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Résumeé en francais

Les interfaces cerveau-machine (ICMs) peuvent stimuler électriquement les neurones par
injection de courant et/ou enregistrer leurs signaux. Porteur d’espoirs chez les patients atteints de
maladies neurologiques ou de handicaps, les dispositifs actuels sont composés de larges électrodes
métalliques susceptibles de provoquer une inflammation des tissus conduisant a des fibroses, ce qui
réduit in fine I'efficacité. Les recherches récentes se portent sur les électrodes a base de matériaux
carbonés, attractifs de par leurs propriétés mécaniques, électriques et électrochimiques.
Pouvons-nous utiliser ces matériaux pour stimuler et/ou enregistrer efficacement les signaux neuronaux ?
En collaboration avec trois équipes européennes, cette thése explore les fonctionnalités de trois ICM
différents. Deux de mes trois projets font appel a I'imagerie fonctionnelle par ultrasons (fUS) pour
vérifier I'activation neuronale en profondeur dans le cerveau. Cette technique repose sur la mesure du
volume sanguin cérébral (CBV), corrélé a l'activité neuronale du fait de I'existence du couplage
neurovasculaire (NVC).

Dans le cadre du projet NEURODIAM (projet 1) financé par I'Union européenne (EU Horizon
2020), j'ai travaillé sur la preuve de concept d’'un implant d'électrocorticographie (ECoG) tout-
diamant, combinant a la fois les propriétés isolantes du diamant intrinséque en tant que couche de
passivation et la forte conductivité du diamant dopé au bore. Aprés la caractérisation in vitro des
électrodes, j'ai enregistré des potentiels évoqués visuels (PEVs) a l'aide de tels implants chez deux
modéles rongeurs. L’'observation de faibles impédances (dizaines de kQ), d’une large fenétre de
potentiel électrochimique (3 V), ainsi que le rapport signal/bruit raisonnable obtenu confirment leur
fonctionnalité.

Dans le cadre du projet Graphene Flagship financé par I'UE (projet 2), j'ai utilisé des transistors
a effet de champ a grille de graphene (gFETSs) et le fUS simultanément pour enregistrer sur rongeurs
des ondes lentes de dépolarisations corticales (CSDs) et des crises épileptiques chez un modéle
d’épilepsie induite. Pendant les CSDs, les variations biphasiques de CBV se propagent vers des régions
sous-corticales telles que I'hippocampe, en plus des régions corticales habituellement observées. Nous
mesurons également une forte synchronisation de phase entre les oscillations ultralentes et le CBV
pendant les crises, mais aussi une oscillation anticipée du CBV en amont d’'une crise épileptique. Cette
plateforme multimodale permettrait I'investigation poussée du NVC dans diverses pathologies.

L’'oxyde de graphéne réduit (rGO) présente une capacité élevée d'injection de charge
électrique adaptée aux prothéses rétiniennes pour les patients aveugles (projet 3). Notre étude de
biocompatibilité a mis en évidence aucune différence de nombre de microglies entre les rétines
implantées avec du rGO et les rétines témoins, suggérant une réaction non inflammatoire. La stimulation
électrique sous-rétinienne in vivo de I'implant active également les structures visuelles, observées grace
au fUS. Nos résultats confirment I'aptitude du rGO a stimuler les neurones rétiniens mais suggérent
également I'enregistrement de signaux dans I'optique d’une prothése bimodale.

En résumé, j'ai travaillé sur trois projets différents impliquant différentes électrodes en carbone
pour la stimulation ou I'enregistrement neuronal in vivo. J'ai d'abord établi la preuve de concept d'un
ECoG tout-diamant, potentiellement plus durable de par la non-réactivit¢ du diamant. J'ai ensuite
enregistré et analysé les CSDs et les crises épileptiques a I'aide des gFETs et du fUS simultanément.
Enfin, j'ai confirmé in vivo la biocompatibilité a long terme et la fonctionnalité des électrodes sous-
rétiniennes en rGO pour la restauration visuelle. Tous ces résultats renforcent la Iégitimité des
électrodes carbonées pour une translation clinique future.



Abstract

Brain-computer interfaces (BCls) based on electrode arrays can either stimulate/write
information to neurons through electrical current injection, record/read from neurons. Such BCls have
created great hopes in patients with neurological diseases or handicaps but current interfaces display
large metallic electrodes facing tissue inflammation leading to gliotic and fibrotic reactions, which in the
end limits the device efficacy. In contrast, carbon-based electrodes gained interest because of their
combined mechanical, electrical and electrochemical properties.

My project focuses on this question: can we use carbon-based electrodes for reading and/or
writing efficiently information to neurons? In collaboration with 3 research teams across Europe, this
doctoral work explores three different BCls for different neural applications, with the help of functional
ultrasound imaging (fUS) to monitor activity in cortical and subcortical regions. This brain imaging
technique relies on the measure of cerebral blood volume (CBV) which correlates with neural activity
through neurovascular coupling.

In the scope of NEURODIAM (project 1), a European Union (EU) Horizon 2020 funded project,
| worked on the proof-of-concept of a full-diamond electrocorticography array (ECoG), combining
the insulating properties of intrinsic diamond as passivation layer and the high conductivity of boron-
doped diamond for neural interfacing. Upon in vitro characterization of the electrodes, | recorded visual
evoked potentials (VEPSs) using such implants during light flashes on anesthetized rats and mice. We
report impedances in the range of the tens of kQ and an electrochemical potential window of 3 V for
electrodes of 200, 400 or 600 um of diameter. Observation of the classical shape of VEPs and the
reasonable signal-to-noise ratio give us confidence in the functionality of such electrodes.

In the scope of the EU-funded Graphene Flagship Core 3 (project 2), | used simultaneously
graphene-solution-gated field-effect transistors (gFETs) and fUS to record cortical spreading
depolarizations (CSDs) and seizures in acute models of epileptic rats. During CSDs, the biphasic
variation of CBV spreads to subcortical areas such as hippocampus, in addition to cortical regions. We
also observe a tight phase coupling during seizures between infra-slow brain signals and CBV but also
oscillations of CBV prior to seizures onset. This new technological platform can help to investigate how
both fast and infraslow brain signals contribute to NVC in neurological diseases.

In its reduced graphene oxide (rGO) form, graphene has a high charge injection capacity and
stability, hence a potential application to retinal prostheses for visually impaired patients (project 3). Our
biocompatibility study highlighted no difference in microglia number between controls and rGO-
implanted retinas, suggesting a non-inflammatory reaction. In vivo subretinal electrical stimulation of the
implant with 10 ms pulses activated the visual structures, observed thanks to fUS. Spatial extent of the
activation in the superior colliculus was dependent on the electrode size only at high current amplitudes.
Our results suggest that rGO is a reliable material for neural stimulation but can also be applied for
neural recording in bimodal prosthetics.

In summary, | worked on three different projects involving different carbon-based interfaces for
either reading or writing neural activity in vivo. | first established the proof-of-concept of a full-diamond
ECoG for neural recording. | then focused on the multimodal recording and analysis CSDs and seizures
using gFETs and fUS. Finally, | confirmed the in vivo long-term biocompatibility and functionality of rGO
electrodes for subretinal prostheses. All together, these results provide great confidence in carbon-
based technology for translation in clinical applications and for the elaboration of future-generation BCls.

This doctoral work has been funded by the enTRAIN Vision innovative training network (ITN), as part of
the European Union’s Horizon 2020 research and innovation programme
under the Marie Sktodowska-Curie grant agreement N° 861423.

Keywords:  brain-computer interfaces, carbon-based electrodes, graphene, diamond,
electrocorticography, subretinal implant, functional ultrasound imaging, rodents
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l. Introduction

Concomitant with the debut of electrophysiology in the 19th century, electronic neural
interfaces were first developed to decipher brain signals and circuitry. As the name entails, they sit at
the interface between neurons and electronic circuitry controlled by us. Eventually, these interfaces have
evolved during the 20" century to stimulate neuronal circuits. As a consequence, a brain-computer
interface (BCI) is a “system that records central nervous system (CNS) activity and translates it into
artificial output that replaces, restores, enhances, supplements, or improves natural CNS outputs [...]”
(Wolpaw et al., 2020). Compared to neural interfaces, modern BCls are evolving towards a bi-directional
dimension not necessarily found in initial neural interfaces.

The wording “electronic neural interfaces” is often substituted by the concept of “implant”. Strictly
speaking, an implant is a generic term designating an object which is inserted in the body during a
surgery, to improve appearance or treat a medical condition (Cambridge University Press, n.d.). Neural
implants are by definition in contact with neural tissues, and the wording implies interaction between the
device and neurons. Therefore, it is common to interchange the 3 concepts in the context of neural
rehabilitation. The field of neuroprosthetics, at the crossroads of engineering and neuroscience,
emerged with progress in both microfabrication and material science, and with better understanding of
the nervous system. Neural prostheses were first envisioned to restore lost sensory or motor functions:
they are generally composed of a BCI component with external power supply.

Depending on the final application, neural implants have 3 main working mode: they can either
stimulate/write information to neurons through electrical current injection, record/read from neurons
they are interfaced with or sense neurotransmitters. We will cover in this thesis only the first two
functions, which have been exploited in medicine as palliative treatments for neurological diseases with
sensory/motor malfunctions or clinical diagnosis tools. Indeed, the READ mode is already widely used
to monitor brain activities as in epilepsy to localize the epileptic focus prior to brain tissue resection. The
WRITE mode is applied in deep brain stimulation (DBS) as for the Parkinson disease or in prostheses
to stimulate a deficient sensory organ as in deaf or blind patients. For example, cochlear implants are
one of the most advanced brain-computer interfaces (BCl) developed, technologically speaking.
Recently, intracortical Utah arrays were even used in a bimodal function: the cortical activity was
monitored in order to optimize in the future the write mode to enter visual information at the level of the
visual cortex in a closed-loop fashion (X. Chen et al., 2020, p. 202).

Such BCls have created great hopes in patients with neurological diseases or handicaps. However,
current interfaces display large metallic electrodes facing tissue reactions leading to gliotic and fibrotic
reactions (X. Chen et al., 2023), which in the end limits long-term efficacy of the devices and their life
time. The possibility to fabricate carbon-based electrodes generates great interest because the carbon
atom is one of the main constituents of cells suggesting that such materials could be more biocompatible,
hence less reactive. Moreover, their semi-conductive properties could reduce the size of electrodes and
thus the device flexibility to match that of the brain.

This doctoral thesis focuses on the exploration of carbon-based (graphene and diamond) BCls to
different neurological diseases in a preclinical setting in both the READ and the WRITE mode. The
READ mode was assessed both on the visual cortex by recording physiological brain state during light
stimulation experiments and pathophysiological phenomena in an acute model of epilepsy. The WRITE
mode was investigated in the retina in the context of vision restoration.

Therefore, the first chapter (§1.A) aims at describing the physical, chemical and electrochemical
requirements for BCls in both modes. We also give a state-of-the-art of past and present materials in
use with a particular emphasis on blindness and epilepsy. We then set the background for both diseases.
For vision restoration and visual prostheses (§1.B), we define leading causes of blindness before
describing past and current visual prosthesis under development and electrical stimulation strategies.
For epilepsy research (§1.C), we present the epidemiology, the aetiology, the current electrophysiology
tools for diagnosis or treatment, and the physio-pathological mechanisms at play to stress the urgent
need to tackle the too many unknowns in epilepsy-related diseases.



l.A. Implant design

Second generation electronic neural interfaces, also called multichannel neural interfaces (M. Zhang
et al., 2020) are traditionally composed of 3 main parts: the electrodes which conduct currents, linked
to the conductor pads (transferring information into the digital world) through conductive tracks. All
except the active areas of electrodes are coated in an insulating material also referred as coating which
is in contact with the neural tissue. Sometimes, adhesive aids films are added between metal and
coating to improve overall layers adhesion and reliability.

The optimal recording/stimulation electrode design should ensure maximum efficiency within
biological safety limits and without degradation of the electrode material. The different electrochemical
phenomena occurring at the interface have to be studied with adequate instruments to meet the
electrical requirements, described in §I.A.1. We will then emphasize the importance of biocompatibility
validation in §l.A.2 and the mechanisms at play during foreign body reaction, before providing an
overview on classically used metal electrodes (§1.A.3).

However, current and future trends for recording and stimulation probes involve novel biocompatible
materials in many different configurations, from mesh grids to stretchable implants, possibly in closed-
loop fashion. The recent development of carbon-based materials (§1.A.4) and soft polymers (§I.A.5)
already open a new door for the neuroprosthetics field, where much is left to explore. Here, we illustrate
this electrode roadmap with applications in visual prostheses or electrocorticography (ECoGs) research.

|.A.1. Electrical requirements

Neural implants are in contact with neural tissue. In recording mode (Fig. 1, blue circle), the
electrical current of cellular origin is transduced into electrons in the electrode and is amplified before its
analysis. As the surrounding noise is equally amplified using passive electrodes, a high signal-to-noise
ratio (SNR) is desirable for good fidelity recordings. If the impedance of the electrode/electrolyte
interface is too high or if the electrode capacitance is too high, the depolarised neurons cannot convey

the voltage change up to the electrode. In stimulation mode (Fig. 1, orange circle), electrical current
controlled by the neurostimulator is injected from the electrode to the neural tissue and returns to the
ground which is either distant (monopolar stimulation) or to a nearby electrode (bipolar stimulation, used
in this work). The ability to inject enough charge into the tissue so that the cells can depolarize and
trigger an action potential is sought. To ensure this, charge injection capacity (CIC) and charge
storage capacity (CSC) are often calculated. For both modes, Electrochemical Impedance
Spectroscopy (EIS) and Cyclic Voltammetry (CV) measurements are essential for the understanding
of mechanisms occurring at the electrode/electrolyte interface.

Stimulation Recording

CSC,CIC Z, ® SNR
Cv

rec

" Recording

4 headstage
)

PR —

\CSF

Fig. 1 Electrical requirements for stimulation and recording electrodes. Modified from (Boehler et al., 2020). CSC = Charge storage
capacity, CIC = Charge injection capacity, Z = impedance, @ = phase, CV = cyclic voltammetry, SNR = signal-to-noise ratio, CE
= counter electrode, WE = working electrode, CSF = cerebrospinal fluid.
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The electrodes have first to be conductive in order to be able to record neural activity or stimulate
neurons. This is why we start the section with a brief description of band theory and molecular orbitals
(§81.A.1.a), in order to understand the origins of electrochemical properties in the different conductive
materials at play. Then, we describe the interface between electrode and electrolyte (§1.A.1.b) and detail
the principles behind the key electrochemical characteristics at stake (§1.A.1.c-e).

a. Band theory and conduction

In fundamental physics concepts, atomic orbitals ®(n,,m) are wave functions solutions of
Schrodinger’s equation characterised by different quantic numbers n, |, m, ms. They describe the density
probability of electrons, with discrete energy levels E,,;, ®(n,0,0) functions correspond to sharp atomic
spectrum and are noted “s”. ®(n,1,m) functions are noted “p” for principal atomic spectrum and ®(n,2,m)
are “d” for diffuse atomic spectrum. The abbreviation ms stands for the magnetic spin number. In the
ground state, the electrons are distributed in the orbitals in the most stable electronic configuration for
them (corresponding to the lowest electronic energy). Electrons in non-complete levels or with the
highest n number are called valence electrons and compose the outer shell. Valence electrons can form
bonds with neighbouring atoms, creating molecular orbitals (MO).

In solids, electrical and optical properties are governed by the strong chemical bonds between the
atoms. The strong bonds can be covalent (originating from the sharing of electrons between atoms),
metallic or ionic (of electrostatic origins).

An example is given hereafter for metals with valence electrons in the s atomic orbitals. Atomic
orbitals with the same symmetry relative to the molecule symmetry plan can combine together into new
symmetric and anti-symmetric molecular orbitals. N s-type atomic orbitals combine to form N o- and N
o*-type molecular orbitals with N=n.Na, n being the number of moles and Na the Avogadro number. The
energy levels of o and o* orbitals are very close because of the weak coverage between s-type orbitals.
This forms a s-type band of energy with N energy states very close to each other, as a continuous band
(Fig. 2.A). When an electric field is applied to the material, the electrons can move from one band to the
next higher energy level if it is not completely filled already. As conduction and valence band overlap in
metals, a very low field amplitude can displace the electrons, hence the high conductivity of metals at
room temperature. The metallic bonds are actually covalent delocalised bonds.

A. B. C.
metals semi-conductor insulator
N

Conduction band
= g
5 ] A€ _ x
5 >

Valence band
bare doped doped
(n-type) (p-type)

Fig. 2 Band theory for A. metals B. Semi-conductors C. insulators.

In semi-conductors, the valence and conduction bands are separated by an energy gap AE (Fig.
2.B). Their conductivity is weaker than metals but increases with increased temperature or doping with
impurities. Silicon (Si, Z=14) is a semiconductor with an energy gap of 1.09 eV between its valence and
conduction band. Its valence electrons have an electronic configuration written 3s23p?. Some atoms of
the solid crystal can be replaced by atoms with neighbouring electronic configurations (1 for 105 to 106
Si atoms or ~1 ppm) to add an extrinsic conductivity to the material. When atoms with higher valence
electrons are introduced (phosphorus (P, Z=15) in the case of Si) and if the excess electrons they
“donate” are closer to the conduction band of the semiconductor, those electrons can move effortlessly
in the conduction band at normal temperatures. The main charge carriers responsible for conduction
are the electrons. As they are Negative, the semiconductor is of N-type. Inversely, when trivalent atoms
with lower valence electrons are introduced (aluminium (Al, Z=13), boron (B, Z=5)), they have to “accept”
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one electron from the 4 valence electrons of Si, leaving there a positive hole whose energy are close to
the top of the valence band. As if the conduction band was lowered, electrons can move easily to the
newly created energy levels at normal temperatures. The main charge carriers being the Positive holes,
the semiconductor is of P-type.

In insulators, the gap is too high to be bridged when an electrical field is applied. The electrons
cannot move from the valence to the conduction band (Fig. 2.C): the material is non-conductive.

b. Description of the interface and transfer mechanisms
When a conductive electrode is immersed in a biofluid environment/electrolyte, an interface is
created between them. Two main charge transfer mechanisms can occur there: a non-Faradaic or
capacitive charge transfer and a Faradaic one. When there is no current flowing through the electrode,
the potential in the bulk electrolyte remains constant while when current flows, a potential gradient is
created.

Electrolyte | peemeeeeeeeeees

? 7
0 6O
% CE__WE
/ RE
e Potentiostat
% Saline
Stern layer Diffuse layer
1 1
inne} CoL c'>uter

Helmholtz plane Helmholtz plane

Fig. 3 Interface between electrode and electrolyte. A. Schematic description and in vifro measurement of the interface. B.
Measurement of the interface between electrode and electrolyte. WE=working electrode, CE=counter electrode, RE=reference
electrode. Modified from (Boehler et al., 2020).

The sole contact between the electrode and the biofluid creates a rearrangement of charge carriers
at the interface. The accumulation of counter ions in the electrolyte at the interface to counter balance
the planar build-up of electrons in the electrode at the interface is called the electrical double layer (EDL)
(Merrill et al., 2005). In the Stern model, this EDL is characterised by several layers. In the Stern layer
(Fig. 3.A), the charges on respective side define two Helmholtz planes and create a capacitor-like
structure, characterised by the double-layer capacitance Cp. (CpL ~10 to 40 pF/cm?, (Faulkner & Bard,
2001)), also called the Helmholtz capacitance.

At the electrode/electrolyte interface, electrons (in metals) or positive holes (in semiconductors) from
the electronic device can also be transduced into ions of the electrolyte. Transfer of electrons across
the interface result in oxydo-reduction relations in the electrolyte which amount is proportional to the
amount of current passed (Faraday’s law) when electrode potentials are thermodynamically or kinetically
favourable to such reactions. This is called the Faradaic charge transfer. Faradaic reactions can be
reversible or irreversible.

When small amount of charge is injected, it is possible that no electron transfers from the electrode
to the ionic solution. This capacitive or non-Faradaic charge transfer mechanism originate mainly from
the adsorption/desorption of ions (Cl-, Br-, ...) and the transient transfer of electrons between the
electrode and the electrolyte at the interface. The stored charge at the surface of the electrode can be
redistributed upon inverse current flow, in order to avoid accumulation of charges at the surface. For
neural stimulation applications, capacitive mechanisms are preferred as they do not generate oxydo-
reduction products which could potentially damage the neural tissue.

In vitro, the mechanisms at the electrode interface are usually studied a three-electrode
electrochemical cell, composed of the electrode of interest or working electrode (WE), the counter
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electrode (CE) where the current flow back and the reference electrode (RE) defining the electrical
potential reference, all bathed in an electrolyte solution (Fig. 3.B).

c. Electrochemical Impedance Spectroscopy (EIS)

The impedance of an electrode corresponds the opposition of flow of current in the electrode.
For both recording and electrical stimulation electrodes, a low impedance is favourable to better
transduction of the charges. For recording electrodes especially, the impedance is a good indicator of
the thermal noise as the noise is proportional to ,/Re(Z) (Boehler et al., 2020). For metal electrodes, the
impedance and phase at 1 kHz is commonly given as neuron spikes occur mostly at that frequency,
although it is recommended for flexible probes and novel materials to describe the whole spectrum
because of the interface complexity (Schiavone et al., 2020).

EIS measurements consist in sending a small amplitude sinusoidal signal is sent between the
WE and the CE at different frequencies, usually by a potentiostat and measuring the resulting sinusoidal
response. The complex impedance Z corresponds to the transfer function between the output and input:

7 =lout - |Z|e’®, with |Z| the impedance modulus and ¢ = wt the phase.
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Fig. 4 Description of Electrochemical Impedance Spectroscopy (EIS) of neural electrodes. A. Typical EIS for metal electrodes
(Boehler et al., 2020). B. Model of the interface between tissue and the different components of the neural implant. CDL is the
capacitance of the double-layer formed. Modified from (Schiavone et al., 2020).

A typical EIS plot for metal electrodes is presented in Fig. 4.A. The system acts as a high-pass filter.
Indeed, at low frequencies the impedance is high, preventing passing of the electrons while at high
frequencies, the impedance is low and the phase (delay between in and out signals) is close to zero.
Different circuit models exist to describe the interface. In Fig. 4.B, the interface between the working
electrode (WE) and the biological medium is modelled by a Cp. stores a charge dq when the difference

of potential dV between the electrode and the reference potential is non-null such as C,;, = dq/dV =

EO'A/d, with € the relative permittivity, A the interfacial surface and d the distance between the plates.
The corresponding impedance is Zp; = 1/ijDL. Further away the diffuse layer is composed of solvated

ions distributed uniformly. As Cp; < A, the larger the electrode surface and the larger the charge
accumulated at the interface and the higher the charge injection capacity. In practice, the impedance
at the double-layer capacitance is corrected with a constant phase element (CPE) such as Z p; =

I/Ow)“Qg’ with « € [0 1] and Q, a constant. When faradaic contributions cannot be neglected, the

impedance can be modelled using Warburg model, depending on a diffusional time constant and a
pseudo-capacitance.
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A simpler equivalent circuit model is the Randles model (Fig. 4.C). Rm models the resistance of
the medium/tissue, Cp is the double-layer capacitance as described above and R is the charge
transfer resistance. Electrical circuits calculation gives the following impedance:

Rt
JjwCpLRct+1

Ret
(w)*CpLRct+1

Z=R,+ or Zepg = Ry + (Eq. 1)
from which it is possible to characterize the interface. The impedance at the counter electrode (CE) is
negligible as its surface is much larger than the one of the WE, therefore Cce >> CpL 50 Zce << ZpL

based on Eq. 1.

d. Cyclic voltammetry (CV)

Cyclic voltammetry is an electrochemical method which informs on the reduction and oxidation
reactions occurring at the neural interface. It measures the current flow between the WE and CE when
applying sweeping potentials linearly between the WE and RE, at a certain sweep rate. The
concentration of ions at the interface depends on the Nernst equation:

_ RT [ox]
E =Eo+.In ([Red]) (Eq. 2)

Cyclic voltammograms are useful for estimation of the ‘water window’ which corresponds to
the potential boundaries above which, water is electrolysed. If faradaic interactions occur, they appear
in the form of peaks in the voltammograms at specific voltages. Such interactions can become harmful
for the neural tissue only if irreversible. Finally, it is possible to estimate the cathodic or anodic charge
storage capacity (CSC) of an electrode by calculating respectively the negative or positive area of the
CV plot, corresponding to the sum of transferred charge. However, not all the charge effectively
transferred can be used in practice for charge injection. This is why voltage transients (VTs)
measurements are usually performed for stimulating electrodes.

e. Voltage transients (VTs)

VTs give an idea of the charge injection capacity (CIC) of the electrodes. For VTs
measurements, the potentiostat typically sends charge-balanced biphasic pulses at increased current
amplitude (I) between the WE and RE, and record the response in potentials between the WE and CE.
The real electrode polarization VE is calculated by subtracting the access voltage VA, which is defined
as an almost-instantaneous drop in voltage due to electrical resistance from conductive tracks and
electrolyte. The intersection between water window potentials and linear fitting of VE = f(I) for both
anodic and cathodic corresponds to their respective maximum CIC allowed.

|.LA.2. Biocompatibility requirements

Biocompatibility is defined as “the ability of a device material to perform with an appropriate host
response in a specific situation” (Black & Black, 2005). It is a critical property, which has to be insured
for both human health safety and efficient functionality. The biological reactions in the body in response
to the contact with the implanted device is highly dependent on the material composing the implant.
Design of the implant should consider the biological mechanisms occurring during foreign body
implantation acutely and on the long term. We describe below the main general mechanisms at play
and focus on the role of retinal microglia in the context of retinal implants for vision restoration.

a. Foreign body reaction (FBR)
In vitro techniques relying on cell cultures can give fast insights into the biological behaviour of
the material-host interface. Most common studies look at cell survival in life/death assays (toxicity), or
investigate cell growth or cellular damage (mutagenicity, carcinogenicity). However, in vitro
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environments are too simplistic models compared to the complexity of in vivo environments. Indeed,
biocompatibility should be verified in the conditions the implants will be used, as per the international
standard ISO 10993-1 on “Biological evaluation of medical devices - Part 1: Evaluation and testing within
a risk management process”. Table 1 gives an overview of the framework of biocompatibility tests for
medical devices implanted at the tissue/bone interface (ISO 10993-1).

Implantation of a foreign body in vivo creates de facto a local injury, and therefore a local
inflammation with activation of the innate immune system: blood monocytes migrating to the tissue
lesion parts (Fig. 5.A). Other systems (platelets, fibrinolytic system, complement system) are also
activated, leading to release of blood proteins onto the foreign body and formation of a provisional matrix
(Fig. 5.B).

Table 1 Relevant framework for biocompatibility testing of a medical device at the tissue/bone interface (ISO 10993-1).

Limited Prolongated

Duration Duration Permanent

Biological Effect

Cytotoxicity

Sensitization

Irritation or Intracutaneous Reactivity
Acute Systemic Toxicity
Material-Mediated Pyrogenicity
Subacute/Subchronic Toxicity
Genotoxicity

Implantation

Chronic Toxicity

Carcinogenicity

However, macrophages are not able to engulf the whole implant hence a “frustrated
phagocytosis” happens (Ratner, 2015): while trying in vain to phagocytose the material, the
macrophages spread over, adhere to protein coated on the foreign body surface, fuse with neighbouring
ones to become foreign body giant cells (FBGCs) thanks to diffusion of cytokines such as IL-4 and IL-
13 and release lysosomes. This failed phagocytosis results in a thin layer of cells creating a fibrotic
capsule around the implant (Fig. 5.D). The whole process is called the foreign body reaction (FBR).
Chronic inflammation usually resorbs after one week. Worsening of the inflammation (often synonym of
infection) can lead a too thick fibrous encapsulation around the foreign body (Fig. 5.E), which impedes
the efficient electrical stimulation as the glial cells build up an insulating layer between the retinal implant
and the neurons to be stimulated. This results in a less efficient stimulation, and on the long-term, failure
of the implant.
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Fig. 5 Evolution of the foreign body reaction from implantation time to 3 weeks post-implantation (wpi). The introduction of a foreign
body (green) induces an innate primary immune reaction with monocytes migrating from blood (A) to tissue (B) while releasing
antigens (proteins). The monocytes evolve into macrophage (C) after around 2 days with release of diverse inflammatory cytokines

15



such as tissue necrosis factor alpha (TNFa), interleukin-18 (IL-1B). Failure to engulf the foreign body leads to frustrated
phagocytosis (D) and macrophage spreading and fusing together into a thin layer of fibrotic tissue (E). Modified from (Ratner et
al. 2015).

Today, devices which implantation only create on the long-term a thin layer of non-adherent
capsule around are targeted as “biocompatible” (Ratner, 2015). Metal leakage, material degradation,
material contamination, modulus mismatch between neural interface and the neural tissue (Eqgura ~10
MPa) and interactions of the electrodes material with proteins can all influence the evolution of the FBR,
imposing challenges for implant design. Immunoassays studies of cytokine release upon chronic in vivo
implantation showed that levels of cytokines produced by macrophages ongoing frustrated phagocytosis
are dependent on the material of the implant (Rodriguez et al., 2008). Careful choice of the material
interfacing with the body could stop macrophages fusion and therefore lower fibrous encapsulation.

b. Macroglia and microglia cells
Astrocytes and microglia cells play a critical role in the long-term foreign body reaction in the retina.

i. Astrocytes

Astrocytes are star-shaped glial cells present in the central nervous system (CNS) and make up 30
to 65% of CNS glial cells (Nathaniel & Nathaniel, 1981). They are composed of a main round body with
thousands of fine branches/processes which interact with other cells and some large branch extending
into endfeet which wrap around blood vessels. Their involvement in the neurovascular coupling is slowly
getting a foothold in the field (see §1.D.1).

Astrocytes are composed of 8-10-nm-diameter filaments of glial fibrillary acid protein (GFAP).
Upon foreign body insertion, astrocytes become activated and are recruited in the encapsulation glial
layer around the implant. Their processes proliferate and show hypertrophy with increasing amount of
GFAP. A study with non-functional silicon probes brought precision to the timeline of glial scarring: at
around 6 weeks post-implantation in the cortex, the glial capsule reached a stabilised and final size
(Turner et al., 1999; Szarowski et al., 2003).

In the retina, astrocytes are mainly located close to the RGCs and the nerve fibre layer.

ii. Muller cells

Muller cells are the largest macroglia cells in the retina, located all over the retinal layers. Just
like astrocytes, they play a critical role in the cell homeostasis and metabolism, but also participate in
the retinal cell survival and microglia cells activation. Additionnally, Muller cells also become activated
upon foreign body insertion, and undergo gliosis.

iii. Microglia

Microglia were first discovered in 1919 by Pio del Rio-Hortega. These glial cells can be found in the
central nervous system (CNS) and are produced by foetal macrophages. The past decades witnessed
a large increasing interest for research on microglia, often labelled as the immune cells of the nervous
system. They fulfil many functions at different stages in life. Not only do they participate in inflammation,
but they are also linked to synaptic functions. In wild-type healthy rats, they have a ~30 to 50 uym-
perimeter somas (Beynon & Walker, 2012; Jinno et al., 2007) with 4 to 6 ramified long processes, several
order of magnitude larger than the soma (Fig. 6.A). Microglia are highly motile: the processes extend
and retract, such that the microglia survey their environment. Their morphology can change depending
on the conditions (pathology, ageing, adulthood...) and the regions: they can for instance be ramified,
amoeboid, hypertrophic, rod, dystrophic, or satellite (Savage et al., 2019).
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Fig. 6 Microglia morphologies under normal or pathological situations. Modified from (Beynon et al. 2012). A. Ramified microglia.
B. In response to injury, microglia cells become hyper-ramified, extend their process and re-orient towards the injury site. Then,
they become reactive and phagocytic. Further transformation into transitional (T-stage), motile (M-stage) or locomotor (L-stage)
microglia have been reported (Modified from Stence et al. 2001).
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The insertion of a foreign component into the human body breaks the blood brain barrier and causes
irrevocably tissue injuries. This breaking activates the microglia and causes both local inflammation and
neural degeneration. The physiological mechanism has been studied extensively yet the immunological
pathways are still not so clear. An external injury site triggers the increase of cytokines or free radicals
which signal the inflammation to the microglia. They first extend their processes and reorient towards
the injury site (Davalos et al., 2005; Nimmerjahn et al., 2005). Only after do they shorten and transform
into phagocytic amoeboid cells (Fig. 6.B). Half an hour after the insertion of the electrodes, microglia
cells slowly encapsulate the device with a protein actin called lamellipodia. The amoeboid microglia
might later transition to 3 different types, know the transitional-stage (T-stage), the motile stage (M-stage)
or the locomotor stage (L-stage) (Stence et al., 2001). By one day, the microglia become fully active and
surround the device the same way as macrophages, creating a wall impeding the correct interfacing
with the neurons (Kozai et al., 2015).

In the retina of P23H rats, a genetically modified model of RP disease, both ramified and amoeboid
microglia cells are found in the all retinal layers (Noailles et al., 2014, 2016).

c. Immunohistology tests for biocompatibility studies

In vivo testing on animals remain a controversial yet necessary, reliable and nowadays highly
regulated method to verify biocompatibility before clinical applications on humans. Rodents have been
proved to be a valid model for biocompatibility studies of neuroinflammation. Both human and mouse
microglia overall express similar genes (Nimmerjahn et al., 2005) and both microglial response to
neurodegeneration could be highly correlated.

Most in vivo biocompatibility studies of chronic non-functional implants are usually carried out in
similar ways. After several weeks or months of implantation, the animal model is euthanised and the
tissue containing the implant is removed from its original location. The tissue is cleaned and stained with
markers of interests. Indeed, immuno-histology studies performed on post-mortem explanted retinas
after chronic implantation can give insights into the inflammation and chronic immune response. Using
confocal imaging or fluorescence microscopy, it is possible to analyse the morphology of explanted
retina to investigate thinning of the outer nuclear layer (ONL) and thus survival of photoreceptors $(Di
Paolo & Ghezzi, 2015). It is also possible to visualize the extent of inflammation and immune response
in vivo by quantifying activated microglia cells and astrocytes.

Microglia cells can be labelled with antibodies specific for cluster of differentiation 11b (CD11b)
which also marks macrophages or ionized calcium binding adaptor molecule 1 (Iba-1). The advantage
of Iba-1 (which we chose for our in vivo biocompatibility study described in §lll.A) lies in its long-term
fixation fluorescence and the fact that it is not expressed by astrocytes nor oligodendrocytes or neurons.

GFAP staining has been widely used to specifically mark astrocytes in CNS injuries situations.
However, it has been showed that GFAP does not work as well to mark astrocytes in healthy neural
tissues (Sofroniew & Vinters, 2010). The labelling is expected to occur in the main stem branches but
not really on the body nor the fine processes.
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Post-mortem quantification of neuron density using NeuN staining at the vicinity of the implanted
zone in CNS tissues can also inform on zones with neuronal death but might not be directly linked to
the implant material itself. It seems rather that neurons migrate away from the foreign body location,
pushed away by the glial scar growth.

|.A.3. Metals and semi-conductors

The roadmap of electrode material starts with metal-based electrodes. The semi-conductor
revolution participated in the improvement of neural interfaces in terms of functionality. However, the
biocompatibility requirements are still not met and downsizing metal electrodes comes at the cost of the
electrochemical/electrical properties. We compare in this section the metals and alloys featured on
visual prostheses and discuss their limits.

a. Metals and alloys

i. State-of-the-art

In metals, the overlapping of the valence and conduction bands is favourable to the passage of
electrons. As a result, metals are highly electrically conductive. Historically, platinum wires (atomic
symbol Pt, atomic element Z=78) were implanted for deep brain stimulation (DBS) studies (Fritsch &
Hitzig, 2009) and tungsten wires (W, Z=74) for cortical recording (Hubel, 1957). Today, commercialised
electrodes for DBS, cochlear implants or clinical diagnosis are still made of metal such as tungsten,
iridium (Ir, Z=77), platinum, gold (Au, Z=79) or their alloys such as platinum-iridium (Ptlr), stainless steel
(alloy of iron (Fe, Z=26) and chromium (Cr, Z=24). Among the past and current retinal prostheses
developed in research groups worldwide, all of them contain either electrodes in metal or metal alloys.
Discontinued prototypes such as the epiretinal Argus |, Argus |l prototypes from SecondSight company,
the epiretinal Iris Il from Pixium Vision or the suprachoroidal Bionic Vision Technologies generation 1
and 2 all chose first platinum electrodes for neural stimulation.

However, Pt electrodes are limited by their maximum charge injection capacity (~0.15 mC/cm?). This
is why second-generation prototypes usually feature coatings made of alloys, such as Titanium Nitride
or TiN and Iridium Oxide or IrOx which have higher charge injection capacities of ~1 and ~1-5 mC/cm?
respectively (Cogan, 2008). Alloys are also interesting in terms of mechanical properties. For instance,
Pt is too soft for surgery implantation but its combination with iridium renders the material stiffer while
lowering the electrochemical impedance (Petrossians et al., 2011). Following their development in
neuroprosthetics, IrOx coatings were used in the discontinued ASR chip from Optobionics, the Alpha
IMS, AMS from Retina Implant AG, and is still coating the photovoltaic pixels of the PRIMA implant from
Pixium Vision and the EPIRET3 device from Aachen University. The POLYRETINA implant from EPFL
chose a TiN coating on top of a Ti layer.

For neural electrical stimulation, spatial resolution is a highly desired result. Limitations in
miniaturisation of metal electrodes can be bypassed by increasing the electrochemical surface area
(ESA) which then differs from the geometric surface area (GSA). The larger the ESA, the higher the
charge injection capacity. Metal-derived materials such as platinum black (Pt-b), Iridium oxide (IrOx) or
nano-porous materials are the most common options to bypass the downsizing issues. Pt-b coating can
be easily deposited electrochemically to fabricate retinal stimulating electrodes with low impedance
(Watanabe et al., 2007).

ii. Metallic tracks
Additionally, the conductive tracks which carry the electrical current from the current generator to
the electrodes were and are still usually made of metals because of their high conductivity and easy

microfabrication patterning. The conductance G of the tracks are defined by the equation: G = %z #

with R the resistance, A the cross-sectional area of the conductor, [ the length of the conductor and o
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the electrical conductivity (S.m™"). Reduction of the size of the conductor can therefore raise the question
of reduction of conductance and increase Joule effect through the conductive material.

b. Semi-conductors

Downsizing the electrode size improves the spatial resolution as neurons can be targeted
individually and cross-talk or parasitic axonal activation can be avoided. With the advent of
semiconductor technology, electrode multiplexity increased exponentially while electrode size and
mechanical stiffness decreased exponentially over the last 70 years (Woods et al., 2020). The onset of
photolithography in clean rooms also pushed forward the neuroprosthetics field towards easier process
and easier interfacing with microelectromechanical systems devices (MEMS) for signal amplification.
Clean room micro- and nano-fabrication of implants with lithography consists in stacking nm to um of
layers of conductive and insulating materials. Openings are created at the location of the electrodes
using positive or negative photoresist mask precisely aligned on the substrate.

Silicon is a semi-conductor which has been often exploited in BCls for neural recording or stimulation.
For instance, the intracortical Utah arrays (electrodes at the tip of silicon shanks) or Michigan probes
(electrodes distributed along the silicon shanks) became the new standards in neurostimulation and
recording experiments. In vision restoration research, Utah arrays with IrOx coatings on electrode tips
are still used in the ongoing cortical prostheses CORTIVIS clinical trial (n® NCT02983370) (Fernandez
et al., 2021; Grani et al., 2022) and were also recently featured in chronic studies on NHPs (X. Chen et
al., 2020, 2023).

Thanks to these new microfabrication technologies, wireless retinal implants based on silicon
photodiodes could also be engineered, such as Pixium Vision’s PRIMA subretinal photovoltaic chips
(Palanker et al., 2020).

Additionally, the insulation of the conductive materials was first made of silicon oxide SiO films
sandwiching a silicon nitride SizN4 layer (Milek, 1971). The coating should also be thin enough (< um)
to minimise overall bulkiness.

c. Biocompatibility of metals and semi-conductors

Despite high conductivity at room temperature, metal electrodes and Si-based materials are
subject to biocompatibility and biodegradation issues because of their high brittleness and stiffness.
There is first a clear mechanical mismatch between metal electrodes or Si and neural tissues. As
schematised on Fig. 7, metal electrodes exhibit Young modulus in the range of tens to hundreds of GPa
(Eau~ 80 GPa, Ept~ 150 GPa, Estainless steel ~ 200 GPa) whereas for neural tissues, it remains below 100
kPa (Lacour et al., 2010). The Young modulus of Si is also still 8 to 9 order of magnitude higher than
brain and cell tissues.

Young Modulus E

kPa MPa GPa TPa
I I I I I I I | |

Hydrogels
o ]

PDMS Parylene C
PI, SU8

Fig. 7 Young modulus of classical materials used in electrode design

As detailed previously (§l.A.2.a), implantation causes foreign body reaction leading to gliosis
and hence impeding their efficiency over time. The previously mentioned chronic study on NHPs with
an intracortical prosthesis made of Utah arrays confirms once more this issue. As seen on Fig. 8.A, the
explanted devices after three-year implantation in the brain of macaques show fibrotic tissue all around
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the devices, but also degradation of the cortex in the implanted zone (Fig. 8.B), and degradation of the
IrOx electrode tip (Fig. 8.C), all associated with loss of visual task performance and signal quality over
time (X. Chen et al., 2023). In 2004, Cogan et al. already warned on the delamination risk of IrOx during
in vivo intracortical stimulation (Cogan et al., 2004).

A. B. C.

damaged
1(9)4

Fig. 8 Explanted Utah arrays from a macaque after three years. Modified from (X. Chen et al. 2023). A. Gliosis around explanted
Utah arrays B. degradation of the implanted visual cortex seen on IRM image. C. Damaged Iridium oxide electrode tip seen on
scanning electron microscope

Moreover, if the protective coating around the implant is not hermetic enough, water or biological
fluid can also engulf in, corroding the metallic tracks and causing delamination of the electrode coating.
For instance, half of the failures of the AMS subretinal photovoltaic were imputed to the CMOS corrosion
(Daschner et al., 2017).

|.A.4. Carbon-based materials

Carbon (C, Z=6) is one of the most abundant elements in nature. It is composed of 6 electrons
which ground electronic configuration is 1s22s22p? with 2 valence electrons in 2s state and 2 valence
electrons in 2p state (Fig. 9.A). Different distribution of electrons and different hybridizations give rise to
different geometries hence different properties. Among the various allotropes of carbon, only graphite
and diamond are naturally found as minerals in nature. Major advances in engineering and
microfabrication led to their industrial. The facilitated access to those carbon allotropes kicked off their
worldwide research as neural electrode because of their promising electrochemical and physical and
chemical properties as recording or stimulating material.

A. Carbon B. Diamond C. Graphene
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Fig. 9 Structure of carbon, diamond and graphene. Modified from (Pierson, 1993). A. Electronic ground configuration of carbon B.
Electronic configuration of sp3 hybridized orbitals of carbon in diamond. C. Electronic configuration of sp2 hybridized orbitals of
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carbon in Graphene. D. Distribution of electron density in a 2s orbital and a 2p orbital. E. Formation of o-bond from 2 sp3 hybrid
orbitals. F. Geometric configuration of carbon atoms in Diamond. G. Structure of cubic diamond H. Structure of graphite. I. Raman
spectrum of diamond and Graphite.

a. Diamond
Diamond is one of the hardest material (rated 10 on the categorical Mohs scale) and has one of
the highest molar density (0.293 g-atom/cm3) (Pierson, 1993). Its density is also high (3.515 g/cm3).
While still being mostly used as gemstones in jewellery for its optical properties, diamond can be either
an excellent insulator or conductor if doped with boron (hole) or nitrogen (electron donor).

i. Electronic properties

In diamond, the atomic orbitals 2s and 2p are hybridized into sp3 hybrid orbitals with 4 valence
electrons (Fig. 9.B), resulting in o-bonds with high coverage (Fig. 9.E). The covalent bonds hereby have
high energy (370 kJ/mol) hence are hard to break and are short (1.5 A), accounting for diamond’s
mechanical properties. The structure minimizing repulsion between atoms is tetrahedric, hence the cubic
structure of diamond crystal (Fig. 9.F-G). Laser-Raman spectroscopy are often used to characterise the
hybridised structures. Monocrystalline Diamond can be recognized by a high peak at 1332 cm™ (Fig. 9.1)
on Raman spectrum, combined usually with positive Scanning Electron Microscope (SEM) observations.

Depending on the crystallinity of diamond, the Raman band can be shifted (Yang & Narayan, 2019).
Intrinsic diamond (C*) is a semi-conductor with a large gap between valence and conduction band
(separated by 5.47 eV). At room temperature, it behaves as an (excellent) insulator. However, doping
with boron or nitrogen can transform it in a conductive material of around 200 Q-'.cm*! (Yang & Narayan,
2019).

ii. Microfabrication
Diamond can be produced by chemical vapor deposition (CVD) or under high pressure and high

temperature processes. The development of CVD diamond technology started in the 70s and is
nowadays fully mature and cost-effective. Inside dedicated microwave plasma reactors (MPCVD),
dihydrogen H, decomposes into protons which react with the gas of methane (CH,), forming under high
temperature H> and CHs radicals. Those radicals deposit on a Si wafer, forming monocrystalline
diamond. The addition of H; is necessary in order to wipe out the sp2 carbon formed along the wanted
sp3 carbon by CHs decomposition. If the substrate is seeded with diamond nanoparticles prior to
microwave exposition, the growth leads to a polycrystalline diamond of larger size (Garrett, Tong, et al.,
2016).

While diamond is not complicated to fabricate if one possesses a MPCVD, the microfabrication of
diamond-based microelectrode arrays is a bigger challenge. Indeed, patterning diamonds is difficult
because most materials do not withstand the harsh conditions of diamond growth.

iii. Biocompatibility

The diversity of electrode designs and material used necessitates as many biocompatibility
studies as close as possible to the real application. Literature attests for the biocompatibility of several
diamond-based materials, knowing that diamond on its own is known to be chemically inert.

In vitro cultures of fibrogen on CVD diamond highlighted low and not significantly different
percentage of adsorbed fibrogen compared to stainless steel standard, and in vivo implantation of CVD
diamond implants in the intraperitoneal cavity revealed minimal inflammation after 7 days measured by
low thickness of macrophage layer adhered to the samples (Tang et al., 1995). Nanocrystalline diamond
monolayer coatings displayed similarly promising neuronal cell viability and growth (Thalhammer et al.,
2010). Thin films made of ultrananocrystalline diamond had also high affinity for in vitro cell growth (Bajaj
et al., 2007). Nanocrystalline diamond films tested in vitro on purified retinal ganglion cells could also
survive (Bendali et al., 2014).

In vivo, BDD electrodes were analysed in histology after 2 and 4 week subcutaneous implantation
in rat models (Alcaide et al., 2016) and in another study, after 15 week muscular implantation in guinea
pigs (Garrett, Saunders, et al., 2016). In both cases, BDD-based samples triggered lower inflammation
and thinner fibrous capsules compared to TiN or silicon control respectively, suggesting promising
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capabilities for chronic BCls. In the subretinal space as well, 3D BDD-based electrodes showed better
in vivo biocompatibility than polyimide sham or platinum devices after 6 weeks of implantation in P23H
rats (Bendali et al., 2015).

iv. Diamond as a stimulating material

Diamond holds interesting electrochemical properties for neural implant applications. Generally
speaking, a wider water window is valuable for neural stimulating implants because higher current
amplitudes can be injected safely. A large water window has been reported for nitrogen-doped-ultra-
nano-crystallin diamond (N-UNCD) ([-1.1; 1.1], (Garrett et al., 2011), flat diamond and BDD ([-1.5; 1.5],
(Hébert et al., 2014)). Fig. 10 compares the typical cyclic voltammograms from classical metal
electrodes and diamond-based electrodes. The length of the water window depends on the diamond
purity and fabrication process, but overall it is almost twice larger than usual metal electrodes (Nebel et
al., 2007).

At the university of Melbourne, a research team is currently developing a retinal prosthesis using N-
UNCD feedthroughs. In vitro characterization showed excellent stability over time and highlighted a
charge injection capacity of 300 yC/cm? (Hadjinicolaou et al., 2012), slightly higher than platinum (~0.05
— 0.15 mC/cm?) and much lower than for IrOx (~1-5mC/cm?). A proof-of-concept of explanted retinal
ganglion cell activation on MEA was established, promising enough for vision restoration prostheses.

Glassy C
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Fig. 10 Cyclic Voltammetry of diamond-based electrodes and standard passive electrodes. Modified from (Nebel et al. 2007).

1 mA/cm?

v. Diamond as recording material

Diamond has mostly been used for biosensing neurotransmitters. Studies for neural recordings are
sparse. In the past, H-terminated conductive diamond successfully recorded neural spiking activities
from cell cultures (Ariano et al., 2009) and BDD-electrodes could detect local field potentials as well as
multi-units (Piret et al., 2015), reporting an average impedance of 50 kQ and very low intrinsic noise (3.1
MV). The results were very promising for future in vivo recordings, achieved in this thesis with an
innovative fabrication process from ESIEE Paris (§11.A.1)

b. Graphene
Discovered in 2004 by Novoselov and Geim by scratching the surface of graphite with tape,
graphene is a 2D carbon-based material made of repetitions of hexagonal motif of carbons (Novoselov
et al., 2004; Geim & Novoselov, 2007). Graphite is made of stacked graphene layers held by weak Van
der Walls interactions (Fig. 9.H).

i. Electronic properties

In graphene, a quantity N of 2s, 2px and 2py atomic orbitals hybridize to form sp2 hybrid orbitals,
resulting in 3N molecular orbitals of N o-type, responsible for the C-C covalent bonds. They have an
energy almost double the one of diamond (680 kJ/mol) and are even shorter (1.3 A). From the 2p,
orbitals in which the electron remains free, N molecular orbitals of rtype are created, accounting for the
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delocalisation of electrons. As the Trand T bands are really close, graphene is naturally conductive. As
the energy to go from one band to another is very low, graphene absorbs all the main colour wavelengths
and is black.

ii. State-of-the-art of graphene-derived materials

Graphene is a semi-metal which can be fabricated by CVD technology. Graphene is also
compatible with microfabrication technologies, allowing incorporation on flexible substrates which is
particularly interesting for conformable neural interfaces.

Its high SNR and low impedance have been exploited extensively in (intra)cortical recordings
applications. For instance, CVD graphene has been used as electrode coating for intracortical recording
(Bourrier et al., 2019). Lim et al. also reported the use of graphene-gold-graphene electrodes for low-
impedance and high SNR LFP recordings during seizures compared to bare gold (Lim et al., 2023).
Graphene electrodes on flexible surface arrays can provide mapping of the brain, as successfully
demonstrated by for the somatosensory and auditory cortex (M. Lee et al., 2021). Their chronic stability
in vivo and their recording abilities have also been reported, suggesting promising applications as whole-
brain neural recording electrophysiology tool in neurology, as well as biosensors or cortical micro-
stimulation allowed respectively by the sensitivity of graphene to potential changes and low impedance.

Graphene has a high electron mobility, reported around 200 000 cm?/V.s compared to
approximately 1500 cm?/V.s for Si (Kumar & Pattammattel, 2017). Combined with its high conductivity,
graphene is a material of choice for field-effect transistors applications allowing direct-current (DC) low
frequency signal recording, particularly suited to study cortical spreading depolarisations (§1.C.3.b.iii).
However, in literature, gFETs are mostly fabricated for biosensing purposes. For instance, when
functionalized with molecular linkers, gFETs can detect glucose in the concentration range of diabetes
diagnosis (Kwak et al., 2012).

Optically transparent, CVD graphene can be coupled with optical imaging techniques such as
calcium imaging or functional ultrasound imaging (fUS), property that we are going to exploit in this phD
(see §lI.B).

The synthesis of graphene oxide (GO) is a crucial step for the obtention of high-quality reduced
graphene oxide. GO precursors can be obtained by oxidising graphene with strong oxidants such
sulfuric acid (H2SO4) with nitric acid (NaNOz) and permanganate (KMnOs) (Hummers & Offeman, 1958).
However, such reactions produce toxic gasses and residual Na* and NO3™ ions complicated to remove
from waste waters. Recently, more eco-friendly methods were developed without NaNO3 (J. Chen et
al., 2013).

Reduced graphene oxide (rGO) can be synthetized by reducing GO thermally at high
temperatures above 1000°C (Huang et al., 2012). Generally speaking, they are water-soluble, show
improved conductivity and capacitance compared to GO and finally exhibit very high charge injection
which range from 5 mC/cm? for rGO electrodes on Ti/Au tracks (Viana et al., 2022) to 62 mC/cm? for
reduced liquid crystal graphene oxide (Apollo et al., 2015). The latter implant example could also
successfully record somatosensory-evoked potential. Overall, literature attests for the high potential of
rGO electrodes for both neural stimulation and recording.

Other carbon-based structures such as multi-layer graphene (MLG) or carbon nanotubes (CNTSs)
will not be investigated in this phD.

iii. Biocompatibility

In 2008, the publication of a Nature Nanotechnology on how “Carbon nanotubes introduced into
the abdominal cavity of mice show asbestos-like pathogenicity” characterised by inflammation and
granulomas (lesions) in a pilot study (Poland et al., 2008) created a major scare. Shortcuts were made
by the press, omitting that the study showed such cytotoxicity only for long needle-like fibres (>5 um).
This leads to a serious ban on carbon nanotubes (CNTs) in Europe and in the USA, even though the
material intrinsic properties could have been exploited for medical applications. All carbon nanomaterials
have been unjustifiably put into the same box yet their toxicity is very much dependent on purification
process, surface modification but also dependent on the body interface in contact with (Fadeel et al.,
2018).
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Graphene-based materials typically fall into that class of feared materials with promising
electrochemical properties. Therefore, its cytotoxicity and biocompatibility has been extensively studied
to investigate their impact on human health. This classification work was a top priority for the Graphene
Flagship, a European Commission project we took part in. Previous studies showed that hippocampal
neurons cultures can survive on polylisine-coated graphene (Bourrier et al., 2019) as well as retinal
ganglion cells culture on bare graphene (Bendali et al., 2013). However, inflammation reactions are
dependent on the location of the implant in the body, hence the recommendation to test biocompatibility
in vivo and for the meant function.

For retinal applications, biocompatibility of monolayer graphene has already been proved in vivo
using subretinal monolayer graphene implants implanted for 3 months in the eye of blind P23H rats
(Nguyen, Valet, Dégardin, Boucherit, llla, De La Cruz, et al., 2021), but not with rGO which is the active
material on our subretinal prosthesis and which structure differs from monolayer graphene. Although in
some cases GO showed ecotoxicity (Evariste et al., 2020) and increased toxicity when adsorbing copper,
nanoscale GO are biocompatible with more organs (Kiew et al., 2016).

Cytotoxicity and biocompatibility studies on rGO are as contrasting as those of GO, owing to the
physico-chemical properties and therefore, to their inherent characteristics (dimension, porosity,
concentration). Beside applications in neural implants, the proapoptotic dose- and time-dependent effect
of rGO on breast cancer cells for the development of new treatments (Kretowski et al., 2021; Tabish et
al., 2017). In eye applications, although exposure of GO induce ocular toxicity in vivo, rGO has been
found to be safe (An et al., 2018). Moreover, recent in vivo biocompatibility study of transversal intra-
fascicular microelectrode arrays with rGO were also found to be biocompatible with tibial tissue after 2
months of implantation (Viana et al., 2022).

|.A.5. Polymers

Scientists are turning nowadays towards soft and flexible materials for better conformability with
neural tissue, for less tissue scarring/inflammation and hence for better biocompatibility. The chosen
materials should have a Young modulus closer to the one of the implanted tissues (~kPa) but should
still be rigid enough (>GPa) to be inserted or handled properly during conventional surgery (Nabaei et
al., 2020).

Polymers, made of repetitions of one or several monomers, answer these requirements. Among
biocompatible polymers with properties compatible with microfabrication, poly(2-chloro-p-xylylene)
(parylene C), polydimethylsiloxane (PDMS), polyimide (PI) are the most commonly used. Their Young
modulus, shown on Fig. 7 ranges respectively from 300-800 kPa for PDMS to several GPa for parylene
C and PI. Despite numerous challenges of polymer adhesion on metal surface (Walton et al., 2022),
cleanrooms lithography techniques can be applied for polymers as well, accelerating their integration
into implant design. Additionally, conductive polymers such as Poly(3,4-ethylenedioxythiophene)
(PEDOT) can also be integrated in neural stimulation probes as electrode

We detail in the following paragraphs and illustrate in Fig. 11 the application of the previously
mentioned polymers in preclinical or clinical retinal implants or electrocorticography arrays (ECoGs).

a. Polyimide (PI)
i. State-of-the-art

Pl is a polymer containing imide groups. It possesses high thermal stability (>260°C) and high
insulation properties. It can be easily patterned with reactive ion etching (RIE) or deep reactive ion
etching (DRIE) methods, removing the polymeric material at desired location to expose the conductive
materials. The thickness can also be easily controlled via spin-coating. Its numerous advantages were
first exploited in encapsulation for silicon-based probe.

Nowadays, even the substrate of retinal implants is more and more replaced by PI. For instance,
the Bionic Eye Technologies subretinal implant (Shire et al., 2009), both the very large electrode arrays
for epiretinal stimulation (VLARS) (Waschkowski et al., 2014) and the OPTO-EPIRET (Schaffrath et al.,
2021) developed at Aachen University and shown on Fig. 11, or the subretinal graphene-based implant

24



we are working with all feature a Pl-based substrate. A few years ago, Neuralink also reported on the
use of polyimide for both encapsulation and coating material for its intracortical BCI (Musk & Neuralink,
2019).

ii. Biocompatibility

Flexible arrays with Pl substrates showed no cytotoxicity when incubated with fibroblast cells for
one day nor showed swelling nor water adsorption (Sun et al., 2009) and good biocompatibility in vitro
with retinal pigment epithelial (RPE) cells (Seo et al., 2004). In vivo implantation of multielectrode arrays
in rabbit eyes for 12 weeks (Seo et al., 2004), implantation of sham devices in blind rats eyes for 3
months (Nguyen et al., 2021) and chronic interfacing with peripheral nerves (Stieglitz et al., 2011)
account for the good in vivo long-term biocompatibility of polyimide.

b. Parylene C

Parylene C is a transparent thermoplastic and a biocompatible polymer (FDA approved, United
States Pharmacopial Class VI plastic) mostly used as coating material to protect the metals against
corrosion (Golda-Cepa et al., 2020; Hassler et al., 2010). It is usually deposited in clean rooms using
vacuum deposition polymerisation.

The EPI-RET and OPTO-EPIRET epiretinal prostheses are both encapsulated in parylene
(Walter et al., 2005)(Schaffrath et al., 2021). In subdural neural recordings application, successful
fabrication and in vivo validation of ECoG with parylene C coating on top of PDMS substrate presented
superiority of the hybrid structure has been reported (Ochoa et al., 2013).
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Fig. 11 Examples of Parylene C, Polyimide (Pl) and polydimethylsiloxane (PDMS) polymers in substrate or coating of retinal
implants and electrocorticography arrays (ECoGs) in clinical and preclinical research across the world.

c. PDMS

In visual implants preclinical research, the flexibility of PDMS shapes the epiretinal
POLYRETINA implant into a contact-lense alike design (Fig. 11), improving the visual field (Chenais et
al.,, 2021). PDMS also plays the role of hermetic case for the Australian subretinal diamond-based
prosthesis (Ahnood et al., 2015).

Finally, ECoGs for neural recordings made with PDMS substrate show better conformability on
brain surface such as the Opto-e-Dura developed at the University of Zurich (Renz et al., 2020) or the
soft grids developed at the EPFL drawn on Fig. 11 (Fallegger et al., 2021).

25



d. PEDOT

Poly(3,4-ethylenedioxythiophene) (PEDOT) is another notable polymer with small charge
transfer resistance. The oxidated form of PEDOT has higher conductivity, which is why PEDOT is
usually doped with anions, the most common being poly(styrene sulfonate) (PSS). Its use as coating
decreases the impedance and increases the charge transfer capability of metal electrodes (Castagnola
et al., 2015).

Generally speaking, PEDOT demonstrates superior electrochemical characteristics compared
to conventional metal electrodes (Vomero et al., 2016) but also compared to IrOx and Pt (Kigure et al.,
2013) for both neural stimulation or recording. For instance, in the WRITE mode, PEDOT can be
incorporated into organic material-based retinal implants as a conductive layer such as the SILK-
PEDOT:PSS-P3HT subretinal prosthesis under in vivo research developed at the ltalian Institute of
Technology (Maya-Vetencourt et al., 2017). The POLYRETINA retinal implant previously shown (Fig.
11) also features PEDOT film below another conjugated polymer in its design for visual restoration
(Chenais et al., 2021). When integrated on flexible ECoG using electrochemical deposition, PEDOT
electrodes are sensitive enough to record spikes (Khodagholy et al., 2015) and can be coupled with
optical imaging techniques because of their optical transparency (Donahue et al., 2018).

|.B. Writing with visual prostheses

|.B.1.Blindness, a worldwide affection

In 2020, the Lancet reported 33.6 million adults over 50 years old affected by blindness handicap
(Steinmetz et al., 2021). This visual impairment condition is caused by irreversible damage which can
happen at different stages of the visual pathway (Fig. 12.A), including the retina, the optic nerve (ON),
the lateral geniculate nucleus (LGN), the superior colliculus (SC) and the visual cortex (V1).

a. Main diseases leading to blindness

The leading causes of blindness for adults above 50 years old are cataract (15.2 million cases),
uncorrected refractive errors (2.3 million cases), age-related macular degeneration (AMD) (1.8 million
cases), retinitis pigmentosa (RP) (1%), glaucoma (3.6 million cases) and diabetic retinopathies (0.86
million cases) (Steinmetz et al., 2021). In developed countries, blindness mainly results from retinal
diseases affecting either photoreceptors as in retinal dystrophies and AMD or the retinal output, the
retinal ganglion cells, as in glaucoma and diabetic retinopathy. The large incidence goes hand in hand
with socioeconomic burden, annual worldwide costs of productivity losses estimated at US$ 411 billion
(WHO, 2023). For legally blind patients, even small improvements in eyesight could lead to great
improvements in daily life for mobility and thus autonomy.

Humans have approximatively 100 million photoreceptors linked to 1.2 million retinal ganglion
cells (RGCs) (Fig. 12.B). Age-related macular degeneration (AMD) and the most common retinal
dystrophy, Retinitis Pigmentosa (RP), are both characterized by progressive loss of photoreceptors.
AMD is a common disease affecting mostly people over 50. The disease starts with blurry central vision
and can develop into two forms: dry and wet AMD. Dry AMD (85-90% of the cases) is characterised by
the progressive thinning of the macula (region of the retina where the cone density is the highest) and
the formation of subretinal deposits (drusen). The patient progressively loses its central and high acuity
vision. Wet AMD is a frequent complication characterised by the growth of blood vessels from the
choroid into the retina, damaging the macula and causing oedema and haemorrhages in the retina. RP
is a group of inherited diseases causing the progressive loss of rod photoreceptors first, followed by a
secondary degeneration of cone photoreceptors. RP patients first gradually lose their peripheral vision
and night vision to ultimately lose also their central and high acuity vision. Around 30 genes have so far
been associated with RP, the majority being expressed solely in rod photoreceptors and most others in
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the RPE. Retinal neural remodelling occurs, leading to many physiological changes such as neurons
migration, neurites sprouting from horizontal and amacrine cells (Fariss et al., 2000), bipolar cell deaths,
and formation of a fibrotic glial seal isolating the remaining neurons from the RPE and choroid (Marc et
al., 2003). However, in both AMD and RP, even though the outer layer cells have degenerated, many
neurons of the inner retina remain (Humayun et al., 1999). In Wet AMD, 30-50% (Kim et al., 2002;
Medeiros & Curcio, 2001) of RGCs are spared while there is no significant difference in dry AMD. More
than 90% of the RGCs also subsist in RP patients’ retina (Stone, 1992).
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Fig. 12 Visual information processing, modified from (Purves, 2018). A. Visual pathway. Retinal Ganglion cells (RGCs) project
onto the optic nerve (ON). At the optic chiasm, the nerves cross (“decussation”) and project mostly onto the superior colliculus
(SC) but also onto the lateral geniculate nucleus (LGN) in the thalamus, before going to the right/left visual cortex via the optic
radiations. B. Anatomy of the human eye and retina. Light transduction occurs at photoreceptor cells level, protected by the retinal
pigment epithelium (RPE). Depolarization is transmitted to bipolar cells (BP) which in turn depolarize the retinal ganglion cells
(RGC), emitting action potentials propagating through optic nerve fibres. Depolarization is mediated by horizontal cells and
amacrine cells. Classical locations of retina implantation are indicated in blue (epiretinal, subretinal and suprachoroidal).

Other common diseases are characterized by impairment at higher level on the visual pathway.
For instance, glaucoma is a chronic disease often but necessarily characterised by an increased
intraocular pressure and is also a common complication of diabetic retinopathy. Progression of the
disease leads to retinal ganglion cell degeneration and the resulting degradation of the optic nerve. As
the optic nerve (ON) relays the visual information from the retina to the brain, pathologies at this level
similarly contribute to visual impairment and blindness development. As for AMD and RP, the higher
visual areas on the visual pathway remain intact, hence the exploration of cortical prostheses directly
stimulating the brain.
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b. Diagnosis

i. Visual acuity

Blindness is legally defined in Europe as having a visual acuity (VA) score “less than 3/60 (0.05 decimal)
or a visual field of less than 10 degrees”. This means that the patient has to stand at 3 m from the chart
to perceive what healthy subjects would see at 60 m. VA translates the spatial resolution that can be
seen and can be scored on different scales in ophthalmology (Snellen chart, logMAR chart, Landolt C
chart). A visual acuity of around 0.4 is needed for normal reading, although the International
classification of diseases already consider a person with a visual acuity lower than 6/18 (0.3) to have
mild vision impairment in Europe.

ii. Visual Evoked Potentials

In ophthalmology, Visual Evoked Potentials (VEP) tests are often used to verify integrity or detect
abnormalities in the visual pathway functions, which might reflect neurological disorders (Odom et al.,
2016). By sending light into the eye, electroencephalograms (EEGs) are able to record in a non-invasive
manner post-synaptic signals called visually evoked potentials (VEPs). In preclinical research,
scientists often take advantage of the easy access and retinotopy of the visual pathway to validate the
functionality of novel electrode materials and electrophysiology designs, all the more as the visual cortex
is easily accessible by craniotomy and the visual pathway is relatively well-known. For instance, VEPs
have been recorded on mice to evaluate flexible PDMS-based ECoGs fabricated using novel wafer
processing methods (K. Y. Lee et al., 2020), on minipigs to demonstrate chronic functionality of soft and
conformable grids (Fallegger et al., 2021), on white rabbits to validate printable platinum-based
electrodes (Borda et al., 2022), or on NHPs to validate functionalities of the WIMAGINE platform, a 64-
electrode ECoG array (Charvet et al., 2013). In line with this predicament, we recorded VEPs in two of
our studies with respectively a custom full-diamond-based ECoG (see §ll.A) and with a graphene-based
transistor cortical array (see § II.B) to demonstrate their abilities as neural interfaces to probe cortical
circuits.

Definitions of VEPs and their characteristics evolved with scientific advances. The International
Society for Clinical Electrophysiology in Vision (ISCEV) standards for clinical visual evoked potentials
differentiates pattern VEPs generated by checker-board stimuli from flash VEPs generated by light
flashes (Odom et al., 2016). For the latter case, short 1 Hz-flash stimulation protocol with luminance at
3 cd.s.m? is preconised.

Although shapes of recorded VEPs vary depending on the preclinical or clinical set-ups, some peaks
are consistent across experiments for normal VEPs. The standard nomenclature names them “P” or “N”
for positive or negative peaks, followed by the number of the peak identified or by the time of the peak
(Fig. 13). In practice for animal models, the N1 and P1 peaks on Fig. 13 are often missed but there has
been some consistency across studies for the latency to light onset (You et al., 2011; Borda et al., 2020).
In humans, N2 is often recorded around 90 ms and P2 around 110 to 120 ms for flash stimuli (Creel,
2019) while in Sprague-Dawley rats, You et al. recorded them respectively at 56.21 ms and 85.33 ms
(You et al., 2011), with the last negative peak N3 occurring at 163.29 ms.

P2 P3

P1

N1 N2
2uv
20 ms N3
Fig. 13 Classical shape of visually evoked potentials (VEPs) and corresponding peaks.

The precise cortical regions involved in the occurrence of the different peaks are still not very clear
(Creel, 2019) yet some studies showed that peaks before 100 ms originates from the primary visual
cortex V1. Peak P2 can occur at an early or late time which respectively reflect signals from the dorsal
extra striate cortex of the middle occipital gyrus and the ventral extra striate cortex of the fusiform gyrus.
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Peak N3 also has an early and late phase which arise either in the primary visual area or from parietal
lobes (Di Russo et al., 2002). For pattern-reversal stimuli induced-VEPs, 3 usual peaks named N75,
P100 and N135 are found at 75 ms (negative), 100 ms (positive) and 135 ms (negative). In contrast, the
amplitude of the signal measured depends strongly on the electrode material used and the experimental
conditions.

c. Treatments

Treatments for these retinal diseases aim at slowing down/stopping the degeneration process.
Unfortunately, many of these diseases have no treatment or many patients are still evolving up to
blindness. For example, injections of antibody fragments complexing the vascular endothelial growth
factor (VEGF) can successfully hinder wet AMD progression. Topical treatments can also prevent the
increase in intraocular pressure leading to glaucoma and blindness. Despite these treatments, AMD and
glaucoma still remain the first causes of blindness in our developed countries. Other paths enabled by
modern biotechnologies are therefore being investigated, by targeting the healthy neurons closest to
the pathological site in the visual pathway. Gene therapy, stem cell replacement, optogenetics are on
this non-exhaustive list but visual prosthesis remains the most advanced strategy for restoring vision to
date while being perhaps the most ethically acceptable one so far.

|.B.2. Past and present visual prostheses based on electrical
stimulation

Visual prostheses aim at restoring some vision by electrically stimulating the visual system.
Such electrical stimulation of the remaining parts of the visual pathway can generate visual percepts,
called “phosphenes”, that are similar to a light flash. In 1755, Charles LeRoy was the first one to report
phosphenes by stimulating the outer surface of the eye of a patient affected by cataract. During the first
world war, the same observations were reported on wounded soldiers stimulated at the cortical level
(Léwenstein & Borchardt, 1918)

a. Concept
Electrical stimulation in the extracellular space of neurons creates an electric field, which affects the
transmembrane potential. The disturbance of the charge equilibrium leads to an influx of cation on the
cathode-like membrane side (electron-receiver side). If the apparent membrane depolarisation reaches
a certain threshold (-60 mV), the neuron generates action potentials or spikes. After the depolarisation,
there is an outflux of potassium through classical potassium pumps to achieve again equilibrium.
However, because the anode-like side cannot be depolarised by the electrical stimulation, a higher
stimulation amplitude (tens of mV) compared to natural depolarisation is needed to elicit neural activity

(Goetz & Palanker, 2016).

Throughout the second half of the 20th century, more than 40 international research groups
attempted to restore artificially the electrical communication between neuronal circuits in the visual
system at the damaged locations (Lorach et al., 2013; Lewis et al., 2015). The retina and the cortex
were uncontestably the most targeted approach for visual restoration therapies based on electrical
stimulation, although some strategies did succeed in the LGN (Panetsos et al.,, 2011; Pezaris &
Eskandar, 2009) or the optic nerve (Borda et al., 2022; Delbeke et al., 2001; Sakaguchi et al., 2009). In
the following section, we will introduce the retinal and cortical visual prostheses, which are both relevant
to my PhD work.

b. Retinal prostheses
When photoreceptors have degenerated, retinal prostheses aim at reactivating the residual retina
in patients affected by AMD or RP. Electrode arrays in contact to the residual retina generate a current
stimulation pattern to elicit form perception. Three locations for the electrode array have been explored
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so far: subretinal, epiretinal and suprachoroidal. Subretinal prostheses are implanted between the
Retinal pigment epithelium (RPE) and outer plexiform layer (Fig. 12.B), while epiretinal prostheses are
attached in the vitreous humour, onto the retinal surface close to the optic nerve fibres. Suprachoroidal
prostheses are implanted behind the choroid. The implants are usually inserted the closest possible to
the macula. Overall, each method has their pros and cons. For instance, the surgery for epiretinal
implantation does not need to detach the already diseased retina as requested for subretinal arrays, but
in the latter case the direct stimulation of bipolar cells triggers a network-mediated response by using
the natural retina information processing, allowing a natural activation of amacrine and RGCs and
resulting thereby in a more “natural vision”. Suprachoroidal implants might also be less traumatic, but
they require higher stimulating currents because of their more distant location from the retinal cells
leading to greater current spreading and thus lower spatial resolution.

Fig. 14 illustrates the different retinal prostheses which entered into clinical trials. From a clinical
point of view, the first subretinal array which went into clinical trials was the Artificial Silicon Retina
(ASR) (Fig. 14.A), implanted subretinally in more than 40 American RP patients from 2000 to 2010
(Chow et al., 2010). The Optobionics company translating the research into the market ceased activity
in 2007 because the implant was not producing any visual perception.

Meanwhile, the company Second Sight Medical devices (USA) entered in clinical phase for
the Argus | epiretinal array (Fig. 14.B.i) showing visual perception in blind patients with only 16
electrodes (Humayun et al., 2003). The upgraded model, the Argus Il epiretinal interface (Fig. 14.B.ii),
was commercialised and implanted in more than 350 patients worldwide with variable results but always
a sustained efficacy and up to letter reading (Humayun et al., 2012; Luo & Da Cruz, 2016). This retinal
prosthesis, Argus I, which became the first ever commercialised product, consists of three distinct parts.
An external device (part1: camera, photovoltaic captors) captures the image of the visual scene, which
is then transformed by an image-processing unit (part 2) into a corresponding electrical stimulation
pattern applied to the electrode arrays (part 3) interfacing with the neurons. The amplitude of the current
applied is proportional to the pixel intensity, but also affects pixel resolution with lateral current spread.

Optobionics Second Sight Medical Products Retina Implant AG
Artificial Silicon Retina (ASR) (T)(sub) Argus I, Il (T)(epi) Alpha-IMS, -AMS (t)(sub)

5000 IrOx microphotodiodes resp. 16 and 60 Pt electrodes resp. 1500 and 1600 microphotodiodes, IrOx electrodes

D. =11 E. = F. &8
PIXIUM Vision RWTH Aachen (University) Melbourne University
IRIS Il (1)(epi), PRIMA (x)(sub) EPIRET3 (epi)(*) Bionics Technologies (supra)(s)

378 photovoltaic pixels 25 IrOx electrodes 44 Pt electrodes

=

ST — scale bar:1cm

| (%) Ongoing clinical trials () Discontinued (epi) Epiretinal ~ (sub) Subretinal  (supra) Suprachoroidal prosthesis

Fig. 14 Retinal prostheses which reached clinical phase. A. Artificial Silicon Retina (ASR) subretinal array, produced by
Optobionics in the USA. (Chow et al., 2001) (i) microscopic zoom on micro-photodiodes. (ii) eye fundus of a RP patient implanted
with the ASR. B. Epiretinal arrays produced by Second Sight Medical Products in the USA. Eye fundus of (i) Argus | and (ii) Argus
1. C. Subetinal implant produced by Retina Implant AG in Germany. (i) eye fundus of a RP patient implanted with the alpha-AMS
chip (Zrenner et al., 2017). (ii) schematics of the implant head with microphotodiodes. D. Photovoltaic subretinal prosthesis by
Pixium Vision (France, USA). (i) photovoltaic pixels for preclinical studies under microscopy (Lorach et al., 2015) (ii) eye fundus
of an AMD patient implanted with the PRIMA chip (Palanker et al., 2020). E. EPIRET-3 implant by RWTH Aachen University. (i)
implant with coil and transmitter (ii) eye fundus of a RP patient implanted with EPIRET-3 (Roessler et al., 2009). F. Bionics
Technologies Generation 2 device produced at Melbourne University (Petoe et al., 2021)

In Germany, around the same times, research on subretinal implants at the University of Tubingen
led to the creation of Retina Implant AG company. Their second product, the alpha-AMS, was
commercialised and implanted in 72 RP patients with again mixed results but up to word reading
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(Zrenner et al., 2011). Inspired by the ASR chip, the alpha-AMS prosthesis was composed of micro-
photodiodes on silicon substrate with iridium oxide (IrOx) electrodes (Fig. 14.C). However, an additional
circuit to amplify currents generated by the photodiodes was added to reach levels activating neurons,
and thus a battery supply had to be connected through a wire extending beyond the ear. Unfortunately,
both companies which reached the market, Second Sight and Retina Implant, ceased their activity in
2019. In September 2022, Second Sight Medical Products merged with Nano Precision Medical to
become Vivani medical company, while resuming activity only on their cortical implant, Orion.

In Aachen (Germany), the EPIRET-3 wireless epiretinal prosthesis was tested in 6 RP patients for
surgery feasibility (Fig. 14.E). As the German law forbids clinical studies longer than 28 days for
academic research, functionality of the prosthesis was not tested (Roessler et al., 2009). The team is
currently optimising its epiretinal array with a wider field of view (VLARS prosthesis, (Lohmann et al.,
2019)) with integration of photosensors in their new OPTO-EPIRET wireless prosthesis (Schaffrath et
al., 2021) while improving their surgery technique.

Several other projects are also close to clinical trial stages. The subretinal chip of the Boston
Retinal Project has been implanted in rabbits and tested for biocompatibility in minipigs with satisfactory
outcomes (Rizzo, 2011). The team launched the Bionic Eye Technologies start-up, who microfabricated
a 256-electrodes arrays with gold wires and IrOx-coated electrodes (D. Shire et al., 2020).

The French company Pixium Vision is undergoing a phase Il clinical trial (NCT04676854) in 38
AMD patients from 6 different European countries implanted with the wireless PRIMA subretinal
prosthesis containing 378 electrodes, each with a diameter of 100 um (Fig. 14.D). Its previous epiretinal
Intelligent Retinal Implant System (IRIS) Il prosthesis with 150 platinum (Pt) electrodes has been
discontinued because of implant lifespan issues upon 2016-2017 6-months clinical trials in 10 RP
patients (Mugit et al., 2019). The new PRIMA implant relies on photovoltaic hexagonal IrOx shaped-
pixels which converts infrared light into electrical currents sent to the remaining retinal neurons
(Mathieson et al., 2012). Like the first ASR, this subretinal prosthesis is totally wireless but stimulated
by googles in the infrared range to enhance the light intensity. Patients have reached a visual acuity
between 20/460 to 20/560 allowing word reading (Palanker et al., 2020) and fusion of the natural
peripheral vision and the artificial central vision (Palanker et al., 2022). Daniel Palanker, who produced
the initial PRIMA prototype, has recently proposed an advanced design of the implant to enhance further
the patient visual acuity (Wang et al., 2022).

Among promising future devices, the POLYRETINA epiretinal soft and wireless implant
manufactured in Switzerland at EPFL also proved functionality in minipigs with the perspective to
generate a very wide field retinal prosthesis (Chenais et al., 2021). Intraretinal stimulation strategies with
a 3D electrode array are also explored to improve neural interfacing and hence current delivery. The
NR600 device designed by Nano Retina company and Tel Aviv University (Israel) is composed of
needle-like silicon electrodes with titanium nitride (TiN) tips. Visual perception tests of 9 implanted
patients in a preliminary clinical feasibility study showed improvements of daily tasks performance
(Yanovitch et al., 2022).

The - less common - suprachoroidal approach is being investigated by the Australian team
behind the Bionics Vision Technologies implants. After a conclusive clinical phase |, 44-Pt-electrode
arrays have been implanted in 4 RP patients without any serious adverse effects (Petoe et al., 2021).

c. Cortical prostheses

For diseases in which the optic nerve is damaged such as glaucoma or diabetes, electrical
stimulation for restoring vision can only occur with electrode arrays placed in higher visual areas such
as at the surface of the visual cortex V1 (subdural) or within the brain tissue itself (intracortical). After
early observations on blind war-wounded patients, the development of cortical prosthesis really started
in the 1960s with the implantation of subdural electrodes in the occipital lobe by Button and Puttnam
(Button & Putnam, 1962), and subsequently when in the 60s, Brindley and Lewin implanted a 80
electrode array on the visual cortex (Brindley & Lewin, 1968). The patient described seeing small spots
of white light or cloudy phosphenes upon electrical stimulation of a single electrodes at several volts
(>8V). They could even discriminate patterns when several electrodes were simultaneously activated.
Dobelle followed on a similar path to demonstrate braille reading or form perception in patients, yet the
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stability of this restored vision remained problematic (Dobelle et al., 1976; Dobelle & Mladejovsky, 1974;
Dobelle, 2000).

These pioneering works were recently reproduced with a superficial cortical prosthesis. Orion,
a subdural prosthesis developed by 2™ Sight company (USA) showed form vision by the sequential
stimulation of different points with an expected poor dynamics vision (Beauchamp et al., 2020). Studies
on non-human primates (Tehovnik & Slocum, 2007) showed that intracortical electrodes required lower
currents (1-100 pA) with respect to superficial electrodes needing several mA (Beauchamp et al., 2020).
The Fernandez’'s team at the Universidad Miguel Hernandez (Spain) confirmed these results in blind
patients with the CORTIVIS brain-computer interface based on a Utah intracortical array (Fernandez et
al., 2021). In this ongoing clinical trial, a second patient was included again for a limited 6-month period
after the promising results shown by the first one. These penetrating electrodes were shown to elicit
form perception in a much more dynamic mode by the direct stimulation pattern presentation.
Unfortunately, Utah electrode arrays also generates major fibrotic reactions around the array in non-
human primates (NHPs) excluding thereby long-term applications in patients in current state (X. Chen
et al., 2023).

Different approaches with novel electrode materials are developing to avoid these fibrotic
reactions. In vivo chronic assessment on canine subjects of the Wireless Floating Microelectrode Array
(WFMA) developed at the lllinois Institute of Technology (Chicago, USA) showed no delamination nor
degradation of the activated iridium oxide films electrodes (AIROF) (Frederick et al., 2022). Meanwhile,
the Gennaris Bionic vision wireless intracortical system created by the Monash Vision Group in Australia
have recently gathered funding to go into clinical stage, after in vivo tests in sheep (Rosenfeld et al.,
2020).

|.B.3. Retinal electrical stimulation strategies

There is no strict convention among the neuroprosthetics community regarding electrical
stimulation protocols, although the choice of stimulation parameters plays on the stimulation efficiency
and might hence influence the design of the visual prosthesis. Usually, continuous biphasic pulsatile
waves are sent to the targeted organ. The first phase depolarizes the nearby neurons while the second
phase balances the charges sent during the first phase, in order to avoid charge accumulation on the
electrodes (Merrill et al., 2005). Sometimes, a short interphase time is added to avoid reversing
completely the effect of the first pulse. Key parameters playing on stimulation efficiency are the location
of the electrodes (and therefore, the stimulated cells), the pulse polarity, amplitudes and pulse duration.

a. Pulse polarity

Cathodic- or anodic-first stimulation induce a different polarity on the targeted cell membrane
(Fig. 15.A-B). When anodic electrical pulses are sent, the membrane underneath the electrode becomes
more positive, attracting in the intracellular space the negative charges. This results in strong
hyperpolarisation close to the electrode and depolarisation more far away. The contrary occurs in
cathodic stimulation, and explains why traditionally cathodic stimulation are preferred, being more
efficient with less current injection than anodic ones to depolarise the cells (Merrill et al., 2005). We will
discuss hereafter the different strategies, with a focus on retinal stimulation only.

b. Pulse location and targeted cells

In the retina, electrical stimulation patterns sent from the artificial chips should resemble as
much as possible natural pattern so that the brain process them accordingly. The subretinal electrical
stimulation paradigm is in this sense more advantageous as it is network-mediated (Fig. 15.C, bottom):
it lets the bipolar cells modulate the stimulation so that the afferent activity sent by the to the higher
orders are more natural. In the epiretinal location, implants can directly depolarize RGCs and trigger
action potentials. Epiretinal stimulation is a “direct” stimulation which also activates axons bundles lying
between electrodes and RGCs (Fig. 15.C, top) whose soma are more distant from the target soma,
creating unattended elongated visual percepts. This axonal stimulation plays in favour of subretinal
stimulation, believed to create more “natural” signals. This is nonetheless not entirely true because
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current technologies do not allow selective activation of ON and OFF bipolar cells. When the subretinal
electrical stimulation is repeated too much, desensitization of the RGCs happens and is most likely at
play in percept fading (Freeman & Fried, 2011; Jensen & Rizzo, 2007).
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Fig. 15 Retinal stimulation strategies. Modified from (Yue et al., 2016). A. Cathodic- or anodic-first biphasic pulses and respective
cellular membrane polarity. B. Corresponding activating function with activated membrane locations (stripped areas).

c. Relation between pulse amplitude, duration, polarity and location

RGCs usually fire around tens of milliseconds in normal visual processing and around 5 ms in
artificial direct activation paradigm (Jensen et al., 2005). The stimulation thresholds (lowest amplitude
to trigger an action potential) are lower using cathodic-first pulses (Boinagrov et al., 2014; Fried et al.,
2006). Short pulses usually around 10 to 100 us are more favourable for direct RGCs activation and
longer pulses of above 0.1 ms aim at indirect activation mediated by the BPs and horizontal cells.
Sinusoidal signals with frequencies below 25 Hz were also found to be effective in indirect RGCs
activation (Freeman et al., 2010). Additionally, there is a dependence between the current amplitude
and duration. For shorter pulses, a higher amplitude is needed in order to trigger an action potential from
RGCs (Boinagrov et al., 2014; Sekirnjak et al., 2006).

In the inner plexiform layer, bipolar cell neurons are not firing axon potentials in a digital mode
but undergo sustained graded depolarizations according to the light level in an analogue circuit mode.
As a consequence, anodic-first stimulation with longer pulses demonstrated in vitro more efficient
activation of the bipolar cells (Boinagrov et al., 2014; Lorach et al., 2015; Paknahad et al., 2021). Anodic-
first symmetric biphasic pulse of more than 8 ms lowered the stimulation threshold compared to
cathodic-first biphasic pulses of same intensity (Paknahad et al., 2021). This is because sodium and
calcium channels are respectively located on the RGC and the BPs facing the epiretinal side (Palanker
et al., 2020).

d. Counter electrode configuration

The counter electrode configuration is also a key feature in the design of retinal prostheses, as
the injected current through the electrode travels in retinal tissues back to the return electrode as in the
Argus Il implant or the Alpha AMS implant. Joucla et Yvert showed an expected better focalisation of
electrical current in the case of ground electrodes as compared to monopolar stimulation using
computational models (Joucla & Yvert, 2012; Bendali et al., 2015). Local return electrodes strategies
have been explored, as well as using multiple electrodes of the array as one large return electrode
(Matteucci et al., 2016). It is also possible to modify electrode size and shape to reduce distance to
neurons and avoid cross-talk. Pillar-shaped electrodes are one example among others (Bendali et al.,
2015; Butterwick et al., 2009; Djilas et al., 2011; Flores et al., 2018; Ho et al., 2019). The PRIMA implants
include such a return common grid electrode allowing a high resolution with RGCs sensitive to a single
electrode (Prévot et al., 2019).
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|.B.4. Current challenges

Past and current visual prostheses which reached the clinical stage were all composed of metal-
based electrodes, and most of them with silicon substrates. Despite encouraging clinical results, the
prostheses still do not meet the end-user’s needs, hastening the collapse of previously mentioned
companies.

Indeed, there is a constant gap between patients’ expectations and clinical trials results. Overall,
there is always a significant difference during prosthesis evaluation tests (objects recognition tasks,
high-contrast letters reading, standardised screen tasks) between prothesis switched ON and OFF
(Muqit et al., 2019; Stingl et al., 2013). In the first stages of the clinical trial of the alpha-IMS (Stingl et
al., 2013), only 5 out of 9 implanted patients declared the implant useful for daily tasks. In some cases,
disappointments can be associated with the limited spatial resolution and image fading. Spatial
resolution can be improved from a technical point of view by downsizing the electrodes, in order to
stimulate one neuron at a time and reduce cross-talks. However, with classical metal-based electrodes,
decreasing the diameter of the electrodes goes in pair with increased impedance and reduction of
electrochemical surface available for charge injection.

Although the Alpha AMS contained 1500 electrodes, the spatial resolution was only slightly
better than the one of SecondSight, which suggest other factors influencing stimulation efficiency, such
as the return-electrode configuration but also the distance between targeted neurons and the implant
which enlarge with time and gliosis. Indeed, the two prototypes from Retina Implant AG respectively
lasted in average 0.6 and 3.3 years implanted in patients. Explantations were mostly due to failures
(Daschner et al., 2017). Metal-based electrodes and silicon substrates also show important mismatch
in terms of stiffness with neural tissues, causing large fibrotic reactions when chronically implanted, as
mentioned previously. Moreover, they are subject to degradation and corrosion if the implant packaging
shows defect.

In consideration of past clinical results, new innovative materials for the electrodes and
substrates could be a solution to tackle biocompatibility issues while improving stimulation efficiency. In
this thesis, we took advantage of the promising electrochemical and chemical-physical properties of
reduced graphene oxide electrodes on flexible arrays to explore its stimulation capabilities, as a part of
the research on next-generation prostheses (see §llI).

|.C. Reading for Epilepsy

Besides electrical stimulation functionality exploited for neural rehabilitation such as vision
restoration, BCls also grant the possibility to record neural signals and decipher neural mechanisms
still partially or totally non-understood. Seizures (fast abnormal brain oscillations) and cortical spreading
depolarizations (infraslow waves of near-complete depolarisation of neurons and glial cells) which occur
during epilepsy diseases fall into that category.

In the scope of the Graphene Flagship, a European Commission funded innovation project, we
explored the potential of a graphene-based electrophysiology tool for measuring both high and infraslow
frequencies, particularly suited for epilepsy studies. Our work described in section §l1.B provides insights
into the advantage of simultaneous DC-coupled recordings with functional ultrasound imaging (fUS) of
the brain in a preclinical rodent model of acute seizures, as a unique platform to investigate the
neurovascular coupling during seizures and CSDs. One could think that similar technological platform
could one day be used clinically to monitor patients and help their diagnosis or treatment by providing a
4D picture of the whole brain with accurate temporal and spatial resolution.

The next section gives an overview of the state of the art from a physiological, cellular and
clinical point of view with a particular emphasis on the electrophysiology tools used to investigate their
link in the context of neurovascular coupling research.

|.C.1. Epilepsy disease
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a. Definition

Epilepsy is a chronic neurological disorder which affects more than fifty million people worldwide.
Beneath this generic term hides a family of diseases with various causes and symptoms, all
characterised by seizures, and more recently sometimes associated with the occurrence of cortical
spreading depolarisations (CSDs). The International League Against Epilepsy (ILAE) refined the
definition of epilepsy in 2014 as a brain disorder characterised by either “At least two unprovoked/reflex
seizures occurring more than 24 h apart, a single unprovoked/reflex seizure with a probability of further
seizures similar to the general recurrence risk (at least 60%) after two unprovoked seizures, occurring
over the next 10 years; diagnosis of an epilepsy syndrome” (Fisher et al., 2014). Because of the
detrimental neuronal consequences of epileptic seizures, the comorbidities represent a significant
societal burden (Stafstrom & Carmant, 2015).

b. Diagnosis

Diagnosis of epilepsy syndromes relies on the patient’s history and neurological examinations.
Seizures are not always associated with visible motor manifestations hence the utility in recording brain
signals in presumably epileptic patients with electrophysiology tools.

Electroencephalography (EEG) and electrocorticography (ECoG) measure the local superposed
extracellular potentials from neurons in the brain. Electrophysiological events which can be recorded
during seizures are interictal spikes and fast oscillations of around hundreds of Hertz. Typical oscillations
are shown on Fig. 16.A. EEGs are measured generally on the scalp with gold cup electrodes (Fig. 16.B)
and usually serve as a confirmation of the diagnosis and help to classify the epilepsy type. A significant
change in EEG signals usually correlate with a change of consciousness and/or behaviour.

EEG represents the most common clinical non-invasive electrophysiology method to record brain
signals. However, EEGs suffer from signal attenuation because of the skull isolation. On the contrary,
electrocorticography arrays (ECoGs) are placed directly on the dura matter or directly on the cortex
surface, and their proximity to the brain offer better quality signals. This is why in preclinical research,
ECoGs are preferred despite the necessity to expose the brain by craniotomy.

Fig. 16 Epilepsy diagnosis and treatments. A. Typical seizures (ictal activities) measured with ECoGs after high-pass filter (>0.1
Hz) from (Wykes et al., 2022). B. Electroencephalography (EEGs) gold cup electrodes used in clinical diagnosis of epilepsy. C.
Clinical use of electrocorticography (ECoG) grids to localize epilepsy onset foci prior to brain resection surgeries (Demuru et al.,
2020) D. Neuropace RNS® system for chronic closed-loop stimulation of the seizures onset zones for surgery refractory patients.
Modified from (Jarosiewicz & Morrell, 2021).

c. Treatment
Current treatments aim at improving the life of epileptic patients, and vary depending on epilepsy
type, etiology and patient history.

Commercialized antiseizures drugs are used to prevent or control the seizures in most of the cases.
They can act for instance on inhibition of Na-channels pumps (carbamazepine) or voltage-gated Ca2+
channels (ethoxuximide) in order to prevent depolarization, or blocking of glutamate receptor
(perampanel) (Vera-Gonzalez, 2022). Despite their relatively proven efficacy, they do come with side
effects such as sleepiness and still allow for occasional seizures. - The mechanism of action is still
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poorly understood so that most patient will need months to years of trial and error with combinations of
anti-epileptic drugs (usually three) until seizures are controlled. If the patient is resistant to antiseizure
drugs (~30% of the cases), alternative options need to be considered, which range from ketogenic diet
to more invasive methods such as partial brain tissue removal in open skull surgeries, vagus nerve or
cortical electrical stimulation. Even though more than 30 new anti-epileptic drugs were approved over
the last 40 years the number of people with drug-refractory epilepsy has not changed.

In clinical set-ups, ECoGs such as the strips on Fig. 16.C are already widely used by neurosurgeons
for epilepsy resection surgery to locate the seizures foci and are evaluated for chronic stimulation of the
detected seizures foci (Nune et al., 2019; Pellegrino et al., 2016; Ren et al., 2019), with often the help
of prior functional neuroimaging methods (fMRI, PET, CT). Even then, surgery cannot ensure definite
eradication of epilepsy symptoms, as 30 to 40% of the patients who undergo temporal lobe removal
surgery will experience again seizures in the year after surgery (Engel et al., 2003). In some medically-
intractable epilepsy cases, surgery is not even possible because the seizures onset zones are multiple
and located in not accessible deeper zones.

Clinical ECoGs for long-term recording and/or stimulation purposes which could match the
requirements for biocompatible, mechanically stable, and electrically efficient prostheses design are
taking a new turn with the development of the RNS® system from NeuroPace®, shown on Fig. 16.D. This
commercial FDA-approved neurostimulator is an appealing solution for patients resistant to drug
treatments which is implanted chronically intracranially near or at the epilepsy foci. The system can
predict onset of seizures based on algorithms to launch stimulation at early times, thereby reducing the
frequency of seizures (Jarosiewicz & Morrell, 2021). Even though the commercial implant is showing
encouraging results for refractory epilepsy patients, 10% of the patients had site infection and bone flap
osteomyelitis, associated with multiple replacement of the pulse generator yearly (Wei et al., 2016).

Chronic stimulation of the brain with the commercialised Neuropace RNS® closed-loop stereo-EEG-
based system has been proven to be efficient to decrease seizures rates in such patients, up to 75%
after 9 years of implantation and stimulation (Skarpaas et al., 2019). Such system is implanted in
subdural near the epilepsy foci, chronically records ECoGs signals and sends electrical pulses when
abnormal signals are detected (Nune et al., 2019).

However even these treatments do not control entirely the seizure patterns. There is still a gap to
close before finding a definite cure to epilepsy due to poorly understood disease mechanisms.

|.C.2. Seizures

Seizures happen when neurons from the central nervous system (CNS) fire synchronously and
abnormally in a large brain region, propagating sometimes to more distant regions. The period between
two seizure events is called the interictal period, by contrast with the discharge period called ictal events.
The period following seizures is the postictal period. Seizures are not specific to epilepsy, and can occur
for example after primary brain injury, tumours, or infections.

Seizures can be classified as partial/focal or generalized. The most common partial seizures are the
complex partial seizures, or psychomotor seizures. The patient can manifest impairments,
hyperactivation of sensory systems (e.g. visual hallucinations if located in the occipital lobe) to loss of
consciousness. Such seizures can spread to the whole cortex and become generalized seizures which
episodes last 1 to 2 minutes. However, prolongation of generalised seizures can become status
epilepticus condition which can lead to detrimental neuronal loss and death (book neurosciences).
Generalised seizures can be clonic-tonic seizures, triggering convulsions or on the contrary absence
seizures where the patient is unresponsive for a brief (few seconds) period. In those cases, the EEG
usually shows 3 Hz oscillations.

Sometimes, epileptic spikes can trigger cortical spreading depolarizations. The association between
the two cerebral perturbations have been recorded and demonstrated in rodents (Bonaccini Calia et al.,
2022) and in humans (Fabricius et al., 2008) yet the exact neurovascular mechanisms linking the two
remains unclear (Kramer et al., 2017). There is evidence for seizures occurring prior to CSD and vice
versa. The spatiotemporal interactions between the two phenomena is poorly understood, but is now
being actively investigated by numerous international laboratories.
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|.C.3.Cortical spreading depolarisations (CSDs)

In the last few decades, CSDs have been associated with many neurological disorders, and
among them, epilepsy. These slow waves of near-complete depolarisation of neurons and glial cells
happen at infraslow frequencies (<0.1 Hz) and cannot be detected using classical alternative-current-
based electrophysiology tools which high-pass filter the recorded signals between ~1-300 Hz in order
to recover local field potentials (LFPs) with low noise. Therefore, clinically, it is impossible to measure
CSDs on patients with classical EEG electrodes on the scalp. Moreover, during epilepsy events,
seizures happen at high frequencies hence the difficulty to monitor both phenomena at the same time.
The research around CSDs in the context of epilepsy is very recent but stimulates the development of
more reliable electrophysiology tools to improve the real time monitoring of cortical signals in order to
find the exact epileptic foci during resection surgeries, all the more as multi-modal monitoring has a non-
neglectable plus-value for patients in neurocritical care (Dreier et al., 2018). Investigation of CSDs and
seizures have provided insights into the understanding of epilepsy and could help potential therapeutic
interventions aimed at modulating these phenomena (Dreier, 2011).

a. Definition

CSDs are propagating waves of near-complete depolarization of neurons and glial cells. They have
been discovered first by Aristides Leao at Harvard Medical School back in 1944 by sending electrical
discharges to the brain of anaesthetised rabbits and measuring neural activity using silver chloride
electrodes (Leao, 1944). Often misused, the term “spreading depression” first described by Leao refers
to the suppression of neural activity in electrode channels and is implicit during CSDs. CSDs have been
associated with different pathologies such in stroke, migraine, ischaemia, traumatic brain injury (TBI),
epilepsy, which explains why research on CSDs gained considerable interest over the last decades
even though detailed physio-pathological mechanisms remain obscure.

CSDs are characterized by a slow potential change (SPC) with 3 distinct phases (Smith et al.,
2006; Somjen et al., 1992), clearly visible using DC-coupling technologies (Fig. 17.A-B):
1. a fast-negative shift of 5 to 20 mV lasting 30 to 50 s corresponding to the drastic rise of
extracellular [K*]o,
2. up to another local more negative maximum
3. and a slow shift back to baseline

CSDs propagate at a speed of around 2-6 mm/min in rabbits, rats, cats (S. Chen et al., 2008; Leao,
1944; Piper et al., 1991; Zhang et al., 2011; Nasretdinov et al., 2017). In humans with traumatic brain
injury or intracranial haemorrhage CSD speeds were reported to be around 0.6 to 5.0 mm/min (Strong
et al., 2002).
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Fig. 17 Recordings of typical electrophysiology, ionic and metabolic signals during epilepsy-related events. A. Usual cortical
spreading depolarisation (CSD) signal measured with DC-coupled technology and corresponding extracellular potassium
monitoring [K+]o. Phase (1) corresponds to a fast negative shift of potential, followed by a slower but more negative shift (2) before
a slow increase back to normal potentials (3). Modified from (Somjen et al., 1992). B. DC-coupled signals and high-pass filtered
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(HPF) signals recorded using graphene-based transistors ECoG, showing seizures and seizures-associated CSDs. CSD in DC-
channels is associated with spreading depression on HPF signals. Modified from (Wykes et al., 2022).

b. Electrophysiology measures of CSDs

Usual alternating current (AC) electrodes are set to only record signals above ~10-' Hz, in order to
prevent recording amplifier saturation. The local field potentials (LFPs) recorded this way consists in
extracellular potentials around the intracortical electrodes, strictly speaking differing with ECoGs signals
which are recorded usually under the dura (yet, the misappropriation between the two is common
(Buzsaki et al., 2012)). Both LFPs and ECoGs signals have low amplitude signals (~10 uV) so after
acquisition (sampling rate >10° Hz), they are amplified (~500 times) and filtered (~0.1-300 Hz) before
analysis.

In contrast, CSDs are by definition infraslow potential shifts which can only be recorded with high
fidelity using direct current (DC) coupled electrophysiology technologies. Such DC-coupled recordings
represent a technical challenge as they necessitate stable electrodes and adequate amplifiers.

i. State-of-the-art

CSDs were first measured on anaesthetised rabbits using silver chloride wires (Leao, 1944), and
micropipettes filled with saline is currently the gold standard for DC-recordings (Piper et al., 1991).
However, they only allow recordings at few locations and are complicated to handle, whereas CSD
necessitate multiple measure points (at least two) to be able to see the propagation from one point to
another.

Ten mm diameter silver chloride (AgCl) disk electrodes were reported to record with reasonable
stability low-frequency brain signals on patients’ scalp (0.015 — 40 Hz) revealing CSDs in that frequency
bandwidth (Bastany et al., 2020). Nonetheless, silver chloride wires have been shown to be chronically
toxic for brain tissue (Li et al., 2016). Classical metallic electrodes in Pt or Au can also record infraslow
frequency activity but their polarization induces potential shifts superposed onto actual physiological
slow shift which hinders quality recordings.

As transistors can also record neuronal activities (Offenhausser et al., 1997; Vassanelli & Fromherz,
1998), they were progressively incorporated into electrophysiology tools. In contrast with micropipettes,
transistor-based technologies benefit from industrial-scale production methods and yield large signal-
to-noise ratios because of the intrinsic signal amplification of the semiconductor device. Furthermore,
multiple transistors can be assembled on a same array for brain mapping.

ii. Field-effect transistors (FETSs)

Field effect transistors (FETs) are nowadays produced in mass and found in almost all
electronic devices. A metal-oxide-semiconductor field effect transistor (MOSFET) is made of three parts:
an insulator (dielectric layer), a thin semi-conducting layer and three metal electrodes. Classical
MOSFETs are made with silicon (Si) as semiconductor material and SiO. as dielectric layer which
separates the gate electrode from the semiconducting layer (Fig. 18.A). The FET amplifier operates as
an electronic capacitor in which the voltage Vgs input at the gate electrode modulates the free carriers’
density in the semiconductor channel and hence controls the current Ips flowing between the drain and
source electrodes. The output current loyt can hence be controlled by the applied voltage Vas which sets
the number of charge carriers in the channel.

In field effect transistors, there is an additional gate electrode which modulates the conductivity
of the channel material. In other words, during operating mode, the semiconductor layer couples to the
gate which allows conduction through the channel upon application of a source-drain voltage Vps. The
transconductance of the transistor corresponds to the efficiency of Ips modulation by the gate. It depends
on both the charge carrier mobility of the channel material and the interfacial capacitance (combining
quantum capacitance and double-layer capacitance) (Hébert et al., 2018). FETs are particularly
interesting for neural recording because the signal amplification is intrinsic to the system. This way,
external noises are not amplified along with the signal of interest, resulting in higher signal to noise ratio
(SNR).

As the performance of the transistor highly depends on the fabrication process, FETs have to
be fully characterized beforehand. Critical parameters such as the mobility y presumed constant and

38



intrinsic noise can be calculated from measured lgs-Vgs and lgs vs time characteristics. More importantly,
characterization of the FETs helps to choose a constant Vgs for optimal recording.

iii. Graphene-based FETs (gFETSs)

Miniaturisation of the transistors comes with reduction in size and thickness of the dielectric
layer, creating current leakage issues and reduction in carrier mobility density and speed (Burghard et
al., 2009; Sokolov et al., 2009). For the past decades, carbon-based materials were investigated as
promising materials with higher carrier mobility but with also better biocompatibility and chemical stability
for incorporation in new generations of brain-computer interfaces. Graphene is one of those materials,
but its electronic configuration is such that there is no gap between its valence and conduction band
hence the difficulties to “switch off’ the material (Burghard et al., 2009; Reddy et al., 2011).

Recently, new technological advances contributed to the development of graphene solution-
gated field effect transistors (JSGFETs or gFETs) using CVD monolayer graphene as channel
material with a reference electrode in an electrolyte as the gate as schematised on Fig. 18.B (Hébert et
al., 2018; Hess et al., 2013). gFETs are even more attractive because of their flexibility: CVD graphene
can be transferred on soft substrate such as polyimide, parylene C to fabricate arrays allowing brain
mapping (Fig. 18.C). Therefore, gFETs arrays suit better the conformability of the brain and can be
placed underneath fUS probes for scientific studies, which can not be achieved with micropipettes. The
mobility of charge carriers in CVD graphene are 2 order of magnitude higher than Si, traditionally used
in FETs as channel semiconductor. As a consequence, the transconductance of graphene is high and
benefits a high sensitivity recording, especially suited for infraslow recording. CVD graphene is also
valuable on neural implants since it does not oxidise easily in aqueous media.

A B. C
MOSFET gSGFET
_ electrolyte
T Gate B substrate (PI)
(Ag/AgCl) ( passivation (Pl)
- |-_— Il Vetal
l—.—._l - . W Graphena
-Vas I substrate/semiconductor (Si) VDS'VGS
I B metal _T_
= I channel region =
dielectritg layer (SiO,) Vas Vps-Ves
passivation j_ _T_
D. E

hole transport

conduction band 3
M.~4.7 eV 3 CNP
) 2204 S >
additional empty holes =
valence band
10
T T T T
Vas 0.0 0.1 02 0.3 0.4
E Vas
1
electron transport 00
I 80
ds
g 60
electrons at higher A
additional levels — | G 40
20 1 -——_//

O T T T T T
0.0 01 0.2 0.3 0.4
= Vas Vgs (V)

Fig. 18 Principles and characteristics of graphene-based transistors. A. Simplified schematics of metal-oxide-semiconductor field-
effect transistor (MOSFET). The electrical field at the gate modulates the charge carriers (n+) from the source to the drain through
the channel region. B. Schematics of a flexible graphene solution-gated field effect transistor (QSGFET). The substrate is polyimide,
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and graphene serves as channel material. The gate is usually an Ag/AgCl electrode in contact with the transistor body through an
electrolyte or the extracellular medium. C. The gSGFETs used in this doctoral study are made with 16 transistors on polyimide
substrate. (from Masvidal-Codina et al., 2019) D. Simplified momentum-energy diagram explaining the conductivity modulation in
graphene by application of a gate voltage (from Hébert et al., 2018) The electrochemical potential at the gate corresponds to 4.7
eV, and the working function of the graphene is around Wgr = 4.6 eV. E-F. Characteristic curves of gSGFETs in 10 mM PBS with
a drain—source voltage bias (VDS) of 50 mV. E. Transfer curves of a gSGFET. Average characteristic curve is in dark blue. The
charge neutrality point (CNP) corresponds to the minimum conductivity state of the (from Masvidal-Codina et al., 2019). F.
Leakage current of the gSGFET at the source IGS for different values of VGS.

How does a gFSGFET function? When a voltage is applied at the gate, the last energy level of
electrons occupation known as the Fermi level is shifted in the transistor channel made of CVD graphene.
The lowering of Fermi level is lowered creates empty levels on top of the valence band (Fig. 18.D, top
panel). The positive holes formed becomes the charge carriers and the graphene electrode becomes
positively biased. When the Fermi level is increased (Fig. 18.D, bottom panel), electrons are populating
an extra level of energy close to the conduction band. The charge carriers are the negative electrons;
the graphene electrode is negatively biased. The graphene material can be therefore polarised both
ways. If the Fermi level reaches the point at which the conduction and valence band meet, also called
the Dirac point, the conductivity drops and charge carriers’ mobility is at its lowest. The corresponding
gate voltage Vgs to reach this point is called the charge neutrality point (CNP). It can be estimated by
measuring the transfer curve of the transistor (Fig. 18.E) which corresponds to the relation between Ips
and Vgs for a set Vps value. The CNP is reached at the minimum of the Ips = f(Ves) plot.

Several studies already operated the gFET technology and proved its high signal fidelity
recovery as compared to a classical micropipette for DC signals (Masvidal-Codina et al., 2019) and its
superiority in terms of SNR ratio but also stability in comparison to passive electrodes (Pt black or Au
standard electrodes) for infraslow frequency. Moreover, gFETs have comparable characteristics for
higher frequency brain signals on both anaesthetised (Masvidal-Codina et al., 2019) or awake animals
(Masvidal-Codina et al., 2021). Such technology does not work only for ECoGs but can also be made
into intracortical arrays to probe the deeper layers of the brain (Bonaccini Calia et al., 2022).

c. Cellular mechanisms

From a cellular point of view, CSDs can arise from different triggers. In normal healthy brain, high
concentration of KCl can induce CSDs. In diseases, CSDs trigger an increase of extracellular potassium
concentration [K*], which can reach a very high threshold of around 12 mM, hindering the usual [K*],
clearance mechanisms (Somjen et al., 1992; Ayata & Lauritzen, 2015). The membrane resistance then
drops, causing opening of cations channels, drastic increase of [K*], concentration up to 60 mM as seen
on the purple plot of fig. 5.A and rapid intracellular intake of sodium [Na*];, chloride ions [CI];, [Ca%*]; and
water. All the ionic movements result in cell swelling so reduction of extracellular space and even more
concentrated [K']o. Release of many neurotransmitters such as aspartate, GABA, taurine, glutamate,
the latter which facilitates spreading of CSD to neighbouring regions ) have been reported in literature
(Mody et al., 1987; Nasretdinov et al., 2017). This hyperexcitability phase is followed by a “depression”
or silencing of neural signals.

d. Seizures-associated CSDs

Seizures and CSDs can co-occur in humans (Fabricius et al., 2008) and animal models (Masvidal-
Codina et al., 2019; Zakharov et al., 2019). However, the dynamic interplay between seizures and CSDs
is not clearly understood, as well as the relationship between high-frequencies local field potentials
(LFPs), DC potentials and blood flow. Nonetheless, some aspects are consistent across studies. For
instance, LFP silencing has been observed a few seconds after CSD onsets in both animals and humans
(Bahari et al., 2018; Masvidal-Codina et al., 2019; Bastany et al., 2020). Then, the activity progressively
recovers at the end of the CSD. Active and passive DC-shifts can be respectively observed at the onset
and end of seizures (lkeda, 1999; Bonaccini Calia et al., 2022). CSDs can complicate into sudden
unexpected death in epilepsy (SUDEP) and have always been associated with pathophysiological
mechanisms. Recently, spontaneous CSDs have been found to occur more easily when seizures spread
out or generalize. The proof of CSD as playing an antiseizure role (Tamim et al., 2021) in models of
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focal neocortical seizures even questions the essence of the mechanism: could CSD be physiological
instead of pathophysiological? The topic remains controversial as there is no tangible demonstration of
CSDs terminating the seizures and no proof on awake animals.

|.C.4. Neurovascular coupling during seizures and CSDs

Research interest for neurovascular coupling (NVC) has been growing for the past few decades.
As in many other neurodegenerative diseases, the normal NVC is perturbed in epilepsy yet the exact
underlying mechanism during seizures and CSDs remains unclear. Both seizures and CSDs are known
to profoundly affect CBF. A better understanding of the neurovascular coupling impairment after CSDs
and seizures (Chang et al., 2010; Dreier, 2011) may allow development of novel disease-modifying
drugs. The advent of novel functional imaging techniques such as functional ultrasound imaging (fUS)
granted access to information of vascular changes with high spatial resolution (~100 ym), in deeper
brain structures and with a larger spatial spread compared to local ECoG mappings. Details on fUS and
NVC are given in §1.D.1, while the following section presents the state-of-the-art on NVC studies during
ictal events.

a. Vascular changes during seizures

Vascular and metabolic mechanisms during seizures are not entirely elucidated, but what is known
is the consequent energy demand during epilepsy states caused by the neuron hyperexcitability. The
most popular hypothesis favours the hypoxia and blood hypoperfusion, which, on the long run, cause
neural damage and physiological changes (Simon, 1985). However, using Opto-microwave radar
imaging systems (ORIS) (Bahar et al., 2006; Zhao et al., 2007) and Positron-emission tomography (PET)
(Franck et al., 1986), studies in rats and humans show rapid decrease of blood oxygenation named the
“epileptic dip” (Bahar et al., 2006) concurrent with an increase in cerebral blood volume (CBV) for the
duration of the seizure. In epileptic patients, CBV variations seem to precede electrophysiology changes
by 20 s (Zhao et al., 2007). To date, there is no consensus about whether local CBV increases or
decreases during seizures. More recently, functional imaging techniques were exploited to decipher the
neurovascular mechanisms at play during seizures. Sieu et al. recorded spontaneous epileptic seizures
in the rat model, generic absence epilepsy rat from Strasbourg (GAERS), with fUS and EEG electrodes
and found inverse electrographic-hemodynamic coupling between the caudate putamen (CPu) and
somatosensory cortex plus thalamus (Fig. 19.A). These findings substantiate existing EEG-fMRI results
(Mishra et al., 2011). However, fUS has only been coupled so far with AC electrophysiology tools, and
other studies have used rarely DC-coupled electrophysiology, which explains perhaps the diversity of
findings.

i. Vascular changes during CSDs

In normal tissue, depolarisation of the cells calls for an increased metabolic activity and hence an
increase in blood flow to supply oxygen and nutrients to neurons, allowing repolarization. During CSDs,
the haemodynamic response resembles the one of normal neuronal activation, but the rCBF increases
more drastically, becoming a spreading hyperaemia reaching levels of more than 100%. This is due to
the more acidic blood pH and drastic increased [K*], which helps vasodilation. After hyperaemia follows
a prolonged period of oligemia (Lauritzen et al., 1982; Dreier, 2011).

This biphasic pattern has been confirmed across literature yet the shape of the waves varies
depending on the animal model and the technique used. Piper et al. have reported this hyperaemic
activity followed by prolonged oligemia in the gyroencephalic cortex of anesthetised cats using laser-
doppler velocimetry upon pinprick (Piper et al., 1991), while Chen et al. recorded the biphasic change
in anaesthetised rats using optical intrinsic signal imaging (OISI) upon pinprick (S. Chen et al., 2008). In
humans, Mayevski et al. measured the biphasic change in severe traumatic brain injury patients
(Mayevsky et al., 1996).
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Fig. 19 Simultaneous fUS and electrophysiology measurements in literature. A. Recordings of spontaneous epileptic seizures in
Genetic Absence Epilepsy Rats in both brain hemisphere. (i) brain areas where rCBV is averaged. (ii) bilateral seizures and
bilateral flucturations in CPu (greens). (iii) Synchronisation of oscillations in Thalamus (orange) and cortex (purple) (iv) Pearson
correlation coefficient R between EEG and fUS average rCBV over somatosensory cotex (S1), thalamus (T), caudate putamen
(CPu) and hippocampus (H). Modified from (Sieu et al., 2015). B. (i) (red) average rCBV in somatosensory cortex (S1) and (black)
local field potentials recorded during CSD. 4 distinct phases were extracted (0, 1,11, 11, V). (modified from (Bourgeais-Rambur et
al., 2022) (ii) conceptual interpretation of vasomotor response to CSD. 4 phases have been identified. Modified from (Ayata &
Lauritzen, 2015).

More recently, progress in fUS allowed visualisation of cerebral blood flow (CBF) propagation during
4-aminopyridine-induced acute CSDs in rats (Macé et al., 2011). Using the same technology but in the
context of a migraine study, Bourgeais-Rambur et al. decomposed the CBF signals recorded using fUS
in anaesthetised rats upon KCI drops on V1 cortex. LFP recordings using electrophysiology tools
confirmed the spreading depression (brain silencing) during the occurrence of CSD. The four distinct
phases found (Fig. 19.B.(i)) match the conceptual framework of vasomotor components described by
Ayata & Lauritzen (Ayata & Lauritzen, 2015) who collected CBV response to CSD from different
laboratories, animal models (rats, cats, mice), techniques (laser Doppler or speckle flowmetry) and
different gaseous anaesthesia (isoflurane, halothane, urethane) (see figure 4 of Ayata & Lauritzen,
2015). Fig. 19.B.(ii) illustrates that four distinct phases can be monitored in blood signals in response to
CSDs. Phase I, not always seen, is concomitant with the start of the DC-shift in electrophysiology and
corresponds to a small amplitude vasoconstriction. Phase Il is usually the most striking, characterized
by a peak in blood volume increase (hyperaemia). Sometimes another hyperaemia component (phase
[l) is found in between phase Il and IV. Then vasoconstriction/oligemia occurs very slowly and lasts for
1 or 2 hours (phase V).

Despite all those findings, many interrogations still remain around the metabolism and vascular
mechanisms during CSDs, and around the idea of an impaired neurovascular coupling or even
neurovascular uncoupling occurring after the CSD (Lauritzen & Henrik Diemer, 1986; Chang et al., 2010).

ii. Animal models of seizures and CSDs

The many unknown and high stakes behind the research in neurovascular coupling dysfunction and
the need of novel treatments for neurological disorders call for the implementation of relevant animal
models. There exist different ways to replicate seizures and CSDs in preclinical research in order to
investigate neurovascular coupling dysfunction.

The most common and easiest method to induce multiple CSDs in normal animals is the topical
application of a saturated KCI solution (> 1M) to raise the extracellular potential. Other CSD-inducing
chemicals involve metabolic inhibitors (NaCN for example) which poison oxidative metabolism, NaF and
iodoacetate which interfere with glycolysis. Mechanical local stimulation or “pinprick” can trigger an
isolated CSD. Some chemo-convulsant drugs are known to generate focal seizures. For instance, 4-
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aminopyridine (4-AP) is a non-selective potassium channel blocker which limits extracellular potassium
[K*]o, hence longer action potentials and increased excitability of neurons.

Genetically modified rodents also exist, such as the Genetic Absence Epilepsy Rats (GAERS)
characterized by spontaneous seizures (Sieu et al., 2015). Acute stroke models are also often used to
trigger CSDs and seizures. In swine, the middle cerebral artery occlusion model (MCAO) blocks the
blood intake in the brain: the hypoxia triggers CSDs.

Studies on terminal CSDs usually monitor electrophysiological and physiological signals before,
during and after cardiac arrest. In rats, the most common and easy model to implement is the injection
of concentrated KCI (1 M) in the body. Injection of rose-bengal and activation of photothrombosis with
green laser (Watson et al., 1985) is an acute stroke model.

Overall, research on CSDs is not only critical to provide better treatments and perhaps find a
biomarker or neurovascular signature for epilepsy to tailor such treatments, but also to understand better
the mechanisms involved in many more pathophysiological brain states. Indeed, recent scientific
evidence of implication of CSD not only in epilepsy but also in migraine, traumatic brain injury, stroke
and many neurodegenerative diseases such as Alzheimer’s disease highlights the importance of this
research field.

|.D. Functional ultrasound imaging of the brain

Functional ultrasound imaging (fUS) is a novel imaging technique developed intensively first by
the French research group Physics for Medicine led by Michael Tanter. The development of the
technique fastened in the 90s notably with the advent of faster graphical processing units, and spreads
in a growing community worldwide, seduced by its easy handling, low-invasiveness and competitive
price compared to classical (pre)clinical imaging technologies (fMRI, PET, CT), making it a technology
of choice to investigate in rodents the cerebral activity with high spatial resolution in easier
implementation of experimental protocols. We took advantage of these features and used it to prove the
functionality of our custom rGO subretinal implant by visualising neural activation of the visual pathway
(see §lll). Its weak temporal resolution can be compensated by simultaneous electrophysiology
recordings. This is precisely what we designed for exploration of neurovascular coupling during CSDs
and seizures, in an attempt to better understand both the brain connectivity and the correlation between
blood flow, LFPs and infraslow signals in epilepsy (see §lI.B).

The fUS technology relies on the concept of neurovascular coupling (NVC). Imaging cerebral
blood flow (CBF) changes provides an indirect measure of the neural activity. We first describe briefly
the cellular mechanisms at play in order to justify the validity of using such technology for our
experiments (§1.D.1), then explain the physics principle (§1.D.2) and data pre-processing behind the
technology (§1.D.3).

|.D.1. Neurovascular coupling

Neurovascular coupling (NVC) refers to the link between neuronal activity and blood flow. In this
section, we attempt to describe briefly the hypothetic cellular mechanisms at the origin of NVC. To do
so, we star with a rapid overview on brain vasculature.

a. Brain vasculature
The brain vasculature is made of different types of vessels surrounded by different types of cells
(Fig. 20.A). The vascular tree at the surface of the brain within the subarachnoid space consists in pial
arteries and arterioles which are enveloped by arteriolar smooth muscle cells (SMCs) which control
blood flow through constriction or dilation. On those SMCs, perivascular nerve fibres from the peripheral
autonomic and sensory ganglia are branched (Fig. 20.B). The pial arteries and arterioles give rise to
penetrating arterioles who run deeper down the brain. These penetrating arterioles have a different
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structure: they are surrounded by a perivascular space filled with various cells (macrophages, pial cells
etc.) and nerve fibres. This space is itself enveloped in astrocytes endfeet in deeper brain regions. In
those deeper regions, intraparenchydermal arterioles and capillaries are also enclosed in astrocytes or
neurons processes from neurons nearby. The proximity of neurons with the cerebral vascular system
explains in part the neurovascular coupling.
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Fig. 20 Neurovascular coupling in the brain. Modified from (ladecola, 2017). A. Brain vasculature. B. Description of the 4 types of
vessels: intraparenchymal arterioles, capillaries, pial arterioles and penetrating arterioles. SMC = smooth muscle cell. PVM =
Perivascular macrophage. C. Feed forward and feedback models to describe the local increase of cerebral blood flow (CBF) upon
neuron activation.

b. Cellular mechanism

As the brain needs energy to maintain its homeostasis, blood flow increases (hyperaemia) and
contributes to irrigating the organ in metabolites and cleanses it from overload of toxic elements such
as lactate or CO,. Although two distinct models have been proposed to explain the origin of NVC, it is
arguable that the truth is not solely black nor white and might be a mix of both hypotheses (Fig. 20.C),
depending on the region of the brain (ladecola, 2017). There might be first a feedforward mechanism
by which neurons release vasodilators by-products such as potassium, nitric oxide (NO), prostanoids,
through signalling pathways prior to neural activation. After what, a second metabolism-driven feedback
mechanism brings back the blood flow to a high value. The sudden peak of CBF is modulated by
metabolic by-products such as adenosine, CO,, H*, lactate, released because of glucose and O
consumption/need.

Three cellular pathways account for most of the released calcium Ca?* influx is favoured by
glutamate-related post synaptic activity and activates neuronal NO synthase (nNOS) and
cyclooxygenase 2 (COX-2) which are calcium-depend enzymes, leading to respective release of NO
and prostanoids. Glutamate also activates astrocytes leading to increase of calcium influx and
production of adenosis which contributes to the vasodilation. Many unknowns remain in the equation,
such as the contribution of astrocytes the chicken-and-egg question about the link between
neurovascular coupling dysfunction and several neurovascular diseases. As already noted for cortical
spreading depolarisations in section §1.C.3, neurovascular coupling perturbation during pathological
events is still poorly understood.
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When neurons are activated in a certain area of the brain, there is a dwell-time and rapid response
of the vascular system in the same region because of the neurovascular coupling. This property made
it possible to quantify CBF by mapping brain functions, and hence to do functional imaging of the brain.

[.D.2. fUS principles

Nowadays, fUS technology is in full expansion in in vivo experiments involving rodents, lagomorphs
or NHPs. It is mainly used to draw functional connectivity maps through evoked activity or to investigate
effects of pharmalogical drugs on brain connectomics. We retrace in the following section the
advantages and limits of fUS and detail its working principles and key pre-processing steps.

a. Advantages and drawbacks of fUS

Fig. 17 replaces fUS in comparison with more classical brain imaging technologies. The spatial
resolution can therefore go down to 100 pym, which is slightly better than fMRI and PET (Logothetis,
2008; Lancelot & Zimmer, 2010). This was until the advent of functional Ultrasound localization
microscopy (fULM) with which details down to few micrometres can now be seen thanks to the tracking
of microbubbles injected intravenously (Renaudin et al., 2022). In terms of temporal resolution, fUS is
less performant than electrophysiology but not far from optical imaging methods such as optical intrinsic
signal (OIS) imaging.

MEG

High
Implanted
EEG

FMRI

Temporal Resolution

Local Brain Imaging e

10°m

Spatial Resolution

High

Fig. 21 Comparison between different brain imaging techniques in terms of temporal resolution, spatial resolution and portability.
EEG = Electroencephalography, MEG = magnetoencephalography, PET = positron emission tomography, FMRI = functional
magnetic resonance imaging. Retrieved from (Deffieux et al., 2018).

fUS is also less costly and more practical because the machinery is portable, compared to functional
magnetic resonance imaging (fMRI). It can be combined easily with electrophysiology tools and implant
monitoring, while it is not the case for fMRI. As the probe is small and easy to handle, fUS is particularly
interesting for in vivo studies with awake animals.

A major disadvantage was the necessity to remove or thin the skull for imaging because ultrasounds
are attenuated and distorted by the bones. Craniotomies are necessary for in vivo studies on rodents.
Thinning the skull instead reduces the surgery severity yet comes at the expense of image quality. This
issue is at the center of current research. Nowadays, with fULM, transcranial imaging in humans at high
resolution is becoming a reality (Demené et al., 2021).

As it is easier to handle the machine, preclinical studies in awake animals (Bimbard et al., 2018;
Brunner et al., 2021; Provansal et al., 2021; Sieu et al., 2015) and even clinical human studies (Imbault
et al., 2017; Soloukey et al., 2020; Demené et al., 2021) have been made possible, reinforcing the high
potential of fUS for preclinical research and clinical diagnosis.
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b. Conventional fUS
Fig. 22 describes the physics principle behind conventional focused ultrasound (Fig. 22.A-D) and
ultrafast ultrasound imaging (Fig. 22.E-H).
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Fig. 22 Principles of conventional (A-D) and ultrafast (E-H) ultrasound imaging. A. & E. fUS set-up. B.& F. Image acquisition
process. The waves emitted are either pulsed focused waves and consequent to one another (B.) or tilted plane waves with an
angle processed in parallel (F.) (Macé et al., 2013) C.& G. Signal filtering and calculation of the mean intensity of blood signal.
D.& H. Reconstructed power doppler image in both methods. I. Comparison of the trade-off between time cost to generate the
image and image quality (Tanter & Fink, 2014). J. Comparison of time delay between plane wave and tilted plane wave. (Montaldo

et al., 2009)

The fUS probe is usually made of 128 or 256 piezoelectric transducer elements, and is placed on
top of the imaged tissue, typically the brain (Fig. 22.A, E). The array both transmits the incident wave

and receives the echo wave, scattered back by the red blood cells with atime t = ZC—Z z being the distance

and c the speed in blood, c~1500 m/s. In the conventional fUS method, a focused beam is sent
sequentially line after line in order to map the whole area (Fig. 22.B) (Mace et al., 2013), and at different
focal depths (usually 4) because there is energy dissipating when focalizing on one point only. This
means that for a 128-piezoelectric transducer, 4*128=512 ultrasonic shots are necessary to obtain one
image. As the total time of flight for the waves to go in the tissue and back to the transducer costs around
60 ps for a 5 cm depth scan, the imaging time is hence 512*60 = 0.032 s, corresponding to a frame rate
of 1/0.032 = 35 Frames/s (F/s). This method generates what is called a “B-mode” image.

c. Ultrafast ultrasound imaging
It is nonetheless possible to increase the frame rate by using the coherent plane wave
compounding method. In this upgrade technology qualified as “ultrafast” ultrasound, plane waves are
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sent. If multiple plane non-tilted waves would be sent, the separation of the source in the time-reversed
signal would pose an issue. Tilting the waves with different angles (Fig. 22.F,l) (Montaldo et al., 2009;
Tanter & Fink, 2014) allows to bypass this problem, as each received signal will have a distinct shape.
This could be seen as artificially adding a delay to the sent waves (Fig. 22.J).

While each wave gives a low-quality image (“1Q” image), the coherent summation of each pixel
reconstructs the image with better resolution compared to direct summation of the waves. At this step,
a physical time-reversal operation called “beamforming” is performed on the phase of each waves in
order to reconstruct the transmitted information. This beamforming consists in realigning the waves
depending on their reception time by the transducers. While using one single angle reconstructs fast the
image (18000 F/s), the contrast is low (Fig. 22.1). Using 17 angles gives a frame rate of 1000 F/s at a
fair resolution with reasonable cost in time (Tanter & Fink, 2014). The choice of the number of angles is
standard trade-off between time cost and image quality.

d. Our set-up

At the Institut de la Vision, two different types of functional ultrasound scanner were used during this
doctoral work. The first one is an experimental version (“Aixplorer”, Vermon, FR) modified for animal
experiments and was used for all acute in vivo experiments on rodents. The second is a commercialized
system (“lconeus One”, Iconeus, FR) with four-axis motorized platform to hold the probe and an
integrated software for data acquisition. Only data for chronic subretinally-implanted rats were acquired
with the Iconeus One. For both of them, the probe is made of 128 piezoelectric elements emitting planar
waves at 15 MHz from 2 to 12 mm in depth (subject to change), with 15 different angles (subject to
change) at a frame rate of 500 F/s. This results in 200 compounding images. The acquisition frequency
is 1 Hz. The pitch between piezoelectric elements is 110 yum and pixels are spaced by 100 ym in depth.

1.D.3. fUS data pre-processing

a. high-pass clutter filter

The goal of fUS in neuroscience is to retrieve information on blood flow in small cerebral vessels.
However, coherent signal stemming from the brain tissue which also scatters the radio frequency signals
hampers the proper analysis of hemodynamic changes. Historically, a clutter filter consisting in a high-
pass filter around 70 Hz was first applied to the reconstructed signal s(x,z,t) for each pixel (x,z) after
beamforming (Macé et al., 2011; Mace et al., 2013) in order to get rid of this noise. The idea was that
tissue motion was slower than the blood one. By doing so, only information on blood with a velocity
higher than 4 mm/s would be preserved. However, as the frequency domains of tissue data and blood
data overlap with each other, the 70 Hz high-pass filter also removes information on blood volume.

b. Spatiotemporal singular value decomposition clutter filter
Another method known as spatiotemporal singular value decomposition (SVD) clutter filtering
(Demene et al., 2015; Baranger et al., 2018) replaced the 70 Hz filter and is still valid today for
anaesthetised animals. The method relies on the spatial coherence of the data and mimics data
processing in fMRI: instead of filtering in the frequency space, data are taken in a new base from the
decomposition of the IQ images.

From a theoretical point of view, the 1Q images containing a signal s of size (nx,n,n;) are
reshaped into a linear 2D space-time matrix S of size (X*Z, T) called Casorati matrix (Fig. 23.A).
Performing SVD filtering consists in decomposing S into 3 matrices U, A and V* suchas S = U A V*
where U is the spatial singular vector, V* is the temporal singular vector and A the singular value A
diagonal matrix of size (X*Z, T). Therefore, S is the sum of separable matrices with weight/singular value
A such that S =3 1i.U; ® V;.The singular values A are ranked from the highest value (large coherence)
to the smallest. Interestingly, the tissue pixels behave in a similar way: they are highly coherent hence
are explained by the first singular values. Blood information is contained in the lowest rank singular
values. By “cutting” the singular values corresponding to tissue data in the covariance matrix |S.S*| (Fig.
23.B), a better-quality image is obtained with no/less loss of blood information compared to high-pass
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filter method. In our laboratory, the Aixplorer machine is set to filter out the 60 first modes bearing the
“tissue space”.

A. B.
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Fig. 23 Singular Value Decomposition (SVD) principles applied for beamformed signal s(x,z,t). S is the Casorati matrix. A.
Decomposition of the casorati matrix in a new (U,V*) base. B. covariance matrix for clutter filtering. Modified from (Déméné et al.
2018).
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Once data is clutter-filtered, power doppler data are retrieved under a 3D matrix of size X*Z*T.
The intensity of the final doppler signal I = [ s?(x, z, t)dt is proportional to blood volume in the imaged
region, under the hypothesis that the red blood cells do not deform (Shung et al., 1976).

c. Offline analysis

For stimulation experiments, the analysis relies either on Pearson correlation or Global
Linear Model (GLM). For GLM, the spm matlab toolbox (Friston, 2007) compares for each pixel the
expected theoretical response X with the experimental response Y using the linear model Y = AX + B.
X is usually the stimulation pattern sent, but research has shown that it is better to convolute it with the
hemodynamic response function (HRF) either determined experimentally with the shortest stimulation
length to give a neural response, or using the canonical one (Aydin et al., 2020). For our work, we rely
on the HRF determined experimentally in (Claron et al., 2021).
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Il. Recording with carbon-based
iImplants

[I.LA. A full diamond-based ECoG

The following work falls within the scope of the NEURODIAM European Research Council starting
grant (ERC-STG) which consists in engineering new thin ECoG arrays based on diamond
nanostructuration combined with micro technology, backed by the team of Lionel Rousseau at ESIEE
Paris. The project aims at developing a reliable long-lasting neural implant with a hermetic and inert
packaging, in order to avoid water migration inside the implant architecture and degradation/corrosion
of the conductive elements. As diamond is at the same time chemically inert and conductive if doped
with boron, the idea was to exploit both properties into a flexible micro-electrode array.

The article presented in the following section summarises first the original microfabrication process
of boron-doped diamond electrodes, packaged in a hermetic intrinsic diamond (C*) coating, developed
by our collaborators at ESIEE Paris. Then, it demonstrates the “reading” abilities of such ECoG implant
in vivo. For this purpose, the eye of the animal was stimulated with light flashes and visually evoked
potentials (VEPs) were successfully recorded on the surface of the visual cortex in rodents. The animal
experiments were performed both at the Vision Institute and at the EPFL during a two-month academic
secondment in the Neuroengineering Lab (LNE, Dr. Ghezzi) in the scope of the Marie Sktodowska-Curie
enTRAINVision network.

The article was submitted.

Personal contribution: in vitro characterisation, in vivo experiments, data analysis, manuscript
writing and figures drawing (fig. 3,4,5). Microfabrication was performed by C. Wilfinger and L. Rousseau.

* =
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Article
In vivo recording of Visually Evoked Potentials with novel full

diamond ECoG implant.

F C Wilfinger!, ] M. Zhang? D Nguyen?, ] Dégardin?, P Bergonzo?, S Picaud? E Borda*, D Ghezzi*, E Scorsone®, G
Lissorgues! and L Rousseau!

1 ESYCOM, Université Gustave Eiffel, CNRS, CNAM, ESIEE Paris, F-77454 Marne-la-Vallée, France; e-mail:
gaelle lissorgues@esiee.fr

2 Sorbonne Université, INSERM, CNRS, Institut de la Vision, 17 rue Moreau, F-75012 Paris, France; e-mail:
serge.picaud@inserm.fr

3 Department of Electronic and Electrical Engineering University College London, 17-19 Gordon Street, Lon-
don, WCIHOAH, United Kingdom ; e-mail: pbergonzo@sekidiamond.com

4 Center for Neuroprosthetics and Institute of Bioengineering, Ecole Polytechnique Fédérale de Lausanne,
Chemin des Mines 9, 1202 Geneva, Switzerland ; e-mail: diego.ghezzi@epfl.ch

5 Université Paris-Saclay, CEA, List, F-91120 Palaiseau, France ; e-mail: emmanuel.scorsone@cea.fr

* Correspondence: gaelle.lissorgues@esiee.fr

Abstract: Objective. Implantable neuroprosthetic devices such as electrocorticography (ECoG) and
intracortical microelectrodes have the potential to restore neurological functions in disabled indi-
viduals. They constitute the direct interface with the body and require long term efficiency. We
propose an ultra-thin diamond-based implant to tackle challenges related with long term implanta-
tion, and demonstrate its functionality on rodents. Approach. We take advantage of thin-film dia-
mond to generate not only the electrodes but also the thin passivation foil, leading to a full thin film
diamond EcoG. Results. We manufactured implants with boron-doped diamond (BDD) electrodes
connected through titanium nitride (TiN) conductive tracks, all being encapsulated in intrinsic dia-
mond. A complete electrochemical characterization proved that the TiN tracks were well embedded
inside diamond and the efficiency of the BDD electrodes. Functionality of the ECoG device was also
provided by the recording of classic visual evoked potentials (VEPs) on wild-type mice and rats.
Significance. This thin film diamond technology successfully responds to long term issues (linked
with electrode material or device packaging) and holds the potential to inspire and pave the way
for future generations of various electrode arrays.

Keywords: Thin film technology, neural implants, boron-doped diamond, microfabrication, micro-
electrodes, brain-computer interface, visually evoked potential

1. Introduction

31
32
33

34

Wearable neuroprosthetic devices offer the promise of restoring neurological func- 35
tions for disabled individuals. For instance, recent developments in the field of brain- 3

computer interfaces (BCls) implanted in the central nervous system demonstrated the

37

possibility of controlling prosthetic limbs through electrocorticography (ECoG) record- ss
ings of the brain activity [3], [17]. Electrical stimulation through penetrating microelec- 39
trodes also enables the recovery of some visual perceptions [16]. Despite encouraging re- 4

search results [2], [50], chronic intracortical or subdural implants are still not available on
the market due to several issues linked to the electrode material or the device packaging.
Electrode efficiency can for instance be limited by the tissue responses or gliosis at the
interface to the foreign and rigid device [39], [22]. Indeed, the reaction is likely enhanced
by the mechanical mismatch between the electrode material and the neural tissue. Besides
the host body responses, electrical stimulation usage can lead to dissolution of the metallic
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layers [8]. Failure can also occur at the level of the polymer coating: delamination and 47
peeling off the passivation layer have been reported in literature [30], [12], [43]. For in- 4
stance, migrating water a few months post-implantation induced electromigration of the 9
metal, which progressively degraded the performance of the implant, during the clinical so
study testing Retina Implant AG subretinal prosthesis [13]. In order to solve this issue s
and create water-tight structures, several research teams have proposed innovative ap- s
proaches such as stacked layers of inorganic and organic materials [1]. 53
Implants fabricated by conventional technology are usually composed of metal s
tracks and electrodes embedded in a biocompatible polymer insulation layer. Recent ad- s
vances in the field of material bioengineering showed that the immune response of tissues s
can be reduced by selecting biocompatible and soft materials which better follow the tis- 57
sue topology [21], [7]. Among the novel materials being investigated, diamond is a carbon- ss
based material, which has received consequent attention in the neuroengineering field. so
The high stability of the covalent bonds between carbon atoms confers both structural
stability and chemical inertness [28]. Its use as an encapsulation material in fully hermetic &
devices is consistent with hermiticity to small molecules like water, reducing thereby the &
risk of implant swelling [18], [35]. 63
Intrinsic diamond provides electrical insulator, while doped diamond possesses at- 6
tractive electrochemical properties for neural interfacing due to its semi-conductor prop- ¢
erties. Ultra-nanocrystalline diamond with nitrogen inclusion (N-UNCD) grown in poly- e
crystalline diamond substrate mills were introduced in diamond-based subretinal im- &
plants [23], [42], but the different chips remained within 100 to 250um thick embedded ¢
into polymer, limiting the global flexibility to conformally follow the tissues. However, 69
these solutions demonstrated doped diamond recording capacity [49]. Similarly, Boron-  n
doped diamond (BDD) electrodes feature excellent electrochemical characteristics witha 7
large potential window (3V) in aqueous media [38] showing a material stability adequate = 7
for neural stimulation. With the evolution of diamond production technologies, very thin 73
diamond layers of a few hundred nanometers in its nanocrystalline form can be obtained = =
using specific plasma reactors [20]. So BDD electrodes have been used for neural record- 7
ings [38], [27], and neurotransmitters sensing 115], and finally the material biocompatibil- 7
ity was demonstrated on neural cells and tissues in vitro and in vivo with both CVD dia- 77
mond N-UNCD electrodes and BDD electrodes [44], [41], [45], [4], [5]. 78
Convinced that these diamond properties, in its intrinsic or doped forms, provide the
material of choice to manufacture a long-term biocompatible and hermetic neural implant, s
we have developed the process flow for the fabrication of a full-diamond-based electro- s
corticography electrode array, and assessed its characteristics and functionality for re- s
cording purposes. The major achievement relies in the design and fabrication of the nano- s
crystalline BDD electrodes embedded in an intrinsic ultra-thin diamond matrix. The re- s
sulting thin and flexible full-diamond ECoG implant is, to our knowledge, the first to s
combine BDD electrodes in an intrinsic diamond flexible structure. Although hermetic full s
diamond feedthrough arrays with UNCD electrodes had been investigated by Bionic Vi- &
sion Australia, we have here developed a complete novel process better compatible with s

standard micro-technological processes and resulting into a fully flexible thin implant. 89
2. Materials and Methods %0
A.  Intrinsic and boron-doped diamond growth process 91

Nanocrystalline diamond coatings were grown on 4-inch wafers using microwave as- 9
sisted plasma chemical vapour deposition (MPCVD) in a SEKI SDS6K reactor with hydro-
gen plasma containing methane as the source of carbon [34]. Trimethylboron (TMB) was  «

added to the gas phase for doping in the case of BDD electrode preparation. The boron ¢
concentration in the crystal was in the range of 2.1021 at.cm3. Diamond films were grown %
at a pressure of 30 Torr. The typical power used was 3000 W. The substrate temperature o
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was kept between 650 °C and 780°C and the growth durations were respectively of 4.5 s

hours and 12 hours for intrinsic diamond and BDD coatings. Prior to growth, the sub-

9

strates were seeded according to a process described in literature [20], using 5-nm-nega- 100
tively-charged Detonation Nanodiamond Suspensions in de-ionised (DI) water (1wt. %) 101

from Adamas.

Diamond grown layer may be patterned either by reactive-ion etching (RIE) using a mix-
ture of O2/CF4 plasmas (“top-down”) or by performing a local diamond growth while
protecting nanoparticles from the plasma with a specific layer to prevent their growth in
the masked areas (“bottom-up”). During the whole process described below, we switched
between these two methods depending on the diamond layer (intrinsic or boron doped)
and the fabrication needs.

B.  Full-diamond implant microfabrication

The entire process was developed on standard 550 pum-thick Silicon substrates with a 1.5
pm-thick thermal SiO2 layer. The wafer was pre-activated in Ar/O2 plasma (with pressure
110 mTorr, power 90 W, flow rates 50 sccm O2 and 40 sccm Ar, during 5 minutes) prior to
diamond nanoparticle electrostatic seeding. After the seeding step, the wafer was then
placed inside the MPCVD reactor in order to grow the diamond seeds slightly for a few
minutes to obtain a good adhesion of the nanoparticles over the whole surface of the wa-
fer.

To restrict the diamond growth to a specific pattern, localised growth was carried out as
follows. After the initial diamond nanoparticle seeding (step 1 in figure 1(A)), a thin layer
of aluminium nitride (AIN: yellow in figure 1(A)) was sputtered over the diamond nano-
particles (MP500S, PLASSYS) under the following conditions: pressure 0.53.10-2 mbar,
power 500 W, flow rates 14 sccm for Ar and 27 sccm for N2, and deposition time 30
minutes. AIN, which can withstand plasma conditions in the diamond growth reactor,
was used here as a masking layer during the growth of non-doped diamond (C* light blue
in figure 1(A)). The AIN layer was then patterned by photolithography and wet etched in
order to open the areas where diamond had to grow (step 2 in figure 1(A)). The wafer was
then introduced inside the chamber of the SEKI diamond reactor (3000 W, 30 Torr, 500
sccm H2 and 7.5 scem CH4, during 4h30). These conditions resulted in a 1 pm-thick in-
trinsic diamond film measured by a mechanical profilometer (Dektak XT, Bruker). The
AIN mask was then removed using an alkaline etchant (photoresist developer PRD 238,
CMC Materials) (step 3 in figure 1(A)).

The next step consisted in growing a BDD layer directly on the whole substrate, to obtain
the conductive parts of the implants. The wafer was again seeded with diamond nanopar-
ticles and then introduced in another SEKI diamond reactor dedicated to doping, with
TMB added in the gas mixture to grow a 600-nm-thick BDD layer, under the reported
growth conditions [24]. At this stage, the wafer was completely covered with the BDD

layer. Patterning of BDD tracks and electrodes was achieved through the top-down ap-
proach, by depositing an aluminium (Al) masking layer of 500 nm patterned by photoli-

thography and etching the unwanted BDD in a RIE equipment (NE110, Nextral) with the
following parameters: power 100 W, pressure 37.5 mTorr, flow rates 40.6 sccm O2, 2.2
scem CF4, during 900 s. After this localised BDD etching, the remaining Al masking layer
was completely removed in the Al chemical etchant bath (TechniEtch A180, TECHNIC)
(step 5 in figure 1(A)).

As the resistivity of BDD is too high (> 10-2 Ohm.cm) to be used alone as conductive ma-

terial under the electrode pads and over the tracks, additional conductive tracks were pro-
duced to decrease the serial resistance of the implant alongside its foil. Titanium nitride
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(TiN) was used to guarantee stability and compatibility under the harsh conditions of di-
amond growth, especially the high temperatures around 600°C inside the reactor, as pre-
viously reported [36]. TiN deposition was carried out with the following parameters in
the sputtering equipment: a pressure controlled at 0.5.10-2 mbar, a power of 150 W, bal-
anced gas flow rates of 20 sccm Ar and 20 scem N2. TiN tracks were defined using stand-
ard photolithography, then etched in hydrogen peroxide (H202), creating an annular con-
tact around the BDD electrode along with tracks and pads (TiN: brown, step 6 in figure
1(A)). To finalise our full-diamond implant, a second layer of intrinsic diamond was
seeded to encapsulate the conductive layer (step 7 in figure 1(A)). Here, the etching pro-
cess could not be used to open the diamond layer because there is low selectivity between
BDD and intrinsic diamond layers. We used another AIN mask to protect the electrodes
and the contact pads during the diamond growth (step 8 in figure 1(A)). At this stage, we
successfully developed a full hermetic diamond structure with individual tracks com-
posed of TiN tracks embedded inside protective non-doped diamond with opened BDD
electrodes (step 9 in figure 1(A)). The SEM image (Neon 40, Carl Zeiss) shows the finished
electrode diamond structure (figure 2(B)).

The diamond implant was finally embedded in parylene (pink in figure 1(A)) to ease its
manipulation (from 1.5 um with diamond only to 15 um thickness with additional
parylene packaging). A 7 um-thick film was deposited on the top side of the wafer to
obtain the first polymer encapsulating layer. A thin layer of Al was then deposited to pro-
tect the parylene film. Lithography was performed to open the parylene layer locally on
the electrodes and contact pads (step 10 in figure 1(A)). The openings of these contact pads
and electrodes were made with dry-etching using O2/CF4 plasma (conditions of the
plasma : pressure 125 mTorr, power 100 W, O2 50 sccm, CF4 10 sccm). The wafer was then
cleaned and 500 nm of Al layer was deposited on its back side. A back-side lithography
step was done to localise openings in the Al layer below the implant. Next, the SiO2 layer
was dry-etched and the silicon was etched by Deep Reactive Ion Etching (DRIE) (A160E,
ALCATEL) (Step 11 in figure 1(A)).
A

1.Nanoseeding with PDDAC 5.TiNconductive layer creation 9.AIN deposition +
2 + photoithog:aphies pholsiithography + parylene Contact pad BDD electrodes
deposition
.......... — — [ |
AELTTE 22 Intrinsic diamond
2.AIN masking on NPs 6.Nanoseeding with PDDAC 10.Thick resist masking layer
deposition + parylene etching +
resist removal
bbbl = ok, —
3.C" localized growth + BDD 7.AIN masking on NPs 11.AIN removal + backside C.
DRIE
5 + 6 mm
E
@ 1mm | 3
o
4.AIN removal 8.C" localized growth 12. 5i0, etching + backside
parylené deposition + LASER
ablation 20 mm
— —_—

[=Si ~Si02 ~C* =BDD =TiN —~AIN = Parjlene__ @ NPs |

Figure 1. Design and microfabrication of the full diamond ECoG. (A) Description of the fabrication
steps for a full diamond implant.Si = Silicon, SiO2 = Silicon Dioxide, AIN = Aluminium nitride, NPs
= Nanoparticles, C* = intrinsic diamond, BDD = Boron-Doped Diamond, TiN = Titanium Nitride,
DRIE = Deep Reactive Ion Etching. (B) Cross-section schematic view of the implant; (C) schematic
drawing of the implant —top view.

In practice, a piece of silicon wafer underneath the contact pads area was left during the
final steps of the process for better handling purposes. Subsequently, the SiO2 layer under
the implant was removed in buffered HF solution. Hence, the second 7 -pum-thick parylene
layer was deposited on the backside of the implants (Step 12 in figure 1(A)).

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

162
163
164
165
166
167
168
169
170
171
172
173

174

175
176
177
178
179

180
181
182
183



50f15

Finally, the implants were ready to be released from the wafer after LASER ablation (UP-
213, New Wave Research). Each 4 inches wafer can produce up to 30 implants.

C. Assembly of the implants

A connector was soldered to a specific PCB board (RS) which was mounted onto the im-
plants. The welding was performed using a stencil to spread the conductive paste over
the pieces to be soldered. Then, a pick-and-place machine (Tresky AG) was used to join
the pieces and the implant together. Finally, the mounted devices were put inside an oven
at 150°C for 5 min so that the conductive paste could glue. The resulting assembly was
stiffened with UV glue to ensure its robustness. The piece of Si wafer left from the process
reinforces the connection between the contact pads and the PCB board.

D. Electrode characterization
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Before in vivo experiments, the electrochemical characteristics of the implants were meas- 195
ured by standard electrochemical techniques. Cyclic Voltammetry (CV) and Electro- 196

chemical Impedance Spectroscopy (EIS) were performed using a SP-200 potentiostat from
Biologic, interfaced by the EC-lab Express software. The 3-electrode electrochemical cell
was composed of the tested BDD electrodes (surface area: 0.031, 0.126 or 0.283 cm?) as the
working electrode, a platinum wire as the counter electrode, and an Ag/AgCl pellet as the
reference electrode. Each electrode was cycled 3 times between -1.5 to 1.5 V at a sweep
rate of 100 mV.s-1. EIS was carried out in a 0.01 M Phosphate-Buffered Saline (PBS) so-
lution (Sigma-Aldrich). The signal was swept across the system at frequencies ranging
from 1 MHz to 1 Hz. CV was performed in the presence of 0.5 M lithium perchlorate
(LiClO,, Sigma-Aldrich), a conductive electrolyte.

E. Animal surgery

Visually evoked potentials were recorded in two laboratories on rodents, on adult (>1-
month-old) C57BL/6] mice (Charles River Laboratories) at Ecole Polytechnique Fédérale
de Lausanne — EPFL (Lausanne, Switzerland) and on Long Evans (Janvier Labs) 9-week-
old rats at the Vision Institute — IDV  (Paris, France). In Switzerland, experiments were
conducted according to the animal authorisation GE/193/19 approved by the Département
de I'emploi, des affaires sociales et de la santé (DEAS), Direction générale de la santé de
la République et Canton de Geneve. In Paris at the Vision Institute — IDV, the experiments
and procedures were all approved by the Local Animal Ethics Committee N°005 (regis-
tration number APAFIS #15258-2018052811521506 v1). The rodents were keptin a 12 h
day/night cycle with access to food and water ad libitum. White light (300 + 50 lux) was
present from 8 a.m. to 8 p.m at IDV with no light during night, while from 7 a.m. to 7 p.m.
at EPFL with red light (650-720 nm, 80-100 lux) during night from 7 p.m. to 7 a.m.

At EPFL, the mice were all anaesthetized with an intraperitoneal injection of ketamine
(87.5 mg.kg-1) and xylazine (12.5 mg.kg-1). Analgesia was performed by subcutaneous
injection of buprenorphine (0.1 mg.kg-1) and lidocaine (6 mg.kg-1). Artificial tears were
used to prevent the eyes from drying. The depth of anaesthesia was assessed with the
pedal reflex. The skin of the head was shaved and cleaned with betadine. Mice were
placed on a stereotaxic frame, and the skin was opened to expose the skull. A craniotomy
was performed to expose the visual cortex. At IDV, the rats were anesthetized with an
intraperitoneal injection of ketamine (40mg/Kg, Axience, France) and medetomidine (0.14
mg/kg, Domitor®, Vétoquinol, France) diluted in sodium chloride. Buprenomorphine
(0.05 mg/kg, Buprecare®, Med’Vet, France) and Dexamethasone solution (Dexazone®,
Virbac, France) were injected subcutaneously to reduce any inflammation and pain. After
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being shaved, a local analgesic, Lidocaine (4 mg/kg, Laocaine, MSD, France) was admin- 230
istered subcutaneously under the scalp skin and Xylocaine gel (2%) was applied in the 231
ears. Similarly to EPFL, a surgical craniotomy was performed under anesthesia, after dis- 232
infection with iodopovidone solution with a sagittal incision revealing the skull. 233

The remaining periosteum was removed and the skull was cleaned with H202. A rectan- 234
gular piece of bone was removed in the presence of cortex buffer by drilling with 0.07and 235
0.05 mm diameter drill bits, revealing the visual cortex. In both cases, the temperature of 236
the animals was maintained at 37 °C with a heating pad. 237

F.  Visually Evoked Potentials (VEPs) recordings 238

In both cases, Visually-evoked potentials (VEPs) were recorded in a dark room at ambient 239
temperature. Our diamond implant was placed in contact with the dura and tested with 240
different set-ups. 241

At EPFL, a Ganzfeld light stimulator was used to send light flashes (20 ms, 1 Hz, repeated 242
20 times). Signals were pre-amplified (Biomedica Mangoni, BM 623 HC4) and band- 243
passed on-line between 0.1 - 200 Hz. Data was acquired at a frequency of 1.0 kHz. Visual = 244
acuity tests were also performed on the anaesthetised normal adult mice. A custom matlab 245
program was used to control chessboard patterns on a screen 50 cm apart from the eyes 246
of the mice. Visual acuities under 0.1, 0.2, and 0.3 cycles per degrees conditions repeated 247
30 times were assessed while brain signals were recorded using the same pre-amplifier. 248
VEPs data were analysed on Matlab. Raw data were first filtered with a Butterworth sec- 249
ond order filter, to remove electromagnetic interferences at 50 Hz, and then band passed 250

between 1 to 100 Hz. Signals from the electrodes were averaged in alignment with the 251

trigger onset provided by the Ganzfeld stimulator. Mean amplitudes and latencies were 252

calculated. Results are expressed in terms of mean + error of the mean. Comparison be- 253
tween mean peak-to-peak amplitude was achieved by one-way ANOVA with Dunn- 254
Sidak multi-comparison correction tests. P-values are symbolised as follows: *p <0.05, *p 255

<0.01, **p<0.001. Signal-to-noise ratio (SNR) was calculated as the ratio between P1-N1 256
peak-to-peak amplitude and twice the root mean square of the baseline taken as 90 ms 257
before the light onset. 258

AtIDV, a collimated white LED (MWWHLP1, ThorLabs, USA) controlled by a stimulus 259
generator (STG 4002, Multi-Channel Systems, Germany) was used to send light flashes, 260
placed at 15 cm from the left eye of the animal, the other eye being covered with a dark 261
cloth. It was calibrated such that the eye was illuminated with an intensity of 2 cd/cm?2. 262
Signals from the diamond implant were first pre-amplified with a miniature amplifier 263
(MPA 81, Multi-Channel Systems, Germany) via a custom adapter stacked on another 264
adapter for 16-electrode NeuroNexus Probe and two MPAS8I Amplifiers (ADPT-NN-16, 265
Multi Channel Systems, Germany). A return electrode was positioned in the contralateral 266
muscle of the craniotomy. Signals recorded with the 16-channel amplifier (Portable ME16- 267
System, Multi-Channel Systems, Germany) were digitally transmitted to a US-connected 268
computer with a 10 kHz sampling rate. VEPs data were also analysed on Matlab following 269

the same data processing as at EPFL3. 270
3. Results 271
A.  Full-diamond implant microfabrication 272

273

The different fabrication steps described in the material and methods section (figure 274
1(A)) led us to the production of full-diamond implants. Figure 1(B) cross-section illus- 275
trates the different doped and undoped diamond layers in contact with the TiN conduc- 276
tive layer (brown). The non-doped diamond (light blue) covers all the BDD (dark blue) 277
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except at the electrode openings. The total thickness of these layers (intrinsic, BDD and
TiN) is below 20 pm leading to a fragile but flexible device. A silicon piece was kept from
the initial wafer at the pad extremity for a better manipulation of the implant, and a 7-um-

278
279
280

thick parylene layer (figure 1(B) pink) surrounds the whole implant except around the 281

electrodes and contact pads in order to improve the global mechanical robustness for han-

282

dling purposes. The schematic drawing in figure 1(C) provides a top view of the tracks 283

which start at the contact pads and extend to the electrodes. The detached implant after

laser cutting is shown on figure 2(A) with the contact pads above the remaining piece of

284
285

wafer and the six electrodes on the other end of the implant. The BDD electrodes sur- 286

rounded by the intrinsic diamond layer as well as the tracks are visible on the SEM image

of the implant tail (figure 2(B)). The polycrystalline shape of the diamond films can be
seen (figure 2(C)), providing evidence for the appropriate growth of the diamond layers.
Moreover, the picture shows the thin, almost transparent, border representing the desired
insulation of the electrode by diamond (indicated as “C*” in figure 2(C)).

(A} (B) (c

Figure2. Fabricated implants. (A)Photography of animplant at the end of the process after
laser cutting, (B) Scanning electron microscope (SEM) image of fabricated BDD electrodes composed
of a TiN track on top connected via an annular contact — the whole being packaged inside intrinsic
diamond layers. Scale bar represents 200 um. (C) Magnification view of a 400 pm-electrode (Neon
40, Carl Zeiss).

B. Electrochemical characterization

Electrochemical characterization was performed for the three sizes of BDD electrodes
(600-, 400- and 200-pum-diameter electrodes). The Bode spectrum (modulus and phase)
shown in figure 3(A) spanned from 1 Hz to 1 MHz (sine wave, 10 mV). The values of the
impedance at 1 kHz for the electrodes with diameter 600 pum, 400 pum and 200 pm are
respectively 7.9 kQ, 10.3 kQ and 48.5 k(), showing values much lower than results from
[29]. From 1 to 103 Hz, the impedance increases with decreasing electrode diameter. This
is consistent with the fact that larger electrode surfaces allow more easily the same flow
of charge to be interfaced. From 103 Hz to 1 MHz, the 400 pm electrode becomes less
resistive than the 600 um one, probably due to some surface roughness increasing the
effective surface area on the tested samples. The linearity of the impedance modulus curve
over the broad frequency range and its phase remaining around -90° indicate the capaci-
tive behaviour of the BDD electrodes. At low frequencies (1 to 102 Hz), the 600 and 400
pum-electrodes are more capacitive than the 200 pum ones, but the 600-pum electrode shifts
towards a more resistive behaviour first from 102 Hz to 5-104 Hz.

The cyclic voltammograms (CV) performed at a scan rate v=100 mV/s displayed in
figure 3(B) exhibit a wide potential window of around 3 V consistent with the presence of
BDD on the characterised electrodes. For the three electrode diameters, the onset of the
oxidation/reduction of water happens around +1.1V. And the low background currents
indicate that the conductive electrode is carbon-based, consistent with its boron-doped
diamond nature (Sun et al 2012). The absence of oxido-reduction peaks and the large
width of the electrochemical potential windows (>2.8 V) suggest the absence of defects on
the passivation layers. Indeed, the parylene etching step (step 10 on figure 1(A)) requires
an energetic plasma and could create defects on the BDD electrode sites. The TiN tracks
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underneath, exposed to the electrolyte due to these supposed defects, could generate an 326
electrochemical window inferior to 1.8 V (Meijs et al 2018), which is not the case here. Our 327
electrochemical results demonstrate that the TiN tracks are well embedded inside intrinsic 328

diamond and that the BDD electrodes are made of a continuous layer.

(A) (B}

-F |-0-6{JG pm ===400 ym 200 ,um|

PR W I P w | g
e it bbb bddad s i

Current density (mA/cm?)

10° 10° 104 108 4 05 0 05 1 15
Frequency (Hz) Potential vs Ag/AgCl (V)

Figure 3. Electrochemical characterization of 3 sizes of BDD electrode on full diamond im-

plant — averaged values (A) EIS in PBS 0.01 M. (B) CV in LiClO4 0.5 M with a scan rate of 100 mV/s.
The counter electrode is a platinum wire, the reference electrode is a Ag/AgCl pellet.

C.  Invivo VEPs recording

We tested the same 600 and 400 pm electrodes during in vivo experiments in the
above mentioned laboratories.

The full-diamond custom implants were placed over the right visual cortex of the
animal. The implant tail displaying the BDD electrodes was layered above the dura ma-
ter to record local neural activities.

At EPFL, to elicit a response, the eyes were stimulated with 20 consecutive white
flashes in a Ganzfeld stimulator box at a rate of 1 Hz. Figure 4(A) illustrates the recorded
responses after filtration and averaging for a 600-um-diameter electrode. The recorded

329
330

331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346

signals show the classic positive and negative peaks of VEPs [33] with amplitudes increas- 347
ing with the light intensity. According to the International Society for Clinical Electro- 348
physiology of Vision (ISCEV) standards [37], positive peaks (P1) are marked upwards. P1- 349
N1 peak-to-peak average amplitudes measured for the 600 um-diameter electrode in- 350

creased respectively from 144.1+ 9.0, 145.9+ 6.8, 222.0+12.6 uV, to 233.7+19.6 uV for light
intensities varying from 0.05, 0.1, 0.5 and 1 cd.s/m? (Figure 4(B)). A similar increase in
response amplitudes when increasing the light intensities were observed for both 600 and
400 diameter BDD electrodes. Figure 4(B) illustrates that these P1-N1 peak-to-peak ampli-
tude increases showed statistically significant differences for the 600-pm electrode when

light intensity increased from 0.1 to 0.5 cd.s/m? (***p=0.00049), and for the 400-um elec-

351
352
353
354
355
356

trode when light intensity was raised from 0.5 to 1 cd.s/m? (*p=0.035). Amplitudes of sig- 357

nals recorded with the 600-um electrode were also higher than the ones recorded with the
400 pm one. Figure 4(C) displays time latencies defined as the time to reach the first peak
P1. One-way ANOVA and pairwise comparison demonstrate no significant differences
between all intensities and between all intensity pairs. Figure 4(D) shows cortical record-
ings using a 600-um-diameter electrode upon a black and white alternating chessboard of
pattern visual stimulation at 1 Hz, which is a classic test to assess visual acuity (Odom et
al 2016).

In this test, visual evoked potentials become flat when the size of alternating white
and black squares matrix or when the number of cycles/degree are no longer detectable
by the visual cortex. Figures 4(D/E) elicit clear visual evoked potentials with similar am-
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plitudes at 0.1 or 0.2 cycles/degree (62.11+5.62 uV and 72.15+7.44 pV respectively). By con- 368
trast, the mean peak amplitude is reduced to 46.34+7.05 uV at 0.3 cycles/degree, which 369
generated a statistically significant difference than the measurement at 0.2 cycles/degree 370
(*p=0.025 at a 5% alpha level). These signals recorded with our full-diamond implant in- 371
dicate a visual function threshold between 0.2 and 0.3 cycles/degree for wild-type mice in
agreement 372 with previous study indicating a value of 0.5 cycles/degree for C57BU6 [40] or
C57BL/6] 373 mice [46]. Our difference could result from the greater distance of the eye to the
checker- 374 board screen in our study (50 cm versus 16 cm in [46]), but also to the
progressive eye 375 cloudiness due to the anesthetic state. 376
Finally, the signal-to-noise ratio (SNR) was calculated for the 600 and 400 um-elec- 377
trode recordings at different light intensities (figure 4(F)). The signal quality is higher for 378
the largest electrode diameter and when the highest light intensity is used (1 cd.s/m?), 379

reaching 7.7+1.5. 380
381
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Figure4. VEPsrecording on wild-type adult mice with 600- or 400-um-diameter BDD custom 384
electrodes. (A) VEP response to light stimulation at different intensities (1 Hz, range from 0.05to 385
1 cd.s/m?, Ganzfeld stimulator). Mean signals (n=20) are shown and errors of the mean are in light 386
shades. VEPs traces are presented with positive peak P1 upwards according to clinical conventions 387
(Odom et al 2016), (B) P1-N1 peak-to-peak amplitudes (V) as a function of light intensity for 600 388
and 400-pum-diameter electrodes. (C) Latency (ms) to reach peak P1 as a function of light intensity. 389
(D) VEPs recorded during checkerboard pattern visual stimulation (cycles/degree). (E) P1” peak am- 390
plitude (V) as a function of visual acuity value (cycles/degree), as mean and standard deviations, 391
(F) Signal-to-noise ratio (SNR) of recorded VEPs at different light intensities. All results are pre- 392
sented as mean =+ error of the mean. One-way ANOVA with Dunn-Sidak multi-comparison test: ns 393
= non-significative, *p<0.05, **p<0.01, **p<0.001. 394

395

Additionally, at IDV, we used a collimated white LED controlled by a stimulus gen- 3%

erator to send light flashes towards the left eye of the rat. The average amplitude of P1 397

recorded was around 100 pV (figure 5). The presence of a second positive peak (P2) shortly 398
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after the first one (P1) resembles the overall shape of VEPs described in literature. Through
these experiments, we demonstrated the successful recording of VEPs using the fabricated
full-diamond implants.

2 (400 pm)

Figure5. VEPsrecording on Long Evans rats with 400-um-diameter BDD custom electrodes.
Mean signals averaged over 100 repetitions and standard deviations (light blue shades) in response
to light stimulation (first column) and to hidden light stimulation (second column. Red line indicates
the trigger from the light stimulus. VEPs traces are presented with positive peaks (P1, P2, P3) up-

wards.

4. Discussion

It is the first time, to our knowledge, that a manufacturing process is described to
successfully build a full-diamond neural implant with BDD electrodes and intrinsic dia-
mond passivation in an ultra-thin flexible technology (below 20 pm) compatible with
standard microfabrication processes.

Most neural flexible implants for brain-machine interfaces are currently made of bi-
ocompatible polymers with various electrode materials (metals, semiconductors, organic
polymers). Lately, interest has grown for carbon-based materials because of their high
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stability and biocompatibility, and promising electro-chemical properties for neural inter- 420
facing applications [[26], [14], [5]. BDD material has been previously applied on such pol- 421

ymer implants to generate biocompatible electrodes [9] and to record neurons in vitro
when deposited on rigid substrates [38], [15]. In parallel, intrinsic diamond was used to
fabricate biocompatible and hermetic cases [18], [35]. Here we combined these results and
developed a new process to fabricate neural implants with BDD electrodes and TiN tracks
embedded in intrinsic diamond layers using localised growth of intrinsic diamond in a
cleanroom environment. The solution of using adequate masking capacity of Aluminium
nitride (AIN) helps the localised growth inside the diamond reactor. Indeed AIN appears
resilient to the high CVD diamond plasma conditions allowing the well-defined shape of
the electrodes (figure 2(B) and (C)).

The intrinsic diamond encapsulating the conductive layers and the presence of BDD
electrodes offer a strong protection against biological reactions that can occur post-im-
plantation [25]. The high stability of diamond precludes water penetration and conse-
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quent delamination. The choice of TiN material to define the conductive tracks was moti- 435
vated by its natural ability to withstand diamond growth conditions and a reliable adhe- 436
sion surface for diamond. Long-lasting ageing experiments are on-going to confirm the 437
absence of delamination of such diamond implants and their ability to endure harsh bio- 438
logical environments. The fabricated flexible device also had to be slightly rigidified for 439
better manipulation during surgery by parylene encapsulation, a class IV material that 440
can be legally used for clinical applications [48], [31]. A remaining silicon piece facilitates 441
handling and connection during animal experimentations. Overall it seems that the device 442
could easily comply with legal standards for future clinical translations. 443
The 3V wide potential window in the CV measurement demonstrates that our elec- 444
trodes are clearly made of BDD. Although the electrochemical window of our BDD elec- 445
trodes is lower than the 4V window of the 3-mm-diameter N-UNCD electrodes [19], itis 446
still twice wider compared to classical metals such as platinum (1.3 V, [10]), or novel ma- 447
terials such as Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) 448
coated electrodes (1.7 V in 0.9% NaCl, [47]) or sputtered iridium oxide films (SIROFs) 449
electrodes (1.4 V in PBS, [11]). 450
The hypothesis of a rough BDD electrode surface is further supported by the low 451
impedance values measured at 1 kHz along with the satisfactory conductivity of the fab- 452
ricated TiN. Compared to the previously mentioned materials, the impedance of our BDD 453
electrodes is in the same order of magnitude as 200-um-diameter SIROFs electrodes [11]. 454
This first technological success in terms of BDD-electrode-based implant fabrication 455
validates the future production of a next generation device with far more electrodes per 456
device, enabling better statistics and recording performances over a larger total surface. 457
The thin total thickness allows its flexibility and the intrinsic diamond coating its longev- 458
ity, proposing such a device could even be suitable for neural stimulation purposes. 459
For brain-machine interfaces, signal-to-noise ratio (SNR) is a sine qua non condition 460
for quality restitution of neural signals. Although the electrodes here have a relatively 461
large diameter compared to standard BCIs (= 30 um), they are nonetheless suitable for 462

neural recording on the brain surface considering that the diameter of micro ECoG im- 463
plants can reach up to 1 mm diameter. 464
465

The flash VEPs recorded here demonstrate the functionality of the full-diamond im- 466
plant and its BDD electrodes in a recording mode, as it was performed with two different 467
experimental setups on rodents (Long Evans rats and C57BL mice). In both cases, the 468
presence of a large second positive peak after the first positive P1 and negative N1 ones 469
resembles the overall shape of VEPs described in literature [52]. In another study from [6] 470
where VEPs were recorded on rabbits with printed platinum electrodes, mean amplitudes 471
at 1 cd.s/m? were reported to be around 300 V. Such differences with our measured val- 472
ues in amplitudes could be imputed to animal species differences and placement of the 473
electrode on the brain. The SNR was measured to be similar to 50x50 um? gold electrodes 474
used for spiking activity recordings even though doped graphene ones were 6 times 475
higher [32]. One could argue that our electrodes are larger in size and hence will pickup 476

more noise in proportion to the smaller graphene ones, which was not observed. 477
Diamond was already shown to be highly biocompatible both ex vivo and in vivo 478
[51]. In addition, the low impedance value of the fabricated full diamond implants isun- 479

precedented for diamond-based electrodes. These in vivo results constitute the first step 480
towards the microfabrication of a denser full-diamond electrodes array which could serve 481
clinically as a chronic neuroprosthesis. Complementary works are under process to certify 482
the stability and hermeticity of the full-diamond structure through ageing experiments. 483
Future studies will have to explore how to generate smaller electrodes with a higher de- 484
veloped surface. However, we here provide the first proof of concept that a full thin film 485

diamond electrode array implant is feasible for recording. More technological develop- 486
ments will be required to obtain a full-diamond implant for bi-directional stimulation- 487
recording abilities. 488
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5. Conclusions

In summary, we designed, fabricated, and validated a novel flexible thin film full-
diamond implant for neural interfacing applications focussing ECoG, and we tested them
through in vivo experiments to validate their functionality.

We reported the methodology of manufacturing and characterizing these implants.
Diamond was mainly selected for its biocompatibility and inertness leading to little tissue
reaction and long term capabilities. These thin implants composed of BDD electrodes in
contact with neural tissues are also embedded into intrinsic diamond and seem resistant
enough to external mechanical forces as a result of the remarkable properties of diamond.

These characteristics promote the long-term stability of such novel BCI. Besides these
results, electrodes were tested in multiple animal facilities under different conditions, and
VEPs were recorded at the surface of the cortex of rodents, proving that the new implants
are capable of recording cortical signals. Both the in vitro characterization and the suc-
cessful in vivo recordings confirm the suitable use of diamond as a material of choice for
neuronal recordings, opening new pathways in the ECoG field towards long-lasting
chronic electrodes tests.

In the future, we will extend this study to obtain smaller electrodes with 3D texturing
to cover a larger surface of the visual cortex. Therefore this work serves as a proof-of-
concept for further design of a 32-channel whole-diamond ECoG.
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II.B. Graphene-based transistors

Chemical Vapor Deposited (CVD) graphene is a semi-metal with high charge carrier mobility. Its
application in gated-field effect transistors for DC recordings was successfully reported by our
collaborators of the Graphene Flagship, a European Commission funded innovation program (Blaschke
et al. 2017, Hébert et al. 2018, Masvidal-Codina et al. 2019, Wykes et al. 2022). In the continuation of
the project to demonstrate the many technological advantages of such graphene-based transistors, we
combined it with fUS to investigate NVC.

The following paper was submitted.

Personal contribution: in vivo experiments (except light stimulation experiments), data analysis (fUS,
gFET), manuscript writing, figures drawing (graphical abstract, fig. 1 & 2), brainstorming for fig. 3-5.
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Abstract (308 words)

Neurovascular coupling (NVC) is a fundamental mechanism by which the brain regulates blood flow in
response to neuronal activity. Traditional methods for studying NVC, such as fMRI, are indirect and have
limitations in terms of temporal and spatial resolution; and AC-coupled electrographic recordings fail to
accurately capture slow brain signals <0.1Hz. In this study, we demonstrate a new method for concurrent
cerebral blood volume (CBV) and wide bandwidth electrophysiological mapping using simultaneous
functional ultrasound imaging (fUS) and graphene-based DC-coupled recordings (gFETs). This
approach allows recordings of both fast and infraslow brain signals, which is important for understanding
the role of NVC in both normal and pathological brain function. To validate the feasibility of this
methodology visually evoked NVC responses were examined. gFET recordings were not affected by
concurrent fUS imaging, and vice versa. To examine directly the influence of infraslow potential shifts to
NVC, cortical spreading depolarisations (CSDs) were induced. A biphasic pattern of first decreased and
then increased CBV throughout the contralateral cortex, and a delayed decrease in deeper subcortical
brain regions was detected. In a model of acute seizures CBV oscillations could be observed prior to
seizure initiation. In the seconds before the electrographic onset of seizure CBV dropped before
increasing beyond baseline levels during ictal discharge. This pattern of CBV was restricted to cortical
regions. Seizures were associated with infraslow oscillations (ISO) <0.1Hz. Tight coupling between
ISO, blood flow, and seizure onset were observed. NVC responses when seizures co-occurred with
CSDs were larger in amplitude and also resulted in delayed CBV decreases in subcortical structures
including the contralateral hippocampus. Our data demonstrate that gFETs are highly compatible with
fUS and allow examination of NVC in a more comprehensive way than traditional methods. This
technological advance has the potential to improve our understanding of how NVC works, and how it is
affected by disease.
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New concepts statement (197 words)

Neurovascular coupling (NVC) is a complex process that regulates relative cerebral blood volume (rCBV)
to meet the dynamic energy needs of the brain, and involves the coordinated activity of neurons,
astrocytes, and blood vessels. It is widely reported that dysfunction of NVC occurs and contributes to a
number of neurological disorders. Application of functional ultrasound (fUS) imaging of rCBV, with
traditional electrophysiology are the current state-of-art methodology. However, this approach is only
able to report 2-sides of a 3-sided story. Metal-based electrodes are poorly suited to record infraslow
brain oscillations (ISO) and DC potential shifts, which likely influence both local field potential (LFP)
recordings and rCBV; particularly in disease-relevant settings. Graphene micro-transistor (QFET) arrays
overcome limitations of metal-based electrodes and can faithfully map DC-coupled electrographic
responses and LFP with high fidelity. In this technical report, we demonstrate that flexible gFET arrays
are compatible with fUS and can be used to investigate NVC under both physiological and
pathophysiological conditions. This technological approach is based on graphene-enabled
electrophysiological probes, which can provide unparalleled insight into how ISOs, LFP and rCBV are
inherently coupled. This has the potential to revolutionize our understanding of NVC and its role in
neurological disorders.

Introduction (373 words)

Neurovascular coupling (NVC) is a complex process that ensures that the brain receives the blood flow
it needs to function properly. It involves the coordinated activity of neurons, astrocytes, and blood
vessels. NVC is essential for normal brain function, and its dysfunction is linked to a number of
neurological disorders'. Conventional methods to study NVC at the mesoscale are limited by both the
technology used to detect electrophysiological signals and the imaging approaches used to study blood
flow. Electrophysiological methods typically acquire only AC-coupled signals with frequencies >0.1Hz,
due in part to the poor performance of traditional metal-based electrodes in recording slow brain
potentials23. However, functional magnetic resonance imaging (fMRI) studies suggest that signals
0.1Hz and below, called infraslow brain oscillations (ISO) contribute to NVC*. fMRI itself is an indirect
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measure based on changes in blood oxygenation, and uses strong magnetic fields complicating
concurrent electrophysiological applications. To understand the contribution of DC potential shifts and
ISO to NVC, novel approaches combining wide bandwidth DC-coupled electrophysiology with more
direct methods for imaging cerebral blood volume (CBV) are warranted. Graphene, a 2D material with
exceptional electrical conductivity, is ideal for integration into electrographic devicesS. Graphene
microtransistor arrays (JFETs) demonstrate excellent recording stability and a high signal-to-noise ratio
for DC-coupled measurements®. Flexible arrays of gFETs can be used to map with high fidelity both fast
and slow brain signals including seizures and spreading depolarisations”-8. Functional Ultrasound (fUS)
is a method for identifying regions of brain activation by imaging transient changes in blood volume. fUS
is based on backscattered echoes from red blood cells, allowing imaging of whole brain NVC?. It allows
higher temporal and spatial resolution compared to fMRI and permits imaging of deeper brain regions
in contrast to other methods such as laser speckle contrast imaging. In this study, we investigated the
compatibility of surface DC-coupled electrophysiology recordings enabled by gFETs simultaneously with
fUS imaging of CBV. This approach permits recording both fast and infraslow brain signals, which is
important for understanding the role of NVC in both normal and pathological brain function. We
demonstrate our approach to study NVC in response to visual stimulation, cortical spreading
depolarisations, and seizures. Our data determine that this new approach is a valuable tool for studying
NVC.

Results and Discussion

To demonstrate the power of our experimental paradigm, we performed concurrent fUS imaging with
graphene-based DC-coupled electrophysiology in anesthetized rats subjected to both physiological and
pathological stimuli.

Compatibility of concurrent acquisition of CBV and DC-coupled electrophysiology

The experimental setup is shown in Fig. 1a. The principles of fUS are presented in Fig.1a, right box. In
contrast to passive electrodes, gFETs are active devices. The recording mechanism of gFETs is shown
in the bottom box of Fig. 1a. Briefly, a bias Vds voltage is applied across the graphene channel to
promote current flow that fluctuates based on the signals at the graphene surface which is in contact
with the neural tissue. To set an appropriate operating point a Ids-Vgs curve is performed to convert the
obtained current (Ids) signals into voltage. Due to the excellent electrochemical stability of graphene
and the FET-based acquisition mechanism, signals are acquired in DC-coupled mode with excellent
signal fidelity®. Potential crosstalk effects between both modalities were examined. Activation of fUS
acquisition (which exerts 15 MHz ultrasound waves) did not affect the recorded signal quality from
gFETs (Fig. 1b). No detectable artifacts or changes in LFP power were observed by switching on and
off fUS acquisition (Fig. 1b). The presence of gFETs embedded in a thin, flexible polyimide substrate
did not result in imaging artefacts on fUS acquired images (Fig. 1c), demonstrating the compatibility of
these two distinct methodologies. To validate the feasibility of this approach we first examined visually
evoked NVC. Light stimulation (2Hz, 50% duty cycle) to the contralateral eye induced on/off potentials
recorded from the gFETs observed temporal and spectral analysis (Fig. 1f), and an increase in CBV in
areas related to visual processing such as the superior colliculus (SC), lateral geniculate nucleus (LGN)
and primary visual cortex (V1) (Fig. 1d-e, n=3 animals) in accordance with literature°.

NVC response to Cortical Spreading Depolarisations.

Spreading depolarisation is the most severe disruption of brain homeostasis that can occur in living
neural tissue. It is characterized by a sudden, near-complete collapse of the transmembrane ion
gradients and a large-amplitude (tens of millivolts) negative shift in extracellular potential that lasts for
tens of seconds''.To demonstrate the ability to record slow pathological brain signals, we induced
cortical spreading depolarisations (CSD) by either mechanical (pinprick), or pharmacological (high
extracellular potassium) administration via a small bur hole close to the imaging window (Fig. 2a). We
were able to map the propagation of the CSD across the cortex using both electrographic and
haemodynamic recordings. Pinprick induced a cortical propagating wave of depolarisation
(depolarisation duration 80+33s, 9 CSDs from 5 rats), with a sustained period of cortical spreading
depression, Fig. 2b. Full recovery of neuronal activity assessed by local field potential power took
approximately 7 minutes. The haemodynamic response to CSD was biphasic in cortical regions. An
initial decrease in CBV was subsequently followed by an increase in CBV. A peak decrease (P1) of CBV
-53.32+3.58%, in both regions close to the site of induction (visual areas V1/V2), as well as cortical
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regions further away from onset (motor area, M1) were observed. This was followed by a peak
hyperaemia, P2 40.92+13.21%, delayed by 47.17+7.09s (n=9 pinprick CSDs from n=5 animals). CSD
propagation speed calculated from CBV changes was calculated at 6.05+1.28mm/min (Fig. 2d) were
similar to previously reported ranges'. Similar results were obtained when CSD was induced via
localised administration of potassium chloride to the burr hole. CSD duration 46+34s, propagation speed
5.2+1.57mm/min (5 CSDs from 4 rats). Interestingly we observed delayed subcortical blood flow
changes indicating that neurovascular responses to a CSD are not restricted to the cortex. Although
haemodynamic response to CSD in the cortex have been well studied and reported, the technical
approaches taken usually only detect blood flow changes in the cortex, resulting in an assumption that
changes in blood flow are limited to the cortex. Recently a fUS imaging study reported that CSD can
induce complex subcortical CBV changes'®. Indeed, we observe delayed reductions in CBV in
subcortical regions including the hippocampus, amygdala and piriform cortex (Fig. 2 b-d). Functional
hyperaemia was however confined to cortical regions (Fig. 2e). The combination of DC-coupled
electrophysiology, surface arrays, or in future studies penetrating probes8 with fUS imaging of both
cortical and deep brain structures will permit more advanced studies into the impact of CSD to brain
function.

NVC response to Seizures and Seizure-associated Spreading Depolarisations.

Seizures can be generated by a coupled dynamical system in which there are both fast and slow
processes' and induce large haemodynamic responses. Active pre-seizure DC potential shifts and
ISO’s <0.1Hz can open seizure susceptibility windows?®, but the role of blood flow in the transition to
seizure is poorly understood. It has been reported that preictal blood flow changes can occur several
seconds before seizure onset'. To investigate the temporal relationship between CBV changes, I1SO
and seizure onset we induced acute seizures by focal administration of a chemoconvulsant (4-AP) to
the visual cortex. Several minutes after injection recurrent seizures arise (fig. 3a). Of interest we
observed oscillations in cortical CBV which preceded the onset of seizure (n = 5 animals) (Fig 3.b).
These oscillations grew in amplitude with the onset of seizures, with one cycle per seizure. The peak
trough of CBV occurred before seizure onset. The crest of the oscillation had peak CBV, which occurred
during the ictal discharge (Fig. 3c).

DC-coupled electrophysiology revealed an ISO with one cycle per seizure (Fig. 4 a,b).

Although the time course of the ISO and CBV cycles were similar, there was heterogeneity in the order
of events, with ISO sometimes fractionally preceding CBV and in other instances CBV occurring prior to
ISO (Fig 4. e). We attribute this to the relatively small gFET arrays used in this study (1.6 x 1.6 mm). We
have previously reported that ‘active’ DC shifts and ISO are temporally and spatially restricted®. It is
possible that in some instances seizures arise directly underneath the array, whereas others may start
further away which could explain the slight variability in ISO/CBV order. Future studies employing larger
arrays will be able to investigate this possibility. Our results do demonstrate a tight correlation, with
phase-amplitude coupling between ISO’s and LFP in addition to CBV (Fig. 4. c,d). It is probable that the
generator(s) for seizure-associated ISOs and CBV oscillations share a common mechanism. In this
regard our technological approach will allow future dissection of pathways which result in this form of
activity and provide insight into seizure genesis with important therapeutic implications.

Seizures have been reported to co-occur with spreading depolarisations® ', but due to the prominence
of AC-coupled electrophysiology used by the epilepsy community this is a largely overlooked
phenomenon even though it has important clinical implications'”-'® When seizures were associated with
CSD we observed larger and more sustained increases in CBV post-seizure in cortical regions and
delayed and prolonged decreased CBV in subcortical regions including the hippocampus (Fig. 5.).

By using a model of chemoconvulsant-induced seizures we report a tight phase coupling between
infraslow brain signals, blood flow, and seizure onset. Consistent with recent findings, we observed a
decrease in blood flow to the brain in the seconds before transition to seizure, and an increase during
the seizure'®20, Seizures that occurred with CSDs showed more complex NVC responses, with a
delayed reduction of CBF in subcortical regions including the hippocampus.
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Conclusion (250 words)

Our findings demonstrate that gFETs are compatible with fUS, enabling us to study how both fast and
infraslow brain signals contribute to NVC. This technological breakthrough will improve our
understanding of NVC and its role in disease.

Experimental Section

NVC was examined under three experimental approaches; visual stimulation via full-field LED
illumination of the contralateral eye; induction of CSD by either mechanical (pinprick), or chemical (high
potassium 1ul of 100mM injected into the superficial cortex) approaches; and initiation of seizures via
injection of 1yl of 50mM 4-aminopyridine (4-AP) to the visual cortex. For each stimulus, epidural DC-
coupled electrographic signals from the visual/somatosensory cortex of a single hemisphere were
recorded using polyimide-based flexible graphene field-effect microtransistor arrays. These are 1.6 x
1.6 mm in size, with a 4x4 arrangement of 50x50 or 100x100 um? channel sizes. The fabrication was
performed at the clean-room of the Institut de Microelectronica de Barcelona (IMB-CNM,CSIC) following
the process described in previous studies®’. Concurrent to the electrographic recordings, functional
ultrasound imaging (fUS) of the brain was used to explore neural activation in the cortex and deeper
subcortical structures.

Animal experiments and surgical details

A total of 14 Long Evans (LE) wild-type rats were used for this study. Rats were co-housed in ventilated
cages with food and water ad libidum with enrichment. The temperature in the animal facility was
maintained at 22°C +/- 2 and light cycle was reversed every 12 hours. All animal experiments were
completed in accordance with the Charles Darwin No5 Ethics Committee in Animal Experimentation in
the approved animal facilities associated to the Vision Institute (registration number APAFIS#24563-
2020030614031084 v6). Half an hour before the surgical intervention, the rats were injected
subcutaneously with Buprenorphine (0.05 mg/kg, Buprecare®, Axience, France) and Dexamethasone
(0,7 mg/kg, Dexazone®, Virbac, France) to reduce any pain and inflammation. After being shaved, a
local analgesic, Lidocaine (4 mg/kg, Laocaine®, MSD, France) was administered subcutaneously under
the scalp skin and Xylocaine gel (2%) was applied in the ears. Anaesthesia was provided by 5% gaseous
induction of isoflurane (Isorane®, Axience, France) and maintained at 2-3 %. Animals were placed in a
stereotaxic frame. The temperature of the body was maintained at 37°C with a heating plate. Drops of
ocular gel (Lubrithal®, Dechra, France) were delivered on the eyes of the rats to avoid drying out and
were then covered with a black cloth for dark adaptation. The skin was disinfected with iodopovidone
solution (Vetedine®, Vetoquinol, France) and incised. Remaining skin parts were removed, and the skull
was cleaned with oxygenated water. A unilateral craniotomy was performed to expose the dura from
motor to visual cortical regions (left hemisphere). A burr hole was drilled next to the cranial window in
the same brain hemisphere, at Bregma —7 mm (visual cortex), to enable access to the brain for CSD
induction (pinprick or KCL) and injection of chemoconvulsant in the cortex for initiation of epileptiform
and seizure activity. The array was placed over the visual/somatosensory cortical area. A piece of plastic
(TPX® polymethylpentene, GoodFellow Cambridge, UK) was cut to fit the craniotomy and placed on top
of the array. The fUS probe was placed on top of this, after applying generous drops of ultrasound gel.
The probe was positioned coronally at bregma -5.5 mm for light stimulation experiments, and between
midline (ML) +3.75 and 4.3 mm sagittally for other stimuli. The animals were kept under isoflurane
anaesthesia for up to 4 hours and euthanized at the end of the experiment by intracardiac injection
overdose of euthanasian (200 mg/kg, Exagon®, Axience, France).

Light stimulation

Light stimulation with a white full-field LED (MWWHLP1, ThorLabs, USA) controlled by a stimulus
generator (STG 4002, Multi-Channel Systems, Germany) was used on 3 LE rats. The protocol consisted
of 2Hz light stimulus (50% duty cycle) during 10s followed by 20s without light stimulation repeated for
10 times, i.e., a total protocol duration of 5 min. The LED amplitude was set at high intensity (2.0
mW/cm?) or low intensity (0.3 mW/cm?) in compliance with animal safety rules.
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Induction of CSDs and seizures.

CSDs were induced by either pricking the surface of the brain with a needle (31G), n = 5 animals, or
injection of a high potassium solution directly into the superficial cortex via the pre-drilled bur hole (1pl
of 100mM, n= 4 animals). To elicit seizures 0.5-1ul of 50mM 4-aminopyridine (4-AP) was injected
through the bur hole close to the edge of the gFET array (n= 4 animals).

gFET calibration and analysis

Signal acquisition.

Electrophysiological recordings were performed using flexible gFETs arrays. The transistor arrays were
carefully connected to a PCB and lowered onto the cortical surface. Whereas most currently available
electrodes are passive, gSGFETSs are active devices that transduce local voltage changes to current
and permit a wide recording bandwidth6. The experimental setup used to perform the in vivo recordings
provides Vs and Vd bias control and current-to-voltage conversion for up to 16 gFET channels, custom
g.Hlamp biosignal amplifier, (9.RAPHENE, g.tec medical engineering GmbH Austria). The
instrumentation splits the recorded signals into two bands with different gains: low-pass filtered (LPF, <
0.16 Hz, 104 gain) and bandpass filtered (BPF, 0.16 Hz < f < 160 kHz, 106 gain), preventing amplifier
saturation. Prior to recording, Ids — Vgs curves were obtained at the start and end of each experiment
to allow determination of the performance of the gFET and custom code was used to calculate the
optimal bias point (average across the arrays of the maximum of the mean absolute transconductance
left from charge neutrality point). Two custom Simulink models were used: i) to perform the transfer
curve of the microtransistors once inserted and at the end of the experiment; ii) to set the Vs and Vd
bias and acquire the recorded signals. Signals were sampled at 9.6 kHz.

Data Calibration

All electrophysiological data were calibrated using Python 3.9 packages (Matplotlib, Numpy, Neo) and
the custom library PhyREC (https://github.com/aguimera/PhyREC). The conversion of the recorded
current signals (LPF and BPF) to a voltage signal was performed by summation of the two signals and
inverse interpolation in the in vivo/chronic measured transfer curve of the corresponding gSGFET when
possible, and by applying the transconductance factor at the bias point (gm(Vgs)) otherwise. The
transfer curves were always measured at the beginning and end of every recording to ensure that no
significant variations were present and to detect any malfunctioning transistor.

Data analysis
All electrophysiological data were calibrated using Python 3.9 packages (Matplotlib 3.2.0, Numpy 1.17 .4,

Pandas 0.25.3, Seaborn 09.0 and Neo 0.8.0) and the custom library PhyREC
(https://github.com/aguimera/PhyREC). CSD analysis methods have previously been reported?”. No high
pass filtering is applied to the recorded extracellular potentials for the analysis of CSD waveforms,
extraction of CSD parameters or plotting to avoid any signal distortion. Briefly, for each CSD extracellular
voltage shift the peak amplitude and duration were extracted. Raw signals were down sampled to 3 Hz
and zero voltage was set to the average value of the 5 s before the light stimulus. We defined the onset
of the CSD as the onset of the negative shift with a threshold at -4 mV. Peak amplitude was defined as
the minimum value of the wave and reported as an absolute value. CSD duration was defined as the
time that the extracellular voltage remained below -4 mV; it was determined using below and above
thresholds.

fUS acquisition and analysis

The fUS probe is composed of a linear ultrasound probe (128 piezoelectric elements, 15 MHz, 110 ym
pitch and 8 mm elevation focus, Vermon, France), connected to an ultrafast ultrasound scanner
(Aixplorer, Verasonics, France) controlled through Matlab. Detailed physics principles behind fUS can
be found in previous literature®2', and are illustrated in Fig.1a. Briefly, a sequence of tilted plane waves
(11, angles from —10° to +10° with a 2° step) are simultaneously emitted by the transducers and their
backscattered echoes are recorded. To obtain a high-resolution image, the sequence is repeated 200
times at 500 Hz which takes 0.4 s in total per image. Beamforming of the echoed signal enables
reconstruction of the imaged brain slice and takes less than 0.6 s. The final image sampling rate is 1 Hz,
resulting in a compound image (IQ) created per second. After acquisition, the compound images are
filtered to remove background noise and the resulting power doppler signals (proportional to the cerebral
blood volume (CBV)) are obtained. Pre-processing of acquired images consisted of using singular value
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decomposition (SVD) with a clutter filter at A=60 to filter out singular values linked to the tissue space?.
The power doppler signals retrieved (PwD) is proportional to blood volume. The signals PwD were then
smoothed (gaussian 3x3 filter) and analysed offline using Matlab. Baseline signal (BL) was calculated
by averaging PwD during the first 30 s of acquisitions for light stimulation experiments and during the
time before pinprick for other stimuli. The cerebral blood flow (CBV) was normalised into a relative
steady-state value (rCBV) and calculated as the following:

(PwD — BL)

- = @@z 0,
rCBV S+ 100 (%)

Images were manually registered.

For light stimulation experiments, correlation heatmaps between stimulation pattern and doppler data
were calculated using a global linear model?® with Benjamini correction (q<0.1). Lateral geniculate
nucleus (LGN), superior colliculus (SC) and visual cortex (V1/V2) ROls were identified according to the
Paxinos & Watson rat brain atlas?*. In these ROls, rCBV was averaged over successive repetitions.
For pinprick experiments, KCI and 4-AP injection experiments, rectangle ROIs (15x10 voxels) were
selected in the visual cortex (V1), somatosensory cortex (S1), and other subcortical regions such as
Hippocampus (Hip), Thalamus (Thal) or Amygdala (Amygd). For pinprick and KCI experiments, global
minimum (P1) and global maximum (P2) peaks were identified on rCBV plots during the CSD events
(n=9 experiments for 5 animals). Peaks rCBV percentage and time from onset stimulus were quantified
across subjects. CSD propagation heatmaps were represented for P1, P2 in terms of rCBV amplitude
and time from stimulus onset. Voxels for which rCBV amplitude at P1 was below three times the baseline
standard deviation were discarded. Additionally, for voxels in cortical regions, the time at which P1
occurs from onset time versus distance of the voxels from onset point was calculated. CSD speed
(mm/min) was obtained by calculating the slope of the linear fit to this plot.
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Figure 1. Electrophysiological and functional ultrasound imaging compatibility. a. Schematic of
the experimental paradigm. An LED was used to visually stimulate the eye contralateral to electrographic
and imaging recordings. Over the left hemisphere cortex of a rat a large (3 x 9 mm) craniotomy was
performed to be used as fUS imaging window (AP +1 to -8 mm, ML 0.5-3.5 mm). A 16 channel gSGFET
array was positioned in the dura over visual/somatosensory cortex and the craniotomy sealed with a
piece of cover film before application of transduction gel and placement of the fUS probe. Schematic
cross-section of a graphene micro-transistor, with the driving voltage (Vds) and the operation point
selector voltage (Vgs) labelled. Current fluctuations in the drain-source current (Ids) are then converted
back to voltage using the transfer characteristics of the transistor (Ids-Vgs curve)®. The principles of fUS
imaging are shown in schematic form (right box). b. Representative gFET-acquired raw
electrophysiological signal and power spectrum density during times when fUS-acquisition was switched
ON or OFF. c. Representative fUS-acquired image with or without gFET placement over the cortex
underneath the fUS probe. d. Z-score of correlation between stimulation pattern and CBV for 3 different
animals (a1, a2, a3). Region of Interests ROIs are the visual cortex (V1), the superior colliculus (SC)
and the lateral geniculate nucleus (LGN). e. Averaged CBYV increase during the 10s visual stimulation
at the 3 selected regions. f. Visual stimulation protocol consisted of 2Hz light stimulus (50% duty cycle)
during 10s followed by 20s without light stimulation repeated 10 times, i.e. total protocol duration of 5
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min. Averaged z-scored power spectrogram during the 10s light stimulation shows an increase in power
at double of the LED stimulation frequency (4Hz) as expected. Right: Median and median absolute
deviation of the electrophysiological response recorded using a gFET in response to the visual
stimulation. ON and OFF visually evoked potentials are observed.
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Figure 2 Characterisation of cortical spreading depolarisations (CSDs) using simultaneous gFET
epidural recordings and fUS. a. Schematic of the experimental protocol. The fUS probe was placed
on top of the array in sagittal orientation. Either pinprick or KCI stimulus was applied via a burr hole next
to the craniotomy at bregma — 7 mm. The colour code for CBV changes in different brain regions is
shown below. b-f. A CSD event occurring upon mechanical pinprick. b. in visual cortical areas. The time
course of cerebral blood volume (CBV) changes in visual areas (V1/V2, orange), somatosensory cortex
(S1, brown), motor cortex (M1, pink), hippocampus (blue), and amygdala (green) and piriform cortex
(yellow). Below show the electrographic response recorded using the graphene transistor array (gFET);
AC signal from a single transistor (top), and DC signals from multiple transistors, with blow up to illustrate
propagation (below). T, represents pinprick onset. Description of the CSD wave recorded in fUS by 2
distinct peaks: P1 (first global minimum), P2 (global maximum). ¢. Time course of CSD changes in CBV
through the sagittal plane of the brain. d. (left) Propagation of P1 over time across the cortical and
subcortical regions of the brain and (right) corresponding rCBV at P1. e. Propagation of P2 over time
across the cortical and subcortical regions of the brain (left) and corresponding rCBV at P2 (right).
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Figure 3. Blood flow changes precede the onset of chemoconvulsant-induced seizures. a.
Representative high-pass filtered (>0.3Hz) recording (black trace), with corresponding rms signal (green
trace) from a single transistor of the period post-injection of chemoconvulsant (4-AP) until the onset of
seizures. Red box indicates a seizure with blow up above. Concurrent cortical CBV imaging (purple
trace) is shown below. b. Oscillations in CBV occur prior to the electrographic onset of seizure, Bar and
scatter plot of the time CBV oscillation start preceding seizure onset n=4 animals. c. A biphasic response
to CBV is observed with a decrease in rCBV occurring prior to seizure, and an increase peaking during
ictal activity, bar and scatter plot of the change in rCBV during preictal and ictal states as defined by the
electrographic onset of seizure (n=4 animals)
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Figure 4. Correlations between rCBYV, ISA and seizures. a. Raw DC-coupled recording of 7 seizures
(black), with the DC potential (<0.1Hz) displayed in red. The signal filtered above 0.5Hz is shown below
(black), with the LFP rms displayed in green, and the ISO phase (yellow, 0.01-0.1Hz). rCBV from a
region of interest in the cortex (purple) and hippocampus (blue) are shown at the bottom. b. Blow up of
a single seizure event illustrating the amplitude-phase correlation between 1SO, seizure and cortical
CBV. The brown and purple dots mark the trough and peaks of the ISO and CBV respectively c. Density
distributions of the ISO phase and seizure LFP rms. d. Density distributions of the ISO phase and rCBV,
e. Barplots with scatter of the time of ISO and CBV increase prior to seizure onset and its peak time
during the ictal state. The rise of the ISO and CBV occurred prior to seizure onset, peaking towards the
end of ictus, before dropping again (n=3 animals).
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Figure 5. Seizures associated with spreading depolarisation result in hyperaemia in cortical
regions and decreased blood flow in subcortical regions. a. DC-coupled recording (black) of
multiple seizures and 3 CSDs, with the DC potential (<0.1Hz) displayed in red. The signal filtered above
0.5Hz is shown below (grey), with the LFP rms displayed in green. rCBF from a region of interest in the
cortex (purple) and hippocampus (blue) are shown at the bottom. b. Blow up of an individual seizure
and associated spreading depolarisation event. Note, in response to the seizure and SD there is a large
increase in CBV in the cortex, with a delayed decrease in CBV in the hippocampus, n=3 seizure-SD
events, n=1 animal.
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lll. Stimulating with graphene-
based subretinal implant

The following article manuscript is still in preparation. It describes the in vivo proof of concept of the
long-term biocompatibility of reduced Graphene Oxide (rGO) -based implants in the subretinal space
and the functionality of such implants as subretinal electrodes for vision restoration.
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Abstract

Brain-machine interface have to solve various challenges in terms of electrode size and biocompatibility
to reach the great expectations and hopes in treating handicaps and neurological diseases. Taking
retinal prostheses as a model system, we here explored a reduced graphene-oxide-based
microelectrode technology with electrodes down to 25 ym to stimulate a neuronal circuit. We established
first the in vivo long-term biocompatibility of such material in the subretinal space by quantifying the
microglial cells 3 months post-implantation. The electrode efficacy was demonstrated by imaging visual
areas with functional Ultrasound imaging. We show that the activation is dependent on the electrode
size and the stimulation amplitude. The graphene electrode sustained the stimulation paradigms as
characterized before by measuring impedance spectroscopy, cyclic voltammetry and voltage transients
in response to long pulses (10 ms) in PBS. These results provide the first demonstration of the in vivo
biocompatibility and in vivo efficacy in stimulating a neuronal circuit for the small reduced graphene
oxide electrodes paving the way for future chronic long-lasting implantation.
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Introduction

Blindness resulting from the loss of photoreceptors can occur in different diseases including retinal
dystrophies like, retinitis pigmentosa (RP), or age-related macular degeneration (AMD). AMD is the
leading cause of blindness in developed countries with no treatment to fully prevent the development of
the atrophic form of the disease. Following photoreceptor degeneration, most bipolar cells (BCs) and
retinal ganglion cells (RGCs) within the inner retina survive (Kim et al., 2002, Santos et al., 1997). These
surviving neurons can be electrically stimulated with an array of electrodes in a spatiotemporal pattern
to produce a signal that is transmitted through the visual pathway to the visual cortex and interpreted as
a visual percept (Freeman et al., 2011). Retinal prostheses have been developed over the past few
decades in order to restore some useful vision and improve the daily life of blind patients (Humayun et
al., 2012; Luo & Da Cruz, 2016; Stingl et al., 2015).

The state of the art, retinal prosthesis represented by the Argus Il device from the 2nd Sight company,
is composed of a multi-electrode array (MEA), a head-mounted camera, a visual processing unit, and a
power and data telemetry modules (Lovell et al., 2010; Weiland & Humayun, 2014). Recently, better
visual acuity was achieved with subretinal implants (Palanker et al., 2020). However, these subretinal
electrical stimulation paradigms require more charge to inject current pulses with longer pulse duration
in order to target non-spiking graded bipolar cells (Lorach et al., 2015) The resolution of the device is
highly related to the electrode pitch, their individual size and thus to the electrode material which has to
be biocompatible (Wellman et al., 2018; Schiavone et al., 2020; Vomero et al., 2022).

Each material is characterized by its electrochemical performance, which defines the amount of charge
that can be safely delivered through an electrode of a given size. Electrochemical stability refers to the
inertness of the material while operating in the biological environment while its biocompatibility refers to
its non-toxicity on the tissue and the absence of a deleterious immune response over time. Electrodes
are classically manufactured from biocompatible metals with high conductivity such as gold (Au),
platinum (Pt), or their alloys such as iridium oxide (IrOx) or titanium nitride (TiN). An important aspect
for optimizing the delivered charge density reside in the deconvoluted surface of an electrode resulting
in the production of porous materials to enlarge this surface as in platinum black. Despite their high
conductivity, noble metals have modest electrochemical performance, which worsen upon
miniaturisation of the electrode size and all are subject to corrosion if the implant packaging is not
hermetic or if the coating delaminates over time. Although IrOx is characterised by a high charge
injection capacity up to 4 mC/cm? (Negi et al., 2010), it delaminates rapidly in vitro at charge injections
above 3 mC/cm? (Cogan et al., 2004) and degrades over time in vivo (Weiland & Anderson, 2000; Chen
et al., 2023). For the packaging issue, recent technological advances propelled flexible substrate such
as polyimide, parylene or PDMS as the new standard for flexible arrays matching better the mechanical
properties of neural tissues and causing less tissue scaring and minimal foreign-body reaction upon
implantation (Walton et al., 2022).

Graphene has been proposed as an adequate material to generate electrodes due to its semi-metal
properties conferring it a high conductivity and its compatibility with clean room microfabrication
techniques. Furthermore, we recently demonstrated the in vitro and in vivo biocompatibility of single
layer chemical vapor deposited (CVD) graphene (Bendali et al., 2013; Nguyen, Valet, Dégardin,
Boucherit, llla, De La Cruz, et al., 2021). Electrodes were recently made from reduced graphene oxide
(rGO), which harbours a three-dimensional porous architecture with pore sizes below 100 ym (Viana et
al., 2022). This porous Engineered Graphene for Neural Interface microelectrode TEchnology (EGNITE)
features promising electrochemical characteristics such as a charge injection limit of 4-8 mC/cm2 for 1-
ms pulses, a low impedance at 1kHz (~27 kQ for a 25-uym diameter electrode) and long-term
electrochemical stability (Viana et al., 2022). This high electrode performance could enable stimulation
with micrometre-scale electrodes allowing more focal activation, higher density of electrodes and in the
end, better spatial resolution.

In the present study, we investigated the biocompatibility, the inertness of the electrodes and their in
vivo efficacy using the eye as an accessible model system with the prospective of improving retinal
prostheses.
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Results

Microfabrication results

A manufacturing process was developed to deposit the reduced-graphene oxide (rGO) at the electrode
position in different sizes. Figure 1 illustrates the schematic design of the reduced graphene oxide-based
(rGO) subretinal implant (Figure 1.a) and a final assembled device (Figure 1.b). The implant possesses
12 rGO-electrodes of 3 different sizes (100, 50 and 25 um) on top of gold (Au) and titanium (Ti) metal
tracks on the polyimide (PI) flexible substrate. The whole structure is embedded in a Pl coating to isolate
tracks. Overall, the implant thickness is 15 um and was tailored for studies with rats. After the lift-off step
from the wafer, detached implants are mounted on a rigid PCB allowing easy anchoring and an Omnetics
connector for interfacing with the digital world. The implant head was designed with a circular shape
(diameter 1 mm) to comply with the constraints of the in vivo subretinal surgery. We first examined
visually the correct microfabrication of the implant under optical microscope. On the image, the porous
graphene appears black to the naked eye (Figure 1.c).
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Figure 1 Reduced graphene oxide-based (rGO) subretinal implant design. a. device schematics. The implant is composed of gold
(Au) and titanium (Ti) tracks embedded in a polyimide (PI) substrate and coating, and 12 rGO electrodes of 3 different sizes (25,
50 and 100 um). b. Photography of microfabricated and mounted implant. An Omnetics connector linked to a PCB on the implant
connector pads allow current injection in the electrodes using an external stimulator. ¢. Microscope view of electrodes.

In vitro characterisation

To further assess the proper graphene deposition on the electrodes, we measured the in vitro
electrochemical performance. Figure 2 illustrates these electrochemical performances for the different
electrodes’ sizes: 100-um-,50-uym- and 25-pym-diameter. At 1 kHz, the electrodes have respectively an
impedance Ziku, of 12.70£0.76 kQ, 9.96+0.93 kQ, 24.87+0.02 kQ and a phase @1k of -55.55+0.81°, -
44.031+1.63°, -46.59+1.41°, consistent with previous data (Viana et al., 2022). Overall, the average
impedance plot of 25-um-diameter electrodes is always higher than the two others. The average cut-off
frequency foutorr Was respectively found equal to 3.363+0.270 kHz, 1.202+0.219 kHz and 1.831+0.476
kHz, corresponding to the average impedance Zgutor Of 6.196£0.319 kQ, 10.128+0.719 kQ and
22.981+1.739 kQ. They yield an anodic charge storage capacity (CSC,) of respectively 0.252+0.009
mC/cm?, 0.481+0.0339 mC/cm? and 1.107+0.136 mC/cm?, and a cathodic charge storage capacity
(CSC,) of respectively 0.343+ 0.027 mC/cm?, 0.806+ 0.088 mC/cm? and 1.882+0.236 mC/cm?2. These
measurements are in complete agreement with the graphene composition of the electrodes as it is in
the range previously described for this material (VViana et al., 2022).

However, in microelectrodes, the charge storage capacity usually overestimates the actual charge which
can be injected because not all charges are available for release. As a consequence, to obtain a more
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precise measurement, we measured the charge injection capacities (CIC) by pulsing voltage transients
at different current amplitudes. The cathodic charge injection capacity CIC; was around 0.455, 0.629
and 2.7752 mC/cm? for biphasic pulses of 1 ms for electrodes with 100, 50, 25 um diameter, respectively.
By contrast, the anodic charge injection capacity CIC, was estimated to be around 1.361, 5.847 mC/cm?
for the 50 and 25 um electrode diameter (supplementary figure 1.b) and no CIC; limits was measured
for the 100 um diameter electrodes. To compare the initial electrode characteristics to the in vivo
conditions, we applied our in vivo experimental paradigm in a medium more representative of the in vivo
conditions. When biphasic anodic-first pulses of 10 ms were applied in series at 8, 10 and 12 pA (Figure
2.d), the resulting polarisation of the electrode (~1.2 V) did not exceed water window (1.7 V), which we
therefore assumed safe for the electrode inertness.
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Figure 2 In vitro electrochemical characterisation of rGO electrodes of diameter 100, 50 and 25 um in a 3-electrode
electrochemical cell composed of a platinum counter electrode and an Ag/AgCl reference electrode all bathed in a PBS solution
(10X). a. Electrochemical impedance spectroscopy (EIS) Bode plots for electrodes of diameter 100, 50 and 25 ym. Impedance
(Z) and phase (¢) were averaged over N=27, 17 and 11 electrodes respectively. The cut-off frequency f....rand the corresponding
Zauoit Were estimated when -@ = -45. b. Cyclic voltammetry for same electrodes, at different sweep rates. Charge storage
capacities for anode (CSC,) and cathode (CSC;) are calculated using area under the curve. c. Voltage transients for 25-um
electrodes with 1 ms cathodic-first biphasic pulses. d. Voltage transients for 25-um electrodes with 10 ms anodic-first biphasic
pulses

Biocompatibility

Biocompatibility of the rGO material was evaluated by examining in vivo the tissue and then quantifying
the inflammation in the post-mortem retina of blind P23H rats implanted during 90 days post implantation
(dpi). Specific non-connected implants were manufactured following the same process to generate
passive electrodes (Figure 3.a). For comparison, control implants were generated with Pt-electrodes
not covered by rGO and a sham implant was produced from Pl only with a similar substrate thickness
(~16 um). Because animals with a photoreceptor degeneration have already a reactive retina, we
compared the implanted tissue with non-implanted eyes of the same age considered as a true control
(ctrl).

All implants were individually followed over 90 days in vivo at different time points, 7, 14, 30, 60 and 90
days-post-implantations (dpi) (Figure 3.b). This follow up was achieved in the blind P23H rats by eye
fundus and optical coherence tomography (OCT) imaging. These examinations confirmed the correct
implantation in the subretinal space as retinal blood vessels were seen above the implant in eye fundus
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observations and the thin retinal tissue was observed above the implantin OCT exams at 7 days (Figure
3.c, d, e). No monitoring was performed before this date in order to allow the animal to recover entirely
from the surgery. Generally speaking, when light or mild inflammation was observed at 7 dpi, it easily
resorbed at 14 dpi no matter the implant material. Although some internal haemorrhage could happen
due to the surgery as seen for the example given for the Pl-based (Figure 3.c) or the rGO-based
implants (Figure 3.e), it usually disappeared by 14 dpi. Overall, until 90 dpi, there was no displacement
of the implants in the eye nor delamination.

After isolating the eyes after 90 dpi for histological examination, the retina was isolated with extra care
to preserve the contact between the implant and the tissue (Figure 3.f). The samples were
immunolabeled with an antibody directed against Iba-1 (488 nm) to visualize microglial cells. We verified
integrity of the retina and the implant at a low magnification (10X) under the confocal microscopes
(Figure 3.g, h, i, j). All implants appeared totally normal and the tissue did not show any abnormality.
Then, to examine the tissue at a cellular resolution, we used a higher magnification (40X) to acquire a
3D image of 317x317um? squares on all the implants (Figure 3.k, I, m, n), which were randomly selected
above the implant. The polyimide material used as substrate appears green because it fluoresces under
the excitation wavelength used to image Iba-1-immunopositive cells (Figure 3.h).

Thanks to the confocal imaging, the implant layers were eliminated to achieve the quantification of
microglial cells with the Imaris software (Figure 3.1). The platinum material appears orange because it
fluoresces when using a 594 nm excitation wavelength (Figure 3.i,m), and the gold tracks were similarly
detected underneath the graphene layer (fig. 3j). These observations under different wavelengths
enabled us to define the electrode position and the gold tracks. In the control P23H retina, microglia
cells displayed stellate shapes with long and ramified processed (Supplementary Figure 2.a). However,
in one of these ctrl samples (n=9), we also observed round ameboid microglia distributed among
ramified microglia. Pl samples (Supplementary Figure 2.b) and half of the Pt samples
(Supplementary Figure 2.c) had ameboid microglia. Surprisingly, some microglia were lying on the
surface of the Pt electrodes (Figure 3.q). In rGO samples, the microglia seemed to display shorter
processes than in the ctrl samples although they appeared less ameboid than in the Pt samples.
Densities of microglia appeared slightly lower in Pl or some Pt and rGO samples compared to the
negative controls.

To quantify the microglia cells, they were modelled in a semi-automated way with Imaris software
(Figure 3.0, p, q, r). The boxplots on Figure 3.s and Figure 3.t compare the total number of microglia
cells per 0.1 mm? and the total volume of microglia cells per 0.1 mm? for the different implanted materials.
Although no statistical difference was found between all categories’ distribution nor pairwise (Kruskall-
Wallis with multiple comparison test, a=0.05), the number of microglia for PI, Pt, rGO are slightly higher
than for ctrl samples, which could result from the surgery.

In vivo recording during retinal electrical stimulation

In a previous study, we showed that functional ultrasound (fUS) imaging can provide a general view of
different visual areas with a sensitivity equivalent to electrical recording of the visual cortex (Provansal
et al., 2021). We therefore used fUS imaging to assess the performances of our custom rGO-based
electrodes on connected subretinal implants in electrically stimulating on the retina of wild-type rats.
Before such electrical stimulations, the correct subretinal insertion was verified by eye fundus
examination (Figure 4.a) showing the retinal blood vessels passing above the implant. We intended to
insert the implant close to the optic nerve for its easier visual perception and lower retinal detachment.
To perform electrical subretinal stimulation, we applied anodic-first biphasic pulses lasting 10ms per
phase and repeated 5 times over 300ms onto one electrode at a time (Figure 4.b) at a 3.33 Hz
stimulation rate for 6 s. Such a sequence was repeated 10 times with 30s interleave periods. A light
stimulation test with 300ms flash at a same frequency for 6s served as a control to visualize brain visual
areas. The fUS probe, which measures a change in the cerebral blood flow (CBF) due to the
neurovascular coupling, was placed on top of a craniotomy, located at around bregma-6.5mm so that
both the superior colliculus contralateral to the implanted eye (SCc) and ipsilateral (Sci) were visible.
The visual and electrical stimulations generated inverse Gaussian shapes at different voxels for the
calculated relative cerebral blood volume (rCBV) in various regions of interests (ROIs) witnessing
thereby the local and transient increase in neural activity.
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implant (j, n). (o-r) Microglial cells reconstruction using Imaris software to extract individual retinal microglial cells from the above
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confocal images (k-n). (s-t) Quantification of the microglial cell density (s) and their individual volume (t) in the different
experimental conditions (Nctn = 9, Npi=7, Np=7, Nico=9) No pairs display a significantly different distribution from one another
(Kruskal-Wallis with multiple comparison tests, a=0.05)

The fUS heatmaps (Figure 4.c, d) illustrate the activation of the superior colliculi in both hemispheres
for light stimulation and in the contralateral superior colliculus (SCc) for the electrical stimulations in the
implanted eye for one animal. In the heatmaps, the activated voxels are displayed in red for a significant
increase in cerebral flow for light control (Figure 4.c) and for a 100 um-rGO electrode with different
amounts of injected current (Figure 4.d) (Global linear model fitting, Benjamini-Hochberg correction with
a 90% confidence). At 0.25 mC/cm?, there is only a weak activation in the region around the lateral
geniculate nucleus (LGN), whereas starting from 0.51 mC/cm? the activated area in the SCc keeps
growing spatially and with stronger correlation as the charge density increases. However, compared to
the light control paradigm for which the SCc, the SCi and the ipsilateral visual cortex (V1i) were all found
to be highly correlated to the stimulus (Figure 4.c), electrical stimulation resulted in no clear activation
of the visual cortex and the SCi. For the visual cortex activation, it remains very moderate even with light
stimulation as indicated previously in other studies (Gesnik et al., 2017; Provansal et al., 2021), likely
due to the anaesthesia. The absence of activation in the SCi in this example is consistent with the
implantation in an area not related to bilateral vision. For the light stimulation with a full-field white LED
(2 mW/cm2) illuminating the whole eye, part of the eye devoted to bilateral vision was stimulated. The
corresponding CBV time courses averaged over 10 repetitions are shown in Figure 4.e. There is a CBV
peak in SCc at already 0.25 mC/cm? (2 yA), and a clear increase in the peak amplitude with increasing
charge density.

The number of activated voxels in SCc was correlated significantly with the injected current and thus
with the injected charges in n=11 animals (Figure 4.f-g). For the negative control and the light control,
the blood flow was found to be positively correlated with stimulation pattern in respectively 5.6+1.9
voxels and 98.5+13.5 voxels. For 100 ym-electrodes, the positive correlation was found for respectively
9.045.8, 9.4+3.2, 13.5+4.8, 32.049.8, 61.0+26.5 for 0.07, 0.13, 0.25, 0.51, and 1.02 mC/cm? (Figure
4.f). For 25 ym-diameter rGO electrodes, mean numbers of positively correlated voxels are 3.9+2.4,
8.312.8, 5.2+ 3.1, 17.918.5, 48.1+14.7 (Figure 4.g). This correlation was dependent upon the size of
the electrode. Kruskal-Wallis test with multiple comparison for 100 pm-diameter-electrodes reveals that
from 0.07 to 0.51 mC/cm? the number of correlated voxels in SCc is significantly lower than for light
control while starting from 0.51 mC/cm?, there is no significant difference anymore between light and
electrical stimulation in terms of number of activated voxels in SCc (Figure 4.f). On the other hand, for
the 25-um-diameter electrodes, number of activated voxels with the highest tested current density (16.3
mC/cm?) remained significantly different than the light control (Figure 4.g). Therefore, at equivalent
injected total current between the two electrodes, the voxel number was significant for the 100pum
(0.51mC/cm2) but not for the 25um electrode (16.3 mC/cm?) (Figure 4.j). To further assess this
distinction between the two electrode sizes and thus the spatial resolution of the stimulation, we
quantified the change in cerebral blood flow amplitudes. For this parameter, the significant changes
were also observed at the highest charge density for both the 100-um-electrode (1.02 mC/cm?, Figure
4.h) and the 25-pym-electrode (16.3 mC/cm?, Figure 4.i). Therefore, both electrode sizes reached an
amplitude of activation non-significantly different than light stimulation, at the same injected charge (8
MA) but the highest cerebral blood flow appeared to be reach by the smallest electrode sizes (Figure
4.k). Overall, although no significant difference was found between each pair of injected charge (Figure
4.f-i), the boxplots and heatmaps highlight an overall larger number of activated voxels starting from
0.51 mC/cm?.

These results demonstrate the ability to activate with rGO-based electrodes the retinal circuit with an
efficiency dependent upon the electrode size at high current amplitudes.
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Figure 4 Functionality of reduced graphene oxide (rGO) electrodes, by functional ultrasound imaging (fUS) of the brain during
subretinal electrical stimulation. (a) eye fundus of a normal rat implanted with rGO-based implant. (b) Electrical stimulation protocol
and surgery. A biphasic anodic-first 10ms-pulse-based current was injected into rGO working electrodes (WE) in 300ms
sequences repeated at a 3,33Hz for 6s, such stimulation protocol was reproduced 10 times with 30 s interleave periods. The
implant was inserted acutely in the subretinal space of the normal rat, while the return electrode (CE) was introduced in the
contralateral muscle on the brain. Full field LED light stimulation were applied to locate visual areas with the probe for functional
ultrasound imaging (fUS) placed on a brain craniotomy. (¢, d) fUS activation heatmap (global linear model between power doppler
and stimulation pattern with Benjamini-Hochberg correction) with light (c) or electrical stimulation using a 100 pm-diameter rGO
electrode (d). (e) Cerebral blood volume relative to baseline (rCBV) in the superior colliculus contralateral to stimulated eye (SCc)
for each charge density in (d), n=1. rCBV are averaged over 10 repetitions. (f-g) Number of activated voxels in the SCc for different
amount of charge injected. (h-i) Cerebral blood Volume relative to baseline (rCBV) in SCc at maximum peak for different amount
of charge injected in (g) 100 um- and (h) 25 ym-diameter rGO electrodes. (f,g,h,i) Only non-significant pairs with light stimulation
are indicated, in blue (Kruskal-Wallis with pairwise comparison, 5%). (j) Number of activated voxels in the SCc at different amount
of total current for the 25 ym- and 100 um- electrodes. (k) rCBV in SCc at maximum peak at different amount of total current for
the 25 ym- and 100 pm- electrodes. (Mann-Whitney test, 5%, *p<0.05)
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Discussion

We successfully fabricated a rGO-based subretinal flexible electronic implant customised for rodent
preclinical studies of subretinal electrical stimulation for vision restoration (fig.1). Such a device was
already produced for short-term investigation in animals to then enter in clinical trials during
intraoperative procedures (Viana et al., 2022). Here, our objective was to investigate the long-term
safety on implanting the material on a device and its ability to generate electrical stimulation in an in vivo
biological environment. The flexibility of neural probes is highly desired in order to decrease effects of
foreign body reaction upon chronic implantation, which is well exemplified by the fibrotic reaction
reported around Utah arrays in the visual cortex (X. Chen et al., 2023). However, some rigidity was also
required to facilitate the implant insertion into the subretinal space through the sclera. We therefore took
advantage of Polyimide, a biocompatible polymer, which played the role of both substrate and coating
and was used previously with great success in different studies (Bendali et al., 2015; Linderholm et al.,
2013). Moreover, the polarisation of rGO electrodes during pulses injection was stable and within the
range of the water window for both 1 ms and 10 ms pulses, although charge density becomes relatively
high for smaller electrodes. This inertness of electrode provided a major and highly scrutinized result
because we applied long stimulation durations required to activate selectively the non-spiking bipolar
cells at a high charge density (sometimes above theorical safety charge injection limit) and thus generate
a network-mediated responses (Boinagrov et al., 2014; Ho et al., 2018). Our study therefore confirms
the high quality of the EGNITE electrodes for recording and stimulation of neuronal circuits.

The toxicity of carbon-based nanomaterial on human health is a common fear since the major scarce in
2008 engendered by long needle-like carbon nanotubes asbestos-like pathogenicity (Poland et al.,
2008). Graphene derivatives make no exception and present contrasting cytotoxicity results, depending
on dosage, time of exposure, and application. However, in EGNITE electrodes, the rGO material is not
released in the body but remains attached to the device. The biocompatibility of the rGO-based implant
had already been reported to be safe after 2 months of interfacing with the rat tibial nerve (Viana et al.,
2022). We here investigated its safety in a neuronal and retinal tissue, which provides a model system
for brain structures. We examined microglial cells because their transformation in an amoeboid shape
provides a clear indicator of a chronic foreign body reaction (Polikov et al., 2005). Because inserting a
subretinal implant triggers a retinal degeneration in rats (Lorach et al., 2015), we used P23H rats, a
model of retinal degeneration at an age when photoreceptors have already disappeared to study the
effect of the implant on the residual tissue and not that of a local degenerative process. Our
quantification provides no evidence of a reactive gliosis toward any of the implant as the number and
shape of the microglial cells did not change statistically significantly. These results with 3D rGO material
are in good agreement to our previous study on for the chemical vapor deposited (CVD) graphene-
based subretinal implants (Nguyen et al., 2021). Future studies will have to investigate the
biocompatibility of the rGO material when used for electrical stimulation in chronic implantation. However,
such cable-tethered implants will include high risks for implant displacement during eye movements.
Our study has excluded this risk with a non-connected device to specifically investigate the
biocompatibility of the rGO material.

The material rGO was previously used to record the cortical activity especially as an
electrocorticography (ECoG) array (Viana et al., 2022). In this article, we investigate the use of similar
electrodes but for neuronal stimulation. Indeed, electrical stimulations are applied in prostheses, to
depolarise neurons in the vicinity of electrodes. In retinal prosthesis, electrical stimulation of the retina
was shown previously to generate perception in blind patients by either epiretinal or subretinal implants.
In our study, we demonstrated retinal activation by measuring the activation of the superior colliculus
(SC) by fUS imaging. This imaging technology enabled us to examine the elicited activity in an entire
brain slices even as deep as the SC by light or rGO electrical activation of the retina. The visual cortex
V1 was only weakly responsive during light stimulation and almost not at all during electrical ones, while
high correlation between blood flow and stimulus pattern was located in the contralateral SC region. The
absence of measured activity in V1 was reported in different visual studies and it was imputed to the
influence of anaesthesia on blood flow dynamics (Provansal et al., 2021). The preferred SC activation
is also related to its high retinal innervation from RGCs by contrast to V1 in rodents (Ellis et al., 2016).
Overall, electrical stimulation with both 25- and 100-um electrodes trigger a significant increase of blood
flow in the SC, which translates into neural activation. In terms of total charge conveyed, there was no
significant difference in spatial activation with either electrodes, although their charge injection capacity
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differs. However, at maximum current tested (8 pA), the neural activation triggered by the 25-um
electrode was more focal (less correlated voxels) but higher in average in amplitude than the 100-um
electrode. One interpretation is that in acute studies, the retina remains detached and not in tight contact
to the implant so that the current is injected in this subretinal space preventing a more local activation
by the smaller electrodes at low current injected. The gap between the electrode and the tissue elevate
the required current to activate the neurons and thus trigger a response in visual areas. As a
consequence, our applied current densities exceeded by far the legal recommendations for tissue safety
(30 yC/cm?in the brain for instance) but the stimulation was likely distributed onto a larger retinal surface
than the electrode surface in most cases. Furthermore, the monopolar stimulation protocol (with a distant
ground in the contralateral brain muscle) may also concur to enlarge the stimulated retinal area. For
future chronic evaluation, local return electrodes introduced in photovoltaic prosthesis would restrain the
current diffusion (Flores et al., 2018; Ho et al., 2019). Moreover, our in vitro characterization of the
electrodes also indicates a low impedance and large water window. In accordance with past
investigations (Viana et al., 2022), this study suggests that the rGO electrodes could serve for both
recording and stimulation modes in a bimodal therapeutic application.

Conclusion

In summary, we report in this article the successful implementation of long-term biocompatible rGO
electrodes on a customised flexible subretinal implant coated with Pl and tailored for rodent surgery.
These electrodes display in vitro high charge injection capacities higher than 3 mC/cm? for 25 ym-
diameter sizes and stable voltage transients’ profiles within safe stimulation window. Moreover, the
material does not induce harsh inflammation compared to Pl probes or Pt-based electrodes nor degrade
over 3 months post-implantation in the subretinal space of blind rats. Following the biocompatibility study,
neural electrical stimulation functionality was also demonstrated for 25- and 100-um-diameter electrodes
in wild type rats using fUS technology. After an acute surgery with cranial window and subretinal
implantation, electrical stimulation of retinal neurons in the subretinal space with slow pulses (10 ms)
activated neurons in the SC contralateral to stimulated eye, one of the main relays of the visual pathway
for optic nerve axonal inputs. While much more charge density was necessary for 25-ym electrodes to
achieve comparable activation with full field light control stimulation in contrast to 100-um electrodes,
the smaller electrode size did trigger a more focal neural activation only at high total charge injected,
highlighting a limit in monopolar stimulation with distant ground. Overall, the present work contributes to
better assessment of the chronic functionality study of rGO electrodes using wild-type subretinally-
implanted rats with cranial window for fUS, currently ongoing in our team. Above all, this proof-of-
concept study confirms the possibility to switch from metal-based electrodes subject to corrosion and
limited in charge injection capacity, to rGO-based electrodes which are long-lasting, efficient for
subretinal stimulation but also operable in neural recording mode for bimodal or even closed-loop
neuroprosthetics.

Material and methods

Microfabrication

The electrodes were fabricated in the cleanroom at the Catalan Institute of Nanoscience and
Nanotechnologies (ICN2), following a process previously described (Viana et al., 2022). Briefly,
graphene oxide flakes in an aqueous media are filtered into a thin film which is then transferred onto a
gold substrate. Next, thermal reduction creates a porous film which will be the active electrode material
adhering on top of gold tracks.

In vitro characterisation

After microfabrication, graphene electrodes were characterised in vitro at ICN2 with a 3-electrode
electrochemical cell in a 10X PBS bath (Sigma-Aldrich) using a Metrohm potentiostat (Autolab
PGSTAT128N). The counter electrode (CE) was a Pt wire (Alfa Aesar, 45093) and the reference
electrode (RE) was an Ag/AgCl electrode (FlexRef, WPI). Prior to electrochemical characterisation, the
electrodes were pulsed with 10,000 charge-balanced pulses (1 ms, 15 pA). For electrochemical
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impedance spectroscopy (EIS), frequencies were swept from 100 kHz to 1 Hz. Impedance and phases
were averaged over respectively 27, 17 and 11 electrodes of diameter 100 ym, 50 ym and 25 ym. For
cyclic voltammetry (CV), electrodes were cycled twice between [-0.9 0.8] V with increasing sweeping
rates v (0.05, 0.1, 0.2 and 0.5 V/s). Sampling frequency was set at 50 Hz. Anodic and cathodic charge
storage capacity (CSCa and CSCec, respectively) were calculated as followed (supplementary Figure
2.a) (Gong et al., 2016; Slavcheva et al., 2004) :
CSC = iflj’cﬂudy (Eq. 1)

For chronopotentiometry, biphasic cathodic-first pulses of 1 ms/phase with a 1 ms interphase and with
an amplitude of 5, 10, 15, 20, 25, 30, 35 and 40 yA were sent in increasing amplitude order. Potential
responses (U) were averaged over the 10 repetitions. Charge injection capacity (CIC) was calculated
as the intersection of the water window plots (U; = -0.9 V and U, = +0.8 V) with the affine fit function
U=f(AEp), AEp being the maximum (for anodic CIC) or minimum (for cathodic CIC) electrode
polarisation. Additionally, 5 biphasic anodic-first pulses of 10 ms/phase were sent every 150 ms 10 times
at 6, 8, 10 and 12 pA to verify the safety of the electrode in the experimental design which will be used
in vivo.

Animal experiments

The in vivo experiments were all carried out at the Institut de la Vision (France). The procedures were
all approved by the Local Animal Ethics Committee N°005 (registration number APAFIS #15219-
2018052410447053 v2). 10 adult Long Evans rats (Janvier-Labs®, France) were used to verify acute
functionality of the EGNITE implants. 24 blind male 9-month-old homozygous P23H rats were used to
investigate the biocompatibility of rGO-based electrodes as compared with Pt standard, Pl sham device
and control eye. The rats were housed per pairs in ventilated cages with food and water ad libidum with
enrichment. The temperature in the animal facility was maintained at 22°C +/- 2 and light cycle was
reversed every 12 hours. For all surgeries, the temperature of the animals was maintained at 37 °C with
a heating pad throughout the whole surgery, and heart rate monitored with (PhysioSuite, Kent Scientific
Corporation). The non-operated eye was also protected with ocular gel (Lubrithal®, Dechra, USA) and
covered with a dark cloth.

Biocompatibility study

Chronic subretinal implantation surgery: For the biocompatibility study, Pt, rGO and PI arrays were
implanted into the right eye of anaesthetised P23H rats (isoflurane 2%) as described above for the acute
functionality study. The anaesthesia and micro-surgery were performed as described previously
(Salzmann, 2006; Nguyen et al., 2021). Buprenorphine (0.05 mg/kg, Buprecare®, Axience, France) was
administered as analgesics. Briefly, the eyelid was lifted with clamped suture wires and a small
sclerotomy was performed on the dorsal sclera of the anaesthetised eye. A gel of sodium chondroitin
sulfate — sodium hyaluronate (Viscoat, Alcon, France) was injected to generate a retinal detachment.
The implant was then inserted in the subretinal space targeting an adjacent location to the optic disk.
The correct placement was observed with a plastic coverslip gently pressed on ophthalmic gel on the
implanted eye with the microscope (Figure 3.b).

Chronic follow-up: Eye fundus imaging (MICRON® IV, Phoenix, USA) and optical coherence
tomography (Bioptigen® OCT system, Leica microsystems, Germany) data were collected at 7-, 14-,
30-, 60- and 90-days post-implantation (dpi) to monitor inflammation state and correct implantation. Prior
to the session, the eye of interest was dilated with a tropicamide-based eye drop solution (Mydriaticum®,
Théa, France). For eye fundus imaging only, a generous amount of ocular gel (Lubrithal®, Dechra, USA)
was applied on the eye of interest. If the implant is found to be incorrectly implanted, or if after one
month, the inflammation in the eye did not resorb and worsen or if there is severe bleeding in the eye
all associated with distress behavior, the animal was immediately euthanized. After the 90 dpi time-point,
the animals were euthanized by intracardiac injection of overdose of euthanasian (200 mg/kg, Exagon®,
Axience, France) and the implanted eye was dissected to retrieve samples containing both the retina
and the implanted chip.
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Immunohistology: The immune-histology procedure is similar to previous study (Nguyen et al., 2021).
Briefly, after overnight fixation in paraformaldehyde (4% in PBS) and washing in PBS, the samples were
permeabilised and saturated with a blocking solution (10% bovine serum albumin (Sigma, France), 2%
Triton X-100 (Sigma, France), 0.5% Tween 20 (Sigma, France) in PBS for 1 h. A 3-day incubation at
4°C with slow stirring of primary antibodies: rabbit anti Glial Fibrillary Acidic Protein GFAP (1/150),
mouse anti-GOalpha (1/200), and goat anti-lba-1 (1/500) (Sigma, France). The fragments were rinsed
throroughly with PBS and then incubated with secondary antibodies: donkey anti-rabbit 1gG
AlexaFluor®-594 nm (1/500), donkey anti-mouse IgG AlexaFluor®-647 nm, donkey anti-goat 1gG
AlexaFluor®-488 (1/500), and nuclear stain, 4’,6-diamidino-2-phenylindole (DAPI, 1/750). The stained
samples were finally rinsed thoroughly in PBS, mounted with Permafluor (Epredia, France) on
microscope slide with Secure-Seal spacers™ (Invitrogen, USA) and were covered with 40-mm glass
lamellae. They were imaged under an upright confocal microscope (FV1000, Olympus, Numerical
aperture NA=1.30, 10X and 40X magnification, 8 us/pixel). DAPI counterstaining, AlexaFluor®-488,
AlexaFluor®-594 and AlexaFluor®-647 were respectively detected by excitation with a 405 nm laser
diode, a 488 nm argon ion laser, 559 nm and 635 nm laser diode lines.

Microglia analysis: Confocal data was imported into Bitplane Imaris software for visualisation of microglia
cells. The samples were sorted and discarded if the dissection damaged the retina around the implant,
if staining was insufficient or if post-analysis of retinal images showed mild inflammation associated with
abnormal eye fundus which remained until 90 dpi. The semi-automated quantification of microglial cells
in the randomly selected zones on the implant surface was achieved using a protocol for 3D cell surface
rendering of microglia described previously in literature (Nemes-Baran & DeSilva, 2021). Briefly, using
the surface render tool, surfaces details were first automatically smoothed with 0.1 ym resolution and
thresholded at 180 absolute intensity for all samples. Surfaces were filtered to only keep volumes above
100 ym?® and voxels above 10 to screen noise. For Pl implants, a Z-position filter was added to screen
the auto-fluorescence of polyimide at 488 nm. The microglia modelled by the software were then
manually compared to the microglia imaged and were either deleted if not corresponding to actual
microglia or cut into several microglia if the modelling fused real microglia together. The non-automated
part of the protocol was reviewed by two experimenters to decrease subject-linked bias.

Acute functionality study

Acute surgery (subretinal implantation and acute craniotomy): For the acute functionality study, acute
craniotomies took around 30 min for acute experiments and subretinal implantation took less than 15
min.

Prior to the surgery, Buprenorphine (0.05 mg/kg, Buprecare®, Axience, France) and Dexamethasone
solution (Dexazone®, Virbac, France) were injected subcutaneously to reduce any pain and
inflammation. The animals were anesthetized with an intraperitoneal injection of ketamine (40mg/Kg,
Ketamidor®, Axience, France) mixed with medetomidine (0.14 mg/kg, Domitor®, Vétoquinol, France)
diluted in sodium chloride. A local analgesic, Lidocaine (4 mg/kg, Laocaine®, MSD, France) was also
administered subcutaneously under the scalp skin and Xylocaine gel (2%) was applied in the ears before
placing the animal and the stereotaxic frame.

After application of antiseptic solution (Vétédine®, Vétoquinol, France), the skin was incised, the
remaining periosteum removed and the skull cleaned with H2O2. A rectangular piece of bone was
removed in the presence of cortex buffer by drilling with 0.07 and 0.05 mm-diameter drill bits in both
hemispheres, from bregma -3 to -9 mm. The right eye was implanted with microsurgical procedure as
described for the biocompatibility study. The implant was interfaced with an adapter (Neuronexus, USA).

Electrical stimulation and brain imaging: The return electrode was placed in the brain muscle
contralateral to the implanted eye. Ultrasonic gel was applied on the dura to allow functional ultrasonic
imaging of the brain (fUS). Electrical stimuli were sent via a current generator system (STG4004,
Multichannel system, Harvard Bioscience, USA) grounded to the Earth and wired to a custom adapter
plugged on the Omnetics connector on the implant. The light stimulation control was performed with a
full-field white LED (Thorlabs, Germany). It lasted for 6 s (‘ON’) at a pulse train rate of 3.33 Hz (150 ms
pulse train, with 150 ms pause), repeated 10 times with a 30 s pause (‘OFF’) between each repetition.
Biphasic, anodic-first pulses with a pulse of 10 ms/phase with a 10 ms interphase, were repeated 5
times, making-up a 150 ms-pulse train repeated 20 times also at a rate of 3.33 Hz. The electrical
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simulation “ON” time also lasted (150+150)x20 = 6000 ms = 6s, and was repeated 10 times with a 30 s
pause (stimulation “OFF”) between each repetition.

Visual cortical areas were imaged concomitantly during the light or electrical stimulation thanks to an
ultrasonic scanner (Aixplorer®, Supersonic Imagine, France) complexed with an array of 128 linear
ultrasonic transducers (Vermon, France). The ultrasonic probe (15 MHz, 110 ym pitch) was placed at -
6.5 mm from Bregma after applying generously ultrasonic gel on the craniotomy. fUS principles can be
found in previous literature (Gesnik et al., 2017; Macé et al., 2011). Briefly, tilted plane waves were sent
simultaneously by the 128 transducers and their back-scattered echo aligned temporally and summed
by coherent compounding to recreate the imaged brain slice in depth (Tanter & Fink, 2014). Acquired
data is proportional to the cerebral blood flow (CBF). On-line pre-processing consists in filtering noise
stemming from the brain tissue using a singular-value decomposition clutter-filter (Demene et al., 2015;
Baranger et al., 2018). Data is then smoothed with a Gaussian 3x3 kernel.

At the end of the experiment, the rats are euthanised by intracardiac injection of euthanasian (200 mg/kg,
Exagon®, Axience, France).

fUS data analysis: Power doppler data power doppler data are retrieved under a 3D matrix of size X*Z*T
and imported into Matlab for further analysis. Relative cerebral blood volume (rCBV) was calculated by
dividing with the first baseline. The spm matlab toolkit for global linear model analysis (Friston, 2007)
was uploaded to compare for each pixel the expected theoretical response X with the experimental
response Y using the linear model Y = AX + B. The theoretical response used was the stimulation pattern
convoluted with an experimentally determined haemodynamic function response function (HRF)
described in previous literature (Claron et al., 2021).
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Supplementary Figure 1 Electrochemical variables calculation process. (a) Calculation of anodic and cathodic charge storage
capacity (CSC) based on Cyclic voltammetry area under the curve. (b) Calculation of anodic and cathodic charge injection capacity
(CIC) based on electrode polarisation measured on voltage transients.
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Supplementary Figure 2 Confocal imaging (40X) of all explanted retina/implant samples after 90 days in vivo.
Quantification of these microglia are shown in fig. 3 (s) and (t). Each sample comes from a different P23H rat eye with a different
implant. Microglia are stained with Iba-1 (1/500, 488 nm). (a) control (ctrl) non-implanted eyes (N=9) (b) polyimide (PIl) implants
(N=7) (c) platinum (Pt) implants (N=7) (d) reduced-graphene oxide (rGO) implants (N=9).
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V. Discussion and Conclusion

In this final section, we first place back the results of the 3 different research project around
carbon-based neural implants in the context of neural recording or neural electrical stimulation (§IV.A).
We then discuss about carbon nanomaterials in comparison to classical materials or novel conductive
polymers (§1V.B) and we finally reflect about electrical stimulation protocols for subretinal prostheses
(§IV.C)

IV.A. Achievements

A major challenge in BCl is to generate flexible implants with small electrodes to read with high
spatiotemporal resolution the brain activity or to stimulate neuronal circuit efficiently. In this search,
scientists have recently turned towards carbon-based nanomaterials which are thought to be more
biocompatible because of the prevalence of carbon in the human body, and which are attractive by their
semi-conductor properties. In this phD thesis, we proved how 3 different carbon-based neural interfaces
can be operated for different neurological applications in either the READ or WRITE mode.

In section §ll.A, we described the microfabrication of a recording ECoG implant designed at
ESIEE Paris by our collaborators. The implants were made with BDD electrodes and C* coating,
featuring tracks in BDD and TiN, a conductive ceramic material able to withstand the harsh temperature
and pressure conditions for diamond growth in the reactor. Their electrochemical characterization in
vitro confirmed the expected large water window (3 V) and low impedance for diamond-doped electrodes
(10 kQ for a 400-um diameter). To confirm the electrode functionality, we recorded visually evoked
potentials upon light stimulation in both Long Evans rats and C57 mice. We even recovered the normal
mouse visual acuity between 0.2 and 0.3 cpd showing thereby the decent electrode sensitivity. These
results open a new path towards the fabrication of more complex implants with such full diamond
technology.

In section §lI.B, we explored the potential of combining graphene-based transistors (QFET) as
a DC-coupled ECoG implant (fabricated at ICN2 in Barcelona), with the simultaneous ultrasound
imaging of brain activity within voxel (110x100x400 um?) to unravel cortical spreading activity during
physiological and pathophysiological events. This study demonstrates the compatibility between the 2
technologies showing that the gFET implants do not impede the ultrasound measurements. Furthermore,
by generating CSDs using mechanical pinprick or KCI drops, our measurements illustrate nicely how
we can correlate the DC currents related to the neuronal activity to the cerebral blood flow measures
modified by the neurovascular coupling. Modelling epileptic seizures in rats up to status epilepticus by
injection of a chemoconvulsant, 4-AP, our study provides evidence of the positive correlation between
LFP and ISA phase and CBV and ISA phase for seizures. Our platform also revealed an increase of
both CBF and LFP signal at the onset of the seizure oscillations, the CBV starting to oscillate shortly
before the first seizures occur. The combined fUS and gFET strategy could become an exceptional one
when defining the epileptic focus for brain resection surgery in pharmaco-resistant patients. However,
its potential extends beyond epilepsy research as CSDs have been associated with many neurological
disorders such as Alzheimer’s disease or stroke.

In section §lll, we tested in vivo for the first time the rGO electrodes, fabricated at ICN2, in the
stimulation mode in the retina. As carbon materials were often criticized for biocompatibility, we first
examined the tissue reaction to the in vivo long-term insertion of rGO electrodes in the subretinal space
of blind rats through quantification of microglia cells and bi-weekly/monthly follow-up of the retina. This
confirmed the lack of toxicity and we can interpret this positive result by the fact the rGO material is not
freely released in the tissue for cell phagocytosis. Then, when applying high charge injections and at a
pulse width of 1 or 10 ms/phase, the electrochemical characterization of the electrodes provides
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evidence of their inertness. The neuronal stimulation was demonstrated by CBV variations in the SC of
LE rats using fUS during electrical stimulation with the rGO electrodes in the subretinal space. Further
studies are therefore needed now to investigate the long-term stability of these electrodes in chronic
implantation with regular neuronal stimulations.

IV.B. Carbon nanomaterials versus classical materials

In the present study, we have used different electrodes: BDD, gFET and rGO. The two first
materials are made with diamond or graphene having a very low surface ratio preventing their use for
stimulation but showing a great potential for recording the neuronal activity. By contrast, rGO electrodes
display a high surface ratio allowing reading and stimulation. Following our studies, it is important to
compare the electrical characteristics of these different electrode material with respect to electrodes
classically used in clinical trials such as Pt, TiN or IrOx and novel polymeric materials such as PEDOT
in terms of structure (§1V.B.1.a), of electrochemical properties and biocompatibility (§1V.B.1.b). Finally,
we will discuss clinical applications of graphene- and diamond-based electrodes (§1V.B.2).

IV.B.1. Comparison

a. Structure

Large surface areas promote larger charge storage capacity, beneficial for electrical stimulation.
Fig. 24 displays examples of microscopy structures (SEM) for previously mentioned materials, keeping
in mind that for coatings, the exact morphology depends also on the layers below it. Pt (Fig. 24.A) is
rather flat and homogenous, explaining its low charge injection capacity of 0.3 — 0.4 mC/cm? (Table 2)
(Negi et al., 2010) by contrast to other materials displaying a 3D bulky morphology. For instance, TiN
has a column structure (Weiland et al., 2002) (Fig. 24.B), while IrOx is more granular (Negi et al., 2010)
(Fig. 24.C). PEDOT-CNT electrodes also display granular surface (not shown) (Castagnola et al., 2015).
Conversely, the originality of rGO lies in its porosity created by the nanometric distance separating the
graphene sheets (Viana et al., 2022) (Fig. 24.D).

A.

Fig. 24 Scanning electron Microscope images of different neural stimulation/recording electrodes A. Pt coating on Utah array
electrodes from (Negi et al., 2010). B. TiN electrode from (Weiland et al., 2002). C. IrOx electrode from (Negi et al., 2010). D.
reduced graphene oxide (rGO) electrodes on Ti/Au, from (Viana et al., 2022). E. Boron-doped diamond (BDD) growth side from
(Fan et al., 2020).

b. Electrochemical characteristics
Table 2 summarises the electrochemical characteristics for examples of Pt, sputtered IrOx
(SIROF), TiN, PEDOT, diamond and graphene-based electrodes in different preclinical applications in
either the READ or WRITE mode. Table 3 presents their biocompatibility status.
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All the materials previously presented can also be used for neural recording. In the READ mode,
the porosity is less critical than a low impedance, a high cut-off frequency above electrophysiology
recording frequency ranges and a low thermal noise. In particular, the very flat CV of flat BDD and its
planar morphology (Fig. 24.E) are unfit for efficient charge storage and injection. However, a rougher
surface is often synonym of a higher specific surface area and hence a lower impedance. In the example
given in Fig. 24.E, the BDD growth side used for biosensing still displays grains of ~0.5 ym size in
average (Fan et al., 2020). 3D diamond such as BDD coated vertical CNTS electrodes can in contrast
be exploited for electrical stimulation applications (Piret et al., 2015).

The conductive and electrochemical properties of flat BDD makes them particularly interesting
for neural recording. The challenge with diamond technology lies first in the microfabrication, as the
harsh growth conditions of diamond seeds is only sustained by few other materials. Recent advances
made it possible to obtain micrometric thick layers of diamond around 1.5 pm with low impedance (10
kQ for a 400 ym-electrode) and acceptable SNR (although not the best), as reported in §ll.A for our full-
diamond ECoG. When used in its stimulation mode, diamond-based electrodes display larger water
window (up to 3V, Table 2) which allow larger stimulation excursions without generating harmful oxydo-
reductant in vivo. Finally, perhaps diamond electrodes draw their main strength from their chemical
inertness and the material biocompatibility, extensively studied and promising for long-lasting neural
interfaces.

Table 2. Comparison of electrochemical characteristics of classical and novel materials for neural stimulation (WRITE mode) or
recording (READ mode)

electrode feutoff cv length
: R/W GSA Z (kQ) window 9 Qi |CICc (mC/cm?) Ref.
material (kHz) V) V)
2000 pm? (50 N -0.6; .
Pt (R/W) um tip) 125 8 +0.8 1,4 F,C [0.3-04 Negi et al.,2010
1960-125,600 R
(W) um? (various |~1 ~0.05 up to 8.9 mC/em? for Cogan et al., 2009
. 1 ms pulse
thickness)
-0.6;
Iro +0.8 e 2 to 5 if positi
rOx R , up to 5 if positive
(SIROF) |Rw) [2000Hm* (30 o ] g5 ' |bias for 0.2 ms Negi et al.,2010
pm tip)
pulse
4000 pm? - B -0.6; 4 mC/cm? for 0.2 ms .
(W) (@~70 um) 10 0.5 +07 1.3 pulse Weiland et al., 2002
. 4000 pm? N N -0.6; 0.95 mC/cm? for 0.2 .
TiN (W) (@~70 um) 20 4 +0.7 1.4 Cc ms Weiland et al., 2002
PEDOT:P ~70700 ym? | B R
ss (R) (#=300 um) 1 / / 1.7 C 1.5-15mC/cm Vomer et al., 2016
125667 pym? - -1.5; Wilfinger et al., in
BDD R) (=400 pm) 10 8 +1.5 3 / prep.
7900 ym? ~207. -1.8;
BDD (R) (@~60 um) 9 +1.8 3.6 / Fan et al., 2020
C
12600 pm?
(=80 um, 1.8
N-UNCD |(W) pillar 20 >10 o 3.1 0.68 mC/cm? Stamp et al., 2020
) +1.3
height=150
pm)
156 um? (25 N -0.9 B R .
rGO (W) um) 30 1.8 +0.8 1.7 C 1.5-6 mC/cm Zhang et al., in prep.
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For neural recording, Pt electrodes, although the standard commercialised tools in the
electrophysiology field, yield a high thermal noise in vitro (1.2 pV at 1 kHz bandwidth) which is rather
non-optimal compared to SIROF for instance (0.2 uV) (Negi et al., 2010). Recently, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-based NeuroGrid demonstrated a very
low noise of 5 dB at 1 kHz in vivo, sensitive to both LFPs and spikes (Khodagholy et al., 2015) while
CVD graphene-based transistors were characterised with a 25-30 pV gate noise between 1 to 2 kHz
(Bonaccini Calia et al., 2022), showing higher recording amplitudes of infraslow signals than gold and
platinum arrays (Masvidal-Codina et al., 2019). Both PEDOT:PSS and CVD graphene open a new
window of possibilities in the electrophysiology field, by allowing simultaneous coupling with calcium
imaging for PEDOT:PSS probes (Donahue et al., 2018), and with optogenetics (Masvidal-Codina et al.,
2021) or with functional ultrasound imaging (Zhang, Masvidal-Codina et al., in prep, §lI.B) for CVD-
graphene-based transistors. In addition, gFETSs are particularly suited for DC recordings which only few
have looked at, allowing investigations of infraslow oscillations and CSDs in this new range of
frequencies below 0.1 Hz, which are relevant in many neurological disorders.

The poor CIC of Pt (0.3 — 0.4 mC/cm?, (Negi et al. 2010)), followed closely by TiN (0.95 mC/cm?,
(Weiland et al., 2002)) make them unfit for efficient electrical stimulation in neurorehabilitation. In
contrast, SIROF, PEDOT and rGO have larger CICs.

PEDOT, rGO, and BDD have been proven to be biocompatible in vivo for specific applications
(Table 3). As PEDOT is usually associated with anions to increase its conductivity, their biocompatibility
has to be (and have been) verified in diverse cases (association with polypyrole (PPy) or with
dexamethasone release for instance). In the end, both PEDOT and rGO show promising CIC and large
window (1.7 V) for neural stimulation, but also adequate properties for neural recording or even
biosensing.

Table 3. Biocompatibility of classical and novel electrode materials for neural stimulation or neural recording.

electrode o . -
material Applications (W/R) Biocompatibility Ref
Pt Cortical stimulation (W) (Roblee et al., 1983)

Utah array-based
IrOx (SIROF) intracortical visual
prostheses

(Chen et al. 2023)

distant damage and axonal degeneration, attributed to

IrOx (SIROF) TIME rat sciatic nerve (Badia et al., 2011)

stiffness

TiN Pacemaker electrodes (Weiland et al., 2002)

(W)
PEDOT NeuroGrid (R) Yes (with PPy, Dexamethasone, Nafion) (Bianchi et al., 2022)
PEDOT:PSS POLYRETINA (W) Yes (blind minipigs, 2 weeks) (Vagni et al. 2022)
BDD pillars retinal prostheses (W) Yes (blind rats, subretinal) (Bendali et al., 2016)
BDD

retinal prostheses (W) guinea pigs (back muscle) (Garrett et al., 2016)
N-UNCD
rGO retinal prostheses (W) Yes (blind rats, 3 months) (Zhang et al., in prep.)

101



I\VV.B.2. Clinical applications

In our preclinical study, graphene transistors have been coupled with fUS technology thanks to
the optical properties of graphene, “transparent” to US. gFETs compensate the low temporal resolution
of fUS at both infraslow and high frequencies, while fUS can image a whole brain slice at high spatial
resolution (110x100x400 um?3). Consequently, the coupled platform is a tool of choice for neurovascular
coupling research. Meanwhile, clinical studies with both technologies separately are already a reality.
On one hand, fUS has been used to image tumor vasculature during awake brain surgery in 10 patients,
showing high potential for vascular mapping and hence applications in brain resection surgeries
(Soloukey et al., 2020). On the other hand, the graphene EGNITE technology is already mature enough
to reach clinical stage, driven by the spin-off company INBRAIN Neuroelectronics S.L from the
Graphene Flagship. Moreover, the various studies around gFETs (Bonaccini Calia et al., 2022;
Masvidal-Codina et al., 2019, 2021) in addition to our new study (§II.B) are bringing them nearer to the
clinical stage. Indeed, their great advantage in recording DC signals should speak for the clinical
development of the technology. Future prospects will therefore lie in the clinical combination of both
gFETs and fUS as a powerful surgery monitoring aid or clinical research tool to follow brain states at the
surface with electrodes and in the depth with fUS.

Moreover, vision restoration strategies are not limited to electrical stimulation. Two years ago,
an optogenetic-based prosthesis have shown the possibility to partially restore vision in a blind RP
patient (Sahel et al., 2021). The patient was injected intravitreally with chrimsonR-tdTomato to target
RGCs, and just as for electrical stimulation, images are converted by goggles into infrared light pulses
sent to the eye. During visual tasks experiments, neural activity in the visual cortex is recorded using
EEGs. Meanwhile, sonogenetics-based visual restoration strategies are also being actively investigated.
The artificial overexpression of mechanosensitive ion-channels to functional ultrasound stimulation
revealed activation of both retinal and cortical neurons (Cadoni et al., 2023). We could envision that in
order to build a closed-loop cortical optogenetic/sonogenetic BCI, optically transparent graphene
electrodes could be used to record from the cortex while still enabling IR light/ultrasound to penetrate in
the brain.

I\VV.C. Subretinal prostheses and remaining challenges

As discussed above, our study confirms the great interest for carbon-based electrodes with
different applications for the read and write potentials. In the case of rGO-based electrodes, their
properties allowed their transfer to clinical trials (Viana et al., 2022) . No difference was observed upon
stimulations with the 25 and 100um electrode diameter. Although this result might sound awkward, it is
important to remind that the experiments were carried out in the acute mode. The retina was detached
by fluid injection and the implant was introduced in the subretinal pocket with no chance of the tissue to
adhere to the implant in the short experimental time. As a consequence, the charges are released in
the fluid below the retina losing the spatial confinement of the electrode. Resorption of the subretinal
fluid in a chronic implantation would be needed to investigate the respective resolutions of the 25 and
100um diameter electrodes, Furthermore, ground grid electrodes may also be required to confine the
current in a very restricted area (§IV.C.1). As the state of the art in currently, the photovoltaic implant
(ref Palanker), an ideal test bench would be to compare current photovoltaic with rGO-based
photovoltaic implants to compare the light intensity requirement for the retinal activation. Finally, we will
discuss briefly the other factors which have to be taken into account for subretinal prostheses clinical
trials and commercialisation (§1V.B.3).
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IV.C.1. Spatial resolution

If we consider that a perfect 20/20 visual acuity corresponds to two points separated by a=1 min
of arc (') and that the distance between the retina and the eye lens is f~1.6 cm, then using trigonometry
the corresponding distance d separating two photoreceptors in the retina is d = 2*f*tan(a). This makes
d=10 pym, and D=1/d=100 lines/mm in terms of spatial frequency. Based on Shannon’s law, the
sampling frequency for the electronic device should at least twice higher, so 200 lines/mm or a distance
of 5 ym separating 2 artificial pixels. So far, retinal prostheses which reached the clinical stage all had
electrodes of large sizes (for ex. 200 ym for the Argus Il, 100 um for the PRIMA). The best visual acuity,
20/460 was obtained by the PRIMA subretinal implant from Pixium Vision on AMD patients using Landolt
ring tests (Palanker 2020). In the best case of Alpha-IMS, a similar visual acuity was achieved with 2
patients. Despite smaller pixel size (70 pym), the visual acuity is surprisingly not better than PRIMA.,
contradicting the mathematical demonstrations above: reducing the size of pixels should improve spatial
resolution if the prosthesis provides a focal and selective activation of individual cells. Theoretically, a
pixel size of 50 um could ideally achieve a visual acuity of 20/20 (Palanker et al., 2005). This suggests
that the electrical stimulation with smaller size of electrodes could not avoid cross-talk hence limiting
visual contrast perception (Loudin et al., 2007).

Another issue is that downsizing electrodes diameter increases the stimulation threshold,
increases the impedance at the interface and limits their capacitance and penetrating electrical field.
Although IrOx electrodes can comply with the requirements, they are nonetheless limited to a minimum
size of 55 ym to be able to match retinal stimulation thresholds (Flores et al., 2019). In contrast, we
showed that rGO-based electrodes down to 25 um have enough charge injection capacity to activate
the visual pathway without degradation of the material. In addition, lower charge injection would be
required for the tissue activation if the retina was reattached to the implant in chronic conditions.

A.

B. ) C.

Ground Electrode
plane plane

20 0 20 -20 0
[um] [um]

Fig. 25 Examples of novel stimulating electrode and return electrode configurations for subretinal implants. Electrical field model
is shown below each SEM images of the implant. A,D. Retrieved from (Flores et al., 2018). B,D. Retrieved from (Losada et al.,
2018). C,F. Retrieved from (Flores et al., 2019).

An important limitation in reducing the electrode size with a local return electrode is the likelihood of not
having any current entering the tissue to be stimulated. This limitation led to develop novel 3D
configuration of the stimulating electrode and return electrode. For example, pillar 3D electrodes (Fig.
25.A, D) could bypass debris of degenerated photoreceptor cells and target more efficiently bipolar cells
(Flores et al., 2018). Protuberant mushroom-shaped subretinal electrodes in a cavity with plane ground
(Fig. 25.B, E) were also found to increase cortical response in visual areas compared to planar
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electrodes (Losada et al., 2019). Recently, honey-comb shaped pillar electrodes with return electrode
at the vertical edge of the stimulating electrode were designed in Stanford University (Fig. 25.C, F). In
this configuration, neurons from the inner retina layers migrated into the well (with no biocompatibility
difference compared to planar configuration), reducing the distance between the stimulating electrodes
and stimulated neurons. Such ideas could inspire a new design of subretinal implants with rGO
electrodes instead of IrOx, in order to increase penetration of electrical field and hence both the
efficiency and precision of the stimulation. Perhaps the easier way to start in the near future would be
to choose neighbouring electrodes to constitute a ring of return electrodes as suggested in (Flores et
al., 2019).

Nowadays, the PRIMA photovoltaic implant under feasibility trial in France (NCT03333954)
could restore a prosthetic acuity above 20/100 = 0.2 for 4 patients with x8 electronic magnification of
the image projected on the implant during Landolt ring tests (Palanker et al., 2022). This value
corresponds to the legal limit of blindness in the USA, and is slightly below the 0.3 value attributed for
legal definition of mild visual impairment in Europe. Moreover, the whole PRIMA system allows the
combination of prosthetic and natural remaining vision thanks to its transparent goggles, translating the
images from the real world onto LED patterns shone onto the subretinal photovoltaic implant. However,
the spatial in prosthetic vision is not only influenced by the number and size of pixels but also by the
visual angles rescued. Indeed, larger visual coverage in prosthetic vision does make a significant
difference in object recognition tasks and letter reading as simulated with virtual reality (Thorn et al.,
2020). However, the PRIMA implant previously mentioned only covers ~7° visual angle with 378
hexagonal pixels of 100 yum width, not even one tenth of the ~130° in natural vision. Implanted RP
patients have to constantly scan their surroundings in order to benefit fully from the prosthetic vision. In
contrast, the lens-alike epiretinal POLYRETINA photovoltaic prosthesis contains 10,498 pixels,
improving both comfort and visual coverage (~43°) (Chenais et al., 2021).

IV.C.2. Image fading and temporal resolution

One example of another major challenge for retinal prostheses is image fading. As eyes
naturally move around quickly, scanning surroundings, each small movement acts as an image
refreshing procedure. However, with prosthetic vision, the repetitive stimulation of one electrode which
makes the captured image fade away in the brain because of RGCs desensitization. This fading can be
frustrating and was one of the major causes for one alpha-IMS implanted patient inferior appreciation in
daily-life tasks (Stingl et al., 2013). Electrical stimulation protocol can be tuned to counter image fading,
by sending for instance pulses with randomised duration (Thorn et al., 2022).

[V.C.3. Other considerations

One might still also wonder why there is still no (more) commercially available visual prostheses,
despite fast-paced research to solve biocompatibility, spatial resolution and temporal resolution
challenges. We see 2 more non-scientific factors at play.

In the case of subretinal implants, the surgery is the first key step as for clinical trials than for
preclinical studies. lts success respectively reduces the risk of complications for the patient but also
impacts the acquired data quality. During clinical retinal implant trials, serious adverse events (SAE)
either life-threatening or necessitating surgery/hospitalization (ISO 14155) can unfortunately happen,
such as conjunctival erosions, hypotony, vitreous haemorrhage, endophthalmitis. For Argus Il (Second
Sight Medical Devices), 13 SAE were reported for a one-year study on 47 patients (Schaffrath et al.,
2021), 4 being linked to the implantation procedure. Similarly, for the epiretinal IRIS 2 implant (Pixium
Vision), 6 SAE were reported for 4 patients (Mugqit et al., 2019), 4 SAE being imputed to the surgical
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procedure itself (tack fixation for instance). Non-serious adverse events (choroidal detachment,
conjunctivitis, ocular pain, dry eye, and phlebitis) are less traumatic yet still unpleasant.

While there is still a gap to close between patients’ expectations and clinical trials results, the
failure of the retinal prostheses is also plunged by financial reasons. For example, criticised overtly for
“leaving their patients in the dark” (Strickland & Harris, 2022), 2" Sight company (USA) had to face
financial difficulties exacerbated by the COVID19 which led to its merge with another company.
Additionally, large investments have to be secured as it usually takes over a decade to achieve
commercialisation. Legally speaking, non-wireless versions of implants require an active implantable
medical part (stimulator and its power supply for instance) which is one of the most strictly regulated
human product in the world. Waiting time for ethical approval of clinical trials added to preclinical
research time lengthen even more the path to commercialisation. Last but not least, low and country-
specific health-care system coverage fees for the patient and regulatory might become a nightmare to
comply with (Faber et al., 2020).
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Work perspectives

Next steps of the subretinal prosthesis project involve chronic testing. We first plan on following-
up with retinal imaging techniques the implanted retina for a period up to 2 months. As our tethered
design allows the connection to a potentiostat, we will measure weekly the evolution of electrochemical
characteristics (while it is not possible for photovoltaic interfaces) to understand better the changes of
the electrode/tissue interface. We will also investigate thresholds of neural activation in fUS upon chronic
electrical stimulation on anaesthetised rats for a period up to 2 months. Indeed, we expect a decrease
of thresholds compared to acute set-ups as over time the retina re-attaches itself on the electrode. Few
teams explored the chronic in vivo evolution of impedance, cyclic voltammetry and voltage transients of
retinal implants. We expect a correlation between tissue damage/gliosis and increase of impedance
(Linderholm et al., 2013; Pham et al., 2013; Hébert et al., 2016; Schiavone et al., 2020) at a perhaps
lower range because of the higher biocompatibility of graphene electrodes.

The technology platform combining fUS and gFET could be applied to multiple preclinical and
clinical research questions. We choose to continue the preclinical investigation of CSDs in epilepsy but
also in stroke, this time in awake animals. Another point to explore is terminal CSDs, which can help to
investigate treatments reviving blood circulation after cardiac arrest, to time better artificial ventilation
for survival, to perhaps change current organ donation rules which are regulated with strict timing after
blood circulation stops (Dreier et al., 2018), and finally to gain knowledge about brain death. Those data
were gathered during our epilepsy experiments but not yet analysed.

The NEURODIAM project with the BDD electrodes encapsulated in intrinsic diamond is also
going towards the chronic stage, with a larger 32-electrode ECoG array. We envision a biocompatibility
study with chronic subdural implantation and measures to investigate electrochemical characteristics
and SNR stability over time. As enhancing the BDD surface ratio was also achieved in different
conditions, transferring this technology on an implant would allow its use for both read and write
technology in the brain, to build a cortical prosthesis for visual restoration for instance.

Although there is still a long way to go for reliable visual prostheses, exponential advances in
BCls the past decade made neurorehabilitation hopes come closer to reality. For instance, just this year
2023, a tetraplegic patient with spinal cord injury was able to walk again thanks to a close-loop brain-
spine interface developed at the EPFL (Switzerland) (Lorach et al., 2023). Prosthetic arms enabling
amputee or tetraplegic patients to grasp objects are being improved thanks to sensory feedback (Flesher
et al.,, 2021). We believe that the future generation of BCIs can rely on carbon nanomaterials for
improved long-term biocompatibility and efficient mutimodal neural reading or/and writing.
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