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Stem cell-derived cerebral organoids are artificially grown miniature organ-like structures mimicking
embryonic brain architecture. They are composed of multiple neural cell types with 3D cell layer
organization exhibiting local field potential. Measuring the extracellular electrical activity by means of
conventional planar microelectrode arrays is particularly challenging due to the 3D architecture of
organoids. In order to monitor the intra-organoid electrical activity of thick spheroid-shaped samples, we
developed long protruding microelectrode arrays able to penetrate the inner regions of cerebral organoids
to measure the local potential of neurons within the organoids. A new microfabrication process has been
developed which, thanks to the relaxation of internal stresses of a stack of materials deposited over a
sacrificial layer, allows one to build a protruding cantilever microelectrode array placed at the apex of
beams which rise vertically, over two hundred microns. These slender beams inserted deeply into the
organoids give access to the recording of local field potential from neurons buried inside the organoid. This
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Introduction

Organoids" are composed of multiple cell types from a given
organ, exhibiting a self-organized three-dimensional
architecture, and differentiated from stem cells. They originate
either from embryos (human embryonic stem cells: hESCs) or
from differentiated adult cells that are dedifferentiated through
reprogramming (induced pluripotent stem cells: iPSCs). Stem
cells are naive and exhibit the unique ability to differentiate into
virtually any kind of cell type in vitro, such as neurons,
hepatocytes, intestinal cells, myoblasts, or airway epithelia.
Although it started as the 2D differentiation of cell monolayers,
the stem cell research field quickly started to grow the cells in
3D and direct cell differentiation not to a unique cell type, but
rather a panel of cells coexisting within the same organ. As
such, the term “organoid” was coined to refer to these 3D cell
cultures containing various cell types and exhibiting complex,
yet highly organized, architectures.
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novel device shall provide valuable tools to study neural functions in greater detail.

The development of organoids mimicking an embryonic
human brain cortex was initiated less than a decade ago,”
and since then tremendous efforts have been devoted to
further characterize these systems. Moreover, cerebral
organoids have been employed to investigate major
conundrums in a wide range of fields.>* Besides the obvious
importance of cerebral organoids to study neurodevelopment
and disease modeling,” the last couple of years highlighted
that cerebral organoids can also provide unique access to
functional studies in non-animal models through the
measurement of local field potential.®™*

Cerebral organoids form a complex and organized 3D
architecture of multiple cell types, including neural
progenitor cells, astrocytes and post-mitotic neurons. As
such, they are increasingly employed to model brain
disorders, such as neuroinfection and neurodevelopmental
diseases.>™"”

This field has been growing very quickly, but the
adaptation of existing microelectrode arrays,"® commonly
used for the measurement of electrical activity from 2D
neuron monolayers, does not suit the 3D structure of cerebral
organoids. A major technical challenge to overcome is
therefore to be able to record the large amount of electrical
information buried into the inner part of cerebral organoids
with high sensitivity.

Several studies employed calcium indicators to optically
probe the calcium intakes in cells as a surrogate to measure
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electrical activity patterns in organoids;'®*® although this
technique may be practical and efficient, it suffers from a
lack of temporal resolution, complexity in measuring the
fluorescence of the cells in 3D over large size samples and a
possible bias due to phototoxicity inherent to the high power
beam required for fluorophore excitation.

Planar microelectrode arrays (MEAs) are increasingly used
for recording in parallel the electrical activity from many
excitable cells,”" and they are now used in combination with
microfluidics to monitor and stimulate reconstructed
neuronal junctions**** even in multiwell devices.** However,
extracellular potentials are in the small-amplitude range of a
few hundreds of microvolts and, as a general feature, their
amplitude tends to become smaller the farther away is the
recording electrode from the neuronal ensemble generating
them;*® hence, a good electrical coupling between the
recording electrode and the neuronal ensemble is highly
desirable. When growing cerebral organoids on a planar
MEA®?%?’ extracellular potential measurement is restricted
to the cell layer on the surface (few tens of microns), which
only provides a partial picture of the organoid network
activity; further, superficial recording via planar MEA has
proved somewhat difficult in terms of reproducibility,
possibly because the majority of electrically active neurons
populate the inner layers of the organoid. As a result, a
systematic assessment of the electrical activity of brain
organoids has been so far very challenging.

From a technological point of view, in vitro devices have
been developed specifically either for 2D cultures of
dissociated cells or for slices (planar MEA), or to measure
electrical activities in the brain in vivo with the installation of
implantable electrode arrays. Measuring the internal
electrical activity of organoids takes place at an intermediate
millimeter scale, between cells and organs, where for the
moment there is no technical solution that has been widely
adopted by the community. However, several solutions have
been investigated in the literature*® to overcome this problem
without a truly effective and reliable solution emerging.

A first approach was to use conventional planar MEAs and
cut the organoids in half to expose the active cells directly on
the electrode array.® In a similar way to slicing, ie. using a
microtome, it is possible to obtain 0.5 mm organoid slices
and apply them to the microelectrode array. It proved
efficient in the past, but this approach necessarily comes
with neuronal damage, loss of organoid integrity, and
impaired neural network organization.

Another solution explored is the use of conical electrodes,
originally developed by M. Heuschkel, for brain slices that
were designed to penetrate deeper into the tissue than planar
electrodes, up to 60 um deep. While this technique is
effective for slices, these electrodes are not sharp enough to
penetrate deep into the interior of an organoid.

On a smaller scale, vertical nanoelectrode arrays*** or
mushroom-shaped electrodes® have been developed to
monitor intracellular potential with the use of sharp nano-
sized electrodes able to enter the intracellular compartment.
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However, these devices were designed to penetrate inside a
cell, i.e. the tips rise a few microns above the surface and this
distance is not sufficient to locate the sensitive area of the
electrodes inside a spheroid which can be up to 5 mm in
diameter.

Another possibility is to take advantage of the malleability
of organoid tissues by growing them on a suspended mesh
containing the electrode array.>*?*® By growing the organoid
for a few months, the cells will progressively deform around
the mesh until the grid is embedded into the organoid. This
technique is effective to measure the electrical activity inside
organoids at the cost of a relative technological complexity of
manufacturing and a long culture duration onto the mesh
electrodes.

An interesting approach has been made by A. Soscia
et al® to obtain vertically pointed and slender
microelectrodes. The technique is based on flat fabrication of
the electrodes on a deformable polyimide substrate. However,
the technique for straightening the electrodes is done by
hand, by bending the microbeam with a micromanipulator,
which makes the process tedious and impossible to scale up.

A particular solution has been implemented by several
labs,?”**7* which consists in surrounding the spheroid with
a deformable structure, also made on a polyimide substrate.
These structures, folded around the spheroid, place
microelectrodes on the outer surface of the organoid, an
elegant method that cannot however record the inner
electrical activity of organoids.

Finally, another technique that has been developed is the
use of 3D microelectrode arrays,”®*' such as Utah array*>**
or Neuropixel,** originally developed for in vivo implantation
but can be used to probe electrical activities of organoids
in vitro. Although the use of these devices in vivo benefits
from the very great technological advance offered by these
devices, the fact remains that they are poorly adapted in
terms of size and specifications to the case of cerebral
organoids.

In addition to passive microelectrode arrays, there are
many developments based on CMOS technologies*> ™’ that
integrate row and column transistors as well as decoders
and amplifiers and thus allow the integration of a very large
number of electrodes. In particular, the company 3Brain is
developing protruding metallic microelectrode technology
(4096 electrodes, 20 pm x 20 um square section, 60-100 um
high) based on a CMOS sensor.*® Also some studies are
done using high-density CMOS MEAs*"*® to decipher the
electrical activity of cells in slices hundreds of microns away
from the surface of the MEA. However, the very high
integration of CMOS arrays, which offer high density with
tens of thousands of small electrodes, is not really
compatible with the establishment of a 3D network that
allows potentials to be probed far from the surface. In
addition, the use of a CMOS substrate, which is opaque to
light, prohibits the wuse of transmission fluorescence
techniques and forces the use of immersible lenses, which
greatly complicates experiments.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Technological cross section of the MEA (not to scale, thicknesses have been exaggerated for the schematic) showing the layer stack
before and after sacrificial layer etching and beam displacement. (b) Schematic of the placement of a cerebral organoid on top of a conventional
planar MEA showing the cleft layer between cells and electrodes and a schematic representation of an organoid inserted on a spiky
microelectrode. (c) Photograph of the functional MEA showing the PDMS inner and outer rings. (d) Layout of the MEA showing the 4 different
levels corresponding to actual photolithography masks; inset: close-up view of the 59 microelectrode arrangement and a close-up view of one
beam. (e) 3D schematic representation of a cerebral organoid impaled on the MEA and kept in place with the PDMS ring.

In this paper we will present a microfabrication technique
(Fig. 1 and 2) that allows us to produce an array of sharp,
pointed microelectrodes (called csMEA for curvy and spiky
MEA) that stand several hundred microns from the surface
and are able to penetrate deep into the tissue (Fig. 2 and 4)
of a hESC-derived cerebral organoid to sensitively record local
field potentials, opening new avenues to investigate neural
functions from within. The paper will focus on the design
and microfabrication techniques we employed to build such
devices with a demonstration of its effectiveness to record
the extracellular electrical activity of a cerebral organoid
impaled on it.

Results and discussion
MEA design

The conception and design of our system had to face several
constraints. Cantilevers that form the pointed electrodes are
manufactured horizontally, so they occupy a large surface
area, and as the electrical routing is done on a single level of
metal, the layout of the beams must allow for the passage of
the associated electrode routing wires. Furthermore, the
electrodes must be placed on a limited surface area that
corresponds to the average diameter of an organoid, ie
approximately 3 mm. The organization we have chosen

This journal is © The Royal Society of Chemistry 2023

therefore consists of four quadrants of 15 electrodes, each
one oriented toward the center and tilted at an angle of 30°
(Fig. 1(c) and 2(d)). This configuration has been made in
order to leave some room for the routing passing in between
the beams (Fig. 1(c)) and also to generate an array of tilted
beams, allowing the organoid to be impaled on it without
sliding on one side. The pitch between electrode sites is 240
um and a shift has been introduced between four quadrants
in order to consider the change of position of the electrode
with the release of the beam. The final result is a square
array of vertical electrodes with a regular pitch.

The beams are 320 um long and 20 um wide and are
designed with a sharp end in order to easily penetrate
tissues. A rounded shape is included at the base of each
beam in order to minimize the stress at the location of
maximum stress. The electrode site is located near the tip
apex (Fig. 1(d) and 2(b and h)) with a 12 pm wide routing
layer going along the beam and connecting one pad,
expanding its width along the way to the pad to minimize the
electrical resistance. The electrode site area is 470 pm?, and
the impedance shows a value around 500 kQ at 1 kHz for a
500 mV peak-to-peak signal measured in saline buffer (PBS
1x), as shown in Fig. ESI2.f This impedance can be lowered
to increase the signal-to-noise ratio by growing porous gold*’
or growing PEDOT:PSS>° at the electrode active sites.

Lab Chip, 2023, 23, 3603-3614 | 3605
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Fig. 2 Schematic of the principle of microfabrication of the spiky electrodes; the deposition and patterning of the materials is made on the
surface of a glass substrate over an aluminum sacrificial layer (a). Once etched, the beam sporting one electrode relaxes its internal stress and
straightens (b). (c) Optical photograph of the array of microbeams before and after beam release. (d) SEM image of the whole array and (e) detail
of the beams showing the active region on each beam. Example of correct (f) and over (g) curvature of a beam. (h) Detail of the active region at

the end of one cantilever.

Microfabrication of the cantilever MEA

The technique we propose here produces an array of
microelectrodes that are sufficiently sharp and slender to
penetrate directly into the organoid to operate the measurement
of local field potentials several hundred microns away from the
organoid surface. For this purpose, we have developed a
relatively straightforward microfabrication process based on
standard techniques and materials. The device is made on
transparent glass substrates (Fig. 1(c)), and not on silicon,
which allows the organoid to be also monitored by confocal
fluorescence microscopy or to couple electrical recording and
optical calcium imaging.>***

Fabricating an out-of-plane  microstructure
photolithography and material deposition/etching
techniques is not easy since typical deposited layer
thicknesses rarely exceed one micrometer. Deep reactive ion
etching techniques allow for high depth (>100 pum) and
large aspect ratios but are limited to opaque silicon and at
the cost of high complexity and cost of the microfabrication
process. The process presented here is then based on planar

using

3606 | Lab Chip, 2023, 23, 3603-3614

fabrication of microbeams on a sacrificial layer which, once
removed by wet etching, will straighten to an upward facing
shape. The microfabrication process is an adaptation of the
standard process we developed for fabricating planar
MEA.”>** In order to obtain vertical tips several hundred
microns high, we used the bimetal strip effect, although we
did not use metals but silicon compounds. This mechanical
effect allows us to obtain straightened structures from flat
material layers. We therefore took advantage of the internal
stresses of materials (silicon oxide and nitride) deposited by
plasma enhanced chemical vapor deposition (PECVD).
Indeed, these materials have different internal stresses,
compressive for silicon oxide (measured at -284 MPa) and
tensile for silicon nitride (measured at +246 MPa). By
depositing a sandwich of silicon nitride on top of silicon
dioxide (Fig. 1(a and b) and 2(a)) we have formed a
structure that has internal stresses, resulting in a push-pull
effect when attached to the substrate and that will
straighten when released by the etching of the sacrificial
aluminum layer below thanks to the relaxation of internal
stresses. The result, visible in Fig. 2, is a beam that is

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (Top) Schematic of the analytical mechanical problem and SEM

pictures of relaxed cantilever beams of increasing lengths (200 to 800
um by steps of 100 um, width 40 um) showing the circular deformed
shape as well as a measurement of the radius of curvature. (Bottom)
Curvature radius vs. cantilever thickness, comparison between
analytical model (blue line) and measurement (red dots).

twisted to the vertical direction, presenting a circular
deformed shape with a curvature radius of about 200 um.

The thickness of the material stack (typically 500-1200 nm
for each layer) influences the deformation of released
cantilevers and hence the angle at the apex that we want to be
as close as possible to 90°. The relation of the curvature radius
as a function of cantilever thickness will be discussed in the
next section. The metal layer, consisting of 150 nm gold
deposited on a 20 nm titanium adhesion layer, which is used
for the active part of the electrode and the electrical routing, is
placed between the oxide layer and the nitride layer. The aim of
this is to locate the metal layer close to the neutral fiber of the
beam in order to minimize the deformation of the metal so as
not to cause cracks and also to avoid disturbing the stress
relaxation that causes the beam to deform.

Beam release

Microfabrication results are shown in Fig. 2, where we can
observe the shape of the beams after release. The first thing
we observe is that the beams do indeed stand upright and
that the stress relaxation in the stacking of the layers does
produce a deformation of the beam in the vertical direction.
We can notice the almost circular shape of the beams and
the angle of the apex approaching 90° (Fig. 2(f)) versus the
surface plane (Fig. ESI3). Different ratios of SiO,/SizN, film
thicknesses have been tested with different results, from a
70° (Fig. 2(e)) angle to more than 110° (Fig. 2(g)).

The beam release steps and especially the drying of the
MEA after the final step, although prone to break some

This journal is © The Royal Society of Chemistry 2023
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beams, can give 100% yield if special care is taken during
nitrogen gun drying and the use of low-pressure gas flux.
Capillary effects caused by liquid surface tension can induce
beam deformation and sticking during dewetting and drying;
that is why we immerse devices in a lower surface tension
liquid such as isopropyl alcohol before N, drying. As can be
observed in Fig. 3, cantilevers after release show the same
circular shape that does not depend on their length, which
will be discussed in the next section.

Mechanical modeling

Analytical model. For the computation of the deformed
shape of mechanical beams and cantilever subjected to pressure
and moment forces, it is possible to use the Euler-Bernoulli
theory or the Timoshenko-Ehrenfest beam theory for a more
refined model. However, these models are valid only for small
deformations regarding the initial shape and produce a
polynomial equation of the deformation. Also, as we can observe
in Fig. 4, the shape of the relaxed cantilever is circular and the
radius of curvature does not depend on the initial length L.
Therefore, we decided to ignore the classic formulation of beam
deformation under load and to search for a similar problem.

We find that our problem is close to the bimetallic strip
case that has been derived by Timoshenko.’> The main
differences lie in the fact that the dilatation of the strip is
caused by internal stresses rather than thermal dilatation of
metals and that we have a push—-pull effect that is not present
in the thermal bimetal model.

To start, we used Hooke's law to calculate the strain of a
beam subjected to an internal stress

o=¢F

where o is the internal stress (compressive or tensile), ¢ the
strain and E the Young's modulus. Depending on the sign of
the stress, the layers will expand for compressive stresses (SiO,)
or shrink for tensile stresses (SizN,), as depicted in Fig. 3.

The expression of the radius of curvature as a function of
internal stresses, Young's modulus and thickness of the
beam can be obtained with some geometrical considerations,
as depicted in Fig. 3. Let us consider two beams under
compressive and tensile stresses, respectively, which will
expand or contract according to their modulus of elasticity.

If we then consider that these two beams are attached
without sliding to each other and that the deformation is a
circle of radius R., as we observed experimentally, it is
possible to say that the arc of the circle that describes them
shows the same angle theta. Thus,

L

0=—
R.

It is then time to make assumptions and consider the neutral

fiber of each beam as being the median line of the stack
thickness and the average position of the dilatation, without
considering the rotations in the axis orthogonal to these

Lab Chip, 2023, 23, 3603-3614 | 3607
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Fig. 4 Characterization of hESC-derived cortical organoids and their csMEA impalement. (a) Transmission light microscopy of a cortical organoid
placed on the center of a cantilever MEA held in place with a 3 mm PDMS ring and (b) of a cortical organoid placed on top of a conical shaped
MEA. (c) Scanning electron microscopy of a cerebral organoid impaled onto a cantilever MEA after desiccation. (d) Confocal image acquisition of
organoid impaled onto the csMEA. Green: PLL-FITC marks the cantilevers, pink MAP2 marks the neurons, blue DAPI marks cell nuclei. (e) Confocal
imaging of cells in the vicinity of a cantilever; green PLL-FITC marks the cantilevers, white MAP2 marks the neurons and pink Bassoon marks the
synapses. (f) Light sheet imaging of organoids detached from the csMEA but still with the cantilevers inside.

fibers. These neutral fibers are then separated by a distance
h/2. We can then write the equality of the angle theta by:

_L-&lL L+el

Q_R—h/z_R+h/2

By developing this equation, we realize that the initial length

of the beam L disappears and that we can isolate the radius

3608 | Lab Chip, 2023, 23, 3603-3614

of curvature R, as a function of both the strains (g5 and &)
and the height of the stack &:

This journal is © The Royal Society of Chemistry 2023
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Considering finally that the dilatations are very small, we can
simplify the equation as:

h

&+ én

[Re|| =

By injecting the measured values of the mechanical stresses

of the layers and by taking average values of Young's
modulus for silicon dioxide and nitride (70 and 150 GPa,
respectively) we obtain the line that is plotted in Fig. 4. The
plot contains also the measurement of curvature radius made
on cantilevers with different thicknesses and measured by
SEM (Fig. ESI4f). We can observe that we have a linear
variation of the curvature radius with the cantilever thickness
and that it is lower than that computed with the analytical
model.

Of course, this model is simplistic and does not only
consider many mechanical effects such as the Poisson
modulus, the effective distribution of stresses in the section
of the beam, the presence of rounded sections at the base of
cantilevers, and the thin layer of metal in between silicon
dioxide and nitride layers but also relies on measurement of
stresses with low precision and with Young's modulus values
of PECVD deposited layers taken from the literature.
However, it does account for both the observed circular shape
of the cantilevers and the linear relation and the order of
magnitude of the radius of curvature which is directly
proportional to the total thickness of the composite
cantilever. This allows us, at the time of cantilever
fabrication, to adjust the total height of the deposited layers
so that, for a given length of the beam defined by the
photomask, the cantilever is pointed vertically, forming a
quarter circle, so that the tip of the beam is normal to the
surface and the organoid impales itself effectively on the
cantilever electrode array.

Analysis of organoid impalement. Next, we evaluated the
ability of cantilevers to be inserted deep into hESC-derived
cerebral organoids. For this, we developed the same device
with the protruding cantilever but without the metal layer in
order not to blank the microscopy and on thin glass (#1.5,
170 um thick), compatible with immersion lenses. The hESCs
were first differentiated for 35 days in accordance with
previous protocols (for details, see Materials and methods
and ref. 2 and 53). The mature organoids (Fig. ESI5t) are
composed of neural progenitor cells as revealed by PAX6
staining, post-mitotic neurons (MAP2 and CTIP2 staining)
and astrocytes (GFAP staining). The organoids were then
placed onto the cantilever MEAs for 4 days to allow the
beams to insert into it (Fig. 4(d-f)). A 3 mm ring-shaped
PDMS bloc is bonded around the cantilever array in order to
facilitate the placement of the organoid on the cantilevers.
Organoids are gently pressed on the array and left for several
days in an incubator for the tissue to reorganize around the
penetrating cantilever electrodes.

To gain further insights into the spatial insertion of the
beams into the organoids, confocal and light sheet microscopy

This journal is © The Royal Society of Chemistry 2023
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analyses of cantilever-impaled organoids were performed. For
this, cantilevers were tagged with PLL-FITC, allowing fluorescein
to be bonded to the cantilevers through the attachment of
polylysine on SiO, and SizN, in order to be able to observe them
with fluorescence microscopy. Three-dimensional observations
clearly showed that the beams were inserted into the organoids
(Fig. 4(d and f)). Depending on the position of the cantilevers in
the array and especially their position in relation to the center
of the spheroidal tissue, we can observe that some cantilevers
are inserted by only about ten microns, placing the active zone
of the electrodes within the first cell layers of the tissue, whereas
others are inserted over more than a hundred microns, i.e. over
more than half their nominal length (300 pm). We were also
able to observe MAP2-expressing neurons as well as presynaptic
structures in contact (or very close proximity) with the cantilever
(Fig. 4(e)). These structures being critical for electrical signal
propagation within the organoid, our data indicate that the
electrodes would be able to readily record the electrical activity
of neurons deep into the organoid.

Confocal microscope (Fig. 4(d and e)) and light sheet
images (Fig. 4(f)) clearly show the insertion of the cantilevers
inside the tissue, with some of the cantilevers penetrating
more than two-thirds of their length. We also note that due
to the rounded shape of the organoids, some cantilevers do
not penetrate the tissue, especially those located on the edges
of the organoid. Of note, despite the use of a light sheet
microscope, the center of the organoid was mostly unstained,
probably because our procedure did not allow deep
penetration of the antibodies used for the staining.

Next, the impaled organoids on the cantilevers were
observed with scanning electron microscopy (SEM). For SEM
analysis, the organoids were used without any special
treatment apart from fixation and drying. This lack of
specific sample preparation resulted in the organoids losing
water during drying and shrinking, finally losing volume.
Because the organoids were impaled on the microbeams, this
shrinkage tore the microbeams apart, which can be seen in
Fig. 4(c). Although a specific treatment is required to
maintain the integrity of the organoid for SEM imaging
under vacuum, we were still able to observe the presence of
the microbeams having penetrated the tissue. This confirms
that the microbeams do penetrate the organoids.

Local field potential measurement of cantilever impaled
cerebral organoids. The very first electrophysiology
experiments to be carried out on cerebral organoids were
performed using planar MEAs, as shown in Fig. 4(b). As we
were unable to obtain signals above background noise, we
decided to develop penetrating cantilevers to gain access to
intra-organoid electrical activity. After developing the devices
described above, we organized recording sessions of intra-
organoid electrical activity. Several cerebral organoids were
seeded in the csMEA and gently pressed on the cantilever
arrays while being kept in place by the inner PDMS ring.
They were then left to incubate at 37 °C and 5% CO, for
several days. After this resting period, the csMEA were
installed in a MultiChannelSystems (MCS, 2100 mini system)
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Fig. 5 Cantilever microelectrodes reveal spontaneous intra-organoid electrical activity. (@) 5 min of electrical recording of the whole arrays of
csMEA and representative photo and schematic of the csMEA array superposed to the position of the organoid showing the location of recording
sites. (b) Measurement of detected spontaneous activity spikes of a single organoid impaled on csMEA at 3 and 17 days after impalement (DAI). (c)
Traces and cut-outs of signal recorded with one electrode at 24 h and 4 days after impalement of the organoid. 30 s long acquisition and
superposition of several detected spikes and examples of generic positive and negative typical signals. The recorded signal becomes stronger with
time and goes up to several hundreds of pV. (d) Mean firing rate of cerebral organoids impaled on csMEA 3 and 17 DAL

head stage and wrapped with aluminum foil for
electromagnetic insulation. Measurements were carried out
using the MCS MEA. Recordings were high-pass filtered (200
Hz second-order Butterworth) in order to remove low-
frequency noise. Five organoids were impaled for 3 days on
the MEA and electrical activity was measured for 5 min at 10
kHz. Raster plots of the active electrodes of an organoid
highlighted the presence of spikes, sometimes propagating to
the other electrodes, sometimes isolated (Fig. 5(a)). We were
able to detect spontaneous signal in all organoids with a
mean firing rate of 0.5 spikes per min per electrode
(Fig. 5(d)). We were able to keep the impaled organoids for
17 days in culture onto the MEA, and when we performed
electrical recording again, we could show that they retained a
similar firing rate (Fig. 5(d)), suggesting that the procedure is
reliable over a long period of time. This level of firing rate is,
however, lower than what is usually measured on dissociated
neuron cultures or slices and also on cerebral organoids."*
Only a fraction (around 50-60%) of the electrodes where
organoids were impaled showed electrical activity of high
amplitude (>200 pV), with typical action potential shapes

3610 | Lab Chip, 2023, 23, 3603-3614

isolated from those, one reason being that the organoids do
not fill the entire surface of the MEA, leaving some electrodes
out. The rest are probably electrodes inserted in areas of the
tissue where there are no active cells. Fig. 5 shows examples
of traces recorded over 30 s and showing typical spontaneous
activity. Fig. 5 also shows the superposition (cut out) of
several spikes showing the typical shape of an extracellular
recording of an action potential with depolarization and
hyperpolarization and duration in the order of milliseconds.
It also shows a typical recording of positive and negative
signals with the same range of amplitude and dynamics.

The amplitude of the signals measured is higher than that
usually measured with dissociated cells. This can be
explained by the fact that the electrodes are placed close to
the active cells, showing less leakage current, and by the
strong compaction of the cells in the vicinity of the electrodes
such as can be seen in Fig. 4(e), resulting from a
reorganization of the cells over time after the insertion of the
electrodes. The compaction of the cells around the electrodes
could create a spatial limitation to the diffusion of ions
expelled from ion channels in the intercellular space, which

This journal is © The Royal Society of Chemistry 2023
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would have the effect of increasing the electric potential
locally. This effect is also observed in potential measurement
experiments around axons transiting in microtunnels, where
the spatial confinement results in an increase in measured
extracellular potentials,>>®> We also can notice some
synchronous events that arise on several electrodes as noted
on the raster plot of Fig. 5(b).

These results demonstrate that the use of microelectrodes
positioned in a cantilever inserted inside a cerebral organoid
is capable of measuring local potentials due to the electrical
activity of electrically active cells with amplitudes of several
hundred pV and typical shapes of extracellular recording.

Materials and methods
Microfabrication process

The manufacturing process for planar MEAs includes two
lithography masks, one for the metal tracks, the other for the
openings in the passivation layer. Here, we have added two
additional levels of masking (4 levels in total), one to define the
aluminum sacrificial layer shape and another to define the
shape of the tip. The mask layout can be seen in Fig. 1(d). The
microfabrication process is detailed in the process chart in
Table ESI1.f It starts with a 4.9 cm x 4.9 cm, 500 um thick glass
blade (Paul Marienfeld GmbH) that is cleaned using the piranha
process (sulfuric acid and peroxide) and dried with a nitrogen
gun. Next, a 300 pm thick layer of aluminum is deposited by
evaporation on the whole plate. The first lithography (mask #1)
is made on the aluminum layer to define the sacrificial layer
patterns, 2.5 inch masks are used on a Karl Suss MJB4
photomasker. A positive photoresist (PR) AZ 1518
(Microchemicals GmbH, Germany) is used to protect the metal
during the aluminum wet etching step that is made using a
mixture of H;PO,, HNO;, CH;COOH, and H,O (80/5/5/10%) at
40 °C. Etching control is made by optical inspection of the blade
transparency.

Next, the sandwich of compressive/metal/tensile materials
is made. The deposition of silicon dioxide is made first by
plasma enhanced chemical vapour deposition (PECVD)
(Corial D250, Corial, France) at 280 °C using a mixture of
SiH,, N,, O, and Ar gases after a short process of surface
cleaning. The silicon dioxide layer with compressive stress is
deposited over 300 s for a thickness of about 800 nm.

After the SiO, deposition, the metal that defines the
electrode sites, routing and connection pads is deposited and
patterned. For this we used the lift-off technique. Mask #2 is
used to transfer the pattern using a negative lift-off
photoresist (Microchemicals AZ nLOF 2020) that is slightly
overdeveloped to create an undercut. Then, the metal thin
layer (Ti 10 nm adhesion layer and Au 150 nm) is deposited
by electron gun evaporation (Univex 450, Leybold). Gold is
here preferred over platinum, which we usually use, because
of its malleability that prevents the appearance of cracks in
the metal, especially in the curvy beam location. After metal
deposition on the whole plate, the photoresist is stripped
using Remover PG at 80 °C and thoroughly cleaned to
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eliminate metal particles, followed by an additional piranha
etch to remove resist residues. The second layer of stressed
material, the tensile silicon nitride, is then deposited, also by
PECVD at 280 °C over 300 s for a thickness of 800 nm. This
layer also acts as an electrical insulation layer for the routing
metal lines.

Finally, the last masks #3 and #4 are used to produce the
openings that define the electrodes active sites and pads as
well as the cantilevers. These steps are made by protecting
the patterns with negative photoresist (AZ 2020,
Microchemicals GmBH) and etching through the top silicon
nitride down to the metal for the electrode and pads
openings and through the stack of silicon nitride and silicon
dioxide for the cantilever openings. Both of these steps are
made using inductive plasma reactive ion etching (ICP-RIE)
(Corial 200 L, Corial, France) with a mixture of CHF;, Ar and
O, gases. Etch control and end detection is made using a
laser interference system. Note that these steps can be made
in any order since these masks are non-overlapping. After
these two plasma etch steps, the photoresist is stripped with
an oxygen plasma step and the glass blades are additionally
cleaned using a piranha wet etch. MEAs are fabricated by
batch of 12 samples for some operations such as material
deposition and processed one by one for photolithography.
The result at this stage, i.e. before release, can be observed in
Fig. 2(c). We usually obtain fabrication yields of around 80%.

Beam release and drying

The release of cantilevers is made by wet etching of the
sacrificial layer, a 300 nm thick aluminum layer. The etching
is made by using the same aluminum etch solution as
described in the previous section. The etching of the
sacrificial layer progresses from the edges of the beams and
must therefore etch over about ten microns between the glass
surface and the stack of layers that make up the beam; the
etching time is of the order of a few tens of minutes and an
optical control of the etching progress can be done optically
by observing the etching front through the rear face of the
substrate which is transparent. Beams can withstand large
mechanical loads and displacements as long as they are
applied along the beam axis and show large displacement
amplitudes, but they are sensitive to loads when these are
made off the beam axis. The drying stage at the end of the
sacrificial layer etching is a delicate step since the capillary
forces induced by the movement of the liquid and the
meniscus can break the beams. To avoid this, we use a liquid
with low surface tension, typically isopropanol, before the
final nitrogen drying step. By using low nitrogen pressure
and taking precautions for this drying phase we can easily
obtain MEAs where all beams are intact. Also, we experienced
no sticking of the released beams on the substrate.

Culture rings

Cerebral organoids are compact millimeter-scale tissues and
they need to be maintained at a location on top of the arrays
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of protruding beams. For this we use a piece of PDMS in the
shape of a ring that is made by punching a 3 mm thick layer
of PDMS using an 8 mm and 3 mm diameter punch (KAI
Medical, Japan). This ring is then aligned under binoculars
and plasma bonded around the beam region. This allows the
cerebral organoid to be easily inserted and aligned on top of
the active region. An outer ring is also used and bonded to
the MEA in order to maintain the medium liquid. Both of
these rings can be observed in Fig. 2(c).

Stress measurement

Stress measurement is made by profilometry using a Veeco
Dektak mechanical stylus profilometer with the bending
plate method.>® SiO, and Si;N, layers are deposited using the
exact same process as that used to produce the MEAs on two
pieces of 2 inch silicon wafers. A profile of these wafers has
been previously made with the stylus profilometer. The
change in the radius of curvature between the wafer with and
without the thin film layer allows the computation of the film
stress. Surface profiles of these wafers can be observed in
Fig. ESILf

Organoid culture

Cortical organoids were derived from hESC H9 cells (female,
WA09, WiCell) as previously described.”® The hESCs were
cultured at 37 °C and 5% CO, on Matrigel in mTeSR plus
medium (Stemcell Technologies) supplemented with 1x
penicillin-streptomycin  (Thermo Fisher Scientific). For
organoid production, cells were cultured on mitomycin-C-
treated MEF feeder cell layers in DMEM/F12, i-glutamine,
20% KnockOut serum replacement, 1x NEAA, 100 uM
B-mercaptoethanol and 1x penicillin-streptomycin, all
purchased from Thermo Fisher Scientific. The medium was
changed every day and supplemented with 8 ng mL™ B-FGF
(Sigma-Aldrich). After cell scooping using a cell lifter,
embryonic bodies were transferred to a 60 mm ultra-low
attachment dish (Corning) and cultured in differentiation
medium: hESC medium supplemented with 1x sodium
pyruvate (Thermo Fisher Scientific) and incubated at 37 °C
and 5% CO, on a rocker. After 24 h, half of the medium was
changed with differentiation supplements: 3 uM IWR-1-Endo,
1 uM dorsomorphin, 10 uM SB-431542, and 1 pM
cyclopamine, all reagents being purchased from Sigma-
Aldrich. The medium was next fully changed every other day.
The hESC differentiation medium was replaced at day 18
with Neurobasal medium (Thermo Fisher Scientific)
complemented with 1x N2 supplement, 2 mM tr-glutamine,
1x penicillin-streptomycin, and 1 uM cyclopamine. At day 24,
cyclopamine was removed. Mature cortical organoids were
gently transferred on top of the cantilever MEA. Slight
pressure was exerted on top of the spheroids and gravity
allowed the impalement on the electrodes. The medium was
changed twice a week.
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Confocal microscopy

Cerebral organoids were fixed with 4% paraformaldehyde
(PFA), permeabilized with 1% Triton X-100 and 0.5% BSA in
PBS overnight and stained with anti-Pax6 (BioLegend), anti-
GFAP (Novus Biologicals), anti-MAP2 (GeneTex), and anti-
Bassoon (Abcam) antibodies for 12 h and then with
fluorophore-coupled secondary antibodies and DAPI
overnight. They were clarified overnight with RapiClear 1.52
reagent (Sunjin Lab) prior to image acquisition. Images were
acquired wusing a spinning-disk confocal microscope
(Dragonfly, Oxford Instruments) equipped with an
ultrasensitive 1024 x 1024 EMCCD camera (iXon Life 888,
Andor) and four laser lines (405, 488, 561, and 637 nm). A
20x% air objective with a numerical aperture (NA) of 0.8 was
used for whole-organoid imaging and a 100x oil-immersion
objective with a NA of 1.45 (Nikon) was used for synapse
imaging. For the 3D reconstruction, a stack of z steps with 1
um interval was used for 20x images, and 0.3 um for the
100x images. Images were processed by using Imaris x64
(Bitplane) version 9.2 and 9.7. For the light sheet imaging,
after the staining, the organoids were detached for the csMEA
by cutting the cantilevers at the base. The imaging was done
with the Miltenyi Light Sheet Ultramicroscope Blaze
equipped with a 2560 x 2160 sCMOS camera and three laser
lines (488, 561 and 637 nm). A 2x objective with a NA of 0.5
was used (MVPLAPO Olympus).

Electrophysiology

The csMEA has been designed for use with the MEA2100-
Mini-60-System (Multichannel Systems Gmbh, MCS). The
MEA has been designed to fit this particular machine that
comprises 60 channels. For extracellular electrophysiology
experiments, MEAs with cerebral organoids impaled for 3 or
17 days were placed on the head stage and incubated at 37
°C and 5% CO, with an aluminum foil wrap for electrical
insulation. The medium was replaced >2 h prior to
recording. Spontaneous electrical activity was recorded at a
sampling rate of 20 kHz, amplified with the MEA2100-Mini-
60-Sytem amplifier, and raw electrical data were recorded
using the MCS experimenter software. For analysis, raw data
were filtered with a 200-1000 Hz bandpass Butterworth filter
using the MCS Analyzer software. Spikes were detected when
the recorded voltage crossed a bidirectional threshold of 5
SDs, calculated over a 5 ms moving window. Mean firing rate
(spikes per minute) was calculated for each recording and
normalized to the number of active electrodes. Custom R
scripts for threshold calculation and spike detection are
available upon request.

Conclusions

This paper has shown the development of a technique to
produce curvy and spiky cantilever microelectrode arrays that
are used to monitor the extracellular electrical activity inside
cerebral organoids. Our specifications were to produce an

This journal is © The Royal Society of Chemistry 2023
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array of cantilevers supporting microelectrodes that are much
longer than usual (several hundredths of a micron) using
conventional microfabrication techniques and without having
to use complex deep etching steps, and moreover on a glass
substrate. The solution we have proposed meets these
conditions and we have demonstrated its ability to measure
local potentials inside cerebral organoids. This work has
demonstrated the ability of cantilever MEAs to measure
action potentials with relatively strong signals while retaining
the benefit of a transparent substrate that also allows
fluorescence analyses such as calcium imaging, for example.

With the increase in studies of brain organoids, which are
a much more relevant model than dissociated cell cultures,
this device provides an effective solution for measuring the
internal extracellular electrical activity of these 3D cell
clusters. This work has been made with cerebral organoids,
but other electrically active organoids can be involved such
as heart-forming organoids or muscle tissues. In the future,
these devices could be used to monitor the electrical activity
of organoids following, for example, virus infection with
neurological effects in a biologically relevant model or to
screen neuroactive drugs.

The continuation of this work will include the design and
manufacture of devices comprising several electrodes per
cantilever to adapt to the problem of the location of active
cells deep within the organoid. The width of the beams will
allow the integration of several electrodes and routing wires
along them, allowing measurement of LFPs at different
depths regarding the surface of the tissue. We will also be
investigating the use of coatings on cantilevers to make them
more resistant to mechanical deformations and to study their
long-term biocompatibility.
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