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Abstract

The technological evolution in materials science and microengineering favored the pro-
duction of advanced visual prostheses useful for fighting blindness and to improve patients’ quality
of life. Visual prostheses aim at replacing lost visual functions by artificial (electrical) stimulation
of the remaining circuitry with microfabricated electrodes inducing phosphenes appearance in blind
people. In particular, for people affected by retinal degenerative diseases such as retinitis pigmentosa
and age-related macular degeneration, retinal prostheses offer a valuable treatment option thanks to
several advantages: among them, the retinotopic organization, the large surface area available for
stimulation, and the straightforward surgical and optical access. The latter becomes very convenient
for photovoltaic implants, in which amplified light entering the pupil is exploited as wireless source
of power and visual information, allowing the implant to lay freestanding and the placement of a
large number of stimulating pixels without the inconvenience of electrical connections. However,
although all these advancements, there is nowadays no visual implant suited for artificial vision with
both high spatial resolution and large visual field coverage.

In this thesis, we developed a photovoltaic and foldable wide-field epiretinal prosthesis with a high
density of stimulating pixels (more than 10’400 and 18’600 pixels with a density of 79 and 141
pixels/mm?, respectively) distributed over a very large surface area, covering 46 ° of visual field,
greatly improved with respect to state-of-the-art implants. The large size of the implant imposes two
major challenges: the necessity of a good contact between the implant and the retina and of a safe
implantation procedure. To address these challenges, the photovoltaic interface is placed on a curved
and stretchable substrate, able to be folded, injected into the eye through a small scleral cut, and self-
unfold to recover the curvature matching the one of the eyes. Consequently, the rigid pixels were
mechanically engineered to withstand the required deformation.

We investigated the use of organic optoelectronic materials, such as P3HT:PCBM and
PCPDTBT:PCBM, to manufacture photovoltaic pixels able to induce retinal ganglion cells activity
upon illumination with short pulses of light. For both systems, light pulses of irradiances within the
safety limits allowed the photogeneration of currents and voltages suitable for a stimulation fre-
quency up to 20 Hz with green (565 nm) and near-infrared (730 nm) light, respectively. The conju-
gated polymer PEDOT:PSS and sputtered Ti (with TiN coating) were used for the anodic and ca-
thodic ends correspondingly, with only the Ti-TiN surface exposed to the electrolytic solution. Ex
vivo evaluation with blind mice retinas demonstrated that the photovoltaic pixels could induce, to-
gether with direct electrical short-latency stimulation, medium-latency spiking activity of retinal
ganglion cells as evidence of prosthetic-induced network-mediated responses.
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Abstract

Investigations and optimizations about functional, mechanical, thermal, optical, and stability prop-
erties of the prosthesis were carried out in vision of in vivo experiments with blind miniature pigs.
Blinded by IAA treatment, the miniature pigs recovered light sensitivity when implanted with the
prosthesis. This preliminary result motivates further preclinical inquiries with the prosthesis towards
clinical applications.

Keywords

POLYRETINA, artificial vision, retinal prosthesis, photovoltaic stimulation, curved injectable im-
plant, organic optoelectronic materials, OSTEmer, retinal ganglion cells, miniature pigs.

Xii



Sommario

Lo sviluppo tecnologico nel campo della microingegneria e delle scienze dei materiali ha
favorito la produzione di protesi visive innovative, utili a combattere la cecita ¢ a migliorare la
qualita di vita dei pazienti. Le protesi visive mirano a rimpiazzare le funzioni della vista stimolando
artificialmente (elettricamente) i circuiti restanti della retina con I’aiuto di elettrodi microfabricati, i
quali possono indurre 1’apparizione di fosfeni nelle persone cieche. Le protesi retiniche offrono una
trattamento promettente per le persone affette da malattie degenerative della retina grazie a svariati
vantaggi, tra cui 1I’organizzazione retinotopica, un’ampia superficie disponibile alla stimolazione, e
un diretto accesso chirurgico nonché ottico. Quest’ultima caratteristica risulta conveniente per le
protesi fotovoltaiche, in cui le informazioni visive e I’energia necessaria per attivare gli elettrodi
sono trasmesse wireless da luce intensificata attraverso la pupilla. Dal momento che le connessioni
elettriche non sono necessarie, € possibile situare un gran numero di pixels stimolanti in uno spazio
ristretto. Tuttavia, nonostante i progressi, attualmente non esiste una protesi retinica che possa
provvedere ad un’elevata risoluzione e ampia copertura del campo visivo.

In questa tesi viene illustrato lo sviluppo di una protesi epiretinica fotovoltaica e pieghevole, con
un’elevata densita di pixels (fino a 18'600 pixels con una densita 141 pixels/mm?) distribuiti su
un’ampia superficie capace di coprire 46° di campo visivo, notevolmente superiore rispetto alle
attuali protesi. La vasta superficie, tuttavia, impone due sfide principali: la necessita di un buon
contatto tra protesi ¢ retina e di una procedura di impianto sicura. Per affrontare queste sfide,
l'interfaccia fotovoltaica ¢ posizionata su un substrato estensibile con una curvatura adattata a quella
oculare, in grado di essere arrotolato e iniettato nell'occhio attraverso un piccolo taglio sclerale e di
riaprirsi per recuperare la curvatura iniziale. Di conseguenza, i pixels rigidi sono stati
meccanicamente concepiti per resistere alla deformazione necessaria.

Per produrre pixels fotovoltaici in grado di stimolare le cellule gangliari della retina con brevi
impulsi di luce, abbiamo esplorato [’uso di materiali organici optoelettronici, come P3HT:PCBM e
PCPDTBT:PCBM. Per entrambi i sistemi, gli impulsi luminosi hanno permesso la fotogenerazione
di correnti adatte ad una frequenza di stimolazione fino a 20 Hz con luce rispettivamente verde (565
nm) e vicino infrarosso (730 nm). Il polimero coniugato PEDOT:PSS e Ti applicato in sputtering
(con rivestimento in TiN) sono stati usati per 1'estremita anodica e catodica, con la superficie di TiN
esposta alla soluzione elettrolitica. I test ex vivo su retine di topi ciechi hanno dimostrato che i pixels
fotovoltaici inducono, insieme alla stimolazione elettrica diretta, attivita di spiking a media latenza
delle cellule gangliari. Questo risultato ¢ la prova di una risposta indotta dalla protesi ¢ mediata dal
circuito retinico.
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Sommario

Inoltre, abbiamo condotto analisi ¢ ottimizzazioni riguardanti le proprieta funzionali, meccaniche,
termiche, ottiche e di stabilita della protesi in vista di esperimenti in vivo con maiali con cecita
indotta da IAA. Gli animali hanno recuperato la sensibilita alla luce una volta impiantati con la
protesi. Questo risultato preliminare motiva ulteriori sforzi verso indagini precliniche e future
applicazioni cliniche.

Parole chiavi

POLYRETINA, visione artificiale, protesi retinica, stimolazione fotovoltaica, impianto sferico e
iniettabile, materiali organici optoelettronici, OSTEmer, cellule gangliari della retina, minipig.
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Chapter 1 Introduction

Eyes of a mantis shrimp (Source: Michael Bok)



Introduction

NOTE to the reader:

At the beginning of each chapter, I decided to share photographs of spectacular eyes found in the animal
kingdom. I hope you will appreciate the beauty and complexity of these nature’s works of art.



1.1 The human visual system

The technological evolution achieved over the years by the congregation of human brains
favored the enhancement of our lives. We live safer, better, and thus longer than our ancestors; and
we are blessed with successful medical treatments for diseases that some time ago people would
have classified as lethal. Although these achievements surely warm our hearts and lift our spirits, a
growing burden appears on the other side of the coin carrying, among other issues related to the
population increase, those modern health problems that are inevitably related to ageing (in addition
to genetic and environmental conditions)! and to a confused natural selection. However, humanity’s
ambition, curiosity, and stubbornness will always try to advance science and technology to solve
those consecutive health problems related to the previous scientific and technological advancements.
In certain fields, a never-ending, exciting dance battle between technology and biology has started.
Moreover, we are quick learners; natural materials and their architectures, and the biology and the
physics of nature’s phenomena are a source of inspiration for artificially constructed compounds
and machines to be used for our benefit. Bio-inspiration is a bold move; but, will technology ever
outsmart nature? I doubt it. Nature has countless and extraordinary resources, which often operate
and dovetail unpredictably.

To narrow the subject (and for the sake of this thesis), understanding the brain, its functions, and its
diseases has motivated researchers in the 20® Century to cross new biomedical frontiers and develop
advanced neurotechnologies to help the hundreds of million people worldwide that suffer from neu-
rological and mental disorders.? Neuroengineering might nowadays offer potential solutions for neu-
rological afflictions based on prosthetic devices, which establish bidirectional communication be-
tween electronic machines and neurons.>* Neuromodulation, for instance, is a technique that allows
influencing the activity of neurons via their excitation or inhibition.® Consequently, the modulation
of the central and peripheral nervous system (CNS and PNS, respectively) allows to induce sensory
perception (e.g., blindness’, deafness®, and amputation®), control movement disorders (e.g., Parkin-
son’s disease'? and spinal cord injury'!), improve memory deficits (e.g., Alzheimer’s disease'?), al-
leviate behavioral disorders (e.g. obsessive-compulsive disorder'® and addiction!#), and reduce pain
(e.g., phantom limb pain'®). One approach to stimulate and record neuronal activity is using implant-
able neural interfaces, which offer an intimate connection with the nervous tissue. Pertinently, the
progresses in materials science and micro-/nanofabrication techniques permitted the miniaturization
of imaging and communication systems down to cellular, molecular, and even single photon reso-

lutions. ¢!

It is the dawn of neuroprosthetics, that is, the repair or substitution of impaired sensory, motor, and
cognitive functions by means of prostheses. One of the first neuroprosthetic devices was a cochlear
implant developed in 1957 by André Djourno and Charles Eyriés.'® After that, numerous other pio-
neering works were carried out based on the discovery of electrophysiology and the electrical stim-
ulation of human tissue in the 18" Century.'**! To mention another example, in the late 1960s efforts
were made to produce vision sensations in blind patients.??

Among human senses, vision is probably the most appreciated one and the most missed in case of
loss. Ambitious research and developments in order to restore sight originated about 50 years ago
and progresses never stopped ever since. In this regard, the proposed thesis is about novel technol-
ogies and materials suitable for improving the state of the art in artificial vision. The work focuses
on enhancing important aspects of modern retinal prostheses to obtain a safer and more useful form
of artificial vision for people blinded by retinal degeneration diseases. The interdisciplinary nature
of this work required, in addition to my expertise in materials science, the synergy from various
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researchers including bioengineers, neurobiologists, and ophthalmologists. In the following para-
graphs, relevant aspects related to the thesis will be introduced; namely, the human visual system,
the typologies of pertinent vision impairments, some modern strategies for the restoration of sight
(with emphasis on retinal prostheses), and the possibility to exploit light as a mean for electrical
stimulation of retinal neurons, which is the working principle of the developed implants in this the-
sis.

1.1 The human visual system

One of the most impressive and complex visual systems in the animal kingdom is the one of the
mantis shrimp (Neogonodactylus Oerstedii), displayed in the photograph at the beginning of this
chapter. This crustacean, apart from having the fastest punch on Earth, has 12 classes of color pho-
toreceptor, and hence, it is able to detect a light wavelength range much wider than humans®, which
only have three type of color photoreceptors (cones). However, although very interesting, we are
not going to talk about the mantis shrimp any further, but we will focus on the human visual system,

which is an example of nature’s piece of art as well.

s~ Eyeball
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Figure 1.1 The human visual system. A) Components and organization of the eye and the retina. RPE: retinal
pigmented epithelium, RGC: retinal ganglion cells, AC: amacrine cells, BC: bipolar cells, HC: horizontal cells,
PR: photoreceptors, C: cones, R: rods, EC: epithelial cells. Miiller cells are here omitted. B) Micrograph of an
H&E-stained transverse section of a human retina.>* GCL: ganglion cell layer, IPL: inner plexiform layer,
INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer, IS: photoreceptor’s inner
segment, OS: photoreceptor’s outer segment, RPE: retinal pigmented epithelium. Arrows indicate the path of
the light reaching the IS and OS absorbing layers. C) Schematics of the horizontal cut view of a human brain
with the visual path highlighted.?> 120 million rods and 6.5 million cones converge into 1.2 million axons,
which then branch out to 500 million neurons at the visual cortex.?® ON: optic nerve, OC: optic chiasm, LGN:
lateral geniculate nucleus.

The journey of visual information starts from the eye (Figure 1.1A), which can be represented as a
sphere of about 12 mm in radius filled with the gelly vitreous body.?” The light passes through the
cornea, enters the pupil surrounded by the iris, and is focused by the lens onto the retina, the nervous
tissue that conveys extraordinary image processing.?* The first cells touched by the projected light
are not the photosensors; light has to travel through the entire thickness of the retina until reaching
the outer nuclear layer (ONL), where photoreceptors (rods and cones) are vertically oriented and
accomodated on the retinal pigmented epithelium (RPE). Figure 1.1B shows a micrograph of a
human retina transversal section, where different cells layers and cells nuclei are easily recogniza-
ble.?* The total thickness of a human healthy retina (choroid excluded) is about 220 pm. The arrows
in the picture indicate the path of the light from the surface of the retina to the photoreceptors’ inner



1.1 The human visual system

and outer segments, where the light is absorbed. Cone photoreceptors are responsible for high-acuity
and color vision, while rod photoreceptors allow us to see at low light intensity levels (scotopic
vision). All photoreceptors communicate back to horizontal and bipolar cells in the inner nuclear
layer (INL), which signal to amacrine cells and finally to retinal ganglion cells (RGCs). The axons
of each RGC extend from the location of the cell body to the optic disc, where they are collected
and directed out of the eyeball to form the optic nerve (Figure 1.1A and C). At the optic chiasm, the
two optic nerves are split roughly in half and recollected to have the same visual field side bundle
together. The axons finally arrive at the lateral geniculate nucleus (LGN) of the thalamus, where the
visual input is sent to the occipital lobe at the primary visual cortex (V1) for information integration
and generation of visual experiences.

Visual acuity is a measure of the clarity and sharpness of vision, and it can be influenced by refrac-
tive errors (such as the cornea and lens focusing) or neurological issues (such as a malfunctioning
somewhere along the visual path from the retina to the brain cortex). A healthy human visual system
is able to recognize letters and symbols rated 20/20 or better on the Snellen chart (Figure 1.2A),
which means that its minimum angle of resolution (MAR) measures 1 minute of arc (1/60 °). A
person with 20/200 vision, for instance, can see objects at 20 feet that a person with normal vision
manages to see at 200 feet. High visual acuity vision is found in the fovea (central point on the
retina) and is very important for reading and faces recognition.?® Peripheral vision, however, is char-
acterized by a lower concentration of cone photoreceptors compared to the fovea. Figure 1.2B
shows how the density of cones exponentially decays with retinal eccentricity.? The effect of such
distribution is represented in Figure 1.2C with an example of reading. The reading of the entire
music sheet can be obtained through scanning, but if we fix our gaze to the center (note colored in
red) we would not be able to read what is outside the delimitation of 10 ° field (how it is represented
on the right). Nevertheless, although peripheral vision has a lower resolution, it is just as much
valuable as the macular high visual acuity. In fact, humans can get information about the location of
objects, their overall shape and size, their color, and their movements from a field of view much
wider than 10 ° (see Figure 1.2D). The extent of a normal visual field is up to about 200 © horizon-
tally (with 120 ° binocular) and 130 ° vertically.*® Vision is essential up to the far periphery, even if
with poor resolution, in order for us to move in the environment, avoid obstacles, and react to in-
coming dangers such as cars, flying axes, and running bears.
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Figure 1.2 Visual acuity and visual field. A) Assessment of visual acuity with a Snellen chart. The minimum
angle of resolution (MAR) is defined as the corresponding angle of the minimal recognizable feature size. In
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normal vision (20/20), the MAR equals 1 minute of arc. B) Graphical representation of the relative cone den-
sity (expressed in visual acuity) depending on retinal eccentricity (or distance from the fovea). The blind spot
delineates the location of the optic disc, where no photoreceptors are present. Adapted from Lambertus et al.
2017.%° C) Likeness of real vision: the image on the right depicts the plausble visual acuity when fixing the
note marked in red. D) Extent of human’s horizontal (top image) and vertical (bottom image) visual fields.*°

1.2 Vision impairments

Vision disorders, especially among an ageing population, are a major health issue for society and
for the individual’s quality of life. The discomfort caused by these aftlictions is immense and it can
lead to anxiety and depression.’ It hinders or completely eliminates the possibility to perform the
majority of professions and routine activities, sustain independency, and experience everyday-life
visual emotions (like seeing someone’s face and expressions). Blindness is defined as visual acuity
of less than 20/400 or a corresponding visual field loss to less than 10 °, in the better eye with the
best possible correction.>? In North America and most of European countries, legal blindness is de-
fined as visual acuity worse than 20/200 or visual field no greater than 20 °. This burden affects
more than 38 million people worldwide and it is estimated that there will be 115 million blind people
by 2050.> Additionally, this is only a portion of the persons with vision impairments, as more than
230 million people worldwide have today moderate to severe vision loss (estimated 587 million in
2050), which corresponds — together with the blind — roughly to 4-5% of the world population (see
Figure 1.3A). The most common causes of vision impairments and blindness are cataract, glaucoma,
macular degeneration, diabetic retinopathy, trachoma, and uncorrected refractive errors, which all
situate at the level of the eye.** However, an impairment can occur along the entire visual path
(Figure 1.3B, blue dots) and can be due to genetic, environmental, or traumatic reasons.

A
World population

Visually
impaired (5%)

AMD and RP tinal
(6%) degeneration

Figure 1.3 Occurrence of vision impairments and outer retinal degenerations. A) Pie charts depicting the
abundance of visually impaired people worldwide (moderate to severe vision loss and blindness).*>* AMD and
RP account for over 6% of such group. B) Approximate regions of impairment origin (from top to bottom):
optical components of the eye, retina, optic nerve, optic chiasm, LGN, optic radiations, V1.2> C) Illustration
of retinal cell layers, fundus, and vision of a healthy retina and a retina affected by photoreceptors degeneration
(AMD and RP). People affected by these visual disorders might as well interpret the world in completely
different ways.
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Vision loss can occur because of the progressive degeneration of photoreceptors, resulting in dys-
functional light detection, transduction, and transmission. Among these chronic degenerative dis-
eases, retinitis pigmentosa (RP) is the most common form of inherited retinal dystrophies. RP is
characterized by a continuous death of rods, resulting in loss of night vision at first, followed by a
loss of peripheral vision, to culminate in loss of central vision due to implication of cones. The age
of affected people can vary from children to elderly.*® Another brutal degenerative disease of the
retina is the age-related macular degeneration (AMD), which afflicts photoreceptors in the central
(macula) vision first. AMD has a smaller hereditary component, but is the leading cause of blindness
worldwide for people over 60 years old.*® Figure 1.3C illustrates the two mentioned examples of
photoreceptors progressive deterioration. When looking at the eye fundus and compared to a healthy
retina, the outer retinal degeneration in AMD and RP leads to the appearance of stains in the macular
or peripheral regions of the retina, respectively. Consequently, the image perceived by the patients
is affected in the center for AMD or on the sides for RP, which develops the so-called “tunnel”
vision before complete blindness.

1.3 Approaches for vision restoration

Nowadays, there is no cure for blindness and conditions like AMD and RP but to prevent or mitigate
the disease advancement, which is often detected too late. Moreover, in the late stages of photore-
ceptors degeneration, certain therapeutic approaches such as pharmacotherapy, gene replacement
therapy, and neuroprotection are not suitable anymore, leaving to other strategies like optogenetics,
stem cells therapy, and visual prostheses the ambition to achieve some sort of artificial vision.?’
Although the development of efficient biomedical and engineering concepts is promisingly advanc-
ing, for some of the emerging treatments the path for clinical and commercial applications remains
delayed. However, visual prostheses, more precisely retinal prostheses, have finally received regu-
latory market approval in Europe and United States, becoming a valuable option to artificially induce
visual perceptions in blind patients.

The long journey of visual prostheses started in 1755 with Charles LeRoy, who could evoke visual
disturbances in a blind volunteer with a wire conducting electricity wrapped around the head (Figure
1.4A).2°38 Since then, 265 years of scientific and technological discoveries lead to the development
of more advanced visual implants, which can be classified according to their implantation location
(Figure 1.4): at the retina (B), along the optic nerve (C), in the deep brain (D), and at the brain cortex
(E). Generally, in addition to the implanted interface, visual prostheses are combined with a system
to capture the information from the environment (a camera) and a computing unit for encoding stim-
ulation protocols to deliver the artificial input to the targeted neurons. Currently and independently
from the implant location, most of the developed prostheses stimulate neuronal cells using electrical
fields (voltage perturbations) based on the Hodgkin—Huxley model of excitable tissue.*

The artificial vision created by the stimulation is defined by the appearance of bright spots and lines
within the darkness of a blind patient. These bright spots are called phosphenes and can have various
brightness, shape, size, and blurring depending on the stimulating electrodes (size, shape, pitch, and
field lines distribution), stimulation parameters (current pulse intensity, length, and frequency), and
anatomical target (cf. Figure 1.4B-E).***! Because of the variety and the potential offered from these
prosthetic approaches, the state of the art and the main features of the mentioned visual prostheses
will be briefly discussed in the next paragraphs.
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subretinal

Figure 1.4 Visual prostheses. A) First demonstration by Charles LeRoy of visual perceptions induced by
electricity to a blind volunteer (year 1755).2° B) Modern retinal prostheses can be placed epiretinal, subretinal,
or suprachoroidal. Adapted from Zrenner 2013.26 Reprinted with permission from AAAS. C) Example of a
nerve prosthesis with cuff electrodes that can be used for optic nerve stimulation.*? D) The LGN can be tar-
geted with adapted deep brain implants. E) Cortical stimulation can be obtained with penetrating Utah arrays,
for instance.®

1.3.1 LGN and cortical visual prostheses

The LGN is a stratified compact relay structure that is found within the thalamus, deep into the brain
(Figure 1.4D). Consequently, visual prostheses targeting the LGN have been investigated and de-
veloped only recently thanks to the progresses acquired for deep brain stimulation (used to treat
Parkinson’s disease among other neurological disorders).* The interest in stimulating the LGN to
create artificial vision comprises the possibility to target many patients with damages at the level of
the eye or optic nerve (such as glaucoma), the coverage of a wide visual field with overcompensation
ofthe fovea region (i.e. possible high-acuity prosthetic vision), and the physical division of pathways
for color vision.*> However, a full coverage of the visual field would require one implant for each
brain hemisphere.?* The potential of the LGN electrical stimulation to elicit phosphenes has been
extensively proven during the past 20 years.*® Yet, current deep brain implants for vision restoration
are found only in the preclinical phase; furthermore, adapted prostheses for the human visual thala-
mus are still missing from literature (hopefully, they are under development).

Cortical implants, instead, were considered as visual prostheses already more than 50 years ago and
have now entered the clinical phase.?>?>*’ Various reasons could motivate the use of such implants:
from a surgical point of view, cortical visual prostheses can profit from the vast surface area and
straightforward accessibility of V1; while from a functional perspective, this approach offers a so-
lution to all blindness typologies, but cortical injuries and stroke.”® A remarkable brain feature and
challenging aspect to be carefully consider in V1 prosthetics is the reorganization of receptive fields
due to brain plasticity.*® Nevertheless, it has been demonstrated that patients visual perception and
tasks such as reading can easily adapt to prosthetic vision and improve with learning and time.*
Two major types of V1 implants were developed: surface electrodes, placed on the occipital visual
cortex, and intracortical electrodes, penetrating the cortex as represented in Figure 1.4E. Although
surface electrodes could potentially cause a reduced foreign body response to the brain tissue, the
complex, corrugate, and large surface of the cortex makes it challenging to properly and explicitly
stimulate neurons with small currents amplitudes and low electrical cross-talk.*’” Therefore, pene-
trating intracortical electrode arrays, such as the Utah array>*>!, are preferred for their higher speci-
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ficity and lower threshold currents. Stimulation of V1 has indeed a great potential in visual neuro-
prosthetics and will offer valid solution to many causes of blindness. More advancements are for
sure expected in the future.

1.3.2  Optic nerve prostheses

The optic nerve is composed by the ~1.2 million RGCs axons collected at the optic disc like a po-
nytail and departing the eye directed towards the optic chiasm (see Figure 1.1C). Thus, all visual
information is transferred by this 3.5 to 6 mm wide fiber’?, whose compactness makes it interesting
as target position for a potential full-field visual prosthesis. One of the requirements to employ an
optic nerve prosthesis is that RGCs and the entire following path are intact (as in the case of AMD
and RP). Electrode arrays for interfacing with the optic nerve are essentially the same as for periph-
eral nerve stimulation.*® Various techniques have been conceived to access axons’ electrical recep-
tive fields, and they essentially differ in invasiveness and, therefore, selectivity.’*> The least inva-
sive way to communicate with the neuronal cells is to wrap electrodes tight around the nerve, but
without penetrating the sheath, in a form of cuff (Figure 1.4C). However, this type of array does not
selectively target the axons distributed towards the center, where RGCs from the macula are situ-
ated.’® To increase selectivity, intraneural multielectrode arrays (MEAs) are placed within the nerve
sheath and epineurium, more precisely within and between fascicles. Longitudinal intrafascicular
electrodes (LIFE) and transverse intrafascicular multichannel electrode (TIME) are the two main
examples of such interfaces and they differ in the direction along which the array is implanted, as
the names suggest.’*>” Recently, a novel three-dimensional (3D) self-opening intraneural array (SE-
LINE) was developed for peripheral nerves, showing improved mechanical and stimulation stabili-
ties compared to TIME and LIFE electrodes.>® This electrodes configuration allows for a more 3D
coverage within the axons bundle and, therefore, an improved specificity. An even more recent pub-
lication from our group exploited the OpticSELINE interface (adapted version of SELINE) to stim-
ulate the optic nerve of anaesthetized rabbits, demonstrating that the intraneural MEA elicits spa-
tially selective activation of the visual cortex.>

Although with a low number of electrodes, pattern recognition using an optic nerve prosthesis has
been reported in humans already few years ago.’>®° These encouraging results and the relatively
easy access to the optic nerve through the extra-cranial zone make optic nerve visual prostheses a
technology to behold.

1.3.3  Retinal prostheses

The visual system and in particular the retina are impressively complex in their connections, cir-
cuitry, and processing.®! We need to make it clear that there will never be an artificial device able to
completely restore natural vision in patients affected by retinal degenerations. Nevertheless, visual
prostheses placed at the earliest level of processing (i.e. retinal prostheses) can profit from the reti-
notopic organization, together with the natural reorganization and post-processing happening al-
ready at the optic nerve and chiasm and convoluting in the LGN. In cases such as AMD and RP,
only the photoreceptors and RPE are directly affected by the degeneration, leaving the other cell
layers (horizontal, bipolar, amacrine, and RGCs) relatively intact, even if the retina undergoes ex-
tensive remodeling and rewiring (but delimited after all).®> This means that many excitable cells like
RGCs remain alive and accessible for electrical artificial stimulation.
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The easy ocular access favors positioning of implants in three different locations (Figure 1.4B):
epiretinal (on the retinal surface, held with retinal tacks), subretinal (between the RPE and neural
retina, replacing photoreceptors), and suprachoroidal (between the sclera and the choroid).?® Supra-
choroidal implants have the main fundamental disadvantage of being relatively far from target cells,
but they have demonstrated phosphenes appearance in clinical studies and have a lower risk in terms
of retinal damaging and detachment.*' Nevertheless, the two most common retinal implant place-
ments are epi- and subretinal. In Table 1.1, the advantages and disadvantages of the two placements
are listed, with a slight tendency in favor of epiretinal prostheses, which allow the restoration of
vision in both central and peripheral fields.

Table 1.1 Pros and cons of epiretinal and subretinal prostheses. The writings in green and red show the pre-
dominant advantages and disadvantages, respectively. Overall, they are slightly in favor of epiretinal place-
ments.

Placement Advantages Disadvantages

e Need for retinal tacks

s ¢ Axons of passage activation
Epiretinal ¢ Easy placement .
o Need for transparent substrate (for photovoltaic

* Better heat dissipation prostheses — see paragraph 1.4)

o Simpler use of the remaining natural circuitry e High risk of retinal detachment
Subretinal o Higher mechanical stability of the implant e Need for thin substrates
o Block of nutrients transport

In the last decade, various retinal prostheses have been developed to fight blindness in case of retinal
dystrophies, such as RP and more recently AMD (Clinical Trial NCT02227498).° Reliable phos-
phenes activation in humans were achieved using electrical stimulation in both epi- and subretinal
approaches, and several multi-center clinical trials showed the feasibility of restoring a coarse form
of vision, such as single letters discrimination, simple objects recognition, and obstacles avoid-
ance.**% Among them, the most famous one is Second Sight (USA) and their implant Argus II, an
epiretinal 60-clectrodes array that obtained the Certification Europe (CE) and the Food and Drug
Administration (FDA) approval, and it is currently implanted in over 350 patients worldwide.®*%
The main components of Argus II are presented in Figure 1.5A: a camera installed on glasses cap-
tures the visual information that are processed by a visual processing unit (VPU) and sent wireless
by an external radio frequency (RF) transmitter towards an implanted receiver and an application
specific integrated circuit (ASIC) component placed around the eyeball and held by a scleral band.
The stimulating Pt electrodes fabricated onto a polyimide (PI) sheet are fixed on the retina by two
retinal tacks (Figure 1.5A, bottom-right) and are connected to the ASIC through a permanent scleral
cut. Patients implanted with this system gained functional improvements and up to 20/1260 of visual
acuity with 11 ° x 19 ° of field.*

An example of subretinal implant is the Alpha-AMS from Retinal Implant AG, Germany, which
received the CE approval in 2016.°%” The major innovation with respect to standard MEAs is the
integration of a micro-photodiode and an amplifier, together with the stimulating iridium oxide
(IrOx) electrode, in the same pixel of 70 um by 70 um. The intrinsic light detection enables a goggle-
free system and a direct retinotopic activation exploiting the natural eye optics and movements.
Nevertheless, ambient light intensity levels are not sufficient to supply enough power for electrical
stimulation, making it necessary to connect the chip by trans-scleral cables to an extra-ocular elec-
tronic component, which is itself wirelessy linked to an external power supply (Figure 1.5B). The
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chip size is relatively small and covers only 11 ° of visual field; however, it includes 1600 pixels,
achieving one of the highest measured visual acuity in human patients, i.e. 20/549.5

A final example of retinal implant that I would like to mention is the PRIMA subretinal prosthesis
developed by Stanford University and now in the hands of Pixium Vision, France, for clinical trials
and commercialization.®®° This implant uses another stimulation principle, which exploits near-
infrared (NIR) light projected by specialized goggles to activate and power Si-based series photodi-
odes able to directly stimulate bipolar cells (Figure 1.5C). With this regard, a more extended expla-
nation about photovoltaic-based stimulation of cells is presented in paragraph 1.4. The most inno-
vative and undeniably beneficial feature of PRIMA implant is the wireless transmission of power
and visual information by light from outside the body to the stimulation location. The pixels array
lays free-standing under the retina, while the eye is fully sealed and does not need permanent trans-
scleral passage. This strategy still needs an external camera placed on goggles, a VPU, a projection
system, and eye tracking system, but it is definitively preferred compared to implanted connecting
cables that could lead to functional failure and chronic inflammatory reactions.” Clinical studies
were performed with pixels diameter of 100 um and pitch of 110 um, resulting in a visual acuity of
20/460 over a field of view of 7 °. Pixels of smaller diameters (70 and 50 pm) are easily produced
and will be soon integrated into the studies, envisioning a theoretical visual acuity of 20/250.% Two
aspects, however, are limiting a wide visual field restoration: the intrinsically rigid substrate material
does not allow for a high curvature bending needed to cover the spherical shape of the retina; and,
even if multiple rigid units could cover a large curved area, the vast subretinal placement aggres-

sively increases the risk of retinal detachment.

Alpha-AMS

L7 —
|

scleral band

Figure 1.5 Three examples of retinal prostheses. The epiretinal Argus II (Second Sight Medical Products Inc.,
USA), with the external components (goggles, camera, VPU, and RF transmitter) and the internal part (extra-
ocular RF receiver, ASIC and scleral band, trans-scleral cable, and intra-ocular stimulation array). At the bot-
tom-right, the electrode array is clearly visible laying on a human retina and fixed with two titanium retinal
tacks. Adapted from Luo ef al. 2016.%* © Second Sight Medical Products. B) The subretinal Alpha-AMS
(Retinal Implant AG, Germany), with the implantable components at the top (RF receiver in a ceramic hous-
ing, trans-scleral cable, and intra-ocular array of micro-photodiodes and stimulating electrodes), a schematics
of placement, and the array visible laying beneath a human retina (bottom-right). Adapted from Stingl ez al.
2017 and Daschner et al. 2018.57-"! © Retinal Implant AG. C) The subretinal and photovoltaic PRIMA (Pixium
Vision, France), with the NIR light projection system (top and middle) and images of the three-diode pixels
(at the bottom). Adapted from Mathieson et al. 2012 and Lorach et al. 2015.5%7° © Pixium Vision.

Table 1.2 lists the three above-mentioned prostheses and some other principal retinal implants de-
veloped around the world and that have entered at least the clinical trials, but not necessarily suc-
cessful for continuation and commercial approvals (some of the projects discontinued).”® From this
table, it is possible to reveal a prevailing association of characteristics with implantation location.
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Suprachoroidal prostheses have large electrodes and pitch size due to the need of higher currents,
sadly renouncing to higher visual acuities. The use of photodiodes to detect the stimulation location
seems to classify subretinal prostheses, which can have smaller and denser pixels for a high acuity,
but they suffer from a narrow maximum visual field that they could rehabilitate. Epiretinal prosthe-
ses, instead, can reach a wider visual field, and they stimulate by means of standard MEA that there-

fore need an external camera.

Table 1.2 List of the principal retinal prostheses with their major characteristics.

Detection, . Electrode array Vis. field,|Achieved
Name . Location, .
o) processing, stimulation # electr., (d (um), material Acuity (stage and
Y powering A (mm?) |p (um) erials (best) marks
External . CE, FDA,
Argus IT % V);le}rna camera, Epiretinal, 60, 200, PL Pt 11x19°, clinical
(Second Sight) ’ . electrical 25 575 ’ 20/1260 o
e/o RF receiver commercial
External .
IRIS II % xiernal camera, Epiretinal, 150, 250, n/a, .
.. .. VPU, . PI, Pt CE, clinical
(Pixium Vision) . electrical 24 370 n/a
e/o IR receiver
Epi-RET3 7374 5’;t8mal CAMEA | biretinal, 25, R - Clinical
(RWTH Aachen) Lo . electrical 6 500 ’ n/a
i/o RF receiver
Alpha-AMS 77! Photodiodes, g\ etinal, 1600, |30, prrox ' B elinical
(Retinal Implant AG) ’ . electrical 7.8 70 ’ 20/549 e
e/o RF receiver
External
PRIMA 6 Al CAMEI \Subretinal, (378, |100, | °, -
(Pixium Vision) VPU, opto-electrical |4 110 S1, IrOx 20/460 Clinical
NIR light P
Photodi
Artificial silicon retina 75 || 1O104IO0S g b ctinal,  [5000, o, Si ox [P Clinical
(Optobionics) . opto-electrical |3.2 30 ’ 20/200 ¢
Light
276 External
E];Seignic Vision V)l();rna cameta, Suprachoroidal, |44, 1000, |Silicone, |n/a, Clinical
. ’ electrical 144 1400 |Pt 20/4451
Technologies) Percut. cables
External .
STS 77 xiernat camera, Suprachoroidal, 49, 500, 15°, ..
. . VPU, . PI, Pt Clinical
(Osaka University) . electrical 26 700 n/a
e/o RF receiver
Abbreviations within the table. e/o: extra-ocular, i/0: intra-ocular, percut.: percutaneous, electr.: electrodes, A: total
area, d: electrodes diameter, p: electrodes pitch, vis.: visual, n/a: not applicable.

Because of the above-mentioned features and opportunities, epiretinal implants represent the best
option for visual prostheses, especially for profound blind patients suffering from RP. The way
RGCs are naturally stimulated depends on the retinal wiring and extended interconnections with the
other cell layers. Figure 1.6A illustrates, in a simplified manner, the intracellular responses of mud-
puppy retinal cells, which can be used to describe many functions of the vertebrate retinas.’”®’ When
a photoreceptor is reached by photons, it hyperpolarizes and decreases the emission of neurotrans-
mitters, and the connected bipolar cells depolarize (ON-center bipolar cell) or hyperpolarize (OFF-
center bipolar cell) according to the type. The depolarization of bipolar cells triggers spiking activity
in RGCs (ON-center RGC), while hyperpolarization triggers silencing (OFF-center RGC). Laterally,
horizontal and amacrine cells also influence the activity of photoreceptors and RGCs, respectively.
These complexly organized centers and receptive fields help us creating high contrast and color

vision.”*80
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The electrical stimulation, however, influences the extracellular potential that can be perceived by
the cells according to the electrode location and stimulation parameters (Figure 1.6B). RGCs react
to electrical stimuli with either a direct, a network-mediated, or a combination of direct and network-
mediated responses.®! The first type of response results from the electrical stimulation directly in-
duced in RGCs (short latency, SL, within few ms from stimulus onset), while network-mediated
responses in RGCs can rise from the activation of the INL (medium latency, ML, and long latency,
LL), which in turn excites RGCs more naturally via synaptic connections (Figure 1.6C). Stimuli
amplitude, polarity, duration, and frequency not only influence the type of RGC responses (SL, ML,
LL),* but they also affect the size and brightness of the phosphene appearance (Figure 1.6D).%* For
instance, percepts brightness is more influenced by stimulation frequency (10 — 120 Hz) than am-
plitude, while percepts size only by amplitude.

<«——— stimulus artifact 20 mv
—_
100 ms

Amplitude modulation
1.25xTh 1.5xTh 2xTh 4xTh 6xTh

max(B) =10 max(B) = 15 max(B) = 18 max(B) = 19 max(B) = 19

Frequency modulation N
20Hz 27Hz 40Hz 80Hz 120Hz

max(8)=7.3 max(8)=10  max(B)=13  max(8)=19  max(B)=34  max(B)=51

Figure 1.6 Electrical stimulation of RGCs. A) Natural signaling from photoreceptors (PR) hyperpolarization
to RGC spiking (ON cells, left path) and RGC silencing (OFF cells, right path) in mudpuppy retinas. The
curves depict intracellular voltage fluctuations/spiking. “T” ends: inhibition; arrows ends: stimulation.”®”® B)
Placements of epiretinal electrodes (top), showing that voltage perturbations (stylized in green) could spread
and reach bipolar cells for a network-mediated RGCs activation, such as in the subretinal case (bottom elec-
trode). C) Demonstration of direct (SL) and network-mediated (ML and LL) responses of a RGC stimulated
by an electrode inserted in the outer plexiform layer. Adapted from Boinagrov et al. 2014.8! D) Simulated
effect on visual perceptions of epiretinal current amplitude and frequency, showing that higher currents mainly
lead to larger phosphenes and slightly brighter, while faster pulses to even brighter phosphenes. Th: threshold
current, max(B): maximal brightness. Adapted from Nanduri ef al. 2012.3% E) The Argus II prosthesis fixed
on the retina (left). The distribution of axons, resulting in a specific axonal map that influences phosphenes
shape in epiretinal implants (middle). The axonal map can be mathematically described to build models for
the prediction of phosphenes shapes (right). Adapted respectively from Luo et al. 2016 %, Alward ef al. 2000
8 and Jansonius et al. 2009 ¥. F) Models relying on axonal map and retinal tissue sensitivity to electrical
stimulation can predict phosphenes location and appearance, which correspond to patients drawings quite ac-
curately. Adapted from Beyeler et al. 2017.% G) Based on such models, predictions of complex visual inputs
allow us to understand how they can be perceived by patients. One essential parameter is the length of the
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“comet tail”, which in this case was varied between 0.5, 1, and 2 ° of visual field. Adapted from Fine et al.
2015.%7

The epiretinal electrical activation of RGCs has clearly a great potential for artificial vision, espe-
cially if stimulation protocols are carefully implemented and adapted to individual patients. There
is however a delicate challenge burdening on epiretinal electrode arrays: an efficient and selective
stimulation of RGCs somas is not easily accessed because of the often large cell-electrode distance
and the presence of the retinal nerve fiber layer, which is composed by the RGCs axons travelling
to the optic disc.®**® Figure 1.6E shows the Argus II epiretinal implant fixed on the retina (left),
where axons are not visible, but their distribution and gathering to the optic disc is depicted in the
sketch aside (middle) and can be mathematically described (as in the figure on the right).*#+5 This
means that, when epiretinal electrical stimulation is used, unwanted activation of axons of passage
is almost inevitable; more explicitly, the electrical stimulation of the cell body marked in yellow on
the drawing can activate the axon of the cell located on the same trajectory, for instance, the cell
whose soma is located at the red point. The result of such expanded stimulation is the appearance of
an elongated phosphene (banana-shaped). Thanks to axonal maps and models of the retina spatio-
temporal sensitivity, it is possible to predict how the stimuli will affect the patients percepts (Figure
1.6F).5%" The elongated phosphene origins on the pixel and spread with a tail of different length
according to the electrode location (for instance, shorter tail are obtained for electrodes located at
the periphery of the visual field or near the temporal raphe, as pointed in the middle drawing of
Figure 1.6E). Figure 1.6G presents examples of how letters and images reproduced with a 101 x
101 pixel array distributed over 12 ° could be perceived by patients. The figure shows, for both
visual inputs, three cases differentiated by the length of the phosphene tail A (in ° of visual field).?’

Although various aspects of retinal prostheses have been thoughtfully considered and developed,
several challenges remain open, such as the improvement of visual acuity and the enlargement of
the visual field above the thresholds of blindness.® 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 ° of visual angle (about 8.5 mm in diameter) could provide adequate mo-
bility skills.”>®! However, the size of the prosthesis is typically limited by the maximal allowed
sclerotomy, which is about 6 — 7 mm long; available prostheses are therefore in the range of 1 to
5 mm. Argus Il is the largest implanted electrode array in humans and has a theoretical field of view
of only 11 ° x 19 °. 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 elec-
trodes.”>?* Preliminary attempts in designing wide-field retinal prosthesis have been proposed.**
However, these approaches are based on materials (i.e., PI) with high elastic modulus (~ GPa), very
thin substrates (e.g., 10 pm), and complex shapes (e.g., star) that could create challenges in surgical
manipulation, implantation, and fixation.

Concerning the 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 diame-
ter.”>¢ More recently, a trial on healthy subjects showed that the number of pixels required to rec-
ognize common objects is in the order of 3000 — 5000.”” Despite microfabrication techniques allow
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such electrode density, a limitation remains due to the routing of the connection tracks in the active
area and the size of the cable linking the implantable components to the external electronics. To
overcome these issues, in photovoltaic stimulation, the light projected into the pupil is wirelessly
converted into electrical stimuli delivered to the retina, revolutionizing the way power and infor-
mation are artificially transmitted by taking advantage of the eye structure and accessibility.”

1.4 Photovoltaic stimulation of the retina

As previously briefly mentioned, photovoltaic stimulation (such as in the PRIMA prosthesis) allows
the wireless transmission of power and visual information through the optics of the eye, taking ad-
vantage of the retinotopic placement of the pixels.” The freestanding photovoltaic implant can have
high-density pixels that do not need wiring (Figure 1.7A), in either subretinal or epiretinal position,
acknowledging that epiretinal photovoltaic implants need to have a transparent substrate to let the
light reach the necessary layers.”® To achieve photovoltaic stimulation, various opto-electronic ma-
terials and structures can be exploited in bioelectronic interfaces.”” The most common photovoltaic
structure is a planar multilayer junction of semiconductors able to absorb photons, depending on the
wavelength, and create excitons that get separated in electrons and holes, and collected by anode
and cathode electrodes.!®*!%! This conversion is obtainable thanks to the energy levels alignment of
the semiconductors valence and conduction bands and the work function of the conductors.!%? In
Figure 1.7B a negative n-type and a positive p-type semiconductor are used as example in the energy
diagram, with the p-type semiconductor absorbing light (represented in green) and generating the
charges that are collected at their respective contacts, without the need for externally applied bias.
The electronic equivalent circuit of a photovoltaic device is also shown in Figure 1.7B. The source
of current by light absorption and charge generation/collection is represented by Iy, with an ideal
diode (Ip) modelled in parallel. The parallel shunt resistance (Rsh) is mostly due to manufacturing
defects that cause power losses through the active layer as alternative current path; the junction
capacitance (C;) builds upon the depletion region; and the series resistance (Rs) represents the contact

resistance prior the load cell.!1%4

The most advanced photovoltaic retinal prosthesis is PRIMA, as previously described. This implant
is a prosthesis in clinical trials that has demonstrated to function with pulsed NIR light (880 — 915
nm, 4900 puW/mm?, 4 ms).%*7° Each of the stimulating pixels can be composed by one, two, or three
silicon (Si)-based photodiodes in series. Figure 1.7D shows the micrograph of the pixel structure
with three photodiodes (left), the simplified circuit (middle) with the stimulating electrode (1) and
the return electrode (2), and the deduced construction of the photovoltaic structure within the white
square of the micrograph (right). When light reaches the intrinsic Si, charges will be accumulated at
the respective doped regions (p- and n-doping) and contacts (anode and cathode). As both electrodes
are exposed to the electrolytic solution of the extracellular medium, the electric field lines will be
confined between the positive and negative ends during charging and discharging phases.'® Cells
(especially bipolar cells in PRIMA subjects) found near the electric perturbation will be excited to
propagate the signal to the RGCs.

Inorganic materials, however, tend to be toxic (a part form silicon-based), might need thick struc-
tures due to low absorption coefficients, and are intrinsically rigid.”®!% The rise of organic technol-
ogy favors the development of more biocompatible electronic medical devices, including for opto-
electronic applications.”!'"” The same energy diagram and photovoltaic effect shown in Figure 1.7B
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can therefore be achieved by junction of donor and acceptor type organic semiconductors (conju-
gated polymers and small molecules) in a thin, light-weight, and flexible construction. Recently, an
organic planar p-n junction has been developed by Rand ef al'® and demonstrated able to photo-
stimulate neurons with high stability. Apart from being organic based, the main difference of this
structure with respect to PRIMA pixels is the vertical stack orientation of the layers and the presence
of only one metallic contact at the anodic end, while the cathodic end can be represented by the
electrolyte (Figure 1.7E). The stimulation happens thanks to capacitive coupling between the top
surface of the photovoltaic pixel and the cell membrane, and it depends on the magnitude of the
open-circuit voltage generated by the junction. The negative surface potential obtainable with the p-
n junction leads to a depolarization of the cell. Although very promising, these structures have been
fabricated with big geometries (cm scale) on flat and rigid substrates, and only tested in vitro with
cultured neurons and embryonic chick retinas (light wavelength of 660 nm, 4300 uW/mm?, and
pulses of 2 ms).

The solution-processability of organic molecules allows to create volumetric heterojunctions instead
of planar ones, establishing a new class of photovoltaic structures: the bulk heterojunction (BHJ)
photovoltaic cells, which consist of donor and acceptor materials blended at the nanoscale (Figure
1.7C, bottom) for an increased quantum efficiency.!” These solution-based fabrication techniques
also favor the deposition of thin films on temperature- and plasma-sensitive substrates, such as sili-
cones or other polymeric soft materials, suitable for biomedical applications. An example of BHJ
obtained with a blend of thiophene-based donor and naphthalene-based acceptor is depicted in Fig-
ure 1.7F."° This BHJ was used to stimulate in vitro embryonic chick retinas with light pulses (200
ms) of various wavelengths and intensities (400 — 600 nm; 55 — 400 pW/mm?) in an epiretinal con-
figuration. The stimulation was achieved thanks to the electronic coupling between the cell mem-
brane and the excited states of the BHJ.
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Figure 1.7 Materials and structures for photovoltaic stimulation of retinas. A) The evident advantage of using
freestanding photovoltaic implants with respect to standard wired MEAs. B) Representation of an energy band
diagram model (left) and corresponding equivalent circuit (right). C) Representation of planar (hetero)junction
(top) and bulk heterojunction (bottom) photovoltaic cells. D) Si-based photovoltaic pixels: micrograph of
three-diode pixel (left), corresponding simplified circuit (middle) with stimulating (1) and return (2) elec-
trodes.®® E) Example of an organic p-n junction used to stimulate neurons and blind embryonic chick retinas.'%®
F) Example of single BHJ layer stimulating blind embryonic chick retinas.!!® G) Example of a semiconducting
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conjugated polymer (P3HT) stimulating blind rat retinas in vitro (with ITO) and in vivo (with PE-
DOT:PSS).!'12 n panels D-G, the model of the pixels working principle is deduced and schematically rep-
resented on the far right of each panel.

Due to the morphology of the BHJ active layer, the energy levels of the organic semiconductors,
namely the energy levels of the highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO), do not necessarily orient photogenerated currents toward a spe-
cific macroscopic direction. This means that, to engineer the device and define the direction of the
created photocurrent, the contacts work functions are essential (resulting in conventional or inverted
BHJs).'"® Thus, by adding at least one properly chosen electrode, it is possible to guarantee cathodic
photo-stimulation with BHJ systems, which is more efficient for neuronal stimulation.''* One of the
most frequently used anodic contact in organic solar cells is indium tin oxide (ITO), which is a
transparent conductor with a work function of about 4.5 eV.!?%!!5 Yet, for a flexible device and a
low-temperature deposition, a polymeric conductor might be more appropriate. Poly(3,4-ethylene-
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), which is a conjugated polymer mixture of-
ten used as interfacial layer (holes extraction/electrons blocking layer) between ITO and the
BHJ,'!17 demonstrated to be a useful single anodic end as well (Figure 1.7G).!'1!12 A fully organic
subretinal prosthesis was manufactured on fibroin silk with PEDOT:PSS and the donor semicon-
ductor poly(3-hexylthiophene) (P3HT), proving to restore vision in blind rats with light flashes of
20 cd/m? (560 nm) for 100 ms at 0.5 Hz.

A common characteristic of photovoltaic implants is that pulsed light, instead of continuous illumi-
nation, is needed to let the photovoltaic pixels time to discharge between consecutive pulses, with
useful stimulation rates normally extending between 1 and 20 Hz. Faster frequencies would not let
to most of the photovoltaic pixels enough time to discharge and might induce desensitization in
RGCs.'"® The maximum flicker fusion rate, defined as the frequency at which our brain naturally
fuses fast consecutive images to perceive a continuous “film”, lays around 30-50 Hz for humans.!'"”
However, it is also known that our brain has the amazing capability of adapting, which might allow

annoying flashing phosphenes to be similarly perceived as stable.
1.5  Thesis strategy

1.5.1 Motivation and open challenges

A few million people worldwide could potentially benefit from more efficient retinal prostheses.
Nowadays, reasonable expectations in vision restoration include a range of visual modalities limited
to large-sized objects, such as large objects recognition, localizations, and movement detection, large
letters reading, and large obstacles avoidance. Furthermore, extremely long times are necessary for
the patients to detect, analyze, and react to the scene in front of them, mostly because of the poor
prosthetic resolution and field coverage. Although these results are still very promising and mark an
important milestone in artificial vision, an increase in pixel resolution and, particularly, a widening
of the visual field will indeed reduce patients’ difficulties when performing simple daily tasks. As
presented in the previous paragraphs, there is currently no retinal prosthesis able to stimulate retinal
cells with high pixel resolution and large visual field (> 30 °), therefore providing an improved and
useful form of vision to people affected by AMD or RP. Perhaps, this goal might be achieved by
investigating new materials, concepts, and technologies.
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Hereof, the proposed thesis intends to combine organic photovoltaic technology with soft elastomers
and other strategic biocompatible materials to exploit their individual or collective properties and
build a wireless epiretinal prosthesis with photovoltaic pixels distributed over a wide visual angle
(> 40 °) and curved substrate. The principal benefit of such prostheses is the appropriate restoration
of visual functions to favor unassisted ambulation and more successful recognition of scene details
without excessive scanning and analysis time. Or at least, this would represent the ultimate goal of
a clinically approved prosthesis. Within the timeframe of the thesis, efforts were focused on the
development of a useful technological platform for the manufacturing of the mentioned retinal pros-
thesis (obtained in this thesis) and, why not, other types of organic photovoltaic neural interfaces.

Among the technological challenges, questions in relation to mechanical, electrical, optical and ther-
mal aspects of the prosthesis should be addressed. The safety of the overall implant and its opto-
electronic operation, together with the safety of surgical procedures (for both the implant and the
subjects), are a requirement. Implantation of a neuroprosthesis is only justified when the advantages
gained from the restored prosthetic functions largely and ultimately exceed the current sensory-mo-
tor performances summed with the risk of the operation and post-implantation complications. With
this regard, wide-field prostheses imply large-area implants, which can induce surgical difficulties
and put biocompatibility to test. Moreover, although photovoltaic retinal implants surely appear very
attractive as solution to wiring high-density stimulating electrodes, yet, they come with the challenge
of possible photo-thermal and chemical damage to the retina due to the high intensity light necessary
to generate enough photocurrent/voltage to efficiently excite the cells. Therefore, depending on
wavelength and intensities, cautions and limitations need to be considered for both direct (light-
biology) and indirect (light-implant) effects when the photovoltaic approach is applied.!?°

The accomplishment of this work is motivating not only for the scientific and technological interest
to build advanced neural interfaces, but also for the good it could potentially bring to humanity; even
if the development of next-generation prostheses based on novel design and materials implies time-
consuming and tedious characterizations and optimization procedures to only get to in vivo preclin-
ical studies. Indeed, the translation to clinical studies would require further efforts and investments
beyond this thesis.

1.5.2  Objectives and thesis structure

POLYRETINA (/'poliretsa/) is a word composed by “poly” (standing for polymeric) and “retina”.
Our lab coined this term for a polymer-based, curved, and injectable epiretinal prosthesis capable of
photovoltaic stimulation with high pixels density distributed over a wide visual field. As represented
in Figure 1.8, the photovoltaic pixels should stand wireless, covering a large surface area of the
retina, and acting as artificial photoreceptors. The incoming pulsed light, whose pattern is deter-
mined according to visual information captured by a camera, carries the energy absorbed by the
organic layers of the pixels and transformed into photogenerated current. The charging of the elec-
trode surface will then influence the extracellular potential across the retinal layers, which will in-
duce activity of RGCs and eventually the appearance of phosphenes.

The general objective of this thesis is to develop POLYRETINA. This development comprises several
aspects, including:

e Selection of materials and design of structures and patterns.

e Establishment of microfabrication processes.
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e Production of devices and prototypes.

o Characterization of photovoltaic, electrical, structural, mechanical, thermal, and
optical properties of the materials and the prostheses.

e Optimization of the performances and stability.

e FEx vivo evaluation of photovoltaic stimulation with blind retinal explants.

e Assessment of injectability and development of a surgical implantation method.

e Delivery of prototypes for in vivo testing.

e [nvivo evaluation of photovoltaic prosthetic stimulation of the visual cortex.

Continuing the reading of this thesis, you will find a series of three chapters (Chapter 2, Chapter 3,
and Chapter 4) that chronicles the evolution of the photovoltaic and wide-field epiretinal prosthesis,
POLYRETINA, towards in vivo applications. We first present the development and validation with
proof-of-principle in vitro and ex vivo characterizations (Chapter 2); after that, we dedicate attention
to the optimization of the photovoltaic pixel for a high-density prosthesis (Chapter 3); to continue
with mechanical and stability improvements for in vivo testing in miniature pigs (Chapter 4), with
details about surgical procedures and preliminary results. One last technological chapter (Chapter
5) describes the development and in vitro / ex vivo validation of a POLYRETINA with photovoltaic
pixels responsive to a different wavelength. This part of the work was performed in parallel with
Chapter 3 and Chapter 4, but was placed at the end of the thesis because of the clinical relevance of
the reported technology. Finally, a conclusive chapter (Chapter 6) summarizes the achievements and
reports the limitations and future perspectives of the developed prosthesis and technology.
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Figure 1.8 The concept of POLYRETINA. As for the photovoltaic PRIMA prosthesis, visual information is
captured by a camera (situated on goggles), processed, and projected through the eye to activate and power
the targeted photovoltaic pixels. Upon illumination, these artificial photoreceptors modify their surface poten-
tial and influence the activity of the retina inducing RGCs action potentials, which in turn will generate phos-
phenes appearance.

19



20



Chapter 2 Development and validation of

a wide-field and photovoltaic
epiretinal prosthesis

Eyes of a brown Siberian husky (Source: Melanie Haynes)
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Development and validation of a wide-field and photovoltaic epiretinal prosthesis

This chapter has been adapted from: L Ferlauto*, MJI Airaghi Leccardi*, NAL Chenais* et al, Na-
ture Communications, 2018, 9: 992.%% *equal contribution.

Contributions: I designed, fabricated, and characterized the devices and the retinal prostheses; per-
formed/analyzed photovoltage and photocurrent measures, electrochemical impedance spectros-
copy, and electrical simulations. L. Ferlauto performed/analyzed KPFM, photovoltage and photo-
current measures, temperature, and accelerated ageing tests. N.A.L. Chenais performed/analyzed
pH, voltage spreading, and electrophysiological experiments. M. Bevilacqua performed/analyzed
PV and PC measures. S.C.A. Gilliéron performed thermal simulations. T.J. Wolfensberger and P.
Vagni performed the simulated surgeries.
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2.1 Introduction

2.1 Introduction

We present in this first chapter the developed epiretinal prosthesis, POLYRETINA, based on organic
photovoltaic materials. 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 con-
jugated polymers and organic semiconductors (i.e., PEDOT:PSS; regioregular P3HT; [6,6]-phenyl-
C61-butyric acid methyl ester, PCBM) to build an organic photovoltaic subretinal interface.!!>!2!:122
In the latter, despite the capability of improving visual acuity in dystrophic rats after one month of
implantation, several issues remain unsolved.!'! Conjugated polymers are well tolerated when ex-
posed to the subretinal space, 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 — 2 mm) will not allow
the recovery of a large visual field, unless implanting multiple devices.!** 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 again, increasing both
visual acuity and visual field size with a single retinal prosthesis remains one of the main unsolved
challenges in the field.”> This leaves to novel technologies the arduous goal of closing the gap be-
tween modern implants and future possibilities in retinal prosthetics.

2.2 Results

2.2.1 Design and fabrication

POLYRETINA is a novel foldable and photovoltaic wide-field epiretinal prosthesis based on poly(di-
methylsiloxane) (PDMS) as substrate material, because of its transparency, elasticity, low Young’s
modulus, and high strain to failure.'**'?* Moreover, PDMS is available as medical grade elastomer
already in use in medical device applications. The device consists in a PDMS—photovoltaic interface
(Figure 2.1A and C), embedding 2215 stimulating pixels (80 and 130 pm in diameter) distributed
on an active area of 12.7 mm (Figure 2.1D). As represented in Figure 2.1F and G, each pixel is
composed by a PEDOT:PSS bottom anode, a P3HT:PCBM semiconductor layer (also referred as
blend), and a top cathode in titanium (Ti). Another PDMS layer encapsulates the prosthesis, avoiding
the immediate delamination and degradation of the organic materials and extending its lifetime.
Openings of 67 and 120 um in diameter have been made in the encapsulation layer to expose the
cathodes (Figure 2.1E).
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Figure 2.1 Design and materials of POLYRETINA. 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. C) Fabricated PDMS—photovoltaic interface with pixels arranged in three 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 pixels/mm?; first ring (green), diameter of 8 mm, 559 elec-
trodes in hexagonal arrangement, electrode diameter 130 um and pitch 250 um, density 17.43 pixels/mm?;
second ring (blue), diameter 12.7 mm, 719 electrodes, electrode diameter 130 um, density 9.34 pixels/mm?.
Circles show an enlarged view of the pixel distribution. D) Top view of the distribution of the photovoltaic
pixels. E) Scanning electron microscopy image (40 ° tilted view) of a photovoltaic pixel. F) Cross section of
the PDMS-photovoltaic interface, including: PDMS (50 um), a second layer of PDMS (15 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 pm). Dimensions are not in scale. Expanded regions show
the principle for photovoltaic generation of current in BHJs: excitons travel towards the donor-acceptor inter-
face, where negative charges follow the acceptor (PCBM, orange) path towards titanium and positive charges
the donor (P3HT, red) path towards PEDOT:PSS. An energy band diagram of the concerned materials with
HOMO, LUMO, and work functions levels is also depicted. G) Chemical structures of the concerned organic
materials.

Titanium is a mechanically and electrochemically stable metal, it is widely used in implantable de-
vices, it has an appropriate work function for the photovoltaic mechanism (Figure 2.1F), and itis a
capacitive charge-injection material (also due to the thin layer of titanium oxide (TiOx) formed at
the surface). The latter is desirable with monophasic pulses, as in this photovoltaic approach, be-
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cause no chemical species are created or consumed during a stimulation pulse, thus avoiding unde-
sired tissue reactions.'?® Under this condition, the electrode/electrolyte interface can be modeled as
electrical capacitor without redox reactions.'?” To verify this statement, we measured electrochemi-
cal impedance spectroscopy (EIS) of titanium electrodes in phosphate-buffered saline (PBS, 1x)
solution (Figure 2.2A and B) and concluded that the charge injection mechanism at the Ti (TiOy) —
electrolyte interface is mostly capacitive for frequencies above 0.5 Hz. The charge transfer resistance
(Rer), the double layer constant phase element (CPE) identified by [Cpr, #], and the spreading re-
sistance (Rspread) from the simplified equivalent circuit in Figure 2.2B (cf. Appendix Equation 1)!28
were calculated to be respectively ~12 GOhm, [9.2 nF, n = 0.965], and 1.45 kOhm for an electrode
surface area of 0.052 mm?. The large Rer, relatively high Cpr, and 7 close to 1 let conclude, once
again, the high capacitive component of the electrode-electrolyte interface. We also measured the
pH with a microelectrode positioned above the titanium electrode of the PDMS—photovoltaic inter-
face (Figure 2.2C-E) during 1 h of pulsed illumination (20 Hz, 10 ms, 3.4 mW/mm?; N = 3 devices).
The irradiance has been set to a value above the maximum allowed for prosthetic application (see
Thermal and optical safety in 2.2.6). During illumination, a negligible pH shift of about 0.002 pH
units has been detected, which could be explained by a recording artifact due to the local temperature
increase induced by the prosthesis. Local heating could reduce the resistivity of the solution and
decrease the voltage difference between the pH microelectrode and the local reference.
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Figure 2.2 Evaluation of Ti-electrolyte charge injection mechanism. A) Bode plot of the EIS results of tita-
nium electrodes (mean of n =5 electrodes) in PBS against a Pt counter electrode (Ag/AgCl reference, driving
voltage 50 mV). The surface area of the electrode was 0.052 mm?2. B) Sketch of the three-electrode cell used
for the EIS measures with the simplified equivalent circuit of the electrode-electrolyte interface. WE: working
electrode; CE: counter electrode; RE: reference electrode; Rypread: spreading resistance of the electrode towards
the counter electrode (solution resistance included); Rer: charge transfer resistance (faradaic/redox mecha-
nism); CPEpr: double layer CPE with impedance ((jo)"CpL)"! (cf. Appendix Equation 1).'?® The Warburg
element is not included. C) Sketch of the measurement set-up for pH measurements upon photovoltaic stim-
ulation in PBS. D) Picture of the pH microelectrode located on top of the PDMS-photovoltaic interface. E)
Mean (+ s.d., N = 3 devices) pH measurements upon 1 h of full field pulsed illumination (10 ms, 20 Hz, 3.4
mW/mm?, 560 nm, illumination spot 2.2 mm).
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Figure 2.3 Foldable and wide-field retinal prosthesis. A) Picture of POLYRETINA. Four anchoring wings with
holes are present for attaching the prosthesis with retinal tacks. B) POLYRETINA folded before injection. C)
3D model after epiretinal placement. D) Top view picture of the prosthesis. 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. E) The calculated visual angle. The human eye is modelled as a sphere of 12 mm radius (r). The
blue arc corresponds to the active area, where the chord length 2p is 13 mm and the arc length L is 13.7 mm.
The nodal point is represented in red, with a distance of 17 mm from the retina. Under these conditions, the
area covered by the active region of the prosthesis can be calculated as S = 2arh= 144.2 mm?, and it corre-
sponds to a visual angle o’ of 46.3° (or 808 mrad). All the distances in the sketch are in mm.

The hemispherical shape of POLYRETINA (Figure 2.1B and Figure 2.3A) is obtained by bonding the
PDMS-photovoltaic interface on a dome-shaped PDMS support (Figure 2.1A) with a thickness of
700 pum in the center and 500 um at the edges, and a radius of curvature of 12 mm, corresponding
to the standard human eye (see Appendix Figure 6 for details). The bonding induces a radial elon-
gation in the PDMS—photovoltaic interface of about 3% (in diameter), which has been considered
to determine the covered retinal surface and visual field (Figure 2.3D and E). The visual field has
been calculated according to basic trigonometric equations as following:

a' = 2tan”

L P
(17 -(12- JW))

Equation 2.1 Calculation of visual field coverage for a human eye. p is the radius of the active area view from
the top (cf. Figure 2.3E). The values 17 and 12 are in mm and correspond to the distance between the nodal
point and the retina and the radius of curvature, respectively, for an average adult human eye.

Four anchoring wings, with holes for retinal tacks, have been included for the fixation of the pros-
thesis (Figure 2.3A). 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 2.4A).
The prosthesis can be folded prior implantation (Figure 2.3B), inserted through an aperture of
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6.5 mm, released within the posterior chamber (Figure 2.3C and Figure 2.4B), and attached in epi-

retinal configuration. The same surgical approach has been also validated in enucleated pig eyes
(Figure 2.4C).

Figure 2.4 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. C) Picture sequence of the implantation in an enucleated pig eye.

2.2.2  Optimization of the photovoltaic pixel

First, using Kelvin probe force microscopy (KPFM), we evaluated the changes in the surface poten-
tial generated at the cathode upon illumination for different conditions of fabrication (Figure 2.5A
and B). To assess the role of the bottom anode, we fabricated photovoltaic interfaces onto glass
substrates including a bottom anode made of ITO, PEDOT:PSS, the 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 2.5C) across
several devices showed that the variation of the surface potential upon illumination (white LED,
light from the top, 0.4 mW/mm?) is about 15 folds higher with aluminum cathodes with respect to
P3HT:PCBM only (Figure 2.5D). When aluminum is present (Figure 2.5D, left), the absence of
any anode (ITO or ITO/PEDOT:PSS) significantly reduces the surface potential variation upon il-
lumination (ITO/PEDOT:PSS/blend/Al vs blend/Al, p<0.0001; PEDOT:PSS/blend/Al vs 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 layer is present (ITO/PE-
DOT:PSS/blend/Al vs PEDOT:PSS/blend/Al, p=0.6219; one-way ANOVA, Tukey’s multiple
comparison test). In the absence of aluminum cathodes (Figure 2.5D, right), the architectures with
different bottom anodes do not induce any significant difference (ITO/PEDOT:PSS/blend vs PE-
DOT:PSS/blend, p=0.9997; ITO/PEDOT:PSS/blend vs blend, p=0.9890; PEDOT:PSS/blend vs
blend, p=10.9995; 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
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or only PEDOT:PSS anodes. Therefore, to simplify the fabrication process, we implemented PE-
DOT:PSS alone as bottom layer. We also verified that the surface potential variation was not altered
(Figure 2.5E) when the interface was built over a PDMS substrate instead of bare glass with alumi-
num cathode diameters of both 100 and 150 um (e PEDOT:PSS/blend/Al and o PDMS/PE-
DOT: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 aluminum (A PDMS/PE-
DOT: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 vs both PEDOT:PSS/blend/Al and PDMS/PE-
DOT:PSS/blend/Al, p <0.001, Tukey’s multiple comparison test; for 150 pm: one-way ANOVA,
F=9.266, p<0.01; PDMS/PEDOT:PSS/blend/Ti vs both PEDOT:PSS/blend/Al and PDMS/PE-
DOT:PSS/blend/Al, p <0.05, Tukey’s multiple comparison test).
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Figure 2.5 Optimization of the photovoltaic pixel. A) Picture of the KPFM measures. B) Sketch of the fabri-
cated 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 aluminum (100 nm) or titanium (150 nm). C) Repre-
sentative 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 (differences in voltage during light and voltage during dark) for six different
architectures. Each bar is the mean (£ s.e.m.) of at least N = 3 devices, in which at least n = 3 electrodes/points
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have been measured and averaged. ITO/PEDOT:PSS/blend/Al: 0.2106+0.0092V, N=5, n=3; PE-
DOT:PSS/blend/Al: 0.2259+0.0085 V, N=5, n=3; blend/Al: 0.1334+0.0090V, N=3, n=3; ITO/PE-
DOT:PSS/blend: 0.0128 £0.0032 V, 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 have been measured and
averaged. PEDOT:PSS/blend/Al-100 um: 0.1984 +0.0043 V, N=3, n=3; PEDOT:PSS/blend/Al-150 pm:
0.2232+£0.0082 V, N=3, n=3; PDMS/PEDOT:PSS/blend/Al-100 pm: 0.1927+£0.0115V, N=5, n=3;
PDMS/PEDOT:PSS/blend/Al-150 ym: 0.2163+0.0150V, N=5, n=3; PDMS/PEDOT:PSS/blend/Ti-
100 pm: 0.1055+0.0063 V, N=3, n=6; PDMS/PEDOT:PSS/blend/Ti-150 um: 0.1342+0.0068 V, N =3,
n=3. F) Representative AFM images of PEDOT:PSS/blend, PEDOT:PSS/blend/Al, and PE-
DOT:PSS/blend/Ti surfaces.

KPFM measurements have been performed in air in non-contact mode; therefore, the measured var-
iations in the surface potential may be slightly different with respect to the electric potential gener-
ated 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 fabri-
cated chips embedding six electrodes, each of them connected to a contact pad for measuring the
signal with respect to a silver/silver chloride (Ag/AgCl) reference electrode immersed in solution
(Figure 2.6A). 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 pW/mm?) and pulse duration
(10, 50, 100, and 200ms). The PC (Figure 2.6B) generated by pulsed illumination
(943.98 pW/mm?) has a typical capacitive profile, peaking in about 10 ms and then decreasing with
an exponential decay, while the PV (Figure 2.6C) 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 nA/cm? (10 ms) for 943.98 uW/mm?
(Figure 2.6D and F). According to the literature in the field, these current values should be able to
induce epiretinal stimulation of 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?. We also measured the PC density (10 ms, 943.98 uW/mm?) after 48 h of immersion
in physiological solution (stored in dark at room temperature). The mean (+ 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, 50, 100, and 200-ms pulses; no significant differences have been found (10 ms: p=0.4423;
50ms: p=0.5798; 100 ms: p=10.5798; 200 ms: p=0.5526; N =3 devices, n= 6 electrodes per de-
vice; Wilcoxon matched-pairs signed rank test).
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Figure 2.6 Characterization of the photo-current and photo-voltage. A) Drawing of the experimental setup for
the measures of PC and PV; the light pulse comes from the bottom and the reference electrode in the saline
solution is Ag/AgCl. B), C) Examples of PC density (B) and PV (C) measures obtained from 1 electrode
(diameter 100 pm) at maximal light intensity (565 nm, 943.98 uW/mm?) 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 uW/mm?) 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 2.7A) when
illuminated with 10 ms pulses (943.98 uW/mm?); 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 resistor.!? To characterize the stimulation efficiency
over repetitive stimuli, we measured the PC over 1000 stimuli (Figure 2.7B) delivered at 1 Hz
(10 ms, 943.98 uW/mm?). The mean (+ 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 2.7C and D), 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 response is 92.20 + 1.52 % (Figure 2.7E). Also, in a train of 20 pulses
at 20 Hz, the mean (£ s.e.m.) ratio last/first response is 90.21+4.96 % (Figure 2.7F). Given the
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possibility to stimulate at 20 Hz, we tested Ti-based photovoltaic electrodes over a long operation
period (Figure 2.7G). Upon 320’000 stimuli (20 Hz, 10 ms, 943.98 pW/mm?), the stable steady state
response (average of the last 1000 pulses/first response) is only slightly affected (88.6%).
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Figure 2.7 High-frequency train stimulation. A) Mean PV trace obtained at maximal light intensity (565 nm,
10 ms, 943.98 uW/mm?). 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 1000 stimuli delivered at 1 Hz (10 ms,
943.98 pW/mm?). Each point is the mean (+ s.e.m.) of N=3 devices, in which n=6 electrodes have been
measured and averaged. C) 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 pW/mm?).
E) Evolution of the PC density peaks normalized to the first pulse at 10 Hz. 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 at 20 Hz. Each point is the mean + s.e.m. of N =8 devices, in whichn=6
electrodes have been measured and averaged. G) PC generated with 320’000 stimuli delivered at 20 Hz
(565 nm, 10 ms, 943.98 pW/mm?). Each point is the mean £ s.d. of n=2 electrodes from N =1 device.
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2.2.3  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 model, that is recognized as an
excellent model for retinitis pigmentosa.'**!3! 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—photo-
voltaic interface mimicking the epiretinal configuration (Figure 2.8A). 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 pW/mm? to 29.07 mW/mm?). Light pulses induced a prosthetic-evoked spiking activity
in the recorded RGC (Figure 2.8B, Figure 2.9A, and Figure 2.10A). Spikes have been detected
with a threshold algorithm (red lines in Figure 2.8B and Figure 2.9A and B), converted into a raster
plot, and presented as peri-stimulus time histogram (PSTH).
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Figure 2.8 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. B)
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Representative single-sweep recording from a retinal ganglion cell over PDMS—photovoltaic interface upon
10 ms illumination at 1081.7 uW/mm?. 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 gray arrows are the light on-set and off-set
stimulation artifacts. C) Mean (% s.e.m.) firing rate (circles) and firing probability (squares) of SL spikes,
computed across all the recorded cells (n=39, ten sweeps each) 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 ten
consecutive trials. D) Mean (+ s.e.m.) latency (circles) and jitter (squares) of the first spike occurring in the
10 ms window after the light onset, computed across all the recorded cells (n =39, ten sweeps each) on the
PDMS—photovoltaic interface. For each cell, the mean latency and jitter has been computed over the ten con-
secutive 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, ten sweeps each) on the PDMS—photovoltaic interface. In panels C-F values
have been plotted up to 3 mW/mm?, while the full profiles are shown in Figure 2.9C-F.

We observed three types of responses, classified as short, medium, and long latency (SL, ML, and
LL). As mentioned in the introductory chapter of the thesis, 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 wW/mm?), then the firing rate
slowly increases and it remains stable above 1.08 mW/mm? till the highest irradiance tested (Figure
2.8C and Figure 2.9C). However, the mean (+ s.e.m.) latency (Figure 2.8D) 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? (Figure 2.8D and Figure 2.9D). 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 sug-
gests that the SL response is saturated for irradiance higher than 1.08 mW/mm?, as predicted by the
measure of the PC densities. For irradiance lower than 1.08 mW/mm? the mean latency appears
shorter, but the jitter is more variable, indicating a more instable response (Figure 2.8D). The firing
rate of ML (Figure 2.8E and Figure 2.9E) and LL (Figure 2.8F and Figure 2.9F) spikes growth
more progressively, but they also become stable after 1.08 mW/mm?. 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 (Figure 2.9B and Figure 2.10). As already
demonstrated by others,'*> 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
(Figure 2.11). This confirms the hypothesis that ML and LL are induced by the activation of the
internal retinal circuit.
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Figure 2.9 Further 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?). 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 ten 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 ten 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. C) Mean (+ s.e.m.) firing rate (@) and firing
probability (W) of SL spikes, computed across all the recorded cells (n = 39) on the PDMS-photovoltaic in-
terface. For each cell, the probability has been defined as the percentage of sweeps with at least a SL spike
over the ten 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, ten 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, ten sweeps each) on the PDMS-photovoltaic interface.
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Figure 2.10 Recordings 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 sub-
strate (B). Each row corresponds to a different light intensity expressed on the left in mW/mm?. 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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Figure 2.11 Pharmacological blockage of network activity. A) The top panel shows a representative single-
sweep recording from a RGC over the PDMS-photovoltaic interface upon illumination (10 ms, 23.56
mW/mm?). 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 ten consecutive sweeps (overlay) in the same cell. The red bars correspond to the detection of the stim-
ulation 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 ten consecutive sweeps. B) Response upon illumination (10 ms,
23.56 mW/mm?) of the same RGC in A), after inclusion of synaptic blockers. C), D) Mean (+ s.e.m.) firing
rate of ML (C) and LL (D) spikes computed across all the recorded cells (n = 6, ten sweeps each) on the
PDMS-photovoltaic interface before (@) and after (O) the inclusion of synaptic blockers.

2.2.4  Spatial selectivity

We then addressed the spatial selectivity by using an experimental/computation hybrid approach.
First, using a glass microelectrode (Figure 2.12A and B) we measured the radial voltage spreading
in three directions (D1, D2, and D3) upon illumination of a single pixel. For each illuminated pixel
(n=4 pixels), the normalized voltage spreading in the three principal directions have been averaged
and plotted normalized to the central point (Figure 2.12C). The mean (+ s.e.m.) voltage distribution
across all the pixel tested has been plotted and interpolated with a Gaussian function (Figure 2.12D).
Experimental data match with the normalized voltage profile obtained by a finite element analysis
(FEA) model (Figure 2.12D, dotted blue line). The full width at half maximum (FWHM) of the
simulated curve (Figure 2.12D, dotted gray line) has been taken as the effective activation area,
which is about 100 um for pixels of 80 um. FEA simulations have been used to characterize the
normalized voltage profile induced by illumination of increasing diameters (Figure 2.12E). Increas-
ing the spot size from one pixel to seven and 19 pixels increases the overall potential. Last, we
simulate the effect of different patterns of activation (Figure 2.12F). In all cases, a spatially selective
potential profile corresponding to light pattern is shown.
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Figure 2.12 Spatial confinement of the prosthetic stimulation. A) Sketch of the experimental setting. The
green circle corresponds to the area illuminated around the central pixel. Gray circles represent the illuminated
pixel and the six surrounding ones. The voltage has been measured in nine positions (red dots) for each direc-
tion (D1, D2, and D3), all cantered in the center of the illuminated pixel. B) Picture during recordings, where
the light spot is visible (brighter area). C) Voltage spreading color map generated by interpolating the experi-
mental measures with a triangulation-based linear interpolation. At each point, ten 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 gray circles represent the
pixels. D) Mean (+ s.e.m.) normalized PV peaks from n=4 pixels. For each pixel, the data from the three
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 gray dotted lines show the FWHM value for the
simulated profile. E) FEA simulations for three 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.

2.2.5 Cytotoxicity and long-term functioning

To validate the long-term functioning of POLYRETINA, we first 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—photo-
voltaic interface leading to the formation of cracks in the polymers and the titanium cathodes (Fig-
ure 2.13A, top row). To avoid cracks in the titanium cathodes, SU-8 rigid platforms'** have been
integrated below each cathode in the substrate of the interface (Figure 2.1F). With this precaution,
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the pixel above the SU-8 rigid platforms is protected from cracks (Figure 2.13A, bottom row); im-
ages correspond to the green area in Figure 2.1C. 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-elec-
trolyte interface. Then, we measured the changes in the surface potential by using KPFM (Figure
2.13B). 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/mm?) is not statistically different (Mann—
Whitney test, p = 0.8182) with respect to the planar PDMS-interface (Figure 2.13C).

3

0.15 4
< 0.16
- _ >
s 0.13 2
) 2 0.12
2 0.11 s
_E:ﬂ [}
. 9 0.08
& 0.09 8
el o
) > 0.04
> 0.07
0.00 . T T T T
0.05 - T 0 6 12 18 24
Planar 3D+SU-8 Ageing time (months)

Figure 2.13 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. C) Comparison of KPFM measures on bonded prostheses integrating SU-8
rigid platforms (99.35+25.26 mV, mean +s.d., n=15; electrode diameter 80 pm) with respect to measures
on PDMS-interface prior bonding (planar) (105.50+17.79 mV, mean+s.d., n=36; electrode diameter
100 pm). 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 for 135 h, 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 (difference of voltage in light with respect to voltage in dark)
during accelerated ageing tests over a simulated period of 24 months (months: 0, 110.5+£33.53 mV; 6,
108.5+33.37mV; 12, 109.8 £44.59 mV; 18, 103.8 £25.73 mV; 24, 111.1 +£35.48 mV).

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 2.13D). 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 2.13E). No statistically significant changes in

the mean (+ 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 1929 cells. Cell viability has been
estimated via an XTT cell viability assay. Results on the prosthesis showed a 100% viability, while
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positive control has 0.3% viability and negative control has 100% viability (averages of three repe-
titions; see certificate in Appendix Figure 3).

2.2.6  Thermal and optical safety

According to the thermal safety standards 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 °C.!3* We measured in air the increase in tempera-
ture on the POLYRETINA surface (Figure 2.14A and B) due to continuous operation for 2 h under
full-field pulsed illumination (20 Hz, 10 ms, 1.22 mW/mm?). The irradiance has been set to the max-
imal 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 in-
creases on the electrodes and on the polymer surface are not different (Figure 2.14C and D). Any-
how, 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.
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Figure 2.14 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 configura-
tion. The camera has been focused on the top electrodes and a region of interest has been selected to measure
the changes in surface temperature (yellow circle). Electrodes show higher value of baseline temperature be-
cause 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 as the difference with respect to the
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baseline temperature measured for 5 min before pulsed illumination. The green bar represents the period of
2 h when light pulses have been applied (10 ms pulses, 20 Hz repetition rate, 1.22 mW/mm?). The dotted red
line represents the maximal allowed temperature increase. C) 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 regions have been sampled and averaged. D) Mean (+ s.d.) changes in surface temperature in
the overall 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).

Regarding optical safety, photovoltaic prostheses are limited by retinal damage upon light exposure
(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 equals to 328.75 pW/mm? (see paragraph
2.4.10 in the 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 in-
creased to 6.58, 3.29, or 1.64 mW/mm?, respectively. These values are higher than the saturation
value measured with retinal explants (1.08 mW/mm?).
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Figure 2.15 Optical absorption of POLYRETINA. Light 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 to the condition without the prostheses.

In case of POLYRETINA, the incident light is mainly 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% (Figure 2.15). Therefore, only part of the incident light reaches the retina and the
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 without POLYRETINA at the
RPE-retina interface using the obtained MPE (328 and 1.64 mW/mm?), respectively, for continuous
and pulsed (10 ms pulses at 20 Hz) illumination. After 150 s of continuous illumination (560 nm,
328 pW/mm?), the temperature increase is stable at 0.42 °C (Figure 2.16A and B). Pulsed illumina-
tion (10 ms pulses at 20 Hz, 1.64 mW/mm?) generates temperature spikes of about 0.04 °C, oscillat-
ing around the profile corresponding to the continuous illumination (Figure 2.16C and D). This
demonstrates 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 illumina-
tion (560 nm, 328 uW/mm?) is slightly reduced to 0.37 °C (Figure 2.17A and B). In this case, the
critical interface is the one between the retina and the prosthesis giving a slightly higher temperature
increase with respect to the RPE-retina interface (0.37 vs 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 pm) between the retina and POLYRETINA reduces the temperature increase by
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0.009 °C, which is negligible. The thermal damage of the retina requires a local rise in temperature
higher than 10 °C;'** the 50% probability of retinal damage (ED50) has been previously defined for
a temperature rise of 12.5 °C."** In our model, we estimated the ED50 with (red) and without (black)
POLYRETINA (Figure 2.17C). As expected, the ED50 for continuous illumination is slightly higher
when POLYRETINA is present (10.6 vs 9.4 mW/mm?), which correspond to 53 mW/mm? for pulsed
illumination. A comparison with and without POLYRETINA showed that over the broad range of ir-
radiances the temperature increase in the retina is reduced by 11% with POLYRETINA. Therefore, the

MPE could be slightly increased to 1.84 mW/mm? and POLYRETINA can safely operates at
1 mW/mm?,
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Figure 2.16 FEA simulation of thermal effects. A) Temperature increase in the modelled eye after 150 s of
continuous illumination (continuous wave CW, 560 nm, 328 uW/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). C) 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) Magni-
fication of the last 1 s of the simulation in C.

41



Development and validation of a wide-field and photovoltaic epiretinal prosthesis

°C 1009 o . POLYRETINA .
07 5 | —— +POLYRETINA
1 § 80
© <
[2] > |
8 Z 60
o S 4
2,8 CW 328uWmm? 1Hz g EDS50
o —— Log gaussian fit g
= o 404
3 g 4
3 0.14 £
g b e Retina-POLYRETINA interface 8 204
= o RPE-retina interface -
0 T T T T T | 0 T
0 0 25 50 75 100 125 150 0.1 1 10 100 1000
Time (s) Irradiance (mW mm2)

Figure 2.17 FEA simulation of thermal effects with POLYRETINA. A) Temperature increase in the modeled
eye with POLYRETINA after 150 s of continuous illumination (CW, 560 nm, 328 uW/mm?). The insert shows
a larger view of the modeled retina and POLYRETINA. B) Time course of the temperature increase at the
RPE-retina (O) and retina-POLYRETINA (@) interface during 150 s of continuous illumination (CW, 560 nm,
328 uW/mm?). The simulation frequency has been set to 1Hz. The solid line is the log Gaussian fit
(R2=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
0.9977 for red).

2.3 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 and in the number of stimulating pixels compared to other epiretinal prostheses.®*!3¢

Concerning visual field, POLYRETINA has the potential to cover a retinal surface corresponding to a
visual angle of 46 °, which is larger than the threshold for both legal blindness (20 °) and adequate
mobility skills (30 °). Concerning spatial resolution, the presence of a continuous semiconductor
layer does not represent a limitation. In organic photovoltaics, the low carrier mobility and lifetime
of charges limit the carrier—transport length to tens of nm for holes and few hundreds of nm for
electrons.”®” 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 pm) is moved laterally by about 12 pm
from the electrode edge.!*® 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 pm). By measuring the voltage spread in solution together with FEA
simulations we showed that the area of activation (about 100 um) of 1 pixel is comparable to the
pixel size. Concerning visual acuity, with a pitch of 150 pm the theoretical visual acuity restored by
POLYRETINA is in the order of 20/600;% which is better than the current epiretinal prostheses (e.g.,
Argus II) but still below the threshold of legal blindness. However, the technology of POLYRETINA
is highly scalable and pixels size and pitch can be reduced to obtain better visual acuity values.
Indeed, 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
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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 1-4 ms.!* Available pulse rates in the Argus II are in the
range of 3—60 Hz;'* however, also in this case, the effect of pulse rate have been reported to be very
variable among subjects.'*! 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 phase may limit the operating range of Argus
I1 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 (20-40 Hz) up to flicker fusion.®®!? 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 II) and
subretinal (e.g., Alpha IMS) prostheses.

The activation of RGCs has be obtained already at 47.35 uW/mm? with a response saturation above
1.08 mW/mm?. However, recordings 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 could increase during years of implantation, thus increasing the perceptual threshold.'®
The hemispherical design is a solution to reduce the electrode-cell distance over the large area of
the prosthesis. Moreover, the capability of activating RGCs at low irradiance is promising in per-
spective 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).!2°

The presence of SL spikes is an evidence in support of a direct activation of RGCs. 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., 0.5-4 ms) to the stimulus, which is typically a sharp squared pulse.®!
The photo-voltage generated by POLYRETINA has a less shaper transition from 0 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 pus) cathodic epiret-
inal stimulation preferentially excite RGCs, while pulses longer than 1 ms excite both RGCs and
bipolar cells.!*!% 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 results in a
more focal activation.'*? Using calcium imaging techniques, authors explained this result via a shift
from direct to indirect activation of RGCs. We showed by electrophysiological recordings and phar-
macological 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 two years. However, more experiments (such as
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ageing tests with pulsed light) with additional time points should be added to investigate the entire
functional lifetime of the prosthesis. Last, POLYRETINA fulfils the requirements for in vitro cytotox-
icity according to ISO 10993-5 and for thermal safety (ISO 14708-1/EN 45502-1). Indeed, cytotox-
icity of the implant under illumination would be an interesting data to evaluate.

POLYRETINA is foldable to allow implantation through a small scleral incision and it self-opens once
released into the eye, recovering the ocular curvature. 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 mal-
function (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 and shape
of a patient.'*® 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
used intra-ocular lenses. With further investigations, a similar ‘injection’ approach could also be
envisaged for POLYRETINA, simplifying even more the surgical approach. On the functional point of
view, the next step is the design and material optimization followed by the electrophysiological
validation in vivo with large animal models, such as swine models.

24 Methods

2.4.1 Prosthesis microfabrication

PDMS-photovoltaic interfaces were fabricated on silicon wafers as represented in Figure 2.18. A
thin sacrificial layer of poly(4-styrene sulfonate) solution (PSS, 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 h) (Figure 2.18-1). After surface treatment with oxygen plasma (30 W,
305s), 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/cm?, 365 nm), post-baked (90 °C, 1800 s; 60 °C, 2700 s), devel-
oped in propylene glycol monomethyl ether acetate (48443, Sigma-Aldrich) for 2 min, rinsed in
isopropyl alcohol, and dried with nitrogen (Figure 2.18-2). After surface treatment with oxygen
plasma (30 W, 30s), a second layer of degassed PDMS pre-polymer (10:1) was spin-coated
(3700 rpm, 60 s) and cured in oven (80 °C, 2 h) (Figure 2.18-3). PEDOT:PSS (HTL Solar, Ossila)
was filtered (1 um PTFE filters) and then spin-coated (3000 rpm, 60 s) onto the O,-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. Twenty
milligrams of P3HT (698997, Sigma Aldrich) and 20 mg of PCBM (M111, Ossila) were dissolved
in 1 ml of anhydrous chlorobenzene each and let stirring overnight at 70 °C. The solutions were then
filtered (0.45 pum PTFE filters) and blended [1:1 v:v]. The P3HT:PCBM blend was then spin-coated
at 1000 rpm for 60 s (Figure 2.18-4). Titanium cathodes were deposited by DC sputtering through
a shadow mask aligned with the SU-8 pattern (Figure 2.18-5, Appendix Figure 1, and Appendix
Figure 2). After surface treatment with oxygen plasma (30 W, 15 s), the encapsulation layer of de-
gassed PDMS pre-polymer (5:1 ratio) was spin-coated (4000 rpm, 60 s) and cured in oven (80 °C,
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2 h) (Figure 2.18-6). To expose the cathodes, aluminum hard mask was deposited (Figure 2.18-7),
then photolithography (Figure 2.18-8) and PDMS dry etching in a gas mixture of O, and SF¢ (Fig-
ure 2.18-9) were performed. Aluminum was then removed by photolithography developers (Figure
2.18-10). The wafers were then placed in deionized water to allow dissolution of the PSS sacrificial
layer and the release of the PDMS-photovoltaic interfaces (Figure 2.18-11). The floating mem-
branes were finally collected and dried in air. The dome-shaped PDMS supports were fabricated
using a milled PMMA mold (see Appendix Figure 6), filled with PDMS pre-polymer (10:1), which
was then degassed and cured in oven (80 °C, 2 h). The supports were released from the molding
parts and perforated with a hole-puncher (330 um in diameter) at the locations dedicated to the in-
sertion 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, 305s). The
activated PDMS surfaces were put in contact and allowed to uniformly bond thanks to radial stretch-
ing of the fixed membrane (Appendix Figure 6). The excessive PDMS used to clamp the array was
removed by laser cutting.
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Figure 2.18 Microfabrication process flow of POLYRETINA photovoltaic interface. The material stack is rep-
resented for two pixels in cross-sectional view and not in scale.

2.4.2  Chips microfabrication

Chips for KPFM and PC/PV measurements were fabricated on 20 x 24 mm? glass substrates (2947
75 x 50, Corning Incorporated). Before microfabrication, glass chips were cleaned by ultra-soni-
cation in deionized water, acetone, and isopropyl alcohol for 15 min each and then dried with nitro-
gen. When present, 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 s on each chip.
Subsequent annealing at 120 °C for 30 min was performed. The preparation of the organic semicon-
ductor blend was performed as described before. The P3HT:PCBM blend was then spin-coated at
1000 rpm for 60 s 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 h).
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2.4.3  Tielectrochemical characterization

Electrochemical impedance spectroscopy was performed in PBS (1x) at RT with an Ivium potenti-
ostat (Compactstat, [Ivium Technologies) and Ivium software. The three-electrode cell (Figure 2.2B)
was composed by Ti working electrode (WE) of about 0.051 mm?, Ag/AgCl reference electrode
(RE), and Pt counter electrode (CE). The driving voltage was set to 50 mV between 0.05 and 107
Hz. The data was averaged and plot in Bode diagram with Matlab (Mathworks) and the component
of the circuit were extracted from the EIS plot by fitting Appendix Equation 1 (Rgpc.a Was deter-
mined at the plateau with the highest phase above 10° Hz, and Rer, Cpi, and n were determined

using Matlab Zfit script)'4’.

2.4.4 pH measurements

Experiments have been performed in phosphate-buffered saline at room temperature. 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-
Di01-25 x 36, Semrock) and a 10x (diameter of the illumination spot 2.2 mm; CFI Plan Apochromat
Lambda) objective. Light pulses of 10 ms where delivered at 20 Hz for 1 h with an irradiance of
3.4 mW/mm?. pH was measured with a microelectrode (tip diameter of 200 um) with internal refer-
ence (pH-200C, Unisense). Data were sampled at 1 Hz.

2.4.5 Kelvin probe force microscopy

KPFM characterization was performed in ambient air conditions with an Asylum Research Cypher
S microscope using Ptlr 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 ana-
lyzed using Gwyddion 2.36 software. For each image, the average surface potential variation value
was obtained by subtracting the surface potential in dark to the one under illumination (voltage in
light — voltage in dark).

2.4.6 Accelerated ageing tests

Accelerated ageing was performed in a dry oven set to T = 87 °C. Samples were immersed in phys-
iological saline solution (0.9% NaCl, pH 7.4) within a sealed 50-ml falcon tube. Under this condi-

tion, the acceleration factor A was 32, according to Equation 2.2.'43.14
T-37°C
A=2 10

Equation 2.2 Acceleration factor for accelerated ageing tests

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 h, corresponding
to six months. Before KPFM, samples were removed from the sealed falcon tube, rinsed with de-
ionized water, and dried under nitrogen flow.
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2.4.7 Measure of PV and PC

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 um; however, when evaluating the PC den-
sity generated by the interface, also the area of the connecting line exposed to light has been consid-
ered (on average: 0.077 mm?). A plastic reservoir was attached to the chip using PDMS as adhesive,
leaving about 0.051 mm? of Ti exposed to the solution. 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.
PV was measured using a voltage amplifier (DL-Instruments, 1201; gain 20, band DC-3000 Hz) and
PC using a current amplifier (DL-Instruments, 1212; gain 107® 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 2.7E-G) have been delivered in packages of 20
pulses at 20 Hz (total of 1 s), while each package was separated by 1 s needed by the system to save
data before starting the next package.

2.4.8 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 mgkg™"). 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 record-
ings. In the experiment with synaptic blockers, Ames’ medium was supplemented with DL-AP4
(250 uM 17!, No. 0101, Tocris Bioscience), DL-AP5 (50 uM 17!, No. 0105, Tocris Bioscience),
DNQX (10 uM 1!, No. 0189, Tocris Bioscience), Carbenoxolone (100 uM 1!, No. 3096, Tocris Bi-
oscience). Retinas were placed mimicking an epiretinal configuration, therefore with RGCs 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 um pitch. Recordings were performed in
dim light at 32 °C with a sharp metal electrode (PTM23BOSKT, World Precision Instruments), am-
plified (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 Instru-
ments) by the Spectra X system (Emission filter 560/32, Lumencor). The microscope was equipped
with a dichroic filter (FF875-Di01-25 x 36, Semrock) and a 10x (diameter of the illumination spot
2.2 mm; CFI Plan Apochromat Lambda) objective. The stimulation protocol consisted in a repetition
of ten pulses at 1 Hz for each irradiance; irradiance was increased sequentially: LED at 0%
(0 pW/mm?), 2% +ND4 (47.38 uW/mm?), 3% +ND4 (107.91 uW/mm?), 2% (189.50 uW/mm?),
3% (421.12 pW/mm?), 3% (815.92 uW/mm?), 5% (1081.75 mW/mm?), 10% (2.81 mW/mm?), 20%
(5.89 mW/mm?), 40% (11.98 mW/mm?), 60% (17.92 mW/mm?), 80% (23.56 mW/mm?), and 100%
(29.08 mW/mm?). Spike detection and sorting were performed by threshold detection using the
Matlab-based algorithm Wave clus'® 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.
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However, the spikes in the first 10 ms after the light onset (SL) have been manually verified. PSTHs
for each condition of illumination were computed discretizing and averaging spike raster obtained
over ten 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 Figure 2.9A) in SL (<10 ms), ML
(from 40 to 120 ms), and LL (from 150 to 350 ms).®! 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, centered 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.

2.4.9 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.). [llumina-
tion 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-Di01-25 x 36, Semrock) and a 10 x objective. A pin-hole was used to limit the spot diameter
to about 150-170 um. After alignment of the illumination spot on a target pixel of the central area
of POLYRETINA, ten pulses of 10 ms were delivered at 1 Hz with an irradiance of 29.07 mW/mm?.
The resulting voltage has been measured at nine positions in three directions around the illuminated
pixel. Data analysis was conducted in Matlab (Mathworks). Voltage peaks above noise level (mean
noise threshold 6.2 pV) 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) and relative
permittivity are listed: titanium (2.6 x 10%1), P3HT:PCBM (0.1/3.4), PEDOT:PSS (30/3), Saline
(1/80), PDMS (2 x 10714/2.75).

2.4.10 Optical safety

Retinal damage upon light exposure can occur because of three main factors: photo-thermal damage,
photo-chemical damage, and thermo-acoustic damage.'** 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 1 s. 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 2.3 for photo-thermal damage (MPEr) and Equation 2.4
for photo-chemical damage (MPEc). Those equations are valid for A=560nm and o =808 mrad
(Figure 2.3E).

1
MPEr = 693107 Cg Cr 5 ; Cp = 6.67-107%a%; Cr = 1; P = 5.44

Equation 2.3 MPE- calculation for optical safety
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MPE; = 5.56-107'° Cg a?; Cp = 10%02(1~450)
Equation 2.4 MPEc calculation for optical safety

MPEr results in 47.41 mW, which corresponds to 328.75 pW/mm? for an exposed area of 144.22
mm?. MPEc results in 57.55 mW, which corresponds to 399.02 uW/mm?.

2.4.11 Thermal measurements

Measures have been performed with a thermal camera (FLIR A325sc Infrared Camera, FLIR Sys-
tems, Inc.) focused on the top surface of the POLYRETINA prosthesis. Images have been acquired at
1 frame per second. Light pulses (10 ms, 20 Hz, 1.22 mW/mm?) were delivered by a 565-nm Green
LED (Thorlabs, M565L.3-C5) focused at the sample level.

2.4.12 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 modeled 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. A total of eight domains (Cornea,
Aqueous Humor, Lens, Vitreous Humor, Retina, RPE, Choroid and Sclera) are defined in the model,
with the parameters listed in Table 2.1. POLYRETINA was modeled as a single composite material,
with volume averaged properties of PDMS, PEDOT:PSS, P3HT:PCBM and titanium (Table 2.2).
It was simplified into five domains with homogeneous properties: the center, the first ring, the sec-
ond ring, the domains where no titanium is present, and PDMS only (Figure 2.19). A volume aver-
age 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 POLYRET-
INA in air exposed to continuous illumination (560 nm, 244 pW/mm?) corresponding to pulsed illu-
mination of 1.22 mW/mm?. The heat losses at the prosthesis interface-air were radiative (emissiv-
ity = 0.9) and convective (heat transfer coefficient=38.5 W m 2 K™"). In agreement with our exper-
imental results, the average transmittance was measured to be 51.67% (49.07% in Figure 2.15) and
the steady-state temperature increase was 1.25 °C (1.24 °C in Figure 2.14).

Table 2.1 FEA simulation of thermal effects. Parameters used in the thermal model obtained from references
[151—164].

Material Thickness C:;I)Ziti o C(;l;llzleli:nti?fli o Density Abso;f;ig:l) @th Pel;gltseion Self Heat
pm Jkg'K! | Wm'!K! kg m?3 cm’! s W m?
Eye @ 24000
Aqueous 3100 3997 0.58 1000 0.00025 (500) 0 0
Humor
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
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RPE 10 4178 0.603 1050 1100 (500) 0 0
Sclera 500 4178 0.58 1000 5.9 (550) 0 0
Vitreous / 3997 0.595 1050 0.00025 (500) 0 0
Humor
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

Table 2.2 FEA model of POLYRETINA. Parameters used to generate the aggregated model of POLYRETINA used
in the thermal simulations.

Domain | Heat Capacity | Thermal Conductivity | Density | Absorption (at A in nm) | Fraction of Ti
J kg1 K! Wm!K! kg m3 cm! %
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

Ti

Second ring ‘ noTi

First ring

Figure 2.19 Aggregated model of POLYRETINA. Drawing of the simplified model of POLYRETINA.

2.4.13 In vitro cytotoxycity test

The study validation was performed by an accredited company (Medistri SA). The test was con-
ducted 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, invitro; Medistri internal procedure WI 47 and WI 56. Prostheses
were sterilized with EtO prior the test. The test on extraction was performed with two retinal pros-
theses for a total surface area of 3.54 cm?, with a ratio of the product to extraction vehicle of
3 cm?ml . Extraction vehicle was Eagle’s Minimum Essential Medium supplemented with fetal
bovine serum, penicillin—streptomycin, amphotericin B, and I-glutamine. The extraction was per-
formed for 24 h at 37 °C. The extract was added on triplicate cultures wells containing a sub-con-
fluent L929 cell monolayer (1:1 dilution). The test samples and the control wells were incubated at
37°C in 5% CO; for 24 h. Following incubation, the cell cultures were examined for quantitative

50



2.5 Acknowledgements

cytotoxic evaluation. 50 ul per well of XTT reagent was added to the cells then incubated at 37 °C
in 5% CO, for further 3—5h. An aliquot of 100 ul was then transferred from each well into the
corresponding wells of a new plate and the optical density was measured at 450 nm.

2.4.14 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 tem-
poral 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 can-
nulas the implant was then manipulated and fixed in epi-retinal configuration.

2.4.15 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 repre-
sented as: * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. Data are reported as
mean + s.e.m. or mean + s.d., n is 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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Eyes of a robber fly (Source: Thomas Shahan)
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The publication related to this chapter is in review.

Contributions: I designed, fabricated, and characterized the devices and the retinal prostheses; per-
formed/analyzed photovoltage and photocurrent measures, imaging, KPFM, and mechanical simu-
lations. N.A.L. Chenais performed and analyzed voltage spreading and electrophysiological exper-
iments.
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3.1 Introduction

3.1 Introduction

POLYRETINA and its design have proven in vitro to be a potential valuable visual prosthesis for an
enhanced restoration of visual acuity and visual field with respect to other state-of-the-art implants.
However, the finish line of the journey towards preclinical trials is not behind the corner. Adaptation
of “delicate” implantable prostheses such as POLYRETINA to in vivo testing can be intense due to the
novel materials and design involved. A large area, curved, stretchable, transparent, organic-based,
opto-electronic device conceives for us mechanical, electrical, and optical challenges, whose poten-
tial solutions will be presented in the following chapters.

In this chapter, we will present few appreciated improvements of POLYRETINA pixels on the materi-
als and design aspects to obtain beneficial characteristics in vision of preclinical trials. First, the
performances of the retinal prosthesis could be improved by densifying the pixels resulting in a
theoretical visual acuity towards the limit of legal blindness (20/400).*> However, considering
merely technical aspects, electrical cross-talks (photovoltage summation) and stimulation efficiency
(injected charges per pulse) could be negatively affected when the pitch size and diameters of the
photovoltaic pixels are reduced. One interesting aspect yet in favor of increasing the pixel density
of POLYRETINA was identified ex vivo with retinal explants. We measured and compared the activity
of RGCs when stimulated with capacitive-like pulses, such as the ones obtained from POLYRETINA
pixels, or with rectangular monopolar (monophasic) pulses (Figure 3.1).'6
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Figure 3.1 Capacitive-like (photovoltaic) vs rectangular monopolar stimulation of RGCs. A) Evidence of the
direct and the indirect activities evoked by photovoltaic stimulation. Mean (+ s.e.m; n = 16 cells, N =9 retinas)
firing rates of SL (top) and ML (bottom) responses as function of the radiant exposure (mJ/mm?), obtained by
multiplying the irradiance (mW/mm?) with the pulse duration (s). For each RGC, ten consecutive sweeps were
averaged. B) Photovoltage profile (black line) generated by POLYRETINA pixels upon a 10 ms light pulse (green
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bar) at 0.94 mW/mm?. The grey line shows a 10 ms rectangular voltage pulse of identical peak amplitude. C)
Percental increase in the RGC ML activity induced by non-rectangular capacitive-like voltage pulses com-
pared to rectangular voltage pulses. D) Mean normalized activation profile and Gaussian fit of the activity of
ACs upon 10 ms rectangular or non-rectangular capacitive-like voltage pulses with amplitudes of 180 mV. 10
x 10 cells have been averaged over four directions. The blue line indicates the AC membrane potential thresh-
old for ML indirect activity. E) Mean heatmaps of normalized ML 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 cells, N =
8 retinas). For each RGC, ten consecutive sweeps have been averaged. Heatmaps have been generated from
linear interpolation of experimental values recorded from individual electrode stimulations. Figures adapted
from Chenais et al. 2019.163

As mentioned in the previous chapter, ML spikes in RGCs are characteristic from network-mediated
activation and can be evoked by the photovoltaic pixels, especially when increasing the radiant ex-
posure (obtained by light intensity times pulse duration, Figure 3.1A). The capacitive-like voltage
profile from the photovoltaic pixels has slower rising and decay phases (Figure 3.1B) that increase
the network-mediated activation of RGCs compared to rectangular pulses of similar duration and
peak amplitude (Figure 3.1C), also leading to similar injected charges. In fact, amacrine cells (ACs)
activity is increased with capacitive-like pulses (Figure 3.1D), which results in a more focused
RGCs stimulation due to the ACs inhibitory activity (Figure 3.1E). Therefore, the non-rectangular
capacitive-like stimulation favors a focused network-mediated RGCs activation and, thus, a densi-
fication of the POLYRETINA pixels can be envisioned.

Consequently, to move forward with a high-density POLYRETINA, the photovoltaic pixels should
prove to stimulate even with reduced size and with single-pixel illumination (as previously only full-
field illumination was used). Electrode coatings, for instance, could help improving both efficiency
and stability in aqueous solution of the photovoltaic pixels.

32 Results

3.2.1 Impact of the pixels density

The first prototype of POLYRETINA, presented in Chapter 2, was developed to prove that photovoltaic
pixels based on conjugated polymers can stimulate RGCs and can be fabricated on a stretchable
PDMS membrane bonded onto a spherical support, which is then folded, injected into the eye, and
self-opens to match the retinal curvature over a 46 ° of visual field.”® However, the design of the
pixel array was not optimal for a high-density stimulation, which could be beneficial for improving
visual acuity. Therefore, the POLYRETINA design has been upgraded to a homogeneous distribution
of pixels over the 13 mm in diameter and with four designs (design A, B, C, and D in Figure 3.2),
in which the electrode diameter and pitch size are progressively decreased. Design A (Ti diameter
80 um, SU-8 diameter 100 pm, and pitch 150 um, as the central region of the previous version of
POLYRETINA) results in 6°720 pixels with a pixels density of 51 pixels/mm? (2215 pixels were pre-
sent in the previous POLYRETINA); design B (Ti diameter 80 um, SU-8 diameter 100 um, and pitch
120 pm) has 10°498 pixels and 79 pixels/mm?; design C (Ti diameter 60 um, SU-8 diameter 75 um,
and pitch 90 pm) 18’692 pixels and 141 pixels/mm?; and design D (Ti diameter 40 um, SU-8 diam-
eter 50 um, and pitch 60 pm) 42196 pixels and 318 pixels/mm?. For all the designs, SU-8 diameters
were 25% larger than Ti electrodes and the encapsulation covered 4 um at the electrode edges, re-
sulting in an exposed electrode diameter 8 um shorter with respect to the total Ti size.
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Figure 3.2 Improved designs for a high-density POLYRETINA. The layouts of the proposed designs are repre-
sented in the same scale with one another. Full black circles depict Ti electrodes and empty grey circles SU-8
(only shown on one pixels). Design A: 51 pixels/mm?; design B: 79 pixels/mm?; design C: 141 pixels/mm?;
design D: 318 pixels/mm?.

Table 3.1 Calculated visual field and theoretical acuity for the four POLYRETINA designs (framed with thick
lines) and other commercialized (or on the route to be) products. The calculation for both visual field and
acuity were performed as stated in the previous chapter (Figure 2.3E and Equation 2.1). The asterisk (*)
indicates that more than 7 °© of visual field (up to 30 °) can be obtained by inserting multiple implants. D: array
diameter/diagonal, d: electrode diameter, p: electrodes pitch, a’’: visual angle, logMAR: log of MAR (see
Figure 1.2A), Th.: theoretical.

oy | T [ aom [ pm | @0 | mowar | e | et
Design A 80 150 | 0.51 1.48 20/607
Design B 80 120 | 0.40 1.38 20/485
13 46.6

Design C 60 90 0.30 1.26 20/364

Design D 40 60 0.20 1.08 20/243

Argus II 5 18 200 | 575 | 1.94 2.07 202327 | 20/1260
Alpha-AMS | 3.2 11 30 70 0.24 1.15 20/283 20/549

PRIMA 2 7-30% 100 110 | 037 1.35 20/445 20/460

The calculated visual field (46.6 °) and the theoretical visual acuity limit (determined from the cor-
responding natural/subretinal stimulation) for the new layouts are listed in Table 3.1 with Argus II,
Alpha-AMS, and PRIMA retinal implants for comparison. From 20/607 (design A), the theoretical
visual acuity can be improved to 20/485 for design B and to 20/364 and 20/243 for design C and D,
respectively, which are both above the limit considered blindness. The best theoretical visual acuity
among the commercial products is 20/283, obtained with Alpha-AMS; yet, the best ever measured
acuity in a patient lays around 20/549 and the covered field is only 11 °. The large discrepancy
between theoretical and measured visual acuity values makes it extremely important to do not rely
merely on theory, since several features of retinal prostheses can influence acuity results (such as
the extent of visual impairment, the implant fixation location and direction, irregular cell-electrode
distances, and a distinct psychophysical component between subjects and timepoints). However,
since measuring visual acuities and visual fields with prostheses like POLYRETINA requires human
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studies, tools such as virtual reality could be exploited to obtain estimations about the POLYRETINA-
evoked artificial vision under ideal conditions (Appendix Figure 4).

The fabrication process of POLYRETINA, presented in Chapter 2.4.1, allows a certain degree of scala-
bility. The minimum electrode size is however limited by the home-made stencil architecture used
during Ti sputtering (see Appendix Figure 1 and Appendix Figure 2), which was not conceived
for nano-patterning'® but for manual alignment handling and patterning on soft and adhesive sur-
faces. Nevertheless, it was possible to pattern the Ti electrodes following the four layouts and with
high precision manual alignment with the SU-8 islands patterned accordingly. Figure 3.3A shows
the Ti electrodes sputtered on the organic layers (PEDOT:PSS/P3HT:PCBM). The pixels size of 40
um was at the limit of the minimum achievable size, as electrodes borders were not properly defined
in some regions of the array. An additional improvement compared to the first POLYRETINA proto-
type is that the polymers between the Ti electrodes are etched away by oxygen plasma and Ti as
mask. The result can be visualized in Figure 3.3B, where the SU-8 discs appear more evident un-
derneath each pixel after the removal of the organic layers around Ti.

Design A Design B Design C Design D

Full polymers

/T [

Patterned polymers

[ |poms [ |sus [MPeporpss  [MlPsHTPCBM [ ]Ti

Figure 3.3 Fabrication of patterned pixels with the four layouts. A) As for the previous version of POLYRETINA,
the Ti electrodes are sputtered through a stencil mask onto P3HT:PCBM and aligned with the SU-8 discs
embedded in PDMS. The four designs were possible to obtain with the same deposition system. B)
P3HT:PCBM and PEDOT:PSS patterning by oxygen plasma and Ti as mask. The resulting images are shown
for the four designs and SU-8 appears more visible underneath each pixel.

To enquire about the new layouts mechanical consequences and ensure that the densification of
pixels does not cause cracking of the Ti electrodes when bonded onto the PDMS dome, we per-
formed FEA mechanical simulations of the photovoltaic array bonding. From a flat and stretchable
surface to the spherical shape, the PDMS in between the pixels stretches and the stress on Ti surface
rises (Figure 3.4A). For the densest array, the von Mises Ti stress is augmented until reaching a
maximum slightly less than 630 MPa (in the central region), while it is less substantial for the other
geometries, especially for the lowest pixels density. The maximum tensile stress that Ti thin films
can stand prior cracking depends on the film properties, which in turn depends on various criteria
such as substrate and deposition technique and parameters. In the literature, values ranging from 600
to 1000 MPa are found for tensile strength of sputtered Ti.!*”!%8 To verify the Ti integrity, we fabri-
cated the POLYRETINA prostheses with the four designs and imaged the pixels on the top of the dome
(Figure 3.4B and C). No damage to the Ti surfaces were found for all the layouts when bonding to
the PDMS domes; however, the tight rolling needed for injection into the eyes (see Figure 2.4)
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caused major cracking of the 40 um Ti electrodes (qualitatively assessed). For this reason and be-
cause of the less reproductive Ti sputtering with these stencil dimensions, design D was not consid-
ered any further for characterizations.

A Design A Design B Design C Design D

160 395 630 MPa

Figure 3.4 Mechanical validation of the new POLYRETINA layouts. A) FEM of the von Mises stresses on Ti
surface during bonding process. B) Fabricated POLYRETINA prostheses with the corresponding designs. C)
Micrographs of the photovoltaic pixels after bonding.

3.2.2  Spatial selectivity of stimulation

As previously mentioned, one of the concerns when reducing the pixels pitch size is the increased
electrical crosstalk, or voltage summation, between the electrodes. We therefore measured the radial
voltage spreading upon illumination of a single pixel at ~3-5 pm from the Ti top surface (Figure
3.5A). The voltage change measurements along three principal radial directions (D1, D2, and D3 in
Figure 3.5B) have been averaged and plotted normalized to the center of the central pixel (as illus-
trated in Figure 3.5C). To evaluate crosstalk when illuminating neighboring pixels, the light has
been patterned to activate the two coronas around the central pixel (Figure 3.5D). The mean (+
s.e.m.) voltage distribution across the three directions and all the pixel tested has been plotted and
interpolated with a two-term gaussian fitting for pixel arrays distributed according to design B (80
um diameter and 120 pm pitch) and C (60 um diameter and 90 pm pitch), which are denser than
design A (80 um diameter and 150 pm pitch) (Figure 3.5E).
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Figure 3.5 Evaluation of the electrical crosstalk of the photovoltaic pixels. A) Measurements setup with re-
cording electrode at ~3-5 um from the Ti top surface. B) Measurements locations with respect to the central
pixel. C) Exemplary voltage spreading color map generated by interpolating the experimental measures (as
shown in A and B) with a triangulation-based linear interpolation. For each point, ten consecutive sweeps have
been averaged and the voltage peaks have been normalized with respect to the value obtained in the central
pixel. The white circles represent the pixels. D) Top view of the tested light pattern with 80 pm pixels and 120
pm pitch (design B). E) Mean (+ s.e.m.) normalized photovoltage peaks from n =4 pixels for both design B
and C (diameter-pitch). For each pixel, the data from the three directions have been averaged. The red line
shows a two-term gaussian fitting of the voltage profile, while the green bars represent the illuminated pixels.

3.2.3  Single pixel electrophysiology

The other concern when scaling down the layouts is if the reduced pixel area can generate enough
charges to safely stimulate the retinal cells. From a material point of view, coating of the Ti elec-
trodes with titanium nitride (TiN) is known to improve charge injection and storage capacity, as well
as mechanical and chemical stability.!?!% This coating could be simply obtained by subsequent
sputtering of TiN after Ti, in the same tool and with the same mask (stencil). Therefore, we added
TiN coatings and characterized photovoltage and photocurrent generated by the improved pixels
(Figure 3.6). We first measured the surface potential change upon illumination of single pixels with
KPFM of TiN-coated pixles with respect to Ti only (Figure 3.6A and B). The results indicate a
significantly larger potential change for the pixels coated with TiN. Unfortunately, exact absolute
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voltage values should not be considered as the pixels were free-standing (polymers were patterned
between pixels) and could not easily be grounded.

Photovoltage (PV) and photocurrent density (PCD) measurements of the photovoltaic pixels (PE-
DOT:PSS/P3HT:PCBM) with Ti and Ti-TiN electrodes were performed as described in paragraph
2.2.2, with illumination (565 nm) at increasing light intensities (Figure 3.6C, G-H). The PC profile
(Figure 3.6D) generated by the pulsed illumination (10 ms, 1 mW/mm?) has a strong capacitive
component for both Ti and TiN-coated electrodes. TiN-coated electrodes show higher PCD and PV
(Figure 3.6D-F) than Ti only. This is probably due to the lower electrode-electrolyte impedance
(lower charge transfer resistance and higher double layer capacitance) of sputtered TiN and an in-

creased open-circuit potential rising from an improved cathodic interface due to the additional
TiN.' Ti and TiN-coated electrodes follow the same trend of PCD and PV with increasing light
irradiance, with Ti-TiN electrodes being more efficient for all the intensities tested (Figure 3.6G
and H).
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Figure 3.6 Characterization of the photovoltaic pixels with Ti-TiN electrodes. A) Picture of a sample during
KPFM. B) Mean (+ s.d.) surface potential change measured with KPFM upon illumination (565 nm, 870
uW/mm?, 60 s) of the bare Ti (n = 13) and the TiN-coated (n = 8) 80 um pixels. Ti (0.275 £ 0.100 V) vs TiN
(0.392 £ 0.062 V): two-tailed unpaired t-test, p = 0.0083. The single pixels could not be grounded; therefore,
the reference voltage is floating. C) Sketch of the experimental setup for the measures of PC and PV of samples
with patterned polymers and electrode diameter of 100 pm; the light pulse comes from the bottom. D), E)
Grand-average of PC density (D) and PV (E) measures at light intensity of 1 mW/mm? (565 nm) and pulse
durations of 10 ms. Horizontal green bars represent the light pulses. F) Mean (+ s.d.) peak PC density (PCD)
and PV of Ti and TiN-coated electrodes measured upon illumination with 10 ms pulses at 1 mW/mm?
(565 nm). PCD Ti (7.5 = 2.3 pA/mm?) vs TiN (10.2 £ 5.2 pA/mm?): two-tailed unpaired t-test, p = 0.0288;
PV Ti (184 £ 21 mV) vs TiN (227 = 18 mV): two-tailed unpaired t-test, p < 0.0001. G), H) Mean (+ s.e.m.)
peak PC density (G) and PV (H) of Ti and TiN-coated electrodes measured for 10 ms pulses at increasing light
intensities. In panels D to H, the PC density and PV on every device (N =4 for Ti and N = 3 for TiN-coated
electrodes) have been measured for all electrodes (n = 6) and data have been averaged.

The effect of TiN coating of the photovoltaic pixels has been evaluated with ex vivo electrophysiol-
ogy experiments as described in section 2.2.3 (Figure 3.7A). Prosthetic-evoked extracellular RGC
ML activities have been measured upon illumination with 10 ms pulses of 565 nm light of a large-
field area (Figure 3.7B) or of a 80 um (respectively 60 um) single-pixel (Figure 3.7C) and com-
pared between Ti only and TiN-coated electrodes. As one could expect, large-field illumination in-
duces more activity and TiN-coated electrodes perform generally better than Ti (Figure 3.7D-G) for
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both sizes of the electrodes. However, the design with 60 um electrodes (Figure 3.7F and G) stim-
ulates less efficiently than 80 um pixels (Figure 3.7D and E); the evoked responses were difficult
to detect for light irradiances below 3 mW/mm? and was therefore discharged from further charac-
terizations and use. With TiN, the threshold light irradiance to induce ML activity is overall lower
for both large-field and single-pixel illumination (Figure 3.7H and I). For instance, the threshold
irradiance for TiN and large-field illumination was equal or below 0.9 mW/mm? for all the measured
cells (21/21), while only for 16 cells over 20 for Ti. Likewise, for single-pixel illumination, threshold
irradiance for TiN was equal or below 0.9 mW/mm? for 12 cells over 21, while similar results could
be obtained for only seven cells over 20 for Ti electrodes. Measurements with Ti-TiN electrodes

(single-pixel) showed that ML responses could be induced in RGCs with irradiance levels as low as
78 uW/mm?.
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Figure 3.7 Responses of RGCs stimulated upon illumination of photovoltaic pixels with Ti and Ti-TiN elec-
trodes. A) Experimental setup with mice Rd10 retinas placed RGCs down in contact with the photovoltaic
interface with either Ti or Ti-TiN electrodes. Pixels design B (80 pm diameter and 120 um pitch) and C (60
um diameter and 90 pm pitch) were tested. B), C) Examples of RGC raw responses upon large-field (B) or
single-pixel (C) illumination with 80 pm Ti electrodes. Green triangles represent the light pulses (565 nm, 10
ms, 0.9 mW/mm?). D), E) Mean (+ s.e.m, respectively n = 20 cells, N = 8 retinas and n = 21 cells, N = 6
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retinas) ML activity of RGCs with 80 um Ti and Ti-TiN electrodes at increasing light irradiance for large-
field (D) and single-pixel (E) illumination. Already at 0.9 mW/mm? (565 nm) the firing rate is higher than the
base activity for all the cases. F), G) Mean (£ s.e.m, respectively n =9 cells, N = 3 retinas and n = 10 cells, N
= 3 retinas) ML activity of RGCs with 60 pm Ti and Ti-TiN electrodes at increasing light irradiance for large-
field (F) and single-pixel (G) illumination. H) Increase of ML threshold irradiance for each RGC from large-
field to single-pixel stimulation and for Ti and Ti-TiN electrodes (80 um electrodes). The numbers on the
horizontal axis depict the fraction of cells responding to irradiance levels equal or lower than 0.9 mW/mm?.
“Inf” on the y-axis means that those cells were not responding. I) Mean (+ s.e.m, n = 18 cells, N = 4 retinas)
ML threshold irradiance for 80 pm single-pixel stimulation with TiN-coated electrodes. For panels D-I, ten
consecutive sweeps were averaged for each RGC.

3.3 Discussion

POLYRETINA with higher pixels density could be easily fabricated by adapting the SU-8 photoli-
thography mask and the stencil holes layout down to an electrode diameter of 40 — 50 um. Moreover,
an additional patterning step in the fabrication procedure was introduce (and depicted in Figure 3.3)
to remove the organic electronic layers between the cathodes, leading to various improvements of
the photovoltaic array. First, the lateral traveling of photo-generated charge carriers (which was pre-
viously excluded because irrelevant for edge-to-edge distances of more than 20 um) and PE-
DOT:PSS potential fluctuations can induce cross-talks between neighboring electrodes. Second, the
organic materials are not stretchable enough to stand bonding of the photovoltaic interface to the
curved PDMS dome. Their inevitable cracking between electrodes, although insignificant for charge
photo-generation, might lead to device failure due to delamination. Therefore, removal of PE-
DOT:PSS and P3HT:PCBM between clectrodes solved the cracking issue. Third, the semiconduct-
ing blend absorbs light and generates — together with electron-hole pairs — heat, which might be
reduced by the removal of unnecessary absorbing layers (particularly for NIR sensitive blends). And
finally, more in vision of PDMS encapsulation replacement, fullerene-derivative substrates, such as
P3HT:PCBM, could induce compatibility problems with the material chosen for encapsulation.
PDMS did not cause any issue; nevertheless, for a more stable and long-term functioning prosthesis,
other less permeable materials should be considered for pixels encapsulation and might be incom-
patible with the exposed organic semiconductor chemistry (cf. Chapter 4).

The fabrication of POLYRETINA prostheses includes bonding the photovoltaic array to a spherical
PDMS support, which can be obtained without damaging the pixels for all the four tested designs
(Figure 3.4). Yet, the strain needed at the array surface during the tight rolling/folding prior trans-
scleral eye injection induced too high stresses on the Ti electrodes for the densest designs (design
D). Nevertheless, simulations were carried out with Ti thicknesses of 80 nm (which is the average
thickness that is deposited trough the stencil holes when a nominal thickness of 150 nm is set), and
it was noticed that by increasing the thickness (such as with the TiN coatings), the von Mises stress
on electrode surfaces decreases (see Appendix Figure 5), which might be one way to guarantee
mechanical stability of the pixels.

Particularly for denser arrays, the voltage spreading of stimulating pixels can cause reduction in
visual acuity (eclipsing of OFF-pixels in the middle of ON-pixels) and inconsistent stimulation pa-
rameters across the prosthesis (voltage summation results in stronger activation of cells with respect
to others). The measured photovoltage change with patterned light revealed that a clear peaks dis-
tinction can still be obtained for pixel arrays as dense as design B and C (Figure 3.5). For both
designs, the OFF-pixel in the middle of ON-pixels is not completely eclipsed by the illuminated
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surrounding coronas (Figure 3.5E, last column). Moreover, voltage summation was not detectable,
as the voltage generated by the central pixels did not increase when the coronas were illuminated
and the voltage between activated pixels remained low.

Full-field ex vivo electrophysiology of RGCs from explanted Rd10 mice retinas was thoroughly
characterized in the paragraph 2.2.3. However, full-field (or large-field) illumination activates many
pixels which can contribute to stimulate the retinal cells. Electrophysiology with single-pixel illu-
mination showed a decreased activity and a higher irradiance threshold levels for ML spikes activa-
tion (Figure 3.7). An option for improving single-pixel RGC excitation was to add a TiN coating
on the Ti electrodes, which improved photo-generated current and voltage (Figure 3.6). In fact, Ti-
TiN electrodes could increase the ML activity of RGCs and decrease the activation threshold. ML
spiking activity reflects efficient photovoltaic network-mediated stimulation, desired to increase res-
olution and decrease axonal activation.

In visual prosthetics, it is generally accepted — within certain limits — that smaller and denser pixel
arrays can lead to better visual acuity. The new POLYRETINA designs (Figure 3.2) offer the possi-
bility to induce phosphenes theoretically above the threshold considered blindness. This is an im-
portant feature for better recognition of details. However, ex vivo electrophysiological experiments
with a smaller pixel diameter (60 pm) and pitch size (90 um) showed a reduced ML activity com-
pared to 80 um electrodes (with or without TiN coatings, Figure 3.7F and G). ML activation with
60 um pixels could be obtained only with higher light irradiances (starting 3 mW/mm?), not suitable
for in vivo applications.

The main advantage of POLYRETINA design, and I think we can all agree, lies in the distribution of
relatively high-resolution pixels over a wide visual angle. The definition of a design, together with
an ex vivo validation of single-pixels activation, lead to an optimization of the photovoltaic pixels,
which is relevant (however not exhaustive) towards in vivo applications. Further characteristics and
improvements will be discussed in the next Chapter 4.

34  Methods

3.4.1 Prostheses and chip microfabrication

The fabrication of prostheses and chips was performed as described in paragraphs 2.4.1 and 2.4.2;
however, PEDOT:PSS was purchased from Heraeus (Clevios PH1000) because of its higher elec-
trical conductivity and 0.1 vol% of GOPS ((3-glycidyloxypropyl)trimethoxysilane) was added to
increase adhesion. As specified, the other differences with previous microfabrication are the design
and the additional polymers pattering step, which was obtained by exposing the wafers/chips to an
O; plasma (Corial 210 IL etcher, RF power 100 W, ICP power 500 W, 50 sccm O, and 15 sccm He,
10 mTorr) after deposition of Ti (150 nm) or Ti-TiN (150 nm — 150 nm) by magnetron sputtering
(400 W DC for Ti and 200 W RF for TiN).

3.4.2 Mechanical FEA simulations

The simulations of the photovoltaic interface bonding were performed in Abaqus/CAE 6.14, using
a 3D deformable shell (representing the photovoltaic interface) moving against a static spherical
solid (representing the PDMS dome) and creating a full hard contact. The 15 mm in diameter de-
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formable shell was constructed as shown in Figure 3.8, with the exact array design used for pros-
theses fabrication, and with parameters listed in Table 3.2. The edges of the shell were fixed
(clamped) to move only in the vertical direction toward the solid dome. Surface roughness and in-
trinsic thin-film stresses rising from deposition techniques were not considered.
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Figure 3.8 Thicknesses and sizes used for construction of the deformable membrane in Abaqus. The diameters
for Ti and SU-8 and the pitch size were set for the different designs as shown in Figure 3.2.

Table 3.2 Materials parameters used for the mechanical simulations in Abaqus. Apart from PDMS, the be-
haviors of the other materials were considered isotropic elastic. The values for the Young’s modulus and

poisson’s ratio of the used materials and the hyperelastic coefficients for PDMS were taken from references
[168,170—174].

Material Young’s modulus (MPa) Poisson’s ratio | Density (kg/m?)
PDMS (Neo-Hookean) | Coefficients: C10=0.662, D1=0.255 0.5 970
SU-8 2920 0.22 -
PEDOT:PSS 1900 0.34 -
P3HT:PCBM 1970 0.35 -
Ti 90000 0.34 -

3.4.3 Voltage spreading

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
30kHz (Micro1401-3, CED Ltd.). lllumination was carried out on a Nikon Ti-E inverted micro-
scope (Nikon Instruments) by the Spectra X system (Emission filter 560/32, Lumencor). The micro-
scope was equipped with a dichroic filter (FF875-Di01-25 x 36, Semrock) and digital mirror device
allowing the simultaneous illumination of pixel sized spots. Light patterns were projected through
a 10x (CFI Plan Apochromat Lambda) objective. For each light pattern, ten pulses of 10 ms were
delivered at 1 Hz with an irradiance of 22.65 mW/mm?. The resulting voltage has been measured at
nine positions in three directions around the illuminated pixel. Data analysis was conducted in
Matlab (Mathworks). Voltage peaks above noise level (mean noise threshold 6.2 uV) have been
detected and their amplitude normalized respect to the central pixel value.

344 KPFM

KPFM characterization was performed in ambient air conditions with a Bruker Dimension icon mi-
croscope using doped (n) Si tips (SCM-PIT-V2, Bruker) in surface potential, amplitude-modulated
imaging mode. To measure the surface potential variation, KPFM images were collected by repeti-
tively scanning a single line of 100 nm under dark and illumination conditions. The green LED (565
nm) was positioned below the sample, focused on the pixels, and manually turned off and 3% on
(870 pW/mm?) for about 60 s, for three times each pixel. Overall, the samples were grounded with
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help of a silver paste; however, individual pixels could not be all connected to the paste and were
therefore floating. The voltage bias was sent to the AFM tip. KPFM images were then analyzed
using Gwyddion 2.36 software. For each image, the average surface potential variation value was
obtained by subtracting the surface potential in dark to the one under illumination (voltage in light
— voltage in dark).

3.4.5 PC and PV measurements

Experiments for PC and PV measurements were carried out as described in 2.4.7.

3.4.6 Electrophysiology

Experiments were conducted as described in 2.4.8.

3.4.7  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 repre-
sented as: * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. Data are reported as
mean + s.e.m. or mean £ s.d., n is 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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Chapter 4 POLYRETINA for in vivo

experiments in miniature pigs
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The manuscript related to this chapter is in preparation.
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based samples; performed/analyzed electrochemical impedance spectroscopy, cyclic voltammetry,
imaging (light microscopy, SEM, AFM), mechanical stability, and transmission measures; evaluated
rolling and injection procedures; entirely prepared the prostheses for in vivo experiments. E. Borda
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lyzed the OCT scans. P. Vagni performed/analyzed the electrophysiological experiments with min-
ipigs. E.G. Zollinger performed the histological analyses. T.J. Wolfensberger performed the surger-
ies on minipigs.
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4.1 Introduction

Translating a neuroprosthetic implant to preclinical applications frequently requires features that are
not necessary or do not emerge during in silico, in vitro, and ex vivo experiments. A critical aspect
comes from the manipulation and fixation of implants during surgeries, which essentially differ from
how samples are handled during microfabrication, assembly, and characterization. Preserving the
mechanical stability when the device is bent, twist, and pulled is for instance a requirement.'”
POLYRETINA pixels have been conceived to mechanically stand a good amount of load, necessary
for delivering the prosthesis into the eye, thanks to the presence of rigid SU-8 discs underneath the
photovoltaic pixels and embedded in the elastic PDMS matrix. However, this construction might
still be insufficient to avoid further mechanical stresses. Preliminary in situ experiments showed
that, after explantation, the pixels were cracked and the PDMS encapsulation layer was occasionally
delaminated. A question that raised at that moment was: were the pixels damaged already after in-
eye manipulation and fixation? Possible. Further mechanical improvements were still necessary and
could be obtained thanks to the use of parylene-C as rigid islands, bringing the POLYRETINA process
flow and some of its mechanical and functional characteristics to an optimized level.

Another important aspect to consider with POLYRETINA is the materials (electro)chemical and func-
tional stability in body,!’®!”” which is crucial for implantable prostheses and even more crucial for
organic-based implantable prostheses. Water and oxygen are dangerous molecules leading to de-
lamination and active layer degradation.'’®'® The encapsulation layer that protects the organic ma-
terials from the aqueous solution in POLYRETINA is PDMS, which is known to be a relatively per-
meable elastomer, thus not optimal for such applications, even though we could previously demon-
strate up to two years of pixels functioning (Figure 2.13). The permeability of PDMS do not only
lead to a faster degeneration of organic materials, but it also induces layers delamination, which was
observed during in situ preliminary experiments after implant removal. We therefore introduce a
new material for a potentially more efficient encapsulation: an off-stoichiometry thiol-ene-epoxy
soft polymer, which — among other beneficial properties — can be directly photo-patterned with UV
light.

In the next pages, we will present the technological and materials advances in POLYRETINA leading
to a functionally and mechanically more stable prosthesis, with features adapted for preclinical trials.
On the other side, we will also present the characteristics and preliminary results in the chosen ani-
mal model for POLYRETINA testing: blind Gottingen miniature pigs (minipigs).

Miniature pigs are routinely used in translational ocular research, for instance in preclinical studies
to validate the surgical procedures for the implantation of retinal prostheses and the device function-
ality.'8! Notably, the challenge behind the functional validation of light-based and photovoltaic pros-
theses lies in the need of a blindness model, such as photoreceptor degeneration, to decouple the
effect of the prosthesis activation from the response of remaining retinal photoreceptors. However,
such animal model is not easy to obtain using genetic manipulation in large mammals. An alternative
approach consists in rapidly inducing photoreceptor degeneration using a chemical substance that
interferes with the metabolism of photoreceptor cells. The best documented strategy of induced pho-
toreceptor degeneration relies on the intravenous injection of iodoacetic acid (IAA), whose effect
was studied in various animal models, particularly in rabbits and pigs.'®?"!88 JAA suppresses glycol-
ysis by inhibiting the function of the glyceraldehyde-3 phosphate dehydrogenase in a concentration-
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dependent way.'® Long-term studies in rabbits showed a degeneration restricted to the photorecep-
tor layer and that IAA administration did not lead to any remodeling of the surviving retinal cells,
contrarily to what is observed in genetic models of inherited retinal degeneration.'®® In pigs, IAA
leads to a strong rod degeneration and partial cone inactivation.'®® From the functional point of view,
IAA induces a dose-dependent stable decline of full-field flash electroretinogram in both dark- and
light-adapted animals; however, the dark-adapted functions are more affected, while the light-
adapted responses can be partially spared.'®’

Here, we provide a short characterization of an IAA-induced model of photoreceptor degeneration
caused by the systemic injection of IAA at the concentration of 12.5 mg/kg in adult Géttingen min-
ipigs up to three months after the injection. After that, preliminary data on in vivo experiments with
POLYRETINA will also be presented.

42  Results

4.2.1 Improving mechanical stability

To prevent excessive mechanical stresses on the photovoltaic pixels, SU-8 was introduced in the
original version of POLYRETINA as protective rigid platforms. The direct patterning by photolithog-
raphy makes it interesting and compatible; however, an extra PDMS layer covering the discs and
homogenizing the surface structure was necessary for the spin-coating of PEDOT:PSS and
P3HT:PCBM (see Figure 2.18, step 3 and 4). This reduces the maximum strain and handling re-
sistance. Hence, to adjust the implant for in vivo experiments, a second generation of POLYRETINA
has been developed by replacing SU-8 with parylene-C, a materials with similar mechanical and
optical properties and that can be deposited by chemical vapor deposition at room temperature with
homogeneous thickness.!”*!”! The pattering of parylene can be obtained by dry etching using a
standard photoresist as mask. Therefore, the updated microfabrication process flow consists of dep-
osition of 5 um of parylene-C, spin-coating PEDOT:PSS and P3HT:PCBM, sputtering Ti-TiN at
full-wafer (without the need for a stencil mask), photolithography (possible on PDMS thanks to the
additional parylene layer), and a series of dry etchings to pattern Ti-TiN, the polymers, parylene-C,
and the residual photoresist. In Figure 4.1A the main steps of the process flow are presented. The
result is that the photovoltaic pixels composed by PEDOT:PSS/P3HT:PCBM/Ti-TiN seat on top of
the parylene-C islands, eliminating the strains from the PDMS directly underneath the pixels that
were rising from bonding, rolling, and handling of the prosthesis.

A micrograph showing the new pixels on top of parylene is depicted in Figure 4.1B. It is to notice,
that the size of the pixel is now the same size of the rigid parylene island and not 20% smaller as it
was with SU-8. The design B presented in the previous chapter can now be composed by pixels of
100 pum with pitch size of 120 um. The SEM image of the same pixels released from the wafer
(Figure 4.1C) shows how these photovoltaic stimulating sites are protruding from the PDMS sur-
face, envisioning possible 3D structures for a closer cell-electrode distance. The resulting extreme
mechanical stability of the new array is largely improved compared to the previous version based
on SU-8 and it allows bending, crinkling, and stretching without damaging the pixels (Figure 4.1D
and E). This new array can be stretched until the PDMS between the pixels breaks (overall of ~100%
unidirectional) without any crack on the Ti-TiN surface nor any delamination (Figure 4.1E).
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Figure 4.1 Parylene-C for improved mechanical stability. A) Main microfabrication steps for the production
of the photovoltaic pixels deposited directly onto 5 um of parylene-C and patterned via photolithography.
PSS, PDMS, PEDOT:PSS, and P3HT:PCBM are deposited by spin-coating; parylene-C is deposited by CVD;
Ti (100 nm) and TiN (100 nm) are deposited by magnetron sputtering. Details about the fabrication steps can
be found in the methods (section 4.4.1 and Figure 4.11). B) Micrographs of the fabricated pixels with 100 um
diameter and 120 pm pitch. C) SEM picture of the pixels on parylene-C on PDMS released from the wafer
and folded to obtain tilted views on the pixels. D) Membrane of PDMS with the array of photovoltaic pixels
stretched and wrinkled with tweezers. E) Micrographs taken at 0%, 54%, 98% of strain, and after fracture
during stretching test of the parylene-based photovoltaic array. Black scalebar: 500 pm; white T-bar: six rows
of pixels in the stretching direction. The last picture shows the PDMS fracture and the pixels intact.

Further beneficial consequences of parylene-based pixels pattering, apart from the augmented pixels
size and the elimination of a critical manual step of alignment with stencil, are a total design freedom
(the stencils have limited design choice due to the needed connected structure), a better control on
deposited thickness (the quantity of a material deposited through the holes of a stencil is highly
dependent on the holes size and geometry), and an increased surface roughness of Ti and Ti-TiN
pixels. This last surprising point has been attributed to the absence of the stencil, which allows sput-
tered materials to be deposited with more degree of isotropy and homogeneous temperature distri-
butions (which might in turn help to obtain larger grains). The surface roughness has been evaluated
with AFM and the results are depicted in Figure 4.2A-C. A clear increase in roughness for materials
sputtered without stencil can be observed with SEM and AFM images, together with roughness
measurements, for both Ti and Ti-TiN electrodes. According to the measurements, the TiN coatings
do not increase surface roughness; however, the resulting grains, visible from the SEM and AFM
images, look denser and sharper. This might increase the total electrochemical surface area of the
electrodes.
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Figure 4.2 Increased roughness of Ti and Ti-TiN electrodes. A), B) SEM and AFM images of the Ti and Ti-
TiN surfaces sputtered through the stencil (A) or directly onto the wafer (B). 100 nm of Ti (+ 100 nm of TiN)
were deposited on the wafer, but only 55% of the thickness was deposited thought the stencil, which had holes
of 100 pm in diameter with a pitch size of 150 um. The AFM images were 500 nm x 500 nm large. C) Mean
(£ s.d., n = 3 measures) of the root mean square (RMS) surface roughness measured on a 500 nm x 500 nm
area of the samples represented in A)-B) and P3HT:PCBM. Ti + stencil: 1.19 &+ 0.15 nm; Ti — stencil: 3.15 +
0.09 nm; Ti-TiN + stencil: 1.03 + 0.16 nm; Ti-TiN — stencil: 2.85 £+ 0.02 nm; P3HT:PCBM surface: 0.89 +
0.04 nm. D) Mean (n = 5 electrodes) cyclic voltammetry curves of electrodes fabricated on glass directly
through stencil (+ stencil) or full-wafer and patterned by photolithography and etching (- stencil). The meas-
urements were performed in PBS (1x) at 50 mV/s. The cathodic areas highlighted in grey were used to calcu-
late the charge storage capacity.

We also performed cyclic voltammetry (CV) (Figure 4.2D) and EIS (not shown) to characterize the
effect of increased surface roughness and TiN coating. From the CV curves, it is evident that the
surface roughness largely increases the current levels generated by the applied voltage. Even higher
currents can be obtained with TiN coating. The charge storage capacity (CSC) values for cathodic
currents were calculated from the highlighted area in Figure 4.2D and are listed in Table 4.1. The
surface area-weighted charge transfer resistance (Rcr) and the double layer CPE (Cp, 1) (also listed
in Table 4.1) could be extrapolated from EIS data. The electrode surface area (also depending on
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the roughness) seems to reduce the Rer and increase the Cpr, with a slightly more resistive behavior
of the impedance in the low frequency range (<1 Hz).

Table 4.1 Characterization of electrode-electrolyte interface with different materials and surface roughness.
Rer, Cpi, and the factor n were extrapolated from EIS fitting as described in 2.4.3 (and in relation to Appendix
Equation 1). The cathodic CSC was calculated from the area between the CV curves with cathodic current
(in grey in Figure 4.2D). The values represent the mean + s.d. of n = 5 electrodes.

Electrode Rcr (MOhm-mm?) CopL (nF/mm?), n CSC (uC/mm?)
Ti + stencil 611.5 181, 0.965 0.15£0.04
Ti - stencil 14.2 344, 0.835 2.74 £0.55

Ti-TiN - stencil 6.8 476, 0.845 4.06 £2.34

4.2.2  OSTEmer encapsulation

As mentioned, the second version of POLYRETINA needed to improve encapsulation efficiencies with
respect to PDMS. The chosen material in replacement of PDMS is an off-stoichiometry thiol-ene-
epoxy polymer, aka OSTEmer or OSTE (Figure 4.3A). OSTE is known as a novel polymer ther-
moset for molding and low-temperature, adhesive- and plasma-free bonding, resulting in transpar-

192-194 The process

ent, soft, and biocompatible microfluidic devices with superior sealing properties.
for obtaining the OSTE-based structures is represented in Figure 4.3B and consists of submitting a
mixture of three types of monomers with either thiol, allyl, or epoxy groups to UV radical thiol-ene
polymerization, resulting in a soft solid with chemically reactive surface (thiol and epoxy groups
exposed). Then, a thermal anionic thiol-epoxy polymerization leads to a more rigid solid with no
reactive groups on the surface, because they either reacted with one another or they were used for
bonding to another surface. Thanks to the UV sensitivity of the OSTE pre-polymer, the UV light
can be used to locally cure the mixture and ethyl lactate to develop the pattern. We could obtain
structures down to 2 um by 2 um with a thickness of about 4 um (Figure 4.3C) using a maskless
aligner (375 nm, 600 mJ/cm?, MLA 150, Heidelberg), i.e. a direct laser writer. Patterned films could
be obtained with direct laser writing also with thicknesses up to 20 pm. This practical and compatible
processability of OSTE allowed us to develop OSTE-based implants, where OSTE is used as sub-
strate and encapsulation material for, as example, functional Pt electrodes (Figure 4.3D). The sur-
face chemistry and sealing properties of fully cured OSTE could be beneficial for implantable MEASs
or other devices that need chronic in-body stability. Another property of OSTE, beneficial for im-
plants, lies in its temperature-dependent stiffness.!”> The implants could be designed to be stiff for
tissue penetration at room/low temperature and turn softer once inside the body to reduce immune
system reaction.

Because of the mentioned characteristics, we decided to use OSTE as encapsulation material of
POLYRETINA pixels (Figure 4.3D), which simplifies the process flow and theoretically improve,
together with the parylene-C platforms underneath the organic materials, the long-term functionality
of the photovoltaic pixels.
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Figure 4.3 OSTEmer material. A) OSTE as encapsulation material for POLYRETINA with Ti-TiN electrodes.
The thickness of OSTE is 12 pum from the PDMS surface. B) Examples of thiol (blue; pentaerythritol
tetrakis(3-mercaptopropionate)), allyl (ene) (red; 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione), and
epoxy (green; bisphenol A diglycidyl ether) components used to produce OSTE. The monomers are mixed
together in a liquid pre-polymer; then a first radical UV polymerization creates a soft solid with reactive thiol
and epoxy groups at the surface that bind together in a second thermal curing leading to a solid bulk with
tunable stiffness and a non-reactive surface. Adapted from Haraldsson et al.'”> C) Features with relatively
high resolution can be obtained with direct laser writing (UV light) of the OSTE pre-polymer. Here, a thickness
of about 4 pm was spin-coated. D) The process-ability of OSTE allows to manufacture functional OSTE-
based implants (here with Pt electrodes). E) SEM image of the POLYRETINA pixels encapsulated with OSTE.

POLYRETINA prostheses have been fabricated with parylene-C islands, OSTE encapsulation, and an
updated PDMS curved support for an optimized implant addressed to minipig eyes. The new PDMS
dome is 500 um thick in the center and 400 pm thick at the edges (smooth decrease), 14 mm large,
and with an ellipsoidal curvature of 18 mm x 22 mm. Further specifications of the new dome design
and its mold can be found in the Appendix Figure 6. In Figure 4.4A, pictures of the prosthesis
show its overall look and the superior mechanical stability of the photovoltaic pixels even when the
entire prosthesis is folded multiple times. We performed a “pinching” experiments (Figure 4.4B)
demonstrating that pixels do not damage even after strong squashing of the prosthesis with tweezers.
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Figure 4.4 The POLYRETINA version with improved stability for preclinical trials with minipigs. A) Photograph
of the high-density (100 pm pixels with 120 um pitch) POLYRETINA for minipigs experiments (left) and after
being folded in four (middle), with a magnification of a region (right) showing no pixels cracking. The blue
arrows on the left image indicate the indentation in the PDMS support for the tack holes. B) Pinching experi-
ments: micrograph of the pixels before (left), during (middle), and after (right) strong squashing of the pros-
thesis with tweezers. The pictures before and after pinching correspond to the same region pointed out in the
middle image.

4.2.3 Black POLYRETINA

Before in vivo experiments with minipigs, another aspect of the prosthesis was required to be adapted
for green-light based stimulation: the needless transparency of POLYRETINA around the opaque Ti-
TiN pixels, which lets the projected light pass through the thickness of the implant and reach the
retina. The reason why it is important to avoid light penetration lies in the blindness model for min-
ipigs, i.e. the IAA-induced photoreceptor degeneration adapted by our group (see section 4.2.5). It
is possible that residual photoreceptors can still respond to light after [AA injections. In order to
minimize the natural response from residual photoreceptors when evaluating the performances of
the retinal implant, we developed a black POLYRETINA, in which the OSTE encapsulation layer is
darkened by the addition of black nanoparticles into the pre-polymer liquid (Figure 4.5). Carbon
black (CB) nanoparticles (Nanografi Nanotechnology, 148 nm) were mixed at 2 wt% with OSTE
pre-polymer and the resulting black OSTE was spin-coated and photopatterned around the photo-
voltaic pixels (Figure 4.5A). The UV light intensity emitted by the direct laser writer needed to be
increased of about 75% to compensate the presence of the black nanoparticles. Finally, the resulting
black coating should block the light travelling from the PDMS dome to the retina (Figure 4.5A, last
sketch). Micrographs of the fabricated photovoltaic interface with black OSTE coatings show the
relatively clean and accurate patterning of the encapsulation (Figure 4.5B), and the good mechanical
stability of the membrane (Figure 4.5C) as obtained without encapsulation or with normal OSTE.
The overall look of the final black POLYRETINA and enlarged pictures on the curved pixels can be
seen in Figure 4.5D and E, showing that black OSTE is a valid material for photo-patterned encap-
sulation.
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Figure 4.5 Development of black POLYRETINA. A) Fabrication of black OSTE encapsulation: the mixture of
CB nanoparticles with OSTE is spin-coated, exposed to UV light, and developed for encapsulation patterning
(12 pm thickness from PDMS). B) Pictures of the photovoltaic pixels array fabricated on the thin PDMS
membrane and encapsulated with black OSTE. C) Folding, crinkling, and stretching of the black membrane.
D) Photograph of the black POLYRETINA prosthesis with an enlarged micrograph of the photovoltaic pixels.
E) SEM image of the prosthesis pixels encapsulated with black OSTE.

We then characterized the black OSTE encapsulation with optical and mechanical measurements
(Figure 4.6). Compared to the normal POLYRETINA, the black POLYRETINA is visibly darker (Figure
4.6A and B). We measured how much light (565 nm) can be transmitted through both POLYRETINAS
with a similar setup as shown in Figure 2.15. 93% of the light can be transmitted through the PDMS
curved support of ~500 um, about 30% through the normal POLYRETINA, and less than 6% through
the black POLYRETINA (Figure 4.6C). The difference between the support and the POLYRETINA
transmittance (93% — 30% = 63%) is mostly due to the presence of the photovoltaic pixels, which,
not by chance, cover 63% of the total interface area. Instead, the difference between POLYRETINA
and black POLYRETINA lies around 24% and is entirely caused by the thin black OSTE coating (~12
um).

Tensile characterizations of black OSTE revealed that its mechanical properties are very similar to
normal OSTE (Figure 4.6D and E). It is important to mechanically evaluate the effect of additional
nanoparticles, since they might reduce the overall stability and increase the risk of tearing. The small
difference in stiffness and maximal elongation (Figure 4.6E) of black OSTE could be attributed
respectively to the lower degree of cross-link and elongation capabilities, both due to the presence
of stiff nanoparticles. Consequently, black OSTE has a slightly reduced tensile strength (13.9+1.9
MPa (n=15) vs 22.6 + 3.9 MPa (n = 4) of OSTE, mean + s.d.).
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Figure 4.6 Characterization of the black OSTE coating. A) Photographs of the final POLYRETINA and black
POLYRETINA prostheses for in vivo experiments with minipigs. The pair of holes (0.5 mm in diameter) in both
implants are dedicated to tacks insertion for the epiretinal fixation. B) Micrograph of POLYRETINA and black
POLYRETINA observed with transmission light settings, together with an enlarged view at high light intensity
(background saturated). C) Mean (£ s.d.) of the transmitted light (565 nm, 0.54 mW/mm?) through the PDMS
dome (93%, n = 1), normal POLYRETINA (29.7 £ 2.3%, n = 5), and black POLYRETINA (5.8 + 2.6%, n = §). D),
E) Mechanical characterization of OSTE and black OSTE by tensile tests, with the resulting stress-strain
curves performed at 1% of initial length in mm s™' (D), and the extracted values (mean =+ s.d.) of Young’s
modulus (OSTE: 16.5 £ 1.9 MPa , black OSTE: 14.0 + 0.2 MPa) and maximal elongation (OSTE: 79.6 +
7.2%, black OSTE: 70.2 + 4.0%) of n =4 OSTE and n = 5 black OSTE samples (E).

4.2.4 POLYRETINA injector

We previously showed that POLYRETINA can be tightly rolled without any mechanical damage on
the photovoltaic pixels (Figure 4.4). This is a necessary feature for the insertion of the 14 mm wide
implant through a small scleral or corneal cut of maximum 6.5 mm in length. Yet, a tool for
POLYRETINA injection is needed in order to achieve a proper, easier, and safer surgical implantation.
We therefore developed an injector and a procedure inspired by the ones used for intraocular lenses.
The 3D model of the developed injector is presented in Figure 4.7A. The two components, a beveled
tube of 4 mm in external diameter and a narrow cylinder with thin and flexible extensions, can be
assembled and can slide smoothly back and forth. The cylinder is equipped with the parallel exten-
sions (0.35 mm x 1.7 mm x 16 mm) that can accommodate the rolled prosthesis. The implant rolling
and loading procedure into the injector is shown in Figure 4.7B-D. POLYRETINA can be tightly
folded with help of tweezers at a rolled external diameter of maximum 2.8 mm (Figure 4.7B) to fit
within the flexible extension of the cylinder (already assembled into the beveled tube, Figure 4.7C).
The loading is complete when the cylinder is retracted into the tube by sliding, taking the rolled
POLYRETINA with it (Figure 4.7D). Finally, we simulated injection procedures in saline solution by
pushing the cylinder and the prosthesis towards the edge of the tube (Figure 4.7E). The elasticity of
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the PDMS dome allows for the prosthesis to unfold, free itself from the flexible wings, and return
to its original shape.

To evaluate if the injection procedure causes mechanical damage on the black POLYRETINA, such as
electrodes cracking, support tearing or distortion, and encapsulation shearing deformations, we im-
aged the prosthesis before and after the simulated injection (Figure 4.7F and G). The overview look
(Figure 4.7F) and the enlarged view on the pixels (Figure 4.7G) both showed no such damages.

A Assembly

Sliding p 7

F  Beforeinjection

~ After injection

00000005 9000009909
200000000 02000000
00000000 000000

000008000 0008000
00000000l 0000050
2000000 0000000
000000000 000000000

Figure 4.7 POLYRETINA injection. A) Model of the injector composed by two parts: a hollowed, beveled tube
of 4 mm external diameter and a smaller cylinder equipped with flexible, thin, parallel extensions that fits and
slides inside the tube. B) The rolling of POLYRETINA can be obtained with help of tweezers. C) Loading of the
rolled implant within the extensions of the cylinder. D) Photographs of the POLYRETINA loaded into the bev-
eled tube. E) Simulations of injection procedure in saline solution. When the implant is pushed by the narrow
cylinder towards the edge of the beveled tube, the unfolding of the PDMS-based dome displaces the thin
extensions that relieve the prosthesis. F), G) Evaluation of injection procedure damage. The black POLYRETINA
is imaged before (left) and after (right) the injection procedure at overview (F) and magnified view (G).

To be used for in vivo experiments, POLYRETINA and the injector parts are separately sterilized (see
4.4.6 for sterilization procedures) and the loading process is carried out under sterile conditions. It
is also possible to load the injector with the prosthesis for in vivo testing one day before the implan-
tation and leave it (under dark) in a sterile bag until needed.
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4.2.5 Preliminary in vivo results

4.2.5.1 Animal model of photoreceptor degeneration

We started with the evaluation of the IAA-induced blindness due to photoreceptors degeneration in
minipigs. For all the in vivo experiments, an intravenous injection of [AA in the animal was delivered
at the concentration of 12.5 mg/kg, chosen based on previous studies in pigs '*¢!%7. We first per-
formed spectral domain optical coherence tomography (SD-OCT), which is a fast, non-invasive, and
relatively high-resolution technique enabling the acquisition of cross-sectional images of the retina,
showing clearly distinguishable layers such as the choroidal vessels, retinal pigment epithelium
(RPE), outer plexiform layer (OPL), inner plexiform layer (IPL), and retinal nerve fiber layer.'” We
used OCT scans to monitor the retinal thickness in minipigs before and after the administration of
IAA (Figure 4.8A and B, left panels). The scans suggest that minipigs might be light-insensitive
already after one month post-IAA, because of the reduced thickness of the outer retina (which in-
cludes photoreceptors) marked with red rectangles, clearly visible in Figure 4.8A and B (left-center
panels). To obtain a better idea of the morphological changes induced by the administration of [AA
and to investigate which cells are most affected, we performed histological examinations of the ret-
ina before and after the injection of the toxin. We conducted fluorescent immunohistochemistry
(IHC) on samples from IAA treated minipigs before and one month after the IAA administration
(Figure 4.8A and B, right panels). We used antibodies against L/M opsin and rhodopsin to identify
cone and rod photoreceptors respectively, while DAPI is used to locate the other cells. The im-
munostaining shows that there are no rod photoreceptors visible in the image after one month from
the treatment. On the other hand, some cones survive, although they lack the outer segment and
express L/M opsin in the cell body. The Hematoxylin and Eosin (H&E) staining of retinas before
and up to three months after IAA injection (Figure 4.8C) confirms that the photoreceptor layer,
clearly visible in the control image on the left, is completely absent starting from two months after
the injection. On the other hand, the INL of the retina looks less affected by the toxin and almost
intact even after three months (image on the right). Furthermore, the toxin does not seem to have
any impact on the RGCs, at least at the tested timepoints. These observations present anatomical
evidence of complete retinal degeneration in Gottingen minipigs following IAA injection; however,
to confirm that the degeneration observed in the retina translates to a complete loss of visual func-
tions, we performed some electrophysiological tests.

We recorded electroretinographic (ERG) responses using a lens electrode placed on the cornea of
the stimulated eye and, as a reference, the same type of electrode on the other eye, which was also
kept covered. ERG refers to the measurement of the variation of the retinal resting potential in re-
sponse to light stimulation. It is a non-invasive way to directly and quickly assess the functionality
and integrity of the retina. The electrodes are generally placed on the cornea in order to pick up the
signal generated by the activation of retinal cells.!”” To obtain recordings in photopic condition,
which isolates the functionality of cone photoreceptors, we exposed the eye to a bright light (20 cd
s m?) for 10 minutes and then recorded the response to bright light flashes (30 c¢d s m™). 30 flashes
of 4 ms each were delivered at a frequency of 0.1 Hz and the responses were averaged. Figure 4.8D
shows an example of ERG response from a treated animal (top panel) before (black) and one month
after (red) IAA delivery, and from an untreated control animal (bottom panel). The a- and b-waves
are two characteristics of ERG traces, whose amplitudes are proportional to the activation degree of
photoreceptors and post-synaptic cells respectively. The mean (+ s.d.) of the a- and b-waves from

79



POLYRETINA for in vivo experiments in miniature pigs

the ERG response before and one month post-IAA is depicted in Figure 4.8D on the right. A statis-
tically significant decrease in amplitude after IAA treatment is obtained for both waves.

In addition to the experiment described above, which is related to the functionality of retinal circuits,
we also measured the visually evoked potentials (VEPs) from the primary visual cortex in response
to flashes of light (30 flashes of 4 ms each, at 0.1 Hz and at 30 cd s m?). Two k-wires used as
electrodes were placed above the two visual cortices and the responses were recorded from each
electrode while stimulating the contralateral eye and normalized by a reference electrode implanted
outside the visual cortex (Figure 4.8E, left). The averaged VEPs (as shown in Figure 4.8E on the
right) are evaluated by their main negative peak amplitude (which is often found within 40 and 80
ms from the light onset). The mean (+ s.d.) of the peak amplitude from the VEPs response before
and one month post-IAA is depicted in Figure 4.8F, showing a statistically significant decrease in

amplitude after IAA treatment.
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Figure 4.8 Gottingen minipig model of IAA-induced photoreceptor degeneration. A), B) Spectral domain-
OCT images (left) and IHC sections (right) of minipig retinas before (A) and one month post-injection of IAA
(B). The red rectangles in the OCT scans indicate the thickness of the outer retina, including the photoreceptors
layer. In the IHC images, antibodies against rhodopsin and L/M opsin were used to label rod photoreceptors
and cone photoreceptors, respectively. C) H&E staining on retinal sections before and three months after IAA
administration. On the side, the different cells layers are reported (cf. Figure 1.1B). D) Light-adapted ERG
responses of an TAA-treated minipig before and 1 month after IAA injections (top left and right graphs) and
the same responses for an untreated control minipig (bottom left). The light stimulus was 4 ms flashes of 30
cd s m?, repeated 30 times at a frequency of 0.1 Hz. The a- and b-waves are noted on the recording traces.
Both a- and b-waves have a significantly reduced amplitude already after one month from IAA treatment
(mean + s.d., N = 10 eyes, a-wave before treatment: 120.31 £39.12 uV vs a-wave after treatment: 4.93 + 3.31
puV, p <0.001, paired t-test; b-wave before treatment: 150.07 + 25.75 uV vs b-wave after treatment: 11.86 +
9.77 uV, p <0.0001, paired t-test). E) On the left, a radiography showing the position of the VEP recording
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electrodes (two solid arrows) and the reference electrode (dashed arrow). On the right, example of average
VEP recordings in treated animals before (black) and one month after IAA injection (red). Light flashes of 4
ms and 30 cd s m were repeated 30 times at a frequency of 0.1 Hz. F) Mean (< s.d.) amplitude of the negative
wave of the VEPs before (filled markers; 11.45 £ 6.04 pV; N = 10 eyes) and one month after IAA injection
(empty markers; 1.78 = 1.69 uV; N = 10 eyes, paired t-test: p < 0.001).

4.2.5.2 Surgical implantation of POLYRETINA in minipig eyes

Surgical implantation in Gdttingen minipigs can be obtained after a vitrectomy, removing the lens
and its suspensory ligaments as well (Figure 4.9A), and a corneal tunnel incision at the limbus of
up to 6.5 mm (Figure 4.9B). The insertion of POLYRETINA is obtained by sliding the smooth beveled
opening of the injector into the incision, pushing the cylinder with the prosthesis gently inside the
eye chamber (while this is pressurized with perfusion) until the implant is released, and then retract-
ing the cylinder and the tube from the eye (Figure 4.9C). Once released, the prosthesis regains its
original spherical shape and can be adapted on the retina (Figure 4.9D). The fasten of POLYRETINA
in epiretinal position is obtained with two custom-made stainless steel retinal tacks (Figure 4.9E),
adapted for securing a 500 — 600 pm thick implant against the retina by clamping the bottom side
of the implant with the outside of the sclera, where the sharp pyramidal tip is supposed to exit. The
circular discs at the base of the tacks are 1 mm wide, which is two times larger than the holes pre-
punched in the implant (0.5 mm in diameter), ensuring an adequate holding. Once the prosthesis is
fixed, the corneal incision is carefully sealed by suturing (Figure 4.9F) and the minipig can then
recover in a short period of time. The implantation procedure was developed in order to minimize
traumatic manipulation and takes about 60 minutes from the vitrectomy to the final suturing.

Figure 4.9 Surgical implantation of POLYRETINA in Gottingen minipig eyes. A) Vitrectomy. B) Corneal inci-
sion: narrower knives are applied first, then the incision is enlarged progressively to maximum 6.5 mm. C)
Insertion of POLYRETINA with the injector. The implant is pushed by the cylinder with the extension as soon
as the opening of the beveled tube is completely inserted. At this point, only the cylinder with the implant
moves. D) Release and epiretinal placement of POLYRETINA. E) Epiretinal fixation of the implant with custom-
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made stainless steel retinal tacks (the segment between the disc and the base of the pyramidal tip is 1.5 mm
long and 0.3 mm wide; the height of the pyramidal tip is 1.2 mm; the axes of the trapezoidal base of the tip
are 0.8 and 0.5 mm; and the diameter of the disc is 1 mm, while its thickness 0.25 mm). Two tacks per implant
are necessary. The blue arrows indicate the tack just inserted prior the image frame. F) Suturing of the corneal
incision.

In the frame of surgical procedures, the removal of the retinal implants is of importance for the
replacement after a period of time of damaged or degenerated prostheses with fresh and upgraded
ones. The absence of connecting wires makes the removal surgery relatively simple: after the ex-
traction of the retinal tacks from both the retina and the implant, POLYRETINA can be either folded
or cut and retrieved through a small corneal or scleral incision.

4.2.5.3 Prosthetic-evoked potential recordings

VEPs in minipigs were stimulated and recorded in the same eye before, immediately after, and two
weeks after POLYRETINA implantation as performed in the previous paragraph (4.2.5.1) with, how-
ever, a green LED (565 nm, 10 ms per flash) instead of white light to better induce photovoltaic
activation of the PEDOT:PSS/P3HT:PCBM/Ti-TiN pixels. We achieved successful implantations
and recordings of the black POLYRETINA with 100 pm pixels and 120 pm pitch and with 6% of green
light transmittance. Figure 4.10A shows exemplary recording traces (average of ten sweeps) of
VEPs upon green light (10 ms flashes) before IAA treatment (black), after two months from IAA
injection (grey), and after two weeks from POLYRETINA implantation (red). The principal negative
peak (marked with an arrow) is clearly visible for the untreated vision, whereas is almost absent two
months after the injection of IAA, but it reappears when the minipig was implanted with POLYRET-
INA. These prosthetic-evoked waves happened to peak between 10 and 40 ms after light onset, which
is earlier with respect to the natural VEPs measured prior IAA treatment. The reason probably lies
in the faster triggering of RGCs action potential due to direct (SL) electrical stimulation of RGCs,
while natural phototransduction is a slower process, resulting in later RGCs spiking. Figure 4.10B
depicts the absolute value of the VEP negative peaks from two eyes. The effect of the toxin after
one and two months from injection is represented in grey and the important recovery after the pros-
thesis implantation is marked in red. When the prosthesis is implanted, the VEP peaks seem to pro-
portionally depend on the green light intensity, while little effect is deducible from the recordings
in blind minipigs prior implantation of black POLYRETINA (Figure 4.10C).

A B IAA injection C 14— —@— Eye 1 with POLYRETINA
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!
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Figure 4.10 Prosthetic-evoked recordings in minipigs primary visual cortex. A) Average (of ten repetitions at
a frequency of 0.1 Hz) traces from one eye before IAA treatment (black), two months after IAA treatment
(grey), and two weeks after black POLYRETINA implantation (red). The green vertical bar represents the green
light flash of 10 ms (565 nm, 0.31 mW/mm?). The black arrows indicate the clear occurrence of the main
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negative VEP peak. B) Evolution of the absolute main peak amplitude value in A: before IAA treatment
(black), one- and two-months post IAA injection (grey), and immediately after and two weeks after black
POLYRETINA implantation (red) for two eyes. C) Absolute main peak amplitude values according to light in-
tensity from responses with (red) and without (grey, post IAA) black POLYRETINA.

Unfortunately, retinal detachment below the implanted devices was often noticed after two weeks
of implantation, which is indeed an aspect to improve. There are three main reasons that could have
contributed to this situation: the incomplete insertion of the tacks through the sclera (they will come
off after a certain period of time), the possible mismatch between the curvature of the prosthesis and
the one of the minipig eye, and the unclear effect of IAA toxin on the expanded blood vessels of the
choroid (visible in Figure 4.8A and B). All these problems will be addressed in future experiments.

4.3 Discussion

The technological development of POLYRETINA, such as the use of parylene-C, lead to beneficial
characteristics of the prosthesis and its manufacturing. Among them, a simplified and faster process
flow, an improved electrode-electrolyte interface thanks to larger and rougher TiN-coated electrodes
(Figure 4.2), and an extreme mechanical stability of the photovoltaic pixels (Figure 4.1 and Figure
4.4). The latter is a requirement imposed by the envisioned insertion and manipulation procedure of
POLYRETINA for in vivo applications. This technological evolution of POLYRETINA not only involved
standard and well-established materials (parylene-C), but it also took advantage of novel and less
usual materials such as OSTE polymers (Figure 4.3). The main advantages of OSTE polymer com-
pared to PDMS are its superior sealing properties (tested in literature'®*) and its capability to be
locally polymerized by UV light, improving POLYRETINA stability and manufacturing process, re-
spectively.

It is more and more frequent for materials sciences to contribute with resources of more valuable
properties for implantable bioelectronic interfaces. Indeed, new materials means many performance,
biocompatibility, and long-term stability tests, which take time and were partially neglected in this
thesis but intended for future experiments. Furthermore, one improvement can lead to another:
OSTEmer allowed the development of black POLYRETINA, which can block up to 95% of the pro-
jected light (Figure 4.5 and Figure 4.6). This feature, although likely temporary (for instance, less
necessary for NIR illumination; see Chapter 5), is an important upgrade for the in vivo evaluation of
green light activated retinal prostheses, which necessitates an animal model with light-insensitive
retinas to separate the prosthetic-evoked responses from the natural phototransduction.

The TAA toxin interferes with the metabolism of cells and, given the photoreceptors’ high metabolic
rate, they are especially sensitive to it. This allowed us to induce a fast retinal degeneration without
relying on complicated genetic manipulations, which can be difficult to perform in large animals.
From the characterizations performed on Gottingen minipigs, this toxin induced a strong reduction
of electrophysiological responses to light pulses, visible with ERG and VEPs recordings, together
with a clear absence of the photoreceptors layer in OCT scans and histological samples (Figure 4.8).
We can therefore conclude that the IAA-induced photoreceptor degeneration can stand as appropri-
ate model for the preliminary validation of light-dependent retinal prostheses, especially if black
POLYRETINA can further reduce the possibility of residual natural responses conflicting with the
photovoltaic stimulation.
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Implantation procedures are an essential component generally related to the prosthesis characteris-
tics. Although one of the major benefits of POLYRETINA (i.e. its wireless power transmission) repre-
sents a valuable surgical advantage (i.e. absence of wires), the other major benefit (i.e. its wide visual
field coverage) represents a main surgical challenge (i.e. insertion of large implants through a small
incision). POLYRETINA’s ability of tight rolling/folding without damage to its structures, together
with the developed custom-made injector, overcome this challenge, offering to the surgeon and the
animal a facile, quick, and safe implantation (Figure 4.7 and Figure 4.9). In addition, the size of the
minipig eye (comparable to the human) enables the implantation of clinical size devices, allowing
the surgeon to train on the required surgical techniques.

Preliminary in vivo results (Figure 4.10) showed a clear primary negative peak in various VEP
measurements after POLYRETINA implantation, while almost no evident peaks were found in the
responses of blinded minipigs (post IAA). The earlier occurrence of the peaks compared to natural
VEPs and the proportionality of the amplitudes with light intensity, although the reduced light pass-
ing through the black implant, let us further conclude that these responses are due to the prosthesis.
The reproducibility of the prosthetic-evoked responses remains however questionable (likely due to
other surgical issues and the common retinal detachment). Indeed, more animals are necessary to
reliably conclude that POLYRETINA induces visual responses and to quantify and discuss in detail the
effects of the prosthetic stimulation. Nevertheless, an important, positive, preliminary result could
be obtained, which represents a relevant step justifying further animal experiments.

In conclusion, preclinical trials need to overcome various complicated challenges. As researchers
and microfabrication engineers, we are obliged (or at least we should feel obliged) to develop im-
plants that are as flawless as possible (particularly after the proof-of-concept phase), which is not
always trivial especially for implants based on novel materials and complex design. Moreover, many
challenges are sometimes unforeseen in the laboratory environment until preliminary preclinical
(and clinical) trials are carried out. This makes it necessary to involve animal experiments in parallel
with the implant development phase, which, unfortunately, leads to a scientific, ethical, and senti-
mental conflict that will always burden on some researchers’ shoulders.

4.4 Methods

4.4.1 Prostheses microfabrication

PDMS-photovoltaic interfaces were fabricated on silicon wafers as represented in Figure 4.11. A
thin sacrificial layer of poly(4-styrene sulfonate) solution (PSS, Sigma-Aldrich, 561223) was spin-
coated on the wafers (1500 rpm, 60 s) and baked (130 °C, 10 min). Degassed PDMS pre-polymer
(10:1 ratio base-to-curing agent, Sylgard 184, Dow-Corning) was then spin-coated (900 rpm, 60 s)
and cured in oven (75 °C, 2 h). After surface treatment with oxygen plasma (30 W, 30 s) and with
silane Silquest A-174NT, a 5-um thick parylene-C layer was deposited (CVD, Comelec C25S) by
pyrolyzing 10 g of Galxyl C precursor (Figure 4.11-1). PEDOT:PSS (Clevios PH1000, Heraeus)
was mixed with 0.1 vol% GOPS ((3-glycidyloxypropyl) trimethoxysilane, Sigma-Aldrich, 440167),
filtered (0.2 wum PES filters, Corning), and then spin-coated (3000 rpm, 40 s, 90 nm) onto the O»-
plasma treated (30 W, 30 s) parylene-C surface. Subsequent annealing (115 °C, 30 min) was per-
formed. The preparation of the organic semiconductor blend was performed in a glovebox under N,
atmosphere: 20 mg of P3HT (M1011, Ossila) and 20 mg of PCBM (M111, Ossila) were dissolved
in 1 mL of anhydrous chlorobenzene each and let stirring overnight at 70 °C. The solutions were
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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 45 s (80 nm) and annealed at 115 °C for 30 min still under N, atmosphere
(Figure 4.11-2). Ti (100 nm) and TiN (100 nm) were deposited by DC (400 W) and RF (200 W)
magnetron sputtering respectively (Figure 4.11-3). Photolithography with 8 um photoresist was
performed to pattern the pixels (Figure 4.11-4). Then, Ti and TiN dry etching were obtained with a
gas mixture of 20 sccm Cly, 30 sccm Ar, and 15 scem He (Corial 210 IL etcher, RF power 50 W,
ICP power 800 W, pressure 10 mTorr) (Figure 4.11-5); subsequently, in the same etcher, O, plasma
was applied to etch P3HT:PCBM, PEDOT:PSS, parylene-C, and the residual photoresist (Corial
210 IL etcher, RF power 150 W, ICP power 500 W, 50 sccm O and 17 sccm He, 5 mTorr) (Figure
4.11-6). An endpoint detection system was used to determine the duration of the etch and stop it as
soon as the layers were removed. For the encapsulation, OSTEmer (324 flex, Mercene labs) was
prepared by mixing the two components as instructed (1.24:1), spin-coated at 1500 rpm for 60 s (12
um from PDMS surface) onto the O,-plasma treated (30 W, 30 s) array, and exposed to UV laser
(375 nm, 800 mJ/cm?) with a maskless aligner (MLA 150, Heidelberg). After 3 minutes baking at
75 °C, the OSTE layer was developed in ethyl L-lactate (77367, Sigma-Aldrich) for 3.5 minutes,
rinsed in IPA and DI water, and finally dried with a N, gun (Figure 4.11-7). For encapsulation with
black OSTE, OSTEmer (324 flex, Mercene labs) pre-polymer was mixed with 2 wt% of carbon
black nanoparticles (Nanografi Nanotechnology, 148 nm) with help of vortex and 3-roll mixer prior
spin-coating at 2500 rpm for 60 s. The other difference compared to normal OSTE encapsulation
was the dose of UV exposure, i.e. 1400 mJ/cm?.

The wafers were then placed in deionized water to allow dissolution of the PSS sacrificial layer and
the release of the PDMS-photovoltaic interfaces (Figure 4.11-8). The floating membranes were fi-
nally collected and dried in air. The dome-shaped PDMS supports were fabricated using a milled
PMMA mold, filled with PDMS pre-polymer (5:1), which was then degassed and cured in oven
(80 °C, 2 h). The supports, released from the molding parts, and the PDMS-photovoltaic interface,
clamped between two O-rings, were exposed to oxygen plasma (Diener ZEPTO, 15 W, 30s) and
put in contact with a drop of uncured PDMS to allow uniform bond thanks to radial stretching of the
fixed membrane (Appendix Figure 6). The parts in contact were placed under load (1 kg) in an
oven at 80 °C for at least 2 h (where OSTEmer underwent thermal curing as well), released after
cooling, and the excessive PDMS used to clamp the array was removed by laser cutting. The last
step consists of perforating the prosthesis with a hole-puncher (500 um in diameter) at the locations
dedicated to the insertion of retinal tacks. Appendix Table 1 contains the details about the materials,
machines, and parameters used for the fabrication.
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Figure 4.11 Microfabrication process flow of the second-generation POLYRETINA photovoltaic interface. The
material stack is represented for two pixels in cross-sectional view and not in scale.

4.42 AFM and roughness measurements

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 root mean square rough-
ness was calculated with NanoScope analysis 1.9 software.

443 Tiand TiN electrochemical characterization

Electrochemical impedance spectroscopy (EIS) was performed as described in 2.4.3, as well as the
extraction of circuit components. Cyclic voltammetry was performed with the same setup and three-
electrodes configuration as for EIS. The applied voltage was scanned between -0.6 and 0.8 V at a
rate of 50 mV/s, and the current was measured and averaged for each electrode (six cycles, the first
cycle was discarded). The cathodic phase area (shaded area in Figure 4.2D) was measured to deter-
mine the charges generated per cycle (area/scan rate) and the normalized cathodic charge storage
capacity (CSC, charges/electrode surface area).

4.4.4 Transmittance measurements

Light transmittance of normal and black POLYRETINA has been evaluated by using a green LED (565
nm, 0.54 mW/mm?). Transmitted light has been measured with a power meter (PD300-R Juno, Ophir
Optronics Solutions Ltd.). The retinal prostheses have been inserted in the light path (of 5 mm di-
ameter) and the power has been compared with respect of the condition without the prostheses using
the Ophir Starlab software.

4.4.5 Mechanical characterizations

The mechanical properties of the OSTE and black OSTE were determined with an MTS ® tensile
testing machine (MTS Systems Corporation). The dog-bone shaped specimens (ASTMD-415-D,
OSTE 69 um thick and black OSTE 58 um thick) were mounted in the grips of the MTS system and
the crosshead speed was set at 1% of the length between the grips (in mm/s). The displacement and
the corresponding force during the test were recorded automatically using MTS TestSuite™ TW
Software. The Young’s modulus was then calculated as the slope of the curve between 0.2 and 0.35
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strain using Matlab Software, while the elongation at break was defined as the strain with the highest
stress value before fracture.

4.4.6  Sterilization procedures

The retinal prostheses were sterilized as following: a quick ethanol (70%) dip followed by drying in
oven at 80 °C for 1 h, O; plasma (Diener ZEPTO) for 60 s at 15 W and 0.5 mbar, and again in oven
at 80 °C for 4 h. Retinal tacks, tack holders, and tweezers were dipped in ethanol (70%) and placed
in oven at 80 °C for 4 h. POLYRETINA injectors were sterilized in ozone, as they are sensitive to
increase in temperature and solvents.

4.4.7 Animals and anesthesia

Animal experiments were approved by the Département de 1’emploi, des affaires sociales et de la
santé (DEAS) and the Direction générale de la santé of the Republique et Canton de Genéve (Swit-
zerland, authorization GE14118). Female Gottingen minipigs (Ellegaard), weighting between 18
and 25 kg, were used for the experiments. On the day of the scheduled surgical procedures, animals
received a prophylactic antibiotic by intramuscular administration of enrofloxacine (Batril 10%, 2.5
mg/kg). The antibiotic administration was repeated the two following days, once per day. The min-
ipigs were then premedicated with a mixture of azaperone (0.4 mg/kg), midazolam (0.75 mg/kg),
and atropine (40 pg/kg), administered via deep intramuscular injection. Approximately 30 minutes
after premedication, anesthesia was induced by inhalation of sevofluorane up to 6% and an intrave-
nous line was inserted in the ear vein. To facilitate tracheal intubation, atracurium (0.5 mg/kg) was
administered intravenously. After intubation, the sevofluorane was stopped and the anesthesia was
maintained with continuous intravenous administration of propofol (8-10 mg/(kg h)) and ketamine
(2 mg/(kg h)), while analgesia was assured via intravenous injection of Fentanyl (2 p/kg, 5-6 m/h).
The minipigs were constantly ventilated using 30% oxygen fraction, with a tidal volume of 7 ml/kg,
and a respiratory rate of 15 per minute. The animals were placed on a heating pad to prevent them
from hypothermia and continuous monitoring of heart rate, ECG, temperature, blood pressure, end-
tidal saturation, and oxygen saturation was performed using a real-time anesthesia monitoring sys-
tem (Datex, Engstrom).

After the procedure, the anesthesia perfusion was interrupted, and the oxygen fraction increased to
100%. The ventilator was set on pressure support to monitor the initiation of spontaneous ventila-
tion. Upon giving signs of spontaneous ventilation, the minipigs were extubated and the respiration
was assisted with a mask until signs of awakening were detected. The animals were then returned
to their habitat and monitored until complete recovery. Analgesia was provided every 48 hours by
patches of buprenorphine (Transtec®, 35 ug/h), applied on the interscapular area.

4.4.8 TAA injection

Iodoacetic Acid (IAA, Sigma-Aldrich) was dissolved in saline solution and injected at the concen-
tration of 12.5 mg/kg intravenously. The injection was performed with a perfusion pump, maintain-
ing a constant flux for 15 minutes. The IAA solution was prepared the same day of the procedure
and kept on ice until the moment of injection. A perfusion of 5 minutes with 3 ml of saline solution
followed to wash the tubing. All the injections were performed at the end of the first day of record-
ings.
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4.49 Spectral domain-OCT

Cross-sectional images of the retina were obtained using spectral domain optical coherence tomog-
raphy (OCT). The images were acquired with an ophthalmic imaging system (Leica Bioptigen En-
visu™ R2210 VHR SDOIS) with a central wavelength of 840 nm, an optical power < 750 uW, and
an axial length of 1.6492 mm in tissues. The covered arca measured 12 x 12 mm. Each scan image
consisted of 100 to 1’000 scans at a scanning rate of 32’000 scans/s. Raw OCT images were exported
as TIFF files and imported in ImageJ for processing. The whole retinal thickness was measured from
the edge of the RPE layer (defined as the end of the first hyperreflective band) to the edge of the
ganglion cell’s fiber layer (defined as the edge of the most inner hyperreflective layer).

4.4.10 Immunohistochemistry

At the end of the last recording session and while still under anesthesia, the animals were euthanized
by intravenous injection of pentobarbital (Eskonarkon® 300 mg, 90 mg/kg) and the eyes were enu-
cleated from the orbital cavity and placed in PFA for 1-4 h. They were cryoprotected in sucrose 15%
for 6 h and then in sucrose 30% overnight. The eyecups were embedded in optimal cutting temper-
ature compound (Tissue-Tek®), frozen, and stored at -80 °C. 30 um thick sections of the retina were
obtained using a Leica cryostat (CM3050S) and placed on microscope slides. The sections were
washed in PBS, permeabilized with PBS + Triton 0.1% (Sigma-Aldrich), blocked with blocking
buffer (PBS-T + 5% Normal Goat Serum), and incubated with primary antibodies (AB5417 Mouse
Anti-rhodopsin 1:500 and AB5405 Rabbit Anti-L/Mopsin 1:300, Abcam) overnight at 4 °C. The
following day, they were incubated with secondary antibodies for 2 h (Goat Anti Mouse AlexaFluor
488 and Goat Anti Rabbit AlexaFluor 488, 1:500, Thermofisher) and counterstained with DAPI
1:300 (Sigma-Aldrich). Finally, they were mounted with Fluoromount (Sigma-Aldrich) and imaged
using a confocal microscope (LSMS880, Zeiss).

4.4.11 Hematoxylin and Eosin staining

The animals were euthanized as described above. The eye was enucleated and placed in formalin
10% overnight. The eyes were dehydrated in increasing concentrations of ethanol, followed by xy-
lene, and finally embedded in paraffin. They were cut with a microtome (HM355S, ThermoScien-
tific). Hematoxylin and Eosin staining was performed on the sections (ST5020, Leica). Images were
acquired using a slide scanner microscope (Olympus VS120).

4.4.12 Electrode implantation and electrophysiological recordings

The pupils of the minipig were dilated with atropine 0.5% (Théa Pharma), applied directly on the
eye 30 minutes prior starting the experiments. Light adaptation was performed exposing the eye to
a continuous light at the intensity of 20 c¢d s m? for 10 minutes. Electroretinography (ERGs) re-
sponses were recorded with lens electrodes (ERG-Jet™, Fabrinal), using conductive gel to make
them adhere better to the eye. The ERG responses were normalized by the activity of the not-stim-
ulated eye, which was kept covered during the entire procedure. To record the visually evoked po-
tentials (VEPs), the skin was opened to expose the skull, and k-wires (1.6 mm x 150 mm, Medeco-
CH) were implanted on top of the visual cortex (identified in reference to lambda), while one k-wire
was implanted in the caudal part of the skull to serve as reference. The electrodes were connected to
the headstage using alligator clips. The recordings were acquired simultaneously in two channels

88



4.4 Methods

connected respectively to the lens electrode on the stimulated eye (ERG) and to the k-wire on the
contralateral visual cortex (VEP). White light flashes (4 ms) were delivered using a mini Ganzfeld
stimulator (BM6007IL, Biomedica Mangoni) positioned at 1-2 cm from the eye and the recorded
signals were amplified, filtered (0.1 — 500 Hz), and digitalized (BM623, Biomedica Mangoni).
Green light flashes (10 ms, 0.1 Hz) were delivered using a LED light (565 nm, Thor Labs) positioned
at 20 cm from the eye and controlled with the Pulse Pal pulse train generator (Sanworks). The re-
sponses to white and green light were recorded for 500 ms (50 ms pre-stimulus and 450 ms post-
stimulus) at 8 kHz using the WinAver program (Biomedica Mangoni). Photopic responses to 30 c¢d
s m2 (0.1 Hz) were recorded after light adaptation. The data was extracted as text files and analyzed
using custom script in MATLAB (MathWorks).

4.4.13 Surgical procedure and POLYRETINA implantation

At the beginning of the surgery, the minipigs were set in lateral decubitus with the head slightly
tilted in order to expose the eye to be implanted on a flat plane. The skin surrounding the orbit was
disinfected by applying a solution of Povidone Iodine 5% (Betadine) and let to act for 5 minutes
before being wiped off using sterile gauzes. Sterile fields were then laid leaving only the orbit visi-
ble. Eyelid retractors and drops for pupil enlargement (atropine 0.5%) were applied and a small
incision of 1 - 2 mm was performed on the lateral/dorsal canthus so as to enlarge the access to the
sclera. The surgery was performed under a Leica microscope with OCULUS BIOM® 5 lens allow-
ing visibility of both the anterior/posterior chamber and as well the retina. An incision was per-
formed on the limbus and a hydrostatic pressure regulated irrigation tube (Associate® 2500 Com-
pact System from Dutch Ophthalmic, USA) was set in place to maintain ocular pressure throughout
the surgery. Two other incisions were performed allowing the insertion of two cannulas (Caliburn
23G Cannulas 1-step, self-sealing) enabling easy access to 23G instruments in the orbit. To allow
intra-ocular manipulations and insertion of the prosthesis, a phacoemulsification of the lens was
performed and was followed by a vitrectomy (Associate® 2500 Compact System from Dutch Oph-
thalmic, USA). To ensure that the prosthesis would be in close contact with the retina, Triamcino-
lone was used to stain and visualize membranes and remaining vitreous ensuring its complete re-
moval. A crescent knife was used to perform a corneal tunnel incision at the limbus, which was
further enlarged by slit knives up to 6.4 mm. The custom POLYRETINA injector containing the pre-
rolled prosthesis (as described in 4.2.4) was inserted into the incision and its piston pushed com-
pletely. Once passed the cannula, the flexible wings naturally opened allowing the prosthesis to
unroll and to be released in the posterior chamber. Immediately after the insertion, the injector was
removed and the incision sutured, ensuring a tight seal and a well-controlled ocular pressure. Two
custom made stainless steel retinal tacks (LOVIS décolletage, Perrefitte CH) were then inserted
through the prosthesis and sclera to keep the device in place. Following the successful delivery and
implantation of the prosthesis, all incisions were sutured. Antibiotic drops of Tobradex were applied
and the eyelid retractors removed.

4.4.14 Statistical analysis and graphical representation

For the electrophysiological data, data analysis and graphical representation were performed with
Matlab and Python. The data of the recordings were extracted as text files and analyzed using a
custom script in Matlab to calculate the amplitude of the a- and b-wave for the ERG responses and
of the negative wave for the VEP responses. The histological and OCT data were analyzed using
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Imagel]. 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.
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POLYRETINA

Eyes of a Tokay gecko (Source: Warren photographics)
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This chapter has been adapted from: MJI Airaghi Leccardi ef a/, Communications Materials, 2020,
1:21.1%8

Contributions: I designed, fabricated, and characterized the devices and the retinal prostheses; per-
formed/analyzed photovoltage and photocurrent measures, thickness and resistance measures, soak-
ing tests, thermal simulations, and analysis of ToF-SIMS data and morphological assumptions.
N.A.L. Chenais performed ex-vivo electrophysiology. L. Ferlauto performed the absorbance meas-
urements. M. Kawecki performed ToF-SIMS measurements. E.G. Zollinger performed in-vitro cy-
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5.1 Introduction

Organic technology has proven to be an efficient tool in bioelectronic interfaces and neuroprostheses
for neuronal activity modulation by converting light pulses into electrical or thermal stimula-
tion. 121161199208 Iy the previous chapters, we demonstrated the potential of POLYRETINA photovoltaic
pixels based on the P3HT:PCBM bulk heterojunction (BHJ) to activate retinal ganglion cells in
vitro, ex vivo, and in vivo with short pulses of light. Flexibility, lightweight, and biocompatibility
are among the main advantages of using organic technology in bioelectronic interfaces. Neverthe-
less, compared to their inorganic counterparts (e.g. silicon), some challenges about functional or-
ganic materials remain open. First, water-induced swelling, degradation, and delamination are
among the most critical aspects of organic interfaces implanted into the body. Second, in the case of
photovoltaic interfaces, the electrical properties of the photovoltaic cell must be tailored to meet the
desired conditions of electrical stimulation. Last, organic semiconductors used in photovoltaic bio-
electronic interfaces typically have low photoconversion efficiency, and high sensitivity only in the
visible spectrum. However, in a general manner, the use of near-infrared (NIR) light would be pref-
erable in bioelectronic interfaces: for example, because of its higher penetration into the tissue.

The proposed retinal prosthesis POLYRETINA activates retinal cells with pulses of green light; thus,
this BHJ system might not be the optimal choice for photovoltaic retinal stimulation, because of its
absorption spectrum limited to the visible range. In humans and primates, color vision is based on
three types of opsins associated to three different cones: the short (S-), the medium (M-), and the
long (L-) wavelength sensitive cones having distinct but overlapping absorption spectra (Figure
5.1A).2% The L-cone has the most red-shifted spectral absorbance with a maximum around 564 nm
(Figure 5.1A, circles). The absorbance spectra of the PHT:PCBM BHJ and the retinal photorecep-
tors largely overlap; thus, the green light used to excite this BHJ may not be optimal due to the
possible activation of remaining cones and rods in patients with residual natural vision, such as in
age-related macular degeneration. Moreover, the irradiance levels typically required to stimulate
retinal neurons with photovoltaic prostheses (hundreds of pW/mm) may still be perceived (when
visible light is used) even in blind patients without residual vision. NIR illumination activates pho-
tovoltaic retinal prostheses without necessarily interfering with the residual natural vision. Also,
according to the standard for optical safety, the maximum permissible exposure (MPE) for ophthal-
mic applications increases in the NIR spectrum.'?

Therefore, in parallel with the development and validation of a “green-sensitive” POLYRETINA (as
model for a photovoltaic, foldable, and wide-field epiretinal prosthesis with a well-established BHJ
system), we investigated the possibility to obtain photovoltaic stimulation with NIR-sensitive mate-
rials. In this chapter, we demonstrate that implantable stimulating devices based on conjugated pol-
ymers can operate in the NIR spectrum (i.e. wavelength longer than 700 nm). We also document the
relevance of the electrical and adhesive properties of the conjugated polymers in the fabrication of
a photovoltaic implant with optimized photovoltaic characteristics to achieve an efficient neural
stimulation. As proof-of-principle, we designed an organic photovoltaic interface based on the
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b']dithiophene)-alt-4,7(2,1,3-benzothi-
adiazole)] blended with PCBM (PCPDTBT:PCBM) BHIJ (see Appendix Figure 7 for details about
the materials).?’?! We also show that this BHJ can generate electrical responses at safe irradiance
levels suitable for retinal stimulation. Furthermore, we investigate the impact of a cross-linking mol-
ecule on adhesive properties and morphology of the organic interface. Last, we also verify that this
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BHJ is not cytotoxic. These results enable the development of a NIR-sensitive foldable and photo-
voltaic wide-field epiretinal prosthesis, here called nir-POLYRETINA.

5.2 Results

5.2.1 Optimization of the bulk heterojunction

To evaluate the performance of the BHJs in the NIR spectrum, we fabricated chips embedding six
photovoltaic pixels, each composed of three layers: an anode made of PEDOT:PSS (HTL Solar,
here “HTL”), the BHJ (P3HT:PCBM or PCPDTBT:PCBM), and a cathode made of titanium (Ti).
The cathode of each photovoltaic pixel was contacted to measure its output signal referenced to a
platinum counter electrode immersed in saline solution (Figure 5.1B). We measured the responses
of photovoltaic pixels based on both BHJs upon 10-ms light pulses at two NIR wavelengths (730
nm and 780 nm, where the response of cones should be minimal) and compared them to the ones
obtained upon green light illumination (565 nm). In all the experiments, for each chip, the responses
from the six electrodes were measured, and the peak amplitudes were quantified and averaged.
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Figure 5.1 Relevance of NIR illumination for organic photovoltaic retinal prostheses. A) Normalized absorb-
ance spectra of S-cones, M-cones, L-cones and rods on the left axis (redrawn from Bowmaker et al.?®). Ab-
sorbance spectra of the P3HT:PCBM and the PCPDTBT:PCBM BHIs on the right axis. B) Sketch of the PC
and PV recording setup. C) Theoretical MPEs for 10-ms pulses as a function of the illumination pulse rate.

As expected, the P3HT:PCBM BHJ showed the strongest photo-current density (PCD) at 565 nm
(Figure 5.2A, white circles). However, to evaluate the responsivity at the three wavelengths, we
should take into account the theoretical MPE for each wavelength, which is dependent on the pulse
duration, the illumination rate, and the angle of illumination (fixed to 46.3 °, according to the design
of the POLYRETINA device). For chronic illumination, the MPEs are 384.75 pW/mm?, 2.40
mW/mm?, and 3.03 mW/mm? respectively for 565, 730, and 780 nm. In case of 10-ms pulsed illu-
mination (Figure 5.1C), the theoretical MPE is increased by a factor of 5 for 20 Hz repetition rate
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(1.92, 12.00, and 15.15 mW/mm? respectively for 565, 730, and 780 nm), by a factor of 10 for 10
Hz repetition rate (3.85, 24.00, and 30.30 mW/mm? respectively for 565, 730, and 780 nm), and by
a factor of 20 for 5 Hz repetition rate (7.70, 48.00, and 60.60 mW/mm? respectively for 565, 730,
and 780 nm). Therefore, we set the irradiance levels to the following normalized values: 1, 6, and
7.5 mW/mm? respectively for 565, 730, and 780 nm. These normalized irradiance levels correspond
to approximately 50% of the theoretical MPEs at 20 Hz, 25% at 10 Hz, and 12.5% at 5 Hz.

For the P3BHT:PCBM BHIJ, the mean PCD obtained at 565 nm with pulses of 1 mW/mm? (white
circles, green line) is 1.85 times higher than the mean PCD obtained at 730 nm (black circles, red
line) with pulses of 6 mW/mm? (Figure 5.2A). At 780 nm (black/white circles) the maximal irradi-
ance obtained from the LED was 5.35 mW/mm?, which is lower than the normalized irradiance (7.5
mW/mm?). Therefore, the theoretical PCD value was computed using the interpolating curve (R? =
0.74). In both cases (730 and 780 nm), the PCD obtained at the normalized irradiance levels is
largely lower than the one obtained with a green light (565 nm). The photo-voltage (PV) had a
similar behavior (Figure 5.2B). The theoretical PV at 780 nm and 7.5 mW/mm? (black/white circles,
magenta line) was computed using the interpolating curve (R? = 0.91). Based on these results, we
decided to investigate a different BHJ based on the PCPDTBT:PCBM blend, which might be more
efficient for a NIR-responsive retinal prosthesis.
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Figure 5.2 Optimization of the bulk heterojunction. A), B) Mean (+ s.e.m., n = 4 chips) PCD (A) and PV (B)
with HTL/P3HT:PCBM/Ti. C), D) Mean (+ s.em., n = 3 chips) PCD (C) and PV (D) with
HTL/PCPDTBT:PCBM/Ti. In panels A-D, the vertical dotted lines represent the normalized irradiance levels
respectively for 565 nm (green, 1 mW/mm?), 730 nm (red, 6 mW/mm?), and 780 nm (magenta, 7.5 mW/mm?).
The solid lines are the interpolations with an asymmetrical, five-parameter, logistic dose-response function
for PCDs and a hyperbola function for PVs. E), F) Grand-average PCD (E) and PV (F) traces with
HTL/P3HT:PCBM/Ti (dashed line, 565 nm, n = 4 chips) and HTL/PCPDTBT:PCBM/Ti (solid line, 730 nm,
n = 3 chips) BHJs respectively at their normalized irradiance levels. G) Mean (£ s.e.m.) PCD and PV obtained
with HTL/P3HT:PCBM/Ti (white bars, 565 nm, n = 4 chips) and HTL/PCPDTBT:PCBM/Ti (black bars, 730
nm, n = 3 chips) respectively at their normalized irradiance levels.
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In this case, the wavelength with the highest PCD (Figure 5.2C) and PV (Figure 5.2D) is 730 nm
(black circles). Moreover, if compared at the normalized irradiance levels, the PCD obtained at 730
nm with HTL/PCPDTBT:PCBM/Ti is 1.4 times higher than the PCD obtained at 565 nm with
HTL/P3HT:PCBM/Ti (Figure 5.2E and G; two-tailed t-test, p=0.1571). On the other hand, the PV
is slightly lower (Figure 5.2F and G; two-tailed t-test, p = 0.0158). These results suggest that the
PCPDTBT:PCBM BHJ (at 730 nm) should be as efficient as the P3HT:PCBM blend (at 565 nm)
previously used in the POLYRETINA device, considering irradiance levels adjusted to their respective
theoretical MPEs. Also, the photovoltaic electrodes based on the PCPDTBT:PCBM BHJ are fully
discharged in less than 40 ms from the pulse offset (Figure 5.2F), allowing a stimulation pulse rate
up to 20 Hz.

5.2.2  Optoelectronic optimization of the anodic layer

Photovoltaic organic retinal prostheses typically rely on a bottom anode made of PEDOT:PSS.%!1%-

112,122 We therefore investigated the optoelectronic effect of its conductivity by using two formula-
tions from Clevios Heraeus: HTL Solar (“HTL”, 0.47 S/mm, average of five measures from one
sample; film thickness of 60 nm) and PH1000 (“PH1000”, 1.17 S/mm, average of five measures
from one sample; film thickness of 90 nm). At 730 nm, the mean PCD obtained with the
PH1000/PCPDTBT:PCBM/Ti pixel (grey squares) is considerably higher than the
HTL/PCPDTBT:PCBM/Ti pixel (black circles), while the mean PV increases with a lower rate but
it reaches the same value at the normalized irradiance for 730 nm (Figure 5.3A-C). To summarize
our findings (Figure 5.3D and E), the PV and PCD values obtained with the three configurations
presented were compared at their best operational wavelengths (565 nm for P3HT and 730 nm for
PCPDTBT) and at the normalized irradiance levels (1 mW/mm? for 565 nm and 6 mW/mm? for 730
nm). The PH1000/PCPDTBT:PCBM/Ti pixels (grey squares) showed the highest PCD (one-way
ANOVA, p = 0.0018, F = 15.48; Tuckey’s multiple comparisons test: HTL/P3HT:PCBM/Ti vs
HTL/PCPDTBT:PCBM/Ti p =0.9235, HTL/P3HT:PCBM/Ti vs PH1000/PCPDTBT:PCBM/Ti p =
0.0024, HTL/PCPDTBT:PCBM/Ti vs PH1000/PCPDTBT:PCBM/Ti p = 0.0062). On the other
hand, the HTL/P3HT:PCBM/Ti pixels (white circles) showed the highest PV (one-way ANOVA, p
= 0.0019, F = 15.21; Tuckey’s multiple comparisons test: HTL/P3HT:PCBM/Ti vs
HTL/PCPDTBT:PCBM/Ti p =0.0070, HTL/P3HT:PCBM/Ti vs PH1000/PCPDTBT:PCBM/Ti p =
0.0024, HTL/PCPDTBT:PCBM/Ti vs PHI1000/PCPDTBT:PCBM/Ti p = 0.8937). The
HTL/PCPDTBT:PCBM/Ti pixels (black circles) showed the lowest PCD and PV. Interestingly, the
different configurations also have different photovoltage discharge rates at the offset of the light
pulse (Figure 5.3F). The PH1000/PCPDTBT:PCBM/Ti pixel showed the faster discharge rate,
probably because of the higher electrical conductivity of PHI1000 (bi-exponential decay;
HTL/P3HT:PCBM/Ti: Tas = 4.59 ms and Tsiow = 33.36 ms, R? = 0.93; HTL/PCPDTBT:PCBM/Ti:
Trast = 1.03 ms and Tgow = 11.31 ms, R? = 0.95; PH1000/PCPDTBT:PCBM/Ti: T = 0.47 ms and
Toow = 3.58 ms, R? = 0.82).
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Figure 5.3 Optimization of the anodic layer. A), B) Mean (+ s.e.m.) PCD (A) and PV (B) obtained at 730 nm
for HTL/PCPDTBT:PCBM/Ti (black circles, n = 3 chips) and PH1000/PCPDTBT:PCBM/Ti (grey squares, n
= 4 chips). The solid lines are the interpolations with an asymmetrical, five-parameter, logistic dose-response
function for PCDs and a hyperbola function for PVs. The vertical red dotted lines represent the normalized
irradiance for 730 nm (6 mW/mm?). C) Grand-average PCD (solid line) and PV (dashed line) traces obtained
with PH1000/PCPDTBT:PCBM/Ti with 730 nm at the normalized irradiance (n = 4 chips). D) PV/PCD plot
for HTL/P3HT:PCBM/Ti (white circles, n = 4 chips, 565 nm, 1 mW/mm?), HTL/PCPDTBT:PCBM/Ti (black
circles, n = 3 chips, 730 nm, 6 mW/mm?), and PH1000/PCPDTBT:PCBM/Ti (grey squares, n = 4 chips, 730
nm, 6 mW/mm?). E) Mean (£ s.e.m.) PCD and PV obtained with HTL/P3HT:PCBM/Ti (white bars, 10.46 £
1.72 pA/mm?, 332.5 = 5.35 mV, n = 4 chips, 565 nm, 1 mW/mm?), HTL/PCPDTBT:PCBM/Ti (black bars,
1465 £ 1.79 pA/mm? 2034 = 4237 mV, n = 3 chips, 730 nm, 6 mW/mm?), and
PH1000/PCPDTBT:PCBM/Ti (grey bars, 62.28 £ 11.54 pA/mm?, 189.6 + 11.32 mV, n =4 chips, 730 nm, 6
mW/mm?) respectively at their normalized irradiance levels. F) Comparison of the PV grand-average traces
for HTL/P3HT:PCBM/Ti (dotted line, n = 4 chips, 565 nm, ] mW/mm?), HTL/PCPDTBT:PCBM/Ti (dashed-
dotted line, n = 3 chips, 730 nm, 6 mW/mm?), and PH1000/PCPDTBT:PCBM/Ti (solid line, n = 4 chips, 730
nm, 6 mW/mm?).

5.2.3  Optimization of the anodic layer adhesion

Strong adhesion between materials is a prerequisite for the long-term functioning of an implantable
device. However, in organic-based prostheses, the adhesion of the PEDOT:PSS layer over a sub-
strate in aqueous environment is limited by the delamination and solubility of PSS. A common strat-
egy to obtain water-stable thin films of PEDOT:PSS is to add the (3-glycidyloxypropyl)trimethox-
ysilane (GOPS) crosslinker (typically 1 v/v%), which prevents both dissolution and delamination of
PEDOT:PSS films.?!" On the other hand, it was reported that the electrical conductivity of PE-
DOT:PSS films decreases as a function of the GOPS content.?!!*!> We found that the addition of 1
v/v% of GOPS to PH1000 reduces the PCD (Figure 5.4A and C) and increases the PV peak (Figure
5.4B and D) generated by the PH1000/PCPDTBT:PCBM/Ti pixels at 730 nm. Moreover, it causes
a very slow photovoltage discharge (bi-exponential decay, Trs = 11.21 ms and Tgow = 72.52 ms, R?
= (0.96). Indeed, such configuration does not allow a full discharge and recharge of the electrode
voltage between each pulse during 20 Hz train stimulation (Figure 5.4E), in contrast to the case

97



Toward a NIR-responsive POLYRETINA

when GOPS is not added (Figure 5.4F). This slower discharge rate is very likely caused by the
reduction of the electrical conductivity due to the addition of 1 v/v% of GOPS (0.21 S/mm, average
of five measures from one sample; film thickness of 170 nm).
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Figure 5.4 Optoelectronic responses with GOPS. A), B) Mean (+ s.e.m.) PCD (A) and PV (B) obtained with
pristine PH1000/PCPDTBT:PCBM/Ti (grey squares, n = 4) and PH1000/PCPDTBT:PCBM/Ti supplemented
with 1 v/v% GOPS (grey circles, n = 3) at 730 nm. The solid lines are the interpolations with an asymmetrical,
five-parameter, logistic dose-response function for PCDs and a hyperbola function for PVs. The vertical red
dotted lines represent the normalized irradiance for 730 nm (6 mW/mm?). C), D) Grand-average PCD (C) and
PV (D) traces obtained upon 10-ms pulses (730 nm, 6 mW/mm?) with pristine PH1000 (solid line, n = 4) and
PH1000 with GOPS (dashed line, n = 3). The vertical dotted lines in panel D highlights the 50 ms time period
for train stimulation at 20 Hz. E), F) Representative traces from single electrodes of PV upon the delivery of
a train stimulation composed of 20 pulses (10 ms, 730 nm, 6 mW/mm?) delivered at 20 Hz with pristine
PH1000 (F) and PH1000 with 1 v/v% of GOPS (E).

Hence, we investigated which concentration of GOPS could simultaneously increase the adhesion
of the PEDOT:PSS film (PH1000) while preserving the photovoltaic performance. We fabricated a
set of samples with five concentration of GOPS (0, 0.1, 0.25, 0.5, and 1 v/v%) and measured the
PCD and PV. The mean PV peak (730 nm, 6 mW/mm?) increased immediately upon addition of
GOPS, and it remained stable regardless of the concentration (Figure 5.5A). Conversely, the mean
PCD peak remains high up to 0.1 v/v% of GOPS, and then it decreased. Therefore, one can designate
a concentration of 0.1 v/v% as the best compromise, since higher concentration would induce a
strong reduction of the PCD generated by the photovoltaic pixels. In parallel, the increase in the
concentration of GOPS increases the decay time at the offset of the light pulse (Figure 5.5B). The
fitting with a two-phase exponential decay function showed that both g and Ts0w increase with the
GOPS concentration (Figure 5.5C). However, with 0.1 v/v% of GOPS, the electrode is fully dis-
charged (i.e., the PV returns to equilibrium baseline) in 40 ms from the pulse offset (Figure 5.5D),
allowing a stimulation pulse rate up to 20 Hz. In summary, the chemical modification of PE-
DOT:PSS with 0.1 v/v% of GOPS allowed the optimization of the photovoltaic performance for an
efficient stimulation. Both the resistance (Figure 5.5E, white circles) and the thickness (Figure
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5.5F) of the PEDOT:PSS thin film are affected by the GOPS concentration. Accordingly, the film
conductivity (computed by normalizing the average film resistance by the average film thickness)
decreases with the increase of the GOPS concentration (Figure 5.5E, black circles). This confirms
that the conductivity of the PEDOT:PSS films plays a significant role in the optoelectronic proper-
ties of photovoltaic pixels.
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Figure 5.5 Electrical tuning with the GOPS concentration. A) Mean (£ s.e.m.) PCD (right axis) and PV (left
axis) obtained upon 10-ms pulses (730 nm, 6 mW/mm?) with PH1000/PCPDTBT:PCBM/Ti supplemented
with various concentrations of GOPS (0, 0.1, 0.25, 0.5, 1 v/v%, n =4 chips for each concentration). B) Grand-
average (n = 4 chips for each concentration) PV traces obtained at the same conditions as in (A). C) Evolution
of g and Tsow as a function of the GOPS concentration. D) Representative traces from a single electrode of
PV upon 20 pulses (10 ms, 730 nm, 6 mW/mm?) delivered at 20 Hz with PH1000 supplemented with 0.1 v/v%
of GOPS. E) Mean (£ s.d.; 12 measures from n =2 samples for each condition) resistance (white circles, right
axis) and average conductivity (black circles, left axis) of PH1000 films with various concentrations of GOPS.
F) Mean (£ s.d.; 12 measures from n = 2 samples for each condition) thickness of PEDOT:PSS (PH1000)
films with various concentrations of GOPS. The vertical dotted lines in panels A and E highlight the 0.1 v/v%
of GOPS concentration, while in panel B the 50 ms time period for train stimulation at 20 Hz.

To further investigate the role of GOPS in the adhesion of the PEDOT:PSS layer, we fabricated on
PDMS photovoltaic retinal interfaces using the PCPDTBT:PCBM BHIJ (nir-POLYRETINA). In this
case, the photovoltaic interface was not encapsulated to expose the organic layers to direct contact
with water and allow faster delamination (Figure 5.6A and B). Soaking experiments in saline solu-
tion revealed that the addition of 0.1 v/v% of GOPS (Figure 5.6C, middle) increases the adhesion
of the photovoltaic pixels to the PDMS substrate compared to pristine PEDOT:PSS (Figure 5.6C,
left). On the other hand, a higher concentration of GOPS (0.25 v/v%; Figure 5.6C, right) does not
increase adhesion but induces delamination again. The addition of GOPS not only crosslinks the
PSS molecules together, but it also anchors them to the substrate (e.g. PDMS). This explains the
strengthened adhesion of PEDOT:PSS to PDMS. Nevertheless, a further increase in the GOPS con-
centration (e.g. from 0.1 to 0.25 v/v% and above) induced delamination again, but at the interface
between PEDOT:PSS and PCPDTBT:PCBM rather than at the interface with PDMS.
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Figure 5.6 Adhesion of the interface. A) 3D model of the nir-POLYRETINA prosthesis. B) Cross-section of the
nir-POLYRETINA active interface, including: PDMS (50 pm), a second layer of PDMS (14 pm) embedding SU-
8 rigid platforms (6 pm), a layer of PEDOT:PSS with various percentages of GOPS, a layer of
PCPDTBT:PCBM (100 nm), and titanium cathodes (150 nm). C) Pictures of nir-POLYRETINA devices prepared
with 0, 0.1, and 0.25 v/v% of GOPS after soaking in saline solution (37 °C) and ultra-sonication for 5 min.

We hypothesize that the increase of the cross-linking degree with GOPS could impair the diffusion
of the PCPDTBT molecules into PEDOT:PSS during the thermal treatment after deposition. This
reduced interaction between the two polymeric layers would inevitably decrease the adhesion forces.
To verify this hypothesis, we performed depth-profiling measurements with time-of-flight second-
ary ion mass spectrometry (ToF-SIMS) from the top surface of PCPDTBT:PCBM to the bottom side
of PEDOT:PSS (i.e., to the substrate) at various concentration of GOPS (Figure 5.7A). The analysis
of the negative polarity spectra indicates that with increasing GOPS concentration, PCBM molecules
(red curve, Coo” fragments) tend to accumulate at the interface towards PEDOT:PSS. Furthermore,
the depth distribution of the CN" fragments (green curve) suggests a penetration of PCPDTBT mol-
ecules into the PEDOT:PSS layer when GOPS is not added. Based on the depth profiles of the
relevant fragments, we predicted the organization of the organic molecules and represented it for the
two extreme GOPS concentrations: 0 and 1 v/v% (Figure 5.7B). In Appendix Figure 8, the hypoth-
esized molecular interactions between the organic materials are represented, which are the possible
reason for the observed molecules organization. In Figure 5.7C, the normalized intensities of the
PCPDTBT signal (CN- fragments) for the three different GOPS concentrations are plotted to effi-
ciently compare their slopes, representing their distinct penetration depths into PEDOT:PSS. More-
over, the slope of the normalized intensities of the PEDOT signal (SC,O" fragments) also shows a
diffuse interface (slow rise) for 0 v/v% and a sharper one (faster rise) for 1 v/v% (Figure 5.7D).
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Figure 5.7 Redistribution of molecules as a function of the GOPS concentration. A) Smoothed ToF-SIMS
depth profiles (negative polarity) conducted on the organic layers with 0, 0.1, and 1 v/v% of GOPS. CN,
CsSOsH7, SCOr, Ceo, SiCO, and SiO, are used as proxies respectively for PCPDTBT, PSS, PEDOT,
PCsoBM, GOPS, and both glass and GOPS. The interface between PCPDTBT:PCBM and PEDOT:PSS is
roughly at 1700 s, while the one between PEDOT:PSS and the glass substrate is roughly at 2100 s, 2250 s,
and 2400 s for pristine PEDOT:PSS, with 0.1 v/v% GOPS, and with 1 v/v% GOPS, respectively. B) Schematic
representation of the deduced organization of the organic molecules for 0 v/v% (left) and 1 v/v% (right) of
GOPS. The arrows indicate the observed delamination interface within the organic layers. C), D) Normalized
intensities of the depth profiles for PCPDTBT (CN") (C) and PEDOT (SC,0") (D) for the three GOPS concen-
trations.

Therefore, we assume that PCPDTBT molecules are more easily able to penetrate the PEDOT:PSS
network if the latter is less cross-linked, allowing an adhesive interface against delamination. Con-
versely, if PEDOT:PSS is supplemented with GOPS, PCBM is placed at the interface with PE-
DOT:PSS, creating a brittle and more fragile interface where delamination can occur.?'® The pres-
ence of GOPS probably affects the parasitic resistances of the photovoltaic pixel as well, due to both
PEDOT:PSS conductivity changes and the molecular reorganizations within the PCPDTBT:PCBM
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layer. Hence, a concentration of 0.1 v/v% of GOPS is found optimal to enhance both the photovoltaic
performance and the adhesion of the two interfaces.

5.2.4  Thermal management

120 without considering the presence

The theoretical MPEs were computed based on safety standards
of a photovoltaic implant in contact with the retina. When a photovoltaic retinal prosthesis (e.g. nir-
POLYRETINA) is implanted, the incident light absorbed by the prosthesis generates additional heat
that needs to be considered into the MPE. At 730 nm, the theoretical MPE for continuous illumina-
tion is 2.4 mW/mm?. We used a finite element method (FEM) to estimate the temperature increase
in the retina upon photovoltaic illumination (Figure 5.8). Without the photovoltaic retinal prosthe-
sis, the temperature increase upon chronic illumination (730 nm, 2.4 mW/mm?, 46.3 °, 150 s) at the
interface between the retina and the retinal pigmented epithelium is stable at 0.78 °C (Figure 5.8A
and D). This value might not exactly correspond to the real eye temperature increase due to the
model approximations, such as the absorption and thermal coefficients of the eye structures, and
will therefore only be used as a reference value. In this simulation, the POLYRETINA structure is
present in the model, but all its domains were set exactly as the vitreous humor. This solution allows
a better comparison with the case when the nir-POLYRETINA is modelled in epiretinal configuration
(Figure 5.8B and E). In the latter, the total temperature increase (at the retina-prosthesis interface)
reaches a value of 1.36 °C (730 nm, 2.4 mW/mm?, 46.3 °, 150 s), which is 1.7 times higher than
without the prosthesis. FEM simulations showed that the temperature increase with the photovoltaic
retinal prosthesis is lowered back to 0.78 °C (as without the implant) for a continuous irradiance of
1.4 mW/mm?, which is the adjusted MPE with nir-POLYRETINA for chronic photovoltaic stimula-
tions at 730 nm (Figure 5.8C and E). In the case of 10-ms pulsed illumination, the adjusted MPEs
are 7, 14, and 28 mW/mm? respectively for an illumination rate of 20, 10, and 5 Hz.
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Figure 5.8 Thermal simulations. A) Temperature increase in the modelled eye after 150 s of continuous illu-
mination (730 nm, 2.4 mW/mm?). The insert shows a larger view of the modelled retina with fantom nir-
POLYRETINA borders. B), C) Temperature increase in the modelled eye with nir-POLYRETINA after 150 s of
continuous illumination at 2.4 mW/mm? (730 nm, B) and at 1.4 mW/mm? (730 nm, C). The inserts show a
larger view of the modelled retina and nir-POLYRETINA. D), E) Time courses of the temperature increase in
the modelled retina during 150 s of continuous illumination without nir-POLYRETINA at 2.4 mW/mm? (730
nm; D, black circles), with nir-POLYRETINA at 2.4 mW/mm? (730 nm; E, white circles), and with nir-POLYRET-
INA at 1.4 mW/mm? (730 nm; E, red circles).

5.2.5 Functional validation of the NIR-responsive photovoltaic prosthesis

PCPDTBT was used for bioelectronic interfaces only in few reports.2°!-24 Therefore, we first inves-
tigated the in vitro cytotoxicity of the NIR-responsive photovoltaic prosthesis fabricated on a PDMS
substrate (Figure 5.9A). A mean cell viability (£ s.e.m.; n = 4 samples) of 107.72 + 0.52 % was
obtained (negative control 100%, n = 1 sample; positive control 0%, n = 1 sample), thus confirming
the non-toxicity of the prosthesis in passive condition (i.e. without pulsed illumination). For each
sample, the test was performed on triplicate culture wells and data were averaged (Figure 5.9B). A
one-way ANOVA analysis (p < 0.0001, F = 223.9) revealed that all the four prostheses tested re-
sulted in a cell viability significantly higher than the positive control (p < 0.0001 for all, Tukey
multiple comparisons); similarly, the negative control is significantly higher than the positive control
(p <0.0001, Tukey multiple comparisons). There was no statistically significant difference among
the four prostheses and against the negative control (1 vs 2: p=10.9947; 1 vs 3: p>0.9999; 1 vs 4: p
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>0.9999; 2 vs 3: p=9989; 2 vs 4: p =0.9920; 3 vs 4: p>0.9999; 1 vs negative control: p=0.5401;
2 vs negative control: p = 0.2888; 3 vs negative control: p = 0.4598; 4 vs negative control: p = 0.5678;
Tukey multiple comparisons).
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Figure 5.9 Functional validation in vitro and ex vivo. A) Representative images of in vitro cytotoxicity of the
NIR-responsive photovoltaic prosthesis (right). Optical images of cell culture as negative control and positive
controls are also shown (left and middle, respectively). B) Quantification of cell viability of the four prostheses
tested (from P1 to P4) along with the negative and positive controls (respectively NC and PC). C) Sketch of
the setup used for ex vivo electrophysiology. D) Representative response of one retinal ganglion cell upon NIR
stimulation (10 ms, 4.7 mW/mm?; identified by the red bar) on the left, and without light pulse on the right.
The top row shows the electrophysiological recordings upon one NIR light pulse. The middle row shows the
raster plots upon ten consecutive NIR light pulses. The blue lines in the raster correspond to the events classi-
fied as stimulus artefacts. The bottom row shows the corresponding mean PSTH (+ s.d., bins of 5 ms). The
300-ms black bar corresponds to the time window averaged to determine the post-stimulus mean firing rate.
E) Quantification of the post-stimulus mean firing rate in retinal ganglion cells with (L) and without (NL) NIR
light pulses (n = 21 retinal ganglion cells; two-tailed paired t-test, p = 0.034).

We also verified that the NIR-responsive photovoltaic prosthesis was able to stimulate retinal cells
ex vivo. Explanted retinas from 4-months old Rd10 mice, an established model for retinitis pigmen-

tosa214~216

, were placed onto a microelectrode array and the responses evoked by photovoltaic stim-
ulation (10-ms light pulses, 4.7 mW/mm?) were recorded from retinal ganglion cells (Figure 5.9C).
At this age, such retinas do not anymore exhibit light responsivity.'*> NIR light pulses were able to
induce network mediated firing activity in retinal ganglion cells (Figure 5.9D left) at a safe irradi-
ance level, compared to equivalent recordings without light pulses (Figure 5.9D right). We meas-
ured the average post-stimulus firing rate in a 300-ms window after the light onset, or in the equiv-
alent window when light pulses were not delivered. This large window compensates for the cell to
cell variability in the onset of the spiking response and accounts for both transient and sustained
responses, even if the response of transient retinal ganglion cells might result underestimated. NIR
light pulses induced a significantly higher response compered to recordings without light pulses
(Figure 5.9E; p = 0.034, two-tailed paired t-test). This result showed that the NIR-responsive pho-
tovoltaic prosthesis can potentially be used for retinal stimulation. The irradiance level used (4.7
mW/mm?) corresponds to 67% of the adjusted MPEs at 20 Hz illumination rate, 33.5% at 10 Hz,
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and 16.75% at 5 Hz. It remains to determine what will be the optimal illumination rate for photo-
voltaic retinal prostheses, like POLYRETINA. Clinical results tend to suggest that an increase of the
pulse rate above 10 Hz might not necessarily be the most benefiting strategy to elicit relevant per-
ception in implanted patients. A personalized trade-off between high stimulation rates allowing
flicker fusion (e.g. 40 Hz in Argus II patients) but affecting the percept strength and duration, and
lower stimulation rates resulting in sustained but blinking percepts should be determined.?'” Patients
implanted with either subretinal or epiretinal prostheses tend to prefer low stimulus frequencies.'*~
141218.219 Recent ex vivo evidence also identifies stimulation frequencies from 5 to 10 Hz as the pre-
ferred frequency range to activate bipolar cells from the epiretinal side and trigger network-mediated

responses in retinal ganglion cells.?2%2?!

5.3 Discussion

Photovoltaics is an attractive approach in bioelectronic medicine and neuroprosthetics to stimulate
or modulate neuronal activity. Our results show that organic photovoltaic interfaces can be opti-
mized to achieve higher stability, better optoelectronic performances, and adjusted sensitivity in
order to match the desired target application. In a proof-of-concept, we demonstrated the advantage
of a NIR-responsive neuroprosthesis for retinal stimulation that allows for higher compliance with
the standards for optical safety and reduces the interfering with the residual natural vision.

The use of NIR light for artificial vision was first introduced with silicon-based photovoltaic retinal
prostheses, which were considered better suited for photovoltaic stimulation because of the higher
NIR photoconversion efficiency of silicon compared to conjugated polymers.®®’%?2 In organic tech-
nology, previous researches attempted to perform retinal stimulation at longer wavelengths, even if
still in the visible spectrum!'®, and a computational study showed that a photovoltaic interface based
on conjugated polymers could operate in the NIR spectrum??*; however, in the latter study, an ex-
perimental validation was not provided. We demonstrated that also organic photovoltaic interfaces
can efficiently stimulate blind retinas at NIR wavelengths (i.e. 730 nm; Figure 5.2). This represents
an important contribution to the development of organic retinal implants. Organic photovoltaic bio-
electronic interfaces are facing additional challenges, such as optimizing the electrical properties of
the photovoltaic cell to meet the required working conditions and the weak stability of the organic
materials due to water-induced swelling, degradation, and delamination. Our study addressed these
open challenges to advance the exploitation of conjugated polymers in photovoltaic organic pros-
theses, with a particular interest in retinal prostheses. The adjustment of photovoltaic and stability
properties of the PEDOT:PSS/PCPDTBT:PCBM/Ti pixels were obtained thanks to the morpholog-
ical and electrical tuning of conjugated polymers by the addition of a simple cross-linking molecule
into the anodic layer solution (Figure 5.3, Figure 5.4, Figure 5.5, and Figure 5.6). Molecules re-
organization within the bulk, film, and at their interfaces is a general characteristic of polymers,
whose macroscopic features (such as mechanical, optical, electrical, opto-electronic, and thermal)
are directly influenced. Inorganic materials, on the other side, do not possess this accessible manip-
ulation of properties, unless the material is chemically modified (for instance by doping or thermal
oxidation and nitridation). Not only polymers properties can be adjusted by simple, fast, and cost-
effective treatments like low-temperature baking or cross-linker concentration adjustment, but they
can also be synthetized with various (co)monomers, chain length, and side groups. This exponen-
tially increases the diversity of the final macro-properties and, together with their practical control
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and miniaturization potential, is making organic materials, and in particular conjugated polymers,
the future for (opto)electronic neural interfaces.

The next steps include the single pixel illumination evaluation and the transfer of this NIR technol-
ogy to the latest version of POLYRETINA for in vivo testing. If, eventually, an increase in photocon-
version efficiency is needed, various solutions could be considered; for instance, tandem photovol-
taic cells could offer an improvement in stimulation efficiency without losing any space on the pho-
tovoltaic array, i.e. without modifying the pixels spatial resolution.

54  Methods

5.4.1 Chip microfabrication

Samples were fabricated on 20 x 24 mm? glass substrates (2947-75X50, Corning Incorporated)
cleaned by ultra-sonication in acetone, isopropyl alcohol, and deionized water for 15 min each and
then dried with a nitrogen gun. The deposition of the PEDOT:PSS and the preparation of the bulk
heterojunctions were performed in a glovebox under nitrogen atmosphere. PEDOT:PSS (HTL Solar
and PH1000, Clevios) was filtered (1 pm PTFE filters) then spin-coated at 3000 rpm for 40 seconds
on each sample. Subsequent annealing at 115 °C for 30 min was performed. When present, GOPS
was added to the solution before filtering. 20 mg of P3HT (698997, Sigma Aldrich) or PCPDTBT
(754005-100MG, Sigma) and 20 mg of PCsBM (M111, Ossila) were dissolved in 1 mL of anhy-
drous chlorobenzene each and let stirring overnight at 70 °C. The solutions were then filtered (0.45
um PTFE filters) and blended [1:1 v:v]. The P3HT:PCBM (nominal thickness 100 nm) and
PCPDTBT:PCBM (nominal thickness 100 nm) blends were then spin-coated at 1000 rpm for 45
seconds. Subsequent annealing at 115 °C for 30 min was performed. Titanium cathodes (diameter
100 um, nominal thickness 150 nm) were deposited by DC magnetron sputtering through a shadow
mask. A plastic reservoir was then attached to the sample using PDMS as adhesive, leaving about
0.051 mm? of Ti exposed to the solution.

5.4.2 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 counter electrode. 10-ms light
pulses were delivered by a 565-nm (M565L3, Thorlabs), 730-nm (M730L4, Thorlabs), or 780-nm
(M780LP1, Thorlabs) LED focused at the sample level. Photo-voltage and photo-current were meas-
ured 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 synchronization were
obtained via a DAQ board (PCle-6321, National Instruments) and custom-made software. Data anal-
ysis was performed in MATLAB (MathWorks). When evaluating the photo-current density gener-
ated by the interface, also the area of the connecting line exposed to light has been considered (on
average 0.077 mm?).

5.4.3 Spectral absorbance

The preparation of the bulk heterojunctions was performed as before. The thicknesses were 80 and
62 nm for P3HT:PCBM and PCPDTBT:PCBM respectively. The absorbance spectra of the thin
films were measured using a UV-vis-NIR UV-3600 Shimadzu spectrophotometer.
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5.4.4 Resistance measurements

The preparation of the PEDOT:PSS was performed as before. The film resistance was measured
with a custom 4-point prober (2.5 mm pitch distance) using a Keithley 2400 source-meter. Each
sample was measured on five different locations randomly distributed on the surface.

5.4.5 Thickness measurements

Thin-film thickness was measured in PeakForce tapping mode (ScanAsyst Air silicon tip, fo = 70
kHz, k = 0.4 N/m) with a Dimension Icon AFM (Bruker).

5.4.6  Time-of-flight secondary ion mass spectrometry measurements

The measurements were performed on a ToF-SIMS.5 instrument (IONTOF, Germany) operated in
the spectral mode using a 25 keV Bi** primary ion beam with an ion current of 0.81 pA. A mass
resolving power in the range of 5000 m Am™! was reached. For depth profiling, a 500 eV Cs* sputter
beam with a current of 43.47 nA was used. The raster area of the sputter beam was 500 um x 500
um, and the mass-spectrometry was performed on an area of 200 um % 200 um in the center of the
sputter crater. A low-energy electron flood gun was used for charge compensation.

5.4.7  Fabrication of nir-POLYRETINA prostheses

Prostheses were prepared as previously described (paragraph 2.4.1). A thin sacrificial layer of
poly(4-styrenesulfonic acid) solution (561223, Sigma-Aldrich) was spin-coated on 4” Si 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 h). After surface treatment with oxygen plasma (30 W, 30 s), a 6 um thick SU-8 (GM1060,
Gersteltec) layer was spin-coated (3800 rpm, 45 s), soft-baked (110 °C, 300 s), exposed (140
ml/cm?, 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 gun. After surface treatment with oxygen plasma (30 W, 30 s), a second layer of
degassed PDMS pre-polymer (10:1) was spin-coated (3700 rpm, 60 s) and cured in oven (80 °C, 2
h). The PEDOT:PSS (PH1000) film, the PCPDTBT:PCBM film, and the titanium cathodes were
prepared as described above. The photovoltaic membrane was then released from the wafer and
plasma bonded to a PDMS dome-shaped support with a 12 mm curvature radius an average thickness
of 600 pum.

5.4.8 Cytotoxicity test

The test was conducted according to ISO 10993-5: Biological Evaluation of Medical Devices, in-
vitro cytotoxicity test. Prostheses were sterilized in a dry oven for 2 h at 120 °C. The test on extrac-
tion was performed with samples for a total surface area of 3.54 cm? each, with a ratio of the product
to extraction vehicle of 3 cm?/ml. Extraction vehicle was Eagle's Minimum Essential Medium sup-
plemented with fetal bovine serum, penicillin-streptomycin, amphotericin B, and L-glutamine. The
extraction was performed for 24 h at 37 °C and in the dark. For each sample, the extract was added
on triplicate cultures wells containing a sub-confluent L929 cell monolayer. The test samples and
the control wells were incubated at 37 °C in 5% CO- for 24 h. Following incubation, the cell cultures
were examined for quantitative cytotoxic evaluation. 50 pl per well of XTT reagent were added to
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the cells then incubated at 37 °C in 5% CO: for further 3 to 5 h. An aliquot of 100 pl was then
transferred from each well into the corresponding wells of a new plate and the optical density was
measured at 450 nm.

5.4.9 Electrophysiology ex vivo

Animal experiments were performed according to the animal authorizations 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 mice from a homo-
zygous colony of retinal degeneration 10 mice (B6.CXB1-Pde6b™'/J, The Jackson Laboratory,
Stock number: 004297) 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 euthanized mice (sodium pentobarbital, 150 mg/kg) and dissected
in carboxygenated (95% O and 5% CO,) Ames’ medium (A 1420, Sigma-Aldrich) under dim red
light. Retinas were placed ganglion cells down and maintained in contact with a transparent micro-
electrode array with 256 electrodes (256MEA200/30iR-ITO, Multi Channel Systems). The NIR-
responsive, polymeric and photovoltaic neuroprosthesis was placed on top of the retina, and both
the retina and the prosthesis were kept in position using a 1 mm nylon mesh. Retinas were continu-
ously superfused with carboxygenated Ames’ medium at 32 °C and maintained under dim red light
during all the experiments. Light stimuli were generated using a 730-nm light emitting diode
(M730L4, Thorlabs) paired to a 20x objective (CFI Plan Apochromat Lambda, Nikon Instruments).
The diameter of the light spot was 4.16 mm. The signal from the 256 recording electrodes was
amplified, filtered (300 — 3000 Hz), and digitalized at 10 kHz (USB-MEA256-System, Multi Chan-
nel 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
cell, the post-stimulus mean firing rate was measured from the PSTH within a 300-ms time window
after the light onset.

5.4.10 Optical safety

MPE were calculated as shown in paragraph 2.4.10 with Equation 2.3 and Equation 2.4. However,
for A =730 nm and 780 nm, only the MPEr applies and

Cp = 6.67-107%a?; Cp = 10%002(4=700); p = 1; ¢, = 1000.

Therefore, for A = 730 nm, the MPEr is 346.59 mW, which corresponds to 2.40 mW/mm? for an
exposed area of 144.22 mm?. For A = 780 nm, the MPEr is 436.33 mW, which corresponds to 3.03
mW/mm? for an exposed area of 144.22 mm?.

5.4.11 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 13 mm was
used as illumination source. The eye model was built with several spheres representing each com-
ponent (cornea, aqueous humor, lens, vitreous humor, retina, retinal pigmented epithelium, choroid,
and sclera). All the parameters used in the model are listed in Table 5.1.
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Table 5.1 Eye parameters for the FEM model. The parameters were obtained from references

[151,152,156,159,160,224—237]

. Parameters in italic were experimentally measured at 730 nm.

| Tt Tt ey | Abornton | Prvon |

pm J kg1 K! Wm'! K! Kg m? m! st W m?
Aqueous Humor 3100 3997 0.58 1000 17 0 0

Choroid 430 3840 0.53 1050 600 0.0091 10000
Cornea 500 4178 0.58 1050 125 0 0
Lens 3600 3000 0.4 1050 17 0 0
Retina 100 3680 0.565 1000 125 0 0
RPE 10 4178 0.603 1050 20000 0 0
Sclera 500 4178 0.58 1000 180 0 0
Vitreous Humour / 3997 0.6 1000 17 0 0
PDMS 670 1100 0.18 970 217 0 0
SU-8 6 1200 0.3 1200 4367 0 0
PEDOT:PSS 0.1 2370 0.29 1011 539579 0 0
PCPDTBT:PCBM 0.09 2800 0.15 1100 2979723 0 0
Titanium 0.08 522 5 4430 19809072 0 0

The nir-POLYRETINA was divided into six domains with homogeneous properties. For each domain,

the heat capacity, the thermal conductivity (thermal resistance circuit), the density, and the absorp-

tion coefficient (Beer-Lambert law; for titanium, a reflectance of 0.63 was considered'>?) were com-

puted as described in Appendix Equations 2, 3, 4, and 5 (and listed in Table 5.2). In case of do-

mains D1, D3, and D5, the thermal conductivity and absorption coefficient were computed inde-

pendently for the area with titanium/SUS8 and for the area without. The two values were weighted

proportionally to their respective area to obtain the final aggregated values listed in Table 5.2. For

the density and the heat capacity, the aggregated values were directly weighted proportionally to the

volume of each materials composing the domain. Domains D2 and D4 do not contain titanium nor
SU8, while domain D6 is composed by PDMS only.

Table 5.2 Aggregated parameters for nir-POLYRETINA. Parameters used in the FEM thermal model of the nir-

POLYRETINA.
Domain Heat. Therm.al. Density Absorption | Area rl:i/
Capacity | Conductivity (at 730 nm) no Ti
Jkg'K!'| Wm'K! | Kgm? m! mm?
D1 1101 0.1805 971.0 1325 49/13.7
D2 1100.5 0.18 970.0 694 -/24
D3 1101 0.1805 970.9 1329 7.4/20.7
D4 1100.5 0.18 970.0 694 -/7.5
D5 1101 0.1803 970.4 1021 9.5/60.7 i‘:EZOT:PSS
D6 1100 0.18 970.0 217 -/50.0 oy noTi |  PDMS
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5.4.12 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 repre-
sented as: * p <0.05, ** p <0.01, *** p <0.001, and **** p <0.0001.
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6.1 Summary of performed research

6.1  Summary of performed research

Millions of people worldwide could benefit from more advanced visual prostheses. This thesis faces
the technological limitations necessary to develop unconventional, novel retinal prostheses for im-
proving the state of the art in artificial vision. Namely, although implants with high spatial pixel
resolution have been produced for subretinal prostheses, the restoration of a useful form of vision
over a large visual field was not achieved neither for subretinal, nor for epiretinal implants. To ad-
dress this challenge, we developed a wide-field, curved, and foldable epiretinal prosthesis — named
POLYRETINA — able to induce RGCs activity by photovoltaic (i.e. wireless) stimulation.

The developed photovoltaic pixels are based on organic electronic materials along with conventional
biomaterials such as Ti. We demonstrated that the pixels composed of PEDOT:PSS/P3HT:PCBM/Ti
generate enough photovoltage and a capacitive cathodic photocurrent able to stimulate RGCs by
absorption of green (565 nm) light. The pixels induced spiking activity with short pulses of light of
irradiances below the safety limit imposed by regulations about photo-thermal and chemical damage
to the retina. These results demonstrated in vitro and ex vivo the photovoltaic pixels efficiency in
promoting RGCs ML activity, as sign of network-mediated responses suitable for focused pros-
thetic-induced pattern stimulation.

To be used as retinal prostheses, the photovoltaic pixels were fabricated on a PDMS membrane,
mechanically adapted to be stretched and shaped spherically thanks to a PDMS dome substrate
matching the eye’s radius of curvature. The resulting curved prosthesis has pixels distributed over a
large surface area (140 mm?) covering a visual field of about 46 °. The major advantage of this
approach lies in the close and homogeneous contact between the photovoltaic interface and the ret-
ina, despite the exceptionally wide visual field coverage. Consequently, a safe delivery method into
the eye was designed to face the surgical implantation challenge of large prostheses. Inspired by
intraocular lenses and made possible thanks to the POLYRETINA mechanical capability of being
folded and self-open, a custom-made injector was developed to deliver the wide implant through a
small corneal incision. Moreover, POLYRETINA can be easily replaced following eventual malfunc-
tioning or damaging thanks to the absence of wires.

After proof-of-concept validations, POLYRETINA required further characterizations and optimiza-
tions towards in vivo experiments. First, various designs with denser pixel arrays were considered
along with the related consequences in microfabrication, mechanical stability, and electrical cross-
talk. A high-density prosthesis was selected with optimal spatial resolution (79 pixels/mm?) and the
ability to activate RGCs with single pixel illumination (efficiency increased by TiN coating on the
electrodes). Second, an extreme mechanical stability of the pixels and an improved electrode-elec-
trolyte interface could be obtained by exploiting parylene-C properties. And third, the PDMS en-
capsulation layer was replaced by OSTEmer polymer, which has superior sealing properties benefi-
cial for chronic applications. The manufacturing advantages of OSTEmer allowed to develop black
POLYRETINA, through which only about 94% of green light can pass and reach the retina.

Miniature pigs were the chosen animal model for the first in vivo experiments. We induced photo-
receptors degeneration by injection of the IAA toxin, causing death of the outer nucleus layer within
one to two months and significantly reducing electrophysiological visual responses to flashes of
light. After a successful delivery of POLYRETINA into the eyes, the implantation completes with
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fixation of the implant using retinal tacks. Subsequently, preliminary recordings at the primary vis-
ual cortex revealed signals of prosthetic-induced potentials upon flashes of green light, indicating a
first positive result in pursuing POLYRETINA as visual prosthesis.

The promising results achieved so far, together with the variety of suitable organic semiconductors,
motivated investigations about a NIR-sensitive POLYRETINA, which is beneficial for further preclin-
ical (and eventual clinical) trials due to the spectral distinction with natural vision. The BHJ
PCPDTBT:PCBM was used in replacement of P3HT:PCBM to generate photocurrents upon illumi-
nation of NIR (730 nm) light. The engineering of the anodic PEDOT:PSS layer allowed to obtain
adhesive and photovoltaic properties appropriate for stimulation frequency up to 20 Hz.

These results demonstrated the benefit and the potential of POLYRETINA to be used in fighting blind-
ness caused by retinal degenerations. Further animal experiments will be needed to address encoun-
tered challenges and obtained solid preclinical studies.

6.2 Limitations

Organic photovoltaic technology was introduced as bioelectronic interfaces for the wireless stimu-
lation of the central e peripheral nervous systems only recently. Consequently, the variety of poten-
tial organic materials and their characteristics might not be entirely acknowledged. Although this
assortment represents more a possibility than a limitation, the inquiry and the doubts about their
performances, adhesion, and long-term stability are inevitable. Compared to silicon technology, or-
ganic photovoltaics are still (for now) less efficient. In retinal prostheses, the use of visible light to
trigger photovoltaic stimulation is not ideal, and therefore, as proposed in Chapter 5, NIR (or IR)
light would be more appropriate. However, single pixel stimulation with light intensities within the
limits of thermal damage need to be verified and might not be successful, particularly if the pixel
size is reduced.

In the thesis, we also discussed the possibility to increase the visual acuity by increasing the photo-
voltaic pixels density. From the technical point of view, the final fabrication method is extremely
scalable (pixels density of 318 pixels/mm? or more); however, from a functional point of view, the
further increase in pixels spatial resolution might not benefit as much as hoped due to activation of
axons of passage and, as mentioned, the possibly “large” and irregular electrode-cell distance. Visual
performances such as object recognition and readings might to not substantially improve with further
reduction of pixels size and pitch beyond 60-80 um and 90-120 um, respectively. Therefore, visual
acuity in epiretinal prostheses will generally be limited by those two aspects, unless further discov-
eries and technologies come into play. On the other hand, the enlargement of the visual field can
greatly improves visual performances and potentially the patients’ quality of life.

At the moment, the main limitation of POLYRETINA in in vivo applications is by far the fixation
method that uses retinal tacks to hold the prosthesis against the retina. Although the sharpness of the
tip, the different mechanical properties of the minipig sclera made it difficult to properly perforate
and anchor the tack on the sclera. Even when a successful fixation was obtained, after two to four
weeks many implants moved away from the back of the eye and made the retinas detach. This event
could be even more serious in subjects implanted for longer times. Furthermore, we cannot guaran-
tee a close cell-electrode distance, which could render the efforts in obtaining the optimal in vitro
photovoltaic properties ineffective.
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Regarding the animal models, the IAA-induced degeneration of photoreceptors in minipigs is not
the ideal model for blindness in large animals. First, the IAA-induced blindness does not correspond
to a genetic degeneration as for humans, and thus, it does not follow the same clinical progress.
Second, the possible residual vision might influence the electrophysiological experiments for the
assessment of prosthetic-evoked responses. Therefore, the necessary long-term and reliable evalua-
tion might be performed in a different large animal model. Moreover, the features and the purpose
of POLYRETINA need a large animal model with the possibility of training (such as non-human pri-
mates) to perform quantifiable tasks with numerous iterations, and this might raise further ethical
questions.

6.3  Future perspectives

The development of POLYRETINA consisted in proof-of-concept studies and, although major techno-
logical challenges could be overcome, further straightforward improvements can be indeed envi-
sioned. First, some manufacturing steps of POLYRETINA, once the photovoltaic membrane is released
from the supporting wafer, are too manual and operator-dependent (i.e. the bonding onto the PDMS
dome and the rolling and placement of polyretina into the eye injector). Nevertheless, potential so-
lutions can be proposed for an improved automatization of these steps (such as application of ad-
vanced alignment supports and automated three-roll systems) and the establishment of a reliable and
reproducible manufacturing.

Second, although various in vitro, in silico, ex vivo, and preliminary in vivo characterizations have
been performed, many more are required to translate from preliminary in vivo to consistent preclin-
ical studies. Among them, chronic safety and stability under working conditions (i.e. under illumi-
nation) need to be guaranteed. Aging and cytotoxicity experiments should be performed again but
with train pulses of light applied during incubation of the implant. Aging tests will be useful to
determine not only the stability of organic electronic materials, but also the encapsulation and adhe-
sion properties of the other polymers, such as OSTEmer. However, in vivo chronic investigations
will be more appropriate to extensively evaluate the implant biocompatibility and stability in the
target anatomical location and possibly with activated foreign body reactions.

Third, an adaptation and investigation of the photovoltaic materials for a NIR (or IR) sensitive
POLYRETINA will be necessary to avoid making the animals blind and minimizing interferences with
electrophysiological and behavioral experiments during preclinical (and clinical) trials. Conse-
quently, the efficiency of RGCs photovoltaic activation with single pixel NIR (or IR) illumination
requires to be verified and ensured. In case of inefficiency, solutions to enhance photovoltaic effi-
ciency will have to be considered (such as different materials and additives, tandem cell photovol-
taics, integration of nanoparticles for boosting quantum efficiency, and so on).

Fourth, the placement of the electrodes in proximity of the RGCs is an important parameter that
guarantees an adequate and more focused stimulation. Hence, protruding 3D electrodes might be
considered in the future to decrease the cell-electrode distance.?*® The protruding parts of the stim-
ulating pixels could be damaged during rolling, loading into the injector, and delivery into the eye;
therefore, protective coatings could be applied that degrade or are surgically removed after implant
unfolding in the eye chamber. Another future improvement may also include the removal of stimu-
lating pixels in correspondence of the optic disc (for avoiding stimulating a// the RGCs) and the
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creation of small holes within the substrate to allow metabolic exchange between the vitreous and
the retina.

And last, as stated in the limitations, retinal tacks were not effective to keep the implant in place.
Although the human sclera and its elasticity could allow successful penetration and clamping, the
risk is still too high. Therefore, in the near future, a better solution to secure the implant should be
implemented by either modifying the retinal tacks or investigating other out-of-the-box ideas, such
as magnetic clamping or injection of a supporting gel replacing the vitreous body and pushing the

implant against the retina.?*

What comes next?

POLYRETINA represent one way to fight blindness by exploiting technological and materials ad-
vancements. Further improvements will allow to develop a second generation of POLYRETINA and
to upgrade the animal model to non-human primates, which will represent an important milestone.
From there, in vivo visual acuity assessment could finally be achieved and the translational potential
for further clinical applications established.

According to preclinical outcomes, POLYRETINA is destined to help people with retinal degeneration
that have lost their vision and suffer from an extensively reduced quality of life. Feasibility studies
in humans are essentials to get cognitive, sensory, and perceptual feedbacks that cannot be obtained
in any animal model: “only humans can decide whether the advantages they experience outweigh
the risks and side effects of such a treatment option”.2*° The translation from animal to human studies
generally requires dealing with scaling issues (fortunately none for POLYRETINA), medical approval,
and high levels of reproducibility, reliability, quality control, and performances. In particular, the
manufacturing and other routine procedures are expected to be flawless; only biological and psy-
chophysical variations have the right to bring uncertainty to the system.

What about fighting blindness?

POLYRETINA, such as other prosthetic implants, are intermediary solutions. They are a product of
the modern technological era, and their commercialization followed a rather straightforward path.
The artificial vision abilities of visual prostheses can be indeed very useful and could help many
people; however, they are limited in restoring high quality vision for the reasons explained through-
out this thesis (unless we rethink the prosthetic concepts by exploring, for instance, nanotechnolo-
gies and nanomaterials). In research nowadays, there are other more biological approaches, such as
photoreceptors transplants and opto-genetics, that hold important promises and that could offer bet-
ter solution for fighting blindness. This is especially truth for opto-genetics thanks to the direct ac-
cess of light into the eye and the recent advances in broader spectrum sensitivity and delivery effi-
ciency.?*1?*> However, clinical studies and commercialization of such approaches may require ex-
tended periods of research and preclinical investigations due to the involved biological and genetic
manipulations, complicating the control on reproducibility and reliability. Yet, in the meantime, we
can propose a temporary solution based on prosthetic vision, enhanced by advanced retinal implants
such as POLYRETINA.

Opportunities of the developed technology for bioelectronic interfaces

POLYRETINA exploits organic materials and their optoelectronic properties to wireless stimulate ret-
inal neurons. However, although the simpler optical access to the retina, these materials are not

116



6.3 Future perspectives

limited to retinal prostheses. Organic photovoltaics can be used to interface other neuronal cells in
the CNS and PNS.>** Among the various advantages of organic materials, such as lightness and
biocompatibility, conjugated polymers and their various properties hold a special place in the future
of bio-(opto)electronic interfaces, as demonstrated in this thesis. Moreover, the exceptional mechan-
ical and large-area capabilities of the developed photovoltaic pixels might become very useful for
numerous neurotechnological applications involving curved and complex surfaces, as the human
body is very fond of.
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Appendix Equation 1 Equivalent model of electrode-electrolyte impedance (Z):

1
Impedance of constant phase element: Zfj* = ———
Cpr(jw)

RCT

Rep - —1

CcT I (]w)n

= = + Rspreaa = . T n +
Rer - Cpjo)™ +1

eq —

Z

1 Rspread ; w=2nf

CoLw)™

Rer:charge transfer resistance, Cpy: double layer capacitance, n: empirical factor (0 <n < 1),
J:imaginary unit, w: angular frequency, Rspreqq: Spreading resistance, f: frequency.
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2 Backside Al sputtering Al 1um
3 Photolithography AZ9221 2um W
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6 Photolithography AZ9260 5.5um [
7 Si dry etching C4F8/SF6 plasma ~180um 3
8 PR stripping 02 plasma Ui
9 Si dry etching C4F8/SF6 plasma ~150um
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11 Al wet etching ANP 1um 45
12 SiO2 wet etching BHF 1um 2
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Appendix Figure 1 Microfabrication process flow of the Si stencils. Left: steps with materials and thick-
nesses. Right: cross-sectional view of the corresponding fabricated steps (not in scale).
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(o3 D
Wy Design A (80-150 um) Design B (80-120 pm)

Appendix Figure 2 Photographs of Si stencils and application. A), B) Two examples of used stencils for
POLYRETINA fabrication (A) and photovoltaic chips characterization (B) view from the bottom (grinded) side.
C) Application of the stencil custom-made holder during sputtering for a better adhesion with the substrate.
D) Micrographs of the stencils grinded side of the four POLYRETINA designs discussed in Chapter 3.
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Appendix Figure 3 ISO certificate for in vitro cytotoxicity of POLYRETINA.
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Design A Design B Design C Design D B VF 10 ° VF 28 ° VF 46 °

Tail 1°

Hetlo, Wond2

Tail 2 °
Design B, tail 2 °

Appendix Figure 4 Simulation with virtual reality of phosphenes appearance from POLYRETINA stimulation.
A) Simulation of a telephone according to the different designs (presented in Chapter 3) and tail length. B)
Effect of visual field (VF) covering with design B and tail length 2 °. In the first row the telephone shown in
B) is represented; in the second row the words “Hello, World!”; in the third row a room in which a coffee cup
on top of a round table is in the center of the scene with paintings on the wall at the back. The size of the VF
is compared to the extent of a 20” (51 cm) computer screen at a distance of 60 cm in the first panel. The red
oval in the last panel shows the location of the optic disc, where no pixels should be activated. POLYRETINA
covers a VF 0of 46.6 °, while Alpha-AMS of 11 °. Contribution: J. Thorn.

Tail 3 °

max Stress (MPa)

y o x08

0 100 200 300

Ti thickness (nm)
Appendix Figure 5 Dependence of von Mises tensile stress from Ti thickness determined by mechanical
simulation with Abaqus. The graph represents the maximal registered stress on Ti electrodes during bonding
procedure for the case of design C (60 um electrodes with 90 um pitch) discussed in Chapter 3.
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v\ . - PDMS dome (minipig)
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o After bonding (black POLYRETINA)
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Appendix Figure 6 Details about the PDMS domes, molding, and bonding. A) Axial view of the used eye
size for humans (top) and minipigs (bottom). The POLYRETINA is shown in red. B) 3D model of the parts in
PMMA used to produce PDMS domes by cast molding. These parts were drilled and polished. C) Size used
for the construction of the PDMS domes for humans (top) and minipigs (bottom). The red lines correspond to
the curvatures depicted in A. Units are in mm. The minipig dome has two indentations dedicated to tack holes
of 0.5 mm. D) 3D model of the bonding setup. The photovoltaic membrane, after being activated by oxygen
plasma, is placed where the blue arrow indicates, clamped with an O-ring, and held with the top circular part.
The PDMS dome, also activated, goes on the specific, curved, protruding part indicated by the green arrow.
The whole is then assembled with help of a drop of PDMS pre-polymer between the dome and the membrane,
then 1 kg of load is applied from the top for at least 2 h at 80 °C. E) Curvature of the finished POLYRETINA
(bottom) compared to the original curvature (yellow line) from the PDMS dome after molding (top). The
stresses built due to the membrane stretching during bonding could influence the final spherical shape. In fact,
the black arrows indicate a slight upward deflection of the edges; however, the rest matches well with the
original outline.

122



Appendices

Appendix Table 1 Microfabrication details for POLYRETINA presented in Chapter 4.

"0,08® biusano (631)
ainssaud Japun ayeq + |:g Hoddns
SINQd U0 puoq + |:G SINAd J0 doip +
MG ‘sog ewseld :poddns uo Buipuog

‘(wng'}, sjjol @oue)sip) s|qissod
JI gejouBU SSAM WOl JaXIW |01 8s
‘uiebe ulwQg 10} XaHoA pue (v +2°1
‘g 1) Xop3 LSO V Hed ppe ‘9-G je uy|
1SEed| Je J0} XHOA ‘(Wwugyy | IjeiboueN)
SdN %0€|q U0gIeD JOo %M + g Hed
X8j31S0 :uoneledaid 3150 oelg

sjexid ypm paubije
wwig"g SNIpes Yum ajouID

"saxauue ul dnjos
Buipuoq jnoge ainby seg

QueIqUIBW JO SpIS WORoq
pue poddns SNAd UO

‘(papaau
uaym) spyoddns paaino
SINQd uo Bujpuoq Jaye
QUOP 89 0} PEPUSWIIOIAI
S 31S0 jo Bunjeg

‘wdigog
JE WOgG" | dUOede Yg3]
‘Buiels 10599 HOKF
ul SI9JBM JO asull YIIND

"Bau 1Xd 000€¥ 024
-001 N3O A10dt ubisep

1aem |4

(dH-Jouns woly
0,04) Wiem pua|q }eod

pusjq Buiyeoo Joud
SI8jeM UMOP |00 Jou 0

1snp
Aue anowsal o} s|qissod
JaAsuaym unb gN molg

isnp
Aue anowsal o} a|qissod
Jansuaym unb gN molg

dajs uo sjuswWwon

(de1 00z ‘gEL
‘G8 ‘G/ 'GL ‘00€ ‘00¢€) sPumes one

jybiuteno

2,08® doay pue ainssaid jo By Alddy

Jequig 0 ‘so€ ‘MGl

‘JybluIA0 0,08 @ xed
‘asull OZH 1a + asull yd| Buons
uay} ‘aejoe] |Ayje ul gguiwg dojaaeq
0.5, © ulwg axeg
"ZWO/rWO0Y L : LSO Yoelg

'SNO0JEP €+ ‘ZWO/P W08 ((WUGLE) VIN

's| ‘sjwdi00} ‘wdi00ge
yead ‘spg ‘s/wdigol ‘wdiposz

‘3180 Yoelg 's| ‘sjwdigool ‘wdigogz

yead {spg ‘s/wdigol ‘wdipos| 30D

'SOE ‘MO€E “.PIS 1987, BWSE|d "XZ JOXIN

'S1y g-| 10} Bapg @ usnQ
‘uw 9,20 aind Ad.
089S 09 ,U210 Id L IV,

ulw | 9SeD Ul + ,Wng 09z62Y. dojoreq

'snoojop
2+ ‘TWO/rWQL ¥ ‘WugOy ainsodx3
XZ ‘Wwg J9)e0d swes uo ¥g3
0,01 woly Buijood Mojs + 9

.0} @ ulwg axeq ‘,Wng 09Z6ZY. 120D

"€-9G ‘M00Z 4Y 8999 :NIL

"€-9G 'MO0¥ OQ ‘SEEE L WNIL-IL NLY.

"UIOE "D.SLL edeg
'SG ‘wdipoo} 180D
UIOE ‘0.5 1 8eg
‘SO ‘wdipoog 180D

"SOE ‘MO0 :,UOIEAIIOE 90BLNS, BWSE|d

Josunodaud 9 |Axje jo 6ol

aua|Aed adioal pis aue|ig
'S0 ‘MOE -.PIS 189S,

Kepy
0} dn s1yz wnwiuiw 1o} 9,G.® UsAQ
's09 ‘s/wdiooL ‘wdiQoe :,Wdi006 PIS.
X JoxXIN

uiwQ| ‘enssh + 0,6t |
's09 ‘s/wdioo0l
‘wdipog) 1, wdI00GL SSd VA

swy ‘sadioal ‘sisjeweled

00Z 191N 1 S J18)no Jese

uano qge ‘sped pajuud ge

01d3Z 1susig ewseld ZO

‘el WMI ‘0LdH OVIN-O djeldioH
*4ouaq JUBA|0S
*08)0I0I\ SSNS AN Joubije ysep

b

/0. IN1d ‘002 13 was Jejos ‘Isjeod-uldg

"00€/95°€1 DY OueN Jeuslq ewseld
'sdnd W0 UM ‘05Z-3HY ‘AfuIyL JoxIN
"SNUoES | ISNIO 2oueleg

71042 VMO Jayoye lig

Jwag.ejog Jadojera ‘BiaqiepioH 0GL
VN ‘1WeSIe|0S 19}e0d djewone-was

1daou02 souely
‘069dQ Jennds uonsubep [IND @
‘unelg xogano|b ayejdioH
‘unesgiy xogano|b 1sjeo)
‘unesgy xoganolb ajejdioH
‘unesgiy xogano|b 1sjeo)
"00€/9G°€L ©4Y OUeN Jausig ewseld
'SGZD 99jpWo) uonisodap ausjhied
'SGZD 99j8Wo) uonisodap ausjhied
'00€/95°€L ©4Y OueN Jausig ewse|d
Japulg usnQ
b
-/0/ W1d ‘00Z 13 lwas Jejog ‘Isjeod-uldsg
'sdnd W0 L UM ‘05Z-3HY ‘AfuIyL JoxIN
‘'snuoles | ISNIO douejeg
10G Jaysi4 dwajos| ‘eye|djoH
b
-20/ W1d ‘002 713 lwas lejog ‘Isjeod-uldg

adAypuelq ‘saulyoepy

wny

wnyl-gl

wng
+ WG|
+ Wupoz

wuool
‘wuooL

wuoe
-08 “InN00E

wuool
-06 Wi

wng

auelis IN00Z

wnog
‘1ayem/b G-

wn
zLwge

Ayuenb
/ SsawpIyL

Jaypno Jssen
N juabe Buuno Bulpuog Buipuog
1'G ‘pleblAs ¥81 SWad :
ewse|d
ewbis ‘ejejoe| 1Ayo13 ‘ayeq

pue ‘Juswdojarap
‘ainsodxe Jaw3 ] SO

"31S0 ¥oe|q
d0O X8|} y¢e ,BW3LSO

uopensdeouy

(siejop
J10J UWIN|OD S}UBLUIOD Buneco
998) 31S0 €|q *HO i
'sqe| ausdIB |\ -uids Jew31S0
‘Xal} yZ€ Jow3 LSO
Buiyoye Aip sus|hied

auajhied ‘siawAjod ‘NIL ‘11 + SiowAIod + NLLILL

092627V dd AydeiBoyyiojoyd
s|axid
NIL ‘L uopisodap NIL/IL
. Buiyeq pue Buijeod
/B : : i
(w/Bwoz) NgOd:1HEd o o
(sdoo Bunieq pue Buieoo
%IOoAL°0+) SSd:10a3d -uids §Sd:10a3d
D-ausjhied uolyisodap auajhied
INVZL uoneziueys susjhied
-y }senbjis auejis (20 + ewseld usbAxp
juabe Buuno Bunjeq pue
10l ‘prebiAS +81 SN Buneoo-uids SNAd
1ofe| aseg
YoUPIY ‘OZH %Ml
‘0006 M uonnjos (e OUNIEA Pue
oluojnsaualfys-)Alod uljeoo-ulds SSd
s[eusiep da)s asodind

123



Appendices

A
S Ti

«» PCPDTBTPC,,BM
@) PEDOTPSS
Glass / PDMS

730 nm

[ -0 0 -0 0
v 0/ HO o\{/ Ho\s//

C
HO\

L A
s c* s \ s = ) Z =
0, 0 0, o] 0 o
\_/ _/ _/

@ PEDOTPSS @ rcPDTBT () PCeBM

Appendix Figure 7 Materials for nir-POLYRETINA. A) Stack of material and photovoltaic principle for the
generation of charges. Holes will travel within PCPDTBT towards the anode PEDOT:PSS, while electrons
will travel within PCBM towards the cathode Ti. B) Band diagram showing the conductors work functions
and semiconductors HOMO-LUMO levels.?** C) Molecular structure of the concerned organic materials.
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Appendix Figure 8 Possible molecular interactions between the organic layers of nir-POLYRETINA.
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Appendix Equation 2 Calculation of equivalent absorption coefficients (Beer-Lambert law):

_Yagt

ae
q t
eq

AeqTi * A7 pomain + Xeq nori * AnoTi pomain

aeq Domain —

Atot Domain

V24,2
=%=0.63forﬂ (730 nm) 132
= o8 (=)
ari = tOg 1—R

a: absorption coef ficient, t: thickness, A: area, R: reflectance,n/x : optical constants, T: transmittance

Appendix Equation 3 Calculation of equivalent specific heat capacity (rule of mixtures):

. Xom

Ceq = m— m; = 5iVi meq = z m;
eq

c: specific heat capacity, m: mass, §: density,V: volume

Appendix Equation 4 Calculation of equivalent thermal conductivity (equivalent thermal circuit):

Req Ti® Req noTi

R D in —
eamomain Req Ti + Req noTi

t:
Req Ti (or noTi) — Z R; = Z k: .lA,
it

tD omain

keq Domain = R A
eq Domain Domain

R:thermal resistance, t: thickness, k: thermal conductivity, A: area

Appendix Equation 5 Calculation of equivalent density (rule of mixtures):

5. = Meq _ Z 5iVi
O Ve Vg

m:mass, §: density,V: volume
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“The next care to be taken, in respect of the Senses, is a supplying of
their infirmities with instruments, and as it were, the adding of artifi-
cial organs to the natural ... and as glasses have highly promoted our
seeing, so ’tis not improbable, but that there may be found many me-
chanical inventions to improve our other senses of hearing, smelling,

tasting, and touching.”

Robert Hooke, 1665.2%
English natural philosopher, discoverer and coiner of the cell
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