60 puL of PBS was used to fill
the chamber without removing the solution, until the end
of the test. All the measurements were performed at room
temperature and in humidity-controlled conditions to limit
the evaporation of the liquid solution and keep stable testing
conditions, in accordance with [37]. The measurements were
performed at two fixed frequencies 100 Hz and 1 kHz, in order
to provide a comparison to [11]. Fig. 8 shows the change
of impedance magnitude during the 14 days at frequencies
of 100 Hz and 1 kHz. The impedance at 1 kHz was observed
due to the extensive use in characterization of neuronal
electrodes [11]. The impedance range is in line with the
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Fig. 8. Impedance magnitude over 14 days in PBS for the stability of two
sensor at frequency of 100 Hz and 1 kHz. Error bars show the standard
deviation of two MEAs.

literature. After two weeks in PBS, the impedance magnitude
is (2680 + 654) @ at 1 kHz, which is well below the value
observed in the reported article [14] after two weeks in the
medium. Furthermore, the impedance magnitude decreases
over time in both 100 Hz and 1 kHz, due to evaporation of
solution. In the next paragraph, we discuss the issue. The
devices exhibited a small decrease in impedance values,
which ensures low degradation of PEDOT:PSS coating as
confirmed in [37]. This ensures optimal recording signals for
future applications.

The impedance measurement can be modeled as an equiv-
alent circuit in which each component can be related to a
particular electrochemical process. The impedance magnitude
presented a behavior in agreement with the theory (shown
in Fig. 9) concerning the EIS of ionic liquid measurement [39].
At high frequencies, the solution characteristics dominate on
impedance plot with an RC effect that depends on con-
centration of ions in PBS solution. While the double-layer
capacitance was modeled as a capacitor Cy in series to Rj, the
surface nonidealities were modeled by constant phase element
(CPE). A charge transfer resistance R is defined according
to charge transfer process that allows transferring electrons
from electrode to solution (or vice-versa). Finally, at low fre-
quencies, the predominant component regarding the diffusion
of the ions was modeled by the Warburg impedance Zy,
which corresponds to a line at a phase angle of 45° in the
complex plane plots [40]. Comparing the theory module of
impedance shown in Fig. 9 with the results presented in this
work in Fig. 7, at low frequency, before the frequency of
1-2 Hz, we have a phase angle higher than 45°, apparently
inconsistent with the theory. Such difference was due to the
thickness of PEDOT:PSS layer, as described in [41], which
was shown for different depositions times (and thus thickness),
a variation of the slope at low frequency, with a variation of
the value of Warburg element. Finally, the equivalent model
evaluation was useful for monitoring the behavior of the elec-
trochemical system for long-term analysis. The change in the
value of the electronic elements indicated modifications of the
electrochemical properties of the cell, particularly interesting
for the long-term stability analysis.

Impedance module (Q)

Angular Frequency (rad/s)

Fig. 9. Theoretical impedance module according to frequency
variations for the randles circuit model (in the inset) for the elec-
trode/electrolyte interface used for the fitting of the experimental results.
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Fig. 10. Nyquist plot with real and imaginary part of the experimental
results obtained in the stability test of the printed MEA within two weeks.
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The Nyquist plots of EIS measurements obtained from
the stability test (see Fig. 10) show a decrease in solution
resistance over time due to the decrease of solution resistance
induced by evaporation of the water. Such variation explains
the behavior of the curve within the 14 days in Fig. 8, where
the value of the impedance decreases according to the days
as a result of the water evaporation that has a predominant
effect. Furthermore, in [42], it is possible to see a decrease
in the impedance magnitude in long-term analysis, before
an initial impedance increase. According to this work, some
modifications of electrode surface could bring to a decrease
of impedance magnitude.

The shape of the curve remained the same with no variation
in the electrochemical elements of the equivalent model.

V. CONGLUSION
The article proposed AJP as an enabling technology for the
fabrication of printed MEAs used for electrical stimulation
and real-time monitoring of the action potential signals.
The realization of a low-cost and multilayer device by
using suitable and biocompatible inks to improve the sensor
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performance is described. Furthermore, the work proposes
itself as an alternative to the traditional microfabrication
techniques that allow the customization of the electrode
design according to neuronal network architecture. The
achieved printed MEAs, in this current design and fabrication
process, are the result of an improvement of a previous
work [43]. After the design and the fabrication by using AM
technique, the printed devices were then characterized both
in terms of geometrical and electrical properties. Stability
and reusability were both tested to evaluate the performance
of sensor for long-term analysis. The results are promising
upon the literature, in terms of customization of electrode
design and feasibility of a low-cost 3-D printing technique
with advanced flexibility and reproducibility. Furthermore, the
possibility to improve the electrical stimulation with suitable
electrode design and position, to enhance and to accelerate
cell maturation protocol, and, at the same time, to provide a
real-time monitoring device for maturation of neuronal activity
during cell culture. This printed MEA, as proof of concept,
is an important starting point for realization of a customized
and sensorized system to improve in vitro cell culture. The
advanced deposition and curing methods of electrodes, pas-
sivation layer, and conductive tracks allow direct integration
into cell culture device in future applications. Furthermore,
the customization offered by AJP technique suggests different
opportunities, such as the possibility of selectively depositing
cell adhesion protein to create a specific architecture for neu-
ronal network. Furthermore, the integration of other sensors
(e.g., lactate, pH) could provide complementary information
about cell culture activity, providing a completely monitoring
system. And finally, in the future, the biocompatibility and
the functionality of the printed MEA will be tested by adding
electronic front-end for stimulation and recording of action
potential and seeding neuronal cells onto the device.
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