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Abstract

Sight restoration through retinal prostheses was still a mere dream a century ago. Current challenges are even greater:
providing a quantitatively and qualitatively useful artificial vision to late blind patients eligible for retinal stimulators. Existing
approaches all face engineering and biological questions which directly threaten the quality of the restored vision. The engineering
design and the intrinsic information encoding in the retina must be factored together when designing prosthetic visual interfaces.
Compromises made on wired designs, stiff materials, external powering and implant location drastically restrain the restored visual
field and the stimulation resolution. Epiretinal implants can cover a large visual field but with limited resolution, and stimulate retinal
ganglion cell non-specifically through multiple compartments, including distal axons of the retinal nerve fiber bundles. Subretinal and
suprachoroidal implants are limited in size but rely on inner retina activation, that allows to preserve most of spatial and temporal
properties of the sighted retinal response, for better or worse; the retinal circuits behind spatial segregation and parallel feature
encoding can be recruited, but neurons’ responsivity rapidly wanes. Axonal activation and desensitisation hamper the spatio-
temporal properties of the perceived phosphenes, as they distort the high spatial frequencies perceptions, and cause them to fade
in less than a second. High-level perceptual mechanisms in the visual associative cortices such as grouping or multisensory causal
inference can resolve the missing piece of information resulting from poor spatio-temporal prosthetic resolution, but require a high
cognitive load: a too high price to pay for implants recipients to adapt and use artificial vision on day to day life. Consequently, current
visual prostheses do not rescue vision as a primary sense in implanted patients. A 20/200 visual acuity, together with a 30 to 40°
visual field, and qualitative properties as close as possible to patients’ early visual experience are the minimal requirements for a
potentially useful prosthetic approach.

The introduction of light-powered electronics represents a step forward in biomimetic retinal activation, but it is not fully
emancipated from power supply and limited coverage concerns. The use of organic semiconductors allows to fabricate flexible
discrete p-n junctions that can be embedded into a large hemispherical photovoltaic epiretinal implant. Such an organic photovoltaic
array can cover 45° of visual angle, and total up to 10’498 pixels, spaced out by 120 um. Complementary to this high-density and
wide-field epiretinal implant engineering, investigations on retinal network activation allow to design network-oriented photovoltaic
stimulation paradigms. Strategies that factor the intrinsic connectivity and properties of retinal neurons — convergence, lateral
inhibition, and adaptation mechanisms — permit to take advantage of the retinal microcircuit organization rather than letting it defeat
the technical efforts towards high-resolution stimulation.

A wide-field photovoltaic epiretinal approach could restore peripheric vision with native visual acuity in Retinitis Pigmentosa patients,
as well as a theoretical 20/480 foveal visual acuity. The restoration of a very large visual field is made possible by the flexibility of the
active materials and substrate, as well as by the epiretinal placement of the implant. The high resolution of the stimulation has been
electrophysiologically evaluated in-vitro; photovoltaic stimulation of degenerating mouse retinas revealed that the non-rectangular
photovoltage delivered under 560 nm light illumination was prone to recruit inner excitatory and inhibitory retinal circuits from the
epiretinal side. This allows first to avoid uncontrolled axonal stimulation, second to preserve the intrinsic retinal processing, and third
to specifically activate the amacrine cells network and benefit from natural lateral response segregation. These effects are reinforced
using 10-ms long light stimulation pulses. In addition, delivering light stimuli in a non-stationary manner that micmics fixational
saccades allows to reduce the Retinal Ganglion cells’ desensitisation, by alternating the sub-excitatory circuits recruitment.

Altogether, this work emphasizes the relevance of considering intrinsic retinal processing in the development of artificial vision. The
proposed approach, that combines withstanding organic photovoltaic prosthesis, and naturalistic epiretinal stimulation paradigm,
could allow to stimulate human parasol cells with a natural spatial resolution and limit the need of head scanning. Both points are
critical for motion perception, self-orientation and ambulation in late blind patients. Combined with a low vision foveal acuity, such
visual functions may allow implant receivers to rely again on their sense of sight.
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Résumé

Restaurer la vue grace a une prosthése rétinienne aurait semblé un réve fantasque il y a encore un siecle. Les défis
d’aujourd’hui sont plus grands encore : offrir une vision artificielle qui soit quantitativement et qualitativement profitable au
quotidien pour les patients aveugles ou malvoyants tardifs. Les approches existantes se heurtent a des difficultés tant ingénieuriques
que biologiques qui impactent directement la qualité de vision qui peut étre restaurée. Les compromis qui ont été faits jusqu’a
présent sur la conception technologique, les cellules ciblées, la rigidité des matériaux et I'alimentation restreignent a la fois la
résolution et le champ visuel. Les implants épirétiniens couvrent un large champ visuel mais avec une faible resolution, et stimulent
de maniére indifférenciée les différents compartiments cellulaires des cellules ganglionnaires, y compris les axones des faisceaux des
fibres maculaires et périphériques. Les implants subrétiniens sont limités en taille, mais activent les circuits rétiniens en amont des
cellules ganglionnaires, ce qui préserve en grande partie les propriétés spatio-temporelles de la réponse visuelle — notamment sa
ségregation spatiale et le mode de traitement parallele des informations — mais avec une excitabilité trés limitée dans le temps.
L’activation des axones et la désensibilisation des neurones nuisent directement aux phosphénes pergus par les patients : le premier
les déforme et le second les rend imperceptibles au-dela d’une seconde. Les méchanismes perceptuels de haut niveau des aires
visuelles associatives, comme la formation de groupes perceptuels ou I'inférence causale, sont a méme de compléter les informations
partielles apportées par la vision prothétique ; mais au prix d’un tel effort cognitif que les patients ne peuvent ou ne souhaitent pas
utiliser cette forme de vision dans leurs actions quotidiennes. Pour une approche prothétique qui soit profitable dans une situation
réelle de handicap, une acuité visuelle de 20/200, un champ visuel de 30 a 40°, et une vision qualitativement proche de I'expérience
visuelle passée des patients malvoyants sont conjointement nécessaires.

Le développement de dispositifs électriques photosensibles a consistué un progres certain vers une stimulation biomimétique de la
rétine, mais sans étre totalement affranchi des problématiques de I'alimentation ou de la limite de taille. L'utilisation de semi-
conducteurs organiques en revanche permet la fabrication de jonctions p-n miniaturisées et flexibles qui peuvent étre intégrées dans
un large dispositif photovoltaique implantable. Ce dispositif photovoltaique hémispherique peut couvrir un champ visuel de 45° et
totaliser jusqu’a 10'498 pixels, espacés de 120 um. En complément de cette approche a large champ de vision et haute résolution,
I'étude des mécanismes d’activation photovoltaique des réseaux rétiniens permet de concevoir des stratégies de stimulations
biologiquement pertinentes. La prise en compte de la connectivité intrinséque de réseaux rétininens — convergence, inhibition
latérale, adaptation — permet de tirer profit des microcircuits locaux, plutét qu’ils n’annihilent les efforts technologiques pour offrir
une haute résolution.

Un implant épirétinien photovoltaique pourrait permettre de restaurer une acuité visuelle constitutive dans le champ de vision
périphérique des patients atteints de rétinite pigmentaire, ainsi qu’une acuité visuelle de 20/480 au niveau de la fovée. La
restauration d’un large champ de vision est rendue possible par la flexibilté des matériaux actifs et du substrat, ainsi que par le
placement épiretinien du dispositif. La résolution de la stimulation a elle été évaluée in-vitro au moyen de mesures
electrophysiologiques. La stimulation photovoltaique de rétines murines dégénerescentes a montré la capacité particuliére du
potentiel non-rectangulaire généré par les pixels photovoltaiques a recruter les circuits interne de la rétine, en dépit de leur
placement épiretinien. Le recrutement épirétinien des circuits excitateurs et inhibiteurs permet tout d’abord d’éviter la stimulation
axonale des cellules ganglionnaires ; mais aussi de préserver les mécanismes intrinséques de traitement de I'information ; et enfin
d’activer le réseau de cellules amacrines et de bénéficier de la ségrégration spatiale constitutive de la rétine. Ces trois effets sont
renforcés par I'utilisation d’impulsions de stimulation supérieures ou égales a 10 ms. En outre, une stimulation lumineuse non-
stationnaire qui reproduit les microsaccades oculaires et alterne les zones excitatrices recrutées permet de réduire la
désensibilisation des cellules ganglionnaires.

Cette étude met I'accent sur I'importance du dialogue entre I'ingénieurie technique et la connectivité des réseaux rétiniens lors de
la conception de dispositifs de stimulation rétinienne. L’approche proposée a I'issue de ce travail conjugue la photovoltaique
organique et des paradigmes de stimulation naturaliste. Elle pourrait notamment permettre de stimuler les cellules ganglionnaires
humaines parasol avec une résolution spatiale constitutive, et de réduire les mouvements de balayage du champ visuel que doivent
effectuer les patients, deux aspects critiques pour la perception du mouvement et I'orientation des patients aveugles ou malvoyants.
En association avec une vision centrale minimale, la restauration de cette function visuelle pourrait permettre aux patients implantés
de se baser de nouveau sur leur vue pour se déplacer et effectuer des activités quotidiennes.
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Chapter 1 Introduction: Retinal prostheses
for vision restoration

1.1 Blindness and visual impairment due to retinal degenerative diseases
1.1.1  Late blindness

Blindness or severe visual impairment can be congenital or, more frequently, acquired during the course of life. Acquired
blindness or late blindness can be the consequence of traumas to the ocular structure or to the retina, but is also — in near to 1/10
of the cases —the effect of a degenerative retinal disease that progressively impairs the retina structure and leads to retinal cell death
and vision loss?. Such progressively acquired blindness is very much different from congenital blindness, from both physiological and
psychological perspectives. In patients that have had visual experience, the visual cortical areas and networks have been shaped
according to the presence of visual primary sensory inputs23. In humans, vision is a cross-modal and dominant sensory modality*-5,
and visual experience not only leads the early development of visual processing, but also of a variety of more complex processes, as
mental representation and self-referencing’, visuo-tactile association® or language development®:10,

This early shaping of the brain processes leads to two major consequences at the time the visual senses are severally impaired. First,
in spite of their total or partial visual modality deprivation, late visually impaired or blind people seek for navigation cues, allocentric
orientation strategies and multisensory associations close to those of sighted people!l. When a visual input is partially restored, this
allows the late blind brain to integrate the restored source of information in more complex sensory processings2. Second, late visually
impaired people are more prone to experience practical and psychological stress related to visual disabilities, with seldom resilience
and high depression incidence3-15, Precisely because of their sighted sensory processings, late blind patients might need but also
benefit from vision restoration strategies.

1.1.2  Retinal degenerative diseases

Amongst retinal diseases that cause progressive degeneration of the retina, the most prevalent pathology is Age-related
Macular Degeneration (AMD), which accounts for 8 to 9 % of the blindness worldwide, and is characterised by its late onset (after 60
years of age)!. Diabetic retinopathy is the second most prevalent retinal degeneration condition, accounting for 5 % of world
blindness!é; in 72 % of diabetics, the disease progresses towards advanced proliferative states where retinal detachment and
degeneration of the neural retina are unavoidable?’. The global prevalence of both diseases is expected to raise by 50 % between
2040 and 2045, due to the ageing of the population in industrialized countries and the progression of diabetes worldwide®-18, A third
and heterogenous cause of retinal degeneration are inherited retinopathies, of which Retinitis Pigmentosa is one of the most
common and well-studied. It is estimated to affect 1:3500 to 1:7000 people in Europe and USA!%-22, Unlike diabetic retinopathy that
can be screened and prevented with disease control strategies or minimal laser intervention23.24, no preventive treatments can be
proposed to Retinitis Pigmentosa nor AMD patients.

At the cellular level, AMD is characterized by the inflammation, apoptosis and necrosis of the retinal pigment epithelium (RPE) and
the retinal photoreceptors (PRs), and more especially of the cones in the macula25-27 (Figure 1a,b). The deterioration of the RPE forms
cellular debris, called drusen, that obstructs the nutrient exchange with choroid vessels. Eventually, this nutrient stress induces the
death of the photoreceptors located above, typically in the macula. In a less frequent form of AMD, known as wet form, the macula
is altered by neovascularization from choroidal vessels. Both forms results in the progressive loss of central vision and the apparition
of a central scotoma, typically from 3 to 10° of visual field and extending with the progression of the disease?2° (Figure 1c). Patients’
peripheral vision is typically preserved3931, but the loss of central vision prevents them to identify faces, read or perform high-visual
acuity tasks3233, Indeed, the loss of 10° of central visual field roughly corresponds to the loss of approximately 50 % of the primary
visual cortex sensory input3435,

Retinitis Pigmentosa is a class of inherited disorders, characterized by the apoptosis of photoceptors and a periphery to center disease
progression19.20, Retinijtis Pigmentosa can be inherited in an autosomal dominant, autosomal recessive or X-linked manner, and occurs
in some cases as part of the Usher syndrome or the Bardet-Biedl syndrome?2. In spite of heterogenous causes, Retinitis Pigmentosa
phenotype is characterized by a retinal hyperpigmentation and the progressive death of photoreceptors, typically starting from the
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mid-peripheral retina and extending towards the periphery (Figure 1d,e). Early death of rod photoreceptors leads to night blindness,
then to tunnel vision — characterized by a progressive reduction of the visual field, which is narrowed to some 3 to 10° in diameter in
average cases3® (Figure 1f). The macula and the central vision are generally spared in Retinitis Pigmentosa37; as in most of its forms,
rods are affected more severely than cones (rod-cone form)3819, Indeed, Retinitis Pigmentosa is associated with more than 60
genes, but the majority of them are expressed either in the pigmented epithelium cells (PECs) or in the photoreceptors, and in most
of the Retinitis Pigmentosa forms, the mutated genes are specifically expressed in rods%. Yet, in late-stage patients, both rods and
cone photoreceptors are nearly completely degenerated; it is assumed that in rod-cone forms, cone are affected by the progressive
impairment of retinal homeostasis — what eventually causes complete blindness*=43, In such patients, the visual acuity can fall to
20/200 (25 %) or even to no light sensitivity (0.5 %)%.

1.1.3  Visual field and visual acuity loss

Both Retinitis Pigmentosa and AMD are characterized by a significant loss in visual field or visual acuity that class patients
as legally blind.

The reference point to estimate sight resolution is a visual acuity of 20/20 (or 6/6 in metric notation). This corresponds to the ability
to discriminate lines 3.5 cm apart when the observer is at a distance of 6 meters, or to a 5 um distance on the retina?. Visual acuity
in severe AMD typically ranges from 20/100 (6/30) to 20/800 (less than 2/60)4. People with a visual acuity of less than 20/400 (3/60)
are considered legally blind in most European countries*—48, while in North America, the threshold is set at 20/200 (6/60)%. In
Retinitis Pigmentosa patients, visual acuity ranges from mild visual impairment (20/40 or 6/12, 52 %) to no light sensitivity (0.5 %),
but the majority obtain a low vision score (20/70 or 6/21) due to the relative preservation of the macula*. However, the narrowness
of the visual field is also recognized as a major sight impairment#6-48. Lateral and vertical visual angles in human range between 130°
and 145° (Figure 1g). Areas of photoreceptor cells’ death can vary a lot between patients, disease forms, or upper and lower visual
field, but the average ring scotoma is estimated to leave a tunnel visual field below 10°3¢ (Figure 1b). According to the visual
standards, a visual field restricted to 20°, or 16° in case of lower and upper field disparity, is considered as a severe visual
impairmentC. In most European countries and North America, people whose visual field is under 20° in the better seeing eye are
considered legally blind?°.

Legal blindness thresholds are based on the severity of functional vision loss a condition generates, as that sets its
psychosocial and economic consequences®C. The functional abilities that are most impaired with visual field loss are orientation and
mobility abilities. It is estimated that with a visual field of 20°, visual mobility is slower, but still possible with the adjunction of aids
like canes. When restricted to 10°, visual mobility is only marginally possible: obstacles cannot be visually detected and people mostly
need to rely on other sensory aids, vision only serving as an adjunct. When the central visual field is most affected as in AMD patients,
the reading ability is used as a functional ability estimation. With a visual acuity of 20/200 (6/60), patients need high power magnifying
aids to be able to decipher prints. Below 20/400 (3/60), visual reading is highly limited and patients must shift towards substitution
aids such as Braille reading or talking books. In near-blind patients (a visual field lower than 4° or a visual acuity of 20/1000)
substitution devices are required for both reading and mobility>0.

Ideally, to restore a functional form of vision in which visual sense can be used as the primarily reliable sense, therapeutical strategies
should restore a visual field from 20 to 40° and a minimum visual acuity of 20/100 (6/30)2%:50,
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Ch.1 Figure 1 - Visual field loss in Age-related Macular Degeneration and Retinitis Pigmentosa

a, Schematic representation of a healthy retina. b, Standard visual field. ¢, Schematic representation of the mechanisms causing
gradual loss of central vision in AMD patients. Aging induces changes in the immune system that can generate pro-inflammatory
environments and eventually chronic tissue inflammation, resulting in PECs and photoreceptors death. Inflammatory response
can also promote neovascularization. Outgrowth of the choroid vasculature towards the outer retina and leakings speed ups the
epithelium and photoreceptors cells death. d, Central scotoma alters vision in AMD patients. e, Schematic representation of a
retina with advanced Retinitis Pigmentosa: gene defects cause photoreceptors dysfunction and death, followed by reactive
change in RPE and Midiller glia cells, and eventually retinal remodeling. f, Ring scotoma and loss of peripheral light-sensitivity
alters Retinitis Pigmentosa patients’ vision. g, Representative fundus and Goldmann perimetry from AMD patients. The retinal
fundus image lets see the drusen aggregates containing cellular debris that are characteristic from dry AMD form. From Horton
& Guly, 2017°%. The Goldmann perimetry shows central scotomas of approximately 10°. From Han, Kwon, Han et al., 2009°2. h,
Representative fundus and Goldmann perimetry from Retinitis Pigmentosa patients. The Goldmann perimetry of a 27 years-old
patient with Retinitis Pigmentosa shows important ring scotomas: the retinal sensitivity is overall decreased in mid periphery
and far periphery (40°to 80°) with an asymmetry between upper and lower visual fields. From D. J. Creel, Moran Eye Center>?
and Weleber & Gregory-Evams, 2005%. i, The standard visual angle under healthy conditions covers 130°. The central macular
vision accounts for high acuity tasks: reading, examining, executing fine visually guided movements. The fovea is the retina area
with the higher photoreceptors’ density. Peripheral vision, from the paramacular retina to the far periphery, allows to identify
objects, detect motion and is accountable for night vision. j, The visual acuity decreases with retinal eccentricity. As a result,
patients with central scotomas dramatically loose visual acuity, while it can be to some extend preserved in Retinitis Pigmentosa.
From Lambertus et al., 201755,
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1.1.4  Treatments’ availability

Various gene therapies or pharmacological strategies have been investigated to slow down or prevent the progression of
the retinal degenerative diseases.

Several teams worldwide are developing bioengineering tools for Retinitis Pigmentosa therapies, such as autologous stem cell
transplantss¢:57, CRISPR-Cas9 technology58-61, or biallelic RPE65 retinal dystrophy gene therapy. The latter has recently been approved
by the FDA and shows a transient but inconsistent ability to improve visual functions®263, Due to its genetic heterogeneity, addressing
Retinitis Pigmentosa from a gene therapy point of view is incredibly complex and might require highly personalized bioengineered
tools. Moreover, the development of genetic tools first relies on suitable translational disease models; if retinal degeneration mice
are an established non-human mammalian model, the retinal cell types, the cell-type specific gene expression, and the macroscopic
organization of the retinal circuit differ between the human and the mouse retina, and weaken the translatability of cell therapies®4.

Regarding AMD, commercially available anti-angiogenic drugs like Lucentis® (Novartis) or Avastin® (Roche) can block Vascular
Endothelial Growth Factor (VEGF) signaling pathway, therefore preventing choroidal neovascularization and the development of the
wet form. These anti-angiogenic drugs have shown some ability to slow down the disease progression in roughly 50 % of the
patients®5-67, but needs to be delivered monthly through intravitreal injection to be efficient, and are in any case not an option for
patients having already lost a significant portion of photoreceptors.

However, the common thread behind AMD and the various Retinitis Pigmentosa phenotypes is, in spite of the death of
photoreceptors, the relatively good preservation of the retinal circuit downstream®8:°. Despite patients locally or entirely lost light
sensitivity, their visual pathway — from the inner retina to the visual cortex — remains functional (under the condition, no trauma nor
retinal detachment has occurred). The integrity of the most of the retinal and visual sensory neurons enables to deliver effective and
meaningful visual information to the brain via electrical, optogenetical or pharmacological stimulation of the afferent system. The
prosthetic and bioengineered approaches for visual neurons stimulation are detailed in the following section.

1.2 Visual prostheses: historical perspective and current approaches
1.2.1  Principle and target cells

Visual information projected onto the eye needs between 13 to 100 ms to reach the cortical areas that will allow its
identification’0.71, This relatively fast processing is possible because the information transmission along the visual pathway is highly
spatially and sequentially organized (Figure 2a). In a healthy visual pathway, visual information is conveyed by photons that enter
the eye through the iris aperture and are converted into neural signals in the retina (Figure 2b,c). The incident light projected by the
cornea and the lens to the retina is absorbed by the photosensitive retinal cells located in the outermost side of the retina that forms
tight contacts with the RPE. Incident light is photoconverted to membrane potential change by means of light-sensitive opsin proteins
located on the photoreceptors’ discs membranes?273. The change in cell membrane potential leads in turn to changes in the
photoreceptors’ chemical synaptic output. Chemical signaling is then relayed through a vertical excitatory pathway (Figure 2c,d).
bipolar cells (BCs) interneurons relay the photoreceptors information to the retinal ganglion cells (RGCs), themselves directly
connecting to the thalamic Lateral Geniculate Nucleus (LGN) by means of the optic nerve formed by their axons (Figure 2a). Signals
then propagate along the optic radiation to the primary visual cortex (V1), from where it is further processed into dorsal and ventral
streams, branching into various pathways involved in visuospatial processing, working memory, navigation and visuo-tactile or visuo-
haptic multimodal interactions, among others74-77,

The retina is organized into three cell layers: the photoreceptor layer or outer nuclear layer (ONL), the inner nuclear layer
(INL) and the ganglion cell layer (GCL) (Figure 2c,d). In the human retina, the photoreceptor layer contains about 120 million cells of
different spectral sensitivities (rods, S, M, and L-cones). The inner nuclear layer contains two major cell types, bipolar cells (BCs) and
horizontal cells (HCs), both non-spiking interneurons, i.e. that do not generate action potential but graded voltage change as a
function of synaptic activation?8. In mammals, the GCL contains about 20 to 30 classes of RGC types, anatomically and functionally
distinct?. In both INL and GCL, 30 types of inhibitory non-spiking amacrine cells (ACs) can be found, that are involved in specific
modulation and spatial segregation functions80.81,

Given this straightforward laminar organization, it is tempting to describe the retinal network as a simple convergent system:
photoreceptor cells sample the retinal image and transduce light into chemical signals, that are then transmitted to interneurons and
finally to output RGCs, whose axon projects into the brain. Yet, the functional connectivity and the functional diversity of the retina
makes it a highly complex image processing network. The anatomical cells’ diversity and the lateral inhibition draws distinct and
parallel visual pathways, each of them originating from a distinct RGC population and its associated circuitry®2. In addition, the
functional connectivity between retinal neurons draws spatiotopic organization (Figure 2d). Each RGC responds to a specific area of
the retina, called its receptive field. Receptive fields are organized in mosaics that cover the retinal surface83-8¢ and may overlap, due
to the parallel processing of the various RGCs population. Both horizontal and amacrine cells participate in shaping the RGCs’
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receptive field, most presumably at the photoreceptors to Bipolar and Bipolar to RGC synapses8’-9, Lateral inhibition from these two
inhibitory interneuron classes notably defines an antagonistic center-surround effect®93, In summary, the retina is a unitary neural
structure that gives rise to diverse parallel visual pathways that all encode for distinct visual response properties in a spatiotopic
fashion.

a
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Ch.1 Figure 2 — The human visual system

a, The afferent visual pathway. The visual information is conveyed from the retina —where light is transduced into chemical and
electrical signals — to the primary visual brain area. The retina originates from an outgrowth of the neural tube and is therefore
part of the central nervous system (CNS). The most inner retinal cells — retinal ganglion cells (RGCs)- are monosynaptically
projecting to the LGN. The axons of those cells form the optic nerve fibers that connects the neural retina to the higher visual
system. From the optic chiasm the optic fibers continue as the optic tract and terminate in the LGN of the thalamus.
Consequently, each LGN predominantly receives input from the contralateral visual field. The LGN neurons are organized
according to their response feature and retinotopy. The LGN neurons connect through optic radiation to the primary visual
cortex, located in the posterior occipital lobe. The pathway segregation and the retinotopy is maintained from the LGN to the
visual cortex, with cortical magnification of the foveal input. Adapted from Mirochnik & Pezaris, 2019%* . b, Schematic diagram
of the human eye anatomy showing the intrinsic eye optics and the retina. The incident light is projected through the pupil onto
the phototransducing retina by the cornea and crystalline lens which forms a convex lens. The size of the pupil is controlled by
the iris diaphragm to adapt to brightness levels. Most of the intraocular space is filled with vitreous humor produced by the
ciliary body. This transparent viscous fluid not only shapes the eye but helps maintaining the contact between the retina and the
underlying tissue layers. The retinal tissue is supplied with nutrients by the retinal vasculature but to a larger extend by the
choroid coat. ¢, The retina is a thin tissue organized into successive cell layers that allows the phototransduction and the
processing of the visual information. It is composed of three cell layers — the outer nuclear layer (ONL), the inner nuclear layer
(INL) and the ganglion cell layer (GCL)- and two synapses layers — the outer plexiform layer (OPL) and the inner plexiform layer
(IPL). The phototransduction occurs in the photosensitive cells of the ONL — rods and cones photoreceptors — whose outer
segments contain light-sensitive membranous proteins, opsins. The processing of visual information starts in the neural retina.
Adapted from Wei Li, National Eye Institute, National Institutes of Health, USA. d, The retinal layers are cell-specific and organized
in a convergent circuitry. The main cell types involved in the visual signal processing are the photoreceptors (PRs), the bipolar
cells (BCs), the retinal ganglion cells (RGCs), the horizontal cells (HCs), and the amacrine cells (ACs). The incident photons are
absorbed in the PRs’ outer segments. The PRs form chemical synapse with the BCs at the OPL level. The BCs form excitatory
synapses with the RGCs in the IPL. The axons of RGCs converge towards the optic head over the GCL, forming the nerve fiber
layer (NFL). HCs and ACS are inhibitory cells involved in the response boundary, respectively intervening at the PR-BC and BC-
RGC synapse terminals. Glial Miller cells (MCs) and pigment epithelial cells (PECs) are respectively involved in neural cells
homeostatic and metabolic support.

In AMD and Retinitis Pigmentosa patients, the inner nuclear layer and retinal ganglion cell layer remain preserved even at
later stages of the diseases®820.69, Post-mortem retina analysis of patients with late-stage Retinitis Pigmentosa has revealed that 78
% of BCs cells and 30 % of RGCs are spared at advanced stages of the disease, while it was the case for only 5 % of photoreceptors®25.
In AMD patients, 93 % of RGCs were spared and the INL cell number was found to either be stable or to have increased?®?7. Thus, the
retinal cells, either RGCs or inner retinal cells, are an ideal target to be stimulated to substitute for rods or foveal cones input. Besides,
prosthetic stimulation at the very early stages of the visual process allows to preserve as much as possible the downstream visual
processing, i.e. the complex spatial and features parallel processing occurring at the INL level, the LGN and the V1 level. A common
paradigm is that preserving such processes increases the chances to elicit meaningful perception in late blind patients with previous
visual experience98-100,

Yet, there are diverging views about the retinal circuits’ integrity in retinal degenerative diseases: while some studies reported the
anatomical and functional preservation of the GCL in both humans and animal models®869.101102 some others underlies the
remodeling and reorganization of the synapses in the INL, particularly in Retinitis Pigmentosa patients and in advanced dry forms of
AMD#3.103-105 The preservation of the GCL in humans is undeniable until very late stages of degeneration, although the total number
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of RGCs does decline over the disease, with up to a 30 % decline in advanced Retinitis Pigmentosa patients®. The preservation of
bipolar cells and amacrine cells in human Retinitis Pigmentosa has been established too®. Unfortunately, negative plastic remodeling
of the neural retina has been reported by multiple studies in both human and animal models 106,107,103,108,109,43 The apoptotic loss of
rod and cones triggers plastic reorganization in the neural retina that has been deafferented, as it has been observed in other regions
of the central nervous system!10-112, Reprogramming events, including collateral sprouting, have been observed in surviving cells at
the cellular and molecular levels!13.114,106,108,115,11643 The retinal remodeling can be characterized by three phases: the first one
corresponds to the BCs dendrites retraction from the synaptic endings of photoreceptors!14117.43, the second reflects the pathological
cascade resulting from the inner retinal cells’ deafferentation, and is characterized by the engagement of morphological signaling
pathways and Miiller cells1%:118 and the third and most problematic one is characterized by the cell’s migration and aberrant
rewiring, with complex synapse formation between bipolar cells, amacrine cells and eventually RGCs119.120, Such shortings, known as
microneuromas, are suspected to generate the intrinsic excitation events at the source of RGCs spontaneous activity, and to threaten
stimulation strategies20.121, Contrariwise, others works have enhanced the intact aspect of the IPL in rodents models of retinal
degeneration: the morphology, arborization and presynaptic connectivity of the RGCs and the three major types of amacrine cells
(starburst ACs, dopaminergic ACs, and All ACs) were preserved even at the very advanced stages of degeneration122101,102
Additionally, functional studies have shown that RGCs maintained their glutamate excitability in spite of altered bipolar cells
morphology!23. These contradictory evidences, together with the difficulty to statistically interpret the human-based studies — the
occurrence of phase three remodeling in the multiple human Retinitis Pigmentosa genotypes is not yet established — leaves some
hope for the prosthetic stimulation of remaining neurons.

However, because of the high variability of disease progression in retinal degenerative diseases, the evaluation of prosthetic
candidates is crucial to determine the benefits of a prosthetic implant. Candidates are often evaluated using a corneal stimulation
electrode that can induce electrically-evoked response in RGCs, which gives a good indicator of RGCs’ functional preservation124-126,
Most of the patients that currently benefit from retinal prosthetic implants are thus late-stage Retinitis Pigmentosa patients with
functionally preserved retinas.

The preserved cells can be stimulated electrically by mimicking a change in their membrane potential. Membrane potential
changes in neurons for clinical applications, either in the central or peripheral nervous system27-133, are typically elicited with one or
several extracellular electrodes that interface with the neural tissue. The current path from the electrode-tissue interface across the
neural tissue goes through a parallel resistive and highly-conductive element, which respective components are primarily bilayer
membrane-insulated cells and extracellular electrolyte. While the current can rapidly polarize the extracellular medium, charges
transfer across the lipid bilayer are limited34. This polarization discrepancy induces local variations of charges equilibrium around
the cell’s surface (Figure 3). As a result, the cell’s transmembrane potential is locally modified, and the cell is either hyperpolarized
or depolarized, according to the polarity of the delivered electric pulse35136, In spiking neurons as RGCs, if the transmembrane
potential change exceeds the spiking threshold, an action potential can be generated. In non-spiking interneurons, the graded
potentials are enough to trigger synaptic release’®. In the case of bipolar cells, it causes the glutamatergic excitation of RGCs, that
are then indirectly stimulated by the mean of the presynaptic network.

Cathodic pulse Anodic pulse
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Ch.1 Figure 3 — Extracellular stimulation mechanism

Neural retina cells can be stimulated through close electrodes polarizing their extracellular medium. The voltage pulse delivered
by the electrode induces charge redistribution in the highly conductive extracellular medium, but not in the intracellular
compartment isolated by the double bilayer membrane. Consequently, the polarity between the extracellular and intracellular
cells’ compartments, i.e. the transmembrane potential, is locally modified from its resting potential. This leads to cells’
depolarization in the case of cathodic pulses, or to cell hyperpolarization with anodic pulses. Because hyperpolarized areas are
flanked by compensatory depolarized areas, both configurations can lead to cell depolarization and action potential generation
in spiking neurons. This mechanism is exploited in retinal stimulation, either to depolarize inner retinal cells or to directly
generate action potential in RGCs. Other — optogenetic — strategies to artificially polarize cells are further mentioned in section
1.2.4.
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1.2.2  Electrical stimulation for the restoration of sight

The first experimentations that lead to phosphene perception, i.e. perception of transient flashes of bright light without
natural vision being involved, took place in the early 1900s. Phosphenes are visual qualia that can occurs spontaneously, for example
during migraine auras, visual deprivation or mechanical strains, as the result of visual neurons aberrant activity — aberrant intended
to be understood here as non-related to any activation of the upstream visual path. The medical community discovered in the early
20t century that they can also be produced and controlled by magnetic or electrical stimulation of visual neurons. In the aftermath
of the first world war, surgeons were facing projectile-wounded patients with occipital lesions and cortical blindness. By applying
local electrical stimulation or electrical field around their patients’ head, Lowenstein and Borchardt (1918)137, then Krause (1924)138,
and Foerster (1929)13° could induce small evoked flickering visual percept — phosphenes.

The source and the nature of the evoked phosphenes was only identified in 1952, thanks to Hodgkin and Huxley’s work on neuronal
signal propagation. The discovery of the ionic flux mechanism and action potential generation also widened the possibilities for
medical neural stimulation, identifying retinal and cortical neurons as potential targets'4°. The first concept of retinal stimulator was
introduced few years later by G. E. Tassicker (Figure 4). This first stimulator interestingly had much in common with the latest implant
prototypes: he proposed to use a supporting base conforming to the curvature of the retina and to coat it with photosensitive
material such as selenium crystal41.

Aug. 28, 1956 G. E. TASSICKER 2,760,483
RETINAL STIMULATCR
Filed Oct. 20, 1954

5. 2.

INVENTOR
ay GRAHAM EDWARD TASSICKER

Wndinetd, Lok + Praok
/HC:’J.

Ch.1 Figure 4 — The first patented retinal stimulator
The left scheme shows a plan view of the stimulator implanted into an eye, while the right figure is a sectional plan taken from
the direction indicated by the arrow 2. The stimulator consists of a tantalum, platinum or gold disc of 5 mm in diameter coated
with photoactive selenium crystal. The discisintended to be inserted between the retina and the choroid or between the choroid
and the sclera. 10: disc, 11: retina, 12: lug, 13: sutures, 14: choroid, 15: lens, 16: sclera. From Tassicker, 1954141,

However, till the late 1980s, most of the effort in visual prosthetics was placed towards cortical stimulation. In 1962, Button and
Putnam raised the hope for functional cortical stimulation when they demonstrated it was possible to elicit independent perceptual
responses through different stimulation channels (i.e. two pairs of stainless-steel wires) in a blind patient with an 18-year history of
blindness!42, In 1968, Brindly and Lewin implanted a cortical array connected to radio receiver in a 52-year old-blind patient: despite
the roughness of the device, this was a pioneering experiment and showed not only the retinotopy of the stimulation but also the
possibility to generate patterned percepts, and thus a meaningful form of vision.

A few groups have more recently investigated stimulating the visual path at the level of the optic nerve, either with cuff electrodes
or penetrating arrays143-147, Yet, though necessary in case of damage to the retinal structure, this approach is delicate for several
reasons. First, the surgical implantation is almost as invasive as for a cortical implant : it requires dissection of the dura matter and
presents high ischemia risks!4%148, Second, the optic nerve is a dense neural structure with approximately 1.2 million axons in a 2-
mm diameter cylinder, and relatively poor known fiber organization. Moreover, the macular fibers are located in the inside of the
nerve and less easily stimulated by cuff electrodes. Patients with advanced Retinitis Pigmentosa and no-light sensitivity have been
implanted by two different groups, and both studies revealed the difficulties to obtain focused stimulation in the optic nervel45149,

The identification of the retina as a leading prosthesis target came about 20 years later, to a large extend motivated by the success
of cochlear implants in hearing restoration0.151, A common current paradigm for vision restoration is that, depending on the etiology
of the visual impairment, the stimulating arrays can be placed at different positions along the visual pathway: at the retinal level, the
optic nerve level, in the LGN, or at the visual cortex level, according to their functional integrity. The retinal approach then appears
especially convenient in diseases that only affect the more upstream portions of the visual path, i.e. the photoreceptors. In addition,
the retina is a convenient visual prosthesis target for practical reasons: it has relatively easy extracranial surgical access, and a single
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implanted eye can theoretically cover up to the 60° monocular visual field. Consequently, from the late 1980’s and till today, the
retina continues to be a major focus for visual prostheses, with more than 20 groups and companies working on retinal stimulation
worldwide and three devices approved in the USA or in Europe (Appendix Supplementary Table 1).

Various structures of the retina can be electrically stimulated: from the outer nuclear layer if preserved, the inner nuclear layer, the
retinal ganglion cell layer, to the axons bundle of the nerve fiber layer.

1.2.3  Current retinal prosthetic approaches

While this may be open to debate, distinction of retinal implants are generally done according to their implantation site:
epiretinal devices, that are implanted directly into the vitreous body and whose electrodes are facing the ganglion cell and nerve
fiber layers; subretinal devices, that are implanted below the choroid and directed towards the eventually remaining photoreceptors
layer or the INL; suprachoroidal devices, that are implanted below the sclera; and, more rarely, intra-scleral prosthesis (Figure 5).
This surgery-based classification corresponds to a partial extend to a functional classification: subretinal and suprachoroidal implants
facing the internal part of the retina are primarily stimulating the INL bipolar cells; while epiretinal facing the GCL are primarily
stimulating RGCs through direct depolarization of their cell body or axon initial segment. Nonetheless, this presumptive matching
between stimulation site and targeted cells is not exhaustive; this will be further discussed in section 1.3.1 and in Chapter 2.

a b
Vitreous - - Suprachoroidal
humour Subretinal |l Ghorold
Bruch’s membrane
RPE
Retinal Subretinal
blood Photoreceptors
vessels debris
Suprachoroidal OPL
Epiretinal
piretinal INL
IPL
Retina
Sclera GCL
Choroid

NFL
Epiretinal

Ch.1 Figure 5 — Retinal stimulation sites

a, Epiretinal, subretinal and suprachoroidal placement of retinal implants. b, Cellular targets of the various approaches. Epiretinal
implants face the ganglion cell layer and nerve fiber layer. Their primary cellular targets are RGCs but they may also indirectly
stimulate them through the retinal network. Subretinal implants are placed below the choroid, in place of or penetrating into
the degenerating photoreceptor layers'>2. This placement permits to stimulate the bipolar cells, that in turn excites RGCs. The
network-mediated activation of RGCs allows to preserve the intrinsic processing of the INL. Suprachoroidal implants are placed
below or in the sclera and face the choroid coat. They also aim at network-mediated RGC, but the choroid, the PECs, the
photoreceptors debris and the distance to bipolar cells can elevate the inner retinal cells’ stimulation thresholds.

1.2.3.1 Epiretinal approach

Epiretinal prostheses are placed on the surface of the retina, adjacent to the nerve fiber layer. The implantation is usually
done through transvitreal delivery, an approach that ophthalmic surgeons carrying out vitreo-retinal surgery are familiar with. The
implant then needs to be secured to the retinal surface with one or several tacks. The epiretinal placement presents some technical
advantages: for the implantation first, but also for heat dissipation as the vitreous space facilitates it. Epiretinal prosthesis frequently
consist of an intraocular electrode array and an external imaging source, typically a goggles-mounted camera driving the electrode
array via a wearable visual processing unit. In the present section we will focus on the devices that have successfully completed
implantations in human patients. Detailed characteristics and outcomes of devices currently undergoing clinical or preclinical testing
can be found in Appendix Supplementary Table 1.

The development of epiretinal implants was pioneered by Humayun, Greenberg, Liu and Clements in the 1990s!53-155, Their
efforts would lead to the first Argus® implant (Argus® I, Second Sight LLC, Sylmar, CA, USA) to be implanted into six Retinitis
Pigmentosa patients between 2002 and 2004. The implant consisted of an extraocular camera, a wireless transmitter, and a 16-
electrode array. The patients that previously had no light perception were able to see discrete phosphenes and simple shapes. This
first trial mostly enhanced the need for smaller, denser electrode array for evoking finer percepts!56.157, As a result, the 60-electrode
array implant Argus® Il was developed few years later (Argus® I, Second Sight LLC, Sylmar, CA, USA, 2006). It received the CE mark in
2011, together with the FDA approval in 201358, The Argus® Il system is to this day the most widely used retinal prosthesis worldwide,
with over 400 implanted patients. The Argus® Il system consists of an external part and an internal part, the latter split between
suprascleral and intraocular locations. The external part consists of a pair of glasses with a mounted camera, connected to an image
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microprocessor (Figure 6a, arrow 1.) sending command signal to the glass-mounted external coil (Figure 6a, arrow 2.). The external
coil sends the command data to an internal coil embedded in an electronic case attached to the sclera (Figure 6a, arrow 3.), connected
to the intraocular stimulator (Figure 6a, arrow 4.). The external coil provides both power induction and command data through
wireless radiofrequency (RF) telemetry (Figure 6a, arrow 3.), but the internal coil is wire connected to the electrode array with a
transcleral cable (Figure 6a, arrow 4.). The presence of a transcleral cable limits the number of electrodes that can be placed in the
microelectrode array, as the sclerotomy is typically limited to 5.2 mm?59.160, The array itself comprises 60 electrodes of 200 pm in
diameter, organized in a 6 by 10 grid covering 20 ° of visual field diagonally. The Argus® Il could allow Retinitis Pigmentosa patients
to recognize letters, detect faces and perform mobility tasks!61-164, Functional outcomes and drawbacks are further described in
section 1.3.

At the same period, the German government founded a research group consortium for retinal implants. The EPI-RET device
resulting from that collaboration is shown in Figure 6b. The device, like the Argus® Il, consists of an external pair of goggles mounted
with a photosensor array, connected to a visual processing unit (Figure 6b, arrow 1.), sending commands to an emitter coil (Figure
6b, arrow 2.), powering and transmitting signal to a receiver coil (Figure 6b, arrow 3.), connected to an intraocular stimulator
implanted adjacent to the GCL (Figure 6b, arrow 4.). The singularity of the EPI-RET device is the absence of transcleral cable: as the
internal receiver coil is placed on the lens, the internal part of the device is entirely intraocular, which reduces the risk of an opening
or infection. Yet, the internal receiver coil and the stimulating array are connected through an intraocular micro-cable (Figure 6b,
arrow 4.). The power and data are transmitted wirelessly between the receiver and emitter coils via induction with electromagnets
(Figure 6b, arrow 3.)165, The EPI-RET 3 device has been successfully implanted for a four week period into six blind Retinitis Pigmentosa
patients?®, EPI-RET 3 embeds 25 electrodes arranged in a hexagonal grid on a 3 mm diameter chip on the edge of a 45 mm long
implant2é, A larger version of the chip (12 mm) has also been developed in order to cover a greater visual field (37°)167.168, The
adhesion difficulties encountered during preclinical trials1®® and the room for improvement in the stimulation resolution and
coverage have put a damper to further human testing of the device.

The most recent epiretinal device undergoing human implantation trials is the Pixium Vision S.A. Intelligent Retinal Implant
System (IRIS®) Il device, that obtained CE approval in 2016. The IRIS® Il system is based on the Intelligent Medical Implants Learning
Device (IMI), that demonstrated the ability to elicit phosphenes and patterned phosphenes in acutely implanted patients and up to
12 months laterl70-172, As the Argus® Il device, IRIS® Il comprises a goggles-mounted image sensor, connected to a wearable
microprocessor (Figure 6¢, arrow 1.), sending stimulation commands to an external element (Figure 6¢, arrow 2.). However, the
power supply and the stimulation data are transmitted separately from that stage. The stimulation commands are directly sent to
the intraocular microelectrode array via IR light (Figure 6¢, arrow 3a.), allowing high data transfer rates and thus high refresh rates
of the stimulating pattern?’3. The power is supplied to the array via a transmitter-receiver coil system using RF telemetry, in which
the suprascleral receiver coil is connected to the array through a transcleral cable (Figure 6c, arrows 3b. and 4b.). The stimulating
array is a microfabricated polyimide structure which embeds 150 microelectrodes. Additionally, the system includes several image
preprocessing stages!74: the visual scene is filtered according to the spatio-temporal properties of the retina in order to provide an
optimized stimulation of the retinal ganglion cells. The learning retinal encoder can notably partition the signal into two temporal
components (sustained and transient) that match the temporal resolution of the retina processing; and spatially partition the signal
into excitatory and inhibitory channels, that mimic the retinal ON/OFF pathways!’>-177. This strategy has been conceived to
counterbalance the absence of inner retinal processing in epiretinal stimulation. The 10 Retinitis Pigmentosa patients implanted
during the IRIS® Il clinical study showed ability to localize objects, detect direction of motion, and could recognize real-word
objects’8, However, both the materials and the surgical methods were found to threaten the lifespan of the device, and current
investigations are focusing on that aspect78.179,
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Ch.1 Figure 6 — Examples of epiretinal prostheses

a, The Argus® Il system is the most implanted and used retinal stimulation device worldwide. Visual data are externally
processed; data and power are transmitted via RF telemetry to an internal electronic case; itself connected to an electrode array.
Adapted from Second Sight Medical Products, Sylmar, CA, USA. b, The EPI-RET 3 implant is a fully intraocular implant whose
internal electronics is integrated to an artificial lens. Adapted from Koch et al., 2008, ¢, The IRIS® Il system has recently received
the CE mark. It allows high data transmission rate thanks to infrared data encoding. Adapted from Pixium Vision, Paris, F.

1.2.3.2 Subretinal approach

Subretinal prostheses are placed between the RPE and degenerated or degenerating photoreceptor layer. It is assumed to
be a more delicate surgery, both due to epithelium-retina adhesive junctions and the typical little practice of ophthalmic
surgeons00,180 Sybpretinal placements do not require mechanical fixation of the implant to the tissue, but it limits the size of the array
that can be fitted, mainly due to thermal increase leading to retinal detachment.

Yet, a major biological argument in favor of subretinal positioning is that, by placing the electrodes at the level of the degenerated
photoreceptors, the early intrinsic signal processing of the retinal interneurons is preserved, so presumably do the spatial and feature
processing of the visual input. The desire of physiological mimicry has been pushed forward with the subretinal approach, and several
groups took the occasion to create intrinsically photosensitive implants that can act as a replacement for lost photoreceptors181.182,
Indeed, retinal prostheses frequently follow two formats: an internal electrode array driven by an external camera via a visual
processing unit, or an internal photosensitive array converting light energy into electrical signals. The requirement for a wireless and
sustainable power supply for electrical stimulating chips is indubitably an additional source of constraints and possible surgical
complications. The use of photosensitive elements such as microphotodiodes (MPDA) enables to bypass the problem, as the light
becomes the powering mechanism as well as the data transmission medium. However, the energy efficiency of most photodiode
arrays is too low to stimulate retinal cells at safe irradiances and requires ad hoc amplification.

This is the case for the Alpha-IMS/AMS implant (Retina Implant AG, Reutlingen, Germany), the only subretinal implant that
obtained CE marking to date. The Alpha-IMS implant consists of an intraocular multiphotodiode array, an external transmitter coil
and a subdermal receiver coil. The intraocular photodiode array is a 3 mm2microchip encased in 70 um thick polyimide structurel. It
embeds 1500 independent photodiode-amplifier pairs, each of them being connected to an electrode adjacent to the retinal cells.
Contrary to most other stimulation devices, the Alpha-IMS and AMS implants do not require image acquisition and processing from
an external camera. Each photodiode converts ambient light into an electrical signal (Figure 7a, arrow 1a.). However, such signals
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needs to be amplified to reach bipolar cells’ stimulation thresholds83.184, Thus, although the photodiodes use light as a powering
source, the amplifiers paired to each of them require an extrinsic power source. The extrinsic power is supplied through transmitter-
receiver RF coils and a subdermal cable connected to the stimulating chip, similar to a cochlear implant!8> (Figure 7a, arrows 1b., 2b.
and 3b.). The power cable connects subdermally to the post-auricular receiver coil loops in the orbit, and attaches to the subretinal
implant as shown in Figure 7a, arrow 3b. The external coil is magnetically attached to its subdermal counterpart, and provides power
induction and control of contrast sensitivity via a control unit. The Alpha-IMS device has been implanted in blind patients who
reported significant visual improvement: not only the restoration of a crude visual acuity but also the recovery of visual
functions181.183,185 pPatients’ outcomes are further discussed in section 1.3. It is worth to mention that the presence of a subdermal
and intraorbital cable impaired the long-term use of the device, and led to device repositioning, replacement surgery, and early
device failure!81.187, Corrosion was another source of early failure, both due to the physical coupling between the photodiode and
active electronics as well as the stimulating electrode interfacing with the tissue, meaning the chip could not be hermetically
housed?88. Alpha-AMS, the upgraded version of the Alpha-IMS was also CE approved in 2016. The Alpha-AMS incorporates 1600
photodiode-amplifiers pairs in a 3.2 x 4mm array, and showed similar functional benefits to its IMS precursori®. Improvements on
the design and conformal coating of the stimulating chip could extend the Alpha device lifespan up to 3.3 years 188,

The Boston Retinal Implant Project (BRIP) was the second subretinal implant to be tested in human patients with end-stage
Retinitis Pigmentosa for acute surgical trials!0. The BRIP device is similar to the Argus®Il in many aspects: a goggles-mounted camera
connected to a visual processing unit (Figure 7b, arrow 1.) sending stimulation commands to a goggles-mounted external coil (Figure
7b, arrow 2.), emitting via RF telemetry (Figure 7b, arrow 3.) to an internal receiver coil placed on top of the sclera — here placed in
the front of the eye all around the cornea but under the conjunctiva. The electronic circuitry is enclosed into a hermetic case, that is
wire connected to the 256-channel stimulating chip with a serpentine electrode array. The curvature of both the receiving coil and
the serpentine are designed to facilitate the surgical placement of the array through the sclera into the subretinal space!1.192 (Figure
7b, arrow 4.).

The recent PRIMA implant from Pixium Vision S.A. has integrated many aspects of the above-mentioned designs to create
a promising photovoltaic model of subretinal stimulation. The device consists of a pair of goggles comprising a camera and a LCD
screen projecting near-infrared (NIR) light. The image from the camera is sent to and processed by a visual microprocessor (Figure
7c, arrow 1.), but contrary to electrical stimulation devices, the command output is also conveyed as an image (Figure 7c, arrow 2.).
The output image is projected through the pupil by the goggles-mounted light projection system and directly provides information
and power sources to the photovoltaic array in the back of the eye (Figure 7c, arrow 3.). The stimulating chip is a Imm-wide and 30-
um-thick hexagonal chip, that contains 142 pixels or photovoltaic cells, each of them formed of a stimulating electrode, a return
electrode, and multiple photodiodes in series. When hit by the NIR beam, the photodiodes generate an electrical current in the
adjacent tissue. Contrary to the Alpha-IMS system, the serial arrangement of photodiodes allows to generate enough current to reach
bipolar cells’ stimulation thresholds, thus to avoid the need of an extrinsic power source!®3-1%, Preclinical studies showed that the
PRIMA implant could elicit visual-evoked potentials (VEPs) with irradiances far below the ocular safety limit for near-infrared light, as
well as visually evoked behaviors in non-human primates2197.182, A first feasibility study has been run in France and a second is
currently running in the USA%8.199  Among the five patients with dry AMD that have been implanted with the PRIMA implant in
France, all showed satisfying acute tolerance to the implant and the majority of them could identify patterns and prints2°0,
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Ch.1 Figure 7 — Examples of subretinal prostheses

a, The Alpha-IMS subretinal prosthesis relies on the ambient light to pattern activate microphotodiodes (MPDA) according to the
visual scene. Though, the replacement of photoreceptors by MPDA requires external power supply. Adapted from Zrenner et al.,
20102%, b, The Boston Retinal Implant relies on external image processing and suprascleral wiring to the electrode array that is
places subretinally. Adapted from Rizzo, 2011%°2. ¢, The PRIMA® photovoltaic implant is intended to provide high-resolution
stimulation in the macula. Adapted from Pixium Vision, Paris, F.

1.2.3.3 Suprachoroidal approach

A third position that has been exploited for retinal prosthesis placement is the suprachoroidal space, either between the
choroid and the sclera or on the sclera. Suprachoroidal implantation presents some surgical specificities: it does not require a
transvitreal surgery, so that the implantation procedure could be repeated for repair or replacement; but the presence of choroid
vasculature increases the risk of haemorrhage. At the cellular level, typical suprachoroidal prostheses are, as subretinal ones,
targeting the inner retinal neurons, though further from the INL. This increased distance to the retina limits the performance of
suprachoroidal prosthesis, preventing fine spatiotopic discrimination and requiring high stimulation thresholds?°.

A series of suprachoroidal prototypes have been and are developed by the Bionic Vision Australia (BVA) group, from the
early 24-channels device clinically tested to the most recent 99-channels Phoenix device ongoing in-vivo testing203, Late-stage Retinitis
Pigmentosa patients have been implanted with the 24-channels implant in a pilot study in 20142%4, The implanted device from the
BVA group consisted of 20 stimulating electrodes array, controlled by a head-mounted camera, a visual processing unit, and a
transmitter-receiver coil system as previously described. The pilot study confirmed the high risk of subretinal and suprachoroidal
hemorrhage. However, implanted patients were able to localize static objects, light, or trajectories, despite a poor visual acuity
restoration295.206 (see section 1.3).

Japan’s Artificial Vision Project also developed a suprachoroidal-transretinal stimulation (STS) system. The device is
composed of a goggles-mounted camera and processed by a goggles-mounted microprocessor, and relay via external-internal coil
wire connected to the device. Its specificity lies in its 49 protruding electrodes that penetrate 0.3 mm through the sclera?®’.
Phosphenes could be successfully elicited in patients suffering for Stargard disease and Retinitis Pigmentosa, but functional testing
did not show any improvement with respect to natural residual vision207,208,
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1.2.4  Other retinal approaches to sight restoration

Besides the electric and photovoltaic approaches described in the sections above, several bioengineered approaches exist
to restore vision in patients suffering from retinal degenerative diseases.

Gene therapy strictly speaking should be considered as a preventive approach, i.e. it aims at preventing the loss of
photosensitive cells and related remodeling. However, transfection of a wild-type gene, even in the case of loss of function mutations
and intervention at an early stage of the disease, do not fully translate in a non-degenerative phenotype, but rather offer a partial
functional restoration of vision. Yet, as mentioned earlier, the genetic heterogeneity of retinal degenerative diseases makes the
development of gene therapies a long, costly, and complex process. Moreover, gene therapy is — currently — limited to recessive
mutations2%.

An alternative bioengineering approach is to introduce an extrinsic gene that renders the preserved cells photosensitive, in
default of photoreceptors. This optogenetic approach requires the transfection of cells with viral carriers that express a light-sensitive
cell-membrane protein. A large variety of optoproteins exhibiting various kinetics and wavelength responsivities are currently being
evaluated. Most of them are either ion channels (e.g. channelrhodopsins (ChRs), blue-light activated depolarizing cation channels),
ion pumps (e.g. halorhodopsin, a yellow-light activated hyperpolarizing chloride pump) or G-protein-coupled receptors (e.g.
melanopsin, blue-light activated transmembrane G-protein-coupled receptor). The first optoprotein to be transduced in a retinal cell
was ChR-2 (Channelrhodopsin-2), after it was identified in Chlamydomonas reinhardtii algae and demonstrated its photomodulation
ability210-212, ChR-2 can be transduced via an adeno-associated virus (AAV) vector construct into bipolar cells or RGCs and restore a
form of light sensitivity213-215, Because gene therapy is a disease independent therapeutic protocol, it could benefit to a great number
of Retinitis Pigmentosa patients, regardless of their genetic background. Optogenetic therapies offer a major technical advantage
over current prosthetic approaches: the optogenetic stimulation can be delivered with a cellular resolution. Though activating the
retina at the bipolar cell level rather than at the photoreceptor level reduces the theoretical resolution from a factor of 30 to 50216:217,
single bipolar cell resolution is approximately 200 times finer than what could be achieved by the PRIMA subretinal implant218,
Similarly, RGCs transfection would provide a limited resolution due to the neural convergence, but still 4300 to 6400 times better
than what is achieved by Argus® Il epiretinal implant in the fovea?!®. Also, the transfection area and thus the potentially restored
visual field are not limited, except by the AAV transfection efficiency. It must be mentioned that, without the signal amplification
provided by the neural convergence, the light-driven depolarization of RGCs requires high irradiance levels. The intensity of blue light
necessary to activate ChR-2 in RGCs typically exceeds the safety threshold of retinal illumination, forcing the use of channelrhodopsins
that respond to low-energy light220. A goggles-mounted camera system converting the ambient light to a light beam of adequate
wavelength — similar to those implemented for photovoltaic implants — must also be envisaged?2t.

A feasibility clinical trial for a ChR gene therapy is ongoing in the USA, and a clinical trial for Retinitis Pigmentosa patients is running
in Europe that uses ChrimsonR, a red-shifted channelrhodopsin?22, Nevertheless, the poor transduction efficacy in primates threatens
the success of optogenetic therapies?23.224,

Finally, combined pharmacoprosthesis may offer interesting therapeutical opportunities. The Microfluidic Retinal
Prosthesis Implant project developed at the Kresge Eye Institute (Detroit, USA) and the Artificial Synapse Chip project from Stanford
(USA) share the idea to create a visual prosthesis mimicking the chemical synaptic transmission between neurons225226, Although at
very preliminary stages, the concept of pharmacoprosthetic implants is to convert images into an array of neurochemical signals
through an implanted microfluidic chip. Glutamate has been identified as the best candidate for such signals, as it is the major
excitatory neurotransmitter at the photoreceptor-to-bipolar-cell synapse. A glutamate releasing chip placed subretinally could in
theory simultaneously depolarize OFF-bipolar cells and hyperpolarize ON-bipolar cells???. Little is known at this stage about the
uptake and recycling of the delivered neurotransmitter in the degenerating retinal circuit.

The combinatory potential of all the different stimulation approaches is much unknown. A high-density prosthesis could be
an interesting complement to the spatially limited transfection in the human retina with optogenetic approach?28, Chronic electrical
stimulation also shows neurotrophic effects??? that are hardly dispensable. The complementarity of pharmacological and electrical
approaches for prosthetic application has been demonstrated?9 too. However, the translatability of such findings in the retinal
feedforward processing that only involves a few classes of protagonists is uncertain. In the following section and chapters, we will
only focus on the electrical and photovoltaic stimulation approaches.
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1.3 Outcomes and performance of retinal prostheses
1.3.1 Phosphenes characteristics

Most of the patients implanted with retinal prosthesis were able to perceive visual sensations called phosphenes.
Phosphenes brightness, shape, and duration exhibits tremendous variability amongst subjects, implants, and stimulation methods.

Argus® Il subjects reported phosphenes as blobs or, more often, as curved lines (Figure 8a) whose thickness could vary
between 1 to 10° and length up to 15°231.232, |n most patients, the locations of the phosphenes within the visual field roughly
corresponded to the retinotopic position of the stimulating electrodes, but with curved distortion. In epiretinal stimulation, the
compartments closer to the stimulating electrodes are the arcuate nerve fiber bundles, i.e. the distal axons of RGCs converging
towards the optic disc (Figure 8b). Although the most excitable compartment of a RGC is its axon initial segment (AlS), the distal
portions of its axon can be electrically stimulated, and the elicited action potential propagate orthodromically or antidromically233.
The orientation of the phosphenes can indeed be predicted according to the subjects retinal curvature and more importantly,
according the stereotypic organization of nerve fiber bundle?34 (Figure 8c,d). It has been proposed to avoid RGCs axonal activation
by adjusting the delivered voltage to an intermediate value between AIS and distal axon respective stimulation thresholds?3s.
However, the distal RGCs axons lack myelinization up to the optic disc and exhibit relatively high excitability potential compared to
most central nervous system axons — what on another note allows to preserve the tissue optical properties?36. Axonal and somatic
stimulation thresholds are in practice hardly distinguishable?35. Better focalization of the phosphenes could be obtained by
lengthening the duration of the delivered pulses up to 10 to 20 ms, instead of the typical sub-millisecond stimulus pulses used with
the Argus® Il device??’. Yet, the reasons behind this duration-selective stimulation are poorly understood. Patients acutely implanted
with the EPI-RET 3 device also reported elongated and arched phosphenes presumably originating from distal axons depolarization?66,
These arched comet-like phosphenes can drastically impair the perception of complex images (Figure 8d).

Axonal activation is less of a problem in subretinal or suprachoroidal stimulation. Patients implanted with the BVA suprachoroidal
device reported retinotopically organized phosphenes of various complex shapes, that they described as blobs rather than lines.
Adjacent electrodes were found to generate overlapping phosphenes, presumably due to the increased stimulation thresholds and
increased distance to the inner retinal cells that may favor cross-talk23. Patients implanted with subretinal devices also reported
reproducible phosphenes described as round dots but occasionally as elongated lines!83.201,

In addition to potential distortion, phosphene legibility can be hampered by a poor temporal resolution (Figure 8e,f).
Prostheses preferentially targeting the inner retinal neurons (BCs), i.e. subretinal and suprachoroidal prostheses, could only elicit
transient phosphenes. Patients using the BVA suprachoroidal device at a 50 Hz stimulation rate described phosphenes as a very brief
flash of light quickly disappearing after the stimulation onset238. Alpha-IMS patients also reported percepts that faded out within 15
sat 0.3 Hzand 0.5 s at 10 Hz stimulation rate2°!.

The fading of the phosphenes elicited by electrical stimulation is assumed to be a Troxler effect, i.e. an optical illusion of
disappearance caused by the prolonged fixation of a stimulus. At the retinal level, Troxler effect can be explained by a neural
adaptation phenomenon. Under healthy conditions, the retina does not respond to steady illumination but to spatial and temporal
contrast, due to the chemical nature of the neural signaling, that requires homeostasis regulation?32240, Without changes in the
stimulus pattern (i.e. without temporal contrast), RGCs’ response gradually declines from the initial contrast onset. This sensory
adaptation phenomenon is highly conserved over species and senses?*1.242, In the mammalian retina, the bipolar cell pathway has
been identified as the site of several forms of contrast adaptation243-246, The contrast adaptation phenomenon occurs in two
phases?%6.247, Immediately after a strong contrast stimulation, the glutamate released from bipolar cells decreases — given its
decreased availability — which leads to a prolonged RGC hyperpolarization. A second long-range (tens of milliseconds) adaptation
comes from inhibitory amacrine cells. Amacrine cells can either directly inhibit RGCs or presynaptic bipolar terminals, depending on
their functional type and parters?46 . As a consequence of RGC hyperpolarization, the postsynaptic LGN and cortical neurons are no
longer excited; and the visual percepts fade out in a few tens of milliseconds if no further contrast occurs — e.g. when the image is
stabilized with extrinsic optics 248-250, |n a similar fashion, under steady repeated electrical stimulation, bipolar cells rapidly
desensitize?51, causing RGCs response to decline?52.253 and percepts to fade. Because network-mediated stimulation shares most of
the retinal processing with natural light stimulation, and RGC desensitisation under electrical stimulation can also be decomposed
into two phases, one might also expect the inhibitory amacrine cells to be involved in RGCs response decay over repeated
stimulation233. However, their involvement has not been demonstrated yet.

In natural vision, besides under Troxler illusion conditions, temporal contrast adaptation cannot be perceived: the visual
scene is never stationary, intrinsically at first, but also because the eyes are constantly moving, even during conscious fixation.
Fixational eye movements — drifts, microtremors and microsaccades — are therefore necessary to allow for a continuous perception
of brightness. The involuntary oculomotor commands drag (drifts) or vibrate (tremors and saccades) the image across the retinal
receptive fields, preventing the stationary stimulation of the retina. These eye movements, notably microsaccades, represent a form
of adjusted image motion, necessary for optimal visual processing. Indeed, although controlled by the superior colliculus, saccadic
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eye movements (typically 0.01 ° to 1 ° of visual angle at 1 to 8 Hz2>4255) are task and attention dependant?56-258, They have been
shown to play a critical role in preventing peripheral fading, in low contrast perception, hyperacuity, or attentional shifts259-262

In artificial vision systems that allow freely moving gaze and provide sufficient electrode density, the effects of eye movements may
limit the Troxler fading effect, just as in natural vision. Indeed, Alpha-IMS patients experienced fading under single-electrode
stimulation but some of them could perceive complex objects like grating patterns or letters almost continuously. The Alpha-IMS
team estimated that subjects’ microsaccades could shift the input image 1 to 3 pixels aside, and thus prevent its fading20l. However,
severe visual impairment is frequently associated with aberrant oculomotor functions, such as nystagmus and reduced saccade
amplitude283-266 possibly by reason of visual field loss27, and not all patients were able to benefit from this strategy. In fact, little is
known on the actual contribution of subjects’ involuntary and voluntary eye movements on the stability of their percepts.

The rapid perceptual fading of the phosphenes has also been reported by most of Argus® Il subjects. The phosphenes evoked by
single-electrode and multiple electrodes stimulation were reported to fade out in a few seconds, in most cases in less than 0.5s268,
The primary targets of Argus® Il prostheses are RGCs, however RGCs can be electrically stimulated with short pulses in a repetitive
fashion and briefly depolarize at each pulse without desensitisation26°. One can assume that the reported fading then originates from
the inner retinal cells, and that the Argus® |l epiretinal electrodes activates RGCs both directly and through their inner retinal network,
especially during prolonged stimuli (Figure 8c). The fading of phosphenes is a more delicate problem in Argus® Il patients: contrarily
to Alpha-IMS, Argus® Il electrodes are too spaced out (575 um pitch) to allow the image to switch to the adjacent pixel with a 1°
saccadic movement (~ 300 um of retinal distance). The subject is therefore required to perform a large voluntary movement to
refresh the electrical stimulation pattern on the retina. As a result, patients constantly have to head scan their environment to study
objects of interest or identify obstacles268.270,
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Ch.1 Figure 8 — Spatial and temporal properties of the percepts elicited by retinal implants

a, Phosphene drawings from three different patients implanted with the Argus® Il device. The right image shows the averaging
of drawings obtained from individual stimulation trials of each electrode. Mean drawings were then aligned over the electrode
layout. Most of the patients implanted with Argus® Il and EPI-RET 3 devices reported arched phosphenes as the second and third
drawings, while patients with Alpha-IMS and BVA devices reported phosphenes as blobs in most cases. Adapted from Beyeler et
al., 2019234, b, Nerve fiber bundle trajectories. The organization of the nerve fibers converging towards the optic disk is
stereotypic in the human retina. The nerve fiber bundle is especially dense around the macula, due to the high density of RGCs
in the fovea. ¢, Electrode array orientation on the nerve fiber bundle allows to predicts the perceived phosphenes. The top
pictureis a fundus image of an eye implanted with Argus® Il. The bottom graph shows the simulated map of nerve fibers bundles,
the electrode overlay and the phosphenes prediction. The orientation of predicted phosphenes matches patients’ drawings
(bottom, left sidebars). This evidence suggests that elongated phosphene shapes observed in epiretinal stimulation originates
from the stimulation of the nerve fibers running over the GCL. Adapted from Beyeler et al., 201923*. d, Mathematical modeling
of the nerve fibers bundle organization allows to predict phosphenes shapes (top) and complex percepts (bottom). The simulated
percept enhances the qualitative issue of axonal stimulation. The density of the papillomacular bundle distorts and blurs the
restored central vision. Adapted from Fine et al., 2015271, e, Phosphenes brightness decay over stimulation time. The red line
indicates the phosphene brightness level indicated by three Argus® Il subjects during a 10 s stimulation (grey dotted line) at 20
Hz. The brightness was reported thanks to a joystick: the resting position corresponded to background level, the uppermost
position to the highest brightness level, and the other positions were mapped on a + 10 scale. The green dots correspond to the
verbal appreciation of the decay by the patients. Similar brightness has been qualitatively reported by BVA and Alpha-IMS
patients, respectively under 50 Hz and 1 Hz stimulation. Adapted from Fornos et al., 20122%, f, Possible effects of response
kinetics on perception. Adapted from Fine et al., 2015%7%,

Despite these spatial and temporal constraints, the form of vision provided by retinal prostheses allows patients to recover part of
their visual functions.
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1.3.2 Visual restoration

Parameters to be considered when evaluating a sensory prosthesis are visual functions restoration and biocompatibility.
Visual restoration strictly speaking refers to the devices ability to improve visual acuity, visual field and functional vision with respect
to patients’ impaired condition. Biocompatibility and safety issues can be evaluated through a series of pre-implantation tests and
post-implantation analysis of the severe adverse events (SAEs) experienced by patients. This is further discussed in section 1.3.3.

Visual restoration is typically assessed by a series of psychophysical tests where high-contrast objects (bars, gratings,
squares, letters) are projected onto a screen in a controlled environment. As previously mentioned, the epiretinal placement of an
implant may restrict the spatial focalization and distort the evoked phosphenes, but, when several electrodes are activated together
to form geometrical objects, patients are able to distinguish orientation and shapes. During the acute clinical testing of the EPI-RET
3 implants, late-stage Retinitis Pigmentosa patients could discriminate between several high-contrast bar orientations?¢. After 6-
months of training all IRIS® Il patients had significantly improved their performance in localizing high-contrast squares, and in bar
direction of motion test'78. Amongst the 8 patients implanted that reached the secondary endpoint of clinical trials so far, 5 had
measurable grating visual acuity, and a 20/2000 average visual acuity score. The highest visual acuity recorded was 20/400. The
Goldmann visual field of 9 participants was also assessed: 5 of them had a measurable visual field (in contrast to none of them before
implantation), of 119° on average!78. Finally, most of the Argus® Il subjects exhibited similar localization performance 3 years post
implantation?72 : 89 %, 56 % and 33 % of patients showed increased performance in high-contrast square localization test, high-
contrast bar direction of motion test, and black and white grating visual acuity test, respectively. The grating visual acuity of subjects
for those it was measurable was on average of 20/6324. Interestingly, while the early rehabilitation phase shows drastic patient
performance increases with training, both in term of speed and accuracy of identification, the visual acuity and localization
performances showed no evolution between one and three years post-implantation?72,

Similar geometric shape localization tasks, visual acuity and if applicable perimetric tests were conducted in subretinal prosthesis
patients. 86 % of Alpha-IMS patients could perceive phosphenes with the implant, and exhibited significant improvement in light
localization task, while 20 % of them could also detect motion. Visual acuity was measured with Landolt C-ring test with an average
of 20/1280. The best acuity reported was 20/54686, As observed in Argus® Il patients, the performance in object recognition tasks
significantly improved during the early rehabilitation phase, i.e. the initial 3 months training, after which it stagnates and could
eventually fall below significance level183.186, 13 of the 15 Retinitis Pigmentosa patients implanted with Alpha-AMS also demonstrated
the ability to localize visual targets. Measurable visual acuities ranged from 20/1111 to 20/546. The subjects’ performances were
stable during the 12-month follow-up study84. Clinical trials of the PRIMA subretinal implant are currently ongoing, but the first
follow-up results from Pixium Vision revealed that all the implanted AMD patients could perceive light in their central visual field;
and that the majority of them could identify high-contrast patterns, letters and objects2%. According to the spatial resolution of the
implant and in-vivo receptive field measurements, it is estimated that the PRIMA implant might provide a 20/250 visual acuity in
humans®4 , which would be the best among current retinal prosthetic technologies.

Performances reported with suprachoroidal prostheses are more variable. Patients implanted with the BVA implant were able to
localize light with results higher than chance level, but only one subject had a measurable visual acuity of 20/8397. 2 of 3 subjects
were able to recognize and localize static objects, while one could detect direction of motion294-206, The pilot study of the STS implant
on two patients showed that suprachoroidal stimulation could elicit phosphenes in the visual field corresponding to the implant area.
Both patients could use these phosphenes to identify high-contrast objects, and 1 of 2 patients could detect motion and perform
grasping task?73, However, a second study led to poorly reproducible results, though functionally encouraging (patients were able to
localize a high-contrast line and walk along). It has been suggested that such gain of function resulted of a combination of artificial
vision and natural residual vision208,

Psychophysical and localization tests are expected to reflect daily living needs: localizing high-contrast openings such as
doors and windows, navigate between obstacles in a path, finding and grasping daily objects, etc. Indeed, a retinal prosthesis must
not only improve visual acuity or visual field per se, but also improve visual performance in real-world uncontrolled environment.
Understanding the impact of a device on patients’ quality of life and Activities of Daily Living (ADLs) is of prime importance to judge
its qualitative benefits and provide a meaningful comparison of the available technologies.

In this perspective, real-world functional assessment studies — based on participant-reported outcomes — have been conducted for
Argus® Il and Alpha-IMS devices. The functional benefit of Argus® Il was evaluated with the Functional Low-vision Observer Rated
Assessment (or FLORA assay). This qualitative assay developed by the Argus® Il group is based on both assessors’ and patients’
opinions of benefit; it involves patient’s self-report, interview and observation in its daily environment at home?74, According to the
FLORA results, 80 % of the patients experienced benefit in their functional vision and quality of life at 1-year post implantation, and
none experienced negative effects. This result is maintained at 3-years post implantation272, However, the absence of negative effect
and the presence of some visual improvement do not seem to be sufficient for patients to keep using their prosthetic device as
anything other than an occasional aid or for a contemplative use126:270,

The improvement in Activities of Daily Living (ADLs) in Alpha-IMS and AMS patients was assessed with a series of tests consisting of
table top object localisation, clock hand angle discrimination, Turano Independent Mobility Questionnaire and self-reports of
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improvement in quality of life. Overall, 72 % of the patients exhibited a statistically significant improvement in ADLs, but only 45 %
of them self-reported a satisfying improvement of daily life experiences. Patients reporting benefits were able to recognize unknown
objects such as cars, houses, dinner plates, but also to better localize doorways, people and objects and avoid bumpings!83.275. 28 %
of the subjects reported no benefit at all83,

The visual acuity, the visual field and the functional vision that can be restored by a retinal implant are influenced by
multiple factors: the patients’ cognition, the integrity of its retina, the site of stimulation (epi-, subretinal, or suprachoroidal), the
mode of stimulation (direct or network-mediated) — in the second case the intrinsic retinal processing — the positioning and
attachment of the implant, and the design of the stimulating array (electrodes number, array size and electrodes density). Regarding
the latter, simulation studies estimate that a prosthetic resolution of approximately 0.33° can permit handling, pointing, and
recognition activities with a reasonable success rate?76-278, what corresponds to a 100 um electrode spacing. To perform visually
guided tasks such as pouring water or cutting food, subjects preferred larger visual fields (21°), even without resolution
improvement?76, Recent evidence also enhanced the role of restored visual field in ADLs and recognition tasks272. Though successful
navigation seems possible with 60 phosphenes?0, a visual field of 30° to 40° was estimated to be required for safe mobility in an
unpredictable environment281.282,

Given these estimations, it is striking to note that Argus® Il and Alpha-IMS exhibit relatively similar benefits in real-world situations.
Despite diverging in design and thus in restored visual acuity and visual field, both are overtaken by their respective functional
drawbacks. The Alpha-IMS has 1500 electrodes and covers a relatively small visual field of 11° x 11°. Its high electrode density gives
a resolution advantage: the Alpha-IMS has a theoretical resolution of 0.5° (under the estimation that 300 um on the retina
corresponds to 1° visual angle). Indeed, the best visual acuity to date (20/546), even if far away from theoretical resolution, has been
reported with the Alpha-IMS/AMS!8L201 However, the narrowness of the restored visual field does not allow for independent
mobility nor daily localization tasks. Additionally, the fading of the phosphenes, though partially compensated by freely moving gaze,
forces users to set the stimulation rate to relatively low values (1-20 Hz)186, By contrast, the Argus® Il system counts 60 electrodes in
a 6 x 10 design, what corresponds to 11° x 19° in the visual field (~ 20° diagonally). Argus® Il electrodes are 200 um in diameter and
separated by 575 um, which only allows a theoretical resolution of 4°. As a consequence, visual grating acuity in patients is in most
cases lower than 20/1000; and this poor resolution makes patients lose the benefit of a larger visual field, as they have to perform
large head movements to refresh the stimulation pattern on the retina280.283, Patients are indeed instructed during rehabilitation
training to screen the visual scene with head rather than eye movements to avoid phosphenes fading. This need for scanning and
constant space decomposition is the major qualitative obstacle to Argus® Il usage in daily life, as it leads to a very unnatural and
cognitively demanding way of seeing270.

1.3.3 Biocompatibility

The safety profile of a retinal prosthesis is typically evaluated upstream from the clinical trials from its compliance to
medical biocompatibility standards and downstream, judging from the significant adverse effects (SAEs) encountered during
implantation and mid-term use.

Most prostheses that underwent clinical trials or acute implantation trials demonstrated a relatively low frequency of SAEs (Appendix
Supplementary Table 1), which attests for a good mechanical and molecular compliance of the devices, as well as for safe
implantation procedure. 60 % of patients implanted with Argus® Il did not encountered any significant adverse effect within 5-year
post-implantation. The surgery and device-related adverse effects were mostly conjunctival erosion, hypotony and endophthalmitis.
2 patients had to undergo a retacking surgery. Most of the SAE occurred within 3 years of implantation, except a case of retinal
detachment?283.284_ Qver nine subjects, Alpha-IMS team reported 2 SAEs and 75 adverse effects within 1-year post implantation. The
SAEs comprised increase ocular pressure and retinal detachment during explantation both treated without sequellae?8s. 4 of 15
Patients with Alpha-AMS experienced SAEs, among which implant drift requiring readjustment surgery, conjunctival erosion, and
suprascleral coil related pain1®®. After 24 months post implantation, one patient additionally experienced retinal detachment?7>.
Patients that underwent acute implantation of EPI-RET 3 faced spontaneous dislocation of the electrodes, although they were well
tolerated?69.165, Despite the careful follow-up of adverse effects at the macroscopic level, few studies are available on the effects of
chronic implantation on the retinal tissue.

Long-term and daily use of retinal prostheses indeed exposes the retinal tissue to chronic electrical or photovoltaic
stimulation. Excessive electrical stimulation can cause cell electroporation, cell death, tissue inflammation and swelling28é. In case of
photovoltaic retinal prosthesis, an excessive light stimulation can additionally damage the retina through photothermal,
photomechanical and photochemical mechanisms287; and ophthalmic devices must respect the maximum permissible exposure (ANSI
7136.1 / 1SO 60825 / ISO 15004) and maximum thermal increase (ISO 14708-1:2014 / EN 45502-1:1997) defined by international
standards. Indeed, the use of photic energy either from the ambient light or from a light beam of specific wavelength allows to
stimulate retinal cells at a high rate of information and/or to avoid the need of extrinsic power supply, but the transfer of photic
energy to the retinal tissue can be toxic under excessive conditions. First, when photons are absorbed by a semi-conducting material,
it increases the mean kinetic energy of the material’s molecules, that collide and make temperature locally increase. The temperature
rise may denature cellular membranes and proteins and trigger cells” apoptosis288-290, The ability of a light beam to cause an increase
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in kinetic energy and thus in temperature is inversely proportional to its wavelength: for a given exposure time, shorter wavelengths
close to the UV spectrum have a greater risk to cause photothermal tissue damage than near-infrared light. The retinal tissue is
irreversibly damaged when temperature rises by at least 10° C, but safety standards limits the chronic temperature rise to 2° C292,
Second, the light beam can induce photomechanical damage by thermoelastic expansion of the cells it hits. Tensile forces exerted on
the cells lead to permanent damage and cell death. Third, the prolonged retinal tissue exposure to high energy light risks to generate
reactive oxygen species, presumed to be the source of photochemical damage. Reactive oxygen species are produced when a cell
directly absorbs light, and are susceptible to induce protein oxidation and trigger apoptotic mechanisms. PECs and photoreceptors,
that have an inherent ability to absorb light, are especially vulnerable to this mechanim292-295, Safe irradiance levels thus can be
calculated according to the wavelength, exposure time, stimulation frequency and implant materials (cf. Section 2.5.9). It is worth to
mention that the safety standards for ophthalmic devices are based on photochemical damage risk, that primarily threaten
photoreceptors and PECs. Higher irradiances might be tolerated in end-stage degenerative diseases2%.

Another point to be considered for biocompatibility are the residual photosensitive cells that survive in late blind patients.
A typical symptom of Retinitis Pigmentosa is a marked photophobia, especially under short-wavelength light2°7-2% _ |t is hypothesized
to originate from surviving cells S-cones and intrinsically photosensitive retinal ganglion cells (ipRGCs), that both respond to short-
middle wavelengths300301 While residual and prosthetic vision seem to be complementary when they are spatially mutually
exclusivel?, there is no data to date on the outcome of their overlap. Moreover, repeated stimulation is expected to generate some
changes in the retinal physiology. Increases in surviving cells have been reported after retinal stimulation in-vivo, related to growth
factor production89302, Retinal remodeling is also likely to be affected by the restoration of a form of sensory input, as in-vitro
experimental results revealed the potential of electrical stimulation to guide neurite outgrowth303-305,

In general, the interaction of prosthetic stimulation with remaining vision is a major biocompatibility challenge, for which no answers
can be currently provided, either in term of photophobia, remodeling, or stimuli integration.

1.34 Challenges for next generation implants: summary and prospects

The restoration of sight with visual prostheses was a mere dream a century ago. Early patients’ trials have demonstrated
the undeniable potential of retinal prosthesis approaches to generate visual perception in late blind patients with no light perception.
Yet, the retinal approaches have several disadvantages which are question marks hanging over the future of the field. It is only with
research efforts on those points that blind patients may have a chance to draw satisfactory benefits from retinal prostheses in the
long run and on a wider scale.

The first question mark is the cell survival and retinal remodeling in retinal degenerative diseases. There is strong evidence
of synaptic reorganization in the animal models of retinal degeneration but also in human Retinitis Pigmentosa patients, sometimes
even prior to photoreceptors deathl106107.119,115  Reorganization of the INL connectivity and formation of synaptic loops in
microneuromas risks to compromise the efficacy of network-mediated stimulation, modify known stimulation parameters, or distort
evoked percepts. The necessity of considering retinal reorganization has been raised by multiple authors119.306,98,180,136,43,307,64 Yet,
how systematic is such remodeling and to what extent it varies across genotypes and across the retina in humans are still question
marks. The differences between murine models of retinal degeneration and the primate retina are considerable: presence of a
macula, Bruch’s membrane thickness, receptive field sizes, and unknown translatability of animal homologous diseases
genotypes308:309_ |n-depth knowledge of the remodeling in human retinal degenerative diseases — including the role of genotype and
the consequences of joined remodeling and electrical stimulation — are necessary to determine if, in which cases, and during which
time window prosthetic therapies can be used to their full potential.

Furthermore, the success and the resolution of retinal implants depend on the number of surviving RGCs to be stimulated. Epiretinal
approaches relying on direct RGCs stimulation might to some extent avoid remodeling issues, but not the cell survival question. The
preservation of significant numbers of RGCs and bipolar cells in both late stage Retinitis Pigmentosa and AMD patients has been
documented?>97, Still, the minimum requirements — number, location, connectivity — for successful prosthetic stimulation are not
known. At present, candidate patients for retinal implants are primarily selected based on their absence of residual vision and their
ocular structural integrity26. Pre-operative OCT scans may be the first indicators of the degree of retinal degeneration, but RGC
counts and fine retinal imaging might be necessary to predict the stimulability of the retinal tissue. Several groups are developing in-
vivo microscopy approaches to image the neural retina310311,

Beyond the issue of patients’ selection criteria, all prosthesis approaches evoked so far face technical engineering
challenges that directly hamper patients’ experiences. Those challenges can be of two natures: the design approach of the prosthesis
(the form of image capture, processing, powering, the materials used, the number of electrodes that can be fitted, the implant size,
etc.), and how it interacts with the intrinsic retinal processing (the target cells, and the processing mechanisms triggered). The most
frequently encountered issues at the design levels are the wired data transmission (limiting the number of electrodes and increasing
the inflammatory risk), the need for extrinsic powering, the presence of extraocular cases (at the source of conjunctival erosion), and
the limited size of the array (due to limited scleral incision during surgery and poor conformability). These issues can be partially
addressed and overcome: photovoltaic devices encode the command pattern with light beams, that bypasses the data transmission
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and electrode limitations, the PRIMA implant additionally avoids extrinsic powering thanks to amplifying photodiodes in series!96:1%4,
EPI-RET 3 implant solved the problem of extraocular cases by embedding its inductive receiver and stimulation unit in an intraocular
lens'é¢, and implantation of multiple stimulating modules has been proposed to cover a larger retinal surface via a unique
incision312313, There is thus far no technical solution concurrently addressing all these issues.

The compromises that were made in existing implants’ designs have direct consequences on the visual restoration they can offer.
Epiretinal implants can cover a large visual field but with limited resolution and reduced biocompatibility, as most of them rely on
extrinsic powering and data processing, thus on several implanted elements and limiting cables (Appendix Supplementary Table 1).
Alpha-AMS and PRIMA subretinal photovoltaic implants can restore a high visual acuity (20/546 and 20/460), but with a restricted
visual field, which might be useful for AMD patients but not to rod-cones dystrophy ones. The accessibility of the suprachoroidal
space makes it feasible to implant several arrays to cover a larger visual field, but can only offer a poor resolution due to the electrode
distance to the INL.

In fact, both visual acuity and visual field are necessary to offer day-to-day visual functioning. Self-reporting questionnaires and
simulated prosthetic vision studies demonstrated the importance of both visual parameters in daily tasks performances314-
316,14317,279 As things currently stand, the cognitive load required from implant recipients to adapt to artificial vision is not balanced
by the restored visual functions. Although retinal implants provide some quantified help in object recognition, motion detection, or
deciphering ability, it is qualitatively not sufficient for patients to use them in a long-term basis?’%. To meet the visually impaired
patients’ needs, the next generation of retinal implants must be able to address visual field and visual resolution challenges together
in their design.

In addition, the engineering of retinal prosthesis must factor the intrinsic electrical and networking properties of the tissue
it interfaces. There are two major drawbacks related to the intrinsic retinal cells’ properties. The first issues lies in the excitability of
RGCs axons running towards the optic disk. Involuntary axonal stimulation leads to distorted phosphenes and impair the vision
resolution, especially in the peripheral visual field, but also in the macula, due to the papillomacular bundle?4271, Second, the
desensitisation of the inner retinal cells in response to repeated stimulation makes phosphenes fade in less than few hundreds of
milliseconds, which forces implanted users to constantly head scan their environment. Implants aiming at direct depolarization of
RGCs from the epiretinal side are limited by the former, while implants aiming at network-mediated stimulation of RGCs by the latter.
In practice, both issues can be encountered with epiretinal stimulation, possibly stimulating RGCs through both direct and indirect
mechanisms232268, Adequate stimulation paradigms are thus necessary to limit both drawbacks. Stimulation site, stimulation
thresholds or pulses durations have been identified as available tools to do so — in an exploratory fashion318237.235. Complementing
frontier research and a better understanding of the mechanisms behind retinal network activation could allow to design better
network-oriented stimulation paradigms.

The current thesis presents a novel approach for retinal stimulation that can address some of the key challenges of visual
restoration: visual field, visual acuity, compliance and compatibility, and functional usability. Such approach is based on organic
photovoltaics, flexible materials’ use, and indirect RGCs stimulation from the epiretinal side (Appendix Supplementary Table 1).

In order to resolve the conflict between resolution and visual angle, an innovative epiretinal photovoltaic prosthesis has been
developed, based on the ability of organic polymers to generate light-induced activity in neurons31%320, The design approach that
allows to address such quantitative aspect of vision restoration are explored in Chapter 2.

This work also strives to develop a network-oriented approach, i.e. to factor the intrinsic properties of vision and retina on a basis of
stimulation paradigms. In this perspective, Chapter 3 explores the role of photovoltage waveform on the retinal network activation,
including the overlooked inhibitory network.

It emerges that improving a prosthesis’ resolution can be done in two complementary ways: ensuring a design with a high density of
independent stimulating channels, and taking advantage of the intrinsic spatial processing in the retina. Further improvement of the
stimulation resolution is presented in Chapter 4, that details the design of a high-resolution epiretinal photovoltaic prosthesis and
the activation resolution it can provide in-vitro.

Finally, Chapter 5 addresses the desensitisation issue and proposes network-oriented tools to reduce RGCs’ response fading.
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and photovoltaic wide-field epiretinal
prosthesis

Postprint version of the article published in Nature Communications vol. 9, 2018 (DOI: 10.1038/s41467-018-03386-7).

Authors: Laura Ferlauto® *, Marta J. I. Airaghi Leccardi® *, Naig A. L. Chenais® *, Samuel G.A. Gillérion?, Paola Vagni?, Michele
Bevilacqua?, Thomas J. Wolfensberger®, Kevin Sivula¢ and Diego Ghezzia.
a Medtronic Chair in Neuroengineering, Center for Neuroprosthetics, Institute of Bioengineering, School of Engineering, Ecole
Polytechnique Fédérale de Lausanne, Switzerland
b Hopital Ophtalmique Jules Gonin, Université de Lausanne, Switzerland
¢ Laboratory for Molecular Engineering of Optoelectronic Nanomaterials, Institute of Chemical Sciences and Engineering, School of Basic
Science, Ecole Polytechnique Fédérale de Lausanne, Switzerland
* These authors contributed equally to this work.

Authors contributions: L.F. fabricated the devices and performed/analysed KPFM, PV/PC, temperature, and accelerated ageing tests.
M.J.LA.L. designed, fabricated, and characterized the devices and the retinal prostheses; she performed/analysed PV/PC measures
and electrical simulations. N.A.L.C. performed/analysed pH, voltage spreading, and electrophysiological experiments. M.B.
performed/analysed PV and PC measures. S.C.A.G. performed thermal simulations. T.J.W. performed the simulated surgeries. P.V.
performed the simulated surgeries. K.S. participated in the fabrication and characterization of the prostheses. D.G. designed and led
the entire study, validate the data analysis, and wrote the manuscript. All the authors read and accepted the manuscript.

2.1 Abstract

Retinal prostheses have been developed to fight blindness in people affected by outer retinal layer dystrophies. To date,
few hundred patients have received a retinal implant. Inspired by intraocular lenses, we have designed a foldable and photovoltaic
wide-field epiretinal prosthesis (named POLYRETINA) capable of stimulating wireless retinal ganglion cells. Here we show that within
a visual angle of 46.3 degrees, POLYRETINA embeds 2215 stimulating pixels, of which 967 are in the central area of 5 mm, it is foldable
to allow implantation through a small scleral incision, and it has a hemispherical shape to match the curvature of the eye. We
demonstrate that it is not cytotoxic and respects optical and thermal safety standards; accelerated ageing shows a lifetime of at least
2 years. POLYRETINA represents a significant progress towards the improvement of both visual acuity and visual field with the same
device, a current challenging issue in the field.
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2.2 Introduction

Blindness affects more than 30 million people worldwide321, and it is defined as visual acuity of less than 20/400 or a
corresponding visual field loss to less than 10 degrees, in the better eye with the best possible correction®. In North America and
most of European countries, legal blindness is defined as visual acuity of 20/200 or visual field no greater that 20 degrees. In the last
decade, various visual prostheses have been developed to fight blindness in case of retinal dystrophies, such as Retinitis Pigmentosa®®
and more recently Age-related Macular Degeneration (Clinical Trial NCT02227498). Several multi-center clinical trials showed the
feasibility of restoring a coarse form of vision with retinal implants, such as single letters discrimination and simple objects
recognition°8.18, However, several challenges remain open, such as the improvement of visual acuity and the enlargement of the
visual field above the thresholds of blindness193. An agreed upon strategy to improve visual acuity is to increase the electrode density,
while a large visual field could be attained by enlarging the retinal coverage with a larger prosthesis.

Concerning the visual field, tests on healthy subjects under pixelated vision indicated that an array of 25 x 25 pixels and 30 degrees
of visual angle (about 8.5 mm in diameter) could provide adequate mobility skills281.322, However, the size of the prosthesis is typically
limited by the maximal allowed sclerotomy, which is about 6 to 7 mm long; available prostheses are therefore in the range of 1 to 5
mm. Argus® Il, the largest implanted electrode array in humans, is a 6 x 10 array with a 575 um electrode pitch!®® and a theoretical
field of view of 10 x 18 degrees. Increasing the size of the array is associated with two main challenges: it requires a large scleral
incision and it may not conform to the eye curvature. In a flat prosthesis placed over the retina, central and peripheral electrodes
may not be at the same distance from the retina. A large distance will inevitably increase the stimulation threshold and the cross-talk
between adjacent electrodes323. Preliminary attempts in designing wide-field retinal prosthesis have been proposed?67.323, However,
these approaches are based on materials (i.e. polyimide) with high elastic modulus (GPa), very thin substrates (i 10 um), and complex
shapes (e.g. star) that could create challenges in manipulation, implantation, and fixation.

Concerning visual acuity, previous researches estimated that, to be useful in daily life, a retinal prosthesis should have 500 pixels
distributed in the central area of approximately 5 mm in diameter324325, More recently, a trial on healthy subjects showed that the
number of pixels required to recognize common objects is on the order of 3,000 to 5,00032¢, Despite microfabrication techniques
allow such electrode density, a limitation remains due to the routing of the connection tracks in the active area and the size of the
flat cable connection to the implantable electronics/stimulator. To overcome these issues, in photovoltaic stimulation?9, the light
projected into the pupil is wirelessly converted into electrical stimuli delivered to the retina. After the first demonstration of vision
restoration in blind rats with a silicon photovoltaic subretinal prosthesis'®, a second major step was achieved with the exploitation
of conjugated polymers and organic semiconductors (i.e. poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), PEDOT:PSS;
regioregular poly(3-hexylthiophene-2,5-diyl), P3HT; [6,6]-phenyl-C61-butyric acid methyl ester, PCBM) to build an organic
photovoltaic subretinal interface319327.328 |n the latter, despite the capability of improving visual acuity in dystrophic rats after 1
month of implantation32°, several issues remain unsolved. Conjugated polymers are well tolerated when exposed to the subretinal
space3?9, but they start to delaminate a few months after placement leading to an unavoidable degradation of the organic materials.
Moreover, in the cases of both silicon and organic photovoltaic subretinal prostheses, the limited size of the devices (1 to 2
millimetres) will not allow the recovery of a large visual field, unless implanting multiple devices3!2. Some concerns remain about the
risks associated with the implantation of multiple devices in the subretinal space (e.g. retinal detachment, movements of the devices,
and device overlaps). Thus, increasing both visual acuity and visual field size with a single retinal prosthesis remains one of the main
unsolved challenges in the field324,
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2.3 Results

2.3.1  Design and fabrication

POLYRETINA is a novel foldable and photovoltaic wide-field epiretinal prosthesis based on poly(dimethylsiloxane) (PDMS)
as substrate material, because of its transparency, elasticity, low Young’s modulus, and high strain to failure330331, Moreover, PDMS
is available as medical grade elastomer already in use in medical device applications. The device consists in a PDMS-photovoltaic
interface (Figure 1a,c), embedding 2215 stimulating pixels (80 um and 130 um in diameter) distributed on an active area of 12.7 mm
(Supplementary Figure 1a). Each pixel is composed by a PEDOT:PSS bottom anode, a P3HT:PCBM (referred also as Blend)
semiconductor layer, and a top cathode in titanium (Ti). Another PDMS layer encapsulates the prosthesis, avoiding the delamination
and degradation of the organic materials and extending its lifetime (Supplementary Figure 1b). Openings of 67 and 120 um in
diameter have been made in the encapsulation layer to expose the cathodes (Figure 1f). Titanium is a mechanically and
electrochemically stable metal, it is widely used in implantable devices, it has an appropriate work function for the photovoltaic
mechanism, and it is a capacitive charge-injection material (also due to the thin layer of titanium oxide formed at the surface). The
latter is desirable with mono-phasic pulses, as in this photovoltaic approach, because no chemical species are created or consumed
during a stimulation pulse332, thus avoiding undesired tissue reactions. Under this condition, the electrode/electrolyte interface can
be modelled as pure electrical capacitor without electron transfer from the metal to the solution333. To verify this hypothesis, we
measured the pH with a microelectrode positioned above the titanium electrode of the PDMS-photovoltaic interface (Supplementary
Figure 2) upon 1 hr of pulsed illumination (20 Hz, 10 ms, 3.4 mW mm-2; N = 3 devices). The irradiance has been set to a value above
the maximum allowed for prosthetic application (see Optical and thermal safety). During illumination, a negligible pH shift of about
0.002 pH units has been detected, which could be explained by a recording artefact due to the local temperature increase induced
by the prosthesis (see Optical and thermal safety). Local heating could reduce the resistivity of the solution and decrease the voltage
difference between the pH microelectrode and the local reference. The hemispherical shape of POLYRETINA (Figure 1b,d) is obtained
by bonding the PDMS-photovoltaic interface on a dome-shaped PDMS support (Figure 1a) with a radius of curvature of 12 mm,
corresponding to the standard human eye. The bonding induces a radial elongation in the PDMS-photovoltaic interface of about 3 %
(in diameter), which has been considered to determine the covered retinal surface (Supplementary Figure 1c). Four anchoring wings,
with holes for tacks, have been included for the fixation of the prosthesis (Figure 1d).

N t\/,

wing  Tack hole

Ch.2 Figure 1 - Foldable and photovoltaic wide-field retinal prosthesis

a, 3D model of the fabricated PDMS-interface and of the dome-shaped PDMS support. b, 3D model of the retinal prosthesis after
boding the PDMS-interface to the PDMS support. ¢, Fabricated PDMS-photovoltaic interface with pixels arranged in 3 areas of
different sizes and densities: central area (red), diameter of 5 mm, 967 electrodes in hexagonal arrangement, electrode diameter
80 um and pitch 150 um, density 49.25 px mm?; first ring (green), diameter of 8 mm, 559 electrodes in hexagonal arrangement,
electrode diameter 130 um and pitch 250 um, density 17.43 px mm; second ring (blue), diameter 12.7 mm, 719 electrodes,
electrode diameter 130 um, density 9.34 px mm-2. Circles show an enlarged view of the pixels distribution. Scale bar is 2.5 mm.
d, Picture of POLYRETINA. Four anchoring wings with holes are present for attaching the prosthesis with retinal tacks. e,
POLYRETINA folded before injection. f, Scanning electron microscope image (40° tilted view) of a photovoltaic pixel. Scale bar is
10 um. g, 3D model after epiretinal placement.
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The folding of POLYRETINA, its insertion, and covering of the retinal surface have been evaluated in simulated surgeries with plastic
models of the human eye (Figure 2a). The prosthesis can be folded prior implantation (Figure 1e and Figure 2a, top-left), inserted
through an aperture of 6.5 mm (Figure 2a, top-right), released within the posterior chamber (Figure 1g and Figure 2b, bottom-right
and bottom-left), and attached in epiretinal configuration (Figure 2b). The same surgical approach has been also validated in
enucleated pig eyes (Figure 2c).

Ch.2 Figure 2 - Simulated surgical implantation

a, Picture sequence of the implantation in a human eye plastic model. The white line in top-right panel shows the incision of 6.5
mm. b, Picture of POLYRETINA placed in epiretinal configuration. ¢, Picture sequence of the implantation in a pig eye.

2.3.2  Optimization of the photovoltaic pixel

First, using Kelvin Probe Force Microscopy (KPFM), we evaluated the changes in the surface potential generated at the
cathode upon illumination for different conditions of fabrication (Figure 3a,b). To assess the role of the bottom anode, we fabricated
photovoltaic interfaces onto glass substrates including a bottom anode made of Indium Tin Oxide (ITO), an injection layer of
PEDQT:PSS, a semiconductor layer of P3HT:PCBM, and aluminum (Al) top cathodes. We initially used aluminum since it is one of the
most common cathode material in organic photovoltaics. KPFM measures (Figure 3c) across several devices showed that the variation
of the surface potential upon illumination (white LED, light from the top, 0.4 mW mm?2) is about 15 folds higher (Figure 3d) with
aluminum cathodes with respect to P3HT:PCBM only. When aluminum is present (Figure 3d, left), the absence of any anode (ITO or
ITO/PEDQT:PSS) significantly reduces the surface potential variation upon illumination (ITO/PEDOT:PSS/Blend/Al versus Blend/Al, p
< 0.0001; PEDOT:PSS/Blend/Al versus Blend/Al, p < 0.0001; One Way ANOVA, Tukey’s multiple comparison test). No significant
difference has been found with or without the ITO anode if the PEDOT:PSS injection layer is present (ITO/PEDOT:PSS/Blend/Al versus
PEDOT:PSS/Blend/Al, p = 0.6219; One Way ANOVA, Tukey’s multiple comparison test). In the absence of aluminum cathodes (Figure
3d, right), the architectures with different bottom anodes do not induce any significant difference (ITO/PEDOT:PSS/Blend versus
PEDOT:PSS/Blend, p = 0.9997; ITO/PEDOT:PSS/Blend versus Blend, p = 0.9890; PEDOT:PSS/Blend versus Blend, p = 0.9995; One Way
ANOVA, Tukey’s multiple comparison test). The maximization of the surface potential variation has been obtained with aluminum
cathodes and both ITO/PEDOT:PSS or only PEDOT:PSS anodes. Therefore, to simplify the fabrication process, we implemented
PEDOQT:PSS alone as bottom layer. We also verified that the surface potential variation was not altered (Figure 3e) when the interface
was built over a PDMS substrate instead of bare glass with aluminium cathode diameters of both 100um and 150pm (@
PEDOT:PSS/Blend/Al and O PDMS/PEDOT:PSS/Blend/Al); no statistical differences have been found among the groups (Two Way
ANOVA, Tukey’s multiple comparison test, interaction p = 0.9633; factor 1, diameter, p = 0.0887; factor 2, substrate, p = 0.6385).
When titanium replaces aluminium (A PDMS/PEDOT:PSS/Blend/Ti), the surface potential is slightly reduced (for 100 um: One Way
ANOVA, F=25.43, p<0.001; PDMS/PEDOT:PSS/Blend/Ti versus both PEDOT:PSS/Blend/Al and PDMS/PEDOT:PSS/Blend/Al, p < 0.001,
Tukey’s multiple comparison test; for 150 um: One Way ANOVA, F = 9.266, p < 0.01; PDMS/PEDOT:PSS/Blend/Ti versus both
PEDQT:PSS/Blend/Al and PDMS/PEDOT:PSS/Blend/Al, p < 0.05, Tukey’s multiple comparison test).
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Ch.2 Figure 3 - Optimization of the photovoltaic pixel

a, Picture of the KPFM measures. b, Sketch of the fabricated device. Glass substrates have been coated with a thin film of ITO
(200 nm), a thin film of PEDOT:PSS (50 nm), a thin film of P3HT:PCBM (100 nm), and last aluminium (100 nm) or titanium (150
nm). ¢, Representative KPFM map on a Glass/PEDOT:PSS/Blend/Al device obtained by repeating a line scan of 100 nm (vertical
direction). The horizontal bar indicates period of dark (black) and light (white). The bottom panel shows the average potential
fluctuation during time; each point is the average potential in a single line scan. d, Surface potential variations (voltage in light —
voltage in dark) for 6 different architectures. Each bar is the mean (+ s.e.m.) of at least N = 3 devices, in which at least n = 3
electrodes/points has been measured and averaged. ITO/PEDOT:PSS/Blend/Al: 0.2106 + 0.0092 V, N = 5, n = 3;
PEDOT:PSS/Blend/Al: 0.2259 + 0.0085 V, N = 5, n = 3; Blend/Al: 0.1334 + 0.0090 V, N = 3, n = 3; ITO/PEDOT:PSS/Blend: 0.0128 +
0.0032V, N =3, n=3; PEDOT:PSS/Blend: 0.0091 + 0.0025 V, N =3, n = 4; Blend: 0.0052 + 0.0007 V, N =3, n = 4. One-way ANOVA,
p <0.0001, F=177.9. e, Surface potential variations with/without a bottom PDMS layer and with Al or Ti top contacts of 100 and
150 um in diameter. Each point is the mean (+ s.e.m.) of at least N = 3 devices, in which at least n = 3 electrodes has been
measured and averaged. PEDOT:PSS/Blend/Al-100um: 0.1984 + 0.0043 V, N = 3, n = 3; PEDOT:PSS/Blend/Al-150um: 0.2232 +
0.0082 V, N =3, n = 3; PDMS/PEDOT:PSS/Blend/Al-100um: 0.1927 + 0.0115 V, N = 5, n = 3; PDMS/PEDOT:PSS/Blend/Al-150um:
0.2163 £0.0150 V, N = 5, n = 3; PDMS/PEDOT:PSS/Blend/Ti-100um: 0.1055 + 0.0063 V, N = 3, n = 6; PDMS/PEDOT:PSS/Blend/Ti-
150um: 0.1342 + 0.0068 V, N = 3, n = 3. f, Representative AFM images of PEDOT:PSS/Blend, PEDOT:PSS/Blend/Al, and
PEDOT:PSS/Blend/Ti surfaces.

KPFM measurements have been performed in air in non-contact mode; therefore, the measured variations in the surface potential
may be slightly different with respect to the electric potential generated by the double layer capacitive charging occurring at an
electrode-electrolyte interface, as in the case of an implanted retinal prosthesis. Therefore, we measured the photo-current (PC) and
the photo-voltage (PV) generated in the presence of electrolyte solution upon illumination. We fabricated chips embedding 6
electrodes, each of them connected to a contact pad for measuring the signal with respect to an Ag/AgCl reference electrode
immersed in solution (Figure 4a). Both PC and PV have been measured with illumination (565 nm) at increasing light intensities
(12.75, 111.11, 225.00, 430.56, 616.67, 785.65, and 943.98 uyW mm-2) and pulse duration (10, 50, 100, and 200 ms). The PC (Figure
4b) generated by pulsed illumination (943.98 uUW mm?2) has a typical capacitive profile, peaking in about 10 ms and then decreasing
with an exponential decay, while the PV (Figure 4c) reaches a steady-state value and remains constant. This is in agreement with the
capacitive nature of the electrode/electrolyte interface. Moreover, the PV generated (about 180 mV) is largely below the redox
potential of titanium (or titanium oxide), thus ensuring that no irreversible reactions occur at the interface. The PC density increases
with irradiance, with a mean (+ s.e.m.) peak value of 135.51 + 26.74 pA cm2 (10 ms) for 943.98 uyW mm2 (Figure 4d,f). According to
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the literature in the field 22, these current values should be able to induce epiretinal stimulation of retinal ganglion cells (RGCs). The
slope of the PC density profile is decreasing while increasing irradiance, and a saturation of the response could be expected for
irradiance higher than 1-2 mW mm=2. We also measured the PC density (10 ms, 943.98 uW mm2) after 48 hrs of immersion in
physiological solution (stored in dark). The mean (t s.e.m.) ratio before/after has been measured in 94.44 + 12.28 %, 95.11 + 13.07
%, 93.36 + 13.26 %, 94.99 + 12.48 % respectively for 10 ms, 50 ms, 100 ms, and 200 ms pulses; no significant differences have been
found (10 ms: p = 0.4423; 50 ms: p = 0.5798; 100 ms: p = 0.5798; 200 ms: p = 0.5526; N = 3 devices, n = 6 electrodes per device;
Wilcoxon matched-pairs signed rank test).
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Ch.2 Figure 4 - Characterization of the photo-current and photo-voltage

a, Drawing of the experimental setup for the measure of PC and PV; the light pulse comes from the bottom. b,c, Examples of PC
density (b) and PV (c) measures obtained from 1 electrode (diameter 100 um) at maximal light intensity (565 nm, 943.98 uW
mm-2) and for increasing pulse durations (10, 50, 100, and 200 ms). Horizontal bars represent the light pulses. d,e, Mean ( s.e.m)
PC density (d) and PV(e) measured upon illumination with 10 ms pulses at increasing light intensities. f,g, Mean (+ s.e.m) PC
density (f) and PV (g) measured for increasing light intensities (12.75, 111.11, 225.00, 430.56, 616.67, 785.65, and 943.98 pW
mm-2) and pulse durations (10, 50, 100, and 200 ms). In panels d to g, the PC density and PV on every device (N = 3) has been
measured for all electrodes (n = 6) and data have been averaged.

Ti-based photovoltaic electrodes show a full discharge (97.7 %) after 100 ms (Figure 5a) when illuminated with 10 ms pulses (943.98
KW mm-2); while they are discharged of 65.4 % and of 89.9 % after 25 ms and 50 ms respectively. This suggests that POLYRETINA
could operate in the 1-20 Hz range without the need of an external shunting resistor334. To characterize the stimulation efficiency
over repetitive stimuli, we measured the PC over 1,000 stimuli (Figure 5b) delivered at 1 Hz (10 ms, 943.98 uW mm2). The mean (t
s.e.m.) steady state response (average of the last 20 pulses / first response) is almost unchanged (96.99 + 1.51 %). At a higher
stimulation frequency, such as 10 Hz, the electrodes are entirely discharged between pulses (Figure 5c), therefore the PC density is
not largely affected by repetitive stimulations; in a train of 10 pulses at 10 Hz, the mean (+ s.e.m.) ratio last/first responses is 92.20 +
1.52 % (Figure 5e). Also, in a train of 20 pulses at 20 Hz, the mean (+ s.e.m.) ratio last/first responses is 90.21 + 4.96 % (Figure 5f).
Given the possibility to stimulate at 20 Hz, we tested Ti-based photovoltaic electrodes over a long operation period (Figure 5g). Upon
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320,000 stimuli (20 Hz, 10 ms, 943.98 uW mm2), the stable steady state response (average of the last 1000 pulses / first response) is
only slightly affected (88.6 %).
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Ch.2 Figure 5 - High-frequency train stimulation

a, Mean PV trace obtained at maximal light intensity (565 nm, 10 ms, 943.98 uW mm2). The trace is the mean of N = 6 devices;
in which n = 6 electrodes have been measured and averaged. The horizontal bars represent the light pulse. The dotted lines
highlight the discharging rate of the electrode. b, Evolution of the PC density peaks during 1,000 stimuli delivered at 1 Hz (10 ms,
943.98 uW mm2). Each point is the mean (+s.e.m.) of N =3 devices, in which n = 6 electrodes have been measured and averaged.
¢, Representative PV recording upon 10 pulses at 10 Hz (565 nm, 10 ms, 943.98 pW/mm?). d, Representative PV recording upon
20 pulses at 20 Hz (565 nm, 10 ms, 943.98 uW mm?2). e, Evolution of the PC density peaks normalized to the first pulse. Each
point is the mean + s.e.m. of N =10 devices, in which n = 6 electrodes have been measured and averaged. f, Evolution of the PC
density peaks normalized to the first pulse. Each point is the mean + s.e.m. of N = 8 devices, in which n = 6 electrodes have been
measured and averaged. g, PC generated with 320,000 stimuli delivered at 20 Hz (565 nm, 10 ms, 943.98 uW mm-2). Each point
is the mean +s.d. of n =2 electrodes from N =1 device.
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2.3.3  Validation ex-vivo with explanted retinas from blind mice

Next, we tested the ex-vivo efficacy of the PDMS-photovoltaic interface in stimulating RGCs. For this purpose, we used the
Retinal degeneration 10 (Rd10) mouse model333, that is recognized as an excellent model for Retinitis Pigmentosa33¢. Extracellular
recordings of prosthetic-evoked spiking activity of RGCs have been collected from retinas explanted from old mice to avoid as much
as possible the natural responses from surviving photoreceptors (n = 39 cells, N = 15 mice; mean + s.d. age 140.87 + 20.35 days).
Retinas have been layered on the central 5 mm area of the PDMS-photovoltaic interface mimicking the epiretinal configuration
(Figure 6a).
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Ch.2 Figure 6 - Evaluation ex-vivo with retinal explants

a, Sketch of the recording set-up together with a picture of a retinal explant over the PDMS-photovoltaic interface with the metal
electrode used for recordings. Scale bar is 100 pm. b, Representative single-sweep recording from a retinal ganglion cell over
PDMS-photovoltaic interface upon 10 ms illumination at 1081.7 uW mm2. The red dotted line is the threshold set for spike
detection. The green bar represents the light pulse. The blue insert shows a magnification of the period around the light pulse.
The asterisk (*) indicates the over-threshold spike detected, while the grey arrows are the on-set and off-set stimulation
artefacts. ¢, Mean (t s.e.m.) firing rate (®) and firing probability (M) of SL spikes, computed across all the recorded cells (n = 39,
10 sweeps each) on the PDMS-photovoltaicinterface. For each cell, the probability has been defined as the percentage of sweeps
with at least a SL spike over the 10 consecutive trials. d, Mean (+ s.e.m.) latency (®) and jitter (M) of the first spike occurring in
the 10 ms window after the light onset, computed across all the recorded cells (n = 39, 10 sweeps each) on the PDMS-
photovoltaic interface. For each cell, the mean latency and jitter has been computed over the 10 consecutive trials. e,f Mean (+
s.e.m.) firing rate of medium (e) and long (f) latency spikes, computed across all the recorded cells (n = 39, 10 sweeps each) on
the PDMS-photovoltaic interface. In panels c-f values have been plotted up to 3 mW mm-2, while the full profiles are shown in
Supplementary Figure 3c-f.
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According to the PC density measures, we tested only 10 ms pulses (peak of the PC response) with a broad range of irradiance (from
47.35 pyW mm-2 to 29.07 mW mm-2). Light pulses induced a prosthetic-evoked spiking activity in the recorded RGC (Supplementary
Figure 3a and Figure 6b). Spikes have been detected with a threshold algorithm (red lines in Figure 6b and Supplementary Figure
3a), converted into a raster plot (Supplementary Figure 3a, middle), and presented as peri-stimulus time histogram (PSTH;
Supplementary Figure 3a, bottom). As previously reported33’, we observed three types of responses, classified as short, medium,
and long latency (SL, ML, and LL). The presence of SL spikes (elicited in the 10 ms window after the light onset, 1 bin) indicates a
direct electrical stimulation of RGCs; while the presence of ML and LL spikes indicates a network-mediated activation. We have found
that SL spikes can be evoked starting from the first irradiance tested (47.35 pyW mm2), then the firing rate slowly increases and it
remains stable above 1.08 mW mm?-till the highest irradiance tested (Figure 6¢c and Supplementary Figure 3c). However, the mean
(+ s.e.m.) latency (Figure 6d) at this first irradiance is relatively long (6.05 + 0.23 ms); it decreases with the increase of the irradiance,
and it stabilizes at 4.12 + 0.07 ms for irradiance higher than 1.08 mW mm-2 (Figure 6d and Supplementary Figure 3d). In this range
(higher than 1.08), the mean (+ s.e.m.) jitter of the first SL spike is 0.39 + 0.05 ms. This suggests that the SL response is saturated for
irradiance higher than 1.08 mW mm-2, as predicted by the measure of the PC densities. For irradiance lower than 1.08 mW/mm?2the
mean latency appears shorter but the jitter is more variable, indicating a more instable response (Figure 6d). The firing rate of ML
(Figure 6e and Supplementary Figure 3e) and LL (Figure 6f and Supplementary Figure 3f) spikes growth more progressively, but they
also become stable after 1.08 mW mm-2. As a control, when retinas have been layered on bare PDMS substrates (n = 34, N = 13;
143.08 + 32.09 days), no light-evoked responses have been detected for all the irradiance tested (Supplementary Figure 3b and
Supplementary Figure 4b). As already demonstrated by others338, we also verified in a second subset of cells (n =6, N = 5; 209.4 +
37.14 days) that the prosthetic activation of both ML and LL spikes is abolished by using synaptic blockers (Supplementary Figure 5).
This confirms the hypothesis that ML and LL are induced by the activation of the internal retinal circuit.

2.3.4  Spatial selectivity

We then addressed the spatial selectivity by using an experimental/computation hybrid approach. First, using a glass
microelectrode (Figure 7a,b) we measured the radial voltage spreading in 3 directions (D1, D2, and D3) upon illumination of a single
pixel (Figure 7c). For each illuminated pixel (n = 4 pixels), the normalized voltage spreading in the 3 principal directions have been
averaged. The mean (+ s.e.m.) voltage distribution across all the pixel tested has been plotted and interpolated with a Gaussian
function (Figure 7d). Experimental data match with the normalized voltage profile obtained by a Finite Element Analysis (FEA) model
(Figure 7d, dotted blue line). The Full Width at Half Maximum (FWHM) of the simulated curve (Figure 7d, dotted grey line) has been
taken as the effective activation area, which is about 100 um. FEA simulations have been used to characterize the normalized voltage
profile induced by illumination of increasing diameters (Figure 7e). Increasing the spot size from 1 pixel to 7 and 19 pixels increases
the potential. Last, we simulate the effect of different patterns of activation (Figure 7f). In all cases, a spatially selective potential
profile corresponding to light pattern is shown.
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Ch.2 Figure 7 - Spatial confinement of the prosthetic stimulation

a, Sketch of the experimental setting. The green circle corresponds to the area illuminated around the central pixel. Grey circles
represent the illuminated pixel and the 6 surrounding ones. The voltage has been measured in 9 positions (red dots) for each
direction (D1, D2, and D3), all cantered in the centre of the illuminated pixel. b, Picture during recordings. The light spot is visible
(brighter area). The scale bar is 100 um. ¢, Voltage spreading colour map generated by interpolating the experimental measures
with a triangulation-based linear interpolation. At each point 10 consecutive recordings have been averaged and the voltage
peaks have been normalized with respect to the value obtained in the central pixel (position 1 in a). The green circle is the
illuminated area, while the grey circles represent the pixels. d, Mean (+ s.e.m.) normalized PV peaks from n = 4 pixels. For each
pixel, the data from the 3 directions have been averaged. The red line shows a Gaussian fitting, while the blue dotted line
represents the normalized voltage profile obtained by FEA simulations. The grey dotted lines show the FWHM value for the
simulated profile. e, FEA simulations for 3 beam sizes, normalized to the potential corresponding to the illumination of the single
central pixel. f, FEA simulations for various patterns of activation normalized to the potential corresponding to the illumination
of the single central pixel.

2.3.5  Cytotoxicity and long-term functioning

To validate the long-term functioning of POLYRETINA, we tested the mechanical impact of the hemispherical shape. For this
purpose, the PDMS-photovoltaic interface has been bonded on the dome-shaped PDMS support. The bonding procedure induces
tensile stresses in the PDMS-photovoltaic interface leading to the formation of cracks in the polymers and the titanium cathodes
(Figure 8a, top row). To avoid cracks in the titanium cathodes, SU-8 rigid platforms33? have been integrated below each cathode in
the substrate of the interface (Supplementary Figure 1b). With this precaution, the pixel above the SU-8 rigid platforms is protected
from cracks (Figure 8a, bottom row); images correspond to the green area in Figure 1c. Cracks are still formed within the blend film
in the area between SU-8 rigid platforms, however this is less critical since that area is encapsulated in PDMS to prevent delamination
and the carriers photo-generated outside of the area defined by the cathode do not significantly contribute to the photo-
potential/current generated at the electrode/electrolyte interface. Then, we measured the changes in the surface potential by using
KPFM (Figure 8b). Due to the hemispherical shape, only the electrodes at the top of the prosthesis (80 um in diameter / 67 um
openings) can be reached by the AFM tip. The surface potential change induced by illumination (white LED, light from the top, 0.4
mW mm2) is not statistically different (Mann-Whitney test, p = 0.8182) with respect to the planar PDMS-interface (Figure 8c).

To simulate the lifetime of POLYRETINA once implanted, we performed a functional accelerating ageing test by immersion in
physiological saline solution hold at 87 °C (Figure 8d). The changes of the surface potential upon illumination have been measured
with KPFM before starting the ageing and at several time points during the protocol (Figure 8e). No statistically significant changes
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in the mean (t s.d.) surface potential have been detected till 24 months of accelerated ageing (One Way ANOVA, F = 0.1252, p =
0.9731). Last, according to ISO 10993-5: Biological Evaluation of Medical Devices, in-vitro cytotoxicity has been evaluated via an
extraction test on the murine fibroblastic L929 cells. Cell viability has been estimated via an XTT cell viability assay. Results on the
prosthesis showed a 100 % viability, while positive control has 0.3 % viability and negative control has 100 % viability (averages of 3
repetitions; see Certificate in Supplementary Information).

S 013
(0]
2 0.11-
<
[}
© 0.09-
(o))
£
S 007
0.05- . 0.00-—+—F+— 7T
Planar  3D+SU-8 0 6 12 18 24

Ageing time (months)
Ch.2 Figure 8 - Lifetime of the retinal prosthesis

a, Pictures of the titanium cathodes before (left column) and after (right column) bonding on the dome-shaped PDMS support.
The top row is without SU-8 rigid platforms, while the bottom row is with SU-8 rigid platforms. b, Picture of a KPFM measure on
bonded prostheses integrating SU-8 rigid platforms. ¢, Comparison of KPFM measures on bonded prostheses integrating SU-8
rigid platforms (99.35 + 25.26 mV, mean t s.d., n = 15; electrode diameter 80 um) with respect to measures on PDMS-interface
bonded to a planar glass substrate (105.50 + 17.79 mV, mean #* s.d., n = 36; electrode diameter 100 um). d, Sketch of the
accelerated ageing tests. KPFM measures have been performed at the beginning of the experiment, then prostheses have been
immersed in saline solution at 87 °C and 100 % humidity for 135 hr, after that KPFM has been repeated, and on for four cycles.
e, Quantification (mean £s.d., N =4 prostheses, n = 4 electrodes per prosthesis) of the surface potential changes (voltage in light
—voltage in dark) during accelerated ageing tests over a simulated period of 24 months (months: 0, 110.5 + 33.53 mV; 6, 108.5
+33.37 mV; 12, 109.8 + 44.59 mV; 18, 103.8 + 25.73 mV; 24, 111.1 + 35.48 mV).

2.3.6  Thermal and optical safety

According to the thermal safety standard for active implantable medical devices (ISO 14708-1 / EN 45502-1), the maximum
temperature on the surface of the implant should not exceed 2 °C above the normal surrounding body temperature of 37°C340. We
measured in air the increase in temperature on the POLYRETINA surface (Figure 9a,b) due to continuous operation for 2 hrs under
full-field pulsed illumination (20 Hz, 10 ms, 1.22 mW mm2). The irradiance has been set to the maximal allowed by the LED. The mean
(£ s.d., N = 4 prostheses) thermal increase at steady state is 1.24 + 0.29 °C, which is below the standard limit of 2 °C. We verified also
that the temperature increases on the electrodes and on the polymer surface are not different (Figure 9c,d). This experiment
corresponds to the extreme case of projecting a constant full white frame, which is not realistic in daily operation when images will
be presented as black and white. Under this condition, the average light dose is lower and therefore the related increase in
temperature will be lower. In addition, the eye vitreous has a thermal conductivity about 30 times higher than air, therefore heat
sinking is more efficient.

Regarding optical safety, photovoltaic prostheses are limited by retinal damage upon light exposure?9! (ANSI Z136.1 / ISO 60825 /
ISO 15004). According to the standards, the maximum permissible exposure (MPE) during chronic illumination of the full POLYRETINA
(equivalent to a full white frame) is controlled by the photothermal damage and equal to 328.75 uyW mm-2 (see Methods). However,
photovoltaic prostheses operate with pulsed illumination. With pulses of 10 ms and duty cycle of 5, 10, or 20 % (respectively for 5,
10, or 20 Hz), the MPE is increased to 6.58, 3.29, or 1.64 mW mm-2 respectively. These values are higher than the saturation value
measured with retinal explants (1.08 mW mm-2).
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Ch.2 Figure 9 - Temperature variation during operation

a, The top surface of POLYRETINA has been imaged with a thermal camera while pulsed illumination has been provided from the
bottom, as in the epiretinal configuration. The camera has been focused on the top electrodes and a ROI has been selected to
measure the changes in surface temperature (cyan circle). Electrodes show higher value of baseline temperature because the
metallic surface reflects part of the IR light used for the measurement. b, Mean (£ s.d.) changes in surface temperature measured
in N =4 prostheses. Data have been plotted has difference with respect to the baseline temperature measured for 5 min before
pulsed illumination. The green bar represents the period of 2 hrs when light pulses have been applied (10 ms pulses, 20 Hz
repetition rate, 1.22 mW mm2). The dotted red line represents the maximal allowed temperature increase. ¢, Mean (+ s.e.m.)
changes in surface temperature measured on the electrodes (left, N = 4 prostheses) or on the polymer area (right, N = 4
prostheses). For each prosthesis, n = 3 electrodes/areas have been sampled and averaged. d, Mean (t s.d.) changes in surface
temperature in the average surface, the electrode area or the polymer area are not significantly different (1.24 £ 0.29, 1.23 +
0.20, 1.31 + 0.21 respectively; One Way ANOVA, F =0.0569, p = 0.9451).

In case of POLYRETINA, the incident light is first absorbed by the P3HT:PCBM layer. The mean ( s.d., N = 4 prostheses) transmittance
of POLYRETINA has been experimentally measured as 49.07 + 5.25 % (Supplementary Figure 6). Therefore, only part of the incident
light reaches the retina and the retinal pigmented epithelium (RPE), thus reducing the effect of retinal heating due to light absorption
in the RPE. However, the light absorbed by P3HT:PCBM generates heat, that should be taken into account when evaluating the MPE.
We performed FEA simulations to estimate the temperature increase in the retina upon illumination of POLYRETINA. First, we verified
the temperature increase at the RPE-retina interface using the MPE obtained without POLYRETINA (328 pW mm-2 and 1.64 mW mm-
2) respectively for continuous and pulsed (10 ms pulses at 20 Hz) illumination. After 150 s of continuous illumination (560 nm, 328
UW mm2), the temperature increase is stable at 0.42 °C (Supplementary Figure 7a,b). Pulsed illumination (10 ms pulses at 20 Hz,
1.64 mW mm-2) generates temperature spikes of about 0.04°C, oscillating around the profile corresponding to the continuous
illumination (Supplementary Figure 7c,d). This demonstrate that the scaling factor of 5 to estimate the MPE during pulsed stimulation
(20 % duty cycle) is correct. Continuous illumination has been used in the following simulations to reduce the computational cost.
With POLYRETINA the temperature increase after 150 s of continuous illumination (560 nm, 328 yW mm) is slightly reduced to 0.37
°C (Figure 10a,b). In this case, the critical interface is the one between the retina and the prosthesis (Supplementary Figure 8a,b)
giving a slightly higher temperature increase with respect to the RPE-retina interface (0.37 versus 0.35 °C). POLYRETINA has been
simulated in direct contact with the retina because this represents the worst-case scenario. A thin space of vitreous (100 um) between
the retina and POLYRETINA reduces the temperature increase by 0.009 °C, which is negligible. Thermal damage of the retina requires
a local rise in temperature higher than 10 °C3%!; the 50 % of probability of retinal damage (ED50) has been previously defined for a
temperature rise of 12.5 °C34%, In our model, we estimated the ED50 with (red) and without (black) POLYRETINA (Figure 10c). As
expected the ED50 for continuous illumination is slightly higher when POLYRETINA is present (10.6 versus 9.4 mW mm2), which
correspond to 53 mW mm-2 for pulsed illumination. A comparison with and without POLYRETINA showed that over the broad range
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of irradiances the temperature increase in the retina is reduced by 11 % with POLYRETINA. Therefore, the MPE could be slightly
increased to 1.84 mW mm2 and POLYRETINA can safely operates at 1 mW mm-2
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Ch.2 Figure 10 - FEA simulation of thermal effects with POLYRETINA
a, Temperature increase in the modelled eye with POLYRETINA after 150 s of continuous illumination (CW, 560 nm, 328 uW mm-
2). The insert shows a larger view of the modelled retina and POLYRETINA. b, Time course of the temperature increase in the
modelled retina during 150 s of continuous illumination (CW, 560 nm, 328 uW mm2). The simulation frequency has been set to
1 Hz. The solid line is the log Gaussian fit (R? =0.9934). c, Probability of retinal damage as a function of irradiance with (red) and
without (black) POLYRETINA. ED50 corresponds to a temperature increase of 12.5°C. The irradiance has been expressed for
pulsed illumination (20 % of duty cycle). The solid lines are the Sigmoidal fits (R? = 0.9971 for black and R? =0.9977 for red).
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2.4 Discussion

One of the most important open questions in the field of retinal prostheses concerns how to increase both visual acuity
and visual field size together. From the engineering point of view this implies to increase the density of the stimulating electrodes
and enlarge the size of the prosthesis. POLYRETINA is a novel foldable and photovoltaic wide-field epiretinal prosthesis with a
remarkable increase in its size (46.3 degrees) and in the number of stimulating pixels (2215) compared to other epiretinal
prostheses158342,

Concerning visual field, POLYRETINA has the potential to cover a retinal surface corresponding to a visual angle of 46.3 degrees, which
is larger than the threshold for both legal blindness (20 degrees) and adequate mobility skills (30 degrees).

Concerning spatial resolution, the presence of a continuous semiconductor layer does not represent a limitation. In organic
photovoltaics, the low carrier mobility and lifetime limit the carrier-transport length to tens of nm for holes and few hundreds of nm
for electrons343. It has been shown by another group that the PC detected at the cathode is reduced to about 10 % of the maximum
if the illumination spot (size 1 um) is moved laterally by about 12 um from the electrode edge344. This large decay length, beyond the
simple diffusion processes, has been explained by a steady state nonlocal electric field inducing a lateral flow of the separated
carriers. For this reason, an internal cross-talk between electrodes due to charge carriers generated under one electrode traveling
laterally towards an adjacent electrode can be excluded (at least down to an edge-to-edge distance of about 20 um). By measuring
the voltage spread in solution together with FEA simulations we showed that the area of activation (about 100 um) of one pixel is
comparable to the pixel size.

Concerning visual acuity, with a pitch of 150 um the theoretical visual acuity restored by POLYRETINA is in the order of 20/60013;
which is better than the current epiretinal prostheses (e.g. Argus® Il) but still below the threshold of legal blindness. However, the
technology of POLYRETINA is highly scalable. Based on mechanical simulations (not shown), the pitch can be reduced down to a value
of 110 um, keeping the same electrode size (80 um), thus approaching the theoretical value of 20/400. A further improvement
consists in reducing the size of the electrode (i.e. 60 um) with a pitch of 80 um, thus approaching a theoretical visual acuity of 20/300,
similar to the silicon photovoltaic subretinal prosthesis14. However, these values come from theoretical computation, and therefore
must be validated with proper in-vivo experiments in animals and later in humans. Moreover, the reduction of the pixel size will
reduce the PC generated by the interface, therefore the efficiency in stimulating RGCs should be validated again.

To be used as retinal prosthesis, POLYRETINA must operate with a stimulation rate higher that 1 Hz. The subretinal prosthesis Alpha-
IMS operates in a frequency range of 1 to 20 Hz (variable from patient to patient) with a pulse duration of 1 to 4 ms2°1. Available
pulse rates in the Argus® Il are in the range of 3 to 60 Hz345; however, also in this case the effect of pulse rate have been reported to
be very variable among subjects288. This suggests that, even if overall the variation in the pulse rate does not have a significant effect,
an optimal pulse rate can be defined for each subject. Moreover, the recent identification of an optimal pulse duration of 25 ms per
phase237 may limit the operating range of Argus® Il to a theoretical limit of 20 Hz. For the silicon photovoltaic subretinal prosthesis,
the stimulation frequency is mainly limited by the discharge rate of the electrode, therefore a shunt resistor has been included to
allow faster stimulations (20 to 40 Hz)334 up to flicker fusion%4, POLYRETINA shows a fast discharge of the Ti-based photovoltaic
electrodes (probably due to the high shunting capacity of the P3HT:PCBM layer), and we demonstrated its functioning up to 20 Hz of
stimulation rate without an additional shunting resistor. This is within the operation range of other epiretinal (e.g. Argus® Il) and
subretinal (e.g. Alpha-IMS) prostheses.

The activation of RGCs has be obtained already at 47.35 yW mm-2 with a response saturation above 1.08 mW/mm2. However,
recording ex-vivo with retinal explants may not be representative of the complexity of retinal stimulation in-vivo in humans, where
the electrode-to-cell distance could be larger and increase during years of implantation346, thus increasing the perceptual threshold.
The hemispherical design is a solution to reduce the electrode-cell distance over the area of the prosthesis. Moreover, the capability
of activating retinal ganglion cells at low irradiance is promising in perspective of an in-vivo application. In a future development,
titanium / titanium nitride electrodes can be fabricated in order to improve the stimulation efficiency (because of their higher charge
injection capacity).

The presence of SL spikes is an evidence in support of a direct activation of retinal ganglion cells. On the contrary, ML and LL spikes
are due to the activation of the internal retinal circuit. In literature, SL spikes are reported to be very close (i.e. 0.5 to 4 ms) to the
stimulus337, which is typically a sharp squared pulse. The photo voltage/current generated by POLYRETINA have a less shaper
transition from O to the peak (in about 10 ms). This may explain why the average latency is 4.12 + 0.07 ms and we considered as SL
spikes those with a latency in the 0-10 ms window. It is known that brief (hundreds of ps) cathodic epiretinal stimulation preferentially
excite RGCs, while pulses longer than 1 ms excite both RGCs and bipolar cells347:348, It has been recently demonstrated that the use
of pulses shorter than 8 ms results in the activation of axons of passage that causes streak responses, while longer pulses resultsin a
more focal activation37. Using calcium imaging techniques, authors explained this result via a shift from direct to indirect activation
of RGCs. We showed by electrophysiological recordings and pharmacological experiments that the cathodic stimulation provided by
POLYRETINA is also indirectly activating RGCs. This represents a promising result for the in-vivo translation of POLYRETINA in order
to obtain a focal activation. Further experiments aiming at dissecting the circuit activated by POLYRETINA will help in defining the
appropriate stimulation parameters to obtain a more focal stimulation. Taking advantage of accelerated ageing experiments, we
demonstrated that POLYRETINA preserves its optoelectronic functions unaltered for at least 2 years. More experiments and
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additional time points will be added to investigate the entire lifetime of the prosthesis. Last, POLYRETINA fulfils the requirements for
in-vitro cytotoxicity according to 1ISO 10993-5 and for thermal safety (ISO 14708-1 / EN 45502-1).

POLYRETINA is foldable to allow implantation through a small scleral incision and it self-opens once released into the eye. Although
it could operate in both epiretinal and subretinal conditions, it has been designed as an epiretinal prosthesis, since the implantation
of a large retinal prosthesis in the subretinal space may result in an excessive damage to the remaining retinal tissue. Moreover, an
epiretinal placement may allow an easier replacement in case of malfunction (e.g. due to ageing or detachment). The hemispherical
shape has been obtained by bonding the PDMS-photovoltaic interface on a dome-shaped PDMS support with a radius of curvature
of 12 mm. However, the flexibility in the fabrication process of the dome-shaped PDMS support (PDMS molding) allows the
fabrication of prostheses designed to fit the real eye curvature/shape of a patient34°. This opens up the possibility to an optimized
retinal prosthesis according to personal needs. Last, the shape of the prosthesis and the insertion strategy have been inspired by the
widely use intra ocular lenses. With further investigations, a similar ‘injection” approach could also be envisaged for POLYRETINA,
simplifying even more the surgical approach. A future improvement for human use may include the removal of electrodes in
correspondence of the optic nerve head and the creation of small holes within the substrate to allow metabolic exchange between
the vitreous and the retina. On the functional point of view, the next step is the electrophysiological validation in-vivo with large
animal models, such as swine models.
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2.5 Methods

2.5.1  Prosthesis micro-fabrication

PDMS-photovoltaic interfaces were fabricated on silicon wafers. A thin sacrificial layer of poly(4-styrenesulfonic acid)
solution (561223, Sigma-Aldrich) was spin-coated on the wafers (1000 rpm, 40 s) and baked (120 °C, 15 min). Degassed PDMS pre-
polymer (10:1 ratio base-to-curing agent, Sylgard 184, Dow-Corning) was then spin-coated (1000 rpm, 60 s) and cured in oven (80 °C,
2 hr). After surface treatment with oxygen plasma (30 W, 30s), a 6 um thick SU-8 (GM1060, Gersteltec) layer was spin-coated (3800
rpm, 45 s), soft-baked (130 °C, 300 s), exposed (140 mJ cm2, 365 nm), post-baked (90 °C, 1800 s; 60 °C, 2700 s), developed in
propylene glycol monomethyl ether acetate (48443, Sigma-Aldrich) for 2 min, rinsed in isopropyl alcohol, and dried with nitrogen.
After surface treatment with oxygen plasma (30 W, 305s), a second layer of degassed PDMS pre-polymer (10:1) was spin-coated (3700
rpm, 60 s) and cured in oven (80 °C, 2 hr). PEDOT:PSS (HTL Solar, Ossila) was filtered (1 um PTFE filters) and then spin-coated (3000
rpm, 60 s) onto the Oy-plasma treated (30 W, 30 s) PDMS surface. Subsequent annealing (120 °C, 30 min) was performed. The
preparation of the organic semiconductor blend was performed in a glovebox under argon atmosphere. 20 mg of P3HT (698997,
Sigma Aldrich) and 20 mg of PCBM (M 111, Ossila) were dissolved in 1 mL of anhydrous chlorobenzene each and left stirring overnight
at 70 °C. The solutions were then filtered (0.45 um PTFE filters) and blended [1:1 v:v]. The P3HT:PCBM blend was then spin-coated
at 1000 rpm for 60 seconds. Titanium cathodes were deposited by DC sputtering through a shadow mask aligned with the SU-8
pattern. After surface treatment with oxygen plasma (30 W, 15 s), the encapsulation layer of degassed PDMS pre-polymer (5:1 ratio)
was spin-coated (4000 rpm, 60 s) and cured in oven (80 °C, 2 hr). To expose the cathodes, photolithography and PDMS dry etching
were performed. The wafers were then placed in deionized water to allow dissolution of the sacrificial layer and the release of the
PDMS-photovoltaic interfaces. The floating membranes were finally collected and dried in air. The dome-shaped PDMS supports
were fabricated using a milled PMMA mold, filled with PDMS pre-polymer (10:1), which was then degassed and cured in oven (80 °C,
2 hr). The supports were released from the molding parts and perforated with a hole-puncher (330 um in diameter) at the locations
dedicated to the insertion of retinal tacks. The released PDMS-photovoltaic interfaces were clamped between two O-rings and,
together with the PDMS supports, were exposed to oxygen plasma (30 W, 30 s). The activated PDMS surfaces were put in contact
and allowed to uniformly bond thanks to radial stretching of the fixed membrane. The excessive PDMS used to clamp the array was
removed by laser cutting.

2.5.2  Chips micro-fabrication

Chips for KPFM and PC/PV measurements were fabricated on 20 x 24 mm? glass substrates (2947-75X50, Corning
Incorporated). Before micro-fabrication, glass chips were cleaned by ultra-sonication in deionized water, acetone and isopropyl
alcohol for 15 min each and then dried with nitrogen. ITO (200 nm) was deposited on glass chips by RF sputtering. PEDOT:PSS (HTL
Solar, Ossila) was filtered (1 um PTFE filters) then spin-coated at 3000 rpm for 60 seconds on each chip. Subsequent annealing at 120
°C for 30 minutes was performed. The preparation of the organic semiconductor blend was performed as described before. The
P3HT:PCBM blend was then spin-coated at 1000 rpm for 60 seconds on each chip. Aluminum cathodes were deposited by thermal
evaporation using a shadow mask; titanium cathodes were deposited by DC sputtering using a shadow mask. When present, degassed
PDMS pre-polymer (10:1) was deposited on the glass substrate by spin-coating (1000 rpm, 60 s) and then cured in oven (80 °C, 2 hr).

2.5.3  Kelvin Probe Force Microscopy

KPFM characterization was performed in ambient conditions with an Asylum Research Cypher S microscope using Ptir
coated tips (AC240TM, Asylum Research, Oxford Instrument) in surface potential imaging mode. To measure the surface potential
variation, KPFM images were collected by repetitively scanning a single line of 100 nm under dark and illumination conditions. The
white led of the microscope positioned above the tip and sample was acting as light source and it was manually turned 100 % off and
100 % on to reach the desired conditions. KPFM images were analyzed using Gwyddion 2.36 software. For each image, the average
surface potential variation value was obtained by subtracting the surface potential under illumination to the one under dark (voltage
in light — voltage in dark).

2.5.4  Accelerated ageing tests

Accelerated ageing was performed in a dry oven set to 87 °C. Samples were immersed in physiological saline solution (0.9
% NaCl, pH 7.4) within a sealed 50-ml falcon tube. Under this condition, the acceleration factor was 32350351, KPFM measures were
obtained before starting the ageing protocol and at several time points during ageing. Each accelerated ageing session between KPFM
measures lasted for 135 hr, corresponding to 6 months. Before KPFM, samples were removed from the sealed falcon tube, rinsed
with deionized water, and dried under nitrogen flow.
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2.5.5  Measure of photo-voltage and photo-current

In this experiment, the photovoltaic interface has been fabricated directly on glass (without PDMS) to avoid breaking the
connecting lines from the electrode to the pad when contacted. The titanium electrodes have been fabricated with a diameter of
100 pum; however, when evaluating the PC density generated by the interface, also the area of the connecting line exposed to light
has been considered. A plastic reservoir was attached to the chip using PDMS as adhesive. Chips were placed on a holder, and each
pad was sequentially contacted. Silver paste was used to improve the electrical contact. An Ag/AgCl pellet immersed in physiological
saline solution (NaCl 0.9 %) was used as reference electrode. Light pulses were delivered by a 565-nm Green LED (Thorlabs, M565L3-
C5) focused at the sample level. Photo-voltage was measured using a voltage amplifier (DL-Instruments, 1201; gain 20, band DC-3000
Hz) and photo-current using a current amplifier (DL-Instruments, 1212; gain 10 A/V). Data sampling (16 kHz) and instrument
synchronization were obtained via a DAQ board (PCle-6321, National Instruments) and a custom-made software. Data analysis was
performed in Matlab (Mathworks). Due to a limitation in the acquisition system, long pulse trains (Figure 5e) have been delivered in
packages of 20 pulses at 20 Hz (total of 1 second), while each package was separated by 1 second needed by the system to save data
before starting the next package.

2.5.6  Electrophysiology

Experiments were conducted under the animal authorizations VD3055 and GE3717. Retinas were explanted in normal light
conditions from mice sacrificed by injection of Sodium Pentobarbital (150 mg kg). After eye enucleation, retinas were dissected in
carboxygenated (95 % O, and 5 % CO,) Ames’ medium (A1420, Sigma-Aldrich) and transferred to the microscope stage for recordings.
In the experiment with synaptic blockers, Ames’ medium was supplemented with DL-AP4 (250 uM I-1, No. 0101, Tocris Bioscience),
DL-AP5 (50 uM 11, No. 0105, Tocris Bioscience), DNQX (10 uM |1, No. 0189, Tocris Bioscience), Carbenoxolone (100 uM |1, No. 3096,
Tocris Bioscience). Retinas were placed mimicking an epiretinal configuration, therefore with retinal ganglion cells facing the
substrate (bare PDMS or prosthesis). On the prosthesis, retinas were layered in the central part of the array with electrodes of 80 um
in diameter and 150 pm pitch. Recordings were performed in dim light at 32 °C with a sharp metal electrode (PTM23BOS5KT, World
Precision Instruments), amplified (Model 3000, A-M System), filtered (300-3000 Hz), and digitalized at 30 kHz (Micro1401-3, CED
Ltd.). lllumination was carried out on a Nikon Ti-E inverted microscope (Nikon Instruments) by the Spectra X system (Emission filter
560/32, Lumencor). The microscope was equipped with a dichroic filter (FF875-Di01-25x36, Semrock) and a 10x (diameter of the
illumination spot 2.2 mm; CFl Plan Apochromat Lambda) objective. The stimulation protocol consisted in a repetition of 10 pulses at
1 Hz for each irradiance; irradiance was increased sequentially: LED at 0 % (0 pW mm2), 2 % + ND4 (47.38 pyW mm2), 3 % + ND4
(107.91 uW mm-2), 2 % (189.50 uW mm2), 3 % (421.12 pW mm2), 3 % (815.92 pW mm2), 5 % (1081.75 mW mm-2), 10 % (2.81 mW
mm-2), 20 % (5.89 mW mm2), 40 % (11.98 mW mm-2), 60 % (17.92 mW mm-2), 80 % (23.56 mW mm-2), and 100 % (29.08 mW mm-2).
Spike detection and sorting were performed by threshold detection using the Matlab-based algorithm Wave_clus352 and further data
processed in Matlab (Mathworks). The threshold for spike detection has been defined as 3.7 times the standard deviation of the
background noise. The minimum refractory period between spikes of the same class was set to 1.4 ms. To ensure the rejection of
artifacts, an exclusion period of + 1 ms around light onset and offset was applied. However, the spikes in the first 10 ms after the light
onset (SL) have been manually verified. Peri-stimulus time histograms for each condition of illumination were computed discretizing
and averaging spike raster obtained over 10 stimulations repetitions into bins of 10 ms. Spikes were sorted from individual PSTHs
and classified according to their timing after light onset (cyan bars in Supplementary Figure 3a) in SL (< 10 ms), ML (from 40 to 120
ms), and LL (from 150 to 350 ms)337. Firing rates in the three groups were measured as follow. For SL spikes the first bin (10 ms) after
the pulse was used. For ML spikes 3 bins (30 ms) in the defined time range, centred in the highest bin, were used. For LL spikes 5 bins
(50 ms) in the defined time range, centered in the highest bin, were used.

2.5.7 pH measurements

Experiments have been performed in phosphate-buffered saline at room temperature. lllumination was carried out on a
Nikon Ti-E inverted microscope (Nikon Instruments) by the Spectra X system (Emission filter 560/32, Lumencor). The microscope was
equipped with a dichroic filter (FF875-Di01-25x36, Semrock) and a 10x (diameter of the illumination spot 2.2 mm; CFl Plan
Apochromat Lambda) objective. Light pulses of 10 ms where delivered at 20 Hz for 1 hr with an irradiance of 3.4 mW mm=2. pH was
measured with a microelectrode (tip diameter of 200 um) with internal reference (pH-200C, Unisense). Data were sampled at 1 H.

2.5.8  Spatial selectivity measures and modeling

Measures of the voltage spread have been performed in Ames’ medium (A1420, Sigma-Aldrich) at 32°C with a glass
micropipette (tip diameter about 15 um). Data were amplified (Model 3000, A-M System), filtered (DC-1000 Hz), and digitalized at
30 kHz (Micro1401-3, CED Ltd.). Illumination was carried out on a Nikon Ti-E inverted microscope (Nikon Instruments) by the Spectra
X system (Emission filter 560/32, Lumencor). The microscope was equipped with a dichroic filter (FF875-Di01-25x36, Semrock) and a
10x objective. A pin-hole was used to limit the spot diameter to about 150 to 170 um. After alignment of the illumination spot on a
target pixel of the central area of POLYRETINA, 10 pulses of 10 ms were delivered at 1 Hz with an irradiance of 29.07 mW mm-2. The
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resulting voltage has been measured at 9 positions in 3 directions around the illuminated pixel. Data analysis was conducted in Matlab
(Mathworks). Voltage peaks above noise level (mean noise threshold 6.2 V) have been detected and their amplitude normalized
respect to the central pixel value. Simulations were performed in COMSOL Multiphysics 5.2, with a stationary electric currents study.
The titanium cathodes were set at 0.1 V, while PEDOT:PSS was put at 0 V. The ground was situated at the bath top and lateral walls
that were placed 2 mm and 1 mm away from the central pixel respectively (cylindrical geometry). Line plots shown in the results
were taken at a distance of 20 um from the titanium surface. For each material, the conductivity (S m™1) and relative permittivity is
listed: titanium (2.6x10¢ / 1), P3HT:PCBM (0.1 / 3.4), PEDOT:PSS (30 / 3), Saline (1 / 80), PDMS (2x1014 / 2.75).

2.5.9  Optical safety

Retinal damage upon light exposure can occur because of three main factors: photo-thermal damage, photo-chemical
damage, and thermo-acoustic damage340. The first one is related to retinal heating upon light absorption by the melanin in the RPE.
The second one occurs at short wavelengths (less than 600 nm) and for exposures longer that 1s. The latter occurs for short pulses
(less than 1 ns) and is associated with nonlinear photo-mechanical effects. POLYRETINA functions with 10 ms green light pulses;
therefore, this limit could be controlled by the photo-thermal or photo-chemical damage. According to the ANSI Z136.1 Standard?°?,
the MPE allowed for ophthalmic applications can be calculated (in W) according to Equation 1 for photo-thermal damage (MPEt) and
Equation 2 for photo-chemical damage (MPEc). Those equations are valid for A =560 nm and a = 808.12 mrad (Supplementary Figure
1c).

1 Cg = 6.67 x 1073a? for a > 100 mrad
MPEy = 6.93 X 1075 C; Cr 5 with Cr =1 for 400 < A < 700
P =544 for400< 1 <600andt>0.7s
Ch.2 Equation 1

MPE: = 5.56 X 10710 3 a? with Cg = 10°02(2-450)
Ch.2 Equation 2

MPE+ results in 47.41 mW, which corresponds to 328.75 uW mm-2 for an exposed area of 144.22 mm2. MPEc results in 57.55 mW,
which corresponds to 399.02 uyW mm-2,

2.5.10 Thermal measurements

Measures have been performed with a thermal camera (FLIR A325sc Infrared Camera, FLIR Systems, Inc.) focused on the
top surface of the POLYRETINA prosthesis. Images have been acquired at 1 frame per second. Light pulses (10ms, 20 Hz, 1.22 mW
mm-2) were delivered by a 565-nm Green LED (Thorlabs, M565L3-C5) focused at the sample level.

2.5.11 Thermal modeling

Simulations were performed in COMSOL Multiphysics 5.2 with the Bioheat module for the heat transfer equation and the
General PDE module for the Beer-Lambert light propagation. Illumination has been modelled as a uniform beam with a diameter of
13 mm. The eye is a 2D axi-symmetric model composed of several spheres representing each domain (Supplementary Figure 9). A
total of 8 domains (Cornea, Aqueous Humor, Lens, Vitreous Humor, Retina, RPE, Choroid and Sclera) are defined in the model, with
the parameters listed in Supplementary Table 2. POLYRETINA was modelled as a single composite material, with volume averaged
properties of PDMS, Pedot:PSS, P3HT:PCBM and Titanium (Supplementary Table 3). It was simplified into 5 domains with
homogeneous properties: the center, the first ring, the second ring, the domains where no titanium is present, and PDMS only
(Supplementary Figure 9). A volume average has been performed on each of this domain, to obtain the parameters for the
aggregated material. To account for the non-uniform distribution of titanium, the fraction area of titanium was considered. To
validate the parameters of the aggregated model, a simulation has been performed with POLYRETINA in air exposed to continuous
illumination (560 nm, 244 pW mm2) corresponding to pulsed illumination of 1.22 mW mm-=2. The heat losses at the prosthesis
interface-air were radiative (emissivity = 0.9) and convective (heat transfer coefficient = 38.5 W m2 K1). In agreement with our
experimental results, the average transmittance was measured to be 51.67 % (49.07 % in Supplementary Figure 6) and the steady-
state temperature increase was 1.25 °C (1.24 °C in Figure 9).

2.5.12 In-vitro cytotoxicity test

The study validation was performed by an accredited company (Medistri SA). The test was conducted according to the
requirement of ISO 10993-5: Biological Evaluation of Medical Devices, in-vitro cytotoxicity test; ISO 10993-12: Test article preparation
and reference materials; USP 35-NF30 (87): Biological Reactivity test, in-vitro; Medistri internal procedure WI 47 and WI 56.
Prostheses were sterilized with EtO prior the test. The test on extraction was performed with 2 retinal prostheses for a total surface
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area of 3.54 cm?, with a ratio of the product to extraction vehicle of 3 cm2 mlL. Extraction vehicle was Eagle's Minimum Essential
Medium supplemented with foetal bovine serum, penicillin-streptomycin, amphotericin B, and L-glutamine. The extraction was
performed for 24 hr at 37 °C. The extract was added on triplicate cultures wells containing a sub-confluent L929 cell monolayer (1:1
dilution). The test samples and the control wells were incubated at 37 °Cin 5 % CO, for 24 hours. Following incubation, the cell
cultures were examined for quantitative cytotoxic evaluation. 50 ul per well of XTT reagent was added to the cells then incubated at
37 °Cin 5% CO, for further 3 to 5 hr. An aliquot of 100 pl was then transferred from each well into the corresponding wells of a new
plate and the optical density (OD) was measured at 450nm.

2.5.13 Surgical implantation

Plastic eye models (Eyelabinnovations, Austria) and enucleated pig eyes were used. First three 23-gauge transconjunctival
valved canulas (DORC, Zuidland, The Netherlands) were inserted into the eye at 4 mm from the limbus at the following positions:
nasal superior, temporal superior and temporal inferior. A balanced salt solution infusion was hooked up to the eye to maintain a
constant intraocular pressure through one of the cannulas. A 6.5 mm long incision was then performed using a 15 ° scalpel. The
implant was folded using special forceps and then inserted through the incision into the posterior cavity. Once inside the eye the
forceps grip was released and the implant could unfold. Using a light pipe and an intraocular 23-gauge forceps inserted through the
other two cannulas the implant was then manipulated and fixed in epiretinal configurations.

2.5.14 Statistical analysis and graphical representation

Statistical analysis and graphical representation were performed with Prism (GraphPad Software Inc.). The normality test
(D’Agostino & Pearson omnibus normality test) was performed in each dataset to justify the use of a parametric or non-parametric
test. In each figure p-values were represented as: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. Data are reported as
mean + s.e.m. or mean ts.d., nis used to identify the number of electrodes or cells used; N is used to identify the number of devices
or animals.
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2.7

Supplementary material

b
80 um 150 uym
¢ PDVS <»su-8  »PEDOTPSS
@ P3HTPCBM @ Ti
17 mm
.
::' a d h |

Ch.2 Supplementary Figure 1 - Design of POLYRETINA

a, Distribution of the photovoltaic pixels. b, Cross section of the PDMS-photovoltaic interface, including: PDMS (50 um), a second
layer of PDMS (10 pm) embedding SU-8 rigid platforms (6 um), a layer of PEDOT:PSS (50 nm), a layer of P3HT:PCBM (100 nm),
titanium cathodes (150 nm), and a final layer of PDMS (4 um). Thicknesses are not in scale. ¢, Picture of the prosthesis after
bonding. Due to the radial elongation, the central area (red) is slightly stretched from 5 to 5.13 mm, while the active area (blue)
is increased from 12.7 to 13 mm. On the right, the visual angle is calculated. The human eye is modelled as a sphere of 12 mm
radius (r). The blue arc corresponds to the active area, where d is the chord length of 13 mm, | is the arc length of 13.738 mm,
and h is the height of 1.9128 mm. The nodal point is represented in red, with a distance of 17 mm. Under these conditions, the
area covered by the active area can be calculated as S = 2rrh = 144.2217 mm?, and it corresponds to a visual angle o of 46.3° (or
808.12 mrad).
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Ch.2 Supplementary Figure 2 — pH measurements upon prosthetic stimulation

a, Sketch of the recording set-up. b, Picture of the pH microelectrode located on top of the PDMS-photovoltaic interface. The
scale baris 100 um. ¢, Mean (* s.d., N = 3 devices) pH measurements upon 1 hr of full field pulsed illumination (10 ms, 20 Hz, 3.4
mW mm=2, 560 nm, illumination spot 2.2 mm).
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Ch.2 Supplementary Figure 3 — Evaluation ex-vivo with retinal explants

a, The top panel shows a representative single-sweep recording from a retinal ganglion cell over the PDMS-photovoltaic interface
upon maximal illumination (10 ms, 29.08 mW mm?2). The red dotted line is the threshold set for spike detection. The middle
panel shows the raster plot based on the over-threshold events detected and classified as spikes upon 10 consecutive sweeps in
the same cell. The green bars represent the light illumination. The cyan bars represent the regions where SL, ML, and LL spikes
have been identified. The red bars correspond to the detection of the stimulation artefacts at the onset and offset of illumination.
Artefacts have been excluded in subsequent analysis. The bottom panel shows the PSTH of the cell computed over 10 consecutive
sweeps. The blue box shows an enlarged view of the light onset. The asterisks (*) indicate the over-threshold events detected
and classified as spikes. b, Example from a retinal ganglion cell over bare PDMS. ¢, Mean (t s.e.m.) firing rate (®) and firing
probability (m) of SL spikes, computed across all the recorded cells (n = 39) on the PDMS-photovoltaic interface. For each cell,
the probability has been defined as the percentage of sweeps with at least a SL spike over the 10 consecutive trials. d, Mean (+
s.e.m.) latency (@) and jitter (m) of the first spike occurring in the 10 ms window after the light onset, computed across all the
recorded cells (n = 39, 10 sweeps each) on the PDMS-photovoltaic interface. e,f Mean (+ s.e.m.) firing rate of medium (e) and
long (f) latency spikes, computed across all the recorded cells (n = 39, 10 sweeps each) on the PDMS-photovoltaic interface.
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+ POLYRETINA - POLYRETINA 50 ms

Ch.2 Supplementary Figure 4 — Recording of Rd10 retinas ex-vivo

PSTHs (bin 10 ms, mean +s.e.m.) obtained from n = 39 and n = 34 retinal ganglion cells, respectively for the PDMS-photovoltaic
interface (a) and the bare PDMS substrate (b). Each row corresponds to a different light intensity expressed on the left in mW
mm2, Green bars represent the light pulses. On bare PDMS substrate, cells have been tested only for the high range of irradiance.
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Ch.2 Supplementary Figure 5 —Pharmacological blockage of network activity

a, The top panel shows a representative single-sweep recording from a retinal ganglion cell over the PDMS-photovoltaic interface
upon illumination (10 ms, 23.56 mW mm-2). The red dotted line is the threshold set for spike detection. The green bars represent
the light pulse. The middle panel shows the raster plot based on the over-threshold events detected and classified as spikes upon
10 consecutive sweeps (overlay) in the same cell. The red bars correspond to the detection of the stimulation artefacts at the
onset and offset of illumination. Artefacts have been excluded. The bottom panel is the PSTH (bin 10 ms) of the cell computed
over 10 consecutive sweeps. b, Response upon illumination (10 ms, 23.56 mW mm-2) of the same retinal ganglion cell shown in
a, after inclusion of synaptic blockers. Panels c¢/d respectively show the mean (+ s.e.m.) firing rate of medium/long latency spikes,
computed across all the recorded cells (n = 6, 10 sweeps each) on the PDMS-photovoltaic interface before (®) and after (0) the
inclusion of synaptic blockers.
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Ch.2 Supplementary Figure 6 — Optical absorption

Light absorbance/transmittance of POLYRETINA has been evaluated by using a green LED (565 nm, 2.42 mW). Light has been
measured with a power meter (PD300-R Juno, Ophir Optronics Solutions Ltd.). The retinal prostheses (N = 4) have been inserted
in the light path and the light power has been compared with respect of the condition without the prostheses.
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Ch.2 Supplementary Figure 7 — FEA simulation of thermal effects

a, Temperature increase in the modelled eye after 150 s of continuous illumination (CW, 560 nm, 328 pW/mm?). The insert
shows a larger view of the modelled retina. b, Time course of the temperature increase in the modelled retina during 150 s of
continuous illumination (CW, 560 nm, 328 uW/mm?). The simulation frequency has been set to 1 Hz. The line is the log gaussian
fit (R = 0.9958). ¢, Comparison of the temperature time course during continuous illumination at 328 pW/mm? (black dots) and
pulsed illumination with 10 ms pulses at 20 Hz and 1.64 mW/mm? (red line) for 20 s of simulation. The simulation frequency for
the pulsed illumination has been set to 1 kHz. d, Magnification of the last 1 s of the simulation in c.
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Ch.2 Supplementary Figure 8 — FEA simulation of thermal effects with POLYRETINA

a, Enlarged view of the temperature increase in the modelled eye with POLYRETINA after 150 s of continuous illumination (CW,
560 nm, 328 uW mm?2). b, Time course of the temperature increase at the RPE-retina (0) and retina-POLYRETINA (@) interfaces
during 150 s of continuous illumination (CW, 560 nm, 328 pW mm?).
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Ch.2 Supplementary Figure 9 — Aggregated model of POLYRETINA
Drawing of the simplified model of POLYRETINA.

Thickness Heat Capacity ' Thermal Conductivity Density Abso.rpﬁon Perfusion rate Self Heat
(atAin nm)
Hm JkgtK? W mtK? Kg m3 1cm? 1s? Wm?
Eye 24000

Aqueous Humor 3100 3997 0.58 1000 0.00025 (500) 0 0
Blood / 3840 0.53 1050 0 0 0

Choroid 430 3840 0.53 1050 150 (500) 0.0091 10000
Cornea 500 4178 0.58 1050 0.51(514.5) 0 0
Lens 3600 3000 0.4 1000 0.025 (514.5) 0 0
Retina 100 3680 0.565 1000 4 (500) 0 0
RPE 10 4178 0.603 1050 1100 (500) 0 0
Sclera 500 4178 0.58 1000 5.9 (550) 0 0
Vitreous Humor / 3997 0.595 1050 0.00025 (500) 0 0
PDMS 669 1460 0.15 970 3.58 (514.5) 0 0
PEDOT:PSS 0.15 1978 0.29 1011 1700 (500) 0 0
P3HT:PCBM 0.1 1400 0.2 1100 40000 (530) 0 0
Titanium 0.05 5263 6.7 4430 120000 (500) 0 0

Ch.2 Supplementary Table 1- FEA simulation of thermal effects
Parameters used in the thermal model obtained from3°3-36¢,

Domain Heat Capacity Thermal Conductivity Density (Aat:s)\o‘r::s.llw] Fraction of Titanium
JkgtK? W mtK? Kg m3 . 1cm? . %
Center 1460.89 0.15 970.07 16.91 27
First ring 1460.89 0.15 969.90 12.30 10
No titanium 1459.70 0.15 969.80 9.73 0
Second ring 1460.89 0.15 969.85 11.09 0.5
PDMS 1460.00 0.15 970.00 3.58 0

Ch.2 Supplementary Table 2 - FEA model of POLYRETINA

Parameters used to generate the aggregated model of POLYRETINA used in the thermal simulations. Parameters can be obtained
fr0m3537366.

Supplementary Certificate
The original document with official signatures can be shared upon request.
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3.1 Abstract

Photovoltaic retinal prostheses theoretically offer the possibility of a standalone high-resolution electrical stimulation of
the retina. However, achieving focused epiretinal stimulation is particularly challenging, because of axonal activation and electrical
cell coupling. Recent evidence shows that long electric pulses allow for a more focal activation of retinal ganglion cells, and non-
rectangular waveforms induce higher network-mediated indirect activity. The role of the pulse shape in focusing the retinal ganglion
cell activation and the underlying mechanisms are not yet fully understood. To address this question, we implemented a hybrid ex-
vivo and in-silico approach. We recorded the evoked activity of retinas explanted from Retinal degeneration 10 mice upon
photovoltaic and electrical stimulation with rectangular or non-rectangular capacitive-like voltage pulses. Moreover, we used a
biophysical model to investigate the role of the pulse shape and the pulse duration on the genesis and the extent of the network-
mediated activity in retinal ganglion cells. Altogether our results suggest that non-rectangular capacitive-like voltage pulses activate
stronger the inner excitatory and inhibitory layers of the retina when compared to a rectangular stimulation with paired pulse
amplitude and duration. This feature leads to an increase of the network-mediated activity and a decrease in the network-mediated
electrical receptive field of the stimulated retinal ganglion cell. These results demonstrate that recruiting the inner retinal cells with
epiretinal stimulation enables not only to bypass axonal stimulation but also to obtain a more focal activation thanks to the natural
lateral inhibition. The involvement of the inhibitory feedback from amacrine cells in the genesis of the network-mediated activity
represents a novel biological tool to confine the response of the retinal ganglion cells. These results support future waveform
engineering strategies and offer new perspectives to epiretinal devices to better shape prosthetic perception.
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3.2 Introduction

Retinal dystrophies, such as age-related macular degeneration and Retinitis Pigmentosa, are amongst the leading causes of
visual impairment worldwide (together with cataract and glaucoma) and are the primary cause of visual deficit in middle income and
industrialised countries, with prevalence above 15 %!321, Although the dystrophy induces the progressive loss of photoreceptors
(PRs), the inner retinal cells and the retinal ganglion cells (RGCs) are temporarily preserved and can be electrically excited to produce
artificial vision®8:69.157.367, Several retinal prostheses, developed in the past decades, enabled the restoration of an elementary form
of vision in humans, including the discrimination of high-contrast gratings, reading of large prints, and spatial orientation158.186,205,367,
Nevertheless, they provide limited visual field and visual acuity, so that the recovered sight quality is still far away from being
adequate in daily life32>, Following these results, several new devices are currently under development, and among them,
photovoltaic prostheses offer the possibility of a wireless high-resolution electrical stimulation of the retina 194320,368,99,329,369,370,

With epiretinal prostheses, the low visual acuity reported in patients is often associated with the perception of amplitude-dependent
elongated phosphenes?32318 attributed to the direct depolarisation of several axons of passage located between the epiretinal device
and the RGC layer?35:367.371, The perception of these elongated phosphenes hampers the capability of the patient to perceive complex
shapes!36:233372, Although the axon initial segment is the cellular compartment with the lowest activation threshold?33, in practice, its
activation threshold is barely discriminable from the ones of more distal axonal segments?35, making the selective stimulation of a
single axon a challenge. Various complementary approaches were proposed to improve the stimulation resolution of epiretinal
prostheses: minimizing the spread of the electric field generated by single electrodes to avoid stimulation cross-talk373, using
penetrating electrode arrays to reduce the stimulation distancel52374375 increasing the charge injection capacity of microelectrodes
with coatings to reduce their size369.376.377 tuning the stimulation parameters to selectively activate only cells close the
electrode?37:348, or selecting the optimal cluster of electrodes curtailing the activation of distal axon segments235:371,

Besides, a large share of effort has been directed towards the understanding and exploitation of network-mediated indirect
stimulation of RGCs, which arises from the direct activation of presynaptic neurons, such as bipolar cells (BCs), which in turn lead to
a secondary indirect excitation of RGCs251,269,337,338,378-381 Dyring epiretinal stimulation, the direct activation of RGCs typically results
in only one or two short latency (SL) spikes382, occurring within a few milliseconds from the stimulus onset. Conversely, the indirect
activity arising through network-mediated activation is delayed and can be composed of multiple types of responses. Usually, a first
indirect activation burst, defined as medium latency (ML), occurs within 10 to 70 ms after the stimulus onset, with considerable
variability between reports251,269,337,338,378,379,381-383  After, a second indirect activation burst, defined as long latency (LL), occurs with
longer latencies (e.g. longer than 150 ms). Notably, the indirect activation pattern is specific for each RGC type382383 and, for a given
RGC, it shows a remarkable timing337.338.381 closely matching with the temporal complex light-evoked responses383,

It was reported that short pulses (e.g. ps long) preferentially activate the axons of RGCs29:237.269378 generating one or two SL action
potentials with high temporal precision269.378382 but causing streak responses?’. Pulses of longer duration lead to both direct and
indirect excitation of RGCs251337,338,378,382 Recent evidence suggests a clinical relevance of indirect activity to improve the resolution
of retinal responses upon electrical stimulation. A study with the Argus® Il retinal prosthesis, the epiretinal system currently approved
by regulatory bodies, notably pointed out the relationship between the inner retina activation elicited by long electric pulses (i.e. 25
ms) and the increased spatial resolution, observed both ex-vivo and in patients implanted with the Argus® 11237, However, the
mechanisms behind the epiretinal indirect activation pattern of RGCs are not yet fully understood. Converging evidence suggests the
activation of the inner retinal layer as the primary factor causing indirect activity251337.384,385_|t js in addition likely that the generation
of an indirect response involves the coordinate activation of several cell types, including the retinal inhibitory network.

Our previous work with POLYRETINA, a photovoltaic epiretinal prosthesis, showed that light sensitivity could be restored by
photovoltaic stimulation in Retinal degeneration 10 (Rd10) mice retinas at advanced stages of degeneration3®. Consistently with
other group findings, we reported both direct and indirect activation of RGCs, upon 10-ms light pulses. Conventionally, retinal
prostheses employ electrical pulses with a rectangular shape; however, POLYRETINA intrinsically generates non-rectangular
capacitive-like voltage pulses3%®. Growing insights suggest that non-rectangular pulses, with slow increase rates, elicit a stronger
activation of the inner retinal presynaptic neurons than rectangular pulses, leading to an enhanced indirect firing activity of
RGCs386:387, Moreover, low-pass filtering inner retinal cells are less activated by high-frequency signals such as rectangular pulses,
more favourable to the direct depolarisation of RGCs386:387, Given the importance of indirect activation of RGCs and the role played
by the shape of the electric pulses, we explored whether and how the non-rectangular capacitive-like voltage pulses generated by
POLYRETINA lead to robust indirect activation of RGCs. Beyond the investigation on the effect of non-rectangular capacitive-like
voltage pulses, we documented the underlying biophysical principles that relate the stimulus waveform with the indirect activation
and the focusing of the evoked response.
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3.3 Methods

3.3.1  Statistical analysis and graphical representation

Statistical analysis and graphical representation were performed with MATLAB (MathWorks) and Python. The normality
test (D’Agostino & Pearson omnibus normality test) was performed in each dataset to verify the use of a parametric or non-
parametric test. In each figure, p-values were reported as: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. Data are
reported as mean * s.e.m. or mean t s.d.; n identifies the number of electrodes or cells and N identifies the number of retinas.

3.3.2  Animal handling and preparation of retinal explants

Experiments were conducted according to the ethical authorisation GE3717 approved by the Département de I'emploi, des
affaires sociales et de la santé (DEAS), Direction générale de la santé of the République et Canton de Genéve, Switzerland. Male and
female Rd10 mice from a homozygous colony of B6.CXB1-Pde6brd19/) mice (The Jackson Laboratory) were used for the experiments.
All animals were kept in a 12 h day/night cycle with access to food and water ad libitum. All the experiments were carried out during
the day cycle. Eyes were enucleated from euthanised mice (sodium pentobarbital, 150 mg kg1) and dissected in carboxygenated (95
% 0; and 5 % CO;) Ames’ medium (A1420, Sigma-Aldrich) under dim red light. Retinas were placed ganglion cells down and
maintained in contact with a microelectrode array (MEA) or a POLYRETINA prosthesis using a 1 mm nylon mesh. Retinas were
continuously superfused with carboxygenated Ames’ medium at 32 °C and maintained under dim red light during all the experiments.

3.3.3  Light stimulation

In order to assess the natural light responsivity in Rd10 mice, retinas explanted at various postnatal days (P16, P30 + 3, P45,
P60, P96, P115 + 3, P130 + 1, and P155 + 1) were mounted on filter paper and placed with RGCs down on a transparent MEA with
256 electrodes (256MEA200/30iR-ITO, Multi Channel Systems). Retinal explants were illuminated with an inverted microscope (Ti-E,
Nikon Instruments) and a LED illuminator (Spectra X, emission filter 560/32 nm, Lumencor). The microscope was equipped with a
dichroic filter (FF875-Di01-25x36, Semrock) and 4x / 10x / 20x objectives (diameter of the illumination spot: 5.5, 2.2, and 1.1 mm
respectively; CFl Plan Apochromat Lambda). The signal from the 256 recording electrodes was amplified, filtered (300 — 3000 Hz),
and digitalised at 10 kHz (USB-MEA256-System, Multi Channel Systems). Spike detection was performed with the MC_rack software
(Multi Channel Systems), and the results were further processed with Neuroexplorer (Neuronexus) and MATLAB. For each retina,
data from all the electrodes presenting spontaneous or light-evoked spikes were averaged. The number of detected RGCs varied
between preparations as follows: P16 (n=7, N=2), P30 (n =10, N=4),P45(n=10,N=3),P60(n=8,N=2),P96 (n=8, N =2), P115
(n=13,N=4),P130 (n =10, N = 2), and P155 (n = 25, N = 6).

3.3.4  Photovoltaic and electrical stimulation

Photovoltaic and electrical stimulations were performed in Rd10 mice at P144 + 18.5 (mean + s.d). Photovoltaic stimulation
was carried out with the central part of the POLYRETINA prosthesis, embedding 80-um diameter titanium electrodes with a 150-um
pitch38, lllumination was performed as described above. Electrical stimulation was carried out with a custom-made MEA, embedding
a grid of 16 x 16 (256) titanium electrodes (80-pum diameter) with a 150-um pitch. All the recorded RGCs were stimulated with both
rectangular and non-rectangular capacitive-like voltage pulses.

In both photovoltaic and electrical stimulation, the stimulation protocol consisted of a repetition of 10 pulses at 1 Hz for each
condition. Irradiance, pulse amplitude, pulse duration, and stimulus shape were increased sequentially up to the condition eliciting
the highest RGC activity. The activity of RGCs was recorded extracellularly with a sharp metal electrode (PTM23BO5KT, World
Precision Instruments), amplified (Model 3000, A-M System), filtered (300 - 3000 Hz), and digitalised at 30 kHz (Micro1401-3, CED
Ltd.). Spike detection and sorting were performed by threshold detection using the MATLAB-based algorithm Wave_clus352; the
results were further processed with MATLAB. Voltage transients detected within £ 1 ms around the stimulus onset and offset were
automatically classified as stimulus artefacts and the timestamps removed for subsequent calculations. In addition, neural spikes
detected from 1 to 10 ms after the stimulus onset were manually verified to ensure a proper detection and artefact rejection. The
spike raster from 10 consecutive sweeps was averaged and discretised to compute 10-ms bins PSTHs. To be consistent with our
previous study3®, spikes occurring within 1 to 10 ms from the stimulus onset were classified as SL, spikes occurring between 40 and
120 ms as ML, and spikes occurring between 150 and 350 ms as LL. Supra-threshold SL, ML, and LL activities were determined as the
minimal condition leading to responses whose firing rates were significantly higher (p <0.05) than RGC spontaneous activity, assessed
from control trials or pre-stimulus recordings.
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3.3.5 Computational model

The biophysical retinal layers were modelled using the python-based NEST 2.14.0 simulator tool388, For the RGC layer, a
grid of 10 x 10 transient a-RGCs (without any ON-OFF specification) was modelled as Hodgkin—Huxley neurons49, in which the resting
potential (Vrest) Was set to -70 mV/389:3% and the threshold potential (V1) to -55 mV389. RGCs were connected with local gap junctions
as formalized in Equation 1, where j is the neuron coupled to the cell i by gap junctions, V is the membrane potential and g the
junction weight391,

lgapi(®) = % g;;(Vi(®) — V;(D)
Ch.3 Equation 1

In order to model sustained a-RGCs, the Hodgkin—Huxley model was substituted by an adaptive exponential integrate-and-fire
model3?2, whose membrane potential is described by Equations 2 and 3.
dv V-Vp
Cxaz—w+I+gX(V—Vrest)+ngTXe Ar
Ch.3 Equation 2

dw
E =aV = Viest) —W

Ch.3 Equation 3

Ty X

In these equations, Vet Was set to -70 mV, V1 was set to -55 mV389.39, C is the membrane capacitance (281 pF), g is the leak
conductance (30 nS), At is the voltage slope factor (2 mV), a is the subthreshold adaptation level (0.75 nS), T, the adaptation time
constant (144 ms), and w the internal adaptation current392393, After a spike has been triggered, w is decremented of a spike-triggered
adaptation constant of 50 pA and Equation 2 is reintegrated from a reset value Vyeset = -67.5 mV, as previously described392:393, For
both models, the RGC layer was placed 10 um above an 80-um diameter titanium epiretinal electrode delivering voltage-controlled
pulses. As a result, the dynamics of the RGCs depend on the external delivered voltage, their presynaptic inputs, and the membrane
potential of neighbouring RGCs.

The inner retinal layer was modelled with non-spiking leaky integrating neurons (whose resting potential Viest was set to -70 mV/389,390),
In these neurons, a membrane potential change induces in the post-synaptic cells a current linearly proportional to the membrane
potential variation of the presynaptic cell. The dynamics of the membrane potentials were conductance-based modelled. The
resulting response model can be defined according to Equation 4 and 5, where i represents the presynaptic cell, j the postsynaptic
cell, V the cell membrane potential, Vst the resting potential, T its membrane time constant, J the external input, and | the synaptic
input3%4:

dv; Vi—V
_] - _ ) ],reSt .
e AP NICRIC
1
Ch.3 Equation 4
(D) = wy X —a

Ch.3 Equation 5

RGC AC BC HC
Cell ratio to RGC 1 5 4 1 395,396
Distance to the electrode 10 um 30 um 49 um 64 um 397
Cell diameter 10 um 5um 5um 10 pm 3%

Ch.3 Table 1 - Retinal layers’ parameters

The model parameters for the retinal layers are summarised in Table 1. According to previous studies39°3%39, the connectivity
between layers was designed as follows: the horizontal cell (HC) to bipolar cells (BC) convergence was 1:16; the BC to amacrine cell
(AC) convergence 1:5; the AC to RGC convergence 1:4; the RGC to BC divergence 1:4.

For each layer, the filter time constant was calculated according to Equation 6.

1 1
R = (Revxd A x—1).
ex 1 1
mb +
Cex-d A Cmb

Ch.3 Equation 6
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where Re is the extracellular resistivity, Cex is the extracellular capacitance, Cmp is the passive membrane capacitance, gmp is the
bilayer membrane conductance, d is the cell distance to the electrode surface, and A is the area of the bilayer membrane in the
ascending column between the targeted cell and the electrode, as in Equation 7:

4 d
=aXpX—

=D
Ch.3 Equation 7

in which acis the single cell surface, p is the number of cells in a theoretical receptive field per each layer, and D is the average retinal
cell diameter. These parameters are provided in Table 2.

@m  [FmY  [FmY  [p0im?] [  [um]

10 0.1 0.01 5 300,000 42.8 7
Reference 400,401 400,401 an 402 403 396,404 39

Ch.3 Table 2 - Biophysical parameters of the retinal layers

The voltage density above the epiretinal electrode was simulated with a finite element analysis (FEA) method with a stationary
electric current study (COMSOL Multiphysics® v. 5.2.). The ground was located at the bath top and lateral walls, respectively 2 mm
and 1 mm away from the electrode. The retinal tissue was placed from 10 to 110 um above the electrode surface. The distribution
of the voltage densities in the retina was evaluated every 5 um from the retinal surface. For each material, the conductivity (S m-1)
and relative permittivity values were set to: titanium (2.6 x 106 / 1)495, P3HT:PCBM (0.1 / 3.4)406,407 PEDOT:PSS (30 / 3)13 408,409 Saline
(1/80)410411 PDMS (2 x 1024 / 2.75)357, and retinal tissue (0.1 / 0.01)412. The voltage density was spatially approximated as a Gaussian
probability distribution and temporally fitted as a first-degree exponential peaking at the FEA output values. The membrane potential
of the cells located in the centre of the stimulated electrode and the two-dimensional firing activity were directly assessed using the
multimeter tool. The membrane potentials were sampled at 1 kHz and the network updated with 1-ms time steps. Spikes occurring
within 10 ms after stimulus onset were classified as SL, spikes occurring between 20 and 150 ms were classified as ML, and for
sustained a-RGCs, spikes occurring between 150 and 400 ms were classified as LL. The time intervals for ML and LL responses have
been slightly adapted from ex-vivo ones accordingly to the output of the model. Supra-threshold SL, ML, and LL activities were
determined as the voltage leading to responses whose firing rates were higher than zero.
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3.4  Results
3.4.1 Lightresponsivity of Rd10 retinas to high irradiance levels

All the experiments were performed with explanted retinas from Rd10 mice, which is an established model for Retinitis
Pigmentosa01.121,413, However, in order to formally exclude any intrinsic light responsivity to high irradiance levels from possible
surviving PRs, we first assessed the time course of the light responsivity decay at the wavelength and irradiance used for prosthetic
stimulation with POLYRETINA: full-field 10-ms light pulses at 560 nm with irradiance levels from 0.39 to 27.2 mW mm2 (Figure 1a).
For each time point and irradiance, we computed a light responsivity index as the relative percental change in firing rate during the

0- to 180-ms time window after the light onset (R) compared to a 100-ms pre-stimulus time window (R), as % (Figure 1b). In this
manner, the index accounts for both ON and OFF transient and sustained responses.

After the formation of functional PRs at P16, a rapid decay in the light responsivity index was observed up to P60, where it reaches
its minimum value and remains constant around a baseline value of 0 regardless of the irradiance. This time course is in agreement
with the reported anatomical changes in the outer nuclear layer of Rd10 retinas#13414, In young retinas (from P16 to P45), mostly
transient ON responses could be detected (Figure 1a), with a mean (+ s.e.m.) latency of 67.08 + 3.61 ms. The light responsivity to
green light increases with the irradiance up to 5.87 mW mm2, after which further increase of the irradiance weakens the response
of the retina. This weakening is most probably due to PR saturation and eventually bleaching for higher irradiance levels. In retinas
over P60, we could not record any significant light responsive RGC, nor at low or high irradiance levels. On the other hand, in line
with previous reports!21414.415 the majority of RGCs from retinas explanted at those advanced stages of degeneration exhibits a
robust light-independent spontaneous activity, with a peak frequency of about 10 to 15 Hz. The more advanced the degeneration
process, the higher the number of cells presenting strong spontaneous activity is observed. In order to ensure a proper exclusion of
intrinsic light-responses together with proper detection of spontaneously active RGCs, further experiments were performed in Rd10
retinas at late stages of degeneration (> P120).
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Ch.3 Figure 1 - Light responsivity decay in Rd10 retinas over the degeneration process

a, Extracellular spiking activity from Rd10 retinas explanted at P16, P33, P60, and P130 in response to a light pulse (10 ms, 560
nm, 1.08 mW mm-2). The top row shows the electrophysiological recordings from one electrode upon illumination. The bottom
row shows the corresponding mean (+ s.e.m) PSTH (bins of 10 ms). The green bars show the duration of the light pulse. b, Mean
(£ s.e.m) light responsivity index upon illumination (10 ms, 560 nm) of Rd10 retinas recorded at P16, P30 * 3, P45, P60, P96, P115
+3,P130+ 1, and P155 * 1. For each RGC, ten consecutive sweeps were averaged. Data are shown for five irradiance levels only:
0,1.08,5.87,17.6, and 27.2 mW mm.
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3.4.2 Photovoltaic stimulation of the inner retinal network

Next, we investigated whether, with a photovoltaic approach, the duration of the light pulse alters the response pattern of
RGCs, as previously reported for electric stimuli337.381, Retinas were explanted in epiretinal configuration over the POLYRETINA
prosthesis and the activity of RGCs (n = 16, N = 9) was recorded upon 10-, 20-, 50-, and 100-ms light pulses (560 nm), with irradiance
levels ranging from 1.08 to 91.59 mW mm?2 (Figure 2).
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Ch.3 Figure 2 - Photovoltaic stimulation elicits exposure-dependant activity in Rd10 retinas

a, Extracellular spiking activity of one RGC in response to a 0-, 10-, 50-, and 100-ms photovoltaic stimulation (560 nm, 2.81 mW
mm-2) with POLYRETINA. The top row shows the electrophysiological recordings upon illumination. The middle row shows the
raster plot of 10 consecutive sweeps. The bottom row shows the corresponding PSTH (bins of 10 ms). The red lines in the raster
correspond to the events classified as stimulus artefacts. b, Mean (+ s.e.m; n = 16, N = 9) PSTH (bins of 10 ms) of RGC activity
upon 10-, 20-, 50-, and 100-ms photovoltaic stimulation. For each RGC, ten consecutive sweeps were averaged. Light pulses were
delivered with increasing irradiance levels: 1.08, 2.81, 5.87, 11.68, 17.60, 22.76, 27.17, 39.06, 58.32, 75.80, and 91.59 mW mm-
2.The horizontal bars at the bottom of the PSTHs show the time windows used for the discrimination of SL, ML, and LL responses.
In both panels, the green bars show the duration of the light pulse.

Extracellular recordings under photovoltaic stimulation revealed a spiking pattern made of two to three waves of activation (SL, ML,
and LL). Within the tested range of irradiance levels (from 1.08 to 91.59 mW mm2) and pulse durations (from 10 to 100 ms), SL
responses are exposure independent while ML and LL responses strongly depend on light exposure (Figure 3a). Supra-threshold
activities can be recorded (Figure 3b); p < 0.001, p < 0.0001, and p < 0.0001, respectively for SL, ML, and LL; one-tailed t-test) from
the lowest exposure tested (10 ms and 1.08 mW mm?-2). SL spikes are elicited at an average (+s.e.m.) steady frequency of 36.9 + 8.25
Hz (Figure 3(b-d), top panels). Instead, the indirect activity (ML and LL) strongly depends on both irradiance and pulse duration (Figure
3b-d, respectively middle and bottom panels).

A two-way ANOVA analysis revealed that both the main effects of irradiance and pulse duration on ML and LL responses are

significant, while their interaction is not (p = 0.81 and p = 0.96, respectively for ML and LL). For ML response, irradiance has a stronger
effect than pulse duration (irradiance: F = 10.36 and p < 0.0001; duration: F = 5.08 and p < 0.01), while the opposite occurs for LL
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response (irradiance: F = 7.24 and p < 0.0001; duration: F = 13.52 and p < 0.0001). The ML indirect activity reaches 187 + 26 % (mean
+ s.e.m) of its initial values when increasing the irradiance from 1.08 to 91.59 mW mm2 (average of all the pulse durations tested;
Figure 3¢, middle) and 139 + 16 % (mean + s.e.m) of its initial values when lengthening the pulse duration from 10 to 100 ms (average
of all the irradiance levels tested; Figure 3d, middle). The LL indirect activity reaches 138 + 31 % (mean + s.e.m) of its initial values
when increasing the irradiance (Figure 3c, bottom) and 171 + 19 % (mean * s.e.m) of its initial values when lengthening the pulse
duration (Figure 3d, bottom) as computed above.
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Ch.3 Figure 3 - Characterisation of the direct and the indirect activities evoked by photovoltaic stimulation
a, Heatmaps of SL (left), ML (middle), and LL (right) mean firing rates upon 10-, 20-, 50-, and 100-ms photovoltaic stimulation.
The irradiance is indicated on the left of each row. b, Mean (+ s.e.m; n = 16, N = 9) firing rates of SL (top), ML (middle), and LL
(bottom) responses as function of the radiant exposure (mJ mm?2), obtained by multiplying the irradiance (mW mm<2) per the
pulse duration (s). For each RGC, ten consecutive sweeps were averaged. c,d, Grand averages of the mean (+s.e.m, n=16, N =
9) firing rates of SL (top), ML (middle), and LL (bottom) responses over all the pulse durations (c) and irradiance levels (d).

Noteworthy, only 5 out of 16 (31.25 %) of the recorded RGCs showed significant LL activity, independently of the animal age and
retina quadrant recorded (Figure 4). The two groups of RGCs, exhibiting or not LL spikes (Figure 4a,b), showed a similar evolution in
the SL and ML spiking activity to increasing radiant exposures (Figure 4c,d, left and middle respectively), despite exhibiting a different
behaviour for the LL one (Figure 4c,d, right). The fitting of the two responses over exposure with quadratic (second order polynomial)
functions revealed a significant difference in the second-degree term coefficient for LL response (p < 0.0001; two-tailed t-test) but
not for SL (p = 0.12; two-tailed t-test) and ML (p = 0.08; two-tailed t-test) responses. The first-degree term coefficients were not
significantly different between the two populations in none of the cases (p = 0.49, p = 0.40, and p = 0.18 respectively for SL, ML, and
LL responses; two-tailed t-test). ML responses showed also a significant difference in the offset regression coefficient (p < 0.0001;
two-tailed t-test). Such difference might arise from diverging intrinsic firing properties of the two RGCs types. SL and LL offset firing
rates were not significantly different between the two populations (p = 0.08 and p= 0.06 for SL and LL, respectively; two-tailed t-test).
Taking into account the RGCs exhibiting LL activity only (n = 5), the LL indirect activity reaches 374 + 64 % (mean * s.e.m) of its initial
values when increasing the irradiance and 367 + 191 % (mean t s.e.m) of its initial values when lengthening the pulse duration as
computed above. The generation of significant LL indirect responses in only a portion of the overall cell population might be related
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to the functional characteristics of RGCs. Indeed, sustained cells could respond up to hundreds of milliseconds after a single electrical
stimulation while transient RGCs exhibited shorter indirect responses382.
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Ch.3 Figure 4 - Classification of RGCs exhibiting or not LL activity

a, Mean (+s.e.m) PSTH (bins of 10 ms) upon 100-ms photovoltaic stimulation (560 nm, 91.6 mW mm-2) of RGC activity with (blue,
n = 5) or without (black, n = 11) LL activity. For each RGC, ten consecutive sweeps were averaged. The green bar shows the
duration of the light pulse. b, Heatmaps of SL (left), ML (middle), and LL (right) mean firing rates upon 10-, 20-, 50-, and 100-ms
photovoltaic stimulation of RGCs with (bottom, n = 5) or without (top, n = 11) LL activity. The irradiance is indicated on the left
of each row. ¢, Mean (+ s.e.m) firing rates of SL (left), ML (middle), and LL (right) responses of RGCs with (blue, n = 5) or without
(black, n = 11) LL activity. d, Quadratic regression (+ s.d.) of SL (left), ML (middle), and LL (right) responses with (blue) or without
(black) LL activity.

3.4.3  Capacitive-like versus rectangular electrical stimulation of the inner retinal network

Photovoltaic stimulation with POLYRETINA was triggered by rectangular light pulses; however, POLYRETINA intrinsically
generates non-rectangular capacitive-like voltage pulses3®. Therefore, we investigated whether the capacitive-like shape of the
voltage delivered by POLYRETINA would play a role in the activation of the inner retinal network.

To compare photovoltaic capacitive-like versus rectangular pulses, explanted retinas were stimulated through a custom-made MEA
with 256 80-um titanium electrodes. Stimulation consisted in paired rectangular and non-rectangular capacitive-like voltage pulses
of increasing pulse amplitudes (8.5, 17.9, 35.8, 179, 358, 895, and 1790 mV) and pulse durations (10, 50, and 100 ms). Non-rectangular
capacitive-like voltage pulses of various peak amplitudes were generated by scaling the mean voltage profiles measured on top of
the photovoltaic pixels under 10-, 50-, and 100- light pulses at 0.94 mW mm-=2 (data profiles obtained from3%). As a consequence,
the nominal duration of non-rectangular capacitive-like voltage pulses (defined by the duration of the light pulse) does not
correspond to the total duration of the voltage stimulus, since the latter has a slow voltage decrease (Figure 5a).
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Ch.3 Figure 5 - Electrical stimulation of Rd10 retinas with rectangular and non-rectangular capacitive-like voltage pulses

a, Photovoltage profile (black line) generated by POLYRETINA pixels upon a 10-ms light pulse (green bar) at 0.94 mW mm=2. Data
profile from3%°. The grey line shows a 10-ms rectangular voltage pulse of identical peak amplitude. b, Current delivered by 80-
um titanium electrodes upon 10- (left) and 50-ms (right) rectangular (black) and non-rectangular capacitive-like (red) voltage
pulses with various peak amplitudes (8.95, 179, and 1790 mV). ¢, Mean (t s.d., n = 3) anodic (top) and cathodic (bottom) charge
delivered upon 10- (left) and 50-ms (right) rectangular (black) and non-rectangular capacitive-like (red) voltage pulses with
various peak amplitudes (8.95, 17.9, 35.8, 179, 358, 895 and 1790 mV). d, Extracellular recordings of one RGC in response to a
179-mV electrical stimulation with a 10-ms rectangular pulse (left), a 10-ms non-rectangular capacitive-like pulse (middle left), a
100-ms rectangular pulse (middle right), and a 100-ms non-rectangular capacitive-like pulse (right). The top row shows the
electrophysiological recordings upon electrical stimulation. The middle row shows the raster plots of 10 consecutive sweeps. The
bottom row shows the corresponding PSTHs (bins of 10 ms). The red lines in the raster correspond to the events classified as
stimulus artefacts. e, f, Mean (+ s.e.m; n =13, N = 11) PSTHs (bins of 10 ms) of RGC activity upon 10-, 50-, and 100-ms stimulation
with rectangular (e) and non-rectangular capacitive-like (f) voltage pulses. For each RGC, ten consecutive sweeps were averaged.
The pulse shapes corresponding to each amplitude are highlighted in red (8.95, 17.9, 35.8, 179, 358, 895 and 1790 mV). The
horizontal bars at the bottom of the PSTHs show the time windows used for the discrimination of SL, ML, and LL responses. In
all the panels, the blue bar shows the electric pulse.

To ensure that the total charge delivered by the two voltage profiles is comparable, we measured the cathodic and anodic charges
injected during 10- and 50-ms voltage pulses with both rectangular and non-rectangular capacitive-like voltage pulses at various peak
amplitudes (Figure 5b). Measures were performed with a three-electrode (Ag / AgCl reference electrode, Pt counter electrode)
potentiostat (Compact Stat, Ivium) in PBS (pH 7.4) at room temperature. Cathodic and anodic charge was respectively calculated as
the integral of the current waveform over its negative and positive peaks. Because titanium is a capacitive material®32, during a
cathodic rectangular voltage pulse the current peaks at the onset (cathodic current) and at the offset of the stimulus (anodic current),
and it is nil during the pulse (Figure 5b, black). For non-rectangular capacitive-like voltage pulses, the cathodic and anodic current
peaks are widened by the slow voltage increase and decrease (Figure 5b, red). However, the average (+ s.d., n = 3 electrodes) charge
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delivered by rectangular (black) and non-rectangular capacitive-like (red) voltage pulses under paired condition of pulse amplitude
and duration are not significantly different (Figure 5c). A three-way mixed ANOVA (waveform is a between-subject variable;
amplitude and duration are within-subject variables; Mauchly’s sphericity test p < 0.0001) revealed that the pulse waveform had no
statistically significant effect on the cathodic nor anodic charge (cathodic phase: F = 0.55 and p = 0.46; anodic phase: F = 1.23 and p
= 0.27; repeated measures ANOVA), neither did the pulse duration (cathodic phase: F < 0.0001 and p = 0.99; anodic phase: F = 0.29
and p = 0.59; repeated measures ANOVA), while the pulse amplitude did for both phases (cathodic phase: F = 10.8 and p < 0.05;
anodic phase: F=23.0 and p < 0.05; repeated measures ANOVA). The interaction between the pulse amplitude and the pulse duration
was not statistically significant for any of the phases (cathodic phase: F = 0.03 and p = 0.87; anodic phase: F = 4.42 and p = 0.054;
repeated measures ANOVA). Such results prevent any difference between rectangular and non-rectangular capacitive-like voltage
pulses effects on the retinal network activation to be attributed to the amount of charge they deliver.

Retinas were then explanted in epiretinal configuration over the custom-made MEA, and electrically stimulated with
voltage-controlled pulses. The evoked spiking activity in RGCs (n = 13, N = 11) was recorded with an extracellular metal electrode
(Figure 5d). SL, ML, and LL responses were present with both rectangular (Figure 5e) and non-rectangular capacitive-like (Figure 5f)
voltage pulses, but the latter appears to induce stronger ML and LL indirect activities. Consistently with the previous set of
experiments, the ML and LL indirect responses showed a behaviour dependent on both amplitude and duration (Figure 6a). Besides,
the SL and ML activities evoked by non-rectangular capacitive-like voltage pulses (179 mV) are not significantly different (SL 10 ms: p
=0.060; ML 10 ms: p = 0.296; SL 50 ms: p = 0.054; ML 50 ms: p = 0.174; SL 100 ms: p = 0.08; ML 100 ms: p = 0.066; two-tailed t-test)
to the activities evoked by the corresponding photovoltaic pulse (560 nm, 1.08 mW mm-2), as shown in Figure 6b. Only LL activities
showed a significant difference for 10-ms and 50-ms pulses (LL 10 ms: p <0.01; LL 50 ms: p < 0.05; two-tailed t-test) but this difference
is abolished for 100-ms pulses (LL 100 ms: p = 0.132; two-tailed t-test). Considering RGCs showing significant LL activity only (n=5
out of 16 for photovoltaic pulses and n = 4 out of 13 for electrical pulses), LL responses were not significantly different between
electrical and photovoltaic stimulations for any of the tested durations (LL 10 ms: p = 0.163; LL 50ms: p = 0.439m; LL 100ms: p =
0.402; two-tailed t-test). In agreement with the previous dataset, the percentage of RGCs showing LL activity was 30.77 %.

In order to quantify the efficacy of the non-rectangular capacitive-like voltage pulses to evoke direct (SL) and indirect (ML and LL)
activities with respect to rectangular voltage pulses, we integrated both response curves over the range of pulse amplitudes (from
8.5 to 1790 mV, see the red area in Figure 6b) and computed the percental increase of the activity evoked by non-rectangular
capacitive-like voltage pulses in comparison to the rectangular ones (Figure 6c). SL activity is significantly increased with the use of
capacitive-like pulses with respect to the use of rectangular ones, for 10-ms pulses only (p < 0.05, two-tailed paired t-test). ML
activities are significantly increased with capacitive-like pulses for all the three pulse durations (p < 0.0001, two-tailed paired t-test).
ML activity is therefore consistently strengthened by non-rectangular capacitive-like voltage pulses. LL activity is significantly
increased for 50-ms pulses only (p < 0.001, two-tailed paired t-test), regardless whether we considered the whole dataset of RGCs or
only the subset exhibiting significant LL activity. This might be due to the decrease in LL activity with non-rectangular capacitive-like
voltage pulses at high voltage amplitudes (> 200 - 300 mV), as visible in Figure 6b.

Whereas growing evidence shows that non-rectangular pulse shapes preferentially trigger indirect activity386:387, it is yet not evident
from scientific literature weather non-rectangular pulse shapes should be more or less prone to elicit SL direct activity, and results
supporting both hypotheses were provided384387.416417 |n our dataset, non-rectangular capacitive-like voltage pulses elicited a
stronger SL activity than rectangular ones. However, SL spikes elicited by rectangular pulses could be underestimated. Upon non-
rectangular capacitive-like voltage pulses, SL spikes appears with a longer delay from the pulse onset362:38 making their detection
more accurate, since they appear after the recording period affected by the stimulation artefact. For rectangular pulses, the SL direct
spikes occur with shorter delays337 and therefore they may be masked by the stimulation artefact and may remain undetected.
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Ch.3 Figure 6 - Characterisation of the RGC response to rectangular and non-rectangular capacitive-like voltage pulses
a, Heatmaps of SL (left), ML (middle), and LL (right) mean firing rates upon 10-, 50-, and 100-ms rectangular and non-rectangular
capacitive-like voltage pulses. The voltage amplitudes are indicated on the left of each row. b, Mean (+ s.e.m; n =13, N = 11)
firing rate of SL (top), ML (middle), and LL (bottom) spikes upon electrical stimulation with 10- (left), 50- (middle), and 100-ms
(right) rectangular and non-rectangular capacitive-like voltage pulses. The green circles correspond to the mean (+s.e.m; n =16,
N =9) SL, ML, and LL firing rates obtained upon photovoltaic stimulation at 1.08 mW mm-2. For each RGC, ten consecutive
sweeps were averaged. The asterisk within a symbol highlights the beginning of supra-threshold activity. c, Percental increase in
the RGC activity induced by non-rectangular capacitive-like voltage pulses compared to paired rectangular voltage pulses. The
activity difference calculation is illustrated in panel (b) by the red area. d, Grand average (+ s.e.m; n = 13, N = 11) of the mean
firing rates of SL (top), ML (middle), and LL (bottom) responses over the tested pulse durations (left) and over the tested pulse
amplitudes (right). e, Pulse amplitudes required to induce SL, ML, and LL supra-threshold activities upon 10-, 50-, and 100-ms
rectangular and non-rectangular capacitive-like voltage pulses. The y-axis represents the first voltage condition eliciting a supra-
threshold activity.

A three-way ANOVA (shape, amplitude, and duration) revealed that the pulse shape (rectangular versus non-rectangular capacitive-
like) was the main critical parameter responsible for the difference in direct and indirect RGC responses. It had the greatest significant
effect on ML response (F =28.36, p < 0.0001). The main effects of pulse amplitude and pulse duration on ML response were also both
significant (amplitude: F = 11.95 and p < 0.0001; duration: F = 5.42 and p < 0.01). The pulse amplitude has also a significant effect on
LL responses for the whole dataset of RGCs (F = 7.16, p < 0.0001) and on the subset of RGCs exhibiting significant LL activity (F = 11.15,
p <0.0001). No interaction between pulse duration, amplitude, and shape was significant. When increasing the pulse amplitude from
8.9 to 1790 mV, the ML indirect activity could reach 199 + 94 % (mean * s.e.m) of its initial values (average of all the pulse durations
tested; Figure 6d, middle left) and 139 + 16 % (mean + s.e.m) of its initial values when lengthening the pulse duration from 10 to 100
ms (average of all the pulse amplitudes tested; Figure 6d, middle right). The LL indirect activity reaches 157 + 108 % (mean + s.e.m)
of its initial values when increasing the pulse amplitude (Figure 6d, bottom left) and 108 + 65 % (mean + s.e.m) of its initial values

-63-



Capacitive-like photovoltaic epiretinal stimulation enhances the network-mediated activity of retinal ganglion cells by recruiting the lateral
inhibitory network

when lengthening the pulse duration (Figure 6d, bottom right) as computed above. Taking into account the RGC exhibiting LL activity
only (n = 4 out of 13), the LL indirect activity reaches 269 + 107 % (mean * s.e.m) of its initial values when increasing the exposure
and 125 = 76 % (mean * s.e.m) of its initial values when lengthening the pulse duration.

The efficacy of non-rectangular capacitive-like voltage pulses to strengthen indirect activity was also reflected in the amplitude
required to induce supra-threshold activity (Figure 6e). SL, ML, and LL supra-threshold responses required lower voltage amplitudes
when evoked by non-rectangular capacitive-like pulses in contrast to rectangular pulses. Nonetheless, as previously suggested, the
decrease in the voltage required to elicit SL supra-threshold responses might be attributed to the underestimation of SL spikes elicited
by rectangular pulses.

These results demonstrate that non-rectangular capacitive-like voltage pulses can elicit stronger ML indirect activation of RGCs than
rectangular ones. The statistical independence of the pulse shape and duration, together with the evidence that both shapes deliver
the same effective charge, reinforce the hypothesis that the voltage delivery rate is a key parameter to control indirect activation of
RGCs. This is also consistent with the integrative nature of interneurons.

3.4.4 Computational model

To provide a biophysical interpretation of the effect of the stimulus features (i.e. amplitude, duration, and shape) on the
indirect activity, we simulated the response of a three dimensional stratified and interconnected in-silico retina upon epiretinal
stimulation (Figure 7a). The voltage pulse was modelled with a FEA simulation as a local Gaussian-shaped voltage increase, whose
amplitude decreases with depth within the retinal-like tissue (Figure 7b). The rising and falling phases of the capacitive-like voltage
pulse were fitted with a one-term exponential function. Given the high electrical resistivity of the neural retina, when stimulating in
epiretinal configuration less than 5 % of the electric field reaches a distance of 100 pm from the electrode (where the PR layer is
located), while only less than 20 % reaches a distance of 50 um from the electrode (where the BC layer is located). A previous report
also showed that in Rd10 mice, at this stage of degeneration (> P120), only apoptotic PRs remain, and the dendrites of BCs retract as
early as P25. On the other hand, BCs remain relatively preserved: only 23 % are lost at a very late stage of degeneration (> P180)01,
Taking into account the minor voltage changes in the PR layer, together with the advanced degree of degeneration of the retinas in
our experimental dataset, only four layers of retinal cells were modelled: RGCs, ACs, BCs, and HCs, as sketched in Figure 7a.
Considering both the resistance and the capacitance properties of the neural retina, each layer was modelled as a low-pass filter,
whose impulse response varies according to its distance from the stimulating electrode. The electric field generated by the electrode
is hence low-pass filtered by each retinal layer, as shown in Figure 7c.

Upon voltage injection, in-silico stimulations of the retina lead to a typical RGC spiking pattern including SL and ML activities (Figure
7d-f). First, we observed an action potential within a few milliseconds after the stimulus onset (SL). Then, the stimulus propagates to
the neighbouring retinal columns, including the close inhibitory surround. As a result, the excitability of the directly stimulated RGCs
is decreased by their surrounding ACs. Meanwhile, granted that the input voltage is sufficient, upstream BCs are also depolarised
and, in turn, they activate downstream RGCs. Voltage reduction and low-pass filtering together induce a slow trade-off phase
between excitatory and inhibitory backward inputs to the RGCs. Specifically, non-rectangular capacitive-like voltage pulses induce
higher depolarisation of ACs, BCs, and HCs compared to rectangular ones of paired pulse duration and amplitude. This behaviour
leads to a stronger ML response in downstream RGCs (Figure 7d-f). Importantly, this in-silico model of retinal-like tissue embedding
transient a-RGCs does not reproduce LL responses. The generation of indirect response patterns with latencies higher than 100 ms
might indeed be related to the functional characteristics of RGCs: sustained cells could respond up to 150 ms after single electrical
stimulation while ON and brisk-transient RGCs exhibited shorter indirect responses382, In the absence of any functional ON-OFF nor
sustained local circuits, the biophysical retinal-like model is hence unable to reproduce LL responses. However, the implementation
of sustained a-RGCs exhibiting tonic responses to isolated stimulation allows the reproduction of both ML and LL responses (Figure
15).
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Ch.3 Figure 7 - Biophysical model of the retinal layers under epiretinal stimulation

a, Simplified topology of the model. Circles represent the excitatory cells (BCs, RGCs), while squares represent the inhibitory cells
(HCs, ACs). The background image shows a FEA simulation of the potential generated by an electrode placed in the centre of the
sketched network. b, FEA simulation of the potential generated by the electrode (red bar) when it is facing the retinal tissue.
Each potential line is separated from the previous one by a 5-pum step. The green line shows the potential at 10-um depth from
the electrode surface, the blue line at 30-um depth, the red line at 49-um depth, the magenta line at 64-um depth, and the cyan
line at 100-um depth, respectively corresponding to the location of RGC, AC, BC, HC, PR cell bodies. c, Filtered 50-ms 180-mV
rectangular voltage pulse effective at the level of the HC, BC, AC, and RGC layers. d, e, f, Characterisation of the biophysical
retinal circuit response upon stimulation with rectangular and non-rectangular capacitive-like voltage pulses. The membrane
potentials of an HC, BC, AC, and RGC located at the centre of the epiretinal electrode are shown upon a 180-mV rectangular (left)
and non-rectangular capacitive-like (right) stimulations lasting for 10 (d), 20 (e), and 50 ms (f). In all panels, the red traces show
the filtered voltage pulse effective at each layer. The horizontal blue bars represent the duration of the voltage pulse.
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The ML indirect activation of RGCs occurs within 20 to 35 ms after the stimulus onset, with a latency decreasing with the
pulse amplitude (Figure 8a). The latency of ML spikes is related to the increase of the membrane potential in inner retinal cells. Under
sufficient voltage delivery, the BC input to the RGC induces a spike burst; however, the increase in the membrane potential in ACs
induces an inhibition of RGCs, which delays the onset of the indirect response (Figure 8b,c). Shutting off ACs in the biophysical model
cancels out the time interval between SL and ML spikes, thus leading to a continuous firing of RGCs (Figure 8b,c). These results show
that BCs and ACs are both necessary to produce a secondary activity pattern with a latency in the order of few tens of milliseconds
as observed ex-vivo.
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Ch.3 Figure 8 - Spike latency and contribution of amacrine cells
a, Latency of SL and ML activity induced by 10-, 20-, and 50-ms rectangular and non-rectangular capacitive-like voltage pulses.
b, ¢, Membrane potential of the RGC located at the centre of the electrode, upon 10- and 20-ms rectangular (b) and non-
rectangular capacitive-like (c) stimulation at 250 mV, with (black) and without (red) presynaptic inhibition from the ACs.

RGCs stimulated in-silico also exhibited a voltage-dependent SL direct activity and a voltage- and duration-dependent ML indirect
activity (Figure 9a-c). In agreement with our ex-vivo results, non-rectangular capacitive-like voltage pulses elicited stronger ML
indirect activity compared to the rectangular ones of paired pulse amplitude and duration (Figure 9b,c). The firing rate (Figure 9b,c)
and latency (Figure 8a) of SL responses were not different between rectangular and non-rectangular capacitive-like stimulations.
Nonetheless, the network modelling does not take into account the compartmental complexity and the dynamics of ion channels at
the RGC level, according to which the pulse shape might alter SL activity382.
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Ch.3 Figure 9 - Characterisation of the in-silico RGC response

a, Heatmaps of SL (left) and ML (middle) mean firing rates upon 10-, 20-, and 50-ms rectangular and non-rectangular capacitive-
like voltage pulses. The voltage amplitudes are indicated on the left of each row. b, SL (top) and ML (bottom) spiking activity
generated in the RGC located at the centre of the electrode by 10-, 20-, and 50-ms stimuli for both rectangular and non-
rectangular capacitive-like voltage pulses. ¢, Grand average (+ s.e.m) of the mean firing rates of SL (top) and ML (bottom)
responses over the tested durations (left) and pulse amplitudes (right). d, Relative changes observed between the model outputs
and the ex-vivo measurements (n =13, N =11). e, Normalised strategy-dependant changes observed ex-vivo and from the model
outputs when lengthening the pulse duration or changing the stimulating shape from rectangular to non-rectangular capacitive-
like. f, The ML over SL activity ratio as a function of the pulse amplitude and duration. The activity ratio has been computed as
the difference in firing rates between ML and SL activities divided by their sum. The red and black squares respectively highlight
the optimal parameters found for rectangular and non-rectangular capacitive-like voltage pulses to elicit indirect activity
(duration < 20 ms; activity ratio > 0.8).

To further validate the model predictions and discriminate the changes due to this point-like reduction of the neurons, we
compared the relative changes observed between the model outputs and the ex-vivo measurements (n = 13, N = 11). For such need,
we evaluated: (i) the voltage required for supra-threshold ML responses upon 10- and 50-ms, rectangular and non-rectangular
capacitive—like stimulations (VML,IO,R ,VML,SO,RpVML,lo,CLp and VML,SO’CL), (II) the SL (ASL,lo; ASL,SO) and ML (AML,w, AML,SO) activity increase
between 10- and 50-ms, rectangular and non-rectangular capacitive-like pulses, (iii) the mean latencies of the first indirect spike upon
10- and 50-ms, rectangular and non-rectangular capacitive-like stimulations (Lmiior, Lmisor, Lmiioct, Lmusoct), (iv) the ML voltage
threshold difference induced by increasing the pulse duration from 10- to 50-ms (Dy,10, Dv,s0), and by substituting the stimulating
waveform from rectangular to non-rectangular capacitive-like (Dyg, Dv,c.) (Figure 9d). For each parameter, the relative change was

computed as % , where {3 is the mean ex-vivo observation and B the model output. The effects of stimulation strategies enhancing

network-mediated activity (i.e. pulse lengthening and non-rectangular capacitive-like waveform use) on ML voltage thresholds and
latencies were represented for both in-silico and ex-vivo datasets in Figure 9e. The model generally underestimates these parameters.
The voltages required to induce supra-threshold ML activity are underestimated for rectangular pulses and 10-ms non-rectangular
capacitive-like pulses. As a consequence, the activity increase between rectangular and non-rectangular capacitive-like 10-ms voltage
pulses (Ami, 10) shows the largest relative change. The latencies of the ML activity are accurately fitted by the model, exhibiting relative
changes lower than 0.2. However, because this computational framework is a biophysical reduction of the retinal tissue properties,
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it does not take into account the distribution of ion channels along the cell somas, axons, and axon hillock, nor it mimics functional
retinal pathways properties, such as centre-surround organisation and the ON-OFF transient-sustained behaviours. Because of this
reduction in complexity, the model accuracy decreases for conditions involving one (SL) or few cells (low rates ML response). In fact,
without those features, the behaviour of SL spikes cannot be sharply reproduced48. However, the relative changes for stimulation
paradigms involving a larger portion of the tissue (long or non-rectangular pulses leading to higher ML responses) are substantially
smaller: the activity increase between rectangular and non-rectangular capacitive-like 50-ms voltage pulses (Amiso) notably being
lower than 0.2. This discrepancy suggests an excessively linear modelling over the tested conditions. The effect of lengthening the
pulses and the substitution of rectangular pulse by non-rectangular capacitive-like one are adequately fitted by the model (Figure
9e). Despite the retinal complexity reduction, the connection pattern between stratified inhibitory and excitatory layers is sufficient
to reproduce the main features and strategy-dependant changes observed in ex-vivo electrophysiological recordings. Both ex-vivo
and in-silico approaches show the following strategy-dependant features: lengthening of the stimulation pulse reduces the ML
voltage required to induce supra-threshold activity, increases the ML activity, and decreases the ML response latency. Likewise, the
use of non-rectangular capacitive-like pulses reduces the ML voltage required to induce supra-threshold activity, increases the ML
activity, but increases the ML response latency. This last point is not reproduced by the model, presumably because the relative
changes of ML response latencies between the ex-vivo data and the model outputs are both very small (lower than 0.2).

Figure 9f shows a linear assumption of the indirect-to-direct activity ratio for various pulse amplitudes and durations, either
rectangular or non-rectangular capacitive-like shaped. While rectangular stimuli require high voltages (higher than 1 V) or very long
durations (longer than 60 ms) to maximise the indirect-to-direct activity ratio, non-rectangular capacitive-like pulses maximise the
indirect-to-direct activity ratio at amplitudes one order of magnitude lower or with shorter pulses. The range of pulse amplitudes
maximising the indirect-to-direct activity ratio (> 0.8) for rectangular and capacitive-like pulses (< 20 ms in order to ensure a
stimulation frequency of about 20 Hz) are highlighted respectively by the black and red contours.

Furthermore, since capacitive-like pulses induce longer depolarisation in inner retinal cells, they might facilitate the
temporal summation of repetitive stimuli (Figure 10). This feature has to be considered in the context of clinical use since the
conventional stimulation frequencies used in retinal prostheses range from 5 to 20 Hz158,186:232,237,318 Recent evidence suggests 4 to
10 Hz as an optimal stimulation frequency range for epiretinal prostheses, in order to maximise the RGC excitation, in particular ON
RGCs387.419, However, the possibility to reproduce flicker fusion with prosthetic vision at high frequencies is a remarkable advantage
towards a more physiological-like artificial vision1?4. A trade-off between the stimulation frequency and stimulus duration becomes
especially important when dealing with photovoltaic electrodes. A compromise has to be found between maintaining the light pulse
short enough to ensure high stimulation frequencies and avoid photothermal damage to the retina, but still enabling indirect activity
and eventually temporal summation. The control of the falling phase of the voltage stimulus (independent from the duration of the
light pulse) can be a solution to increase the ML activity elicited by a pulse of given duration and amplitude (Figure 11). For identical
supra-threshold single 20-ms pulses, increasing the decay phase time constant from 6 ms (time constant obtained from an
exponential fit of the voltage measured in 36° ) to 18 ms enables to increase the ML activity by 166 %. No comparable modulation
could be found when varying the rising phase time constant.

— Rectangular Capacitive-like — 10mV
LZS ms
BC BC 10mV
——
25 ms
AC AC
10 mV

LZS ms

RGC
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Ch.3 Figure 10 - Modelling of the retinal network activity upon repetitive sub-threshold stimulation

=

Membrane potentials of an HC, BC, AC, and RGC located at the centre of the electrode, upon repetitive rectangular (left) and
non-rectangular capacitive-like (right) sub-threshold stimulations (five 10-ms and 20-mV voltage pulses at 20 Hz).
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Ch.3 Figure 11 - Comparison of ML indirect activity elicited by capacitive-like pulses with increasing falling time constants
a, Normalised photovoltage curves with various discharge time constants. The photovoltage measured on top of photovoltaic
pixels3%? s fitted by the green curve. b, Membrane potentials of an HC, BP, AC, and RGC located at the centre of the electrode,
upon 20-ms non-rectangular capacitive-like stimulation at 250 mV, with falling time constants of 2, 12, and 24 ms. The red traces
show the filtered voltage pulse effective at each layer. ¢, PSTHs of the RGC located at the centre of the electrode, upon 20-ms
capacitive-like stimulations at 250 mV with increasing falling time constants. In all panels the horizontal blue bars show the pulse
duration.

Last, the biophysical model indicates that shuffling the stimulating electrode from the epiretinal to the subretinal side
allowed to shorten the onset of the ML indirect activity upon non-rectangular capacitive-like voltage pulses (Figure 12a,b), in
agreement to what was previously shown ex-vivo337.The subretinal stimulation induced a balanced contribution of excitation (from
BCs) and inhibition (from ACs), as shown in the right column of Figure 12a, while epiretinal stimulation induces a stronger contribution
from ACs compared to that from BCs (Figure 12a, left), due to the vicinity of the electrode to the AC layer. In this manner, epiretinal
stimulation can be characterised as inhibition-driven, while subretinal stimulation is excitation and inhibition-driven. This difference
in presynaptic regime leads to shorter latencies for ML activity upon subretinal stimulation compared to epiretinal stimulation (Figure
12b). However, no difference was found between the ML firing rates induced by subretinal or epiretinal stimulation (Figure 12c,d);
although the voltage required to induce supra-threshold ML indirect activity in subretinal stimulation was consistently 20 to 30 mV
lower than that required upon epiretinal stimulation, due to the higher contribution of BCs respect to ACs inhibition (Figure 12a,c).
In conclusion, these data suggest that epiretinal stimulation can induce ML indirect activation of RGCs comparable to subretinal
stimulation.
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Ch.3 Figure 12 - Comparison of epiretinal and subretinal stimulations in-silico

a, The top panels show the probability distribution of the electrical potential in the retinal tissue under epiretinal (left) or
subretinal (right) stimulation. The other panels show the membrane potentials of an HC, BC, AC, and RGC located at the centre
of the electrode, upon 10-ms non-rectangular capacitive-like stimulation at 250 mV from an epiretinal (left) or a subretinal (right)
electrode. The red traces show the filtered voltage pulse effective at each layer. For subretinal stimulation, the electrode was
placed 10 um away from the horizontal cell layer. b, First SL direct and ML indirect spikes latencies measured from the RGC
located at the centre of the electrode upon 10-ms, 20-ms, and 50-ms non-rectangular capacitive-like voltage pulses of amplitudes
ranging from 20 to 1000 mV delivered from the epiretinal or subretinal side. ¢, ML indirect spiking activity generated in the RGC
located at the centre of the electrode upon 10-, 20-, and 50-ms non-rectangular capacitive-like voltage pulses of amplitudes
ranging from 20 to 1000 mV delivered from the epiretinal or subretinal side. d, Grand average (+ s.e.m) of the mean firing rates
of ML response over the tested durations (left) and voltage amplitudes (right).
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3.4.5 Spatial selectivity of rectangular and capacitive-like voltage pulses

Next, we evaluated the spatial extent of RGCs responses to epiretinal voltage-controlled stimulation using a computational
and experimental hybrid approach. From two-dimensional activation plots of the simulated RGCs, ACs, BCs, and HCs, we estimated
the spatial extent of the response in the AC and RGC layers upon 10- and 50-ms rectangular and non-rectangular capacitive-like
voltage pulses (Figure 13).
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Ch.3 Figure 13 - Modelling of the spatial extent of the retinal circuit response

a, Spatial extent of the ML indirect response of RGCs compared to the extent of ACs activity. A 10 x 10 grid of RGCs and upstream
network were simulated upon 10- and 50-ms rectangular or non-rectangular capacitive-like voltage pulses at 140 mV and 180
mV. RGCs indirect activity (right) and ACs activation (left) colormaps are shown for four representative conditions: 10-ms and
140-mV rectangular pulse (bottom left); 10-ms and 140-mV non-rectangular capacitive-like pulse (top left); 50-ms and 140-mV
rectangular pulse (top right); 50-ms and 140-mV non-rectangular capacitive-like pulse (bottom right). On the ACs activity
colourmaps, each pixel represents the cell membrane potential difference compared to the membrane potential threshold
required for the appearance of the ML activity. Positive differences are represented in white to red colours, while negative (sub-
threshold) differences are represented in blue. The red circle indicates the electrode location. The spatial extent of the RGCs
response has been calculated as the full width at half maximum of its activation profile fit, while the spatial extent of the ACs
activation has been calculated as the full width at the threshold for ML indirect activity. b, Mean normalised activation profile
and Gaussian fit of the activity of ACs upon 10-ms and 50-ms rectangular or non-rectangular capacitive-like voltage pulses with
amplitudes of 140 mV and 180 mV. 10 x 10 cells have been averaged over four directions. The blue line indicates the AC
membrane potential threshold for ML indirect activity.

In order to assess the spatial extent of the responses to in-silico stimulation, the RGC and AC population activities were fitted with a
Gaussian function. To quantify the activation of non-spiking ACs, we determined a threshold of relevant membrane potential rise.
The AC activation was evaluated compared to the minimum AC membrane potential allowing indirect activity (-21.53 mV). This value
represents the voltage threshold leading to the first indirect spike with the less efficient condition to generate indirect activity (10-
ms rectangular pulses). Below this value, ACs are slightly depolarised by the epiretinal stimulus, but not enough to contribute to the
formation of the indirect activity pattern. In the representative maps of Figure 13a, we presented the AC membrane potential rise
with respect to this threshold, in order to graphically display only the relevantly active ACs. Above the indirect activation threshold,
the spreading of the AC activation and the RGC indirect response (estimated from a Gaussian fit of the membrane potentials of the
10 x 10 cell population) can be linearly anticorrelated (Figure 13a): the spatial activation of RGC layer inversely varied with that of
the AC layer. With 10-ms, 140-mV rectangular pulse (Figure 13a, bottom left), any RGC is indirectly activated, and any AC is
significantly activated. With 10-ms, 140-mV non-rectangular capacitive-like pulse (Figure 13a, top left), the ACs nearest to the
electrode centre are moderately activated, and several of the RGCs located over the electrode present spikes with a uniform 10 Hz
firing rate. When lengthening the applied pulse (Figure 13a, top and bottom right, respectively 50-ms, 140-mV rectangular and non-
rectangular capacitive-like pulses), the AC layer is activated strongly and widely, and the RGC response is consequently not uniform
anymore. For 50-ms, 140-mV non-rectangular capacitive-like voltage pulses (Figure 13a, bottom right) and more generally long pulses
of higher voltages, the RGC response spread is minimised. In this representative example, the RGC located at the centre of the

-71-



Capacitive-like photovoltaic epiretinal stimulation enhances the network-mediated activity of retinal ganglion cells by recruiting the lateral
inhibitory network

electrode shows a five times higher ML response than the eccentric RGCs. This minimisation of the RGC ML response spread can be
attributed to the wider activation of the AC layer. Besides, long or non-rectangular capacitive-like voltage pulses enable the activation
of a wider pool of ACs (Figure 13b). For paired voltage amplitudes and pulse durations, non-rectangular capacitive-like pulses elicit
more sustained membrane depolarisation in ACs than rectangular pulses (Figure 7). Also, non-rectangular capacitive-like pulses
induce a wider spatial activation of ACs within the gaussian-shaped voltage probability distribution defined around the electrode
(Figure 13b). This strengthening and widening of the AC response are dependent on the voltage, the duration, and the shape of the
pulse, and are favoured by long and non-rectangular capacitive-like pulses. On the other hand, the difference between the AC
activation profiles obtained with rectangular and non-rectangular capacitive-like voltage pulses is reduced when the pulse duration
is increased to more than 20 ms (Figure 13b, right panel), presumably due to the saturation of network response kinetics. At the RGC
level, the spatial extent of the activation is also dependent on the voltage, the duration, and the shape of the voltage pulse, but with
an inverse relationship. The widest activation of the recorded ACs pool is observed upon 50-ms, 180-mV non-rectangular capacitive-
like voltage pulses, in which a 7.5 cells-diameter area is activated around the electrode. This leads up to the most focused RGC
response amongst the tested conditions, in which the central RGC indirect (ML) firing rate is 1.8 times higher than its immediate
neighbours and 5.7 times higher than the peripheral responding RGCs.

Complementary to the biophysical simulations, we estimated the electrical receptive fields (eRFs) of RGCs ex-vivo upon
rectangular and capacitive-like voltage pulses (Figure 14). Rd10 retinas were explanted on the custom-made MEA and RGCs were
located by recording their spontaneous activity. Each RGC was successively stimulated by using the 25 nearest electrodes with 10-
and 50-ms rectangular and non-rectangular capacitive-like voltage pulses (179 mV). The eRFs from individual RGCs upon electrical
stimulation were centred on the electrode eliciting the maximal ML activity under 50-ms stimulation and normalised according to
the ML firing rate obtained (Figure 14a). Direct and indirect firing rates obtained with individual electrodes were spatially averaged
over three directions and fitted with a Gaussian function (Figure 14a,b). The eRF diameters were calculated from the activity fit as
the full width at the median response amplitude, for both direct and indirect activities and labelled as SL-eRF, ML-eRF, or LL-eRF
(Figure 14a).

The eRFs for 10- and 50-ms capacitive-like and rectangular pulses are shown in Figure 14c. SL-eRFs present elongated shapes, showing
that electrodes distant more than 300 um can directly depolarise the RGCs, likely because of axonal stimulation. An action potential
generated in a distal axonal segment and antidromically propagated in less than 10 ms would indeed be classified as direct (SL) RGC
activation. The diameter of SL-eRFs is respectively of 101 um for 10-ms rectangular pulses, 226 pm for 50-ms rectangular pulses, 82
pum for 10-ms capacitive-like pulses, and 66 pm for 50-ms capacitive-like pulses (n = 8, N = 8). Regarding indirect eRFs (ML-eRFs, LL-
eRFs), 50-ms capacitive-like stimulation provides the most focused response. This stimulation condition was previously associated
with high indirect activity (Figures 6 and 9) and with a wide activation of ACs (Figure 13). Conversely, the indirect eRFs obtained with
rectangular pulses are broader, due to the averaging of idiosyncratic preferred stimulation axis (Figure 14b-d). With rectangular
pulses, the diameter of ML-eRFs and LL-eRFs is respectively of 147 um and 218 um for 10-ms pulses (n = 8, N = 8). Capacitive-like
pulses exhibit ML-eRFs and LL-eRFs clustered around the central electrode, with diameters of 93 and 110 um for 10-ms pulses (n =8,
N = 8). With longer (50-ms) capacitive-like pulses, a more clustered indirect eRF is observed; the diameter of ML-eRFs and LL-eRFs is
reduced respectively to 76 um and 86 um (n = 8, N = 8). For rectangular pulses, the increase in duration also helps, to a lesser extent,
to reduce the diameter of the indirect eRFs, which becomes respectively of 111 um and 220 um for 50-ms pulses ML-eRFs and LL-
eRFs.

Thereby, lengthening the stimulation pulse and/or substituting the rectangular waveform into a capacitive-like one allows not only
to increase the RGC network-mediated activity, but also to cluster it. The reduction in indirect eRFS under stimulation conditions
favouring high ML and LL activities (50-ms and/or non-rectangular capacitive-like pulse) precisely originates in the strong and
sustained recruitment of the non-spiking retinal network, including the inhibitory surround of the targeted RGC.
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Ch.3 Figure 14 - Electrical receptive fields of RGCs upon rectangular and non-rectangular capacitive-like stimulation

a, Sketch of the stimulating and recording setup. The approximated location of the recorded cell’s soma is indicated by the red
circle below the pipette’s tip. Voltage pulses were delivered alternatively from each of 25 nearest electrodes of the MEA. The
red crosses represent experimental points obtained for successive RGC stimulation with each of the 25 electrodes and the green
mesh the 2D Gaussian fit of those points from which was calculated the eRF diameter, itself represented by the black arrow. b,
Fit of the grand average SL (green), ML (red), and LL (blue) response amplitudes. Experimental measures obtained with individual
electrode stimulation have been averaged over the horizontal, the diagonal, and the vertical axes and fitted with a Gaussian
function (n = 8, N = 8). For each RGC, ten consecutive sweeps have been averaged. c, Representative heatmaps of normalised
SL, ML, and LL activities recorded with 10-ms and 50-ms rectangular or non-rectangular capacitive-like voltage pulses, both with
a peak voltage of 179 mV (n = 1, ten sweeps have been averaged). d, Mean heatmaps of normalised SL, ML, and LL activities
recorded with 10-ms and 50-ms rectangular or non-rectangular capacitive-like voltage pulses, with a peak voltage of 179 mV (n
=8, N =8). For each RGC, ten consecutive sweeps have been averaged. Heatmaps in (c) and (d) have been generated from linear
interpolation of experimental SL, ML, and LL values recorded from individual electrode stimulations. The scale bars in (c) and (d)
display the electrode pitch (150 pum).

3.4.6  Modelling sustained a-RGCs

In order to reproduce LL indirect activity in-silico, sustained RGCs were modeled by modifying the intrinsic membrane
properties to introduce spike-triggered post-spike facilitation and spike-frequency adaptation using an adaptive exponential
integrate-and-fire neuron model392:420, A post-spike reset membrane potential (Vreset) 2.5 mV higher than the resting potential (Vrest)
was notably introduced to maintain post-spike RGC in a high excitability state after the spiking event (Figure 15a). Such nonlinear
model is able to reproduce repetitive firing and tonic response to current and voltage stimulation (Figure 15a)32420, Upon epiretinal
stimulation, sustained RGCs exhibited SL spikes, inhibition period, and ML response, similarly to transient cells described above
(Figure 15b,c). SL and ML responses developed along the same trend as transient RGC ones (Figure 15d right and middle, and (e) top
and middle, respectively for SL and ML activities). But conversely to the transient model, within sufficient pulse amplitudes, LL
responses can be induced, following ML spikes and a second inhibitory period (Figure 15b, 20-ms capacitive-like stimulation, 180
mV). The start of LL activity indeed appears to be synchronous with the closure of ACs rise in activity. In this perspective, LL activity
is a chain consequence of ML activity, which maintained the sustained cell in an excitable state for several tens of milliseconds, and
of the consecutive RGC disinhibition. Indeed, as for ML response, LL response occurs only under the condition of sufficient initial
input from BCs, and the LL activity depends on the pulse duration, amplitude, and shape. Accordingly, the voltage threshold for LL
activity is lower for non-rectangular capacitive like voltage pulses (Figures 15d right and 15e bottom). Therefore, LL responses are as
well favored by increasing the pulse duration and by using non-rectangular capacitive-like voltage pulses.

It is worth to notice that for strong stimulation (high amplitudes and long durations) LL response showed an upper voltage threshold
above which the firing rate decrease with the increase of voltage amplitude. This upper voltage threshold is lowered by increasing
the pulse duration and by using non-rectangular capacitive-like voltage pulses (Figure 15 bottom, visible for 20- and 50-ms non-
rectangular capacitive-like voltage pulses). The presence of an LL upper threshold in RGCs exhibiting ML and LL responses is also
supported by our data ex-vivo (Figure 6b). The model output suggests that once the upper threshold is reached, the two indirect
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responses (ML and LL) are fused together, because the large input from BCs cannot be balanced anymore by the inhibitory input from
ACs (Figure 15c).
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Ch.3 Figure 15 - Sustained RGC modelling

a, Exponential integrate-and-fire model membrane potential behaviour under voltage stimulation exhibits spike facilitation and
tonic response. The sampled neuron had no synaptic connection and was stimulated with capacitive-like 20-ms pulse at 150 mV.
Its resting potential (Vrest) was set to -70 mV, its threshold potential (V1) to -55 mV and its reset potential (Vreset) to -67.5 mV. b,
¢, Membrane potentials of an HC, BC, AC, and RGC located at the centre of the electrode, upon 20-ms non-rectangular capacitive-
like stimulation at 180 mV (b) and 1 V (c). The red traces show the filtered voltage pulse effective at each layer. d, Heatmaps of
SL (left), ML (middle) and LL (right) mean firing rates upon 10-, 20-, and 50-ms rectangular (top) and non-rectangular capacitive-
like (bottom) voltage pulses. The voltage amplitudes are indicated on the left of each row. e, SL (top), ML (middle) and LL (bottom)
spiking activity generated in the RGC located at the centre of the electrode by 10-, 20-, and 50-ms stimuli for both rectangular
and non-rectangular capacitive-like voltage pulses.
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3.5 Discussion

In this work, we used the POLYRETINA photovoltaic prosthesis, whose 80-um pixels generate cathodic capacitive-like
voltage pulses under green light stimulation, to generate network-mediated indirect activation of RGCs from dystrophic Rd10 retinas.
In our experiments, we have observed that the non-rectangular capacitive-like waveforms generated by the photovoltaic interface
induce higher indirect responses than rectangular pulses of paired pulse duration and amplitude. Photovoltaic stimulations, electrical
stimulations, and in-silico simulations consistently demonstrate that indirect activity of RGCs could be enhanced by irradiance or
voltage increase, pulse lengthening, and substitution of rectangular pulses into non-rectangular capacitive-like pulses, all resulting in
higher activation of inner retinal interneurons. In the present set of experiments, we intentionally evaluated a wide range of pulse
amplitudes leading to charge densities up to 20 mC cm2 per phase. In real applications, though, the safe charge injection limit of the
electrode should be considered while designing the stimulation protocol. In this respect, the use of non-rectangular capacitive-like
pulses allows to elicit maximal indirect activity at voltages one order of magnitude lower than rectangular pulses, thus reducing the
total charge delivered by the electrode.

Both the sustained voltage delivery (pulses longer than 10 ms) and the gradual voltage decrease (as in capacitive-like pulses) showed
the ability to maintain non-spiking BCs and ACs active for tenths of milliseconds after the stimulus onset. This sustained activation
leads to the characteristic RGC activation pattern consisting of one or two direct spikes generated by the local membrane
depolarisation (SL), an inhibition period, and a second burst of activity (ML). In addition to SL and ML activities, a third indirect and
further delayed burst of activity (LL) is reported in this work and others337:382 The identification of sustained-RGCs as generators of
persistent activation bursts under electrical stimulation382 suggests that the LL wave might have an origin related to the functional
type of RGCs. It has also been proposed that LL activity may originate from the photoreceptors layer33’. However, in retinal
degeneration models, whereas the connectivity patterns between BCs and RGCs is preserved!9?, early PRs death and BCs’ dendrites
retraction!0® makes it very unlikely to have a straight vertical excitation from the outer nuclear layer at late stages of degeneration
(> P120).

We demonstrated that the photovoltaic approach, despite its apparent loss of temporal sharpness due to the capacitive-like voltage
transients generated at the pixel interface, triggers a realistic indirect activity in degenerated retinas upon epiretinal stimulation. In
particular, the slow voltage decay generated at the photovoltaic pixel-electrolyte interface allows both to enhance the indirect
response and to lower its voltage threshold. Indeed, it has been previously shown that a slow decreasing ramp is more efficient than
a slow increasing ramp to minimise the threshold charge for neuronal activation while maximising the injectable charge from the
electrodes*!6. These findings are in line with recent reports about the efficiency of non-rectangular pulses to trigger indirect activity38é
and the sensitivity to low-frequency stimuli of inner retinal neurons. Fast responding spike-encoding RGCs might indeed show
preferential sensitivity to rectangular stimuli, while the activation of voltage-encoding interneurons can be modulated by slower
voltage changes3®’. This evidence corroborates the increase in INL-mediated responses observed with non-rectangular capacitive-
like pulses.

However, it is still not consensual whether non-rectangular stimuli may favour or not the generation of SL direct activity. Some
evidence suggests that the high-pass filtering behaviour of RGC is presumably related to their sodium- and potassium-driven
dynamics387, On the other hand, models of single neuron stimulation suggest that rectangular stimuli are not an optimum choice to
match the membrane dynamics of spiking cells#16417 : slower ascending ramps might allow a better match with the ionic channel
kinetics*16. In the absence of fine compartmentalised modelling taking into account the quantitative ionic channel kinetic properties
and their distribution along the RGC soma and axon hillock, no direct (SL) stimulation efficiency difference can be found between
rectangular and non-rectangular stimuli418, The biophysical origin of the frequency shift observed between RGC and inner retinal
neurons remains then unclear. However, the reduction of the indirect activity delay that we observe when displacing the electrode
in the subretinal space, as previously observed ex-vivo337, suggests that the input filters are not — or not only — intrinsic
electrophysiological properties of the cell types, but rather consequences of the layered structure of the retina and its electrical
resistivity. Reports of direct response within a timescale of several milliseconds in subretinal configuration, twice as long as delays
reported in epiretinal configuration direct stimulation, also supports this hypothesis337:421, Because non-rectangular capacitive-like
pulses also facilitate the temporal summation of sub-threshold stimuli, thanks to their ability to sustainably depolarise retinal
interneurons, it is conceptually feasible to abolish any direct depolarisation of RGCs, using sub-threshold pulses promoting the
formation of an indirect summed activity, as previously suggested37°. Such stimulation design can allow an almost exclusive epiretinal
indirect stimulation of RGCs.

The use of capacitive-like pulses in epiretinal stimulation not only allows to enhance the indirect activity compared to direct RGC
depolarisation but it can improve the stimulation resolution. The indirect excitation of the RGC layer enables a more focal population
response owing to the recruitment of lateral inhibition within the retina. Our results suggest a crucial role of ACs in the generation
of indirect activity. Simulations in-silico and ex-vivo experiments suggest that non-rectangular capacitive-like voltage pulses, in
contrast to rectangular pulses, induce a wider and more sustained activation of the inhibitory AC layer, thus a more clustered indirect
activation of RGC layer. The clustering effect at the RGC level is reinforced by the conjoint use of long and capacitive-like pulses since
long pulse durations appear to be more sensitive to the pulse shape for optimal neurons excitation422. Our computational-

-75-



Capacitive-like photovoltaic epiretinal stimulation enhances the network-mediated activity of retinal ganglion cells by recruiting the lateral
inhibitory network

experimental approach suggests that the RGC indirect activity is necessarily associated with the activation of the AC layer and
backwards inhibition of the eRF surround.

In epiretinal stimulation, the focusing of the RGC eRF can be impaired by several factors: (i) the local depolarisation of the RGC axon
by a peripheral electrode, (ii) the electrode size, for example an 80-um electrode can activate BCs leading to secondary activation of
15 to 20 RGCs in an intact mouse retina, but up to 160 RGCs in the human fovea*23424, and (iii) the extra potential generated around
the electrode which can cover 10 additional RGCs. Furthermore, gap junctions between RGCs and eventually aberrant connection or
other miswired partners could alter the spatial focusing of the response from individual RGCs. All those factors can be attenuated by
decoupling the eRFs of individual RGCs thanks to their respective inhibitory surround. The sustained stimulation of the inner retina
and the lateral inhibitory network, via long non-rectangular capacitive-like pulses, contributes to the focusing of the indirect eRF. This
evidence clarifies the response resolution refinement previously demonstrated ex-vivo and in-vivo with rectangular pulses longer
than 25 ms237, In that study, the calcium imaging readout of the spatial RGC activation ex-vivo is narrowed by the lengthening of
electrical stimulation. Similarly, the indirect eRFs focusing that we observed with capacitive-like pulses is expected to narrow the
spatial extent of the RGC layer activation, as shown by the biophysical model. However, the use of long pulses dramatically limits the
affordable stimulation frequency of the prosthesis: an optimal pulse duration of 25 ms would theoretically limit the prosthesis
operating range to approximately 20 Hz for biphasic pulses (or less if we consider a safe interval between consecutive pulses). Non-
rectangular waveforms such as capacitive-like stimuli allow reaching indirect firing rates comparable to those obtained with 20-ms
rectangular pulses, but with pulses two times shorter, thus increasing the theoretical stimulation rate limit of the prosthesis. Along
with this, for paired pulse durations, the use of non-rectangular capacitive-like pulses reduces the voltage necessary to activate both
excitatory and inhibitory inner retinal cells, which in turn might have a beneficial effect on the stimulation focusing.

3.6 Conclusion

Turning epiretinal stimulation into an indirect stimulation strategy with long non-rectangular capacitive-like pulses offers
new perspectives to epiretinal prostheses. The lengthening of the stimulus pulse or the use of pulses with slow voltage changes
favour the sustained activation of the inner retinal neurons and induce a focused indirect response in RGCs. However, lengthening
the stimulation pulses might excessively reduce the maximal repetition rate of a retinal prosthesis. Therefore, the optimal pulse
shape engineering can be a complementary strategy to further promote indirect response without lengthening the stimulation
pulses. The various types of indirect response patterns recorded under electrical stimulation#1942> suggest that the network-
mediation can preserve the diversity of stimulus encoding by the local retinal circuits. If the stimuli encoding is undeniably modified,
the network-mediation may allow to preserve a functional specificity through the local wiring, and thus be more likely to reproduce
natural responses features, such as inter or intra-burst intervals. Notably, the first latency between direct and medium-latency
responses might be critical. The present study demonstrates that, upon the relevant stimulation paradigmes, it is possible to indirectly
target RGC in a physiologically realistic manner, while benefiting from the implantation convenience of epiretinal devices. In the
perspective of axons stimulation avoidance, it seems convenient to design a stimulation protocol favouring an epiretinal indirect
stimulation of RGCs thanks to the use of capacitive-like waveforms and long pulse durations. However, how the successive waves of
indirect activation would be further processed, integrated, and interpreted by the patient remains to be understood. Moreover, an
approach based on epiretinal indirect activation relies on the preservation of the inner nuclear layer connectivity. Nevertheless, the
appropriate therapeutic window may still have to be clinically determined, although the preservation of ACs and RGCs, together with
arelative preservation of the inner nuclear layer morphology leaves considerable hope for indirect epiretinal excitation and inhibition
of RGCs#3:68,69,102,104 | ast, the relevance of a strategy based on indirect activity to enhance the resolution of artificial vision still
requires to be proven in-vivo. Further work may include the simulation of functional diversity in RGCs, together with a more realistic
compartmentalised neuron model, in order to provide a deeper sight on the relative roles of retinal stratification and cells specificity.
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4.1 Abstract

Retinal prostheses hold the promise of restoring vision in totally blind people. However, a decade of clinical trials
highlighted quantitative limitations hampering the possibility to reach this goal. A key challenge in retinal stimulation is to
independently activate retinal neurons over a large portion of the subject’s visual field. Reaching such a goal would significantly
improve the perception accuracy in retinal implants’ users, along with their spatial cognition, attention, ambient mapping and
interaction with the environment. To address this issue, here we show a wide-field, high-density and high-resolution photovoltaic
epiretinal prosthesis for artificial vision (POLYRETINA). The prosthesis embeds 10,498 physically and functionally independent
photovoltaic pixels allowing for wide retinal coverage and high-resolution stimulation. Single-pixel illumination reproducibly induced
network-mediated responses from retinal ganglion cells at safe irradiance levels. Furthermore, POLYRETINA allowed response
discrimination with a high spatial resolution equivalent to the pixel pitch (120 um) thanks to the network-mediated stimulation
mechanism. This approach could allow mid-peripheral artificial vision in patients with Retinitis Pigmentosa.
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4.2 Introduction

Visual prostheses provide artificial vision through electrical stimulation of the preserved neurons in the visual
system?426,99.427_ Qver the years, several devices were proposed, including retinal, optic nerve and cortical implants428.143,429,183,158,147,
Still, so far, only retinal prostheses have reached large testing in patients together with tremendous improvements from the
technological perspective?37,320,369,430,

Retinal implants have been predominantly tested in blind patients affected by Retinitis Pigmentosa, a set of inherited retinal
dystrophies causing the progressive loss of retinal photoreceptors, the visual field’s constriction and eventually blindness!®. Retinitis
Pigmentosa has a prevalence of about 1:4,000 individuals, although totally blind people are rare (i.e. with no remaining light
perception). Retinitis Pigmentosa patients implanted with either epiretinal or subretinal prostheses could localise and identify letters
or objects, and perform orientation tasks!86.280431  Nevertheless, despite the research community’s effort and the patients’
enthusiasm, most of the latter ceased using their implant in the first to the third year following their surgery2”’°. Furthermore, one-
third of the users of the Argus® Il epiretinal prosthesis (the most implanted so far) declared that the device had a neutral impact on
their quality of life after three years?72,

This discouragement can be attributed to quantitative limitations in the artificial vision provided by retinal implants?7°. Retinal
prostheses approved by regulatory agencies provide at best a visual angle of 20 degrees (Argus® 11158) and despite already being an
incredible achievement in medical technology, such angle does not allow for safe and independent navigation in open spaces with
obstacles and moving objects345432, Independent mobility is of primary importance to increase the quality of life in profoundly blind
patients with Retinitis Pigmentosa'3. Additionally, the coarse visual resolution offered by the device (i.e. for the Argus® 11433, 6 x 10
electrodes with a 525-um pitch), combined with the small visual angle, provides little help in daily tasks involving object identification
and recognition. Last, patients reported that retinal prostheses are cognitively exhausting due to the constant need of space
decomposition?7°: because of the limited visual angle, the users are instructed to move their head and body to scan the environment.
Scanning implies a constant visual decomposition and mental reconstruction of the visual scene, often guided by a complex pairing
of the coarse visual information with audio-tactile cues?7°. Studies under simulated prosthetic vision identified a visual angle of 30
degrees as the minimal requirement to efficiently complete everyday mobility and manipulation tasks277:279-281,434 This number might
even underestimate the real needs of implanted patients, which exhibit poor performance in those tasks, due to the perceptual and
behavioural learning required to adapt to the spatially fractioned artificial vision435436, Thus, the small visual angle is a significant
bottleneck preventing patients affected by Retinitis Pigmentosa from efficiently performing daily activities. New retinal prostheses
should overcome this challenge and restore a large enough visual angle fitting the natural scanning via eye movements to provide a
helpful and valuable visual aid to patients with Retinitis Pigmentosa. Wide-field retinal prostheses enabling theoretical visual angles
larger than 30 degrees were recently proposed and tested in preclinical studies to meet these requirements68369,

Nevertheless, the visual angle is not the only barrier. Object identification and recognition require devices able to provide enough
resolution. Wide-field arrays were so far designed for epiretinal placement only since large subretinal implants might encounter
considerable difficulty in the surgical placement and represent a high risk of retinal detachment136.285437, However, clinical trials
showed that the best visual resolution was achieved using subretinal prostheses. The highest visual acuities reported to date, as
measured with Landolt-C test, were 20/460 (logMAR 1.37) with the subretinal implant PRIMA#38 and 20/546 (logMAR 1.43) with the
subretinal implant Alpha-AMS!81, Grating acuities reported in the literature range from 20/1260 with the epiretinal Argus® Il
implant284 to 20/364 with the subretinal Alpha-AMS implant?’5, The inadequate performance of epiretinal prostheses like the Argus®
Il can be attributed to two factors: on the one hand, the implantable pulse generator, the transscleral cable and the feedlines in the
array strongly limit the number and density of the electrodes, despite the large retinal coverage allowed by the epiretinal placement.
On the other hand, the direct activation of the nerve fibers distorts the retinotopic map by stimulating cells far from the electrode.

In this work we propose a wide-field curved organic photovoltaic epiretinal prosthesis with a high pixel density to address the
aforementioned limitations. The high-density POLYRETINA implant was conceived to offer a large visual angle requiring minimal head
scanning and a high resolution through epiretinal network-mediated stimulation, thus overcoming the nerve fibers direct activation.
However, a high pixel density in the prosthesis does not necessarily correlate with high visual discrimination, since the response
resolution at the retinal ganglion cell (RGC) level might be altered by the high spatial interconnectivity of the retinal network36348,439,
Therefore, we investigated ex-vivo the response resolution provided by this high-density retinal prosthesis. Our results demonstrated
that POLYRETINA could achieve a high spatial resolution in epiretinal stimulation, which is a substantial step forward for artificial
vision.
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4.3 Results
4.3.1 High-density retinal prosthesis

POLYRETINA is a wide-field high-density epiretinal prosthesis which contains 10,498 photovoltaic pixels (80-um diameter,
120-um pitch) distributed with a density of 79.1 pixels mm-2 over an active area of 13 mm in diameter (Figure 1a,b). Once bonded to
its curved flexible support, the active area is slightly stretched to 13.4 mm, and the prosthesis covers a visual angle of about 43
degrees (750 mrad). Compared to the first POLYRETINA design3%®, the number of pixels and their density were increased, together
with two other technical improvements. First, titanium (Ti) electrodes were coated with a layer of titanium nitride (TiN) to enhance
the stimulation efficiency while keeping a safe capacitive stimulation. Second, the polymer-based layers below each cathode were
patterned to generate physically independent photovoltaic pixels (Figure 1c) and to avoid having cracks between rigid platforms
made out of SU-8 (Figure 1b).

The fabrication of a high-density array brings on several challenges. First, the higher the pixel density, the higher the risk
that the pixels would crack during the hemispherical shaping of the device. We performed finite element analysis simulations to
estimate the level of tensile stress and strain occurring onto the cathodes during hemispherical shaping (Figure 1d,e). The TiN coating
reduced the tensile strain from -0.55 % (Ti pixels) to -0.13 % (TiN-coated pixels) and the tensile stress from 574.8 MPa (Ti) to 310.9
MPa (TiN). The reduction of tensile stress during hemispherical shaping further protects the metal cathodes (Figure 1b).
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Ch.4 Figure 1 - High-density POLYRETINA device

a, Picture of a fabricated high-density POLYRETINA prosthesis with 10,498 photovoltaic pixels. b, Magnified view of the
photovoltaic pixels having a diameter of 80 um and a pitch of 120 um. ¢, Sketch of the cross-section structure of the POLYRETINA
photovoltaic interface before bonding to the hemispherical dome. The layer thicknesses are as follow: base PDMS layer: 50 um;
SU-8 platforms: 6 um; second PDMS layer embedding SU-8 platforms: 15 um; PEDOT:PSS: 50 nm, P3HT:PCBM: 100 nm, Ti-TiN:
80-60 nm, final PDMS layer: 4 um. PDMS: polydimethylsiloxane; PEDOT: poly(3,4-ethylenedioxythiophene); PSS:
poly(styrenesulfonate); P3HT: regioregular poly(3-hexylthiophene-2,5-diyl); PCsoBM: [6,6]-phenyl-C61-butyric acid methyl ester;
Ti: titanium; TiN: titanium nitride. d, Tensile strain simulated at the level of TiN. e, Tensile stress simulated at the level of TiN.

J

Second, a higher pixel density might induce cross-talk during stimulation with neighbouring pixels. To rule out this
possibility, we measured the radial voltage spreading (Figure 2a) in three directions (D1, D2 and D3 in Figure 2b) using a glass
microelectrode upon pulsed illumination of a single-pixel (560 nm, 10 ms). The minimum irradiance level required to activate RGCs
ex-vivo is about one hundred of uW mm-2 for large-field illumination369; yet, to exclude cross-talk even at very high irradiance levels,
we performed the experiment at 22.65 mW mm2, the maximal irradiance attainable by the illumination system. For each direction,
the voltage generated from the pixel was measured in several points at increasing distance from the illuminated pixel (red points in
Figure 2b) and interpolated in a two-dimensional colour map (Figure 2c). The voltage generated by single-pixel illumination remained
localised above the pixel. In order to ensure that neighbouring pixels do not induce cross-talk, we repeated the experiment activating
one pixel (Figure 2d, left), one pixel with one surrounding corona of pixels (seven pixels; Figure 2d, middle left), one pixel with two
surrounding coronas of pixels (nineteen pixels; Figure 2d, middle right), or the two surrounding coronas of pixels with the central
pixel off (eighteen pixels; Figure 2d, right). For each condition, the normalised voltage profiles in the three principal directions were
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averaged. The average plot of the voltage profile showed that the voltage generated by each pixel is sharply discriminated from the
one of neighbouring pixels and does not show a voltage summation effect, in all the configurations tested (Figure 2e). Even in the
extreme case where the central pixel is off while the surrounding eighteen pixels are on, there is very high contrast in the voltage
drop between the central pixel and the neighbouring ones (Figure 2e, right), although a small residual potential is present also onto
the central pixel. These results show that the pixels are electrically independent (i.e. no cross-talk). However, it must be noted that
the voltage measures were taken close to the device’s surface (2-5 um distance). Such a sharp discrimination of the voltage profile
might be reduced at larger distances from the array, where RGCs and bipolar cells (BCs) are located.
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Ch.4 Figure 2 - Stimulation selectivity of the photovoltaic pixel

a, Sketch of the experimental set-up to measure the voltage spreading. The insert shows the photovoltaic transduction
mechanism. A photon is absorbed by the P3HT (p-type semiconductor, electron donor) and an exciton is formed. The exciton
travels until it reaches the interface between P3HT and PCBM (n-type semiconductor, electron acceptor) and dissociates. The
electron is attracted towards the cathode (Ti/TiN), and the hole is attracted towards the anode (PEDOT:PSS) because of their
work function levels. b, Sketch of the experimental methodology. The green dot corresponds to the illuminated pixel (560 nm,
10 ms, 22 mW mm2). The grey ones represent the surrounding pixels. The voltage was measured in 25 positions (red dots) for
each direction (D1, D2, and D3). ¢, Voltage spreading colour map generated by interpolating the experimental measures with a
triangulation-based linear interpolation. For each data point, 10 consecutive recordings were averaged and the voltage peaks
were normalised to the maximal value obtained in the whole experiment. The white circles show the location of the pixels. d,
Pictures of the four stimulation patterns: central on (left), central on and one corona on (middle left), central on and two coronas
on (middle right), and central off and two coronas on (right). The light spots are visible (brighter area). e, Normalised voltage
profiles obtained for the four illumination patterns (mean +s.e.m.; n = 4 prostheses). For each prosthesis, the normalised data
from the 3 directions were averaged. The red line shows a Gaussian fitting, and the green bars beneath corresponds to the active
pixels.

Third, high-density retinal prostheses would represent a useful advancement only if stimulation of RGCs can be achieved by
single-pixel illumination. Thus, TiN was coated on top of the pixels to increase their stimulation efficiency. Using Kelvin Probe Force
Microscopy (KPFM), we evaluated the changes in the surface potential generated at the cathode upon illumination (560 nm, 60's, 0.9
mW mm-2) with and without the TiN coating (Figure 3a). The irradiance level was set to 0.9 mW mm2since our previous results
showed a saturation of the RGC response beyond this value3%. TiN-coated pixels showed a statistically significant higher change in
the surface potential compared to Ti pixels (Figure 3b; p = 0.0083, two-tailed unpaired t-test). Next, we measured the photo-current
(PC) and the photo-voltage (PV) generated by the pixels upon illumination (565 nm, 10 ms) at increasing irradiance levels. We
fabricated chips embedding 6 pixels, each of them connected to a contact pad to measure the signal at the cathode against a platinum
reference electrode immersed in saline solution (Figure 3c). The mean PC density (PCD) and PV were both higher for TiN-coated pixels
upon illumination at increasing irradiance levels (Figure 3f,g). We further evaluated the PCD and the PV at the representative
irradiance level of 0.9 MW mm-2 (Figure 3h): a statistically significant difference between Ti and TiN-coated pixels was found for both
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the PCD (p = 0.0288, two-tailed unpaired t-test) and the PV (p < 0.0001, two-tailed unpaired t-test). The surface area of the cathodes
was measured with an atomic force microscope (AFM) over an area of 500 x 500 nm? (Figure 3i,j). On average (n = 3 pixels), TiN-
coated pixels showed a statistically higher surface area compared to Ti pixels (p = 0.0024, two-tailed unpaired t-test). These results
confirmed that the photovoltaic pixels are physically and functionally independent. The coating with TiN reduced the mechanical
stress of the pixels and increased their photovoltaic performance by likely reducing the electrode-electrolyte impedance, increasing
the interface capacitance and reducing the parasitic resistances of the photovoltaic pixel. In fact, the TiN coating produces a more
homogeneous film than Ti alone, with a better contact and likely decreasing the series resistance. In turns, a lower series resistance
reduced the current flowing into the shunt resistance of the device, especially at the light onset, hence increasing the PCD peak. It is
worth to mention that the additional fabrication steps needed to process the TiN layer might also influence the polymer layer
underneath and lead to higher PCD. These results open up the possibility of high-resolution single-pixel stimulation of RGCs.
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a, Picture of the KPFM set-up. b, Surface voltage changes obtained with Ti (circles) and TiN-coated (squares) cathodes. Each bar
is the mean (+ s.d.) of the measures from n = 13 Ti pixels and n = 8 TiN-coated pixels. ¢, Drawing of the experimental set-up for
the measure of the PC and PV; the light pulse comes from the bottom. d,e, Mean PCD (d) and PV (e) measures obtained from Ti
(grey) and TiN-coated (black) pixels upon illumination (565 nm, 10 ms, 0.9 mW mm2). For Ti, n = 24 pixels from 4 chips were
averaged; for TiN, n = 18 pixels from 3 chips were averaged. f,g, Mean (+ s.e.m) PCD (f) and PV (g) amplitudes quantified at
increasing irradiance levels (565 nm, 10 ms) for Ti pixels (circles; n = 24 pixels from 4 chips) and TiN-coated pixels (squares; n =
18 pixels from 3 chips). h, Mean (+ s.e.m) PCD and PV amplitudes quantified at 0.9 mW mm2 for Ti (n = 24 pixels from 4 chips)

and TiN-coated (n = 18 pixels from 3 chips) pixels. i, AFM images of the Ti and Ti/TiN surfaces. The colour bar shows the surface
roughness. j, Mean (t s.d.) percental increase of the surface area compared to the nominal flat area (500 x 500 nm?).
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Ch.4 Figure 3 - Optoelectronic characterisation of the photovoltaic pixel
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4.3.2  Single-pixel stimulation efficiency of titanium nitride photovoltaic pixels

We subsequently evaluated whether the increased photovoltaic performances of TiN-coated pixels translated into a higher
stimulation efficiency of RGCs. For this study, we used explanted retinas from the Retinal degeneration 10 (Rd10) mouse model,
which is an established model for Retinitis Pigmentosal©1.121413, According to our previous study#4° and studies performed by other
laboratories335414, Rd10 retinas beyond post-natal day (P) 60 can be considered light-insensitive. In order to ensure a proper exclusion
of intrinsic light responses due to spared photoreceptors, the experiments in this work were performed in Rd10 retinas at a very late
stage of degeneration (mean age + s.d.: 127.2 + 14.9). Both male and female mice were used to exclude any effect related to sex-
related differences in the degeneration onset and progression in Rd10 retinas (Table 3). Explanted retinas were layered in epiretinal
configuration, and the prosthetic-evoked activity of RGCs was recorded via single-electrode extracellular recordings (Figure 4a). Light
pulses (560 nm, 10 ms) were delivered in a broad range of irradiance levels (0.9, 2.34, 6.24, 12.37, 17.68 and 22.65 mW mm-2) and
the network-mediated medium-latency (ML) responses of RGCs to large-field (covering approximately 70 pixels) illumination (Figure
4b) and single-pixel illumination (Figure 4c) were compared. The quantification of the ML spiking activity upon large-field illumination
revealed that TiN-coated pixels elicited on average higher ML spiking activity than Ti pixels (Figure 4d). Moreover, in both conditions,
the first irradiance tested (0.9 mW mm?-2) elicited a statistically significant ML spiking activity higher than the basal activity computed
without light (Ti: p = 0.0088; TiN: p < 0.0001; two-tailed unpaired t-test). When the illumination was switched to single-pixel (Figure
4e), both Ti and TiN-coated pixels also evoked a statistically significant ML spiking activity at the first irradiance tested (0.9 mW mm-
2, Ti: p = 0.0378; TiN: p = 0.0062; two-tailed unpaired t-test). This result revealed that both Ti and TiN-coated photovoltaic pixels
induced RGC activity upon single-pixel illumination.

Next, we quantified the fraction of RGCs that could be activated with 10-ms pulses at 0.9 mW mm-2 under both large-field and single-
pixel stimulation. For Ti pixels and large-field stimulation, 16 out of 20 RGCs showed ML responses at 0.9 mW mm-2, or in other words,
exhibited an activation threshold lower or equal to 0.9 mW mm-2. 3 out of 20 RGCs showed activation at 2.34 mW mm-2, and 1 out
of 20 RGCs showed activation at 12.37 mW mm=2. Switching to single-pixel illumination, only one-third of the RGCs (7 out of 20)
preserved ML activity upon illumination at 0.9 mW mm-2. For TiN-coated pixels, all RGCs (21 out of 21) showed ML activity upon
large-field illumination at 0.9 mW mm-2, and still more than half RGCs (12 out of 21) when the illumination was switched to single-
pixel. This result shows the higher efficiency in single-pixel retinal stimulation of TiN-coated photovoltaic pixels compared to Ti pixels.
Noteworthy, this increase in efficiency cannot be attributed to sex-related differences. For Ti pixels, nine animals were used (129.4 +
15.6, mean age t s.d), of which 7 males (77.8 %) and 2 females (22.2 %). For TiN-coated pixels, six animals were used (126.5 + 22.0,
mean age t s.d), of which 4 males (66.7 %) and 2 females (33.3 %). Also, the mice’s age was not statistically different among the two
groups (p = 0.77, two-tailed unpaired t-test). With TiN-coated pixels and single-pixel illumination, 57 % (12 out of 21) of the recorded
cells could be activated at 0.9 MW mm-2 while the others required higherirradiance: a result coherent with those obtained by another
photovoltaic retinal prosthesis*41. The variation in the irradiance threshold can be related to the location of the RGCs and their pre-
synaptic networks compared to the position of the illuminated pixel, which cannot be precisely located due to the recording method.
Therefore, RGCs having their pre-synaptic network centred over a pixel might have a lower threshold than those RGCs eccentric to
the pixel because of the very limited lateral spreading of the photovoltaic stimulus.

In a second set of cells (n = 30 RGCs) exhibiting ML response upon single-pixel illumination of TiN-coated pixels at 0.9 mW mm-2, we
determined the threshold for activation using lower irradiance levels (0.014, 0.16, 0.35, 0.68, and 0.9 mW mm-2). The average ML
firing rates upon single-pixel illumination increased as a function of the irradiance (Figure 4g) with an activation threshold of about
79 UW mm2, obtained as the irradiance level providing 10 % of the maximal ML firing rate measured at 0.9 mW mm=2. This result
shows that the responsivity of the RGCs can be modulated as a function of the irradiance level. However, we observed that the single-
pixel activation threshold for individual RGCs is variable among the irradiance levels tested (Figure 4h), and more than half (18 out
of 30) of the RGCs exhibited a ML response threshold lower or equal to 0.35 mW mm2. While the population threshold was estimated
to be 79 pW mm-2, only 6 out of 30 cells showed ML responses at 160 uW mm-2. As before, the disparity of the network-mediated
ML activation thresholds can be related to the location of the cell and its pre-synaptic network compared to the position of the
illuminated pixel. Last, we evaluated in a subset of RGCs (n = 11, TiN-coated pixels) the ML responsivity with and without the
application of a broad spectrum glutamatergic synaptic antagonist (DL-AP4, 250 uM I'1; No. 0101, Tocris Bioscience), which blocks
the synapticinput of ON BCs#42 (Figure 4i). The ML response curve was not altered by the introduction of the antagonist. This excludes
any contribution from potential spared photoreceptors to the ML responses recorded upon photovoltaic stimulation. Also, the single-
pixel activation threshold measured in individual RGCs was not statistically different after DL-AP4 application (Figure 4j; p = 0.68,
two-tailed paired t-test).

These results confirmed that the network-mediated stimulation of RGCs in epiretinal configuration is achieved with single-pixel
illumination at irradiance levels largely below the maximum permissible exposure (MPE) limit for retinal safety, which for POLYRETINA
varies between 8.32 and 2.08 mW mm-2 respectively for 5 and 20 Hz illumination rate and 10-ms pulse duration.
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Ch.4 Figure 4 - Single-pixel stimulation of retinal ganglion cells

a, Sketch of the recording set-up. b,c, Representative responses from a retinal ganglion cell upon 3 consecutive light pulses (560
nm, 10 ms, 0.9 mW mm2) with large-field illumination (b) and single-pixel illumination (c). d,e, Comparison of the stimulation
efficacy during large-field (d) and single-pixel (e) illumination under increasing irradiances with Ti-based (n = 20 RGCs, mean *
s.e.m.) and TiN-based pixels (n = 21 RGCs, mean * s.e.m.). f, Change in the activation threshold from large-field to single-pixel
illumination for both Ti pixels (n = 20 RGCs) and TiN-coated pixels (n = 21 RGCs). The numbers for each column are the fraction
of RGCs activated by a 10-ms light pulse of 0.9 mW mm-=2. Inf means that the RGC does not show ML activity at any of the
irradiance level tested. LF: large-field, SP: single-pixel. g, ML firing rate (n = 30 RGCs, mean + s.e.m.) at low irradiance levels for
TiN-coated pixels and single-pixel illumination. The black line is the second-order polynomial interpolation (R squared = 0.29).
The grey dashed lines show the activation threshold computed as the irradiance eliciting 10 % of the maximal ML firing rate at
0.9 mW mm=. h, Activation threshold for each RGCs with single-pixel illumination and TiN-coated pixels (mean + s.d.). i, ML firing
rate (n = 11 RGCs, mean +s.e.m.) at low irradiance levels for TiN-coated pixels and single-pixel illumination before and after the
application of DL-AP4. j, Activation threshold for each individual RGC with single-pixel illumination and TiN-coated pixels before
(black circles) and after (white circles) the application of DL-AP4 (mean +s.d.).

4.3.3  Photovoltaic receptive fields

Using TiN-coated pixels and single-pixel illumination at 0.9 mW mm-2, we quantified the number of pixels eliciting a
network-mediated ML response in a given RGC (Figure 5). The 19 neighbouring pixels around the recording electrode were
successively illuminated (560 nm, 10 ms, 0.9 mW mm-2) according to a counter-clockwise pattern (Figure 5a). The network-mediated
ML activities elicited by the illumination of each pixel were mapped to the pixel coordinates, and the photovoltaic receptive fields
(RFs) of the RGCs were fitted with a two-dimensional gaussian model. Each photovoltaic RF diameter was then calculated as the
average between the horizontal and vertical standard deviation of its two-dimensional activation map. The majority of the recorded
RGCs (24 out of 31 cells) exhibited small photovoltaic RFs with a radius ranging from 34.5 to 142.5 um (Figure 5d). 5 out of 31 RGCs
exhibited large photovoltaic RFs whose radius varied between 184.3 and 282.7 um (Figure 5e). 2 out of 31 RGCs exhibited elongated
photovoltaic RFs, showing high responses to several aligned pixels (Figure 5f). The activation maps of the RGCs could be clustered
(Gaussian mixture model) into two populations (Figure 5b), namely those exhibiting small or large photovoltaic RFs (RGCs with
elongated RFs were excluded from the analysis). For clustering, the RFs were rotated so that the horizontal direction (x-axis)
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corresponds to the axis of maximal dispersion and the vertical direction (y-axis) corresponds to the dispersion in the orthogonal
direction. The average photovoltaic RF diameter for each population was respectively 153.7 + 26.1 um and 335.5 + 49.3 um (mean +
s.e.m). In both the healthy and the Rd10 mouse retinas, most of the RGCs exhibit functional RFs of a size similar to the small
photovoltaic RFs (with a median cluster diameter between 119 and 280 um)79.102443_ Also, populations of large a-RGCs with larger
dendritic trees (up to 395 um diameter) were reported in the mouse retina’?444, with RFs sizes similar to large photovoltaic RFs
recorded in the present study. Statistical analysis revealed that RGCs with small photovoltaic RFs are indirectly stimulated through
an average of three photovoltaic pixels (Figure 5c). A pixel was considered to induce statistically significant activation of the RGC if
the mean ML response, evaluated over ten repetitions, was statistically significantly higher than the cell background activity (p < 0.05,
two-tailed unpaired t-test), which was calculated as the activity in the 100-ms pre-stimulus period averaged across all the illuminated
pixels. Cells with very small photovoltaic RFs could be activated by one pixel only. The larger the photovoltaic RF size, the higher the
number of pixels stimulating the RGC. However, the number of pixels activating one RGC might also be affected by the actual centring
of the cell and its pre-synaptic network compared to the photovoltaic pixels: a single RGC can be activated by multiple neighbouring
pixels when it is centred in between the pixels.
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Ch.4 Figure 5 - Photovoltaic receptive fields

a, Sketch of the temporal pattern used for stimulation. Each of the 19 pixels centred around the recording location was
successively illuminated following a counter-clockwise pattern (560 nm, 10 ms, 0.9 mW mm-2). The total illumination sequence
was repeated for 10 consecutive sweeps. The receptive fields or activation maps were obtained by two-dimensional Gaussian
approximation of the network-mediated ML responses elicited by single-pixel, averaged over sweeps, and normalized to the
maximal responding pixel. b, Gaussian mixture model of the RF sizes over the small (n = 24 RGCs) and large RFs RGC populations
(n =5 RGCs). The average RF diameter of the small and large types are respectively of 153.7 + 26.1 um and 335.5 + 49.3 um
(mean £ s.e.m.). ¢, Quantification of the number of pixels able to induce statistically significant (p < 0.05) ML activation in the
recorded RGC. The horizontal grey line is the median, the red cross is the average and the the boxes extend from the 25 to 75t
percentiles. d,e,f, Photovoltaic RFs from three individual RGCs classified as small RF cell (d), large RF cell (e), and elongated RF
cell (f). The bottom panels show raw electrophysiological recordings and raster plots from the same cells for each single-pixel
illumination (560 nm, 10 ms, 0.9 mW mm?, first sweep). The red boxes show the pixels inducing a statistically significant
activation of the recorded RGC.
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4.3.4  Spatial resolution of single-pixel stimulation

The retina desensitises upon repetitive and static network-mediated stimulation, and the RGC spiking response decays proportionally
to the stimulation frequency?52253.445, Taking advantage of this desensitisation process (i.e. to the adaptation to static electrical
stimulation), we investigated the stimulation response resolution using a two-point discrimination pattern reversal paradigm
(referred as pixel switch). In a fourth set of cells (n = 12 RGCs), RGCs were either statically stimulated with the most responsive pixel
of their RF or alternatively from the two most responding pixels of their RF. Upon repetitive stimulation from the same pixel at 5 Hz
(560 nm, 10 ms, 0.9 mW mm?2, 10 pulses), the response desensitisation could be observed already at the second light pulse, and it
reached a steady-state close to the average resting activity, calculated as the activity in the 100-ms pre-stimulus period averaged
across all the RGCs (Figure 6a-c). When stimulating the RGCs with the two most responding pixels of their RF (Figure 6d), the ML
activity was recovered by the switch of the stimulation pixel. Upon repetitive stimulation from the first pixel at 5 Hz (560 nm, 10 ms,
0.9 mW mm2, 5 pulses) the desensitisation could also be observed from the second light pulse (Figure 6e,f) with a 27.3 + 11.2 % drop
in the ML firing rate (mean + s.e.m.) compared to the first pulse response (p = 0.0105, two-tailed paired t-test) and at=0.93 + 0.14
s decay constant (mean * s.e.m.) over the five consecutive pulses. However, the ML response was fully recovered when the
stimulation pattern was reversed (i.e. when the stimulation was switched to the adjacent pixel). To evaluate the response recovery,
we computed a recovery threshold (red dashed line in Figure 6f) defined as the central value between the naive ML response (i.e.,
to the first pulse in the sequence) and the average desensitised ML response (average over pulses 3, 4 and 5; cyan dashed line in
Figure 6f). The ML response at the pixel reversal exceeded the threshold and it was statistically significantly higher than the
desensitised response (p = 0.0226, one-tailed paired t-test). Moreover, the ML response at the pixel reversal was not statistically
different from the naive response to the first pulse (p = 0.9054, two-tailed paired t-test). A strong ML response to the first pulse from
each pixel but not during the steady stimulation with the same pixel indicates that RGCs stimulated with POLYRETINA were able to
resolve the spatial difference between the two pixels, allowing a two-point discrimination of 120 um (equivalent to the pixel pitch).
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Ch.4 Figure 6 - Two-points discrimination pattern reversal test with single-pixel stimulation

a, Sketch of the single-pixel repeated stimulation paradigm. One pixel was repeatedly illuminated at 5 Hz (560 nm, 10 ms, 0.9
mW mm-2) for 2 s. b, Raw electrophysiological recordings of a single RGC under 5 Hz continuous stimulation from a single pixel.
The green triangles correspond to the onset of each light pulse. The red arrows highlight the ML activity. ¢, Quantification of the
ML firing rate (mean * s.e.m.) under continuous stimulation from a single pixel (n = 12 RGCs). The grey dashed line shows the
average resting firing rate with its s.d. represented by the grey area. d, Sketch of the two-point discrimination pattern reversal
paradigm. The central (orange) pixel was repeatedly illuminated for 1 s at 5 Hz (560 nm, 10 ms, 0.9 mW mm2), then the
illumination was switched to the adjacent pixel (purple) for 1sat 5 Hz (560 nm, 10 ms, 0.9 mW mm). e, Raw electrophysiological
recordings of a single RGC under 5 Hz two-point discrimination pattern reversal paradigm. The green triangles correspond to the
onset of each light pulse. The pixel switch is highlighted by the purple dashed line. The red arrows highlight ML activity. f,
Quantification of the ML firing rate (mean + s.e.m.) under two-point discrimination pattern reversal paradigm (n = 12 RGCs). The
cyan dashed line is the average desensitised ML firing rate and the red dashed line is the recovery threshold. The grey dashed
line and grey area show the average resting firing rate (+ s.d.).

Next, in a fifth set of cells (n = 26 RGCs), we tested spatial resolution with a high-contrast grating pattern reversal paradigm,
with a fixed bar width of 120 um (Figure 7a). Among the cells, we found three main behaviours presumably due to a variable
alignment of the RGC presynaptic network with the illuminated bar: RGCs responding to the first pattern and the two reversals (Figure
7b, top row), RGCs responding to the first pattern and the second reversal (Figure 7b, middle row) and RGCs responding only to the
first reversal (Figure 7b, bottom row). As observed in the two-points discrimination experiment, the ML response was reduced upon
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5-Hz repetitive stimulation with a steady grating pattern (Figure 7c), but the ML response was recovered at the two reversals of the
gratings pattern (pulses 6 and 11). As previously, we defined a recovery threshold for each reversal (red dashed lines in Figure 7c) as
the central values between the ML firing rate in response to the first pulse delivered with the previous pattern (pulse 1 and pulse 6
respectively for the first and the second reversal) and the average desensitised ML firing rate before the reversal (averaged over the
ML responses to pulses 3, 4 and 5 for the first reversal and pulses 8, 9 and 10 for the second reversal; cyan dashed lines in Figure 7b).
The ML response to the first and second pattern reversals (pulse 6 and 11) exceeded their respective recovery thresholds (red dashed
lines in Figure 7c), and they were statistically significantly higher than the corresponding desensitised firing rate (p = 0.0081 and p =
0.0140 respectively for the first and the second reversal, one-tailed paired t-test). Moreover, the ML responses to the grating
reversals were not statistically different from the response to the first naive pulse in the sequence (p = 0.8971 and F = 0.0893,
repeated measure one-way ANOVA among responses to pulses 1, 6 and 11). These results demonstrated that RGCs stimulated with

POLYRETINA could resolve 120-um wide gratings.
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Ch.4 Figure 7 - Grating pattern reversal with a fixed bar width
a, Sketch of the grating pattern reversal stimulation paradigm with a fixed bar width. A grating pattern with black and green 120-
um wide vertical bars (560 nm, 10 ms, 0.9 mW mm?2) was projected onto the array with a 5-Hz illumination rate for 3 s and
reverted every 5 pulses. b, Raw electrophysiological recordings of three RGCs under grating pattern reversal with a fixed bar
width. The green triangles correspond to the onset of each light pulse. The first pattern and the reversals are highlighted by the
grey dashed lines. The red arrows highlight ML activity. ¢, Quantification of the ML firing rate (mean * s.e.m.) under grating
pattern reversal with 120-um bar width (n = 26 RGCs). The cyan dashed lines are the average desensitised ML firing rates and
the red dashed lines are the recovery thresholds. The grey dashed line and grey area show the average resting firing rate (+s.d.).

To determine the spatial resolution limit, the grating pattern reversal paradigm was repeated with variable bar widths (200,
160, 120, 100 and 70 um) in a sub-set of cells (n = 18 RGCs). The grating resolution of individual RGCs was assessed as the smallest
grating size whose at least one reversal elicits a ML response at least two-third higher than the corresponding average desensitised
ML firing rate (Figure 8a). When varying the grating size, the alignment of the cell’s presynaptic network and the illuminated bar
varied, and ML responses were observed either at the first pattern and the two reversals, at the first pattern and the second reversal
or at the first reversal only (Figure 8a). The majority of the recorded cells RGCs shows a response resolution matching the pixel pitch
(120 um, 7 out of 18) or slightly higher (100 um, 6 out 18). In rarer case, ganglion cells show a response resolution lower than the
pixel pitch (160, 1 out of 18; 200 um, 1 out of 18) or higher than the pixel pitch (70 um, 3 out of 18) (Figure 8b). Response resolutions
higher than the pixel pitch could be explained by non-linear integration in RF’s subunits, as previously reported?94.

-86 -



POLYRETINA restores high-resolution responses to single-pixel stimulation in blind retinas

a 50 Hz b 7_ __

200
‘]]] ms .

=E £ F
T EIETE=
E E -
3 3

Cell number (n)
R W A |

. P
— ‘ T 70 100 120 160200
AAAAAAAAAAAAAAA Grating resolution (um)

Ch.4 Figure 8 - Spatial resolution limit
a, Peri-stimulus time histograms (bins of 10 ms) for one RGC upon grating pattern reversal stimulation with decreasing bar widths
(200, 160, 120, 100 and 70 pm). A grating pattern with black and green vertical bars (560 nm, 10 ms, 0.9 mW mm2) was projected
onto the array with a 5-Hz illumination rate for 3 s and reverted every 5 pulses. The first pattern and the reversals are highlighted
by the grey dashed lines. The green triangles correspond to the onset of each light pulse. The red rectangles highlight ML activity.
b, Distribution of grating resolutions obtained in 18 RGCs.

Last, in a sixth set of cells (n = 12 RGCs), we verified that the responses obtained at the pixel switch or the pattern reversals
were not induced by a change in the stimulus contrast. Thus, we evaluated RGC’s responses to irradiance steps without spatial
content. RGCs were successively stimulated with large-field illumination (covering approximately 70 pixels) at three irradiance levels
(0.9, 2.34 and 0.35 mW mm-2) at 5-Hz illumination rate; 5 consecutive pulses were delivered for each irradiance level (Figure 9a). No
ML response recovery was observed for both the positive (from 0.9 to 2.34 mW mm-2) and the negative (from 2.34 to 0.35 mW mm-
2) irradiance steps (Figure 9b). The ML firing rates at the two irradiance steps (pulses 6 and 11) were not statistically significantly
different than the corresponding desensitised responses (p = 0.1224 and p = 0.8546 respectively for the first and the second irradiance
step, two-tailed paired t-test). This result prevents the responses to pattern reversals to be attributed to changes in the stimulus
irradiance - due to the shift of illumination in the RGC presynaptic network. Yet, a small increase in the overall ML firing rate was
observed during the positive irradiance step (pulses from 6 to 10), but this can be related to the irradiance dependence of ML activity
(Figure 4).

In summary, this set of experiments confirmed a spatial resolution of the high-density POLYRETINA at least equivalent to its pixel
pitch (120 um).
a 0.9 mW mm?

2.34mW mm? 0.35 mW mm?

60+

40

20+

ML firing rate (Hz)

0 T T T T T T T T T T T T T T T
1 2 3 4 65§ 6 7 8 9 10 11 12 13 14 15
Light pulses (n)
Ch.4 Figure 9 - Modulation of stimulus contrast without spatial content
a, Sketch of the stimulus contrast modulation paradigm. Pixels were repeatedly illuminated with large-field illumination at 5 Hz
(560 nm, 10 ms) for 3 s, and the irradiance level was changed every 5 pulses (0.9, 2.34 and 0.35 mW mm?), the first irradiance
step was positive while the second was negative. b, Quantification of the ML firing rate (mean * s.e.m.) under modulation of the
stimulus contrast without spatial content (n = 12 RGCs). The cyan dashed lines are the average desensitised ML firing rates and
the red dashed lines are the recovery thresholds. The grey dashed line and grey area show the average resting firing rate (+ s.d.).
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4.3.5 Design constraints for thermal safety

POLYRETINA achieved network-mediated stimulation of RGCs with single-pixel illumination at irradiance levels below the
MPE limit for retinal safety. However, retinal damage is not the only element to be considered. During photovoltaic stimulation, a
light beam is projected into the pupil, which might be transiently focused on the iris during involuntary large eye movements. In such
a case, the temperature of the iris should not increase more than 2 °C (1ISO 14708-1:2014 / EN 45502-1:1997). We performed a finite
element analysis simulation, based on the worst-case scenario in which the full beam at the retinal MPE was stationarily projected
onto the iris for a prolonged period. According to the calculated MPE for retinal safety, 47.90 mW at 565 nm could enter the pupil
for chronic exposure for an illuminated retinal area of 127.97 mm?2 (43 degrees). Given a constricted pupil of about 3 mm (as
considered in the safety standard?°?) and a light beam reduced to a spot of 2 mm in diameter (to avoid beam clipping), the resulting
irradiance at the iris plane is 15.25 mW mm-2. Due to the axial symmetry of the thermal simulation, we modelled the iris as a
continuous tissue without pupil (Figure 7a). The temperature in the iris increased by 13.58 °C after 150 s of continuous illumination
at the MPE (Figure 7b, red line), which is largely above the safety limit of 2 °C. In order to keep the chronic thermal increase in the
iris below 2 °C, the irradiance should be reduced to 2.25 mW mm-2 (Figure 7b, green line), corresponding to a total of 7.07 mW
chronically entering from the pupil. At the retinal level, this irradiance would correspond to a maximum of 1.1 mW mm-2 for 10-ms
pulses, 5 Hz repetition rate, and an illuminated area of 127.97 mm?2, which is still above the irradiance threshold for single-pixel
stimulation of RGCs.
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Ch.4 Figure 10 - Thermal simulations at the iris plane
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a, Temperature increase at the iris plane in the modelled eye after 150 s of continuous illumination at the MPE (565 nm, 15.25
mW mm). b, Quantification of the temperature increase at the iris plane during 150 s of continuous illumination for various
irradiance levels: 1.25, 2.25, 3.25, 4.25, 5.25, 6.25, 7.25, 8.25, 9.25, 10.25, 11.25, 12.25, 13.25, 14.24 and 15.25 mW mm=2. The
red line corresponds to 15.25 mW mm and the green line to 2.25 mW mm=. ¢, Quantification of the time to reach a thermal
increase of 2 °C (left axis) as a function of the irradiance at the iris plane for continuous illumination at 565 nm (black circles and
line). The colored lines show the irradiance obtained at the retinal level (right axis) for 10-pulses repeated at 5 Hz (red line), 10
Hz (blue line) and 20 Hz (green line) as a function of the irradiance at the iris plane for continuous illumination.

However, it is unlikely that the beam remains statically focused on the same area of the iris for 150 s, as the continuous eye
movements would spread the light beam over a larger area and reduce its thermal impact2°1. Therefore, we quantified the time
needed to reach 2 °C with a stable beam (Figure 7c, black line and circles). At 15.25 mW mm-2, an increase of 2 °C is reached after
460 ms, and the time increases by decreasing the irradiance at the iris plane: at 3.25 mW mm2, an increase of 2 °C is reached after
8.5 s. It is reasonable to consider that eye movements will reduce the thermal impact. Therefore, the maximal irradiance entering
the pupil can be further increased well above the irradiance threshold for single-pixel stimulation of RGCs compared to the worst-
case scenario. Moreover, eye-tracking sensors embedded in modern virtual reality glasses provide tracking at 120 Hz, thus allowing
real-time adjustment of the beam based on the eye gaze. Under a working hypothesis of 10-ms pulses repeated at 5 Hz to 20 Hz, the
eye tracker will have enough time to correct the projection system by using a steering mirror or, in the worst case, to close the beam
to preserve the iris. Therefore, the obtained retinal irradiance can be further increased (Figure 7c, coloured lines), thus allowing
higher pulse rates.
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4.4 Discussion

So far, the maximum number of electrodes embedded in retinal prostheses, as well as their overall density were limited by
the use of implantable pulse generators, transcleral connections and feedlines in the array36, The introduction of the photovoltaic
technique in the field of retinal prostheses has overcome all the problems mentioned above in a single step!9. However, despite this
advancement, the small size, high stiffness and low conformability of many devices limit the overall retinal coverage to few
millimetres, and so the restored visual angle to about 6 degrees94320, The retinal coverage could be slighty increased by tiling small
rigid implants, as shown in rabbits up to approximately a 3.5-mm diameter area (approximately 11 degrees)3!2, but such visual angle
is still below estimated patient’s needs for practical uses.

Conjugated polymers combined with stretchable substrates, such as in the POLYRETINA prosthesis, allows for photovoltaic retinal
stimulation together with a wide coverage of the retinal surface. Conjugated polymers were first introduced in retinal stimulation as
continuous films directly interfaced with the retina319446, and already proved to be effective in-vivo to restore visual acuity in blind
rats320, |n principle, a continuous film might be advantageous compared to discrete electrodes, since a fixed arrangement of the
electrodes limits the spatial resolution of the stimulation. However, focused stimulation with continuous films is possible only with
materials having low carrier mobility and lifetime, such as conjugated polymers3%. A similar continuous approach is now proposed
with other materials like TiO, nanotubes37® and Au-TiO, nanowires*39, However, while continuous films are interesting for small
implants, they become more challenging for wide-field implants aiming at restoring a large visual angle. Inorganic materials might
not be easily fabricated on conformable materials since they often require high-temperature processes. Polymers can be deposited
on a large area, but they would immediately crack and eventually delaminate once stretched over a spherical surface. Therefore,
pixels must be fabricated and protected to preserve the mechanical integrity of the polymers. The microscale patterning of
conjugated polymers is an essential element to fabricate a high-density wide-field organic photovoltaic prosthesis : it allows the high-
density POLYRETINA to embed 10,498 physically and electrically independent pixels with a 120-um pitch. The device’s mechanical
integrity is preserved thanks to the SU-8 platforms, the patterning of the conjugated polymers and the TiN coating, which reduces
the tensile stress on the pixels. The device’s mechanical compliance allows the bonding of the high-density array over a large and
soft hemispherical dome to maintain close contact between the pixels and the retinal tissue over the central and peripheral retina.
The TiN coating enhances the stimulation efficiency, improves the mechanical stability and eases the fabrication process. Such pixels
can be independently activated with a focused light pattern; the photovoltage generated largely remains localised within the pixel
lateral boundaries, even at high irradiance levels, thus ensuring the absence of electrical cross-talk between the pixels.

The POLYRETINA interface delivers a capacitive-like photovoltage optimal for network-mediated activation of the RGCs
from the epiretinal®49, provided that long (e.g. 10-ms) light pulses are used. The increase in the pixels’ number and density resulted
into epiretinal network-mediated stimulation with high spatial resolution. In this study, we demonstrated a response resolution of
the POLYRETINA device equivalent to at least its pixel pitch (120 um), using both a two-point discrimination test and a grating pattern
reversal paradigm. Such resolution would theoretical corresponds to a visual acuity of 20/4801%, what places POLYRETINA in the
upper intermediate level close to the PRIMA and Alpha-AMS devices: a borderline resolution range for faces and emotions
recognition*’. Nevertheless, such a form of artificial vision may be valuable for a more reliable obstacle recognition and
ambulation?89448, The primary difference between POLYRETINA and the aforementioned implants is its large visual angle, which
impacts both the perceived visual field and the visual space scanning strategies. The combination of visual acuity and visual angle is
recognised as a crucial need to map and interact with one’s environment, having consequences on the layout space understanding,
walking distance evaluation, identify-and-reach tasks, spatial cognition, and attention#494%, Our study was conducted with
degenerated mouse retinas. Compared to the human one, the mouse retina’s peculiarity is to have RGCs with large and relatively
homogeneous RFs despite their eccentricities. The RGC's topography is organised in a dorsoventral axis, without any region devoted
to high visual acuity’41. In the perspective of clinical applications, it should be noted that the RGCs’ dendritic fields in the human
fovea are substantially smaller: 5 to 12 um for midget cells and 30 to 40 um for parasol cells&452, The pixel pitch would thus determine
the theoretical resolution limit in the fovea and parafovea. However, in humans, the size of RFs and the arborisation of both midget
and parasol cells increases with eccentricity84452453, POLYRETINA covers 43 degrees, about 11 to 13 % of the retinal surface*544%5, j.e.
the fovea, the parafovea, the perifovea, and up to 6-7 mm away from the fovea in the mid-peripheral retina. The dendritic tree varies
between 150 and 270 um for parasol cells and between 25 and 70 um for midget cells in the perifovea. In the mid-peripheral retina,
it varies between 175 and 310 um for parasol cells and between 50 and 120 um for midget cells#52. Outside of the fovea, both cell
types have RF diameters equal to or larger than the pixel pitch in POLYRETINA. Based on our results in mice retinas, nearly 40 % of
the human RGCs, mostly parafoveal and mid-peripheral parasol cells but also mid-peripheral midget cells, could be stimulated with
a resolution higher than their physiological RFs.

The legal definition of blindness in the United States of America and most European countries does not only take into account the
foveal acuity (worse than 20/200) but also the visual angle (smaller than 20 degrees), because of its critical role in the naturalistic
perception of complex scenes, movements and objects. Indeed, self-orienting task and free mobility in a moving environment require
the rapid detection of movements and luminance changes from the entire visual field. The restoration of a large visual field with
appropriate resolution represents a leap forward for artificial vision. However, some steps are still required before considering
POLYRETINA for a clinical trial. One open question is the distortion of phosphenes experienced by patients during epiretinal
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stimulation because of the direct activation of the axons of passage, which might have a negative impact on the perceived resolution.
Previous results in patients implanted with the Argus® Il device showed that phosphene’s distortion could be reduced if not avoided
by lengthening duration of the stimulation pulse?3’. Results in explanted retinas337.386:440 and computational models*4? suggested that
the implementation of both long pulses and non-rectangular waveform (as it is the case for POLYRETINA) allows a preferential
activation of RGCs via the network-mediated mechanism. Despite the direct activation of RGCs cannot be totally avoided, the
probability to elicit short-latency direct spikes upon POLYRETINA stimulation was previously evaluated to be about 20 % per light
pulse3%?, what corresponds to 0.2 spikes per light pulse: a very low spike rate, about 25 times lower than network-mediated ML spikes
(about 5 spikes per pulse). It still remains unclear if those low probability short-latency direct spikes would be meaningful for the
patients from a perceptual standpoint. Only human trials could provide an answer to this question.

Another limit of photovoltaic retinal prostheses based on conjugated polymers is the use of semiconducting materials absorbing light
in the visible spectrum (e.g. P3HT). Visible light for prosthetic activation is not optimal due to the possible activation of remaining
photoreceptors in patients with some residual vision. Moreover, the high irradiance levels required to activate POLYRETINA might be
perceived even in blind patients without residual vision. Novel conjugated polymers with shifted sensitivity in the far-red and near-
infrared could be exploited to overcome this problem456:457, Recent results reported the possibility to use a red-shifted polymer in
neural interfaces*>8 and retinal prostheses**°.

A third limit is set by the constraints imposed by the maximal irradiance, such as the maximal illumination rate. So far, Retinitis
Pigmentosa patients implanted with retinal prostheses preferred low stimulation rates (e.g. 5-10 Hz)183.201460 which are within the
safety limits for POLYRETINA. However, higher stimulation rates might be desirable to avoid flickering and achieve flicker fusion (i.e.
above 30 Hz), as shown in a study with implanted patients affected by age-related macular degeneration“33. It is unclear at this stage,
which is the optimal stimulation frequency for a device like POLYRETINA : psychophysical studies will be required to characterise it.
In order to achieve higher illumination rates, the thermal impact should be minimised: both near-infrared sensitive polymers and
beam compensation strategies might be helpful. A reduction in the visual angle could also contribute to reduce the thermal impact.
Although a wide-visual angle (i.e. above 30 degrees) is highly desirable in profoundly and totally blind patients, only psychophysical
tests can determine the exact minimum angle required. POLYRETINA covers 43 degrees, but a reduction to 35 degrees will increase
the maximal irradiance at the iris plane by 50 %. Last, POLYRETINA’s safety and efficacy should be validated in preclinical trials in-
vivo.
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4.5 Methods

4.5.1 Mechanical simulations

Finite element analysis simulations were performed in Abaqus/CAE 6.14, using a three-dimensional deformable shell
(photovoltaic interface) moving against a static spherical solid (hemispherical dome) to create a full hard contact. The edges of the
shell were clamped to move only in the vertical direction toward the solid dome. The surface roughness and intrinsic thin-film stresses
arising from deposition techniques were not considered in the simulation. The shell was constructed using the parameters listed in
Table 1.

Material Young’s modulus (MPa) Poisson’s ratio ! Density (kg m) .
PDMS (Neo-Hookean) C10=0.662, D1=0.255 0.5 970
SU-8 2,920 0.22 -
PEDOT:PSS 1,900 0.34 -
P3HT:PCsoBM 1,970 0.35 -
Ti 90,000 0.34
TiN 220,000 0.25 -

Ch.4 Table 1 — Mechanical simulations.
List of parameters used for the construction of the deformable shell. Apart from PDMS, the behaviours of the other materials
were considered isotropic elasticc. PDMS: polydimethylsiloxane; PEDOT: poly(3,4-ethylenedioxythiophene); PSS:
poly(styrenesulfonate) ; P3HT : regioregular poly(3-hexylthiophene-2,5-diyl) ; PC60BM : [6,6]-phenyl-C61-butyric acid methyl
ester ; Ti : titanium ; TiN : titanium nitride. The values for the Young’s modulus and Poisson’s ratio of the used materials and the
hyperelastic coefficients for PDMS were taken from the following references®6-4%7,

4,5.2  Thermal model

COMSOL Multiphysics 5.3 was used with the Bioheat module and the General PDE module for the heat transfer and Beer-
Lambert light propagation. A uniform beam with a diameter of 2 mm (565 nm) was used as the illumination source. The eye model
was built with several spheres representing each component (cornea, aqueous humour, lens, iris anterior border layer, iris stroma,
iris pigmented epithelium, vitreous humour, retina, retinal pigmented epithelium, choroid, and sclera). The iris was simulated as a
continuous film completely covering the pupil, while the light beam was projected on the iris, centred to the pupil location. All the
parameters used in the model are listed in Table 2.

Density
Kg m-
Aqueous humour 3100 3997 0.58 1000 0.025 0 0
Choroid 430 3840 0.53 1050 15000 0.0091 10000
Cornea 500 4178 0.58 1050 51 0 0
Lens 3600 3000 0.4 1050 25 0 0
Retina 100 3680 0.565 1000 400 0 0
Retinal pigment epithelium 10 4178 0.603 1050 110000 0 0
Sclera 500 4178 0.58 1000 590 0 0
Vitreous humour / 3997 0.6 1000 0.025 0 0
Iris anterior border layer 50 4178 0.58 1050 5470 0 0
Iris stroma 400 3840 0.53 1050 2750 0.0091 10000
Iris pigment epithelium 70 4178 0.603 1050 100000 0 0

Ch.4 Table 2 — Eye parameters used for the eye model

The parameters were obtained from references?>4-356358-361 The heat capacity, thermal conductivity, density, perfusion rate and
self-heat of the iris anterior border layer, stroma, and pigment epithelium were taken respectively from the cornea, choroid and
retinal pigment epithelium, due to their biological similarity.

4.5.3  Chips micro-fabrication

Samples were fabricated on 20 x 24 mm? glass substrates (2947-75X50, Corning Incorporated) cleaned by ultrasonication
in acetone, isopropyl alcohol, and deionised water for 15 min each and then dried with a nitrogen gun. PEDOT:PSS (PH1000, Clevios
Heraeus) was mixed to 0.1 v/v% (3-glycidyloxypropyl)trimethoxysilane (440167, Sigma Aldrich), filtered (1 um PTFE filters), and then
spin-coated at 3000 rpm for 40 seconds on each chip. Subsequent annealing at 115 °C for 30 minutes was performed. The preparation
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of the bulk heterojunction was performed in a glove box under nitrogen atmosphere. 20 mg of P3HT (M1011, Ossila) and 20 mg of
PCs0BM (M111, Ossila) were dissolved in 1 mL of anhydrous chlorobenzene each and let stirring overnight (16 hr) at 70 °C. The
solutions were then filtered (0.45 um PTFE filters) and blended (1:1 v:v). The P3HT:PCsoBM blend was spin-coated at 1000 rpm for 45
seconds. Subsequent annealing at 115 °C for 30 min was performed. Titanium and titanium nitride cathodes were deposited by direct-
current (Ti) and radio frequency (TiN) magnetron sputtering using a shadow mask. The polymer patterning step was obtained by
exposing the chips to oxygen plasma. A plastic reservoir was then attached to the sample using PDMS as an adhesive.

4.5.4  Measure of photo-voltage and photo-current

Samples were placed on a holder, and each electrode was sequentially contacted. A platinum wire immersed in
physiological saline solution (NaCl 0.9 %) was used as a counter electrode. 10-ms light pulses were delivered by a 565-nm LED
(M565L3, Thorlabs) focused at the sample level. Photo-voltage and photo-current were measured using respectively a voltage
amplifier (1201, band DC-3000 Hz, DL-Instruments) and a current amplifier (1212, DL-Instruments). Data sampling (40 kHz) and
instrument synchronisation were obtained via a DAQ board (PCle-6321, National Instruments) and custom-made software. Data
analysis was performed in MATLAB (MathWorks). When evaluating the photo-current density generated by the interface, the area
of the connecting line exposed to light was also considered.

4.5.5 POLYRETINA micro-fabrication

Photovoltaic interfaces were fabricated on silicon wafers. A thin sacrificial layer of poly(4-styrenesulfonic acid) solution
(561223, Sigma-Aldrich) was spin-coated on the wafers (1500 rpm, 40 s) and baked (120 °C, 15 min). Degassed PDMS pre-polymer
(10:1 ratio base-to-curing agent, Sylgard 184, Dow-Corning) was then spin-coated (1000 rpm, 60 s) and cured in the oven (80 °C, 2
hr). After surface treatment with oxygen plasma (30 W, 30 s), a 6-um thick SU-8 (GM 1060, Gersteltec) layer was spin-coated (3800
rpm, 45 s), soft-baked (130 °C, 300 s), exposed (140 mJ cm2, 365 nm), post-baked (90 °C, 1800 s; 60 °C, 2700 s), developed in
propylene glycol monomethyl ether acetate (48443, Sigma-Aldrich) for 2 min, rinsed in isopropyl alcohol and dried with nitrogen.
After surface treatment with oxygen plasma (30 W, 305s), a second layer of degassed PDMS pre-polymer (10:1) was spin-coated (3700
rpm, 60 s) and cured in the oven (80 °C, 2 hr). PEDOT:PSS and P3HT:PCsBM were prepared and deposited as described before.
Titanium and titanium nitride cathodes were deposited by direct-current (Ti) and radio frequency (TiN) magnetron sputtering using
a shadow mask aligned with the SU-8 pattern. After the patterning of polymers by oxygen plasma, the encapsulation layer of degassed
PDMS pre-polymer (5:1 ratio) was spin-coated (4000 rpm, 60 s) and cured in the oven (80 °C, 2 hr). Photolithography and PDMS dry
etching were performed to expose the cathodes. The wafers were then placed in deionised water to allow for the dissolution of the
sacrificial layer and the release of the photovoltaic interfaces. The floating membranes were finally collected and dried in air. The
hemispherical PDMS domes were fabricated using a milled PMMA mould, filled with PDMS pre-polymer (10:1), which was then
degassed and cured in the oven (80 °C, 2 hr). The supports were released from the moulding parts and perforated with a hole-puncher
(330-um in diameter) at the locations dedicated to the insertion of retinal tacks. The released photovoltaic interfaces were clamped
between two O-rings and, together with the hemispherical domes, were exposed to oxygen plasma (30 W, 30's). The activated PDMS
surfaces were put in contact and allowed to uniformly bond thanks to radial stretching of the fixed membrane. The excessive PDMS
used to clamp the array was removed by laser cutting.

4.5.6  Atomic force microscopy

AFM images and roughness measurements were obtained with a Bruker Dimension icon microscope and scanasyst-air Si
tips. Images (500 nm x 500 nm) were plotted and the surface area was calculated with NanoScope analysis 1.9 software.

4.5.7  Kelvin Probe Force Microscopy

KPFM characterisation was performed in ambient air conditions with a dimension icon atomic force microscope (Bruker
Corporation) using n-doped silicon tips (SCM-PIT-V2, Bruker Corporation) in surface potential, amplitude-modulated imaging mode.
KPFM images were collected by repetitively scanning a single 100-nm line under dark and light conditions to measure the surface
potential variation. The green LED of a Spectra X illumination system (Emission filter 560/32, Lumencor) was used to illuminate the
pixel using an optical fiber and focused onto the pixel (Photo-Conductive accessory, Bruker Corporation). The samples were grounded
using a silver paste; however, individual pixels could not be connected to the paste and were therefore floating. The voltage bias was
sent to the AFM tip. KPFM images were analysed using Gwyddion 2.36 software. For each image, the average surface potential
variation value was obtained by subtracting the surface potential in the dark to the one under illumination (voltage in light — voltage
in dark).
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4.5.8  Spatial selectivity measures

Measures of the voltage spread were performed in Ames’ medium (A1420, Sigma-Aldrich) at 32 °C with a glass micropipette
(tip diameter about 10 um) located approximately 2-5 pm from the implant surface. Data were amplified (Model 3000, A-M System),
filtered (DC — 1,000 Hz), and digitalised at 30 kHz (Micro1401-3, CED Ltd.). lllumination was carried out on a Nikon Ti-E inverted
microscope (Nikon Instruments) using a Spectra X illumination system (Emission filter 560/32, Lumencor). The microscope was
equipped with a dichroic filter (FF875-Di01-25x36, Semrock) and a 10x (CFI Plan Apochromat Lambda) objective. The patterning of
the light stimulus was carried out using a light patterning system (Polygon 400, Mightex). The light pattern sequences were adjusted
in real-time to align the light patterns to the prosthesis pixels (PolyScan, Mightex). After alignment of the illumination pattern onto
the POLYRETINA pixels, 10 pulses of 10 ms were delivered at 1 Hz with an irradiance of 22.65 mW mm-2. Data analysis was conducted
in MATLAB. Voltage peaks above noise level were detected, and their amplitude normalised respect to the central pixel value.

4.5.9  Electrophysiology

Animal experiments were conducted according to the animal authorizations GE3717 issued by the Département de
'Emploi, des Affaires sociales et de la Santé (DEAS), Direction Générale de la Santé of the République et Canton de Geneve
(Switzerland). Both male and female Rd10 mice were used (Table 3). Mice were kept in a 12 h day/night cycle with access to food
and water ad libitum. White light (300 % 50 lux) was present from 7 AM to 7 PM and red light (650-720 nm, 80-100 lux) from 7 PM to
7 AM.

Ti vs TiN comparison TiN irradiance threshold Photovoltaic RF Pixel switch Pattern reversal Contrast sensitivity
Figure 4b-f Figure 4g,h Figure 5 Figure 6 Figures 7,8 Figure 9
Sex Age Material Sex Age Sex Age Sex Age Sex Age Sex Age
male 133 Ti male 115 female 137 male 108 male 122 male 133
male 141 Ti male 123 male 117 male 130 male 103 male 131
male 108 Ti female 127 male 119 male 108 male 132
female 116 Ti female 134 male 148 male 108 male 136
female 114 Ti male 123 male 152
male 117 Ti Figure 4g,h,l,j female 127
male 142 Ti male 115 female 134
male 146 Ti male 107 male 135
male 148 Ti male 108 male 138
female 142 TiN female 147 male 139
male 108 TiN female 143
female 96 TiN
male 119 TiN
male 146 TiN
male 148 TiN

Ch.4 Table 3 - Animal groups
Sex and age of the Rd10 mice used in the study.

Retinas from inbred Rd10 mice colony were explanted in normal light conditions after the animals were sacrificed by injection of
Sodium Pentobarbital (150 mg kg?). After eye enucleation, retinas were dissected in carboxygenated (95 % O, and 5 % CO,) Ames’
medium (A1420, Sigma-Aldrich) and transferred to the microscope stage for stimulation and recording. Retinas were placed with the
retinal ganglion cells facing down on the prosthesis. Recordings were performed in dim light at 32 °C with a sharp metal electrode
(PTM23BO5KT, World Precision Instruments), amplified (Model 3000, A-M System), filtered (300-3000 Hz), and digitalized at 30 kHz
(Micro1401-3, CED Ltd.). lllumination was carried out on a Nikon Ti-E inverted microscope (Nikon Instruments) using a Spectra X
illumination system (Emission filter 560/32, Lumencor). The microscope was equipped with a dichroic filter (FF875-Di01-25x36,
Semrock) and a 10x (CFI Plan Apochromat Lambda) objective. The patterning of the light stimulus was carried out using a light
patterning system (Polygon 400, Mightex). The light pattern sequences were real-time adjusted to align the light patterns to the
prosthesis pixels (PolyScan, Mightex). After alignment of the illumination pattern onto the POLYRETINA pixels, for each retinal
ganglion cell, 10 pulses of 10 ms were delivered at 1 Hz for each illumination condition. Spike detection and sorting were performed
by threshold detection using the Matlab-based algorithm Wave_clus352 m and further data processed in MATLAB. An exclusion period
of £ 1 ms around light onset and offset was applied to avoid artefact misclassification. The time window for the quantification of the
network-mediated medium-latency response was selected according to previous results with the POLYRETINA device, which evokes
a 30 to 50-ms long network-mediated medium-latency response362.440.445_ For each stimulation pulse, the network-mediated medium-
latency response was calculated as the average firing rate elicited in a 50-ms window around the highest bin of the peri-stimulus time
histogram (5 bins of 10 ms each). The highest bin was screened from 40 to 120 ms after the stimulus onset.
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4.5.10 Optical safety

Retinal damage upon light exposure can occur because of three main factors: photo-thermal damage, photo-chemical
damage, and thermo-acoustic damage?®!. In ophthalmic devices, Maxwellian illumination is used where the incident illumination
occupies a fraction of the pupil (no overfilling). For continuous illumination, the MPE could be controlled by the photo-thermal (MPEy)
or photo-chemical damage (MPEc), calculated in W according to Equations 1 and 2, respectively.

1
MPEy = 6.93-107°C;Cr

Ch.4 Equation 1

MPE; =5.56-10"1Cgza?
Ch.4 Equation 2

For POLYRETINA, the visual angle « is calculated according to Equation 3, and the exposed area according to Equation 4, in which d
=13.4 mm is the diameter covered by the active area and f = 17 mm is the eye’s focal length.

d
a=2tan"! 77 = 750.85 mrad

Ch.4 Equation 3

T
A= Z(o{f)2 = 127.97 mm?

Ch.4 Equation 4

For A = 565 nm, both limits apply and Cz = 6.67 - 1073a?; Cp = 1; P = 5.44; Cy = 10%92(4=450) The |imits are MPEr = 47.90 mW
and MPEc = 62.54 mW. Therefore, the limiting factor is MPET which results in 47.90 mW entering the pupil, and corresponds to 374.3
KW mm?-2 for an exposed area of 127.97 mm2. However, POLYRETINA operates with pulsed illumination. With pulses of 10 ms and
duty cycle of 20, 10, or 5 % (respectively for 20, 10, or 5 Hz), the MPE is increased to 1.87, 3.74, or 7.48 mW mm2 respectively*>°. In
addition, a previous thermal model showed that at 565 nm and over the broad range of irradiance levels the temperature increase
in the retina is reduced by 11 % with POLYRETINA3®, Therefore, the MPE could be increased to 2.08, 4.16, or 8.32 mW mm-
respectively for 20, 10, or 5 Hz.

4.5.11 Statistical analysis and graphical representation

Statistical analysis and graphical representation were performed with Prism (GraphPad Software Inc.) and MATLAB. The
normality test (D’Agostino & Pearson omnibus normality test) was performed in each dataset to justify the use of a parametric or
non-parametric test. In each figure p-values were represented as: * p < 0.05, ** p < 0.01, *** p <0.001, and **** p < 0.0001.
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5.1 Abstract

Retinal stimulation in blind patients evokes the sensation of discrete points of light called phosphenes, which allows them to perform
visually guided tasks, such as orientation, navigation, object recognition, object manipulation and reading. However, the clinical
benefit of artificial vision in profoundly blind patients is still tenuous, as several engineering and biophysical obstacles keep it far
away from natural perception. The relative preservation of the inner retinal neurons in hereditary degenerative retinal diseases, such
as Retinitis Pigmentosa, supports artificial vision through the network-mediated stimulation of retinal ganglion cells. However, the
response of retinal ganglion cells to repeated electrical stimulation rapidly declines, primarily because of the intrinsic desensitisation
of their excitatory network. In patients, upon repetitive stimulation, phosphenes fade out in less than half of a second, which
drastically limits the understanding of the percept.

A more naturalistic stimulation strategy, based on spatiotemporal modulation of electric pulses, could overcome the desensitisation
of retinal ganglion cells. To investigate this hypothesis, we performed network-mediated epiretinal stimulations paired to
electrophysiological recordings in retinas explanted from both male and female Retinal degeneration 10 mice.

The results showed that the spatial and temporal modulation of the network-mediated epiretinal stimulation prolonged the
persistence of the retinal ganglion cell’s response from 400 ms up to 4.2 s.

A time-varied, non-stationary and interrupted stimulation of the retinal network, mimicking involuntary microsaccades, might reduce
the fading of the visual percept and improve the clinical efficacy of retinal implants.

-95-



Naturalistic spatiotemporal modulation of epiretinal stimulation increases the response persistence of retinal ganglion cell

5.2 Introduction

The first notion of electrically-evoked visual percept came in 1755 when Charles Le Roy’s patient had reported seeing flashes
of light while receiving an electric current across the head?#8. Aimost three centuries later, three retinal stimulation systems (Argus®
I, Second Sight Medical Products Inc; Alpha-IMS and Alpha-AMS, Retinal Implant AG) received marketing approval in Europe or in
the United States of America for Retinitis Pigmentosa, a set of inherited retinal dystrophies, causing the progressive loss of retinal
photoreceptors, the constriction of the visual field and eventually blindness®.

The relative preservation of the inner retinal neurons in Retinitis Pigmentosa29.6846% supports artificial vision through the network-
mediated stimulation of retinal ganglion cells (RGCs) either from the subretinal or the epiretinal side*79337, |n epiretinal stimulation,
RGCs can be stimulated either through direct activation of their axons and somas235471.472 or through network-mediated stimulation
of their presynaptic neurons 337473, The latter strategy offers two advantages: it avoids the uncontrolled activation of distal axons
leading to streak-like elongated phosphenes?37.440 and it provides spiking patterns resembling the natural response to visual
stimuli383.470, However, the rapid desensitisation of the RGC response under repeated indirect stimulation is a significant limitation
of this approach, as it is assumed to be the principal neural correlate of the image fading in artificial vision?253,269,474-477,

In animal models, the response of RGCs to network-mediated electrical stimulation rapidly decreases with repeated pulsed
stimulation252.253, This decrease is likely caused by the intrinsic desensitisation of bipolar cells (BCs)25!, although an active contribution
from the inhibitory network also has to be considered?51.253, Moreover, the reduction of responsivity in RGCs might be associated
with the phosphene fading reported by implanted patients during the clinical trials of the Argus® Il and the Alpha-IMS retinal
prostheses183.186,283 The RGC response reduction is characterised by a rapid decay immediately after the first electric stimulus,
followed by a slower response decay lasting up to several seconds for prolonged stimulation. This time course remarkably matches
the two-phase decay in phosphene brightness reported by implanted patients under stationary vision 253.268478_|n artificial vision, the
sensory adaptation observed at the perceptual level in patients might be caused by several mechanisms all throughout the visual
process, as in natural vision47°. At the retina level, two mechanisms lead to adaptation in RGCs: the intrinsic desensitisation of sodium
channels in the RGC membrane?*® and the activation of the excitatory-inhibitory presynaptic microcircuit?>3. During higher visual
processes other adjustments (e.g. dynamic altering of the tuning of the primary visual cortex and the middle temporal area neurons
or more complex after-effects) are likely to occur during artificial stimulation of the retina472481, Due to the stationary nature of most
retinal stimulation systems and the matching timescales of RGC desensitisation and phosphenes fading, it is assumed that the early
synaptic adaptation stages are predominant in artificial vision233,269,474-477,

During visual stimulation of the retina, static images cannot generate continuous firing of RGCs either. However, in sighted humans,
avariety of ocular micromovements refresh the image: drifts and microsaccades cause frequent changes in the retinal image allowing
to counteract the fading of the neural response*2483, Microsaccades particularly are thought to be crucial in this process84.258485,
Similarly, we hypothesised that in retinal prostheses, a temporal and spatial modulation of the electric pulses might counteract the
desensitisation process at the microcircuit level. Electric stimuli with randomised inter-pulse intervals elicited in-vivo electrically
evoked potentials stronger than regularly spaced pulses*8, suggesting the ability of temporal modulation to reduce the fading
process. Additionally, in a study with high-density epiretinal network-mediated stimulation, we showed that alternating the
stimulation among two neighbouring pixels allowed for the recovery of the RGC response at the pixel switch#®7. This result suggests
that a RGC could be activated successively but independently through a different portions of its inner retinal network. This last
property offers excellent potential to mimic the effect of microsaccades artificially, and it indicates the use of spatial modulation to
reduce the fading process. Therefore, we investigated whether a more naturalistic stimulation with spatiotemporal modulations,
including time-varied, non-stationary and interrupted features could increase the persistence of the prosthetic responses at the RGC
level.
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5.3 Materials and methods
5.3.1 POLYRETINA micro-fabrication

Photovoltaic interfaces were fabricated on silicon wafers. A thin sacrificial layer of poly(4-styrenesulfonic acid) solution
(561223, Sigma-Aldrich) was spin-coated on the wafers (1500 rpm, 40 s) and baked (135 °C, 10 min). Degassed PDMS pre-polymer
(10:1 ratio base-to-curing agent, Sylgard 184, Dow-Corning) was then spin-coated (500 rpm, 60 s) and cured in the oven (80 °C, 2 hr).
PEDOT:PSS (PH1000, Clevios Heraeus) was mixed to 0.1 v/v% (3-glycidyloxypropyl)trimethoxysilane (440167, Sigma Aldrich), ultra-
sonicated for 20 min, filtered (0.2 pm PES filters), and then spin-coated at 3000 rpm for 40 seconds. Subsequent annealing at 115 °C
for 30 min was performed. The preparation of the bulk heterojunction was performed in a glove box under nitrogen atmosphere. 20
mg of P3HT (M1011, Ossila) and 20 mg of PC¢BM (M111, Ossila) were dissolved in 1 mL of anhydrous chlorobenzene each and let
stirring overnight (16 hr) at 70 °C. The solutions were then filtered (0.45 um PTFE filters) and blended (1:1 v:v). The P3HT:PC¢BM
blend was spin-coated at 1000 rpm for 45 seconds. Subsequent annealing at 115 °C for 30 min was performed. Titanium and titanium
nitride were deposited respectively by direct-current and radio frequency magnetron sputtering using a shadow mask. Polymers
were patterned by oxygen plasma. The wafers were then placed in deionised water to allow for the dissolution of the sacrificial layer
and the release of the photovoltaic interfaces. The floating membranes were finally collected and dried in air.

5.3.2  Preparation of retinal explants

Animal experiments were conducted according to the animal authorisation GE3717 issued by the Département de I'Emploi,
des Affaires sociales et de la Santé (DEAS), Direction Générale de la Santé of the République et Canton de Genéve (Switzerland).
Retinal degeneration 10 (Rd10) mice (aged 121.5 + 13.8 days; mean + s.d.) were sacrificed under normal light conditions by injection
of sodium pentobarbital (150 mg/kg), and eyes were immediately collected and dissected in carboxygenated (95 % O, and 5 % CO»)
Ames’ medium (A1420, Sigma-Aldrich). Whole-mount retinas were placed ganglion cell down onto the stimulation pixels and
transferred to the microscope stage for stimulation and recording. During the entire preparation and recording procedures, the
retinas were maintained under dim red light and perfused with carboxygenated Ames’ medium at 32 °C.

5.3.3  Electrophysiological recordings

Extracellular recordings (Figure 1A) were performed with a sharp metal electrode (PTM23BO5KT, WPI), amplified (Model 3000, A-M
System), filtered (300-3,000 Hz) and digitalized at 30 kHz (Micro1401-3, CED). RGCs were identified by their spontaneous spiking
activity. Spike detection and spike sorting were performed offline by threshold detection using wave_clus algorithm (Figure 1B,C)352.
Should multiple units be recorded, the single unit with the highest signal to noise ratio was selected for further analysis. Out of the
73 cells recorded, 52 cells (71 %) resulted in only two clusters (one single-unit cell and the electric artefact), while only 21 cells (29
%) resulted in three clusters (two single-unit cells and the electric artefact). In the latter case, only the single-unit with the highest
signal to noise ratio was selected for further analysis (Figure1D-G). Data processing was performed in MATLAB (MathWorks).

5.3.4  Retina stimulation

Retinal explants were stimulated with the POLYRETINA photovoltaic interface. 80-um photovoltaic pixels separated by a 120-um
pitch were individually illuminated from a Nikon Ti-E inverted microscope (Nikon Instruments) using a Spectra X illumination system
(Emission filter 560/32, Lumencor). The microscope was equipped with a dichroic filter (FF875-Di01-25x36, Semrock) and a 10x (CFl
Plan Apochromat Lambda) objective. The timing, spatial patterning and alternation of the light stimuli were carried out with a light
patterning system (Polygon 400, Mightex). Each light pattern was aligned to the pixels in real-time. Green light (560-nm) was
projected with a 0.9 mW/mm?2 irradiance for all the stimuli. According to our previous results with single-pixel stimulation48?, 10-ms
0.9 mW/mm? pulses induce a robust activation of RGCs. Each pixel of the POLYRETINA prosthesis delivers, upon pulsed illumination,
a capacitive stimulation characterised by a monophasic cathodic non-rectangular voltage pulse®4°.
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Ch.5 Figure 1 - Dectection and sorting of RGC network-mediated activity

A, Sketch of the stimulation and recording set-up. A single pixel (in green) of the POLYRETINA device was illuminated with 10-ms
pulses (560 nm, 0.9 mW/mm?). Solid and empty cells represent respectively preserved (RGCs, ACs, BPs and horizontal cells) and
degenerated (photoreceptors) cells in the Rd10 mice model. B, Representative recordings of a RGC response to single-pixel
illumination at 1 Hz for 10 s. The photovoltaic light pulses are shown in green. The red dotted line indicates the threshold for
spike detection. The raster plot shows the identified spikes after spike sorting. C, Spike waveforms clustering from the recording
shown in A. The bold lines represent the average waveform of each cluster. D-F, Panels shows the waveforms for the selected
unit (D), the discarded unit (E) and the artefacts (F). The bold lines represent the average waveform of each cluster and the grey
lines their standard deviation. G, Characteristics of the clusters identified from A. recording. The artefact waveforms are shown
in green, the waveforms from the selected unit in red, and the waveforms from the discarded unit in blue.

5.3.5 Experimental Design and statistical analyses

The experimental design is shown in Table 1. Statistical analysis and graphical representation were performed in MATLAB. For each
stimulation pulse, the network-mediated medium-latency (ML) response was calculated as the average firing rate elicited in a £ 20-
ms window around the highest bin of the peri-stimulus time histogram (PSTH). The highest bin was screened for from 40 to 120 ms
after the stimulus onset. The time windows for the quantification of the network-mediated ML response were selected based on our
previous results with the POLYRETINA device, which evokes a 30 to 50-ms long network-mediated ML response with a latency of
approximately 65 ms#0, The D’Agostino & Pearson omnibus normality test was performed to justify the use of a parametric or non-
parametric test. The Tukey's honestly significant difference post-hoc test was used to verify the use of multiple comparison tests.

Experimental group Number of animals Number of RGCs Post-natal days (mean % s.d.) Females / Males Stimulation protocols
A 4 16 2/2

121.7 £10.6 Figure 2 and Figure 3
B 3 22 113.0+8.7 0/3 Figure 4
C 3 12 115.3 £12.7 0/4 Figure 5 and Figure 6
D 4 23 132.2+£17.1 2/2 Figures 7,8 and 9

Ch.5 Table 1 - Animals and experimental conditions
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54  Results
5.4.1 Frequency dependent desensitisations of RGCs

Epiretinal network-mediated activation of RGCs is subjected to strong desensitisation under repeated electrical stimulation, partially
as the result of the intrinsic desensitisation of BCs251. Therefore, we characterised the response decay of RGCs from explanted Rd10
retinas (group A in Table 1) elicited by 10-ms photovoltaic stimulation from a selected pixel (stationary) repeated at 1 Hz, 5 Hz, 10 Hz
and 20 Hz for 10 s using the POLYRETINA epiretinal prosthesis.

First, we evaluated whether and for how long the network-mediated ML response was significantly higher than spontaneous activity.
In agreement with previous studies?52421,253,268 e found that RGCs showed a strong naive spiking response to the first pulse in the
train (Figure 2B,C), whose firing rate reaches up to 230 Hz. This response was significantly higher than the corresponding resting
activity for each of the stimulation rates tested (p < 0.0001, p = 0.0001, p = 0.0069 and p = 0.0016 respectively for 1, 5, 10 and 20 Hz
stimulation rate, two-tailed paired t-test). After 10 s of stimulation (Figure 2C), only the 1-Hz stimulation rate evoked network-
mediated ML responses significantly higher than the corresponding resting activity (p = 0.0030, two-tailed paired t-test). For higher
stimulation rates, the response was not significantly higher than the corresponding resting activity anymore after 1.8, 0.4 and 0.25 s
respectively for 5, 10 and 20 Hz stimulation rates (p = 0.4488, p = 0.0642 and p = 0.1831 respectively, two-tailed paired t-test).
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Ch.5 Figure 2 - RGC responses to repeated indirect photovoltaic stimulation

A, Representative recordings of a RGC response to single-pixel illumination at 1, 5, 10 and 20 Hz for 1 s. The photovoltaic light
pulses are shown in green. B, Mean PSTHs upon 10 consecutive sweeps of 1 s (10 sin total) at 1,5, 10 and 20 Hz (mean £ s.e.m.,
group A, n = 16 RGCs). The filled area indicates the mean value, while the grey area shows the s.e.m. The first and tenth sweeps
are highlighted respectively in red and blue. The corresponding light pulses are shown in green.

Even if the network-mediated ML response exceeds the resting activity, upon repetitive electrical stimulation, it rapidly decayed
already from the second pulse of the sequence (Figure 3A). Therefore, we evaluated whether and for how long the network-mediated
ML response was significantly as strong as the naive response to the first pulse (i.e. the response persistence). We computed the
response persistence as the time between the first pulse of the train and the first pulse evoking a network-mediated ML response
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statistically significantly lower (at least p < 0.05) than the naive response (i.e. the response to the first pulse). With 1-Hz stimulation
rate (Figure 3A, green), the network-mediated ML response became statistically significantly lower than the naive response after 3 s
(fourth pulse in the sequence; p = 0.038, two-tailed paired t-test). The response persistence shortens as the stimulation rate
increased: with 5-Hz stimulation rate (Figure 3A, blue) the response persisted for 0.4 s (third pulse in the sequence; p = 0.0278, two-
tailed paired t-test), at 10-Hz stimulation rate (Figure 3A, red) for 0.5 s (sixth pulse in the sequence; p = 0.0183, two-tailed paired t-
test) and at 20-Hz (Figure 3A, orange) for 0.25 s (sixth pulse in the sequence; p = 0.0329, two-tailed paired t-test).
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Ch.5 Figure 3 - Double exponential decay of network-mediated ML RGC activity

A, Quantification of the network-mediated ML RGC response over 10 s of repetitive stimulation at 1, 5, 10 and 20 Hz and without
light stimulation (mean + s.e.m., group A, n = 16 RGCs). The right panel highlights the early desensitisation up to 2 s from the
start of the pulse train. The shaded area shows the s.e.m. Filled circles represent pulses inducing a network-mediated ML activity
not statistically significantly different than the naive response to the first pulse. Empty circles represent pulses inducing a
network-mediated ML activity statistically significantly reduced compared to the naive response to the first pulse. B, Time
constants of the fast (t1) and slow (t2) desensitisation components, extracted from the double exponential model for 1, 5, 10
and 20 Hz stimulation rates. C, Theoretical framework of excitation- then inhibition-mediated synaptic adaptation in RGC. Solid
and empty cells represent respectively preserved and degenerated cells in the Rd10 mice model. The highlighted cells show the
recorded RGC and its presynaptic neurons, among which resting cells are shown in grey, and depolarised cells are coloured.
Panels illustrate the naive network response (1), the early desensitisation phase (2) and the later desensitised state (3)
respectively. The illustrative PSTH corresponds to a 5-Hz stimulation rate (2.5 s; mean + s.e.m., group A, n = 16 RGCs). The filled
area indicates the mean value, while the grey area shows the s.e.m.

Last, we evaluated the decay time constant (t) of the network-mediated ML response. The quantification of the network-mediated
ML response decay revealed that it was inversely proportional to the stimulation frequency (Figure 3A,B). In agreement with previous
hypotheses describing a two-phases process behind RGCs desensitisation?53, the decay curves were fitted with a double exponential
model. For all the stimulation rates tested, we found a first rapid phase occurring immediately after the first stimulation pulse, and
a slower phase dominating the decay during prolonged stimulations. The decay time constant of the rapid phase (t.st) ranged from
25.6 ms to 79.0 ms (for 1 Hz and 20 Hz respectively), and it exponentially decreased with the increase of the stimulation frequency
(R2=0.99; SSE = 3.45.10%). The decay time constant of the slow phase (Tsiow) ranged from 19.7 ms to 93.7 ms, but it did not correlate
to the stimulation frequency (Figure 3B).
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It was previously proposed that the rapid decay reflected the intrinsic desensitisation of the excitatory network233.268 since the BCs
in the Rd10 retina were strongly desensitised upon electrical stimulation with frequencies above 4-6 Hz. Also, for stimulation rates
exceeding 14 Hz, a repolarisation period with a time constant of 39.49 ms per pulse was reported to be necessary for repeated BC
activation?>1, Nevertheless, the involvement of the inhibitory network in the RGC desensitisation process could not be formally
excluded?51.253, Amacrine cells (ACs) are likely to play an active role in the RGC response during epiretinal stimulation#4, as well as to
be the source of the slow desensitisation phase?53268, Indeed, network-mediated electrical stimulation of the retina engages the inner
retinal mechanisms mediating visual adaptation, including feedback and feedforward inhibition269483, In this perspective, the two-
phases RGC desensitisation would reflect the excitatory-inhibitory activity balance of the retinal network (Fig 2C): at the first pulse,
the naive BCs strongly depolarise and generate a high-frequency burst in the targeted RGCs (1); since BCs rapidly lose their intrinsic
excitability, their input to RGCs in response to the next pulses is continuously decreased (2), and the inhibition from ACs might become
predominant (3).

5.4.2  Temporal modulation of epiretinal stimulation with irregular pulse trains

The inverse relation between the fast decay time constant and the stimulation frequency underlies the relevance of a
recovery period between electric pulses. Increasing the inter-pulse interval could allow the recovery of excitability in BCs and reduce
the desensitisation process. However, an increase in the inter-pulse interval does not necessarily imply to lower the stimulation
frequency, since it can be achieved using a time-varying stimulation train in which each stimulation pulse has a different pulse width.
During natural vision, the light sequence reaching a steady location on the retina exhibits a highly irregular temporal profile, due to
both eye and object movements. This continuous dynamic change contributes to counteract the desensitisation of BCs to natural
stimuli*89.4%0, | ikewise, the use of time-varied and amplitude-varied pulse trains was shown to reduce fading of electrically evoked
potentials recorded in the superior colliculus of healthy rats*8,
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Ch.5 Figure 4 - Randomised time-varied stationary pulse trains reduced RGC desensitisation

A, Representative recordings from a RGC upon 5-Hz single-pixel photovoltaic stimulation (5 light pulses for 1 s) with 10-ms
stationary pulses (left) and randomised time-varying stationary pulses (right). The light pulses are shown in green. B, Mean PSTHs
(mean = s.e.m., group B, n =22 RGCs) upon 5-Hz single-pixel photovoltaic stimulation (5 light pulses for 1 s) with 10-ms stationary
pulses (top) and randomised time-varying stationary pulses (bottom). The filled area indicates the mean value, while the
contoured area shows the s.e.m. Because of the randomly varying duration of each pulse over sequences, only the onset of the
light pulses is indicated by the green arrows. C, Quantification of the normalised network-mediated ML RGC response over 1 s
of repetitive stimulation at 5 Hz (mean £ s.e.m., group B, n = 22 RGCs) with 10-ms stationary pulses (black) and randomised time-
varying stationary pulses (green). The firing rates were normalised to the naive response to the first pulse. The shaded area
shows the s.e.m. Filled circles represent pulses inducing a network-mediated ML activity not statistically significantly different
than the naive response to the first pulse. Empty circles represent pulses inducing a network-mediated ML activity statistically
significantly reduced compared to the naive response to the first pulse.

We tested randomised time-varying pulses (temporal modulation) in explanted Rd10 retinas (group B in Table 1) upon photovoltaic
single-pixel illumination at 5-Hz repetition rate (Figure 4). The stimulation rate was set to 5 Hz as it was shown to be a comfortable
stimulation rate for most patients!8.268 while it is low enough to allow the temporal modulation of the electric pulses. The pulse
width was varied between 5 ms and 25 ms, and random sequences were delivered for 10 s. Each RGC was tested with a different
random sequence, whose cumulative exposure time was kept equal to 50 ms every 5 pulses for a total of 500 ms for the whole 10-s
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protocol, as for the 10-ms stationary stimulation. The fast response decay was slowed down by randomised time-varying stationary
pulses (Figure 4A,B), which allowed a network-mediated ML response persistence up to 0.8 s (Figure 4C); the network-mediated ML
response becoming statistically significantly lower than the naive response from the fifth pulse in the sequence (p = 0.0154, two-
tailed paired t-test). On the other hand, the response to 10-ms stationary pulses persisted only for 0.4 s (third pulse in the sequence;
p =0.0255, two-tailed paired t-test), as in the previous experiment.

In summary, pulse trains with irregular pulse widths showed a transient ability to reduce the RGC desensitisation upon repeated
electrical stimulation, lengthening the RGC response persistence from 0.4 st0 0.8 s.

5.4.3  Spatial modulation of epiretinal stimulation with non-stationary pulse trains

Another strategy exploited in natural vision to reduce fading is performing a variety of eye movements during visual tasks.
Saccades, eye drifts and microsaccades allow focus on a specific object, while slightly shifting it to create a non-stationary image
projection on the retina257.258491, A previous experiment with single-pixel photovoltaic stimulation in Rd10 retinas using the high-
density POLYRETINA device suggested that non-stationary stimulation of the retina can be achieved by alternating the stimulation
via neighbouring pixels, provided that the electrode density is high enough for more than one pixel to activate the same RGC*¥’. The
POLYRETINA prosthesis can indeed generate highly focused stimuli from each of its independent pixels, and because of its high
resolution, a single RGC can be stimulated through two adjacent pixels.

Thus, we tested whether mimicking microsaccades with an alternating stimulation pattern (spatial modulation) in which the
stimulation is switched between two adjacent pixels (10-ms non-stationary pulses) could reduce the RGC response desensitisation
(Figure 5).
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Ch.5 Figure 5 - Non-stationary pulse trains reduced RGC desensitisation

A, Representative recordings from a RGC upon 5-Hz single-pixel photovoltaic stimulation (15 light pulses for 3 s) with 10-ms
stationary pulses (left), 10-ms non-stationary pulses (middle) and randomised time-varying non-stationary pulses (right). The
light pulses are shown in green. For non-stationary stimulation, the stimulating pixels were switched at 1 Hz. B, Mean PSTHs
(mean * s.e.m., group C, n = 12 RGCs) upon 5-Hz single-pixel photovoltaic stimulation (15 light pulses for 3 s) with 10-ms
stationary pulses (top), 10-ms non-stationary pulses (middle) and randomised time-varying non-stationary pulses (bottom). The
black area shows the mean value, while the grey area shows the s.e.m. The right panels highlight the first 3 s of the recordings.
The light stimuli are indicated in green (top and middle), while the onset of the light pulses is indicated with green arrows for the
randomised time-varying pulses (bottom).
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After the identification of a RGC and its electrical receptive field (group C in Table 1), the illumination spot was switched at a 1-Hz
rate between the two most responding pixels of its electrical receptive field (10-ms pulses, 5-Hz stimulation rate).
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Ch.5 Figure 6 - Quantification of the RGC response preservation with non-stationary pulse trains

A, Quantification of the normalised medium-latency network-mediated RGC response over 10 s 5-Hz stimulation with 10-ms
stationary pulses, 10-ms non-stationary pulses and randomised time-varying non-stationary pulses (mean + s.e.m., group C, n =
12 RGCs). The firing rates were normalised to the naive response. The right panel highlights the first 3 s of the recordings. The
shaded area shows the s.e.m. Filled circles represent pulses inducing a network-mediated ML activity not statistically significantly
different than the naive response to the first pulse. Empty circles represent pulses inducing a network-mediated ML activity
statistically significantly reduced compared to the naive response to the first pulse. B, Sub-receptive field stimulation of spatially
distinct pools of BCs during non-stationary stimulation. Solid and empty cells represent respectively preserved and degenerated
cells in the Rd10 mice model. The highlighted cells show the recorded RGC and its presynaptic neurons, among which resting
cells are shown in grey, and depolarised cells are coloured.

With 10-ms stationary stimulation, the network-mediated ML activity is reduced due to the desensitisation process (Figure 5A left
and 5B top), and the response persisted only up to 0.4 s, as before (Figure 6A, black). When the stimulation is switched to the
neighbouring pixel (Figure 5A middle and 5B middle), the network-mediated ML activity is transiently recovered (Figure 6A green),
and it is not statistically significantly lower than the naive response to the first pulse for two consecutive pulses (pulse 6: p = 0.9003,
two-tailed paired t-test; pulse 7: p = 0.0835, two-tailed paired t-test). The stimulation from each of the two alternating pixels evoked
persisting responses, lengthening the total RGC response duration up to 1.4 s (Figure 6A). The pixel switch experiment was repeated
with randomised time-varying non-stationary pulses, and identical results were obtained (Figure 5A right, 5B bottom and 6A orange).
However, when the stimulation was switched back to the first pixel (second switch, pulse number 11), the network-mediated ML
activity was statistically significantly reduced compared to the naive response for both 10-ms non-stationary (p = 0.0271, two-tailed
paired t-test) and randomised time-varying non-stationary pulses (p = 0.0267, two-tailed paired t-test).

Non-stationary pulses (both 10-ms and randomised time-varying) lengthened the duration of the RGC response from 0.4 to 1.4
seconds, by reducing the fast RGC desensitisation. According to these findings and previous results*’, we hypothesised that the
response recovery at the pixel switch arose from another pool of BCs that were not desensitised by the first stimulation pattern
(Figure 6B): that is to say that switching the stimulation pixels allows stimulating a RGC alternatively from different portions of its
receptive field.
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5.4.4  Temporal modulation of epiretinal stimulation with interrupted pulse trains

In the previous experiment, non-stationary pulses prolonged the response persistence. However, when the illumination
spot was switched back to the original pixel, the response was statistically significantly reduced compared to the naive response.
Thus, we introduced another temporal modulation in the stimulation sequence. For each stimulation block (5 pulses at 5 Hz), the last
two pulses were removed (interrupted sequence, Figure 7) since the network-mediated ML response to these pulses were always
statistically significantly reduced compared to the naive response. Instead, the interrupted sequence leaves a longer gap to each pool
of BCs to repolarise. The interrupted sequence design was tested on Rd10 explanted retinas (group D in Table 1) in combination with
10-ms stationary pulses, randomised time-varying stationary pulses and 10-ms non-stationary pulses (Figure 7A,B). The interruption
of the 10-ms stationary pulse train had no effect since the evoked network-mediated response persisted only for 0.4 (Figure 8, blue),
similar to 10-ms stationary pulses (Figure 8, black). However, the combination of the interrupted sequence with randomised time-
varying stationary pulses allowed the persistence of the response up to the third switch (pulse number 16), which corresponds to a
response persistence of 3.2 s (Figure 8, green). In contrast, the combination of interrupted sequence and 10-ms non-stationary
stimulation allowed a response persistence to only 2.2 s (Figure 8, yellow).

In summary, randomised time-varying stationary interrupted pulses allows an eightfold lengthening of the RGC response persistence
from 0.4 to 3.2 seconds, by strongly reducing the fast RGC desensitisation.
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Ch.5 Figure 7 - Interrupted pulse trains reduced RGC desensitisation

A, Representative recordings from a RGC upon 5-Hz single-pixel photovoltaic stimulation (3 s) with 10-ms stationary pulses (top
left), 10-ms stationary interrupted pulses (top right), randomised time-varying stationary interrupted pulses (bottom left) and
non-stationary interrupted pulses (bottom right). The light pulses are shown in green. For non-stationary stimulation, the
stimulating pixels were switched at 1 Hz. B, Mean PSTHs (mean +s.e.m., group D, n = 23 RGCs) upon 5-Hz single-pixel photovoltaic
stimulation (10 s) with 10-ms stationary pulses (first row), 10-ms stationary interrupted pulses (second row), randomised time-
varying stationary interrupted pulses (third row) and 10-ms non-stationary interrupted pulses (fourth row). The black area shows
the mean value, while the grey area shows the s.e.m. The right panels highlight the first 3 s of the histograms. The light stimuli
are indicated in green for 10-ms pulses, while the onset of the light pulses is indicated with green arrows for the randomised
time-varying pulses.
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Ch.5 Figure 8 - Quantification of the RGC response preservation with interrupted pulses

Quantification of the normalised network-mediated ML RGC response over 10 s 5-Hz stimulation with 10-ms stationary pulses,
10-ms stationary interrupted pulses, randomised time-varying stationary interrupted pulses and non-stationary interrupted
pulses (mean *s.e.m., group D, n = 23 RGCs). The firing rates were normalised to the response to the naive pulse. The right panel
highlights the first 3 s of the recordings. The shaded area shows the s.e.m. Filled circles represent pulses inducing a network-
mediated ML activity not statistically significantly different than the naive response to the first pulse. Empty circles represent
pulses inducing a network-mediated ML activity statistically significantly reduced compared to the naive response to the first
pulse.

5.4.5  Spatiotemporal modulation of epiretinal stimulation

Last, we tested on Rd10 explanted retinas (group D in Table 1) a complex stimulation sequence associating the three
modulations described so far (Figure 9A,B). The combination of non-stationary stimulation together with randomised time-varying
pulses and interrupted stimulation sequence theoretically maximise the recovery time between consecutive stimulations of each of
the two pools of BCs. Such a sequence can reproducibly evoke network-mediated ML responses not statistically different than the
first naive response up to four pixel switches (pulse number 21), corresponding to a response persistence of 4.4 seconds (Figure 7C).

When used in conjunction to maximize the recovery time of the excitatory cells, temporal and spatial modulations of the stimulation
exhibited great synergy. A stimulation sequence, whose design included time-varied, non-stationary and interrupted pulse trains,
efficiently counteracts the desensitisation process since it offers to each pool of BCs a long recovery period of about 1.8 s to repolarise
between consecutive stimulations. Though, the slow RGC desensitisation, likely imputable to inhibitory interneurons, is not affected
by those modulations.
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Ch.5 Figure 9 - Combined spatiotemporal modulation reduced RGC desensitisation

A, Representative recordings from a RGC upon 5-Hz single-pixel photovoltaic stimulation (3 s) with 10-ms stationary pulses (left)
and non-stationary randomised time-varying interrupted pulses (right). The light pulses are shown in green. For non-stationary
stimulation, the stimulating pixels were switched at 1 Hz. B, Mean PSTHs (mean +s.e.m., group D, n =23 RGCs) upon 5-Hz single-
pixel photovoltaic stimulation (10 s) with 10-ms stationary pulses (left) and non-stationary randomised time-varying interrupted
pulses (right). The black area shows the mean values, while the grey area shows the s.e.m. The right panels highlight the first 3 s
of the histograms. The light stimuli are indicated in green for 10-ms pulses, while the onset of the light pulses is indicated with
green arrows for the randomised time-varying pulses. C, Quantification of the normalised network-mediated ML RGC response
over 10 s of repetitive stimulation at 5 Hz (mean + s.e.m., group D, n = 23 RGCs) with 10-ms stationary pulses (back) and non-
stationary randomised time-varying interrupted pulses (pink). The firing rates were normalised to the naive response. The shaded
area shows the s.e.m. Filled circles represent pulses inducing a network-mediated ML activity not statistically significantly
different than the naive response to the first pulse. Empty circles represent pulses inducing a network-mediated ML activity
statistically significantly reduced compared to the naive response to the first pulse.
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5.5 Discussion
5.5.1  The cognitive burden of transient percepts

The artificial vision provided by retinal implants allows profoundly blind patients to perform visual guided tasks, such as
orientation, navigation, object recognition, object manipulation and reading163.275, However, the unnaturalistic vision provided by the
current retinal prostheses poses a significant issue to implanted patients in daily life98.270.283; only a very small fraction of users keeps
using their prosthesis at the end of the clinical trial due to the high cognitive load of its use126:270, This fate matches the abandonment
rate in cochlear implant or upper-limb prosthesis users which, if not abandoned, become an intermittent aid due to both their
physiological and cognitive burden?#92-495, Similarly, artificial vision is a highly specific cognitive task, that implies long associative
learning but also a permanent multisensory adjustment of the perception26.270,

In retinal stimulation, electric stimuli are translated into phosphenes organised in a reduced two-dimensional space. The fading of
those phosphenes, the absence of depth information and the fragmentation of the visual space make it necessary to adopt
multisensorial strategies to localise and recognise the visual cues. Users of retinal prostheses are taught to perform body and head
movements to scan the visual scene while performing active viewing through their implant28, These movements serve two purposes:
to scan a portion of the visual field larger than the one allowed by a small-size implant and to counteract the fading of the phosphenes.
Several groups worldwide are developing wide-field implants that could address the first issue from an engineering
perspective323369.168 However, the rapid fading of the percept still forces the users to voluntarily refresh the stimulation pattern on
their retina, performing large body and head movements2¢8,

Artificial vision requires the subject to fixate a visual target in order to identify it; therefore, it accounts on the retinal response to
one or several stationary electrodes at a time, leaving open the likelihood of response fading. It was suggested that when stimulating
the retina repetitively and synchronously, a minimal delay of 155 ms (6.5 Hz) was required between stimuli to avoid fading78.
However, RGC desensitisation was also observed at lower stimulation frequencies?33: already from 1 Hz in the present study. Another
study also argued that repeated stimulation of distant stimulation sites (at least 790 um) could avoid fading, suggesting that
counteracting fading goes through large spatial variations of RGCs targets during fixation?78. With a high-resolution photovoltaic
approach, we showed that two adjacent pixels, separated by 120 um only, could stimulate the same RGC from different subsections
of its receptive field and maintain response up to 4.2 seconds. The ability to maintain a sustained and localised RGC response may
drastically reduce the need for active body or head movements and the constant attention required from varying the RGC target for
a static object.

5.5.2  Spatial and temporal modulations reduce the rapid desensitisation

The stability of the percept evoked by retinal stimulation depends on several factors, among which the electrode location,
the stimulation frequency but also the integrity of the retinal network. In Rd10 mice retinas, the RGC, the inner nuclear and the
plexiform layers are largely preserved even at advanced stage of degeneration01.1024% and the time course of RGC desensitisation
is not affected by the degeneration process?>l. The integrity of the excitatory and inhibitory pathways is crucial in the synaptic
desensitisation process. According to the theoretical framework proposed by Freeman & Fried?33, the involvement of both pathways
in RGC desensitisation might explain the two temporal components of fading reported by patients. Indeed they often describe a fast
fading phase (hundreds of milliseconds) followed by a slow fading phase (tens of seconds)268.283, The nonlinearity we observed in the
temporal relationship between desensitisation and stimulation rate corroborates the coexistence of more than one mechanism. Both
excitatory and inhibitory interneurons can be activated during electrical stimulation, independently of the electrode location385:440,
The kinetics of BCs voltage-gated Na*-channels and the recruitment of the inhibitory network (both involved in synaptic adaptation
during natural vision#) are two valid candidates to explain the decay of the RGC responsivity during epiretinal network-mediated
stimulation251497.49%_Growing evidence suggests that AC to BC synapses may be essential players in the slow desensitisation process,
and inhibitory postsynaptic potentials were recorded in BCs after depolarising responses to electrical stimulation?!. As a
consequence of the joint presence of inhibitory postsynaptic potentials and Na*-channels closure time-course, BCs require from 0.2
to 2 seconds to fully repolarise after a depolarising voltage transient251, The spatiotemporal modulations of the stimulation explored
in this paper showed the ability to counterbalance the rapid phase of the RGCs desensitisation, playing on the BC excitatory pathway.
The common thread behind sequence interruption, randomised time-varied pulses and non-stationary stimulation is to allow longer
recovery periods for a given BC or pool of BCs.

5.5.3  Artificial microsaccades

The natural fixational microsaccades may help to avoid the fading of phosphenes, however, electric-based prostheses (like
the Argus® Il) bypass eye movements since the image is acquired by an external camera and transmitted to the implanted array in
the form of a stimulation pattern. Therefore, fading cannot be counterbalanced either by spontaneous nor by voluntary ocular
movements. On the other hand, light-based prostheses use light (natural or artificially projected) entering the pupil and reaching the
implanted device as visual information source. In this case, eye micromovements could compensate for the fading process. Yet, two
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devices showed opposite clinical results regarding fading. Retinitis Pigmentosa patients implanted with the Alpha-IMS/AMS devices
reported phosphene fading, but with a high variability of fading rates amongst patients183.185, while age-related macular degeneration
patients implanted with the PRIMA device did not#38, The origin of these opposite results is still unclear, and it might be associated
with two factors. First, the higher stimulation resolution of the PRIMA device could allow for an efficient image shift during eye
micromovements. Second, oculomotor reflexes are often impaired in Retinitis Pigmentosa and they are highly dependent on the
patients’ visual history and residual vision267.499.500, Retinitis Pigmentosa patients showed large multidirectional involuntary eye
movements or nystagmus that could prevent them to perform fine relevant microsaccades across the visual area of interest 263,265,266,

In such cases, a non-stationary component within the stimulation strategy itself might be useful to reproduce
microsaccades artificially and reduce fading. Eye-tracking systems can operate up to 120 Hz, which can effectively gaze-lock the grid
of stimulating elements onto the retina>1. Once gaze-locked, the stimuli can be laterally flickered between two adjacent pixels to
mimic microsaccades artificially. Sub-receptive field stimulation allows to do so without affecting the overall pattern of activation of
the RGC layer and therefore asking for limited brain adaptation. The 120-um separating the high-resolution POLYRETINA prosthesis
pixels*87 allows flickering the stimulus within a distance that does not exceed the one of natural microsaccades, estimated from 0.01°
to 1° of visual angle254255, Switching the stimulating pixels at 1 Hz also allows matching the natural fixational saccade occurrence of
1 to 2 per second?4.

The non-stationary approach requires high stimulation resolution at the BC level to activate independent excitatory pools within
the same receptive field; therefore, it might be limited by two factors. First, the resolution might depend on the strength of the
stimulation, since a larger pool of BCs might be desensitised as the stimulation strength increases. In our study, we used an irradiance
level of 0.9 mW mm-2, which was previously demonstrated to be above the activation threshold of RGCs*87. Second, a single RGC
must be activated by at least two neighbouring electrodes; therefore, this approach is limited to RGCs with a receptive field larger
than the pixel pitch. In our study, the pixel are 120-um distant, and most RGC in the mouse retina have dendritic fields exceeding this
value” : at least two pixels can activate a RGC. However, both the irradiance level and the response resolution must be validated in-
vivo with animal models and patients to verify the translation of this approach.

In conclusion, providing a naturalistic type of stimulation, where the changes in the RGC activity pattern matches the natural
spatiotemporal features, might improve the chances of successful adoption of prosthetic stimulation. At first, increasing the
persistence of RGC response up to 4.2 seconds may allow reaching the critical phosphene duration for a sound understanding of the
percept. Evidence suggests an active role of non-stationary retina stimulation into shaping and enlarging the cortical receptive fields,
which in turn allows targeted saccades and proper allocation of attention during faces recognition or visual exploration tasks302.503,
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Chapter 6 Conclusion

6.1 Achieved results

The present work introduces a hybrid epiretinal photostimulation approach, that gathers the advantages of photovoltaic
subretinal implants and large epiretinal arrays, while circumventing the major drawbacks of each of them.

Organic semiconductors allow to fabricate flexible miniaturized p-n junctions that only relies on a light beam as power and command
sources. In this perspective, the POLYRETINA approach could be compared to optogenetic stimulation: both are entirely withstanding
but require a high-power light beam to induce retinal cell depolarization. A prosthetic approach with discrete stimulation sites can
hardly compete with optogenetic cellular resolution. Yet, a high and dense array of stimulating pixels may allow to stimulate the
larger mid-peripheral and peripheral ganglion cells with their native resolution. Indeed, the pitch only limits the theoretical acuity
restored in the macula. If the array can cover the retina beyond 10 to 20° of eccentricity, a 120-um spacing can guarantee a native
resolution for most of the RGCs beyond the fovea452:453,

The restoration of a large visual field is made possible by two joined elements: the flexibility of the substrate and the active materials,
and the epiretinal placement of the implant. It allows the implant to be rolled, inserted through a 6.5 mm scleral incision and to self-
open facing the retina over a 13.4 mm diameter area, what corresponds to roughly 45° of visual angle.

The use of 10-ms long light pulses allows to stimulate the RGCs through their presynaptic network, despite the epiretinal placement.
Long light pulses generate long and capacitive-like photovoltage at the pixel-tissue interface. Both features have been isolated as
potent candidates to activate the inner retinal cells rather than the RGCs directly237.416:386,440, This work also demonstrated that their
conjoint use allowed to recruit both excitatory and inhibitory inner retinal networks. The network-mediated stimulation of RGCs has
benefits and drawbacks, as previously observed in subretinal stimulation paradigms?268:337,419,381 The first advantage is to circumvent
axonal stimulation issue. The second and major advantage, though the extent of its benefit on the actual perception is not measured,
is the preservation of the inner retinal processing. The present work suggests that one measurable consequence of this preservation
is the focusing of the response on the GCL. The modulation of excitatory input or the direct RGC inhibition from ACs allows to spatially
segregate the RGCs response when single cell resolution is not possible, i.e. in the macula.

In this way, POLYRETINA allows to conciliate visual field and visual acuity restoration.

The second Chapter of this work introduces the first concept and design of the POLYRETINA implant, which embeds 2215
stimulating pixels, in a number and density already remarkably higher than most implants proposed to date (Appendix
Supplementary Table 1). The spacing of stimulating pixels in such design (150 um) could theoretically have provided a restored visual
acuity of 20/600. Though better than Argus® Il subjects’ performances, this acuity would not allow blind patients to rely on their
visual sense in daily activites, and they would be prone to orientate towards substitution strategies®?. Patients would besides still be
considered legally blind. However, the visual field offered exceeds the thresholds defined for both legal blindness (20°) and adequate
mobility skills (30° to 40°281,282322) But, importantly, without high visual acuity, this large visual field would be of little help in localizing
and manipulating activities?77.279,

Further improvements on POLYRETINA resolution have thus been conducted along two complementary lines: downscaling the
pixel array, and dissecting the retinal circuit activation under epiretinal photovoltaic stimulation to avoid neural cross-talk.

A second design of the implant could embed 10’498 photovoltaic pixels, spaced out with a 120-um pitch. This tremendous increase
in pixel density has been made possible mostly thanks to the patterning of the organic polymer film into physically independent and
mechanically stable stimulating units. Such design allows for a theoretical visual acuity of 20/480193:487,

However, increasing the electrode density does not necessarily translate into increasing the prosthetic resolution. Among the
obstacles that limit spatial resolution, five major issues can be isolated. First, the impedance of electrodes increases when their area
is reduced3. Second, the reduction of electrode spacing induces a risk of lateral cross-talk. This may have a major impact when
combined with the third issue, which is the frequently noted gap between the epiretinal array and the retinal surface%. The lateral
spreading of the electric field might be enhanced by the presence of the vitreous humour, resulting in a loss of spatial confinement.
Fourth, epiretinal implants’ risk of stimulating axon bundles, which dramatically impairs the resolution of the RGC response372:348,
both in diameter and in lateral displacement, and consequently the perceived phosphenes. Last, in implants relying on network-
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mediated activation, neural cross-talk can also limit the resolution. The intrication of the neural connections — either due to the
natural convergence and inhibition schemes of the healthy circuit, or due to aberrant rewiring — is a biological parameter that may
defeat any effort to solve the technical resolution issues. It is then necessary to integrate it too into the design of a stimulation
strategy.

Regarding the technical limiting factors, we verified in Chapter 4 that the second high-resolution POLYRETINA electrodes had an
impedance low enough to stimulate RGCs under safe exposure (79 uW.mm2 activation threshold, 10-ms pulses, TiN coating), and
that the electric cross-talk between adjacent electrodes was minimal. Also, the hemispherical shape of the PDMS substrate must
garantee a tight contact between the photovoltaic pixels and the retinal tissue all over the implant’s surface. Its realization by
injection moling also opens the possibility to fabricate highly conformable personalized domes.

The uncontrolled axonal stimulation issue can be solved by turning the POLYRETINA epiretinal implant into a network-mediated
stimulation implant. In actual fact, this is what is done when the Argus® Il implant is used with long pulses ( > 10 ms), or when the
Epi-Ret group investigates the potentiality of sinusoidal and non-rectangular waveforms334387, While the stimulation is conducted
from the epiretinal side, the spiking profiles reported in the latter studies are network-mediated. We indeed showed in Chapter 3
that long ( > 10 ms), capacitive-like pulses, or both combined, had the ability to polarize the inner retinal interneurons with greater
efficiency than shorter rectangular pulses. The recrutment and role of the outer retinal cells in such process is controversial, and
further anatomical and electrophysiological studies may be needed to determine whether degenerating light-insensitive
photoreceptors having lost their outer terminals can be stimulated from the epiretinal side (as it has been shown from the subretinal
side0), and whether horizontal cells can contribute to the response inhibition, despite the rectraction of most bipolar cells dendrites.
The recruitment of the inner retinal cells from the epiretinal side has three major consequences: to partially avoid uncontrolled direct
RGC depolarization; to preserve the spatio-temporal characteristics of the sighted RGC response; and to benefit from lateral inhibition
from the amacrine cells. This latter point may be more prominent in epiretinal network-mediated stimulation than in subretinal
stimulation, due to the vicinity of amacrine cell bodies with — and within —the GCL5%.

These findings are in line with the major reports on the topic: different epiretinal pulse durations involve the contribution of different
cell types348, Short pulses (60 ps pulses to 0.15 ms) generate action potentials at the AlS and distal axon level372235, which leads to
laterally offset RGC responses348, and wide areas of activation23’. On the other hand, long pulses (1 ms to 25 ms) generate focused
RGC response over the electrode348, and better spatial confinement of the activation and of the percept23”. One can assume that the
prolonged voltage exposition leads to cumulative transmembrane change in graded voltage cells —i.e. ACs and BCs — and thus in their
sustained postsynaptic activity*88. The same chronaxy mechanism can be exploited using non-rectangular pulses3®7 (c.f. Chapter 3).
This explains the strong ability of POLYRETINA pixels, that generates a capacitive-like photovoltage with a 6 ms discharge rate, to
activate the inner retina. In further developments of POLYRETINA implant, the adjuvants to photovoltaic materials have been tuned
in order to preserve this capacitive photovoltage?s°.

The conjoint use of non-rectangular long pulses and a high-density pixel array allows to stimulate RGCs through their
presynaptic network and in most cases through subportions of their large presynaptic network (c.f. Chapter 4). Indeed, the RGCs’
photovoltaic receptive fields measured in the mouse retina are no less than 154 um wide and a RGC can be activated through on
average three different adjacent pixels. This is a symptomatic example in which the high resolution of stimulation provided by
POLYRETINA is fraught with biological limitation — the spatial extend of RGCs presynaptic network.

The over-resolution of POLYRETINA array compared to natural receptive field size in the mouse retina leads to two interesting results.
First, it makes it possible to stimulate a given RGC in a non-stationary fashion by vibrating the light pattern from one pixel to another.
Second, it means that POLYRETINA resolution also exceeds natural spatial resolution in the human peripheric retina whose RGCs have
large presynaptic network. Consequently, in the fovea, the theoretically restored visual acuity is 20/480193 (as limited by the 120-um
pitch); but from respectively ~ 2.5 and 5 mm of eccentricity parasol and midget cells can be stimulated with their natural arborization
as the only limit452,84,487,

Restoring peripheral vision with a natural spatial resolution can be critical for motion perception, self-orientation and ambulation,
especially in late blind patients relying on allocentric spatial processing?8214.11.279, Moreover, the visual acuity restored in patients, if
not impaired by axonal stimulation, is expected to exceed the theoretical value from spatial RGC resolution. The single features
parallelly encoded by the various RGC types are spatially and temporally integrated back into V1507508, The V1 non-linear spatial
integration processes, such as contour integration, collinear facilitation, or attention facilitation play a prominent role in the clinical
visual acuity, that are hardly predictable from retinal studies®02-513, Perceptual learning is also expected to improve clinical visual
acuity514515,

Be that as it may, the quantitative performances of retinal implants are not the only factors predicting the benefits patients
could gain from it. The qualitative impact of the epiretinal photovoltaic stimulation paradigm presented in this work can take three
forms. First, the delivery of long non-rectangular voltage pulse may allow to avoid stimulation of RGCs axonal bundle, as they
preferentially target inner retinal graded cells. Long sub-threshold pulses could eventually allow exclusive epiretinal indirect
stimulation379, and prevent the blurring and distortion of complex percepts. Second, the restoration of a large visual field with natural
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spatial resolution can limit the need for head and body scanning to seek for the relevant objects and features. This is expected to
make patients able to rely on their peripheral vision for near-normal orientation and mobility performances°.

Third, the network-mediated stimulation strategy preserves some of the spatio-temporal characteristics of the sighted RGC response,
which can be at the same time a drawback. The preserved latency between light onset and RGC spiking response, as well as the
preservation of rate coding are considered as an advantage for the activity integration in the LGN and V1516-518 Yet, the asynchronicity
of the RGC response and thus temporal order coding is not reproduced in prosthetic approaches, which could represent a significant
loss of informations!7. Additionally, network-mediated activation of RGCs preserves their adaptation mechanism and desensitisation
upon repeated stationary stimulation (c.f. Chapter 5). POLYRETINA photovoltaic electrodes can sustain up to 20 Hz of stimulation
rate, but the frequency dependant desensitisation of RGCs limits its operating rate to 5 Hz, similarly to other epiretinal (e.g. Argus®
Il) and subretinal (e.g. Alpha-IMS) prostheses. Yet, the over-resolution of POLYRETINA can be of substantial help in dealing with
adaptation issues, as it allows to introduce a non-stationary stimulation pattern within the same receptive field. Implemented
together with time-variation and interruption of the light stimuli — in a naturalistic stimulation sequence closer to natural stimuli
asynchronicity and mobility — it could extend RGC responsivity by a factor of 10.

Altogether, this work is thus intended to provide technical and network-oriented solutions to the main obstacles
encountered by retinal implants users. The high-resolution POLYRETINA implant stimulated with naturalistic sequence of 10-ms long
pulses of 1 mW mm2560 nm light (i.e. below the irradiance safety limit) showed the ability to stimulate RGCs with sub-receptive
field resolution for 4.2 seconds. At the macroscopic level, the implant and stimulation paradigm are expected to cover approximately
45° visual field, with 20/480 foveal resolution and native spatial resolution from the mid-peripheric visual field; and to evoke distinct
seconds-lasting phosphenes, without requiring head scanning, for a minimum lifetime of 2 years.

6.2 Future development
6.2.1  Foveal resolution and selectivity

The ability to restore a wide visual field, wider than 40°, is a tremendous improvement regarding existing and developing retinal
implants (Appendix Supplementary Table 1) and might offer great daily benefits in Retinitis Pigmentosa patients. Yet, the visual
acuity theoretically restored with POLYRETINA, if it can be very satisfying in the mid-to-far periphery thanks to the retinal coverage
and receptive field increase with eccentricity, does not exceed performances reported in patients implanted with Alpha or PRIMA
implants. With such acuity (20/480), Retinitis Pigmentosa patients with highly reduced tunnel vision or no light sensitivity will still be
severely visually impaired, and are not expected to perform high acuity tasks in their daily life such as reading, identifying emotions
on faces or perform fine visually guided movements. The management of patients’ expectations has been underlined as an important
part of the surgical surveillance®1%12, An implant with an electrode density similar to native foveal midget receptive fields#3284 should
possess a 5 um distance from an approximately 12 um pitch. An approaching resolution could have been tested in the primate retina
and evoked direct activity in RGCs with cellular resolution52°. However, such a native foveal resolution approach raises several
concerns. The design of an implant with such high density requires totally wireless technology. In addition, the extremely high
impedance of such microelectrodes condemns them to be used for direct stimulation of the RGCs, if placed in an epiretinal position.
And, more importantly, the stimulation of RGCs at an individual level must recreate the visual encoding capacity of the retina: the
very high spatial resolution of stimulation creates the need for cell type selectivity. The risk to stimulate multiple parallel processing
channels sending contradictory signals is present regardless of the resolution, but the increase in spatial targeting must necessarily
go with the knowledge of the relevant cells to be stimulated. Such biologically smart stimulation would be incredibly complex, as the
retinal visual encoding is still a black box: models can reproduce its main functional outputs®21-524, some relevant image processing
has been enhanced for artificial and computer vision312525526 and various RGCs’ functional properties identified8279, but the
relationship between cell types, location and visual encoding is hardly linear. Further insights on the retinal processing that could
provide a sufficiently approaching model relating cell types and complex features processing would be necessary in order to efficiently
downscale retinal implants resolution.

Such downscaling also pushes forward the limits of existing technology and manufacturing techniques. Regarding POLYRETINA, the
standardized microfabrication techniques allow to fabricate photovoltaic pixels down to 40 um and 60 pm pitch. However, such small
pixels do not allow to generate a confined enough electrical current, nor can one single 40-um pixel elicit network-mediated RGC
activation. Alternative designs of the photovoltaic pixels must be implemented to further enhance the stimulation resolution. In
addition, this very high resolution design will require experiments in the primate retina, as such resolution would exceed that of the
mouse retina smallest dendritic fields.

Chapter 5 highlighted the excitatory and inhibitory components of contrast adaptation involved in RGC desensitisation
under repeated electrical or photovoltaic stimulation. Stimulating the inhibitory network and especially the amacrine cells present in
the GCL and inner part of the INL is, on one side, a drawback for the temporal resolution of the response; but on the other side, it
helps in its spatial segregation, especially in the foveal retina with high RGC density. In sighted contrast adaptation, RGC membrane
potential drop is caused by multiple mechanisms: intrinsic membrane and channel properties, ceasing of excitation, feedback
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inhibition, and feedforward inhibition243.245.246, RGC sensitivity can be prolonged, but adaptation — to light or to electrical stimuli —
can naturally not be suppressed, only due to the intrinsic RGC electrical propertiess?’. Identifying the role of amacrine cells in RGC
desensitisation, and defining a balance between favorable and noxious inhibition are exciting steps to dig deeper in a network-
oriented stimulation strategy.

Finally, the risk to stimulate multiple parallel processing channels must be acknowledged. The non-selective activation of
different visual pathway from joined stimulation of antagonistic spatial areas compromises the formation of a relevant information
signal. Besides the above-mentioned pharmacoprosthesis or light response individual cell testing, ON and OFF cells cannot be
classified and separately stimulated. In natural vision, ON and OFF RGCs stimulation in a local retinal area are mutually exclusive. The
consequence of their joined stimulation is still unclear: large phosphenes perception could suggest that both signals do not cancel
but that ON signal override OFF one. One should mention though that in retinal degeneration models, OFF pathway integrity seem
less affected than ON one, at the least in early stages of the disease>28, but the functionally mutual exclusion of ON and OFF pathways
is supported by an ON to OFF inhibitory circuit, that could argue foran ON dominated response in network-mediated strategies529.539,
provided a sufficient asymmetry between the ON to OFF and OFF to ON synaptic input can be demonstrateds29.531,

In addition to the ON-OFF cell opponency, there are more than 30 types of functionally distinct mammalian RGCs, responsible for
specific feature encoding, such as brightness, movement, color, etc8.8279, Their overlapping receptive fields allows the visual
information to be decomposed into highly specific features later integrated back together in V159882, Contrary to ON-OFF cells, the
joined stimulation of these spatially overlapping but functionally different RGCs’ presynaptic networks might rather be an advantage
than an issue, both in terms of cognition and outcomes. It participates to provide a sighted input decomposition to the LGN and V1,
what should facilitate the information processing in the late blind brain; and it allows for high-level nonlinear integration of the
parallel visual information, what might further enhance the clinically restored visual acuity>08-511,513,

6.2.2  Assessing the functional usefulness of network-based strategies

It is critical to not separate the in-vitro cellular and network-based stimulation strategies from their in-vivo consequences.
The evaluation of preclinical animal models should allow to test whether the confined stimulation of the RGCs we observed ex-vivo
can lead to spatially segregated V1 response (VEPs) and eventually to complex phosphene perception. Preclinical testing of the
surgical implantation procedure has been conducted, and preliminary results showed that wide-field flashes of light could evoke VEPs
in blind minipigs>32. Further in-vivo studies should also allow to confirm the mechanical stability of the materials, of the implant
fixation, and address the spatial discrimination achievable.

Another critical aspect addressed at this stage is the potential usefulness of the POLYRETINA implant and stimulation
strategies. The recent past of retinal implants has proven that the dialogue with patients is essential: to understand their needs, their
experience, to manage their expectation, to judge of the pertinence of the restored vision and to design back retinal stimulation
approaches. The qualitative performance must necessarily be included in device evaluation processes. Self-reports and home
environment investigations are the first available tools for doing so. However, there is no standardization in the evaluation of a
prosthesis’ functional outcomes. Quantitative and reliable measures can be provided by psychophysical, direction of motion,
localization, or orientation tasks, but they have limited translatability out of a controlled laboratory environment. On the other hand,
real word functional assessment and self-reports are highly subjective.

A solution can be brought by the development of Virtual Reality (VR) and Augmented Reality (AR) interfaces. VR allows to create
virtually controlled but highly complex environments, in the spirit of the Pedestrian Accessibility and Movement Environment
Laboratory®33. Simulation of prosthetic vision in such environments can give precious standardized insights on what would be the
real-world performance of implanted patients. Additionally, AR simulating prosthetic vision over a real-world environment can be
used to compare the accuracy of the simulated vision prediction with respect to real patient performance.

Considering scanning and cognition efforts are key to build standardized usefulness evaluation. Mapping of body movement, of head
scans but also of eye movements can easily be included in a VR or AR experimental paradigm. Decision time and pupillary measures
can also be envisaged for cognitive effort measure534-336,

In that regard, it would be important to collect more knowledge on the presence and the role of natural eye movements of
patients implanted with subretinal or suprachoroidal prosthesis. The high variability of preferred stimulation frequencies and the
variability of the verbal fading reports268.283,180,184 coy|d to some extent be explained by various oculomotor strategies or impairments
in Retinitis Pigmentosa patients. The present work showed that non-stationary stimulation with a 120-um amplitude can lengthen
the RGC responsivity to photovoltaic stimulation. The question remains whether this strategy can be unconsciously used or taught
to implants users, or whether it should be implemented as an image preprocessing, together with its transformation into binary
image.

A pioneering study in Alpha-IMS patients indeed confirms the hypothesis that the quality of a percept and its duration depends on
the subjects’ oculomotor behavior. Eye tracking of patients’ gaze showed the presence of square waves, small amplitude drifts and
microsaccades during phosphene visibility phases; but it also revealed the versatility of these movements, leading to a sudden
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reversal of visibility®37. It is interesting to mention that the frequency of microsaccades was found to adapt to the flickering (or
stimulating) frequency of the image. Authors identified 5 Hz stimulation as the rate eliciting the longest percepts’ duration, and a
saccade frequency close to sighted patients average (i.e. an inter-saccadic interval of 200 to 250 ms). Fixational microsaccades thus
clearly have the potential to limit fading in-vivo, and relatively low stimulation rates that favors natural microsaccades might be more
efficient than higher stimulation rates ( > 15-20 Hz) aiming at flicker fusion.

Yet, the same study also showed that microsaccades theoretical potential might not be exploited by all patients. Various evidence
suggest that the experience of blindness impairs the voluntary and the involuntary oculomotor control. A reduced visual field can
notably lead to saccadic movements of reduced amplitude267.266,500, Also, Retinitis Pigmentosa patients with narrow residual vision
exhibit a common voluntary saccade strategy consisting of large aberrant saccades out of the visual field>38499, This strategy was
associated with poor percept visibility in Alpha-IMS patients®37. A patient exhibiting nystagmus — a frequent impairment in severe
forms of Retinitis Pigmentosa?%* — also showed increased difficulties in maintaining visibility, as it resulted in large corrective eye
movements®37, For such patients, implementation of artificial saccades might be necessary. The relative effects of artificial and
natural microsaccades could be tested in locked and freely moving gaze VR environments. Understanding the systematicity and the
reversibility of oculomotor disfunctions — or acquired counterproductive oculomotor strategies — could also help in deciding which
training or artificial saccade implementation is the best solution, for most patients, and as individual rehabilitation strategy.

6.2.3  Interaction of prosthetic stimulation with the plastic visual system

The great variety of Retinitis Pigmentosa genotypes makes it extremely difficult to draw out systematic phenotypes regarding
the oculomotor behavior, the cellular preservation of the retina, and its plasticity. In addition, each patient’s history of blindness has
a direct impact on its vision strategies: the motor strategies but also the mental representations and associative perceptions, that
can be affected by visual field loss267.53°, A deeper knowledge on the variety of these phenotypes is required to provide adequate
stimulation and rehabilitation strategies. Notably, given the current state of knowledge, the risk arising from retinal remodeling may
as well be over- or underestimated.

The various types of network-mediated response patterns38238, together with their temporal characteristic, and their ability to be
modulated suggests that network-mediated stimulation can preserve the diversity of stimulus encoding by the local retinal circuits,
and thus even in retinas at advanced levels of degeneration. The network-mediation also allows to modulate the natural lateral
inhibition to spatially segregate the RGC response, and to modulate the local excitation source to delay desensitisation. However,
the integrity of the connectivity between vertical and inhibitory pathways is crucial to these benefits. From the in-vitro results
gathered in the above chapters, the advanced stage of retinal degeneration does not seem to represent a threat in the mouse Rd10
model, although synaptic remodeling has been reported since early disease stages>4. As previously highlighted, the integrity of the
RGC layer and of the INL to RGL synaptic projection in Rd mouse model corroborates this finding!01.1024%_ |t could be speculated that
the inconcistency between advocates for preserved retina and advocates for remodeling could be solved in the statistical
understanding of retinal reorganization. Knowledge on the systematicity of retinal remodeling and the genetic factors associated
with it are necessary to solve this perennial question. More, the knowledge of remodeling systematicity, associated factors, and
therapeutical windows must necessarily be extended to the primate retina and eventually human patients. For instance, the presence
of RGCs’ spontaneous activity in the Rd mouse model is well documented, and relatable to the triadic connection of RGC, BC, and AC,
thus potentially of aberrant synaptic strengthening540.121,414,415 Qn the other hand, little is known on the presence of spontaneous
activity in human Retinitis Pigmentosa, nor in AMD patients. The presence of microneuromas in histological samples cannot at this
stage be correlated with any functional changes. Also, the spontaneous activity is likely to be reduced by the electrical stimulation of
one or several of the RGC-BC-AC triad protagonists, suggesting focal electrical activation could dominate aberrant activity, as
observed in other neural networks>41542, The impact of electrical stimulation on the miswired retina, both in short-term stimulation
and long-term stimulation, is well worth discovering. Studies for now focused on the impact of retinal degeneration on the electrical
stimulation at an empirical level, and led to variable results regarding the elevation of activation threshold in Rd retinas, either directly
or indirectly stimulated*70:543-346_ |n a network-mediated epiretinal or subretinal approach, both empirical and precise physiological
knowledge are needed to understand the joined effect of stimulation and synaptic reorganization — if systematic. In addition, the
mechanical effect of a prosthesis implantation induces histological changes in the retina, especially for subretinal implants>*7, whose
impact on functional response are overlooked.

The high plasticity of the retinal network following deafferentation, although qualified as negative and leading to aberrant activities,
can be a silver lining. Remodeling may constrain therapeutical intervals, equally for molecular optogenetic or prosthetic therapies,
but suggests an incredibly high adaptability of the retinal neurons to form output-oriented circuits. Chronic electrical or photovoltaic
stimulation could potentially help in several regards. The electrical stimulation alone is suspected to have neuroprotective effects>48-
550, if not neurotrophic effects2?°. Axonal growth was indeed reported under long-term electrical stimulation of retinal cells>51. One
can also hypothesize that the framing of the deafferented circuit towards a meaningful output might nullify the need of alternative
synapses formation and phantom visual inputs.

The interaction between chronic electrical stimulation and the visual system of implanted patients is a major question. As above-
mentioned, this question first expresses at the cellular level in the retina: cells in retinal degenerative retinas might have higher
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stimulation threshold, cells might form aberrant synapses, that could presumably be silenced or modified by chronic network-
mediated stimulation. However, one should also consider the interaction of prosthetic stimulation with the intact portions of the
retina, and thus the higher interaction of prosthesic vision with remaining vision.

The presence of multiple bursts of indirect activity (LL activity) has been proposed to originate from remaining photoreceptors’
stimulation337, either from cells locally preserved from degeneration or from cells having lost their outer segment but still exhibiting
electrical excitability. While this may be possible in healthy retinas with subretinal electrode placement, the presence of multiple
bursts in Rd retinas under epiretinal stimulation can rather be associated with the sustained functional characteristics of RGCs382,
Indeed, on the Rd retina, only a few isolated photosensitive areas — likely consisting of surviving cones — can be found, with extremely
low statistical incidence and not beyond intermediate stages of degeneration>52 (c.f. Chapter 3). However, in the degenerating
primate retina that has a fovea, the photoreceptors loss is spatially dependant. Most cones are preserved in the macula of Retinitis
Pigmentosa patients; and peripheral rods as local cones clusters can be almost untouched in AMD patients, besides rare patients
with no residual light sensitivity*420.2231, With a wide-field implant covering a 13.4 mm wide area of retinal surface, the macula, the
mid-peripheral and the proximal far-peripheral retina are unselectively stimulated, and so risk to be surviving photoreceptors. In the
case of photovoltaic stimulation, preserved photoreceptors can be stimulated both by the photocurrent delivered by the photovoltaic
pixels, or by the incident light projected onto the pixels. While the epiretinal placement of POLYRETINA may limit the photovoltaic
stimulation of the photoreceptor layer (c.f. Chapter 3), the use of visible light to activate conjugated polymers favors light-induced
depolarization of the photoreceptors.

The only available study on the interaction of prosthetic and residual vision was conducted with the PRIMA implant, i.e. an implant
that only covers the maculal?. It showed a very promising reproduction of center-periphery crowding effects — while the central
retina was stimulated through the implant and the periphery through preserved photoreceptors. Yet, this does not allow to predict
the cortical integration of prosthetic and natural vision when both spatially overlap at the retinal level. The timing of both types of
responses are comparable: 50 to 300 ms for the RGCs’ light response>33 and 40 to 120 ms for the network-mediated response (ML);
but the prosthetic response latency is slighty lower, as it does not require phototransduction. One can thus assume that the
photoreceptor light response might reach already depolarized BCs, if not already desensitized BCs, and be of only minor effect with
regards of the prosthetic response. Another difference lies in the light offset response: photovoltaic pixels stimulate both ON and
OFF circuits at the light onset, but none at light offset; while incident light activates ON circuit at light onset and OFF circuit at light
offset. The almost constant stimulation of the OFF circuit with such paradigm could lead to strong adaptation and OFF circuit neglect
for the benefit of ON selective activation. Insights on the RGCs behavior but also on the cortical response under joined photovoltaic
and light stimulation are needed to understand the functional risks of spatially overlapping stimulation.

In parallel, the requirement for light stimulation in the visible spectrum can be addressed through semiconducting materials
refinement. The P3HT:PCBM polymeric blend used in the present studies absorbs light preferentially between 450 and 590 nm, but
recent work showed that POLYRETINA sensitivity can be shifted towards near-infrared wavelengths, conjugating PCBM with another
organic polymer (PCPDTBT)4%. PCPDTBT:PCBM absorption peak is comprised between 660 and 760 nm, i.e. outside of rods, M-cones,
L-cones and S-cones spectral sensitivities. Such near-infrared shifted POLYRETINA demonstrated the ability to stimulate the inner
retina network from the subretinal side*>°. PDPP3T p-type polymer has also been proposed to form organic photodiode for prosthetic
applicationss%4. Inorganic silicon photodiodes have shown their efficiency in stimulating the retinal tissue!®¢; but their stiffness
remains a biocompatibility constraint. One of the main challenges in developing these new materials is to reach a photoefficiency
comparable to that of high-energy light, in order to be able to stimulate the inner retinal network from the epiretinal side. The use
of organic photodiodes in tandem circuits has been proposed as an interesting approachs34.

Finally, cortical plasticity and perceptual learning are certain to play a role in the success of the new generation of high-
resolution implants. It is very likely that the discrepencies in retinal circuit stimulation (non-selective ON-OFF stimulation,
synchronous light-mediated and photovoltaic stimulation, synchronous direct and network-mediated RGC stimulation) will be solved
during the cortical processing of the information. The brain is constantly solving inference and incongruence problemsss3, the
question remains to determine whether relevant spatial and temporal information can arise from its solutions. The high visual acuity
(20/460) reported with the PRIMA implant, and the integration of the prosthetic and light-mediated stimuli together are a leap that
suggest so12438, But despite this encouraging preliminary results in-vivo, perceptual learning and plastic cortical reorganization in
retinal implants’ users are still unknown.

In the adult mammalian brain, the plasticity in the early visual areas (LGN, V1) is reduced, especially compared to tactile or auditory
cortices56-5%8, Nevertheless, it has been shown that the V1 regions corresponding to damaged retinal areas undergo dramatic
pruning and sprouting from the regions responsive to intact surrounding retinal areas®5?-562, In humans, shifts of the retinotopic
organization have been reported following visual field loss%3, but this reorganization appears to be limited>64565, This suggests that,
in the absence of afferent reorganization, higher-order visual areas might compensate for the missing, distorted or multiple
synchronous inputs sent by the retina%3. Indeed, neurons in V4 or in the inferiotemporal cortex — the highest-order area of the
ventral visual stream — can efficienctly be tuned to respond to specific features, contrarily to V1566567,

The consequence of the varying plasticity across visual hierarchy is that, in human patients, the processing of basic features such as
discrimination tasks and simple shape recognition is tremendously impaired by altered vision (both in the case of retinal degeneration
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and when a coarse form of prosthetic vision is restored); but higher-level visual functions are more malleable and have a greater
potential to be restored. Notably, tasks involving cross-modal integration of vision can rapidly be tuned in function of the sensory
input. Ambulation and proprioception —involving visuomotor integration — are typically modified in short-term prism experimentss68,
Also, visual dominance over audition is rapidly observed in both congenitally blind and late blind people after sight restoration569.570,
In patients implanted with Argus® Il, the basic recognition performances can be significantly improved with adequate training, but
the positive effects of perceptual learning are even wider on visuomotor tasks such as spatial orientation, reaching or
grasping?*31,571,283,280_ This underlies the need for real-life evaluation of retinal prosthesis, but more importantly it emphasizes the
relevance of multisensory rehabilitation training after prosthesis implantation. In spite of the relative rigidity of the connectivity
pattern from the retina until the first cortical layers, these results suggest that the high plasticity observed in high-level visual areas
can have a direct impact on a patient’s functional ouctomes. Pharmalogical enhancement of synaptic plasticity in the adult brain —
through serotonin uptake inhibitors administration, e.g. fluoxetine, donepezil572-574 — has also been envisaged to improve perceptual
learning, i.e. the capacity of patients to adapt and make functional use of their devices. Yet, learning depends on the relevance of the
provided input, and has shown its limitations when the spatio-temporal characteristic of phosphenes were too far from sighted
sensory inputs?’%, The further the provided inputs are from the expected sighted retinal, the higher the perceptual learning and the
cognitive load are for patients.

In summary, granted retinal prosthesis can offer minimal spatial and temporal resolution, the plasticity of higher-level and cross-
modal sensory areas, together with their early shaping with visual experience in late blind patients, represents a formidable opening
for useful functional sight restoration. Naturalistic stimulation paradigms designed to match and take advantage of the intrinsic
retinal processing can only favor the offered spatial resolution and facilitate its integration in the poorly plastic early visual pathway.
Cortical and behavioral responses of wide-field retinal stimulation should provide precious insights on how the brain can resolve the
interaction of prosthetic and natural vision, as well as the inevitable deficiencies of artificial vision.
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Appendix Supplementary Table 1 - Retinal prostheses systems

Comparison of the technical and clinical characteristics of Polyretina implant with the retinal devices having undergone and
undergoing clinical trials or preclinical studies. Bold characters indicate the devices that have been tested in human subjects.
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