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Dosimetry of Microelectrodes Array Chips for
Electrophysiological Studies Under
Simultaneous Radiofrequency Exposures

Amani Nefzi, Rosa Orlacchio, Lynn Carr, Clément E. Lemercier, Corinne EI Khoueiry, Noélle Lewis,
Philippe Leveque, Member, IEEE, Delia Arnaud-Cormos, Member, IEEE

Abstract— Studying the response of neuronal networks to
radiofrequency signals requires the use of a specific device capable
of accessing and simultaneously recording neuronal activity
during electromagnetic fields (EMF) exposure. In this study, a
Microelectrode Array (MEA) that records the spontaneous
activity of neurons is coupled to an open transverse
electromagnetic (TEM) cell which propagates EMF. We
characterize this system both numerically and experimentally at
1.8 GHz. Two MEA versions were compared, for the first time, to
determine the impact of their design dissimilarities on the response
to EMF. Macroscopic and microscopic measurements using
respectively a fiber-optic probe and a temperature-dependent
fluorescent dye (Rhodamine-B) were carried out. Results indicate
that one MEA shows more stability toward the changes of the
surrounding environment compared to the other MEA. Using a
fiber-optic thermometer, the measured specific absorption rate
(SAR) probe value in the center of the more stable MEA was
5.5+2.3 W/kg. Using a Rhod-B microdosimetry technique, the
measured SAR value at the level of the MEA electrodes was
7.0£1.04 W/kg. SAR values are normalized per 1-W incident
power. Due to the additional metallic planes and a smaller chip
aperture, this new recording chip is steadier in terms of SAR and
temperature stability allowing high exposure homogeneity as
required during biological experiments. A typical neuronal
activity recording under EMF exposure is reported.

Index Terms— Dosimetry, electromagnetic fields (EMFs),
microelectrode array (MEA), neuronal network, radiofrequency
signals, specific absorption rate (SAR).
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I. INTRODUCTION

HE possibility that electromagnetic fields (EMF) emitted

by mobile phones may affect the physiological activity of
the central nervous system is one of the most intriguing open
matters in  bio-electromagnetic research [1]-[3]. The
widespread use of portable devices and other wireless
communication systems has increased the concern about the
risks of possible effects on health, stimulating a large amount
of research. Bioelectromagnetic investigations at the cell level
of different endpoints were carried out using microsystems
exposure systems. For microwave spectrum, microelectrode
arrays based on coplanar technology were developed for
different electromagnetic diagnostics and therapeutic methods
such  as  dielectrophoresis,  dielectric  spectroscopy,
microfluidics applications [4]-[8]. However, few in vitro
studies were performed to identify the cellular and molecular
mechanisms of the interaction between EMF and neuronal
networks. Real-time investigation of electrical activity
modifications of neuronal networks, in terms of spiking and
bursting rate, under the exposure to low-level radiofrequency
(RF) was the object of several studies [9]-[12]. Moreover, the
effects induced on neuronal differentiation by millimeter-waves
were also investigated [13]. To provide reliable controlled
experimental conditions, specific exposure systems were
designed. For example, a waveguide or an open Transverse
Electromagnetic (TEM) cell for the transmission of the EMF
was combined with a microelectrode array (MEA) for the
electrophysiological recording of the neuronal activity. The
MEA technology was widely used to study in vitro the
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spontaneous activity of cultured neural networks or brain slices
[14]. This is due to its ability to electrically stimulate neurons
at multiple sites and simultaneously measure the extracellular
potential changes arising at the cell-electrode interface [14]-
[17].

Recording the extracellular potential modifications induced
by real-time exposure to RF with an MEA was firstly proposed
by Koster et al. as a non-invasively alternative to the common
patch-clamp technique [9]. In their study, cultured cortical
neurons from mice embryos on MEAs, were inserted into a
rectangular waveguide for the exposure to continuous wave
(CW) or 3G mobile phone signals. Successively, Merla et al.
designed and characterized a new MEA-based system for
electrophysiological recording of neuronal activity during
exposure to 1.8 GHz (representative of the Global System for
Mobile Communications [GSM] signals), by means of an open
TEM cell [10]. A modified device integrating signals
acquisition was further used for the analysis of spontaneous
bursting activity of primary neuronal cultures from rat
embryonic cortices. The neurons were exposed to specific
absorption rates (SAR) ranging from 0.01 to 9.2 W/kg [18],
[19]. Results showed a dose-dependent reversible decrease in
the burst and firing rates of neurons, which is more pronounced
as the exposure time and power increase.

More recently, a set-up based on an open TEM cell that
accommodates up to six MEA plates was proposed for long-
term exposure within a flexible frequency range of mobile
telecommunication standards by Oster et al. [12]. This device
was used to expose neuronal networks at 395 MHz frequency
carrier  signal, showing no effects on neuronal
electrophysiology after long or short exposures to SAR values
between 1.17 and 2.21 W/kg [20]. Electrophysiological
recordings were performed outside the exposure setup
immediately before and after RF exposure and took place
between 22 and 34 days in vitro (DIV).

A summary of the studies using an MEA coupled to a
specific exposure system is provided, in chronological order, in
the Table I. Note that these exposure systems are different in
terms of working frequency, source of the EM field, and
number of simultaneous MEAs that can be exposed. Briefly, in
[9] a single MEA was fitted into a recess of a rectangular
waveguide during exposure while in [12] a TEM cell was used
to expose up to six MEAS set on the bottom plate of the TEM
cell. The exposure system that we proposed in [10] allows the
exposure of a single MEA whose holder is inserted in the TEM
cell though a circular hole in the ground plate.

Overall, results of these studies suggest that the use of
MEAs coupled to an EMF system provides an efficient
interface  to non-invasively investigate and  assess
electrophysiological modifications of neuronal activity under
RF field exposure. Indeed, an open TEM cell allowed exposure
of the samples within the MEAS to 1.8 GHz signals at different
input power levels. The latter provides a highly homogeneous
E-field and was already used by our group combined with a
MEA [10].

Since the introduction of the first MEA in 1972 [16],
technological efforts have vastly improved the quality of these

TABLEI
OVERVIEW OF THE EXPOSURE SYSTEMS COMBINING AN EM SOURCE AND AN
MEA AND THE CORRESPONDING IN VITRO EXPERIMENTS PERFORMED

Reference Year Typeof EMsource f(GHz) EXLZI};:’\?HIS
Rectangular 1.9-2.2 [9]
[] 2007 waveguide
[10] 2011 Open TEM cell 1.8
[12] 2016 Open TEM cell DC-1 [20]
Current Open TEM cell
stud 2021 + MEA-1 1.8 [18], [19]
y + MEA-2 1.8 Ongoing

devices. Improvements include advancements on transducers
(microelectrode array, 3D MEA), substrates (active, passive,
silicon, CMOS arrays), electrode densities (HD-MEA),
mechanical properties (flexible or rigid), and applications
(implantable array, in vivo MEA, in vitro MEA) [14], [21], [22].

In the current study, two different planar MEAs from two
different manufacturers QWANE (Qwane, Lausanne,
Switzerland) and MCS (Multi Channel Systems MCS,
Reutlingen, Germany), were analysed in detail. The first is a
customized and modified version of a 60-channel planar MEA
introduced in [10]. The contact pads were moved on the lower
side of the printed circuit board (PCB) to allow contact
underneath the PCB with the preamplifier during RF exposures
of neurons. The second device was custom designed to improve
the electromagnetic compatibility of the experimental bench,
mainly resizing the aperture for optical visualisation and adding
ground planes in the multi-layer PCB. This new MEA has never
been used for bioelectromagnetic experiments so far, thereby
requiring a complete electromagnetic characterization before
further recordings of neuronal electrical activity.

Note that to assure precise dosimetry, each exposure system
needs to be characterized under the specific exposure
conditions of the study, i.e., exposure device, sample exposed
and its material, dimensions, position, etc. This means that
dosimetry of the MEAs studied here cannot be directly
extracted from [10], [23].

Therefore, numerical and experimental dosimetry was
carefully carried out to investigate the impact of EMF
distribution on the specific MEAs considered in the current
study, both at the macro- and micro-scales. In addition to
characterize the systems, we analyzed here for the first time the
influence of their proximity environment (several different
configurations). Also, for the first time, the temperature in the
MEAs at the level of the electrodes was measured using a
technique optimized by our group to measure the microscopic
temperature elevation [23]. The results of this study are
essential for future neural activity recordings experiments under
1.8 GHz EMF exposure providing an accurate dosimetry that is
crucial for the correct interpretation of potential biological
effects.

Section Il describes the MEA characteristics, the
experimental and numerical dosimetry, and electrophysiology
measurements under RF exposure. In Section Ill, results in
terms of electric fields, SAR, temperature, and in vitro neural
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Fig. 1. (a) Setup with the TEM cell exposure device and MEAs for macro-
and micro-dosimetry measurements. (b) and (c) 3D CAD models (transversal
cut) of MEA-1 and MEA-2, respectively. (d) and (e) Photos (bottom view and
top view with a close-up on the electrodes area) of MEA-1 and MEA-2,
respectively.

recording measurements for the two MEAs considered are
presented. Finally, discussion and conclusions are drawn in
Section 1V.

Il. MATERIAL AND METHODS

A. MEA Characteristics

An MEA is a durable and reusable electrophysiology
recording device (Fig. 1), allowing the extracellular recording
of neural networks activity from various type of brain
preparations in a non-invasive manner. The materials used for
the fabrication are thoroughly chosen to ensure rigidity, optical
transparency, and biocompatibility with the biological samples
[1]. An MEA is composed of three parts: i) the culture chamber
or well, holding the culture medium, ii) the glass chip, where
the electrodes and the top tracks are placed, and iii) the PCB.

For the MEAs used in the current study, a glass chip is attached
to a 50 mm x 50 mm PCB supporting a glass ring forming the
culture chamber. An insulator layer of a few micrometers
thickness is set above the tracks leaving the electrodes
uncovered to allow the contact with neurons.

The typical MEA design is 60 TiN (indium-tin oxide) or
platinum electrodes forming an 8 x 8 matrix situated on the top
of a glass chip. Of these electrodes, 59 serve to record the
neuronal responses and one as a reference. The electrodes of the
MEAs used in this study are designed following a commercial
process but using a custom design. The main design
particularities of the MEAS are the metal plates inside the PCB,
the aperture size, and the inverted position of the preamplifier
underneath the PCB. Cultured neurons within the culture
chamber adhere to the surface of the MEA in direct contact with
the microelectrodes.

In this work, two MEAs (Fig.1) were dosimetrically
characterized, namely MEA-1 of Qwane Biosciences and
MEA-2 of MCS companies. The major differences between the
two MEAs are: i) the number of metallic planes inside the PCB,
ii) the aperture size in the PCB, and iii) the shape of the culture
chamber. The metallic planes are represented by the horizontal
black lines within the PCBs in Fig. 1 (b) and (c). Specifically,
MEA-1 has only one metallic plane in the PCB. The PCB is 1
mm thick, and it has a 10 mm diameter aperture. Its 0.7 mm
thick glass chip is attached under the PCB (Fig. 1(b)). MEA-2
has four metallic planes within the PCB, including two at the
electrodes and pads levels. The PCB is 1 mm thick, and it has a
2.5 mm diameter aperture. Its 0.5 mm thick glass chip is placed
above the PCB (Fig. 1(c)).

B. Experimental Dosimetry

1) Exposure System

The exposure system consists of a signal generator unit, an
amplifier, a circulator, a power meter, and an open TEM cell
containing the MEA terminated by a 50 Q terminator
(Fig. 1(a)). The TEM cell was used to apply the E-field. It
consists of a tri-plates transmission line. The bottom and top
metal plates are connected to the reference ground plane, while
the middle one, the septum, is the inner conductor. These plates
are tapered at their input/output extremities to SMA connectors.
The dimensions of the TEM cell were chosen to match 50 Q
impedance. The TEM total length is 160 mm and the length of
the central part without the transitions to the SMA connectors
is 60 mm. The width of the central septum and of the two
external plates is 30 mm and 85 mm, respectively. The distance
between the septum and the two external plates is 8 mm (top)
and 12 mm (bottom). A 24 mm diameter aperture was made in
the bottom plate to insert the MEA. A TEM cell is advantageous
because the E-field propagating between the plates is
homogenous allowing uniform exposure of the biological
sample.

An RF signal generator (HP8648B, Hewlett-Packard, USA)
was used to generate a CW signal at 1.8 GHz connected to a
44 dB gain amplifier (M.19.40.50, Nuclétudes, France). A
bidirectional coupler allows real-time monitoring of incident
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Fig. 2. Photos (on the left) and 3D CAD models (on the right) of the different
cases of the exposure system i.e. the TEM cell and the recording device MEA
used for experimental and numerical assessments. (a) System suspended in the
air (open), (b) system placed on top of a metal plate, (c) system sealed with a

metal cavity, and (d) system placed on the preamplifier of the
electrophysiological recordings device.

and reflected powers at the TEM cell input through a power-
meter (N1912A, Agilent, USA). The TEM cell output port is
connected to a 50 Q terminator that absorbs transmitted power
and prevents wave interferences within the device. The MEA is
filled with 1 mL of Dulbecco’s modified eagle medium
(DMEM) culture medium or HEPES buffered salt solution
(HBSS).

To fully characterize the system and analyze the influence of
its material environment, experiments and simulations were
performed under four configurations, combining the TEM cell,
the MEA, and their support (Fig. 2): i) suspended in the air
above four metal rods, ii) placed above a conductor support, iii)
sealed by a metallic cavity, and iv) fixed above the interface
board and the signal preamplifier that serves for the
electrophysiological recordings. This last configuration is the
most representative of the experimental investigation setup.
The preamplifier is placed below the MEA to allow the
insertion of the culture chamber inside the TEM cell as
described in [18], [19]. The preamplifier in the switched OFF
state was considered for the SAR dosimetry. Indeed, a slight
and slow temperature increase was induced in the sample when
the preamplifier was switched ON. However, SAR values are
not dependent on the preamplifier state. To evaluate the
baseline activity and ensure that exposed and sham conditions
represent similar state of temperature increase, a series of sham
exposures was carried out separately, using the same protocol

=233 o iie

UL

Fig. 3. Top view of the two MEAs. (a) MEA-1 with red dots representing the
positions of temperature and fluorescence measurements. (b) MEA-2 with red
and green dots for the positions of temperature measurements. Zooms showing
the electrodes and the area (dotted line) of temperature evaluation with the FO
probe (1 mmd) in (c) MEA-1 and (d) MEA-2.

but with RF always OFF similar to the protocol described in
[19]. Moreover, its crucial to consider and avoid possible
interferences with external devices. During the experiments, the
exposure system was placed in a closed biological incubator
whose walls act as a metallic cavity shielding the exposure
setup from external interferences. In addition, to reduce
interference with the preamplifier, the latter was shielded using
a RF absorber.

2) Macroscale Temperature Measurements

Macroscale temperature changes in the exposed sample
within the MEA chamber were read with a fiber optic (FO)
probe (Luxtron One, Lumasense Technologies, CA, USA)
inserted through a small hole in the TEM top plate and septum.

We define SAR probe as the SAR extracted from
temperature measurements performed with a FO probe
immersed in the culture medium, that provides temperature
measurements within an estimated 1 mm?3 volume. Samples
were typically exposed for 1 minute, and temperature was
recorded before, during, and after exposure. SAR probe values

were extracted from the experimental temperature
measurements with:

aT
SAR = C— (1)

otle =1¢,

where C is the specific heat capacity of the biological sample
equal to 4186 (J/(kg-K)) and OT/ot is the initial slope of the
temperature increase versus time [24].

Temperature was recorded at different locations within the
culture chamber indicated by the dots in Fig. 3(a) and (b).
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3) Microscale Temperature Measurements

Local microscale temperature change at the level of the
electrodes was obtained by exploiting the fluorescent dye
Rhodamine-B (Rhod-B) whose fluorescence intensity varies
linearly as a function of the temperature [25], [26]. 1 mL of a
50 uM  Rhod-B (SigmaAldrich, Saint-Quentin Fallavier,
France) solution in HBSS was placed in the MEA
microchamber. To acquire real-time fluorescence intensity
variation of Rhod-B during the exposure to RF, the MEA
attached to the TEM cell, was set on a microscope stage [23].
Rhod-B (excitation: 553 nm, emission: 627 nm) fluorescence
intensity was observed by epifluorescence using a solid-state
light engine (Spectra 7, Lumencor) coupled to the microscope
(DMI6000, Leica). Images were captured on a camera
(EMCCD Evolve 512, Roper) with 256 x 256 pixels spatial
resolution. Images were collected every second using a 10x
microscope objective. Image Analyst MJIl (Image Analyst
Software, Novato, CA) was used for image analysis.
Fluorescence intensity was measured in a 0.32 mm? area
(Fig. 4(a) and (b)). Temperature variation retrieved in MEA-1
was assessed in different areas of the device (Fig. 3(a)), while
in MEA-2 it was evaluated only in the center (Fig. 3(b)) due to
geometrical constraints that did not allow the microscope to
reach the peripheric areas. For this configuration, due to
technical limitations related to the preamplifier setup on the
microscope stage, the preamplifier was not set at the bottom of
the MEA. Note that local SAR at the microscopic scale refers
to SAR retrieved from Rhodamine-B measurements allowing to
consider temperature elevation within a slice with a thickness
of tens of microns.

C. Numerical Modelling

Numerical analysis was performed with the time domain
solver of CST Microwave Studio 2017 (Computer Simulation
Technology [CST], Dassault Systems, Darmstadt, Germany).
All four experimental configurations were modelled and
simulated. Metallic components were modelled as Perfect
Electric Conductor (PEC). To investigate interferences with the
environment, the MEA designs were simplified by disregarding
some elements such as electrodes and conductor tracks. For
MEA-1, the PCB with the reference metal plane inside, the
glass chip, the ring, and the culture medium were simulated. For
MEA-2, all the components except the electrodes and the top
conductor tracks were simulated.

The dielectric properties of the materials used were modelled
at 1.8 GHz. The conductivity (o), the relative permittivity (),
and the volume density (p) of the biological medium were
respectively 2.3 S/m, 74.2, and 1000 kg/mq. The neuronal cells
and networks were exposed to RF in the MEA chamber filled
with classical culture medium. The culture medium dielectric
properties considered in simulations were obtained from
measurements using a dielectric probe (85070E Dielectric
probe kit, Agilent, Santa Clara, CA, USA) connected to the
vector network analyzer (the probe tip was inserted in the
sample for the measurements). For simulations, we considered
a homogenous culture medium sample without cells as

classically modelled in in vitro studies. The culture chamber
and the glass chip were defined as loss free with & equal to 4.6.
The PCB and the layer of insulator covering the top tracks were
designed with & equal to 4.4 and 4, respectively. The culture
medium volumes were 1 mL within MEA-1 and MEA-2. In the
absence of electrodes, the smallest mesh size considered was
100 pm for accurate results.

The numerical study provides us with the S parameters, the
E-Field spatial distribution inside the TEM cell, and the SAR
distribution within the culture medium that is extracted from the
electric field through:

AR = 2E
SAR = 7S (2)
where E is the electric field (V/m), p is the biological sample
density (kg/mq), and ¢ is the electrical conductivity (S/m).

D. Electrophysiology Under RF Exposure

1) Primary Cultures of Cortical Neurons

Primary cortical neuron cultures were prepared from
cortices of rat embryos at embryonic day 18, collected from a
gestating Sprague-Dawley rat (Charles River Laboratories,
L’Arbresle, France). All procedures were carried out in
compliance with the European Community Council Directive
for the Care and Use of laboratory animals (2010/63/EU).
Protocols were approved by the Bordeaux institutional ethics
committee (CEEAS5O0). Preparation of primary neural cultures
was identical to the method used by [18], [19]. In brief, under
anesthesia (5% isoflurane), gestating rats were euthanized
(cervical dislocation), embryos were collected, and their
cortices were dissected and treated with a papain-based
dissociation system (Worthington Biochemical, Lakewood,
CO). Following mechanical dissociation and two centrifugation
steps (last with an albumin-inhibitor solution), the pellet
containing cortical cells (glial cells and neurons) was suspended
in a neurobasal culture medium supplemented with 2% B-27,
1% GlutaMAX, and 1% penicillin-streptomycin (Fisher
Scientific). Finally, the autoclaved MEAs previously coated
with polylysine and laminin (Sigma-Aldrich, St. Quentin-
Fallavier, France) were plated with a drop of suspension
containing 10° cells. After cell adhesion, MEA wells were filled
with culture medium, and kept in individual petri dish at 37°C
in a humidified incubator with 5% CO, until mature neural
network development.

2) Electrophysiological Recording and RF Exposure

To enable simultaneous recording and exposure to RF,
MEAs were maintained sandwiched between the TEM bottom
plate and the preamplifier (MEA1060-Inv, Multi-Channel
Systems, MCS, Reutlingen, Germany), as described in previous
publications [18], [19]. Recordings were performed in a dry
incubator at 37 °C with 5% CO,, from 2 cultures at 19 DIV,
developed either on MEA-1 or -2. To prevent evaporation while
allowing gas exchange throughout the recordings, MEA wells
were covered with a thin removable membrane made of
fluorinated ethylene propylene (ALA Scientific Instruments,
Farmingdale, NY). Preamplification gain was 1200, signals
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were acquired and digitized at 10 kHz/channel with an MCS-
dedicated data acquisition board (MC_Card, MCS). Signals
were recorded and visualized with MC Rack software (MCS).

Neuronal cultures were exposed 15 min to CW signal at
1.8 GHz with an incident power of 5.2 W. In our recordings,
this RF-phase was preceded and followed by two 15-min
‘control’ phases (RF OFF), to compare neuronal spontaneous
activity to the activity under RF.

In such electrophysiological experiments, the level of
neuronal activity is generally measured by focusing on ‘spikes’,
peaks of dozens of pV that appear out of the noise level. These
spikes can arise in an isolated manner or gathered in a dense
discharge called ‘burst’ (Fig. 8).

3) Data Post-Processing and Analysis

After recording, multi-channel data processing was
performed with the software package SPYCODE [27]
developed on MATLAB environment (Mathworks, USA).
Following signal filtering (Butterworth high-pass filter with a
cutoff frequency at 70 Hz), spike detection was performed with
the differential threshold precision timing spike detection
(PTSD) method described in [28] and spike trains were then
analyzed for bursts detection using the method described in
[29]. Burst count were used to compute mean burst rate per
minute for each individual channel (MBRy) along all recording
phases. The overall behavior of the neural network on the entire
MEA was approximated by computing the integral of MBRk
(MBRwmea). Change in neural network activity in response to RF
exposure was quantified by the ratio between MBRwvea of the
exposure phase to the mean MBRwmea Of pre-exposure baseline
phase. Distribution of spontaneous spike and burst over time
was visualized with raster plots created with the software R (R
Core Team 2020).

1. RESULTS

A. Experimental Macrodosimetry

The SAR probe values retrieved from the experimental
temperature measurements within the MEAs (bottom center),
for 10 W applied for 5 minutes are presented in Table Il as
mean + standard deviation. To ensure the reproducibility of the
outcomes, experiments were repeated at least three times per
condition, unless stated otherwise. All SAR values are
normalized to 1 W incident power. The noteworthy disparity of
SAR probe measured within the MEA-1 proves the sensitivity
of the device to the surrounding materials. The highest SAR
was found when the system is suspended in the air, which
considering the standard deviation is close to the SAR value of
the preamplifier configuration.

To measure the SAR variability in the culture chamber, the
exposure system was suspended above a microscope i.e. the
same configuration wused to simultaneously measure
fluorescence and FO temperature variations within the exposed
medium (next sub-section B). Incident power was set to 10 W
or 20 W. High incident powers were used to observe a clear and
significant temperature elevation (a few degrees) during a short
time, required to retrieve the experimental SAR from the initial
slope of the temperature elevation. Temperature change and
corresponding SAR probe values were measured in different

TABLE Il
SAR PROBE FROM TEMPERATURE MEASURED AT THE BOTTOM CENTER OF THE
MEA PRESENTED AS MEAN * STANDARD DEVIATION (SAR NORMALIZED PER
1 W INCIDENT POWER)

SAR probe (W/kg)
Structure environment MEA-1 MEA-2
Open 60.7£15.7 6.4+1.5
Metal 15.0+3.0 3.5+0.5
Cavity 5.240.8 3.310.4
Preamplifier 40.315.3 5.5+2.3

areas (dots in Fig. 3 (a) and (b)) of the culture chamber for both
the MEAs. Overall, FO measurement results showed a certain
inhomogeneity of the SAR probe values in both devices. For
MEA-1, the highest SAR probe of 70.3+13.2 W/kg was
observed in the center, i.e. the area above the electrodes. In the
left tracks region (Fig. 3(a), left red dot), SAR probe was
divided by a 5-fold ratio of the value measured in the center.
For MEA-2, the lowest SAR probe of 3.76+0.74 W/kg was
measured in the central area containing the electrodes. It
increased only by about 1.5 times in the area without the tracks
(green dots of Fig. 3(b)). The difference of SAR probe values
in the two MEAS centers is consistent with their heating. After
1-minute exposure at 20 W, a temperature variation of
3.2+0.7°C and 0.9£0.2°C were measured in the center of MEA-
1 and MEA-2, respectively.

B. Experimental Microdosimetry

For microdosimetry measurements, Rhod-B fluorescence
was recorded with the TEM cell containing the MEAs placed
on a microscope stage. To precisely quantify the microscale
temperature variation in the exposed sample, it was necessary
to establish the relationship between the normalized Rhod-B
fluorescence intensity and the temperature measurements from
the FO. For small temperature changes, this relationship is
linear and a conversion coefficient a can be defined as follows

[23]:
AT

& = T i fiio (T)/af o (0) ®)

where AT is the temperature increment recorded with a FO
probe in the solution, and Afluo (T)/Afluo (0) is the normalized
intensity of Rhod-B, i.e., the ratio between the fluorescence
value during RFon and the initial fluorescence value at room
temperature before RFon. In this study, the conversion
coefficient o was equal to —57+2.5, equivalent to a 2%/°C
variation of Rhod-B fluorescence, as previously assessed [23],
[25], [30], [31].

Following a 1-minute exposure to 20 W, the temperature
change in the central area, for both MEASs (Fig. 4(a) and (b)),
were calculated from the Rhod-B data (Fig. 4(c) and (d)). Local
SAR values, normalized to 1 W, extracted from Rhod-B
fluorescence were 159+34.3 W/kg and 7.0+1.04 W/kg, for
MEA-1 and MEA-2, respectively. Results obtained at the
microscopic level in the area containing the electrodes, reflects
a similar behavior as observed at the macroscopic level, with
the MEA-1 device having a significantly higher SAR level than
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Fig. 4. Microscopic view of the microelectrodes within the 0.57 mm x 0.57 mm
area considered for the analysis of Rhod-B in (a) MEA-1 and (b) MEA-2.
Temperature dynamics retrieved from Rhod-B (red lines) fluorescence intensity
and from the FO thermometer (gray lines), at 20 W of incident power, in (c)
MEA-1 and (d) MEA-2.

MEA-2. During these experiments, macroscale temperatures
were simultaneously recorded in the same areas with the FO
probe (Fig. 4). Macroscale SAR probe values in the central area
are equal to 70.3+ 13W/kg and 3.76+ 0.74 W/kg for the MEA-
1 and MEA-2, respectively.

C. Numerical Characterization

Numerical modelling and simulations of the TEM cell,
containing simplified designs of the two MEAs were performed
for four configurations (open, metal plate, cavity, and
preamplifier).

The E-field within the TEM cell was analyzed from
simulations. The CW signal generated was transformed within
the TEM cell into uniform E-field with an intensity reversely
proportional to the distance between the septum and the
external ground plate. For 1 W incident power, the E-field

7
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Fig. 5. Numerical SAR spatial distribution at 1.8 GHz of the system (TEM cell
& MEA-1), along a horizontal cut at the bottom layer and a vertical cut across
the MEA center. (a) System is open (i.e. suspended in the air) or placed above
the preamplifier, (b) system placed above a metal plate, (c) system sealed at the
bottom with 74 mm x 60 mm metal cavity, and (d) system sealed at the bottom
with 60 mm x 60 mm metal cavity.

distribution of the empty TEM cell shows levels around
850 V/m. This is consistent with the theoretical value of
833 V/Im calculated for the TEM cell of 12 mm distance
between the septum and the lower plate. Thus, creating an
aperture in the lower plate to insert the MEA has little effect on
the propagation of the TEM mode. However, the E-field lines
in the vicinity of the hole are distorted as a function of the hole
size as illustrated via the SAR distributions with a 36-mm petri
dish in [32].

SAR spatial distributions were extracted from simulations
for the different studied configurations. Fig. 5 shows the SAR
for MEA-1 along a horizontal cut at the bottom layer and a
vertical cut across the MEA center. The open and preamplifier
configurations (Fig. 5(a)) exhibit similar distributions, which is
consistent with measured SAR in the MEA center when
considering the standard deviation. Placing the system on a
metal plate (Fig. 5(b)), reduces the SAR values. To study the
influence of different size metal cavities, Fig.5(c) and (d)
shows the SAR distribution when the system was sealed by a
metal cavity with dimensions of either 74 mm x 60 mm or
60 mm x 60 mm. A significant coupling occurs within the
60 mm x 60 mm cavity leading to higher SAR values compared
to the 74 mm x 60 mm cavity. This can be explained by the
resonance of the smaller cavity. These results demonstrate that
the presence of metal around the system influences the SAR
values and distribution in MEA-1.

Fig. 6 displays the SAR distribution results for MEA-2. The
SAR distributions of all the configurations are almost identical
and show good local homogeneity (only two distributions are
represented for open/preamplifier and metal/cavities). These
results indicate that MEA-2 is more isolated, due to the four
metallic planes in the PCB and its smaller chip aperture, and
therefore less influenced by the surrounding environment than
MEA-1.
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Fig. 6. Numerical SAR spatial distribution at 1.8 GHz in the culture medium
within the MEA-2 along a horizontal cut at the bottom layer and a vertical cut
across the MEA center. (a) System is above open/preamplifier, and b) system
is above metal or sealed with a cavity.

The numerical SAR probe values calculated at the center and
the bottom of the medium within a 1 mm?3 volume are presented
in Table 111 for the two MEAs. Similar values were obtained for
the open and preamplifier configurations for both MEAs. The
efficiencies and the standard deviations presented in Table 111
show the stability of MEA-2. For the non-metal environment,
the SAR is around 0.48+0.27 W/kg while with the metal cases
it ranges between 1.27+0.34 W/kg and 1.44+0.38 W/kg. The
standard deviation illustrates the SAR variation along the height
of the culture medium. However, this variation is not critical in
relation to the electrodes level where the neurons are exposed.
Adding a metal under MEA-2, slightly rises the efficiency at
the bottom center of the medium where the PCB aperture is
placed.

To assess the influence of electrodes and tracks, numerical
microdosimetry was performed on MEA-2. To integrate the
electrodes and the tracks in the modelling, a compact TEM cell
was designed with 970 um distance between the septum and the
lower plate. A ratio of 12.3 between the initial and compact
TEM cells is applied. The biological medium was reduced to
1.9 pL. In the modelling, the electrodes were designed with a
30 um diameter and a 50 um height. The meshing of the
electrodes was set to be 2 x 2 um along the electrodes’ diameter
and 10 pm along the height. Fig.7 shows the E-field
distribution at the level of the electrodes for a 1.8 GHz exposure
displayed along a horizontal cut at the top surface of the
electrodes. Neurons are however mainly located between the
MEA electrodes where the E-field and consequently the SAR
are rather homogeneous. Therefore, the whole SAR volume
averaged over the biological sample volume and the SAR probe
are only slightly influenced by the presence of the electrodes.

D. Biological Characterization

The two systems were then compared in terms of neuronal
cultures development and recording, with or without RF
exposure. Fig. 8 shows different representations of the neuronal
network electrical activity, recorded in MEA-1 or MEA-2.
Cultures are recorded at the same age DIV19. For readability
reasons, 10 channels among the 60 were chosen (Fig. 8(a)). The
raster plots (Fig. 8(b), (c), (d)) present in a synthetic view 3 min

kV/m

Fig. 7. Numerical electric field spatial distribution at 1.8 GHz of MEA-2 within
a micro-TEM cell; the distribution is plotted in the culture medium along a
horizontal cut at the top surface of the electrodes.

TABLE Il
SIMULATED SAR PROBE PRESENTED AS MEAN * STANDARD DEVIATION (FOR 1
W INCIDENT POWER)

SAR (W/kg)
MEA-1 MEA-2
Open/Preamplifier 24.3+5.7 0.48+0.27
Metal 0.85+0.53 1.27+0.34
Cavityl (74x60 mm) 5.0+1.6 1.44+0.38
Cavity2 (60x60 mm) 19.0+3.1 1.4240.40

of electrical activity where spike events appear as little vertical
segments.

The two MEAs showed similar activity profiles with
balanced activity between isolated spikes and bursts (Fig. 8(b),
(c)) suggesting an equivalent level of culture maturation [33],
[34]. In comparison to MEA-1, MEA-2 exhibited lower noise
level and improved signal to noise ratio.

The ability of MEA-1 and MEA-2 to record neuronal
activity under RF was explored successfully. We present here
preliminary measurements with MEA-2. RF incident power
was set at 5.2 W and 15 min of exposure at this power resulted
in an increase of approximately 1 °C of the culture medium.
Typical electrical activity recorded from MEA-2 in control
condition (RF OFF) is shown in Fig. 8(c) (10 channels over 3
min and a zoom of about 20 sec on electrode 44). The same
representation is given to illustrate the exposed phase (RF ON).
Previously [18], [19], with MEA-1, we could observe that
cultures of cortical neurons are sensitive to RF and exhibit an
inhibitory response being more pronounced as the exposure
time and power increase.

Although Fig. 8(d) zoom only gives a qualitative view of a
sparser bursting activity, RF exposure also inhibited neural
network activity of cultures developed on MEA-2. Analyzed
over the whole MEA, burst distribution under RF decreased
(42.4% reduction in MBRwea relative to baseline) whereas the
rate of isolated spikes (outside bursts) was less affected (4.5%
reduction in frequency rate relative to baseline).

However, considering the SAR probe value of MEA-2, a
SAR of 28.6 W/kg is assessed for these experiments. This SAR
value is significantly higher than the local basic restriction for
RF exposure [35]. Therefore, further investigations should be
carried out to study these responses at different SAR levels.

Together these observations made in real conditions validate
MEA-2 for the culture of neural networks and for their
electrophysiological monitoring with or without continuous RF
exposure.
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Fig. 8. Recording of cortical neural networks electrical activity. (a) Bright-field microscopy images showing a culture of cortical neurons plated on MEA-2;
higher magnification picture showing two electrodes surrounded by neural cell bodies (scale bar: 30 um); superimposition of 100 single-unit spike waveforms, in
gray is the average spike waveform (scale: (y): 40 uV; (x): 0.5 msec); illustration showing the relative position within the MEA of the 10 selected channels showed
individually in panels b), ¢), and d). (b-c) Raster-plot from the 10 selected channels showing the spontaneous occurrence of spikes and bursts over three minutes
of recording from two cultures at the same age (DIV19, RF-OFF) developed either on (b) MEA-1 and (c) MEA-2, blue markers indicate bursting activity. (d)
Raster-plot from the same culture shown in (c) under continuous exposure to RF (RF-ON, CW 5.2 W). Right to (c-d) is shown the corresponding electrical activity
from a single electrode (#44) respectively under RF-OFF and -ON exposure (scale: (y): 30 puV; (x): 2 sec).

IV. DIscussiON AND CONCLUSION

In this study, we have characterized numerically and
experimentally at 1.8 GHz, two real-time exposure systems
based on an open TEM cell containing modified or novel MEA
recording chips. To analyze the influence of the systems local
environments, several positioning conditions were carefully
analyzed: above air, a metallic support, a cavity, or a
preamplifier. These two MEA systems were characterized in

experimental conditions that best approximate conditions
employed in electrophysiological experiences [18], [19].
Overall, these measurements are essential to define a reference
for the final biomedical setup able to expose neuronal network
to RF and simultaneously record their activity under controlled
EM and thermal conditions.

Based on an accurate dosimetric study, both MEASs can be
used for neuronal recordings under RF exposure. However,
MEA-1 shows a stronger sensitivity to its environment than
MEA-2, which has a smaller aperture and contains four metal
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plates within the PCB. More precisely, the numerical and
experimental studies allowed to analyze and evidence the
contribution of MEAs different components on the SAR values
and stability. The glass chip thickness and the preamplifier
presence showed negligible contribution. On the contrary, the
presence of the glass ring, the PCB, or the culture chamber
volume showed relevant contribution of about 10% variation on
the SAR. Finally, a significant contribution (higher than 25%)
was due to the aperture in the PCB, the ground planes, and the
proximity environment, particularly for a large aperture size.
Numerical simulations allowed extracting the SAR
distributions within the MEAs at different scales. Note, that
SAR is affected by the sample properties. However, biological
cells have not been modelled in our case due to their
microscopic size and to the fact they do not significantly
influence macroscopic properties of the biological medium.
Therefore, the difference between the SAR probe values of the
two MEAs is due to variation in the geometry and composition
of the devices and how they are affected by their environment.

Experimental macrodosimetry and microdosimetry were
performed through temperature measurements with a FO
thermometer and the fluorescent temperature dependent dye
Rhod-B, respectively. The ratio of local heating values between
macroscopic (FO) and microscopic (Rhod-B) measurements
was approximately 2 after 1-minute exposure. This ratio can be
explained by the different measurement volume: i.e. 1 mm? for
the FO probe and a slice with a thickness of a few tens of
microns for Rhod-B. Note that SAR may slightly vary along the
height of the culture medium with peak SAR observed in
proximity of the electrodes tips. However, Rhod-B images
measurements acquired in the plane containing the electrodes,
where the neurons are exposed, evidence a homogeneous
temperature variation without local hot spots. The measured
SAR probe values in the center of the MEAs placed above the
preamplifier were 40.3+5.3 W/kg and 5.5+2.3 W/kg for MEA-
1 and MEA-2, respectively. The measured SAR value for
MEA-2 with the Rhod-B microdosimetry technique at the level
of the neuronal cells was 7.0£1.04 W/kg.

In conclusion, our results showed that the MEA-2 recording
chip is steadier in terms of SAR and temperature stability within
the exposed area, representing a better device for future
experiments involving electrophysiological recording of
neuronal activities. Electrophysiological neural activity
recordings with the studied MEAs were performed at SAR
levels higher than 25 W/kg and the complete and detailed
biological results are in the process of submission in a journal
of biology.
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