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Abstract

Two retinal implants have recently received ther@&k and one has obtained FDA approval
for the restoration of useful vision in blind patie. Since the spatial resolution of current
vision prostheses is not sufficient for most paseto detect faces or perform activities of
daily living, more electrodes with less crosstal& aeeded to transfer complex images to the
retina. In this study, we modelled planar and tieeensional (3D) implants with a distant
ground or a ground grid, to demonstrate greatetigdpasolution with 3D structures. Using
such flexible 3D implant prototypes, we showed thatdegenerated retina could mould itself
to the inside of the wells, thereby isolating baolneurons for specific, independent
stimulation. To investigate the in vivo biocompdiifp of diamond as an electrode or an
isolating material, we developed a procedure fqrodéing diamond onto flexible 3D retinal
implants. Taking polyimide 3D implants as a refeesrwe compared the number of neurones
integrating the 3D diamond structures and theiorad the numbers of all cells, including
glial cells. Bipolar neurones were increased whethare was no increase even a decrease in
the total cell number. SEM examinations of implacasfirmed the stability of the diamond
after its implantationn vivo. This study further demonstrates the potentieé8@fdesigns for
increasing the resolution of retinal implants amtldates the safety of diamond materials for

retinal implants and neuroprostheses in general.

Keywords: retinal prostheses, 3D electrode, resolution, drasnbipolar cell, gliosis
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I ntroduction

Visual prostheses aim to provide blind patientdwiseful visual information for face and object
recognition, as well as the reading of text andceruetion in unknown environment. Despite the
degeneration of bipolar cells and retinal gangketis, the electrical stimulation of retinal imptan
has been shown, in clinical trials, to be safegmable most blind patients to identify contrasted
objects, to follow a line or the ground, and, inm&ocases, to read short words [1-4] . The Argus Il
device (2° Sight) has obtained the CE mark and FDA appraad, the Alpha-IMS (Retinal implant
AG) has received the CE mark. Preclinical studies eurrently evaluating photovoltaic silicon
materials [5] or photosensitive polymers [6, 7]ff@ient clinical trials have also demonstrated the
ability of suprachoroidal prostheses to activate tiegenerated retina when inserted in the space
between the sclera and the choroid [8, 9]. Foep&iwith retinal ganglion cell degeneration innait
diseases such as glaucoma or diabetic retinopBtinygley and his coworkers have pioneered vision
prostheses for a direct activation of the visuateoo[10]. These cortical implants have also alldwe
patients to recover partial vision, but this viswatovery appears to be transient [11]. Finally,
psychophysical experiments have indicated that éexngsual tasks, such as text reading, orientation
in unknown environment or face recognition, wowdduire at least 600 independent pixels [12-14].

The major challenge in visual rehabilitation witleunoprostheses is therefore to increase
electrode density whilst increasing the spatiabligion of each electrode, such that each indiMidua
electrode generates a pixel. Current retinal pessth function in a monopolar mode with a distant
returning ground, a configuration, for which theasal distribution of current were investigated
electrophysiologically on the chicken retina [1Bjowever, different electrode configurations were
recently described to increase the electrode résnluor instance, current diffusion can be lidite
by local return electrodes as in bipolar stimulasiaising a circular electrode around the stimuatin
electrode [16]. A quasimonopolar stimulation wasoaleported to increase the resolution by using a
distant return electrode in a plane above hexapelarn electrodes surrounding each stimulating

electrode [17]. If the combination of the hexapodand monopolar stimulations can improve the
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containment of the activated sites, it increasesttineshold level of activation due to the shuntifig
currents to local return electrodes [17]. In addifithe quasimonopolar stimulations requires cormple
current injections at each of the hexapolar eleetso[18]. More recently, ground grid with a high
conductivity were found to provide a greater fazalion of currents [16]. The ground grid
configuration should be preferred for high-densityrays because bipolar and quasimonopolar
stimulations would increase the number of conngaotiires. 3D implant geometries are also thought
to improve electrode resolution in the bipolar oound grid configurations by locally moving neurons
between the stimulating and return electrodes []9-Phe success of such 3D designs implies that the
residual blind retina remains sufficiently plaste mould itself around the 3D structures. This
preservation of the flexibility of the residual fdi retina was suggested from studies of pillars
penetrating the tissue or cavities to be filledwaells [22]. Neurons were found around pillars and
cavities or wells only if the opening was largearit?0 pm across [19, 20].

Increases in electrode density require a decreastectrode size and, thus, an increase in the
charge density to be injected to achieve neurartaliy. This constraint has driven the searchrfew
materials with greater developed surfaces, sudtheak platinum or iridium oxide [23]. Materials \wit
a broader electrochemical potential window are ddetng tested to ensure that the safe charge
injection limit is not exceeded. One such mateda&amond, is considered particularly attractivejtas
displays the broadest electrochemical window of setpiconductor provided it is doped with nitrogen
or trimethyl boron [24, 25]. Nanocrystalline diandbcan even be deposited on 3D structures, making
it possible to synthesise materials with high aspatios and developed structures [26, 27]. Diamond
electrodes have even been shown to activate retewabns [28]. Finally, diamond has been shown to
display biocompatibilityin vitro with embryonic cortical neurons and stem cells-329 and even
retinal neurons [33]. However, this biocompatililaf diamondin vitro does not necessarily imply
that it would be biocompatible in the long temrmvivo, as other biocompatible materials have been
shown to induce retinal gliosis, or even fibrogisyivo[19]. Gliosis is classically characterized by the
multiplication of glial cells and their consecutiligpertrophy while fibrosis was defined in the adov
study as the formation of a fibrous preretinal meanke, both cellular events resulting in the spacing
between retinal neurons and the implant likelyamper neuronal stimulation.
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In this study, we first investigated retinal cutein different 3D electrode configurations for
image encoding. Because the results of this modedliudy are valid only if neurones integrate tbe 3
structures, we then produced 3D soft implant taréxa the tissue implant interfacing. However, this
first study was not intended to validate the 3D wsinlg by physiological measurements. The
fabrication procedure was developed to allow thating of our 3D implants with diamond, for
assessing thim vivo biocompatibility of this material. A specific imiag procedure was also used to
preserve the tissue/implant interface, making ggilde to assess the biocompatibility of diamand

vivo correctly.
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1 Materials& Methods
1.1 Modeling

We created finite-element models of four variarita @5x25 stimulating electrode array within
a retinal prosthetic system: (i) a planar arrayhveitcommon counter electrode in the shape of a grid
surrounding the stimulating electrodes, (ii) a 3[@ctode array with the stimulation electrodes
surrounded by a counter electrode grid, again sgras a counter electrode, (iii) a planar electrode
array with a distant counter electrode, and (iBDaelectrode array with a distant counter electrode
The3D wells were shaped as inverted pyramids Wi points cut off at 30 um height (well depth).
The well opening edge was 72 um and the well botdige was 36 um. The stimulation electrode
was set to be the entire bottom surface, i.e. quéth 36 pm edge. The electrode dimensions and
shape for the planar electrode were the same the iBD array. The inter-electrode distance was 100
pm. The electrical conductivity of the tissue wab05/m, as in a previous study [20].

For simulation purposes, an image of Abraham Limagas cropped and sampled to obtain a
square 25x25 image, the colour palette of which thas reduced from 256 to three levels: white,
grey, and black (Figure A-B). The resulting image was then mapped into aefialement model, by
assigning current densities to the stimulatingtedeles proportional to the grey levels in the cexpp
image: zero for white, 1000 Afnfior grey and 2000 A/frfor black. If we assume a stimulation pulse
width of 1 ms, the estimated charge densities woeld.1 mC/crfor grey and 0.2 mC/chfor the
black intensity levels. These values are belowéperted safety limit for platinum (0.35-0.4 mC/Rm
and well below the limit for iridium-oxide (3-4 m@tr), and also below the typical levels reported in

previous studies [34].

1.2 Microfabrication and SEM

Silicon moulds were prepared using KOH wet etchimgenerate a 3D structure. A sacrificial
oxide layer was then generated over the siliconldhdy the thermal oxidation of the wafer in a

furnace at 1100°C in the presence of oxygen andolggeh, until a 1 um layer of silicon dioxide was
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achieved. Pt electrodes were produced by pattespagered Pt over the silicon moulds by standard
photolithography. The substrate was then spin-coai¢h polyimide (Pl 2611) to obtain a 10 pm-
thick layer of polymer. The polyimide was then aligg 450°C under nitrogen flow for 6 hours, and a
500 nm-thick aluminium film was sputtered oveMie then spin-coated AZ4562 (Clariant, Muttenz,
Switzerland) thick photoresist onto the wafer tfirdethe shape of the implant. After the developtmen
step, the wafer was placed in,@lasma for reactive ion etching (RIE) of the alnimm layer. The
unmasked polymer was etched away with ROE to achieve the final shape of the implant. The
aluminium masking was then removed by wet etchifige wafer was immersed in hydrofluoric acid
(HF) to etch the sacrificial oxide layer and reke#ise individual implants. Finally the implants wer
rinsed in DI water and dried.

The diamond-based implants were produced as foll@amond was selectively grown in
silicon moulds as described by Bongrain and cowsrigs]. A microwave plasma enhanced chemical
vapour deposition (MPECVD) reactor (Seki AX6500)swesed to synthesize diamond in a mixture of
methane (Cl) and hydrogen (k) gases at a microwave power of 3 kW, a gas presdumbar, and a
substrate temperature of about 800°C. The diamayet lobtained was about 300 nm thick. As for the
platinum electrodes, the substrate was then cowertda polyimide film and the process used to
define the histological implants was identical tatt used for Pt-based implants. Polyimide 3D
implants were generated with the same proceduteulitany previous diamond growth.

The implants were imaged with a ZEISS Supra-4@ fezhission scanning electron microscope
(SEM) operating at an acceleration voltage of 2 K¥ie implants were imaged by SEM after the
implantation period. The retinas, fixed togethethwthe implants in paraformaldehyde (see below),
were peeled off the implant and the implant wasydedtted in a series of alcohol concentrations (50%,

70%, 90% and 100% ethanol).

1.3 Invivo studies

Homozygous P23H rats (line 1, kindly provided bylwail) were housed with a 12 h dark/12

h light cycle, with food and water availatdd libitum All experiments were carried out in accordance
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with European Community Council Directives (86/@0RC) and with the ARVO (Association for
Research in Vision and Ophthalmology) statementttier use of animals in ophthalmic and visual
research. Animals were sacrificed by £f@dation and cervical dislocation, and all effarese made

to minimize suffering. The surgical procedure usedmplant the prototypes has been described in
detail elsewhere [36]. Briefly, P23H blind rats wemesthetized by the intraperitoneal injectiom of
4:1 mixture of ketamine-xylazine (ketamine 100 ngff,kxylazine 10 mg kg; Ketamine 500: Virbac,
Carros, France; xylazine 2%: Rompun®, Bayer PhafPogeaux, France). A small radial sclerotomy
(1.5 mm long) was performed behind the limbus waithlit knife. Viscoat®Intraocular Viscoelastic
Injection (Alcon Laboratories, Hinenberg, Switzadawas injected into the subretinal space through
the sclerotomy, with a 27G cannula, to obtain ligeal retinal detachment. The implant was then
inserted into the subretinal space. Immediatelgraftirgery, the correct positioning of the imphaas
checkedn vivo by indirect ophthalmoscopy (frost and lerig)vivo imaging was performed one week
after surgery and then again six weeks later, riggfore the sacrifice, for observation of the eye
fundus by endoscopy. A Micron lII digital endoscofithoenix Research Laboratories, Pleasanton,
California) was used for imaging of the eye fundiogiether with StreamPix V software and a rat

probe.

1.4 Immunostaining, confocal imaging and quantification

After six weeks, animals were sacrificed by £&dation and cervical elongation. The eyes
were removed and placed in phosphate-bufferedes@BS, 0.1 M, pH 7.4). They were dissected so
as to retain only the tissue fragment containirg ithplant. This fragment was fixed by incubation
overnight at 4°C in paraformaldehyde in PBS (4%val}j/and then rinsed in PBS.

For immunolabelling, retinal fragments were inceohain a blocking solution (10% bovine
serum albumin (Sigma, St. Louis, Missouri), 1% dmifX-100 (Sigma), 0.5 % Tween 20 (Sigma) and
0.1g/l Thimerosal (Sigma) in PBS) for 1 h at roaemperature. They were then incubated for two
days at room temperature with primary antibodieblotking solution (dilution 1:2). The antibodies

used were a polyclonal antibody directed againdtbitaPKCo (C-20) (1:1000, Santa Cruz
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Biotechnology, Dallas, Texas) and a monoclonal baxaly directed against mouse &¢1:200,
Chemicon, Darmstadt, Germany). The fragments werged and then incubated with secondary
antibodies: goat anti-mouse 1gG and goat anti-talg antibodies conjugated to AléX%594 and
Alexa™488, respectively (1:500, Molecular Probes, Ing#n, Eugene, Oregon) for one day. Cell
nuclei were stained with 4',6-diamidino-2-phenytite (DAPI), which was added during the final
incubation period. The implant/retina ensemble thas rinsed and mounted, in permanent mounting
medium (MMFrance), on a microscope slide, for viggwunder an upright confocal microscope.
Confocal microscopy was performed on an Olympus @1 laser-scanning confocal
microscope. DAPI counterstaining, AlexaFluor-4881 adlexaFluor-594 and AlexaFluor-647 were
detected by excitation with a 405 nm laser diodé8& nm argon ion laser, and 559 nm and 635 nm
laser diode lines, respectively. The selectionxaoftation and emission wavelengths was controligd b
appropriate filters: a dichroic mirror (405/488/%535), SDM490, SDM560, and SDM640 emission
beamsplitters and BA430-470, BA505-540, BA575-6Af 8A655-755 barrier filters. The primary
objective used was an Olympus oil immersion UPLSARXX NA 0.85-WD 0.20 or UPLFLN 40X
NA1.30-WD 0.20 objective. The microscope and imagquisition were controlled with Olympus
Fluoview software version 4.1. Images were acquatea resolution of 1024x1024 pixels, with a scan
rate of 10ps.pixel*, with no zoom (20 x related pixel size: 0.621 14®@,x related pixel size: 0.310
pnm). Images were acquired sequentially, line-bg;lte minimise the crosstalk between excitation and
emission, with a step size defined according to Nlyguist-Shannon sampling theorem. Exposure
settings minimising the number of oversaturatectlgixn the final images were used. Twelve-bit
images were then processed with ImageJ or FlJlcanderted into 24-bit RGB colour mode. The
images were then edited with Adobe Photoshop C8Wa® and assembled withAdobe Illustrator
CS. The presence of bipolar cells within the walfs3D-structured implants was assessed by
determining the ratio of bipolar cells to the tatamber of cell nuclei per well for each materedch
Z-section was preprocessed to retain only theistplocated in each well, and the numbers of bipola
cells and of total cells (DAPI-positive counteratag) were determined. Bipolar cells were counted
with the ImageJ cell counter plug-in and total euslere counted semi-automatically with Imaris

software (Bitplane AG, Zurich, Switzerland).
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15 Statistical analysis

We present results for three polyimide implantsge fdiamond implants and three platinum
implants, based on the values of four to nine wpls implant for quantification. All data are
expressed as means + SEM. The Gaussian distriboftithe raw data was tested with a Shapiro-Wilk
normality test. One-way ANOVA was then carried dotlowed in cases of significance by either a
Bonferroni post-hoc test (Gaussian distributionponns post-hoc test (non-Gaussian distributian), t
compare means between groups. Differences weredeoed significant if p<0.05, *p<0.01 and

*** p<0.001.

2 Results

2.1 Modelsof implant designs

Ground grids and 3D electrode designs have beemtsgpto improve the electrical stimulation
of retinal tissues [16, 19-21]. Single-electrodedeis were thus generated to demonstrate the
advantage of either a ground grid on a planar satlesf16] or of a 3D well with a ground grid [20].
However, these models were not used to examindigiébution of current in a 3D structure with a
distant ground. They were also not used to invatithe distribution of current on an electrodeyarr
for image representation. Instead, we examined hoface would be encoded on such electrode
arrays. The face of Abraham Lincoln was encodet wipalette of three grey-scale levels (Fid\-1
B), converted into three current intensities. Fhgtement modelling was used to simulate the current
density distribution in the retinal tissue above #lectrode arrays. Figure 1 illustrates the cairren
densities 40 um above the cathode for the fourigordtions considered: i) planar electrode array
with a returning ground grid (Fig. @), ii) 3D electrode array with a returning groundadg(D), iii)
planar electrode array with a distant groud), (v) 3D electrode array with a distant grourd). (

When calculated on a line running 20 um above tmeutating cathodes (Fig.A2D), the current

10



N

o o~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

densities presented square curves above activieagles within the 3D structures, with or without a
ground grid, whereas they yielded peaks aboveaelrctrodes on the flat arrays. The introductibn o
a ground grid (Fig. 2C, D) suppressed the relatibigih current measured above inactive electrodes
in conditions with a distant ground (Fig. 2A, B)itlwthis baseline current level increasing towaras
ground. Quantification of the current densitiema&0um distance from all electrodes confirmed this
large baseline current in configurations with atatis ground (Fig. 2I). As a consequence,, the
differences of current densities between positansve active and inactive electrodes are greater in
arrays with a ground grid than those generatechbycorresponding array with a distant ground. The
greatest differences are produced by the 3D aritly avground grid. However, the 3D array with a
distant ground is in a similar range or even bdttan the flat array with a ground grid. The worst
case is the flat array with a distant ground, tosfiguration showing high variability in elicited
current densities above inactive and stimulatedteldes limiting thereby the distinction between
white and grey levels (Fig.l). At a greater disefiom the array (40 um above the electrodes), the
results showed a great reductions of current deaséixcept for the flat array with a distant ground
For the intermediate grey-level stimulations, 3Dags still show clear peaks of current densities
above electrodes (Fig. 2F,H), which are less djsishable with planar arrays (Fig. 2E, G). However,
the quantification of current densities indicatedilsr differences between gray levels except har t
planar array with a ground grid. Again, the plamaray with a distant ground exhibits a greater
variability in each group limiting thereby the dgttions between grey levels (Fig. 2J). The eftect
placing the distant counter electrode eccentricallipve the lower right corner of the Lincoln image
(rather than above its centre) can be seen onlof® with distant ground configurations (FigA2B,
E-F). In such instances, the baseline current densiyeases with decreasing distance from the
counter electrode, as all the return charge frdnpiaéls converges on the ground. No such effect is
seen for configurations with a grid ground elecéoidr which all plots have a constant baseling.(Fi

2 C-D, G-H). These above advantages of 3D implants in nelsimaulations justify the need to
assess innovative materials on such 3D structttesever, these advantages are expected provided

neurones to be stimulated integrate into 3D strestuTherefore, to assess the biocompatibility of
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diamond and assess neuronal integration in thengidants, we developed a fabrication process to

generate diamond electrodes on a 3D flexible intplan

2.2 Production of a diamond-coated 3D flexiblefoil

The ability to produce flexible substrates confargnto the curvature of retinal tissues appears
to be essential for the maintenance of a corresud interface. However, the classical synthesis
techniques used to grow diamond are based on bigphdratures and microwave plasma techniques
that cannot be applied to biocompatible soft salst: We therefore developed a new solution based
on a peel-off process, in which the soft polyimptdymer was deposited on top of a 3D patterned
diamond layer. We first generated the 3D structbyepreparing silicon moulds by KOH wet etching,
to generate truncated pyramids. These pyramids @®eened by adding a structure to compensate for
the etching speed of the 110 and 100 oriented allyst planes. The process was stopped when the
pyramids on the silicon moulds had typically attaira height of 3Qm (Figure 3). Diamond was then
grown on these 3D silicon moulds, as follows: 1¢dieg of the silicon mould with nano-diamond
particles (approximately 5 nm in diameter), 2) ggning and patterning of an aluminium mask on the
silicon mould by photolithography, 3) etching awafythe unprotected nano-diamond particles by
reactive ion etching (RIE) under oxygen plasmarefhoval of the aluminium by wet etching, 5)
growth of a diamond layer (approximately 300 punckhiaround the nano-diamond particles in a
microwave plasma enhanced chemical vapour depogiti®ECVD) reactor. The diamond layer was
spin-coated with a 10 pm-thick layer of polyimidd £611), which was then cured. Classical polymer
etching was used to define the shape of the impkinally, removal of the sacrificial oxide layed|

to the release of individual diamond-coated 3D amfs.

2.3 Biocompatibility

For investigation of the biocompatibility of dianim vivo, soft polyimide implants with or

without diamond or platinum coatings were inseitéd the subretinal space of P23H rats, an animal
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model of retinitis pigmentosa at an age at whiah photoreceptors have degenerated. The correct
insertion of the implants was checkadvivo using a Micron Il numerical endoscope. Imageshef

eye fundus are provided for the various implantSigure 4: purely polyimide, metallic, and diamond-
coated. The presence of retinal blood vessels athevelevices confirmed their subretinal positions.
This examination also made it possible to visudligedisappearance of the subretinal bleb generated
for introduction of the subretinal implant.

In our investigations of diamond biocompatibilitye had to examine the retinal tissue in the
vicinity of the implant. Classically, such examiats are carried out on semi-thin sections or datos
sections, on which cells can be identified by imostaining [19-21, 36]. This approach is entirely
feasible with soft material dummies (e.g. polyimidi@7], but it is very difficult to cut prototypes
containing other hard materials, such as diamanglant removal is not a viable option, because the
3D structure enhancing the tissue/interface wooldmicate the operation. Instead, we developed an
innovative approach based on direct confocal ingagirthe implant/tissue eye cup whole mounts. We
assessed biocompatibilityp vivo by visualising cell nuclei and ON bipolar cell neas in the 3D
wells on whole-mount preparations. The immunostgnprotocol was adapted to preserve the
implant/tissue interaction while allowing the awidly to diffuse over a distance of 100 pum within the
retinal tissue (see methods). Figure 5 illustratesh confocal images of the tissue/implant interfac
for a diamond implant, along views correspondinglifterentz stacks (view “a”: top of the cavities,
view “b": bottom of the cavities), shown both wiibp views A-F) and orthogonal views3-H). Cell
nuclei were labelled with DAPI (blue) and ON bipolaeurons were immunolabelled with &o
antibodies (green). The x40 magnification of thene¢implant whole mount makes it possible to
visualise the DAPI-stained nuclei in all four céedt Both the orthogonal views-g axes) and the
vertical retinal sections show that retinal bipofeurons fill the entire cavity, right down to the
bottom (). These data demonstrate that the residual regip&stic enough to mould itself into the
3D implant wells.

We assessed the biocompatibility of the materiglgumntifying cell occupancy in the cavities
(Figure 6). This quantification was obtained by g@ting the 3D reconstruction of the content for
each individual well of an implant as illustrated Figure 6 A-C). Our strategy for assessing the
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material biocompatibility has been to quantify inmolabelled ON bipolar cells to demonstrate the
survival of these neurons targeted by subretinettetal stimulations. However, to define if the
material triggered reactive gliosis, we first cdétad the total number of cell nuclei because gial
proliferation would be expected to increase theimher and thus to decrease the ratio between
neuronal numbers to all cell numbers. The quaatifin of all cell nuclei was achieved by defining
the fluorescent spheres corresponding to DAPI mudtining. This quantification indicated that the
density of cell nuclei in the implant cavities wgreater for polyimide implants (1.503@ 0.023 10
cells/und) than for diamond- (1.10 fo+ 0.079 1@ cells/uni) or platinum-coated (1.21 £ 0.189
10° cells/uni) implants. These cells can either be neuroneshefihner retina (Bipolar cells,
horizontal cells, amacrines cells) or glial celMufler macroglial cells, microglial cells). Because
subretinal implants are intended to depolarize @ddlar cells, we quantified these neurones in e 3
wells following their immunolabelling. The quantétion demonstrated a stability of the ON bipolar
cell densities for the different implants except #oplatinum-coated implant (Fig. 6F,G). Finallg, t
get an estimation of retinal gliosis, we calculdtieel ratio of bipolar cells to all cell nuclei. Bhiatio
was greater with diamond-coated implants (39.43t92) than with the polyimide (28.9 + 1.2 %) or
platinum-coated implants (26.7 + 3.5 %) (Figure IBHA lack of biocompatibility is expected to
induce neuronal degeneration and an associatetiveeagiosis with a proliferation of glial cells,
which would thus result in a decrease in the neutonglial cell ratio. Therefore, the higher radib
bipolar cells to all cells in the diamond wellscisnsistent with a greater biocompatibility of diardo
than polyimide alone or platinum. The absencemfasive inflammatory reaction and the presence of
many bipolar neurons in the wells suggest thatvidugous materials used, including diamond in

particular, are not toxic to retinal neurons.

2.4 Characterization of diamond implants

The original process used here made it possibgieaduce soft implants with several 3D wells,
which were either left uncoated or were coated wither diamond or platinum. The diamond coating

covered the entire area of the implant visible lom photograph in Figure B andE, including the
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walls and the bottom of the cavities, whereas & dhse of platinum the metal coverage appears in
light grey colour in panel€ andF. Followingin vivo implantation, the surfaces of the implants were
observed by scanning electron microscopy (SEM)adsess the physical stability of the implants
(results for all three materials tested are shawfigure 7). On the polyimide implan& (D), the
surface of the material appears similar to thaheffreshly produced implants, with no visible dgfe
Note that the white traces visible on Figuré 7are due to charge accumulation on this insulating
surface during SEM imaging. Similarly, the diamdiiohs (B, E) showed no discontinuities and the
surface was correctly covered. Nevertheless, thefiree cracks observed at the edges of the diamond
wells (already present before implantation) indécttat the deposition and growth of the material
could be optimised further. Unlike conventional ymoystalline diamond, the diamond surfaces
appeared very smooth. This smoothness was a cersagjof the process used, with the exposed side
of the diamond originally in contact with the sdit surface. Finally, on the metallic implang, €),

the light grey areas corresponding to the platimoating also appeared to be free of significant
defects and darker due to the presence of orgaaien(residual cells). Thus, neither the diamoad n
platinum surfaces were damaged by implantationitéetige long process from surgery to the cleaning
for SEM examination including the immunolabellingdaflat mount observation. For all these
implants, some cells or tissue remained visibleth@ implants, particularly within the cavities, as
observed on the enlarged vievwd-F). This observation confirmed the deep integratbthe tissue

into the 3D implants, regardless of the materialdus

Discussion and Conclusions

Previous psychophysical studies have demonstrdtat retinal implants can allow face
recognition, independent locomotion and text regdirthey generate at least 600 independent pixels
[12-14]. This requires independent stimulation bg individual electrodes of an implant. Current
retinal implants are based on classical monopdiarutation between a stimulating electrode and a
distant ground, but other configurations have bg®posed, to increase the resolution of individual

electrodes. These other configurations include lampstimulation between two neighbouring or
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concentric electrodes, the quasimonopolar or titr@duction of a local returning ground grid [16,
17]. Ground grids have already been introduced sotme of the planar subretinal implants currently
undergoing preclinical testing [5]. In this studye confirmed that local ground grids were able to
decrease current densities in areas surroundingulstied zones. As previously described [16], we
confirmed that a ground grid on a planar arrayaeerease the current densities above non-stimulated
areas. However, we show further that the ground gri a planar array also decreases the current
densities just above stimulated areas requiringetbee higher injected currents to reach an actimat
threshold. This conclusion is not valid for 3D ggavith a ground grid at short distances (20um) but
becomes tru at greater distance. The use of 3retlecdesigns has also been proposed as a means of
increasing the resolution of electrical stimulatiby restricting the electrical field within caviie
between bipolar electrodes [20-22]. We confirmedt tBD configurations increased the local
resolution of stimulations with very high currergngities within the 3D well. Surprisingly, we also
found that, even with a distant ground, 3D configians also generated very high current densities
within the well whilst yielding lower current detiss in unstimulated areas than for the planar
configuration.

However, the use of a 3D structure is advantagewug if the neuronal tissue remains
sufficiently plastic to mould itself onto the 3Drstture, to place neurons between the electrodes.
Palanker and his group have shown that the caviiti€2D structures can fill with cell bodies and
neurons, depending on the size of the cavity opejiifl]. The production of 3D implants should make
it possible to position neurons between two el@gsoof opposing polarities [21]. The retina haseve
been shown to mould around pillars [19]. Howevéveq that it may be necessary to remove retinal
implants, we preferred well shapes over pillarctices [20]. As previously described in RCS raf [1
21], we confirmed in P23H rats, another rodent rhoafe retinitis pigmentosa [38], that the
degenerated retina can mould around 3D structuresa preliminary study, we reported such
integration for some retinal sections, but tissetiening disrupted the tissue/implant interface] [2&
was therefore not possible to characterize thagisgathin the well correctly and, therefore to qifgn
the bipolar cell neurons present in this volumethiis study, we showed, by imaging retinal whole
mounts, that the tissue was in intimate contach wite structures tested: polyimide, platinum,
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diamond. We reconstituted the contents of the amdl quantified the bipolar neurons present in this
small volume. The presence of many bipolar cellsuch a well demonstrates the feasibility of
activating a retinal column independently of théghbouring retinal columns in other wells. Our 3D
design for subretinal implants would therefore wllthe production of independent pixels for each
electrode. Electrode impedance were recently regddr chronic implantation [39]. Further studies
are required to determine whether similar chromplantations of 3D designs really do increase the
resolution of individual stimulations. Such 3D irapt arrays of electrodes could be activated by an
ASIC either tethered by wires as in the Argus Ipiamt [40] or connected on the backside of the
implant as in the subretinal electronic implant halpMS [1]. However, the production of
photosensitive electrode arrays could also soleedifficult issue of tethering the 3D implant to an
ASIC [5]. The use of flexible photosensitive polymeavould be an additional advantage to enhance
the implant/tissue interface [6, 7].

Close proximity between tissue and electrode dgiired for prosthetic applications, as this
decreases the diffusion of stimulating currents emdeases their geometric localisation. Such tight
interactions are required particularly for the depenent of neuroprostheses, accounting for current
interest in the development of novel biocompatiblaterials with good electronic properties. In
addition, two types of current can be generatedelegtrodes for the electrical stimulation of a
neuronal structure: 1) faradic currents, involvaigemical oxidation/reduction reactions; 2) capeeiti
currents, resulting purely from charge accumulatlomeuronal prostheses, capacitive stimulation is
favoured, as it limits pH variation at the surfad¢he electrode [23]. In the context of visual lamis,
the need to use small electrodes with a high résaluntroduces a supplementary risk of tissue and
electrode degradation, resulting from the injectbtarger charge densities. It is therefore essktut
use materials with high charge injection limitsglsias diamond. There has been considerable interest
in the use of this carbon-based material for sysgi@ations in recent years. Once doped with boron,
diamond has excellent electronic and electrochdmpicgerties and is chemically and mechanically
inertia [41]. The potential of such diamond eled&® for the stimulation of retinal neurons has been

demonstrated in acute implantation experiments. [Z8j biocompatibility of diamond was first
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demonstrated with embryonic cortical neurons arthstells [29-32] and even retinal neurons [33].
Our results further demonstrate thevivo biocompatibility of diamond on flexible implants.

This study confirms that 3D-structured electrodes advantageous in the design of retinal
implants, as they greatly increase the resolutibrstonulation. Our findings also highlight the

considerable benefits of diamond as an attractiectrede material for neuroprostheses.
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Figure legends

Figure 1: Grey-scale image of Abraham Lincoln vid8®6 grey-scale levels beford)(and after down
sampling to 25x25 pixels and reducing the colodetpato 3 grey-scale level8). The brightness
ranges covered by the 3 intensity levels are showrhe colour bar on the right. Current density
profiles along the red line, with the image encodadh 25x25 electrode array, are shown in the next
figure. The current densities above the cathodeepeesented in these four configurations: i) plana
electrode array with a returning ground gri@),(ii) 3D electrode array with a returning grounddg

(D), iii) planar electrode array with a distant grdui), iv) 3D electrode array with a distant ground

(F).

Figure 2: Amplitude of current densities for diet grey level stimulations. Current density plots
along the red line from the previous figure, 20 pnad 40 um above the 25x25 electrode array, on
which the Lincoln image has been encoded with @&isity levels: no current injected for white pixels
1000 Alcnd for grey, and 2000 A/chrfor black.A: 20 pm above the planar electrode array with a
distant counter electroddd: 20 um above the three-dimensional array with stadi counter -
electrodeC: 20 um above the planar array with the countestedde surrounding the wellB;: 20 um
above the three-dimensional array with the couelectrode surrounding the welE; 40 um above
the planar electrode array with a distant courfesteode;F: 40 um above the three-dimensional array
with a distant counter electrod€&: 40 um above the planar array with the countectedde
surrounding the wellsH: 40 um above the three-dimensional array with ¢banter electrode
surrounding the wells. 1,J) Quantification of cuntr@lensities for all the pixels of the Lincoln ineag

with the different configurations at 20um (I) ar@jdn (J) above the electrodes (Mean * SD).

Figure 3: Production of flexible diamond implangs. Diagram of the microfabrication steps with
nano-diamond seeding and selective diamond groaitowied by polyimide additionB: Picture of
the mask (Yellow: KOH 3D structures, grey shapéngilant); C: SEM picture of the silicon mould;

D: Final dummy implant fom vivo evaluation.
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Figure 4: Eye fundus of P23H rats with implantedypoide (A), diamond B) and metallic C)

devices. The scale bar is 500 pm.

Figure 5:Confocal imaging of stained retinae in contacthwihplants, 2 viewsA-C: top views of

whole-mount retinae along view “a” (top of the d@s); D-F: top views along view “b” (bottom of
the cavities); G-H: orthogonal views indicating tha@nts from which views “a” and “b” were taken.
A, D, G: DAPI staining of all cell nucleiB, E, H: ON bipolar cells stained with anti-Goalpha
antibody; C, F: coloured merged images of both DAPI and Goalghiisg (DAPI in blue and

Goalpha in green).

Figure 6: Quantification of bipolar cells withineBD electrodes for each materia:C: Image
processing for cell counting with preprocessiAg, (maris nucleus countindgdj and manual bipolar
cell counting C); D-G: plots of cell numbers for each cavify; number of cell nuclei per volumg;
mean number of cell nuclei per volunke;proportion of bipolar cells, expressed as a peesge of the

total number of cell nuclets: mean value of the ratio of bipolar cells to tatatlei.

Figure 7: Examination of the materials used by stan electron microscopy, following vivo
implantation: after fabrication during which the polyimide layer lifted off the structure
shown in Fig3C, the 20 um-thick foils were surdicaimplanted in rats for 8 weeks, then
explanted and prepared for SEM observations. Tltungs display the naked polyimide
surface A, D), and the same covered by a thin diamond laigerH), or metal C, F).
Although the numerous processes that significaaltigred the edges of the thin polyimide
foils, the images display that the surface qualitemained unchanged duritig implantation

period. For all these implants, residual cellsissues are visible within the cavities on the ayddr

views O-F).
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